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Abstract

Aggregation of tau into filamentous inclusions underlies Alzheimer’s disease (AD) and numerous 

other neurodegenerative tauopathies. The pathogenesis of tauopathies remains unclear, which 

impedes the development of disease-modifying treatments. Here, by systematically analyzing 

human tripartite motif (TRIM) proteins, we identified a few TRIMs that could potently inhibit 

tau aggregation. Among them, TRIM11 was markedly down-regulated in AD brains. TRIM11 

promoted the proteasomal degradation of mutant tau as well as superfluous normal tau. It also 

enhanced tau solubility by acting as both a molecular chaperone to prevent tau misfolding 

and a disaggregase to dissolve preformed tau fibrils. TRIM11 maintained the connectivity 

and viability of neurons. Intracranial delivery of TRIM11 through adeno-associated viruses 

ameliorated pathology, neuroinflammation, and cognitive impairments in multiple animal models 

of tauopathies. These results suggest that TRIM11 down-regulation contributes to the pathogenesis 
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of tauopathies and that restoring TRIM11 expression may represent an effective therapeutic 

strategy.

One Sentence Summary

TRIM11 is downregulated in Alzheimer’s disease, and restoring its expression may lead to 

effective therapies.

Intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated forms of the 

microtubule-associated protein tau is the pathological hallmark shared by more than twenty 

heterogeneous dementias and movement disorders, collectively referred to as tauopathies 

(1–3). Among them, progressive supranuclear palsy (PSP), corticobasal degeneration, 

Pick’s disease (PiD), and many others are primary tauopathies that display no other 

major pathological abnormalities, whereas Alzheimer’s disease (AD), the most common 

cause of dementia, is a secondary tauopathy additionally characterized by the presence of 

extracellular amyloid β (Aβ) plaques (4, 5). In a familial subset of primary tauopathies, 

the tau-encoding gene MAPT is mutated (6–8). In both primary tauopathies and AD, NFT 

burden correlates with cognitive decline and neurodegeneration (9–11). Moreover, tau is 

required for Aβ-induced neurotoxicity (12). Therefore, tau misfolding and aggregation likely 

represent the main disease-causing event for AD and the other tauopathies.

To maintain proteins in their functional soluble form, organisms in all kingdoms of 

life have evolved protein quality control (PQC) systems (13–15). These systems include 

degradative pathways that recycle defective proteins and superfluous normal proteins, 

molecular chaperones that prevent protein misfolding and aggregation, and disaggregases 

that dissolve pre-existing protein deposits. The conversion of tau from soluble monomers 

to fibrillar aggregates in tauopathies in an age-dependent manner suggests a diminishing 

capacity of a PQC system that can normally protect against tau aggregation. Nevertheless, 

the identity and nature of such a PQC system remain undefined.

Tripartite motif (TRIM) proteins are defined by a TRIM/RBCC region consisting of a RING 

domain, one or two B-box motifs, and a coiled-coil region (fig. S1) (16, 17). These proteins 

are present only in metazoans and their number has expanded substantially during evolution, 

including over 70 in humans. Recent studies suggest that some TRIM proteins may 

participate in PQC (18–21), although other TRIMs can aggravate protein aggregation (22). 

Moreover, TRIM21, a cytoplasmic antibody receptor, mediates degradation of antibody-

coated viruses or extracellular proteins that happen to enter the cytoplasm or intracellular 

proteins for which specific antibodies can be delivered (23–27). Here, we examine the role 

of the TRIM system in the pathogenesis of tauopathy, investigate its mechanism of action, 

and explore its utility for disease treatment.

Systematic analysis of TRIM proteins

To determine the effect of TRIM proteins on tau aggregation, we combined two approaches: 

(1) systematically analyzing virtually all known human TRIMs for their capability to 

remove tau aggregates in cultured cells, and (2) for TRIMs that exhibit a potent effect, 
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comparing their expression in postmortem brain tissues from AD and control individuals. 

For the systematic analysis, we cloned seventy-five TRIMs individually into a mammalian 

expression vector (Table S1). Each TRIM was introduced in HEK293T cells together with 

GFP-tau P301L, an enhanced green fluorescence protein (GFP) fusion of the longest isoform 

of human tau (441 residues with 2 N-terminal inserts and 4 microtubule binding repeats, 

2N4R) carrying P301L, a mutation associated with familial tauopathies (6, 8). GFP-tau 

P301L alone generated aggregated species that were insoluble in non-ionic detergent (Fig. 

1, A to C). When co-expressed with GFP-tau P301L, the majority of TRIMs were unable to 

clear GFP-tau P301L aggregates. However, three TRIMs (TRIM10, −11, and −55) displayed 

a robust effect, reducing GFP-tau P301L aggregates nearly completely, while two TRIMs 

(TRIM26 and −36) displayed a relatively moderate effect (Fig. 1, A to C).

To further examine the effect of these five TRIMs on tau, we used two neural cell lines, 

SH-SY5Y and Neuro-2a (N2a). TRIM10, −11, −36, and −55 strongly reduced GFP-tau 

P301L aggregates in both SH-SY5Y (Fig. 1, D and E, and fig. S2A) and N2a (fig. S2, 

B and C) cells. They also reduced GFP-tau P301L aggregates in N2a cells insoluble in 

the zwitterionic detergent sarkosyl (fig. S2, D and E), which likely contained filamentous 

tau (28). In contrast, TRIM26 showed minimal or moderate activity (Fig. 1, D and E, and 

fig. S2, A to E). With the exception of TRIM36 in HEK293T cells, none of these TRIMs 

reduced levels of GFP-tau P301L transcript in HEK293T, SH-SY5Y, or N2a cells (fig. S2, F 

to H).

Conversely, we knocked out each of these five TRIMs in HEK293T cells by means of 

CRISPR-mediated gene editing. Knockout of TRIM10, −11, or −55 increased GFP-tau 

P301L aggregates by ~80–130% without altering GFP-tau P301L mRNA levels, whereas 

knockout of TRIM36, as well as TRIM26, had no effect on GFP-tau P301L aggregates (Fig. 

1, F and G, and fig. S3, A and B). We also knocked down these TRIMs in N2a cells by small 

interfering RNA (siRNA). Knockdown of TRIM10, −11, or −55 increased GFP-tau P301L 

aggregates by ~50–180% without affecting GFP-tau P301L mRNA, whereas knockdown 

of TRIM36 had no effect (Fig. 1, H and I, and fig. S3, C to H). For overexpression 

and knockout/knockdown, TRIM11 consistently displayed the strongest effect. Collectively, 

these results indicate that TRIM10, TRIM55, and especially TRIM11 possess potent activity 

to clear mutant tau.

Downregulation of TRIM11 in AD brains

To evaluate whether TRIM10, −11, or −55 might be downregulated in AD brains, we 

compared their RNA and protein levels in postmortem brain tissues from twenty-three 

sporadic AD individuals and fourteen age- and sex-matched control individuals with no 

known neurodegenerative diseases (Fig. 2A and Table S2). Tau pathology in the AD samples 

was verified by the reactivity to four antibodies that recognize abnormally phosphorylated 

tau (p-tau) species (Fig. 2B and fig. S4A), as well as the formation of high molecular weight 

tau species that were resistant to anionic detergent sodium dodecyl sulfate (SDS) (fig. S4B). 

Each of the TRIM10, TRIM11, and TRIM55 transcripts was present at similar levels in AD 

and control tissues (fig. S4C). Levels of TRIM10 or TRIM55 protein were also comparable 

in these tissues (Fig. 2, B and C).
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Interestingly, however, TRIM11 protein was present at a substantially lower level in AD 

compared to control tissues, with a ~55% reduction on average (Fig. 2, B and D, and fig. 

S4, D and E). This reduction was corroborated by immunohistochemistry (IHC) (Fig. 2, E 

and F), as well as by immunofluorescence (IF) controlled for the number of neurons (Fig. 

2, G and H) or total neural cells (fig. S4, F and G). These observations, along with the 

comparable abundance of the TRIM11 transcript in AD and control brains (fig. S4C) and 

the unmatched TRIM11 mRNA and protein levels in individual AD samples (fig. S4H), 

suggested that TRIM11 reduction in AD brains preceded neuronal loss.

Across control and AD brain tissues, there was a strong inverse correlation between 

TRIM11 expression and levels of each of the four p-tau species (Fig. 2I). Among the 

AD tissues, there was also an inverse correlation between TRIM11 expression and levels 

of two p-tau species (Fig. 2J), albeit not the others (fig. S4I). Together, these results 

indicate that TRIM11 is downregulated during sporadic AD pathogenesis with a strong 

association to tau pathology, and that the change in TRIM11 expression is probably due to 

a post-transcriptional mechanism. Of note, single nucleotide polymorphisms (SNPs) in the 

TRIM11 gene are linked to rare cases of PSP, a prevalent form of sporadic tauopathy (29). 

Therefore, we focus on TRIM11 in the studies described below.

TRIM11 promotes tau degradation

The strong ability of TRIM11 to clear tau aggregates, as well as its downregulation in 

AD brains, prompted us to investigate its mechanism of action. We first evaluated whether 

TRIM11 targets tau for degradation, a possibility suggested by the screening of TRIMs 

(Fig. 1, and figs S2 and S3). Tau is a substrate of the ubiquitin-proteasome system (30, 31), 

while accumulation of insoluble tau impairs proteasome activity, further exacerbating tau 

pathology (32). The commitment to proteasomal degradation occurs at the level of substrate 

recognition; yet, how tau is specifically recognized for proteasomal degradation remains 

unclear.

Upon co-expression in HEK293T cells, TRIM11 reduced levels of GFP-tau P301L in 

a dose-dependent manner (Fig. 3A). A cycloheximide (CHX) chase assay showed that 

TRIM11 accelerated the turnover of aggregated GFP-tau P301L and prolonged its half-life 

(Fig. 3B and fig. S5A). To corroborate this observation, we introduced mCherry or mCherry 

plus TRIM11 in QBI293 cells that express tau P301L-GFP in a doxycycline (Dox)-inducible 

manner (QBI293/tau P301L-GFP cells) (33). Upon induction and then termination of tau 

P301L-GFP synthesis, the turnover of preexisting tau P301L-GFP and p-tau P301L-GFP 

was accelerated in TRIM11/mCherry-expressing cells compared to mCherry-expressing 

cells (Fig. 3C, and fig. S5B). Conversely, we knocked out endogenous TRIM11 and 

observed a slowdown in GFP-tau P301L degradation (fig. S5, C and D).

Treatment with the protein phosphatase inhibitor okadaic acid (OA) increased levels of 

p-tau species (34) (Fig. 3D and fig. S5E). TRIM11 reduced levels of OA-induced p-tau 

species and nearly completely cleared them in the insoluble fraction (Fig. 3D and fig. 

S5, F to I). TRIM11 also decreased levels of overexpressed wild-type tau (Fig. 3A) and 

accelerated its turnover (fig. S5, J and K), whereas knocking out TRIM11 by CRISPR-
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mediated gene editing slowed turnover of overexpressed wild-type tau (fig. S5, L and 

M). TRIM11-mediated degradation of mutant and wild-type tau was prevented by the 

proteasome inhibitor MG132, but not the lysosome inhibitors leupeptin and ammonium 

chloride (NH4Cl) in combination (LN) (fig. S6, A and B). Together, these results indicate 

that TRIM11 targets mutant and hyperphosphorylated tau, as well as superfluous normal tau, 

for proteasomal degradation.

TRIM11 binds to and SUMOylates tau

To evaluate whether TRIM11 interacts with tau, we performed a bimolecular fluorescence 

complementation (BiFC) assay based on the fluorescent protein Venus (35). We fused 

TRIM11 and tau to the N- and C-terminal fragments of Venus, respectively, generating 

TRIM11-VN and tau-VC (fig. S6C, left panel). When TRIM11-VN and tau-VC were 

expressed together, but not individually, fluorescence was detected (Fig. 3E and fig. S6D). 

We also generated TRIM11-VC and tau-VN (fig. S6C, middle panel) and again observed 

fluorescence only when these fusions were expressed together (fig. S6, E and F). Thus, 

TRIM11 and tau interacted in cells, bringing the VN and VC moieties into close proximity 

to reconstitute Venus.

The interaction between exogenous TRIM11 and tau in cells was also detected by a co-

immunoprecipitation assay (Co-IP) (Fig. 3F and fig. S6G). This interaction was stronger 

upon treatment with OA (Fig. 3F), or when wild-type tau was replaced with tau P301L 

(fig. S6G) or tau AT8, a tau mutant (S199E/S202E/T205E) that mimics the AT8-reactive 

p-tau (fig. S6H). In a cell-free assay with purified recombinant proteins (fig. S6I), tau and 

especially tau P301L was pulled down by GST-TRIM11, but not GST (Fig. 3G), indicating 

that TRIM11 can directly bind to tau.

Endogenous TRIM11 and tau co-localized with each other in SH-SY5Y and N2a cells as 

shown by IF, and this co-localization was increased following OA treatment (Fig. 3, H 

and I, and fig. S7, A to C). They also interacted with each other in SH-SY5Y and N2a 

cells as shown by a proximity ligation assay (PLA); this interaction was again increased in 

OA-treated cells (Fig. 3, J and K, and fig. S7, D to F). While increasing tau phosphorylation, 

OA treatment also noticeably elevated TRIM11 protein and mRNA levels (fig. S7, G to J). 

Collectively, these results indicate that TRIM11 interacts with tau, preferentially mutant or 

hyper-phosphorylated species.

TRIM proteins possess SUMO E3 ligase activity (18, 21, 36). For the nucleus-localized 

TRIM19 (a.k.a. PML), this activity promotes conjugation of nuclear misfolded proteins 

to poly-SUMO2/3 chains, permitting ubiquitination of these misfolded proteins by SUMO-

targeted ubiquitin ligases (STUbLs) and their subsequent degradation in the proteasome 

(18). TRIM11, like tau, is primarily a cytoplasmic protein (20, 21). TRIM11 increased 

SUMOylation of tau in cells, and this activity was more pronounced for tau P301L than for 

tau (fig. S8A). In a cell-free assay with purified recombinant proteins (fig. S6I), TRIM11 

directly SUMOylated tau and especially the mutant form (Fig. 3L and fig. S8B). By contrast, 

TRIM112EA, in which the two conserved Glu residues proximal to the RING domain 

were replaced with Ala (21), exhibited no such activity (Fig. 3L). TRIM112EA also failed 
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to promote tau degradation (Fig. 3M). Collectively, these results indicate that TRIM11 

SUMOylates tau, promoting its degradation in the proteasome.

TRIM11 enhances tau solubility

While defective proteins and superfluous normal proteins are removed by degradative 

pathways, the vast majority of tauopathy cases are sporadic in which normal tau protein 

expressed at physiological levels forms fibrillar aggregates (4). To maintain protein 

solubility, cells employ molecular chaperones and disaggregases, which prevent and reverse 

protein aggregation, respectively (37–39). TRIM11 preferentially removed insoluble tau, 

hence increasing the fraction of tau molecules that was soluble (e.g., see fig. S9, A and 

B). This was the case even under conditions when the total amounts of tau protein were 

comparable in the presence or absence of TRIM11 (Figs 3D and 4A, and fig. S9C). 

TRIM11-mediated tau solubilization was evident when cells were treated with MG132 

or NH4Cl (Fig. 4A), indicating its independence of tau degradation. Moreover, under 

conditions where total GFP-tau P301L levels remained comparable, TRIM11 dramatically 

reduced the amount of abnormally phosphorylated GFP-tau P301L species in both soluble 

and insoluble fractions (fig. S9D).

Aggregation of tau occurs through a rate-limiting nucleation step that involves its self-

association (40). To assess the effect of TRIM11 on tau self-association in cells, we 

performed a BiFC assay in which tau was fused to VN or VC (41) (fig. S6C, right panel). 

When tau-VN and tau-VC were expressed together, but not individually, fluorescence signal 

was produced, indicating tau self-association (Fig. 4, B and C). When present at low levels 

that did not alter tau abundance, TRIM11 noticeably reduced the fluorescence signal (Fig. 

4, B and C). Conversely, knockdown of TRIM11 increased the fluorescence signal in cells 

expressing tau-VN and tau-VC (fig. S9, E and F). Knockout of TRIM11 had a similar effect 

(fig. S9, G and H). These results indicate that TRIM11 enhances tau solubility and prevents 

its self-association.

TRIM11 inhibits the seeding of tau aggregates

Tauopathies are characterized by focal formation of tau aggregates and their spread 

along interconnected neuronal regions (42–44). Reflecting this prion-like, self-templating 

propagation, preformed fibrils (PFFs) of tau can seed aggregation of intracellular soluble 

tau (45–48). To examine whether TRIM11 protects against PFFs-seeded tau fibrillization, 

we used HEK293 that stably express RD(LM)-YFP, in which the tau repeat domain (RD) 

harboring the pro-aggregation mutations P301L and V337M is fused to yellow fluorescence 

protein (YFP) (48). Treatment of the HEK293/RD(LM)-YFP cells with PFFs generated 

from recombinant tau protein induced aggregation of intracellular RD(LM)-YFP, as shown 

by the appearance of inclusions in cells (Fig. 4, D and E) and an increase in insoluble 

species in cell lysates (fig. S9, I and J). Forced expression of TRIM11 reduced PFFs-induced 

RD(LM)-YFP inclusions and aggregates, while having a minimal effect on levels of soluble 

RD(LM)-YFP (Fig. 4, E and F, and fig. S9, I and J).
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In an alternative approach, we treated QBI293/tau P301L-GFP cells with PFFs to seed 

aggregation of intracellular tau P301L-GFP (Fig. 4, F to H). When introduced into these 

cells, TRIM11 strongly decreased both tau inclusions in cells (Fig. 4, F and G) and tau 

aggregates in cell lysates (Fig. 4H). Preceding the formation of fibrillar aggregates, tau, 

similar to other misfolding-prone proteins linked to neurodegeneration (49), assembles 

into soluble oligomeric species, which could be neurotoxic (50). Forced expression of 

TRIM11 also reduced formation of tau oligomers, as assayed with the tau oligomer-specific 

antibody T22 (51) (Fig. 4H). Therefore, TRIM11 protects against PFFs-seeded aggregation 

of intracellular tau into soluble oligomers and insoluble fibrils.

TRIM11 is a molecular chaperone for tau

The ability of TRIM11 to maintain tau solubility even in the face of PFFs prompted us to 

investigate whether TRIM11 can function as a molecular chaperone, a disaggregase, or both 

for tau. In the presence of heparin, recombinant tau protein spontaneously produced amyloid 

fibrils (52). This was indicated by a thioflavin T (ThT)-binding assay (Fig. 4I); western 

and dot blots that detected pelletable SDS-soluble (PE) and SDS-resistant (SR) aggregates, 

respectively (Fig. 4J); and electron microscopy (EM) that directly visualized mature tau 

fibrils (Fig. 4K). GST-TRIM11, but not GST, purified from bacterium (fig. S6I) effectively 

prevented tau fibrillization, reducing it by ~30% at a 1:80 molar ratio to tau and by ~60% 

at a 1:20 molar ratio (Fig. 4, I and J). EM analysis confirmed that TRIM11 blocked the 

formation of mature tau fibrils (Fig. 4K). Moreover, TRIM11 prevented aggregation of tau 

P301L into amyloid fibrils and other high molecular weight species (Fig. 4, L and M). 

TRIM11 also effectively blocked fibrillization GST-tau (fig. S10, A to C). At a molar ratio 

of 1:20, TRIM11 almost completely blocked the formation of GST-tau fibrils (fig. S10A). 

These observations indicate that TRIM11 is a potent molecular chaperone for tau, preventing 

its misfolding and aggregation. Distinctive from canonical chaperones such as the HSP70 

and HSP90 systems, which are multicomponent machineries driven by energy derived from 

ATP hydrolysis (15), TRIM11 obviates tau aggregation on its own, in the absence of any 

other protein components or ATP (Fig. 4, I to M, and fig. S10, A to C).

TRIM11 is a disaggregase for tau

Amyloid fibrils, which comprise of β strands that stack perpendicularly to the fibril axis 

(cross-β structure), are highly organized, energetically stable structures (53, 54). Their 

dissolution usually requires coordinated action of multiple factors in an ATP-dependent 

manner (39, 55). Bacterial, fungal, and plant cells contain a disaggregation system 

comprised of HSP70, its co-chaperone HSP40, and the AAA+-ATPase HSP104 (56), but 

this system is absent in metazoans. Recent studies showed that mammalian HSP70/HSP40 

and HSP110 (an atypical HSP70 family) can work together as a disaggregase (57–59). Yet, 

this disaggregation system fragments amyloid fibrils, generating small seeds that promote, 

rather than suppressing, aggregation of tau and other misfolding-prone proteins and hence 

exacerbating their neurotoxicity (60, 61).

When incubated with tau fibrils, TRIM11 was capable of dissolving these aggregates, 

reducing their bindings to ThT (Fig. 4N) and converting the majority of them to a soluble 
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state (Fig. 4O). This activity was verified by EM analysis (Fig. 4P). Similarly, TRIM11 

could dissolve GST-tau fibrils (fig. S10, D and E). Thus, TRIM11 is also a disaggregase 

for tau. As for its molecular chaperone activity, TRIM11 dissolved pre-existing tau fibrils 

on its own. Importantly, unlike the mammalian HSP70/HSP40-HSP110 system, TRIM11 

effectively abrogates the formation and seeding of tau aggregates in cells (Fig. 4, A to H, 

and fig. S9).

TRIM11 protects primary neurons against tau aggregation

In primary neurons derived from wild-type mice, as in neural cell lines, endogenous 

TRIM11 and tau co-localized with each other (Fig. 5A and fig. S11, A and B). They 

also interacted with each other in primary neurons, as shown by a PLA assay (fig. 

S11, C and D). Treatment with OA, which elevated TRIM11 levels (fig. S11, E and F), 

augmented the TRIM11-tau interaction (fig. S11, C and D). Moreover, TRIM11 interacted 

with AT8-reactive p-tau in human brain tissues, and this interaction was much stronger in 

AD compared to control tissues (fig. S11, G and H).

To assess the effect of TRIM11 downregulation on tau aggregation, we generated several 

antisense oligonucleotides (ASOs) comprised of 2′-deoxy-2′fluoro-D-arabinonucleic acid 

(FANA) (62) against Trim11. These FANA-ASOs effectively entered cultured neurons and 

silenced TRIM11 expression to different extents (fig. S12, A and B). We treated cortical 

neurons derived from PS19 transgenic mice that express human tau P301S (63), with PFFs 

formed by myc-K18/P301L, a truncated tau protein consisting of the microtubule-binding 

domain with the P301L mutation (47). This led to the formation of neuritic thread-like 

inclusions reactive to AT8 and MC1 (Fig. 5, B and C, and fig. S12, C and D), the 

latter recognizing a disease-specific conformation of tau. Silencing Trim11 by FANA-ASO 

exacerbated tau aggregation, increasing AT8- and MC1-reactive tau by ~50–90% (Fig. 5, B 

and C, and fig. S12, C and D).

To evaluate the effect of TRIM11 upregulation, we cloned TRIM11 and, as a control, 

GFP into the adeno-associated virus AAV9 vector, a serotype that effectively targets cells 

in the central nervous system (64) (fig. S12E). When treated with myc-K18/P301L PFFs, 

AAV9-TRIM11-transduced PS19 cortical neurons exhibited a ~60% reduction in AT8- and 

MC1-reactive tau compared to AAV9-GFP-transduced neurons (Fig. 5, D and E, and fig. 

11, F and G). Likewise, when hippocampal neurons derived from PS19 mice were treated 

with myc-K18/P301L PFFs, substantially less AT8- and MC1-reactive tau appeared in 

AAV9-TRIM11-tranduced neurons than in AAV9-GFP-transduced neurons (fig. S12, H and 

I). These results indicate that TRIM11 affords neurons protection against tau aggregation.

TRIM11 maintains neuronal viability and connectivity

Synaptic degeneration is a prominent feature of AD patients and mouse models, proceeding 

neuronal loss and correlating strongly with cognitive decline (65). To evaluate the role of 

TRIM11 in synapse formation, we probed neurons with antibodies to the presynaptic marker 

synaptophysin (SYP) and postsynaptic density protein 95 (PSD95). Silencing TRIM11 in 

wild-type cortical neurons by ASOs led to a reduction in SYP-positive puncta (by ~40%; 
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Fig. 5, F and G) and PSD95-positve puncta (by ~30%; Fig. 5, H and I), as well as their 

juxtaposition (Fig. S12, J and K). TRIM11-depleted neurons also contained lower levels of 

neurofilament light chain (NFL) (~40% reduction), a component of the axonal scaffold, but 

not microtubule-associated protein 2 (MAP2), which stabilizes microtubules in the dendrites 

(Fig. 5, J to L, and Fig. S12L). Moreover, silencing TRIM11 with various ASOs reduced the 

viability of cortical neurons in a manner that was correlated with the effect of these ASOs 

on TRIM11 expression (Fig. 5M and fig. S12B). These results suggest that endogenous 

TRIM11 is a neuroprotective factor, and its downregulation impairs neuronal viability and 

connectivity.

Conversely, forced TRIM11 expression via AAV9-mediated transduction increased SYP- 

and PSD95-positive puncta by ~70% and ~50%, respectively (Fig. 5, N to Q). TRIM11 also 

elevated expression of NFL (by ~50%), but not MAP2 (Fig. 5, R to T). Moreover, TRIM11 

conferred neurons resistance to tau PFF-induced cytotoxicity (Fig. 5U). Therefore, TRIM11 

upregulation enhances neuronal integrity and synaptic formation.

TRIM11 ameliorates tau pathology, neuroinflammation, and cognitive 

impairments in PS19 mice

Next, we evaluated the protective effect of TRIM11 in mouse models of tauopathy. We 

first used PS19 transgenic mice, a widely-utilized tauopathy model that progressively 

accumulates tau inclusions, resembling human AD and other tauopathy patients (63). AAV9-

TRIM11 or AAV9-GFP vector was delivered to the hippocampus of these mice via bilateral 

stereotaxic injection at 2.5 months of age, and brain pathology and animal behaviors were 

analyzed at ~10 months of age (Fig. 6A). As expected, hippocampi of AAV9-GFP-injected 

mice displayed strong NFT-like tau inclusions in various regions (Fig. 6B and Fig. S13A). 

In comparison, hippocampi of AAV9-TRIM11-injected mice contained substantially less tau 

pathology (~55% reduction) (Fig. 6B and Fig. S13A). This reduction was corroborated by 

immunoblot analysis, which showed that TRIM11 strongly reduced insoluble and soluble 

p-tau species (Fig. 6C, and Fig. S13, B to D). The inhibitory effect of TRIM11 was 

dose-dependent, as hippocampi with higher TRIM11 expression contained less p-tau species 

(Fig. 6C).

Astrogliosis parallels the distribution and density of NFTs in tauopathies (66, 67), and is an 

early pathological manifestation of PS19 mice (63). AAV9-GFP-injected brains displayed 

strong staining of glial fibrillary acidic protein (GFAP) (Fig. 6, D and E, and Fig. S13E), 

indicative of astrocyte activation. In comparison, AAV9-TRIM11-injected brains exhibited 

a ~50% reduction in GFAP immunoreactivity, to a level that was observed in un-injected 

brains of age-matched wild-type littermates (Fig. 6, D and E, and Fig. S13E). Activation 

of microglia was also detected in AAV9-GFP-injected brains, as shown by increased 

immunoreactivity to ionized calcium-binding adaptor molecule 1 (Iba1) (Fig. 6, F and G, 

and Fig. S13F). By contrast, AAV9-TRIM11-injected brains showed a ~40% reduction of 

microgliosis, again to a level seen in wild-type brains (Fig. 6, F and G, and Fig. S13F).

Similar to human tauopathies, tau dysfunction in PS19 mice is associated with neuronal 

loss, especially in hippocampi (63). Compared to hippocampi of the GFP group of 
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animals, hippocampi of the TRIM11 group of animals exhibited a ~50% increase in 

immunoreactivity for MAP2 (Fig. 6, H and I, and Fig. S13G). They also showed a ~70% 

increase in immunoreactivity for NFL, to a level comparable to that in hippocampi of the 

wild-type group of animals (Fig. 6, J and K, and Fig. S13H). Moreover, hippocampi of 

AAV9-TRIM11-treated animals displayed an ~40% increase in the expression of NeuN (Fig. 

6, L and M, and Fig. S13I). These results indicate that TRIM11 rescues axonal and dendritic 

degeneration and neuronal loss in PS19 mice.

AD and many other tauopathies are characterized by a progressive decline in cognitive 

function (4, 5). To evaluate learning and memory ability, we performed an object recognition 

test (ORT) in which the propensity of mice to examine a novel object was observed (68). 

The GFP group of mice showed no difference in the times interacting with familiar and 

novel objects (i.e., ~50% preference to each). In contrast, the TRIM11 group of mice 

exhibited a ~77% preference to the novel subject, similar to that of wild-type mice (Fig. 

6N), suggesting that TRIM11 rescues the deterioration of the long-term memory. Decline in 

motor strength is another tau-dependent defect in PS19 mice (69). In a wire hang test, the 

TRIM11 group of mice exhibited a substantially longer latency to fall (~75 sec) compared 

to the GFP group of mice (~50 sec), albeit they were still weaker than wild-type mice 

(Fig. 6O). Collectively, these results indicate that intracranial delivery of AAV9-TRIM11 in 

PS19 mice prevents tau pathology, neurodegeneration, and gliosis, and that it also improves 

cognitive and motor functions.

TRIM11 prevents PFFs-accelerated disease phenotypes in PS19 mice

Inoculation of tau PFFs into brains of PS19 mice before the onset of tauopathy induces focal 

formation and widespread transmission of tau aggregates, accelerating neuroinflammation 

and cognitive and motor deterioration (47). To evaluate whether TRIM11 protects against 

PFFs-accelerated disease phenotypes, we inoculated PFFs generated from recombinant myc-

K18/P301L (47), together with either AAV9-TRIM11 or AAV9-GFP, unilaterally into the 

hippocampus of PS19 mice at 8 weeks of age and analyzed disease phenotypes at 12 weeks 

of age (Fig. 7A). When co-inoculated with AAV9-GFP, myc-K18/P301L PFFs induced a 

substantially amount of tau aggregates in the ipsilateral hippocampus (Fig. 7B and Fig. 

S14A). In comparison, when co-inoculated with AAV9-TRIM11, myc-K18/P301L induced 

~45% less tau aggregates (Fig. 7B and Fig. S14A). Levels of abnormally phosphorylated 

tau were also noticeably declined in both soluble and insoluble fractions in AAV9-TRIM11-

coinjected brains (Fig. 7C and Fig. S14, B to D). In the presence of AAV9-GFP, myc-K18/

P301L PFFs elicited astrogliosis and microgliosis. In contrast, however, in the presence of 

AAV9-TRIM11, numbers of reactive astrocytes and microglia did not increase above those 

seen in wild-type mouse brains (Fig. 7, D and E, and Fig. S14, E and F).

In an ORT, the TRIM11 group of animals showed a preference to the novel subject that 

was comparable to that of wild-type animals, whereas the GFP group of animals showed no 

such preference (Fig. 7F). Therefore, TRIM11 obviated the decline in long-term memory. To 

assess the effect of TRIM11 on short-term memory, we measured spontaneous alternation 

behavior (SAB) in the Y-maze (70). The TRIM11 group exhibited significantly more 

spontaneous alternations (~56%) than the GFP group (~35%), reaching a level shown by 
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wild-type mice (Fig. 7G). Thus, TRIM11 also prevented the decline in the hippocampus-

dependent working memory.

To evaluate motor function and anxiety-like phenotypes, we performed an open field test. 

Compared to the GFP group of mice, the TRIM11 group of mice travelled a longer distance 

(~36% increase) (Fig. 7, H and I) and stopped for a shorter period of time (~40% reduction) 

(Fig. 7J). These behaviors of TRIM11 mice were again similar to those of wild-type mice 

(Fig. 7, H to J). Together, these results indicate that TRIM11 inhibited the seeding and 

cell-to-cell transmission of tau aggregates in PS19 mice, preventing the activation of glial 

cells and the decline in cognitive and motor abilities.

TRIM11 ameliorates tau pathology and cognitive defects in 3×Tg-AD mice

In addition to tau-containing intraneuronal NFTs, AD is characterized by extracellular 

plaques comprised of Aβ peptide (4, 5). To evaluate the protective effect of TRIM11 on 

the combined pathological effects of tau and Aβ, we used a triple transgenic AD model 

(3×Tg-AD), which expresses tau P301L as well as familial mutations in two AD-related 

proteins, the amyloid precursor protein (APP) K595N/M596L (the Swedish mutation) 

and the presenilin 1 (PS1) M146V (71). 3×Tg-AD mice demonstrate both Aβ plaque 

and tau tangles, resembling human AD. We delivered AAV9-TRIM11 or AAV9-GFP to 

the hippocampus of 3×Tg-AD mice at 12 months of age, when they already showed a 

substantial amount of tau pathology in this brain region, and performed pathology and 

behavior analysis one month later (Fig. 8A). Delivery of AAV9-TRIM11 led to a substantial 

reduction in tau pathology compared to that of AAV9-GFP, as shown by IHC analysis 

(~30% reduction) (Fig. 8B and Fig. S15A). This reduction was corroborated by western 

blot analysis, which indicated a ~80–90% reduction in p-tau species reactive to AT8 and 

PHF-1 (Fig. 8C, and Fig. S15, B to D). Levels of AT8 staining in AAV9-TRIM11-injected 

brains at 13 months of age were lower than those in un-injected brains at 12 months of age 

(Fig. S15A), suggesting that TRIM11 cleared pre-existing tau aggregates. GFAP and Iba1 

immunoreactivity was also markedly lower in the hippocampus of AAV9-TRIM11-injected 

animals compared to that in AAV9-GFP-injected animals, being reduced by ~30% and 60%, 

respectively (Fig. 8, D to G, and Fig. S15, E and F).

In 3×Tg-AD mice, cognitive impairment initially manifests at 4 months of age and 

progresses as tau tangles and Aβ plaques accumulate (71). Compared to AAV9-GFP-

injected animals, AAV9-TRIM11-injected animals spent significantly more time exploring 

the novel object and less time on the familiar object in the ORT (Fig. 8H). They also spent 

more time exploring different arms in the Y-maze test (Fig. 8I). Moreover, the TRIM11 

group of animals exhibited higher locomotive activity in an open filed test, traveling longer 

distance and stopping for less time (Fig. 8, J and K). Therefore, TRIM11 suppressed tau 

pathology and neuroinflammation and improves cognitive and motor ability of 3×Tg-AD 

mice.
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Effect of CSF delivery of TRIM11

The animal experiments described above not only demonstrated the role of TRIM11 

in protecting against tau-dependent neurodegeneration in mammalian brains, but also 

suggested a potential utility of the TRIM11 gene in disease treatment. However, the 

intraparenchymal (IP) infusion used in these experiments was spatially restricted, whereas 

AD and many other tauopathies affect multiple brain regions. Thus, we investigated the 

effect of administering AAV vectors globally in the brain via the cerebrospinal fluid (CSF). 

We delivered AAV9-TRIM11 and AAV9-GFP by intracerebroventricular (ICV) injection to 

3×Tg-AD mice at 9 months of age and analyzed mouse behaviors and pathology one to 

four months later (Fig. 8L). Compared to the GFP group of mice, the TRIM11 group of 

mice showed a ~35% reduction in tau-containing, NFT-like inclusions in the hippocampus 

(Fig. 8M) and a ~50–70% reduction in soluble and insoluble p-tau species in cell lysates 

(Fig. 8N and Fig. S16, A to C). The TRIM11 group of mice also showed a substantial 

reduction in GFAP- and Iba1-immunoreactivity, to levels that were close to, or only 

moderately higher than, those in the wild-type mice (Fig. 8, O and P, and Fig. S16, D 

and E). Moreover, compared to the GFP group of animals, the TRIM11 group of animals 

performed significantly better in the ORT and Y-maze tests (Fig. 8, Q and R) and showed 

higher locomotive ability in the open field test (Fig. 8S). These results suggest that CSF 

administration of the AAV9-TRIM11 vector might be beneficial for treating tauopathies.

Outlook

The current study reveals that TRIM11 plays a critical role in maintaining tau in 

its functional soluble state. TRIM11 achieves this important outcome through multiple 

mechanisms. It promotes proteasomal degradation of mutant and hyperphosphorylated tau as 

well as excess normal tau, thereby acting as a crucial link between tau and the proteasome. 

TRIM11 also serves as a molecular chaperone, preventing tau misfolding and aggregation. 

Moreover, TRIM11 functions as a disaggregase to dissolve preexisting tau deposits, 

including tau amyloid fibrils that are often intractable. Canonical PQC systems such as 

HSP60, HSP70, and HSP90 – which are conserved in both prokaryotes and eukaryotes 

– rely on coordinated actions of multiple components in an ATP-dependent manner. By 

contrast, TRIM11 can prevent and reverse tau aggregation by itself and independent of 

ATP. These multiple and potent activities of TRIM11 in combination are highly effective 

in protecting against tau misfolding and aggregation in various cell and animal models of 

tauopathy. The survey of virtually all human TRIMs shows that these activities of TRIM11 

are likely shared by at least some other members of this large family. TRIM proteins, 

which are only identified in metazoans, might have evolved later during evolution in part to 

maintain the quality of the complex proteomes that enable these intricate life forms.

The downregulation of TRIM11 among sporadic AD brains, combined with its potent 

protective effect on tau, suggest that the diminished capacity of TRIM11 might contribute 

to tau aggregation and the associated pathological and cognitive changes. AD and other 

neurodegenerative tauopathies are becoming increasingly prevalent as the population ages, 

yet remain incurable. Tau, whose abnormality is both more closely linked to the disease 

progression than that of Aβ and required for the cytotoxicity of Aβ, represents a key 
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target for AD in addition to primary tauopathies (72). In recent years, gene therapy is 

becoming an important approach to treat neurological diseases (73). AAVs can transduce the 

non-dividing neurons and permit permanent expression of the therapeutic gene after a single 

administration (73, 74), with positive clinical outcomes (75). The effect of intraparenchymal 

and intraventricular delivery of AAV9-TRIM11 in animal models provides a proof of 

concept for the potential utility of the TRIM11 gene to restore protein homeostasis in AD 

and other tauopathies, hence addressing the root cause of these devastating diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Screening of TRIM proteins
(A to E) Immunoblot of HEK293T (A and B) or SH-SY5Y (D) cells co-transfected with 

GFP-tau P301L and control vector (−) or the indicated TRIMs, and quantification of 

relative GFP-tau P301L(PE)/HSP90 ratios (C and E). SN, NP-40-soluble supernatant. PE, 

NP-40-insoluble pellets. WCL, whole cell lysates. The expected full-length TRIM bands 

are indicated by blue arrowheads. In (A) and (B), TRIM proteins that substantially reduced 

insoluble GFP-tau P301L species are labeled in red boxes.
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(F to I) Immunoblot of TRIM-knockout HEK293T (F) or TRIM-knockdown N2a (H) cells 

transfected with GFP-tau P301L, and quantification of relative GFP-tau P301L(PE)/HSP90 

ratios (G and I).

Data are mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student’s t test.
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Fig. 2. Downregulation of TRIM11 in sporadic AD brains
(A) Summary of demographic data of control and AD subjects used in this study. 

Information on individual subjects is provided in Table S2.

(B to D) Immunoblot of postmortem frontal cortex gray matters from 14 control and 23 

AD individuals (B), and relative levels of TRIM10 and TRIM55 (C), and TRIM11 (D) in 

AD vs. control samples. The #1 control and #1 AD samples were used in each blot as 

standards. p-Tau species were modified at residues S202/T205 (reactive to AT8), Ser262, 

T231 (reactive to AT180), and S396/S404 (reactive to PHF-1).
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(E and F) Representative IHC images of TRIM11 and AT8-reactive p-tau in frontal cortices 

(E; scale bar, 50 μm), and quantification of TRIM11 and AT8 signals (F; mean ± SD, n = 4).

(G and H) Representative IF images of TRIM11 and NeuN in frontal cortices of control 

and AD samples (G; scale bar, 10 μm), and quantification of TRIM11 signal normalized 

to numbers of neurons (H; mean ± SD, n = 4). Individual neurons are indicated by white 

arrows.

(I and J) Negative correlation between levels of TRIM11 and different p-tau species among 

AD and control tissues (I) or AD tissues only (J). The r and p values of Pearson correlation 

coefficient are shown.

*P < 0.05; **P < 0.01; ns, not significant; unpaired Student’s t test.
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Fig. 3. TRIM11 binds to tau and targets it for proteasomal degradation
(A) Levels of sarkosyl-insoluble (PE) and -soluble (SN) tau and tau P301L in HEK293T 

cells in the absence or presence of TRIM11.

(B) Turnover of GFP-tau P301L in HEK293T cells in the absence or presence of TRIM11. 

The tau blots on the left and the right sides were exposed for different times for better 

comparison.

(C) Turnover of tau and p-tau in QBI293/tau P301L-GFP cells stably expressing mCherry or 

mCherry plus TRIM11.
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(D) Levels of GFP-tau and p-GFP-tau when expressed alone or together with TRIM11 

in HEK293T cells, which were subsequently treated with or without OA (100 nM). To 

achieve comparable levels of GFP-tau, the amount of GFP-tau plasmid was increased when 

expressed together with TRIM11 (fig. S5E).

(E) BiFC assay of TRIM11-VN and tau-VC interaction in HEK293T cells (scale bar, 100 

μm).

(F) Interaction of Flag-TRIM11 and GFP-tau in HEK293T cells treated with or without OA.

(G) Interaction of GST-TRIM11 with 6×His-GFP-tau and 6×His-GFP-tau P301L in vitro.

(H and I) Localization of endogenous TRIM11 and tau in SH-SY5Y cells treated with or 

without OA (H; scale bar, 10 μm), and Manders’ co-localization coefficient (I).

(J and K) PLA of endogenous TRIM11-tau interaction in SH-SY5Y cells treated with or 

without OA (J; scale bar, 10 μm) and quantification of PLA signals (K).

(L) SUMOylation of purified GST-tau P301L protein in the presence of TRIM11 or 

TRIM112EA.

(M) Levels of GFP-tau P301L in HEK293T cells in the presence of TRIM11 or 

TRIM112EA.

Data are mean ± SEM, n = 3. ***P < 0.001, unpaired Student’s t test.
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Fig. 4. TRIM11 is a molecular chaperone and a disaggregase for tau, increasing its solubility.
(A) Effect of TRIM on GFP-tau levels in HEK293T cells treated as indicated. Different 

amounts of GFP-tau plasmid were used when transfected with or without TRIM11 to 

achieve comparable total levels.

(B and C) BiFC assay for tau-VN and tau-VC interaction with or without TRIM11. Shown 

are representative cell image (B; scale bar, 100 μm), relative fluorescence signal (C, top), 

and protein expression (C, bottom).
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(D and E) Representative image (D; scale bar, 100 μm) and quantification (E) of tau 

inclusions in HEK293/RD(LM)-YFP cells transfected with or without TRIM11 and treated 

as indicated.

(F to H) Representative image (F; scale bar, 50 μm) and quantification (G) of tau inclusions 

in, and insoluble tau species in lysates from (H), QBI293/tau P301L-GFP cells stably 

expressing mCherry, or mCherry plus TRIM11, and treated without (G) or with (F to H) 

PFFs.

(I to K) ThT binding (I), sedimentation (J), and EM (K; scale bar, 500 nm) analyses of fibril 

formation by tau-441 (10 μM) in the presence of GST (1 μM) or GST-TRIM11 (0.25, 0.5, or 

1 μM).

(L and M) Formation of fibrils (L) and high molecular weight species (M) by tau-441 

P301L incubated with GST (1 μM) or GST-TRIM11 (0.25, 0.5, or 1 μM).

(N to P) ThT-binding (N), sedimentation (O), and EM (P; scale bar, 200 nm) analyses of 

tau-441 fibrils treated with GST or GST-TRIM11 at indicated concentrations (N and O) or 

3.0 μM (P).

Data are mean ± SD, n = 3 for (C), (E), and (N), and 8 for (G). **P < 0.01, ***P < 0.001; 

unpaired Student’s t test.
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Fig. 5. TRIM11 maintains neural integrity and connectivity
(A) Co-localization of endogenous TRIM11 and tau in wild-type cortical neurons. Scale bar, 

10 μm.

(B to E) Images (B and D) and quantification (C and E) of intracellular AT8-reactive tau 

aggregates in PS19 cortical neurons that were transduced with control or TRIM11 ASO (B 

and C), or with AAV9-GFP or AAV9-TRIM11 (D and E), and treated with myc-K18/P301L 

PFFs. Scale bar, 10 μm in (B) and 50 μm in (D).
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(F to I) Images (F and H; scale bar, 10 μm) and quantifications (G and I) of SYP- or 

PSD-reactive puncta in wild-type cortical neurons treated with control or TRIM11 ASO.

(J to L) Images of NFL and MAP2 staining (J; scale bar, 10 μm), and relative intensity 

of NFL staining (K) or length of MAP2-stained dendrites (L) normalized to neuronal cell 

number, in wild-type cortical neurons treated with control or TRIM11 ASO.

(M) Viability of wild-type cortical neurons treated with control ASO or the indicated 

TRIM11 ASOs.

(N to Q) Images (N and P; scale bar, 10 μm) and quantifications (O and Q) of SYP- 

or PSD95-reactive puncta in wild-type cortical neurons transduced with AAV9-GFP or 

AAV9-TRIM11.

(R to T) Images of NFL, MAP2, and GFP/TRIM11 staining (R; scale bar, 10 μm), and 

quantifications of relatively NFL and MAP2 intensity normalized to neuronal cell number 

(S and T; mean ± SEM), in wild-type cortical neurons transduced with AAV9-GFP or 

AAV9-TRIM11.

(U) Viability of wild-type cortical neurons transduced with AAV9-GFP or AAV9-TRIM11 

and treated with or without tau PFFs.

Data are mean ± SEM, n = 6 for (M) and 3 for the rest. *P < 0.05, **P < 0.01, ***P < 0.001, 

ns, not significant; unpaired Student’s t test.

Zhang et al. Page 27

Science. Author manuscript; available in PMC 2024 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. TRIM11 protects against tau pathology and cognitive/behavioral impairments in PS19 
mice
(A) Schematic representation of the study.

(B) Representative IHC images of the hippocampus stained with AT8 (left; scale bar: 0.2 

mm) and relative AT8 intensity (right; mean ± SD, n = 6 mice).

(C) Immunoblot of total tau and p-tau species in the hippocampus. Each lane represents a 

single mouse.
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(D to M) Representative IHC images and quantification of GFAP (D and E), Iba1 (F and G), 

MAP2 (H and I), NFL (J and K), and NeuN (L and M) staining. Scale bar: 0.2 mm. Data are 

mean ± SD, n = 3 to 7 mice. DG, dentate gyrus.

(N and O) Preference for the novel in ORT (N) and latency to fall in wire hang test (O) 

(mean ± SD, n = 4 to 7 mice).

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, ns, not significant; unpaired 

Student’s t test.
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Fig. 7. TRIM11 ameliorates PFFs-accelerated tau pathology and cognitive/behavioral 
impairments in PS19 mice
(A) Schematic representation of the study.

(B, D, and E) IHC staining with AT8 (B) or anti-GFAP (D) or -Iba1 (F) antibody of the 

hippocampus (left), and quantification of AT8 (B), GFAP (D), or Iba1 (F) immunoreactivity 

(right; mean ± SD, n = 5 to 6 mice).

(C) Immunoblot of tau and p-tau species in the hippocampus. Each lane represents a single 

mouse.

(F) Preference for the novel subject in ORT (mean ± SD, n = 7 or 9 mice).

(G to J) Alternation in Y-maze (G), and travel distance (H and I) and freezing time (J) in the 

open field maze (mean ± SD, n = 9 or 10 mice).

*P < 0.05; **P < 0.01; ***P < 0.005; ns, not significant; unpaired Student’s t test.
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Fig. 8. TRIM11 ameliorates tau pathology and cognitive deficits of 3×Tg-AD mice
(A and L) Schematic representation of bilateral IP (A) and unilateral ICV (L) injection of 

3×Tg-AD mice.

(B and M) AT8 staining of hippocampi from mice injected with the indicated AAV vector 

via IP (B) or ICV (M) (left; scale bar, 0.2 mm) and quantification of AT8 signal (right; 

means ± SD, n = 6 mice).

(C and N) Immunoblot of tau and p-tau species in the hippocampus of mice injected with 

indicated AAV vectors via IP (C) or ICV (L). Each lane represents a single mouse
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(D to G, O, and P) Representative IHC images (D and E; scale bar, 0.2 mm) and 

quantification of GFAP- or Iba1-immunoreactivity (E, G, O, and P; means ± SD, n = 5 

to 6 mice) of the hippocampus of mice injected with AAV vectors via IP (D to G) or ICV (O 

and P).

(H, I, Q, and R) Preference for the novel object in ORT (H and Q) and alternation in 

Y-maze(I and R) by mice injected with AAV vectors via IP (H and I) or ICV (Q and R). Data 

are means ± SD, n = 6 to 14 mice.

(J, K, and S) Travel distance (J and S) and freezing time (K) of mice injected with AAVs in 

the hippocampus (J and K) or CSF (S). Data are means ± SD, n = 7 to 17 mice.

*P < 0.05; **P < 0.01; ***P < 0.005; ns, not significant; unpaired Student’s t test.
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