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Understanding the molecular mechanisms underlying age-associated cognitive impairments will not only contribute to our general knowledge about “aging” biology, but also provide insights for more effective strategies to prevent and improve the quality of life for both normal aging and pathological aging such as Alzheimer’s disease (AD). Here we first assessed and compared the performance of cognition and synaptic plasticity in young (3–5-month old) and aged c57BL/6J mice (19–21 months old). Findings from behavioral tests demonstrated that old mice, compared to young mice, displayed impairments in spatial learning/memory, working memory, and behavioral flexibility. Further, synaptic electrophysiology experiments on hippocampal slices revealed that the early form of long-term potentiation (LTP, a synaptic model for memory formation) was inhibited in old mice. At the molecular level, biochemical assays on the hippocampus showed dysregulation of signaling pathways controlling protein synthesis capacity including: up-regulation of AKT-mTORC1-p70S6K signaling, which is associated with translation of terminal oligopyrimidine (TOP) class of mRNAs that encode translational machinery; hyper-phosphorylation of mRNA translational elongation factor 2 (eEF2) and its upstream regulator AMP-activated protein kinase (AMPK), indicating repression of general protein synthesis. Moreover, young and old mice exhibited similar brain levels of translational initiation factor 2α (eIF2α) phosphorylation, which is known to be increased in AD and linked to the disease pathophysiology. Thus, our data provide evidence at the molecular level to highlight the similarity and difference between normal and pathological aging, which may contribute to future studies on diagnostic/prognostic biomarkers for aging-related dementia syndromes.
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INTRODUCTION

Certain aspects of cognitive abilities, such as learning and memory, decline with normal aging (Burke and Barnes, 2006; Klencklen et al., 2012). With average life expectancy increasing dramatically over the last few decades and the number of the aging population is expected to triple by 2050, the prevalence of age-associated cognitive impairments grows rapidly, presenting serious public health challenges worldwide (Plassman et al., 2007; Plassman et al., 2011). Elucidation of the mechanisms underlying age-associated cognitive impairments will not only contribute to our general understanding of “aging” biology, but also provide insights for more effective strategies to prevent and improve the quality of life for both normal aging and pathological aging (e.g., Alzheimer’s disease) population (Gallagher and Rapp, 1997; Penner et al., 2010; Alzheimer’s Association, 2016).

The molecular mechanisms driving the aging-related memory decline remain unknown. Episodic/spatial and working/executive memories (associated with hippocampus and prefrontal cortex, respectively) are among those cognitive processes that are most vulnerable to advanced aging (Burke and Barnes, 2006; Foster et al., 2012; Morrison and Baxter, 2012). Moreover, multiple lines of evidence suggest that subtle morphological and/or biochemical neuronal changes, instead of profound loss of neurons, are responsible for aging-related impairments of cognition and synaptic plasticity, which is often measured in vertebrates as long-term potentiation (LTP); a synaptic model for memory (Bliss and Collingridge, 1993; Morrison and Baxter, 2012). A substantial body of evidence demonstrates that de novo protein synthesis (mRNA translation) is indispensable in maintaining long-lasting forms of memory and synaptic plasticity (Klann and Dever, 2004; Alberini, 2008). Of interest is that activities of translational factors involved into various stages of protein synthesis and synthesis of translational machinery per se (i.e., translational capacity) are known to be regulated in synaptic plasticity and memory formation by various signaling pathways. For instance, the mammalian target of rapamycin complex 1 (mTORC1) controls cap-dependent translation initiation via its downstream target eukaryotic initiation 4E binding protein 1 (4EBP1), and synthesis of translational apparatus (e.g., ribosomal proteins) encoded by terminal oligopyrimidine (TOP) class of mRNAs (Meyuhas, 2000; Tsokas et al., 2007; Hoeffer and Klann, 2010). Another molecular mechanism of mRNA translation regulation involves phosphorylation (by one of the four kinases including PERK, PKR, GCN2, and HRI) on the α subunit of initiation factor 2 (eIF2α), leading to inhibition of translation initiation and thus general protein synthesis (Wek et al., 2006; Trinh and Klann, 2013). In addition to initiation, protein synthesis is regulated at the elongation phase through multiple elongation factors, including elongation factor 2 (eEF2). Phosphorylation of eEF2 by its kinase eEF2K results in disruption of peptide growth and general protein synthesis. Potential upstream regulators of eEF2K-eEF2 includes mTORC1, and AMP-activated protein kinase (AMPK), a central molecular sensor to maintain cellular energy homeostasis (Hardie et al., 2012; Taha et al., 2013, Kenney et al., 2014).

In the current study, we assessed and compared the performance of spatial/working memory, behavioral flexibility, and hippocampal synaptic plasticity in young (3–5-month old) and aged c57BL/6J mice (19–21 months old). Further, we explored detailed brain molecular signaling mechanisms that might be associated with aging-related behavioral and electrophysiological phenotypes.

MATERIALS AND METHODS

Mice

Breeders for C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). All mice were housed in the barrier Mouse Facility at Wake Forest School of Medicine Animal Facility. Mice were kept in compliance with the National Institute of Health (NIH) guide for Care and Use of Laboratory Animals. The facility kept a 12 h light/dark cycle with regular feeding, cage cleaning, and 24 h access to water. Male and female mice (7 male and 5 female in young, 6 male and 5 female in old group), aged 3–5 or 19–21 months, were used for these experiments.

Mouse Behavioral Testing

All behavioral tests were performed in the morning, with at least 1 h of habituation in the behavioral room prior to experimentation on each day.

Morris Water Maze (MWM)

Morris water maze (MWM) test was performed as described (Ma et al., 2013). The training paradigm for the hidden platform version of the MWM consisted of 4 trials (60 s maximum; interval 15 min) each day for 5 consecutive days. The probe trial was carried out 2 h after the completion of training on day 5. The visible platform task consisted of four trials each day for two consecutive days with the escape platform marked by a visible cue, and moves randomly between four locations. The trajectories were recorded with a video tracking system (Ethovision XT).

Novel Object Recognition (NOR)

The NOR test was performed as described with minor modification (Hoeffer et al., 2008). The test was based on the natural tendency of mice to explore a novel object rather than a familiar object. The amount of time spent exploring the novel object was normalized by the total time spent exploring both objects to yield a preference index to calculate percent object preference.

Reversal Y Water Maze

Reversal Y water maze test was conducted as described previously described (Hoeffer et al., 2008). At the day of training, the animal was trained to pick up one side of the maze, where a platform was hidden. The memory test phase began after a delay of 24 h, which included five trials. For mice chose the right arm, the escape platform was switched to the opposite arm, and the mice were trained to learn the new location of the platform.

Hippocampal Slice Preparation and Electrophysiology

Acute 400 μm transverse hippocampal slices were prepared using a Leica VT1200S vibratome as described previously (Ma et al., 2014). Slices were maintained before experimentation at room temperature for at least 2 h in artificial cerebrospinal fluid (ACSF) containing (in mM) 118 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.25 NaH2PO4, 5.0 NaHCO3, and 15 glucose, bubbled with 95% O2/5% CO2. For electrophysiology, slices were placed in a submersion chamber. Monophasic, constant-current stimuli (100 μs) were delivered with a bipolar silver electrode placed in the stratum radiatum of area CA3. Field excitatory postsynaptic potentials (fEPSPs) were recorded using a glass microelectrode from the stratum radiatum of area CA1. Before LTP, the input-output relationship was determined and the stimulation intensity for baseline at which the fEPSP was around 0.5–1 mV was chosen. Late LTP was induced using high-frequency stimulation (HFS) consisting of two 1-sec 100 Hz trains separated by 60 sec, each delivered at 70–80% of the intensity that evoked spiked fEPSPs. Early LTP was induced using one-train HFS (100 Hz) delivered at 25–30% of the intensity that evoked spiked fEPSPs.

Western Blotting

Mouse hippocampus was harvested and flash-frozen on dry ice and sonicated as previously described (Ma et al., 2013). Samples containing equal amounts of protein lysate were loaded on 4–12% Tris-glycine SDS-PAGE gels for standard gel electrophoresis. Membranes were probed overnight at 4°C using primary antibodies for the following antibodies: p-Kv4.2 (1:300; Santa Cruz); Kv4.2 (1:500; Alomone Labs); GluA1 (1:1000; Cell Signaling); p-mTOR (Ser2448) (1:1000; Cell Signaling); mTOR (1:1000; Cell Signaling); p-p70S6K (Thr389) (1:1000; Cell Signaling); p70S6K (1:1000; Cell Signaling); p-4EBP1 (Thr37/46) (1:1000; Cell Signaling); 4EBP1 (1:1000; Cell Signaling); p-AKT (Ser473) (1:1000; Cell Signaling); AKT (1:1000; Cell Signaling); p-GSK3β (Ser9) (1:1000; Cell Signaling); GSK3β (1:1000; Cell Signaling); p-eIF2α (Ser51) (1:1000; Cell Signaling); eIF2α (1:1000; Cell Signaling); p-eEF2 (Thr56) (1:1000; Cell Signaling); eEF2 (1:1000; Cell Signaling); p-AMPKα (Thr172) (1:1000; Cell Signaling); AMPKα (1:1000; Cell Signaling); AMPKα1 (1:1000; Cell Signaling); AMPKα2 (1:1000; Cell Signaling); p-ERK (1:1000; Cell Signaling), ERK (1:1000; Cell Signaling), β-actin (1:5000; Sigma-Aldrich). Protein bands were visualized using chemiluminescence (ClarityTM ECL; Biorad) and the Biorad ChemiDocTM MP imaging system. Densitometric analysis was performed using ImageJ. Data were normalized to β-actin (for total proteins analysis) or relevant total proteins (for phospho proteins analysis) unless otherwise specified.

Data Analysis

Data were presented as mean ± SEM. Summary data were presented as group means with standard error bars. For comparison between two groups, a two-tailed independent Student’s t-test was used. Error probabilities of p < 0.05 were considered statistically significant.

RESULTS

Impairments of Spatial Learning and Memory in Aged Mice

We first tested both groups of mice on the hidden platform MWM, a spatial learning and memory task dependent on the hippocampus. Compared with the young mice, aged (old) mice displayed impaired learning and memory, as demonstrated by longer day-to-day escape latency during the acquisition phase (Figure 1A), and less target quadrant occupancy, as well as fewer “platform” crossing frequency during the probe trial (Figures 1B,C). To assess whether the impaired performance of old mice on hidden platform MWM could be attributed to memory-independent effects such as vision and swimming ability, we further tested the mice on the visible platform task, and did not observe differences between the young and old groups of mice (Supplementary Figure S1A). In addition, both young and old mice exhibited similar travel distance and average swimming velocity during the probe trial (Supplementary Figure S1B). Taken together, spatial learning and memory is impaired in aged mice.
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FIGURE 1. Aged mice display memory impairments, behavioral inflexibility, and synaptic plasticity failure. (A–C) Compared to young mice, performance of old mice on spatial learning and memory task assessed by Morris water maze (MWM) was impaired as indicated by longer day-to-day escape latency (A), lower percentage of time spent in the target quadrant (B), and fewer “platform” crossing frequency (C) during a 60 s probe trial. (D) Working memory performance assessed by Novel object recognition (NOR) was impaired in old mice. (E,F) Behavioral flexibility assessed by reversal Y water maze was impaired in old mice compared to young mice, as indicated by more training trials to locate the reversed platform. (G) Hippocampal L-LTP induced by 2 × HFS was similar in old and young mice. (H) Representative fEPSPs before and 60 min after 2 × HFS for LTP experiments shown in G. (I) Cumulative data showing mean fEPSP slope 30, 60, and 90 min after 2 × HFS based on LTP experiments shown in G. (J) Hippocampal E-LTP induced by 1 × HFS was inhibited in old mice compared to young mice. (K) Representative fEPSPs before and 60 min after 1 × HFS for LTP experiments shown in J. (L) Cumulative data showing mean fEPSP slope 15, 30, and 60 min after 1 × HFS based on LTP experiments shown in J. (M) Input-output relationship showed no difference between young and old mice. n = 12 for young mice and n = 11 for old mice. ∗p < 0.05, ∗∗p < 0.01.



Working Memory Assessed by Novel Object Recognition Is Impaired in Aged Mice

Next we investigated age-related working memory alterations by performing a novel object recognition (NOR) test on the mice. As shown in Figure 1D, young mice preferred novel objects over familiar objects, as indicated by more exploration time of novel objects. On the contrary, aged mice showed enhanced preference for the familiar object as indicated by more time of explorations with the familiar object.

Behavioral Flexibility Assessed by Reversal Y Water Maze Is Impaired in Aged Mice

To further evaluate potential cognitive alterations in aged mice, we tested the mice in Y-water maze task. Briefly, mice were trained to find an escape platform in one arm of a Y maze filled with water. Memory test demonstrated that young and old mice performed equally well in regular Y water maze task (Supplementary Figures S1C,D). The escape platform was then switched to the opposite arm, and the behavioral flexibility of the mice to learn the new location of the platform was measured (Trinh et al., 2012). Notably, compared to young mice, old mice needed significantly more trials to learn the platform switch correctly (nine out of 10 correct choices as the criteria) (Figures 1E,F), indicating impairments of their brain behavioral flexibility.

Early LTP but Not Late LTP Is Suppressed in Aged Mice

We further examined potential aging-associated effects on hippocampal LTP, a major form of synaptic plasticity and established cellular model for learning and memory (Bliss and Collingridge, 1993). By applying weak (one train) HFS or strong (two train) HFS (see methods) protocol on acute living hippocampal slices, we induced either early LTP (E-LTP) or late LTP (L-LTP), respectively. Usually L-LTP is considered to be dependent on gene expression (translation and transcription), while E-LTP requires post-translational modification involves kinases and phosphatases (Blitzer et al., 2005). To our surprise, L-LTP was unaffected in old mice, compared to young mice (Figures 1G–I). Instead, E-LTP was significantly repressed in old mice (Figures 1J–L). These findings suggest that hippocampal short-term synaptic plasticity is impaired in aged mice. Additionally, we assessed input-output relationship by plotting stimulation intensity and fEPSP slope. No difference was observed between young and old groups (Figure 1M).

Up-Regulation of the Brain mTORC1 Signaling in Aged Mice

Given the critical role of de novo protein synthesis in memory formation and synaptic plasticity, we went on to investigate whether major molecular signaling pathways controlling protein synthesis are affected with aging by performing Western blotting experiments on hippocampal tissue. The mTORC1 signaling controls cap-dependent mRNA translation initiation (mediated by 4EBP1) and synthesis of translational machinery (mediated by p70S6K), and its role in memory and neural plasticity has been intensively studied (Hoeffer and Klann, 2010). Compared to young mice, brain mTORC1 signaling in old mice was up-regulated, as indicated by increased levels of phosphorylation on mTOR (Ser2448) and its downstream substrate p70-S6K (Thr389) (Figures 2A,B). Of interest, brain activity of 4EBP1 (assessed by phosphorylation at the mTOR-dependent site) was not altered in aged mice (Figure 2C). In agreement, activity of AKT, a positive upstream regulator of mTORC1 signaling (Ma et al., 2011), was increased as indicated by increased levels of phosphorylation (Figure 2D). Moreover, brain activity of GSK3β, which may exert tonic inhibition on mTORC1 signaling (Ma et al., 2011), was suppressed in aged mice, as indicated by elevated phosphorylation at Ser9 site (Figure 2E). We also examined whether there exists aging-related effects on eIF2α phosphorylation, another key translation initiation mechanism important for long-lasting forms of synaptic plasticity and memory (Trinh and Klann, 2013). Western blotting showed that levels of phospho-eIF2α (Ser51) of aged mice were indistinguishable from those of young mice (Supplementary Figure S2A).
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FIGURE 2. Dysregulations of protein synthesis capacity in aged mice. Western blot performed on hippocampal tissues demonstrated that compared to young mice, old mice exhibited: (A) Increased levels of mTOR phosphorylation (Ser2448); (B) Increased levels of p70S6K phosphorylation (Thr389); (C) Unaltered levels of 4EBP1 phosphorylation; (D) Increased levels of AKT phosphorylation (Ser473); (E) Increased levels of GSK3β (Ser9); (F) Increased levels of eEF2 phosphorylation (Thr56); (G) Increased levels of AMPKα phosphorylation (Thr172); (H) Unaltered levels of Kv4.2 phosphorylation; (I) Decreased levels of GluA1 expression. Except for GluA1, no change on levels of total proteins was observed between young and old mice. n = 7 for young mice and n = 6 for old mice (representative bands from three mice per group). ∗p < 0.05, ∗∗p < 0.01.



Elevated eEF2 Phosphorylation in Aged Mice

In addition to initiation, mRNA translation is also heavily regulated at the elongation phase through several elongation factors including eEF2. Phosphorylation of eEF2 on Thr56 prevents it from binding to the ribosome, leading to disruption of peptide growth and protein synthesis (Kenney et al., 2014). Further, a role of eEF2 phosphorylation in learning and memory has been demonstrated by many studies (Taha et al., 2013). We found that, compared to young mice, brain levels of eEF2 phosphorylation (Thr56 site) were markedly increased (Figure 2F), which is associated with a repressed capacity for general protein synthesis (Taha et al., 2013). A key upstream regulator of eEF2 phosphorylation is the central energy sensor AMPK (Hardie, 2014). We examined AMPK activity by measuring levels of phosphorylation on its kinase catalytic α subunit at Thr172 site (Hardie, 2014). Consistent with the eEF2 findings, we observed increased AMPKα phosphorylation in the brains of aged mice, compared with young mice (Figure 2G). Levels of total AMPKα, including the two isoforms of AMPKα, were not altered (Supplementary Figure S2B).

Reduction of Brain GluA1 Expression in Aged Mice

The inhibition of E-LTP in aged mice (Figures 1J–L) indicates deficits in LTP induction mechanisms. An important molecular mechanism associated with LTP induction under physiological conditions involves phosphorylation of potassium channel Kv4.2. Kv4.2 phosphorylation by ERK results in inhibition of Kv4.2, leading to increase of dendritic excitability and enhanced LTP induction (Hoffman et al., 1997; Johnston et al., 2000, Chen et al., 2006; Schrader et al., 2006). However, we did not find any age-related changes of either Kv4.2 phosphorylation or total levels of Kv4.2 (Figure 2H). Consistently, activity of brain ERK (assessed by phosphorylation) was similar in old and young mice (Supplementary Figure S2C). We further investigated levels of GluA1 protein, an essential subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. Western blotting of hippocampal tissues demonstrated levels of GluA1 in old mice were significantly lower than those in young mice (Figure 2I), which might contribute to the E-LTP inhibition findings.

DISCUSSION

Our current study revealed that aged mice exhibited cognitive deficits (compared to young mice) assessed by a variety of behavioral tasks including: MWM (spatial learning and memory), novel object recognition (working memory), and reversal Y water maze (behavioral flexibility) (Figures 1A–F). We further observed aged-related impairments in hippocampal synaptic plasticity as indicated by impairments of E-LTP (Figures 1J–L). Importantly, biochemical assays on hippocampus from young and old mice revealed significant dysregulations of two signaling pathways controlling protein synthesis (mTORC1-p70S6K and AMPK-eEF2), indicating age-associated impairments of translational capacity (Figures 2A–G, 3).
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FIGURE 3. A conceptual summary of the main findings linking protein synthesis dysregulation and cognitive impairments with aging. Arrows denote activation and blunted lines indicate inhibition.



Numerous studies have demonstrated that inhibition of general protein synthesis leads to impairments of long-lasting memory formation and failure of synaptic plasticity (Alberini, 2008; Costa-Mattioli et al., 2009). In agreement with the spatial and working memory decline in aged mice, we observed correlated hyper-phosphorylation of mRNA translation elongation factor eEF2 (Figure 2F), which causes repression of general de novo protein synthesis (Kenney et al., 2014). Of interest, we did not observe age-related alterations on activity of eIF2α (Supplementary Figure S2A), a key translational factor during initiation phase to control general protein synthesis (Wek et al., 2006). While it is conceivable that the initiation phase is critical for protein synthesis control, accumulating evidence points to regulation at the elongation step as an important controlling point in cellular environments such as synapses where the translational capacity is low, thus both initiation and elongation need to be boosted to accomplish the extensive requirements of new protein synthesis associated with synaptic plasticity (Tsokas et al., 2005; Sutton and Schuman, 2006).

In contrast to the findings of eEF2 hyper-phosphorylation, in aged mice we observed an up-regulation of mTORC1-p70S6K signaling (Figures 2A,B), and presumably increased protein synthesis capacity via translation of TOP mRNAs that encode components of translational machinery (Meyuhas, 2000; Tsokas et al., 2007). Of note, recent studies demonstrate that abnormal up-regulations of mTORC1 signaling, particularly on the p70S6K branch, might be the key molecular mechanism responsible for the preservative behavioral phenotype in a mouse model of autism disorder (Bhattacharya et al., 2012, 2016). Consistent with these findings, we observed impairments of behavioral flexibility in aged mice (Figures 1E,F), which might be attributed to over-activation of the mTORC1-p70S6K signaling (Figures 2A,B). Interestingly, aged mice interact more with the familiar object (compared to the interaction with novel object) in the NOR assay (Figure 1D), indicating perseverative-like, inflexible behavior (Trinh et al., 2012). Meanwhile, we did not observe dysregulations on 4EBP1 activity in old mice (Figure 2C), suggesting cap-dependent translation initiation is not affected with aging. Also worth mentioning is that in aged mice, the hippocampal E-LTP is impaired but L-LTP remains intact (Figures 1G–L). The molecular mechanisms underlying the dissociation of hippocampal L-LTP and long-term memory performance in aged mice is unclear. Data from the input-output assay indicate no difference in basal synaptic transmission between the young and old groups under our experimental conditions (Figure 1M). Of note, although it is usually considered that only “late-LTP” requires mRNA translation, protein synthesis might actually be required at a very early stage of LTP (Hernandez and Abel, 2008). Future studies are warranted to elucidate specific roles of different mRNA translational mechanisms in aging-related behavioral and synaptic plasticity phenotype.

It would be informative to compare the brain biochemical changes in normal aging and pathological aging conditions such as Alzheimer’s disease (AD). For example, brain eIF2α phosphorylation is not altered in old mice based on the current study (Supplementary Figure S2A). In contrast, hyper-phosphorylation of eIF2α has been supported by a large body of evidence to contribute to AD pathophysiology (Ma et al., 2013; Ma and Klann, 2014, Yang et al., 2016). Further, two recent studies implicate that abnormal increase of eEF2 phosphorylation (via eEF2K) is linked to AD-associated synaptic failure and neurotoxicity exerted by Aβ (Ma et al., 2014; Jan et al., 2017), and we found similar hyper-phosphorylation of eEF2 in old mice (Figure 2F). How the mTORC1 signaling is regulated in AD and its role in AD pathophysiology is subject to debate. Conflicting findings have been reported which might be due to variations such as mouse line or disease stage (An et al., 2003; Caccamo et al., 2010, Ma et al., 2010; Spilman et al., 2010, Ma and Klann, 2012), and our findings indicated age-related up-regulation of mTORC1-p70S6K signaling (Figures 2A,B). Therefore, the current study provides another piece of evidence at the molecular level to highlight the similarity (e.g., eEF2 phosphorylation) and difference (e.g., eIF2α activity) between normal and pathological aging, which may contribute to future studies on diagnostic/prognostic biomarkers for aging-related dementia syndromes.
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FIGURE S1 |
(A) Performance of young and old mice was indistinguishable on visible platform task. (B) Young and old mice exhibited similar swimming distance and swimming velocity during probe trial of MWM. (C) Performance of young and old mice in the training phase of regular Y water maze. (D) Similar performance of young and old mice for the memory test of Y water maze. n = 12 for young mice and n = 11 for old mice. ∗p < 0.05.

FIGURE S2 |
Western blot performed on hippocampal tissues from young mice and old mice did not reveal significant changes on levels of eIF2α phosphorylation and total eIF2α (A), AMPKα1 and AMPKα2 (B), and ERK phosphorylation or total ERK (C). n = 7 for young mice and n = 6 for old mice.

REFERENCES

Alberini, C. (2008). The role of protein synthesis during the labile phases of memory: revisiting the skepticism. Neurobiol. Learn. Mem. 89, 234–246. doi: 10.1016/j.nlm.2007.08.007

Alzheimer’s Association (2016). 2016 Alzheimer’s disease facts and figures. Alzheimers Dement. 12, 459–509. doi: 10.1016/j.jalz.2016.03.001

An, W. L., Cowburn, R. F., Li, L., Braak, H., Alafuzoff, I., Iqbal, K., et al. (2003). Up-regulation of phosphorylated/activated p70 S6 kinase and its relationship to neurofibrillary pathology in Alzheimer’s disease. Am. J. Pathol. 163, 591–607. doi: 10.1016/s0002-9440(10)63687-5

Bhattacharya, A., Kaphzan, H., Alvarez-Dieppa, A. C., Murphy, J. P., Pierre, P., and Klann, E. (2012). Genetic removal of p70 S6 kinase 1 corrects molecular, synaptic, and behavioral phenotypes in fragile X syndrome mice. Neuron 76, 325–337. doi: 10.1016/j.neuron.2012.07.022

Bhattacharya, A., Mamcarz, M., Mullins, C., Choudhury, A., Boyle, R. G., Smith, D. G., et al. (2016). Targeting translation control with p70 S6 kinase 1 inhibitors to reverse phenotypes in fragile X syndrome mice. Neuropsychopharmacology 41, 1991–2000. doi: 10.1038/npp.2015.369

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long-term potentiation in the hippocampus. Nature 361, 31–39. doi: 10.1038/361031a0

Blitzer, R. D., Iyengar, R., and Landau, E. M. (2005). Postsynaptic signaling networks: cellular cogwheels underlying long-term plasticity. Biol. Psychiatry 57, 113–119. doi: 10.1016/j.biopsych.2004.02.031

Burke, S. N., and Barnes, C. A. (2006). Neural plasticity in the ageing brain. Nat. Rev. Neurosci. 7, 30–40. doi: 10.1038/nrn1809

Caccamo, A., Majumder, S., Richardson, A., Strong, R., and Oddo, S. (2010). Molecular interplay between mammalian target of rapamycin (mTOR), amyloid-beta, and tau: effects on cognitive impairments. J. Biol. Chem. 285, 13107–13120. doi: 10.1074/jbc.M110.100420

Chen, X., Yuan, L.-L., Zhao, C., Birnbaum, S. G., Frick, A., Jung, W. E., et al. (2006). Deletion of Kv4.2 gene eliminates dendritic A-type K+ current and enhances induction of long-term potentiation in hippocampal CA1 pyramidal neurons. J. Neurosci. 26, 12143–12151. doi: 10.1523/jneurosci.2667-06.2006

Costa-Mattioli, M., Sossin, W. S., Klann, E., and Sonenberg, N. (2009). Translational control of long-lasting synaptic plasticity and memory. Neuron 61, 10–26. doi: 10.1016/j.neuron.2008.10.055

Foster, T. C., DeFazio, R. A., and Bizon, J. L. (2012). Characterizing cognitive aging of spatial and contextual memory in animal models. Front. Aging Neurosci. 4:12. doi: 10.3389/fnagi.2012.00012

Gallagher, M., and Rapp, P. R. (1997). The use of animal models to study the effects of aging on cognition. Annu. Rev. Psychol. 48, 339–370. doi: 10.1146/annurev.psych.48.1.339

Hardie, D. G. (2014). AMPK–sensing energy while talking to other signaling pathways. Cell Metab. 20, 939–952. doi: 10.1016/j.cmet.2014.09.013

Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262. doi: 10.1038/nrm3311

Hernandez, P. J., and Abel, T. (2008). The role of protein synthesis in memory consolidation: progress amid decades of debate. Neurobiol. Learn. Mem. 89, 293–311. doi: 10.1016/j.nlm.2007.09.010

Hoeffer, C. A., and Klann, E. (2010). mTOR signaling: at the crossroads of plasticity, memory and disease. Trends Neurosci. 33, 67–75. doi: 10.1016/j.tins.2009.11.003

Hoeffer, C. A., Tang, W., Wong, H., Santillan, A., Patterson, R. J., Martinez, L. A., et al. (2008). Removal of FKBP12 enhances mTOR-Raptor interactions, LTP, memory, and perseverative/repetitive behavior. Neuron 60, 832–845. doi: 10.1016/j.neuron.2008.09.037

Hoffman, D. A., Magee, J. C., Colbert, C. M., and Johnston, D. (1997). K+ channel regulation of signal propagation in dendrites of hippocampal pyramidal neurons. Nature 387, 869–875. doi: 10.1038/43119

Jan, A., Jansonius, B., Delaidelli, A., Somasekharan, S. P., Bhanshali, F., Vandal, M., et al. (2017). eEF2K inhibition blocks Aβ42 neurotoxicity by promoting an NRF2 antioxidant response. Acta Neuropathol. 133, 101–119. doi: 10.1007/s00401-016-1634-1

Johnston, D., Hoffman, D. A., Magee, J. C., Poolos, N. P., Watanabe, S., Colbert, C. M., et al. (2000). Dendritic potassium channels in hippocampal pyramidal neurons. J. Physiol. 525(Pt 1), 75–81. doi: 10.1111/j.1469-7793.2000.00075.x

Kenney, J. W., Moore, C. E., Wang, X., and Proud, C. G. (2014). Eukaryotic elongation factor 2 kinase, an unusual enzyme with multiple roles. Adv. Biol. Regul. 55, 15–27. doi: 10.1016/j.jbior.2014.04.003

Klann, E., and Dever, T. E. (2004). Biochemical mechanisms for translational regulation in synaptic plasticity. Nat. Rev. Neurosci. 5, 931–942. doi: 10.1038/nrn1557

Klencklen, G., Després, O., and Dufour, A. (2012). What do we know about aging and spatial cognition? Reviews and perspectives. Ageing Res. Rev. 11, 123–135. doi: 10.1016/j.arr.2011.10.001

Ma, T., Chen, Y., Vingtdeux, V., Zhao, H., Viollet, B., Marambaud, P., et al. (2014). Inhibition of AMP-activated protein kinase signaling alleviates impairments in hippocampal synaptic plasticity induced by amyloid β. J. Neurosci. 34, 12230–12238. doi: 10.1523/JNEUROSCI.1694-14.2014

Ma, T., Hoeffer, C. A., Capetillo-Zarate, E., Yu, F., Wong, H., Lin, M. T., et al. (2010). Dysregulation of the mTOR pathway mediates impairment of synaptic plasticity in a mouse model of Alzheimer’s disease. PLoS One 5:e12845. doi: 10.1371/journal.pone.0012845

Ma, T., and Klann, E. (2012). Amyloid β: linking synaptic plasticity failure to memory disruption in Alzheimer’s Disease. J. Neurochem. 120(Suppl. 1), 140–148. doi: 10.1111/j.1471-4159.2011.07506.x

Ma, T., and Klann, E. (2014). PERK: a novel therapeutic target for neurodegenerative diseases? Alzheimers Res. Ther. 6:30. doi: 10.1186/alzrt260

Ma, T., Trinh, M. A., Wexler, A. J., Bourbon, C., Gatti, E., Pierre, P., et al. (2013). Suppression of eIF2α kinases alleviates Alzheimer’s disease-related plasticity and memory deficits. Nat. Neurosci. 16, 1299–1305. doi: 10.1038/nn.3486

Ma, T., Tzavaras, N., Tsokas, P., Landau, E. M., and Blitzer, R. D. (2011). Synaptic stimulation of mTOR is mediated by Wnt signaling and regulation of glycogen synthetase Kinase-3. J. Neurosci. 31, 17537–17546. doi: 10.1523/JNEUROSCI.4761-11.2011

Meyuhas, O. (2000). Synthesis of the translational apparatus is regulated at the translational level. Eur. J. Biochem. 267, 6321–6330. doi: 10.1046/j.1432-1327.2000.01719.x

Morrison, J. H., and Baxter, M. G. (2012). The ageing cortical synapse: hallmarks and implications for cognitive decline. Nat. Rev. Neurosci. 13, 240–250. doi: 10.1038/nrn3200

Penner, M. R., Roth, T. L., Barnes, C. A., and Sweatt, J. D. (2010). An epigenetic hypothesis of aging-related cognitive dysfunction. Front. Aging Neurosci. 2:9. doi: 10.3389/fnagi.2010.00009

Plassman, B., Langa, K., Fisher, G., Heeringa, S., Weir, D., Ofstedal, M., et al. (2007). Prevalence of dementia in the United States: the aging, demographics, and memory study. Neuroepidemiology 29, 125–132. doi: 10.1159/000109998

Plassman, B. L., Langa, K. M., McCammon, R. J., Fisher, G. G., Potter, G. G., Burke, J. R., et al. (2011). Incidence of dementia and cognitive impairment, not dementia in the United States. Ann. Neurol. 70, 418–426. doi: 10.1002/ana.22362

Schrader, L. A., Birnbaum, S. G., Nadin, B. M., Ren, Y., Bui, D., Anderson, A. E., et al. (2006). ERK/MAPK regulates the Kv4.2 potassium channel by direct phosphorylation of the pore-forming subunit. Am. J. Physiol. Cell Physiol. 290, C852–C861.

Spilman, P., Podlutskaya, N., Hart, M. J., Debnath, J., Gorostiza, O., Bredesen, D., et al. (2010). Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-beta levels in a mouse model of Alzheimer’s disease. PLoS One 5:e9979. doi: 10.1371/journal.pone.0009979

Sutton, M. A., and Schuman, E. M. (2006). Dendritic protein synthesis, synaptic plasticity, and memory. Cell 127, 49–58. doi: 10.1016/j.cell.2006.09.014

Taha, E., Gildish, I., Gal-Ben-Ari, S., and Rosenblum, K. (2013). The role of eEF2 pathway in learning and synaptic plasticity. Neurobiol. Learn. Mem. 105, 100–106. doi: 10.1016/j.nlm.2013.04.015

Trinh, M. A., Kaphzan, H., Wek, R. C., Pierre, P., Cavener, D. R., and Klann, E. (2012). Brain-specific disruption of the eIF2α kinase PERK decreases ATF4 expression and impairs behavioral flexibility. Cell Rep. 1, 676–688. doi: 10.1016/j.celrep.2012.04.010

Trinh, M. A., and Klann, E. (2013). Translational control by eIF2α kinases in long-lasting synaptic plasticity and long-term memory. Neurobiol. Learn. Mem. 105, 93–99. doi: 10.1016/j.nlm.2013.04.013

Tsokas, P., Grace, E. A., Chan, P., Ma, T., Sealfon, S. C., Iyengar, R., et al. (2005). Local protein synthesis mediates a rapid increase in dendritic elongation factor 1A after induction of late long-term potentiation. J. Neurosci. 25, 5833–5843. doi: 10.1523/jneurosci.0599-05.2005

Tsokas, P., Ma, T., Iyengar, R., Landau, E. M., and Blitzer, R. D. (2007). Mitogen-activated protein kinase upregulates the dendritic translation machinery in long-term potentiation by controlling the mammalian target of rapamycin pathway. J. Neurosci. 27, 5885–5894. doi: 10.1523/jneurosci.4548-06.2007

Wek, R. C., Jiang, H.-Y., and Anthony, T. G. (2006). Coping with stress: eIF2 kinases and translational control. Biochem. Soc. Trans. 34, 7–11. doi: 10.1042/bst0340007

Yang, W., Zhou, X., Cavener, H. Z. D., Klann, E., and Ma, T. (2016). Repression of the eIF2(kinase PERK alleviates mGluR-LTD impairments in a mouse model of Alzheimer’s disease. Neurobiol. Aging 41, 19–24. doi: 10.1016/j.neurobiolaging.2016.02.005

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Yang, Zhou and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fnagi-11-00246-g003.jpg
PT0S6K .I aeBP1 ) 1
| |

& @0
| | L

Translation] initiation @) elongation @) termination
Behavioral |Learning / Memory

\lnnexibnity{ | Impairments






OPS/images/cover.jpg
, frontiers

in Aging Neuroscience

Memory Decline and Behavioral
Inflexibility in Aged Mice Are
Correlated With Dysregulation of
Protein Synthesis Capacity







OPS/images/fnagi-11-00246-g002.jpg






OPS/images/fnagi-11-00246-g001.jpg






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





