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Abstract

Changes in synaptic excitability and reduced brain metabolism are among the earliest detectable 

alterations associated with the development of Alzheimer’s disease (AD). Stimulation of synaptic 

activity has been shown to be protective in models of AD beta-amyloidosis. Remarkably, deep 

brain stimulation (DBS) provides beneficial effects in AD patients, and represents an important 

therapeutic approach against AD and other forms of dementia. While several studies have explored 

the effect of synaptic activation on beta-amyloid (Aβ), little is known about Tau protein. In this 

study, we investigated the effect of synaptic stimulation on Tau pathology and synapses in in vivo 
and in vitro models of AD and frontotemporal dementia (FTD). We found that chronic DBS or 
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chemically-induced synaptic stimulation reduced accumulation of pathological forms of Tau and 

protected synapses, while chronic inhibition of synaptic activity worsened Tau pathology, and 

caused detrimental effects on pre- and post-synaptic markers, suggesting that synapses are 

affected. Interestingly, degradation via the proteasomal system was not involved in the reduction 

of pathological Tau during stimulation. In contrast, chronic synaptic activation promoted clearance 

of Tau oligomers by autophagosomes and lysosomes. Chronic inhibition of synaptic activity 

resulted in opposite outcomes, with buildup of Tau oligomers in enlarged auto-lysosomes. Our 

data indicate that synaptic activity counteracts the negative effects of Tau in AD and FTD by 

acting on autophagy, providing a rationale for therapeutic use of DBS and synaptic stimulation in 

tauopathies.

Introduction

Alzheimer’s disease (AD) is the most common form of dementia, and it is characterized by 

progressive accumulation of aggregated beta-amyloid (Aβ) peptide and Tau protein, 

especially at synapses (1–3). Synapses are considered to be a primary target of pathology in 

AD and other forms of dementia (4, 5), and synapse loss has been considered the best 

correlate of memory impairment in AD (6, 7). In AD patients, neuronal activity is reduced 

(8, 9), as well as in several AD mouse models (10). Alterations of synaptic activity and 

reduced brain metabolism are among the earliest signs of AD pathology, which are 

detectable decades before the development of other symptoms (11, 12). Therefore, the study 

of synaptic activity in AD has become an important subject for basic research as well as for 

the development of therapeutics. Increasing evidence supports the positive effects of 

synaptic stimulation against AD pathology (13–15). Synaptic activity is implicated in 

neuronal survival, since it can activate pro-survival genes increasing protection against 

apoptosis (16). Synaptic stimulation is also required for ATP production at synapses, which 

is fundamental for their correct functioning, and is involved in mechanisms of protection 

against Aβ oligomer-induced toxicity (17, 18). Finally, deep brain stimulation (DBS) 

represents a very promising therapeutic approach, which may show beneficial effects on AD 

patients. It increases brain metabolism, and may ameliorate memory and quality of life in 

certain patients (19). In addition, more recent data demonstrated that AD patients treated 

with DBS had increased hippocampal volume, which correlated with an augmented 

hippocampal metabolism (20).

In the last fourteen years multiple studies, including ours, showed that synaptic activation 

affects amyloid precursor protein (APP), and Aβ homeostasis. Stimulation of synaptic 

activity increases Aβ secretion, reduces intraneuronal Aβ, and induces APP anterograde 

trafficking to synapses (21–24). Synaptic stimulation promotes the recruitment of neprilysin 

that enhances Aβ42 degradation and, importantly, it also protects synapses by restoring 

levels of synaptic proteins and reducing synapse loss (25, 26). As of now, a limited number 

of studies were conducted to explore the effect of synaptic activity on Tau homeostasis: 

Neuronal stimulation resulted in augmented secretion of Tau in cell culture medium, and in 

the hippocampal interstitial fluid (27, 28). Synaptic activity was also shown to induce Tau 

translocation to dendritic spines, and Tau phosphorylation on specific residues, including 
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Thr-205 and Ser-404 (29); however, it is unclear whether, in a pathological context, these 

changes are positive or negative.

To investigate the role of synaptic activity on Tau pathology in vivo, we either chronically 

increased activity in mouse brains by DBS (30) or we inhibited it by unilateral vibrissal 

deprivation, (deafferentiation), an established technique used to reduce functional activity in 

the corresponding somatosensory (barrel) cortex (31) that we previously used with success 

(24, 25). We provide evidence both in vivo and in vitro that synaptic activation is protective 

because it reduces pathological Tau levels, and it restores normal levels of synaptic proteins, 

by stimulating the autophagic-lysosomal degradation pathway. Conversely, we demonstrate 

that inhibition of synaptic activity exacerbates accumulation of Tau oligomers in swollen 

lysosomes, and induces further deterioration of synapses.

Methods

Detailed methods are included in the Supplementary Methods section.

Mouse models

Triple transgenic model of AD (3xTg-AD, (32), and background strain wild-type mice 

(C57BL/6/129SVJ; The Jackson Laboratory, Bar Harbor, ME) were bred and maintained at 

the Toronto Western Research Institute.

Male PS19 transgenic mice (33) were obtained from Jackson Laboratory and bred with 

female B6C3F1/N wild-type mice (Charles RIVER Laboratories, St-Germain-sur-l’Arbresle, 

France).

Surgical procedure for electrode implantation and DBS protocol

At the age of 3.75 months, 3xTg-AD and WT male mice were anaesthetized with isoflurane 

and bilaterally implanted with concentric bipolar Tungsten electrodes into the entorhinal 

cortex (EC), as previously described (30).

Surgical procedure for unilateral removal of whiskers

The procedure was performed as described (24, 25). Briefly, 5 months old PS19 and wild-

type littermates mice were anesthetized and an incision was made around the skin area 

containing the whisker follicles, which were then removed. At 10 months of age, mice were 

sacrificed with pentobarbital and perfused with 4% PFA. The contralateral barrel cortices 

(corresponding to the half snouts that did not undergo surgery) were used as controls.

Inclusion/exclusion criteria

For the DBS experiments, we performed surgery on 22 male mice; for the unilateral whisker 

removal experiments, we performed surgery on 7 female and 6 male mice. The sample size 

was chosen based on our previous experience in performing similar experiments. Five mice 

per group were randomly selected to perform the histological analyses.
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Antibodies

The full list of used antibodies and their applications is reported in the Supplementary 

Methods section.

Cell culture and treatments

Primary neuronal cultures from PS19 mice and wild-type littermates were prepared from 

E15 mouse embryos, as described (34).

Western blotting

Western blots analyses were performed as described (35).

Immunofluorescence

Neurons were grown on poly-D-lysine coated coverslips (Sigma-Aldrich) as previously 

described (34). After treatments, neurons were washed in ice-cold PBS and fixed in -20°C-

cold methanol for 5 min for immunofluorescence. Brain sections were immunostained as 

previously described (25).

AD case and immunohistochemistry

Paraffin-embedded sections from human AD hippocampus were obtained from the 

Neurological Tissue Bank Hospital Clínic-IDIPAS Biobank. 8 μm sections were process as 

previously described (see Supplementary Methods).

Statistical analysis

Data were expressed as mean ± S.E.M. In experiments including mouse brain sections “n” 

refers to the number of mice analyzed per each condition. For each mouse, averages of 

measurements per section were considered as an individual measurement (n=1). A set of 

cultures prepared from one mouse embryo was considered as an n=1. In experiments 

involving cultured neurons ”n” refers to the number of cultured neurons prepared from one 

mouse embryo. Multiple coverslips prepared from one mouse embryo were considered 

repetitions, and the “n” was still considered one. The number of experiments repeated with 

cultured neurons for each treatment was either two or three, depending on the genotype of 

the cultured neurons. To reach an n=5, two or more preparations of cultured neurons were 

required, and experiments were repeated accordingly. Statistical comparisons were made 

using two-tailed unpaired t-tests (paired for the deafferentation data), and one-way ANOVA 

with significance placed at p<0.05. When appropriate, post hoc tests were conducted using 

the Fisher’s LSD correction. The statistical test type and p values are reported in figure 

legends. We did not perform an a priori power analysis since our sample sizes were similar 

to those reported in previously published papers (24, 25). Analysis of descriptive statistics 

showed no violation of any test assumptions that would justify the use of statistical test other 

than the ones used. The variance was similar between the analyzed groups. Statistical 

analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, 

USA) and Excel (Microsoft, Redmond, WA, USA).
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Results

To investigate the effects of chronic synaptic activation on Tau pathology, we used four 

groups of mice: Two triple transgenics (3xTg-AD) and two wild-type (WT) (see methods). 

All mice underwent surgery and had electrodes implanted in the entorhinal cortex to induce 

deep brain stimulation (DBS). The entorhinal cortex is part of the circuit of Papez, essential 

for memory formation and consolidation; DBS of the mouse entorhinal cortex was shown to 

increase activity in the hippocampus and was associated with facilitation of spatial memory 

(30). One group of 3xTg-AD and one group of WT mice were stimulated (S), while the 

other two groups were not stimulated (NS) and were used as controls (five mice per group 

were analyzed). We found a significant decrease of synaptophysin in 3xTg-AD CA1 (Tg-

NS) compared to wild-type (WT-NS) by quantitative immunofluorescence (Figure 1a, upper 

panels), confirming previous results (36). Interestingly, chronic DBS in 3xTg-AD mice (Tg-

S) restored levels of synaptophysin back to WT mice (Figure 1a, upper panels: 

quantification in b). In the same brain sections, DBS reduced levels of Tau oligomers, more 

specifically the number of puncta (-18±3%), puncta area (-20±5%) and immunostaining 

intensity (-29±6%) compared to Tg-NS (Figure 1a, middle panels: quantification in c). No 

differences in synaptophysin levels were found between WT-S and WT-NS, in which Tau 

oligomers were not detected (Figure 1a: quantification in b). To confirm our observation that 

synaptic stimulation protects from Tau pathology, we chronically inhibited synaptic activity 

by unilateral deaferentiation in PS19 and wild-type littermate mice (Supplementary Figure 

1a). Reduced cytochrome oxidase (COX) staining confirmed inhibition of neuronal activity 

in deafferented (Tg-deaff) compared to synaptically active control (Tg-CTRL) 

somatosensory cortices (Supplementary Figure 1b). Somatosensory cortices of Tg-deaff 

showed a significant decrease in levels of synaptophysin compared to Tg-CTRL (-11±4%; 

Figure 1d, upper panels: quantification in e); at the same time, reduced activity enhanced the 

accumulation of Tau oligomers, +22±8% and +18±2% in number of puncta and puncta area, 

respectively, in Tg-deaff compared to Tg-CTRL (Figure 1d, middle panels: quantification in 

f). Also in this case, no differences in synaptophysin levels were found between WT-CTRL 

and WT-deaff, and Tau oligomers were not detected.

Next, we explored the effects of synaptic activation or inhibition on pathological Tau 

phosphorylation. We observed that DBS decreased (-12±1%) levels of Tau phosphorylated at 

residue Ser202 (AT8) in Tg-S compared Tg-NS hippocampi (Figure 1g); these data were 

also confirmed by Western blot (-53±12%; Supplementary Figure 1c-d). In contrast, levels 

of AT8 were increased (13±3%) in Tg-deaff compared Tg-CTRL (Figure 1h). No changes 

were found in levels of total Tau by either DBS or deafferentation (Supplementary Figure 

1e-h). AT8 immunostaining in wild-type mouse brains was too weak to be quantified 

(Supplementary Figure 1i-j). Overall, these data show that synaptic stimulation reduces Tau 

phosphorylation and accumulation of Tau oligomers, and protects synapses in in vivo 
models of Tau pathology.

To investigate how the state of synaptic activity affects Tau, we prepared primary neuronal 

cultures from PS19 and wild-type embryos. Since to our knowledge no previous publication 

described the use of primary neurons from the PS19 mouse model, we first explored whether 

PS19 cultured neurons (Tg) show pathological phenotype(s) comparable to PS19 brain 
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neurons. Levels of phospho- and total Tau accumulated with time in Tg cultured neurons: Tg 

neurons differentiated for 21 days in vitro (Tg-21DIV) show increased levels of AT8 and 

total Tau compared to Tg-14DIV neurons (Supplementary Figure 2a: quantification in b-c). 

Tg-14DIV neurons had reduced levels of pre-synaptic protein synaptophysin (-24±7%; 

Supplementary Figure 2d: quantification in e) and post-synaptic protein PSD-95 (-53±1%; 

Supplementary Figure 2d: quantification in f) compared to 14DIV wild-type (WT-14DIV) 

neurons. Progressive accumulation of Tau and reduction of synaptic proteins are alterations 

that have been described to occur in brains of PS19 mice (33). In addition, we found that 

Tg-14DIV, but not WT-14DIV, cultured neurons specifically developed Tau oligomers 

(Supplementary Figure 2g, upper panels). Since Tg-14DIV neurons presented a sufficiently 

clear pathological phenotype, similar to that observed in vivo, we used such neurons for all 

our further experiments.

We then tested whether synaptic activation provides beneficial effects against pathological 

Tau in vitro. To this end, Tg cultured neurons were stimulated using a well-established 

glycine-induced long-term potentiation (gLTP) protocol (37), that we have extensively used 

in the past (24, 26). gLTP-dependent activation of neurons was confirmed by increased 

levels of the phosphorylated Ca2+/calmodulin-dependent protein kinase II (CaMKII) 

compared to CTRL (Figure 2c, lowest panel), as previously shown (24). Stimulation of 

neurons by gLTP decreased levels of Tau oligomers (-34±6%), compared to unstimulated 

neurons (CTRL), as quantified by confocal immunofluorescence (Figure 2a: quantification 

in b). gLTP also reduced levels of AT8 (-25±5%) compared to CTRL, as quantified by 

Western blot (Figure 2c) and confocal immunofluorescence (Supplementary Figure 3a, 

upper panels; quantification in b), while levels of total Tau remained unchanged (Figure 2c; 

Supplementary Figure 3a, lower panels: quantification in c). gLTP stimulation also restored 

both synaptophysin and PSD-95 (Figure 2e) levels back to WT (quantification in Figure 2f 

and 2g, respectively). Higher magnification images show presence of synaptophysin and 

PSD-95 puncta on dendritic branches (MAP2; Figure 2h); a similar trend was observed by 

Western blot (Supplementary Figure 3d- f).

As the in vitro system recapitulates the in vivo observations, we sought to use it to 

mechanistically clarify how the reduction of pathological Tau occurs upon synaptic 

activation. We initially hypothesized that the proteasome might be responsible for Tau 

degradation. Indeed, it was reported that synaptic activity promotes access of the proteasome 

to dendritic spines and synapses and its maintenance (38). To test this hypothesis, Tg 

cultured neurons were treated with epoxomicin to block proteasome activity during gLTP; 

quantitative immunofluorescence demonstrated that epoxomicin treatment failed to prevent 

clearance of Tau oligomers in Tg neurons during gLTP (Supplementary Figure 3g, upper 

panels: quantification in h). In addition, in the presence of epoxomicin, synaptic activity was 

still able to reduce AT8, despite the expected accumulation of ubiquitinated proteins, as 

revealed by Western blot (Supplementary Figure 3i-k; quantification in j). This data indicate 

that proteasomal degradation is not involved in the clearance of Tau induced by synaptic 

activity.

An alternative hypothesis is that clearance of pathological Tau might depend on autophagy 

and the endo-lysosomal system. It was reported that aggregated forms of Tau are transported 
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to the lysosomal system for degradation (39, 40). To assess this, gLTP stimulated Tg neurons 

were treated with chloroquine (CQ), which impairs lysosomal function by neutralizing 

luminal pH. CQ prevented gLTP ability to reduce levels of Tau oligomers, and to augment 

levels of synaptophysin (Figure 3a, d: quantification b-c). Quantitative immunofluorescence 

also revealed that lysosomes, labeled with an antibody against the lysosomal component 

cathepsin D, in the soma of cultured neurons were bigger (+41±4%) in Tg compared to WT 

neurons (Figure 3e upper panels: quantification in f). Significantly, Tau oligomers (Figure 

3e, middle panels) accumulated within lysosomes (Figure 3e, bottom panels). gLTP 

activation restored the size of lysosomes in Tg neurons to WT, while CQ treatment did not 

(Figure 3e upper panels: quantification in f). In addition, Western blot analysis showed that 

synaptic activation reduced of 54±3% levels of immature cathepsin D in Tg neurons (Figure 

3g, upper panel: quantification in h, resulting in an increase of the ratio mature/immature 

cathepsin D (+27±7%) in gLTP stimulated compared to CTRL neurons (Figure 3g: 

quantification in i), consistent with elevated lysosomal degradation. To directly test 

lysosomal activity, we measured processing of the substrate DQ-BSA, which fluoresces 

upon cleavage in lysosomes. gLTP increased levels of DQ-BSA fluorescence compared to 

CTRL (+17±2%; Figure 3j; quantification in k), demonstrating enhanced lysosomal 

degradation.

Immunostaining of Tg mouse brains confirmed the observation in Tg cultured neurons that 

oligomeric Tau is mostly found in lysosomes, and that lysosomal compartment size is 

reduced (-15±3% and -25±5% in puncta area and fluorescence intensity, respectively) upon 

synaptic activation in 3xTg mice (Figure 4a: quantification in b-c). Importantly, DBS 

reduced as well the amount of Tau oligomers in lysosomes, as shown by the 25±3% decrease 

in Tau-cathepsin D colocalization (Figure 4a: quantification in d-e). Western blot analyses 

showed that levels of immature cathepsin D are increased of 83±22% (with a trend for 

mature cathepsin D, which did not reach statistical significance) in Tg-NS compared to WT 

mice, and that DBS in Tg-S mice restored cathepsin D levels back to WT (Figure 4f; 

quantification in g and h). Tau oligomers accumulated also within lysosomes in PS19 mouse 

brains. In this case, chronic inhibition of activity resulted in an increase in lysosomal size 

(+50±14%), and fluorescence intensity (+14±10%) compared to the control side (Figure 4i: 

quantification in j-k). Chronic inhibition of synaptic activity also exacerbated Tau oligomer 

deposition (+77±32%) in swollen lysosomes (Figure 4l). Taken together, these results 

provided evidence for an involvement of the lysosomal system in the reduction of 

pathological Tau during synaptic activation.

How could oligomeric Tau end up in lysosomes? Previous studies demonstrated that 

stimulation of autophagy provides protective effects in mouse models of AD and FTD (41, 

42). Thus, it is possible that oligomeric Tau is an autophagic cargo. If this is the case, Tau 

should be recognized by specific autophagy cargo adapters, such as p62, which has been 

previously associated to proteotoxic stress, and Tau clearance (43–45). In agreement with 

these studies, we found that p62 labels oligomeric Tau in the soma of Tg mouse brains 

(Figure 5a, arrows). Importantly, p62 levels increased (+50±20%) in Tg-deaff compared to 

Tg-CTRL (Figure 5a). In addition, in cultured neurons p62 was markedly increased 

(111±43%) in Tg compared to WT neurons, and gLTP stimulation returned levels of p62 in 

Tg neurons back to WT levels (Figure 5b: quantification in c). Finally, to explore whether 
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Tau oligomers (which we found positive for p62) are enclosed into mature autophagosomes 

that can be degraded in lysosomes during synaptic activity, PS19 brain sections were co-

immunostained to detect the autophagosomal membrane protein Microtubule-associated 

proteins 1A/1B light chain 3 (LC3) and cathepsin D. Most of Tau oligomers were 

colocalizing with both LC3 and cathepsin D (Figure 5d, bottom panels, arrows), revealing 

that they are present in auto-lysosomes, the organelles formed by the fusion of mature 

autophagosomes with lysosomes. Importantly, chronic inhibition of synaptic activity 

increased levels of LC3 (129±24%, Figure 5d). In Figure 5d (right panels, arrow) it is 

possible to appreciate LC3 and Tau oligomers puncta colocalizing in lysosomes (cathepsin 

D). Remarkably, both p62 and LC3 presented accumulation in neurites, which was 

exacerbated in Tg-deaff together with bigger Tau deposits in auto-lysosomes in the soma 

(Figure 5a and d, arrow heads), suggesting that reduced synaptic stimulation might alter Tau, 

as well as general autophagic clearance. In contrast, Western blot analysis showed that DBS 

significantly increased the LC3-II/LC3-I ratio of 48±11% in Tg-S mouse brains (Figure 5e; 

quantification in f), consistent with stimulation of autophagy. To further investigate whether 

autophagosomes are required by Tau oligomers to reach lysosomes for degradation, 

autophagy was inhibited in Tg cultured neurons by incubation with the PI3K inhibitor 3-

methyladenine (3-MA). 3-MA treatment reduced of 39±6% the colcalization of Tau 

oligomers with cathepsin D (Supplementary Figure 4a: quantification in b). Remarkably, 

upon autophagy inhibition levels of oligomers were reduced in the soma (-54±4%) and 

increased of 27±7% in neurites (Supplementary Figure 4a: quantification in c and d). 

Finally, to explore whether lysosomes might be responsible for AT8 reduction during 

synaptic activity, we prepared lysosome-enriched fraction from cultured Tg neurons. The 

cathepsin D-positive fraction contained most of phosphorylated-Tau (AT8), compared to the 

nuclear-enriched fraction, (Supplementary Figure 5a). In addition, despite a different pattern 

of immunostaining, T22 and AT8 showed some colocalization in puncta within somas of 

PS19 mouse brain (Supplementary Figure 5b, lower panels, arrows), supporting that also 

pathologic phosphorylated Tau accumulates in lysosomes. Together, these data indicate that 

synaptic stimulation relies on autophagy for the clearance of pathological Tau and reveal that 

synaptic activity upregulates autolysosomal degradation.

Discussion

Our data demonstrate that synaptic stimulation improves Tau pathology, while its inhibition 

worsens it, with consequent amelioration or deterioration of synapses. Experimental 

procedures, performed on two different transgenic mouse models harboring two different 

familial-FTD Tau mutant genes showed notable complementarity. This is the first time, to 

our knowledge, that a link between synaptic activity and modulation of the autophagic-

lysosomal degradation pathway is revealed, despite it has been known for several years that 

abnormal endosomal-lysosomal function is associated with accumulation of Aβ and Tau 

aggregates (46, 47).

Autophagosomes accumulate in AD (48, 49), enhancing Tau pathology (50). Consistent with 

these observations, we detected the presence of Tau oligomers within autophagosomes, both 

in somas and neurites, of human AD hippocampus (Supplementary Figure 6). In addition, 

our experimental data revealed that inhibition of synaptic activity exacerbates p62 and LC3 
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accumulation, and increases lysosomal size. Levels of Tau oligomers also increased with 

activity inhibition, and their accumulation occurred within swollen lysosomes, where they 

also colocalized with LC3 and p62. On the contrary, synaptic activation reduced 

pathological Tau, p62 and lysosomal size, while increasing autophagy flux (51) and 

lysosomal degradation, ultimately protecting synapses. Tau oligomers are detected at pre-

symptomatic AD stages (52), and might be the most toxic and pathological form of Tau 

aggregates (53, 54). Contrary to physiologic Tau degradation (39, 40), clearance of toxic 

Tau, in particular Tau oligomers, upon stimulation of synaptic activity did not require the 

proteasome. Strikingly, activity-dependent clearance of pathologic Tau required lysosomal 

activity, suggesting that synaptic stimulation might directly act on the autophagic-lysosomal 

degradation pathway. In agreement with our findings, stimulation of autophagy has been 

shown to reduce Tau aggregates and to improve neuronal survival in models of AD and 

Tauopathy (41, 42, 55–57). Our data also indirectly rule out that expression of Tau, under the 

experimental conditions that we used, might induce cell death due to lysosomal damage, as 

suggested for Aβ (58); indeed, we did not observe cell death in overexpressing cells, 

regardless the state of activation of their synapses (data not shown).

How could synaptic activity modulate autophagic clearance? We provided evidence that 

synaptic activity enhances maturation of cathepsin D in neurons and degradation of a 

lysosomal substrate. In line with these observation, it was recently demonstrated that 

synaptic maintenance protects against lysosomal storage diseases (59). While the 

mechanistic details for the control of autophagic clearance by synaptic activity remain to be 

determined, one possibility is that synaptic activity might regulate the function of 

transcription Factor EB (TFEB), a well-known master regulator of autophagy and 

lysosomes. Indeed, activation of TFEB was reported to control autophagic clearance of 

phospho-Tau via modulation of the PTEN/PI3K/mTor pathway (60). Because TFEB activity 

at lysosomes is regulated by Ca2+ signaling (61), an attractive hypothesis is that activation of 

autophagy and lysosomal clearance might be sensitive to the ionic changes associated with 

synaptic transmission. In this scenario, synaptic activity could enhance autophagosome 

formation along nerve terminals to uptake cytoplasmic oligomeric Tau, targeted by p62, 

within autophagosomes. Consistent with this interpretation, pro-aggregating Tau fragments 

have been proposed to be cleared by chaperone-mediated microautophagy (62), which 

appears to be activated at synapsis during activity (63, 64). Mature autophagosomes are 

known to reach the soma by retrograde transport before lysosomal degradation (65), 

accounting for our observation that auto-lysosomes containing oligomeric Tau are mostly in 

the soma. In support of this hypothesis, we showed that autophagy inhibition markedly 

decreased the presence of Tau oligomers in the soma and within lysosomes, and promoted 

their accumulation in neurites. These outcomes seems to indicate that transport of 

oligomeric tau from the cell periphery to lysosomes in the soma depends on autophagy; 

however, since a reduced amount of oligomers could still be observed in somas and 

lysosomes, we cannot exclude the possibility that the endocytic pathway could also play a 

role in targeting oligomeric Tau to lysosomes, perhaps limited to the extracellular pool, as 

shown for Aβ (58). In the light of these considerations and the fact that TFEB is also known 

to control lysosomal exocytosis in mammalian models of lysosomal storage diseases (66), it 

will be interesting in the future to determine how modulation of synaptic activity may 
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contribute to extracellular Tau spreading, which was recently reported to increase upon 

synaptic stimulation (67).

As previously mentioned, alterations of brain activity/metabolism are among the earliest 

markers of AD pathogenesis. The literature contains data showing neuronal hyper or 

hypoactivity in subjects with high risk to develop AD (68). While hypoactivity is typically 

associated with deleterious symptoms, more recent outcomes provided evidence for 

compensatory/protective mechanisms of hyperactivity in pre-symptomatic AD brains (69). 

Therefore, synaptic activation might be protective for the preservation of neurons and 

synapses, and conservancy of cognitive functions with aging (15). In support of this 

hypothesis, epidemiological studies reported that higher educational attainment, or 

involvement in intellectual activities correlates with reduced risk of developing AD (70, 71). 

DBS is a surgical procedure utilized to treat movement disorders, including Parkinson’s 

disease, and dystonia (72). Recent studies demonstrated that DBS is safe and well tolerated 

in AD patients (73), and phase I and II trials are providing promising results of DBS as 

treatment for AD (19, 20, 74, 75). Here we demonstrated that DBS protective mechanism 

include induction of the autophagic-lysosomal degradation of pathological Tau and synapse 

preservation, both of which might explain the better clinical outcomes observed in some AD 

patients (19, 75). Overall, our data provide evidence for positive effects of synaptic 

stimulation against AD and FTD pathologies, and support future therapeutic investigations 

involving the modulation of synaptic activity and of autophagy.
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Figure 1. Synaptic activity stimulation improves, while its inhibition worsens, Tau pathology in 
vivo.
a Chronic deep brain stimulation (DBS) in 3xTg-AD transgenic mice (Tg-S) resulted in 

reduced levels of Tau oligomers (middle panels), and increased levels of synaptophysin 

(upper panels) compared to non-stimulated (Tg-NS) mice, as quantified by confocal 

immunofluorescence in hippocampal CA1 (scale bars: 10μm; the pattern of synaptophysin 

immunostaining in WT-S panel appears altered probably because of a tilted angle of cutting 

and/or perfusion imperfections). b Quantitative analysis showing that levels of 
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synaptophysin are restored to wild-type levels in Tg-S compared to NS-Tg (n=5; one-way 

ANOVA test, p=0.0045; WT-NS vs Tg-NS **p<0.01; WT-NS vs Tg-S p>0.05). c In Tg-S 

CA1, levels of Tau-oligomers presented reduced number of puncta (18±3%), puncta area 

(20±5%) and immunostaining intensity (29±6%) compared to Tg-NS. (two-tailed unpaired t-
test, *p<0.05).

d Chronic synaptic inhibition by unilateral deafferentation (Tg-deaff) increased levels of Tau 

oligomers (middle panels), and reduced levels of synaptophysin (upper panels) compared to 

undeafferented (Tg-CTRL) somatosensory cortex in PS19 transgenic mice (scale bars: 

10μm). e Quantitative analysis showed that levels of synaptophysin are reduced in Tg 

compared to WT brains, and are further reduced (11±4%) in Tg-deaff compared to Tg-

CTRL (n=5; one-way ANOVA test, p<0.0001; WT-CTRL vs Tg-CTRL ****p<0.0001; WT-

deaff vs Tg-deaff ****p<0.0001; Tg-CTRL vs Tg-deaff * p<0.05). f Levels of Tau-

oligomers showed increased number of puncta (22±8%) and puncta area (18±2%) in Tg-

deaff compared to Tg-CTRL (two-tailed paired t-test, *p<0.05, **p<0.01). g DBS decreased 

levels of phospho-Tau (AT8) in Tg-S compared Tg-NS hippocampi (scale bars: 10μm). 

Quantitative analysis showed that levels of AT8 are decreased (12±1%) in Tg-S compared to 

Tg-NS hippocampi of PS19 transgenic mice (n=5; two-tailed unpaired t-test, p=0.028). h 
Chronic synaptic inhibition increased levels of AT8 in Tg-deaff compared Tg-CTRL 

somatosensory cortices (scale bars: 10μm). Quantitative analysis showed that levels of AT8 

are increased (13±3%) in Tg-deaff compared to Tg-CTRL somatosensory cortex of PS19 

transgenic mice (n=5; two-tailed paired t-test, p=0.012). ”n” refers to the number of mice 

analyzed per each condition. 3xTg mice age: 7 months old; PS19 mice age: 10 months old.
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Figure 2. Synaptic activation reduced pathological Tau, and restored synaptophysin and PSD-95 
to wild-type levels in PS19 cultured neurons.
a, b gLTP reduced levels of Tau oligomers (34±6%) compared to control treated (CTRL) Tg 

neurons, as quantified by confocal immunofluorescence (n=5; two-tailed unpaired t-test, 

*p<0.05; scale bar: 7.5μm). c, d Western blot analyses demonstrated a reduction (25±5%) of 

AT8 in gLTP compared to CTRL Tg neurons (n=5; two-tailed unpaired t-test, *p<0.05). e, h 
gLTP restored levels of synaptophysin (green) and PSD-95 (red) back to WT levels 

compared with CTRL Tg neurons, as quantified in f (n=5; one-way ANOVA test, p=0.0018; 
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WT vs Tg ***p<0.001; Tg vs Tg+gLTP **p<0.01) and g (n=5; one-way ANOVA test, 

p=0.0068; WT vs Tg **p<0.01; Tg vs Tg+gLTP **p<0.01), respectively (scale bars: 7.5μm). 

“n” refers to a set of cultured neurons prepared from one mouse embryo. Three preparations 

of neurons were required and experiments were repeated accordingly.
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Figure 3. Tau oligomers accumulate in swollen lysosomes, and lysosomal activity is required for 
their gLTP-dependent clearance.
a-d Chloroquine (CQ) treatment prevented gLTP to reduce levels of Tau oligomers (lower 

panels), and to restore levels of synaptophysin (upper panels; scale bar 10μm) in Tg cultured 

neurons, as quantified by confocal immunofluorescence in c (n=5; one-way ANOVA test, 

p=0.0114; Tg+gLTP vs Tg+gLTP+CQ **p<0.01; Tg vs Tg+gLTP+CQ p>0.05) and b (one-

way ANOVA test, p=0.0019; WT vs Tg+gLTP P>0.05; WT vs Tg+gLTP+CQ **p<0.01), 

respectively. e Zoomed-in of neuronal somas displayed in a: the size of lysosomes (upper 
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panels; scale bar 10μm) is increased (41±4% of puncta area) in Tg compared to WT 

neurons, and Tau oligomers (middle panels) accumulated in enlarged lysosomes (merged 

images, bottom panels). f gLTP restored the size of lysosomes in Tg neurons back to WT; 

however, inhibition of lysosomal activity by CQ treatment prevented it. (n=5; one-way 

ANOVA test, p=0.0001; WT vs Tg ***p<0.001; Tg vs Tg+gLTP *** p<0.001; Tg+gLTP vs 

Tg+gLTP=CQ *** p<0.001). g-i Western blot analyses demonstrated a reduction (56±3%) 

of immature cathepsin D and an increase (58±9%) of the mature/immature cathepsin D ratio 

in gLTP compared to CTRL Tg neurons (n=5; two-tailed unpaired t-test, **p<0.01). j, k 
DQ-BSA assay to measure lysosomal function revealed a 17±2% increase of lysosomal 

activity in gLTP compared to CTRL neurons (n=5; two-tailed unpaired t-test, *p<0.05). “n” 

refers to a set of cultured neurons prepared from one mouse embryo. Two preparations of 

neurons were required and experiments were repeated accordingly.
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Figure 4. Synaptic activation reduced the size of lysosomes, and their load of Tau oligomers.
a Synaptic activation in Tg-S mice reduced the size of lysosomes (cathepsin D, left panels) 

and of Tau oligomers (middle panels), and localization of Tau oligomers with lysosomes 

(merged, right panels; scale bar 10μm). b, c quantification showing decreased cathepsin D 

puncta area (15±3%) and fluorescence intensity (25±5%) respectively, in Tg-S compared to 

Tg-NS CA1 (n=5; two-tailed unpaired t-test, *p<0.05). d Area of colocalization between 

Tau oligomers and lysosomes is reduced (25±3%) in Tg-S compared to Tg-NS CA1; e the 

number of colocalizing puncta between Tau oligomers and lysosomes is also reduced 
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(42±14%) in Tg-S compared to Tg-NS CA1 (n=5; two-tailed unpaired t-test, *p<0.05). f-h 
Western blot analyses demonstrated an increase of 83±22% of immature cathepsin D in Tg-

NS mouse brains (n=5; one-way ANOVA test, p=0.0242; Tg-NS vs WT *p<0.05; Tg-NS vs 

Tg-S *p<0.05); mature cathepsin D also showed a trend for an increase in Tg-NS compared 

to WT, which did not reach statistical significance (n=5; one-way ANOVA test, p=0.0757). i 
Tau oligomers (middle panels) accumulated within lysosomes (left panels) in PS19 barrel 

cortices. Chronic inhibition of synaptic activity by whisker deafferentation exacerbated Tau 

oligomer deposition in enlarged lysosomes, as assessed by confocal microscopy (right 

panels, merged; scale bar 10μm). j, k Quantification of immunofluorescence showed an 

increase (50±14%) of cathepsin D puncta area, and fluorescence intensity (14±10%), 

respectively, in Tg-deaff compared to Tg-CTRL somatosensory cortex (n=5; two-tailed 

paired t-test, *p<0.05). l Quantification of cathepsin D and Tau oligomers colocalization 

revealed a 77±32% increase in size of colocalizing puncta areas in Tg-deaff compared to Tg-

CTRL (n=5; two-tailed paired t-test, *p<0.05). ”n” refers to the number of mice analyzed 

per each condition. 3xTg mice age: 7 months old; PS19 mice age: 10 months old.
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Figure 5. Synaptic activity induces degradation of Tau oligomers via the autophagic-lysosomal 
system.
a p62 (left panels) colocalized with Tau oligomers (middle panels) in both Tg-deaff and Tg-

CTRL (right panels, arrows, scale bar 10μm). Chronic inhibition of activity increased p62 

levels of 50±20% in Tg-deaff compared to Tg-CTRL; p62 accumulation was evident in 

somas, but also in neurites (arrow heads; n=5; two-tailed paired t-test, p=0.041). b, c p62 

levels were increased (111±43%) in Tg compared to WT cultured neurons. gLTP reduced 

levels of p62 in Tg neurons (Tg+gLTP) back to WT levels, as quantified by Western blot 
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(n=5; one-way ANOVA test, p=0.0485; WT vs Tg *p<0.05; Tg vs Tg+gLTP *p<0.05). d 
Chronic synaptic inhibition induced an accumulation of the autophagosomal marker LC3 in 

Tg-deaff compared to Tg-CTRL somatosensory cortices. LC3 (green) showed colocalization 

with Tau oligomers (red) and lysosomes (blue) in both Tg-deaff and Tg-CTRL (arrows, 

bottom panels and zoomed in images; scale bar 10μm). LC3 accumulation was also present 

in neurites, especially in Tg-deaff (arrow heads). Quantification of confocal images revealed 

a 129±24% increase of LC3 fluorescence intensity in Tg-deaff compared to Tg-CTRL (n=5; 

two-tailed paired t-test, p=0.006). e, f Western blot analyses demonstrated a 54±9% increase 

of LC3-II/LC3-I ratio in Tg-S compared to Tg-NS mouse brain (n=5; one-way ANOVA test, 

p=0.0173, Tg-S vs Tg-NS *p<0.05). For experiments on mouse brains (immunofluorescence 

and Western blot),”n” refers to the number of mice analyzed per each condition. For Western 

blot experiments on cultured neurons, “n” refers to a set of cultured neurons prepared from 

one mouse embryo. Three preparations of neurons were required and experiments were 

repeated accordingly. 3xTg mice age: 7 months old; PS19 mice age: 10 months old.
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