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Abstract
Autophagy agonists have been proposed to slow down neurodegeneration. 
Spermidine, a polyamine that acts as an autophagy agonist, is currently under clinical 
trial for the treatment of age-related memory decline. How Spermidine and other 
autophagy agonists regulate memory and synaptic plasticity is under investigation. 
We set up a novel mouse model of mild cognitive impairment (MCI), in which middle-
aged (12-month-old) mice exhibit impaired memory capacity, lysosomes engulfed 
with amyloid fibrils (β-amyloid and α-synuclein) and impaired task-induced GluA1 
hippocampal post-translation modifications. Subchronic treatment with Spermidine 
as well as the autophagy agonist TAT-Beclin 1 rescued memory capacity and GluA1 
post-translational modifications by favouring the autophagy/lysosomal-mediated 
degradation of amyloid fibrils. These findings provide new mechanistic evidence on 
the therapeutic relevance of autophagy enhancers which, by improving the degrada-
tion of misfolded proteins, slow down age-related memory decline.
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1  | INTRODUC TION

Mild cognitive impairment (MCI) is an intermediate condition be-
tween healthy ageing and dementia, characterized by deficits in at 
least one cognitive domain without major repercussions in daily life 
and it is identifiable using sophisticated neuropsychological tests al-
ready in middle-aged subjects (Petersen et al., 1999). MCI has been 
associated with impaired synaptic connectivity due to reduced glu-
tamate transmission (Zeydan et al., 2017). However, the mechanisms 
responsible for MCI are still unknown.

Evidence in humans suggests that MCI deficits pinpoint increased 
β-amyloid (Aβ) load (Hansson et al., 2006), which is one of the major 
pathological marker of Alzheimer's disease (AD). Experimental mod-
els have consistently reported that age-dependent accumulation of 
misfolded proteins, such as Aβ and α-synuclein (α-syn), is sufficient 
to impair glutamate receptors trafficking (Guntupalli, Widagdo, & 
Anggono, 2016). Indeed, increased Aβ levels cause a reduction of 
synaptic density and an induction of synaptic depression in pyra-
midal neurons by modulating the localization of glutamate receptor 
1 subunit (GluA1) of the α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors (hereon called GluA1 receptors) at 
the synapses (Hsieh et al., 2006) and by inhibiting hippocampal long-
term potentiation (Walsh et al., 2005).

MCI occurs in only some middle-aged individuals, while others 
are spared throughout their entire life. The identification of MCI 
with prognostic value for developing dementia is crucial for identi-
fying the disease mechanisms preceding neurodegeneration and for 
starting restorative or preventive therapies before its onset.

One of the most promising pharmacological strategies that is 
currently being tested is the use of autophagy agonists. Autophagy 
is a cellular catabolic process whereby proteins and organelles are 
transported to lysosomes for degradation, by means of autophago-
somes, which are double-membrane intracellular vesicles. Induction 
of autophagy is crucial for the degradation of aggregated proteins, 
such as Aβ, tau or α-syn, which are known to disrupt cognitive 
functions during ageing (for review see Yue, Friedman, Komatsu, & 
Tanaka, 2009). More recent experimental evidence suggests that au-
tophagy might be also involved in functional mechanisms for hippo-
campal-dependent memory formation and maintenance of cognitive 
fitness throughout life (Glatigny et al., 2019; Hylin et al., 2018).

Major problems of using these drugs in the clinic are that the 
mechanisms by which they influence memory are not known and 
that they might have dramatic side effects. However, a recent clini-
cal trial is testing long-term treatment with Spermidine (a “longevity 
treatment”) (Eisenberg et al., 2016; Tain et al., 2020), a polyamine 
that is naturally present in living organisms and is involved in the 
maintenance of physiological homeostasis (Madeo, Carmona-
Gutierrez, Kepp, & Kroemer, 2018). Data on Drosophila melanogaster 
reported that Spermidine ameliorates memory during ageing (Bhukel 
et al., 2019; Bhukel, Madeo, & Sigrist, 2017; Sigrist et al., 2014).

In a recent clinical trial in elderly subjects, Spermidine was shown 
to be effective in improving hippocampal-dependent memory in a 

group of elderly people with MCI and thus at risk of AD development 
(Wirth et al., 2018).

Spermidine has been known for many years for its role as a poly-
amine that modulates the activity of N-methyl-D-aspartate (NMDA)-
type and Ca2+ permeable AMPA glutamate receptors (Williams, 
Romano, Dichter, & Molinoff, 1991). Although its effects on memory 
in ageing have been also linked to its action as an autophagy en-
hancer (Eisenberg et al., 2009; Gupta et al., 2013; Pietrocola et al., 
2015), how Spermidine restores memory by stimulating autophagy 
is still under investigation.

In this study, we first established an animal model of “pathologi-
cal ageing.” We identified memory-impaired middle-aged (12-month-
old) mice with a task that requires a high memory load capacity (the 
6 different objects task, 6-DOT) that we have previously showed to 
rely on phosphorylation of GluA1 receptors at serines 845 (S845) 
and 831 (S831) in the hippocampus (Olivito et al., 2016). Middle-
aged mice with impaired memory capacity (MC), as compared to age-
matched memory preserved subjects, further decline in memory 
performance with ageing (at 18 months of age) and present impaired 
hippocampal GluA1 phosphorylation, associated with increased 
misfolded proteins and defective autophagy/lysosomal degradative 
capacity. Subchronic treatment with Spermidine rescues the mem-
ory-dependent post-translational modifications of GluA1 receptors 
by favouring misfolded protein lysosomal degradation.

2  | RESULTS

2.1 | Reduced memory capacity in middle-aged 
subjects predicts age-dependent memory decline

Reduced memory capacity, the number of elements that a subject 
can remember in a short-time interval, is a clinically relevant symp-
tom in MCI and prodromal to AD (Belleville, Chertkow, & Gauthier, 
2007). We hypothesized that challenging the brain with high memory 
load could pinpoint subtle deficits in cognitive processing in middle-
aged subjects, which would be undetectable using a low load task. 
To test this idea in rodents, an outbred population of middle-aged 
(12-month-old) mice (CD1) was exposed to the 6-DOT, which is the 
highest number of objects that young mice can memorize (Sannino 
et al., 2012). Based on individual performance (see methods) in the 
discrimination of the new object (New % Exploration) (Figure 1a'), 
62% of the population was included in the subgroup of Preserved, 
while the remaining 38% was classified as Impaired (Figure 1a). 
Preserved and Impaired groups showed similar performance in the 
6-identical objects task (6-IOT), which requires low memory capac-
ity as all 6 objects are identical (Figure S1a), in line with the current 
literature showing middle-aged mice are not impaired in the classical 
version of the novel object recognition task, made with only 2 iden-
tical objects (Bergado, Almaguer, Rojas, Capdevila, & Frey, 2011). 
Thus, the memory impairment that we found in the 38% of the pop-
ulation was specific for the high memory load conditions, and this 
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was not due to reduced propensity to explore the objects during the 
study phase (Table S1).

To test the hypothesis that inter-individual MC differences 
at 12  months could predict MC decline in elderly subjects at 
18 months, as observed for corresponding stages in humans (Zanchi 
et al., 2017), the same mice were re-tested at 18 months (longitu-
dinal study): 80% of the subjects that were impaired in the 6-DOT 
at 12  months declined in performance also in the 6-IOT (defined 
as Declined) (Figure 1c left panel in red and Figure 1c'). In contrast, 
mice belonging to the Preserved group, which were not impaired in 
the 6-DOT at 12 months (Figure 1a, right panel), maintained a good 
performance at 18 months (defined as Stable) [72% (Stable—blue in 
Figure 1b) vs 28% (Declined—red and orange in Figure 1b)] both in 
the 6-DOT (Figure 1b') and in the 6-IOT (Figure S1b). Thus, per-
formance in the 6-DOT at 12 months identified subjects that were 

vulnerable (Impaired) or resistant (Preserved) to age-dependent 
memory decline.

2.2 | Impaired memory capacity in middle-aged 
subjects is associated with defective degradation of 
misfolded proteins, which is rescued by Spermidine

To underpin the molecular mechanisms that determine middle-aged 
Preserved and Impaired mice, a new group of 12-month-old mice was 
challenged in the 6-DOT to identify Preserved (pMC) and Impaired 
(iMC) subjects each compared to a young exploration-matched com-
panion (young-paired, YP; see Table S2 for objects exploration dur-
ing the study phase). Preserved mice had a performance similar to 
YP, while Impaired showed a strong reduction in the exploration of 

F I G U R E  1   Inter-individual variability in memory capacity in a middle-aged population of outbred mice predicts age-related memory 
decline. (a) A population of 12-month CD1 outbred mice was tested in the 6-DOT (high memory load task). 62% showed preserved MC 
(Preserved), while 38% exhibited bad performance (Impaired) [χ2 = 55.1200; df = 1; p < 0.0001] [Preserved n = 16; Impaired n = 10]. Both 
subgroups were then tested at 18 months. (b) The Preserved group was tested in the 6-DOT (blue panel on the right). Among the aged 
Preserved mice, we found that the majority (72% - Stable; blue) was spared from ageing-related MC decline, while the remaining 28% 
(Declined) was impaired [χ2 = 72.5925; df = 1; p < 0.0001] [Stable n = 13; Declined n = 3]. This latter subgroup was then tested in the 6-IOT, 
where 11% (yellow) showed good performance while 17% (red) was found impaired also in the 6-IOT. (c) The Impaired group was directly 
tested in the 6-IOT at 18 months (red panel on the left). We found that 80% (red) further declined to bad performance in the 6-IOT, while 
20% (yellow) was found stable [Stable n = 2; Declined n = 8]. (a') Performance of the subjects at 12 months in the 6-DOT [one-way ANOVA F1, 

24 = 27.088; p < 0.0001]. (b') Performance of mice from the Preserved subgroup in the 6-DOT at 18 months [one-way ANOVA F1, 14 = 26.394; 
p < 0.0001]. (c') The percentage exploration of the new object in the 6-IOT at 18 months of mice from the Impaired subgroup at 12 months 
[one-way ANOVA F1, 8 = 386.804; p < 0.0001]. Bar charts represent mean ± SEM. *p < 0.05 between groups.
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the novel object, suggesting an impaired MC (Figure S2a). MCI in 
humans occurs at an early stage, preceding neurodegeneration (Lleo 
et al., 2019), and, indeed, Impaired mice did not show signs of neu-
ronal loss in any of the hippocampal subfields (CA1, CA3 and den-
tate gyrus—DG) or impaired levels of pre- and postsynaptic markers, 
such as synaptophysin and postsynaptic density protein 95 (PSD95) 
(Figure S2b–g).

We used this model of MCI to test the effects of Spermidine 
(intraperitoneally injected for three times per week for 1 month) in 
Impaired middle-age mice. To this aim, we treated Impaired mice with: 
vehicle, Spermidine, the autophagy inhibitor 3-MA (Blommaart, 
Krause, Schellens, Vreeling-Sindelarova, & Meijer, 1997) or a com-
bination of Spermidine and 3-MA (Figure 2a), to assess the con-
tribution of autophagy in mediating the behavioural effects of 
Spermidine. The doses of Spermidine (50 mg/kg) and 3-MA were 
chosen based on previous studies in the literature and on pilot ex-
periments in young mice showing that they efficiently activate and 
inhibit autophagy, respectively (Figure S3a–b).

We found that 1 month of subchronic treatment with Spermidine 
rescued the memory impairment of Impaired mice, but this effect was 
prevented by the contemporary administration of 3-MA, suggest-
ing that the rescue effect of Spermidine was autophagy-dependent 
(Figure 2b). Of note, this observation was not a result of nonspe-
cific effects of Spermidine on the exploration or locomotor activity 
(Tables S3-S4). Thus, we tested the state of autophagy in the hip-
pocampus of Impaired mice compared to Preserved ones and the ef-
fect of Spermidine on it. Western blot analysis showed that Impaired 
mice had significantly increased accumulation of the microtubule-as-
sociated protein 1A/1B-light chain 3 (LC3-II), a protein of the au-
tophagosomal membrane, of the sequestosome 1 (p62/SQSTM1), 
which is a specific autophagy substrate (Mizushima, Yoshimori, & 
Levine, 2010), and of the lysosomal-associated membrane protein 

1 (LAMP-1), a lysosomal marker, whose increased expression is 
associated with lysosomes accumulation (Rami, Benz, Niquet, & 
Langhagen, 2016) (Figure 2c–e). The increase of LC3-II, p62 and 
LAMP-1 in Impaired mice suggests an impairment in the late stages of 
the autophagic flux. Indeed, increased p62/LAMP-1 colocalization in 
Impaired mice, detected by immunofluorescence, suggests that the 
autophagosomal/lysosomal fusion occurs, but lysosomal degrada-
tion is impaired (Figure 2g–h). Treatment with Spermidine restored 
the autophagic cargo degradation as demonstrated by a decrease 
of p62 and LAMP-1 levels (Figure 2d–e) and reduced colocalization 
between p62 and LAMP-1 puncta (Figure 2g–h). Chronic treatment 
with Spermidine by favouring the degradation of misfolded proteins 
reduced the degradative need in Impaired mice, which resulted in a 
net normalization of LAMP1 after 1 month of treatment. Spermidine 
was recently shown to promote the synthesis, hence the activation, 
of the lysosomal/autophagy transcription factor EB (TFEB), which in 
turn promotes lysosome/autophagy pathway in old human B cells 
(Zhang et al., 2019). Consistent with this, we found that Spermidine 
treatment increased TFEB levels in Impaired mice (Figure 2f) suggest-
ing a potential mechanism for the effect of Spermidine in treated 
mice. Autophagy markers were not changed in the 3-MA group com-
pared to vehicle-Impaired mice, but vehicle-Impaired mice had per se 
a high level of p62, LC3-II and LAMP-1 (Figure 2c–e); thus, an addi-
tional effect of 3-MA was likely not evident due to a ceiling effect. 
However, its administration was sufficient to prevent Spermidine-
induced rescue of lysosomal cargo degradation (Figure 2d–e) in line 
with the observation that phosphatidylinositol 3-phosphate (PI3P) 
production, which is inhibited by 3-MA (Blommaart et al., 1997), is 
required not only for autophagosome biogenesis but also for proper 
lysosome biogenesis and function (Bartolomeo et al., 2017).

Increased LAMP-1 in Impaired mice is associated with the pres-
ence of large lysosomes engulfed with aggregated proteins. Impaired 

F I G U R E  2   Middle-aged Impaired subjects show impaired autophagy which is rescued by Spermidine subchronic treatment. (a) Schematic 
representation of the experimental procedure: 12-month-old mice were tested in the 6-DOT and divided into Preserved (pMC) and Impaired 
(iMC). The pMC group was treated with vehicle, while iMC subjects were additionally subdivided into four groups and subchronically treated 
with vehicle, Spermidine, 3-MA or Spermidine+ 3-MA. After 1 month of 3 intraperitoneal injections per week, mice again underwent the 
6-DOT. Hippocampi were dissected immediately at the end of the procedure, and protein extraction was performed on homogenates 
and synaptosome fractions. (b) iMC vehicle-treated mice showed impaired performance as compared to pMC [F4, 32 = 9.74, p < 0.0001], 
as evidenced by the percentage of exploration of the new object [pMC n = 8; iMC=6; iMC SPD n = 8; iMC 3-MA n = 5; iMC SPD+ 3-MA 
n = 10], before treatment all groups explored the new object significantly less than the pMC group. Subchronic treatment with Spermidine 
rescued performance in the iMC mice [pretreatment: F1, 25 = 5.49, p < 0.0273; treatment: F1, 25 = 4.19; p = 0.0513; pretreatment × treatment: 
F1, 25 = 6.48, p = 0.0175], an effect that was prevented by pretreatment with 3-MA. (c–e) Western blot analysis on iMC vehicle treated 
as compared to pMC vehicle showed a significant increase of (c) LC3-II [F4, 29 = 4.96, p = 0.0036], (d) p62 [F4, 29 = 4.81, p = 0.0042] and 
(e) LAMP-1 [F4, 19 = 8.17, p = 0.0005]. Treatment with Spermidine (c) did not change the level of LC3-II but (d) significantly decreased 
p62 [treatment: F1, 20 = 4.91, p = 0.0384; pretreatment x treatment: F1, 20 = 4.82, p = 0.0400] and (e) LAMP-1 [pretreatment: F1, 16 = 8.20, 
p = 0.0112] in vehicle-treated iMC subjects. All these effects were blocked by 3-MA administration (c–e). Representative bands for each 
condition are reported [pMC vehicle n ≥ 4; iMC vehicle n ≥ 5; iMC SPD n ≥ 4; iMC 3-MA n ≥ 3; iMC SPD+ 3-MA n ≥ 4]. (f) TFEB expression 
was not different between pMC and iMC; however, Spermidine treatment significantly increased its expression in iMC mice [F2, 14 = 11.99, 
p = 0.0009]. Representative bands for each condition are presented [pMC n = 4; iMC vehicle n = 6; iMC SPD n = 7]. (g, h) LAMP-1/
p62 colocalization analysis [F3, 34 = 13.22, p < 0.0001] showed that iMC group has increased colocalization between p62 and LAMP-1 
in CA3 hippocampal subfield as compared to pMC, which was reduced by Spermidine treatment and reinstated by 3-MA pretreatment. 
Representative images of p62 and LAMP-1 immunofluorescence are reported in (g) and representative images of LAMP-1/p62 colocalization 
are reported in (h). White arrows indicate LAMP-1/p62 colocalization [pMC vehicle n = 8; iMC vehicle n = 11; iMC SPD n = 8; iMC SPD+ 
3-MA n = 11]. Bar charts represent mean ± SEM. Scale bar: 10 µm. *p < 0.05 vs. pMC; #p < 0.05 vs. iMC vehicle; $p < 0.05 vs. iMC SPD. 
[SPD = Spermidine].
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autophagy/lysosomal protein degradation has been associated with 
the accumulation of misfolded proteins. Therefore, we performed 
a dot blot analysis to evaluate the presence of amyloid fibrils, using 
the OC antibody (OC+) in Tris-buffered saline (TBS) containing 1% 
TX-100 (TBS-TX) and TBS fractions, which are generally used to 
evaluate intracellular and extracellular protein aggregate load, re-
spectively (Pignataro et al., 2019). The OC antibody recognizes epi-
topes common to different types of amyloid fibrils, including those 
made of Aβ and α-syn aggregates (Kayed et al., 2007), hereon de-
fined as “amyloid load.” Impaired mice showed a significant TBS-TX 
accumulation of OC+ amyloid fibrils compared to Preserved mice 
(Figure 3a). Concomitantly, Impaired mice showed also increased 
TBS Aβ (Figure 3b), detected with an antibody that recognizes the 
monomeric form of Aβ, specific for C-terminals amino acids 37-42. 
Both OC+ amyloid fibrils in TBS-TX and Aβ in TBS extracts were de-
creased by Spermidine in Impaired mice (Figure 3a,b). None of the 
treatment affected OC+ amyloid fibrils in the TBS fraction and Aβ in 
TBS-TX fraction with Spermidine or 3-MA treatment, in line with a 
lack of differences between Preserved and Impaired vehicle-treated 
subjects (Figure S4a-b).

To understand if the effects was extended also to α-syn and to 
define the cellular localization of these aggregated proteins, we con-
ducted an immunofluorescence analysis against the phosphorylation 
residue S129 of α-syn (p-α-syn) that is a marker of α-syn protein ag-
gregates (oligomers and fibrils) (Fujiwara et al., 2002). Impaired mice 
showed an increased level of p-α-syn compared to Preserved ones 
(Figure 3c,d), which was decreased by Spermidine treatment.

Misfolded proteins are degraded by the autophagosomal/lyso-
somal system that we have shown being defective in Impaired mice. 
We hypothesized that the increased amyloid load in Impaired mice 
accumulated into lysosomes, similarly to what happens in genetic 
animal models of autophagy impairment (Monaco et al., 2020; Nixon 
et al., 2005; D. S. Yang et al., 2011). Thus, we analysed in more depth 
the effects of Spermidine on lysosomes and p-α-syn.

The normal diameter of lysosomes generally does not exceed 
1 µm (Bandyopadhyay, Cyphersmith, Zapata, Kim, & Payne, 2014). 
We conducted a morphometric analysis of LAMP-1 by immunoflu-
orescence, binning LAMP-1+ spots into two categories, small and 

large, which were defined as those having a diameter of about 1 
or 3 µm, respectively (Figure 3e). At the same time, we measured 
their colocalization with p-α-syn. Impaired mice had a higher number 
of both small and large lysosomes as compared to Preserved ones, 
but we found a significant increase in the colocalization between 
p-α-syn and LAMP-1 exclusively in the large subtype (Figure 3f,g), 
in accordance with the fact that large lysosomes are associated 
with impaired lysosomal function (Bandyopadhyay et al., 2014). 
Interestingly, Spermidine reduced p-α-syn/LAMP-1 colocalization to 
Preserved mice levels (Figure 3f,g). The observation that most, if not 
all, of the effects of Spermidine were blocked by 3-MA (Figure 3) 
suggests that Spermidine reduces the amyloid load by increasing the 
degradative capacity of lysosomes.

2.3 | Spermidine rescues memory capacity 
impairment re-establishing GluA1 synaptic functions 
in middle-aged subjects

According to previous findings showing that performance in the 
6-DOT requires the phosphorylation of the GluA1 subunit of AMPA 
receptors at S845 and S831 in the hippocampus (Olivito et al., 2016), 
in young animals exposure to the 6-DOT induced GluA1 synaptic 
enrichment in the synaptosome (Figure S5a-b), accompanied by 
increased phosphorylation of both S845 (Figure S5a-b) and S831 
(Figure S5a-b) at the synaptic level. This evidence is in line with 
previous findings in young animals showing that mutations of these 
two serine sites are sufficient to impair MC (Olivito et al., 2016). 
Therefore, we tested the hypothesis that Impaired middle-aged sub-
jects might fail to activate this process in response to the task and 
whether Spermidine also rescues the synaptic mechanisms involved 
in this process.

Western blot analysis showed that Impaired mice had 43% re-
duction of GluA1 in the hippocampal homogenate (Figure 4a). 
Surprisingly, in the synaptosomal fraction, GluA1 of Impaired mice 
was significantly increased compared to Preserved mice (Figure 4b). 
To verify the localization of GluA1 at the synapses, we conducted 
an analysis of GluA1/PSD95 colocalization by immunofluorescence. 

F I G U R E  3   Middle-aged Impaired subjects show increased amyloid load which is reduced by Spermidine. (a, b) iMC vehicle-treated 
mice showed a significant increase of OC+ amyloid fibrils in the TBS-TX extracts [F4, 28 = 9.61, p < 0.0001] and of Aβ in the TBS extracts 
[F4, 30 = 10.09, p < 0.0001], compared to pMC vehicle-treated mice. Spermidine treatment reduced both OC+ amyloid fibrils in the TBS-TX 
fraction and Aβ in the TBS fraction. These effects were prevented by 3-MA administration [OC+ amyloid fibrils: treatment: F1, 17 = 8.50, 
p = 0.0096; pretreatment × treatment: F1, 17 = 4.18, p = 0.0566; Aβ: treatment: F1, 19 = 13.90, p = 0.0014]. Representative dot blots for each 
condition are presented [pMC n ≥ 5; iMC vehicle n ≥ 4; iMC Spermidine n = 4; iMC 3-MA n ≥ 4; iMC SPD+ 3-MA n = 6]. (c–e) Representative 
images of LAMP-1 and p-α-syn immunofluorescence (c) and relative quantification (d, e). iMC show increased accumulation of p-α-syn 
compared to pMC in CA3 hippocampal subfield. Spermidine reduced this accumulation if not combined with 3-MA pretreatment [F3, 

44 = 20.48, p < 0.0001]. (e) LAMP-1+ spots of ≈1 µm diameter (small) and spots of ≈3 µm (large) were evaluated. LAMP-1 quantification 
showed that vehicle-treated iMC has an increased number of LAMP-1+ spots independently from the diameter, compared to pMC. 
Spermidine reduced both types of LAMP-1+ spots but this effect was blocked by 3-MA [small spots: F3, 46 = 8.88, p < 0.0001; large spots: F3, 

42 = 11.25, p < 0.0001]. (f) Colocalization of p-α-syn with LAMP-1 was increased only in large spots of iMC vehicle-treated mice, compared to 
pMC. Again, Spermidine reduced this colocalization in both types of LAMP-1 spots, but not when in combination with 3-MA [small spots: F3, 

45 = 6.05, p = 0.0015; large spots: F3, 45 = 12.03, p < 0.0001] [pMC n = 13; iMC vehicle n = 9; iMC Spermidine n = 14; iMC SPD+ 3-MA n = 15]. 
White arrows indicate LAMP-1 small spot, while red arrows indicate LAMP-1 large spots colocalizing with p-α-syn. Bar charts represent 
mean ± SEM. Scale bar: 10 µm. *p < 0.05 vs. pMC; #p < 0.05 vs. iMC vehicle; $p < 0.05 vs. iMC SPD. [SPD = Spermidine].
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We confirmed that the total amount of GluA1 was decreased in 
Impaired mice compared to Preserved ones, and it was associated 
with an equal expression of PSD95 (Figure S4c–e). The percentage of 
colocalization between GluA1/PSD95 spots, corrected for the total 

amount of GluA1, was higher in Impaired mice (Figure 4c,d), confirm-
ing the WB data showing a preferential localization of GluA1 at the 
synapses in this group. In parallel, we evaluated the level of S845 and 
S831 phosphorylation, as we know this is a required mechanism for 

(a)

(c) (d)

(e)

(g)

(f)

(b)
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high memory load performance (Olivito et al., 2016). Interestingly, 
we found that the increased GluA1 expression was accompanied 
by a decrease of S845 and S831 phosphorylation in Impaired mice 
compared to Preserved ones (Figure 4e). Thus, these results suggest 

that the synaptosomal accumulation of GluA1 in Impaired subjects is 
a compensatory nonfunctional mechanism activated when exposed 
to the high memory load in the 6-DOT. This effect was specific for 
GluA1, as GluA2 and GluA3 subunit expression was not changed 

F I G U R E  4  Subchronic treatment with Spermidine rescues the memory capacity task-induced GluA1 post-translational modifications 
via autophagy. (a, b) GluA1 subunit expression was found significantly reduced in the homogenate fraction of vehicle-treated iMC mice 
compared to vehicle-treated pMC [F4, 33 = 22.3, p < 0.0001] (a) but it was increased in the synaptosomal fraction [F4, 24 = 5.24, p = 0.0035] 
(b). Spermidine treatment increased GluA1 in the homogenate fraction, an effect that was prevented by 3-MA pretreatment [pretreatment: 
F1, 27 = 7.88, p = 0.0091; treatment: F1, 27 = 21.90, p < 0.0001; pretreatment × treatment: F1, 27 = 30.23, p < 0.0001]. Representative bands 
for each condition are reported on the right [pMC n ≥ 4; iMC vehicle n ≥ 5; iMC Spermidine n ≥ 5; iMC 3-MA n ≥ 4; iMC SPD+ 3-MA n ≥ 4]. 
(c, d) The % of colocalized GluA1+ and PSD95+ spots was increased in iMC relative to the total level of GluA1 compared to pMC [F1, 13 = 8.51, 
p = 0.0120] in CA3 hippocampal subfield. Representative images of GluA1/PSD95 colocalization (white arrows) are reported in (c). Scale 
bar: 5 µm. (e) The synaptic enrichment of GluA1 in iMC was accompanied by a significant reduction of the phosphorylation of S845 and 
S831 [S845: F4, 23 = 12.11, p < 0.0001; S831: F4, 25 = 8.69, p = 0.0001], which was rescued by Spermidine treatment [S845: pretreatment: 
F1, 17 = 9.25, p = 0.0074; treatment: F1, 17 = 13.56, p = 0.0018; pretreatment × treatment: F1, 17 = 11.34, p = 0.0037; S831: pretreatment: 
F1, 17 = 8.36, p = 0.0101; treatment: F1, 17 = 7.58, p = 0.0136; pretreatment × treatment: F1, 17 = 7.54, p = 0.0138]. All these effects were 
prevented by 3-MA treatment. Representative bands for each condition are reported [pMC n = 4; iMC vehicle n = 5; iMC Spermidine n = 5; 
iMC 3-MA n = 4; iMC SPD+ 3-MA n = 4]. Representative bands are reported and belong to the same blot of GluA1 and β-actin reported in 
(b). Bar charts represent mean ± SEM. *p < 0.05 vs. pMC; #p < 0.05 vs. iMC vehicle; $p < 0.05 vs. iMC SPD. [SPD = Spermidine].

(a) (b)

(c)

(e)

(d)
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(Figure S4f–g), and it was not associated with changes at the tran-
scriptional level, as evidenced by a lack of differences between 
Preserved and Impaired GluA1 mRNA levels (Figure S4h). Possible 
changes in the expression of protein kinase A (PKA), whose activa-
tion is responsible for S845 phosphorylation (Banke et al., 2000), 
could not account for the lower phosphorylation levels in Impaired 
mice (Figure S4I).

Remarkably, Spermidine treatment rescued the reduction of 
GluA1 expression in the homogenate (Figure 4a). Again, a significant 
increase of GluA1 was found in the synaptosomes after Spermidine 
treatment (Figure 4b). However, in contrast to vehicle-Impaired mice, 
in this case GluA1 enrichment at the synapses was accompanied by 
an increase in S845 and S831 phosphorylation (Figure 4e), suggest-
ing this time a functional activation of the GluA1 subunit at the syn-
apses in response to the 6-DOT request.

Spermidine has been shown to improve memory in young animals 
through PKA-mediated phosphorylation of GluA1 in the hippocam-
pus (Guerra et al., 2011). However, the dose we used in our study did 
not show this effect in young animals (Figure S3aI–aII). The rescue of 
GluA1 memory-induced synaptic enrichment was abolished by the 
combination with 3-MA (Figure 4a,b; Figure 4e), suggesting a direct 
involvement of autophagy in this process.

These findings provide the first evidence that Spermidine fa-
vours autophagy/lysosomal-mediated amyloid load clearance in 
middle-aged subjects. According to previous findings showing that 
soluble oligomeric Aβ induces dephosphorylation of GluA1 at S845 
(Minano-Molina et al., 2011), Spermidine restored these GluA1 
post-translational mechanisms that in the hippocampus are neces-
sary for high memory load processing (Olivito et al., 2016). These 
findings identify a mechanism by which Spermidine may ameliorate 
cognition.

2.4 | TAT-Beclin 1 rescued GluA1 post-translational 
mechanisms in inbred C57BL/6J 16-month-old mice

The memory improving effects of Spermidine are in line with recent 
findings showing that intra-hippocampal injections of TAT-Beclin 1, 
which enhances autophagic/lysosomal degradation through the ac-
tivation of VPS34-UVRAG complex (Bartolomeo et al., 2017), rescue 
fear conditioning memory deficits in 16-month-old C57BL/6J mice 
(Glatigny et al., 2019). This is an inbred mouse line, with little age-
related inter-individual difference. We decided to test whether we 
could detect increased amyloid load and impairment in GluA1 func-
tional activation also in this already published advanced model and 
whether, using a more specific autophagy enhancer, we could rescue 
them (Figure 5a).

Sixteen-month-old mice were tested in the lowest memory load 
version of the object recognition task (2-IOT, which is comparable 
to the 6-IOT performance in outbred CD1 mice), revealing a strong 
impairment compared to young mice (3-month-old) (Figure 5b), thus 
suggesting that at 16  months these mice presented an advanced 
stage of cognitive impairment. Compared to young matched mice, 

16-month-old C57BL/6J mice showed decreased LC3-II (as reported 
in Glatigny et al., 2019) (Figure 5c), accumulation of p62 (Figure 5d) 
and LAMP-1 in the hippocampus (Figure 5c–e), therefore suggest-
ing reduced autophagosome formation and degradative capacity. 
Systemic TAT-Beclin 1 injections, at a dose which stimulates au-
tophagy (Figure 5c–e), effectively rescued memory impairment, 
in line with the previous report (Glatigny et al., 2019) (Figure 5b). 
Interestingly, 16-month-old C57BL/6J mice also had reduced ex-
pression of GluA1 in the homogenate fraction (Figure 5f) and ac-
cumulation in the synaptosomes (Figure 5g). Also in this case, no 
increase in the phosphorylation of S831 and S845 (Figure 5g) was 
observed, similar to the CD1 Impaired model. At the same time, 
16-month-old C57BL/6J mice showed increased intra- and extracel-
lular OC+ amyloid fibrils and intracellular Aβ (Figure 5h and Figure 
S6a,b), resembling the 12-month Impaired phenotype. Interestingly, 
chronic treatment with TAT-Beclin 1, although did not rescued the 
decrease of GluA1 expression in the homogenate, increased synap-
tosomal GluA1 expression and phosphorylation of both S845 and 
S831 (Figure 5e,f). Furthermore, it reduced TBS-TX OC+ amyloid fi-
brils (Figure 5h) but had no effect on both Aβ in TBS and TBS-TX and 
on OC+ amyloid fibrils in the TBS (Figure 5h; Figure S6a,b). These 
findings are in line with previous work showing the role of autoph-
agy/lysosomal degradation of amyloid load and further supports the 
idea that pharmacological improvement in the autophagic/lysosomal 
degradative capacity allows the activation of memory-induced 
post-translational modification of GluA1 necessary for hippocam-
pal-dependent memory.

3  | DISCUSSION

In this study, we show that Spermidine, as well as the more specific 
autophagy enhancer TAT-Beclin 1, by favouring autophagic/lyso-
somal degradation of amyloid fibrils, re-establishes the functional 
activation of GluA1 receptors required for hippocampal-dependent 
memory. This finding provides the first evidence of a mechanism by 
which Spermidine restores synaptic functions in a model of MCI in 
middle-age subjects.

There is much attention in the literature for the identification 
of early markers of dementia, which is crucial for early diagnosis. In 
this study, we present a novel model of MCI in rodents in which, 
using the 6-DOT/6-IOT, it is possible to: a. identify subtle cognitive 
deficits in condition of high load, while performance is still preserved 
in conditions of low load; b. discriminate between impaired and cog-
nitively preserved subjects; c. predict memory performance tested 
6 months later.

We have previously reported that knock-in mutant mice lacking 
both S845 and S831 phosphorylation sites on the GluA1 subunit are 
impaired in the 6-DOT, but not in the 6-IOT (Olivito et al., 2016). In 
addition, here we report that the 6-DOT induces a significant syn-
aptic enrichment of GluA1 accompanied by increased phosphory-
lation (Figure S5A,B), possibly to sustain the high memory load of 
the task. In Impaired mice, this enrichment occurs as a nonfunctional 
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compensatory mechanism. This is line with a previous study show-
ing that impaired performance in the hippocampal-dependent spa-
tial water maze task pinpointed impaired GluA1 phosphorylation in 
24-month-old rats (Yang et al., 2015). Hippocampal GluA1 phos-
phorylation increases the current amplitude, regulates the traf-
ficking and composition of AMPA receptors (Oh, Derkach, Guire, & 
Soderling, 2006) and is necessary for performing the 6-DOT as well 
as other types of hippocampal-dependent memory tasks (Olivito 
et al., 2016). Thus, impaired AMPA receptors post-translational 
mechanisms seem to underlie vulnerability to age- and hippocam-
pal-dependent memory deficits.

Although mice have been suggested to be less prone to pro-
duce Aβ plaques (Kimura, Hata, & Suzuki, 2016), few studies spe-
cifically addressed this issue in ageing wild-type animals. A recent 
report identified widespread Aβ-positive extracellular aggregates 
in the brain of 15-month-old C57/BL6 wild-type mice (Ahlemeyer, 
Halupczok, Rodenberg-Frank, Valerius, & Baumgart-Vogt, 2018), 
and similar findings have been obtained with p-α-syn (Takahashi, 
Ohsawa, Shirasawa, & Takahashi, 2016). In line with these findings, 
Impaired mice showed a blockade of autophagy and accumulation 
of Aβ and α-syn fibrils (OC+) similarly to what has been previously 
observed in a genetic animal model of AD (Rocchi et al., 2017), 
synucleinopathy (Giordano et al., 2018) and normal ageing mice 
(Ahlemeyer et al., 2018; for review see Cuervo et al., 2005); α-syn 
fibrils were found to accumulate in enlarged lysosomes suggesting a 
negative feedback loop between the accumulation of amyloid fibrils 
and impaired autophagic/lysosomal degradative capacity (Nixon 
et al., 2005; Yamamoto et al., 2019). To our knowledge, this is the 
first mouse model of MCI for middle-age animals that recapitulates 
human studies showing that MC decline is an early marker of cogni-
tive function prodromal to AD development (Belleville et al., 2007).

Despite an enormous amount of evidence on the beneficial ef-
fects of Spermidine for healthy ageing, the synaptic mechanisms by 
which it improves cognition have been not completely addressed. 
Spermidine has been shown to regulate learning and memory in 
many animal models (Fruhauf et al., 2015; Guerra et al., 2011; Signor, 

Mello, Porto, Ribeiro, & Rubin, 2014), and this action has been asso-
ciated with the regulatory role on polyamines on NMDA and calcium 
permeable receptors (Williams et al., 1991) and to the inhibition of 
the RAMP-UP of synapses occurring in ageing, a phenomenon for 
which active zones of the synapse scale up their size with ageing 
(Bhukel et al., 2017; Gupta et al., 2016). We expand on these findings 
showing that Spermidine favours the lysosomal clearance of amy-
loid fibrils including α-syn and Aβ and rescues the memory load-de-
pendent hippocampal post-translational modifications of GluA1 in 
Impaired mice. We report here that this effect is likely mediated by 
the activation of TFEB in the hippocampus, which is a master gene 
regulating lysosomal biogenesis (Sardiello et al., 2009). This is in line 
with recent findings showing that Spermidine has direct transcrip-
tional regulation effects on TFEB and its activation (Zhang et al., 
2019). This finding has high translational relevance as genetic-medi-
ated overexpression of TFEB has been shown to rescue behavioural 
and neuropathological disease progression in animal models of sy-
nucleinopathy and AD (Decressac et al., 2013; Polito et al., 2014). 
Although TAT-Beclin 1 did not fully rescue the increased extracellu-
lar amyloid fibrils and Aβ burden in these older animals, it efficiently 
reduced the intracellular amyloid fibrils burden and re-established 
the task-dependent functional activation of AMPA receptors in 
the hippocampus. It is highly unlikely that the ameliorative effects 
of Spermidine on memory and GluA1 phosphorylation were medi-
ated by its direct activation of PKA and PKC (Guerra et al., 2011), 
as they are prevented by concurrent administration of the selective 
autophagy inhibitor, 3-MA. This agonist/antagonist pharmacological 
experiment clearly showed that the pro-cognitive and synaptic ef-
fects of Spermidine were mediated by autophagy/lysosomal path-
way activation.

Emerging evidence suggests that autophagy directly regulates 
memory, synaptic plasticity and AMPA (GluA1 and GluA2 subunits) 
in physiological conditions (Hylin et al., 2018; Shehata, Matsumura, 
Okubo-Suzuki, Ohkawa, & Inokuchi, 2012). In ageing, data converge 
on suggesting that hippocampal GluA1 post-transcriptional modifica-
tions necessary for learning are impaired by the increased burden of 

F I G U R E  5  Subchronic treatment with the direct autophagy agonist, TAT-Beclin 1, rescues GluA1 post-translational modifications via 
autophagy-mediated clearance of amyloid load in 16-month-old C57/BL6 memory-impaired mice. (a) Schematic representation of the 
experimental procedure. Young (3-month-old) were treated with TAT-Scramble while 16-month-old mice were divided in two subgroups 
treated with TAT-Scramble or TAT-Beclin 1. After treatment, they were submitted to the 2-identical object recognition task (2-IOT). 
Hippocampi were dissected immediately at the end of the procedure, and protein extraction was performed on homogenates and 
synaptosomes fractions. (b) 16-month-old (16 Mo) mice showed decreased discrimination index compared to young partners (YP). TAT-Beclin 
1 treatment rescued the memory impairment in 16 Mo mice [F2, 18 = 14.831, p = 0.0002] [YP n = 7; 16 Mo n = 7; 16 Mo TAT-Beclin 1 n = 7]. 
(c–e) 16-month-old mice showed decreased LC3-II, accumulation of p62 and LAMP-1 in the hippocampus, compared to young partners. 
Subchronic injection of TAT-Beclin 1 decreased these proteins, suggesting a reactivation of autophagy [LC3-II: F2, 11 = 6.51, p = 0.013; p62: 
F2, 26 = 15.60, p = 0.000035; LAMP-1: F2, 10 = 5.45, p = 0.02]. Representative bands for each condition are presented [YP TAT-Scramble n ≥ 4; 
16 Mo TAT-Scramble n ≥ 4; 16 Mo TAT-Beclin 1 n ≥ 5]. (f) GluA1 was reduced in the homogenate fraction of 16-month-old mice, compared 
to YP [F2, 8 = 9.77, p = 0.007]. Representative bands for each condition are presented [YP n = 4; 16 Mo n = 3; 16 Mo TAT-Beclin 1 n = 4]. (g) 
GluA1 in the synaptosomal fraction was increased in both TAT-Scramble and TAT-Beclin 1 16-month-old mice [F2, 8 = 26.19, p = 0.0003], but 
a tendency to increase the phosphorylation of S845 and a significant increase in the phosphorylation of S831 was induced by TAT-Beclin 1 
treatment [F2, 9 = 5.87, p = 0.02]. Representative bands for each condition are reported [YP n = 4; 16 Mo n = 4; 16 Mo TAT-Beclin 1 n = 3]. (g) 
16-month-old mice had increased Aβ in TBS and OC+ amyloid fibrils in TBS-TX fractions, compared to YP. TAT-Beclin 1 treatment reduced 
OC+ amyloid fibrils but not Aβ [OC+ amyloid fibrils: F2, 9 = 7.14, p = 0.01; Aβ: F2, 10 = 10.52, p = 0.003]. Representative dot blots for each 
condition are presented [YP TAT-Scramble n = 4; 16 Mo TAT-Scramble n = 4; 16 Mo TAT-Beclin 1 n = 4]. Bar charts represent mean ± SEM. 
*p < 0.05 vs. YP TAT-Scramble, #p < 0.05 vs. 16 Mo TAT-Scramble.
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amyloid load and impaired autophagy. Previous findings clearly showed 
that soluble oligomeric Aβ induces dephosphorylation of GluA1 at S845 
(Guntupalli et al., 2016; Minano-Molina et al., 2011), which is not only 
involved in GluA1 insertion at the synapse, but also in AMPA receptors 
recycling (Ehlers, 2000; Man, Sekine-Aizawa, & Huganir, 2007), which 
parallels the dephosphorylated GluA1 accumulated at the synaptic site 
in memory-Impaired mice. We provide here conclusive evidence that 
boosting the autophagic/lysosomal degradative capacity in cognitively 
impaired ageing mice, with systemic administrations of agonist drugs, 
improves the degradation of amyloid fibrils and rescues the post-trans-
lational modification of glutamate receptors.

There is an enormous attention towards autophagy agonists to 
counteract the age-related onset of dementia, and these findings 
have high translational relevance considering a recent clinical trial 
showing that Spermidine ameliorates memory performance in a 
small cohort of subjects with MCI compared to placebo-treated sub-
jects (Wirth et al., 2018).

To our knowledge, our study provides the first identification of 
a mechanism by Spermidine treatment, as well as other autophagy 
agonists, and improves memory in middle-age cognitively impaired 
subjects. By linking amyloid load to AMPA receptors functions, 
our data posit neurodegenerative diseases along a continuum from 
healthy to pathological ageing, leading to dementia. A Spermidine-
rich diet may therefore constitute a quite easy and safe strategy to 
counteract ageing and age-related memory decline, which is one of 
the most challenging need to limit the “epidemic” incidence of age-
ing-related and genetic forms of dementia.

4  | MATERIAL S AND METHODS

4.1 | Subjects

CD1 outbred male mice were generated from internal colonies by 
founders obtained by Charles River (Como, Italy). Mice were group-
housed with food and water ad libitum on a 12 hr light/dark cycle. 
Behavioural tests were performed during the light phase. The age of 
mice ranged from 3 to 12 to 18-month-old.

Three and 16 months C57BL/6J male mice were obtained from 
Janvier Laboratory stock. All procedures related to animal care 
and treatments were conducted in accordance with the European 
Communities Council directives and Italian laws on animal care. All 
experimental protocols were approved by Italian Ministry of Health.

4.2 | Experimental design and 
behavioural procedures

All experiments were designed to evaluate biochemical changes 
(glutamate receptors expression and phosphorylation, amyloid load 
and autophagy) under test challenge.

High memory load was tested in the 6 different objects task (6-
DOT) and as control task in low memory load conditions the 6 identical 

objects task (6-IOT) was used, as it has the same number of elements 
to explore but all identical copies (low information load), using be-
havioural procedures identical to what we previously described 
(Olivito et al., 2016; Sannino et al., 2012). Mice exploring objects for 
less than 5 seconds in the study phase were excluded from the sta-
tistical analysis. Mouse behaviour was analysed using a video-track-
ing system (Anymaze, Stoelting, USA) by a trained experimenter. For 
the 6-DOT/6-IOT data analysis, total object exploration (for the study 
phase) and New % exploration (for the test phase) were considered.

We conducted three main experiments:

1. a longitudinal study;
2. a study on Spermidine action and mechanisms on ageing;
3. a study on TAT-Beclin 1 subchronic treatment on ageing.

In all the experiments, mice were habituated to the testing 
conditions.

Experiment 1: all subjects were tested at 12-month-old in the 
6-DOT and in the 6-IOT one week apart. The percentage of the ex-
ploration of the new object (New % Exploration) was calculated as: 
[(New object exploration/Σ objects exploration) * 100].

Memory performance of mice was individually analysed for as-
signment in two subgroups: Preserved or Impaired. The following cri-
terion was used:

Preserved: New > [(Mean Familiar) + (SD * 1.5)];
Impaired: New < [(Mean Familiar) + (SD * 1.5)].

Mice from the Preserved and Impaired subgroups were addition-
ally tested at 18 months in the 6-DOT or the 6-IOT, respectively.

Preserved mice at 12 months were considered Stable at 18 months 
if after the 6-DOT the criterion for Preserved was confirmed or 
Declined if the criterion for Impaired was fit.

Impaired mice at 12 months mice were considered Stable if after 
the 6-IOT the criterion for Preserved was confirmed or Declined if the 
criterion for Impaired was fit.

Experiment 2: a group of 12-month-old mice was tested in the 
6-DOT and subdivided into Preserved and Impaired as before. Mice 
from the Impaired group were selected and submitted to a subchronic 
treatment with: vehicle (PBS), Spermidine (50 mg/kg), 3-MA (10 µM) 
or Spermidine+ 3-MA. Preserved mice were treated with vehicle. The 
subchronic treatment consisted in 1 month of 3 intraperitoneal (ip) 
injections per week. After this period, all mice were tested again in 
the 6-DOT with a completely different set of objects. Subsequently, 
they were sacrificed and the brain was extracted for hippocampal 
dissection or put in paraformaldehyde 4% in phosphate-buffered sa-
line (PBS) followed by 30% sucrose solution for immunofluorescence 
procedures. Data for this experiment were replicated on mice from 
two different animal facilities.

Experiment 3: 3- or 16-month-old C57BL/6J mice were in-
jected with 450 µg of TAT-Beclin 1 (cat # 5.06416.0001, Merck; 
dissolved in PBS) or TAT-Scramble (cat # 5.31038.001, Merck; dis-
solved in PBS) by ip injection each day for 17 days (Glatigny et al., 
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2019). Mice were then subjected to object recognition task with 
two identical objects (2-IOT), which is comparable to the 6-IOT in 
outbred CD1 mice. Briefly, during the training phase, mice were 
allowed to explore two identical objects. During the testing phase, 
objects were replaced with a familiar object and a novel one. The 
discrimination index was calculated as follow: (time spent explor-
ing the new object - time spent exploring the familiar object)/(total 
time spent exploring both objects). After the test, mice were sac-
rificed. Mouse brains were dissected, snap frozen and processed 
for biochemical analysis.

4.3 | Synaptosome preparation, Western blotting, 
TBS/TBS-TX protein extraction and native Dot Blot

We used standard procedures already described in previous studies 
(Pignataro et al., 2019). See Appendix S1 for details.

4.4 | Immunofluorescence

Immunofluorescence was performed as previously described 
(Giordano et al., 2018). See Appendix S1 for details.

4.5 | Statistical analysis

The percentage of Stable and Declining animals of the longitudinal 
study was determined and compared with chi-squared test. Before 
applying the ANOVA tests, data distribution normality was tested 
with the Kolmogorov–Smirnov test. One-way ANOVA was used 
to evaluate the behavioural, biochemical and immuhistochemical 
differences between Preserved and Impaired mice, followed with 
Dunnett's post hoc test vs. Preserved group when appropriate. A 
two-way ANOVA [pretreatment (2 levels: saline and SPD) and treat-
ment (2 levels: saline and 3-MA)] was used to analyse the behav-
ioural and biochemical effects of pharmacological treatments on 
Impaired mice, followed by a Tukey's post hoc analysis if appropriate. 
Statistical significance was set at p < 0.05.

ACKNOWLEDG MENTS
The authors would like to thank Prof. Andrea Ballabio, Prof. 
Alessandro Treves and Prof. Antonella De Matteis for critical revi-
sion and discussion of the manuscript, Prof. Alessandro Treves for 
providing a criterion for mouse individual performance scoring, Dr. 
Laura Olivito for helping with brain sampling and Dr. Cathal Wilson 
for English grammar revision and critical revision of the manuscript. 
We thank Prof. Ana Maria Cuervo for critical discussions of the data 
and suggestions on the use of Spermidine as an autophagy enhancer. 
We are also grateful to all the other members of De Leonibus labora-
tory for helpful discussions and comments on this manuscript. We 
thank IBBC (CNR) Animal House facility and TIGEM’ core facilities 
for supporting this work.

CONFLIC T OF INTERE S T
The authors have no financial disclosures, nor conflict of interest to 
declare.

AUTHOR CONTRIBUTIONS
M.D.R. and G.T. planned and performed experiments, analysed the 
data and generated a first draft of the manuscript; M.T. helped to 
perform the experiments; S.M. and M.R. performed TAT-Beclin 1 
treatment; A.P. performed part of the immunofluorescence analy-
ses; S.M. helped with the immunofluorescence analyses; N.C. helped 
to acquire immunofluorescence images; F.G. and S.M. contributed 
to write the manuscript; C.S. contribute to interpret the autophagy-
related experiments and to write the final version of the manuscript, 
M.A.T., A.M. and F.O. contributed to write the manuscript and co-
supervised experiments; E.D.L. conceived the study planned, super-
vised the experiments, performed statistical analysis and wrote the 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Maria De Risi   https://orcid.org/0000-0002-2741-6837 
Giulia Torromino   https://orcid.org/0000-0002-7041-0289 
Michele Tufano   https://orcid.org/0000-0003-2225-2420 
Stéphanie Moriceau   https://orcid.org/0000-0002-1413-9359 
Annabella Pignataro   https://orcid.org/0000-0002-2499-5941 
Nicolò Carrano   https://orcid.org/0000-0002-9695-7012 
Silvia Middei   https://orcid.org/0000-0002-0488-323X 
Carmine Settembre   https://orcid.org/0000-0002-5829-8589 
Martine Ammassari-Teule   https://orcid.
org/0000-0003-1987-5723 
Fabrizio Gardoni   https://orcid.org/0000-0003-4598-5563 
Andrea Mele   https://orcid.org/0000-0002-3155-5610 
Franck Oury   https://orcid.org/0000-0003-0562-9900 
Elvira De Leonibus   https://orcid.org/0000-0003-0220-2864 

R E FE R E N C E S
Ahlemeyer, B., Halupczok, S., Rodenberg-Frank, E., Valerius, K. P., & 

Baumgart-Vogt, E. (2018). Endogenous murine amyloid-beta peptide 
assembles into aggregates in the aged C57BL/6J mouse suggesting 
these animals as a model to study pathogenesis of amyloid-beta 
plaque formation. Journal of Alzheimer's Disease, 61(4), 1425–1450. 
https://doi.org/10.3233/JAD-170923

Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J., & Payne, 
C. K. (2014). Lysosome transport as a function of lysosome di-
ameter. PLoS One, 9(1), e86847. https://doi.org/10.1371/journ​
al.pone.0086847

Banke, T. G., Bowie, D., Lee, H., Huganir, R. L., Schousboe, A., & Traynelis, 
S. F. (2000). Control of GluR1 AMPA receptor function by cAMP-de-
pendent protein kinase. Journal of Neuroscience, 20(1), 89–102. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubme​d/10627585

Bartolomeo, R., Cinque, L., De Leonibus, C., Forrester, A., Salzano, A. C., 
Monfregola, J., … Settembre, C. (2017). mTORC1 hyperactivation 
arrests bone growth in lysosomal storage disorders by suppressing 

https://orcid.org/0000-0002-2741-6837
https://orcid.org/0000-0002-2741-6837
https://orcid.org/0000-0002-7041-0289
https://orcid.org/0000-0002-7041-0289
https://orcid.org/0000-0003-2225-2420
https://orcid.org/0000-0003-2225-2420
https://orcid.org/0000-0002-1413-9359
https://orcid.org/0000-0002-1413-9359
https://orcid.org/0000-0002-2499-5941
https://orcid.org/0000-0002-2499-5941
https://orcid.org/0000-0002-9695-7012
https://orcid.org/0000-0002-9695-7012
https://orcid.org/0000-0002-0488-323X
https://orcid.org/0000-0002-0488-323X
https://orcid.org/0000-0002-5829-8589
https://orcid.org/0000-0002-5829-8589
https://orcid.org/0000-0003-1987-5723
https://orcid.org/0000-0003-1987-5723
https://orcid.org/0000-0003-1987-5723
https://orcid.org/0000-0003-4598-5563
https://orcid.org/0000-0003-4598-5563
https://orcid.org/0000-0002-3155-5610
https://orcid.org/0000-0002-3155-5610
https://orcid.org/0000-0003-0562-9900
https://orcid.org/0000-0003-0562-9900
https://orcid.org/0000-0003-0220-2864
https://orcid.org/0000-0003-0220-2864
https://doi.org/10.3233/JAD-170923
https://doi.org/10.1371/journal.pone.0086847
https://doi.org/10.1371/journal.pone.0086847
http://www.ncbi.nlm.nih.gov/pubmed/10627585


14 of 15  |     DE RISI et al.

autophagy. Journal of Clinical Investigation, 127(10), 3717–3729. 
https://doi.org/10.1172/JCI94130

Belleville, S., Chertkow, H., & Gauthier, S. (2007). Working memory and 
control of attention in persons with Alzheimer's disease and mild 
cognitive impairment. Neuropsychology, 21(4), 458–469. https://doi.
org/10.1037/0894-4105.21.4.458

Bergado, J. A., Almaguer, W., Rojas, Y., Capdevila, V., & Frey, J. U. (2011). 
Spatial and emotional memory in aged rats: a behavioral-statistical 
analysis. Neuroscience, 172, 256–269. https://doi.org/10.1016/j.
neuro​scien​ce.2010.10.064

Bhukel, A., Beuschel, C. B., Maglione, M., Lehmann, M., Juhasz, G., 
Madeo, F., & Sigrist, S. J. (2019). Autophagy within the mushroom 
body protects from synapse aging in a non-cell autonomous manner. 
Nature Communications, 10(1), 1318. https://doi.org/10.1038/s4146​
7-019-09262​-2

Bhukel, A., Madeo, F., & Sigrist, S. J. (2017). Spermidine boosts auto-
phagy to protect from synapse aging. Autophagy, 13(2), 444–445. 
https://doi.org/10.1080/15548​627.2016.1265193

Blommaart, E. F., Krause, U., Schellens, J. P., Vreeling-Sindelarova, H., 
& Meijer, A. J. (1997). The phosphatidylinositol 3-kinase inhibitors 
wortmannin and LY294002 inhibit autophagy in isolated rat hepato-
cytes. European Journal of Biochemistry, 243(1–2), 240–246. https://
doi.org/10.1111/j.1432-1033.1997.0240a.x

Cuervo, A. M., Bergamini, E., Brunk, U. T., Droge, W., Ffrench, M., & 
Terman, A. (2005). Autophagy and aging: the importance of maintain-
ing "clean" cells. Autophagy, 1(3), 131–140. https://doi.org/10.4161/
auto.1.3.2017

Decressac, M., Mattsson, B., Weikop, P., Lundblad, M., Jakobsson, J., 
& Bjorklund, A. (2013). TFEB-mediated autophagy rescues mid-
brain dopamine neurons from alpha-synuclein toxicity. Proceedings 
of the National Academy of Sciences of the United States of 
America, 110(19), E1817–1826. https://doi.org/10.1073/pnas.13056​
23110

Ehlers, M. D. (2000). Reinsertion or degradation of AMPA receptors de-
termined by activity-dependent endocytic sorting. Neuron, 28(2), 
511–525. https://doi.org/10.1016/s0896​-6273(00)00129​-x

Eisenberg, T., Abdellatif, M., Schroeder, S., Primessnig, U., Stekovic, S., 
Pendl, T., … Madeo, F. (2016). Cardioprotection and lifespan exten-
sion by the natural polyamine spermidine. Nature Medicine, 22(12), 
1428–1438. https://doi.org/10.1038/nm.4222

Eisenberg, T., Knauer, H., Schauer, A., Büttner, S., Ruckenstuhl, C., 
Carmona-Gutierrez, D., … Madeo, F. (2009). Induction of autophagy 
by spermidine promotes longevity. Nature Cell Biology, 11(11), 1305–
1314. https://doi.org/10.1038/ncb1975

Fruhauf, P. K., Ineu, R. P., Tomazi, L., Duarte, T., Mello, C. F., & Rubin, 
M. A. (2015). Spermine reverses lipopolysaccharide-induced mem-
ory deficit in mice. Journal of Neuroinflammation, 12, 3. https://doi.
org/10.1186/s1297​4-014-0220-5

Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E., 
Goldberg, M. S., … Iwatsubo, T. (2002). alpha-Synuclein is phosphor-
ylated in synucleinopathy lesions. Nature Cell Biology, 4(2), 160–164. 
https://doi.org/10.1038/ncb748

Giordano, N., Iemolo, A., Mancini, M., Cacace, F., De Risi, M., Latagliata, 
E. C., … De Leonibus, E. (2018). Motor learning and metaplasticity 
in striatal neurons: relevance for Parkinson's disease. Brain, 141(2), 
505–520. https://doi.org/10.1093/brain/​awx351

Glatigny, M., Moriceau, S., Rivagorda, M., Ramos-Brossier, M., Nascimbeni, 
A. C., Lante, F., … Oury, F. (2019). Autophagy is required for memory 
formation and reverses age-related memory decline. Current Biology, 
29(3), 435–448.e8. https://doi.org/10.1016/j.cub.2018.12.021

Guerra, G. P., Mello, C. F., Bochi, G. V., Pazini, A. M., Fachinetto, R., Dutra, 
R. C., … Rubin, M. A. (2011). Hippocampal PKA/CREB pathway is in-
volved in the improvement of memory induced by spermidine in rats. 
Neurobiology of Learning and Memory, 96(2), 324–332. https://doi.
org/10.1016/j.nlm.2011.06.007

Guntupalli, S., Widagdo, J., & Anggono, V. (2016). Amyloid-beta-Induced 
Dysregulation of AMPA Receptor Trafficking. Neural Plasticity, 2016, 
3204519. https://doi.org/10.1155/2016/3204519

Gupta, V. K., Pech, U., Bhukel, A., Fulterer, A., Ender, A., Mauermann, 
S. F., … Sigrist, S. J. (2016). Spermidine suppresses age-associated 
memory impairment by preventing adverse increase of presynaptic 
active zone size and release. PLoS Biology, 14(9), e1002563. https://
doi.org/10.1371/journ​al.pbio.1002563

Gupta, V. K., Scheunemann, L., Eisenberg, T., Mertel, S., Bhukel, A., 
Koemans, T. S., … Sigrist, S. J. (2013). Restoring polyamines protects 
from age-induced memory impairment in an autophagy-depen-
dent manner. Nature Neuroscience, 16(10), 1453–1460. https://doi.
org/10.1038/nn.3512

Hansson, O., Zetterberg, H., Buchhave, P., Londos, E., Blennow, K., & 
Minthon, L. (2006). Association between CSF biomarkers and incip-
ient Alzheimer's disease in patients with mild cognitive impairment: 
a follow-up study. The Lancet Neurology, 5(3), 228–234. https://doi.
org/10.1016/S1474​-4422(06)70355​-6

Hsieh, H., Boehm, J., Sato, C., Iwatsubo, T., Tomita, T., Sisodia, S., & 
Malinow, R. (2006). AMPAR removal underlies Abeta-induced syn-
aptic depression and dendritic spine loss. Neuron, 52(5), 831–843. 
https://doi.org/10.1016/j.neuron.2006.10.035

Hylin, M. J., Zhao, J., Tangavelou, K., Rozas, N. S., Hood, K. N., MacGowan, 
J. S., … Dash, P. K. (2018). A role for autophagy in long-term spatial 
memory formation in male rodents. Journal of Neuroscience Research, 
96(3), 416–426. https://doi.org/10.1002/jnr.24121

Kayed, R., Head, E., Sarsoza, F., Saing, T., Cotman, C. W., Necula, M., … 
Glabe, C. G. (2007). Fibril specific, conformation dependent anti-
bodies recognize a generic epitope common to amyloid fibrils and 
fibrillar oligomers that is absent in prefibrillar oligomers. Molecular 
Neurodegeneration, 2, 18. https://doi.org/10.1186/1750-1326-2-18

Kimura, A., Hata, S., & Suzuki, T. (2016). Alternative selection of beta-Site 
APP-Cleaving Enzyme 1 (BACE1) cleavage sites in Amyloid beta-Pro-
tein Precursor (APP) harboring protective and pathogenic mutations 
within the Abeta sequence. Journal of Biological Chemistry, 291(46), 
24041–24053. https://doi.org/10.1074/jbc.M116.744722

Lleó, A., Núñez-Llaves, R., Alcolea, D., Chiva, C., Balateu-Paños, D., 
Colom-Cadena, M., … Belbin, O. (2019). Changes in synaptic proteins 
precede neurodegeneration markers in preclinical Alzheimer's dis-
ease cerebrospinal fluid. Molecular & Cellular Proteomics: MCP, 18(3), 
546–560. https://doi.org/10.1074/mcp.RA118.001290

Madeo, F., Carmona-Gutierrez, D., Kepp, O., & Kroemer, G. (2018). 
Spermidine delays aging in humans. Aging (Albany NY), 10(8), 2209–
2211. https://doi.org/10.18632/​aging.101517

Man, H. Y., Sekine-Aizawa, Y., & Huganir, R. L. (2007). Regulation of {al-
pha}-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor trafficking through PKA phosphorylation of the Glu receptor 1 
subunit. Proceedings of the National Academy of Sciences of the United 
States of America, 104(9), 3579–3584. https://doi.org/10.1073/
pnas.06116​98104

Minano-Molina, A. J., Espana, J., Martin, E., Barneda-Zahonero, B., 
Fado, R., Sole, M., … Rodriguez-Alvarez, J. (2011). Soluble oligo-
mers of amyloid-beta peptide disrupt membrane trafficking of al-
pha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid recep-
tor contributing to early synapse dysfunction. Journal of Biological 
Chemistry, 286(31), 27311–27321. https://doi.org/10.1074/jbc.
M111.227504

Mizushima, N., Yoshimori, T., & Levine, B. (2010). Methods in mammalian 
autophagy research. Cell, 140(3), 313–326. https://doi.org/10.1016/j.
cell.2010.01.028

Monaco, A., Maffia, V., Sorrentino, N. C., Sambri, I., Ezhova, Y., Giuliano, 
T., … Fraldi, A. (2020). The amyloid inhibitor CLR01 relieves au-
tophagy and ameliorates neuropathology in a severe lysosomal 
storage disease. Molecular Therapy, 28(4), 1167–1176. https://doi.
org/10.1016/j.ymthe.2020.02.005

https://doi.org/10.1172/JCI94130
https://doi.org/10.1037/0894-4105.21.4.458
https://doi.org/10.1037/0894-4105.21.4.458
https://doi.org/10.1016/j.neuroscience.2010.10.064
https://doi.org/10.1016/j.neuroscience.2010.10.064
https://doi.org/10.1038/s41467-019-09262-2
https://doi.org/10.1038/s41467-019-09262-2
https://doi.org/10.1080/15548627.2016.1265193
https://doi.org/10.1111/j.1432-1033.1997.0240a.x
https://doi.org/10.1111/j.1432-1033.1997.0240a.x
https://doi.org/10.4161/auto.1.3.2017
https://doi.org/10.4161/auto.1.3.2017
https://doi.org/10.1073/pnas.1305623110
https://doi.org/10.1073/pnas.1305623110
https://doi.org/10.1016/s0896-6273(00)00129-x
https://doi.org/10.1038/nm.4222
https://doi.org/10.1038/ncb1975
https://doi.org/10.1186/s12974-014-0220-5
https://doi.org/10.1186/s12974-014-0220-5
https://doi.org/10.1038/ncb748
https://doi.org/10.1093/brain/awx351
https://doi.org/10.1016/j.cub.2018.12.021
https://doi.org/10.1016/j.nlm.2011.06.007
https://doi.org/10.1016/j.nlm.2011.06.007
https://doi.org/10.1155/2016/3204519
https://doi.org/10.1371/journal.pbio.1002563
https://doi.org/10.1371/journal.pbio.1002563
https://doi.org/10.1038/nn.3512
https://doi.org/10.1038/nn.3512
https://doi.org/10.1016/S1474-4422(06)70355-6
https://doi.org/10.1016/S1474-4422(06)70355-6
https://doi.org/10.1016/j.neuron.2006.10.035
https://doi.org/10.1002/jnr.24121
https://doi.org/10.1186/1750-1326-2-18
https://doi.org/10.1074/jbc.M116.744722
https://doi.org/10.1074/mcp.RA118.001290
https://doi.org/10.18632/aging.101517
https://doi.org/10.1073/pnas.0611698104
https://doi.org/10.1073/pnas.0611698104
https://doi.org/10.1074/jbc.M111.227504
https://doi.org/10.1074/jbc.M111.227504
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.ymthe.2020.02.005
https://doi.org/10.1016/j.ymthe.2020.02.005


     |  15 of 15DE RISI et al.

Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H., Peterhoff, C., Cataldo, 
A., & Cuervo, A. M. (2005). Extensive involvement of autophagy in 
Alzheimer disease: an immuno-electron microscopy study. Journal of 
Neuropathology and Experimental Neurology, 64(2), 113–122. https://
doi.org/10.1093/jnen/64.2.113

Oh, M. C., Derkach, V. A., Guire, E. S., & Soderling, T. R. (2006). Extrasynaptic 
membrane trafficking regulated by GluR1 serine 845 phosphorylation 
primes AMPA receptors for long-term potentiation. Journal of Biological 
Chemistry, 281(2), 752–758. https://doi.org/10.1074/jbc.M5096​77200

Olivito, L., Saccone, P., Perri, V., Bachman, J. L., Fragapane, P., Mele, A., … 
De Leonibus, E. (2016). Phosphorylation of the AMPA receptor GluA1 
subunit regulates memory load capacity. Brain Structure and Function, 
221(1), 591–603. https://doi.org/10.1007/s0042​9-014-0927-1

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., & 
Kokmen, E. (1999). Mild cognitive impairment: clinical characteriza-
tion and outcome. Archives of Neurology, 56(3), 303–308. https://doi.
org/10.1001/archn​eur.56.3.303

Pietrocola, F., Lachkar, S., Enot, D. P., Niso-Santano, M., Bravo-San Pedro, 
J. M., Sica, V., … Kroemer, G. (2015). Spermidine induces autophagy by 
inhibiting the acetyltransferase EP300. Cell Death and Differentiation, 
22(3), 509–516. https://doi.org/10.1038/cdd.2014.215

Pignataro, A., Meli, G., Pagano, R., Fontebasso, V., Battistella, R., 
Conforto, G., … Middei, S. (2019). Activity-induced amyloid-beta 
oligomers drive compensatory synaptic rearrangements in brain 
circuits controlling memory of presymptomatic Alzheimer's disease 
mice. Biological Psychiatry, 86(3), 185–195. https://doi.org/10.1016/j.
biops​ych.2018.10.018

Polito, V. A., Li, H., Martini-Stoica, H., Wang, B., Yang, L. I., Xu, Y., … Zheng, 
H. (2014). Selective clearance of aberrant tau proteins and rescue of 
neurotoxicity by transcription factor EB. EMBO Molecular Medicine, 
6(9), 1142–1160. https://doi.org/10.15252/​emmm.20130​3671

Rami, A., Benz, A. P., Niquet, J., & Langhagen, A. (2016). Axonal accu-
mulation of Lysosomal-Associated Membrane Protein 1 (LAMP1) ac-
companying alterations of autophagy dynamics in the rat hippocam-
pus upon seizure-induced injury. Neurochemical Research, 41(1–2), 
53–63. https://doi.org/10.1007/s1106​4-015-1704-0

Rocchi, A., Yamamoto, S., Ting, T., Fan, Y., Sadleir, K., Wang, Y., … He, C. 
(2017). A Becn1 mutation mediates hyperactive autophagic seques-
tration of amyloid oligomers and improved cognition in Alzheimer's 
disease. PLoS Genetics, 13(8), e1006962. https://doi.org/10.1371/
journ​al.pgen.1006962

Sannino, S., Russo, F., Torromino, G., Pendolino, V., Calabresi, P., & De 
Leonibus, E. (2012). Role of the dorsal hippocampus in object memory 
load. Learning & Memory, 19(5), 211–218. https://doi.org/10.1101/
lm.025213.111

Sardiello, M., Palmieri, M., di Ronza, A. Medina, D. L., Valenza, M., 
Gennarino, V. A., … Ballabio, A. (2009). A gene network regulating 
lysosomal biogenesis and function. Science, 325(5939), 473–477. 
https://doi.org/10.1126/scien​ce.1174447

Shehata, M., Matsumura, H., Okubo-Suzuki, R., Ohkawa, N., & Inokuchi, 
K. (2012). Neuronal stimulation induces autophagy in hippocampal 
neurons that is involved in AMPA receptor degradation after chem-
ical long-term depression. Journal of Neuroscience, 32(30), 10413–
10422. https://doi.org/10.1523/JNEUR​OSCI.4533-11.2012

Signor, C., Mello, C. F., Porto, G. P., Ribeiro, D. A., & Rubin, M. A. (2014). 
Spermidine improves fear memory persistence. European Journal of 
Pharmacology, 730, 72–76. https://doi.org/10.1016/j.ejphar.2014.02.035

Sigrist, S. J., Carmona-Gutierrez, D., Gupta, V. K., Bhukel, A., Mertel, 
S., Eisenberg, T., & Madeo, F. (2014). Spermidine-triggered autoph-
agy ameliorates memory during aging. Autophagy, 10(1), 178–179. 
https://doi.org/10.4161/auto.26918

Tain, L. S., Jain, C., Nespital, T., Froehlich, J., Hinze, Y., Gronke, S., & 
Partridge, L. (2020). Longevity in response to lowered insulin signaling 
requires glycine N-methyltransferase-dependent spermidine produc-
tion. Aging Cell, 19(1), e13043. https://doi.org/10.1111/acel.13043

Takahashi, K., Ohsawa, I., Shirasawa, T., & Takahashi, M. (2016). Early-
onset motor impairment and increased accumulation of phosphor-
ylated alpha-synuclein in the motor cortex of normal aging mice are 
ameliorated by coenzyme Q. Experimental Gerontology, 81, 65–75. 
https://doi.org/10.1016/j.exger.2016.04.023

Walsh, D. M., Townsend, M., Podlisny, M. B., Shankar, G. M., Fadeeva, J. 
V., El Agnaf, O., … Selkoe, D. J. (2005). Certain inhibitors of synthetic 
amyloid beta-peptide (Abeta) fibrillogenesis block oligomerization of 
natural Abeta and thereby rescue long-term potentiation. Journal of 
Neuroscience, 25(10), 2455–2462. https://doi.org/10.1523/JNEUR​
OSCI.4391-04.2005

Williams, K., Romano, C., Dichter, M. A., & Molinoff, P. B. (1991). 
Modulation of the NMDA receptor by polyamines. Life Sciences, 
48(6), 469–498. https://doi.org/10.1016/0024-3205(91)90463​-l

Wirth, M., Benson, G., Schwarz, C., Köbe, T., Grittner, U., Schmitz, D., … 
Flöel, A. (2018). The effect of spermidine on memory performance 
in older adults at risk for dementia: A randomized controlled trial. 
Cortex, 109, 181–188. https://doi.org/10.1016/j.cortex.2018.09.014

Yamamoto, F., Taniguchi, K., Mamada, N., Tamaoka, A., Kametani, F., 
Lakshmana, M. K., & Araki, W. (2019). TFEB-mediated enhancement 
of the autophagy-lysosomal pathway dually modulates the process 
of amyloid beta-protein generation in neurons. Neuroscience, 402, 
11–22. https://doi.org/10.1016/j.neuro​scien​ce.2019.01.010

Yang, D.-S., Stavrides, P., Mohan, P. S., Kaushik, S., Kumar, A., Ohno, 
M., … Nixon, R. A. (2011). Reversal of autophagy dysfunction in the 
TgCRND8 mouse model of Alzheimer's disease ameliorates amyloid 
pathologies and memory deficits. Brain, 134(Pt 1), 258–277. https://
doi.org/10.1093/brain/​awq341

Yang, Y.-J., Chen, H.-B., Wei, B. O., Wang, W., Zhou, P.-L., Zhan, J.-Q., 
… Yu, B. (2015). Cognitive decline is associated with reduced sur-
face GluR1 expression in the hippocampus of aged rats. Neuroscience 
Letters, 591, 176–181. https://doi.org/10.1016/j.neulet.2015.02.030

Yue, Z., Friedman, L., Komatsu, M., & Tanaka, K. (2009). The cellular path-
ways of neuronal autophagy and their implication in neurodegener-
ative diseases. Biochimica Et Biophysica Acta, 1793(9), 1496–1507. 
https://doi.org/10.1016/j.bbamcr.2009.01.016

Zanchi, D., Montandon, M.-L., Sinanaj, I., Rodriguez, C., Depoorter, A., 
Herrmann, F. R., … Haller, S. (2017). Decreased fronto-parietal and 
increased default mode network activation is associated with subtle 
cognitive deficits in elderly controls. Neurosignals, 25(1), 127–138. 
https://doi.org/10.1159/00048​6152

Zeydan, B., Deelchand, D. K., Tosakulwong, N., Lesnick, T. G., Kantarci, O. 
H., Machulda, M. M., … Kantarci, K. (2017). Decreased glutamate lev-
els in patients with amnestic mild cognitive impairment: An sLASER 
proton MR spectroscopy and PiB-PET study. Journal of Neuroimaging, 
27(6), 630–636. https://doi.org/10.1111/jon.12454

Zhang, H., Alsaleh, G., Feltham, J., Sun, Y., Napolitano, G., Riffelmacher, T., 
… Simon, A. K. (2019). Polyamines control eIF5A hypusination, TFEB 
translation, and autophagy to reverse B cell senescence. Molecular 
Cell, 76(1), 110–125.e9. https://doi.org/10.1016/j.molcel.2019.08.005

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: De Risi M, Torromino G, Tufano M, et 
al. Mechanisms by which autophagy regulates memory 
capacity in ageing. Aging Cell. 2020;19:e13158. https://doi.
org/10.1111/acel.13189

https://doi.org/10.1093/jnen/64.2.113
https://doi.org/10.1093/jnen/64.2.113
https://doi.org/10.1074/jbc.M509677200
https://doi.org/10.1007/s00429-014-0927-1
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1038/cdd.2014.215
https://doi.org/10.1016/j.biopsych.2018.10.018
https://doi.org/10.1016/j.biopsych.2018.10.018
https://doi.org/10.15252/emmm.201303671
https://doi.org/10.1007/s11064-015-1704-0
https://doi.org/10.1371/journal.pgen.1006962
https://doi.org/10.1371/journal.pgen.1006962
https://doi.org/10.1101/lm.025213.111
https://doi.org/10.1101/lm.025213.111
https://doi.org/10.1126/science.1174447
https://doi.org/10.1523/JNEUROSCI.4533-11.2012
https://doi.org/10.1016/j.ejphar.2014.02.035
https://doi.org/10.4161/auto.26918
https://doi.org/10.1111/acel.13043
https://doi.org/10.1016/j.exger.2016.04.023
https://doi.org/10.1523/JNEUROSCI.4391-04.2005
https://doi.org/10.1523/JNEUROSCI.4391-04.2005
https://doi.org/10.1016/0024-3205(91)90463-l
https://doi.org/10.1016/j.cortex.2018.09.014
https://doi.org/10.1016/j.neuroscience.2019.01.010
https://doi.org/10.1093/brain/awq341
https://doi.org/10.1093/brain/awq341
https://doi.org/10.1016/j.neulet.2015.02.030
https://doi.org/10.1016/j.bbamcr.2009.01.016
https://doi.org/10.1159/000486152
https://doi.org/10.1111/jon.12454
https://doi.org/10.1016/j.molcel.2019.08.005
https://doi.org/10.1111/acel.13189
https://doi.org/10.1111/acel.13189

