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Editorial on the Research Topic
 Molecular and Cellular Underpinnings of Age-Related Memory Loss



Our memories define who we are. Normal aging is often accompanied by a decline in memory functions leading to a condition known as age-related memory loss (ARML). With the aged population predicted to double in the next 30 years according to UN population dynamics (https://www.un.org/en/global-issues/ageing), ARML is expected to be a significant attenuator of life quality and elevate the financial burden of elderly care for families and society at large. Understanding the mechanisms underlying age-related memory decline is imperative for developing pharmaceutical interventions, which will ameliorate loss or restore cognitive functions in older individuals. Improving memory in the affected population will pave the road for restoring quality of life and alleviating dire socioeconomic consequences.

The collection of research articles herein provides novel contributions in the field of aging research, with specific focus on the molecular constituents of memory loss.

In the first article of this topic, Hahn et al. propose that the DNA methyltransferase DNMT1 function is implicated in age-related loss of cortical inhibitory interneurons. Interestingly, DNMT1-deficient mice exhibited improved sensory-motor performance and reduced aging-associated transcriptional changes, leading the authors to posit that the DNMT1 protein may act indirectly on interneuron survival in aged mice, potentially by modulating the proteostasis network.

To provide a link between aging and glucose metabolism, Ripoli et al. used a mouse model of type 1 diabetes and discovered that memory impairment related to aging appears associated with inhibition of the transcription factor cAMP-response element-binding protein (CREB). The authors show that experimentally induced hyperglycemia, can downregulate CREB phosphorylation and CREB-mediated mRNA expression of synaptic proteins in hippocampal primary neurons. Their findings highlighted interesting mechanisms underlying hyperglycemia-related memory loss and the necessity of further studying the role of glucose-driven CREB transcriptional activity in the process, as well as its potential impact on personalized medicine approaches.

Scott et al. studied the impact of the gut microbiome on hippocampal neurogenesis, contextual fear memory, and aging, providing a novel functional connection. Their results show that disruption of the gut microbiome can affect hippocampal neurogenesis in an age- and sex-dependent manner, suggesting that these changes can in principle alter the dentate gyrus functional network and, subsequently, memory-related processes in an age-dependent manner.

Moreover, Arredondo et al. summarize current knowledge on the roles of Wnt signaling and review data suggesting distinct roles for the canonical and non-canonical Wnt signaling cascades in the regulation of different stages of neurogenesis. Wnt signaling in fact, may be a highly conserved molecular pathway underlying aging in many species.

In accord, Inestrosa et al. used the Andean rodent Octodon degus (O. degus, common degu), often kept as a pet, to explore the age-related changes in the expression of key Wnt components. Their findings are in congruence with those from other species and suggest that the brain of O. degus can be used as model to study brain aging and its consequences.

In an effort to further delineate the molecular signatures of aging, Dunn et al. used a genetically diverse mouse population to characterize individual differences in cognitive abilities in adulthood, and to search for evidence of cognitive reserve and/or resilience in middle-aged mice. Using RNA-Sequencing, they present evidence nominating the Rho guanine nucleotide exchange factor-encoding gene Trio as a modulator of working memory ability, implicating the actin cytoskeleton in the process. More importantly, they propose that the usage of B6-BXD recombinant inbred lines, are a promising tool to study the molecular mechanisms of ARML before onset and translate these findings to humans.

This special issue also focused on diagnostic and therapeutic interventions for ARML. To this end, Cocco et al. propose that plasma levels of brain-derived neurotrophic factor (BDNF) can serve as a simple and low-cost diagnostic tool with several clinical applications. Using transcranial direct current stimulation (tDCS) in 3 × Tg-Alzheimer's disease (AD) mice, the authors showed that tDCS induced a significant increase of plasma BDNF levels in wild type mice, but not in 3 × Tg-AD mice. They also discuss the potential of identifying memory-related disorders in a pre-clinical stage, allowing more effective disease-modifying interventions.

In a similar fashion, Sun et al. propose that pro-BDNF protein is implicated in memory. Using a variety of molecular and behavioral assays the authors showed that blocking hippocampal pro-BDNF early in development plays a role in spatial cognition in adults. These findings are consistent with the hypothesis that postnatal pro-BDNF plays an essential role in synaptic and cognitive functions and can be used for therapeutic interventions to alleviate memory impairments and consequently ARML.

Lastly, Mhillaj et al. explored the possibility that celecoxib (CXB), a selective inhibitor of the pro-inflammatory cyclooxygenase-2 can have neuroprotective properties in subjects with early AD or mild cognitive impairment (MCI). Importantly, using in vitro methods, they showed that celecoxib modulates the heme oxygenase/biliverdin reductase (HO/BVR) system, counteracting the β-amyloid peptide (Aβ)-induced reactive oxygen species (ROS) production, lipid peroxidation, and the growth rate of Aβ oligomers with a mechanism dependent on Heme oxygenase −1.

In conclusion, we are confident that this Special Research Topic Issue contributes a significant amount of information regarding the molecular underpinnings of Age-Related Memory Loss. It is timely and of paramount importance to continue pushing the boundaries of aging research to promote ameliorative strategies that combat cognitive decline and improve the quality of life of the elderly.
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The gut microbiome has profound effects on development and function of the nervous system. Recent evidence indicates that disruption of the gut microbiome leads to altered hippocampal neurogenesis. Here, we examined whether the effects of gut microbiome disruption on neurogenesis are age-dependent, given that both neurogenesis and the microbiome show age-related changes. Additionally, we examined memory induced functional connectivity of hippocampal networks. Control and germ-free mice at three different ages (4, 8, and 12 weeks) were trained in contextual fear-conditioning, then subsequently tested the following day. Hippocampal neurogenesis, quantified via BrdU and doublecortin, exhibited age-dependent changes relative to controls, with the established age-dependent decrease in neurogenesis being delayed in germ-free mice. Moreover, we found sex-dependent effects of germ-free status on neurogenesis, with 4 week old male germ-free mice having decreased neurogenesis and 8 week old female germ-free mice having increased neurogenesis. To assess systems-level consequences of disrupted neurogenesis, we assessed functional connectivity of hippocampal networks by inducing c-Fos expression with contextual memory retrieval and applying a previously described network analysis. Our results indicate impaired connectivity of the dentate gyrus in germ-free mice in a pattern highly correlated with adult neurogenesis. In control but not germ-free mice, functional connectivity became more refined with age, indicating that age dependent network refinement is disrupted in germ-free mice. Overall, the results show that disruption of the gut microbiome affects hippocampal neurogenesis in an age- and sex-dependent manner and that these changes are also related to changes in the dentate gyrus functional network.

Keywords: neurogenesis, hippocampus, microbiome, germ-free, proliferation


INTRODUCTION

Emerging evidence indicates that the gut microbiome plays a substantial role in cognition due to direct and indirect communication with the brain via the gut-brain axis (Dinan and Cryan, 2017; Sarkar et al., 2018). In humans, gut microbiome diversity is correlated with cognitive performance (Arnoriaga-Rodríguez and Fernández-Real, 2019) and supplementation with probiotics has been shown to improve cognition (Allen et al., 2016). Additionally, numerous rodent studies now report impaired cognition when the microbiome is disrupted (Gareau et al., 2011; Wang et al., 2015; Fröhlich et al., 2016; Möhle et al., 2016) and improved cognition resulting from probiotic supplementation (Savignac et al., 2015; Wang et al., 2015; Gronier et al., 2018).

Notably, evidence indicates that the gut microbiome is also linked with depression and anxiety (Foster and McVey Neufeld, 2013). In humans, supplementation with probiotics has been shown to alleviate low mood (Benton et al., 2007). Disruptions of the gut microbiome via infection or inflammation have also been shown to increase anxiety-like behavior (Lyte et al., 2006; Goehler et al., 2008). Fecal transplants from subjects with a depressed or anxious phenotype to normal subjects can also transfer these mood impairments (Bercik et al., 2011; Kelly et al., 2016). Germ-free mice, which are devoid of gut microbiota, show a reduction in basal anxiety behaviors (Neufeld et al., 2011), but germ-free status leads to heightened HPA responses to acute stress in both rats (Crumeyrolle-Arias et al., 2014) and mice (Clarke et al., 2013).

Recent studies have established that adult hippocampal neurogenesis and behavior can change with perturbations in the gut microbiome (Ogbonnaya et al., 2015; Möhle et al., 2016). Neurogenesis has been heavily implicated in multiple cognitive processes relating to learning, memory, and cognitive flexibility (Winocur et al., 2006; Sahay et al., 2011; Epp et al., 2016). Furthermore, it is also implicated in anxiety- and depression-related behavior (Duman, 2004). Reduced neurogenesis is observed in rodents subjected to chronic stress (Lucassen et al., 2015). Additionally, antidepressant drugs increase neurogenesis, which appears to be necessary for mediating the improvement in depression-related behaviors in mice (Santarelli et al., 2003). Thus, the relationship between the gut microbiome and anxiety/depression may be mediated in part by changes in neurogenesis.

Importantly, both neurogenesis and the gut microbiome undergo age-dependent changes. Rates of neurogenesis decrease sharply with age (Kuhn et al., 1996; Amrein et al., 2004). The composition and the diversity of gut microbiota increase during postnatal development (Eckburg et al., 2005; Claesson et al., 2011). Hence, the relationship between neurogenesis, the gut microbiome, and anxiety- and depression-like behavior may be further modulated by the age of the animal.

In the present study, we compared rates of neurogenesis in the dentate gyrus between germ-free and control mice at different ages to determine whether the relationship between neurogenesis and gut microbiota changed with age. We also trained animals in contextual fear conditioning at these ages in order to assess age-modulated differences between control and germ-free mice in the expression of fear memory, which is related to anxiety and depression. Furthermore, we applied a graph theoretical approach to examine task-specific networks of neuronal activation during the expression of this fear memory to determine how changes in neurogenesis and fear memory expression might coincide with altered functional connectivity between the DG and other brain areas. This approach allows us to determine the impact of altered neurogenesis on brain connectivity. Relatively little previous research has examined the link between the microbiome and neurogenesis (Ogbonnaya et al., 2015; Möhle et al., 2016) and no previous study, to our knowledge, has examined age as an independent variable in this context.



METHODS


Animals

A total of 45 control C57BL/6J and 45 germ-free C57BL/6J mice were purchased from Charles River (Wilmington, MA, United States) and the International Microbiome Facility (IMC) (University of Calgary, Canada). To produce the germ-free line, C57BL/6J mice were re-derived to germ-free status via two-cell embryo transfer. Axenic mice were bred and maintained long-term in flexible-film isolators at the IMC. Germ-free status was routinely monitored by culture-dependent and -independent methods and all germ-free colonies were independently confirmed to be pathogen-free. Germ-free status was maintained until the first behavioral experiments. Specifically, behavioral procedures began on the same day that germ-free animals were brought into the laboratory from the suppliers. Male and female mice from three age groups (4 weeks old, 8 weeks old, and 12 weeks old) were housed in groups of 5 and provided food and water ad libitum. All mice were housed under a 12-h light/12-h dark cycle. Mice were used in accordance with protocols approved by the University of Calgary, Health Sciences Animal Care Committee, following guidelines of the Canadian Council for Animal Care.



Contextual Fear Conditioning

Mice were trained in contextual fear conditioning. Training was conducted in a sound-attenuated chamber (Ugo Basile, Gemonio, Italy) with a grated floor from which shocks (0.5 mA; 2 s) were delivered. Behavior was monitored via an overhead camera and automated tracking software (ANY-Maze, Stoelting, Wood Dale, IL, United States). During the training phase, mice were allowed to explore the chamber for 2 min before a series of 3 shocks were delivered with a 1 min interval between each shock. The addition of ∼500 μL of bleach into the test chamber provided an additional olfactory cue. Mice were returned to the chamber 24 h after training for a 5-min retention test in which no shocks were delivered. The chamber was cleaned using 70% ethanol and allowed to dry after each animal.



Perfusions and Histology

Ninety minutes after retention testing in contextual fear conditioning, animals were perfused with 0.1 M phosphate buffered saline (PBS) followed by 4% formaldehyde. Brains were extracted and postfixed in 4% formaldehyde for 24 h. Fixed brains were then stored at 4°C in 30% W/V sucrose until they were no longer buoyant. Serial sections were collected on a cryostat (Leica Biosystems, Concord, ON, Canada) at a thickness of 40 μm and stored in 10 series at −20°C in antifreeze solution.



Immunohistochemistry


Doublecortin Labeling

Tissue sections were washed 3 times in 0.1 M PBS before being placed in a primary antibody solution containing 1:200 rabbit anti-DCX (4604S, Cell Signaling Technology, Danvers, MA, United States), 0.03% Triton-X, and 3% normal donkey serum and incubated for 48 h. Tissue sections then underwent 3 10-min PBS washes before being placed in a secondary antibody solution containing 1:500 donkey anti-goat Alexa Fluor 488 antibody (CLAS10-1116, Cedarlane Labs, Burlington, ON, Canada) and incubated for 24 h. The subsequent day, tissue sections were incubated in a 1:2000 dilution of 4,6-diamidino-2-phenylindole (DAPI) for at least 10 min before being mounted to slides and coverslipped using PVA-DABCO mounting medium.



BrdU Labeling

Two hours before perfusion, mice were weighed and given a single intraperitoneal injection of 200 mg kg–1 BrdU (B-5002, Sigma Aldrich, Oakville, ON, Canada) dissolved in 20 mg/ml sterile saline. Following perfusion and tissue sectioning, brain sections were washed 3 times in 0.1 M PBS, then incubated in a 45°C oven in 2N HCl for 30 min to denature DNA. The HCl was then neutralized by rinsing sections using 1 M sodium borate buffer (pH 8.5) for 10 min followed by 3 × 10 min washes in 0.1 M PBS. BrdU was labeled by incubating sections for 48 h at 4°C with 1:250 mouse monoclonal anti-BrdU primary antibody (Bu20a, BioLegend, San Diego, CA, United States) in blocking solution (3% normal donkey serum, 0.03% Triton-X in 0.1 M PBS). Sections were rinsed 3 times in 0.1 M PBS then incubated at 4°C with a donkey anti-mouse secondary antibody conjugated to Alexa Fluor 488 (715-545-150, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, United States) diluted 1:500 in 0.1 M PBS. Tissue was then transferred to a 1:3000 solution of propidium iodide for 10 min. Tissue was rinsed with PBS before mounting in PVA-DABCO.



C-Fos Labeling

Tissue sections were washed 3 times in 0.1 M PBS before being transferred to a primary antibody solution containing 1:2000 rabbit anti-cfos antibody (226 003, Synaptic Systems, Göttingen, Germany), 3% normal donkey serum, and 0.03% Triton-X and were incubated at room temperature for 48 h. Tissue sections were then washed 3 times in PBS and transferred to a secondary antibody solution containing 1:500 donkey anti-rabbit Alexa Fluor 488 (111-545-003, Cedarlane Labs, Burlington, ON, Canada) secondary antibody and incubated for 24 h. Sections were then transferred to 1:2000 DAPI and incubated for 15 min before being mounted to slides and coverslipped with PVA-DABCO mounting medium.



Quantification of Neurogenesis and Pyknosis

Neurogenesis was quantified by counting the number of doublecortin and BrdU positive cells in the subgranular zone (SGZ) and granule cell layer of the DG. Labeled cells were identified using a 60× oil immersion objective on an Olympus FLUOVIEW FV3000 confocal microscope (Richmond Hill, ON, Canada) by an experimenter blind to the subject age, sex, and germ-free status. Approximately 7–10 sections per brain were sampled and exhaustive counts of every positive cell were obtained for each section. For DCX, brains were quantified unilaterally. The number of positive cells was standardized to the area of the DG, which in the case of DCX quantification was captured using a 2× objective lens with 2× zoom and, in the case of BrdU quantification, was captured with a 10× objective. The area of the DG was quantified via manual tracing in ImageJ software (United States NIH). Pyknotic cells were imaged by staining a separate series of tissue sections with cresyl violet and were counted exhaustively in the same manner. We operationally defined pyknotic cells as those exhibiting darker staining and condensed chromatin in the nucleus (Falconer and Galea, 2003; Pawluski et al., 2010). In order to avoid counting cell caps, we also counted only the cells that were surrounded by translucent cytoplasm and were not situated at the extreme upper or lower focal planes of the section. The area of the DG for cresyl violet-stained sections was quantified by capturing images on an Olympus VS120-L100-W slide scanner (Richmond Hill, ON, Canada) and the DG in these images was manually traced in ImageJ.



Functional Connectivity of Hippocampal Networks

Analysis of functional connectivity was performed via an automated process that we developed, which builds upon analyses of correlated regional cFos expression density (Wheeler et al., 2013). In brief, tissue sections stained for cFos expression were imaged using an Olympus VS120-L100-W slide scanner (Richmond Hill, ON, Canada). Regional cFos expression density was measured using a semi-automated image processing pipeline. Fluorescent cFos labels were segmented using the machine learning-based pixel and object classification program Ilastik (Berg et al., 2019). Images were then registered to a selection of regions from the Allen Mouse Brain Atlas (Region list and abbreviations are provided in Supplementary Table 1) using a custom and user input-driven ImageJ plug-in. The regional c-Fos densities were then correlated within each group to construct pairwise correlation matrices. To generate a binary adjacency matrix, correlations were filtered by an alpha value of 0.95 and only statistically significant correlations with a Pearson’s r of at least 0.8 were considered. In such a matrix, all comparisons in which the filter criteria were met are denoted with a one while all other comparisons are denoted with a zero. Binary adjacency matrices can then be analyzed as network graphs by plotting all regions being analyzed and connecting all pairs of regions which were marked with a one in the adjacency matrix. A graph theoretical approach guided by the use of the Brain Connectivity Toolbox (Rubinov and Sporns, 2010) was used to analyze measures of network connectivity and generate graphs of each network in an automated manner.

Among these measures, node degree and global network density were highlighted. In the case of our neuroanatomical networks, each region is defined as a node and correlated activity between a pair of regions is represented by a vertex between nodes (Bullmore et al., 2009). Node degree signifies the connectedness of a node and is calculated by counting the number of vertices connected to that node. Network density extends upon this and is expressed as a proportion of the total number of possible vertices in a graph with an equivalent number of nodes (Achard and Bullmore, 2007).



Statistical Analysis

All statistical tests for neurogenesis, pyknosis, and behavior in the fear conditioning test were performed using Statistica (version 13 TIBCO software). To analyze the differences between the groups, a two-way ANOVA followed by a Newman-Keuls multiple comparisons post hoc test was utilized. To detect statistically significant differences between the groups a p-value of 0.05 was set as the threshold for significance. The analysis of functional networks was performed as per the described procedure above. Brains were excluded from tissue analyses if the quality of the tissue was insufficient (e.g., poor perfusion or damaged sections) or lacked adequate expression of BrdU. In all cases, exclusion occured blind to condition and prior to quantification to avoid bias.



RESULTS


Germ-Free Mice Show Altered Adult Neurogenesis

To examine how the gut microbiome might impact adult hippocampal neurogenesis we quantified DCX, a marker of immature neurons, within the DG of the hippocampus in germ-free and control mice. Representative photomicrographs of DCX-positive cells are shown in Figures 1E–J. Because adult neurogenesis is not a static process we performed this analysis at three different ages, 4, 8 or 12 weeks of age. As expected, our results demonstrated a statistically significant decline in doublecortin-labeled cells in control mice with increasing age. This effect was evident in both male (Figure 1A; F(2,51) = 44.97, p < 0.0001) and female mice (Figure 1B; F(2,22) = 68.84, p < 0.0001). However, in germ-free mice, the same relationship between age and doublecortin was not observed and the result was sexually dimorphic. In males, there was a significant decrease in doublecortin at 4 weeks in germ-free mice compared to control mice (p = 0.006) but no difference at 8 or 12 weeks (p’s > 0.498). In female mice we observed a significant increase in doublecortin in 8 week old germ-free mice compared to control mice (p = 0.014) and no significant differences at 4 or 12 weeks of age (p’s > 0.307). To compare the rate of change of doublecortin-labeling across male and female germ-free and control mice, we examined the percent change in labeling from the respective 4 week old mice. In doing so we observed that in both male and female germ-free mice, the decline in neurogenesis that occurs between 4 and 8 week old control mice was absent in germ-free mice [Male (Figure 1C): significant main effect of group F(1,51) = 4.43, p = 0.04, Female (Figure 1D): Significant group × age interaction (F(2,22) = 6.79, p < 0.0050)]. In the case of females, there was even a small but significant increase in doublecortin labeling between 4 and 8 weeks (p = 0.028).
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FIGURE 1. (A) Mean (± SEM) DCX-positive cells in the DG of male germ-free and control mice. Control mice show a clear age-dependent decrease in neurogenesis, but this pattern is altered in germ-free mice. At 4 weeks old, male germ-free mice had reduced neurogenesis relative to controls and exhibited no reduction in neurogenesis between 4 and 8 weeks of age. (B) Mean (± SEM) DCX-positive cells in the DG of female germ-free and control mice. Similarly to males, female control mice showed a clear age-related decrease in neurogenesis with this effect being absent in female germ-free mice. In contrast to male germ-free mice, female germ-free mice showed no difference relative to controls at 4 weeks old, but had significantly elevated neurogenesis at 8 weeks old. (C) Mean (± SEM) neurogenesis in males depicted as percent-change from the baseline (4 week old) number of DCX-positive DG cells. Neurogenesis remains abnormally elevated in germ-free mice as they age relative to controls (D). Mean (± SEM) neurogenesis in females depicted as percent-change from the baseline (4 week old) number of DCX-positive DG cells. As with male germ-free mice, neurogenesis in female germ-free mice remains abnormally elevated relative to controls particularly at 8 weeks of age. (E–J) Representative photomicrographs of DCX-positive cells (green) and DAPI (blue) in the DG of 4 week old controls (E) and germ-free mice (F), 8 week old controls (G) and germ-free mice (H), and 12 week old controls (I) and germ-free mice (J). Control male 4 week n = 11, 8 week n = 11, 12 week n = 8. Control female 4 week n = 5, 8 week, n = 5, 12 week n = 4. Germ-free male 4 week n = 11, 8 week n = 11, 12 week n = 6. Germ-free female 4 week n = 5, 8 week, n = 5, 12 week n = 4. *p < 0.05.




Germ-Free Mice Show Altered Cell Proliferation

In addition to the number of immature neurons, we also measured cell proliferation by quantifying BrdU in the dentate gyrus. Representative photomicrographs of BrdU-positive cells are shown in Figures 2E–G. Again, as expected we identified a significant decrease in proliferation with age in control mice for both males (Figure 2A; significant interaction of Age∗Group: F(2,39) = 3.53, p = 0.038) and females (Figure 2B; significant interaction of Age∗Group: F(2,15) = 5.09, p = 0.021). However, in germ-free mice the age dependent decrease in neurogenesis was disrupted, following the same pattern as observed for DCX labeling. That is, a decrease in proliferation at 4 weeks in male mice (p = 0.018) and an increase in proliferation at 8 weeks in female mice (p = 0.017). As a function of percent change from 4 weeks of age, male (Figure 2C) and female (Figure 2D) germ-free mice showed a flat or slight increase in proliferation between 4 and 8 weeks of age, respectively, compared to control mice that show a decrease in both sexes over this time [Male: significant main effect of group (F(1,39) = 4.45, p = 0.041), Female: Significant group × age interaction (F(2,15) = 5.96, p < 0.012)].
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FIGURE 2. (A) Mean (± SEM) BrdU-positive cells in the DG of male germ-free and control mice. Control mice show a clear pattern of age-related decline in cell proliferation, whereas germ-free mice show no such reduction between 4 and 8 weeks of age. Germ-free mice also show reduced cell proliferation relative to controls at 4 weeks of age. (B) Mean (± SEM) BrdU-positive cells in the DG of female germ-free and control mice. As with males, female control mice show an age-related decline in cell proliferation with this effect being absent in germ-free mice between 4 and 8 weeks of age. Moreover, female germ-free mice have increased cell proliferation relative to controls at 8 weeks of age. (C) Mean (± SEM) cell proliferation in males depicted as percent-change from the baseline (4 week old) number of BrdU-positive DG cells. Cell proliferation remains abnormally elevated in germ-free mice as they age relative to controls (D). Mean (± SEM) cell proliferation in females depicted as percent-change from the baseline (4 week old) number of BrdU-positive DG cells. As with male germ-free mice, cell proliferation in female germ-free mice remains abnormally elevated relative to controls particularly at 8 weeks of age. (E–G) Representative photomicrographs of BrdU-positive cells (green) and propidium iodide (blue) in the DG of 4 week old (E), 8 week old (F), and 12 week old (G) control mice illustrating the age-related decrease in cell proliferation. Control male 4 week n = 10, 8 week n = 7, 12 week n = 8. Control female 4 week n = 4, 8 week, n = 5, 12 week n = 4. Germ-free male 4 week n = 5, 8 week n = 7, 12 week n = 8. Germ-free female 4 week n = 4, 8 week, n = 3, 12 week n = 3. *p < 0.05.




Germ-Free Mice Have Increased Cell Death in the Dentate Gyrus at 4 Weeks of Age

As a measure of cell death, we quantified the number of pyknotic cells in the dentate gyrus. Representative images of cresyl violet-stained pyknotic cells are shown in Figure 3A. We observed a pattern of cell death across ages in both male (Figure 3B) and female (Figure 3C) control mice that replicated the previously described pattern of reduced cell death across age (Sun et al., 2004) and was slightly reminiscent of the previously described inverted U pattern of cell death across age (Ben Abdallah et al., 2010), although the rate of pyknosis was very similar between 4 and 8 weeks with only slight increases in males and females that did not reach statistical significance. Mainly, the results show a sharp reduction in the rate of pyknosis at 12 weeks compared to 4 or 8 weeks (p’s ≤ 0.000165). In male germ-free mice, there was a significant group by age interaction (F(2,51) = 4.07, p = 0.023) in the density of pyknotic cells. Post hoc tests showed a significant difference between control and germ-free mice at 4 weeks of age (p = 0.025). There was no significant main effect of group (p = 0.91) or group by age interaction (p = 0.90) in female mice but there was a significant main effect of age (F(2,18) = 14.87, p = 0.00015). 12 week old mice had significantly fewer pyknotic cells than 4 week (p = 0.0012) and 8 week old mice (p = 0.00028).
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FIGURE 3. (A) Mean (± SEM) pyknotic cells in the DG of male germ-free and control mice. The number of pyknotic cells is highest in 4 week old animals and lowest in 12 week old animals. Additionally, germ-free mice show an increased rate of cell death at 4 weeks of age. (B) Mean (± SEM) pyknotic cells in the DG of female germ-free and control mice. As is the case in male mice, the rate of cell death is highest in 4 week old animals and lowest in 12 week old animals. There is also a slight trend toward elevated cell death at 8 weeks of age. In contrast to male mice, female germ-free mice showed no change in the rate of cell death relative to controls. Control male 4 week n = 10, 8 week n = 10, 12 week n = 9. Control female 4 week n = 4, 8 week, n = 4, 12 week n = 4. Germ-free male 4 week n = 9, 8 week n = 9, 12 week n = 10. Germ-free female 4 week n = 4, 8 week, n = 4, 12 week n = 4. (C) Representative photomicrographs of DG cells with pyknotic morphology. *p < 0.05.




Germ-Free Mice Show Reduced Functional Connectivity of the Dentate Gyrus

We next sought to determine the impact that altered rates of hippocampal neurogenesis have on correlated activity with other brain regions. To do so, we used a c-fos-based approach to determine functional connectivity. This technique, which has been used previously, is based on detection of correlated activity between regions within a group of mice. In order to induce c-fos activity we perfused mice 90 min following fear memory recall. For this analysis, we used male mice only because we observed highly variable behavior in female mice due to typical periodic bouts of darting behavior which interfere with the functional connectivity interpretations. Interestingly, germ-free mice spent significantly more time freezing during the contextual memory test in all age groups (Figure 4A, main effect of treatment, F(1,55) = 10.49, p = 0.0002). The difference appeared most pronounced in 4-week-old mice but, there was no significant effect of age (F(2,55) = 0.98, p = 0.38) or Age by Group interaction (F(2,55) = 0.59, p = 0.56). There was no difference in the absolute number of c-fos-positive cells in the DG (cells/mm2) between controls and germ-free mice although c-fos expression was greater in older mice than younger mice (Figure 4B and Supplementary Figure 1; significant main effect of Age: F(2,28) = 11.50, p = 0.0002). Based on pairwise correlations of c-fos activity (Figure 4C) across mice we next examined alterations in functional connectivity. Control mice exhibited a decrease in network density with increasing age (i.e., total number of functional connections in the network). The decrease in network density across age was non-linear, with the greatest change occurring between 4 and 8 weeks of age (Figure 4C). This indicated a refinement in the network in older mice. In germ-free mice, on the other hand, the network density remained stable across ages suggesting an impairment in maturation of the hippocampal networks (Figure 4D). In addition, we looked specifically at the connectivity of the dentate gyrus and observed, in control mice, an age-dependent decrease in the number of regions exhibiting significantly correlated activity with the dentate gyrus (Figures 4F–H). However, in germ-free mice, there was a reduced number of functionally connected regions in the youngest age group and this level of connectivity was relatively constant with age (Figures 4I–K). Because the network properties are determined per group rather than per mouse we correlated the node degree of the DG for each group (i.e., number of functionally connected regions) with the group mean doublecortin densities to determine the relationship between neurogenesis and DG functional connectivity. We found a significant correlation between DG node degree and the number of doublecortin labeled neurons (Figure 4E, r(4) = 0.83, p = 0.043).
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FIGURE 4. (A) Mean (± SEM) percent freezing in contextual fear conditioning in male mice. Germ-free mice froze significantly more than control mice, indicating enhanced expression of fear memory. The effect was most pronounced in 4-week-old mice. (B) Mean (± SEM) c-fos-positive cells per mm2 in the DG of germ-free and control mice. There was no difference in absolute c-fos expression between groups. However, c-fos expression increased significantly with age. (C) Network density, expressed as the ratio of number of connections:total possible connections, in control and germ-free mice. Control mice exhibited an age-related decrease in network density, whereas germ-free mice had an initially reduced network density which did not decrease with age. (D) Node degree of the DG in germ-free and control mice. Controls show a large decrease in node degree as they age, indicating a refinement of the DG network as it exhibits a progressive reduction in the number of regions it has correlated activity with. The DG of germ-free mice has an initial reduction in node degree relative to controls and, in contrast to controls, does not undergo a reduction in its node degree as a function of age, indicating that the DG of germ-free mice maintains correlated activity with a greater number of regions across age than in controls. (E) A scatterplot showing the correlation between DG node degree and DCX expression. The node degree of the DG is positively correlated with DCX expression, suggesting the possibility that increased neurogenesis may drive an increase in the number of regions with which the DG has correlated activity. (F–H) Network graphs for control mice at 4 weeks old (F), 8 weeks old (G), and 12 weeks old (H) with the functional connectivity of the DG shown in blue. Control mice show a decrease in both network density and DG node degree across ages. (I–K). Network graphs for germ-free mice at 4 weeks old (F), 8 weeks old (G), and 12 weeks old (H) with the functional connectivity of the DG highlighted. Germ-free mice show no change across ages in network density or DG node degree. Control male 4 week n = 6, 8 week n = 5, 12 week n = 7. Germ-free male 4 week n = 5, 8 week n = 7, 12 week n = 5. *p < 0.05.




DISCUSSION

In the present experiment, we examined whether alteration of the gut microbiome exerts age-dependent changes on neurogenesis, HPC-dependent memory, and the functional connectivity of hippocampal networks. We found that the established (Kuhn et al., 1996; Amrein et al., 2004) pattern of age-related changes in neurogenesis was altered in germ-free mice, with the classic sharp decline in postnatal neurogenesis being delayed in germ-free mice relative to controls. These results are partially consistent with previous research showing that disruptions of the gut microbiome can alter neurogenesis (Ogbonnaya et al., 2015; Möhle et al., 2016). We extend these previous findings by showing that microbiome-related alteration in neurogenesis is age-dependent, with differences in neurogenesis between germ-free and controls appearing to normalize as animals age. The effects of disrupted gut microbiota on neurogenesis may therefore be most critical in younger animals.

Our results partially replicate an aspect of a previous report examining neurogenesis in germ-free mice (Ogbonnaya et al., 2015) found that neurogenesis in germ-free mice was elevated at 10 weeks of age. We found elevation of both BrdU- and DCX-positive cells specifically in female germ-free mice at 8 weeks of age. Conversely, we found decreased neurogenesis in male germ-free mice at 4 weeks of age. Overall, our findings indicate that neurogenesis is not uniformly elevated in germ-free mice and that this effect is both age- and sex-dependent. However, when we analyzed rates of neurogenesis as a percent change from baseline, germ-free status in both sexes leads to the same basic pattern of a delayed age-related reduction in neurogenesis as a result of germ-free status.

The causes of the complex pattern of results across age and sex cannot be determined from the present experiment, but the pattern of neurogenesis is similar to that of Gobinath et al. (2017). These authors treated nursing rat dams with either corticosterone (CORT) or vehicle and found that neurogenesis in the dorsal HPC of the offspring declined more slowly in both males and females and that neurogenesis was initially lower in males compared to the offspring of vehicle-treated dams. Previous research has shown that serum levels of CORT are elevated in germ-free rats (Crumeyrolle-Arias et al., 2014). Thus, the present results could potentially be explained in part by differences in serum CORT concentration which shows similar age- and sex-dependent effects on neurogenesis (Gobinath et al., 2017).

The absence of gut microbiota causes a range of effects in addition to increasing CORT such as alterations in serotonin biosynthesis (Yano et al., 2015) and hippocampal serotonergic signaling (Clarke et al., 2013) which has been shown to play a role in regulating neurogenesis (Alenina and Klempin, 2015). Additionally, disruption of the gut microbiome has been shown to impair neurogenesis through a mechanism involving Ly6Chi monocytes (Möhle et al., 2016). The gut microbiome’s role in the maturation of microglia (Thion et al., 2018), another cell type with influence on hippocampal neurogenesis (Stefani et al., 2018), could act as an additional pathway between the gut and the brain. Hence, there are multiple mechanisms that could be driving the effects we presently observe of germ-free status on neurogenesis.

To determine whether altered neurogenesis was accompanied by altered rates of cell death, we also quantified the number of pyknotic cells in the DG. Across both sexes, the rate of DG cell death was higher in younger animals than in older animals, consistent with previous findings (Sun et al., 2004; Ben Abdallah et al., 2010). Interestingly, male germ-free mice had increased cell death at 4 weeks of age whereas this effect was absent in females. Although the mechanisms underlying this sex difference are unclear, this effect could potentially be related to the decrease in neurogenesis in our 4 week old male germ-free mice, a decrease that was not present in female germ-free mice at this age. However, the pattern of cell death was largely similar between germ-free and control mice, indicating that germ-free status had much less influence on cell death than it did on neurogenesis.

We also examined the behavior of germ-free mice in contextual fear conditioning and found that germ-free mice had an increased freezing response during retention testing, indicating an enhancement of fear memory expression. The difference was greatest at 4 weeks of age with smaller increases in the freezing of 8-week-old and 12-week-old mice. Previous research in rodents has shown that, generally, learning and memory is impaired following disruption of the gut microbiome (Gareau et al., 2011; Wang et al., 2015; Fröhlich et al., 2016; Möhle et al., 2016). The results may be explained by an increase in anxiety-like behavior. Although some previous research has found that germ-free mice exhibit decreased basal anxiety (Neufeld et al., 2011), germ-free status causes heightened HPA responses to induced stress (Clarke et al., 2013; Crumeyrolle-Arias et al., 2014). Our present behavioral findings may thus be explained by an increased neuroendocrine response to footshock stress.

We also examined functional connectivity of hippocampal networks in male mice. As control animals aged, they exhibited a decrease in the density of network connections. In contrast, germ-free mice exhibited relatively stable network density at all ages examined, although network density in germ-free was lower than controls at the younger ages. When we examined the functional connectivity of the dentate gyrus specifically, we identified an age related decrease in connectivity in control mice but this trend was altered in germ-free mice. In germ-free mice, the connectivity was initially reduced in 4 week old mice but remained relatively stable between 4 and 8 weeks of age. Activity in the DG is very sparse with most cells being unresponsive to any spatial context (Jung and McNaughton, 1993; Alme et al., 2010). This limited size of the “functional” pool of DG cells may lead to a reduced opportunity for correlated activity with other brain regions and a more sparse functional network. It has been proposed that neurogenesis replenishes the functional pool of DG cells (Lisman, 2011) and, indeed, newly born DG neurons are more active than older DG neurons in response to environmental enrichment (for example Tashiro et al., 2007). Thus, the lack of a decrease in the degree of DG functional connectivity in germ-free mice may be explained by the delay in the age-related decrease of neurogenesis. In fact, we found a strong correlation between doublecortin labeling and dentate gyrus node degree which accounts for 68% of the variability in dentate connectivity. These results indicate that under control conditions, the functional network involving the DG becomes more sparse over the course of development consistent with increasing refinement and path efficiency (Bullmore et al., 2009; Rubinov and Sporns, 2010). In germ-free mice, and very possibly as a result of disrupted neurogenesis, this “refinement” of functional networks is impaired and this may form part of the mechanism of impaired cognition in germ-free animals. Importantly, the present findings are correlational, and further experiments involving ablation or enhancement of neurogenesis would be required to establish that these functional connectivity changes in germ-free mice are causally related to neurogenesis.

A secondary but noteworthy finding from our functional connectivity analysis was the lack of functional connectivity between the DG and the entorhinal cortex. Given the dense anatomical connections between these two regions and that functional connectivity is often strongly predicted by anatomical connectivity (Goñi et al., 2014), this finding is rather surprising. However, anatomical connectivity does not always predict functional connectivity (Honey et al., 2009). We are also not the first to observe little or no functional connectivity between the DG and entorhinal cortex after a 24 h retention interval in contextual fear conditioning, whereas a 4 week retention interval does evoke functional connectivity between the DG and entorhinal cortex (Wheeler et al., 2013; Vetere et al., 2017). Thus, different task parameters may result in stronger functional connectivity between the two regions.

The pattern of functional connectivity that we observed may also have been influenced by the fact that animals were tested post-BrdU injection and injection stress may have affected the pattern of neuronal activation. We used BrdU as a method for measuring cell proliferation in order to align with the methods of Ogbonnaya et al. (2015). However, all mice received BrdU injections and therefore effects of BrdU administration should be consistent across groups.

We examined the age- and sex-dependent effects of germ-free status on hippocampal neurogenesis, and functional connectivity of hippocampal networks. We show that germ-free status delays the normal age-related decline in neurogenesis and that this effect was also sex-dependent. The results show that there is an important age component to the effects of the gut microbiome on hippocampal neurogenesis. Specifically, alterations in neurogenesis as a result of microbiome dysfunction may be most apparent in younger animals. Moreover, this effect is sexually dimorphic, with male germ-free mice initially having reduced rates of neurogenesis at 4 weeks and female germ-free mice having elevated neurogenesis at 8 weeks. We also show that the development and maturation of the DG functional network is disrupted with germ-free status, an effect that seems reflected in the lack of age-dependent changes seen in the neurogenesis of germ-free animals and represents a major, systems-level alteration in functional connectivity as a consequence of germ-free status. Given the strong correlation between neurogenesis and node degree, these results indicate that disruption of the gut microbiome may be driven to a major extent by disrupted neurogenesis. Thus, disrupted neurogenesis may be a major mechanism through which gut dysbiosis causes cognitive impairments particularly early in neurodevelopment.
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Early diagnosis of Alzheimer’s disease (AD) supposedly increases the effectiveness of therapeutic interventions. However, presently available diagnostic procedures are either invasive or require complex and expensive technologies, which cannot be applied at a larger scale to screen populations at risk of AD. We were looking for a biomarker allowing to unveil a dysfunction of molecular mechanisms, which underly synaptic plasticity and memory, before the AD phenotype is manifested and investigated the effects of transcranial direct current stimulation (tDCS) in 3×Tg-AD mice, an experimental model of AD which does not exhibit any long-term potentiation (LTP) and memory deficits at the age of 3 months (3×Tg-AD-3M). Our results demonstrated that tDCS differentially affected 3×Tg-AD-3M and age-matched wild-type (WT) mice. While tDCS increased LTP at CA3-CA1 synapses and memory in WT mice, it failed to elicit these effects in 3×Tg-AD-3M mice. Remarkably, 3×Tg-AD-3M mice did not show the tDCS-dependent increases in pCREBSer133 and pCaMKIIThr286, which were found in WT mice. Of relevance, tDCS induced a significant increase of plasma BDNF levels in WT mice, which was not found in 3×Tg-AD-3M mice. Collectively, our results showed that plasticity mechanisms are resistant to tDCS effects in the pre-AD stage. In particular, the lack of BDNF responsiveness to tDCS in 3×Tg-AD-3M mice suggests that combining tDCS with dosages of plasma BDNF levels may provide an easy-to-detect and low-cost biomarker of covert impairment of synaptic plasticity mechanisms underlying memory, which could be clinically applicable. Testing proposed here might be useful to identify AD in its preclinical stage, allowing timely and, hopefully, more effective disease-modifying interventions.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder responsible for the most common form of dementia. To date, therapeutic interventions against AD failed most likely because of late treatment initiation, i.e., when brain function and structure are already irreversibly damaged. Several lines of evidence suggest that pathogenic mechanisms of AD may affect the brain in the dark for many years owing to the brain’s ability to cope with failures exploiting the so-called “cognitive reserve.” Compensatory mechanisms can stave off neurodegeneration symptoms maintaining memory encoding for long time, and exhaustion of such brain ability may mark AD onset (Merlo et al., 2019). Thus, one primary goal is to detect preclinical AD, inasmuch as therapeutic interventions may have a higher success probability. Furthermore, some signs and symptoms, which manifested at early AD stages (e.g., depressive and cognitive symptoms in the measure of semantic memory and conceptual formation), are sometimes not recognized and/or mistaken for symptoms of other pathologies (Bature et al., 2017). This further stresses the need of reliable disease biomarkers, which may help early AD diagnosis.

Cognitive decline in AD is linked to pathological accumulation of amyloid-beta (Aβ) and Tau proteins and their aggregation in brain regions which are essential for memory encoding and storage, such as the medial temporal lobe and related cortical areas (Serrano-Pozo et al., 2011; Bloom, 2014). Striking evidence from preclinical studies indicates that both Aβ and Tau have detrimental effects on molecular machinery of synapses, ultimately leading to decreased hippocampal long-term potentiation (LTP), a cellular correlate of memory (Irvine et al., 2008; Kopeikina et al., 2012; Ripoli et al., 2014; Fá et al., 2016; Puzzo et al., 2017; Gulisano et al., 2018a, b). However, decreased synaptic plasticity, similarly, to memory impairment, is manifested when the pathology has already developed. Molecular pathways, underlying synaptic plasticity, potentially deregulated or vulnerable in the pre-symptomatic stage, might provide early biomarkers to predict the onset and/or progression of the disease.

Recent studies, including ours, have shown that molecular determinants of synaptic plasticity, including brain-derived neurotrophic factor (BDNF), phosphorylation of CREB at Ser133 (pCREBSer133), calcium-calmodulin kinase II (CaMKII) at Thr286 (pCaMKIIThr286) and AMPA receptor GluA1 subunit at Ser831 (pGluA1Ser831), are engaged and boosted by transcranial direct current stimulation (tDCS) – a non-invasive neuromodulatory technique – resulting in increased LTP and enhanced cognitive or motor functions, depending on the stimulated brain area (Ranieri et al., 2012; Rohan et al., 2015; Podda et al., 2016; Kim et al., 2017; Paciello et al., 2018; Stafford et al., 2018; Barbati et al., 2019; Yu et al., 2019; Kronberg et al., 2020).

We hypothesized that tDCS might differentially impact LTP and memory in 3×Tg-AD mice, a common model of AD, at a stage when the AD phenotype is not manifested yet (i.e., at 3 months of age, hereinafter referred to as 3×Tg-AD-3M mice) (Oddo et al., 2003; Stover et al., 2015; Belfiore et al., 2019), thus unveiling early dysfunction of synaptic plasticity mechanisms.

We found that tDCS failed to enhance LTP at CA3-CA1 synapses and memory in 3×Tg-AD-3M mice whereas it increased these parameters in age-matched wild-type (WT) mice. Of note, 3×Tg-AD-3M mice did not show increased pCREBSer133, pCaMKIIThr286, and BDNF following tDCS, suggesting that these molecular changes could serve as novel early biomarkers for AD. Remarkably, BDNF responsiveness to tDCS was assessed in blood samples, providing an easy-to-detect and low-cost biomarker.



MATERIALS AND METHODS


Animals

Data of male triple transgenic AD (3×Tg-AD) mice, harboring the Swedish human APP, presenilin M146V and tauP301L mutations (Oddo et al., 2003) were compared to C57BL/6 wild-type (WT) mice (Li et al., 2018; Chakroborty et al., 2019; Joseph et al., 2019). The colonies were established in-house at the Animal Facility of the Università Cattolica from breeding pairs purchased from the Jackson Laboratory. The study was performed on 3-month-old (3M) 3×Tg-AD and WT mice (n = 78 and n = 88, respectively). Seven-month-old (7M) 3×Tg-AD mice and aged-matched WT mice (n = 21 each group) were also tested to validate the time course of AD phenotype in terms of synaptic plasticity and memory impairment in our experimental conditions. The animals were housed under a 12 h light-dark cycle at a controlled temperature (22–23°C) and constant humidity (60–75%).



Ethics Statement

All animal procedures were approved by the Ethics Committee of the Catholic University and were fully compliant with guidelines of the Italian Ministry of Health (Legislative Decree No. 26/2014) and European Union (Directive No. 2010/63/UE) legislations on animal research. All efforts were made to minimize the number of animals used and their suffering.



Electrode Implantation and tDCS Protocol

TDCS over the hippocampus was delivered using a unilateral epicranial electrode arrangement as previously described (Podda et al., 2016; Barbati et al., 2019). The active electrode consisted of a tubular plastic cannula (internal diameter 3.0 mm) filled with saline solution (0.9% NaCl) just prior to stimulation; the counter electrode was a conventional rubber-plate electrode surrounded by a wet sponge (5.2 cm2) positioned over the ventral thorax. The center of the active electrode was positioned on the skull over the left hippocampal formation 1 mm posterior and 1 mm lateral to the bregma (Franklin and Paxinos, 1997). A unilateral arrangement was chosen, as in our previous study, to reduce the electrode contact area and to prevent currents bypassing the two juxtaposed epicranial electrodes, which might occur using a bipolar configuration. Stimulation of the left side was preferred since experimental evidence suggests that long-term memory processing are strictly dependent on this hemisphere (Shipton et al., 2014). This electrode montage was previously shown to target the hippocampus causing neurophysiological, behavioral and molecular changes all related to this brain structure. Furthermore, no changes in BDNF levels were detected in non-stimulated areas such as the cerebellum, and tDCS of the motor cortex caused no changes in the hippocampus (see details in Podda et al., 2016). For electrode implant, animals were anesthetized by an intraperitoneal injection of a cocktail with ketamine (87.5 mg/Kg) and xylazine (12.5 mg/Kg) and temperature during surgery was maintained at 37°C. The scalp and underlying tissues were removed and the electrode was implanted using a carboxylate cement (3M ESPE, Durelon, 3M Deutschland GmbH, Germany). All animals were allowed to recover for 3–5 days before tDCS. During this period, as well as during the electrical stimulations, mice were placed in individual cages.

TDCS was applied to awake mice using a battery-driven, constant current stimulator (BrainSTIM, EMS, Italy). The current intensity was ramped for 10 s instead of switching it on and off to avoid a stimulation break effect.

A repeated tDCS protocol was used consisting in 3 single stimulation sessions (at a current intensity of 250 μA for 20 min, current density of 35.4 A/m2) once per day, on 3 consecutive days. According to clinical and brain slice conventions (Jackson et al., 2016; Rahman et al., 2017), we applied “anodal” tDCS corresponding to a positive electric field (positive electrode over the hippocampus). Electrode montage and current density were similar to those recently adopted for rodent models and close to the recommended safety limits in rodents (Rohan et al., 2015; Podda et al., 2016; Jackson et al., 2017; Paciello et al., 2018).

On the 3 consecutive days, tDCS was performed approximately at the same time (around 10 a.m.). No abnormal behaviors were observed related to the stimulation and no morphological alterations were found in brain tissues of mice subjected to tDCS.

Three-month-old WT and 3×Tg-AD mice were randomly assigned to the following experimental groups: (i) sham mice (sham-WT-3M, sham-3×Tg-AD-3M), which underwent the same manipulations as in the “real” stimulation condition, but no current was delivered; (ii) tDCS mice (tDCS-WT-3M, tDCS-3×Tg-AD-3M), which were subjected to repeated anodal tDCS. Different groups of mice were used for each experimental test.



Electrophysiology

Field recordings were performed on hippocampal coronal slices (400 μm-thick) as previously described (Podda et al., 2008, 2016). Briefly mice were anesthetized by isoflurane inhalation (Esteve) and decapitated. The brain was rapidly removed and placed in ice-cold cutting solution (in mM: 124 NaCl, 3.2 KCl, 1 NaH2PO4, 26 NaHCO3, 2 MgCl2, 1 CaCl2, 10 glucose, 2 sodium pyruvate, and 0.6 ascorbic acid, bubbled with 95% O2-5% CO2; pH 7.4). Slices were cut with a vibratome (VT1200S) and incubated in artificial cerebrospinal fluid (aCSF; in mM: 124 NaCl; 3.2 KCl; 1 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, 10 glucose; 95% O2-5% CO2; pH 7.4) at 32°C for 60 min and then at RT until use. Slices were prepared ∼30 min after tDCS or sham stimulation protocol. Slices containing the stimulated hippocampus were used for subsequent analyses.

Slices were transferred to a submerged recording chamber and continuously perfused with aCSF (flow rate: 1.5 ml/min). The bath temperature was maintained at 30–32°C with an in-line solution heater and temperature controller (TC-344B, Warner Instruments). Identification of slice subfields and electrode positioning were performed with 4× and 40× water immersion objectives on an upright microscope (BX5IWI, Olympus) and video observation (C3077-71 CCD camera, Hamamatsu Photonics).

All recordings were made using MultiClamp 700B amplifier (Molecular Devices). Data acquisition and stimulation protocols were performed with the Digidata 1440A Series interface and pClamp 10 software (Molecular Devices). Data were filtered at 1 kHz, digitized at 10 kHz, and analyzed both online and offline.

Field recordings were made using glass pipettes filled with aCSF (tip resistance 2–5 MΩ) and placed in the stratum radiatum of the CA1 region. Field excitatory post-synaptic potentials (fEPSPs) were evoked by stimulation of the Schaffer collateral using a concentric bipolar tungsten electrode (FHC) connected to a constant current isolated stimulator (Digitimer Ltd.). The stimulation intensity that produced one-third of the maximal response was used for the test pulses and LTP induction. The fEPSP amplitude was measured from baseline to peak. The slope of the rising phase of the fEPSP was also calculated.

For LTP recordings, stable baseline responses were recorded to test stimulations (0.05 Hz for 10 min) and then a high-frequency stimulation (HFS) protocol was delivered (4 trains of 50 stimuli at 100 Hz, 500 ms each, repeated every 20 s). Responses to test pulses were recorded every 20 s for 60 min to assess LTP. LTP was expressed as the percentage of change in the mean fEPSP slope or peak amplitude normalized to baseline values (i.e., mean values for the last 5 min of recording before HFS, taken as 100%). HFS-elicited fEPSP changes in both amplitude and slope higher than 15% of baseline values were subjected to data analysis.



Memory Test

Object recognition test, also known as novel object recognition (NOR) test and Morris water maze (MWM) test were used to assess non-spatial (i.e., recognition) and spatial memory, respectively. These tests were chosen since they are the most widely used and standardized tests of hippocampal-dependent forms of learning and memory (Vorhees and Williams, 2014; Cohen and Stackman, 2015).

Behavioral tests were carried out from 9 a.m. to 4 p.m. and data were blindly analyzed using an automated video tracking system (Any-Maze).

The NOR protocol lasted 3 consecutive days including a familiarization session, a training session and a test session. On the first day, animals were familiarized for 10 min to the test arena (45 cm×45 cm). On the second day (training session), they were allowed to explore two identical objects placed symmetrically in the arena for 10 min. On the third day (test session), a new object replaced one of the old objects. Animals were allowed to explore for 10 min and a preference index, calculated as the ratio between time spent exploring the novel object and time spent exploring both objects, was used to measure recognition memory (Fusco et al., 2019).

MWM was performed as previously described (Podda et al., 2014, 2016). A circular plastic pool (127 cm in diameter) filled with water colored with nontoxic white paint, to obscure the location of an hidden platform, was used as experimental apparatus. The pool was ideally separated into four equal quadrants (NE, corresponding to the target quadrant, SE, NW, and SW) and the platform (10 cm×10 cm) was placed at the center of the target quadrant. Visual cues were placed on the walls around the pool to orient the mice. Animals were trained for 4 days, six times a day and the probe test was administered 24 h after the last training day. Starting positions were varied daily and latencies to reach the platform were recorded. In the probe test, the platform was removed and time spent in the target quadrant was measured (60 s of test duration).

According to published protocols, the following exclusion criteria were applied: total exploration time < 5 s in the NOR test and floating behavior during training (i.e., not actively searching for the platform) in the MWM test. No animal met exclusion criteria and all results of behavioral studies were included in data analysis.



Western Immunoblot

Total proteins were extracted from the stimulated hippocampus of control and tDCS-mice sacrificed 2 h after stimulation, using ice cold RIPA buffer [Pierce; 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% DOC, 1% Triton X-100, 1% SDS, and 1× protease, phosphatase-1, and phosphatase-2 inhibitor cocktails (Sigma)]. Tissues were incubated for 15 min on ice with occasional vortexing and the lysate was spun down at 22,000×g for 15 min, 4°C, and 2 μl aliquot of the supernatant was assayed to determine the protein concentration (microBCA kit, Pierce). SDS-PAGE reducing sample buffer was added to the supernatant, and samples were heated to 95°C for 5 min. Protein lysates (40 μg) were loaded onto 10% or 8% Tris-glycine polyacrylamide gels for electrophoretic separation. Precision Plus Protein Dual Color Standards (Bio-Rad) were used as molecular mass standards. Proteins were then transferred onto nitrocellulose membranes at 330 mA for 2 h at 4°C in transfer buffer containing 25 mM Tris, 192 mM glycine and 20% methanol. Membranes were incubated for 1 h with blocking buffer (5% skim milk in TBST), and then incubated overnight at 4°C with primary antibodies directed against one of the following proteins: pCREBSer133, CREB, pCaMKIIThr286, CaMKII, and GAPDH (Supplementary Table 1). After three 10 min rinses in TBST, membranes were incubated for 2 h at RT with HRP-conjugated secondary antibodies (Supplementary Table 1). The membranes were then washed, and the bands were visualized with an enhanced chemiluminescence detection kit (GE Healthcare, United Kingdom). Protein expression was evaluated and documented using UVItec Cambridge Alliance. Experiments were performed in triplicate.



ELISA Measurements

Blood samples were collected from the retro-orbital plexus with sterile glass Pasteur pipettes. Samples were taken before and 1 week after tDCS. After centrifugation, plasma was separated and stored at −80°C until further use. Plasma levels of BDNF were determined using commercially available ELISA kits (Immunological Sciences). The assay was performed according to the manufacturer’s instructions on samples collected from 4 animals per group, and each sample was analyzed in duplicate.



Statistical Analysis

Sample sizes were chosen with adequate statistical power (0.8) according to results of prior pilot data sets or studies, including our own using similar methods or paradigms. Sample estimation and statistical analysis were performed using the SigmaPlot 14.0 software. Data were first tested for equal variance and normality (Shapiro-Wilk test) and then the appropriate statistical tests were chosen. The statistical tests used [i.e., one-way ANOVA, one-way ANOVA for repeated measures (RM), Friedman RM ANOVA on Ranks, two-way ANOVA, two-way RM ANOVA] are indicated in the main text and in the corresponding figure legends for each experiment. Post hoc multiple comparisons were performed with Bonferroni correction. The level of significance was set at 0.05. Results are presented as mean ± SEM. Analyses were performed blinded.



RESULTS


Characterization of Memory and Synaptic Plasticity Impairments in 3×Tg-AD Mice

The objective of the study was to test whether anodal tDCS can be exploited to unmask covert impairment of brain plasticity mechanisms in 3×Tg-AD mice before synaptic plasticity and memory deficits are clearly manifested in this AD mouse model, with the ultimate goal to identify early neurophysiological and molecular biomarkers allowing to predict disease onset.

Our first step was to characterize the time course of the 3×Tg-AD mouse phenotype in our experimental conditions, given that some variability has been reported in literature (Belfiore et al., 2019). Specifically, memory and LTP were assessed in 3 and 7 months old AD mice, chosen as putative pre-symptomatic and AD models, respectively. Different cohorts of mice were used for 3 and 7 months.

Results were compared to those obtained in age-matched WT animals. We found that, at 3 months of age, 3×Tg-AD mice did not exhibit any impairment in recognition and spatial memory, as assessed by NOR and MWM tests, respectively (Figures 1A–C). In particular, in the NOR test the preference index was comparable in 3×Tg-AD and age-matched WT mice (63.8 ± 1.7% and 65.7 ± 1.7%, respectively, n = 9 for each group; P = 0.40, one-way ANOVA; Figure 1A; exploration time: WT-3M mice, novel object (NO) 11.3 ± 1 s, familiar object (FO) 5.9 ± 0.5 s; 3×Tg-AD-3M mice, NO 11.5 ± 2.6 s, FO 6.4 ± 1.3 s). Similarly, in the acquisition session of the MWM, all mice successfully acquired the task with latency to reach the platform decreasing progressively across training days [main effect of days: F(3,48) = 34.13, P < 0.001, two-way RM ANOVA] and no significant differences between WT-3M and 3×Tg-AD-3M mice in all trials (n = 9 for each group; P = 0.73, two-way RM ANOVA; Figure 1B) were noted. In the probe test, the time spent in the target quadrant was similar in 3×Tg-AD-3M and WT-3M mice (28.6 ± 2.8 s vs. 27.0 ± 2.5 s, respectively, P = 0.66, one-way ANOVA; Figure 1C). Both groups spent significantly more time in the target quadrant compared to random quadrant occupancy [i.e., 15 s; WT-3M mice, F(1,19) = 16.38, P = 0.0006; 3×Tg-AD-3M mice, F(1,19) = 18.50, P = 0.0003, one-way ANOVA]. Memory deficits were, instead, manifested in 7-month-old 3×Tg-AD mice (3×Tg-AD-7M). In the NOR test, they showed a lower preference index than age-matched WT mice (53.2 ± 1.5% vs. 65.6 ± 1.4% in WT-7M mice; n = 8 for each group; P < 0.001, one-way ANOVA; Figure 1E; exploration time: WT-7M mice, NO 9.2 ± 1.2 s, FO 4.9 ± 0.7 s; 3×Tg-AD-7M, NO 6.2 ± 1.5 s, FO 5.5 ± 1.3 s). In the acquisition session of the MWM, all mice displayed decreased latency to reach the hidden platform over training days [main effect of days: F(3,42) = 14.72, P < 0.001, two-way RM ANOVA, but 3×Tg-AD-7M mice took longer time to find the platform than WT-7M mice (n = 8 for each group; P = 0.009, two-way RM ANOVA; Figure 1F). In the probe test, 3×Tg-AD-7M mice explored the target quadrant less than controls (17.4 ± 3.5 s vs. 27.0 ± 2.5 s in WT-7M mice; P = 0.032, one-way ANOVA; Figure 1G). Finally, WT-7M mice spent significantly more time in the target quadrant compared to random quadrant occupancy while 3×Tg-AD-7M mice failed to do so [WT-7M mice, F(1,18) = 16.17, P = 0.0008; 3×Tg-AD-7M mice, F(1,18) = 0.85, P = 0.36, one-way ANOVA].
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FIGURE 1. Age-dependent pathological memory and synaptic plasticity changes in 3×Tg-AD mice. (A–D) 3-month-old 3×Tg-AD mice did not differ from age-matched WT mice in: (A) the preference toward the novel object in the NOR test (n = 9 mice for each group; P = 0.40, one-way ANOVA); (B) the latency to platform in the training phase of the MWM test (n = 9 mice for each group; P = 0.73, two-way RM ANOVA) and (C) the time spent in the target quadrant during the probe test performed on day 5 of MWM (P = 0.66, one-way ANOVA); (D) the magnitude of LTP at hippocampal CA3-CA1 synapses (n = 9 slices from 5 3×Tg-AD-3M mice; n = 9 slices from 6 WT-3M mice; P = 0.89, one-way ANOVA). Time course shows LTP at CA3-CA1 synapses induced by HFS (4 trains of 50 stimuli at 100 Hz for 500 ms repeated every 20 s) delivered at time 0 (arrow). Results are expressed as percentages of baseline fEPSP slope (= 100%). Insets show representative fEPSPs at baseline (gray line) and during the last 5 min of LTP recording (black line). Bar graphs compare LTP observed during the last 5 min of recording. (E–H) Compared to aged-matched WT mice, 7-month-old 3×Tg-AD mice showed significant decreases in: (E) preference index in the NOR test (P < 0.001); (F) latency to platform in the training phase of the MWM test (n = 8 mice for each group; P = 0.009, two-way RM ANOVA) and (G) time spent in the target quadrant during the probe test of MWM (P = 0.032, one-way ANOVA); (H) LTP (n = 10 slices from 5 3×Tg-AD-7M mice; n = 10 slices from 5 WT-7M mice, P = 0.0001, one-way ANOVA). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.


As expected, behavioral data were paralleled by electrophysiological data showing a significant reduction of LTP at CA3–CA1 hippocampal synapses in brain slices from 3×Tg-AD-7M mice [34.37 ± 4.36% (n = 10 slices from 5 mice) vs. 78.85 ± 8.09% (n = 10 slices obtained from 5 WT-7M mice); P = 0.0001, one-way ANOVA; Figure 1H], whereas LTP was not significantly different in transgenic and WT mice at 3 months of age [65.11 ± 4.86% (n = 9 slices from 5 3×Tg-AD-3M mice) vs. 63.68 ± 10.74% (n = 9 slices from 6 WT-3M mice); P = 0.89, one-way ANOVA; Figure 1D]. Data reported above refer to analysis of fEPSP slope. A similar picture emerged when LTP was assessed by analyzing fEPSP amplitude (Supplementary Figures 1A,B). In agreement with our previous result (Leone et al., 2019). Western immunoblot experiments, performed with the 6E10 antibody recognizing human Aβ, revealed Aβ oligomers in hippocampal lysates of 3×Tg-AD-7M mice (Supplementary Figure 1C). A faint band was observed at the same molecular weight in tissues from 3×Tg-AD-3M.

Altogether these data indicate that, at 3 months of age, 3×Tg-AD mice do not show synaptic plasticity and memory deficits and, therefore, they are a suitable model of a pre-symptomatic AD stage to test our hypothesis.



Anodal tDCS Fails to Enhance Recognition and Spatial Memory in 3×Tg-AD-3M Mice

We then compared memory performances of 3×Tg-AD-3M and age-matched WT mice subjected to a protocol of triple tDCS or sham stimulation. Consistently with our previous findings (Podda et al., 2016), WT mice subjected to tDCS showed a greater preference toward the novel object than sham-stimulated mice [preference index: 70.7 ± 1.1% (n = 10) and 63.5 ± 1.8% (n = 9), respectively, P = 0.001, one-way ANOVA; Figure 2A]. As expected from data reported above, sham-3×Tg-AD-3M mice showed intact recognition memory [preference index: 61.0 ± 2.1% (n = 9), P = 0.36 vs. sham-WT-3M mice, one-way ANOVA; Figure 2A]. Of note, preference for the novel object was not increased by tDCS in 3×Tg-AD-3M mice [preference index: 64.6 ± 4.3% (n = 8), P = 0.42 vs. sham-3×Tg-AD-3M mice (n = 9) one-way ANOVA; Figure 2A]. Similar results were obtained with MWM, as shown in Figures 2B,C. In the acquisition session of the MWM, all mice successfully acquired the task with latency to reach the platform decreasing progressively across training days [WT-3M mice: main effect of days: F(3,51) = 23.85, P < 0.001, two-way RM ANOVA; 3×Tg-AD-3M mice: main effect of days: F(3,48) = 21.33, P < 0.001, two-way RM ANOVA; Figure 2B], with no significant differences between sham and tDCS in both groups (WT-3M mice: P = 0.81; 3×Tg-AD-3M: P = 0.71, two-way RM ANOVA). In the probe test, WT mice, but not 3×Tg-AD-3M mice, showed improvement following tDCS [tDCS-WT-3M, 33.5 ± 2.5 s (n = 9) vs. 25.5 ± 2.5 s (n = 10) sham-WT-3M; P = 0.029, one-way ANOVA; tDCS-3×Tg-AD-3M, 19.8 ± 3.9 s (n = 9) vs. 24.9 ± 2.2 s (n = 9) sham-3×Tg-AD-3M; P = 0.24, one-way ANOVA; Figure 2C).
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FIGURE 2. Effect of tDCS on memory in 3×Tg-AD-3M and WT-3M mice. (A–C) Memory was enhanced by tDCS in 3-month-old WT but not in 3×Tg-AD-3M mice, as shown by: (A) preference toward the novel object in NOR test (n = 9 sham-WT-3M mice vs. n = 10 tDCS-WT-3M mice, P = 0.001; n = 9 sham-3×Tg-AD-3M mice vs. n = 8 tDCS-3×Tg-AD-3M mice, P = 0.42, one-way ANOVA); (B) latency to reach the platform in the training phase of the MWM test (n = 10 sham-WT-3M mice and n = 9 tDCS-WT-3M mice, P < 0.001; n = 9 sham-3×Tg-AD-3M mice and n = 9 tDCS-3×Tg-AD-3M mice, P < 0.001, two-way RM ANOVA across training days) and (C) time spent in the target quadrant during probe test (sham-WT-3M mice vs. tDCS-WT-3M mice, P = 0.029; sham-3×Tg-AD-3M mice vs. tDCS-3×Tg-AD-3M mice; P = 0.24, one-way ANOVA). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; n.s., not significant.




Anodal tDCS Fails to Enhance LTP in 3×Tg-AD-3M Mice

TDCS effects on memory have been reportedly associated to increased hippocampal LTP (Podda et al., 2016; Yu et al., 2019). We therefore asked whether the behavioral unresponsiveness to tDCS of 3×Tg-AD-3M mice was associated to the lack of tDCS effects on synaptic plasticity. FEPSP slope was measured in the CA1 area after standard HFS of Schaffer collaterals and LTP was studied in slices from WT and 3×Tg-AD-3M mice subjected to tDCS or sham stimulation. Sixty min after HFS, slices from tDCS-WT mice showed significantly greater LTP than slices from sham-WT mice [79.65 ± 6.58% (n = 12 slices from 7 tDCS mice) vs. 57.0 ± 4.4% (n = 12 slices from 9 sham mice); P = 0.007, one-way ANOVA; Figure 3A and Supplementary Figure 2A]. Conversely, LTP was not increased by tDCS in 3×Tg-AD-3M mice [54.71 ± 3.89% (n = 10 slices from 5 tDCS mice) vs. 57.49 ± 6.23% (n = 12 slices from 5 sham mice); P = 0.71, one-way ANOVA; Figure 3B and Supplementary Figure 2B], demonstrating that in these mice the cellular correlate of memory is also resistant to the boosting action of tDCS.
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FIGURE 3. tDCS differentially impacts hippocampal LTP in 3×Tg-AD-3M and WT mice. (A,B) Time course of LTP at CA3-CA1 synapses induced by HFS delivered at time 0 (arrow). Results are expressed as percentages of baseline fEPSP slope (= 100%). Insets show representative fEPSPs at baseline (gray line) and during the last 5 min of LTP recording (black line). Bar graphs compare LTP observed during the last 5 min of recording. (A) Slices obtained from tDCS-WT-3M mice (n = 12 slices from 7 mice) showed enhanced LTP compared to sham-WT-3M mice (n = 12 slices from 9 mice, P = 0.007, one-way ANOVA). (B) tDCS failed to enhance LTP in 3×Tg-AD-3M mice (n = 10 slices from 5 tDCS mice; n = 12 slices from 5 sham mice, P = 0.71; one-way ANOVA). Data are expressed as mean ± SEM; **P < 0.01; n.s., not significant.




Molecular Determinants of Plasticity Are Resistant to tDCS Boosting Effects in 3×Tg-AD-3M Mice

The above reported results demonstrate that, before the AD-like phenotype is manifested, 3×Tg-AD mice – despite normal memory and hippocampal LTP – exhibit decreased responsiveness to the boosting action of tDCS. The reduced response to tDCS might result from initial dysfunction of the molecular pathways underlying plasticity that are challenged by tDCS.

To test this hypothesis, we performed molecular analyses on hippocampi and blood samples from WT and 3×Tg-AD-3M mice subjected to tDCS or sham stimulation. Our analyses were focused on known upstream mechanisms of tDCS action, such as Ca2+-dependent phosphorylation of CREB at Ser133 and of CaMKII at Thr286, and a pivotal downstream effector, i.e., the neurotrophin BDNF (Podda et al., 2016; Kim et al., 2017; Paciello et al., 2018; Stafford et al., 2018; Barbati et al., 2019).

Our previous observations indicated that tDCS induced CREB activation in the hippocampus 2 h after stimulation (Podda et al., 2016). Accordingly, immunoblot analyses revealed that, 2 h after the end of the last tDCS session, hippocampi of WT mice (n = 3) showed increased levels of pCREBSer133 [+110% vs. sham-WT-3M mice (n = 3), P = 0.003; two-way ANOVA, Bonferroni post hoc; Figure 4A] and pCaMKIIThr286 (+109% vs. sham-WT-3M mice, P = 0.045 two-way ANOVA, Bonferroni post hoc; Figure 4B]. Intriguingly, these post-translational modifications were not observed in 3×Tg-AD-3M mice following tDCS (pCREBSer133: +11% vs. sham-3×Tg-AD-3M mice; P = 0.77; pCaMKIIThr286: +19% vs. sham-3×Tg-AD-3M mice; P = 0.58; two-way ANOVA, Bonferroni post hoc; n = 3 mice each group; Figures 4A,B).
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FIGURE 4. Molecular changes in 3×Tg-AD-3M and WT-3M mice following tDCS. Representative immunoblots revealed increased pCREBSer133 (A) and pCaMKIIThr286 (B) following tDCS in WT-3M mice but not in 3×Tg-AD-3M mice. Bar graphs in the lower panel show results of densitometric analyses on all samples (n = 3 mice for each group; pCREBSer133, P = 0.003 tDCS-WT-3M vs. sham-WT-3M; P = 0.77 tDCS-3×Tg-AD-3M vs. sham-3×Tg-AD-3M; pCaMKIIThr286, P = 0.045 tDCS-WT-3M vs. sham-WT-3M; P = 0.58 tDCS-3×Tg-AD-3M vs. sham-3×Tg-AD-3M two-way ANOVA, Bonferroni post hoc) normalized to both the corresponding total protein levels and GAPDH. (C) Plasma BDNF levels were measured before (pre) and 1 week after (1 w post) tDCS. BDNF was increased by tDCS in WT mice (P = 0.031, one-way RM ANOVA) but not in 3×Tg-AD-3M mice (P = 0.12, Friedman RM ANOVA on Ranks) (n = 4 mice for each group). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; n.s., not significant.


We previously reported that enhanced pCREBSer133 following tDCS increases BNDF expression in the hippocampus by epigenetic regulation of Bdnf promoter I (Podda et al., 2016), and similar results were observed in auditory and motor cortices exposed to tDCS (Paciello et al., 2018; Barbati et al., 2019). We, therefore, hypothesized that tDCS could differentially impact BNDF expression in WT-3M and 3×Tg-AD-3M mice. Given that changes of brain BDNF expression are reflected in blood (Laske et al., 2006; Brunoni et al., 2015), we asked whether assessment of changes in plasma BDNF following tDCS could be a reliable biomarker of altered brain plasticity in AD. Blood samples used for BDNF testing were collected from each studied mice before starting the tDCS and 1 week after the completion of the tDCS protocol. This time point was chosen based on the results of a meta-analysis showing that increased plasma BDNF levels are more frequently observed some days after different protocols of non-invasive brain stimulation (NIBS) than soon after (Brunoni et al., 2015), and our previous studies demonstrated enhanced BDNF expression in the hippocampus 1 week after tDCS (Podda et al., 2016).

Remarkably, we found that plasma BNDF levels were significantly increased after tDCS in WT-3M (78.5 ± 20.2 vs. 42.3 ± 9.9 pg/ml pre-stimulation, n = 4 mice; P = 0.031, one-way RM ANOVA) but not in 3×Tg-AD-3M mice (40.1 ± 4.9 vs. 47.8 ± 5.0 pg/ml pre-stimulation, n = 4 mice; P = 0.12, Friedman RM ANOVA on Ranks; Figure 4C).

Our findings indicate that in 3×Tg-AD-3M mice molecular determinants of plasticity such as CREB, CaMKII and BDNF are resistant to the boosting effects of tDCS. More importantly, the early impairment of molecular machinery underlying synaptic plasticity and memory in 3×Tg-AD-3M mice can be detected by BDNF blood testing following tDCS.



DISCUSSION

AD is the most common form of dementia in elderly, characterized by a severe and progressive cognitive decline. So far, no effective treatments have been identified, but accumulating evidence suggests that therapeutics might work best if started at an early disease stage. The preclinical and prodromal phases of AD are considered promising time-windows for disease-modifying interventions (Galluzzi et al., 2016; Joe and Ringman, 2019). Therefore, early diagnosis is critical to successfully implement effective treatments.

The diagnosis of preclinical and prodromal AD is presently performed using cerebrospinal fluid analysis, neuroimaging investigations and neuropsychological testing (Lashley et al., 2018). Recently, graph theory analysis of brain connectivity from EEG signals combined with apolipoprotein E genotyping has been proposed to distinguish prodromal to AD from non-prodromal mild cognitive impairment (MCI) subjects (Vecchio et al., 2018). While these diagnostic approaches are valid and reliable, they cannot be employed for a wide ranging screening of persons at risk of AD, because they are invasive, expensive and require equipment and expertise usually only available in specialized hospitals.

Looking for an easy, non-invasive, low-cost and affordable method to screen populations at risk of AD, we investigated brain plasticity responses to tDCS in an AD mouse model before phenotype manifestation. This approach unveiled early electrophysiological and molecular dysfunction leading to the unresponsiveness of 3×Tg-AD-3M mice to tDCS boosting effects on memory, LTP and molecular determinants of synaptic plasticity.

Our data suggest that the assessment of plasticity-related molecular biomarkers before and after tDCS could represent a novel approach to predict AD onset and progression. Of particular relevance for a translational point of view, are the differential effects of tDCS on plasma BDNF levels.

In this study 3-month-old 3×Tg-AD mice were used as a model of preclinical AD. These mice showed normal memory, as their performance in the NOR and MWM tests was similar to that of age-matched WT mice. At 3 months of age LTP values were also comparable in WT and transgenic mice. Impaired memory and LTP were, instead, observed in AD mice at 7 months of age. Although a certain degree of 3×Tg-AD mouse model heterogeneity has been reported regarding the onset and progression of cognitive deficits, the timeline of the AD phenotype, in our experimental conditions, is in agreement with literature (Chakroborty et al., 2019; Joseph et al., 2019).

The NIBS techniques have recently gained considerable attention as promising approaches to slow the progression of AD (Rajji, 2019a). Despite encouraging data, conflicting results have been reported so far, likely due to different study designs, patient selection criteria, populations, or sample sizes, therefore, the efficacy of NIBS in AD is still uncertain (Rajji, 2019b). As far as animal models are concerned, tDCS failed to rescue learning and memory deficits in 3×Tg-AD mice when the phenotype is manifested (i.e., >6 months of age) (Gondard et al., 2019).

We propose to use tDCS in AD differently, namely, as a tool to probe and challenge plasticity pathways in the pre-symptomatic phase of the disease in order to unveil their earliest alterations.

Indeed, several studies, including our own, indicated that molecular determinants of plasticity and, particularly, the neurotrophin BDNF, are engaged and boosted by anodal tDCS, leading to enhanced plasticity and memory (Rohan et al., 2015; Podda et al., 2016; Kim et al., 2017; Cocco et al., 2018; Paciello et al., 2018; Stafford et al., 2018; Barbati et al., 2019; Kronberg et al., 2020).

Consistently, we found that 3-month-old WT mice, subjected to a daily session of anodal tDCS for three consecutive days, showed enhanced hippocampus-dependent recognition and spatial memory as assessed by NOR and MWM tests as well as enhanced LTP – the cellular underpinning of memory (Bliss and Collingridge, 1993). Interestingly enough, none of these effects was seen in 3×Tg-AD-3M mice.

We, therefore reasoned that the lack of tDCS effects on LTP and memory in 3×Tg-AD-3M mice might be due to the unsuccessful recruitment of plasticity-related pathways. We previously identified the signaling cascade engaged by tDCS in the hippocampus, including increased CREB phosphorylation at Ser133 that triggers epigenetic modifications relying on CREB binding to the Bdnf promoter I and recruitment of the histone acetyltranferase CREB-binding protein leading to enhanced acetylation at lysine 9 on Bdnf promoter I and increased BDNF expression. Blockade of H3 acetylation as well as of BDNF-specific TrkB receptors hindered tDCS effects on LTP and memory. Collectively, data summarized above suggested a causal link among the tDCS-induced increases in: (i) CREB phosphorylation; (ii) BDNF expression; (iii) synaptic plasticity; and (iv) memory (Podda et al., 2016). It has also been hypothesized that molecular events underlying tDCS effects are initiated by increased Ca2+ signaling via NMDAR and voltage-gated calcium channel activation (Pelletier and Cicchetti, 2014; Rohan et al., 2015). Indeed, Ca2+-dependent intracellular responses observed following tDCS include increased phosphorylation of CREB and CaMKII along with nitric oxide synthase activation (Kim et al., 2017; Cocco et al., 2018; Barbati et al., 2019). In keeping with these data, our Western immunoblot analyses showed enhanced pCREBSer133 and pCaMKIIThr286 in tDCS-WT-3M mice. Of relevance, the lack of tDCS effects on LTP and memory in 3×Tg-AD-3M mice was paralleled by its inability to enhance pCREBSer133 and pCaMKIIThr286, indicating that these differential response could serve as novel AD biomarker. Investigating the role of Ca2+ signal dysregulation in the tDCS ineffectiveness on LTP and memory in 3×Tg-AD-3M mice was beyond the scope of this research. However, it is worth mentioning that enhanced Ca2+ signaling has been reported in the earliest stages of the disease in mouse AD models (Del Prete et al., 2014; Chakroborty et al., 2019) and it has also been observed in cells from familial AD patients (Nelson et al., 2010). Furthermore, convergent evidence indicates Ca2+ dyshomeostasis within synaptic compartments as an early and critical factor in driving synaptic pathophysiology, leading to cognitive impairment in AD (Whitcomb et al., 2015).

The main purpose of our study was to identify an early and easy-to-detect AD biomarker potentially translatable to clinical application. Of course, molecular changes only occurring in the brain would not meet these requirements; therefore, we looked for biomarkers available in the circulating blood. Changes in pCREB and pCaMKII levels in the brain might be paralleled by similar changes in neuron-derived exosomes isolated from circulating blood, which is a promising though still experimental approach (Shi et al., 2016; Badhwar and Haqqani, 2020) we are planning to implement in future studies. Instead, we focused on a much simpler and cheaper approach, based on plasma BDNF level assessment by ELISA (Naegelin et al., 2018), which could be employed in any laboratory performing blood sample testing and therefore, widely accessible to any population. As already mentioned, enhanced BDNF expression in hippocampal lysates was demonstrated in our previous study following tDCS. Although different organs may contribute to determine plasma BDNF levels, several evidences suggest that changes in blood BDNF levels may reflect changes occurring in the brain. Indeed, changes in blood BDNF levels have been associated with a number of neurological diseases including AD (Laske et al., 2006), and they have also been more frequently reported days or weeks after stimulation following tDCS in different clinical conditions or experimental models (Brunoni et al., 2015). We, therefore, compared plasma BDNF levels before and 1 week after tDCS and found that they were significantly increased in WT but not in 3×Tg-AD-3M mice. Investigating the specific contribution of hippocampus vs. other cortical and subcortical areas underneath the stimulating electrode to plasma BDNF levels as well as its different forms (i.e., mature vs. pro-BDNF) was beyond the scope of this paper. Similarly, our study did not address the role of BDNF in AD pathophysiology.

Instead, our novel finding provides a peripheral biomarker of covert neuroplasticity impairment that could be detected in blood samples and easily translated to clinical use. The non-invasiveness and lack of adverse effects of tDCS (Antal et al., 2017) support future longitudinal studies in patient cohorts at risk of AD including elderly people diagnosed for amnestic MCI or those with genetic risk factors. In summary, our study unravels the unresponsiveness of neuroplasticity mechanisms in the hippocampus to boosting stimuli in a pre-AD stage. The combined use of a non-invasive method such as tDCS and plasma BDNF level assessment before and after treatment appears a novel promising approach to detect synaptic dysfunction far earlier than the appearance of any clinical signs. Although our findings still need to be validated in humans, they indicate a very promising perspective for large population analyses of subjects at risk to develop AD, with far reaching implications for both a personalized approach to AD patients and public health.
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Increased life expectancy in modern society comes at the cost of age-associated disabilities and diseases. Aged brains not only show reduced excitability and plasticity, but also a decline in inhibition. Age-associated defects in inhibitory circuits likely contribute to cognitive decline and age-related disorders. Molecular mechanisms that exert epigenetic control of gene expression contribute to age-associated neuronal impairments. Both DNA methylation, mediated by DNA methyltransferases (DNMTs), and histone modifications maintain neuronal function throughout lifespan. Here we provide evidence that DNMT1 function is implicated in the age-related loss of cortical inhibitory interneurons. Dnmt1 deletion in parvalbumin-positive interneurons attenuates their age-related decline in the cerebral cortex. Moreover, conditional Dnmt1-deficient mice show improved somatomotor performance and reduced aging-associated transcriptional changes. A decline in the proteostasis network, responsible for the proper degradation and removal of defective proteins, is implicated in age- and disease-related neurodegeneration. Our data suggest that DNMT1 acts indirectly on interneuron survival in aged mice by modulating the proteostasis network during life-time.
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INTRODUCTION

Aging mediates structural, neurochemical, and physiological alterations in the brain that are associated with behavioral changes, memory decline, and cognitive impairments (Rozycka and Liguz-Lecznar, 2017). Cognitive aging results in metabolic, hormonal and immunological dysregulation, increased oxidative stress and inflammation, altered neurotransmission and synaptic plasticity as well as reduced neurotrophic support of neurons (Rozycka and Liguz-Lecznar, 2017). Notably, in the aging brain, distinct cell types and circuits are affected differently (reviewed in Zimmer-Bensch, 2019a).

Inhibitory interneurons of the cerebral cortex are key players in cortical information processing (Kann et al., 2014) and particularly affected by aging. Reduced interneuron numbers were reported across diverse species and cortical regions (reviewed in Zimmer-Bensch, 2019a). Additionally, morphological abnormalities and dysfunction of GABAergic synapses emerge as major factors in aging-related impairments of nervous system function (Morrison and Baxter, 2012). These findings confirm previous reports of declined inhibition (Shetty and Turner, 1998; Stanley and Shetty, 2004; Cheng and Lin, 2013). In line with reduced neurotransmitter release, major changes in the expression of genes related to neurotransmission and transcriptional repression of GABA-related transcripts have been described for the human prefrontal cortex (Loerch et al., 2008), but also in brains across different mammalian species (reviewed in Zimmer-Bensch, 2019a). Diminished expression of genes involved in synaptic function indeed appears to be a conserved feature of mammalian brain aging (Jiang et al., 2001; Loerch et al., 2008; Ianov et al., 2016).

Given the importance of GABAergic inhibitory interneurons in cortical information processing, age-associated defects in inhibitory circuits contribute to cognitive decline and age-related disorders (Rozycka and Liguz-Lecznar, 2017). Such defects include the loss of synaptic contacts, decreased GABA release, and reduced postsynaptic responsiveness, thus disturbing the excitation/inhibition balance in the aging brain. Fast-spiking parvalbumin (PV) positive interneurons represent the most abundant subset of cortical inhibitory interneurons (Druga, 2009). They execute both feedforward and feedback inhibition, and are responsible for generating gamma-frequency oscillations (Sohal et al., 2009; Buzsáki and Wang, 2012; Kann et al., 2014; Willems et al., 2018). In schizophrenia patients, a reduction in PV interneurons and their dysfunction have been associated with the loss of gamma oscillations, manifesting in working memory and executive function deficits (Torrey et al., 2005; Sohal et al., 2009). Upon aging, PV interneurons are diminished in cell numbers in the somatosensory, auditory, and motor cortices of rats as well as in the hippocampus (Miettinen et al., 1993; Ouda et al., 2008). Moreover, altered PV interneuron function is implicated in age-related diseases like Alzheimer’s disease (AD; Rossignol, 2011; Verret et al., 2012). Together, these studies emphasize the role of PV interneurons in cortical function. Hence, detailed analysis of age-related changes in this interneuron subpopulation might help to understand the processes underlying cognitive aging and age-related memory impairments.

Apart from synaptic defects, aging is accompanied by a declining proteostasis network that causes ineffective protein degradation, which can lead to neuronal death (Douglas and Dillin, 2010). Lysosomal degradation is critical for removing defective proteins or protein aggregates delivered by autophagy- or endocytosis-triggered endosomal pathways (Nixon and Cataldo, 1995; Nixon et al., 2000; Winckler et al., 2018). Moreover, lysosomal dysfunction is associated with age-related neurodegenerative pathologies like Parkinson’s and Alzheimer’s disease (Zhang et al., 2009; Carmona-Gutierrez et al., 2016). Another protein removal pathway is built upon inclusion into multivesicular bodies (MVBs) and exosome release (Riva et al., 2019). The latter has recently been implicated in contributing to neurodegenerative disease and mental disorders (Bellingham et al., 2012; Delpech et al., 2019; Saeedi et al., 2019).

At the molecular level, epigenetic mechanisms emerge as crucial players in the physiology of healthy aging and the pathophysiology of age-related neurological disorders. Epigenetic mechanisms involve inheritable as well as reversible chromatin modifications, including DNA methylation and histone modifications, which influence gene transcription and post-transcriptional events (Fuks, 2005). Further epigenetic key players are represented by non-coding RNAs, which can act on transcriptional, post-transcriptional, and translational level (Geisler and Coller, 2013; Cech and Steitz, 2014; Zimmer-Bensch, 2019b).

DNA methylation executed by DNA methyltransferases (DNMTs) affects gene expression through diverse mechanisms (Maunakea et al., 2010; Gelfman et al., 2013; Lyko, 2018) and is implicated in the pathogenesis of brain aging (Cui and Xu, 2018). We have recently found that DNMT1-dependent DNA methylation modulates synaptic function of cortical PV interneurons by acting on endocytosis-mediated vesicle recycling (Pensold et al., 2020). Since regulation of both synaptic function and DNA methylation are involved in brain aging, we here investigate whether DNMT1-dependent transcriptional control in PV interneurons contributes to their age-related defects.



MATERIALS AND METHODS


Animals

The following mouse strains were used: C57BL/6 wild-type mice and transgenic mice on the C57BL/6 background including Pvalb-Cre/tdTomato/Dnmt1 control as well as Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice. The transgenic mice were established by crossing the Pvalb-Cre line (obtained from Christian Huebner, University Hospital Jena, Germany and described in Hippenmeyer et al., 2005) with the tdTomato transgenic reporter mice (obtained from Christian Huebner, University Hospital Jena, Germany and described in Madisen et al., 2010) and the Dnmt1 loxP2 mice (B6;129Sv-Dnmt1TM 4Jae/J, Jaenisch laboratory, Whitehead Institute; United States). The Dnmt1 loxP2 mice have LoxP-sites flanking exons 4 and 5 of the Dnmt1 gene. To avoid germline recombination due to instable Cre expression in sperm, as already described for this Pvalb-Cre line (Kobayashi and Hensch, 2013), only maternal Cre inheritance was permitted. For this, males from the tdTomato line or tdTomato/Dnmt1 loxP2 line were cross-bred with Cre-positive females of the Pvalb-Cre/tdTomato or Pvalb-Cre/tdTomato/Dnmt1 loxP2 lines to achieve the Pvalb-Cre/tdTomato/Dnmt1 control and Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice, respectively. Cre-positive males were used for experiments but not for further breeding. Transgenic Pvalb-Cre/tdTomato/Dnmt1 control and Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice are abbreviated as Dnmt1 WT (wild-type) and Dnmt1 KO (knockout) in the figures, respectively. Both lines were parallel back-crossed over more than 8 generations. CRE-mediated deletion leads to out-of-frame splicing from exon 3 to exon 6, resulting in a null Dnmt1 allele (Jackson-Grusby et al., 2001). The floxed Dnmt1 allele was genotyped with forward GGGCCAGTTGTGTGACTTGG and reverse CCTGGGCCTGGATCTTGGGGA primer pairs resulting in a 334 bp WT and 368 bp mutant band. The tdTomato allele was genotyped using the following set of four primers: WT forward AAGGGAGCTGCAGTGGAGTA, WT reverse CCGA AAATCTGTGGGAAGTC, mutant forward CTGTTCCTGTAC GGCATGG, mutant reverse CTGTTCCTGTACGGCATGG giving WT (297 bp) and mutant (196 bp) bands. The Pvalb-Cre genotyping was performed by applying AAACGTT GATGCCGGTGAACGTGC forward and TAACATTCTCCC ACCGTCAGTACG reverse primer resulting in a 214 bp fragment. All animal procedures were performed in strict compliance with the EU directives 86/609/EWG and 2007/526/EG guidelines for animal experiments and were approved by the local government (Thüringer Landesamt, Bad Langensalza, Germany). Animals were housed under 12 h light/dark conditions with ad libitum access to food and water.



Ladder Rung Test

Cohorts of Pvalb-Cre/tdTomato/Dnmt1 control as well as Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice were consecutively tested over different ages starting from 3 to 21 months. Mice were placed onto a ladder beam (transparent) with rungs in a regular pattern (every 10 mm) at a slight incline (∼30°) with the home box at the end. Time to cross the ladder was measured, not including the time spent in a stop or walking back toward the starting point. The scoring system according to Metz and Whishaw (2009) was used for foot placement accuracy. In each test session the animals had to cross the ladder consecutively for three times.



Isolation and Primary Cultivation of Dissociated Embryonic Single Cells

Pregnant dams were anesthetized by an intraperitoneal injection of 50% chloral hydrate in phosphate buffered saline (PBS; pH 7.4; 2.5 μg chloral hydrate per g body weight). After death of the dam, all embryos were dissected out of both uterine horns and instantly decapitated. The brain was dissected in ice-cold and sterile filtered Gey’s Balanced Salt Solution (GBSS; 1.53 mM CaCl2, 3.66 mM KCl, 0.22 mM KH2PO4, 1.03 mM MgCl2∗6H2O, 0.28 mM MgSO4∗7H2O, 137.93 mM NaCl, 2.702 mM NaHCO3, 0.84 mM Na2HPO4, and 5.56 mM D(+)-Glucose).

Dissociated embryonic medial ganglionic eminence (MGE)-derived single cells for primary culture were prepared from MGE explants dissected from coronal brain sections according to Zimmer et al. (2011). Briefly, embryonic brains were prepared in Krebs buffer (126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.1 mM CaCl2, 10 mM D(+)-Glucose, and 12.5 mM NaHCO3), embedded in 4% low-melt agarose (Carl Roth, Germany) at 37°C for coronal sectioning with a vibratome at 4°C. MGE explants were collected in ice-cold Hank’s Balanced Salt Solution (HBSS; Invitrogen, United States) supplemented with 0.65% D(+)-Glucose. After incubation with 0.04% trypsin (Invitrogen) in HBSS for 17 min at 37°C, cells were dissociated by trituration and filtering through nylon gauze (pore size 140 μm; Millipore).

Dissociated neurons were plated on coverslips coated with 19 μg/mL laminin (Sigma-Aldrich, Germany) and 5 μg/mL poly-L-lysine (Sigma-Aldrich) at a density of 225 cells/mm2 in Neurobasal Medium (Thermo Fisher Scientific) supplemented with 1xB27 (Thermo Fisher Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM GlutaMax (Thermo Fisher Scientific). After incubation at 37°C, 5% CO2 in a humid atmosphere with 95% relative humidity for 7 days in vitro (DIV), cells were fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4) for 10 min at room temperature (RT).



Cell Culture

Cerebellar granule (CB) cells were cultured in Dulbecco’s Modified Eagle’s Medium with high glucose (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Biowest), 1% GlutaMAX, 24 mM of KCl, 100 U/mL penicillin, 100 μg/mL streptomycin incubated at 33°C, 95% relative humidity, 5% CO2.



Transfection With siRNA Oligos and CD63-pEGFP

For siRNA transfections of dissociated embryonic MGE cells of C57BL/6 WT mice and CB cells, reverse lipofection with Lipofectamin© 2000 (Thermo Fisher Scientific, United States) was applied according to the manufacturer’s protocol and as described in Zimmer et al. (2011) using 15 nM control siRNA (BLOCK-iT Alexa Fluor red or green fluorescent oligo, Invitrogen, United States) and 30 nM Dnmt1 siRNA, Rab7 siRNA (Santa Cruz Biotechnology) for 5 h in Opti-MEM I Reduced Serum Medium without antibiotics (Thermo Fisher Scientific). MGE-derived neurons were transfected after six DIV, whereas CB cells were plated on coverslips 1 day prior to transfection. Cells were cultured overnight at 37 or 33°C, 5% CO2 and 95% relative humidity using the aforementioned cell line specific culture medium prior to fixation.

Transfection for the CD63 overexpression construct was done as described above for siRNA transfection using 2 μg/mL of CD63-pEGFP (Addgene, United States) added for 5 h in Opti-MEM I Reduced Serum Medium (Thermo Fisher Scientific). Cells were cultured overnight at 33°C, 95% relative humidity and 5% CO2 using the aforementioned cell line specific culture medium applied to live cell imaging in a petri dish inserted in a chamber heated to 33°C using imaging media of HBSS (Thermo Fisher Scientific) supplemented with 0.65% D(+)-Glucose, 10% FBS, 1% GlutaMAX (Thermo Fisher Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 25 μM HEPES (Thermo Fisher Scientific).



EGF Endocytosis

Epidermal growth factor (EGF) coupled to Alexa-488 (Molecular Probes, Invitrogen, United States) was used as an endocytic probe. siRNA-transfected CB cells were incubated in serum-free DMEM supplemented with 1% BSA for 1 h at 33°C followed by incubation in uptake media (DMEM, 1% BSA, 50 mM HEPES) containing 0.5 μg/mL EGF coupled to Alexa-488 on ice for 1 h. Cells were then washed 3× with ice-cold PBS (pH 7.4) to remove unbound ligands and then incubated for the indicated time points in serum-free DMEM, 1% BSA 1 h at 33°C. Cells were then put on ice, washed 3× with ice-cold PBS (pH 7.4), then placed in an acid wash [0.2 M acetic acid, 0.5 M NaCl (pH 2.8)] to remove any non-internalized ligands. After fixation in 4% PFA in PBS (pH 7.4) for 10 min, cells were stained against LAMP1.



Brain Tissue Preparation

Mice were deeply anesthetized by intraperitoneal injection of 50% chloral hydrate in PBS (pH 7.4; 2.5 μg chloral hydrate per g body weight). For in situ hybridization experiments, freshly prepared brains were immediately frozen in liquid nitrogen and stored at −80°C. For immunohistochemistry, mice were perfused with PBS (pH 7.4) followed by 4% PFA in PBS (pH 7.4) and brains were dissected. Post-fixation occurred over night at 4°C. Cryoprotection with 10 and 30% sucrose in PBS overnight was applied before freezing in liquid nitrogen and storage at −80°C.



In situ Hybridization, Immunohistochemistry and Immunocytochemistry

For in situ hybridizations, adult brains were cryo-sectioned coronally at −20°C (20 μm). In situ hybridizations were performed as described by Zimmer et al. (2011) using digoxigenin-labeled riboprobes. The following primers were used to generate the riboprobe: forward GAGAGCTCTGTCGATGACAGACGTGCTC and reverse GA GGTACCTTCTTCAACCCCAATCTTGC for Pvalb (NM_01 3645.3). The riboprobe was obtained by in vitro transcription using DIG-11-UTP (Roche, Germany) from cDNA fragments cloned in pBluescript II SK (Stratagene, United States). For Nissl staining, adult brains were cryo-sectioned at −20°C (20 μm) and fixed on slides for 30 min in fixation solution [95% (v/v) ethanol and 5% (v/v) acetic acid]. After washing in water, sections were incubated in 0.5% (w/v) cresyl violet for 25 min, and washed in water. Then an ethanol-series (50, 70, and 99%) was applied for 2.5 min each. Subsequently, sections were incubated in xylol for 5 min and mounted in Depex mounting media (Serva, Germany).

For immunocytochemistry on dissociated MGE cells, permeabilization and washing between different incubation steps was performed with 0.1% (v/v) Triton X-100 in PBS (pH 7.4) for 10 min. Blocking with 5% (v/v) normal goat serum in PBS (pH 7.4) was performed for 30 min and primary antibodies were applied overnight at 4°C, secondary antibodies were applied for 1 h. Cells were washed prior to nuclei staining with DAPI (Molecular Probes, United States) for 5 min. CB cells were permeabilized with 0.2% (v/v) Triton X-100 in PBS (pH 7.4) for 10 min prior to blocking with 5% (v/v) normal goat serum in PBS (pH 7.4) for 1 h. Primary antibodies were applied overnight at 4°C, secondary antibodies for 1 h at RT. After nuclei staining with DAPI (Molecular Probes, United States) for 5 min, coverslips were embedded in Mowiol (Carl Roth, Germany). Unless noted differently, all steps were performed at RT.

The following primary antibodies were used: mouse anti-RFP (1:500, Thermo Fisher Scientific), mouse anti-Parvalbumin (1:2,000, Swant Switzerland), rabbit anti-CD63 (1:500, gift from Markus Damme, Biochemisches Institut Christian-Albrechts-Universitaet Kiel), rat anti-LAMP1 (1:200, Thermo Fisher Scientific).

The following secondary antibodies were applied: goat Alexa-488 anti-mouse (1:1,000, Vector), goat Alexa-488 anti-rat (1:1,000, Thermo Fisher Scientific), goat Cy3 anti-mouse (1:1,000, Jackson Immunoresearch), goat Cy5 anti-mouse (1:1,000, Thermo Fisher Scientific), and goat Cy5 anti-rabbit (1:1,000, Thermo Fisher Scientific).



Isolation of Adult and Aged Cortical Interneurons for FACS

The optimized protocol used to collect the material for DNA and RNA-sequencing was modified based on different protocols (Brewer, 1997; Eide and McMurray, 2005; Brewer and Torricelli, 2007; Saxena et al., 2012). Adult and aged brains were dissected in GBSS (1.53 mM CaCl2, 3.66 mM KCl, 0.22 mM KH2PO4, 1.03 mM MgCl2*6H2O, 0.28 mM MgSO4*7H2O, 137.93 mM NaCl, 2.7 mM NaHCO3, 0.84 mM Na2HPO4, 5.56 mM D(+)-Glucose, pH 7.4). Cortical hemispheres were dissected and subsequently handled separately. All following volumes are calculated per cortical hemisphere, which were cut into small pieces and transferred to 5 mL HBSS w/o Ca2+ and Mg2+ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.65% D(+)-Glucose and washed twice. The tissue was then transferred to 5 mL pre-warmed (20 min at 37°C) Trypsin/EDTA (Life Technologies, United States) supplemented with 132 mM trehalose (Sigma-Aldrich, Germany), 100 U/mL penicillin, 100 μg/mL streptomycin, 10 mM HEPES, and 600 U DNase (Applichem, Germany) and incubated for 30 min at 37°C, rotating the samples every 5 min. Samples were washed with 2.1 mL pre-warmed DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose. After adding 0.9 mL pre-warmed HBSS containing 10 mg/mL Collagenase Type 2 (Worthington, United Kingdom) samples were incubated for 25 min at 37°C rotating every 5 min and then washed with 2 mL pre-warmed DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 3.3 mM EDTA, and 132 mM trehalose prior to cool down on ice for 2 min. Dissolving of samples occurred in 1.5 mL DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose. Trituration was performed using fire-polished and heat-treated (180°C for 8 h) glass capillaries of three different diameters (about 500, 250 μm, and 100 μm), which were coated with DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin prior to use. Mechanical dissociation was performed by pipetting up and down gently 3–5 times for each diameter starting with the largest, avoiding air bubbles. After each step, the supernatant was collected in 1 mL DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose was added to the original sample. After trituration with the smallest glass capillary, the suspension was filtered through nylon gauze (80–100 μm) and centrifuged for 5 min at 160 g, 4°C. After supernatant removal, the pellet was dissolved in 4 mL HBSS w/o Ca2+ and Mg2+ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose and 132 mM trehalose. After centrifugation (5 min, 160 g, 4°C), the pellet was dissolved in PBS (pH 7.4) with 30% Percoll (Sigma-Aldrich, United States) and 132 mM trehalose to perform a density gradient centrifugation for 10 min at 500 g and 4°C. The supernatant was removed and the pellet was dissolved in 250 μL HBSS w/o Ca2+ and Mg2+ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose, and 132 mM trehalose for fluorescence activated cell sorting (FACS).



FACS Enrichment of tdTomato Cells

Cell suspensions subjected to FACS were prepared from the cortical hemispheres of adult 6 and 18 months old Pvalb-Cre/tdTomato/Dnmt1 control as well as Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice. Following addition of DAPI, cells were sorted using an ARIA III FACS sorter (BD Biosciences, United States) with a maximal flow rate of six. The tdTomato reporter was excited by a 561 nm yellow/green solid-state laser and emission signal was detected in a range of 579 to 593 nm. According to their forward scatter/side scatter criteria (FSC/SSC) followed by cell doublet exclusion via an FSC-H vs FSC-W criterium, DAPI-negative living cells were sorted based on a distinctive tdTomato signal. Cells of interest were collected in HBSS w/o Ca2+ and Mg2+ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose, and 132 mM trehalose at 4°C and pelleted by centrifugation. Enriched tdTomato cells of one hemisphere were prepared for RNA-sequencing, while cells of the contralateral hemisphere were subjected to DNA-isolation for MeDIP-sequencing for each brain used. For RNA isolation, pellets were dissolved in 500 μL Trizol® Reagent (Life Technologies, United States) and subsequently frozen on dry ice. For MeDIP-Seq analysis, cell pellets were frozen at −80°C until further use. Only male mice were used for RNA and MeDIP sequencing.



RNA/DNA Isolation of Tissue and FAC-Sorted Cells

Adult cortical hemispheres were dissected from whole brain and frozen in liquid nitrogen as described above. For RNA-sequencing, samples were subjected to standard RNA isolation procedure using Trizol® Reagent (Life Technologies, United States). The FACS-enriched tdTomato cells were processed accordingly, with additional application of GlycoBlue (Thermo Fisher Scientific, United States) to a final concentration of 0.2% during RNA precipitation for better visualization of the pellet.

DNA isolation of FACS-enriched tdTomato cells was performed using QIAamp DNA Micro Kit (Qiagen, Germany) according to manufacturer’s instruction and checked for integrity by capillary gel electrophoresis (Bioanalyzer, Agilent Technologies, Inc., United States).



RNA Sequencing of Adult Cortical Tissue

To reveal potentially relevant genes for age related processes in the brain, we performed RNA sequencing of 6 and 16 months old cortical hemispheres of C57BL/6 mice. The TruSeq RNA Sample Preparation Kit (Illumina, Cat. N°RS-122-2002, United States) was used for library preparation (1 μg total RNA), the QuantiFluorTM dsDNA System (Promega, United States) for quantitation and the DNA 1000 chip on the Bioanalyzer 2100 (Agilent Technologies) to determine the size range of final cDNA libraries prior to amplification and sequencing (cBot and HiSeq2000 from Illumina; PE; 2 × 100 bp; ca. 30 million reads per sample). Sequences were trimmed for adaptor sequences and phred scores <30 via fastq-mcf (ea-utils v1.1.2-484). This data was uploaded to the Galaxy web platform; 2.11.40.6, and we used the public server at usegalaxy.eu for further analysis (Afgan et al., 2018). If not stated differently, default settings were applied. Quality check was done via fastqc; v. 0.11.8 (Andrews, 2010) before alignment to the UCSC mouse reference genome mm10 was performed using STAR; v2.7.2b (Dobin et al., 2013) with 2-pass mapping. Reads were aligned to the reference genome using gapped alignment as RNA transcripts are subject to splicing and reads might therefore span distant exons. Data was converted and sorted by samtools; v1.9 (Li et al., 2009). Counting the reads to each gene was done via HTSeq; v0.9.1 (Anders et al., 2015) to the Ensembl gene annotation. Data analysis was performed using R/Bioconductor 3.0.2/2.12 (Luo and Brouwer, 2013); loading DESeq2; v1.22.1 (Love et al., 2014).

Sequence data will be deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series upon acceptance of the manuscript.



RNA Sequencing of FACS-Enriched tdTomato Cells

RNA was isolated using the Trizol® Reagent protocol according to manufacturer’s instructions. RNA quality was assessed by measuring the RIN (RNA Integrity Number) using the fragment analyzer from Advanced Analytical (United States). Library preparation for RNA-Seq was performed using the TruSeqTM RNA Sample Prep Kit v2 (Illumina, Cat. N°RS-122-2002, United States) starting from 50 ng of total RNA. Accurate quantitation of cDNA libraries was performed by using the QuantiFluorTM dsDNA System (Promega, United States). The size range of final cDNA libraries was determined applying the DNA chip on the fragment analyzer (average 350 bp; Advanced Analytical). cDNA libraries were amplified and sequenced by using the cBot and HiSeq2000 from Illumina (SR; 1 × 50 bp; ∼30–40 million reads per sample). Sequence images were transformed with Illumina software BaseCaller to bcl files, which were demultiplexed to fastq files with CASAVA v1.8.2. Quality check was done via fastqc; v0.10.0 (Andrews, 2010). Read alignment was performed using STAR; v2.3.0 (Dobin et al., 2013) to the mm10 reference genome with 2-pass mapping. Data was converted and sorted by samtools; v0.1.19 (Li et al., 2009) and reads per gene were counted via HTSeq; v0.5.4.p3 (Anders et al., 2015). Data analysis was performed using R/Bioconductor 3.0.2/2.12 (Luo and Brouwer, 2013); loading DESeq2 (Love et al., 2014). Sequence data will be deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series upon acceptance of the manuscript.



MeDIP Sequencing of FACS-Enriched tdTomato Cells

For genome-wide methylation analysis we applied immunoprecipitation methods for the enrichment of 5-methylcytosines. Specifically, 100 ng of genomic DNA were used as starting material. The Methylated-DNA IP Kit from Zymo (Cat. N° D5101) was applied according to manufacturer’s instructions. The product of the IP and control reaction were then used for preparation of Illumina compatible libraries according to the TruSeq Nano DNA Library Prep Kit (Cat. N° FC-121-4001). Libraries were sequenced on a HiSeq 2000 yielding 50 bp single end reads. The sequencing reads were demultiplexed using the Illumina CASAVA tool and sequence quality was checked using fastqc; v0.10.0 (Andrews, 2010). The reads were then aligned to the genome of Mus musculus (mm10) using Bowtie 2; v2.0.2 (Langmead and Salzberg, 2012). Briefly, reads were aligned using default parameters allowing for two mismatches using seed alignment. Differentially methylated regions (DMRs) were identified using the MEDIPS package for R; v1.16.0 (Lienhard et al., 2014) with a window size of 700 bp and a minimum coverage of 5% of the window length. Differential methylation analysis from low number of replicates was done using edgeR (Robinson et al., 2010) to estimate the biological variability and model the count data using negative binomial distribution. DMRs were considered gene-associated DMRs, or differentially methylated genes (DMGs), if they were inside a gene, in the promoter region [−1000, 0] of the transcription start site (TSS) or in the terminator region [0, +300] from the transcript termination site (TTS). DMRs were those with adjusted P-value <0.05. A detailed description of the analysis pipeline can be found in Halder et al. (2015). Sequence data will be deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series upon acceptance of the manuscript.



Integrative Analysis of FACS-Sorted Sequencing Data

Genes in the FACS RNA sequencing data were considered differentially expressed with a Benjamini-Hochberg adjusted P value P < 0.05 and a |logfc| > 1. Gene list overlaps between differentially expressed and methylated genes were quantified using the Jaccard coefficient. Absolute numbers of DMGs were determined without regard to multiple sites of differential methylation in a single gene. Significance of enrichment of methylated genes was calculated using Fisher’s exact test.

Gene lists including the genes showing both, differential methylation and expression, were submitted to the Database for Annotation, Visualization and Integrated Discovery1 (DAVID) for Gene Ontology (GO) or KEGG Pathway term enrichment analysis. Results of GO enrichment analysis were visualized in a bar diagram including the respective Benjamini-Hochberg corrected P-value, the number of genes and the enrichment fold change included in a certain term.

Heat maps were generated using R package pheatmap2. For heat maps showing comparison between two datasets, data was normalized to 6 months WT. In case of heat maps illustrating more than two samples, data was scaled. Significance levels: ∗P < 0.05; ∗∗P < 0.01; and ∗∗∗P < 0.001.



Microscopy and Image Data Analysis

Images of immunohistochemistry staining of adult tissue sections or immunocytochemistry of stained cell culture was recorded either with an inverted confocal laser scanning microscope TCS SP5 (Leica Microsystems, Germany) or with an inverted transmitted light microscope Axio CellObserver Z1 equipped with MosaiX module for tile scanning and apotome for confocal like imaging (Carl Zeiss Microscopy, Germany). Photographs were analyzed using the free FIJI software (Schindelin et al., 2012).

For life cell imaging of CB cells transfected with the CD63-pEGFP and either control or Dnmt1 siRNA, images were taken with Axio CellObserver Z1, ×40 optical magnification using apotome. Z-stack was applied over the whole cell and acquisition was performed every 5 min for 1 h. ∗.zvi-files were opened with FIJI; maximum intense projection was performed and data were exported as ∗.avi with five frames per second. The movement of CD63-pEGFP positive vesicles was measured direction specific from one timepoint to the next and speed was calculated based on the time interval. Analysis of cell number in adult sections was performed with ImageJ cell counter plugin. Counted cell numbers in section analysis were normalized to the area of the counted region.

For fluorescence intensity measurements, each experimental design was imaged at one particular microscope with consistent settings regarding exposure time and light intensity at the CellObserver Z1 or laser power, gain and spectral settings at the SP5 LSM. Fluorescence intensity measurement for the CD63 staining and LAMP1 staining was performed in the processes of the cells. For each picture, background correction was performed by subtracting the mean fluorescent intensity from three background areas. Mean fluorescent intensity of the Dnmt1 siRNA treated cells was normalized to control siRNA. Photoshop CC was applied for image composition. Boxplots were plotted using R.

Significance was analyzed with two-tailed Student’s t-test or two-way ANOVA. Significance levels: ∗P < 0.05; ∗∗P < 0.01; and ∗∗∗P < 0.001.



RESULTS


Vulnerability of PV-Expressing Neocortical GABAergic Interneurons Toward Aging

Aging-dependent functional defects in the cortical inhibitory GABAergic system were reported for humans (Cheng and Lin, 2013) as well as for different animal models (Miettinen et al., 1993; Ouda et al., 2008) including mice (Jessen et al., 2017). Since mice serve as key models to study the neurobiology of aging and age-associated neurodegenerative diseases (Jucker and Ingram, 1997; Bilkei-Gorzo, 2014), we tested whether the neocortical GABAergic system is compromised in aged mice. As an initial approach we performed differential gene expression analysis of the whole neocortex from young (6 months) and aged (16 months) C57BL/6 mice. In general, RNA sequencing revealed comparatively low numbers of age-dependent differentially expressed genes (DEG = 470 genes, Figure 1A), which additionally displayed small fold changes (ranging from −0.78 < log2fc < 1.14). This was also observed by others when using whole cortical tissue containing a mixed population of cells (e.g., glia versus neurons), which likely show different responses toward aging (Kimmel et al., 2019). In accordance with elevated inter-individual variability of gene expression observed in aged human brains (Kedlian et al., 2019), we also detected a similar variability in the cortical samples of aged mice (Figure 1B). These inter-individual differences heavily impact fold changes and differential gene expression analysis. Another hallmark of the aging brain is mRNA–protein decoupling (Wei et al., 2015), with numerous changes occurring mainly on the protein level (Liguz-Lecznar et al., 2015). However, as one of the most prominently differentially expressed genes Pvalb was identified, showing significantly diminished transcript levels in 16 months old cortex samples (adjusted P = 2.73E-50, log2fc = 1.04, Figures 1A,C), the time point when aging begins in mice (Xu et al., 2007). This finding was confirmed by in situ hybridization experiments, indicating an age-related reduction of Pvalb-expressing cells in motor, somatosensory and visual neocortical areas (Figures 1D,E). Consistently, we found less PV-immunoreactive cells (Figures 1F,G) in the same cortical regions in aged mice. Together, our data suggest a loss of PV-positive cortical interneurons in aged mice, being in line with the decrease of PV interneurons in somatosensory, auditory, and motor cortical areas of aged rats (Miettinen et al., 1993; Ouda et al., 2008).
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FIGURE 1. Age-dependent reduction of parvalbumin expression in the mouse cortex. (A) MA-plot illustrating differential gene expression between whole cortical tissue of 6 months (n = 3 brains) and 16 months old (n = 3 brains) C57BL/6 mice. RNA sequencing was performed to reveal age-dependent differential gene expression (red dots, P < 0.05, Benjamini adjusted). (B) Principal component analysis (PCA) illustrates the segregation of the different samples, whereby the first and second PC account for 61 and 23% of the variance, respectively. (C) Heat-map illustrating the 20 genes with highest absolute foldchanges among the differentially expressed genes between cortical tissue samples of 6 and 16 months old C57BL/6 WT mice including Pvalb, which is significantly reduced in aged samples. (D–G) In situ hybridization and immunohistochemistry against Pvalb mRNA (D) and PV protein (F) in the motor cortex, somatosensory cortex and visual cortex in 6 months and 16 months old C57BL/6 mice (N = 3 different brains per age), quantified in (E) and (G), respectively (*P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test). Scale bars: 100 μm in (D) and (F).


In contrast to this depletion of inhibitory PV interneurons in the cerebral cortex, excitatory neurons, which account for >80% of cortical neurons (DeFelipe and Fariñas, 1992), appear less affected. Pan-neuronal density analysis of NeuN-positive cells did not reveal significant age-related changes (Supplementary Figure S1). In summary, we identified a vulnerability of PV-positive cortical inhibitory interneurons upon aging in mice.



DNMT1 Affects the Long-Term Survival of Neocortical Interneurons

Changes of the epigenetic landscape by genomic methylation and histone modifications contribute to transcriptional control in aging and lifespan regulation (Zampieri et al., 2015). DNA methylation, executed by DNMTs, is a major epigenetic mechanism regulating gene expression in mammals during different stages of life (Johnson et al., 2012; Zampieri et al., 2015). DNMT1 is one of the main DNMTs expressed in the developing and adult brain. DNMT1 modulates neuronal survival (Hutnick et al., 2009; Feng et al., 2010; Pensold et al., 2017; Symmank and Zimmer, 2017) and synaptic function of both excitatory neurons (Meadows et al., 2015, 2016) as well as inhibitory interneurons (Pensold et al., 2020). Hence, we asked whether DNMT1 is involved in the regulation of cortical interneuron survival during aging. To this end, we exploited a mouse model described previously (Pensold et al., 2020), in which Dnmt1 deletion is restricted to PV-cells (Pvalb-Cre/tdTomato/Dnmt1 loxP2). As controls, we used Pvalb-Cre/tdTomato mice. Pvalb promoter-dependent CRE recombinase-mediated loxP recombination drives persistent tdTomato protein expression, reported to start at the 5th week of life (Madisen et al., 2010). The analysis of the Pvalb-Cre/tdTomato interneuron density in adult versus aged mice confirmed the findings we obtained by RNA sequencing of whole cortical tissue, in situ hybridization, and immunostainings in C57BL/6 wildtype mice (Figure 1). We found a significant age-related reduction of tdTomato positive cells in motor and visual cortical areas of Pvalb-Cre/tdTomato mice (Figures 2A,C). Both superficial and deep cortical layers were affected by the reduction in interneurons (Figure 2D). Although less prominent, we also observed a significant decline of tdTomato cells in the somatosensory cortex (Figures 2A,C). This reduction was mainly restricted to the deep cortical layers (Figure 2D). At an intermediate stage (12 months old mice) we found a trend for reduced cell density, indicating that interneuron degeneration starts about one year of life (Figures 2A,C).
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FIGURE 2. Dnmt1 knockout enhanced long-term survival of cortical interneurons. (A,B) Microphotographs of sagittal sections (Bregma 1.44) illustrating the motor, somatosensory, and visual cortex of 6, 12 and 16 months old Pvalb-Cre/tdTomato (WT, A) and Pvalb-Cre/tdTomato/Dnmt1 loxP2 (KO, B) mice showing tdTomato (red) and DAPI positive cells (blue). The cell density per area is quantified in (C), which revealed a significant loss of interneurons upon aging in Dnmt1 WT (*P < 0.05, ***P < 0.001) for the motor, somatosensory and visual cortex, respectively (two-way ANOVA, Bonferroni corrected), but no significant age-dependent differences in Dnmt1 KO mice. Comparison of aged genotypes revealed significant differences in the motor and visual cortex (**P < 0.01; Student’s t-test) (D) Layer-specific analysis of cell density in 6 and 16 months old Dnmt1 WT and KO mice in the motor, somatosensory, and visual cortex (*P < 0.05, **P < 0.01; ***P < 0.001, Student’s t-test). The numbers of analyzed sections are listed as follows: 6 months old WT: n = 16, n = 15, and n = 13 for motor, somatosensory and visual cortex, respectively; 6 months old KO: n = 19 for motor cortex and n = 16 for somatosensory and visual cortex; 12 months old WT and KO: n = 9 sections for each cortical area; 16 months old WT: n = 14 for motor and visual cortex and n = 12 for somatosensory cortex; 16 months old KO: n = 9 for each cortical region (from N = 3 different brains per genotype and age). WT, wild-type; KO, knockout. Scale bars: 100 μm.


Next, we comparatively analyzed tdTomato cells in 6, 12, and 16 months old Pvalb-Cre/tdTomato/Dnmt1 loxP2 mice in the motor, somatosensory and visual cortical areas. While in young mice no differences in interneuron numbers were observed compared to controls (Figures 2B,C), 16 months old Dnmt1 KO mice maintained a significantly higher density of tdTomato positive interneurons in motor and visual cortical areas (Figures 2A–C). In the somatosensory cortex, we again observed a trend toward increased densities of Dnmt1-deficient interneurons compared to age-matched controls (Figures 2A,C). Hence Dnmt1 deficiency substantially improves long-term survival of PV-expressing cortical interneurons, indicating that DNMT1 function either directly or indirectly impairs cortical PV-interneuron survival in aged mice. This is in striking contrast to DNMT1 function during brain development, where it promotes POA-derived interneuron survival through non-canonical actions (Pensold et al., 2017; Symmank et al., 2018, 2020).



The Ameliorated Interneuron Survival in Aged Dnmt1-Deficient Mice Correlates With Improved Somatomotor Performances

Given their important role in cortical information processing, cortical interneuron decline was proposed to contribute to the cognitive and motoric impairments observed in the elderly (Bordner et al., 2011). To test whether attenuated interneuron loss correlates with improved skills in aged Dnmt1-deficient mice, we applied the ladder rung test to analyze motor performance that depends on somatomotor cortical activity (Metz and Whishaw, 2009). We continuously tested Pvalb-Cre/tdTomato/Dnmt1 loxP2 and Pvalb-Cre/tdTomato mice at distinct stages of life ranging from 3 to 21 months. Consistent with observations of others (Hebert and Gerhardt, 1998) and the age-dependent changes in interneuron numbers, the motor performances of control mice deteriorated with age as determined by measuring the foot placement accuracy and crossing time (Figures 3A–C). In stark contrast, Dnmt1-deficient mice did not show corresponding age-related impairments for the parameters and the time course analyzed, hence performing significantly better than controls at 16 to 21 months of age (Figures 3A–C). When plotting the percentage of perfect steps against crossing time for KO and control mice at 6, 12, and 18 months (Figures 3D–F), cohort segregation increased with age.
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FIGURE 3. Aged Pvalb-Cre/tdTomato/Dnmt1 KO mice show improved somatomotor performances. (A–C) Performance of Pvalb-Cre/tdTomato/Dnmt1 KO (N = 10) and WT (N = 8) mice were tested in the inclined ladder rung test at distinct stages of life ranging from 3 to 21 months (three consecutive trials per stage). Crossing time (A), error steps (B), and perfect steps (C) were quantified (two-way ANOVA; data are shown as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001). (D–F) The scatter plots of perfect steps against crossing time for the distinct Pvalb-Cre/tdTomato/Dnmt1 KO and WT mice at 6 months (D), 12 months (E), and 18 months (F) illustrate the stronger segregation of the cohorts with age shown by the decreasing overlap of the circles upon aging representing the 1st (dark colored) and 3rd quartile (light colored) of the data range per group.


In addition to cortical information processing, locomotion depends on cerebellar Purkinje cells and skeletal muscle function, tissues that also display Pvalb and Dnmt1 expression (Supplementary Figures S2a,b; Racay et al., 2006). In skeletal muscle, DNMT1 indeed plays a role during differentiation and regeneration (Aguirre-Arteta et al., 2000; Wang et al., 2015). However, neither in skeletal muscle nor in the cerebellum, obvious abnormalities were observed upon Dnmt1 deletion. Purkinje cell numbers in the cerebellum were not affected by PV-CRE mediated Dnmt1 deletion, neither in the young nor in the aged mice (Supplementary Figures S2c–e). Moreover, muscle integrity, structure, and innervation were not altered by Dnmt1-deletion at the stages investigated, as determined by hematoxylin/eosin, laminin and neuromuscular junction staining, respectively (Supplementary Figures S2f–k). These data strongly suggest that the motor impairments in aged controls are caused by the loss of cortical interneurons, which can be attenuated by Dnmt1 deletion.



PV Interneurons Show an Increase in Degradation- and a Decline in Synapse-Related Gene Expression Upon Aging

Highlighting age-mediated transcriptional changes might help to approach the underlying mechanisms of the DNMT1-dependent PV-interneuron loss. This requires enrichment of PV-positive cortical interneurons from adult versus aged brains, as these interneurons represent a minority of the neocortical neuronal population (Druga, 2009). To this end, we applied an optimized protocol for adult cortical neuron isolation applicable for FACS. We combined mechanical and trypsin/collagenase-based enzymatic dissociation with trehalose treatment and Percoll density gradient centrifugation, as described and validated recently (Pensold et al., 2020).

Previously, Xu et al. (2007) investigated murine brain tissue at 6, 16 and 24 months of age, and found that most age-dependent genes are not differentially expressed at the age of 16 months. Hence, we chose to analyze interneurons of 18 months old control versus conditional Dnmt1 knockout mice to monitor an advanced stage of aging, and compare interneuron transcriptional profiles with 6 months old mice for each genotype. Consistent with the PV interneuron loss in aged controls, we revealed significantly reduced FACS-events per hemisphere for aged Pvalb-Cre/tdTomato mice compared to the 6 months old mice (Supplementary Figure S3a). Transcriptome comparison between FAC-sorted young and old control interneurons illustrated that aging is associated with prominent changes in gene expression (Figure 4A and Supplementary Figures S3b–d). A total of 3,384 genes were differentially regulated (adjusted P < 0.05, |logfc| > 1), of which 65% were down-regulated and 35% up-regulated with age (Figure 4A). This high number of age-dependent transcriptional changes exceeds the transcriptional alterations revealed for the whole cortex (Figures 1A,B), which captures different aging signatures of diverse cell types collected in the cortical samples (Stegeman and Weake, 2017; Kimmel et al., 2019).
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FIGURE 4. Correlative transcriptome and methylation analysis of adult and aged Dnmt1-deficient and wild-type Pvalb-expressing cortical interneurons. (A–C) Density plots (upper panel) and volcano plots (lower panel) illustrating significant changes in gene expression determined between FACS-enriched young and old Dnmt1 WT interneurons (A), young and old Dnmt1 knockout (KO) cortical interneurons (B), as well as between old WT and KO interneuron samples (C; P < 0.05, Benjamini adjusted; pooled samples from N = 6 WT and KO mice at 6 months; and N = 9 WT and N = 12 KO mice at 18 months analyzed in technical duplicates). Blue and red-colored dots in the volcano plots represent genes with |logfc| > 1. (D) Heat-map illustrating the re-scaled expression of genes in all samples, which were found differentially expressed between young (6 months) KO and young WT interneurons. (E) Venn diagram illustrating the overlap (P = 3.388E-5, Fisher’s Exact test) of differentially expressed genes (DEG) and differentially methylated genes (DMG) between aged FACS-enriched Pvalb-Cre/tdTomato/Dnmt1 WT and KO cortical interneurons as determined by RNA-sequencing (P < 0.05, Benjamini-adjusted) and MeDIP-sequencing (n = 9 WT and n = 12 KO mice; P < 0.05, Benjamini-adjusted). (F) Methylation plot illustrating the average DNA methylation levels of a random sample of 10% of the genes from the mm10 reference genome in young (6 months) and old (18 months) cortical interneurons from Dnmt1 WT mice. (G) Heat-map of differentially expressed genes associated to the GO terms endosome and lysosome, normalized to 6 months old WT.


Among the genes we found to be up-regulated upon aging, GO-enrichment analysis revealed significantly enriched transcripts related to membrane, endoplasmatic reticulum, endosome, and exosome (Supplementary Table S1). The up-regulation of endosome and exosome-related genes in cortical interneurons might reflect an elevation of degradative actions and mechanisms upon aging in response to the accumulation of defective proteins, to maintain neuronal functionality over life time.

Of note, functional impairment of exosomes in transferring proteins, mRNAs, and miRNAs has been related to synaptopathies (Pitt et al., 2017), and synaptic dysfunction is considered a hallmark in neuronal aging (Deak and Sonntag, 2012; Azpurua and Eaton, 2015) and neurodegenerative disorders (Freeman and Mallucci, 2016; Ghiglieri et al., 2018). Altered or impaired synaptic function of aged PV-expressing interneurons is strongly supported by the profile of genes that were down-regulated upon aging. By GO analysis, synapse-related genes were detected as most significantly overrepresented, displaying by far the highest enrichment scores (Benjamini-adjusted P = 1.91E-61; FDR = 4.6E-61; Supplementary Table S1). Moreover, genes collected in the GO-terms membrane, cell junction, plasma membrane, dendrite and diverse ion transport and ion channel-related genes were strongly enriched among the genes determined as transcriptionally down-regulated in aged wild-type interneurons (Supplementary Table S1). Of note, we have not identified a significant enrichment of cell death or survival associated genes among the genes changed in expression between young and old interneurons (Supplementary Table S1). In sum, the transcriptional alterations that we detected in aged neocortical PV-positive interneurons suggest an age-related impairment of synaptic functionality. Moreover, alterations in the degradation machinery can be assumed from the transcriptional alterations, which can influence neuronal survival (Kim and Seo, 2014).



Dnmt1 Deficient PV Interneurons Display Diminished Age-Associated Transcriptional Alterations

In addition to ameliorated locomotion, the attenuated decline in interneuron density in aged Dnmt1 knockout mice coincides with diminished age-associated quantitative transcriptional changes in Pvalb-Cre/tdTomato/Dnmt1 loxP2 interneurons (Figure 4B; Supplementary Table S2). Compared to control interneurons, aging in Pvalb-Cre/tdTomato/Dnmt1 loxP2 cortical interneurons was characterized by both fewer differentially expressed genes and decreased fold changes. Only 383 genes were differentially expressed (adjusted P < 0.05, |logfc| > 1, Figures 4A,B). For better illustration of the discrete changes in expression between all samples, we re-scaled the expression levels of genes relative to the expression range of all groups (young and old control as well as knockout samples; Figure 4D). The heatmap shown in Figure 4D depicts prominent age-related transcriptional alterations in controls, but rather mild alterations in Dnmt1-deficient interneurons. These data are consistent with the attenuated age-associated decline observed for conditional Dnmt1-knockout mice at cellular and behavioral level.

A common denominator of age-mediated transcriptional remodeling in both genotypes is that age-related down-regulation dominates over up-regulation for the significantly altered genes with |logfc| > 1 (Figures 4A,B). For age-associated gene expression changes in Pvalb-Cre/tdTomato/Dnmt1 loxP2 interneurons, about 96% of differentially expressed genes were down-regulated (Figure 4B). Consistently, a “shutdown” of transcription in the aged cortex has been described before (Xu et al., 2007). Another similarity between aging control and Dnmt1-knockout interneurons was a significant enrichment of down-regulated synapse-related genes (Supplementary Tables S1, S2).



Potential Implication of DNA Methylation in Age-Mediated Transcriptional Remodeling

DNA methylation was frequently proposed to contribute to the aging-associated transcriptional changes (Issa, 2002; Jones et al., 2015). To this end, we conducted differential methylation analysis by MeDIP-sequencing of FAC-sorted interneurons from young (6 months) and aged (18 months) control mice to monitor age-related alterations in DNA methylation levels. Further, we determined genes whose age-related transcriptional changes (adjusted P < 0.05) correlated with alterations in the DNA methylation level (adjusted P < 0.05). Among the 201 genes which demonstrated changes in expression and DNA methylation upon aging, synapse, cytoskeleton, dendrite, postsynaptic density, and membrane-related genes were significantly overrepresented (Supplementary Table S3), indicating that DNA methylation is implicated in the age-related transcriptional changes of these genes.

To determine which genes are differentially expressed and methylated in aged interneurons in a DNMT1-dependent manner, we first compared transcriptional profiles and DNA methylation signatures of old control and Dnmt1-deficient interneuron samples. We obtained only 258 differentially expressed genes (adjusted P < 0.05) displaying a |logfc| > 1 (Figure 4C). A similar number of 218 genes showed differential methylation (adjusted P < 0.05). However only two of these DMGs were overlapping with the pool of differentially expressed genes. Hence, we included all significantly differentially expressed genes independent of their fold change (3,095 genes) for correlation analysis between changes in methylation and transcription. Only 40 genes were significantly changed in both expression and methylation between the aged genotypes (Figure 4E). This indicates that DNMT1-dependent DNA methylation might play a rather minor role for the transcriptional changes, once the interneurons reach the age of 18 months. Indeed, the efficiency of the catalytic activity of DNMT1 is described to be reduced in an age-dependent manner (Casillas et al., 2003). This is in line with the global reduction of DNA methylation levels observed upon aging in control interneurons with MeDIP sequencing (Figure 4F), a finding that corroborates the age-related global hypomethylation reported by others (Shimoda et al., 2014; Lardenoije et al., 2015).

For those 40 genes (Figure 4E) which simultaneously changed in both expression and DNA methylation between aged genotypes, GO analysis revealed a significant enrichment of actin cytoskeleton and postsynaptic density-related genes, which are putatively regulated by DNMT1-dependent DNA methylation even in interneurons of advanced age (Supplementary Table S4). This fits to our finding that synapse and cytoskeleton-related genes are DNA methylation-dependently changed in expression upon aging in control cells (Supplementary Table S3). Albeit MeDIP sequencing covers only 15–16% of total 5-mC content (Stirzaker et al., 2014), for which the data provide only limited information, having a closer look on DNMT1 target genes identified in younger mice might provide further insights in the causes of impaired long-term interneuron survival.



DNMT1-Dependent DNA Methylation in Adult Interneurons Affects Degradative Pathways

In stark contrast to the comparison of the 18 months old genotypes, we determined a highly significant overlap (P = 2.2E-16, Fisher’s Exact test for gene set enrichment analysis; odds ratio = 0.434) of 645 genes between young control and Dnmt1 knockout interneurons, which display significant differences in both DNA methylation and gene expression (Pensold et al., 2020).

In general, far more genes were differentially expressed (3,868 genes) and/or methylated (3,135 genes) between young genotypes (Pensold et al., 2020). However, among neither the differentially expressed genes, nor among those genes both differentially expressed and methylated, we found a significant enrichment of apoptosis or cell death-related genes (data not shown). Hence, in contrast to developing interneurons, in which DNMT1 regulates expression of apoptosis genes (Pensold et al., 2017), survival regulation of interneurons in the aged cortex seems to result from different actions and targets of DNMT1.

Among the genes which we identified as repressed by DNMT1-dependent DNA methylation in young controls, we found an overrepresentation of endocytosis and endosome-related genes (Pensold et al., 2020). Furthermore, during analysis of all genes differentially expressed upon Dnmt1 deletion, irrespective of altered DNA methylation, lysosome and ubiquitination-related genes were also found repressed by DNMT1 (Pensold et al., 2020; Figure 4G). Together these results demonstrate that endocytosis and degradative pathways are controlled by DNMT1. In a previous study we confirmed that dynamic DNMT1-dependent DNA methylation regulates synaptic transmission through the modulation of endocytosis-mediated vesicle recycling, which was improved upon Dnmt1 deletion (Pensold et al., 2020). Hence, elevated GABAergic transmission and synaptic activity could indirectly promote interneuron survival of Dnmt1-deficient interneurons upon aging. However, endocytosis and endosomal function are crucial not only for synaptic activity regulation, but also affect degradative pathways (Ehlers, 2000; Gruenberg, 2001). Consistent with the transcriptional changes in 6 months old Dnmt1-deficient cortical interneurons (Figure 4G), siRNA-mediated Dnmt1 depletion (knockdown efficiency of Dnmt1 siRNA is illustrated in Supplementary Figure S4a) caused augmented CD63 and LAMP1 immunoreactivity, labeling endosomal, and lysosomal structures, respectively. This was determined in neurites of interneurons prepared from the embryonic MGE (Figures 5A–C) that give rise to PV interneurons, as well as in neurite-like processes of CB cells and neuroblastoma N2a cells 24 hours after transfection (Supplementary Figures S4b–d).


[image: image]

FIGURE 5. DNMT1 regulates retrograde transport of endosomes and endocytic-based degradation. (A,B) CD63 (magenta) and LAMP1 (green) antibody staining in MGE cells (E15 + 7 div) 24 h after control and Dnmt1 siRNA treatment. The white rectangles in (A,B) illustrate the locations of the magnified parts of the processes. Quantification of fluorescence intensities is shown in (C). (D,E) Cerebellar granule (CB) cells were co-transfected either with control or Dnmt1 siRNA and a CD63-GFP expression plasmid, and the movement of CD63-GFP positive structures was imaged for 20 min. The location of the highly magnified sections along the neurite-like processes are illustrated by white squares in the low magnifications. (D) Schematic illustration of the morphology of a cultured cerebellar granule (CB) cell. The quantification is depicted in (E). (F–J) The EGF-degradation assay with CB cells either transfected with (F) control siRNA, (G) Dnmt1 siRNA, (H) Rab7 siRNA, or (I) Dnmt1 and Rab7 siRNA. The co-localization of Alexa488-labeled EGF (green) and LAMP1 positive lysosomal structures (red) was quantified after 5, 15, 30, and 60 min, as quantified in (J). CB cells, cerebellar granule cells; N2a cells, neuroblastoma cells. Student’s t-test in (C,E,J) with *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars: 20 μm in (A,B); 10 μm in (D, F–I); 5 μm in magnified sections in (D,F–I).


Endosomal-based degradation involves ubiquitination, retrograde transport to the cell soma, and fusion with lysosomes (McMahon and Boucrot, 2011; Haglund and Dikic, 2012). To quantify whether retrograde shuttling of endosomal compartments is influenced by DNMT1, we transfected CB cells with a CD63-GFP construct and analyzed transport velocity in the neurite-like processes upon Dnmt1 knockdown and control siRNA transfections. While anterograde transportation was not changed in speed, we determined significantly faster velocities for retrograde transport of CD63-GFP particles after Dnmt1 depletion (Figures 5D,E; Supplementary Movies 1, 2).

As the binding of EGF to epidermal growth factor receptors (EGFR) induces their internalization and degradation via the endo-lysosomal pathway (Haglund and Dikic, 2012), we next applied Alexa488-coupled EGF to CB cells and monitored the co-localization of EGF with LAMP1-positive lysosomal compartments at different time points. Indeed, siRNA-mediated Dnmt1 depletion caused increased co-localization of EGF with LAMP1-positive lysosomes, both 5 and 15 min after EGF application (Figures 5F,G,J), indicating transport to lysosomal compartments. With longer incubation times, no differences to control siRNA-treated cells were observed (Figures 5F,G,J).

Lysosomal trafficking of the EGF-EGFR complex depends on RAB7, which mediates the fusion of late endosomes with lysosomes (Bucci et al., 2000). Consistently, we revealed a reduced EGF/LAMP1 co-localization after Rab7 siRNA transfection of CB cells at all-time points tested (Figures 5H,J). Rab7 expression was significantly up-regulated in Dnmt1-deficient PV-positive cortical interneurons (Figure 4G), and shown to be regulated by DNMT1-dependent DNA methylation (Pensold et al., 2020). Thus, we additionally analyzed the EGF/LAMP1 co-localization in Dnmt1 siRNA-treated CB cells that were co-transfected with Rab7 siRNA (knockdown efficiency of Rab7 siRNA is depicted in Supplementary Figure S4a) to counteract the gain in Rab7 expression in Dnmt1-siRNA transfected cells. This reversed the Dnmt1 siRNA-triggered increase in EGF/LAMP1 co-localization (Figures 5I,J), suggesting that DNMT1 restricts endocytic-based degradation partly through repression of Rab7 expression.

Ubiquitination is a common denominator in the targeting of substrates to the main protein degradation pathways (Clague and Urbé, 2010), including lysosomal degradation (reviewed in Clague and Urbé, 2006). Interestingly, we determined elevated proportions of ubiquitin-positive cortical interneurons evident in Dnmt1-deficient mice (50 ± 0.8%) compared to wild-type controls (39.5 ± 2%; ∗∗P < 0.01, Student’s t-test; n = 3 mice per genotype; Supplementary Figures S4e,f). Together, our data indicate that DNMT1 acts repressive on intracellular degradative pathways, which could affect long-term neuronal survival.



DISCUSSION

We here provided evidence that DNMT1 is implicated in the compromised long-term survival of inhibitory PV interneurons in the murine cerebral cortex. Aging is characterized by reduced PV interneuron numbers accompanied by declined somatomotor performance and prominent transcriptional remodeling. All effects were attenuated by Dnmt1 deletion in PV interneurons. While DNMT1 promotes neuronal survival in the developing nervous system, it seems to compromise the long-term survival of PV-interneurons in the aged cortex. However, global transcriptome analyses did not point to a DNMT1-dependent transcriptional regulation of survival or cell death related genes causing the age-related interneuron loss. As repressive DNMT1-dependent DNA methylation restricts synaptic transmission as well as degradative pathways in adult PV interneurons, we hypothesize that impaired long-term survival is an indirect consequence of DNMT1-mediated modulation of synaptic activity and degradation over life-time.

Besides reduced excitability and plasticity (Clark and Taylor, 2011) and declined inhibitory function (Shetty and Turner, 1998; Stanley and Shetty, 2004; Cheng and Lin, 2013), a selective vulnerability of particular neuronal subtypes, like inhibitory interneurons, and GABAergic synapses (Rozycka and Liguz-Lecznar, 2017) was reported in the context of brain aging. Indeed, given the crucial role GABAergic inhibitory interneurons have in cortical information processing, age-dependent defects in inhibitory circuits provide an attractive hypothesis for cognitive decline and age-associated disorders (Rozycka and Liguz-Lecznar, 2017).

Our finding of reduced PV interneuron numbers in old cortices confirms previous studies, that reported a decline in SOM-, CB-, VIP-, and NPY-positive interneurons across species and brain regions (reviewed in Zimmer-Bensch, 2019a). Surprisingly, DNMT1 is implicated in the age-related PV interneuron loss.

Physiological aging involves a decline in synaptic density and functionality (Tanaka et al., 1996; Burke and Barnes, 2006; Polydoro et al., 2009; Berchtold et al., 2013), which includes inhibitory cortical synapses in the cerebral cortex (Rozycka and Liguz-Lecznar, 2017; Calì et al., 2018). Accordingly, aged control mice revealed synapse-related gene downregulation in PV interneurons (Supplementary Table S1), which correlated with altered DNA methylation (Supplementary Table S3). Similarly, others reported major changes in neurotransmission-related gene expression and repression of GABA-related transcripts in the human prefrontal cortex (Loerch et al., 2008) and across different species (reviewed in Rozycka and Liguz-Lecznar, 2017; Zimmer-Bensch, 2019a).

Some age-regulated synapse-related genes appear to be subject to DNMT1-dependent DNA methylation (Supplementary Table S4). Thus, we propose an age- and DNMT1-dependent shutdown of synapse-associated gene expression, which impairs synaptic function. As activity-dependent signaling is described to boost neuronal health through diverse mechanisms, decreased synaptic functionality could affect neuronal survival. Besides transcriptional control of pro- and anti-apoptotic genes, availability of neurotrophic factors and elevation of antioxidant defenses are modulated by neuronal activity (reviewed in Bell and Hardingham, 2011).

We have recently shown that DNMT1 acts on synaptic function of cortical PV interneurons in young mice, modulating GABAergic transmission (Pensold et al., 2020). Alterations in transmitter release affect synaptic strength and both are decreased upon aging (Kumar et al., 2007). Hence, it is conceivable that increased synaptic transmission rates in young Dnmt1-deficient interneurons exert protective effects on age-associated synaptic impairments, thereby indirectly promoting survival in aged Dnmt1-deficient mice.

Indeed, despite reports of DNMT-dependent developmental regulation of neuronal survival (Hutnick et al., 2009; Rhee et al., 2012; Pensold et al., 2017), direct evidence in the aging brain is still lacking. Comparing gene expression among PV interneuron populations, we found no evidence – in contrast to developing interneurons – that DNMT1 does affect long-term survival in aging brains by transcriptional control of survival- and/or cell death-related genes. Albeit, profiled at high resolution, we did not detect significant expression changes of cell survival or death-associated genes, neither among young and aged controls, nor when comparing Dnmt1-deficient and control interneurons. The same is true for genes which were both changed in methylation and transcription upon aging in controls, or between the genotypes, indicating that DNMT1-dependent DNA methylation modulates other processes, which then indirectly affect interneuron survival. Yet, MeDIP sequencing was reported to provide only a limited picture and resolution, e.g., compared to whole genome bisulfide sequencing (Stirzaker et al., 2014). For this our methylation analysis should be interpreted with caution and does not claim to provide an exhaustive picture. What we can state is that our analytical pipeline revealed DNMT1- and age-dependent changes in expression and methylation of proteostasis associated genes, which is supported by functionally validation studies.

Of note, long-term neuronal health ultimately depends on the proteostasis network. Age-related decline in protein homeostasis can cause diverse cellular dysfunctions, contributing to numerous neurodegenerative disorders (Douglas and Dillin, 2010). Endosome-based degradative pathways are crucial for processing and removing defective proteins or protein aggregates by proteolytic degradation in lysosomes (McMahon and Boucrot, 2011). Lysosomes digest both intra- and extracellular material after autophagy or endocytosis, respectively (Stoka et al., 2016). Lysosomal degradation is compromised in aged neurons (reviewed in Loeffler, 2019), and lysosomal dysfunction is associated with aging and numerous neurodegenerative disorders (Jiang et al., 2001), including Parkinson’s and Alzheimer’s disease (Büttner et al., 2013; McBrayer and Nixon, 2013; Wolfe et al., 2013; Menezes et al., 2015).

Lysosome-dependent lifespan regulation relies on their fundamental role in autophagy, which reportedly influences longevity. Mice lacking Atg7 (autophagy related 7), encoding for the E1-like activating enzyme, that is essential for autophagy (Komatsu et al., 2005), develop neuronal loss and die within 28 weeks (Komatsu et al., 2006). In addition, suppression or loss of autophagy in the central nervous system causes neurodegenerative disease in mice (Hara et al., 2006; Komatsu et al., 2006), illustrating the relevance of the proteostasis network for neuronal survival.

A declining proteostasis network accompanies aging and triggers ineffective protein degradation. Aggregation of defective proteins, in turn, eventually leads to cell death (Douglas and Dillin, 2010). Hence, up-regulation of proteostasis-related genes in control interneurons indicates a compensatory response of aging neurons to counteract the remittent proteostasis network (Douglas and Dillin, 2010). This corroborates a previous report of age-related increases in LAMP-2a and HSPA8/Hsc70 concentrations in the mouse retina (Rodríguez-Muela et al., 2013), suggested to compensate for an age-related decrease in macroautophagy. Age-dependent HSPA8/hsc70 elevation was also seen in hippocampus, cortex, cerebellum, septum, and striatum (Calabrese et al., 2004).

Interestingly, such increase in proteostasis-associated gene expression was not detected upon aging in Dnmt1-deficient interneurons. This can be explained by the finding that Dnmt1 deletion itself acts on proteostasis-associated gene expression in young interneurons. Compared to equal-aged controls, endocytosis-, endosome-, and lysosome-related gene expression was augmented in Dnmt1-deficient samples (Pensold et al., 2020, Figure 4G). While we previously verified that endocytosis-mediated elevated vesicle recycling increases GABAergic transmission of Dnmt1-deficient interneurons (Pensold et al., 2020), DNMT1-dependent regulation of degradative pathways so far remained unattended. Here, we validate that Dnmt1 depletion elevates retrograde endosomal transport and lysosomal targeting, pointing to an improved degradative machinery upon Dnmt1 depletion. Such boosted degradative actions could be neuroprotective or beneficial for neuronal survival in the long run, preventing age-related interneuron loss as seen in Dnmt1-deficient mice.

Together, our data suggest that dysregulation of cell death and/or survival related genes by DNMT1-dependent actions appears to play, if at all, a rather minor role as a potential mechanism underlying the age-related interneuron loss. We anticipate that DNMT1-dependent changes in aged interneurons result from cumulative effects of DNMT1 function during life-time, as the enzyme modulates two crucial aspects of neuronal function: synaptic activity and proteostasis. Hence, we propose a scenario, in which Dnmt1 deficiency-induced enhancement of synaptic and/or proteostasis function in PV interneurons prevents or delays the age-related degeneration of these cells.
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Wnt signaling constitutes a fundamental cellular and molecular pathway, necessary from proper embryogenesis to function-maintenance of fully developed complex organisms. In this regard, Wnt pathway plays a crucial role in both the development of the central nervous system and in maintaining the structure and function of the neuronal circuits, and it has been suggested that its dysregulation is critical in the onset of several pathologies including cancer and neurodegenerative disorders, such as Alzheimer’s disease (AD). Due to its relevance in the maintenance of the neuronal activity and its involvement in the outbreak of devastating diseases, we explored the age-related changes in the expression of Wnt key components in the cortex and hippocampus of 7 to 72-months-old Octodon degus (O. degus), a Chilean long-living endemic rodent that has been proposed and used as a natural model for AD. We found a down-regulation in the expression of different Wnt ligands (Wnt3a, Wnt7a, and Wnt5a), as well as in the Wnt co-receptor LRP6. We also observed an increase in the activity of GSK-3β related to the down-regulation of Wnt activity, a fact that was confirmed by a decreased expression of Wnt target genes. Relevantly, an important increase was found in secreted endogenous Wnt inhibitors, including the secreted-frizzled-related protein 1 and 2 (SFRP-1 and SFRP-2) and Dickkopf-1 (Dkk-1), all them antagonists at the cell surface. Furthermore, treatment with Andrographolide, a labdane diterpene obtained from Andrographis paniculata, prevents Wnt signaling loss in aging degus. Taken together, these results suggest that during the aging process Wnt signaling activity decreases in the brain of O. degus.

Keywords: Wnt signaling, aging, O. degus, neurodegeneration, Alzheimers’ disease


HIGHLIGHTS

- The aging process involves the dysregulation of the Wnt signaling pathway, including ligands, downstream effectors and Wnt target genes in both hippocampus and cortex of O. degus.

- Soluble endogenous inhibitors of Wnt signaling pathway increase in an age-dependent manner in both hippocampus and cortex of O. degus.

- Age-related Wnt signaling impairments in O. degus were recovered by Andrographolide (ANDRO) treatment.



INTRODUCTION

Increased aging of the world population has become a worldwide concern mainly because the close relationship between age and the appearance of different pathologies. Indeed, aging is considered the main risk factor for several pathologies, including cancer, and neurodegenerative disorders, such as Alzheimer’s disease (AD) and Parkinson’s disease, among others (Inestrosa and Toledo, 2008; Nusse and Clevers, 2017; Oliva et al., 2018; Steinhart and Angers, 2018; Palomer et al., 2019).

Behind the aged phenotype, a relevant feature of the aging process is the gradual loss of activity or alteration of several molecular components necessary for cell physiology. Molecular pathways, which usually encompass an amply range of biological molecules, drive the different cellular processes and, ultimately, determine the cellular fate. In this regard, the signaling pathways mediated by the Wnt ligands are involved in diverse aspects of cell-cell communication, including the regulation of cell proliferation, the occurrence of fibrosis, and cellular morphogenesis (Cisternas et al., 2014; Fuenzalida et al., 2016; Gammons and Bienz, 2018). Currently, 19 Wnt ligands have been described in vertebrates, which may initiate either of two signaling pathways called the canonical and the non-canonical pathways (Nusse and Clevers, 2017; Oliva et al., 2018). Relevantly, although Wnt pathway has been recognized as critical for the central nervous system development, several Wnt components retain their expression in the adult brain, including the hippocampus, and have proven to be fundamental in both the development and function of synapses (Inestrosa and Arenas, 2010; Inestrosa and Varela-Nallar, 2015). Indeed, different studies have indicated a strong correlation between Wnt signaling alteration and the appearance of neurodegenerative disorders, such as AD (Caricasole et al., 2004; Inestrosa and Toledo, 2008; Garcia-Velazquez and Arias, 2017). In this particular case, it is clear that the expression of some Wnt components change during the progression of AD, such as β-catenin which was reduced in patients carrying presenilin-1-inherited mutations (Zhang et al., 1998). Moreover, Wnt signaling activation can inhibit the formation of the amyloid-β peptide (Aβ) aggregates; and Apolipoprotein E ε4, the main risk factor for AD, can inhibits Wnt signaling (Roses, 1994; Liu M. et al., 2014). Altogether, these findings strongly suggest that Wnt signaling might be down-regulated during aging, leading to increased vulnerability of the neural network and increasing the risk for the onset and progression of age-related pathologies, such as AD. Considering that Wnt signaling activation attenuates the cognitive decline observed in the rodent adult brain (Toledo and Inestrosa, 2010; Vargas et al., 2014), it is likely that the modulation of endogenous Wnt signaling components might represent a promising strategy to achieve healthy aging (Gammons and Bienz, 2018; Palomer et al., 2019).

Interestingly, during the last decade several studies have identified the Octodon degus, a South American rodent endemic to Central Chile, as a model that naturally develops several molecular and physiological hallmarks attributable to neuropathological changes, including neuronal plasticity decrease, cognitive decline, and neuroinflammation (Inestrosa et al., 2005; Rivera et al., 2016; Cisternas et al., 2018; Lindsay et al., 2020). Remarkably, these events resemble the molecular features observed during AD development, suggesting that O. degus may constitute a more reliable model of this pathology (Inestrosa et al., 2005; Cisternas et al., 2018).

Thus, in the present work we studied the brain expression and activity of several Wnt signaling components, critical for the proper functioning of this pathway, during the aging of O. degus. We observed in both, cortex and hippocampus, a significant decrease in the expression of several Wnt ligands and Wnt components in an age-dependent manner. These results were correlated with a decrease in the expression of Wnt target genes. Together, our results are consistent with the idea that the loss of function of the Wnt signaling pathway is a feature of the aged brain and it might be responsible, at least in part, for the cognitive deficits observed in aged rodents (Oliva et al., 2018).



MATERIALS AND METHODS


Animals

Octodon degus were obtained from a breeding colony at the animal facility of the Universidad de Valparaiso, Chile, and were maintained in a controlled temperature room (23 ± 1°C) under a 12:12 light/dark cycle with water and food ad libitum. O. degus of either sex were grouped by age: 7 to 72 months old, where no differences were observed between males and females animals. O. degus live on average 7 years in captivity, making it a useful model for longitudinal studies (Lee, 2004). As well as in our study, former researchers in the laboratory have classified the O. degus age-groups in young (1–2 years), adult (3–5 years old), and old (6 years old or more; Inestrosa et al., 2015). This classification was made based on previous studies performed in O. degus. van Groen et al. (2011) classified them in young (1 year old), adult (3 years old), and aged (6 years old; van Groen et al., 2011), and Du et al. (2015) divide them in young (average 1 year old), adult (average 2 years), and old (average 6 years; Du et al., 2015).

Another group of adult female O. degus (56 months old) and young female O. degus (12 months old) obtained from our colony at Faculty of Biological Sciences, Pontificia Universidad Católica de Chile were also used. These animals were all derived from laboratory-bred lines. O. degus were randomly divided into three groups (n = 8 per group) with bedding of hardwood chips and with water and food ad libitum. For the appropriated group, intraperitoneal (IP) injections were administered as previously described by our laboratory. Briefly, 2.0 or 4.0 mg/kg Andrographolide (ANDRO) from Sigma Aldrich was injected in saline vehicle, administered 3 times per week during 3 months. Control animals were injected with only vehicle (saline solution). Each week, we measured body mass, and the doses for IP injections were recalculated. All experiments followed the guidelines of the National Institutes of Health (NIH, Baltimore, MD, United States). All procedures were approved by the Bioethical and Biosafety Committee of the Faculty of Biological Sciences of the Pontificia Universidad Católica de Chile (CBB-121-2013). All efforts were made to minimize animal suffering and to reduce the number of animals used.



Perfusion

All animals (young and aged) were anesthetized with Equitesin (2.5 ml/kg, i.p.) and injected with heparin (4 USP/kg, i.p.) before perfusion. Afterward, they were perfused through the heart with perfusion buffer containing 0.1% sodium nitrite, followed by fixation with 4% p-formaldehyde in 0.l M phosphate buffer (PB) for 30 min. Brains were surgically removed and post-fixed in the same fixative for 3 h at room temperature, followed by storage in 10% sucrose in phosphate-buffered saline (PBS) at 4°C overnight. After fixation, brains were cooled to ensure unbiased processing and analysis. The brains were subdivided into three coronal parts (approximately 3 mm in size): frontal, medial, and caudal areas. Each area was sectioned into 36 coronal sections 50 μm thick with a cryostat at −20°C.



Immunofluorescence

Immunofluorescence (IF) of brain sections was performed as described previously (Lindsay et al., 2020). After PBS and PBS-T washes, brain sections were incubated in 0.15 M glycine, and 10 mg/ml NaBH4 to diminish background auto-fluorescence. Sections were washed with PBS and PBS-T and blocked with 3% bovine serum albumin (BSA) at room temperature for 1.5 h to avoid non-specific binding. Detection of the target protein was performed using a corresponding primary antibody, incubated overnight at 4°C in PBS-T containing 0.5% BSA. After washing with PBS-T, sections were incubated for 2 h at room temperature with a secondary antibody in PBS-T containing 3% BSA. Then, they were washed with PBS-T, PBS, and water and mounted on gelatin-coated slides. Coverslips with fluorescence mounting medium were added. The following primary antibodies were used: rabbit anti-phospho-S9 GSK-3β (9336) from Cell Signaling, United States (1:50), mouse anti-phospho-Y216-GSK-3β (13A) from BD Bioscience, United States (1:50), rabbit anti-Dkk-1 (sc-25516) from Santa Cruz Biotechnology, United States (1:200), rabbit anti-SFRP-1 (ab4193) from Abcam, United Kingdom (1:200), and rabbit anti-SFRP-2 (ab111874) from Abcam, United Kingdom (1:200).



Westernblotting

The brains of animals were dissected on ice and were processed or frozen at –150°C. Briefly, hippocampal tissue was homogenized in RIPA buffer (50 mM, Tris–Cl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 1% SDS) supplemented with a protease inhibitor cocktail (Sigma-Aldrich P8340) and phosphatase inhibitors (50 mM NaF, 1 mM Na3VO4, and 30 μM Na4P207) using a Potter homogenizer. The homogenate was then passed through different caliber syringes. Protein samples were centrifuged at 14000 rpm at 4°C twice for 15 min (Tapia-Rojas et al., 2016; Tapia-Rojas and Inestrosa, 2018). Protein concentration was determined using a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, United States). A total of 20 μg of whole hippocampal or cortex samples was resolved by 10% SDS-PAGE and transferred to a PVDF membrane. The reactions were followed by incubation with a primary antibody, incubation with a secondary peroxidase-conjugated antibody (Pierce), and development of the membranes using an enhanced chemiluminescence (ECL) kit (Western Lightning Plus ECL, PerkinElmer). The rabbit anti-Wnt3a (ab28472; 1:1000), rabbit anti-phospho-Ser235 tau (ab30664; 1:1000), rabbit anti- phospho-Thr-231 tau (ab30665), rabbit anti-SFRP-1 (ab4193; 1:500), rabbit anti-SFRP-2 (ab111874; 1:500), and rabbit anti-CAMKIV (ab3557; 1:1000) primary antibodies were purchased from Abcam, United Kingdom. Goat anti-Wnt7a (sc-26361), mouse anti-Dvl3 (sc-8027; 1:200), mouse anti-GSK-3β (sc-9166; 1:1000), rabbit anti-Dkk-1 (sc-25516), rabbit anti-c-jun (sc-1694), mouse anti-CyclinD1 (sc-450; 1:1000), mouse anti-TAU (sc-5587), and mouse anti-β-catenin (sc-7963; 1:500) were purchased from Santa Cruz Biotechnology, United States. Rabbit anti-phospho-S9 GSK-3β (9336; 1:1000), and rabbit anti-phospho-Ser33/37/Thr41β-catenin (9561) were purchased from Cell Signaling, United States. Goat anti-Wnt-5a (AF645; 1:1000) was purchased from R&D Systems United States. Mouse anti-Actin (11978) was purchased from Sigma-Aldrich, United States (1:10000) and mouse anti-phospho-Y216-GSK-3β (13A) was purchased from BD Bioscience, United States (1:1000).



Image Analysis

Stained brain sections were photographed using an Olympus BX51 microscope coupled to a Micro-publisher 3.3 RTV camera (QImaging). The luminescence of the incident light and the time of exposure were calibrated to assign pixel values ranging from 0 to 255 in RGB images (no-light to full-light transmission) and was used in all preparations. The images were loaded into ImageJ v.1.40 g software (NIH) for analysis. The selection of areas for measurement was performed by manual threshold adjustment or by direct manual selection of regions of interest (ROIs) in heterogeneous stains. IF images of neurons were captured with a Zeiss LSM 5 Pascal confocal microscope. We typically examined a series of 15–20 confocal layers representing fluorescence data from the region of interest.

The quantification of the images was performed using the average signal intensity per area. Additionally, statistical analyses include the normalization of the data, where the value (average signal intensity per area) obtained for each slice (from old and young animals) is then divided by the average value of the young slices. By using this method, young value reaches always the normalized value 1, and able us to perform analyses based on the fold-of-change between young and old animals.



Preparation of Images

Digital images were obtained using Adobe Photoshop 7.0. General adjustments in color, contrast and brightness were performed, and images were converted into figures.



Statistical Analysis

Results are expressed as the mean ± standard error of the mean. Data were analyzed by one-way ANOVA, followed by Bonferroni’s post hoc test. Statistical significance was set at p ≤ 0.05. Statistical analysis was performed using Prism software (GraphPad Software Inc).



RESULTS


Wnt Ligands Decline With Age in the Brain of O. degus

Wnt ligand activates the canonical Wnt pathway by binding to LRP6 and Frizzled receptors, leading to the stabilization of β-catenin. In turn, the stabilized β-catenin translocates to the nucleus where it binds to the TCF/LEF transcription factor inducing the expression of Wnt target genes (Nusse and Varmus, 2012; Figure 1A). To address whether Wnt signaling is deregulated during aging in the brain of O. degus, through immunoblotting we evaluated the protein levels of the Wnt ligand in the whole cortex and the hippocampus at different ages. We studied the canonical ligands Wnt3a and Wnt7a and the non-canonical Wnt5a ligand, which are highly expressed in the brain. Our results indicate that adult O. degus exhibited decreased protein levels of the three ligands in the hippocampus. Indeed, old O. degus displayed a greater decrease in the expression of the ligands compared to adult animals (Figure 1B). However, at the cortex, although a significant decrease in the levels of Wnt3a and Wnt7a ligands in adult and old O. degus was observed, the Wnt5a expression remaining unchanged (Figure 1C). Taken together, these results indicate that Wnt ligands protein levels decrease in the brain O. degus during aging. Similarly, when we evaluated the protein abundance of the Wnt ligand co-receptor, LRP6, in young, adult and old O. degus, a significant decrease was observed in the hippocampus of the adult and old animals (Figure 2A). In the cortex, however, the levels of LRP6 diminished only in old O. degus (Figure 2B).
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FIGURE 1. Wnt ligand levels decline in the brains of O. degus at different ages. (A) Scheme of the Wnt signaling inactive, we observed that GSK-3β phosphorylate β-catenin, which is eventually labeled for destruction in the proteasome. Scheme of Wnt signaling activation, here the Wnt ligand interacted with the Frizzled receptor and the co-receptor LRP6, which activates the intracellular signaling, GSK-3β is inhibited and the destruction complex is separated, then β-catenin translocates to the nuclei where activate the transcription of Wnt target genes. The levels of the Wnt ligands Wnt3a, Wnt7a, and Wnt5a were detected in (B) the hippocampus and (C) the cortex of O. degus at different ages (young: between 7 and 12 months old, adult: between 24 and 48 months old, and old: between 60 and 72 months old) by western blot analysis. Densitometric analysis of the western blots is shown below each one. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).
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FIGURE 2. LRP6 levels changes in the brains of O. degus at different ages. The level of the co-receptor LRP6 as detected in (A) the hippocampus and (B) the cortex of O. degus at different ages (young: between 7 and 12 months old, adult: between 24 and 48 months old, and old: between 60 and 72 months old) by western blot analysis using a specific antibody. Densitometric analysis of the western blots is shown below each one. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni’s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).




GSK-3β Activity Increased in the Brain of Aged O. degus

The activation of the canonical Wnt signaling triggers downstream the inactivation of the Glycogen Synthase Kinase-3β (GSK-3β; Nusse and Varmus, 2012). In the O. degus brain, two phosphorylated forms of GSK-3β are present. Phosphorylation of GSK-3β at serine 9 (P⃝ Ser9) leads to the inactive form of the enzyme, while GSK-3β phosphorylated at tyrosine 216 (P⃝-Tyr216) corresponds to the active form of the enzyme (Giese, 2009). Our IF results show that the levels of the inactive form of GSK-3β (P⃝ Ser9), slightly decreased in the dentate gyrus and the CA1 hippocampal region, and did not change in the cortex and CA3 regions of the hippocampus with advanced aging (Figures 3A,B, upper panels). By contrast, the levels of active GSK-3β (P⃝ Tyr 216) were clearly increased in all the hippocampal regions studied (Figure 3A, lower panels). Additionally, we measured the protein levels of inactive GSK-3β (P⃝ Ser9) using western blotting in total cortical and hippocampal extracts (Figures 3C,D). The levels of the inactive form of GSK-3β gradually decreased in adult and old O. degus in both brain areas. Conversely, the expression of the active form of GSK-3β (P⃝ Tyr216) increased similarly in adult and old animals compared to younger animals in both cortex and hippocampus (Figures 3C,D). These results indicate that during aging O. degus increase the activity of GSK3β in both hippocampus and cortex.
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FIGURE 3. GSK-3β phosphorylation states are altered in the brains of O. degus at different ages. (A) Representative cytochemical micrographs of GSK-3β phosphorylated at Ser9 (blue, upper panel) and Tyr216 (red, lower panel) in brain slices of O. degus; the cortex and hippocampus (CA1, CA3, and dentate gyrus regions) are shown. (B) Quantification of the images in (A). Western blot analysis using antibodies directed against phosphorylated GSK-3β (phospho-Ser9 and –Tyr216) and total GSK-3β in (C) the hippocampus and (D) the cortex of O. degus at different ages (young: between 7 and 12 months old, adult: between 24 and 48 months old, and old: between 60 and 72 months old). Quantification of the western blots is shown below. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).




Wnt Signaling Effector Changes in the Aging Brain of O. degus

We measured the levels of β-catenin phosphorylated at the Ser33/Ser37/Thr41 sites, which are associated with GSK-3β regulation to promote the proteasome degradation of β-catenin. Consistent with previous works (Ghanevati and Miller, 2005) we found that phospho-β-catenin protein levels were increased in old O. degus compared with young and adult animals in the hippocampus (Figure 4A). However, we did not observe a significant change in the levels of phospho-β-catenin in the cortex of adult and old O. degus (Figure 4B). Considering that phospho-β-catenin is degraded via the proteasome and is not available for the activation of Wnt target genes, we measured the levels of c-jun protein, a target gene of the canonical Wnt signaling (Oliva et al., 2018). We observed that c-jun levels were significantly reduced in adult and old O. degus in the hippocampus and the cortex (Figures 4A,B), in agreement with the decreased LRP6 in both cortex and hippocampus and increased phospho-β-catenin levels observed in the hippocampus.
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FIGURE 4. Phospho-β-catenin levels are increased and c-Jun target gene protein levels decreased in the brains of O. degus at different ages. Western blot analysis in (A) the hippocampus and (B) the cortex of O. degus (young, adult and old) using antibodies directed against phosphorylated β-catenin and c-jun (a Wnt target gene). Densitometric analysis of the western blots is shown below. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).




The Protein Levels of the Wnt Antagonist Dkk-1 and SFRP Increase in the Brain of Aged O. degus

Dickkopf -1 (Dkk-1) is a secreted glycoprotein that inhibit the canonical Wnt signaling pathway by binding to the LRP6 co-receptor, thereby preventing the formation of the Wnt-Fz-LRP6 complex required for the activation of Wnt signaling (Ahn et al., 2011). In this context, we evaluated whether Dkk-1 protein levels change during aging in O. degus. Our results indicated that Dkk-1 is up-regulated in an age-dependent manner in both cortex and hippocampus. Through IF assays, we observed that the levels of this protein were significantly elevated in the cortex, dentate gyrus and CA3 region of old O. degus compared to young animals (Figures 5A,B). Western blot analysis further indicated that Dkk-1 protein was increased only in the adult hippocampus, and in both the adult and old cortex (Figures 5C,D). Increased Dkk-1 protein levels are likely to result in the inhibition of the canonical Wnt pathway (Niehrs, 2006; Purro et al., 2012). Therefore, the increase in Dkk-1 observed in the present work provides additional supporting evidence to suggest that the activity of the Wnt signaling pathway decreases in the brain of aged O. degus.
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FIGURE 5. The protein levels of Dkk-1, a negative modulator of Wnt signaling, are increased with the age in the brains of O. degus. (A) Representative cytochemical micrographs of Dkk-1 expression (red) in brain slices of O. degus; the cortex and the hippocampus (CA1, CA3, and dentate gyrus regions) are shown. (B) Quantification of the images in (A). Western blot analysis of Dkk-1 levels in (C) the hippocampus and (D) the cortex of O. degus at different ages (young: between 7 and 12 months old, adult: between 24 and 48 months old, and old: between 60 and 72 months old). Quantification of the western blots is shown below. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).


On the other hand, secreted scavenger-antagonists also regulated Wnt signaling activity by direct interaction with Wnt ligands. These inhibitors encode secreted frizzled-related proteins (SFRPs), which have an N-terminal cysteine-rich domain (CRD) with a sequence similarity with the Frizzled receptors (Bafico et al., 1999; Cruciat and Niehrs, 2013). We determined the protein levels of SFRP-1 and SFRP-2 in the brain of young and aged O. degus by IF. Our data show that SFRP-1 is increased in different regions of the hippocampus of aged animals compared to young animals (Figures 6A,B, upper panels). Also, a significant increase in SFRP-2 protein was detected in aged O. degus in both the cortex and the three hippocampal regions analyzed (Figures 6A,B, lower panels). Consistently, we found that SFRP-1 and SFRP-2 are both gradually up-regulated in the cortex and the hippocampus of O. degus with the age, according to western blot analysis (Figures 6C,D).
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FIGURE 6. Protein levels of SFRPs, antagonists of Wnt signaling, are increased in brains of aged O. degus. (A) Representative micrographs of SFRP-1 (red, upper panel), and SFRP-2 (green, lower panel) protein expression in brain slices of O. degus; the cortex and the hippocampus (CA1, CA3, and dentate gyrus regions) are shown. (B) Quantification of the images in (A). Western blot analysis of both SFRP-1 and SFRP-2 protein levels in (C) the hippocampus and (D) the cortex of O. degus at different ages (young: between 7 and 12 months old, adult: between 24 and 48 months old, and old: between 60 and 72 months old). Quantification of the western blots is shown below. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).




ANDRO Recovers the Wnt Signaling Loss in Adult O. degus Brain

At present, our results described an age-dependent downregulation of components and function of Wnt signaling, mainly in the canonical pathway, of O. degus. In this context, we decided to study whether an activator of the Wnt canonical signaling could reestablish the protein levels and activity of Wnt components in adult animals, where the first alterations begin. In this regard, ANDRO, a bioactive molecule extracted from a medicinal plant used as pain-killer in China called Andrographis paniculata, is able to cross the blood brain barrier and therefore has been highly studied previously in our laboratory (Lu et al., 2019). Our results indicate that ANDRO activates Wnt signaling pathway through direct inactivation of the enzyme GSK3β (Tapia-Rojas et al., 2015). Thus, we treated the adult O. degus with IP injections of ANDRO and we observed recovery of various canonical Wnt signaling components. First, the β-catenin levels, a key Wnt signaling component that decreased in the aged brain, were clearly recovered after ANDRO application (Figure 7). Moreover, a significant decrease in GSK-3β activity, expressed as an increase in the Ser9 phosphorylation levels, was also observed in adult animals treated with ANDRO compared to the non-treated aged animals. Previously, we observed that a Wnt target gene, c-jun was significantly reduced with the age O. degus in the hippocampus and the cortex (Figure 4). Here we measured the protein levels of other two Wnt target genes, Cyclin D1 and CAMK-IV. Both proteins are decreased in the adult brain, however, after ANDRO treatment a clear recovery in Cyclin D1 and CAMK-IV protein levels were observed in O. degus compared with the non-treated O. degus (Figure 8). Altogether, these results indicate that ANDRO treatment reestablishes the protein levels of keys component of canonical Wnt signaling, strongly suggesting that the recovery of the activity of the Wnt pathway could be involved in memory improvement previously observed in O. degus treated with ANDRO (Rivera et al., 2016).
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FIGURE 7. ANDRO treatment recovers the Wnt signaling loss presented in adult O. degus. Western blot analysis in the hippocampus of O. degus (young-12 months old, adult-56 months old, adult-56 months old treated with ANDRO 2 and 4 mg/kg) using antibodies directed against β-catenin, GSK3β-phospho Ser9, Cyclin D, CAMK IV, and β-actin. Densitometric analysis of the western blots is shown below. Data are presented as the mean ± S.E.M. of measurements from three animals. Differences were evaluated by ANOVA, followed by Bonferroni´s post hoc test. Asterisks indicate significance of the observed differences (###/***p < 0.001; ##/**p < 0.01; and #/*p < 0.05).
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FIGURE 8. (A) Scheme of the Changes in Wnt signaling Components during aging of the brain of O. degus. Wnt components that increase during aging: GSK-3β activity, secreted endogenous Wnt antagonists, and phospho-β-catenin (red color, up). Wnt components that decrease during aging: Wnt ligands Wnt3a, Wnt7a, and Wnt5a, LRP6, and Wnt target genes (blue color, down). (B) Relationship of Wnt signaling function with Alzheimer’s histopathological hallmarks. Wnt signaling function decreases during aging, at the same time that key AD lesions are increased.




DISCUSSION

Wnt signaling is recognized as fundamental for both the development and function of the central nervous system (Inestrosa and Varela-Nallar, 2015). It has been demonstrated that the Wnt signaling pathway is involved in several processes necessary for the maintenance and performance of the neuronal network, including adult hippocampal neurogenesis, the establishment of the synapses, neuronal firing activity, neuronal plasticity, nerve transmission, and mitochondrial dynamics (Varela-Nallar et al., 2016; Oliva et al., 2018; Steinhart and Angers, 2018). Moreover, different canonical Wnt ligands have been demonstrated to have a direct effect on the architecture and function of the presynaptic region. The present study identified specific age-related changes in the canonical Wnt ligands (Wnt3a and Wnt7a) in both hippocampus and cortex and, to a lesser extent, in the non-canonical Wnt5a ligand (only in the hippocampus; Cerpa et al., 2008; Farias et al., 2009; Oliva et al., 2018). Wnt7a, for example, increases the formation of clusters of synaptophysin and acetylcholine receptors in hippocampal neurons (Farias et al., 2007). Wnt3a stimulates the exocytosis and recycling of synaptic vesicles in hippocampal neurons (Cerpa et al., 2008), and Wnt5a, a non-canonical ligand stimulates the postsynaptic region and PSD-95 (Farias et al., 2009; Ramos-Fernandez et al., 2019). Our results indicate an overall decrease of Wnt ligands, suggesting that Wnt-dependent synaptic stability declines with age.

Wnt ligands bind to Frizzled receptor leading to the LRP6 co-receptor recruitment, triggering the intracellular cascade that mediates synaptic stability (Liu C.C. et al., 2014). Our results also indicate a decrease in LRP6 protein levels. Considering that recent studies propose a role for LRP6 in Wnt signaling, particularly in dendritic synapse structure and long-term potentiation (LTP) in AD (Liu C.C. et al., 2014), is possible to suggest that a dysregulation of the more upstream Wnt signaling components might be related with both aging and age-related pathological conditions of the CNS in O. degus. Indeed, early work showed a close link between late-onset AD and the disruption of the Wnt signaling pathway in human AD patients by polymorphisms in the LRP6 gene (De Ferrari et al., 2007).

Similarly, we also observed an increase in GSK-3β activity in the brains of O. degus with advanced age. It is important to mention that GSK-3β activation of the rat hippocampus inhibits LTP, leading to significant synaptic impairments reminiscent of age-related neuropathology (Kremer et al., 2011). Moreover, the age-related changes observed in GSK-3β activity in O. degus are similar to those described during neurodegeneration in AD models (Giese, 2009; Kremer et al., 2011). Interestingly, ANDRO treatments were able to restore the Wnt signaling loss observed in the adult O. degus by the inhibition of GSK-3β, leading to the accumulation of β-catenin and increased expression of Wnt target genes. In regards to ANDRO treatments, we compared young and adult animals because we aimed to observe changes in the early stages of the appearance of Wnt signaling downregulation, which were observed primarily in the adult brains. In addition, we previously demonstrated that ANDRO promotes behavioral changes in the ANDRO-treated group compared to control, enhancing recognition and long-term working memory, along with improved learning performance in adult O. degus (Barnes Maze and NOR experiments; Rivera et al., 2016). However, the significance of our analysis relies on how Wnt signaling is affected along with the aging of this longitudinal animal model that has been proposed as an important model of AD-like neurodegeneration.

On the other hand, previous studies have also indicated that alterations in the levels of the soluble Wnt inhibitors might modulate the Wnt signaling activation (Ehrlund et al., 2013). In this regard, we observed an age-related increase in the protein levels of the Wnt antagonist SFRP-1 and SFRP-2, further suggesting that the aging-related decrease of Wnt activity is caused not only by structural component reduction or lack of activation signals, but also due to the increase of inhibitory signals. In this regard, an increase in the levels of SFRP1 has been related to cellular senescence on other cell types, including in Human Cardiac Stem Cells (Nakamura et al., 2017), and fibroblasts (Elzi et al., 2012). Recent studies also demonstrate that SFRP-1 is increased in the brain of patients with AD, binds to amyloid-β and accumulates in amyloid plaques. SFRP-1 overexpression in an Alzheimer-like mouse model anticipates the appearance of senile plaque and dystrophic neurites, whereas its genetic inactivation or the infusion of α-SFRP-1-neutralizing antibodies favors non-amyloidogenic amyloid precursor protein (APP) processing. Decreased SFRP-1 function lowers senile plaque accumulation, preventing LTP loss and cognitive deficits (Esteve et al., 2019). This study of Esteve and coworkers unveils SFRP-1 as a crucial player in AD pathogenesis through the inhibition of ADAM10, but other studies indicate that SFRP act as Wnt antagonist sequestering Wnt ligands in the extracellular space (Folke et al., 2018), therefore, these effects also could be due, almost in part, to the inhibition of Wnt signaling. More studies are necessary to validate this possibility.

Concomitantly, early evidence indicates that Dkk-1 is barely present in the healthy brain, but its protein levels are increased under pathological conditions, such as in AD (Caricasole et al., 2004). Evidence suggests that Dkk-1 is required for amyloid-β -mediated synapse loss in hippocampal neurons (Scali et al., 2006; Purro et al., 2012; Palomer et al., 2019), and its expression induces tau phosphorylation. Moreover, local infusion of Dkk-1 in rats caused neuronal cell death and astrogliosis in the CA1 region of the hippocampus and the death of cholinergic neurons in the nucleus basalis (Scali et al., 2006). Increased expression of Dkk-1 is causally related to neurodegeneration processes in several central nervous system disorders other than AD, such as brain ischemia and temporal lobe epilepsy (Seib et al., 2013). Moreover, dysfunctional Wnt signaling caused by increased levels of Dkk-1 has been implicated also in the age-related decline in hippocampal neurogenesis (Seib et al., 2013). As a result, mice deficient in Dkk-1 exhibit enhanced spatial working memory and memory consolidation and also show improvements in affective behavior (Caricasole et al., 2003, 2004). Accordingly, our Westernblotting (WB) data indicate that Dkk-1 is increased in the hippocampus and cortex of adult O. degus, possibly inhibiting Wnt signaling, this fact is consistent with previously published results obtained in different systems. However, comparing young with old animals, the differences in the cortical expression of Dkk-1 persist over time, a result contrary to our observation by IF assay. We could explain these distinct results between IF and WB based on technical differences; IF experiments allow us to sub-divide the hippocampal analyses in CA1, CA3, and DG, whereas WB were performed using the complete hippocampal tissue.

Our work shows that in agreement with previous studies, the Wnt signaling pathway is active in young O. degus and becomes attenuated in aged rodents. We found that the levels of certain Wnt components increase, i.e., GSK-3β activity, Dkk-1, SFRP-1, SFRP-2, and phospho-β-catenin, however, other Wnt components decrease during aging: Wnt ligands (Wnt3a, Wnt7a, and Wnt5a), LRP6, and Wnt target genes (Figure 8A). Also, is important to highlight that although the first alterations were observed in the adulthood, significant differences were also observed between adult and old brains in hippocampal Wnt7a, GSK3β-Ser9, phospho-β-catenin, Dkk-1, SFRP1, and SFRP2 proteins, in addition to significant changes in Wnt7a, Wnt3a, GSK3β-Ser9, LRP6, and SFRP2 in the cortex. Furthermore, we interpret the difference between hippocampus and cortex as a temporal-dependent difference. Previous studies indicated that AD hallmarks occur first in the hippocampus and then spread to cortex (Braak and Braak, 1997). Therefore, adult brains might show higher levels of AD-like hallmarks in the hippocampus, whereas old brains should show them in the hippocampus and cortex as we observe in our study.

Moreover, recent studies from our laboratory indicate that the inhibition of the canonical Wnt signaling induces an increase in the amyloidogenic processing of the APP, leading to an increased Aβ secretion and formation of Aβ oligomers (Tapia-Rojas et al., 2016), a critical hallmark in AD. Similarly, the Wnt signaling loss accelerates the appearance of the neuropathological hallmarks of AD in the J20-APP transgenic and wild-type mice (Tapia-Rojas and Inestrosa, 2018). Also, our results are consistent with Bai et al. (2020) in which characterizing AD stage-associated protein networks, by multi-omics, they corroborate that the Wnt pathway is associated with AD (Bai et al., 2020).

Furthermore, the treatment of aged O. degus with ANDRO has shown protection from several aspects of AD-pathogenesis: i.e., decreased Aβ accumulation and lower tau phosphorylation, recovery of synaptic protein loss and cognitive impairment (Serrano et al., 2014; Rivera et al., 2016). Moreover, several studies using ANDRO treatments had reported other effects such as adult neurogenesis (Varela-Nallar et al., 2016), neurite out-growth (Xu et al., 2019), and neuroprotection (Lindsay et al., 2020), along with decreased neuroinflammation, oxidative stress, and synaptic dysfunction in aged animals (Serrano et al., 2014; Lu et al., 2019; Zolezzi and Inestrosa, 2019; Lindsay et al., 2020). Specifically, ANDRO activates Wnt signaling pathway by inhibiting directly GSK-3β (Tapia-Rojas et al., 2015), but also it has been described as a modulator of other cellular signaling including the BACE1-dependent amyloid processing, the Nrf2-mediated p62, the Keap1/Nrf2/ARE/HO-1, the PI3K-Akt, and the NF-kB pathways (Seo et al., 2017; Gu et al., 2018, 2019; Panche et al., 2019). All these signaling pathways, complimentarily to the Wnt signaling, could be increasing the beneficial effects related to Wnt signaling modulation (Zolezzi and Inestrosa, 2019), and should be assessed in the future to better understand the mechanisms underlying ANDRO’s effects.

Taken together, our results suggest that during the aging process the Wnt signaling function decreases in the brain of the O. degus. Moreover, considering our previous work, we suggest that this decrease is inverse to what observed under neuropathological conditions, such as in AD, where the expression of key AD lesions increases (Figure 8B). Additionally, considering that ANDRO, is able to rescue Wnt signaling impairment, at the levels of β-catenin, GSK-3β and target genes, we can hypothesize that Wnt signaling might play a pivotal role not only in the aging process itself, but influencing the outcome of such process in terms of an improved healthy aging.
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Glucose metabolism derangement is critically involved in the age-related memory loss but the underlying molecular mechanisms are still poorly understood. In a mouse model of type 1 diabetes we found memory impairment associated with inhibition of the transcription factor CREB and alteration of pre- and post-synaptic protein expression in the hippocampus. Accordingly, glucose excess negatively affected activity-dependent CREB phosphorylation and CREB-mediated mRNA expression of synaptic proteins in hippocampal primary neurons. Specifically, glucose excess inhibited the activity-dependent recruitment of CREB on the regulatory sequences of synaptotagmin (SYT) 2 and 4 promoters and the expression of SYT4 protein. As a result, high glucose affected both the frequency of miniature excitatory postsynaptic currents and NMDA receptor-mediated currents in autaptic hippocampal neuronal cultures. Collectively, our findings highlight novel mechanisms underlying hyperglycaemia-related memory loss, including CREB-dependent downregulation of synaptotagmin expression.
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INTRODUCTION

In response to physiological stimuli and environmental conditions, the central nervous system undergoes functional and structural changes (Pascual-Leone et al., 2005). Molecular mechanisms underlying synaptic transmission and plasticity play a pivotal role in the regulation of learning and memory. A plethora of synaptic proteins, including synaptophysin, synapsin family and the SNAP receptor (SNARE) complex regulates the fusion of neurotransmitter vesicles to the synaptic membrane and their release (Brose et al., 2019). Moreover, Ca2+ sensor proteins such as synaptotagmins are crucial for Ca2+-dependent exocytosis (Fernández-Chacón et al., 2001; Südhof and Rothman, 2009). In glutamatergic synapses, activity-dependent rapid changes in the composition of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors at the postsynaptic compartment enhance the amplitude of postsynaptic responses and strengthen the synaptic functions (Zito and Svoboda, 2002).

Importantly, glucose metabolism derangement and type 2 diabetes negatively impact on synaptic plasticity and cognitive functions through multiple mechanisms including oxidative stress, endothelial dysfunctions, microglia activation and neurotrophin depletion (Kullmann et al., 2016; Duffy et al., 2019; Spinelli et al., 2019). However, how glucose excess affects synaptic transmission and neuron-to-neuron communication is still poorly understood. The transcription factor cAMP response element-binding protein (CREB) has been widely investigated as a metabolic sensor and regulator of glucose homeostasis in liver and fat tissue (Altarejos and Montminy, 2011), and as a master switch of Ca2+ and neurotrophin-triggered transcriptional programs regulating neuronal differentiation, survival, and plasticity in central and peripheral nervous systems (Riccio et al., 1999; Finkbeiner, 2000, Mantamadiotis et al., 2002). Furthermore, brain plasticity and high-order cognitive functions are as well influenced by nutrient cues and energy metabolism through CREB-dependent expression of genes involved in adult neurogenesis, chromatin silencing and neuronal metabolism (Fusco et al., 2012, 2016). Here we demonstrated that glucose overload inhibits CREB activity in hippocampal neurons and alters the expression of genes encoding pre- and post-synaptic proteins. High glucose concentration also impairs the spontaneous vesicle release and both the amplitude and the kinetics of NMDA receptor-mediated currents at the post-synaptic level. Finally, we identified synaptotagmin 2 and 4 (SYT2 and SYT4, respectively) as novel glucose-responsive CREB target genes involved in hyperglicaemia-dependent impairment of synaptic function.



MATERIALS AND METHODS


Ethics Statement

The animal study was reviewed and approved by the Ethics Committee of Università Cattolica del Sacro Cuore and were fully compliant with Italian (Ministry of Health guidelines, Legislative Decree No. 116/1992) and European Union (Directive No. 86/609/EEC) legislations on animal research.



Animals

Male C57BL/6 mice (30 days-old), derived from the Animal Facility of Università Cattolica del Sacro Cuore, were used and randomly assigned to two treatments: (i) intraperitoneal injection of saline (CTR, control) and (ii) intraperitoneal injection of streptozotocin (STZ). Mice were housed in groups (3–5 animals per cage) and they were daily monitored. To induce hyperglycaemia, mice were intraperitoneally injected with 50 mg/Kg of streptozotocin (Sigma-Aldrich) for five consecutive days. The drug was freshly prepared in Na+ citrate solution buffered to 4.5 pH. Before each streptozotocin injection, animals were fasted for 6 h. After each injection, mice were supplied with 10% sucrose water to avoid sudden hypoglycaemia post injection. Mice were tested for sufficient levels of hyperglycaemia at 2 weeks after last injection (defined as time 0) and only mice with plasma glucose levels higher than 300 mg/dL were used for experiments. Blood sugar dosages and behavioral analyses were performed at both 1 and 3 weeks from time 0. Molecular analyses were performed on whole hippocampi collected 3 weeks from time 0 on different cohorts of mice. The animals were housed under a 12-h light-dark cycle at room temperature (RT: 19–22 °C) and received both food and water ad libitum.



Culture of Primary Neurons

Primary cultures of hippocampal neurons were obtained from E18 C57BL/6 mice embryos according to standard procedures. Briefly, hippocampi were dissected and incubated for 10 min at 37 °C in PBS containing 0.025% trypsin/0.01% EDTA (Biochrom AG). The tissue was then mechanically dissociated at room temperature (23–25 °C) using a fire-polished Pasteur pipette and the cell suspension was harvested and centrifuged at 100 × g for 8 min. The pellet was suspended in 88.8% (vol/vol) minimum essential medium (Biochrom), 5% FBS, 5% (vol/vol) horse serum, 1% glutamine (2 mM), 0.2% gentamicin (0.1 mg/mL) and glucose (25 mM). At 24 h after plating (1st day in vitro, DIV1), the culture medium was replaced with a medium containing 97.3% (vol/vol) neurobasal medium (Invitrogen), 2% (vol/vol) B-27 (Invitrogen), 0.5% glutamine (2 mM), and 0.2% gentamicin (0.1 mg/mL). After 72 h (DIV4), the culture medium was replaced with a similar medium lacking glutamine and supplemented with 2 μM cytosineβ-D-arabinofuranoside to inhibit glial cell proliferation. Autaptic hippocampal neurons were prepared as previously described (Attar et al., 2012; Ripoli et al., 2013). In brief, cortical astrocytes from P0–P2 brains of C57BL/6 mice were plated onto agarose-coated glass coverslips on which microislands where astrocytes could be grown were created by spraying a mixture of poly-D-lysine and collagen (both from Sigma). After 4 days, the medium (consisting of DMEM supplemented with 10% fetal bovine serum and antibiotics) was conditioned replacing half the medium volume with neuronal medium (Neurobasal medium, 2% B-27, 0.5% glutamine, and 1% penicillin-streptomycin-neomycin antibiotic mixture). Hippocampal neurons from P0 to P2 C57BL/6 were plated onto glial microislands at low density (25,000/cm2) to obtain a ratio of one neuron per island. Both cultures (hippocampal neurons and autaptic hippocampal neurons) were maintained at 37°C in a humidified atmosphere of 5% CO2 until experimental procedures. Every 3 days glucose levels in neuronal media were analyzed with glucometer. At DIV7 and DIV11 half the medium volume was replaced with fresh medium containing 25 mM (HG) or 0–5.5 mM (NG) in order to gradually decrease the level of glucose in NG samples and to obtain the experimental glucose concentration at DIV11. Molecular and electrophysiological experiments were performed at DIV14, after 3 days of HG (25 mM) and NG (5.5 mM). For molecular analyses, hippocampal neurons were stimulated with either 20 mM potassium chloride (Sigma Aldrich) or 10 μM forskolin (Sigma Aldrich). These compounds were applied for 30 min to investigate CREB phosphorylation and for 6 h to study gene expression modifications.



Behavioral Experiments

Behavioral tests were carried out from 9 a.m. to 4 p.m. and data were analyzed in blind using an automated video tracking system (Any-MazeTM). Recognition memory was evaluated by novel object recognition (NOR) test. On first day, animals were familiarized for 10 min to the test arena (45 cm × 45 cm). On second day (training session), they were allowed to explore two identical objects placed symmetrically in the arena for 10 min. Mice exhibiting a total exploration time lower than 30 s or exploring one of two identical objects for more than 60% of the total exploration time during training session were excluded from the test. On third day (test session), a new object replaced one of the old objects. Animals were allowed to explore for 10 min and preference index, calculated as the ratio between time spent exploring the novel object and time spent exploring both objects, was used to measure recognition memory. To exclude place preference in the test session, the position of novel object was alternated when testing the different animals. All objects and the box were cleaned with 70% ethanol at the end of each test.



Western Blotting

Tissues (hippocampi) or cells (hippocampal neurons) were lysed in ice-cold lysis buffer (NaCl 150 mM, Tris–HCl 50 mM pH 7.4, EDTA 2 mM) containing 1% Triton X-100, 0.1% SDS, 1 × protease inhibitor cocktail (Sigma-Aldrich), 1 mM sodium orthovanadate (Sigma-Aldrich) and 1 mM sodium fluoride (Sigma-Aldrich). Cells were incubated for 10 min on ice with occasional vortexing and spun down at 22,000 × g, 4°C. Supernatant was quantified for protein content (DC Protein Assay; Bio-Rad). Equal amounts of protein were diluted in Laemmli buffer, boiled and resolved by SDS-PAGE. The primary antibodies (available in Supplementary Table S1) were incubated overnight and revealed with HRP-conjugated secondary antibodies (Cell Signaling Technology Inc., Danvers, MA) and chemiluminescent substrates (Cyanagen). Band density was assessed by using UVItec Cambridge Alliance (Cambridge, United Kingdom). Protein expression levels were quantified by calculating the band intensity ratio of the target protein and actin (loading control) in each lane. Phosphorylation level of target proteins was quantified by calculating the band intensity ratio of phospho-target protein, target protein and actin (loading control) in each lane. In each bar graph, the mean value of controls was set to 1 and the expression or phosphorylation levels of target protein were shown as fold changes compared to the control (relative units). Images shown were cropped for presentation with no manipulations.



Real-Time PCR

Quantitative Real-Time PCR (qRT-PCR) amplifications were performed using SYBR GREEN qPCR Master Mix (Fisher Molecular Biology) on AB7500 instrument (Life Technologies) according to the manufacturer’s instructions. The thermal cycling profile featured a pre-incubation step of 94°C for 10 min, followed by 40 cycles of denaturation (94°C, 15 s), annealing (55°C, 30 s), and elongation (72°C, 20 s). Melting curves were subsequently generated (94°C for 15 s, 50°C for 30 s, slow heating to 94°C in increments of 0.5°C).

Melting-curve analyses confirmed that only single products had been amplified. The primer sequences are shown in Supplementary Table S2. All data were normalized by reference to the amplification levels of the Gapdh gene; a reference dye was included in the SYBR master mix. RNA of all samples was analyzed in triplicate. The thresholds calculated by the software were used to determine specific mRNA expression levels using the cycle-at-threshold (Ct) method, and all results are expressed as fold changes (compared to control) for each transcript, employing the 2−ΔΔCt approach.



Immunocytochemistry

Hippocampal neurons were fixed in PBS solution (4% PFA, pH 7.4; Sigma-Aldrich) for 15 min at RT. Neurons were then permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) for 15 min, blocked for 60 min in 5% NGS, and then incubated overnight at 4°C with anti-MAP2 (HM-2 clone, 1:400, Sigma-Aldrich). Cells were subsequently incubated for 90 min at RT with secondary antibody (Alexa-Fluor Donkey Anti-Mouse 1:1000). Finally, nuclei were counterstained with 4′, 6- diamidino-2-phenylindole (DAPI, 0.5 μg per mL for 10 min; Thermo Fisher), and cells were coverslipped with ProLong Gold anti-fade reagent (Thermo Fisher). Images of 1024 × 1024 pixels were obtained with an A1 MP, Nikon confocal microscope (Tokyo, Japan) equipped with 20× and 40× magnification objectives (numerical aperture 1.4), plus additional magnification.



Electrophysiology in Autaptic Microcultures

All electrophysiological recordings were performed using whole-cell patch clamp. Recordings were obtained with an Axopatch 200B amplifier (Molecular Devices), and stimulation and data acquisition were performed with the Digidata 1200 series interface and pCLAMP 11 software (Molecular Devices). Basal synaptic transmission was studied from 14 to 21 DIV using the patch-clamp technique in the whole-cell configuration as previously described (Ripoli et al., 2014). Cells were approached under DIC with 3–5 MΩ pipettes pulled from borosilicate glass (Warner Instruments, Inc) using a vertical Narishige PC-10 puller (Japan) and filled with an internal solution containing (in mM): 146 K-gluconate, 18 HEPES, 1 EGTA, 4.6 MgCl2, 4 NaATP, 0.3 Na2GTP, 15 creatine phosphate, and 5 U/ml phosphocreatine kinase. External Tyrode’s solution containing the following (in mM): 140 NaCl, 2 KCl, 10 HEPES, 10 glucose, 4 MgCl2, and 4 CaCl2, pH 7.4, 312 mOsm. NMDA receptor-mediated currents were evoked using Mg-free Tyrode’s solution containing 10 mM of the AMPA receptor blocker NBQX (Tocris Bioscience). Neurons were maintained at −70 mV holding potentials, and EPSCs were elicited with stimuli mimicking action potentials (2 ms at 0 mV) delivered every 10 s or 20 s. The paired-pulse ratio consisted of the ratio of the amplitude of the second EPSC to that of the first recorded at 50 ms intervals (Fattorini et al., 2019). To obtain the AMPA/NMDA ratio, evoked responses were recorded successively from the same cell. The amplitude and frequency of miniature excitatory postsynaptic currents (mEPSCs) were evaluated in 60 s recordings. The decay time was estimated by fitting a single exponential to the 10–90% decay-phase. We monitored the access resistance and membrane capacity before and at the end of the experiments to ensure recording stability and the health of studied cells. Whole-cell recordings were performed 5–15 min after the culture medium replacement with external Tyrode’s solution. The culture plates were changed every half-hour. All experiments were performed at RT.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed as previously described (Fusco et al., 2019). Neurons were resuspended in 200 μl lysis buffer containing 1% SDS, 50 mM Tris–HCl pH 8.0, and 10 mM EDTA and sonicated on ice with six 10-s pulses with a 20-s interpulse interval. Sample debris was removed by centrifugation and supernatants were precleared with protein-G Sepharose 4B beads (Sigma-Aldrich) for 1 h at 4°C. 2 μg of anti-CREB or control IgG were added overnight at 4°C. Immune complexes were collected by incubation with protein-G Sepharose 4B beads for 2 h at 4°C. After seven sequential washes, immune complexes were eluted from beads by vortexing in elution buffer (1% SDS and NaHCO3 0.1 M; pH 8.0). NaCl was added (final concentration 0.33 M), and cross-linking was reversed by incubation overnight at 65 °C. DNA fragments were purified by using the PCR DNA fragments purification kit (Geneaid). The primer sequences are shown in Supplementary Table S2.

PCR conditions and cycle numbers were determined empirically and each PCR reaction was performed in triplicate. Data are expressed as percentage of input calculated by the “Adjusted input value” method according to the manufacturer’s instructions (ThermoFisher Scientific ChIP Analysis). To determine the Adjusted input the Ct value of input was subtracted by 6.644 (i.e., log2 of 100). Next, the percent input of samples was estimated using the formula: 100∗2^(Adjusted input – Ct(ChIP). The percent input of IgG samples was calculated using the formula 100∗2^(Adjusted input – Ct(IgG).



Statistical Analysis

Sample sizes were chosen with adequate power (0.8) according to results of prior pilot data sets or studies, including our own, which used similar methods or paradigms. Sample estimation and statistical analyses were performed using SigmaPlot 12 software. Data were first tested for equal variance and normality (Shapiro-Wilk test) and the appropriate statistical tests were chosen. The statistical tests used (i.e., Student’s t-test, two-way ANOVA) are indicated in the main text and in the corresponding figure legends for each experiment. N numbers are reported in the figure legends. Degrees of freedom are n–1 for each condition in both unpaired t-test and ANOVA tests. Post-hoc multiple comparisons were performed with Bonferroni correction. All statistical tests were two-tailed and the level of significance was set at 0.05. Results are shown as mean ± SEM.



RESULTS


Hyperglicemia Reduces the Expression of Pre- and Post-synaptic Proteins in the Hippocampus

Glucose metabolism dysregulation has been reported to affect synaptic function (Zhong et al., 2019). Previous studies demonstrated alterations of hippocampus-dependent-learning and memory in experimental models of hyperglycaemia (Gispen and Biessels, 2000) but the underlying molecular mechanisms remain still poorly understood. To investigate the effects of glucose excess on the expression of pre- and post-synaptic proteins in the hippocampus, we set up an in vivo model of streptozotocin (STZ)-induced hyperglycaemia. First, we evaluated glucose plasma levels and hippocampus-dependent cognitive function one and 3 weeks after the onset of hyperglicaemia. As expected, multiple STZ injections induced elevated values of fasting glycaemia and this alteration persisted after 3 weeks (400.44 ± 8.29 mg dL–1 vs 102.77 ± 6.06 mg dL–1, p = 1.11 × 10–15 after 1 week; 406.22 ± 9.38 mg dL–1 vs 107.00 ± 3.28 mg dL–1, p = 6.09 × 10–16 after 3 weeks; Figure 1A). More importantly, STZ mice already showed lower preference index than controls after the first week of high glucose levels, and their performances in novel object recognition (NOR) task even got worse after 3 weeks of hyperglicaemia (after 1 week: preference index 59.0 ± 0.9% vs 68.5 ± 0.5%, p = 7.05 × 10–8, exploration time toward novel object/old object 40.7 ± 6.7 s / 29.5 ± 8.2 s vs 42.2 ± 6.5 s / 19.4 ± 4.2 s; after 3 weeks: preference index 56.0 ± 0.7% vs 69.0 ± 1.1%, p = 1.23 × 10–8, exploration time toward novel object/old object 41.1 ± 4.4 s / 32.3 ± 4.6 s vs 47.1 ± 4.9 s / 21.1 ± 3.2 s; Figure 1B).
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FIGURE 1. Hyperglicaemia affects the expression of pre- and post-synaptic proteins in the hippocampus. (A) Plasma levels of glucose in C57BL/6 mice i.p. injected with saline (CTR) or streptozotocin (STZ, 50 mg/Kg/day for 5 days). Glycaemia levels were detected after 1 or 3 weeks from the onset of hyperglycaemia in STZ mice (n = 9 mice per group; statistics by unpaired Student’s t-test). (B) Preference for the novel object in the NOR paradigm after 1 or 3 weeks from the onset of hyperglycaemia in CTR and STZ mice (n = 9 mice; statistics by unpaired Student’s t-test). (C) Immunoblot analysis and bar graphs showing the expression of GluN1, GluN2a, GluN2b, GluA1, GluA2 and the phosphorylation of both Creb on serine 133 (CrebS133) and CaMKII on threonine 286 (CaMKIIT286) in the hippocampus of CTR and STZ mice (n = 7 mice; statistics by unpaired Student’s t-test). (D) mRNA expression of synaptotagmin 1, 2 and 4 (SYT1, SYT2, and SYT4, respectively), synaptophysin (SYP), synapsin 1 (SYN1) and BDNF in the hippocampus of CTR and STZ mice (n = 6 mice; statistics by unpaired Student’s t-test). Real Time analysis was performed in triplicate. Gene expression was normalized to Gapdh. Data are expressed as mean ± SEM. *p < 0.05; ***p < 0.001; n.s. not significant.


We also investigated the expression of glutamate receptor subunits and the activity-dependent phosphorylation of neuroplasticity proteins CaMKIIα and CREB in the hippocampus of hyperglicaemic mice. The immunoblot analysis of hippocampal lysates from STZ mice revealed lower expression of NMDA receptor subunits GluN1 and GluN2a and AMPA receptor subunit GluA2 compared to controls (−41 ± 5, −67 ± 8, and −47 ± 4%, respectively, p < 0.001 for all proteins; Figure 1C). In addition, STZ treatment reduced the activatory phosphorylation of transcription factor CREB on serine 133 (CREBSer133) (−75 ± 7%, p = 0.0004; Figure 1C). Instead, no significant changes were observed for the expression of GluN2b and GluA1 and the activatory phosphorylation of CaMKIIα on threonine 286 (Figure 1C). CREB-mediated transcription of presynaptic proteins has been demonstrated to promote synaptic enhancement and memory (Wagatsuma et al., 2006). Therefore, we analyzed the mRNA expression of several synaptic transmission-associated proteins in the hippocampus of STZ mice. We found lower expression of synaptotagmin 2 and 4 (SYT2 and SYT4, respectively) in hyperglycaemic mice (−49 ± 5%, p = 3.34 × 10–5 and −56 ± 6%, p = 3.96 × 10–5, respectively; Figure 1D), whereas we did not detect any significant changes of synaptotagmin 1 (SYT1), synaptophysin (SYP) and synapsin 1 (SYN1). We also found a significant decrease of Bdnf expression in the hippocampus of STZ mice compared to controls (−59 ± 5%, p = 7.12 × 10–5; Figure 1D). Collectively, in vivo data demonstrated that STZ-induced hyperglycaemia reduced CREB activation and the expression of hippocampal pre- and post-synaptic proteins involved in synaptic function and memory.



Glucose Excess Inhibits CREB-Dependent Gene Expression

To deeply investigate the effect of hyperglycaemia on CREB transcriptional activity, we set up an in vitro model of hippocampal primary neurons cultivated in media containing either normal (NG) or high glucose (HG) concentrations (1 g/L or 4.5 g/L, respectively; Figure 2A). In neurons, synaptic activity enhances the intracellular concentration of Ca2+ and cyclic adenosine monophosphate (cAMP), both leading to phosphorylation and activation of CREB (Deisseroth et al., 1996). Accordingly, compounds inducing intracellular increase of either Ca2+ (20 mM KCl) or cAMP (10 μM forskolin [Fsk]) induced CREBSer133 phosphorylation in neurons exposed to normal glucose levels (F2.71 = 16.82, +49 ± 12% NGKCl vs NGNT, p = 0.011; +99 ± 18% NGFsk vs NGNT, p = 0.004, Figure 2B). Conversely, HG significantly reduced the basal phosphorylation levels of CREB and inhibited its activation upon KCl stimulation (−34 ± 6% HGNT vs NGNT, p = 0.009; +33 ± 9% HGKCl vs HGNT, p = 0.088, Figure 2B). We also analyzed the mRNA expression of both CREB target genes and synaptic proteins that we found downregulated in the hippocampus of STZ mice. In standard conditions, both KCl and Fsk largely enhanced the transcription of CREB targets c-Fos and Bdnf, whereas this enhancement was cut down by HG treatment (F2.60 = 270.15 for cFos, +189 ± 14% NGKCl vs NGNT, p = 8.39 × 10–6; +334 ± 16% NGFsk vs NGNT, p = 5.86 × 10–7; +48 ± 5% HGKCl vs HGNT, p = 0.012; +48 ± 8% HGFsk vs HGNT, p = 0.038; F2.60 = 191.32 for Bdnf, +109 ± 7% NGKCl vs NGNT, p = 1.06 × 10–7; +215 ± 13% NGFsk vs NGNT, p = 6.85 × 10–7; +20 ± 2% HGKCl vs HGNT, p = 0.006; +19 ± 4% HGFsk vs HGNT, p = 0.015; Figure 2C). Moreover, molecules activating CREB enhanced the expression of both SYT2 and SYT4 genes. More importantly, glucose excess lowered the transcription of synaptotagmins and abolished their CREB activity-related upregulation reproducing in vitro the molecular changes observed in vivo (F2.60 = 286.79 for SYT2, +203 ± 14% NGKCl vs NGNT, p = 5.36 × 10–6; +292 ± 16% NGFsk vs NGNT, p = 1.57 × 10–6; −49 ± 3% HGNT vs NGNT, p = 6.82 × 10–6; HGKCl vs HGNT, p = 0.955; HGFsk vs HGNT, p = 0.254; F2.60 = 188.26 for SYT4, +176 ± 16% NGKCl vs NGNT, p = 2.24 × 10–5; +187 ± 11% NGFsk vs NGNT, p = 5.37 × 10–7; −49 ± 5% HGNT vs NGNT, p = 1.72 × 10–5; HGKCl vs HGNT, p = 0.711; HGFsk vs HGNT, p = 0.511; Figure 2C). Our data indicate that HG negatively impacts on CREB phosphorylation and its transcriptional activity in hippocampal neurons, correlating with the impairment of synaptic protein expression.
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FIGURE 2. Glucose excess impairs both CREB phosphorylation and expression of plasticity-related genes in neurons. (A) Representative images of hippocampal neurons cultivated in media containing normal (NG, 1.0 g/L) or high glucose (HG, 4.5 g/L) levels. Scale bar: 50 μM. (B) Immunoblot analyses and bar graphs showing CrebS133 phosphorylation in NG or HG neurons treated with vehicle (NT), 20 mM potassium chloride (KCl) or 10 μM forskolin (Fsk). The experiment was repeated five times (statistics by two-way ANOVA and Bonferroni post hoc). (C) mRNA expression of cFos, BDNF, SYT2, and SYT4 in NH and HG neurons. Real Time analysis was performed in triplicate. Gene expression was normalized to Gapdh. The experiment was repeated six times using independent RNA samples (statistics by two-way ANOVA and Bonferroni post hoc). Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. not significant.




HG Inhibited the Recruitment of CREB on Both SYT2 and SYT4 Promoters

The transcription factor CREB modulates synaptic activity by modifying its binding on the promoters of neuronal genes and regulating their expression (West and Greenberg, 2011). Our data suggested that SYT2 and SYT4 might represent novel molecular targets of CREB and be involved in the HG-related alteration of synaptic function. To verify whether the HG-dependent inhibition of CREB activity was implicated in the changes of SYT2 and SYT4 expression, we first analyzed the regulatory sequences of these genes. The bioinformatics analysis revealed the presence of several putative cAMP Responsive Elements (CRE) on the regulatory sequences of both SYT2 and SYT4 (Figure 3A). Chromatin immunoprecipitation experiments from hippocampal neurons showed that CREB binds the same genomic region in a fashion inducible by KCl and Fsk (F2.60 = 102.19 for SYT2, +256 ± 31% NGKCl vs NGNT, p = 2.87 × 10–4; +308 ± 25% NGFsk vs NGNT, p = 4.63 × 10–5; F2.60 = 99.53 for SYT4, +229 ± 23% NGKCl vs NGNT, p = 4.5 × 10–5; +257 ± 25% NGFsk vs NGNT, p = 3.47 × 10–5; Figure 3B). Moreover, glucose excess affected the recruitment of transcription factor on the promoters of SYT2 and SYT4 in both basal and inducible conditions (F2.60 = 102.19 for SYT2, −51 ± 8% HGNT vs NGNT, p = 3.28 × 10–4; HGKCl vs HGNT, p = 0.422; HGFsk vs HGNT, p = 0.732; F2.60 = 99.53 for SYT4, −40 ± 8% HGNT vs NGNT, p = 3.61 × 10–3; HGKCl vs HGNT, p = 0.740; HGFsk vs HGNT, p = 0.620; Figure 3B). Accordingly, CREB-activating stimuli induced SYT4 expression in NG-treated hippocampal neurons, whereas HG decreased SYT4 at protein level and inhibited its Fsk-dependent upregulation (F2.71 = 49.66, +43 ± 4% NGKCl vs NGNT, p = 0.0019; +136 ± 15% NGFsk vs NGNT, p = 2.29 × 10–5; −22 ± 2% HGNT vs NGNT, p = 0.018; +21 ± 11% HGFsk vs HGNT, p = 0.089; Figure 3C). Moreover, SYT4 expression was significantly reduced in the hippocampi of hyperglycaemic mice (−32 ± 9%, p = 0.0102; Figure 3D). Collectively, our findings identify SYT2 and SYT4 as novel activity-dependent targets of CREB and indicate the CREB-dependent downregulation of vesicle release as a potential mechanism leading HG-dependent impairment of glutamatergic synaptic transmission.
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FIGURE 3. CREB regulates SYT4 in a glucose-dependent fashion. (A) Schematic representation of putative CRE regions identified on the promoters of SYT2 (–161 bp from transcription start site) and SYT4 (–249 and –238 bp upstream the starting codon) genes. (B) ChIP analysis of both non-specific IgG (mock) and CREB binding to the SYT2 and SYT4 promoters in NG and HG neurons stimulated with vehicle (NT), 20 mM potassium chloride (KCl) or 10 μM forskolin (Fsk). Real Time analysis was performed in triplicate. Experiments were repeated six times using independent DNA samples (statistics by two-way ANOVA and Bonferroni post hoc). (C) Immunoblot analysis and bar graphs showing the expression of SYT4 in NG or HG neurons treated with vehicle, KCl or Fsk. The experiment was repeated five times (statistics by two-way ANOVA and Bonferroni post hoc). (D) Immunoblot analysis and bar graphs showing the expression of SYT4 in the hippocampus of CTR and STZ mice (n = 6 mice; statistics by unpaired Student’s t-test). Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. not significant.




HG Alters the Basal Glutamatergic Synaptic Transmission in Autaptic Hippocampal Neurons

Our molecular data demonstrate that glucose excess can alter the expression of pre- and post-synaptic proteins in hippocampal neurons. To evaluate the functional role of glucose dyshomeostasis on glutamatergic synaptic transmission, we performed patch-clamp experiments in autaptic hippocampal neuronal cultures grown in NG or HG conditions. First, we measured the membrane capacitance of autaptic hippocampal neurons that was unchanged by HG treatment (90.5 ± 2.9 pF in NG condition vs 94.8 ± 3.0 pF in HG condition, p = 0.3994; Figure 4A).
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FIGURE 4. High glucose treatment impairs mEPSC frequency and NMDA receptor-mediated currents. (A) Quantification of membrane capacitance recorded in autaptic microcultures grown in NG (n = 31) or HG conditions (n = 30). (B) Representative traces of EPSC evoked by stimuli mimicking single action potentials recorded in NG- and HG-treated autaptic neurons. (C) Summary graphs of EPSC amplitudes recorded from autaptic neurons grown in either NG (n = 31) or HG (n = 31). (D) Example traces showing spontaneous mEPSCs from NG- and HG-treated autaptic neurons. (E) Representative mEPSC averaged traces. Summary graphs of mEPSC frequency (n = 24 per group) (F) and mEPSC amplitudes (n = 24 per group) (G). (H) Representative traces of NMDA receptor-mediated currents evoked by stimuli mimicking single action potentials and recorded in NG- and HG-treated autaptic neurons. (I) Inset: raw traces of H. Summary graphs of NMDA receptor-mediated currents amplitude (J) and decay time (K) from autaptic neurons grown in NG (n = 19) and in HG (n = 17). (L) Summary graphs of the AMPA:NMDA ratio recorded from autaptic neurons grown in either NG (n = 15) or HG (n = 14). Data are expressed as mean ± SEM. *p < 0.05; **p < 0.001; n.s. not significant. Statistic by Mann–Whitney U-test, mEPSC amplitudes were analyzed with the Kolmogorov-Smirnov test.


Glucose overload did not affect evoked basal synaptic transmission, measured as the amplitude of excitatory postsynaptic currents (EPSCs) elicited by stimuli mimicking action potentials (5.0 ± 0.4 nA in NG condition vs 5.6 ± 0.5 nA in HG condition, p = 0.4155; Figures 4B,C). Analysis of mEPSCs in autapses exposed to HG revealed a significant decrease in the mEPSC frequency (5.9 ± 0.6 Hz in NG condition vs 3.2 ± 0.4 Hz in HG condition, p = 0.0011; Figures 4D–F) whereas the mean amplitude and the kinetics of mEPSCs (i.e., rise and decay time constants) were unaffected (mEPSC amplitude: 21.5 ± 1.7 pA in NG condition vs 22.0 ± 2.0 pA in HG condition, p = 0.8928, Figures 4D,E,G; mEPSC rise time: 1.1 ± 0.1 ms in NG condition vs 1.0 ± 0.1 ms in HG condition, p = 0.5279; mEPSC decay time 3.5 ± 0.2 ms in NG condition vs 3.7 ± 0.2 in HG condition, p = 0.2995). To test whether the decrease in mEPSC frequency reflected a change in presynaptic vesicle release, we studied the paired-pulse ratio in response to two depolarizing stimuli delivered at 50 ms interval. The paired pulse ratio was not significantly different in NG and HG conditions (67.3 ± 4.9% [n = 10] and 61.7 ± 6.4% [n = 11], respectively, p = 0.5952), indicating that the HG-related depression of mEPSCs frequency was not due to changes in the initial release probability of presynaptic vesicles.

To extend our analysis to the postsynaptic side, we recorded the responses to glutamate-receptor activation by applying 100 μM glutamate through the extracellular solution perfusing the recorded neuron. In line with results on evoked EPSCs, the amplitude of the glutamatergic receptor-mediated current was not significantly different in autaptic neurons cultivated in NG or HG conditions (4.1 ± 0.4 nA vs 4.0 ± 0.5 nA, respectively, n = 14 each condition, p = 0.9910). Of note, with bath application of glutamate we stimulated the entire AMPA receptors pool expressed on cell membrane, instead of the synaptic pool only, without significantly affecting the NMDA receptors that, at resting membrane potential, are mostly blocked by extracellular Mg2+. To test whether glucose dyshomeostasis affected NMDA receptors, we measured evoked NMDA receptor-mediated currents by using a Mg2+-free external solution and suppressing the AMPA receptor-mediated component of the EPSC with 10 μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline-2,3-dione (NBQX).

Under NG conditions, hippocampal autapses depolarized with stimuli mimicking action potentials evoked robust NMDA receptor-mediated currents (2.4 ± 0.4 nA). Conversely, HG significantly reduced the NMDA receptor-mediated currents (1.5 ± 0.3 nA, p = 0.03; Figures 4H–J). Interestingly, HG also significantly changed the decay time of NMDA receptor-mediated currents (426.8 ± 28.1 ms, in NG condition and 326.2 ± 38.0 ms, in HG condition, p = 0.04; Figures 4H,K). Finally, we measured the ratio between AMPA receptor-mediated and NMDA receptor-mediated EPSCs, which is a standard test to detect changes in synaptic strength (Kauer and Malenka, 2007). Autaptic hippocampal neurons grown in HG condition displayed a significant increase in the AMPA/NMDA ratio (3.9 ± 0.5, compared with 2.6 ± 0.4 seen in the NG autaptic hippocampal neurons; p = 0.0292, Figure 4L). Collectively, our data demonstrate that glucose overload impairs glutamatergic synaptic transmission at both pre- and post-synaptic levels.



DISCUSSION

Epidemiological evidence indicated that diabetic patients are significantly more susceptible to develop cognitive impairment, and elevated blood glucose levels increase the risk of dementia in both diabetic and non-diabetic individuals (Cukierman-Yaffee, 2009; Crane et al., 2013). Several molecular mechanisms have been proposed to underlie the hyperglycaemia-related alterations of brain plasticity, including the depletion of stem cell niche, the development of brain insulin resistance, microvascular complications and neuroinflammation (Hsu and Kanoski, 2014; Fusco et al., 2016; Spinelli et al., 2019). However, how glucose overload affects synaptic transmission and plasticity remains still poorly understood. Here, we found that a well-established animal model of hyperglycaemia, i.e., the STZ-injected mice, exhibited memory deficits (Figure 1B) associated with molecular changes in the hippocampus including lower amounts of NMDA receptor subunits GluN1 and GluN2a (Figure 1C), reduced phosphorylation levels of memory-related transcription factor CREB (Figure 1C) and decreased expression of genes encoding for synaptic proteins regulating synaptic transmission and plasticity such as SYT2, SYT4 and BDNF (Figure 1D). CREB is a pivotal hub in the activity-driven neuronal gene expression (Benito et al., 2011) and its activity has been reported to be critically reduced in the context of aging and age-associated brain diseases (Zuccato et al., 2001; Cui et al., 2006; Caccamo et al., 2010). In the last years, we identified CREB as novel metabolic sensor in the brain, whose transcriptional activity was finely regulated by the nutrient availability (Fusco et al., 2012; Fusco and Pani, 2013). To deeply investigate the CREB-related molecular and functional changes due to the glucose overload on hippocampal neurons, we studied the effect of medium containing HG levels on both hippocampal primary neurons and autaptic hippocampal neurons. Exposure of neurons to HG simulated the molecular changes observed in the hippocampus of STZ mice, including the inhibition of CREB activity (Figure 2B). More importantly, HG impaired the CREB phosphorylation induced by drugs mimicking neuronal activity and abolished the upregulation of synaptotagmins 2 and 4 (Figure 2B,C). This sort of “negative priming” of activity-dependent CREB response might be mediated by the inhibition of CREB activators AMP-activated protein kinase and Sirtuin 1 in high glucose condition (Fusco et al., 2012; Peng et al., 2016). Interestingly, it has been demonstrated that SYTs, in addition to control the neurotransmitter release on presynaptic side, can also play a critical role in regulating the exocytosis of postsynaptic receptors at postsynaptic level (Wu et al., 2017). Accordingly, SYT4 mutant mice showed deficits of hippocampus-dependent learning and memory (Ferguson et al., 2000).

Our electrophysiological experiments performed in autaptic hippocampal neurons indicated that glucose excess impaired the spontaneous release of glutamate from presynaptic terminals whereas the evoked release and paired-pulse ratio were not affected (Figure 4). The decreased mEPSCs frequency we observed could be attributed to the downregulated expression of key proteins involved in synaptic vesicles fusion (Figure 2). However, other mechanisms might be also involved. First, glycaemia homeostasis imbalance has been reported to decrease intracellular Ca2+ levels (Chan and Greenberg, 1991). Another possible explanation of mEPSCs frequency alteration observed in HG-treated neurons is that the number of vesicles in presynaptic terminals and in the readily releasable pool of synaptic vesicles were different in NG- and HG-treated neurons. Furthermore, prolonged exposure to high levels of extracellular glucose may induce insulin resistance desensitizing insulin receptors. Specifically, it has been demonstrated that downregulation of insulin receptors signaling resulted in a significant reduction in the frequency of mEPSCs without affecting either the distribution of their amplitudes or the presynaptic release probability (Chiu et al., 2008; Lee et al., 2011).

To answer the fundamental question on how HG adversely impacts synapse function, we extended our analysis to the postsynaptic site by recording the NMDA receptor-mediated currents. We observed that HG differentially affected the evoked AMPA and NMDA receptor-mediated currents. Specifically, AMPA receptor-mediated currents were unaffected by HG treatment (Figures 4B,C). Conversely, we observed a significant reduction of NMDA receptor-mediated currents together with a reduction of the decay time in HG-treated neurons (Figure 4H–K). These data, including the increased AMPA/NMDA ratio observed in HG neurons, suggest that glucose dyshomeostasis preferentially targets NMDA receptors, although our Western blotting analysis performed in the hippocampus of STZ mice revealed a significant reduction of GluA2 subunits (Figure 1C). Of note, the streptozotocin-induced type 1 diabetes model is characterized by more complex metabolic changes, including drastic decrease of insulin levels and alteration of leptin signalling, which may explain the differences between our in vivo and in vitro models (MacDougald et al., 1995). NMDA is a tetrameric receptor with two obligatory GluN1 subunits and two regulatory subunits, GluN2A and GluN2B (Yashiro and Philpot, 2008). The kinetics of NMDA receptor mediated currents reflect a different subunit composition of NMDA receptors which influences their Ca2+ permeability. Faster kinetics indicates lower Ca2+ influx through NMDA receptors (Yashiro and Philpot, 2008; Lee et al., 2010). In HG neurons, we found faster NMDA decay times suggesting lower Ca2+ influx (Figures 4H,J). Thus, we are proposing that glucose excess would influence the threshold for synaptic plasticity by affecting synaptic metaplasticity. Intriguingly, spontaneous glutamate release, instead of evoked release, adjusts functional and structural plasticity threshold at single synapses by local regulation of NMDA receptors (Lee et al., 2010). Our data support the idea that dietary regimen may influence brain plasticity, at least in part, by modifying CREB activity via altered glucose metabolism homeostasis (Mainardi et al., 2012). Of note, the beneficial effects of calorie restriction on synaptic plasticity and memory were abolished in mice lacking CREB in the forebrain (Fusco et al., 2012). However, glucose excess could also negatively impact on synaptic function by changing the intracytoplasmatic Ca2+ clearance (Nakashima et al., 1996), enhancing oxidative stress (Treviño et al., 2015) and impairing astrocyte energy metabolism (Li et al., 2018).

Here, we identified novel CRE regions on the regulatory sequences of SYT 2 and SYT4 genes, which may trigger the HG-dependent changes of synaptic function (Figure 3A). A fundamental question is whether SYTs also contribute to postsynaptic responses during neurotransmission. SYT4 deficiency has been demonstrated to modify the release of neurotrophic factor BDNF at postsynaptic level (Dean et al., 2009). BDNF has been recognized as strong modulator of multiple neuronal functions including synaptic plasticity, learning and memory (Minichiello, 2009; Fusco et al., 2019). Collectively, our data provide new insights into the glucose-responsive CREB modulation of synaptic proteins regulating synaptic vesicle release. An intriguing hypothesis is that glucose availability influences the activity-dependent recruitment of CREB to the synaptotagmin promoters (Figure 3B) and the level of synaptic proteins controlling the vesicle release. The inhibition of spontaneous glutamate release together with the decrease of neurotrophin levels could contribute to synaptic function deficit observed in experimental models of diabetes. Specifically, the observed defects in mEPSC frequency may adversely affect the activity of NMDA receptors, which in turn regulate synaptic plasticity, learning and memory. Moreover, lower expression of synaptic proteins may elicit the decrease of both dendritic branching and spine density observed in experimental models of hyperglycaemia (Malone et al., 2008).

As mentioned above, hyperglicaemia and alteration of glucose homeostasis have been implicated in age-dependent cognitive decline and memory loss, although the molecular mechanisms are still elusive. Our findings reveal a novel molecular circuit that regulates synaptic transmission at pre- and post-synaptic levels involving CREB-dependent-downregulation of SYTs. A different model of insulin resistance-dependent hyperglycaemia, i.e., high fat diet (HFD)-fed mice, showed similar memory deficits and impairment of synaptic functions compared to STZ mice that were primarily attributed to aberrant protein palmitoylation (Yan et al., 2016; Spinelli et al., 2017). HFD also inhibits CREB phosphorylation in the hippocampus (Wu et al., 2018), as well as the expression of genes encoding SYT2 and SYT4 in mouse cerebral cortex (Yoon et al., 2019). However, despite sharing several functional and behavioral alterations, HFD and STZ models also differ for a number of intracellular molecular cascades relying on insulin resistance primarily occurring in the former. Future studies are needed to better understand the role of glucose-driven CREB transcriptional activity in age-dependent memory loss and its potential impact on personalized medicine approaches.
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Developing strategies to maintain cognitive health is critical to quality of life during aging. The basis of healthy cognitive aging is poorly understood; thus, it is difficult to predict who will have normal cognition later in life. Individuals may have higher baseline functioning (cognitive reserve) and others may maintain or even improve with age (cognitive resilience). Understanding the mechanisms underlying cognitive reserve and resilience may hold the key to new therapeutic strategies for maintaining cognitive health. However, reserve and resilience have been inconsistently defined in human studies. Additionally, our understanding of the molecular and cellular bases of these phenomena is poor, compounded by a lack of longitudinal molecular and cognitive data that fully capture the dynamic trajectories of cognitive aging. Here, we used a genetically diverse mouse population (B6-BXDs) to characterize individual differences in cognitive abilities in adulthood and investigate evidence of cognitive reserve and/or resilience in middle-aged mice. We tested cognitive function at two ages (6 months and 14 months) using y-maze and contextual fear conditioning. We observed heritable variation in performance on these traits (h2RIx̄ = 0.51–0.74), suggesting moderate to strong genetic control depending on the cognitive domain. Due to the polygenetic nature of cognitive function, we did not find QTLs significantly associated with y-maze, contextual fear acquisition (CFA) or memory, or decline in cognitive function at the genome-wide level. To more precisely interrogate the molecular regulation of variation in these traits, we employed RNA-seq and identified gene networks related to transcription/translation, cellular metabolism, and neuronal function that were associated with working memory, contextual fear memory, and cognitive decline. Using this method, we nominate the Trio gene as a modulator of working memory ability. Finally, we propose a conceptual framework for identifying strains exhibiting cognitive reserve and/or resilience to assess whether these traits can be observed in middle-aged B6-BXDs. Though we found that earlier cognitive reserve evident early in life protects against cognitive impairment later in life, cognitive performance and age-related decline fell along a continuum, with no clear genotypes emerging as exemplars of exceptional reserve or resilience – leading to recommendations for future use of aging mouse populations to understand the nature of cognitive reserve and resilience.

Keywords: cognitive aging, cognitive reserve, cognitive resilience, Weighted Gene Co-expression Network Analysis, quantitative trait locus mapping, Y-maze, contextual fear conditioning


INTRODUCTION

Cognitive decline with age, even in the absence of overt dementia, is common and highly heritable (Dutta et al., 2014; Reynolds and Finkel, 2015). Cognitive function in old age is an important predictor of quality of life (Pan et al., 2011, 2015), and developing strategies to improve cognitive longevity (i.e., ability to maintain high level of cognitive function into old age) will be critical as life expectancy continues to increase through modern medicine. To understand cognitive stability in aging, it is important to first consider baseline cognitive function: namely, knowing individuals’ baseline function in early adulthood is necessary to fully capture cognitive aging trajectories, and understanding how baseline cognitive function is regulated may help to inform strategies to maintain those cognitive abilities in aging. Recent studies have identified over 300 loci associated with general cognitive function and related traits in adulthood (Davies et al., 2011, 2015, 2018; Hill et al., 2014; Hibar et al., 2015, 2017; Trampush et al., 2015; Clarke et al., 2016; Krapohl and Plomin, 2016; Okbay et al., 2016; Sniekers et al., 2017; Savage et al., 2018; Zabaneh et al., 2018). Given the lack of longitudinal molecular data, and to a lesser extent, longitudinal cognitive data from human populations, it remains unclear if the mechanisms underlying baseline cognitive function also mediate normal cognitive aging. These factors are highly complex and poorly understood, despite extensive study (Harris and Deary, 2011; Bis et al., 2012; De Jager et al., 2012; Davies et al., 2014; Mukherjee et al., 2014; Zhang and Pierce, 2014; Debette et al., 2015; Lu et al., 2017; Raj et al., 2017; Tasaki et al., 2018; Yen et al., 2018; Kamboh et al., 2019; Wingo et al., 2019). Discovering high-impact targets for bolstering baseline cognitive function and enhancing cognitive longevity will facilitate the development of pharmacotherapeutics to enhance cognitive health in middle-age and beyond.

Identifying molecular networks that promote the maintenance of cognitive function in aging requires understanding of cognitive reserve and resilience. Cognitive reserve is often defined as higher baseline function (Montine et al., 2019), whereas cognitive resilience is characterized by slower cognitive decline. Reserve and resilience have often been attributed to environmental factors; for example, socioeconomic status, education level, and physical activity are all associated with greater cognitive reserve and better cognitive status in late adulthood (Arenaza-Urquijo et al., 2015; Walhovd et al., 2019; Zahodne et al., 2019). However, given the heritability of cognitive decline [∼30–60% genetic control based on twin and community studies (Swan et al., 1990; McGue and Christensen, 2001; Harris and Deary, 2011)], there is also a significant genetic component. Perhaps unsurprisingly, molecular pathways that have been implicated in mediating human cognitive aging and reserve include synaptic function (Honer et al., 2012; Arenaza-Urquijo et al., 2015; Lesuis et al., 2018; Kamboh et al., 2019; Wingo et al., 2019), mitochondrial function (Wingo et al., 2019), and inflammation (Stacey et al., 2017).

In order to fully understand molecular contributors to cognitive aging, it will be necessary to study transcriptomic, proteomic and epigenetic changes across the lifespan and how they relate to and predict changes in cognitive function. Human studies of aging often recruit participants in middle age and necessarily collect brain tissue postmortem, at which point molecular signatures of those processes underlying the onset and progression of cognitive aging may have been ongoing for decades. Even studies that begin sampling cognitive function earlier in life are unable to capture molecular changes within the brain until after death, which precludes the possibility of understanding early molecular regulators of cognitive reserve and resilience.

Given the challenges in studying the genetics of cognitive decline in humans, animal models of aging provide a unique and critical opportunity to study molecular mechanisms of cognitive aging, as well as cognitive reserve and resilience, across the lifespan. In this study, we utilized a novel genetic reference population, an F1 population of C57BL/6J (B6) mice crossed with 27 strains of the BXD genetic reference panel of mice (B6-BXD), to interrogate molecular mediators of baseline cognitive function and age-related cognitive decline. The advantage of working with this population of mice is: (1) a well characterized, diverse and replicable genome, (2) the ability to sample a range of cognitive domains in both longitudinal and cross-sectional manners, (3) the availability of postmortem brain tissue at multiple ages for assessing gene and protein expression, and (4) the enhanced ability to identify genetic factors in the B6 genome that may confer protection against age-related decline. With this panel, we are able to take advantage of testing reproducible genotypes in controlled environments to study how age interacts with genetic background to influence cognitive decline. As in humans, we found that individual differences in cognitive function and changes across the lifespan are highly heritable and polygenetic in nature. To reveal the underlying molecular mechanisms, we performed RNA sequencing and identified gene co-expression networks involving intracellular, organelle and neuronal function whose expression profiles were strongly associated with cognitive function and cognitive aging. Finally, we evaluated operational definitions for cognitive reserve, resilience and reserve/resilience that we pre-registered to assess whether any B6-BXD strains exemplify cognitive reserve and resilience. From this work, we provide recommendations for incorporating genetically diverse, recombinant inbred mouse populations for aging studies and developing definitions of reserve and resilience for animal studies, as these are needed to advance our understanding of the mechanisms of reserve and resilience.



MATERIALS AND METHODS


Animals

Animals were kept on a 12 h light/dark cycle and provided food and water ad libitum. Mice were group-housed (2–5 per cage). All routine procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at The University of Tennessee Health Science Center, and in accordance with the standards of the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC) and the National Institutes of Health Guide of the Care and Use of Laboratory Animals.


Generation of Ntg B6-BXD F1 Panel

Non-transgenic littermates of the AD-BXD panel were generated as described in Neuner et al. (2019). Briefly, hemizygous 5XFAD female mice on a congenic C57BL/6J background were crossed to male BXD mice (27 BXD strains). One-half of the resultant F1 offspring harbored the 5XFAD transgene to represent a familial Alzheimer’s disease population (AD-BXDs). The remaining half of the resultant F1 offspring did not inherit the 5XFAD transgene and were thus “normal aging” controls. Data collected from non-transgenic F1 population (B6-BXD) were comprehensively analyzed and interpreted here, though some behavioral and molecular data from these non-transgenic littermates was made available to the research community as controls for the AD-BXD panel first reported in Neuner et al., 2019. Because we had more thorough representation of female animals, we focused our behavioral and transcriptomic analyses on females only for this manuscript.




Behavioral Analysis, Phenotype Derivation

Behavioral tasks (Figure 1A) were described in Neuner et al., 2019; a subset of these animals (i.e., all female non-transgenic animals) are described here. A total of 192 animals were included in the present analyses, and these animals numbers per strain, age, and assay may be found in Supplementary Table S1. Y-maze was conducted at both 6 months (n = 171) and 14 months (n = 100), with animals in the 14 months cohort having been previously tested at 6 months. The same cohort underwent contextual fear conditioning as a terminal assay at either 6 months (n = 83) or 14 months (n = 106). Brief descriptions of each phenotyping task are described below.
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FIGURE 1. Schematic of our pipeline to identify mechanisms underlying cognitive function and aging. (A) We cognitively tested a large cohort of B6-BXD mice using y-maze (working memory) and contextual fear conditioning (short- and long-term memory). We performed quantitative trait locus (QTL) mapping on all traits. (B) We also performed bulk RNA sequencing of the hippocampus to identify molecular candidates mediating age-related cognitive decline. We analyzed transcriptomic data on a network level to identify gene networks underlying cognitive traits and age-related decline, as well as gene ontology (GO) terms summarizing the function of those networks. We also performed individual gene analysis, including identifying network hub genes and genes with high-impact sequence variants to prioritize genes within networks that underlying variation in cognitive decline.



Y-Maze

To assess working memory function, mice were placed in a clear acrylic Y-maze for 8 min. External visual spatial cues were placed approximately one foot outside of the maze. Mouse movement was recorded with a video camera and spontaneous alternations were tracked by Any-Maze software. Spontaneous alternations were defined as successive entries into each arm before re-entering any arm. Chance performance was defined as less than 50% correct spontaneous alternations. Animal order was randomized, and experimenters were blind to mouse strain, age, and genotype.



Contextual Fear Conditioning

To assess contextual fear acquisition (CFA) and long-term contextual memory (CFM), animals underwent a standard contextual fear conditioning paradigm (Neuner et al., 2015). Training consisted of a 150 s baseline period followed by four footshocks (1 s, 0.9 mA) separated by 140 ± 5 s. A 40 s period following each shock was considered the postshock (PS) interval. Total freezing during the fourth PS interval (PS4) was defined as CFA. To measure CFM, animals were placed in the same chamber 24 h later for 10 min with no footshocks. Percent time spent freezing during training and testing was determined using FreezeFrame software.



Decline Scores

Age-related decline on memory function was determined by subtracting performance at 6 months from performance at 14 months to achieve a strain average “decline score” in each memory assay.




Heritability Calculations

Heritability of behavioral phenotypes was calculated as a ratio of genetic variance to total variance (genetic + environmental variance), normalized to the number of biological replicates per strain (i.e., h2RIx̄; Figure 1A). Heritability scores can range from 0 to 1.0, with an h2RIx̄ = 1.0 indicating that 100% of the variance in that trait is controlled by genetics (Belknap, 1998).



Trait and Module QTL Mapping

Genotypes for BXD strains were obtained from GeneNetwork.org. Quantitative trait locus (QTL) mapping was performed using the R package qtl2 (Broman et al., 2019) using the LOCO method for kinship correction (Figure 1A). Permutation tests (1,000) were used to determine statistical significance. Power calculations and percent variance explained were calculated using the R package qtlDesign and reported in Table 1.


TABLE 1. Heritability and QTL power calculation results for each cognitive trait.
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RNA Sequencing

RNA sequencing data from the present cohort has been previously reported in part in Neuner et al. (2019). The previous publication focused primarily on RNA expression in the 5XFAD-positive transgenic littermates (AD-BXDs) of the non-transgenic mice included herein, with expression data presented for certain genes of interest in transgenic mice in relation to non-transgenic mice. Here, we focus on the female non-transgenic B6-BXD mice only and the gene networks relevant to normal cognition and cognitive aging (Figure 1B). Sequencing methods were also described in Neuner et al. (2019). Briefly, hippocampi were snap-frozen at 6 m and 14 m (n = 39 for 6 months, n = 45 for 14 months) immediately following contextual fear conditioning, and RNA was isolated using a Qiacube and RNeasy Mini kit (Qiagen). Libraries were prepared using Truseq Stranded mRNA Sample Preparation Kit and sequenced by 75 bp paired-end sequencing on an Illumina HiSeq2500. We aligned reads from the non-transgenic female cohort to a diploid B6/D2 transcriptome using the EMASE pipeline (Raghupathy et al., 2018). Genes were filtered to require an average of at least 1 transcript per million in 50% of the samples and averaged across age and strain for downstream analyses. 15,327 genes survived this filter and were included in our final analyses.


Gene Co-expression Network Analysis

Co-expressed gene modules were generated from 6-months, 14 months, and population-wide female non-transgenic B6-BXD RNA-seq data by Weighted Gene Co-expression Network Analysis (WGCNA) (Langfelder and Horvath, 2008). A minimum module size of 30 was implemented, and the modules were assembled by block-wise network construction. In this study, the power β with scale-free R2 > 0.80 was adopted as a soft-thresholding index to construct a scale-free co-expression network. Module eigengene expression values from each module were used for downstream analyses.



Hub Gene Analysis

Module hub genes were defined as the gene with the highest connectivity in each module and identified using the function “chooseTopHubInEachModule” in the WGCNA R package.



Trait-Expression Correlations (Figure 1B)

To identify modules that were significantly associated with each given trait, we calculated the Pearson’s correlation coefficient of the module eigengene with each cognitive trait. Co-expression modules were identified as showing significant associations with a trait with an FDR < 0.05.



Co-expression Module Characterization (Figure 1B)

To characterize genes within our WGCNA modules, we performed functional enrichment analysis using the R package anRichment. Results were filtered to include only “Biological process” and “Molecular function” GO terms. FDR < 0.05 was used as the threshold to identify GO terms/pathways significantly enriched within each of the modules.




Identification of Sequence Variants

For genes of interest, we used the Sanger Mouse Genomes Project SNP Query tool1 to identify sequence variants (SNPs, Indels, and structural variants) between the C56BL/6J and DBA/2J mouse strains, the parental strains of the BXD panel. Variant consequences are predicted using the Ensembl Variant Effect Predictor.



Statistics

Statistics were completed in R and figures were generated using the R packages ggplot2 (cognitive performance, reserve/resilience plots), corrplot (correlation matrices), and qtl2 (QTL plots), or Microsoft Excel (module enrichment plots). Significance thresholds were set to alpha = 0.05 and adjusted for multiple corrections as specified.




RESULTS


Working Memory Is Heritable, Polygenetic, and Regulated by Cellular Metabolism Transcriptomic Pathways

We assessed hippocampus-dependent working memory by measuring spontaneous alternations in y-maze at both 6 months and 14 months of age (Figure 2A). A majority of strains had a mean performance above chance (i.e., 50% spontaneous alternations) at 6 months, demonstrating that these mice were generally able to perform this task at baseline. We also performed one-sample t-tests within each strain (with n > 2) to identify which strains performed statistically significantly above chance. Several strains did not perform significantly above chance levels (CI = 99%; see Supplementary Table S2 for a summary of these one-sample t-tests), though this is likely due to reduced power given the relatively low number of biological replicates per strain required for such a study using a genetic reference panel. By 14 months, two of the 25 strains tested (B6-BXD62 and B6-BXD14) had a mean (±standard error) performance below chance, indicating vulnerability to cognitive impairment by middle age, and all but three strains (B6-BXD56, B6-BXD77, B6-BXD81; see Supplementary Table S3 for a summary of these t-tests) were performing statistically equal to chance by one-sample t-tests. We then calculated heritability, h2RIx̄, to determine the proportion of trait variation that is genetically controlled. Heritability of working memory improved with age (h2RIx̄ = 0.51 at 6 months vs. 0.62 at 14 months – or 51% and 62% of the variance at 6 and 14 months, respectively, may be attributed to genetic factors) (Figure 2B and Table 1). Such high heritability of working memory implies genetic control; to identify potential genetic drivers of these traits, we performed QTL mapping. QTL mapping revealed no single locus controlling a significant proportion of the variance on performance on y-maze at either 6 months or 14 months of age (Figure 2C), or combined with age as a covariate (data not shown). We then employed RNA sequencing to identify mechanisms underlying the variation in working memory.
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FIGURE 2. Variation in working memory is heritable in early adulthood (6 months) and middle age (14 months) but is not significantly controlled by a single genetic locus. (A) We used the y-maze as a test of working memory in B6-BXD mice at both 6 months and 14 months. In this version of the y-maze test, we used visual cues placed outside of the maze and allowed the mouse to freely explore each arm. Entering each of the three arms in succession was considered a successful spontaneous alternation (“Spon Alt”). (B) Performance on the y-maze test is heritable (h2RIx̄ = 0.51 at 6 months and 0.62 at 14 months). (C) Quantitative trait locus mapping indicated that no single genetic locus contributed significantly to performance on the y-maze at either age, suggesting that working memory is a polygenetic trait. (D) The relationship between each WGCNA module eigengene expression and cognitive function at 6 months was assessed using Pearson correlations. Significant correlations are represented by blue (positive correlation) or red (negative correlation) shading, with color intensity corresponding with correlation strength. Four WGCNA modules were associated with y-maze at 6 months: darkolivegreen, darkred, lightyellow, and saddlebrown. (E) Expression of the lightyellow module was significantly positively associated with working memory at 6 months (R = 0.57, p = 0.004); however, expression of the hub gene of this module Trio, was not significantly associated with working memory (R = −0.38, p = 0.07). (F) Two modules at 14 months were significantly correlated to performance on y-maze at 14 months: greenyellow and darkolivegreen. QTL significance thresholds: red line, alpha = 0.05; black line, alpha = 0.33.


We performed weighted gene co-expression network analysis (WGCNA) from 6 to 14 months RNA-seq data to identify clusters of genes (i.e., modules) that have highly correlated expression across our population. We calculated Pearson’s correlations for expression of each module (i.e., expression of the module eigengene) with cognitive function at concurrent time points (i.e., 6 months RNA expression to 6 months phenotypes and 14 months RNA expression to 14 months phenotypes) to determine which modules were most likely underlying working memory. To characterize each module, we identified the hub gene most highly connected within the module, and performed gene ontology (GO) enrichment to describe biological pathways and molecular functions associated with each module. Four WGCNA modules were significantly positively associated with strain differences in working memory performance at 6 months (Figure 2D). These modules were associated with functions encompassing cellular metabolism (lightyellow; R = 0.62, nominal p-value = 0.004; 23 significant GO terms by FDR < 0.05), RNA and protein localization (saddlebrown; R = 0.56, p-value = 0.02; 9 significant GO terms by FDR < 0.05), DNA stability (darkred; R = 0.47, p = 0.049; 36 significant GO terms by FDR < 0.05), and receptor recycling (darkolivegreen, p-value = 0.02; 9 significant GO terms by FDR < 0.05) (see Table 2 for hub genes and top GO significant terms by enrichment ratio for these modules). The most strongly correlated module, lightyellow, was regulated by its hub gene, Trio, a guanine nucleotide exchange factor. Trio is important in neuronal development and synapse function and has been previously associated with cognitive ability: mutations in TRIO lead to intellectual disability in humans (Ba et al., 2016; Pengelly et al., 2016), and hippocampal and cortical knockout of Trio leads to impaired learning in memory in mice (Zong et al., 2015). There is one missense variant in Trio in the DBA/2J genome compared to the C57BL/6J genome. This variant (Chr 15:27752684, a/c) is within the coding region of Trio and results in a change from a valine to glycine and has a SIFT (Sorting Intolerant From Tolerant) score of 0, indicating a deleterious effect on protein expression. This indicates that there is likely differential function of Trio across our B6-BXD cohort that may disrupt the larger lightyellow network, associated cellular metabolism pathways, and ultimately working memory ability (Figure 2E).


TABLE 2. Top GO terms and hub genes for 6 months gene modules significantly associated with 6 months cognitive function.
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At 14 months, working memory was correlated with the two modules, only one of which (greenyellow) was significantly enriched for GO terms (R = −0.48, p-value = 0.008; 31 significant GO terms by FDR < 0.05; Figure 2F and Table 3). This module was enriched for genes associated with DNA binding and metabolism pathways, and is regulated by its hub gene, Ptpn6–a protein tyrosine phosphatase. Ptpn6 has not previously been associated with learning and memory, though protein stability and specifically protein phosphatases are important for learning, memory, and synaptic functions (Graff et al., 2010). These data suggest that disrupted nucleic acid metabolism may be associated with poorer cognitive function in aging.


TABLE 3. Top GO terms and hub genes for 14 months gene modules significantly associated with 14 months cognitive function.
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Contextual Fear Acquisition and Memory Are Not Significantly Regulated by Specific Genomic Loci

To assess hippocampus-dependent acquisition of contextual fear memory in young adulthood, animals underwent contextual fear conditioning (Figure 3A). Acquisition of contextual fear conditioning (CFA) was highly heritable, as measured by comparing within strain versus across strain variability using percent freezing during the interval following the fourth shock (postshock 4 interval; h2RIx̄ = 0.69 at 6 months) (Figure 3B). The high degree of heritability indicates strong genetic control, therefore we performed QTL mapping for CFA (using mean freezing in the final postshock interval) and did not identify any locus significantly associated with this trait. Similarly, although contextual fear memory was also highly heritable (CFM; h2RIx̄ = 0.64 at 6 months), we did not identify any loci significantly associated with contextual fear memory, suggesting polygenetic control of long-term contextual fear memory at 6 months (Figure 3C).
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FIGURE 3. Variation in short- and long-term memory is heritable and not controlled by a single genetic mechanism at 6 months of age. (A) B6-BXD mice underwent contextual fear conditioning to assess short- and long-term memory. Mice received four mild footshocks and were tested for contextual memory by measuring freezing 24 h later. (B) Contextual fear acquisition, or freezing during the postshock 4 (PS4) interval, was heritable (h2RIx̄ = 0.69) at 6 months. QTL mapping revealed that no locus was significantly associated with performance on contextual fear acquisition. (C) Contextual fear memory performance is also highly heritable (h2RIx̄ = 0.64); however, QTL mapping failed to identify significant loci controlling contextual fear memory. (D) Four WGCNA modules were associated with contextual fear conditioning traits at 6 months: CFA was significantly associated with the lightgreen and black modules’ expression. CFM was significantly associated with the paleturquoise and red modules’ expression. QTL significance thresholds: red line, alpha = 0.05; black line, alpha = 0.33.




Contextual Fear Acquisition and Memory in Young Adulthood (6 Months) Are Associated With Gene Networks Involved in Cell Metabolism and Gene Transcription

Here, we turned to WGCNA to identify gene co-expression networks underlying performance on CFA and CFM (Figure 3D). CFA at 6 months was significantly associated with two WGCNA modules (Figure 3D). The module with the strongest positive association with CFA, lightgreen (R = 0.34, p-value = 0.01), was significantly enriched for 39 GO terms encompassing cellular metabolism and gene transcription (FDR < 0.05). Similarly, the red module was significantly positively associated with CFM (R = 0.43, p-value = 0.04) and was also significantly enriched for 50 GO terms encompassing gene transcription and protein synthesis pathways (FDR < 0.05; See Table 2 for top GO terms and hub genes for these modules). These data highlight the requirement of synapse remodeling and protein expression changes in learning and memory consolidation in a task such as fear conditioning (Alberini and Kandel, 2015).



Wide Variation in Cognitive Performance of 14 Months (Middle-Aged) Mice Is Regulated by Networks Involved in Gene Transcription

We then looked at performance on contextual fear conditioning in middle age (14 months). Although performance on both CFA and CFM was highly heritable at 14 months (CFA: h2RIx̄ = 0.68 at 14 months; CFM: h2RIx̄ = 0.74 at 14 months; Table 3), QTL mapping revealed no genome-wide loci associated with either CFA or CFM at 14 months (Figure 4A), again hinting at the highly polygenetic nature of these traits. To interrogate the molecular underpinnings of phenotypic variation of contextual fear conditioning in middle age, we again turned to WGCNA. Here, two modules were significantly positively correlated with CFA (tan: R = 0.41, p-value = 0.049, 37 significant GO terms by FDR < 0.05; plum1: R = 0.40, p-value = 0.03, 1 significant GO term by FDR < 0.05), and no modules correlated with CFM in middle age (Figure 4B). Similar to modules underlying CFA and CFM at 6 months, networks important in gene transcription and biosynthesis (tan module), and protein transport (plum1 module) were important in regulating CFA at 14 months (see Table 4 for top GO terms and hub genes for these modules).
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FIGURE 4. Contextual fear conditioning performance in middle age is also highly heritable and polygenetic, and is associated with neuronal function. (A) Contextual fear acquisition and contextual fear memory were both highly heritable at 14 months (CFA: h2RIx̄ = 0.68, CFM: h2RIx̄ = 0.74), though we did not identify any significant locus associated with CFA or CFM in middle age. (B) We identified two WGCNA modules that were associated with CFA, but not CFM, at 14 months.



TABLE 4. Top GO terms and hub genes for 6 months gene modules significantly associated with later (14 months) cognitive function and/or decline.
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Age-Related Cognitive Decline Is Polygenetic and Predicted by 6 Months Neuronal Gene Networks

One strength of our B6-BXD model of cognitive aging is that each strain has a stable, reproducible genome and as such may be resampled to assess individual strain differences age-related cognitive decline. In general, in our B6-BXD population, cognitive performance declined with age. We found a significant main effect of age on y-maze by ANOVA (F = 18.54, p < 0.001), though there was no significant effect of age by ANOVA at the population level on contextual fear memory traits (CFA: F = 0.422, p = 0.52; CFM: F = 2.48, p = 0.11). We then calculated a “decline score” for each strain on each trait: this was done by subtracting strain average performance at baseline (6 months, adult) from performance at 14 months (middle-aged).

The majority of strains (17/24) showed poorer working memory at 14 months compared to 6 months (Figure 5A). However, only about half of the strains exhibited declined on CFA and memory, 12/22 and 14/22, respectively with age, and some performed better at mid-life (Figures 5B,C). These data indicate strong individual differences in cognitive decline that may be genetically controlled and resolved through genetic mapping. We thus performed QTL mapping on cognitive decline scores generated for working memory, CFA and CFM, and did not identify any loci significantly associated with cognitive decline on any of the traits measured. These data suggest that, like in the human population, complex polygenetic interactions determine the rate of cognitive decline in our mice, where no single locus had a sufficiently large effect size for us to detect given our sample size (Figures 5A–C). This finding is another indication of the translational relevance of our model; an additional advantage this model has over human populations is that we were then able to turn to longitudinal hippocampal brain transcriptomic co-expression networks to interrogate the molecular networks underlying decline. We observed several strong associations between gene expression in earlier adulthood (6 months) and later performance and decline on contextual fear conditioning (14 months), with 13 modules’ expression at 6 months significantly correlated with performance and/or decline on one or more of the measured cognitive domains (Figure 5D). These modules were enriched largely for neuronal pathways and gene transcription. In particular, myelination and synaptic function at 6 months were strongly associated with later cognitive function and decline (see Table 4 for top GO terms and hub genes for each module). This suggests that maintenance of cognitive function through middle age may be particularly regulated by both neuronal function and gene transcription/protein stability. More broadly, the strong relationships between hippocampal gene expression in earlier adulthood and mid-life cognitive performance suggests that age-related cognitive decline is sensitive to early life molecular processes, and that interventions to prevent age-related cognitive decline should target these early perturbations in relevant gene networks.
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FIGURE 5. Cognitive decline is polygenetic and may be predicted by early life gene co-expression networks. (A) B6-BXD strains generally declined on working memory between 6 and 14 months of age, though there was wide variation in degree of change. QTL mapping revealed no significant locus regulating this decline. (B,C) B6-BXD strains showed a wide range in change in performance on contextual fear conditioning between 6 and 14 months. Again, no single locus was associated with decline on either contextual fear acquisition or memory. (D) We identified several WGCNA modules whose expression at 6 months were significantly associated with later performance and/or decline on contextual fear acquisition and memory.




Characterization of Cognitive Reserve and Resilience in the B6-BXDs

To assess whether higher baseline cognitive function results in better cognitive function in aging (i.e., early cognitive reserve conferring protection against later decline) (Cook and Fletcher, 2015; Lesuis et al., 2018; Bettcher et al., 2019; Walhovd et al., 2019; Zahodne et al., 2019), we compared baseline cognitive function at 6 months to later cognitive performance at 14 months. To do this, we plotted later (14 months) performance as a function of earlier (6 months) performance and calculated the Pearson’s R to assess whether there was a correlation between early life and midlife cognitive function. We saw no association between early y-maze performance and later y-maze performance (Figure 6A; R = 0.11, p = 0.61), suggesting that better performance at young ages on this task does not confer protection against decline in working memory. However, better performance on contextual fear CFA and CFM in adulthood predicted superior memory performance on CFM in middle-aged mice (Figures 6B,C; CFA: R = 0.46, p = 0.03; CFM: R = 0.43, p = 0.04). These data suggest short-term and long-term memory performance later in life is protected to some degree by either having greater cognitive reserve evident in early adulthood or cognitive resilience protecting against decline in midlife. To further clarify this, we next asked whether higher baseline (6 months) function protected against cognitive decline. In fact, higher performance at 6 months generally resulted in greater decline by 14 months (Figures 6D–F), which may simply reflect the mathematically greater potential for decline in baseline high-performers, or it may reflect the ability of greater cognitive reserve to protect against cognitive impairment even when an individual experiences cognitive decline from their own baseline.
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FIGURE 6. Early performance on contextual fear memory, but not y-maze, predicts later performance. (A) Pearson’s correlation indicates no significant relationship between early (6 months) and later (14 months) performance on the y-maze test (R = 0.11, p = 0.61). Gray dashed lines in the y-maze plot indicate 50% spontaneous alternations, or chance performance. Performance below 50% indicates cognitive impairment on this test. Error bars represent standard error. (B,C) Pearson’s correlation indicates that early (6 months) performance on contextual fear conditioning predicts later (14 months) performance by both CFA and CFM. Better performance at 6 months predicts better relative performance at 14 months (R = 0.46, p = 0.03 for CFA; R = 0.43, p = 0.04 for CFM). (D–F) Pearson’s correlations indicate that higher performance in early adulthood (6 months) is associated with greater decline by midlife (14 months), particularly in short- and long-term memory (R = −0.37, p = 0.06 for y-maze; R = −0.58, p = 0.004 for CFA; R = −0.46, p = 0.03 for CFM). ∗p < 0.05; ∗∗p < 0.01.



Working Definition of Cognitive Reserve and Resilience

Because our population-level data hinted at a role for cognitive reserve or resilience protecting against midlife cognitive decline, we sought to objectively operationally define cognitive reserve and resilience using our B6-BXD population and identify individual strains which may represent these cognitive aging strategies. In Figure 7A, we demonstrate hypothetical cognitive trajectories for normal aging (black line), dementia (red), and cognitive aging in populations with cognitive reserve (pink) and/or resilience (blue, green). In these latter cases, cognitive decline is buffered by cognitive reserve and slowed by cognitive resilience. We expected that a small number of B6-BXD strains might exemplify either cognitive reserve or resilience by middle-age given the variation in cognitive decline we observed, so we first objectively defined reserve and resilience, preregistered these definitions, and then tested whether any strains in our population met these criteria. This definition and identification of potential “strains of interest” will be particularly useful for future studies – both using the BXD panel to more deeply characterize resilience and reserve within these strains, and also to inform human studies toward a more mechanistic definition of “reserve” and “resilience” based in the biological processes underlying these characteristics.
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FIGURE 7. Complex cognitive trajectories in aging may be modeled in the B6-BXD mice. (A) Visualization of idealized data exemplifying cognitive functional decline in normal aging (gradual decline after midlife; black line), dementia (rapid decline to impairment in midlife; red line), cognitive reserve (higher baseline; pink line), cognitive resilience (slower decline; blue line), or both cognitive reserve and resilience (green line). Individuals with intellectual disability or impaired performance at baseline (orange line) are typically excluded from human studies in cognitive aging. (B,C) We identified strains displaying suggestive reserve and/or resilience on individual cognitive measures; these strains remain only suggestively in their categories because, though strain averages fall within the limits of our definitions, within-strain variability exceeded our margins of error in every case. For individual traits, B6-BXD100 and B6-BXD56 were suggestive resilient strains, and B6-BXD69 and B6-BXD61 were suggestive reserve + resilient strains in y-maze. B6-BXD68 was a suggestive resilient strain, and B6-BXD51 and B6 homozygotes were suggestive reserve + resilient strains in CFM. Right panels: We also calculated a composite score for cognitive performance across three traits (y-maze, CFA, and CFM) by summing the z-score for each trait within each strain. B6-BXD68 was a suggestive resilient strain, and B6-BXD51 and B6-BXD56 were suggestive reserve strains. (D) Strains that had baseline (6 months) performance below the 3rd Quartile (i.e., no cognitive reserve), midlife (14 months) performance below the median (i.e., insufficient cognitive reserve), or a greater than average rate of decline (i.e., no cognitive resilience) were considered “normal agers”. For (B–E), color scheme is as in (A). Black dashed line is median, gray dashed lines are 1st and 3rd quartile. For ease of visualization, each category of aging trajectory was visualized separately. Strains with n < 2 at either time point were excluded from categorization and visualization. (E) Strains with baseline performance below the 1st quartile were considered impaired.


Cognitive reserve is commonly defined as higher cognitive function at baseline (Montine et al., 2019; Figure 7A, pink and green lines), which allows for more cognitive flexibility and buffering against cognitive decline. For our definition, we considered strains in the top quartile to display cognitive reserve. Higher cognitive function at baseline allows for “reserve capacity” to buffer against any cognitive decline, but does not necessarily stem cognitive decline. However, because cognitive reserve necessarily should protect against later cognitive impairment (regardless of decline from baseline), and because our terminal time point (14 months) is in middle age for mice, we also required strains with cognitive reserve to still function above the median population performance at 14 months. Ideally, cognitive reserve and resilience would manifest globally, or protect against impairment across cognitive domains (i.e., working, short-term, and long-term memory in our dataset), so in addition to individual cognitive traits, we also calculated a composite score for cognitive function by calculating z-scores for each strain for each cognitive trait and timepoint, and summing these scores to achieve a composite score.

Resiliency to cognitive decline is commonly defined as a relatively slow rate of decline over time (e.g., the annual rate of change in humans; Figure 7A green and blue lines) (Montine et al., 2019). Though performance across the spectrum (from “good” performers to “poor” performers at baseline) may be stable across time and thus display a type of resilience to decline, we required that strains that displayed “true” resilience to be relatively good performers at baseline (i.e., performing above the median as indicated by the black dashed line in Figures 7B–E) and to decline more slowly than average. Initially, we defined slow decline as “no significant difference from 6 to 14 months performance.” However, this criterion proved too permissive, as few individual strains exhibited significant decline after adjusting for multiple comparisons (see previous sections). Our final definition of cognitive resilience required strains start above median population performance (indicated in Figures 7B–E as the middle black dashed lines) and have an “annual rate of decline” (or decline slope) slower than average.

Finally, in identifying strains that met these definitions, we required that strain average ± strain standard error fit within these criteria. Ultimately, these strains fell along a continuum of cognitive performance and decline, and due to the within-strain variance, no single strain exemplified true reserve or resilience based on our working definition. We identified strains that may potentially fit these definitions given more thorough characterization and a higher sample size; these “suggestive” strains may be promising strains to investigate with a higher sample size to identify molecular signatures of reserve and/or resilience and are delineated in Figures 7B–E. For ease of visualization, we have plotted resilience, reserve and reserve/resilience, normal aging, and impaired strains in separate plots. Strains with an n < 2 at any given timepoint were excluded from these visualizations, as we were unable to assess within-strain variance. Strains meeting suggestive criteria for reserve and resilience included: for resilience, B6-BXD100 and B6-BXD56 for working memory and B6-BXD68 for long-term memory and in our composite cognitive score (Figure 7B, blue lines); for reserve, B6-BXD51 and B6-BXD56 with composite cognitive score (Figure 7C, pink lines); for reserve + resilience, B6-BXD61 and B6-BXD69 for working memory, and B6 and B6-BXD51 in contextual fear memory (Figure 7C, green lines). Most strains fell within “normal aging” parameters (that is, starting within the middle quartile ranges at baseline and/or not meeting our reserve/resilience criteria). In Figure 7E, we identified several strains (orange lines) whose baseline performance fell below the first quartile (lower gray dashed lines in Figures 7B–E), suggesting baseline impairment.

Further characterization of these strains to specifically test for and more deeply characterize cognitive reserve and resilience will be necessary, including aging mice much longer (e.g., to 22 months or older), though we demonstrate here that the B6-BXD population is a powerful tool to begin understanding the nature of reserve and resilience and to identify the molecular networks underlying these traits.





DISCUSSION

Genetics of cognition, cognitive decline, and cognitive reserve are highly complex and difficult to study in humans. However, as we make strides in improving lifespan, increasing cognitive longevity should become a priority in order to maximize quality of life in old age. Understanding the molecular mediators of baseline cognitive function, cognitive reserve, resiliency and susceptibility with regards to age-related cognitive decline and identification of novel pharmacological targets/pathways regulating cognitive health may allow cognitive health span to catch up to lifespan improvements afforded by modern medicine. To achieve these goals, we first need to identify models that can best address these questions. Here, we have utilized a novel model of age-related cognitive decline to extract genetic mediators of normal cognitive function and age-related decline. Because our B6-BXD population is a recombinant inbred backcross rather than a homozygous BXD population, the result is enrichment for identifying B6 effects on phenotypes by genetic mapping, and a loss of detecting recessive D2 effects. However, given the great interest in identifying genetic factors harbored by the B6 strain that confer documented resilience against cognitive impairment compared to D2 (Neuner et al., 2019), we hypothesized we would identify genetic resilience mechanisms within our population.


We Observed Heritable Variation in Cognitive Tasks and Age-Related Cognitive Decline

The heritability estimates (h2RIx̄) of working, short- and long-term memory ranged from 0.51 to 0.74, indicating that these traits are strongly genetically controlled. However, QTL mapping identified no single significant peak associated with any trait, meaning that no individual genetic locus accounted for a substantial proportion of the variance on these traits as could be detected by our sample size. These data indicate that cognitive function is polygenetic and controlled by many variants with small effect sizes, as we did not identify additional loci associated with later cognitive function or cognitive decline. This is not surprising, given recent GWAS in humans have found hundreds of SNPs associated with cognitive function and other highly complex traits (Davies et al., 2018). Given the importance of understanding the molecular contributors to cognitive function and reserve against decline with age, though, we sought to develop alternative approaches to identifying genes and pathways that mediate cognitive function and promoting cognitive reserve and resilience.



Prioritization of Molecular/Genetic Candidates of Cognitive Function and Decline in Adulthood

To complement our QTL mapping and to identify gene networks underlying complex cognitive traits, we conducted molecular experiments to identify target genes associated with cognition. We performed RNA sequencing followed by weighted gene co-expression analysis (WGCNA), and measured the association of WGCNA modules and individual genes with level of cognitive performance and decline. We identified pathways and highly interconnected “hub” genes from our WGCNA modules, which are functionally important within gene networks and may represent candidate genes and mechanisms underlying “normal” cognitive aging. Given that cognitive function and decline are incredibly complex and are affected by a wide range of factors, we hypothesized that associated gene networks would be more biologically relevant than single candidate genes, and provide more insight to the mechanisms underlying cognitive function and decline. These gene networks, in turn, may be manipulated therapeutically by targeting their hub genes with the goal of enhancing cognitive function in aging. Perhaps unsurprisingly, the modules that were most significantly associated with cognitive function in adulthood were enriched for GO terms associated with cellular metabolism and transcription/translation, highlighting the importance of physical remodeling of synapses in learning and memory through regulation of gene transcription and protein expression/localization (Alberini and Kandel, 2015). Notably, evidence from postmortem human brain studies suggest that synapse or dendritic spine remodeling is a primary neurobiological mechanism of cognitive resilience to aging and Alzheimer’s disease pathology (Boros et al., 2017, 2019).

As with baseline cognitive function, we also identified gene networks that primarily included neuronal, transcription/translation, and cellular metabolism functions as underlying cognitive decline. This was in contrast to our previous analyses of our genetically diverse population of mice with familial Alzheimer’s disease mutations (AD-BXDs; Neuner et al., 2019), where we observed largely neuroinflammatory pathways as underlying AD-related cognitive decline. Our AD-BXD and B6-BXD populations did have pathways enriched in neuronal function in common. These findings suggest that an individual’s risk for disease-related cognitive decline versus “normal” aging mechanisms may have some common elements (e.g., neuronal function); though we also observe an interesting divergence in pathways, where disease may be regulated by neuroinflammatory processes, and normal aging may be regulated by cell metabolism and maintenance of proper gene expression and nucleic acid stability.

Intriguingly, we identified the strongest and most numerous gene co-expression network-trait associations between 6 months gene expression and later cognitive function and decline. This indicates that variation in gene expression in early adulthood may likely determine cognitive decline, rather than later gene expression perturbations being most significant to underlying in cognitive decline. In addition to implying that interventions must happen early in order to curb age-related cognitive decline, this also highlights the value in collecting behavioral data and brain molecular information at early time points, a process which is impossible in human studies. Thus, to understand the molecular mechanisms of cognitive aging, we need to focus on animal models such as our B6-BXD population where we are able to sample timepoints across the lifespan.



Identifying Strains Characterized by Cognitive Reserve and Resilience in the B6-BXD Population

Finally, we assessed whether we observe cognitive reserve and resilience in our population of mice. In human literature, cognitive reserve and resilience are inconsistently defined, which has contributed to a general lack of focus in understanding of the mechanisms underlying these processes. For example, many studies use “years of education”–or related measures such as being multilingual or having a cognitively engaging occupation–as a proxy for cognitive reserve. Defining cognitive reserve in this way is problematic for multiple reasons: namely, though the two are often correlated, we do not believe that socioeconomic opportunity is intrinsically required for cognitive reserve. Additionally, to study cognitive reserve in animals–and the genetic basis thereof–we also cannot rely on external factors such as education that are inapplicable to animals. Cognitive reserve is likely plastic and may be enhanced by environmental enrichment in both humans and animals – an additional goal of our laboratory will be to evaluate individual differences in how environmental enrichment may enhance cognitive reserve.

Cognitive resilience has also been inconsistently defined in the literature and often implies resilience to disease-related processes, such as atrophy or neurodegenerative disease pathologies. We sought to define cognitive resilience behaviorally, and in the future will extend this definition to identify anatomical, cellular, molecular signatures of cognitive resilience to maximize translatability to human studies (Bettcher et al., 2019). Namely, we required that cognitive resilience was characterized by slow (or non-existent) cognitive decline over time. Our late-life timepoint for measuring cognitive function was 14 months, which approximates middle age. Although 14 months is not considered “aged” for these strains of mice, this does raise an important point in the context of translatability of these measures: in human studies, participants are typically enrolled in mid-life when some degree of cognitive decline may have already occurred, even if “control” participants are still performing cognitive tasks well. A strength of our mouse model is the ability to sample both cognitive and molecular data at early time points to relate early changes with mid- and late-life cognitive function. Our observation that gene perturbations in early adulthood (i.e., 6 months) may be more important in regulating cognitive decline than later transcriptomic changes indicates that human studies may be starting too late to fully characterize reserve and resilience trajectories and mechanisms. On the other hand, our study likely ended too early (middle age) and thus we were unable to observe robust effects of cognitive resilience. It is likely that to truly identify cognitive resilience to age-related decline, we will need to observe cognitive function through late life, or to at least a 22–24 months timepoint.

Ultimately, we established a stringent set of criteria to operationally define cognitive reserve and resilience in the B6-BXD population that may be extended to other animal models as well as human studies. First, we required that animals with cognitive reserve have baseline functioning in the upper quartile. We expected that cognitive reserve would vary based on cognitive domain – that is, strains could display cognitive reserve as measured by one or a subset of tasks. We also expect that cognitive reserve functions to protect against cognitive impairment with age, so we also required that strains would still be performing at or above median performance by 14 months.

We expected the effects of cognitive resilience to be global and exhibit protection against decline across cognitive domains. In this case, we required strains with cognitive resilience to start at or above the median population performance. We also required that there be no significant decline in cognitive function between 6 and 14 months. To fit within these criteria, strains would have to perform on average, ±standard error, within their category. In our population, we did not observe sufficient evidence to identify true exemplars of cognitive reserve or resilience, though we were able to identify multiple strains that may represent either cognitive reserve, resilience or both. Thus, with our criteria, we will need additional biological replicates per strain, and likely additional strains, to fully capture cognitive reserve and resilience. This highlights the main advantage of our mouse model of normal aging: because each strain has a replicable genome, we are able to add biological replicates to more deeply characterize any strain or trait of interest. In the future, we will expand our studies to include more strains, more animals per strain, and extended timepoints in order to capture the a more precise picture of within-strain performance and a full range of cognitive performance and decline. This will allow us to identify molecular signatures of cognitive reserve and resilience in our B6-BXD population, and – most importantly – assess the translational potential of these findings to human studies. By establishing objective definitions of cognitive reserve and resilience, and by identifying mouse models of these traits, we will be able to inform human studies of candidate molecular mechanisms for successful cognitive aging that may, in turn, be used to develop therapeutics to prevent age-related cognitive impairment.




CONCLUSION

Harnessing the underlying mechanisms of cognitive reserve and resilience will be a promising strategy to maintaining cognitive health until late life. Our understanding of the molecular underpinnings of reserve and resilience have been limited, but the development and usage of animal models of these processes, such as the B6-BXD recombinant inbred lines described herein, will provide an unprecedented opportunity to interrogate the early molecular mechanisms thereof and translate these findings to humans.
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Neurogenesis persists during adulthood in the dentate gyrus of the hippocampus. Signals provided by the local hippocampal microenvironment support neural stem cell proliferation, differentiation, and maturation of newborn neurons into functional dentate granule cells, that integrate into the neural circuit and contribute to hippocampal function. Increasing evidence indicates that Wnt signaling regulates multiple aspects of adult hippocampal neurogenesis. Wnt ligands bind to Frizzled receptors and co-receptors to activate the canonical Wnt/β-catenin signaling pathway, or the non-canonical β-catenin-independent signaling cascades Wnt/Ca2+ and Wnt/planar cell polarity. Here, we summarize current knowledge on the roles of Wnt signaling components including ligands, receptors/co-receptors and soluble modulators in adult hippocampal neurogenesis. Also, we review the data suggesting distinctive roles for canonical and non-canonical Wnt signaling cascades in regulating different stages of neurogenesis. Finally, we discuss the evidence linking the dysfunction of Wnt signaling to the decline of neurogenesis observed in aging and Alzheimer’s disease.
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INTRODUCTION

The subgranular zone (SGZ) of the hippocampal dentate gyrus is one of the neurogenic niches of the adult brain where the generation of new neurons persist during adulthood. Compelling evidence indicate that this process is conserved in mammals including humans (Eriksson et al., 1998; Roy et al., 2000; Coras et al., 2010; Knoth et al., 2010; Spalding et al., 2013; Dennis et al., 2016; Mathews et al., 2017; Boldrini et al., 2018; Moreno-Jimenez et al., 2019; Tobin et al., 2019). New neurons are generated from radial glia-like neural stem cells (NSCs) located in the SGZ, that express nestin, glial fibrillary acidic protein (GFAP) and Sox2 (Kempermann et al., 2004; Bonaguidi et al., 2011). These NSCs, also referred as type 1 cells, are slowly dividing or quiescent, and after activation proliferate asymmetrically and give rise to highly proliferate intermediate progenitor cells or type 2 cells, that transition between type 2a cells and neuronal committed type 2b cells (Kronenberg et al., 2003). Type 2b cells differentiate into neuroblasts or type 3 cells that develop into immature neurons and subsequently to mature granule cells, that become integrated into the hippocampal circuitry (van Praag et al., 2002; Ge et al., 2006; Zhao et al., 2006; Toni and Schinder, 2015). In rodents, these stages are well characterized by morphological features, and the expression of specific markers (Kempermann et al., 2004; Encinas et al., 2011). Among these, doublecortin (DCX) is transiently expressed, from neuronal committed progenitor cells until newborn cells begin to express mature neuronal markers (Brown et al., 2003). Thus, DCX has been a crucial marker used for the identification of newborn neurons in the adult human dentate gyrus (Knoth et al., 2010; Dennis et al., 2016; Boldrini et al., 2018; Moreno-Jimenez et al., 2019; Tobin et al., 2019).

Although the role of adult hippocampal neurogenesis has been challenging to determine in humans, increasing evidence in rodents and non-human primates indicate that adult-born neurons contribute to the structural and functional plasticity of the hippocampus (Snyder et al., 2001; Lacefield et al., 2012; Marin-Burgin et al., 2012; Toni and Schinder, 2015; Drew et al., 2016), and to spatial learning and memory, cognitive flexibility, mood regulation and pattern separation (Deng et al., 2010; Aimone et al., 2011; Denny et al., 2012; Gu et al., 2012; Danielson et al., 2016; Lazarov and Hollands, 2016; Anacker and Hen, 2017), the latter known to be associated to the function of the dentate gyrus in humans (Bakker et al., 2008). Accumulating evidence suggests that dysregulation of adult hippocampal neurogenesis may contribute to cognitive decline in aging and neurological disorders [reviewed in Artegiani and Calegari (2012); Seib and Martin-Villalba (2015); Hollands et al. (2016); Choi and Tanzi (2019)]. Therefore, there has been an evolving interest in the therapeutic potential of strategies aimed to enhance endogenous neurogenesis in conditions affecting cognitive abilities.

Neurogenesis in the adult hippocampus is highly regulated by local environmental cues. The SGZ provides an essential environmental niche for NSCs that allows their proliferation and maintenance, and supports the neurogenesis process (Suh et al., 2009; Schwarz et al., 2012; Faigle and Song, 2013; Toda and Gage, 2018). The neurogenic niche comprises cells, signaling molecules and neurotransmitter components. Growing evidence indicate that Wnt signals are key modulators of different stages of neurogenesis. The first member of the Wnt family was discovered more than 30 years ago (Nusse and Varmus, 1982), and thereafter the interest in Wnts has grown exponentially, since these ligands are involved in diverse developmental and adult processes in health and disease (Logan and Nusse, 2004; Clevers and Nusse, 2012; Jackstadt et al., 2020; Serafino et al., 2020). Wnts are secreted glycoproteins that signal through seven-pass transmembrane Frizzled (FZD) receptors. To date, 19 members of the Wnt family have been identified in mammals, along with 10 members of the FZD family of receptors. Wnt ligands bind to the extracellular cysteine rich domain (CRD) of FZDs to trigger the canonical Wnt/β-catenin signaling pathway (Gordon and Nusse, 2006), or the non-canonical or β-catenin-independent pathways Wnt/planar cell polarity (PCP) (Yang and Mlodzik, 2015; Butler and Wallingford, 2017), and Wnt/Ca2+ (Kuhl et al., 2000b; Kohn and Moon, 2005).

Although some Wnts mainly activate one specific Wnt cascade, it also occurs that one Wnt ligand can activate different signaling cascades depending on the receptor and co-receptor context (Mikels and Nusse, 2006; van Amerongen et al., 2008; Grumolato et al., 2010), increasing the possibilities of interaction and the complexity of the Wnt signaling activation. Wnt co-receptors include the single transmembrane low-density lipoprotein receptor-related protein 5 and 6 (LRP5/6) that trigger Wnt/β-catenin signaling activation, the single-pass transmembrane receptor tyrosine kinase-like orphan receptors 1 and 2 (Ror1/2), and Ryk that activate non-canonical Wnt signaling (Bovolenta et al., 2006; Grumolato et al., 2010; Gao et al., 2011; Green et al., 2014). In addition, Wnt signaling is modulated by a number of evolutionary conserved inhibitors and activators [for review see Logan and Nusse (2004); Cruciat and Niehrs (2013)]. Endogenous activators include the family of four secreted glycoproteins R-spondin (RSPO1-4) and Norrin, described as agonists of the canonical Wnt signaling (Cruciat and Niehrs, 2013). Endogenous inhibitors include secreted frizzled-related proteins (sFRPs) composed by five members sFRP1-5, and Wnt inhibitory factor-1 (WIF-1), which directly bind to Wnt proteins preventing their interaction with FZD receptors (Rattner et al., 1997; Hsieh et al., 1999); Dickkopf 1, 2, and 3 (Dkk1-3), which bind LRP5/6 and the transmembrane proteins Kremen to disrupt the interaction of Wnt/FZD (Bafico et al., 2001); and Wise/SOST that bind to LRP5/6 to block Wnt-induced FZD-LRP5/6 interaction (Semenov et al., 2005).

Activation of canonical Wnt/β-catenin signaling involves the formation of Wnt/LRP/FZD ternary complex, which induces the recruitment of the scaffolding protein Disheveled (Dvl), and the multiprotein complex composed of the scaffolding protein Axin, APC, and the enzymes casein kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3-β) (Cong et al., 2004; Zeng et al., 2005; Bilic et al., 2007). In consequence, β-catenin phosphorylation is inhibited, thus preventing its ubiquitination and degradation (Aberle et al., 1997). β-catenin accumulates in the cytoplasm and translocate into the nucleus where it interacts with members of the T cell factor/lymphoid enhancer binding factor (TCF/LEF) family of transcription factors displacing the transcriptional repressor Groucho, and regulating the expression of target genes (Logan and Nusse, 2004; MacDonald et al., 2009). In the Wnt/PCP pathway the binding of the Wnt ligand causes the activation of the small GTPases Rho and Rac, and downstream c-Jun N-terminal kinase (JNK) which regulates cytoskeleton dynamics and activation of activator protein-1 (AP-1) family transcription factors (Jones and Chen, 2007; Yang and Mlodzik, 2015). Other PCP components include the transmembrane proteins Van Gogh-like (Vangl) and Celsr1-3, and the cytoplasmic factors Prickle and Diversin (Jones and Chen, 2007; Yang and Mlodzik, 2015). The Wnt/PCP pathway regulates the coordinated polarization of cells or structures in the plane of a tissue, and orientation of subcellular structures and cellular processes [reviewed in Devenport (2014); Butler and Wallingford (2017)]. The Wnt/Ca2+ signaling cascade is a G protein-dependent signaling pathway that triggers the activation of phospholipase C and phosphodiesterase (Kohn and Moon, 2005), increasing the levels of intracellular inositol 1,4,5-triphosphate (IP3) and 1,2 diacylglycerol (DAG) (Koval and Katanaev, 2011). IP3 and DAG lead to the release of calcium from the endoplasmic reticulum and the consequent activation of calcium sensitive proteins such as calcium calmodulin dependent protein kinase II (CamKII) (Kuhl et al., 2000a), protein kinase C (PKC) (Sheldahl et al., 1999) or the phosphatase calcineurin that activates the Nuclear factor of activated T-cells (NFAT) (Saneyoshi et al., 2002; De, 2011).

In the central nervous system, Wnt signaling pathways play pivotal roles during development, controlling cell division, differentiation, polarity, migration, and synaptogenesis (Freese et al., 2010; Bielen and Houart, 2014; Bengoa-Vergniory and Kypta, 2015; Inestrosa and Varela-Nallar, 2015). In the adult brain, Wnt signaling regulates synaptic plasticity, adult neurogenesis and behavior [reviewed in Varela-Nallar and Inestrosa (2013); Oliva et al. (2018)]. Here we summarize evidence supporting that the Wnt signaling is a key regulator of adult hippocampal neurogenesis in health and disease.



Wnt SIGNALING IN THE REGULATION OF ADULT HIPPOCAMPAL NEUROGENESIS

Compelling evidence indicate that components of the Wnt signaling pathway play multiple roles during adult neurogenesis. As will be discussed, the data also suggest that canonical and non-canonical Wnt signaling cascades regulate different stages of neurogenesis: Wnt/β-catenin signaling regulates proliferation and fate commitment, while non-canonical Wnt signaling controls the differentiation and development of newborn neurons. In this section, we summarize current knowledge on the role of Wnt signaling components and pathways in controlling different stages of adult hippocampal neurogenesis (Figure 1).
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FIGURE 1. Stage-specific roles of Wnt signaling components in adult hippocampal neurogenesis. Schematic representation of the adult mouse hippocampus, and the stages of neurogenesis in the dentate gyrus. Type 1 NSCs proliferate asymmetrically to give rise to type 2 cells (types 2a and 2b), that differentiate into type 3 cells or neuroblast that develop into immature neurons, and ultimately into mature granule cells. The bottom panel indicates the temporal windows in which Wnt ligands, FZD receptors and co-receptors, Wnt signaling cascades and Wnt target genes have been involved (see text for details). DG, dentate gyrus; ML, molecular layer; GCL, granule cell layer; SGZ, subgranular zone.



Wnt Ligands

Wnts are secreted lipid-modified glycoproteins that act as autocrine and paracrine signaling molecules (Rios-Esteves and Resh, 2013; Rios-Esteves et al., 2014). Wnts are expressed in neural progenitor cells (NPCs) isolated from the adult hippocampus (Wexler et al., 2009), and in dentate gyrus astrocytes (Lie et al., 2005; Okamoto et al., 2011). In co-culturing experiments, it was demonstrated that Wnts secreted by astrocytes promote neuronal differentiation of NPCs (Lie et al., 2005; Okamoto et al., 2011). In addition, sequestering Wnts secreted by cultured adult hippocampal progenitors (AHPs) reduced proliferation and the expression of genes involved in the maintenance of progenitors cells, while inducing an upregulation of genes involved in neuronal differentiation (Wexler et al., 2009). This indicates that autocrine Wnt signaling controls maintenance and proliferation of NPCs.

The first study directly linking Wnt proteins and adult hippocampal neurogenesis in vivo showed that general blockade of Wnt signaling with a dominant negative of Wnt1 ligand, which non-autonomously blocks Wnt signaling, almost completely eliminated the generation of new neurons in adult rat hippocampus (Lie et al., 2005). On the other hand, lentivirus-mediated overexpression of Wnt3, which is normally expressed in the SGZ and mostly by niche astrocytes (Okamoto et al., 2011), induced neurogenesis in the adult rat dentate gyrus (Lie et al., 2005). In cultured AHPs, overexpression of Wnt3 and Wnt3a, which activate the Wnt/β-catenin pathway (Lie et al., 2005; Kuwabara et al., 2009), increased neuronal fate commitment and enhanced the proliferation of neuroblasts, suggesting that canonical Wnt signaling regulates these processes. In agreement, expression of dominant-negative Lef1 (dnLef1) reduced neuronal differentiation induced by co-culture with hippocampal astrocytes (Lie et al., 2005). Wnt7a was also described as an endogenous modulator of hippocampal neurogenesis that regulates proliferation and neuronal differentiation. Wnt7a knockout mice showed fewer NPCs, which exhibited lengthened cell cycles and a reduced cell cycle reentry, and also showed impaired neuronal differentiation (Qu et al., 2013). On the contrary, chronic infusion of Wnt7a directly into the rat hippocampus increased the number of immature neurons (Ortiz-Matamoros and Arias, 2019). Wnt7a knockdown in NSCs reduced the expression of Cyclin D1, while when NSCs were induced to differentiate into neurons Wnt7a knockdown reduced mRNA levels of neurogenin 2 (Ngn2). In cultured progenitors β-catenin binds to TCF/LEF binding sites in the promoter region of Cyclin D1, while in neurons β-catenin binds to TCF/LEF binding site in the promoter region of Ngn2. These findings indicate that Wnt7a regulates proliferation and differentiation through the canonical Wnt/β-catenin signaling pathway (Qu et al., 2013). In addition, immature neurons in Wnt7a knockout mice exhibited reduced dendritic arborization (Qu et al., 2013). These data indicate that Wnt7a has multiple roles during adult hippocampal neurogenesis controlling proliferation, differentiation and development of newborn neurons.

More recently, Wnt5a was also identified as an endogenous niche factor that regulates hippocampal neurogenesis. We determined that reducing the levels of Wnt5a in the dentate gyrus of adult mice decreased the generation of new neurons (Arredondo et al., 2020). Lentivirus-mediated knockdown of Wnt5a reduced the differentiation of neuronal committed progenitor cells, which remained as non-proliferative intermediate Sox2-expressing progenitors that failed to continue with the neuronal differentiation program. In addition, impaired dendritic arborization of newborn neurons was observed when knocking down Wnt5a. A similar effect was observed when Wnt5a was reduced in cultured AHPs, in which neuronal differentiation and morphological development of the derived neurons were reduced, while treatment with Wnt5a had the opposite effect (Arredondo et al., 2020). In agreement, chronic infusion of Wnt5a ligand into the adult rat hippocampus increased the number of immature neurons and altered their pattern of neurite outgrowth (Ortiz-Matamoros and Arias, 2019). In cultured AHPs, Wnt5a activated CamKII, PKC and JNK (Arredondo et al., 2020), and activated AP1 and c-jun in differentiated but not proliferative AHPs (Schafer et al., 2015), indicating that Wnt5a triggers activation of non-canonical Wnt signaling cascades. Moreover, we found that the effect of Wnt5a on neuronal differentiation was mediated Wnt/Ca2+/CamKII signaling, while the effect on morphological development involved Wnt/Ca2+ and Wnt/JNK cascades (Arredondo et al., 2020), indicating that Wnt5a is an endogenous factor regulating neurogenesis through non-canonical Wnt signaling.



Wnt Receptors and Co-receptors

Frizzleds are the primary receptors for Wnt signals. All FZD isoforms present conserved structural characteristics, including a N-terminus extracellular region containing the highly conserved CRD, seven transmembrane regions, and an intracellular C-terminus that mediate the interaction between FZD and Dvl [reviewed in Huang and Klein (2004); Schulte (2010)]. Several FZD receptors are expressed in cultured AHPs, and some of them show specific expression patterns during differentiation (Wexler et al., 2009; Cui et al., 2011; Schafer et al., 2015; Mardones et al., 2016). In the adult dentate gyrus, FZD3 is expressed in immature and mature neurons, but not in NSCs or NPCs, suggesting FZD3 is required for later stages of adult neurogenesis (Schafer et al., 2015). In agreement, FZD3 expression increased upon differentiation in cultured AHPs (Schafer et al., 2015). Retrovirus-mediated knockdown of FZD3 did not affect neuronal differentiation of newborn cells, however, the dendritic arborization of FZD3-deficient newborn neurons was reduced. In addition, the orientation and positioning of these neurons within the granule cell layer (GCL) was affected (Schafer et al., 2015). FZD3 knockdown reduced the Wnt5a-dependent activation of c-Jun and JNK in differentiated AHPs, indicating FZD3 activates Wnt/PCP signaling in these cells. The same study demonstrated that in vivo knockdown of Celsr 1-3 impaired the development and maturation of adult-born neurons without affecting neuronal differentiation (Schafer et al., 2015). Celsr1-3, the mammalian homologs of Drosophila Flamingo, are a family of atypical cadherins that contain seven transmembrane segments, and are part of the so-called Wnt/PCP core proteins in vertebrates (Yang and Mlodzik, 2015). Newborn neurons deficient in Celsr 2/3 showed impaired dendritic arborization and altered positioning within the GCL, while Celsr 1-deficient neurons displayed abnormal orientation (Schafer et al., 2015). Celsr 3 knockdown also altered dendritic pruning of adult-born neurons (Goncalves et al., 2016). Altogether, these data suggest that Wnt/PCP signaling is involved in polarization and dendritic development of adult-born neurons, but not in fate commitment.

FZD1 receptor is also expressed in the adult dentate gyrus, where it was found in NSC, NPCs and immature neurons, and its expression is reduced in mature neurons (Mardones et al., 2016), suggesting the role of this receptor is restricted to early stages of adult neurogenesis. We determined that retrovirus-mediated knockdown of FZD1 in the dentate gyrus of adult mice reduced neuronal differentiation of newborn cells, while increasing the differentiation into astrocytes (Mardones et al., 2016). Additionally, FZD1-deficient immature neurons showed altered migration within the GCL, but exhibit normal dendritic arborization (Mardones et al., 2016). FZD1 has been largely described as a receptor for the canonical Wnt signaling, and in agreement, FZD1 knockdown reduced β-catenin levels and the expression of proneural Wnt target genes in AHPs (Mardones et al., 2016). These results suggest that FZD1 regulates neuronal fate commitment through the canonical Wnt/β-catenin signaling pathway. In accordance, knockdown of the co-receptor for the canonical Wnt pathway LRP6, lead to a reduction in neuronal differentiation of newborn cells (Schafer et al., 2015). Interestingly, as observed by FZD1 knockdown, no effect on morphological development was observed in LRP6-deficient newborn neurons. In agreement with its role in early stages of neurogenesis LRP6 is expressed in proliferating AHPs and its expression was reduced upon differentiation (Schafer et al., 2015). Altogether, these evidences suggest that specific receptors and co-receptors activate canonical Wnt/β-catenin to control neuronal fate commitment. Interestingly, β-catenin reporter mouse lines showed a peak of Wnt/β-catenin activity during early stages of adult hippocampal neurogenesis. Different transgenic reporter mouse lines have been used to evaluate the activity of Wnt/β-catenin signaling in the dentate gyrus: the BATGAL mice (Lie et al., 2005; Garbe and Ring, 2012; Heppt et al., 2020), the ins-topGal mice (Garbe and Ring, 2012), and the Axin2LacZ/+ mice (Heppt et al., 2020). Although the expression pattern of the reporter activity is not exactly the same in the different mouse lines likely for the molecular construct of the transgenes, the use of BrdU birth-dating strategies and specific molecular markers together with the reporter activity showed that Wnt/β-catenin signaling is active during early stages of adult hippocampus neurogenesis (including NPCs and proliferating neuroblasts), and is attenuated in immature neurons (Lie et al., 2005; Garbe and Ring, 2012; Heppt et al., 2020). Considering that activation of a specific Wnt signaling pathway may antagonize the activation of other Wnt signaling cascades (Ishitani et al., 2003; Topol et al., 2003; Mikels and Nusse, 2006; Grumolato et al., 2010; Sato et al., 2010; Mentink et al., 2018), it is feasible to suggest that the Wnt/β-catenin pathway might be inhibited after fate commitment by the activation of non-canonical Wnt signaling cascades, which as discussed, regulate the development of newborn neurons (Schafer et al., 2015; Arredondo et al., 2020). Interestingly, Wnt/β-catenin activity is reactivated in mature newborn neurons (Garbe and Ring, 2012; Heppt et al., 2020), suggesting that the canonical Wnt pathway might also control later stages of neurogenesis such as maturation or synaptic integration. Notably, it was recently shown that the attenuation of Wnt/β-catenin signaling in early stages of newborn neurons is required for correct dendrite development, and Wnt/β-catenin reactivation in maturing neurons modulates the tempo of dendritic growth and spine formation (Heppt et al., 2020), indicating that a precise control of Wnt signaling activity is required for the generation of new granule cells in the adult hippocampus.

Interestingly, a dual role in adult hippocampal neurogenesis was determined for ATP6AP2 (Schafer et al., 2015), an adaptor protein between Wnt/β-catenin and Wnt/PCP signaling that possess a dual function forming a signalosome to initiate canonical Wnt signaling, and acting as a Wnt/PCP core protein (Buechling et al., 2010; Hermle et al., 2013). ATP6AP2 knockdown in proliferating progenitors reduced the activity of the TCF/LEF in response to Wnt3a, while in differentiated progenitors ATP6AP2 knockdown reduced AP-1 signaling in response to Wnt5a (Schafer et al., 2015). This evidence indicates that ATP6AP2 modulates the activation of canonical Wnt/β-catenin and non-canonical Wnt/PCP signaling in NPCs at different stages of the neurogenic process. In vivo, ATP6AP2 knockdown had a dual effect reducing the number of immature neurons and inducing defects in several aspects of the morphological development, migration and orientation of new neurons in the adult hippocampus (Schafer et al., 2015).

Altogether, the discussed evidence suggests that Wnt signaling components mediate the activation of specific signaling cascades, which coordinately control the progression of neurogenesis in the adult hippocampus.



Soluble Modulators of the Wnt Signaling Pathway

The endogenous Wnt antagonists sFRP3 and Dkk1 have shown to regulate neurogenesis in the adult hippocampus (Jang et al., 2013; Seib et al., 2013). sFRP3 is highly expressed in the dentate gyrus by mature granule cells in the GCL and regulates different stages of neurogenesis (Jang et al., 2013). sFRP3 knockout mice exhibited increased proliferation of NSC, together with increased dendritic development, spine density and accelerated maturation of newborn neurons. Interestingly, in the adult hippocampus there is a septo-temporal gradient of expression of this Wnt inhibitor that is inversely related to NSCs proliferation, suggesting that sFRP3 levels, and therefore Wnt signaling activity, contribute to the graded distribution of neurogenesis in the adult dentate gyrus (Sun et al., 2015). sFRP3 is also involved in the physiological modulation of neurogenesis by electroconvulsive stimulation (ECS) and wheel running, which concomitantly with the increase in neuronal activity, lead to a reduction in the levels of sFRP3 in the dentate gyrus and to the activation of the Wnt/β-catenin signaling pathway (Jang et al., 2013). Besides, Dkk1 regulates self-renewal of NPCs and morphological maturation of newborn neurons (Seib et al., 2013). In NPCs loss of Dkk1 increased Wnt/β-catenin signaling reporter activity, indicating that Dkk1 negatively regulates the canonical Wnt pathway in the adult hippocampus (Seib et al., 2013). Dkk1 was involved in the age-dependent decrease in neurogenesis, which will be discussed later.



Wnt/β-Catenin Target Genes

Wnt/β-catenin target genes have been involved in multiple stages of adult hippocampal neurogenesis. Cyclin D1 is involved in the Wnt-mediated induction of proliferation in neural progenitors (Shtutman et al., 1999; Tetsu and McCormick, 1999). In proliferative NPCs, β-catenin is bound to the TCF/LEF motif in the Cyclin D1 promoter, associated with the active chromatin markers acetylated histone H3 (AcH3) and trimethylated histone H3 at lysine 4 (H3K4me3). But when NPCs are induced to differentiate, β-catenin dissociate from the Cyclin D1 promoter (Qu et al., 2013). On the contrary, upon differentiation β-catenin binds a TCF/LEF binding site in the Ngn2 gene promoter in association with active chromatin markers AcH3 and H3K4me3 (Qu et al., 2013). Ngn2 is a proneural basic helix-loop-helix (bHLH) transcription factor that promotes neuronal differentiation (Israsena et al., 2004). Prior to differentiation, no β-catenin was detected in the TCF/LEF binding site of the Ngn2 promoter in NPCs.

NeuroD1 is also a bHLH proneural transcription factor involved in the Wnt-mediated induction of neuronal differentiation (Kuwabara et al., 2009). NeuroD1 is expressed in neuronal committed progenitors and immature neurons, but not in NSCs (Gao et al., 2009). Overexpression of NeuroD1 in cultured adult NSC increased their neuronal differentiation, while reducing their differentiation into oligodendrocytes and astrocytes (Hsieh et al., 2004), indicating NeuroD1 promotes neuronal fate-commitment. In the adult dentate gyrus, β-catenin knockdown in Sox2 cells induced the loss of NeuroD1 progenitors, as well as a decrease in newborn granule neurons, with no effect on the NSC pool (Kuwabara et al., 2009). Neurod1 gene promoter contains a TCF/LEF binding site that is overlapped with a binding site for Sox2 (Sox/LEF site). In undifferentiated NSCs, Sox2 and the histone deacetylase HDAC1 repressor protein are associated with the Sox/LEF site in the Neurod1 promoter. In differentiated neurons β-catenin, along with acetylated histone H3 and methylated histone H3 at lysine 4, which are related with transcriptional activation, are present in the Neurod1 promoter (Kuwabara et al., 2009). The data indicate that the Neurod1 promoter is repressed by Sox2 in NSCs, and in response to Wnt stimulation it is transcriptionally activated by β-catenin leading to NeuroD1 expression and neurogenesis (Kuwabara et al., 2009). The gene encoding prospero-related homeodomain transcription factor 1 (Prox1) also contains TCF/LEF sites overlapped with Sox2 binding sites in promoter/enhancer regions (Karalay et al., 2011). Prox1 is expressed in type 2 cells, neuroblasts, immature neurons and mature granule neurons restricted to the dentate gyrus (Kempermann et al., 2004; Lavado et al., 2010; Karalay et al., 2011). Prox1 is required for the maintenance of intermediate progenitor cells (Lavado et al., 2010), and for neuronal differentiation of granule cells (Karalay et al., 2011). Altogether, these data suggest that in adult hippocampal neurogenesis Wnt/β-catenin signaling regulates proliferation through the expression of Cyclin D1 and promotes neuronal differentiation through the expression of proneural transcription factors including Ngn2, NeuroD1 and Prox1.




Wnt SIGNALING IN THE DECLINE OF NEUROGENESIS IN THE AGING HIPPOCAMPUS

An age-related decline in adult hippocampal neurogenesis has been evidenced in rodents, non-human primates and humans (Kuhn et al., 1996; Gould et al., 1999; Leuner et al., 2007; Olariu et al., 2007; Ben Abdallah et al., 2010; Knoth et al., 2010; Kohler et al., 2011; Dennis et al., 2016; Mathews et al., 2017; Boldrini et al., 2018; Sorrells et al., 2018), suggesting that conserved mechanisms may underlie the reduced capacity of the aged hippocampus to generate new neurons. Recently, a correlation between the loss of immature neurons and an early cognitive decline was determined in aged humans (Tobin et al., 2019), suggesting that efforts to promote neurogenesis may foster new therapeutic possibilities for the aging brain.

The reduced neurogenesis is likely a consequence of a deteriorated neurogenic niche unable to sustain neurogenesis (Hattiangady and Shetty, 2008; Kalamakis et al., 2019). Growing evidence suggest that the Wnt signaling pathway is part of the signaling mechanisms affected, that might contribute to the decline in neurogenesis (Figure 2). In support of this idea, β-catenin reporter mice exhibit a strong decrease in β-catenin signaling activity in the GCL with age, and increasing β-catenin activity counteracts the age-associated maturation defects of adult-born dentate granule neurons (Heppt et al., 2020). In addition, the expression of Wnt3 and Wnt3a in the dentate gyrus decreases with age, concomitantly with the decrease in newborn neurons positive for NeuroD1 (Okamoto et al., 2011). In aged rats (22-month-old) almost no expression of Wnt3 was observed in astrocytes of the SGZ compared to young rats (4-week-old), although the number of astrocytes remained unaffected (Okamoto et al., 2011). This was also determined in cultured primary astrocytes from the hippocampus of aged mice (9-month-old), which showed reduced levels of Wnt3 and Wnt3a compared to astrocytes cultured from young animals (4-week-old). Interestingly, the same study determined that NSCs isolated from the hippocampus of young and aged mice exhibited a more effective neuronal differentiation when cultured on young versus aged primary astrocyte layer. This effect was not observed when Wnt3 was knocked down in young astrocytes (Okamoto et al., 2011), suggesting that loss of Wnt signals might contribute to the impaired neurogenesis in the aged hippocampus. Of note, the expression of FZD receptors and co-receptors were almost unchanged between young and aged NSC (Okamoto et al., 2011). Another study determined that conditioned media from young astrocytes induced promoter activity of the anti-apoptotic protein Survivin in aged and young NPCs, while conditioned medium from aged astrocytes decreased Survivin promoter activity and NPC proliferation compared to control medium. Survivin is a Wnt target gene (Tapia et al., 2006), and lentivirus-mediated expression of Survivin in the dentate gyrus of aged mice (13-month-old), increased proliferation (Miranda et al., 2012). This study also determined that Wnts released by astrocytes promote NPC proliferation by inducing Survivin expression, and that most Wnt ligands are downregulated in aged astrocytes. Interestingly, wheel running, a well characterized inducer of neurogenesis in young and aged hippocampus (van Praag et al., 1999, 2005), induced an increase in the number of Wnt3 expressing cells concomitantly with an increase in the density of immature neurons in the dentate gyrus (Okamoto et al., 2011), suggesting that Wnt3 could mediate the stimulation of neurogenesis in the adult hippocampus.
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FIGURE 2. Wnt signaling in the age-related decline in neurogenesis. A reduction in neurogenesis is observed in the dentate gyrus with age, which is accompanied by a decline in proliferation of neural precursor cells, a decreased dendritic development and delayed maturation of adult-born neurons. Evidence exists indicating that a decline in Wnt signaling is associated with this reduction of neurogenesis. In normal aging there is a decrease in the expression of most Wnt ligands in hippocampal astrocytes, a decrease in canonical Wnt signaling activity in the dentate gyrus, and a reduction in the expression of Wnt target genes that control neurogenesis (including Survivin and NeuroD1). Concomitantly, there is an increase in the expression of the Wnt inhibitors sFRP3 and Dkk1 in the hippocampus with age.


In addition to the downregulation of Wnt signals, in aging there is an increase in endogenous Wnt inhibitors. Increased levels of Dkk1 were observed in the hippocampus of aged mice (Seib et al., 2013; Kase et al., 2019). Interestingly, loss of Dkk1 restored neurogenesis in old mice (2-year-old) and increased the dendritic complexity of newborn neurons. Moreover, loss of Dkk1 restored spatial working memory and memory consolidation, and improved affective behavior in aged mice (Seib et al., 2013). sFRP3 was also increased in the aging hippocampus (Kase et al., 2019). Interestingly, genetic inhibition of sFRP3 in a mouse model of accelerated aging, rescued neural progenitor proliferation in the hippocampal dentate gyrus (Cho et al., 2019).



Wnt SIGNALING IN THE IMPAIRMENT OF NEUROGENESIS IN ALZHEIMER’S DISEASE: THERAPEUTIC IMPLICATIONS

Impaired neurogenesis is observed in several neuropsychiatric and neurodegenerative diseases such as mood disorders, epilepsy, Parkinson’s disease and Alzheimer’s disease (AD) (Lucassen et al., 2010; Winner and Winkler, 2015; Galan et al., 2017; Toda et al., 2019). AD is the most common type of dementia, it is estimated that 30 million people suffer form AD worldwide. AD is characterized by a progressive memory loss, impaired cognitive functions, neuronal loss and synaptic dysfunction. Histopathological hallmarks of AD are the extracellular deposition of amyloid β peptide (Aβ) forming amyloid plaques, and the presence of intracellular neurofibrillary tangles mainly composed by hyperphosphorylated tau proteins [reviewed in Selkoe and Hardy (2016)]. Aβ is generated from sequential proteolysis of amyloid precursor protein (APP) by β- and γ-secretase enzymes (O’Brien and Wong, 2011). In addition to neuronal loss, reduced neurogenesis was evidenced in the dentate gyrus of patients with AD pathology (Li et al., 2008; Crews et al., 2010; Ekonomou et al., 2015; Moreno-Jimenez et al., 2019; Tobin et al., 2019). Post-mortem brain analysis from AD patients revealed a progressive decline in the number of newborn neurons, and in the maturation of these cells as the disease advanced (Moreno-Jimenez et al., 2019). Reduced neurogenesis has also been evidenced in different mouse models of AD, which show impairments in NPCs proliferation, differentiation and maturation of newborn neurons (Donovan et al., 2006; Rodriguez et al., 2008; Demars et al., 2010; Fiorentini et al., 2010; Hamilton et al., 2010; Abbott et al., 2013; Zeng et al., 2016; Choi et al., 2018). Interestingly, in AD mice deficits in neurogenesis precede Aβ plaque and NFT formation, suggesting that impairment in neurogenesis may mediate early cognitive decline (Demars et al., 2010; Fiorentini et al., 2010; Hamilton et al., 2010; Zeng et al., 2016). Recently, reduced number of neuroblasts in early stages of cognitive decline was determined in humans, suggesting that reduced neurogenesis may promote cognitive deficits in AD, or exacerbate them (Tobin et al., 2019). Because increased neurogenesis in the dentate gyrus is associated with improved cognitive capacities (Toda et al., 2019), there has been great interest in the potential of neurogenesis as a therapeutic target for conditions affecting cognition. In this regard, genetic manipulation of neurogenesis by inducing the expression of the proneural gene NeuroD1 in hippocampal progenitors restored spatial memory in a mouse model of AD (Richetin et al., 2015). This evidence supports the potential of neurogenesis as a therapeutic target to prevent or improve cognitive deficits in normal aging and pathological conditions.

Interestingly, we and others have determined that hippocampal neurogenesis is stimulated in AD mouse models through physiological (Hu et al., 2010; Rodriguez et al., 2011; Varela-Nallar et al., 2014; Tapia-Rojas et al., 2016; Choi et al., 2018), and pharmacological stimulation (Fiorentini et al., 2010; Abbott et al., 2013; Varela-Nallar et al., 2015; Choi et al., 2018; Zeng et al., 2019). These evidences demonstrate that NSCs in the hippocampus retains the ability to generate new neurons. In this context, the decrease in neurogenesis in AD could be due to a deterioration of the neurogenic niche. Wnt signaling is likely affected in the SGZ niche since compelling evidence indicate a downregulation of this signaling pathway is associated to the pathophysiology of AD [reviewed in De Ferrari and Inestrosa (2000); De Ferrari et al. (2014); Inestrosa and Varela-Nallar (2014); Oliva et al. (2018)]. Among the several components of the Wnt pathway that are altered in AD, increased levels of Dkk1 were found in post-mortem brains of AD patients (Caricasole et al., 2004), and in the hippocampus of the TgCRND8 mouse model of AD (Rosi et al., 2010), expressing a double mutant form of the human APP. Also, increased levels of active GSK-3β was observed in the dentate gyrus of TgCRND8 mice, suggesting a downregulation of Wnt signaling activity in this area (Rosi et al., 2010). Moreover, in AD patients altered gene expression was found for the soluble Wnt inhibitor WIF-1 in the temporal lobe (Humphries et al., 2015), Wnt7b and intracellular components of canonical Wnt signaling in the entorhinal cortex and hippocampus (Riise et al., 2015), and FZD3 in prefrontal cortex (Folke et al., 2019). In addition, a genetic variant of the Wnt co-receptor LRP6, showing reduced activation of the canonical Wnt signaling has been associated to late-onset AD (De Ferrari et al., 2007; Alarcon et al., 2013).

Considering the crucial role of the Wnt signaling in the regulation of neurogenesis, it might be possible that the dysregulation of this signaling pathway may contribute to neurogenesis deficits observed in AD. Of note, overexpression of Wnt3 restored neurogenesis in the hippocampus of the 5xFAD mouse model of AD (Choi et al., 2018), that express human APP and PSEN1 with a total of five AD-linked mutations. As well, overexpression of Wnt3a was also able to restore neurogenesis levels in the dentate gyrus of 3xTgAD mice, bearing human APP, tau and PSEN1 with AD-linked mutations (Shruster and Offen, 2014). These evidences indicate that in AD brain, neurogenesis is able to respond to exogenous Wnt stimulation, and suggest that Wnt manipulation is an attractive therapeutic target to promote neurogenesis in this pathological condition (Figure 3).
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FIGURE 3. Genetic and pharmacological activation of Wnt/β-catenin promotes neurogenesis in the hippocampus of AD models. Schematic representation of the Wnt/β-catenin signaling pathway. Wnt ligand binds to FZD and LRP5/6, which trigger the recruitment of a multiprotein complex composed also of Axin, APC, CK1 and GSK-3β. This prevents the phosphorylation and degradation of β-catenin that translocates into the nucleus where it binds to members of the TCF/LEF families of transcription factors, to modulate the transcription of target genes. The Wnt/β-catenin signaling components that are target of genetic activation (Wnt3 and Wnt3a) and drugs able to stimulate neurogenesis in the hippocampus of animal models of AD are indicated. Red lines indicate inhibition; green lines indicate activation. Dotted red line indicates GSK-3β inactivation through the PI3K/Akt pathway; dotted green line indicates that the precise mechanism of activation of the Wnt/ β-catenin signaling remains elusive. Some of the drugs (see text for details) have shown to induce the expression of target genes involved in Wnt-mediated induction of proliferation (Cyclin D1) and differentiation (Ngn2 and NeuroD1) in adult hippocampal neurogenesis. VPA, valproic acid; Se-Met, Selenomethionine; ETH, Ethosuximide; XAN, Xanthoceraside.


Supporting the association between Wnt signaling impairment and reduced neurogenesis, several drugs able to enhance neurogenesis in AD models have shown to modulate components of the Wnt signaling pathway (Figure 3). Pharmacological inhibition of the key component of the Wnt signaling pathway GSK-3β, enhances neurogenesis in the hippocampus of AD mice (Fiorentini et al., 2010; Varela-Nallar et al., 2015; Zeng et al., 2019). Lithium, a widely used mood stabilizer that inhibits GSK-3α/β by competing with the cofactor magnesium, induced the proliferation and survival rate of NPCs in the SGZ of TgCRND8 mice (Fiorentini et al., 2010). Lithium treatment induced an increase in the number of immature neurons expressing nuclear β-catenin, supporting the activation of Wnt/β-catenin signaling in newborn neurons. Importantly, therapeutic concentrations of lithium induced proliferation of cultured AHPs, which was prevented by β-catenin knockdown (Wexler et al., 2008), indicating that lithium induced neurogenesis trough activation of the Wnt/β-catenin signaling pathway. Additionally, Andrographolide (ANDRO) one of the main constituents of the medicinal plant Andrographis paniculata (Panossian et al., 2000; Cheung et al., 2001), that inhibits GSK-3β through a substrate-competitive mode of action (Tapia-Rojas et al., 2015), promoted hippocampal neurogenesis in the APPswe/PSEN1ΔE9 mouse model of AD (Varela-Nallar et al., 2015). ANDRO treatment induced proliferation and increased the density of immature neurons in the dentate gyrus of AD mice, concomitantly with an increase in hippocampal levels of β-catenin and NeuroD1 in the hippocampus (Varela-Nallar et al., 2015). Importantly, ANDRO was shown to improve cognitive performance in APPswe/PSEN1ΔE9 mice (Serrano et al., 2014), and in J20 mice expressing human APP with two mutations linked to familial AD (Cisternas et al., 2019). More recently, Valproic acid (VPA), another selective inhibitor of GSK-3β used as an antiepileptic and mood-stabilizing drug, was shown to promote proliferation, increase the density of immature neurons, and improved learning and memory in the dentate gyrus of triple transgenic APPswe/PSEN1ΔE9/Nestin-GFP mice (Zeng et al., 2019). VPA treatment increased β-catenin levels, and induced the expression of NeuroD1, suggesting the activation of the Wnt signaling pathway in the hippocampus of AD mice.

In addition, the biological trace element Selenomethionine (Se-Met) and Ethosuximide (ETH), which inactivate GSK-3β through the PI3K/Akt pathway, also promoted neurogenesis in AD models (Tiwari et al., 2015; Zheng et al., 2017). Together with the inactivation of GSK-3β, Se-Met increased β-catenin levels, induced the expression of Cyclin D1, and increased cell proliferation and neurogenesis in the hippocampus of a 3xTg AD mice (Zheng et al., 2017). On the other hand, treatment with the antiepileptic drug ETH, reversed cognitive dysfunction, and increased proliferation and neuronal differentiation in the dentate gyrus of a rat model of AD induced by the injection of Aβ (1-42) into the hippocampus (Tiwari et al., 2015). ETH prevented the Aβ-induced reduction in the expression of neurogenesis-related genes (including Ngn2 and NeuroD1), and Wnt signaling components, suggesting that the effects of ETH may be mediated by β-catenin signaling (Tiwari et al., 2015).

Curcumin, a natural polyphenol compound derived from turmeric (Curcuma longa), was also suggested to induced neurogenesis through the activation of Wnt/β-catenin signaling pathway. Curcumin encapsulated in PLGA nanoparticles induced NSC proliferation and neuronal differentiation in the hippocampus of an Aβ-induced rat model of AD, and reduced the cognitive deficits (Tiwari et al., 2014). Curcumin enhanced nuclear translocation of β-catenin, decreased GSK-3β levels, and increased promoter activity of Cyclin D1. In the hippocampus, curcumin enhanced the expression of Wnt3a, Dvl, FZD1 and LRP5/6, and the Wnt target genes Ngn2 and NeuroD1, and reduced the expression of the negative regulators of Wnt signaling WIF-1 and Dkk1. Interestingly, pharmacological and genetic inhibition of the Wnt pathway blocked the stimulation of neurogenesis mediated by curcumin, indicating that the effects of curcumin are mediated by activation of Wnt/β-catenin signaling. Another natural product, Xanthoceraside (XAN), a triterpenoid saponin monomer extracted from the husks of Xanthoceras sorbifolia Bunge, ameliorated the cognitive impairment and concomitantly increased NSCs proliferation and neuronal differentiation in APPswe/PS1ΔE9 mice (Zhu et al., 2018). Interestingly, XAN treatment enhanced the expression of Wnt3a, increased the levels of inactive GSK-3β and induced nuclear translocation of β-catenin in the hippocampus of APP/PS1 mice, suggesting that XAN may promote neurogenesis by enhancing the Wnt/β-catenin signaling pathway (Zhu et al., 2018). Moreover, Dkk1 inhibited the effects of XAN in cultured NSC.



CONCLUDING REMARKS

The reviewed studies indicate that the Wnt signaling plays multiple roles in adult hippocampal neurogenesis including NPCs proliferation, fate-commitment, development and maturation of newborn neurons. Evidences suggest a stage-specific expression of particular receptors that might activate different Wnt signaling cascades to control the progression of neurogenesis. Although the role of the canonical Wnt co-receptor LRP6 support this notion, the role of other co-receptors that control the activation of non-canonical Wnt signaling remains to be elucidated. The identification of Wnt co-receptors involved in adult neurogenesis is a critical issue that should be addressed to gain a more comprehensive understanding of how canonical and non-canonical Wnt signaling are regulated during adult neurogenesis. In addition, it will be interesting to further study the downstream signaling components and effectors involved in the regulation of adult hippocampal neurogenesis by non-canonical Wnt signaling.

Several studies indicate that Wnt proteins released by hippocampal astrocytes and progenitor cells are crucial components of the SGZ niche. In addition, endogenous Wnt inhibitors are also components of the neurogenic microenvironment that dynamically regulate Wnt-mediated neurogenesis under physiological conditions. Considering the increasing number of Wnt regulators identified to date, it will be interesting to further investigate the contribution of these molecules to the dynamic control of neurogenesis.

In agreement with the critical roles of Wnt signaling in adult neurogenesis, evidence indicates that Wnt signaling is associated with the age-dependent decline in neurogenesis. Concomitantly with the decrease in the generation of new neurons, in normal aging there is a reduction in the expression of Wnt proteins, an increase in the expression of Wnt inhibitors, and a decrease in canonical Wnt signaling activity in the dentate gyrus. Wnt dysfunction might also underlie the impairment of neurogenesis observed in AD. Interestingly, genetic and pharmacological activation of Wnt signaling was shown to restore adult hippocampal neurogenesis, and also to improve cognitive performance in animal models of AD. Although it is not yet known how neurogenesis contribute to hippocampal function in humans, compelling evidence in animal models suggest that adult-born neurons are important for learning and memory, cognitive flexibility and mood regulation. In addition, recent findings support that neurogenesis impairment contributes to cognitive decline in aging and AD. Therefore, a better understanding on the molecular mechanisms involved in the regulation of neurogenesis may have important therapeutic implications. The reviewed evidence suggests that stimulation of Wnt signaling emerges as an attractive strategy to enhance endogenous neurogenesis and improve hippocampal-dependent cognitive function.
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Celecoxib Exerts Neuroprotective Effects in β-Amyloid-Treated SH-SY5Y Cells Through the Regulation of Heme Oxygenase-1: Novel Insights for an Old Drug
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The formation and aggregation of amyloid-β-peptide (Aβ) into soluble and insoluble species represent the pathological hallmarks of Alzheimer’s disease (AD). Over the last few years, however, soluble Aβ (sAβ) prevailed over fibrillar Aβ (fAβ) as determinant of neurotoxicity. One of the main therapeutic strategies for challenging neurodegeneration is to fight against neuroinflammation and prevent free radical-induced damage: in this light, the heme oxygenase/biliverdin reductase (HO/BVR) system is considered a promising drug target. The aim of this work was to investigate whether or not celecoxib (CXB), a selective inhibitor of the pro-inflammatory cyclooxygenase-2, modulates the HO/BVR system and prevents lipid peroxidation in SH-SY5Y neuroblastoma cells. Both sAβ (6.25–50 nM) and fAβ (1.25–50 nM) dose-dependently over-expressed inducible HO (HO-1) after 24 h of incubation, reaching statistical significance at 25 and 6.25 nM, respectively. Interestingly, CXB (1–10 μM, for 1 h) further enhanced Aβ-induced HO-1 expression through the nuclear translocation of the transcriptional factor Nrf2. Furthermore, 10 μM CXB counteracted the Aβ-induced ROS production with a mechanism fully dependent on HO-1 up-regulation; nevertheless, 10 μM CXB significantly counteracted only 25 nM sAβ-induced lipid peroxidation damage in SH-SY5Y neurons by modulating HO-1. Both carbon monoxide (CORM-2, 50 nM) and bilirubin (50 nM) significantly prevented ROS production in Aβ-treated neurons and favored both the slowdown of the growth rate of Aβ oligomers and the decrease in oligomer/fibril final size. In conclusion, these results suggest a novel mechanism through which CXB is neuroprotective in subjects with early AD or mild cognitive impairment.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive cognitive impairment, memory loss, inability to perform daily activities, and is the leading cause of dementia. The deposition of both senile plaques and neurofibrillary tangles, formed by the aggregation of fibrillar amyloid-β-peptide (fAβ) and hyperphosphorylated tau protein, respectively, are considered the pathological hallmarks of AD (Hardy and Selkoe, 2002). However, due to recent preclinical and clinical discoveries, such as the lack of correlation between senile plaque deposition and cognitive impairment or the therapeutic failure of drugs whose mechanism of action was aimed to reduce Aβ deposition or to increase its clearance, the involvement of fAβ in brain damage has been heavily questioned (Graham et al., 2017). Thus, significant research in the last decade has advanced a novel hypothesis that highlights the role of soluble forms of Aβ (sAβ), including the soluble oligomers produced during Aβ aggregation, as determinants of neurotoxicity (Selkoe and Hardy, 2016; Mhillaj et al., 2017). In this regard, a strong association has been shown between abnormal cerebral levels of sAβ forms and loss of synaptic plasticity (Wilcox et al., 2011; Park et al., 2013), inhibition of long-term potentiation (LTP) (Walsh et al., 2002), alteration of glutamatergic synapses (Green and LaFerla, 2008; Canas et al., 2014) and cognitive impairment (Tucci et al., 2014; Balducci et al., 2016; Mhillaj et al., 2018b). As far as the molecular mechanisms involved in AD, the strong and long-lasting neuroinflammatory response, together with the abnormal formation of reactive oxygen species and reactive nitrogen species (ROS and RNS, respectively), has been reported to be responsible for the increasing neuronal death, mainly in brain cognitive areas (e.g., hippocampus and frontal cortex) (reviewed in Agostinho et al., 2010). Incidentally, cyclooxygenase-2 (COX-2), by producing both free radicals and neuroinflammatory prostaglandins, plays a main role in AD pathogenesis and the administration of non-steroidal antinflammatory drugs (NSAIDs), including COX-2 inhibitors, has been considered a prophylactic approach to reduce the risk to develop AD (Hoozemans and O’Banion, 2005; Minghetti, 2007).

Heme oxygenase (HO) is a microsomal enzyme exerting important physiological functions through the biological activities of its metabolites. HO transforms hemoprotein’s heme moieties into ferrous iron, carbon monoxide (CO) and biliverdin (BV), this latter being further reduced into bilirubin (BR) by the cytosolic biliverdin reductase (BVR) (Maines, 1997). Two isoforms of HO have been identified, the first inducible (HO-1) under pro-oxidant conditions and the second constitutive (HO-2) involved in the physiologic turnover of heme (Maines, 1997). Over the last 25 years, several papers have been published demonstrating a marked induction of HO-1 in neurons and glial cells from AD brain and this phenomenon has been explained as an attempt of the neural tissue to react against oxidant/inflammatory damage by increasing the production of neuroprotectants, such as CO and BR (Schipper et al., 2006; Hettiarachchi et al., 2017; Nitti et al., 2018). Intriguingly, the over-expression of HO-1 has been also detected in lymphocytes and plasma from AD subjects, thus putting forth the hypothesis that HO-1 is a peripheral biomarker of AD (Calabrese et al., 2006; Di Domenico et al., 2012). Since HO-1 and BVR may undergo post-translational modifications in AD hippocampi which impair their enzymatic activities (Barone et al., 2011a,b, 2012b), a common strategy to preserve neuroprotection is to up-regulate HO-1 through the administration of some drugs (e.g., atorvastatin) or herb-derived antioxidants (e.g., ferulic acid, curcumin, rosmarinic acid, etc.) (Barone et al., 2012a; Butterfield et al., 2012; Catino et al., 2015; Fetoni et al., 2015; Mhillaj et al., 2018a, 2019). Although this huge amount of data, the vast majority of which obtained by analyzing postmortem brain specimens, only few papers have addressed the role played by sAβ or fAβ in the regulation of HO-1 and BVR with results not always comparable. Indeed, earliest studies did not focus on the differential effects of Aβ aggregation status, maybe because this issue was not considered interesting at that time.

On these premises, the first aim of this work is to fully characterize, by using a pharmacological approach, the differential regulation of the HO/BVR system by both sAβ and fAβ in the human neuroblastoma SH-SY5Y cells, a reliable experimental system widely used to study neurodegeneration and AD (Marrazzo et al., 2019; Wang et al., 2019; Celik et al., 2020). Furthermore, since in vivo data have shown that the COX-2 inhibitor celecoxib (CXB) reduces neuroinflammation and prevents cognitive impairment and behavioral abnormalities in sAβ-treated rats, the second aim of this work is to investigate whether or not CXB modulates the HO/BVR system in SH-SY5Y cells, thus widening the spectrum of its therapeutic activity.



MATERIALS AND METHODS


Chemicals

Celecoxib was purchased from Tocris (BioTechne, Milan, Italy) and 1 mM stock solutions were prepared in DMSO. Bilirubin and Zinc-protoporphyrin-IX (ZnPP-IX, Frontier Scientific, Logan, UT, United States) were dissolved in alkaline aqueous solution. Tricarbonyldichlororuthenium (II) (CORM-2, Sigma-Aldrich, Milan, Italy) was dissolved in DMSO at the stock solution of 10 mM.



Aβ Preparation and Aggregation Analysis

The Aβ1–42 peptide (hereafter referred to as Aβ) was purchased from Tocris (BioTechne, Milan, Italy). The soluble form of Aβ (sAβ) was obtained by dissolving the peptide in sterile distilled water at the concentration of 4 μM. For the fibrillary form (fAβ), the peptide was firstly dissolved in 100% hexafluoroisopropanol (HFIP) at the concentration of 4 μM and the solution evaporated to obtain the peptide film, as previously described (Stine et al., 2011). Then, the Aβ film was resuspended in DMSO, sonicated, diluted in 10 mM HCl and incubated at 37°C for 24 h.

For aggregation analysis, Aβ solutions were freshly prepared before each experiment by diluting either sAβ or fAβ in cell culture medium (see below) at the final concentrations of 25 nM and 6.25 nM, respectively; in selected experiments, both sAβ and fAβ were exposed to either 10 μM CXB or 50 nM BR or 50 nM CORM-2. Each sample was incubated at 37°C for 24 h under quiescent conditions and no significant changes in the pH of the solutions were detected over time. Residual DMSO from CXB or CORM-2 stock solutions did not interfere with Aβ aggregation.

Aβ aggregation status was structurally characterized by dynamic light scattering (DLS) using Zetasizer Nano ZS (Malvern, Herrenberg, Germany), as previously described (Palmieri et al., 2014). Solvent-resistant micro-cuvettes have been used for experiments using a fixed position (4.65 mm) with an automatic attenuator and at a controlled temperature (37°C). For each sample, 3 measurements were averaged.

Sample imaging was performed by atomic force microscopy (AFM), as previously described (Palmieri et al., 2017). Briefly, Aβ samples at fixed time points, were drop casted of fresh cleaved Mica disks and air dried. After sample preparation, measurements were immediately performed with a NanoWizard II AFM (JPK Instruments AG, Berlin, Germany) using silicon cantilevers with high aspect-ratio conical silicon tips (CSC36 Mikro-Masch, Tallinn, Estonia).



Cell Culture

SH-SY5Y neuroblastoma cells were provided through the courtesy of Prof. Randall N. Pittman (Department of Pharmacology, University of Pennsylvania, Philadelphia, PA, United States) and cultured in Minimum Eagle’s Medium (MEM, Euroclone, Pero, Italy):F12 (Gibco, Life Tecnologies, Monza, Italy) supplemented with 1X non-essential aminoacids (Euroclone), 1 mM sodium pyruvate (Gibco), 1.5 g/L sodium bicarbonate, 1% penicillin/streptomycin (Euroclone) and 10% fetal calf serum (FCS, Euroclone), in a humidified incubator at 37°C and 5% CO2.

The day before the experiment, 1.2 × 106 SH-SY5Y cells (10th–14th passage) were seeded in 6-multiwell plates at a density of 120,000 cells/cm2. After overnight incubation, cells were treated with either sAβ (6.25–50 nM) or fAβ (1.56–50 nM) for 24 h. In another experimental setting, SH-SY5Y cells were treated with CXB (0.5–20 μM) for 1 h and then exposed to either cell culture medium or 25 nM sAβ or 6.25 nM fAβ for 24 h. To evaluate the effects of HO blockade, SH-SY5Y cells were treated with CXB plus sAβ or fAβ as above in the presence of ZnPP-IX (2.5 μM). Finally, in selected experiments, cells were incubated with either BR (50 nM) or CORM-2 (50 nM) for 6 h and then replaced with media containing sAβ (25 nM) or fAβ (6.25 nM) plus BR or CORM-2, for further 24 h. Drug dilutions were prepared in fresh culture medium immediately before performing the experiments. All the pharmacological manipulations were performed in triplicate. No significant changes in the pH of cell culture medium were detected after each treatment.



Western Blot

Both HO-1 and HO-2 and BVR and β-actin levels in SH-SY5Y cells were detected by Western Blot as previously described (Catino et al., 2015). An anti-HO-2 antibody (1:1000, Stressgen, Enzo Life Sciences, DBA Italia, Segrate, Milan, Italy) was used. An anti-β-actin rabbit monoclonal antibody (1:1000; Stressgen) was used to detect β-actin. Nitrocellulose membranes were stripped and then re-probed with the anti-β-actin antibody to confirm equal protein loading. The HO-1 or HO-2 or BVR/β-actin ratios were calculated and expressed as a percentage compared to the control group.



Immunofluorescence Analysis

Immunofluorescence for 4-hydroxynonenals (4-HNE) and nuclear factor erythroid 2-related factor 2 (Nrf2) have been performed as previously described (Catino et al., 2015). Briefly, 100,000 cells, seeded in glass coverslips (10 mm diameter), were fixed with 4% paraformaldehyde for 15 min at room temperature, permeated with 0.1% Triton-X for 15 min before being blocked in 0.3% BSA for 20 min. Samples were then incubated for 3 h with primary rabbit anti-4-HNE (Cat#HNE11-S, Alpha Diagnostic, Int., San Antonio, TX, United States) or mouse anti-Nrf2 (Abcam, Cambridge, MA, United States) antibody diluted 1:100 in 0.3% BSA in phosphate buffered saline (PBS). At the end of incubation, all samples were washed twice in PBS and incubated at room temperature for 90 min, light-protected, with secondary antibodies diluted 1:1000 in PBS. Goat anti-rabbit 488 (Alexa Fluor) was used for 4-HNE, whereas donkey anti-mouse 546 (Alexa Fluor) was used to detect Nrf2 labeling. Moreover, cell nuclei were counterstained with DAPI (1:1000 in PBS) for 10 min at room temperature, in a light-protected environment. Subsequently, the samples were coverslipped with an antifade medium (ProLong Gold; Invitrogen). Images (40×) were obtained with a confocal laser scanning system (Nikon Ti-E, Confocal Head A1 MP, Tokyo, Japan). A semi-quantitative analysis of fluorescence signals was quantified with ImageJ (version 1.51s); each evaluation was conducted on at least 15 fields randomly selected for each of the experimental conditions. Control experiments were performed by omitting the primary antibody during processing of tissue randomly selected across experimental groups (not shown).



ROS Detection

The intracellular ROS were detected by fluorescence using the 2,7-dichlorofluorescein diacetate (DCFDA) Cellular ROS Assay kit (Abcam, Cambridge, MA, United States), according to the manufacturer’s instructions. Briefly, SH-SY5Y cells were seeded into 96-well plates at a cell density of 2.5 × 104 cells/well and allowed to attach overnight. The day of the experiment, cells were washed and incubated with a freshly prepared solution of DCFDA (25 μM) at 37°C for 45 min in the dark. Immediately after, cells were washed and then incubated in 8-replicates for each of the established experimental protocols described above. Fluorescence signal was measured, with a reading time of 1 s, in a microplate reader (Victor3, Perkin Elmer, United States) with precision at 485 nm < 0.5% and temperature control at 37°C, set at an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Data were expressed as percentage of control after background subtraction.



Statistical Analysis

Analysis of the data were obtained by Graph Pad® 6.0 software. Results are presented as mean ± standard error of the mean (SEM) of N replicates per group. Data sets have been analyzed by One-way ANOVA followed by a Tukey’s multiple comparison test. Differences were considered statistically significant at P < 0.05.



RESULTS


Effects of Aβ on the HO/BVR System in SH-SY5Y Human Neuroblastoma Cells

As shown in Figures 1A,B, sAβ (6.25–50 nM for 24 h) increased HO-1 expression and 25 nM was the lowest concentration reaching statistical significance (Figure 1B, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C). Similarly, in a first set of experiments, the effect of fAβ on HO-1 expression was tested by using the same concentration-range and time of incubation used for sAβ (Figures 1C,D); however, by analyzing these data, a significant induction of HO-1 as low as 6.25 nM fAβ was detected (Figure 1D, One-way ANOVA followed by Tukey’s test, ∗∗P < 0.01 vs. C). This last result focused the attention on the possible effects of fAβ on HO-1 induction at concentrations lower than 6.25 nM and suggested widening the dose-range including lowest fAβ concentrations. Indeed, a dose-dependent increase in HO-1 expression as low as 1.56 nM fAβ was detected (Figures 1E,F), and this set of experiments confirmed 6.25 nM fAβ as the lowest concentration able to increase significantly HO-1 protein level (Figure 1F, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C). With regard to HO-2 and BVR (Figures 2A–H), neither sAβ nor fAβ significantly modulated HO-2 expression, whereas only fAβ up-regulated BVR, reaching statistical significance at 12.5 nM (Figure 2H, One-way ANOVA followed by Tukey’s test, ∗∗P < 0.01 vs. C). The lowest effective concentrations of sAβ or fAβ for 24 h were used for further studies. It is noteworthy to mention that at time points shorter than 24 h of incubation, neither sAβ nor fAβ had any significant effect on HO-1, HO-2 and BVR protein expression (data not shown).
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FIGURE 1. Soluble and fibrillar Aβ (sAβ and fAβ, respectively) increase heme oxygenase-1 (HO-1) expression in SH-SY5Y neurons. SH-SY5Y cells were treated with sAβ (6.25–50 nM) and fAβ (1.56–50 nM) for 24 h and Western Blot was performed as described in Section “Materials and Methods.” (A,C,E) Show representative gels regarding HO-1 protein expression following sAβ and fAβ treatment, as above. Bar graphs represent the quantification of HO-1 protein levels normalized for β-actin expression. Data are expressed as mean ± SEM of 3/4 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: ***P < 0.001 vs. C (B); **P < 0.01 vs. C and ***P < 0.001 vs. C (D); ***P < 0.001 vs. C and ****P < 0.0001 vs. C (F). C, control.
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FIGURE 2. Effects of soluble and fibrillar Aβ (sAβ and fAβ, respectively) on heme oxygenase-2 (HO-2) and biliverdin reductase (BVR) expression in SH-SY5Y neurons. SH-SY5Y cells were treated with sAβ (6.25–50 nM) and fAβ (6.25–50 nM) for 24 h and Western Blot was performed as described in Section “Materials and Methods.” (A,C,E,G) Show representative gels regarding HO-2 and BVR protein expression following sAβ and fAβ treatment, as above. Bar graphs represent the quantification of HO-2 and BVR protein levels normalized for β-actin expression. Data are expressed as mean ± SEM of 4/5 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: **P < 0.01 vs. C (H). C, control.




Effects of CXB on Aβ-Mediated HO/BVR System in SH-SY5Y Human Neuroblastoma Cells

As shown in Figures 3A,B, CXB (0.5–20 μM for 1 h) dose-dependently over-expressed HO-1 in SH-SY5Y neurons, reaching statistical significance at 10 μM (Figure 3B, One-way ANOVA followed by Tukey’s test, ∗P < 0.05 vs. C). As far as the effect of CXB on Aβ-induced HO-1, Figures 3C–F, show as CXB (0.5–10 μM) potentiated 25 nM sAβ- and 6.25 nM fAβ- induced HO-1 up-regulation, respectively, reaching statistical significance at 10 μM (Figure 3D, One-way ANOVA followed by Tukey’s test, ∗∗P < 0.01 vs. C, #P < 0.05 vs. sAβ; Figure 3F, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, #P < 0.001 vs. fAβ). As shown in Figures 4A–D, no significant modulation of HO-2 and BVR protein levels by CXB have been detected (Figure 4B, One-way ANOVA followed by Tukey’s test P = 0.095; Figure 4D, One-way ANOVA followed by Tukey’s test P = 0.151).
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FIGURE 3. Celecoxib (CXB) effects on basal and Aβ-induced heme oxygenase-1 (HO-1) expression in SH-SY5Y neurons. SH-SY5Y cells were treated with CXB (0.5–10 μM) for 1 h and then incubated with cell culture medium for 24 h (A); in another set of experiments, SH-SY5Y cells were treated with CXB (0.5–10 μM) for 1 h and then incubated with 25 nM sAβ or 6.25 nM fAβ for 24 h (C,E, respectively). Following incubation, cells were harvested and Western Blot was performed as described in Section “Materials and Methods.” (A,C,E) Show representative gels evaluating HO-1 protein expression. Bar graphs represent the quantification of HO-1 protein levels normalized for β-actin expression. Data are expressed as mean ± SEM of 4/5 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: *P < 0.05 and **P < 0.01 vs. C (B); **P < 0.01 vs. C and #P < 0.05 vs. sAβ (D); ***P < 0.001 vs. C and #P < 0.001 vs. fAβ (F). C, control.
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FIGURE 4. Celecoxib (FA) effects on basal heme oxygenase-2 (HO-2) and biliverdin reductase (BVR) expression in SH-SY5Y neurons. SH-SY5Y cells were treated with CXB (0.5–10 μM) for 1 h and then incubated with cell culture medium for 24 h. Following incubation, cells were harvested and Western Blot was performed as described in Section “Materials and Methods.” (A,C) Show representative gels evaluating HO-2 and BVR protein expression. Bar graphs represent the quantification of HO-2 and BVR protein levels normalized for β-actin expression. Data are expressed as mean ± SEM of 4/5 replicates per group and analyzed by one-way ANOVA followed by Tukey’s test: P > 0.05.


A common mechanism through which HO-1 exerts neuroprotective effects in several cell types, including SH-SY5Y neurons, is the nuclear translocation of the transcriptional inducer Nrf2 (Johnson and Johnson, 2015). Therefore, the next step was to study whether CXB favors the Nrf2 cytosol-to-nucleus translocation in SH-SY5Y neurons. As shown in Figure 5, in neurons exposed to sAβ or fAβ, a faint-to-moderate Nrf2 translocation into the nucleus was detected, although some signal was confined into the cytoplasm (panels B-b2 and D-d2). Moreover, CXB induced a strong Nrf2 translocation into the nucleus, as reported by the fluorescence signal (panels C-c2 and E-e2). Notably, quantitative analysis of the Nrf2 nucleus/cytoplasm ratio revealed that 10 μM CXB increased Nrf2 nuclear translocation in both 25 nM sAβ- and 6.25 nM fAβ- treated cells (Figure 5F, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, ∗P < 0.05 vs. C, #P < 0.001 vs. sAβ, °P < 0.01 vs. fAβ), but CXB-induced Nrf2 nuclear translocation was greater in fAβ-exposed neurons (median fold change of sAβ+CXB/sAβ = 1.78 vs. fAβ+CXB/fAβ = 2.74), thus confirming the HO-1 induction detected in Figures 3C–F. Furthermore, these findings confirm that the exposure of SH-SY5Y cells to CXB is long enough to induce Nrf2 at the nuclear level and, presumably, to favor HO-1 over-expression during the 24 h incubation with either cell culture medium or sAβ or fAβ. Finally, these results mirror other findings in vascular endothelial cells and in macrophages, thus confirming how Nrf2-related transcription of cytoprotective genes in response to CXB is a conserved antioxidant mechanism (Wang et al., 2011; Al-Rashed et al., 2018). Incidentally, residual DMSO from CXB stock solution did not have any significant effect on protein levels and Nrf2 translocation.
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FIGURE 5. Nrf2 activation and translocation into the nucleus in SH-SY5Y neurons. (A–E) Representative images from three independent immunofluorescence experiments in which double-labeling with DAPI and anti-Nrf2 antibody (a1–e1) was performed in 25 nM sAβ- or 6.25 nM fAβ- treated SH-SY5Y neurons without or with 10 μM CXB, as described in Section “Materials and Methods.” Merged images are shown in (A–E). (b2–e2) Images show the distribution of fluorescence intensity signal in a pseudo-color rainbow scale. Scale bar: 20 μm. (F) Represents the quantification of the Nrf2 nucleus/cytoplasm ratio in treated cells. Data are expressed as mean ± SEM of 11/13 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: ***P < 0.001 vs. C, *P < 0.05 vs. C, #P < 0.001 vs. sAβ, °P < 0.01 vs. fAβ (F). A.U., arbitrary units; C, Control.




Characterization of Aβ Aggregation Forms

Since both the rate of Aβ aggregation and size of oligomers/fibrils have been shown to vary depending on the concentration of the peptide and the buffer in which aggregation takes place (Nag et al., 2011; Nichols et al., 2015), these experiments have been carried out by using sAβ and fAβ at the lowest concentrations found effective to up-regulate HO-1, diluted in the cell culture medium and incubated at 37°C for 24 h under quiescent conditions. As shown in Figure 6A, 25 nM sAβ oligomerization starts after a lag-phase of ∼ 2 h, during which the peptide is prevalently in the monomeric form [hydrodynamic radius (RH) ∼ 1 nm], sharply increases within 6 h and reaches a plateau at ∼ 8 h. As early as 3 h, small oligomers with RH ∼20 nm prevail (Figure 6B), whereas at the plateau the oligomer size reaches RH ∼ 110 nm (Figure 6C). These results have been confirmed by AFM experiments showing the presence of a few monomers together with oligomers throughout the whole oligomerization process (Figures 6D,E).
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FIGURE 6. Kinetics of Aβ aggregation and oligomer/fibril formation by Dynamic Light Scattering (DLS) and Atomic Force Microscopy (AFM). 25 nM sAβ or 6.25 nM fAβ were incubated in cell culture medium at 37°C for 24 h under quiescent conditions. At fixed time points, Aβ samples were drop casted of fresh cleaved Mica disks and air dried. (A–C) Show a representative monomers aggregation kinetics of 25 nM sAβ, measured by DLS. (D,E) Representative AFM micrographs of early oligomers (D) and oligomers after 12 h of aggregation (E) are reported. (F–H) 6.25 nM fAβ aggregation kinetics, assessed by DLS, are reported. Representative AFM images of fibrils before (I) and after (J) aggregation are reported with monomers and oligomers coexisting with fibrils in the final phase.


With regard to 6.25 nM fAβ, the lag-phase before fibril elongation is ∼10 h: over this time, a few fibrils with RH ∼44 nm and 1–2 μm in length have been detected (Figures 6F,G,I). Conversely, after 10 h, the formation of longer fibrils takes place and reaches a plateau at ∼20 h: at this last time-point, longer fibrils with RH ∼267 nm and ∼10–15 μm in length have been detected (Figures 6H,J). Over the whole fibrillation period, Aβ oligomers, with maximal RH ∼150 nm have been also detected, implying a mixed population of Aβ soluble and insoluble species in these samples (Figures 6I,J).



Effects of CXB on ROS Generation and Lipid Peroxidation in SH-SY5Y Cells

As mentioned in Section “Introduction,” a common mechanism shared by sAβ and fAβ to induce neurodegeneration is the production of ROS, which in turn, up-regulate HO-1. Regarding the effect of CXB on Aβ-induced ROS production, data summarized in Figures 7A,B, demonstrate a significant antioxidant activity of 10 μM CXB against 25 nM sAβ and 6.25 nM fAβ, respectively, in SH-SY5Y neurons (Figure 7A, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, #P < 0.01 vs. sAβ; Figure 7B, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.0001 vs. C, #P < 0.001 vs. fAβ). In this experimental system, 10 μM CXB alone weakly increased basal ROS production (Figures 7A,B, One-way ANOVA followed by Tukey’s test, ∗P < 0.05 vs. C).


[image: image]

FIGURE 7. Celecoxib (CXB) contrasts Aβ-induced reactive oxygen species (ROS) formation through the HO activity in SH-SY5Y neurons. SH-SY5Y cells were treated with 10 μM CXB for 1 h and then incubated with either cell culture medium or 25 nM sAβ (A) or 6.25 nM fAβ (B) for 24 h. Following incubation, intracellular ROS cells were measured by fluorimetric detection as described in Section “Materials and Methods.” In selected experiments, SH-SY5Y neurons were incubated as above in the presence of 2.5 μM ZnPP-IX (C,D). Data are expressed as a mean ± SEM of 12/14 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: ***P < 0.001 vs. C, #P < 0.01 vs. sAβ, *P < 0.05 vs. C (A,C); ***P < 0.0001 vs. C, #P < 0.001 vs. fAβ, *P < 0.05 vs. C (B,D); °P < 0.001 vs. sAβ+CXB (C); °P < 0.05 vs. fAβ+CXB (D). C, control.


To exclude a potential effect of CXB on Aβ aggregation as an adjuvant antioxidant mechanism, its effect on sAβ and fAβ aggregation has been studied. The results confirm the lack of any effect of 10 μM CXB on the aggregation of 25 nM sAβ and 6.25 nM fAβ over 24 h (data not shown).

Finally, in order to link the antioxidant effect of CXB with HO-1 over-expression, experiments with the HO-inhibitor ZnPP-IX have been performed according to current literature (Catino et al., 2015; Wang et al., 2016; Hui et al., 2018). As shown in Figures 7C,D, 2.5 μM ZnPP-IX fully counteracted 10 μM CXB-related ROS generation in SH-SY5Y cells treated with 25 nM sAβ, whereas the inhibitor only partially reverted ROS generation in 6.25 nM fAβ-exposed SH-SY5Y cells (Figure 7C, One-way ANOVA followed by Tukey’s test, °P < 0.001 vs. sAβ+CXB; Figure 7D, One-way ANOVA followed by Tukey’s test, °P < 0.05 vs. fAβ+CXB). Importantly, ZnPP-IX alone increased basal ROS production thus confirming the tonic antioxidant effect of HO-1 on SH-SY5Y cells (Figures 7C,D, One-way ANOVA followed by Tukey’s test, ∗P < 0.05 vs. C).

The differential effects of sAβ and fAβ on ROS production have been reflected on cell damage. As a biomarker of lipid peroxidation, 4-HNE have been assayed. As shown in Figure 8, 4-HNE labeling was faint in control cells (panel A), but increased markedly in cells treated with both sAβ (panels B-b3) and fAβ (panels C-c3), as also confirmed by fluorescence quantification (Figures 8H,I, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C). Moreover, 10 μM CXB markedly reduced neuronal damage only in sAβ-treated cells (panels D-d3 and Figure 8H, One-way ANOVA followed by Tukey’s test, #P < 0.001 vs. sAβ), whereas only a weak reduction in 4-HNE has been detected in neurons exposed to fAβ (panels E-e3 and Figure 8I, One-way ANOVA followed by Tukey’s test, #P < 0.01 vs. fAβ). Finally, 2.5 μM ZnPP-IX significantly reverted CXB-related 4-HNE inhibition only in SH-SY5Y cells treated with sAβ (panel F-f3 and Figure 8H, One-way ANOVA followed by Tukey’s °P < 0.001 vs. sAβ+CXB). Residual DMSO from CXB stock solution did not have any significant effect on the results described above.
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FIGURE 8. Celecoxib (CXB) counteracts Aβ-induced lipid peroxidation through the HO activity in SH-SY5Y neurons. (A–G) Representative images from three independent immunofluorescence experiments in which double-labeling with DAPI (b1–g1) and anti-4-HNE antibody (b2–g2) was carried out in SH-SY5Y neurons treated as described in the legend of Figure 5. Merged images are shown in (A–G). (b3–g3) Images showing the distribution of fluorescence intensity signal in a pseudo-color rainbow scale. Scale bar: 20 μm. (H,I) Represent the quantification of 4-HNE fluorescence. Data are expressed as mean ± SEM of 15 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: ***P < 0.001 vs. C, #P < 0.001 vs. sAβ, °P < 0.001 vs. sAβ+CXB (H); ***P < 0.001 vs. C, #P < 0.01 vs. fAβ (I). A.U., arbitrary units; C, Control.


A possible mechanism through which CXB counteracts Aβ-induced ROS production and neurotoxicity is related to the ability of this drug to further increase Aβ induced-HO-1 up-regulation (Figures 3C–F), resembling a well-known mechanism involved in the neuroprotective effects of several agents under redox imbalance (Calabrese et al., 2008; Butterfield et al., 2012; Catino et al., 2015). In this frame, the inhibition of HO activity by ZnPP-IX confirms the main role played by HO-1 in CXB-related neuroprotection.



HO By-products With Neuroprotective Properties

The experiments described above demonstrated the main involvement of HO activity on CXB-mediated antioxidant effects. The next step was to identify which, among the HO by-products, is involved in the antioxidant effects previously described. The major concern we had to face with, while designing these experiments, was the choice of both BR and CORM-2 (a CO donor) concentrations so that they could not result toxic when co- administered with either sAβ or fAβ. In order to solve this issue, BR and CORM-2 were both used at 50 nM, a concentration found safe for SH-SY5Y neurons (Dal-Cim et al., 2012; Catino et al., 2015). As shown in Figures 9A,B, 50 nM CORM-2 significantly reduced ROS production stimulated by both 25 nM sAβ and 6.25 nM fAβ, respectively (Figure 9A, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, #P < 0.01 vs. sAβ; Figure 9B, One-way ANOVA followed by Tukey’s test, ∗∗P < 0.01 vs. C, #P < 0.01 vs. fAβ), whereas 50 nM BV did not have any effect (data not shown). On the contrary, 50 nM BR significantly inhibited only 6.25 nM fAβ-induced ROS production (Figure 9C, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, Figure 9D, One-way ANOVA followed by Tukey’s test, ∗∗∗P < 0.001 vs. C, #P < 0.01 vs. fAβ).


[image: image]

FIGURE 9. Antioxidant effect of the carbon monoxide donor CORM-2 and bilirubin (BR) in SH-SY5Y neurons exposed to Aβ. SH-SY5Y neurons were treated with 50 nM CORM-2 or 50 nM BR alone or in the presence of either 25 nM sAβ or fAβ for 24 h. At the end of incubation, intracellular ROS cells were measured by fluorimetric detection as described in Section “Materials and Methods.” Data are expressed as a mean ± SEM of 12/13 replicates per group and analyzed by One-way ANOVA followed by Tukey’s test: ***P < 0.001 vs. C, #P < 0.01 vs. sAβ (A); **P < 0.01 vs. C, #P < 0.01 vs. fAβ (B); ***P < 0.001 vs. C (C); ***P < 0.001 vs. C, #P < 0.01 vs. fAβ (D). C, control.


In search for alternate mechanisms involved in CO and BR neuroprotective effects, specific experiments to assess their interaction with Aβ were performed. As shown in Figure 10 and Table 1, both 50 nM CORM-2 and 50 nM BR prolonged the lag-phase of 25 nM sAβ oligomerization from 2 to 3 h and slowed the rate of oligomer formation, whereas only 50 nM BR reduced the oligomer size at plateau (RH ∼ 75 vs. 110 nm) (Figure 10A and Table 1, One-way ANOVA followed by Tukey’s test, ∗∗P < 0.01 vs. sAβ). With regard to 6.25 nM fAβ, neither 50 nM CORM nor 50 nM BR affected the rate of fibril elongation, whereas this latter reduced fibril RH at plateau (RH ∼ 209 vs. 267 nm) (Figure 10B and Table 1, One-way ANOVA followed by Tukey’s test, #P < 0.01 vs. fAβ). Selected experiments have excluded any significant effect of ruthenium, contained in CORM-2, and residual DMSO on ROS generation as well as Aβ oligomer formation and fibril elongation (data not shown).


[image: image]

FIGURE 10. Effects of carbon monoxide donor CORM-2 and bilirubin (BR) on the kinetics of Aβ aggregation. (A) A representative aggregation kinetics, measured by DLS, of 25 nM sAβ (blu squares) in the presence of 50 nM CORM-2 (green squares) or 50 nM BR (red squares) is reported. (B) A representative aggregation kinetics, measured by DLS, of 6.25 nM fAβ (blu squares) in the presence of 50 nM CORM-2 (green squares) or 50 nM BR (red squares) is reported (see section “Materials and Methods” for further details).



TABLE 1. Effects of carbon monoxide donor CORM-2 and bilirubin (BR) on β-amyloid (Aβ) aggregation.

[image: Table 1]These last results show an unprecedented direct effect of both CO and BR on Aβ aggregation independent of the modulation of intracellular signaling pathways acting downstream. The gaseous nature of CO and the high liposolubility of BR may have a role in their direct interaction with Aβ over the transition through the structural states.



DISCUSSION

The role of HO-1 in the pathogenesis of AD and its druggability are no longer matter of debate. Over the years, several research groups described a marked induction of HO-1 in postmortem brain tissues as well as in plasma and lymphocytes from patients with AD or mild cognitive impairment (MCI), this latter being the transitional phase from healthy aging to AD (Calabrese et al., 2006; Di Domenico et al., 2012). The rationale to explain HO-1 induction in AD is related to the neuroprotective features of this early gene/protein whose ability to prevent heme toxicity, enhanced during excessive free radical generation, and to release the antinflammatory gaseous molecule CO (Nitti et al., 2018), make this enzyme a pivotal player in the cell stress response (Mancuso et al., 2013; Motterlini and Foresti, 2017). However, a large slice of literature focused on the potential neurotoxic effects of a sustained HO-1 induction due to the accumulation of its by-products, but these two hypotheses were recently reconciled by keeping in mind the “dual” nature of HO-1. In this light, the potentiation of HO-1 up-regulation by drugs (e.g., atorvastatin) and nutritional herb-based agents (e.g., ferulic acid, rosmarinic acid) detected in several in vitro and in vivo preclinical models of free radical-induced diseases, is currently considered an effective neuroprotective response (Calabrese et al., 2008; Butterfield et al., 2012; Catino et al., 2015; Fetoni et al., 2015).

Another important issue to be focused is the range of concentrations of sAβ and fAβ used to up-regulate HO-1. In many papers, to achieve a marked increase in HO-1 level were necessary high concentrations of Aβ, in the range 10—20 μM, whereas in our study a significant HO-1 over-expression was detected as low as 25 nM sAβ and 6.25 nM fAβ, these concentrations being close to those detected in AD brain which are well below 1 μM (Nag et al., 2011 and references therein). These findings favor the translational application of our results and support the hypothesis of an early induction of HO-1, even in the absence of an excessive deposition of Aβ as occurs in the later phases of AD. On the other hand, CXB (10 μM) has been shown to exert protective effects through the activation of HO-1 in human arterial and venous endothelial cells (Al-Rashed et al., 2018). The dose of CXB was chosen taking into account not only the drug-protein binding properties, but also based on the maximum plasma concentration, which has been reported to range approximately 2–8 μM in selected dosing regimens established in preclinical and clinical studies (Davies et al., 2000; Paulson et al., 2000, 2001).

Most of the research carried out with the purpose to study the involvement of HO-1 in AD, produced descriptive studies without addressing either the molecular mechanism(s) through which sAβ or fAβ regulate HO-1 expression or whether HO-1 modulation mitigates Aβ-induced brain injury. Our study supports the hypothesis that sAβ has a minor role in HO-1 regulation, whereas a marked induction of HO-1 has been detected as early as 24 h, a time-point long enough to allow the formation of Aβ oligomers. These last findings agree with previous studies on HO-1 induction by the Butterfield’s group who incubated sAβ for 24 h in PBS before treating gerbil synaptosomes and rat cortical neurons (Sultana et al., 2005; Perluigi et al., 2006). Our data are also in good agreement with those by Cui et al. (2019) who detected a significant HO-1 over-expression in BV-2 microglial cells by using a purified preparation of Aβ oligomers. As far as the contribution of fAβ to HO-1 regulation, our results in SH-SY5Y cells corroborate a significant induction of HO-1 and agree with the few studies carried out in postmortem brain senile plaques and neurofibrillary tangles (Smith et al., 1994; Schipper et al., 1995). Although the transition from monomers to oligomers and fibrils has to be considered a continuum, since the three Aβ aggregating forms coexist in the brain over the natural history of AD, this set of experiments confirms that a different degree of HO-1 induction occurs over the transition from soluble to insoluble forms of Aβ. Intriguingly, the ability of CXB to further enhance HO-1 protein in SH-SY5Y is maintained regardless of the Aβ soluble or insoluble species (Figure 3). This evidence suggested interpreting the potential neuroprotective effect of CXB by evaluating not only the degree of HO-1 over-expression, but mainly the antioxidant outcomes. Definitely, HO-1 blockade fully reverted both CXB-related inhibition of ROS generation and lipid peroxidation damage in SH-SY5Y cells treated with sAβ, whereas in those exposed to fAβ the inhibition of HO-1 only partially counteracted CXB-related antioxidant effect and did not affect lipid peroxidation damage (Figures 7, 8). These results strongly support the evidence of a major neuroprotective effect of CXB, through HO-1 induction, in sAβ-exposed SH-SY5Y cells.

The HO-1-dependent neuroprotective effect of CXB sheds new light on a drug whose efficacy in AD has long been debated. As early as 1997, many epidemiological studies revealed as NSAID treatment was associated with decreased risk to develop AD by reducing COX-dependent neuroinflammation. Among the determinants of this therapeutic effect, were both the type of NSAIDs used and the age of patients: the neuroprotective effect was greater with non-aspirin drugs (e.g., ibuprofen, sulindac, diclofenac) and in younger subjects (Imbimbo et al., 2010). However, these promising results were not confirmed by ad hoc designed clinical trials; a systematic review and meta-analysis by Miguel-Alvarez et al. (2015) has confirmed the lack of efficacy of NSAIDs, including the COX-2 inhibitor CXB, to improve cognitive skills and reduce disease severity in AD subjects. With regard to CXB, the randomized clinical trials studying its efficacy in AD enrolled either people older than 70 years with a family history of AD or patients with mild-to-moderate AD aged ≥ 50 years (Soininen et al., 2007; Group et al., 2008, 2009). That said, although not confirmed by published results, it is possible to argue that both aged subjects and AD patients recruited in these studies had already developed brain injury, due to Aβ aggregation/fibrillation, earlier than or during the clinical trials and this could be responsible, at least in part, for the lack of efficacy of CXB. Accordingly, Breitner et al. (2011) followed-up the ADAPT protocol for two additional years and found a significant reduction in AD incidence among the asymptomatic enrollees treated with NSAIDs and concluded that the efficacy of NSAID treatment depends on the stage of AD development being more effective during the earliest stage of the disease.

As far as the effectors downstream of HO-1 activation, the neuroprotective effects of CO and BR, through the down-regulation of pro-oxidant systems or direct free radical scavenging, respectively, have been extensively addressed (Piantadosi, 2008; Jansen and Daiber, 2012). Our results confirmed the ability of CO and BR to inhibit both sAβ- and fAβ- induced ROS formation and provided novel evidence for a direct effect of CO and BR in AD through the slowdown of the growth rate of Aβ oligomers and decrease in the oligomer/fibril final size. These results, vis-à-vis with those by Kim et al. (2019), who described the inhibitory effect of CO on the NF-κB-mediated BACE1 transcription, and by Barone et al. (2012a), who showed a strong relationship between BVR activation and BACE1 inhibition, confirm the neuroprotective role of a mild up-regulation of the HO-1/BVR system through both CO and BR. However, due to their chemical features, CO being a gas and BR a lipophilic molecule (Mancuso, 2017; Motterlini and Foresti, 2017), their potential effects on extracellular Aβ cannot be excluded.

The preclinical results described in this study parallel the clinical evidence mentioned above and put forth the adjuvant neuroprotective effect of CXB in patients with mild AD or in MCI subjects.
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Neural Stem Cell-Derived Exosomes Regulate Neural Stem Cell Differentiation Through miR-9-Hes1 Axis
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Exosomes, a key element of the central nervous system microenvironment, mediate intercellular communication via horizontally transferring bioactive molecules. Emerging evidence has implicated exosomes in the regulation of neurogenesis. Recently, we compared the neurogenic potential of exosomes released from primary mouse embryonic neural stem cells (NSCs) and astrocyte-reprogrammed NSCs, and observed diverse neurogenic potential of those two exosome populations in vitro. However, the roles of NSC-derived exosomes on NSC differentiation and the underlying mechanisms remain largely unknown. In this study, we firstly demonstrated that NSC-derived exosomes facilitate the differentiation of NSCs and the maturation of both neuronal and glial cells in defined conditions. We then identified miR-9, a pro-neural miRNA, as the most abundantly expressed miRNA in NSC-derived exosomes. The silencing of miR-9 in exosomes abrogates the positive effects of NSC-derived exosomes on the differentiation of NSCs. We further identified Hes1 as miR-9 downstream target, as the transfection of Hes1 siRNA restored the differentiation promoting potential of NSC-derived exosomes after knocking down exosomal miR-9. Thus, our data indicate that NSC-derived exosomes facilitate the differentiation of NSCs via transferring miR-9, which sheds light on the development of cell-free therapeutic strategies for treating neurodegeneration.
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INTRODUCTION

Neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD), are a heterogeneous group of disorders that display the progressive neurodegeneration in specific regions of the central nervous system (CNS), leading to the function abnormalities and disabilities. Among neurodegenerative diseases, especially age-related ones, the impairment of neurogenesis is one key pathological feature (Steiner et al., 2006; Zhang et al., 2007). Due to the failure of clinical trial of drugs for eliminating key risk factors (e.g., Aβ) of neurodegenerative disorders, to maintain and expand the neural stem cell (NSC) pool and to facilitate the regenerative potential of NSCs have been considered as a promising therapeutic strategy for treating these diseases (Steiner et al., 2006; Abdipranoto et al., 2008). The stemness and differentiation potential of NSCs are regulated by cell extrinsic factors in the NSC niche (Yang, 2004; Kageyama et al., 2019; Ahmad et al., 2020). For example, during early CNS development, Notch signaling keeps NSCs uncommitted via activating its intercellular effectors, HES and HEY transcriptional repressor families (Tomita et al., 1996; Engler et al., 2018). Notch signaling also work in concert with SHH and Wnt pathways to facilitate NSCs proliferation (Engler et al., 2018; Ahmad et al., 2020). Thus, the temporal patterning of aforementioned pathways in the NSC niche controls NSC maintenance, differentiation, and cell lineage commitment (Noelanders and Vleminckx, 2017; Engler et al., 2018). Emerging evidence has implicated exosomes as a key part of the NSC niche (Zhang et al., 2017; Ma et al., 2019). Exosomes, a key mediator of intercellular communication, are small bilipid layer-enclosed extracellular vesicles (30–150 nm) that regulate various physiological and pathological processes through horizontally transferring bioactive cargos among cells (Valadi et al., 2007; Ramachandran and Palanisamy, 2012; Xia et al., 2019b). Zhang et al. reported that hypothalamic NSC-derived exosomes significantly slowdown aging-mediated hypothalamic NSC loss through transferring exosomal miRNAs (Zhang et al., 2017). Due to the potential effects of exosomes in the regulation of NSCs, the application/administration of stem cell-derived exosomes as a novel approach to stimulate endogenous neurogenesis (Oh et al., 2017; Yang et al., 2017). For instance, systemic administration of multipotent mesenchymal stromal cell (MSC)-derived exosomes effectively improves functional recovery by promoting endogenous angiogenesis and neurogenesis in rats after traumatic brain injury (TBI) (Xin et al., 2013; Zhang et al., 2015). MSC-derived exosomes, loaded with microRNAs (miRNAs), such as miR-124 or miR-17∼92, improve neurological function via enhancing the neuronal identity of cortical NSCs in TBI and ischemia animal models (Xin et al., 2017; Yang et al., 2017, 2019). Exosomes derived from human umbilical vein endothelial cells (HUVEs) also promote the proliferation and stemness maintenance of NSCs, displaying a potential to expand NSC pool during brain regeneration (Zhang et al., 2018).

Although great progress has been made to demonstrate the roles of exosomes in neurogenesis and neuroregeneration, multiple knowledge gaps remain there to be filled. For example, we are still in lack of information including but not limited to the effects and underlying mechanisms of embryonic NSC-derived exosomes (EXOs) on the regulation of NSCs and the potential interplay between EXOs and diverse signaling pathways in the NSC niche. To address those questions, we for the first time reported the involvement of the EXOs in the regulation of embryonic NSCs in defined conditions (Ma Y. et al., 2018; Ma et al., 2019). Interestingly, although EXOs have no significant effects on the proliferation of NSCs, those exosomes promote the generation of neurons from NSCs (Ma Y. et al., 2018; Ma et al., 2019). Our findings unveil the neurogenic potential of EXOs, however, the exact roles of EXOs in NSC differentiation and the underlying mechanisms remain largely unknown. To investigate the effects of EXOs on NSCs, in the current study, we co-cultured mouse embryonic NSCs with EXOs, and observed positive effects of EXOs on the fate commitment of NSCs and maturation of differentiated cells. We then examined the abundance of miRNAs in EXOs through microarray- and RT-qPCR-based approaches, and identified miR-9 as the most highly enriched one. We further demonstrated the essential roles of miR-9 in NSC differentiation by either directly manipulating the expression of miR-9 in NSCs or silencing exosomal miR-9 in the EXO-NSC co-culture system. Lastly, we identified the key downstream target of exosomal miR-9, Hes1, since silencing Hes1 restored the differentiation promoting potential of miR-9-deleted EXOs. Our study demonstrated an important role of EXOs in the regulation of NSCs and dissected the underlying molecular mechanisms, which, provides the theories foundation for the amplification of EXOs in treating neurodegenerative diseases.



MATERIALS AND METHODS


Isolation and Enrichment of Mouse NSCs

NSCs were isolated from mouse fetal brain tissue as previously described (Ma K. et al., 2018). Briefly, cortical tissues were isolated from embryonic day 13.5 (E13.5) C57BL/6J mice and triturate physically 15–20 times. Dissociated tissues were filtered through 40 μm filter. Single cells were cultured in substrate-free tissue culture flasks for the formation of neurospheres in NSC proliferation medium, containing NeuroCult® NSC Basal Medium (Stem Cell Technologies), NeuroCult® NSC Proliferation Supplements (Stem Cell Technologies), 20 ng/mL FGF2 (BioWalkersville), 20 ng/mL EGF (BioWalkersville), and 2 μg/mL heparin (Sigma), N2 supplement (Gibco), 2 mM L-glutamine (ThermoFisher), 100 IU/mL penicillin (ThermoFisher), and 100 μg/mL streptomycin (ThermoFisher). Primary neurospheres were collected, centrifuge at low speed to remove flowing cells, dissociated into single cells by accutase (Sigma) for 5 min at 37°C, and re-plated for a second round of neurosphere formation. Enriched NSCs were harvested after three rounds of neurosphere formation.



Differentiation of NSCs

The differentiation of NSCs was carried out as previously described (Ma et al., 2019). Briefly, 5 × 103 NSCs were planted on Matrigel-coated coverslips in 24-well plate with DMEM/F12 (Gibco) supplemented with 1 × N2 supplement (Gibco), 1 × B27 supplement (Gibco), 1.0 mM GlutaMAX (ThermoFisher), 10 ng/mL brain-derived neurotrophic factor (BDNF) (Peprotech), 10 ng/mL glial cell line-derived neurotrophic factor (GDNF) (Peprotech), and 2% Knockout Serum Replacement (Gibco). The medium was changed every 2 days.



Collection of Exosomes

Exosomes were isolated from the culture medium of NSCs as previously described (Ma Y. et al., 2018). Briefly, 6 × 106 NSCs were plated in poly-L-Ornithine/laminin-coated 10 cm dish and cultured in NSC proliferation medium for 12 h. The supernatants were collected and exosomes were collected by gradient centrifugation: supernatants were first centrifuged at 300 g for 10 min to remove flowing cells, at 3,000 g for 20 min to remove cellular debris, at 10,000 g for 30 min to remove intracellular organelles and then at 100,000 g for 2 h to precipitate exosomes. All steps of centrifugation were handled at 4°C. Exosomal protein concentrations were determined with a BCA Protein Assay Kit (Pierce). For PKH67 labeling, every 100 μg exosomes were incubated with 2 nmol PKH67 for 10 min at room temperature (RT). Exosomes were re-collected through ultra-speed centrifugation.



Agonist/Antagonist/siRNA and Transfection

The agomiR control, agomiR-9, antagomiR control, antagomiR-9, siRNA scrambled control, and Hes1 siRNA were purchased from GenePharma (GenePharma). Transfection of 20 nM agomiR-9/antagomiR-9/Hes1 siRNA or their corresponding controls was performed using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instruction.



Transmission Electron Microscopy

Negative staining of exosome suspensions followed by imaging in a transmission electron microscope was used to determine vesicle shape and size distribution. Aliquots of exosome suspensions were dispensed onto sheets of Parafilm in a humidified petri dish and the vesicles were deposited on carbon-coated grid (300-mesh) for 3 min. Subsequently, the grid was negatively stained with 1% uranyl acetate for 3 min and excess stain was blotted off. The droplets of exosomes were removed with filter paper and air-dried at RT. Images were taken by transmission electron microscopy (JEM-1230, JEOL).



Nanoparticle Tracking Analysis

The size and number of exosomes were carried out as previously described (Ma Y. et al., 2018). Briefly, isolated EVs were resuspended in 150 μL PBS and diluted at 1:100 in PBS. 1 mL solution was used for NTA that was assessed on NanoSight NS300 system (Malvern Instruments) with a sCMOS camera. The conditions of the measurements were set at 25°C, 1 cP viscosity, 25 s per capture frame and 60 s measurement time. Three individual measurements were applied for determining the size and concentration of exosomes.



Nano-Flow Cytometry

The size and number of exosomes were identified by NanoFCM. NanoFCM is applicable when the refractive index of input samples are the same or similar to that of silica particles. The standard working curve of scattering light intensity is established using silica standard sphere. EVs isolated from 50 mL conditioned medium were resuspended in 100 μL PBS for NanoFCM. The particle size distribution of exosome samples is measured based on the scattering intensity.



Immunocytochemistry

Differentiated NSCs were fixed in 4% formaldehyde for 20 min at RT and then washed with PBS for three times. The fixed cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min, blocked with 2% BSA in PBS for 1 h at RT, and then incubated overnight at 4°C with primary antibodies including Map2 (rabbit, Sigma, 1:200), βIII-Tubulin (Tuj1) (mouse, Millipore, 1:200), Glast (rabbit, Abcam, 1:100), and GFAP (chick, CST, 1:200). Coverslips were washed with PBS for three times and incubated for 1 h at RT with secondary antibodies including anti-rabbit IgG (coupled with Alexa Fluor 568, Life Technologies), anti-rabbit IgG (coupled with Alexa Fluor 488, Life Technologies), anti-chicken IgG (coupled with Alexa Fluor 488, Life Technologies), and anti-mouse IgG (coupled with Alexa Fluor 488, Life Technologies). Coverslips were mounted using VectaShield (Vector Laboratories) and images were taken by a Zeiss AX10 fluorescence microscope accompanied with ZEN 2.3 (blue edition) software. For quantification of the percentage of specific cell types in each experiment, cell type-specific antigen positive cells were counted from 15 random fields per group in three coverslips (five fields each).



Quantitative Reverse Transcription-Polymerase Chain Reaction

The mRNA and miRNA were isolated from cell samples using RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. Genomic DNA was removed and cDNA was synthesized using DNase I digestion kit (Qiagen) and miScript II reverse transcription kit (Qiagen), respectively. Transcripts were amplified using gene-specific primer (Supplemental Table 1) and SYBR green PCR kit (Qiagen) with the ABI7500 (Applied Biosystems). All RT-qPCR results measured each sample in triplicate and no-template blanks were used for negative controls. Amplification curves and gene expression were normalized to the house-keeping gene Gapdh (for mRNA) and U6 snRNA (for miRNA).



Western Blotting

Western blotting was performed as previously described (Gao et al., 2019). Exosomes were lysed in RIPA lysis and extraction buffer (ThermoFisher) containing a protease inhibitor cocktail (Sigma). Protein concentrations were determined with a BCA Protein Assay Kit (Pierce). Proteins (20–30 mg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretic transferred to polyvinylidene fluoride membranes (Millipore and Bio-Rad). Membranes were incubated with primary antibodies for CD9 (rabbit, Abcam, 1:2,000), Flottlin1 (mouse, BD Biosciences; 1:5,000), TSG (rabbit, Abcam, 1:1,000), APOA1 (rabbit, Affinity Biosciences; 1:500), APOA2 (rabbit, Affinity Biosciences; 1:500), Hes1 (rabbit, Affinity Biosciences; 1:500), and β-actin (mouse, CST; 1:1,000) overnight at 4°C followed by a secondary anti-rabbit or anti-mouse antibody (Cell Signaling Technologies, 1:10,000) incubation. Antigen-antibody complexes were visualized by Pierce ECL Western Blotting Substrate (ThermoFisher). For data quantification, films were scanned with a CanonScan 9950F scanner; the acquired images were analyzed using ImageJ program.



MicroRNAs Microarray

Total RNA was extracted from EXOs and 3 μg total RNA per sample was used as input material for the small RNA library. Sequencing libraries were generated using NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB). The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq SR Cluster Kit v3-cBot-HS (Illumia). After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2,500/2,000 platform and 50 bp single-end reads were generated. Raw data (raw reads) of fastq format were firstly processed through custom perl and python scripts for quality control. The small RNA tags were mapped to reference sequence by Bowtie without mismatch to analyze their expression and distribution on the reference. Mapped small RNA tags were used to looking for known miRNA. miRBase 20.0 was used as reference for known miRNA, miRDeep2, and sRNA-tools-cli were used to obtain novel miRNAs and draw the secondary structures, respectively. miRNA expression levels were estimated by transcript per million (TPM).



Statistical Analyses

All results are the means of at least three independent experiments ± SE. The statistical difference between two independent groups was analyzed with the unpaired Student’s t-test, and that among more than two groups was assessed with the parametric one-way ANOVA with post hoc Bonferroni test. Significance was considered when p < 0.05.




RESULTS


EXOs Promote the Differentiation of NSCs

To test the effects of EXOs on the differentiation of NSCs, we isolated and characterized ultracentrifugation-enriched EXOs. TEM visualized the cup-shaped appearance of exosomes with sizes less than 200 nm (Figure 1A). Western blotting analysis detected strong expression of three positive protein markers of exosomes including TSG101, CD9, and Flotillin-1, in the collected exosome samples (Figure 1B). Additionally, negative protein markers APOA1 and APOA2 were expressed in NSC lysate but not in the exosome samples, confirming the purity of exosomes (Figure 1C). Both NTA and NanoFCM analyses further confirmed the typical size distribution of ultracentrifugation-enriched EXOs (30–150 nm), confirming the purification of EXOs (Figures 1D,E).
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FIGURE 1. Characterization of exosomes (EXOs). (A) Purified exosomes were observed under transmission electron microscopy (TEM) using negative staining. (B) The levels of positive exosomal markers TSG101, CD9, and Flotillin-1 in protein lysates of neural stem cells (NSC)-derived exosome pellets were determined by western blotting. (C) The levels of negative exosomal markers APOA1 and APOA2 in protein lysates of NSC-derived exosome pellets and NSCs were determined by western blotting. (D,E) Particle-size distribution of exosomes was determined by NanoSight analysis (NTA) in panel (D) and NanoFCM in panel (E) technologies. Scale bar 200 nm in panel (A).


The internalization of exosomes by NSCs was validated by incubating PKH67-labeled exosomes with primary NSCs for 12 h (Supplementary Figure 1). We then co-cultured NSCs with 15 μg/mL EXOs in differentiation conditions for 6 days. The immunofluorescence analysis suggested that EXOs enhanced NSC differentiation, ascertained by higher proportions of Tuj1+ neuronal and GFAP+ glial cells in exosome-treated groups versus PBS controls (Figure 2A). Next, we examined the effects of EXOs on neuronal and glial maturation. The immunofluorescence analysis indicated that more matured neurons (Map2+ cells) and astrocytes (Glast+ cells) were presented in EXO-treated groups, compared to PBS controls (Figure 2B). RT-qPCR analysis also revealed an increase in the levels of transcripts corresponding to pre-mature neuronal markers (βIII-tubulin), pre-mature astroglial markers (GFAP), matured neuronal markers (Map2) and matured astroglial markers (GS) in EXO-treated group, compared to PBS controls, confirming the immunostaining results (Figure 2C). The effects of EXOs on NSC differentiation were further confirmed by co-culturing EXOs with NSCs in differentiation conditions for 3 and 9 days (Supplementary Figures 2, 3). Thus, our observations suggested that EXOs facilitate the differentiation of NSCs and the maturation of both neuronal and glial cells.
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FIGURE 2. Exosomes promote NSC differentiation. (A) NSCs were co-cultured with exosomes for 6 days in differentiation conditions. Representative images of pre-mature neuronal (Tuj1) and glial (GFAP) markers staining were shown. Proportions of cells expressing pre-mature cell-specific immunoreactivities were determined (in the right panel). (B) Representative images of matured neuronal (Map2) and glial (Glast) staining were shown. Proportions of cells expressing matured cell-specific immunoreactivities were determined (in the right panel). (C) The transcript expression of pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) was determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. * and ** denote p < 0.05 and p < 0.01, respectively. Scale bar 100 μm in panel (A,B).
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FIGURE 3. miR-9 is predominantly expressed in EXOs. (A) The microRNAs (miRNAs) profiles of NSC-derived exosomes were determined by miRNA microarray and a parts of whole table for the readcounts of all detected miRNAs was generated. The 10 miRNAs with the most readcounts were marked on the right. (B) The readcounts of the top 10 most abundantly expressed miRNAs. Data were represented as mean ± SD from three independent biological samples. (C) The Ct value of RT-qPCR analysis for the top 10 most abundantly expressed miRNAs, identified by miRNA microarray, in NSC-derived exosomes. Data were represented as mean ± SE from three independent experiments.




miR-9 Is Abundantly Expressed in EXOs

To dissect the mechanisms underlying the positive effects of EXOs on differentiation and maturation, we examined the exosomal miRNA profile through miRNA microarray. 565 mouse miRNAs have been identified by microarray. Among all detected miRNAs, miR-9 displayed the highest abundance (Figure 3A) and readcount (TPM) (Figure 3B). This result was validated by RT-qPCR that, of the top 10 miRNAs with the highest readcounts, miR-9 exhibited lowest Ct value (Figure 3C). Both results indicate the highest abundance of miR-9 in EXOs.



miR-9 Positively Regulates NSC Differentiation

Interestingly, multiple reports have implied the neurogenic roles of miR-9 (Coolen et al., 2012, 2013). To confirm it, we examined the effects of miR-9 on NSC differentiation by perturbation-of-function approaches using specific antagonist and agonist, antagomiR-9 and agomiR-9, respectively. NSCs were firstly transfected with either miR-9 antagonist (antagomiR-9) or its corresponding control (antagomiR-C) and cultured in differentiation conditions for 6 days. The knockdown efficiency was validated by RT-qPCR, where significant down-regulation of miR-9 expression levels was observed in antagomiR-9 group, compared to antagomiR-C group (Figure 4A). Immunofluorescence analysis demonstrated a significant decrease in the proportions of both Tuj1+ and GFAP+ cells once we inhibited miR-9 expression during the differentiation of NSCs (Figure 4B). Furthermore, we also observed a significant decrease in the proportions of both Map2+ and Glast+ cells in antagomiR-9 group versus controls (Figure 4C). Our findings were corroborated by RT-qPCR analysis that revealed a significant decrease in the expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS), in antagomiR-9 group versus controls (Figure 4D). Thus, our results indicate that the lack of miR-9 blocks or delays the cell fate commitment of NSCs and the maturation of differentiated cells.
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FIGURE 4. miR-9 loss-of-function inhibits NSC differentiation. (A) NSCs transfected with either antogomiR-C or antogomiR-9 were cultured for 6 days in differentiation conditions. The transfection efficiency was determined by quantifying the intracellular miR-9 expression levels via RT-qPCR analysis. (B) Representative images of pre-mature cell markers (Tuj1 and GFAP) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Tuj1+ and GFAP+) were determined (in the right panel). (C) Representative images of matured cell markers (Map2 and Glast) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Map2+ and Glast+) were determined (in the right panel). (D) The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) was determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. * and ** denote p < 0.05 and p < 0.01, respectively. Scale bar 100 μm in panel (B,C).


Next, we transfected NSCs with either miR-9 agonist (agomiR-9) or control agonist (agomiR-C). Transfected cells were then cultured in differentiation conditions for 6 days. AgomiR-9 transfection significantly increased the expression levels of miR-9 in NSCs (Figure 5A). The proportions of both Tuj1+/Map2+ neurons and GFAP+/Glast+ astrocytes also increased significantly in agomiR-9 group, compared with agomiR-C group (Figures 5B,C). Additionally, the transcript levels of pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) were similarly increased in agomiR-9 group versus controls, validated by RT-qPCR analysis (Figure 5D). Taken together, our results demonstrated that miR-9 functions as an important regulator in enhancing the differentiation of NSCs and the maturation of both neurons and glia.
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FIGURE 5. miR-9 gain-of-function promotes NSC differentiation. (A) NSCs transfected with either agomiR-C or agomiR-9 were cultured for 6 days in differentiation conditions. The transfection efficiency was determined by quantifying the intracellular miR-9 expression levels via RT-qPCR analysis. (B) Representative images of pre-mature cell markers (Tuj1 and GFAP) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Tuj1+ and GFAP+) were determined (in the right panel). (C) Representative images of matured cell markers (Map2 and Glast) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Map2+ and Glast+) were determined (in the right panel). (D) The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) was determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. * and ** denote p < 0.05 and p < 0.01, respectively. Scale bar 100 μm in panel (B,C).




Exosomes Regulate NSC Differentiation via miR-9

To determine whether the positive effects of EXOs on NSC differentiation is mediated by miR-9, we transfected NSCs with either antagomiR-9 or antagomiR-C using the approach described above and collected exosomes in the culture medium 48 h post transfection. RT-qPCR analysis revealed that the expression levels of miR-9 was significantly reduced in exosomes derived from antagomiR-9 transfected NSCs (EXO-antagomiR-9), compared to EXOs and antagomiR-C-transfected NSCs (EXO-antagomiR-C) (Figure 6A). NSCs were then co-cultured with either EXO-antagomiR-9 or EXO-antagomiR-C under differentiation conditions for 6 days. RT-qPCR analysis revealed that the expression levels of miR-9 were significantly increased in NSCs co-cultured with EXO-antagomiR-C, compared with PBS controls (Figure 6B). Moreover, no difference in miR-9 expression was observed between EXO-antagomiR-9-treated and PBS control groups. The immunofluorescence analysis demonstrated that the positive influence of EXO-antagomiR-C on NSC differentiation was abrogated by depleting exosomal miR-9, determined by the quantification of Tuj1+ neurons and GFAP+ astrocytes (Figure 6C). In addition, the positive effects of EXO-antagomiR-C on cell maturation was compromised by knocking down exosomal miR-9, ascertained by the significant decrease in the proportions of Map2+ neurons and Glast+ astrocytes in EXO-antagomiR-9 group versus EXO-antagomiR-C group (Figure 6D). The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) were also significantly reduced in EXO-antagomiR-9 group, compared to EXO-antagomiR-C group (Figure 6E). Together, our results suggested that miR-9 is the key cargo in mediating the effects of EXOs on the differentiation of NSCs and the maturation of both neurons and glia.
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FIGURE 6. miR-9 mediates the effects of EXOs on NSC differentiation. (A) NSCs were transfected with either antogomiR-C or antogomiR-9. The knockdown of miR-9 expression levels in exosomes derived from antogomiR-9-transfected NSCs were validated by RT-qPCR. (B) NSCs treated with PBS, EXO-antagomiR-9, or EXO-antagomiR-C were cultured for 6 days in differentiation conditions. The expression levels of miR-9 in NSCs treated with PBS or exosomes were determined by RT-qPCR analysis. (C) Representative images of pre-mature cell markers (Tuj1 and GFAP) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Tuj1+ and GFAP+) were determined (in the right panel). (D) Representative images of matured cell markers (Map2 and Glast) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Map2+ and Glast+) were determined (in the right panel). (E) The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) were determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. * and ** denote p < 0.05 and p < 0.01 in comparison to control, respectively. # and ## denote p < 0.05 and p < 0.01 in comparison to EXO-antagomiR-C group, respectively. Scale bar 100 μm in panel (C,D). ***p < 0.001, ###p < 0.001.




Exosomes Regulate NSC Differentiation via miR-9-Hes1 Axis

To gain insight into the mechanism underlying exosomal miR-9 influence on NSC differentiation, we examined the expression patterns of known miR-9 target genes including Foxg1, Foxp2, Hes1, Map1b, Msi1, Pax6, REST, Tlx, and Zic5 (Clovis et al., 2012; Coolen et al., 2013; Radhakrishnan and Anand, 2016). RT-qPCR results demonstrated that the expression levels of Hes1, Map1b, REST, and Foxp2 transcripts were up-regulated significantly in antagomiR-9-transfected NSCs, compared to both PBS and antagomiR-C controls (Figure 7A). RT-qPCR analysis also found that the knockdown of miR-9 in EXOs reversed the negative effects of EXOs on the expression levels of Hes1, Map1b, and REST transcripts, but not that of Foxp2 transcripts in NSCs (Figure 7B). Furthermore, Hes1 transcript levels displayed the largest fold changes among aforementioned three genes, therefore, we chose Hes1 as exosomal miR-9 target candidate for following studies. We then carried out western blotting to confirm the inverse correlation between Hes1 and miR-9 expression. Down-regulation of Hes1 protein levels was observed in agomiR-9-transfected NSCs versus controls (Figure 7C). The direct interaction between miR-9 and Hes1 3′ untranslated region (UTR) was validated by dual luciferase assay. Co-transfection of agomiR-9 and Dual-Luciferase reporter constructs containing the wild-type Hes1 3′UTR, but not that containing miR-9 target site mutated Hes1 3′UTR, significantly decreased the firefly activity in HEK293A cells, normalized by the Rellina activity, indicating miR-9 directly targets Hes1 (Figure 7D).
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FIGURE 7. Hes1 expression is negatively regulated by miR-9 in NSCs. (A) The expression levels of transcripts corresponding to known targets of miR-9 in NSCs transfected with either antagomiR-9 or antagomiR-C were determined by RT-qPCR analysis. (B) The expression levels of transcripts corresponding to known targets of miR-9 in NSCs co-cultured with either EXO-antagomiR-9 or EXO-antagomiR-C were determined by RT-qPCR analysis. (C) Representative western blotting results showing the expression of Hes1 and β-actin proteins in either agomiR-C- or agomiR-9-transfected NSCs. (D) The predicted consequential pairing of Hes1 3′UTR (top) and miR-9 (bottom) on the TargetScan website (left). Repression of luciferase activities by the Hes1 3′UTR were dependent on miR-9 (right). Firefly luciferase activities were normalized to the internal control, Renilla luciferase activities. Data were represented as mean ± SE from three independent experiments. ∗, ∗∗, and ∗∗∗ denote p < 0.05, p < 0.01, and p < 0.001, respectively. ns, non-significance in comparison to control.


We carried out loss-of-function study to address the effects of Hes1 on NSC differentiation. NSCs were transfected with either Hes1 siRNA or scrambled control (control siRNA) and cultured in differentiation conditions for 6 days. The knockdown efficiency was validated by RT-qPCR, where significant reduction of Hes1 expression levels was observed in Hes1 siRNA group, compared to control siRNA group (Figure 8A). Immunofluorescence analysis demonstrated a significant increase in the proportions of both Tuj1+ and GFAP+ cells once Hes1 expression was inhibited during NSC differentiation (Figure 8B). Furthermore, higher proportions of both Map2+ and Glast+ cells were observed in Hes1 siRNA group versus control siRNA group (Figure 8C). Our findings were confirmed by RT-qPCR analysis which revealed a significant elevation in the expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) in Hes1 siRNA group versus control siRNA group (Figure 8D). Both immunofluorescence and RT-qPCR analyses revealed Hes1 as an important repressor of NSC differentiation.
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FIGURE 8. Hes1 loss-of-function enhances NSC differentiation. (A) NSCs transfected with either Hes1 siRNA or scrambled control were cultured for 6 days in differentiation conditions. The transfection efficiency was determined by quantifying the intracellular Hes1 expression levels via RT-qPCR analysis. (B) Representative images of pre-mature cell markers (Tuj1 and GFAP) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Tuj1+ and GFAP+) were determined (in the right panel). (C) Representative images of matured cell markers (Map2 and Glast) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Map2+ and Glast+) were determined (in the right panel). (D) The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) was determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. * and ** denote p < 0.05 and p < 0.01, respectively. Scale bar 100 μm in panel (B,C).


At last, we investigated whether or not Hes1 acts as the downstream target of exosomal miR-9 during NSC differentiation. NSCs were co-cultured with either EXO-antagomiR-9 or EXO-antagomiR-C. A subgroup in EXO-antagomiR-9 group was co-transfected with Hes1 siRNA to inhibit Hes1 expression. NSCs treated with PBS of the same volume as exosome suspension and then transfected with scrambled siRNA were utilized as control group. NSCs in all groups were cultured in differentiation conditions for 6 days. RT-qPCR analysis demonstrated that the reduction of Hes1 transcript expression in EXO-antagomiR-C groups was abrogated by knocking down miR-9 in EXOs (Figure 9A). The upregulation of Hes1 transcript expression in EXO-antagomiR-9 groups was further eliminated by Hes1 siRNA treatment, validating the transfection efficiency of Hes1 siRNA. Quantification of cell type-specific markers revealed that the silencing of Hes1 significantly restored the proportions of pre-mature Tuj1+ neurons and GFAP+ astrocytes (Figure 9B). Besides, the proportions of matured cells (Map2+ neurons and Glast+ astrocytes) were similarly restored after down-regulating Hes1 expression in EXO-antagomiR-9 group (Figure 9C). RT-qPCR results also demonstrated similar patterns that the Hes1 repression by siRNA significantly enhance the expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) in EXO-antagomiR-9 group (Figure 9D). Taken together, these results suggested that Hes1 transcripts were targeted by exosomal miR-9-mediated repression for facilitating the differentiation of NSCs and the maturation of both neurons and glia.
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FIGURE 9. Exosomal miR-9 regulates NSC differentiation via repressing Hes1. (A) NSCs were divided into four groups for scrambled siRNA transfection, EXO-antogomiR-C co-culture, EXO-antogomiR-9 co-culture, or EXO-antogomiR-9 co-culture with Hes1 siRNA transfection. NSCs were then cultured in differentiation conditions for 6 days. The expression levels of Hes1 in each group were determined by RT-qPCR. (B) Representative images of pre-mature cell markers (Tuj1 and GFAP) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Tuj1+ and GFAP+) were determined (in the right panel). (C) Representative images of matured cell markers (Map2 and Glast) staining were shown. Proportions of cells exhibiting immunoreactivities of pre-mature cell markers (Map2+ and Glast+) were determined (in the right panel). (D) The expression levels of transcripts corresponding to pre-mature cell markers (βIII-tubulin and GFAP) and matured cell markers (Map2 and GS) were determined by RT-qPCR analysis. Data were represented as mean ± SE from three independent experiments. *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001 in comparison to control, respectively. #, ##, and ### denote p < 0.05, p < 0.01, and p < 0.001 in comparison to EXO-antagomiR-C group, respectively. & and && denote p < 0.05 and p < 0.01 in comparison to EXO-antagomiR-9 group, respectively. Scale bar 100 μm in panel (C,D).





DISCUSSION

Neurodegeneration is the progressive neuronal atrophy and loss-of-function, which is present in various neurodegenerative diseases. The transplantation of stem cells with regenerative capacity has shown great promise for treating these diseases (Wang et al., 2007; Kim et al., 2015). Previous studies from us and other groups show that only a small proportion of transplanted cells survive and differentiate into neurons (Li et al., 2001; Tian et al., 2015). Recent evidence has suggested that stem cells participate in brain remodeling and functional recovery by paracrine effect rather than cell replacement, since stem cell-secreted exosomes elicit similar biological activity to the stem cells themselves (Camussi and Quesenberry, 2013; Zhang et al., 2015). Post administration, these exosomes achieve their regenerative function majorly through promoting endogenous neurogenesis and angiogenesis (Zhang et al., 2015, 2018). Currently, multiple types of stem cells including MSCs, HUVEs, embryonic stem cells have been utilized to study the feasibility of exosome-based cell free therapeutic strategy, and among them, MSCs are the most commonly investigated one (Zhang et al., 2015). Unlike the aforementioned types of stem cells, NSCs are the cell sources that directly generate neurons and neuroglia in the brain, implying EXOs may exhibit strong neurogenic potential. Recent studies showed that EXOs alleviate mitochondrial damage and synaptic dysfunction in cortical neurons of AD mouse (Li et al., 2020). However, the effects of EXOs on neurogenesis during CNS development remain vague. We previously reported the important roles of EXOs in regulating embryonic NSC proliferation and differentiation (Ma Y. et al., 2018; Ma et al., 2019). In this study, we followed our previous work and demonstrated that EXOs enhance the differentiation of NSCs and the maturation of both neuronal and glial cells in defined conditions. miRNA microarray and RT-qPCR analyses identified miR-9 as the most abundantly expressed miRNAs in EXOs. The perturbation-of-function approaches further confirmed the important role of miR-9 in the regulation of NSCs. And last, we showed that the positive effects of EXOs on NSC differentiation could be abrogated by depleting exosomal miR-9. Thus, our study unveils a possible mechanism for the EXO-mediated NSC differentiation.

Brain development follows a precise temporal and spatial patterning, which requires complicated regulatory network for the proper regulation of NSC in both embryonic and post-natal stages. In our study, we collected NSCs from the cortical tissue of mouse embryos at E13.5, when robust neurogenesis takes place in vivo (Semple et al., 2013). Since the majority of neurons and glia have not been differentiated and matured during early CNS development, the self-regulation is an important aspect for NSC regulation (Semple et al., 2013). Besides classic signaling pathways, our study indicates EXOs as an important element of NSC niche. Through secreting exosomes, NSCs enhance their commitment, facilitating the proper generation of neurons and glia during brain development. It is worth-noting that multiple single cell RNA-seq data have reveals NSCs are heterogeneous during embryonic neurogenesis (Zhong et al., 2018). NSCs can divide symmetrically and asymmetrically to generate NSCs and differentiated cells at the same time (Gotz and Huttner, 2005). It raises an interesting question that whether all NSCs secrete EXOs to promote the differentiation of entire NSC population or only a sub-population of NSCs secrete EXOs to promote the differentiation of another NSC sub-population. The answer of this question can further explain extend our understanding of the roles of EXOs in the regulation of NSCs, which is currently under investigation.

miR-9, the most abundant expressed EXO miRNA, is a key regulator of proper timing of neurogenesis (Radhakrishnan and Anand, 2016). During development, miR-9 is one of the most highly expressed miRNAs in the early and adult vertebrate brain (Kapsimali et al., 2007; Bonev et al., 2011, 2012; Radhakrishnan and Anand, 2016). Shibata et al. further demonstrated that miR-9 is enriched in proliferative zone in telencephalon, which is widely involved in regulating proliferation, maturation, and differentiation of neurons (Bonev et al., 2011, 2012; Shibata et al., 2011). Our observations further corroborate the importance of miR-9 in regulating NSC differentiation through perturbation-of-function approaches. Several studies have suggested that the exosomal miRNA expression signatures are cell type-dependent (Baumgart et al., 2017; Ma et al., 2019). For instance, high-throughput screening and ectopic expression approaches showed that the intracellular levels of free miRNAs significantly influence the exosomal miRNA profile (Squadrito et al., 2014; Ma et al., 2019). Embryonic NSCs express high levels of miR-9 (data not shown), as miR-9 is required to maintain their neurogenic competence. It explains, partially at least, the high expression levels of cellular and exosomal miR-9. It is also worth-noting that multiple active mechanisms for sorting miRNAs into exosomes were discovered recently. In these active sorting processes, RNA-binding proteins including nSMase2 (Kosaka et al., 2013), hnRNPA2B1 (Villarroya-Beltri et al., 2013), and AGO2 (McKenzie et al., 2016) were recruit to transport miRNAs with specific motifs into exosomes. However, there is no evidence that implies the specific binding of miR-9 with these proteins, leaving the protein-based sorting of exosomal miR-9 as an open question for future investigation.

Currently, miR-9 has been proved to target multiple genes during brain development and NSC differentiation including Hes1, REST, Zic5, Foxg1, Foxp2, Pax6, Msi1, Tlx, and Map1b (Clovis et al., 2012; Coolen et al., 2013; Radhakrishnan and Anand, 2016). In our system, Hes1 is the gene that demonstrates the largest fold change after co-culturing NSCs with EXOs. Hes1 is a basic helix-loop-helix transcriptional repressor that promotes the maintenance of NSCs and gliogenesis by inhibiting pro-neural gene expression (Tan et al., 2012). Being activated by Notch signaling pathway, Hes1 down-regulates Ascl1, Ngn2, and other pro-neural genes to block neurogenesis, maintaining the proper timing of neural tube development (Hatakeyama et al., 2004). Surprisingly, our observations suggest that, in a defined condition, miR-9-Hes1 axis may equally modulate neurogenesis and gliogenesis at the same time, instead of regulating the cell fate commitment toward different lineages. Our results are supported by others’ studies that investigate the effects of Hes1 on human NSC differentiation (Yang et al., 2020). Thus, our finding, together with others’ observations (Kobayashi and Kageyama, 2010; Mendez-Maldonado et al., 2018; Yang et al., 2020), indicates that the involvement of Notch signaling and Hes1 in NSC regulation is highly time- and condition-dependent. During CNS development, Hes1 acts as a key neural fate determinant in early stage and then functions as an anti-neural regulator in post-natal stage (Kobayashi and Kageyama, 2010; Mendez-Maldonado et al., 2018). Furthermore, Hes1 has been reported to negatively regulate Notch signaling in a feedback manner during CNS development (Kobayashi and Kageyama, 2010; Boareto et al., 2017). In our study, we have observed the significant up-regulation of key Notch signaling components Dll1, Notch1, and Notch2 expression in Hes1 down-regulated NSCs (Supplementary Figure 4). Our results imply that the Hes1 loss-of-function may induce a compensation of Notch activity that overcomes the influence of Hes1 knockdown on gliogenesis in our model. Besides, we found that exosomal miR-9 also negatively regulated the expression levels of REST, and Map1b. REST is a neuronal repressor that facilitates the generation of glial cells from NSCs (Xia et al., 2019a). Map1b is a key protein in enhancing axonal growth and branching by stabilizing axonal microtubules (Bouquet et al., 2004). Our results suggest EXOs and exosomal miR-9 may serve as a general promoter of differentiation, instead of regulating the cell fate commitment toward certain lineage. Thus, although we cannot exclude the involvement of REST and Map1b in the exosomal miR-9-mediated neurogenesis, it is highly likely that both REST and Map1b are not the main downstream effectors of exosomal miR-9. Thus, our results identify exosome-mediated miR-9 transferring as a powerful and effective approach, other than direct surface contact (e.g., Notch signaling pathway) and soluble factor diffusion (e.g., Wnt and Shh signaling pathway), in intercellular communication that regulates neurogenesis.

Besides, mounting evidence implicates exosomes as a perfect natural drug delivery system for treating CNS disorders (Alvarez-Erviti et al., 2011; Haney et al., 2015). Except for regular small molecule drugs, miRNAs that may possess therapeutic potential by targeting multiple risk genes were recruited in these pioneer studies, and miR-124, a well-known pro-neural miRNA, is the most widely used one (Xia et al., 2019b). For example, miR-124a-loaded exosomes that were secreted by MSCs or HEK293 cells significantly enhance adult neurogenesis post ischemia and TBI (Yang et al., 2017), repress REST expression in Huntington’s disease mouse model (Lee et al., 2017), promote the polarization of microglia into anti-inflammatory phenotype under neuroinflammatory conditions (Yang et al., 2019), and reduce in viability or clonogenicity of glioma cells (Lang et al., 2017). Although miR-124 and miR-9 have different seed sequences, they are considered as two central miRNAs in controlling neuron fate and synaptic morphology (Stappert et al., 2015; Xue et al., 2016). The important neurogenic functions of miR-9 make it a promising candidate for exosome-based delivery in treating neurodegeneration and enhancing neuroregeneration, especially in accelerating adult neurogenesis in vivo, which will be examined in our future works.

In summary, our study demonstrated the abundant expression of miR-9, a key regulator of proliferation and neuronal differentiation, in EXOs (Figure 10). We further showed that the positive effects of EXOs on NSC differentiation are mediated by miR-9 and its downstream gene Hes1. Thus, our study, combining with our previous reports, provides a possible mechanism for the exogenous NSC-mediated modification of microenvironment in favor to differentiation and neurogenesis, shedding light on the development of exosome-based cell free therapeutic strategies to activate adult neurogenesis in vivo.
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FIGURE 10. Proposed model of EXO-mediated regulation of NSCs. Embryonic NSCs secrete exosomes enriched with miR-9. After internalizing by neighboring NSCs, exosomes release miR-9 into the recipient cells, leading to the repression of differentiation repressor gene, Hes1. The inhibition of Hes1 then facilitates the differentiation of NSCs and the maturation of both neuronal and glial cells.
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Long-term neurodevelopmental disorders following neonatal anesthesia have been reported both in young animals and in children. The activation of transient receptor potential vanilloid 1 (TRPV1) channels in hippocampus adversely affects neurodevelopment. The current study explored the underlying mechanism of TRPV1 channels on long-lasting cognitive dysfunction induced by anesthetic exposure to the developing brain. we demonstrated that TRPV1 expression was increased after sevoflurane exposure both in vitro and in vivo. Sevoflurane exposure to hippocampal neurons decreased the synaptic density and the surface GluA1 expression, as well as increased co-localization of internalized AMPAR in early and recycling endosomes. Sevoflurane exposure to newborn mice impaired learning and memory in adulthood, and reduced AMPAR subunit GluA1, 2 and 3 expressions in the crude synaptosomal fractions from mouse hippocampus. The inhibition of TRPV1 reversed the phenotypic changes induced by sevoflurane. Moreover, sevoflurane exposure increased Src phosphorylation at tyrosine 416 site thereby reducing cofilin phosphorylation. TRPV1 blockade reversed these suppressive effects of sevoflurane. Our data suggested that TRPV1 antagonist may protect against synaptic damage and cognitive dysfunction induced by sevoflurane exposure during the brain developing stage.
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INTRODUCTION

General anesthetic agents are essential to be used to provide a safe and comfortable condition so that complex surgical procedures can be performed. However, there has been an increasing concern that prolonged or repetitious anesthetic exposure may cause long-lasting neurotoxicity and cognitive dysfunction, especially in the young animal and in children (Sanders et al., 2013; Wu et al., 2019). Preclinical studies have shown that exposure early developing brain to commonly used anesthetics may cause certain neurofunctional impairments, such as learning and memory deficits, anxiety-like behaviors and emotional reactivities (Vutskits and Xie, 2016; Colon et al., 2017). However, the underlying molecular and cellular mechanisms are still unclear. Recent childhood cohort studies have shown that a single short exposure to general anesthesia for less than 1 h did not alter neurocognitive functions and behavior (Davidson et al., 2016; Sun et al., 2016; Warner et al., 2018; McCann et al., 2019); However, processing speed and fine motor abilities were decreased after repeated anesthetics exposure (Warner et al., 2018). Thus, the underlying mechanisms of neuronal injury and neurologic dysfunction induced by repeated and prolonged anesthetic exposure deserve further study in the young.

Transient receptor potential vanilloid 1 (TRPV1) is a ligand-gated non-specific cation channel prominently expressed in the dorsal root ganglia (DRG) sensory neurons. This receptor is gated by capsaicin, heat, protons and several exogenous molecules (Alter and Gereau, 2008). TRPV1 has been extensively characterized and is known to play a role in the pain and inflammation processing in the sensory neurons (Palazzo et al., 2010, 2012; Wang Y. et al., 2018). TRPV1 also contributes to neurological diseases, including epilepsy, anxiety, depression and learning and memory disorders (Marsch et al., 2007; Edwards, 2014). In the peripheral nervous system (PNS), certain general and local anesthetics activated and sensitized the TRPV1 channel (Cornett et al., 2008; Leffler et al., 2008), suggesting that this channel may contribute to pain modulation and inflammation in the context of surgery. However, in the central nervous system (CNS), few studies have been conducted on the potential impact of TRPV1 in the developing brain under general anesthesia. Hence, we wonder whether TRPV1 affects the cognitive function in neonatal brain development after anesthetic exposure. In the present study, the effects of sevoflurane, a commonly used inhalational agent, on TRPV1-regulated synaptic density and memory changes together with the underlining molecular mechanisms including the Src/Cofilin signaling pathway were investigated in both cultured mouse hippocampal neuronal cells and C57BL/6 mouse neonates.



MATERIALS AND METHODS


Cell Culture and Treatment

Mouse hippocampal neuronal cell line (HT22 cells) was obtained from the Sun Yat-sen University and cultured as described previously (Liu et al., 2019). Briefly, the cells were maintained in DMEM medium, supplemented with 10% fetal bovine serum (GIBCO BRL, Rockville, MD, United States) and 1% antibiotics (penicillin/streptomycin, 100 U/ml, GIBCO, Waltham, MA, United States), in a humidified incubator containing 5% CO2 balanced with air at 37°C. Primary cultures of hippocampal neurons were prepared from the dissociated hippocampus of neonatal mice (<24 h) using a previously described protocol (Liu et al., 2018). The neurons were plated on coverslips coated with Matrigel for at least for 14 days in vitro (DIV) before using. The cultures were maintained in a humidified 5% CO2 atmosphere balanced with air at 37°C. Both HT22 cells or mouse hippocampal neurons were treated with 4% sevoflurane for 6 h as described by Liu et al. (2019). A selective TRPV1 antagonist, SB 366791 (TOCRIS, Bristol, United Kingdom), was administered to the cell culture medium 1 h with its final concentration of 10 μM before the sevoflurane treatment.



Experimental Mice

All experimental procedures on mice were approved by the Animal Research Ethics Committee of the Shenzhen Second People’s Hospital and Sun Yat-sen Memorial Hospital. The experiments were performed in these two institutions. C57BL/6 postnatal day seven litter mice with their mothers were obtained from the Guangdong Provincial Laboratory Animal Centre (Guangzhou, China). A single mother and her litters were housed in a cage under a 12 h light-dark cycle at the room temperature of 23 ± 1°C) and 55% humidity. All mice had free access to food and water. Seven-day-old mice of both genders were used for the experiments.



Grouping and Sevoflurane Exposure

At postnatal day 7 (P7), the litters were randomly divided into four groups (n = 10–14/group): (1) Control group (Ctrl); (2) TRPV1 antagonist treatment (SB 366791) group; (3) sevoflurane exposure group (Sev); (4) SB 366791 combined with sevoflurane group (Sev + SB366791). SB 366791 (TOCRIS, Bristol, United Kingdom) was dissolved in DMSO and diluted with normal saline to the appropriate concentration for administration. SB 366791 (500 μg/kg) was injected intraperitoneally 1 h before sevoflurane treatment. Litters were placed in an acrylic chamber and exposed 60% oxygen (balanced with nitrogen) with or without (controls) 3% sevoflurane for 2 h daily for 3 consecutive days as described in previous studies (Lu et al., 2017). During exposure, all litters were kept warm on a pre-heated plate at 37°C. Mice were returned to the housing cages after the treatment. They were allowed to grow for behavioral tests at postnatal day 65 (P65). Another cohorts after treatments were allowed to grow the similar age of those for behavioral tests and then anesthetized using sodium pentobarbital (65 mg/kg, intraperitoneal injection) and sacrificed to harvest brain tissue for further measurements.



Open Field Test

Mice were placed in the center of a white poly-vinyl chloride apparatus (50 × 50 × 50 cm), and were allowed to continuously locomote for 10 min. The arena was videotaped and analyzed using SMART software (Panlab, Kent, United Kingdom).



Novel Object Recognition Test (NORT)

Mice were habituated in a square chamber (50 × 50 × 50 cm) with white walls and floor for 10 min on the first day and for 5 min on the second day. The box and objects were cleaned before and between the uses. 24 h after the last habituation, the mice were placed in the chamber with two objects and allowed to freely explore for 5 min “sample phase.” Two hours after the initial exploration, the mice were placed back into the same arena with two objects for 5 min “acquisition phase,” during which one of objects was replaced by a novel object. Exploration counts of each object during two phases were counted. The recognition index was calculated as the percentage of counts spent exploring the novel object over the total exploration counts during the acquisition phase.



Fear Conditioning Test

The task was performed using a freeze monitor system (San Diego Instruments; San Diego, CA, United States). Background noise level was 65 dB; overhead lighting was used, and 20% ethanol was used as an odor. Mice were placed into a training chamber and allowed to freely explore for 5 min followed by three tone presentations (CS: 5 kHz, 85 dB for 20 s); each tone, was followed by electrical foot-shocks (US: 0.45 mA for 1 s). The interval between three trials was 120 s. Twenty four hours after the training, the mice were placed in the same chamber for 5 min, and freezing behavior was assessed. Forty eight hours later, the mice were tested for freezing responses to the cue. For the cued test, the conditioning chamber was modified as follows: white-walled triangular chamber was replaced with a Plexiglas box, and 2% aloe vera detergent was used as an odor. A dim lamp was used instead of the overhead lighting. Mice were allowed to explore the new environment for 5 min followed by three tones (85 dB, 20 s).



Immunofluorescent Staining

Hippocampal neuronal cultures and HT22 cells were fixed with PBS containing 4% paraformaldehyde for 1 h at room temperature, washed with PBS, permeabilized with 0.1% Triton X-100 in PBS and blocked in freshly prepared blocking solution (3% donkey serum and 0.2% Triton X-100 in PBS) for 1.5 h at room temperature. The samples were incubated at 4°C overnight with primary antibodies diluted in the blocking solution. After washing with PBS-T (0.2% Triton X-100 in PBS), the samples were incubated with corresponding secondary antibodies for 1 h at room temperature. The following primary antibodies were used (dilution, source): TRPV1 (1:200, NB100-1617, Novus Biologicals, Littleton, CO, United States), MAP2 (1:200, ab5392, Abcam, Cambridge, United Kingdom), synaptophysin (1:500, MAB329, Millipore, Darmstadt, Germany), homer 1 (1:200, 160003, Synaptic Systems, Göttingen, Germany) and Src (1:200, 2110S, Cell Signaling, Beverly, United States).

To visualize surface GluA1, the neurons were fixed with 4% formaldehyde/4% sucrose in PBS. After washing and blocking, surface α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors (AMPARs) were labeled with mouse anti-GluA1 N-terminal antibody (1:200, MAB2263, Millipore, Darmstadt, Germany). Then, the neurons were permeabilized with 0.1% Triton X-100 for 15 min, blocked and incubated with a rabbit anti-GluA1 antibody (1:200, AB1504, Millipore, Darmstadt, Germany) against the intracellular C-terminal domain to stain total GluA1 (tGluA1) at 4°C overnight. After washing with PBS, the neurons were incubated with Alexa Flour-conjugated secondary antibodies. Immunofluorescence images were acquired on a confocal system (LSM 800, Carl Zeiss, Oberkochen, Germany). The images were processed for quantitative analysis using Image-Pro Plus.

To investigate the endosomal distribution of internalized AMPAR in neurons, internalized GluA2 (iGluA2) were labeled and their co-localization with early, recycling and late endosomes was systematically examined using known markers, including early endosome antigen 1 (EEA1), Stx13 and lysosomal-associated membrane protein 1 (LAMP1), respectively, in neurons. Surface GluA2 antibody (extracellular N-terminal domain, Millipore, Darmstadt, Germany) were used to label sGluA2 in the growth medium for 10 min; the cells were rinsed once, stimulated for 2 min with 100 μM AMPA plus 100 μM APV at 37°C. After rinsing, the neurons were returned to the original growth medium for 45 min to allow the internalized AMPAR to recycle back to the cell surface. After washing once with pre-cooled 3% BSA-containing ACSF, the neurons were incubated with non-conjugated mouse secondary antibody at 10°C for 30 min. Then, the neurons were fixed with parafix (4% formaldehyde/4% sucrose/1 × PBS), permeabilized, blocked and incubated with rabbit antibodies against various endosomal markers overnight. Internalized GluA2, endosomal markers and MAP2 were detected using the corresponding secondary antibodies conjugated with Alexa Flour 647, 555, and 488, respectively. Co-localization of internalized AMPAR with each marker was measured as described previously (Lee et al., 2004).

For immunostaining in hippocampal sections, mice were anesthetized with pentobarbital sodium and perfused transcardially with physiological saline, then with 4% formaldehyde. Brains were post-fixed with 4% formaldehyde for 24 h at 4°C, followed by dehydration in 30% sucrose solution for 48 h. Coronal sections from the hippocampus were cut at 10 μm on a cryostat (Leica, Germany), and mounted onto slides. Sections were washed with PBS, and blocked (3% donkey serum and 0.2% Triton X-100 in PBS) for 2 h. Sections were then incubated overnight with anti-synaptophysin (1:500, Millipore, Darmstadt, Germany), followed by secondary antibodies. Immunofluorescence images were acquired on a confocal system (LSM 800, Carl Zeiss, Oberkochen, Germany). The images were processed for quantitative analysis using Image-Pro Plus.



Synaptosomal Fraction Preparation

Hippocampal tissue samples were homogenized in buffer A (5 mM HEPES, pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM DTT, and 0.32 M sucrose) containing protease inhibitor and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The homogenate was centrifuged at 1,400 g for 10 min at 4°C, and the supernatant was discarded. The pellet was resuspended in buffer A and centrifuged at 710 g for 10 min at 4°C to yield supernatant fraction (S1). The S1 was centrifuged again at 13,800 g for 20 min at 4°C. The pellet was resuspended in buffer B (6 mM Tris, pH 8.1, 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, and 1 mM DTT) containing protease inhibitor and phosphatase inhibitor cocktail. The suspension was used as the crude synaptosomal preparation and analyzed by Western blot.



Western Blot

The brain tissues were homogenized in RIPA buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitors (Roche, Mannheim, Germany) on ice and stored at −80°C until use. Protein concentrations in the supernatant were determined using a BCA assay kit (Beyotime, Shanghai, China). The proteins were separated through the polyacrylamide SDS gels and transferred to 0.45 μm PVDF membrane (Millipore, Darmstadt, Germany). After blocking with 5% non-fat milk, the membranes were incubated with a primary antibody at 4°C overnight. The membranes were then incubated with appropriate HRP-conjugated secondary antibodies (anti-mouse: 1:5,000, 7076S, Cell Signaling; anti-rabbit: 1:5,000, 7074S, Cell Signaling) after washing with TBST (TBS containing 0.2% Tween-20). Then, immunoreactivity was detected by a chemiluminescent reagent (Amersham-GE, Pittsburgh, United States). The following primary antibodies were used (dilution, source): TRPV1 (1:1,000, NB100-1617, Novus Biologicals, Littleton, CO), GAPDH (1:3,000, 2118S, Cell Signaling), GluA1 (1:1,000, AB1504, Millipore), GluA2 (1:1,000, 13607S, Cell Signaling), GluA3 (1:500, MAB5416, Millipore), Src (1:1,000, 2110S, Cell Signaling), p-Src (Tyr416) (1:1,000, 2101S, Cell Signaling), p-Src (Tyr527) (1:1,000, 2105S, Cell Signaling), cofilin (1:1,000, 5175S, Cell Signaling), and p-cofilin (1:1,000, 3313S, Cell Signaling).



Co-immunoprecipitation

Total protein extracts were obtained from the hippocampal brain tissue of mice. The tissue samples were homogenized in NP-40 lysis buffer (Thermo Fisher Scientific, United States) containing protease and phosphatase inhibitors. The homogenate was incubated on ice for 30 min and then centrifuged at 10,000 g for 10 min at 4°C. The supernatants were immunoprecipitated using a Dynabeads Protein G IP kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Five micrograms of anti-Src (2110S, Cell Signaling) were used. Western blot was subsequently performed as described above.



Data Analysis

Data were expressed as the mean ± SEM and analyzed with unpaired student t-test and one-way ANOVA followed by post hoc Bonferroni test wherever appropriate using GraphPad Prism 7 software (GraphPad Software, La Jolla, California, United States). A p-value less than 0.05 was considered to be a statistical significance.




RESULTS


Sevoflurane Exposure Reduced Synaptic Density in vitro and in vivo

Sevoflurane (4%) exposed to primary hippocampal neurons significantly increased TRPV1 expression (Figures 1A,B). The TRPV1 expressions were also increased in the hippocampus following sevoflurane treatment in mice (Figures 1C,D).
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FIGURE 1. Sevoflurane increased protein levels of TRPV1 channels in vivo and in vitro. (A) Fluorescent images of TRPV1 in hippocampal neurons (B) Quantitative analyzed the optical density of TRPV1 protein signal [3 cultures per group, unpaired t-test, t(22) = 4.6, p < 0.001]. (C) Anesthesia with 3% sevoflurane 2 h daily for 3 days at P7 increased the expression of TRPV1 in the hippocampus of mice harvested at P9 (D) Quantification of the Western blot shows that sevoflurane anesthesia increased the protein levels of TRPV1 compared to that observed under the control conditions [n = 6, unpaired t-test, t(10) = 2.5, p = 0.0343]. Data are presented as the mean ± SEM. *p < 0.05; ***p < 0.001. Ctrl, control; Sev, sevoflurane.


Then, the role of TRPV1 on synaptic density changes was examined after sevoflurane exposure. In the primary hippocampal neuronal cultures at DIV 16 before and after sevoflurane exposure with or without SB 366791, the changes of synaptic density indicated with synaptophysin and homer 1 puncta were significantly decreased by approximate 41 and 40%, respectively, in the sevoflurane-treated cultures compared with the control cultures (Figures 2A–C). Furthermore, pretreatment with SB 366791 for 1 h significantly ameliorated the toxic effects of 4% sevoflurane exposure on neuronal synaptic density (Figures 2A–C). Then, we quantified the synaptic density in the CA1 area in mice. The density of synaptophysin puncta in the Sevoflurane treated mice was significantly reduced by about 24% compared with that in the control mice (Figures 2D,E), whilst SB 366791 reversed this reduction (Figures 2D,E).
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FIGURE 2. Pretreatment with TRPV1 antagonist SB 366791 significantly suppressed synaptic density loss induced by sevoflurane exposure. (A) Fluorescent images of synaptophysin and homer 1 puncta density in hippocampal neurons in the Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B,C) Quantitative analysis of synaptophysin (B) and homer 1 (C) puncta density in the Ctrl and Sev cultures [3 cultures per group, one-way ANOVA, synaptophysin: F(3,56) = 5.0, p = 0.0041, homer 1: F(3,58) = 6.9, p < 0.001]. (D,E) Representative fluorescent images (D) and quantitative analysis (E) of synaptophysin puncta density in the CA1 area of the with or without SB 366791(500 μg/kg) treatment mice [7 mice per group, F(2, 18) = 18.2, p < 0.0001]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Inhibition Reversed Sevoflurane Exposure Induced Cognitive Function Impairment and AMPAR Delivery Deficiency

Considering that sevoflurane was shown to specifically affect the synaptic puncta by inducing the changes of TRPV1 expression, we determined the effect of TRPV1 on cognitive dysfunction in adulthood induced by sevoflurane exposure of the developing brain. Initially, we assessed the locomotor activity in mice in the open field test. In the mice pre-treated with SB 366791 (SB366791 group), the total distance was similar to that of the wild type mice (Ctrl group) at P65. Additionally, no behavioral deficits were detected in the Sevoflurane with or without SB 366791treated mice (Figure 3A). No differences were found in the center of the arena between any of the groups (data not shown). There were no significant differences in locomotor activity during the 3 training days. In the case of NORT, sevoflurane treated mice had significantly lower recognition index than that in the controls (Figure 3B). Pre-treatment with TRPV1 antagonists SB 366791 abolished this effect of sevoflurane (Figure 3B). Then fear conditioning test, which assesses the hippocampal- dependent and hippocampus-independent memory, was performed. During the training period, all mice exhibited an increase in freezing elicited by the tone and there was no difference between groups (Figure 3C). In the case of the FC contextual test conducted 24 h after the training, sevoflurane treated mice had significantly lower freezing when the animals were place into the same context (Figure 3D), while, SB 366791 abrogated the decline induced by sevoflurane (Figure 3D). However, no significant differences were observed in the FC tone test among the groups (Figure 3E).
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FIGURE 3. SB 366791 mitigated sevoflurane-induced cognitive impairment in adult mice. (A) Total travel distance during 10 min locomotor activity test in the open field test of Ctrl (n = 12), Ctrl + 500 μg/kg SB 366791 (n = 10), Sev (n = 13), and Sev + 500 μg/kg SB 366791 (n = 14) mice. (B) Recognition index of Ctrl (n = 10), Ctrl + 500 μg/kg SB 366791 (n = 10), Sev (n = 13), and Sev + 500 μg/kg SB 366791 (n = 14) mice [one way ANOVA, F(3, 43) = 5.8, p = 0.0021]. (C) Percentage of freezing in Ctrl (n = 12), Sev (n = 12), and Sev + 500 μg/kg SB 366791 (n = 10) mice during fear conditioning training. (D) Percentage of freezing in Ctrl (n = 12), Sev (n = 12) and Sev + 500 μg/kg SB 366791 (n = 10) mice during the contextual memory test [one way ANOVA, F(2, 31) = 6.9, p = 0.0034]. (E) Percentage of freezing of Ctrl (n = 12), Sev (n = 12), and Sev + 500 μg/kg SB 366791 (n = 10) mice during the cued test. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01. Ctrl, control; Sev, sevoflurane; SB, SB 366791.


Synaptic AMPA receptor delivery contributes to learning and memory (Mitsushima et al., 2011; Knafo et al., 2012). To test whether TRPV1 is required for changing synaptic AMPAR delivery after sevoflurane exposure, crude synaptosomal fractions from mouse hippocampus were isolated, and both synaptosomal and total AMPAR subunits were detected. Sevoflurane exposure decreased the levels of synaptosomal GluA1, 2 and 3 AMPAR subunits compared to that in the control mice, and SB 366791 maintained the levels of these AMPAR subunits (Figures 4A,B). The levels of AMPAR in the post-nuclear supernatant fraction (total protein) remained similar in all groups of mice (Figures 4A,C). Meanwhile, the surface GluA1 AMPARs in neurons were assessed with immunofluorescence staining. Sevoflurane had a significantly lower surface GluA1 (sGluA1) expression, and pre-treatment with SB 366791 suppressed this reduction induced by sevoflurane exposure (Figure 5).
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FIGURE 4. Pre-treatment with TRPV1 antagonist SB 366791 reversed the decrease of the GluA1/2/3 AMPAR subunits caused by sevoflurane exposure. (A) Representative Western blots of GluA1/2/3 proteins in crude synaptosomal preparations and total cell lysate obtained from the hippocampal tissue of Ctrl, Ctrl + 500 μg/kg SB 366791, Sev and Sev + 500 μg/kg SB 366791 mice. (B) Quantitative analysis of the Western blots [crude synaptosomal, n = 8–10 mice per group, one way ANOVA, GluA1: F(3, 32) = 6.5, p = 0.0015; GluA2: F(3, 32) = 7.6, p = 0.0006; GluA3: F(3, 32) = 6.0, p = 0.0023]. (C): quantitative analysis of the Western blots (total protein, n = 8–10 mice per group). Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.
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FIGURE 5. SB 366791 attenuated sevoflurane-induced reduction of surface GluA1 in hippocampus neurons. (A) Fluorescent images of surface GluA1 (sGluA1) and total GluA1 (tGluA1) staining in hippocampus neurons from Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B) Quantitative analysis of (A) [3 cultures per group, one-way ANOVA, F(3, 40) = 7.0, p = 0.0007]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Inhibition Reversed Sevoflurane Exposure Induced AMAPR Accumulation in Early and Recycling Endosomes

To determine the cellular mechanism of AMPAR trafficking deficiency in neurons after sevoflurane treatment, internalized GluA2 (iGluA2) was stained to systematically examine its co-localization with early, recycling and late endosomes based on known markers, EEA1, Stx13, and LAMP1, respectively. After sevoflurane treatment, the remaining iGluA2 in neurons showed a significantly higher co-localization with EEA1 and Stx13 than that in the control neurons. SB 366791 ameliorated the increased co-localization of iGluA2 with the EEA1 and Stx13 induced by sevoflurane treatment (Figures 6A,B,D,E). However, the co-localization of iGluA2 with LAMP1 was similar in all group of neurons (Figures 6C,F).


[image: image]

FIGURE 6. Pretreatment with TRPV1 antagonist SB 366791 reversed the sevoflurane-induced accumulation of internalized AMPAR in endosomes. (A) Co-localization of internalized GluA2 (iGluA2, green) and EEA1 (red) in the cell bodies of hippocampal neurons from the Ctrl and Sev cultures treated with TRPV1 antagonist SB 366791 (10 μM). (B) Co-localization of iGluA2 and Stx13 (red). (C) Co-localization of iGluA2 and LAMP1 (red). (D) Quantification of (A). [3 cultures per group, one-way ANOVA, F(3, 82) = 6.2, p = 0.0008]. (E) Quantification of (B). [3 cultures per group, one-way ANOVA, F(3, 80) = 3.8, p = 0.0129]. (F) Quantification of (C) [3 cultures per group, one-way ANOVA, F(3, 51) = 0.5, p > 0.05]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.




TRPV1 Interacted With Src and Decreased Cofilin Phosphorylation

Then, the impact of TRPV1 on endosome sorting was analyzed at the molecular level. A non-receptor tyrosine kinase Src is associated with the regulation of cell proliferation and differentiation (Ohnishi et al., 2011). Downregulation of Src can protect mouse brain from injury (Paul et al., 2001; Purcell and Carew, 2003; Liu et al., 2010; Ward et al., 2019). Therefore, we hypothesized that TRPV1 may retain learning and memory by targeting Src cellular signaling. Co-localization of TRPV1 with Src was detected in HT22 mouse hippocampal neuronal cell line (Figure 7A), and co-immunoprecipitation experiments were performed to examine possible interaction between TRPV1 and Src in hippocampal tissue after sevoflurane exposure. The data obtained using mouse hippocampal extract and anti-Src antibody showed that TRPV1 could interact with Src in vivo (Figure 7B). The expression of p-Src (Tyr 416) was significantly increased after sevoflurane treatment (Figures 7C,D), and pre-treatment with SB 366791 suppressed this increasement induced by sevoflurane exposure (Figures 7C,D).
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FIGURE 7. TRPV1 binds to Src and suppresses inhibition of cofilin. (A) Representative image of TRPV1 (red) and Src (green) fluorescence in HT22 cell line. (B) Co-immunoprecipitation of Src and TRPV1 using anti-Src antibody in hippocampal protein extracts from control mice. (C,D) Representative image (C) and relative expression of (D) Src phosphorylation at tyrosine 416 (p-Src) after with or without SB 366791 (500 μg/kg) treatment [n = 6/group, one-way ANOVA, F(2, 15) = 10.4, p = 0.0015]. (E) Representative Western blot bands. (F) Quantitative analysis of (E) [5 mice per group, one-way ANOVA, F(2, 12) = 9.3, p = 0.0036]. Data are presented as the mean ± SEM. ANOVA followed by Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl, control; Sev, sevoflurane; SB, SB 366791.


Cofilin is an essential regulatory protein with crucial roles in learning and memory through modulating synaptic plasticity and AMPAR mobility (Rust et al., 2010). Previous study reported that cofilin was regulated by Src that triggered cofilin phosphorylation thereby affecting brain function (Wang et al., 2015). Therefore, we hypothesized that TRPV1 may maintain synaptic density and memory by targeting the Src-cofilin pathway. Our results showed that cofilin phosphorylation was significantly reduced in Sev group, while pretreatment with SB 366791 for 1 h before sevoflurane treatment significantly inhibited the reduction of cofilin phosphorylation (Figures 7E,F).




DISCUSSION

In the current study, we demonstrated that repetitious sevoflurane exposure on postnatal day 7 mice led to long-term learning and memory deficits. In neuronal cultures, sevoflurane exposure increased TRPV1 expression, decreased synaptic density, crude synaptosomal and neuronal surface AMPAR expression, as well as defected early and recycling endosomal trafficking in hippocampal neurons. The underlying molecular mechanism may be mediated through an increase in p-Src (Tyr 416) and a decrease in p-cofilin. However, pre-treatment with TRPV1 antagonist SB 366791 before sevoflurane exposure reversed the detrimental effects of sevoflurane both in mice and the hippocampal neurons (Figure 8).
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FIGURE 8. Scheme for the proposed mechanisms of TRPV1 antagonist protection of synaptic loss and memory defects induced by sevoflurane exposure. The underlying mechanisms may be involved with the interactions of TRPV1 and Src, cofilin activation, and AMPAR trafficking deficiency.


Neurotransmitter receptors, γ-aminobutyrate (GABA) and N-methyl-D-aspartic acid (NMDA) receptors in particular, and other ion channels are molecular targets of general anesthetics (Hemmings et al., 2005), suggesting that multiple anesthetic effects may be associated with various molecular targets in various regions of the nervous system. TRPV1 is a ligand-gated non-specific cation channel responding to various noxious stimuli (Julius, 2013). Previous studies shown that TRPV1 is activated and sensitized by local anesthetics in rodent sensory neurons as well as in HEK293T cells expressing TRPV1 (Leffler et al., 2008). Sevoflurane can sensitize TRPV1 to capsaicin and protons and reduce the threshold for heat activation in nociceptive neurons (Cornett et al., 2008). Our recent data demonstrated that the level of TRPV1 channel was increased in HT22 cells after treated with sevoflurane (Liu et al., 2019). HT22 cells are of neuronal origin; however, these cells may not accurately reflect the mechanisms of the normal neurons; hence, we used primary mouse neurons to investigate the role of TRPV1 in sevoflurane-induced neurotoxicity. The both in vivo and in vitro data of the present study indicated that the TRPV1 expression in neurons was increased after sevoflurane treatment which in line with our previous study (Liu et al., 2019). Interestingly, another study showed that sevoflurane upregulated the expression of TRPV1 in the airways (Liu et al., 2020). Therefore, all these indicated that sevoflurane can activate this channel in both central nervous system (CNS) and peripheral tissue. However, the underlying mechanism of these effects remains unclear. For instance, sevoflurane may regulate TRPV1 via a ligand-gated mechanism similar to activation of TRP channels by other anesthetics (Matta et al., 2008); the exact mechanisms remain unknown and warrants further study.

Neurons communicate via synapse, and certain changes in synapses are related to a number of brain diseases. We and other (Xiao et al., 2016) reported that synaptic density was reduced after sevoflurane treatment both in vivo and in vitro. TRPV1 is involved in various functions, including synaptic plasticity in the CNS. Capsaicin, a TRPV1 agonist, upregulated histone deacetylase 2 (HDAC2) resulting in the reduction of synaptic molecules and loss of synaptic density (Wang S. E. et al., 2018). In the present study, TRPV1 antagonist SB 366791 was able to prevent synaptic density decline. Thus, the activation of TRPV1 by sevoflurane reduced synaptic density in hippocampus, and this morphological alteration may subsequently contribute to the impairment of learning and memory.

The causal link between exposure a developing brain to commonly used anesthetics and brain development has not been established and remains controversial despite extensive preclinical studies. Lengthy or repeated exposure of 6–7-day-old rodents to equivalent anesthetics (such as isoflurane, sevoflurane or desflurane) resulted in an impairment of learning and memory in adulthood (Satomoto et al., 2009; Kodama et al., 2011; Ramage et al., 2013; Tao et al., 2016). However, other studies reported that exposure of neonatal non-human primates and rodents to anesthetics did not affect learning and memory (Fredriksson et al., 2007; Zhou et al., 2016). In the present study, exposure of neonatal mice at postnatal day 7–3% sevoflurane 2 h daily for 3 consecutive days resulted in learning and memory dysfunction in the NORT and contextual fear conditioning in adulthood. However, sevoflurane exposure has no effect on tone fear learning. Because the contextual fear conditioning was the hippocampal dependent learning, and tone fear conditioning was hippocampal independent learning (Phillips and LeDoux, 1992; Medina et al., 2002). It is possible that the amygdala function was unlikely impaired and the expression of TRPV1 in the amygdala remained unchanged, thus sevoflurane did not induce memory impairment which was consistent with the previous studies (Ni et al., 2020; Wang et al., 2020).

Published literature suggested that anesthetic exposure to the young and aged animals caused learning and memory disabilities (Dai et al., 2020; Fei et al., 2020; Zheng et al., 2020). In general, adult age animals are resistant to anesthetics-induced neuronal injury although the mechanisms responsible for this difference are unknown. A previous study suggested that extra-synaptic NMDA receptors, which is enriched in the young than the adult age, contributed the sevoflurane induced neurotoxicity (Wang et al., 2016) and this may provide partial explanation. However, adult age animals are not free from neurotoxicity which was also documented previously (Jevtovic-Todorovic et al., 2000). Importantly, under both anesthesia and surgery, the neuronal injuries and hence cognitive impairment in adults were readily detected (Vizcaychipi et al., 2014).

The levels of AMPAR GluA1/2/3 subunits were significantly decreased in the hippocampal synapses of sevoflurane-exposed mice which is similar to the findings of a previous study that pentobarbital and chloral hydrate reduced the expression of cortical and striatal neuronal surface AMPAR (Carino et al., 2012). The various AMPAR GluA subunits were not altered under SB366791 treatment which is not cell toxic (Liu et al., 2019). Previous study has also shown that either upregulation or knockdown of TRPV1 did not affect the expression of GluA1 and GluA2 (Giordano et al., 2012; Du et al., 2020). Thus, SB 366791 itself did not affect the expression of AMPAR. Therefore, sevoflurane decreased the expression of the AMPAR GluA1 subunit in the cultured hippocampal neurons was due to its inherent pharmacological effects, and pre-treatment with TRPV1 antagonist preserved the AMPAR trafficking was likely related to its blocking effect of TRPV1 changes induced by sevoflurane. Considering the results of previous studies, the effect of anesthetics on AMPAR trafficking is unlikely to depend on drug type. A reduction in the number of the receptors in the cell surface pool was accompanied by an increase in the number of the receptors in the intracellular pool. In the current study, the total AMPAR levels were not changed after sevoflurane treatment; thus, changes in the internalization or surface pool would account for AMPAR redistribution. Endosome sorting is the source of AMPA receptor mobilization (Park et al., 2004). Thus, blocking endosome sorting will impact the AMPAR trafficking and subsequent memory impairment. The data of our immunostaining experiments in vitro indicated that sevoflurane induced iGluA2 accumulation in the early and recycling endosomes in neurons, and pre-treatment with a TRPV1 antagonist ameliorated this accumulation, suggesting that TRPV1 may be required for AMPAR trafficking. AMPAR trafficking is associated with multiple proteins, including Stx13, Rab11, SNAP47, Rab8, synaptobrevin 2, etc. (Brown et al., 2007; Esteban, 2008; Jurado et al., 2013; Gu et al., 2016). In the present study, inhibition of TRPV1 abolished iGluA2 accumulation in the endosomes, indicating that TRPV1 may interact with endosomal proteins in mice although it warrants further study.

The present study indicated that TRPV1 may interact with Src cellular signaling, and sevoflurane exposure increased the phosphorylation of Src at tyrosine 416. Src can regulate the activities of FAK and cofilin to control neuronal migration (Wang et al., 2015). In p140Cap-knockout mice, over-activation of Src downregulated the RhoA/ROCK/cofilin signaling pathway to impact synaptic plasticity as well as learning and memory (Repetto et al., 2014). Similar to the impairment of the RhoA/ROCK/cofilin pathway induced by Src activation, a decrease in phosphorylation of cofilin was observed in the present study, while SB 366791 reversed this reduction caused by sevoflurane exposure. Brain-derived neurotrophic factor (BDNF) can activate cofilin signaling (Tong et al., 2012); thus, we cannot rule out a possibility that sevoflurane exposure inhibits BDNF to induce the TRPV1-mediated changes in synaptic density and cognitive function. However, our results indicated that the TRPV1 channel and cofilin likely interact each other per se.

Our work is not without limitations. First, the both N and C terminals of TRPV1 all contains specific structural domains with slightly different physiological functions; for example, the N-terminal is responsible for a thermal sensor of TRPV1 and channel activity (Yao et al., 2011; Du et al., 2019) whilst C-terminal domains of TRPV1 was reported to be involved in thermo-TRP channel activity, the regulation of voltage-gated channel opening and phosphorylation (Kwak et al., 2000; Goswami et al., 2007; Moiseenkova-Bell et al., 2008; Wang and Chuang, 2011). In our current study, only N-terminal antibodies were used and, therefore, the whole picture changes of TRPV1 are unknown. Second, neonatal mice were only used to study the neurotoxicity of sevoflurane in the current study. Thus, whether the current findings and underlying mechanisms were also evident in adult or even in older age is subjected for future study.



CONCLUSION

In conclusion, our results suggested the TRPV1/Src/cofilin signaling pathway likely mediated the abnormalities in synaptic density and neurocognitive function induced by sevoflurane exposure in mice at the brain development stage. These findings may provide a mechanistic foundation for identification of novel therapeutic targets of sevoflurane induced neurotoxicioty.
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Mature brain-derived neurotrophic factor (BDNF) and its downstream signaling pathways have been implicated in regulating postnatal development and functioning of rodent brain. However, the biological role of its precursor pro-brain-derived neurotrophic factor (proBDNF) in the postnatal brain remains unknown. The expression of hippocampal proBDNF was blocked in postnatal weeks, and multiple behavioral tests, Western blot and morphological techniques, and neural recordings were employed to investigate how proBDNF played a role in spatial cognition in adults. The peak expression and its crucial effects were found in the fourth but not in the second or eighth postnatal week. Blocking proBDNF expression disrupted spatial memory consolidation rather than learning or memory retrieval. Structurally, blocking proBDNF led to the reduction in spine density and proportion of mature spines. Although blocking proBDNF did not affect N-methyl-D-aspartate (NMDA) receptor (NMDAR) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunits, the learning-induced phosphorylation of the GluN2B subunit level declined significantly. Functionally, paired-pulse facilitation, post-low-frequency stimulation (LFS) transiently enhanced depression, and GluN2B-dependent short-lasting long-term depression in the Schaffer collateral-CA1 pathway were weakened. The firing rate of pyramidal neurons was significantly suppressed around the target region during the memory test. Furthermore, the activation of GluN2B-mediated signaling could effectively facilitate neural function and mitigate memory impairment. The findings were consistent with the hypothesis that postnatal proBDNF played an essential role in synaptic and cognitive functions.
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INTRODUCTION

Mature brain-derived neurotrophic factor (mBDNF) plays an important role in neural circuit formation (Fernandes et al., 2015; Li et al., 2019), which is a critical step in aiding in hippocampus (HPC)-dependent memory in adolescents and adults (Lu et al., 2014; Itoh et al., 2016). Like many other neurotrophins, mBDNF is initially produced as a longer precursor molecule, pro-brain-derived neurotrophic factor (proBDNF), which elicits an opposing response to that of mBDNF (Lu et al., 2005; Deinhardt and Chao, 2014). For example, in contrast to the role of mBDNF in cell survival and memory formation, proBDNF can bind to p75NTR, induce apoptosis (Je et al., 2012; Sun et al., 2012) and axonal retraction (Yang F. et al., 2009), and inhibit neuronal migration (Xu et al., 2011). Hence, the interest has grown in understanding the underlying mechanism and roles of neurotrophins in synaptic competition and elimination during neural circuit formation (Yang F. et al., 2009; Je et al., 2012; Yang et al., 2014). Although the structural and functional roles of perinatal mBDNF in cognitive processing are defined (Lu et al., 2014), the potential roles of proBDNF are still unclear.

Research studies have shown that N-methyl-D-aspartate (NMDA) receptors (NMDARs) play important roles in synaptic plasticity, brain development, and learning and memory (Bannerman et al., 2014) and are also involved in BDNF-dependent cognitive development (Lu et al., 2014; Nakai et al., 2014; Itoh et al., 2016). The downregulation of mBDNF reduces, and exogenous mBDNF enhances NMDAR-mediated neural responses (Itoh et al., 2016). The activation of the cAMP-dependent protein kinase (PKA)/cAMP response-element binding protein (CREB) pathway by glutamate via the stimulation of NMDARs is essential for the effects of mBDNF on dendritic development and the formation of neural circuits during postnatal development (Finsterwald et al., 2010) by the selective strengthening of necessary synapses in an activity-dependent manner (Lu et al., 2005; Choo et al., 2017). Treatment of rats with ketamine, an NMDA-channel antagonist, caused a significant increase in CREB and mBDNF protein levels in the HPC, as well as PKA phosphorylation levels (Reus et al., 2011). More importantly, experiments conducted in BDNF heterozygous animals demonstrated that the subunit composition of NMDARs in the HPC was altered (Klug et al., 2012). Different effects were observed in dorsal hippocampal regions involved in learning and memory and ventral regions involved in fear and anxiety-like behavior. Intriguingly, both mBDNF and proBDNF are secreted in adulthood, but the highest levels of proBDNF are observed perinatally (Yang J. et al., 2009). The prenatal proBDNF requirement is impacted by neuronal depolarization (Yang J. et al., 2009), which can control the BDNF-induced expression of NMDAR subunits at the transcriptional level (Suzuki et al., 2005). Moreover, proBDNF negatively regulates neural remodeling by selectively facilitating NMDAR-dependent neurotransmission (Yang et al., 2014) and neural activity (Sun et al., 2019). Therefore, NMDARs may be important mediators of proBDNF-induced defects in neurodevelopment and neurocognition.

To address the aforementioned issues, the variations in the expression of hippocampal proBDNF (at different periods from birth to adulthood) were tested, and then the effects of blocking proBDNF at its peak expression on spatial learning and memory of adult rats were assessed. Using a combination of morphological, Western blot and pharmacological methods, this study attempted to identify the role of proBDNF in spine development and the expression and phosphorylation of the subunits of glutamatergic receptors [including α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and NMDARs]. Meanwhile, the role of proBDNF in the synaptic function of the Schaffer collateral-CA1 pathway and the neural correlates of spatial behaviors were also assessed. To further confirm the findings, the pharmacological tools were employed to mitigate proBDNF-mediated deficits in cognitive and neural functions. These findings might help further understand the mechanisms by which proBDNF exerted its effects on synaptic and cognitive functions.



MATERIALS AND METHODS


Subjects

Wistar rats (Beijing Research Center for Experimental Animals, China) were maintained on a 12-h light/dark cycle (lights on at 7 a.m.) at constant temperature (21 ± 2°C) and humidity (45 ± 5%). All tests were conducted during the light period (between 2 p.m. and 5 p.m.). Animals had ad libitum access to food and water unless food was restricted prior to the training of lever press tests. During behavioral tasks, rats were maintained at ∼85% of free feeding weight, which was compared with a standard growth curve (Donaldson, 1924). All procedures were in accordance with the Care and Use of Animals Committee of Guizhou University of Traditional Chinese Medicine (SCXK-2013-0020).

The day of birth was designated as postnatal day (PD) 0, and pups were weaned on PD21. A total of 418 male offspring from an average of 84 litters were randomly assigned to one of six groups: (Fernandes et al., 2015) anti-proBDNF (second week), (Choo et al., 2017) anti-proBDNF (fourth week), and (Je et al., 2012) anti-proBDNF (eighth week) groups received bilateral infusion of rabbit polyclonal anti-proBDNF antibody (Lim et al., 2015; Luo et al., 2016) in the CA1 region of the HPC throughout the entire second postnatal week (PD2w, from PD8 to PD14), fourth postnatal week (PD4w, from PD22 to PD28), and eighth postnatal week (PD8w, from PD50 to PD56), respectively; (Li et al., 2019) control group was treated with the same volume of the vehicle (artificial cerebrospinal fluid, ACSF) throughout the whole PD2w (Con@2w), PD4w (Con@4w), and PD8w (Con@8w); (Itoh et al., 2016) Anti+TBOA group, which received infusion of anti-proBDNF antibody during the postnatal weeks, was bilaterally infused with DL-threo-β-benzyloxyaspartate (DL-TBOA) 0.5 or 2.5 h before spatial training [Anti+TBOA0.5(a) or Anti+TBOA2.5(a)], immediately following behavioral training [Anti+TBOA(b)] or 0.5 h before probe test [Anti+TBOA(c)]; and (Lu et al., 2014) control group, which received infusion of ACSF during the postnatal weeks, was bilaterally infused with DL-TBOA 0.5 h before spatial training [TBOA(a)], immediately following behavioral training [TBOA(b)] or 0.5 h before probe test [TBOA(c)]; (Lu et al., 2005) naive group was reared as the control group without the treatment. Eight-week-old (PD56) adult rats were used for this study unless specific evaluation was required. Anti-proBDNF antibody was purchased from Alomone Labs, Ltd. (Jerusalem, Israel; Cat. No. ANT-006). DL-TBOA was purchased from Tocris Cookson (Ellisville, MO, United States). ACSF was purchased from Beijing Leagene Biotechnology, Ltd. (Beijing, China).

Here, DL-TBOA was used to block glutamate transporters and increase extracellular glutamate levels, which in turn could activate the extrasynaptic GluN2B-NMDA receptor (Massey et al., 2004; Yang et al., 2005). Given that sex differences in BDNF signaling have been reported extensively (Kellogg et al., 2000; Wu et al., 2013; Luoni et al., 2016) and some molecular mechanisms in memory formation are also known to be sex-specific (Mizuno and Giese, 2010; Sundermann et al., 2016), only male rats were selected for the current study. Additionally, to exclude the possibility of accumulative effects of the drugs, separated groups were assigned in each behavioral experiment.



Surgery and Microinjection

Rats were anesthetized with isoflurane and placed in a stereotaxic frame (SN-3; Narishige, Japan) for surgery. Guide cannulae (22 gauge; Plastics One Inc., Roanoke, VA, United States) were bilaterally inserted above the CA1 region of the HPC (for PD2w: AP: −3.3 mm, ML: ±2.1 mm, DV: 2.4–2.6 mm; for PD4w: AP: −3.3 mm, ML: ± 2.3 mm, DV: 2.6–2.8 mm; for PD8w: AP: −3.3 mm, ML: ± 2.3 mm, DV: 2.6–2.9 mm). A stainless-steel stylet (30 gauge, 10 mm; Plastics One Inc.) was inserted into guide cannula to avoid obstruction. Rats were given at least 1 week to recover.

Infusions were achieved by inserting 30-gauge needles (10 mm; Small Parts Inc., Logansport, IN, United States) connected through PE-50 tube into a microsyringe pump (Harvard Apparatus, Holliston, MA, United States), extended 1.0 mm beyond the end of the cannulae. Needles were inserted into both cannulae, and then anti-proBDNF antibody (10 μg/μl), DL-TBOA (2.0 ng/μl), Ro25-6981 (2.0 ng/μl), or ACSF (vehicle) was infused into the HPC area (0.5 μl/min/side for 2 min) 30 min before testing began. The dose and route of administration were selected based on the results of the previous studies, which indicate the efficacy of anti-proBDNF antibody (Bai et al., 2016; Sun et al., 2018a, 2019). To testify whether the TBOA infusion 0.5 h before the training could still affect memory consolidation, DL-TBOA infusion was conducted 2.5 h before the training. The needles were left for an additional 3–5 min to allow the diffusion. Specifically, anti-proBDNF antibody was applied twice a day in a 12-h interval (at 9 a.m. and 9 p.m.) for 1 week. Drug treatments were counterbalanced across litters.



Protein Preparations and Analysis

Rats were killed by overdose of urethane, and hippocampi were rapidly dissected and homogenized in ice-cold lysis buffer (pH 7.4) containing a cocktail of protein phosphatase and proteinase inhibitors (Sigma, MA, United States). The samples were centrifuged at 14,000 rpm for 15 min at 4°C, and the supernatant was collected. Protein concentrations were detected by the bicinchoninic acid (BCA) assay. Twenty micrograms (15 μl) of total protein per lane was resolved in 10–15% SDS-PAGE gels followed by electro-transferring to PVDF membranes (Pall, Pensacola, FL, United States). Non-specific binding of antibodies to membranes was probed with the primary antibody: mouse anti-proBDNF (1:500, Cat. No. sc-65514; Santa Cruz Biotechnology, Santa Cruz, CA, United States), mouse anti-mBDNF (1:500, Cat. No. mab248; R&D Systems, Minneapolis, MN, United States), rabbit anti-p75NTR (1:1,000, Cat. No. AB1554; Chemicon, CA, United States), rabbit anti-GluA1 (1:1,000, Cat. No. AB1504; Chemicon, CA, United States), rabbit anti-phospho(serine-831)GluA1 (1:500, Cat. No. 04823; Upstate Biotechnology, MA, United States), rabbit anti-mGluA2/3 (1:1,000, Cat. No. AB1506; Chemicon, CA, United States), rabbit anti-phospho(serine-880)GluA2 (1:3,000, Cat. No. 07294; Upstate Biotechnology, MA, United States), rabbit anti-GluN2A (1:1,000, Cat. No. 07632; Millipore, MA, United States), rabbit anti-phospho(serine-1232)GluN2A (1:1,000, Cat. No. crb2005001e; Cambridge Research Biochemicals, Billingham, United Kingdom), mouse anti-GluN2B antibody (1:1,000, Cat. No. 06600; Millipore, MA, United States), rabbit anti-phospho(serine-1303)GluN2B (1:1,000, Cat. No. ab81271; Abcam, Cambridge, United Kingdom), and mouse anti-β-actin (1:20,000, Cat. No. A5316; Sigma, MA, United States) overnight at 4°C. Mouse anti-β-actin was used as an internal control. Each band was normalized to the corresponding β-actin band. After further incubation in horseradish-peroxidase (HRP)-conjugated secondary goat anti-mouse or anti-rabbit IgG (1:1,000) (Southern Biotechnology Associates, AL, United States) for 2 h at room temperature, immunoreactivity was detected by ECL Western Blotting Detection Kit (CWBIO, China). The intensity of each band was measured by densitometry using Quantity One software (Bio-Rad Laboratories, Hercules, CA, United States). The learning-induced expression level was normalized by the expression of the naive group.



Locomotion and Anxiety-Like Behavior in the Open Field Task

Locomotor activity was assessed in a 5-min open field, which consisted of a 91.5 × 91.5 × 61 cm Perspex box with dark walls, as described previously (Mueller et al., 2010; Peters et al., 2010). The field was divided into a peripheral region (within 15.25 cm of the walls) and central region (61 × 61 cm) of approximately equal area. The distance traveled and the time spent within the peripheral/central region were recorded using VersaMax Activity Monitoring System (AccuScan Instruments, Columbus, OH, United States).



Motivation Test

Rats were trained to lever press for food pellets in standard operant conditioning chambers located inside sound-attenuating boxes (Med Associates, St. Albans, VT, United States). The chambers contained two retractable levers located on either side of a central food trough. As in the previous studies (Paterson et al., 2005; Sun et al., 2020, 2021b), rats were trained daily in 30-min sessions with one of two levers extended randomly when the cue light above the lever was on. The training started with continuous reinforcement. Rats were initially trained on a fixed-ratio (FR)-1 schedule (one lever-press response) with both levers reinforced, followed by the sequence FR-15, FR-30, and finally FR-60 schedule sessions. Rats were tested in a 30-min session till they reached 10 presses per min on FR-60.



MWM Test

A 150-cm-diameter circular pool was filled with water opacified with nontoxic black ink and kept at 25 ± 1°C. The tank was divided into four equal quadrants that were denominated clockwise I, II, III, and IV. A clear 10-cm-diameter platform was positioned in the center of quadrant III with its surface 2 cm below the water surface. The pool was surrounded by blue curtains with clearly distinctive cues. Movements were monitored by a tracking system (Ethovision 2.0; Noldus, Wageningen, Netherlands).

The test was divided into the training phase on day 1 and the probe phase, which was performed 24 h or immediately after training. During the training phase, each rat was trained for eight trials (30 s intertrial interval) to find the platform. The order of starting points was set pseudorandomly (II, I, III, IV, III, I, IV, II) but was the same for all animals. Rats that failed to find the platform within 60 s were guided and remained on it for 20 s. The escape latency of each trial was collected and calculated. During the probe phase, the platform was taken out, and rats were released from a novel drop point (between starting points I and II) and swam for 60 s. From the tracked swimming traces, a path proximity score was calculated by measuring the distance (cm) between the rat’s position and the platform location (Maei et al., 2009; Tomas Pereira and Burwell, 2015; Kapadia et al., 2016). A distance measure was made 10 times per second and averaged across the probe test.

The long-term memory process can be generally divided into distinct stages: learning (acquisition), consolidation, and retrieval (Wang et al., 2006). Extensive studies have confirmed that the newly formed memories were susceptible to a variety of post-learning (minutes to half hour) manipulations, such as electroconvulsive shock, protein synthesis inhibitor, or hypothermia treatment (McGaugh, 2000; Kandel, 2001). Moreover, the disruptive effects of these post-learning manipulations decrease as the time interval between the acquisition and the intervention increases (Dudai et al., 2015). Intensive research in the past several decades suggests that this type of memory consolidation, occurring within minutes to hours after initial learning, may reflect the ongoing changes in the intracellular signaling pathways and new protein synthesis and gene expression by which subsequent modifications in synaptic properties and structures are produced (Izquierdo et al., 2006; Nadel et al., 2012). Regarding the conversion of short-term memory into long-term memory, in the Morris water maze (MWM) task, the memory acquisition is during the training phase on the first day. After memory acquisition, the memory is consolidating and will be assessed on the probe test on the second day. This eight-trial training, which can quickly be learned by rodents in the previous studies (de Quervain et al., 1998; Wong et al., 2007; Dong et al., 2013), has the advantage of clearly delineating the acquisition and memory consolidation phases (Ge et al., 2010; An and Sun, 2018).



Single-Unit Recording

One week before behavioral test, electrode implantation was conducted using previously reported procedures (Sun et al., 2018b, 2021, 2021a). Briefly, rats were anesthetized with isoflurane and prepared for surgery. Impedance-measured (200–600 kΩ) microelectrodes were arrayed into a 4 × 8 matrix using 25-μm-diameter tungsten wires (California Fine Wires, Grover Beach, CA, United States) in a 35-gauge silica tube (World Precision Instruments, Sarasota, FL, United States). A cannula was attached to a silica tube. The proximal open end of the cannula was parallel to electrode tips. They were chronically implanted, and the left or right hemisphere was implanted randomly but counterbalanced between rats. A stainless-steel wire was used as ground electrode, and the electrode was fastened to the cranium by dental acrylic with skull screws.

Data were acquired on a Digital Cheetah system (Cheetah software; Neuralynx Inc., Bozeman, MT, United States). Unit signals were recorded via an HS-36-unit gain headstage (Neuralynx Inc.) mounted on the animal’s head by means of lightweight cabling that passed through a commutator (Neuralynx Inc.). Unit activity was amplified (1,000–10,000 times) and sampled at 32 kHz and 600–6,000 Hz band-pass filters. The firing rates during the probe test were collected. The rats’ behavior was monitored by a digital ceiling camera (Neuralynx Inc.), and the CCD camera’s signal was fed to a frame grabber (sampling rate, 1 MHz) with the experimental time superimposed for offline analysis.

Spike sorting was performed with offline Neuralynx’s software (SpikeSort 3D), using a combination of KlustaKwik, followed by manual adjustment of the clusters (Klusters software package). Briefly, multiple parameters were used to determine the clusters with the most often used combination of spike height, trough, and energy, associated with the waveforms (Hernandez et al., 2013; An et al., 2018). As in the previous studies (Stark et al., 2014; Sun et al., 2018b), units were graded for quality and classified as pyramidal neurons and fast-spiking (FS) interneurons.



Synaptic Plasticity at the Schaffer Collateral-CA1 Pathway

In vivo field excitatory postsynaptic potentials (fEPSPs) in the pyramidal layer of the hippocampal CA1 region were recorded as previously explained in the Materials and methods section (An and Sun, 2017, 2018; An et al., 2019). Briefly, rats were anesthetized with isoflurane and placed in a stereotaxic frame for surgery (SN-3; Narishige, Japan). Core body temperature was monitored throughout the experiment, and a heating pad was used to maintain the temperature of the animals at 36.5 ± 0.5°C. The scalp was opened, and small holes were drilled in the skull using a trephine for the monopolar recording (insulated platinum iridium wire; AM Systems; AP: −3.3 mm, ML: ± 2.3 mm, DV: 2.6–2.8 mm) and tungsten bipolar stimulating electrodes (FHC; ME; hippocampal Schaffer collaterals region; AP: −4.0 mm, ML: ± 3.3 mm, DV: −2.2 to −3.0 mm). The head side of each rat was chosen randomly but counterbalance among groups. After the electrodes were lowered and located properly in desired positions, input/output (I/O) curves and paired-pulse facilitation (PPF) were assessed. The frequency of test pulse recording ranged from 30 to 60 s. A baseline recording was re-established for approximately 5–10 min following the completion of each recording. Low-frequency stimulation (LFS) (900 pulses of 1 Hz) was delivered to induce long-term depression (LTD). The stimuli were delivered every minute at an intensity that evoked a response of 60–70% of the maximum response, which was obtained from the I/O recording. Since LTD should last for at least hours, the expression of LTD in the current study can only be defined as a short-lasting long-term depression (SL-LTD). Initial data measurement was performed in Clampfit 9.0 (Molecular Devices, Sunnyvale, CA, United States). The fEPSPs slope was used to measure synaptic efficacy. The average amplitudes during the baseline period were normalized to 100%, and the relative amplitudes at every point were normalized relative to the baseline period. The average amplitude between 41 and 60 min after the completion of the LFS was used to analyze.



Spine Density Analysis

Immediately following the probe test (24 h after the training stage), rats were anesthetized by an intraperitoneal injection of sodium pentobarbital (80 mg/kg). The brains were removed without perfusion, rinsed in phosphate-buffered saline (PBS), and stained using the Golgi–Cox method, in accordance with the manufacturer’s instructions (Rapid GolgiStain; FD Neurotechnologies, United States). Briefly, brain tissues were immersed in the impregnation solution made by mixing equal volumes of solutions A and B and stored at room temperature for 10 days in the dark. The brains were then transferred into solution C and stored at 4°C in the dark for 5 days. Sections were cut on a vibratome and mounted on gelatin-coated slides with solution C for natural drying at room temperature for 2 days. Brain sections (50 μm) that could be clearly evaluated and containing 50–150 μm of secondary dendrites from each imaged soma were selected (Yang C. et al., 2015; Li et al., 2017). Three CA1 pyramidal neurons per section and three sections per animal were analyzed. Each rat was treated as an independent sample. For spine categorization, the following criteria were used (Li et al., 2017): (Fernandes et al., 2015) mushroom: spine head diameter was ≥1.5 × spine neck diameter; (Choo et al., 2017) stubby: spine head and spine neck were approximately of the same width, and spine length was not significantly longer than head diameter; and (Je et al., 2012) thin: spine head and spine neck were approximately of the same width, and spine length was 2.5 times longer than spine head width. Spine densities were calculated as the mean number of spines per micrometer dendrite.



Statistical Analysis

To confirm the infusion and recording sites, electrolytic lesions were created by applying direct current (10 mA, 10 s). The infusion sites (see Figure 1A) and electrode placements (see Figure 1B) were identified with the aid of The Rat Brain in Stereotaxic Coordinates (1997, third edition). Only data obtained from rats with correctly inserted needles and probes were included in statistical analysis (see Figure 5I – top and Figure 5I – bottom).
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FIGURE 1. Schematic representations of the cannulae and electrode placements and morphological alterations in the CA1 region. (A) Histological (left) and schematic (right) representations of the cannula placements. The control group infused with ACSF throughout the whole PD4w; the Anti@2w and Anti@4w groups were infused with anti-proBDNF antibody throughout the whole second and fourth postnatal weeks, respectively. The yellow arrows indicated the top of the cannulae. (B) Histological and schematic representations of electrode placements. (C) Following the open field test, infusion-induced neuronal damage was assessed by Silver staining (see Supplementary Methods). The white scale bar presented at the bottom of the photomicrograph indicated 25 μm. The yellow arrows indicated the electrode tips. There was no statistical difference in the quantification of neurodegeneration in CA1 neurons between the control (top) and anti-proBDNF (bottom) groups. The anti-proBDNF group was infused with anti-proBDNF antibody throughout the whole fourth postnatal week. The control group was treated with the same volume of the vehicle (ACSF) throughout the whole the fourth postnatal week. The treatment was conducted twice a day in a 12-h interval. n = 6 for each group.


Data are expressed as mean ± SEM. All analyses were performed with Neuroexplorer, Matlab (MathWorks) and SPSS 17.0 software. The data of the training stage during the MWM task, bodyweight changes, I/O curve, and PPF were compared using repeated measures ANOVA. Student’s t-tests examined the data of histological observation, the expression of proBDNF during the postnatal period (Figure 2A), and the comparison of proBDNF and mBDNF levels to the 100% baseline level (Figure 2B). The percentage of time spent in quadrants (Figure 4D) was examined by Chi-square test. The data of Western blot tests, open field test, and lever-press test; the proximity score in the probe test (Figure 4C); and the normalized fEPSPs (Figures 5D,E) were examined by one-way ANOVA. A two-way ANOVA was employed to examine the data of the proximity score (Figure 2J), spine density, learning-induced pGluB2B level (Figure 3F), and neural firing frequency (Figures 5G,H). When the ANOVA reveals a significant main effect or interaction between main factors, data were further analyzed by Tukey’s post hoc test. For comparisons of the percentage of neurons, Pearson’s analyses were used. A p < 0.05 level of confidence was used in the analyses.
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FIGURE 2. Blockage of proBDNF expression during the postnatal period induces spatial learning impairments. (A) The level of proBDNF in the hippocampus. (*p < 0.05, vs. 100%; #p < 0.05, vs. PD10). n = 6 per time point. (B) The expression of proBDNF in the hippocampus immediately, 3, 6, and 12 h after anti-proBDNF antibody infusion. n = 6 per group. (*p < 0.05, vs. matched mBDNF). (C) The proBDNF level and (D) the p75NTR level at PD56 were detected in rats, which were infused with anti-proBDNF antibody throughout the second postnatal week (Anti2w) and the fourth postnatal week (Anti4w), respectively. n = 12 per group. (E) Bodyweight changes from PD14 to PD126. (F) Travel distance. (G) The percentage of time spent in the center of the apparatus in the open field test. n = 6 per group. (H) Press time per min in the motivation test. n = 6 per group. (I) Escape latency. (J) The swim proximity score during the MWM task. Note that rats in the Con@8w and Anti@8w groups were tested at PD12w, whereas rats in other groups were tested at PD8w. (*p < 0.05, vs. Anti@2w, Anti@8w, or Con). n = 5 for the Con@2w group, n = 5 for the Con@8w group, n = 6 for the Anti@8w group, and n = 16 for other each group.
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FIGURE 3. Blocking proBDNF reduces spine number and learning-related GluN2B expression. The samples from rats that performed spatial training in the MWM task were collected immediately following the training phase and selected for detecting spine density and the expression of glutamatergic receptor subunits. (A) Spine alteration in naive, untrained-antiproBDNF, trained control, and trained-antiproBDNF rats (top). Quantification of spine density (middle) and the proportion of spine (bottom). Scale bars, 5 μm. n = 6 per group. Sample images were projected at minimal intensity and inverted, background was then subtracted, followed by brightness/contrast adjustment. The expression and phosphorylation of GluA1 (B) and the expression of GluG2/3 and the phosphorylation of GluA2 (C) of AMPAR subunits. n = 10 per group. The expression and phosphorylation of GluN2A (D) and GluN2B (E) of NMDAR subunits. (*p < 0.05, Con vs. Trained-Anti; #p < 0.05, vs. matched Naive and Untrained-Anti). n = 10 per group. Note that the data of dendritic spine and glutamatergic receptors tests were subjected to a two-way ANOVA in which training status (trained or not trained) and treatment (anti-proBDNF antibody, ACSF, or no treatment) were dependent variables. (F) The expression of pGluN2B immediately, 1, 2, and 3 h following spatial training. (*p < 0.05, Con vs. Trained-Anti). n = 10 per group.
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FIGURE 4. Activation of GluN2B can rescue memory consolidation induced by blocking postnatal proBDNF. The infusion of TBOA was conducted 0.5 (Anti+TBOA0.5(a)) or 2.5 h (Anti+TBOA2.5(a)) before spatial training (acquisition), immediately following training (consolidation; Anti+TBOA(b)), and 30 min prior to probe memory test (retrieval; Anti+TBOA(c)), respectively. (A) Schematic description of the experimental timeline. (B) Escape latency in the training phase and (C) the swim proximity score during the probe trial. Note the sample swimming traces demonstrating the swimming trajectories of the control, Anti+TBOA(b), and TBOA(b) groups rather than the Anti group superimposed on target quadrant. The triangle indicated the start point during probe trial. (*p < 0.05, vs. control, Anti+TBOA(b), TBOA(a), TBOA(b), or TBOA(c)). (D) The percentage of time spent in each quadrant during the probe test. @ p < 0.05, vs. other quadrants. Note the data from rats (control, Anti, Anti+TBOA(b), and TBOA(b) groups) used in the single-unit recording were included. n = 20 for the control, Anti, Anti+TBOA(b), and TBOA(b) groups, n = 10 for the Anti+TBOA0.5(a) and Anti+TBOA(c) groups, n = 5 for the Anti+TBOA2.5(a) group, n = 4 for the TBOA(a) group, and n = 5 for the TBOA(c) group.
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FIGURE 5. GluN2B-dependent neural function is enhanced by TBOA. The Anti group was bilaterally infused with anti-proBDNF antibody into the CA1 region throughout the whole PD4w, whereas the Con group received the same volume of ACSF. Eight-week-old rats were selected for detecting hippocampal synaptic function in the Schaffer collateral-CA1 pathway immediately following TBOA (Anti+TBOA and TBOA groups), Ro25 (Ro25 group), or ACSF (Con and Anti groups) injection. (A) Input–output curves of fEPSP slopes. (B) PPF, a form of short-term plasticity, was measured and expressed as the ratio of fEPSPs2 to fEPSPs1. (*p < 0.05, Anti vs. other groups). (C) Characteristic time courses of fEPSP slope. Arrow represented application of LFS. (D) The effects on PTD, which was determined as response 1 min after LFS. (*p < 0.05, Anti vs. other groups; #p < 0.05, Ro25 vs. other groups) (E) Time coursing changes in fEPSPs slope. Magnitude of SL-LTD was determined as responses in the last 20 min (between 56 and 75 min). (*p < 0.05, Anti vs. other groups; #p < 0.05, Ro25 vs. other groups). n = 10 per group. When rats were tested in the probe trial that was conducted 24 h following the last training trial, neural activity around the target platform area was recorded. TBOA (Anti+TBOA and TBOA groups) or ACSF (Con and Anti groups) infusion was conducted 30 min prior to the behavioral test. (F) The proportion of pyramidal neuron and FS interneuron. (G) Firing rate of pyramidal neurons out of target area (Out) and around the targeted platform (In) during the probe test. (H) Firing rate of FS interneuron out of target area (Out) and around the targeted platform (In) during the probe test. (*p < 0.05, Anti vs. other groups). n = 10 per group. (I) The histological representations of the recording sites during the fEPSPs (top) and neuronal activity (bottom) experiments. The green and yellow arrows indicate infusion site and recording site, respectively.




RESULTS


Blocking the Expression of Hippocampal proBDNF During the Postnatal Period Impairs Spatial Memory but Not Learning Ability

Figure 2A shows the changes of proBDNF levels across development in the HPC of the un-manipulated rats. All data were normalized by the level at PD3. The expression rose significantly from PD3 to PD24 (one-way ANOVA, effect of time: F(6,35) = 32.68, p < 0.001; post hoc, PD2w or PD4w vs. PD0w, both p < 0.05). The proBDNF levels peaked at PD24, which was significantly higher than that at PD10 (p < 0.05). To detect whether neutralizing proBDNF with its antibody would potentially interfere with the expression of endogenous protein and its proteolysis to mBDNF, we assessed the proBDNF and mBDNF levels following the antibody infusion (Figure 2B). Two-way ANOVA revealed significant time effect (F(3,30) = 96.76, p < 0.001), significant treatment effect (F(1,10) = 8.81, p < 0.01), and significant interaction effect between time and treatment (F(3,30) = 32.63, p < 0.001). Tukey’s test showed that proBDNF levels were markedly lower than mBDNF levels 3 (p < 0.05) and 6 h (p < 0.05) following antibody infusions. The marked decline of proBDNF lasted for at least 6 h after the injection (t-test, 3 or 6 h vs. 100%, both p < 0.05), whereas the mBDNF level was not affected. Therefore, the observations following infusion reflected merely the proBDNF rather than the mBDNF effect. To confirm if infusion of anti-proBDNF antibody affects the level of proBDNF or its receptor, p75NTR, we assessed their levels at PD56. Hippocampal proBDNF was not disrupted by postnatal blockage at PD2w or PD4w (Figure 2C; one-way ANOVA, effect of treatment: F(2,15) = 0.22, p > 0.05), neither did the p75NTR (Figure 2D; effect of treatment: F(2,15) = 0.29, p > 0.05). We failed to find a statistical difference in bodyweight from PD2w to PD18w, either (Figure 2E; repeated-measures ANOVA, effect of time: F(8,264) = 0.51, p > 0.05; interaction effect between time and treatment: F(16,264) = 0.27, p > 0.05). Furthermore, the effects of infusion on locomotion, anxiety-like behavior, and motivation were tested, whereas no statistical difference was found in the total travel distance (Figure 2F, one-way ANOVA, effect of treatment: F(2,15) = 0.23, p > 0.05) and the percentage of time spent in the center of the apparatus (Figure 2G, one-way ANOVA, effect of treatment: F(2,15) = 0.29, p > 0.05) in the open field test, or the motivation behavior (Figure 2H, one-way ANOVA, effect of treatment: F(2,15) = 0.26, p > 0.05). Blocking proBDNF at PD2w, PD4w, or PD8w did not disrupt spatial acquisition, as exhibited by a significantly decreased latency among groups in the training phase (Figure 2I, repeated-measures ANOVA, effect of trial: F(7,406) = 76.29, p < 0.001; effect of age: F(2,61) = 0.68, p > 0.05; effect of treatment: F(1,62) = 1.05, p > 0.05; interaction effect between age and treatment: F(2,124) = 0.21, p > 0.05). Additionally, the mean time spent in thigmotaxis and floating during spatial training was comparable among groups (Supplementary Figure 1). However, infusion at PD4w, but not PD2w or PD8w, made rats away from target quadrant 1 day after acquisition training (Figure 2J, two-way ANOVA, effect of treatment: F(1,62) = 18.71, p < 0.001, post hoc, Anti@4w vs. other groups, all p < 0.05; effect of age: F(2,124) = 1.03, p > 0.05; effect of between treatment and age: F(2,124) = 0.34, p > 0.05), but not immediately following training (effect of treatment: F(1,62) = 0.26, p > 0.05). Additionally, our findings indicate that blocking proBDNF expression but not affecting p75NTR expression or function by the infusion of anti-proBDNF antibody induces behavioral deficits in adults (Supplementary Figure 2). There was no statistical difference in area fraction between the Con and Anti@4w groups (Figure 1C, t-test, t10 = 0.0, p > 0.05). Our findings also ruled out the possibility that repeated infusions induced neuroinflammatory or neurodegeneration has contributed to the behavioral and physiological changes. Furthermore, our previous study found that exogenous proBDNF exerts pivotal effects on the use of cognitive strategies to facilitate the spatial learning process (An et al., 2018). Therefore, it remains possible that the deficit in memory consolidation was driven by a less precise learning strategy. However, blocking proBDNF during the postnatal period did not induce the learning strategy preference (Supplementary Figure 3). Together, the above results demonstrate the essential role of hippocampal proBDNF at PD4w in spatial memory function in adulthood. Therefore, we chose to block proBDNF activity at PD4w in the following experiments.



Blocking Postnatal proBDNF Expression Decreases Spine Density and Learning-Induced Phosphorylated GluN2B-NMDA Receptor Subunit Level

At an early developmental stage, proBDNF is an important regulator of dendritic structure and synaptic plasticity. Crucially, endogenous proBDNF regulates learning-induced phosphorylation of glutamate receptors and spatial memory formation (Deinhardt and Chao, 2014; Yang et al., 2014; Shirayama et al., 2015; Sun et al., 2018a). Collectively, the spine density and the subunits of glutamate receptors were estimated during the memory formation period, which is generally believed to end within 0–3 h following the learning phase (Alonso et al., 2002; Slipczuk et al., 2009; Haynes et al., 2015). We failed to find learning-induced modifications in spine density (Figure 3A – middle, two-way ANOVA, F(1,22) = 0.16, p > 0.05) or interaction effect between treatment and training (F(1,22) = 0.09, p > 0.05), whereas two-way ANOVA revealed a significant anti-proBDNF antibody treatment effect (F(1,22) = 17.27, p < 0.001). Furthermore, we classified spines into mushroom, stubby, and thin spines and found a significant anti-proBDNF antibody treatment effect (Figure 3A – bottom, two-way ANOVA, F(1,22) = 20.31, p < 0.05) but no interaction effect between treatment and training (F(1,22) = 0.13, p > 0.05) or training effect (F(1,22) = 0.18, p > 0.05). Two-way ANOVA analysis indicated that a significant effect of training was found in GluA1 (Figure 3B – left, F(1,38) = 16.55, p < 0.01), phosphorylated GluA1 (pGluA1, Figure 3B – right, F(1,38) = 10.29, p < 0.01), GluA2/3 (Figure 3C – left, F(1,38) = 13.37, p < 0.01), and phosphorylated GluA2 (pGluA2, Figure 3C – right, F(1,38) = 15.83, p < 0.01), but not GluN2A (Figure 3D – left, F(1,38) = 0.54, p > 0.05) or phosphorylated GluN2A (pGluN2A, Figure 3D – right, F(1,38) = 0.47, p > 0.05). Meanwhile, statistical differences in pGluA1 expression were found between the Con and Naive groups (p < 0.05) and the Trained-Anti and Untrained-Anti groups (p < 0.05). There was no statistical effect of anti-proBDNF antibody infusion on GluA1 (F(1,38) = 0.36, p > 0.05), pGluA1 (F(1,38) = 0.57, p > 0.05), GluA2/3 (F(1,38) = 0.62, p > 0.05), pGluA2 (F(1,38) = 0.65, p > 0.05), GluN2A (F(1,38) = 0.68 p > 0.05), or pGluN2A (F(1,38) = 0.44, p > 0.05). No interaction effects between treatment and training were found on GluA1 (F(1,38) = 0.15, p > 0.05), pGluA1 (F(1,38) = 0.59, p > 0.05), GluA2/3 (F(1,38) = 0.37, p > 0.05), pGluA2 (F(1,38) = 0.93, p > 0.05), GluN2A (F(1,38) = 0.33, p > 0.05), or p GluN2A (F(1,38) = 0.26, p > 0.05).

Similarly, although no effect of anti-proBDNF antibody infusion (Figure 3E – left, two-way ANOVA, F(1,38) = 0.45, p > 0.05) or interaction effect between training and treatment (F(1,38) = 0.29, p > 0.05) was found, a significant effect of training (F(1,38) = 17.31, p < 0.01) on the GluN2B level was observed. Importantly, a significant effect of infusion (Figure 3E – right, two-way ANOVA, F(1,38) = 6.26, p < 0.05), training (F(1,38) = 19.93, p < 0.001), and interaction effect between training and treatment (F(1,38) = 5.78, p < 0.05) was found in phosphorylated GluN2B(pGluN2B). Furthermore, Tukey’s test showed that the pGluN2B level of the Trained-Anti group was significantly lower than that of the Con group (p < 0.05). Meanwhile, there were statistical differences in pGluN2B expression between the Con and Naive groups (p < 0.05) and the Trained-Anti and Untrained-Anti groups (p < 0.05). The learning-induced pGluN2B expression was gradually weakened following MWM training (Figure 3F, two-way ANOVA, effect of time: F(3,54) = 87.28, p < 0.001) and completely turned to basal level within 3 h, indicating that the upregulated activation of pGluN2B was learning-related. Furthermore, a significant downregulation by blocking proBDNF expression was detected at 1 and 2 h following the training phase (interaction effect between infusion and time: F(3,54) = 54.59, p < 0.001; post hoc, p < 0.05).

Additionally, since blocking of proBDNF affected synaptic structure, it would be necessary to compare if there was difference in actin protein among groups. However, we found that the levels of β-actin were comparable (Supplementary Figure 4), indicating that the above findings were not due to differences in loading or the overall levels.



Activation of GluN2B-Mediated Pathway Reverses Memory Consolidation Defect

To further confirm that postnatal blockage of proBDNF expression is involved in the GluN2B-mediated pathway and decipher the deteriorated effect on memory consolidation, but not the acquisition or retrieval stage, DL-TBOA, which could activate GluN2B-mediated signaling (Brancaccio et al., 2017; An and Sun, 2018), was infused into the HPC 0.5 or 2.5 h before the training phase (acquisition; Anti+TBOA0.5(a) or Anti+TBOA2.5(a)), immediately following training (consolidation; Anti+TBOA(b)), and 0.5 h before the test phase (retrieval; Anti+TBOA(c)), respectively (Figure 4A). Firstly, the escape latency of all groups, including groups that would be subgrouped to Anti+TBOA(b), Anti+TBOA(c), TBOA(a), TBOA(b), and TBOA(c) groups, did not change (Figure 4B, repeated-measures ANOVA, effect of treatment: F(8,105) = 0.73, p > 0.05). In the meantime, the injection of TBOA 0.5 or 2.5 h before spatial training did not affect anti-proBDNF-infused rat’s learning ability. In the probe test, the proximity scores of the control (Con), Anti+TBOA(b), and vehicle [TBOA(a), TBOA(b), and TBOA(c)] groups were significantly shorter than that of the anti-proBDNF-infused (Anti) group (Figure 4C, one-way ANOVA: F(8,115) = 83.51, p < 0.001; post hoc, Con, Anti+TBOA(b), TBOA(a), TBOA(b), or TBOA(c) vs. Anti, all p < 0.05). The TBOA treatment before memory retrieval did not disrupt animals’ performance (post hoc, TBOA(c) vs. control, p > 0.05), indicating that the lack of a rescue effect in the Anti+TBOA(c) group was not attributed to acute effect from TBOA infusion. When the TBOA infusion was performed 2.5 h prior to the acquisition training, no statistical difference was found between the Anti+TBOA2.5(a) and Anti groups. The path proximity score of the Anti+TBOA0.5(a) group was significantly greater than those of the control, Anti+TBOA(b), TBOA(a), TBOA(b), and TBOA(c) groups (all p < 0.05). Meanwhile, the target quadrant (III) preference was found in the control (Figure 4D, Chi-square test, χ2 = 11.79, p < 0.001), Anti+TBOA(b) (Chi-square test, χ2 = 10.18, p < 0.01), TBOA(a) (Chi-square test, χ2 = 14.03, p < 0.001), TBOA(b) (Chi-square test, χ2 = 11.92, p < 0.001), and TBOA(c) (Chi-square test, χ2 = 12.25, p < 0.001) groups, but not the Anti (Chi-square test, χ2 = 0.85, p > 0.05), Anti+TBOA2.5(a) (Chi-square test, χ2 = 0.71, p > 0.05), and Anti+TBOA(c) (Chi-square test, χ2 = 0.33, p > 0.05) groups, indicating a reference memory disruption of the Anti, Anti+TBOA2.5(a), and Anti+TBOA(c) groups. Furthermore, although target quadrant bias was found in the Anti+TBOA0.5(a) group (Chi-square test, χ2 = 5.62, p < 0.05), no obvious difference in the time spent in the target quadrant was found between the Anti and Anti+TBOA0.5(a) groups. Therefore, the persistent effect from TBOA on the memory consolidation period could be the potential explanation of the slight memory recovery of the Anti+TBOA0.5(a) group, since the half-life of p-MeOazo-TBOA, an analog of TBOA, is longer than 3 h in 50 mm KPi buffer (pH 7.4) at 37°C (Hoorens et al., 2018). Additionally, we found that infusion of ACSF during the acquisition, consolidation, or retrieval period did not cause memory deficits (Supplementary Figure 5), and thus we could rule out an effect induced by cannula implantations. Therefore, our results indicated that the inhibition effect caused by blocking proBDNF on GluN2B-mediated pathway disrupted memory consolidation, but not acquisition ability or memory retrieval.



Activation of GluN2B-Mediated Pathway Rescues Presynaptic Neurotransmitter Release, GluN2B-Dependent SL-LTD, and Neural Activity

Memory formation during training acted to increase NMDAR responses, which were associated with synaptic transmission and neural plasticity (Yamazaki et al., 2015; Porter and Sepulveda-Orengo, 2019). Converging evidence supported that GluN2B-NMDAR-dependent LTD was necessary to mediate spatial memory consolidation (An and Sun, 2018; Sanchez-Rodriguez et al., 2019). Importantly, the correlation between behavior and neural activity was associated with memory capacity (Yang H. et al., 2015; Feng et al., 2019). To gain insight into the mechanisms of TBOA-ameliorated memory deficits, we assessed synaptic function and neural activity, which was recorded 10 cm around the platform during the probe test.

After the last trial of the training day, synaptic transmission, PPF, and synaptic plasticity were evaluated, and the traces of the fEPSPs are presented in Supplementary Table 1. No difference was found in synaptic transmission (Figure 5A, repeated-measures ANOVA, effect of treatment: F(3,36) = 1.17, p > 0.05). Blockage of proBDNF by its antibody significantly declined the PPF (Figure 5B, repeated-measures ANOVA, effect of treatment × time: F(12,144) = 22.63, p < 0.001; post hoc, Anti vs. Con, 60 ms: p < 0.05), whereas TBOA did rescue the attenuated PPF (Anti+TBOA vs. Anti, 60 ms: p < 0.05). The time course of fEPSPs slopes, which were normalized to the 20-min baseline period, was depressed and reached a stable level 15 min after LFS (Figure 5C, repeated-measures ANOVA, effect of treatment: F(4,45) = 45.77, p < 0.001). Post-LFS transiently enhanced depression (PTD) was measured by comparing fEPSPs that were obtained during the first minute after LFS. The fEPSPs slope of PTD from the Anti-group was obviously higher than those from the Con, Anti-TBOA, or TBOA groups (Figure 5D, one-way ANOVA, effect of treatment: F(4,46) = 66.18, p < 0.001; post hoc, Anti vs. Con or TBOA, both p < 0.05). At the last 20 min of the SL-LTD recording, the mean slope of the Anti-group was markedly higher than those of both the Con and TBOA groups (Figure 5E, one-way ANOVA, effect of treatment: F(4,46) = 37.39, p < 0.05; post hoc, Anti vs. Con or TBOA, all p < 0.05). As expected, TBOA could mitigate the suppressive effects of anti-proBDNF antibody on PTD (Anti+TBOA vs. Anti, p < 0.05) and SL-LTD (Anti+TBOA vs. Anti, p < 0.05). Importantly, treatment with the GluN2B antagonist Ro25-6981 completely blocked PTD (Ro25 vs. Con, Anti, TBOA, or Anti-TBOA, all p < 0.05) and the expression of SL-LTD (Ro25 vs. Con, TBOA, or Anti-TBOA, all p < 0.05). Furthermore, in a separate group of rats, proBDNF expression was blocked in adulthood (at the eighth postnatal week), but synaptic function was comparable with the vehicle group when they were tested at 12 weeks old (Supplementary Figure 6). Additionally, long-term potentiation (LTP) was induced by high-frequency stimulation (HFS, 100 pulses of 100 Hz) as published methods (An and Sun, 2018; An et al., 2019). The fEPSPs slope of LTP was assessed, but no statistical difference was observed in the fEPSPs slope between the Con and Anti groups (one-way ANOVA, effect of treatment: F(1,18) = 0.73, p > 0.05; Anti: 143.67 ± 4.98; Con: 140.89 ± 4.76).

Overall, 266 units were sorted by waveform characteristics and spiking patterns (pyramidal neurons: 62 from the control (CON) group, 65 from the anti-proBDNF (Anti) group, 59 from the Anti+TBOA group, and 57 from the TBOA group; FS interneurons: 6 from the CON group, 6 from the Anti-group, 5 from the Anti+TBOA group, and 6 from the TBOA group) (Supplementary Figure 7A). Application of anti-proBDNF antibody did not affect the percentage of population (Figure 5F, Pearson χ2 test, p > 0.05). Blockage of proBDNF expression significantly decreased the firing frequency of pyramidal neurons around the targeted platform (Figure 5G, repeated-measures ANOVA, effect of treatment × time: F(3,36) = 12.73, p < 0.001; post hoc, Anti vs. Con or TBOA, target: both p < 0.05), but not out of the target area. Furthermore, activation of GluN2B effectively enhanced the firing rate during memory test (Anti+TBOA vs. Anti, target: p < 0.05). No effect of treatment or time was found in FS interneurons (Figure 5H, effect of treatment: F(3,36) = 0.10, p > 0.05). Additionally, there was no statistical difference in firing frequency of pyramidal neurons (Supplementary Figure 7B) of FS interneurons (Supplementary Figure 7C) during the baseline recording, which was conducted in rats’ home-cage.

Overall, these findings further confirm that the impaired synaptic function and neural correlates of memory consolidation contribute to the cognitive deficits induced by blocking proBDNF expression. These observations also suggest that activation of the GluN2B-mediated pathway by TBOA can be one of the key measures for rescuing the memory disability.



DISCUSSION

Mature BDNF has been investigated for its positive roles in regulating synaptic development and function. Although it is established that proBDNF serves diverse biological functions (Guo et al., 2016), its role in the development of spatial cognition has been debated. In the present study, multiple lines of evidence demonstrated that the expression of hippocampal proBDNF in the fourth postnatal week played a vital role in spatial memory consolidation, but not in memory acquisition or retrieval. The study uncovered three striking features of postnatal proBDNF that were not previously recognized: first, the spine density and the proportion of mature spines declined in adults following the blocking of proBDNF in the fourth postnatal week. Second, blocking postnatal proBDNF attenuated synaptic function, including PPF, PTD, and SL-LTD, which were associated with the reduction in learning-induced pGluN2B expression. Third, the activation of the GluN2B pathway by TBOA immediately following acquisition training could effectively mitigate proBDNF-mediated memory deficits and synaptic responses and elevate the memory-related activity of pyramidal neurons in the HPC.

In support of the proBDNF levels that peaked at PD24, the mBDNF level was downregulated during a transient period of NMDAR-dependent inhibition/excitation imbalance around PD28 (Zhang et al., 2018). Moreover, Orefice et al. (2013) found a similar critical period contributing to the distinct roles of somatically and dendritically synthesized mBDNF in spine shape and density. More specifically, the effect of proBDNF on spine density was not initiated at PD21 but between PD21 and PD28 during which spine pruning occurred (Orefice et al., 2016). Using mice expressing two alleles of bdnf with a HA tag to detect BDNF isoforms, Yang et al. (2014) found that the hippocampal proBDNF level was the highest at PD15, with a reduction at PD42 or later. This finding indicated that the effects of endogenous proBDNF protein would be the most robust in early postnatal development, consistent with the higher levels of p75NTR in the HPC at the early age (Woo et al., 2005; Yang J. et al., 2009), particularly in CA1 pyramidal cell apical dendrites, postsynaptic to the Schaffer collateral axon terminals (Woo et al., 2005). They also found that the potent effects of proBDNF played a role in the development of hippocampal circuitry, which might influence hippocampal-dependent functions later in life, as demonstrated in this study. Consistent with the crucial role of BDNF in spine outgrowth (Greenberg et al., 2009; Deinhardt and Chao, 2014), our findings indicated that proBDNF was required for spine development, and the blockage of proBDNF expression resulted in spine loss. A higher proportion of thin immature spines implied the role of postnatal proBDNF in spine pruning (Guo et al., 2016; Orefice et al., 2016). Actually, thin spines are thought to be highly motile and unstable structures characteristic of immature synapses, which can be transformed into more mature and stable phenotypes during early development (Dunaevsky et al., 1999). Therefore, the impairment of spatial memory consolidation may be attributed to the decline in the mushroom spine, which is strongly associated with memory formation (Bourne and Harris, 2007). Previous studies showed that proBDNF had an effect on learning strategy (An et al., 2018) and extinction of contextual fear memory but not on learning ability (Sun et al., 2018a). Importantly, blocking postnatal proBDNF did not result in an inefficient learning strategy, indicating that the deficit in memory consolidation was driven by a less precise learning strategy. Similar to previous findings (An et al., 2018; Sun et al., 2019), proBDNF-induced memory defects were not a result of impaired locomotion, anxiety-like behavior, or motivation. The specific mechanism of spine pruning remains unclear. The synaptic transmission and presynaptic calcium ion levels play significant roles (Segal et al., 2000). The notion is supported by the diminished PPF, which has been used as a measure of changes in presynaptic Ca2+ dynamics and neurotransmitter release probability (Burnashev and Rozov, 2005).

QQNMDAR activation stimulates both translation of dendritic BDNF mRNA and secretion of its translation products, mainly as proBDNF, which promotes spine maturation (Orefice et al., 2016). Depending on the age of the animals, the dynamic changes in the expression of GluN1, GluN2A, and GluN2B subunit mRNAs can lead to different mixtures of NMDA receptors in the developing HPC (Sans et al., 2000; Law et al., 2003). For example, higher GluN2B expression is found in postnatal brains, but GluN2A gradually becomes more prevalent in adulthood and advanced ages (Hestrin, 1992; Monyer et al., 1992, 1994). Considering the crucial role of proBDNF-p75NTR signaling in GluN2B-mediated spine maturation and synaptic function (Woo et al., 2005; Yang et al., 2014; Orefice et al., 2016), it is plausible that the increased expression of GluN2B subunit during postnatal weeks may be a critical mediator in proBDNF-mediated spine pruning and memory functions. The GluN2B mRNA levels peaked during the neonatal period, which was also observed in humans, with a decline to reach adult levels by 6–12 months (Law et al., 2003). BDNF mRNA levels increase approximately from 5-month infancy to adolescence and are maintained at a constant level throughout adulthood and aging (Webster et al., 2002). Interestingly, the significant increase in BDNF mRNA levels in the dorsolateral prefrontal cortex coincides with the time when the frontal cortex matures both structurally and functionally (Webb et al., 2001; Webster et al., 2002). Furthermore, the first postnatal month is characterized by an increase in the number of excitatory synapses (Steward and Falk, 1991). The activity-dependent activation of NMDA receptors can switch the effects of the proBDNF-p75NTR pathway on synaptic activity from potentiation to depression in the developing HPC (Langlois et al., 2013). The critical period of the increases in GABAergic inhibition, which is from the fourth toward the end of the fifth postnatal weeks, is overlapped with the time of peak proBDNF expression, suggesting a transitory period of synaptic balance during development (Zhang et al., 2018). Thus, the number and efficiency of inhibitory synapses may also be regulated during the postnatal days to adjust the strength of inhibition so as to counter the increased number of excitatory synapses. Given that NMDAR-mediated signaling is essential for the effects of BDNF on dendritic development (Finsterwald et al., 2010), blocking proBDNF during the early postnatal period may induce neurotransmission impairments, further leading to spine reduction. Future experiments are required to prove this hypothesis.

Memory formation during training acts to increase AMPAR and NMDAR phosphorylation (Mizuno et al., 2003; Barki-Harrington et al., 2009; Solomonia et al., 2013). Spatial learning induces the phosphorylation of hippocampal TrkB, Fyn, and GluN2B, which are associated with memory formation (Mizuno et al., 2003). The age-related declines in GluN2B expression in the frontal cortex are related to spatial reference learning deficits (Zamzow et al., 2016). Indeed, learning-induced tyrosine 1472 allows for the enhanced binding of GluN2B with PSD95, concentrating and holding NMDAR on synaptic membranes, and increasing synaptic function (Roche et al., 2001; Barki-Harrington et al., 2009; Xu, 2011). Moreover, the expression levels of GluA1, GluN2A, and GluN2B subunits of NMDAR are altered in the insular cortex after taste learning (Barki-Harrington et al., 2009). The differences in expression and phosphorylation of AMPAR and NMDAR subunits from different studies could be attributed to the differences in the fractionation protocol of learning tasks and specific brain areas (Adaikkan and Rosenblum, 2012).

Spines are the primary site for excitatory/inhibitory inputs to neurons, and a reduced spine number and changes in morphology contribute to synaptic dysfunction. Notably, proBDNF is known to facilitate synaptic depression at hippocampal synapses by mediating presynaptic glutamate release and by regulating activation of postsynaptic glutamatergic receptors (Yang F. et al., 2009; Yang J. et al., 2009). Intriguingly, the downregulation of postnatal proBDNF levels does not affect the expression of glutamatergic receptors, but results in the suppression of learning-induced phosphorylation of the GluN2B-NMDA receptor, which has been associated with the induction of LTD (Ge et al., 2010; An and Sun, 2018). One underlying presynaptic mechanism of PTD is the rising Ca2+ concentration in terminal boutons (Burnashev and Rozov, 2005), disturbing the induction of long-term plasticity (Fioravante and Regehr, 2011). Furthermore, the phosphorylation of the GluN2B subunit is essential for activating a signaling cascade leading to the activation of memory-related plasticity (Zhou et al., 2007). It concurred with a previous finding that GluN2B-dependent LTD played pivotal roles in post-learning information sculpting (Dietz and Manahan-Vaughan, 2017). Other findings also indicated that memory consolidation rather than memory acquisition required the NMDAR-LTD mechanism to modify the hippocampal circuit to store fear memory (Liu et al., 2014). Previous evidence indicated that hippocampal GluN2B-dependent LTD could be induced following DL-TBOA infusions in vitro (Kratzer et al., 2012) and in vivo (Wong et al., 2007; An and Sun, 2018). In fact, DL-TBOA blocked the recycling of presynaptically released glutamate and caused accumulation of glutamate in the synaptic cleft, thus enhancing “spillover” and increasing the likelihood of extrasynaptic GluN2B-NMDA receptor activation (Massey et al., 2004; Yang et al., 2005). Additionally, the inhibitory effect of Ro25 on the induction of SL-LTD suggested that our findings were due to specific enhancement of GluN2B-dependent SL-LTD. Furthermore, a significant influence of postnatal proBDNF on HPC neuronal activity during memory formation and the involvement of GluN2B-mediated signaling in the memory consolidation process were found in the present study. Previous studies found that proBDNF-mediated p75NTR activation was responsible for controlling the performance in spatial memory tests and HPC excitability (Woo et al., 2005; Barrett et al., 2010). Our findings had some overlap with the evidence that mBDNF reduced action potential firing of FS cells in the hippocampal dentate gyrus, whereas proBDNF had no effect (Holm et al., 2009). Consistently, the training-induced increase in proBDNF expression promoted the firing rate of pyramidal neurons but not FS interneurons (An et al., 2018). Therefore, our findings extended the understanding of the effects of proBDNF on spatial memory function, which were mostly attributed to its actions on the learning-induced phosphorylation of GluN2B subunits and GluN2B-dependent neural function.

Through mediating C-terminal ubiquitination, TBOA can substantially enhance polyubiquitination of the GluA1 receptors (Jarzylo and Man, 2012). Presynaptically, an increase in glutamate concentrations in the early phase in the active synapse induced by low concentrations of DL-TBOA can be masked by AMPAR desensitization (Takayasu et al., 2004). Furthermore, the enhancement of the sodium ion current evoked by TBOA is attributed to its interaction with sodium ion carrier proteins, such as Na,K-ATPase (Bozzo and Chatton, 2010), which is co-localized with NMDA receptors and forms a function complex either by interacting directly or through some intermediate proteins (Akkuratov et al., 2015). Therefore, the rescuing effects of TBOA on GluN2B-NMDARs may be also involved in its effects on the activation of other glutamate receptors.

Spine maturation and pruning depend on neuronal activity and are required to refine neuronal connections in the developing brain (Segal et al., 2000; Bourne and Harris, 2007). Previous observations show that the long 3’UTR Bdnf mRNA, which is transported to dendrites for local translation (An et al., 2008), is essential for head enlargement and pruning of dendritic spines in vivo and in vitro (An et al., 2008; Kaneko et al., 2012; Orefice et al., 2013). For example, mice lacking long 3′UTR Bdnf mRNA display thinner and denser spines on the dendrites of CA1 pyramidal neurons in the HPC and L2/3 pyramidal neurons in the visual cortex (An et al., 2008; Kaneko et al., 2012). Furthermore, knocking down long 3′UTR Bdnf mRNA or blocking the transport of long 3′UTR Bdnf mRNA to dendrites inhibits spine maturation and pruning, whereas overexpressing long 3′UTR Bdnf mRNA enhances spine maturation and pruning in cultured hippocampal neurons (Orefice et al., 2013). Interestingly, the translation product of long 3′UTR Bdnf mRNA is mainly secreted as precursor BDNF. The overexpression of dendritic proBDNF alone or dendritic proBDNF plus 3’UTR Bdnf mRNA caused a significant increase in spine head width. More importantly, granule cells in p75NTR knockout mice had significantly smaller spine heads at both PD21 and PD28. These findings indicated that dendritically synthesized proBDNF from 3’UTR Bdnf mRNA promoted spine pruning and maturation via p75NTR (Orefice et al., 2016). The mechanisms by which proBDNF coincidently mediates the pruning and maturation of dendritic spines are unclear. However, the materials from eliminated spines may be recycled to activate spines, thus facilitating their growth. However, the hypotheses need further investigation.

The present results did not replicate the findings of a previous study, which showed increased spine density following spatial maze training and a correlation between spine density and behavioral performance (Mahmmoud et al., 2015; Dillingham et al., 2019). Actually, hippocampal dendritic spines are temporally dynamic structures, and as such, the time at which they are assessed may be a critical factor. A previous study found changes in CA1 spine clustering, but no change in density, 6 days after water-maze training (Rusakov et al., 1997). More detailed information on the time course of CA1 spine formation and turnover can be acquired from slice studies. For instance, initial plasticity, including spinogenesis along the dendritic shaft of CA1 neurons, following stimulation was designed to mimic long-term potentiation (Bourne and Harris, 2011). However, no overall change in spine density was observed 2 h after stimulation, suggesting a redistribution of spines and a balance between the loss and gain of spines (Bourne and Harris, 2011). Functional entorhinal cortex coupled with CA1 activity became more direct with additional training, thus producing a trisynaptic circuit bypass (Poirier et al., 2008), hence suggesting that the stage of learning was another critical factor in the eight-trial training-induced structural changes. One more possibility was that the typical light microscopy used in the current and previous studies did not have sufficient spatial resolution to properly resolve the distinguishing features of spines (Harland et al., 2014; Wartman and Holahan, 2014). For example, Tonnesen et al. used super-resolution stimulated emission depletion imaging and found only few stubby spines (Tonnesen et al., 2014). Future studies, using a continuous spectrum, as suggested elsewhere (Yuste and Majewska, 2001; Arellano et al., 2007; Gipson and Olive, 2017), may provide more detailed information.

Some studies indicated an increase in proBDNF in the aged mouse HPC (Buhusi et al., 2017), whereas other studies showed that the aging-related accumulation of proBDNF did not occur (Michalski and Fahnestock, 2003; Silhol et al., 2007). The adverse effects of proBDNF accumulation over time in aged rodents would affect neuronal morphology and spine density, leading to synaptic and behavioral deficits (Perovic et al., 2013; Buhusi et al., 2017). Consistent with the NMDA-dependent switch of proBDNF actions on developing synapses (Langlois et al., 2013), our findings might extend these findings and indicate a bidirectional regulation of proBDNF in distinct developmental stages. Interestingly, spatial training increased proBDNF metabolism in both young and aged rats (Silhol et al., 2007). Studies performed on experimental/transgenic animals indicated that proBDNF tended to facilitate mature spines pruning. A recent study demonstrated that the effects of BDNF on the dendritic architecture of the hippocampal neurons were dependent on the neuron’s maturation stage (Kellner et al., 2014). Furthermore, the interaction between compensatory mechanisms and gene environment may ultimately determine the lack of the effects of BDNF on the regulation of spine maturation and pruning (Orefice et al., 2016). Hence, it is important to note that blocking proBDNF expression by its antibody during the postnatal period, rather than gene mutations, should be an essential approach to provide direct evidence for its effects on brain function. Furthermore, the mechanism by which proBDNF exerts its effects, other than it being related to the GluN2B subunit, still needs further investigation, especially given that the effects were found after the developmental GluN2B to GluN2A shift. The estrogenic regulation of BDNF signaling is likely sex specific (Chan and Ye, 2017; Wei et al., 2017). Intriguingly, the inherent organization of the HPC in terms of hormonal responses is programmed early in life (Hill et al., 2012; Kight and McCarthy, 2017). In ovariectomized female rats, BDNF protein and mossy fiber synaptic function decreased, whereas orchidectomy led to what would seem to be the opposite effect in male rats (Scharfman and MacLusky, 2014). Presumably, the neonatal surge in hormone and BDNF levels, which accompany the sex differences in brain development, leads to a circuitry upon which adult BDNF levels exert a varying influence. Moreover, the sexual differences in neuronal signaling, especially those induced by BDNF, are observed in an early stage (Chan and Ye, 2017). Therefore, further experiments involving the sex-specific effects of proBDNF may provide more information.

In this study, we demonstrated that the blockage of proBDNF expression during the fourth postnatal week disrupted spatial memory consolidation by structurally reducing the ratio of mature spines and functionally suppressing synaptic function and neural activity. The learning-induced phosphorylation of GluN2B subunits is likely an important mechanism in inducing LTD and promoting neural correlate with the memory consolidation process. Taken together, our findings are important for obtaining a unifying concept of the biological roles of proBDNF in cognitive and neural functions.
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