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Aging is the primary risk factor for Alzheimer’s disease (AD) and related disorders (ADRDs). Tau aggregation is a hallmark of AD and other tauopathies. Even in normal aging, tau aggregation is found in brains, but in disease states, significantly more aggregated tau is present in brain regions demonstrating synaptic degeneration and neuronal loss. It is unclear how tau aggregation and aging interact to give rise to the phenotypes observed in disease states. Most AD/ADRD animal models have focused on late stages, after significant tau aggregation has occurred. There are fewer where we can observe the early aggregation events and progression during aging. In an attempt to address this gap, we created C. elegans models expressing a GFP-tagged version of the human tau protein. Here we examined how tau-gfp behaved during aging, comparing wild-type tau (hTau40), a disease-associated mutation (P301S), and an aggregation-prone variant (3PO). We measured age-dependent changes in GFP intensity and correlated those changes to normal aging in the nematode. We found differences in tau stability and accumulation depending on the tau variant expressed. hTau40GFP and P301SGFP were localized to axons and cell bodies, while 3POGFP was more concentrated within cell bodies. Expression of 3POGFP resulted in decreased lifespan and variations in locomotor rate, consistent with a pathological effect. Finally, we found that the human tau interacted genetically with the C. elegans ortholog of human tau, ptl-1, where the loss of ptl-1 significantly accelerated the time to death in animals expressing 3PO.
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INTRODUCTION
Aging is the main risk factor for Alzheimer’s disease (AD) and other AD-related disorders (ADRD). AD is the most common form of senile dementia and affects over 6.5 million people (Rajan et al., 2021). The population of people 65 years and older is projected to double by 2050 (Nations, 2019). These statistics demonstrate the urgency to understand how aging increases the chances of developing neurodegenerative disorders (e.g., AD and ADRDs) and how the presence of aggregated proteins accelerates aging and increases the mortality rate.
Normal aging is characterized by a decline in protein homeostasis (Taylor and Dillin, 2011; López-Otín et al., 2013). The decline in cellular processes that maintain proteostasis can lead to protein aggregation (Ben-Zvi et al., 2009; Huang et al., 2019). Post-mortem brains of individuals diagnosed with AD and ADRDs have a high concentration of intracellular neurofibrillary tangles (NFTs) composed of the protein tau. Most people will spontaneously develop oligomeric complexes distinct from aggregated tau in addition to NFTs as they age (Huang et al., 2019), and at least one study has shown that NFTs correlate with normal, age-related cognitive decline (Guillozet et al., 2003). However, individuals with AD or ADRDs will develop a higher concentration of NFTs, especially in regions of the brain where synaptic loss and neuronal death can be observed (Chiu et al., 2017; Ziontz et al., 2019; Chen et al., 2021). Therefore, questions remain about the differences in tau aggregation during normal aging versus disease, and how age-related declines might be accelerated in the diseased state.
There are several animal models for AD and other ADRDs, with many that focus primarily on the aggregation of amyloid-ß (Edelstein-keshet and Spiros, 2002; Proctor and Gray, 2010; Puri and Li, 2010). Recent research, however, has highlighted the importance and complexity of the protein tau in these disorders. Age-related changes in tau have been shown to impair bioenergetics (reviewed in (Grimm, 2021)), autophagy (Chatterjee et al., 2021), calcium consumption (Datta et al., 2021), and other cellular events. In addition, structural studies have shown that tau adopts different conformations in disease that might have different disease causation capabilities (Oakley et al., 2020; Scheres et al., 2020; Shi et al., 2021). There is still a need for new in vivo models capable of visualizing tau protein dynamics, to measure the effect of aging, genetics, cell types or other environmental variables on aggregation.
Here we describe a model to visualize tau during aging in a C. elegans model. The nematode C. elegans has been used as a model organism to identify mechanisms that regulate lifespan (Kenyon, 2010; López-Otín et al., 2013). Several studies have highlighted the relationship between proteome remodeling, protein aggregation, and normal aging in the nematode (David et al., 2010; Ciryam et al., 2013; Walther et al., 2015; Huang et al., 2019). One recent study showed long-lived nematode mutants had a delayed onset of declining health, motivating a better understanding of how the aging process induces age-associated declines (Statzer et al., 2022). Animal models of tau aggregation have consistently reported a decrease in lifespan attributable to the overexpression of human tau (Wittmann et al., 2001; Sealey et al., 2017; Higham et al., 2019; Macdonald et al., 2019). Similarly, nematodes expressing human tau also showed a reduced lifespan and verified the presence of aggregated tau (Kraemer et al., 2003; Pir et al., 2016). Here we found that expression of gfp-tagged human tau reduced nematode lifespan, with a greater reduction associated with an aggressively aggregating version of tau (3PO). This decrease in lifespan was enhanced by a mutation that deleted the gene, encoding the endogenous microtubule associated protein, PTL-1, suggesting it was protective in this context.
MATERIALS AND METHODS
Strains and genetics
N2 (var. Bristol) was used as the wild-type reference strain in all experiment. Strains were maintained at 18–22°C, using standard maintenance techniques as described (Brenner, 1974). Strains used in this report include: RB809 [ptl-1(ok621)], NW1229 evIs111 [Prgef-1:GFP] (Altun-Gultekin et al., 2001), EVL1654 lhIs94 [Prgef-1:hTau40GFP], EVL1644 lhIs92 [Prgef-1:hTau40-P301SGFP], and EVL1372 lhIs84 [Prgef-1:3POTauGFP]. To create tau transgenes DNA was injected at the following concentrations: lhEx274 (Prgef-1::hTau40GFP 5 ng/μl; Pstr-1:GFP 5 ng/μl); lhEx646 (Prgef-1::hTau40(P301S)GFP 5 ng/μl; Pmyo-2:RFP 5 ng/μl; Pstr-1:GFP 5 ng/μl); lhEx327 (Prgef-1::3POTauGFP 5 ng/μl; Pstr-1::gfp 5 ng/μl). Transgenes were integrated using Trimethylpsoralen and UV as described (Najarro et al., 2012). Animals were synchronized by starvation hatching and then placed on E. coli (OP50) to initiate development.
Whole-mount immunostaining
Anti-TAU staining was done using Bouin’s fixation as described (Nonet et al., 1997). The primary antibodies used in this study were: rabbit anti-TAU (1:1000, A00024-A Agilent), mouse anti-TAU (1:500, TNT1) (Kanaan et al., 2011; Combs et al., 2016). The secondary antibodies used were Alexa 488-labeled goat anti-rabbit and Cy3 goat anti-mouse at 1:500 dilution.
Fluorescence microscopy and image analysis
Images were obtained using an Olympus FV1000 laser-scanning confocal microscope equipped with the Fluoview software. Z-stacked images were taken and exported to ImageJ (Schneider et al., 2012). Images were z-projected using max intensity, and ROI was drawn around the relevant areas of the tail (for GFP images) or the ventral nerve cord (for the immunostaining). The following measurement options were selected: area, mean, minimum, maximum, integrated pixel intensity, and raw integrated pixel intensity. A region of the image adjacent to the animal was used to assess the background, which was subtracted from the raw pixel density and then that value was divided by the area to arrive at a normalized value for the reported GFP fluorescence.
Biochemical characterization
Nematodes were grown on standard NGM plates and maintained at 20°C. Gravid nematodes were harvested and washed off the plate using M9 buffer and collected in a 15 ml conical tube. Embryos were extracted using bleach solution and incubated for 5 min while rotating. Embryos were washed four times and resuspended in M9 buffer, where they were allowed to hatch overnight, in the absence of food. Starvation-arrested L1 worms were grown in liquid culture containing E. coli (HB101), cholesterol, and 1x HyClone Antibiotic-Antimycotic Solution (Thermo Scientific). Worms were maintained with constant shaking at 20°C and collected and washed in M9 buffer on days one and three of adulthood. A final wash with ice-cold RAB reassembly buffer supplemented with protease/phosphatase inhibitor cocktail (Thermo Scientific, PI78440) and 5 mM EDTA. 100mg of compact worms were then aliquoted into 1.5 ml tubes and stored at −80°C.
Sequential protein extraction was performed as in (Kraemer et al., 2003) with minor modifications. Briefly, tau fractions were obtained by resuspending 100 mg worm pellet in two times (wt/vol) high salt RAB reassembly buffer (G-Biosciences, PI53113) supplemented with a 1x final concentration protease/phosphatase inhibitor cocktail (Thermo Scientific, PI78440). The same volume (compact worm/beads) of ice-cold 0.5 mm glass Beads (BioSpec Products) was added to the tube. Worms were lysed using a BeadBug Microtube Homogenizer (Benchmark Scientific) at max speed for 5 s, four times with 20-s rest on ice in between each session. The solution was incubated on ice for 30 min then centrifuged at 4°C (20817xg) for 30 min. The supernatant was considered the soluble fraction. The remaining pellet was washed with ice-cold RAB buffer and extracted with RIPA buffer with EDTA (G-Biosciences, AAJ61529AK), by incubation on ice for 20 min and centrifugation at 4°C (20817xg) for 15 min. The resulting supernatant was considered the detergent-soluble fraction. The pellet was washed with ice-cold RIPA buffer and extracted with urea (30 mM Tris, 7M urea, 2M thiourea, 4% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), pH 8.5] (Pir et al., 2016), incubated for 15 min at room temperature and centrifuged at room temperature (RT) (20817xg) for 10 min. The resulting supernatant was considered the urea soluble fraction.
Protein fractions were resolved in a 10% polyacrylamide gel and transferred to a PVDF membrane (Immobilon, IPFL00005). The following antibodies were used: Monoclonal anti-tau Tau-5 (1:2000; Thermo Scientific), Tau-7 (1:2000; Millipore Sigma), Tau-12 (1:2000; Millipore Sigma), Anti-Alpha-Tubulin (1:10,000; Thermo Scientific), anti-mouse HRP-labeled secondary antibody (1:5000; Thermo Scientific). PVDF membranes were visualized using Licor Odyssey Fc Imager. Western blot images were transferred to PowerPoint for cropping, alignment and annotation; no post-acquisition adjustments were made to brightness or contrast.
Survival analysis
50-late stage L4 were transferred to an OP50 seeded NGM plate and maintained at 20°C for the duration of the assay. Live animals were counted and moved to a fresh plate each day for the first 7 days of the assay and then every 2–3 days after the worms had stopped laying eggs. The number of dead worms was recorded. 2–5 independent experimental replicates were done per strain.
Locomotion analysis
Nematode locomotion was analyzed using WormLab Tracking Software (MBF Bioscience). L4 nematodes were selected and grown on standard NGM plates spotted with E. coli (OP50). Animals were transferred daily onto new plates and maintained at 20°C. On the day of the assay, nematodes were transferred to a fresh NGM plate (without food) to eliminate the excess OP50 from the nematode’s cuticle. Individual worms were selected and placed in a new NGM plate (no food) and allowed to acclimate for 1 min before acquiring the video. A 1-min recording (11.1 frames per second) was captured using a CCD camera (Leica DFC 3000G) attached to a fluorescent stereo microscope (Leica M165 FC). Speed was measured on days 1, 3, 5, and 7 of adulthood.
Statistics
Analyses were performed using GraphPad (9.0.0) or using R in RStudio (Team, 2019; Team, 2020). For GFP analysis an Interaction ANOVA model (day*tau variant) was calculated, and significantly different interactions were assessed using a Tukey’s HSD test, and a P-adjusted value of <0.01 was used to determine significance. A Log-rank (Mantel-Cox) analysis was used for the comparison of survival curves. A threshold for significance was established at p < 0.05 and is defined in the figure legend and noted with asterisks.
Cloning and molecular biology
Tau variants were amplified by PCR from bacterial expression clones. The original hTau40 expression vector (pT7C) was described in (Carmel et al., 1996). P301S was generated from hTau40 in the pT7C vector using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) following manufacturer’s protocols. 3PO tau was generated from hTau40 by making the following modifications: I278N + N279I + ΔK280 + V309Y + Y310V + ΔP312 + S341I + ΔE342, using the QuikChange Site-Directed Mutagenesis Kit (Stratagene), based on the previously described strategy for optimizing the spontaneous aggregation of tau (Iliev et al., 2006). PCR products were inserted into pCRII-TOPO (Invitrogen) using the manufacturer’s protocol. The entry clones were recombined into a Prgef-1:GW:gfp::unc-54 3′UTR destination vector (pCZ#599, a generous gift of the Jin lab) using LR recombinase (Invitrogen) using manufacturer’s protocol to generate pEVL415 (Prgef-1:htau40::gfp::unc-54 3′UTR), pEVL538 (Prgef-1:3POtau::gfp::unc-54 3′UTR), pEVL539 (Prgef-1:htau40(P301S)::gfp::unc-54 3′UTR).
Protein alignments
The microtubule binding repeats from the 2N4R human MAPT protein (NP_001116538.2) were aligned to the microtubule binding repeats from PTL-1 (NP_001367354.1) using Clustal Omega (Sievers and Higgins, 2021). The sequences are annotated with known human variants with the potential pathogenicity as described by the ClinVar database (Landrum et al., 2020).
RESULTS
Wild-type tau expression in neurons is well tolerated
Our understanding of tau biology has increased dramatically since it was discovered to be a part of the neurofibrillary tangles in AD (Grundke-Iqbal et al., 1986; Wood et al., 1986; Goedert et al., 1988; Wischik et al., 1988). We now know that mutations along the MAPT gene, which codes for tau protein, can cause various disorders called tauopathies (Rossi and Tagliavini, 2015). Genetic mutations, or external factors, can lead to heterogenous tau aggregates that give rise to different phenotypic spectrums (Oakley et al., 2020; Scheres et al., 2020; Shi et al., 2021). However, understanding the spectrum of initiating events that cause tau to transition from monomeric to oligomeric to larger aggregates, and the different mechanisms of how tau polymers cause disease has proven challenging (Orr et al., 2017).
Animal models that mimic aspects of Alzheimer’s disease (AD) and other Alzheimer’ related disorders (ADRDs) are key to understanding the etiology of these diseases. Therefore, we set out to build an in vivo model to study tau using the nematode C. elegans. We created integrated transgenic animals expressing a GFP-tagged version of the longest human tau isoform (hTau40), pan-neuronally using the rgef-1 promoter (Chen et al., 2011) (Figures 1A,B), because this promoter has been shown to have relatively stable expression throughout aging (Adamla and Ignatova, 2015). Additionally, we generated similar animals using tau variants, either P301S, which is a mutation associated with frontotemporal dementia (FTD), often used in research (Yoshiyama et al., 2007; Takeuchi et al., 2011), or 3PO, which is a lab construct that was optimized to spontaneously aggregate (Iliev et al., 2006) (Figure 1A). We found that, when DNA was injected at a relatively low concentration (5 ng/μl) expression of wild-type tau was well tolerated. That is, we did not observe any obvious defects in organismal morphology or impacts on survival during development, compared to animals expressing GFP alone under the same promoter as a negative control (evIs111) (data not shown). Thus, we used this concentration for all remaining experiments.
[image: Figure 1]FIGURE 1 | Pan-neuronal model of tau aggregation. (A) Schematic representation of the 2N4R tau isoform (hTau40) and the mutations used in this report. (B) A schematic representation of the DNA constructs injected (created with BioRender.com). (C) A transmitted light and (C′) fluorescent image of a day one adult animal expressing hTau40GFP. Magnified confocal images of the (D) ventral nerve cord and (E) tail regions of the animals in the wild-type hTau40, 3PO (D’,E’) and P301S (D”, E”) expressing animals. Note, the images are taken from regions indicated by the hashed boxes in (C). (D) We found that in the ventral nerve hTau40 was evenly concentrated throughout axons, in contrast to (D′) 3POtau which was concentrated in the cell bodies. (D”) P301S was similar to the wild-type tau. (E,E’,E”) In the tail we observed similar results, with tau present through the cell bodies.
We observed tauGFP to be expressed throughout the entire nervous system of the nematode (Figure 1C’). In animals expressing wild-type tau, hTau40GFP appeared to be largely distributed through axons and neuronal cell bodies (Figures 1D,E). The P301S variant was like the wild-type protein (Figure 1D”, E”). In contrast, the 3PO variant was concentrated in cell bodies, with less material present in processes (Figure 1D’, E’). The appearance and localization of 3POtau is consistent with cell culture studies (Iliev et al., 2006). Based on these results, we concluded that we could observe tau localization inside C. elegans neurons.
TauGFP distribution and appearance change in aging with aggregation
Aging is the main risk factor for AD and ADRDs, so we monitored changes in tauGFP during aging. We imaged neurons located in the tail of the animals on days one, three, five, and seven of adulthood (Figure 2). This region provided a consistent and well-defined location and avoided potential background effects of the intestinal autofluorescence, which naturally increases with age and stress. Quantifying fluorescence via image analysis, we found discrete age-dependent changes in tauGFP localization and quantity that was different, depending on the tau variant expressed (Figure 3). Qualitatively, the pattern of hTau40GFP was largely the same over the first week of adulthood exhibiting localization to cell bodies and axons alike. There were no significant differences in GFP intensity in hTau40-expressing animals as a function of age during the first week of adulthood (Figure 3).
[image: Figure 2]FIGURE 2 | Age-dependent accumulation of tauGFP. We monitored TauGFP during aging in the animals. Across the first 7 days of adulthood, hTau40GFP was observed in cell bodies (arrows) and in axonal processes (arrowheads) consistently across aging. Compared to the wild-type we noticed that P301SGFP appears to be enriched in the axons (arrowheads), with a decrease in cell body fluorescence (arrows) during aging. 3POGFP was preferentially accumulated in cell bodies (arrows), with less fluorescence present in nerve processes (arrowheads). In addition, tau in the cell bodies in animals expressing 3POGFP appeared to be more clustered than those in animals expressing wild-type or P301S tau. Scale bar equals 10 μm.
[image: Figure 3]FIGURE 3 | TauGFP is stable and accumulates in an age-dependent manner in neurons and axons. Day 1 nematodes strains have similar GFP intensity suggesting that the tau integrants have equivalent levels of expression. By day 3 (P301S) and day 5 (3PO) fluorescence was significantly increased, respectively, suggesting a significant buildup of tau while hTau40 remained statistically constant during the selected time points. ANOVA (Day*Variant) with Tukey post-hoc comparison. N = 12–15.
Next, when we examined the changes in the disease-associated variant, P301SGFP, we observed a different pattern. While the distribution of GFP on day one appeared to be roughly equal between cell bodies and processes, as the animals aged, we noticed a qualitative enrichment in the processes and a relative depletion in cell bodies, a pattern not observed for hTau40GFP (Figure 2). When we quantified the total fluorescence, there was a significant increase in the fluorescence observed by day three (Figure 3). Thus, we conclude that the P301S variant preferentially localized to neuronal processes, compared to cell bodies. The increased intensity over time, suggests it may be more stable in vivo compared to hTau40 (Figure 3). For the 3POGFP animals we also observed an increase in fluorescence intensity during aging, with protein largely concentrated in the cell bodies. From these studies we concluded that, compared to wild-type tau, both P301S and 3PO can accumulate significantly in vivo during aging, although the variants appear to be differentially distributed within the cells.
P301S and 3PO tau form detergent insoluble aggregates in C. elegans neurons
Previous work has shown that tau aggregates in C. elegans can be biochemically characterized via serial extraction (Kraemer et al., 2003). We isolated protein from our tau transgenic animals, or a non-tau control (evIs111), on days one and three of adulthood and used serial extraction (Materials and methods) to characterize the state of aggregation (Figure 4). Briefly, we separated proteins into the soluble (RAB buffer), detergent soluble (RIPA buffer) or detergent insoluble (Urea extracted) phases, and then performed SDS-PAGE and western blots.
[image: Figure 4]FIGURE 4 | Serial biochemical extraction of aggregated tau. Protein was extracted from transgenic animals of the indicated genotype and day, then subjected to a series of extraction steps to collect the soluble (lanes 1 and 2), detergent soluble (lanes 3 and 4) and urea soluble (lanes 5 and 6) fractions. Fractions were separated by SDS-PAGE and detected using tau antibodies and chemiluminescence. The presence of tau in the urea fractions (red arrows) is indicative of aggregates that have formed. We found that tau is present in this fraction by day 1 of adulthood in 3PO expressing lines and by day 3 in P301S expressing lines. To the bottom right is a blot of extracts from day 1 animals of the indicated genotype of a control protein, tubulin, to demonstrate equal loading.
We found that, as expected protein isolated from our non-tau animals had no immunoreactivity to tau antibodies on Western blot. The wild-type protein, hTau40, was present in either the soluble or detergent soluble phase, with no protein detectable in the Urea-extracted fraction. In contrast, the 3PO protein was detected in all three phases, as early as day one of adulthood. Interestingly, for the P301S line, we found that on day one protein was found only in the soluble and detergent soluble fractions. However, we detected P301S tau in the detergent-insoluble fraction from day three adults. Based on this pattern, we concluded that the P301S tau was forming detergent-insoluble aggregates in C. elegans, albeit more slowly than 3PO. We also were able to conclude that the 3PO protein was more aggressively aggregating, as would be expected from previous biochemical analyses (Iliev et al., 2006).
Expression of aggregation-prone human tau reduces lifespan
To determine whether our tau expression lines were impacting the organisms we measured organismal lifespan. Several other tauopathy nematode models have shown that expression of tau can be detrimental using lifespan as a readout (Kraemer et al., 2003; Pir et al., 2016). This suggests that lifespan assays can provide information that helps us assess healthspan deterioration in the nematode.
We age-synchronized nematodes and plated a cohort of 50 (per replicate) L4 staged animals (day 0). We then proceeded to count the number of living animals every day (see materials and methods) until all had died (Figure 5). We found that 50% of hTau40 and P301S animals died by day 14, neither of which were significantly different from the no tau control. In contrast, 50% of the 3PO animals had died by day 10, demonstrating a reduced lifespan (Figure 5). We observed a sharp drop in the number of living animals around day seven, which correlated with the significant increase of 3POGFP levels on day five (Figure 3). Interestingly, the P301S, a disease-associated variant, did not appreciably cause a reduced lifespan, when compared to hTau40 or GFP alone, despite the increased accumulation observed. Together these argue that accumulation, by itself is not sufficient to impact lifespan, but that a pro-aggregation variant of tau can negatively affect organismal survival.
[image: Figure 5]FIGURE 5 | Expression of mutant tau in the nervous system induces premature lethality. A cohort of animals expressing GFP, hTau40GFP, P301SGFP or 3POGFP were counted daily for survival. We determined the day of 50% population survival (LD50). 3PO animals exhibit an LD50 of ∼8 days, P301S ∼11 days and WT tau of ∼12 days (3PO is significantly different from GFP, p < 0.001, log-Rank test). Each line represents 2–5 independent experiments.
Aggregation-prone tau induces changes in locomotion
The C. elegans locomotor system relies on both excitatory and inhibitory motorneurons to alternately induce muscle contraction or relaxation, resulting in sinusoidal crawling behaviour (Zhen and Samuel, 2015). Forward and backward locomotion are controlled by different classes of motorneurons, while turning behaviours can be initiated by sensory events. Thus, evaluating locomotion is a way to examine the ensemble function of the C. elegans nervous system. We acquired movies of transgenic animals crawling on NGM plates (see Materials and methods) and analysed these using tracker software (WormLab). The most obvious pattern to emerge was that the 3PO animals were hyperactive, compared to the no tau control, hTau40 or P301S animals, on day one of adulthood, but that their movement decreased progressively, on each day tested (Figure 6). From these analyses we concluded that the expression of the 3PO version of tau was impacting neuronal function in the early stages of adulthood.
[image: Figure 6]FIGURE 6 | Expression of mutant tau affects locomotion. Animal motility was acquired by video microscopy and analyzed using tracking software (WormLab). When the speed of movement was quantified, the 3PO animals exhibited a hyperactive behavior on day one, but movement progressively slowed as the animals aged. Movement speed is plotted by day, with the blue transparent bar indicating the range of the mean speed of the control animals (evIs111) from all the days measured. The day one 3PO animals were significantly different from all the other lines on each day (p < 0.001). N = 10 for each transgene on each day.
Human tau variants behave differently in the C. elegans ortholog of tau, ptl-1, mutant background
Tau is a microtubule-associated protein that binds tubulin and provides microtubule stability (Kadavath et al., 2015; Barbier et al., 2019). Thus, we asked whether there is an interaction between our expressed human tau and the C. elegans tau ortholog ptl-1. Previous reports suggest that human tau can rescue some, but not all, of the phenotypes observed in ptl-1 mutants (Chew et al., 2013).
We crossed our tauGFP strains into the ptl-1 (ok621) background. The ok621 mutation is a deletion that removes most of the ptl-1 coding region, and the mutation has been reported to accelerate the onset of neuronal aging (Gordon et al., 2008; Chew et al., 2013).
We again measured the total pixel intensity of tauGFP in the tail (Figure 7). Like the wild-type animals, the levels of hTau40 remained relatively consistent over the time observed. Interestingly, in animals lacking ptl-1 the P301S variant did not display increased accumulation with aging. Rather, the levels stayed relatively constant over time. Qualitatively, the hTau40GFP and P301SGFP remained localized in neurons and axons in the ptl-1 mutant animals. Thus, we hypothesize that the axonal accumulation of the P301S was dependent on the endogenous ptl-1, or that in the absence of ptl-1 there are compensatory mechanisms that facilitate the clearance of the P301S protein. We continued to observe significant accumulation of 3POtau when ptl-1 was absent, (Day 1 vs. Day 3 p < 0.0077, Day 1 vs. Day 5 p < 0.00001 and Day 1 vs. Day 7 p < 0.0004; Two-way ANOVA with Tukey’s correction). Overall, this provides further evidence for the differences in the accumulation of the protein variants, with the P301S affected by the loss of ptl-1, but the 3PO less so.
[image: Figure 7]FIGURE 7 | TauGFP variant accumulation in ptl-1 mutants. (A). The ok621 mutation reduced the accumulation of P301SGFP that occurred in wild-type background, but not the increased stability of 3POGFP. ANOVA (Day*Variant) with Tukey post-hoc comparison. N = 10 for each sample. (B). Representative images of GFP accumulation in ptl-1 mutants on days one and seven.
ptl-1 protects the animal from tau3PO effects
We repeated the lifespan assay in the ptl-1 mutant background. There were no differences in the lifespans of wild-type or ptl-1(ok621) animals expressing GFP alone as a control (p = 0.18) (Figure 8). In the ptl-1 background we observed a reduced lifespan due to hTau40GFP (p < 0.001) and 3POGFP animals (p < 0.001), while the P301SGFP lifespans were not different from ptl-1 alone (Figure 8). It is not clear why the expression of wild-type human tau in the ptl-1 mutant background was detrimental, while the P301S was not. However, the observation that the ptl-1;3POtau animals died more quickly than the expression of 3PO in the wild-type background suggested that the presence of the tau ortholog was beneficial to organismal survival.
[image: Figure 8]FIGURE 8 | Lifespan of ptl-1 mutants expressing human tau. Animals were monitored daily for survival. All the lines expressing mutant tau died prematurely, compared to the ptl-1(ok621) single mutants (log-Rank test). We determined the LD50 as follows: 3POGFP; ptl-1 ∼5 days, P301SGFP; ptl-1 ∼15 days, hTau40GF; ptl-1 ∼12 days, and ptl-1(ok621) ∼ 13 days. Curves represent 4 independently conducted experiments.
Tau adopts an aggregation-prone conformation detected by TNT1
Finally, to determine if the tau accumulation observed was relevant to the human disease we stained our transgenic lines using an antibody that preferentially binds to conformational changes in tau associated with tau aggregation (TNT1) (Combs et al., 2017) and an antibody that recognizes tau in general (A0021-A). We quantified the ratio of TNT1 intensity to total tau intensity in the ventral nerve cord of the animals during aging (Figure 9). We saw no staining in our negative controls (evIs111, GFP alone), indicating that the staining was specific to the tau-expression lines. We found that the ratio of TNT1/total tau was not significantly different between animals expressing the hTau40 or P301S on day 1, but there was a significantly higher ratio of TNT1 staining in the animals expressing the 3PO variant. As aging progressed the ratio of aggregated to total tau was stable in the hTau40 lines, but was consistently higher in the 3PO tau. By day seven we found a significant increase in the TNT1 immunoreactivity in P301S expressing animals. Thus, we concluded that the conformation of some of the tau species formed in the nematodes was like that formed in human disease early in the aging process and the ratio of aggregated tau increases in animals expressing 3PO or P301S.
[image: Figure 9]FIGURE 9 | TNT1 staining indicates tau can adopt disease-relevant conformations in C. elegans We used the TNT1 antibody and A002401 antibody to stain animals for the early disease conformation aggregates compared to total tau. (A) Day one adult animals stained with TNT1 (magenta) and total Tau (green) antibodies. (B) We quantified the staining on days one, three and seven of adulthood (N = 10 per day per genotype), deriving the ratio of TNT1/Total tau. The 3PO lines had a higher ratio of pathogenic tau than hTau40 or P301S, which were not significantly different from each other on day one. By day seven the TNT1 immunoreactivity was significantly increased in the P301S animals compared to hTau40 (ANOVA, Tukey post-hoc comparison, p < 0.05).
DISCUSSION
Expression of a gfp-tagged wild-type tau permits visualization of age-related changes
In vivo animal models are extremely valuable for understanding neurodegenerative conditions like Alzheimer’s disease and related disorders. While vertebrate models have significant utility in terms of their neuronal complexity and genetic relationship to humans, there are some drawbacks that can be better addressed using invertebrate models. For example, it is much easier to create new transgenic animals and, in general, phenotypes develop much more quickly. It is also simpler to cross these transgenes into animals with mutations in genes of interest that have been isolated in a common genetic background, thereby reducing potential confounds of genetic variation on the phenotypes observed.
To address some of the novel potential for invertebrate models we relied on the fact that C. elegans are optically transparent throughout the entire lifecycle, enabling us to visualize tau in living animals. Importantly, we observed that wild-type tau (hTau40), was well-tolerated by the animals at the DNA concentration we injected to create the transgenes. This contrasts with other C. elegans tauopathy models where over-expression of wild-type tau had a negative impact on survival (Kraemer et al., 2003). One difference could be the use of the 1N4R isoform in that study, while here we used the 2N4R isoform. However, the identification of expression levels in which the wild-type tau is non-pathological allowed us to observe the “normal” behaviour of tau inside an organismal nervous system during aging.
We did notice some differences between the accumulation in neurons of the ventral nerve cord and in the tail, where more of the tauGFP was observed in cell bodies. There are two potential explanations for this difference. First, the cells in the ventral nerve cord are primarily motor neurons, while the neurons observed in the tail are either sensory or interneurons, and thus, it is possible that tau accumulates differently in the various classes of neurons. Second, the morphology of the neurons is distinct, with the neurons in the tail having the cell body “between” the axonal and dendritic compartments, whereas the motor neurons have cell bodies that are somewhat lateral to the processes in the nerve cord (White et al., 1976, 1986). Thus, the observed differences may be more of a consequence of the morphology. Future experiments limiting tau to a subset of neurons should enable us to better distinguish which of these is more likely.
Interestingly, over the first 7 days of adulthood (approximately one-third to one-half of the animal’s lifespan) we did observe some differences in the intensity of GFP for wild-type tau across different cells. While this could simply be a product of differences in expression, it might also suggest that some neurons are more susceptible to tauGFP accumulation, as has been previously reported. In two different studies using mice, it appears that GABAergic neurons are more likely to accumulate neurofibrillary tangles (NFTs) and display deficits in activity (Andrews-Zwilling et al., 2010; Levenga et al., 2013; Najm et al., 2020).
Finally, it is important to note that we do observe immunoreactivity with an antibody that preferentially detects a disease-associated conformation of tau in post-mortem tissue from humans (TNT1). Thus, even in the short time frame of a few days, we find that in the C. elegans nervous system, tau adopts conformations similar to that of human disease. We followed this up by extracting tau from our transgenic animals using increasingly stringent buffers. We found evidence of detergent-insoluble tau only in 3PO and older P301S animals, but not hTau40. Thus, at least some of the TNT1 staining in these animals is indicative of a soluble form of tau. There is growing evidence in the field that larger aggregates may be protective and smaller oligomeric species more pathogenic, and thus it is interesting that we observe tau species detected by TNT1 that appear to be soluble.
Tau variants can act differently from wild type
We evaluated two different tau variants, one, the P301S mutation, is a disease associated variant that has been linked to multiple tauopathies in humans, including frontotemporal dementia (FTD), corticobasal degeneration (CBD), and progressive supranuclear palsy (PSP) (Bugiani et al., 1999; Kametani et al., 2020). The second, 3PO, has been used both in vitro and in vivo to model a rapidly polymerizing version of tau that does not require an inducer molecule to initiate aggregation.
One of the results we observed was that, for the most part, the P301S variant behaved like wild-type tau in our models, with a few notable differences. Like wild-type tau, it was well-tolerated in its effects on lifespan and organismal motility.
Unlike the wild-type tau protein, P301SGFP appeared to be more stable, increasing in intensity over the time frame we observed, preferentially accumulating in nerve processes, and could aggregate into detergent-insoluble species by day three of adulthood. Some tau mutants, including the P301L variants can be resistant to cellular degradation, independent of their ability to aggregate (Caballero et al., 2018). Interestingly, the observed increased stability of P301S was dependent on the endogenous C. elegans MAP, PTL-1. Whether this indicates a physical interaction between the P301S and PTL-1, or that there are other compensatory changes in the ptl-1 mutants that reduced P301S from accumulating needs to be further studied.
As would be expected, we observed significantly different consequences using the rapidly polymerizing variant. First, we confirmed biochemically that 3PO protein was forming aggregates, and that TNT1 immunoreactivity was increased in the 3PO-expressing animals. The 3POtau was more concentrated in cell bodies, and even in nerve processes appeared different from P301S or wildtype. These are consistent with previous work in vitro documenting the kinds of aggregates formed by 3PO compared to P301 mutants (Combs and Gamblin, 2012; Mutreja et al., 2019). Animals expressing 3POtau died sooner than expected, and the decline in organismal lifespan was around the time we begin to see an increase in overall tau protein levels, which is consistent with other nematode tauopathy models where increased expression of tau or tau variants was increasingly detrimental to the animals. We observed an interaction between 3PO and the loss of ptl-1, and others have previously reported an interaction between another rapidly polymerizing variant (ΔK280) and ptl-1 (Ko et al., 2020).
Why was the P301S variant not particularly pathological in our model, given that other tau variants, including the oft-studied P301L have been shown to induce phenotypes? It is possible that the P301S takes longer to accumulate in a pathological form, and that we cannot observe that in a C. elegans lifetime (2–3 weeks). There may also be isoform differences in the aggregation properties (Mutreja et al., 2019). Thus, it will be interesting to study this in our system, asking whether 0N or 1N isoforms behave differently when the P301 residue is mutated.
Another possibility is that the serine substitution is better tolerated by C. elegans neurons. The mutation is in the second microtubule binding repeat. In those repeats there is a highly conserved P-G-G-G-X motif that is predicted to enable folding of the MTBRs. And, in most mammalian tau proteins, the P is invariant. In contrast, when the MTBRs from the PTL-1 protein and human tau are aligned that proline residue is either an alanine or a proline (Figure 10). Thus, it is possible that that position has more flexibility inside the environment of C. elegans neurons. Finally, it is possible that the location within the neurons that we observe protein accumulation (cell bodies vs. processes) could be relevant.
[image: Figure 10]FIGURE 10 | Alignment of the microtubule binding repeats (MTBR) from human tau and the C. elegans PTL-1. The domains were aligned to each other using Clustal omega, numbering is from hTau40. The red box outlines the position of P301 mutated in the P301S lines and the black boxes outline residues modified in the 3PO variant. Below specific amino acids are regions that have been identified to in human populations, and the pathogenicity indicated by the colour code as indicated.
There are differences in our results from previous work studying tau aggregation in C. elegans. Primarily, we do not observe any obvious cell death in the animals, at least in the time frame in which we focused. This contrasts with a recent study where the authors used a single-copy knock-in approach to study the effects of tau post-translational modification effects in vivo (Guha et al., 2020). Other tauopathy models using over-expression of tau have noted cases of neuronal degeneration as well (Miyasaka et al., 2005; Kraemer and Schellenberg, 2007). There are differences in the isoforms being used in those studies, which motivates a more thorough investigation of isoform differences in tau-induced phenotypes.
Amount of aggregated to non-aggregated tau impacts survival
Our quantification of the GFP fluorescence suggests that tau levels are being maintained. Since the activity of the rgef-1 promoter is constant during the phase of adulthood we are analysing, the simplest interpretation for the stable levels of fluorescence is that tau is being produced and turned over at a constant rate. For the P301S and 3PO we observe an increase in fluorescence in an age-dependent manner, consistent with a reduced capacity to remove those proteins. However, only the 3POtau results in an impact on lifespan. There was significantly more TNT1 staining in animals expressing 3PO, suggesting more of the total protein was in a pathological conformation, consistent its generation as an aggressively pro-aggregating form of tau (Iliev et al., 2006). From this, we hypothesize that there is a threshold at which tau aggregates begin to impact organismal health. Together these results suggest that, like many other studies have suggested, tau-aggregates concentration must be maintained intracellularly to be toxic, and higher the concentration of tau deposition results in a worsening of the phenotype (Simón et al., 2012; Shigemoto et al., 2018). Whether that threshold is dependent just on the amount of aggregation, or the localization of the aggregation, or even other cellular factors remains to be determined.
MAP proteins can protect against the effects of aggregated tau
PTL-1 is the C. elegans ortholog of human tau and other MAPs; it binds to tubulin and provides cytoskeleton support to the neurons and axons (Gordon et al., 2008; Chew et al., 2013). We found that a mutation ablating ptl-1 function had multiple interactions with our tau expression lines. The most critical of these seemed to be that the loss of ptl-1 resulted in a significant decrease in organismal lifespan in animals expressing 3POtau, which suggested that PTL-1 was protecting the animals from the consequences of the aggregated tau. Consistent with that effect, we found a reduction in the ability of the P301S variant to accumulate in axons when ptl-1 was removed.
Overall, we have demonstrated that adding the GFP moiety to tau can help visualize tau in a living organism. Our current results suggest that aggregation, when confined to nerve processes may be better tolerated than when it is primarily in the somas. Using this system, we can begin to test genetic or environmental risk factors, trying to correlate the location and speed of aggregation to the changes in organismal lifespan. Ultimately, because of the simplicity of this system and rapidity with which phenotypes emerge, this model can be used to address many of the open questions in the field of tauopathies.
PERMISSION TO REUSE AND COPYRIGHT
Figures, tables, and images will be published under a Creative Commons CC-BY licence and permission must be obtained for use of copyrighted material from other sources (including re-published/adapted/modified/partial figures and images from the internet). It is the responsibility of the authors to acquire the licenses, to follow any citation instructions requested by third-party rights holders, and cover any supplementary charges.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Study conception: BA and TG, Experimental Procedures: WA, BC, and BA; Data Analysis: WN and BA; Manuscript Preparation and Editing: WN, BC, TG, and BA.
FUNDING
The funding was provided by the National Institutes of Health T32 GM132061 and T32 GM00854 (WAN), P20GM103418 (BDA), and the KU Alzheimer’s Disease Center (BDA).
ACKNOWLEDGMENTS
We would like to thank the Lundquist lab for discussions and ideas about quantifying tau levels by fluorescent microscopy.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adamla, F., and Ignatova, Z. (2015). Somatic expression of unc-54 and vha-6 mRNAs declines but not pan-neuronal rgef-1 and unc-119 expression in aging Caenorhabditis elegans. Sci. Rep. 5, 10692. doi:10.1038/srep10692
 Altun-Gultekin, Z., Andachi, Y., Tsalik, E. L., Pilgrim, D., Kohara, Y., and Hobert, O. (2001). A regulatory cascade of three homeobox genes, ceh-10, ttx-3 and ceh-23, controls cell fate specification of a defined interneuron class in C. elegans. Development 128 (11), 1951–1969. doi:10.1242/dev.128.11.1951
 Andrews-Zwilling, Y., Bien-Ly, N., Xu, Q., Li, G., Bernardo, A., Yoon, S. Y., et al. (2010). Apolipoprotein E4 causes age- and Tau-dependent impairment of GABAergic interneurons, leading to learning and memory deficits in mice. J. Neurosci. 30 (41), 13707–13717. doi:10.1523/jneurosci.4040-10.2010
 Barbier, P., Zejneli, O., Martinho, M., Lasorsa, A., Belle, V., Smet-Nocca, C., et al. (2019). Role of tau as a microtubule-associated protein: Structural and functional aspects. Front. Aging Neurosci. 11, 204. doi:10.3389/fnagi.2019.00204
 Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of proteostasis represents an early molecular event in Caenorhabditis elegans aging. Proc. Natl. Acad. Sci. U. S. A. 106 (35), 14914–14919. doi:10.1073/pnas.0902882106
 Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77 (1), 71–94. doi:10.1093/genetics/77.1.71
 Bugiani, O., Murrell, J. R., Giaccone, G., Hasegawa, M., Ghigo, G., Tabaton, M., et al. (1999). Frontotemporal dementia and corticobasal degeneration in a family with a P301S mutation in tau. J. Neuropathol. Exp. Neurol. 58 (6), 667–677. doi:10.1097/00005072-199906000-00011
 Caballero, B., Wang, Y., Diaz, A., Tasset, I., Juste, Y. R., Stiller, B., et al. (2018). Interplay of pathogenic forms of human tau with different autophagic pathways. Aging Cell 17 (1), e12692. doi:10.1111/acel.12692
 Carmel, G., Mager, E. M., Binder, L. I., and Kuret, J. (1996). The structural basis of monoclonal antibody Alz50's selectivity for Alzheimer's disease pathology. J. Biol. Chem. 271 (51), 32789–32795. doi:10.1074/jbc.271.51.32789
 Chatterjee, S., Sealey, M., Ruiz, E., Pegasiou, C. M., Green, S., Crisford, A., et al. (2021). Age-related changes in Tau and Autophagy in human brain in the absence of neurodegeneration. bioRxiv 2021 (2008), 456385. doi:10.1101/2021.08.21.456385
 Chen, L., Fu, Y., Ren, M., Xiao, B., and Rubin, C. S. (2011). A RasGRP, C. elegans RGEF-1b, couples external stimuli to behavior by activating LET-60 (Ras) in sensory neurons. Neuron 70 (1), 51–65. doi:10.1016/j.neuron.2011.02.039
 Chen, X., Cassady, K. E., Adams, J. N., Harrison, T. M., Baker, S. L., and Jagust, W. J. (2021). Regional tau effects on prospective cognitive change in cognitively normal older adults. J. Neurosci. 41 (2), 366–375. doi:10.1523/jneurosci.2111-20.2020
 Chew, Y. L., Fan, X., Gotz, J., and Nicholas, H. R. (2013). PTL-1 regulates neuronal integrity and lifespan in C. elegans. J. Cell Sci. 126 (9), 2079–2091. doi:10.1242/jcs.jcs124404
 Chiu, M. J., Fan, L. Y., Chen, T. F., Chen, Y. F., Chieh, J. J., and Horng, H. E. (2017). Plasma tau levels in cognitively normal middle-aged and older adults. Front. Aging Neurosci. 9, 51. doi:10.3389/fnagi.2017.00051
 Ciryam, P., Tartaglia, G. G., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M. (2013). Widespread aggregation and neurodegenerative diseases are associated with supersaturated proteins. Cell Rep. 5 (3), 781–790. doi:10.1016/j.celrep.2013.09.043
 Combs, B., and Gamblin, T. C. (2012). FTDP-17 tau mutations induce distinct effects on aggregation and microtubule interactions. Biochemistry 51 (43), 8597–8607. doi:10.1021/bi3010818
 Combs, B., Hamel, C., and Kanaan, N. M. (2016). Pathological conformations involving the amino terminus of tau occur early in Alzheimer's disease and are differentially detected by monoclonal antibodies. Neurobiol. Dis. 94, 18–31. doi:10.1016/j.nbd.2016.05.016
 Combs, B., Tiernan, C. T., Hamel, C., and Kanaan, N. M. (2017). Production of recombinant tau oligomers in vitro. Methods Cell Biol. 141, 45–64. doi:10.1016/bs.mcb.2017.06.005
 Datta, D., Leslie, S. N., Wang, M., Morozov, Y. M., Yang, S., Mentone, S., et al. (2021). Age-related calcium dysregulation linked with tau pathology and impaired cognition in non-human primates. Alzheimers Dement 17 (6), 920–932. doi:10.1002/alz.12325
 David, D. C., Ollikainen, N., Trinidad, J. C., Cary, M. P., Burlingame, A. L., and Kenyon, C. (2010). Widespread protein aggregation as an inherent part of aging in C. elegans. PLoS Biol. 8 (8), e1000450. doi:10.1371/journal.pbio.1000450
 Edelstein-keshet, L., and Spiros, A. (2002). Exploring the formation of Alzheimer's disease senile plaques in silico. J. Theor. Biol. 216 (3), 301–326. doi:10.1006/jtbi.2002.2540
 Goedert, M., Wischik, C. M., Crowther, R. A., Walker, J. E., and Klug, A. (1988). Cloning and sequencing of the cDNA encoding a core protein of the paired helical filament of alzheimer disease: Identification as the microtubule-associated protein tau. Proc. Natl. Acad. Sci. U. S. A. 85 (11), 4051–4055. doi:10.1073/pnas.85.11.4051
 Gordon, P., Hingula, L., Krasny, M. L., Swienckowski, J. L., Pokrywka, N. J., and Raley-Susman, K. M. (2008). The invertebrate microtubule-associated protein PTL-1 functions in mechanosensation and development in Caenorhabditis elegans. Dev. Genes Evol. 218 (10), 541–551. doi:10.1007/s00427-008-0250-z
 Grimm, A. (2021). Impairments in brain bioenergetics in aging and tau pathology: A chicken and egg situation?Cells 10 (10), 2531. doi:10.3390/cells10102531
 Grundke-Iqbal, I., Iqbal, K., Tung, Y. C., Quinlan, M., Wisniewski, H. M., and Binder, L. I. (1986). Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal pathology. Proc. Natl. Acad. Sci. U. S. A. 83 (13), 4913–4917. doi:10.1073/pnas.83.13.4913
 Guha, S., Fischer, S., Johnson, G. V. W., and Nehrke, K. (2020). Tauopathy-associated tau modifications selectively impact neurodegeneration and mitophagy in a novel C. elegans single-copy transgenic model. Mol. Neurodegener. 15 (1), 65. doi:10.1186/s13024-020-00410-7
 Guillozet, A. L., Weintraub, S., Mash, D. C., and Mesulam, M. M. (2003). Neurofibrillary tangles, amyloid, and memory in aging and mild cognitive impairment. Arch. Neurol. 60 (5), 729–736. doi:10.1001/archneur.60.5.729
 Higham, J. P., Malik, B. R., Buhl, E., Dawson, J. M., Ogier, A. S., Lunnon, K., et al. (2019). Alzheimer's disease associated genes ankyrin and tau cause shortened lifespan and memory loss in Drosophila. Front. Cell. Neurosci. 13, 260. doi:10.3389/fncel.2019.00260
 Huang, C., Wagner-Valladolid, S., Stephens, A. D., Jung, R., Poudel, C., Sinnige, T., et al. (2019). Intrinsically aggregation-prone proteins form amyloid-like aggregates and contribute to tissue aging in Caenorhabditis elegans. Elife 8, e43059. doi:10.7554/eLife.43059
 Iliev, A. I., Ganesan, S., Bunt, G., and Wouters, F. S. (2006). Removal of pattern-breaking sequences in microtubule binding repeats produces instantaneous tau aggregation and toxicity. J. Biol. Chem. 281 (48), 37195–37204. doi:10.1074/jbc.M604863200
 Kadavath, H., Hofele, R. V., Biernat, J., Kumar, S., Tepper, K., Urlaub, H., et al. (2015). Tau stabilizes microtubules by binding at the interface between tubulin heterodimers. Proc. Natl. Acad. Sci. U. S. A. 112 (24), 7501–7506. doi:10.1073/pnas.1504081112
 Kametani, F., Yoshida, M., Matsubara, T., Murayama, S., Saito, Y., Kawakami, I., et al. (2020). Comparison of common and disease-specific post-translational modifications of pathological tau associated with a wide range of tauopathies. Front. Neurosci. 14, 581936. doi:10.3389/fnins.2020.581936
 Kanaan, N. M., Morfini, G. A., LaPointe, N. E., Pigino, G. F., Patterson, K. R., Song, Y., et al. (2011). Pathogenic forms of tau inhibit kinesin-dependent axonal transport through a mechanism involving activation of axonal phosphotransferases. J. Neurosci. 31 (27), 9858–9868. doi:10.1523/JNEUROSCI.0560-11.2011
 Kenyon, C. J. (2010). The genetics of ageing. Nature 464 (7288), 504–512. doi:10.1038/nature08980
 Ko, S. H., Gonzalez, G., Liu, Z., and Chen, L. (2020). Axon injury-induced autophagy activation is impaired in a C. elegans model of tauopathy. Int. J. Mol. Sci. 21 (22), E8559. doi:10.3390/ijms21228559
 Kraemer, B. C., and Schellenberg, G. D. (2007). SUT-1 enables tau-induced neurotoxicity in C. elegans. Hum. Mol. Genet. 16 (16), 1959–1971. doi:10.1093/hmg/ddm143
 Kraemer, B. C., Zhang, B., Leverenz, J. B., Thomas, J. H., Trojanowski, J. Q., and Schellenberg, G. D. (2003). Neurodegeneration and defective neurotransmission in a Caenorhabditis elegans model of tauopathy. Proc. Natl. Acad. Sci. U. S. A. 100 (17), 9980–9985. pii. doi:10.1073/pnas.1533448100
 Landrum, M. J., Chitipiralla, S., Brown, G. R., Chen, C., Gu, B., Hart, J., et al. (2020). ClinVar: Improvements to accessing data. Nucleic Acids Res. 48 (D1), D835–D844. doi:10.1093/nar/gkz972
 Levenga, J., Krishnamurthy, P., Rajamohamedsait, H., Wong, H., Franke, T. F., Cain, P., et al. (2013). Tau pathology induces loss of GABAergic interneurons leading to altered synaptic plasticity and behavioral impairments. Acta Neuropathol. Commun. 1, 34. doi:10.1186/2051-5960-1-34
 López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The hallmarks of aging. Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039
 Macdonald, J. A., Bronner, I. F., Drynan, L., Fan, J., Curry, A., Fraser, G., et al. (2019). Assembly of transgenic human P301S Tau is necessary for neurodegeneration in murine spinal cord. Acta Neuropathol. Commun. 7 (1), 44. doi:10.1186/s40478-019-0695-5
 Miyasaka, T., Ding, Z., Gengyo-Ando, K., Oue, M., Yamaguchi, H., Mitani, S., et al. (2005). Progressive neurodegeneration in C. elegans model of tauopathy. Neurobiol. Dis. 20 (2), 372–383. doi:10.1016/j.nbd.2005.03.017
 Mutreja, Y., Combs, B., and Gamblin, T. C. (2019). FTDP-17 mutations alter the aggregation and microtubule stabilization propensity of tau in an isoform-specific fashion. Biochemistry 58 (6), 742–754. doi:10.1021/acs.biochem.8b01039
 Najarro, E. H., Wong, L., Zhen, M., Carpio, E. P., Goncharov, A., Garriga, G., et al. (2012). Caenorhabditis elegans flamingo cadherin fmi-1 regulates GABAergic neuronal development. J. Neurosci. 32 (12), 4196–4211. doi:10.1523/JNEUROSCI.3094-11.2012
 Najm, R., Rao, A., and Huang, Y. (2020). Too much tau in interneurons impairs adult hippocampal neurogenesis in Alzheimer's disease. Cell Stem Cell 26 (3), 297–299. doi:10.1016/j.stem.2020.02.004
 Nations, U. (2019). “World Population Prospects 2019: Highlights (ST/ESA/SER.A/423),” in Department of Economic and Social Affairs . Available at: https://www.un.org/development/desa/publications/world-population-prospects-2019-highlights.html
 Nonet, M. L., Staunton, J. E., Kilgard, M. P., Fergestad, T., Hartwieg, E., Horvitz, H. R., et al. (1997). Caenorhabditis elegans rab-3 mutant synapses exhibit impaired function and are partially depleted of vesicles. J. Neurosci. 17 (21), 8061–8073. doi:10.1523/jneurosci.17-21-08061.1997
 Oakley, S. S., Maina, M. B., Marshall, K. E., Al-Hilaly, Y. K., Harrington, C. R., Wischik, C. M., et al. (2020). Tau filament self-assembly and structure: Tau as a therapeutic target. Front. Neurol. 11, 590754. doi:10.3389/fneur.2020.590754
 Orr, M. E., Sullivan, A. C., and Frost, B. (2017). A brief overview of tauopathy: Causes, consequences, and therapeutic strategies. Trends Pharmacol. Sci. 38 (7), 637–648. doi:10.1016/j.tips.2017.03.011
 Pir, G. J., Choudhary, B., Mandelkow, E., and Mandelkow, E. M. (2016). Tau mutant A152T, a risk factor for FTD/PSP, induces neuronal dysfunction and reduced lifespan independently of aggregation in a C. elegans Tauopathy model. Mol. Neurodegener. 11, 33. doi:10.1186/s13024-016-0096-1
 Proctor, C. J., and Gray, D. A. (2010). GSK3 and p53 - is there a link in Alzheimer's disease?Mol. Neurodegener. 5, 7. doi:10.1186/1750-1326-5-7
 Puri, I. K., and Li, L. (2010). Mathematical modeling for the pathogenesis of Alzheimer's disease. PLoS One 5 (12), e15176. doi:10.1371/journal.pone.0015176
 Rajan, K. B., Weuve, J., Barnes, L. L., McAninch, E. A., Wilson, R. S., and Evans, D. A. (2021). Population estimate of people with clinical Alzheimer's disease and mild cognitive impairment in the United States (2020-2060). Alzheimers Dement. 17 (12), 1966–1975. doi:10.1002/alz.12362
 Rossi, G., and Tagliavini, F. (2015). Frontotemporal lobar degeneration: Old knowledge and new insight into the pathogenetic mechanisms of tau mutations. Front. Aging Neurosci. 7, 192. doi:10.3389/fnagi.2015.00192
 Scheres, S. H., Zhang, W., Falcon, B., and Goedert, M. (2020). Cryo-EM structures of tau filaments. Curr. Opin. Struct. Biol. 64, 17–25. doi:10.1016/j.sbi.2020.05.011
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9 (7), 671–675. doi:10.1038/nmeth.2089
 Sealey, M. A., Vourkou, E., Cowan, C. M., Bossing, T., Quraishe, S., Grammenoudi, S., et al. (2017). Distinct phenotypes of three-repeat and four-repeat human tau in a transgenic model of tauopathy. Neurobiol. Dis. 105, 74–83. doi:10.1016/j.nbd.2017.05.003
 Shi, Y., Zhang, W., Yang, Y., Murzin, A. G., Falcon, B., Kotecha, A., et al. (2021). Structure-based classification of tauopathies. Nature 598 (7880), 359–363. doi:10.1038/s41586-021-03911-7
 Shigemoto, Y., Sone, D., Imabayashi, E., Maikusa, N., Okamura, N., Furumoto, S., et al. (2018). Dissociation of tau deposits and brain atrophy in early Alzheimer's disease: A combined positron emission tomography/magnetic resonance imaging study. Front. Aging Neurosci. 10, 223. doi:10.3389/fnagi.2018.00223
 Sievers, F., and Higgins, D. G. (2021). The clustal omega multiple alignment package. Methods Mol. Biol. 2231, 3–16. doi:10.1007/978-1-0716-1036-7_1
 Simón, D., García-García, E., Gómez-Ramos, A., Falcón-Pérez, J. M., Díaz-Hernández, M., Hernández, F., et al. (2012). Tau overexpression results in its secretion via membrane vesicles. Neurodegener. Dis. 10 (1-4), 73–75. doi:10.1159/000334915
 Statzer, C., Reichert, P., Dual, J., and Ewald, C. Y. (2022). Longevity interventions temporally scale healthspan in Caenorhabditis elegans. iScience 25 (3), 103983. doi:10.1016/j.isci.2022.103983
 Takeuchi, H., Iba, M., Inoue, H., Higuchi, M., Takao, K., Tsukita, K., et al. (2011). P301S mutant human tau transgenic mice manifest early symptoms of human tauopathies with dementia and altered sensorimotor gating. PLoS One 6 (6), e21050. doi:10.1371/journal.pone.0021050
 Taylor, R. C., and Dillin, A. (2011). Aging as an event of proteostasis collapse. Cold Spring Harb. Perspect. Biol. 3 (5), a004440. doi:10.1101/cshperspect.a004440
 Team, R. C. (2020). R: A language and environment for statistical computing. (Vienna, Austria: R foundation for statistical computing). 
 Team, R. (2019). RStudio: Integrated development for R. Boston, MA: RStudio, Inc.
 Walther, D. M., Kasturi, P., Zheng, M., Pinkert, S., Vecchi, G., Ciryam, P., et al. (2015). Widespread proteome remodeling and aggregation in aging C. elegans. Cell 161 (4), 919–932. doi:10.1016/j.cell.2015.03.032
 White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1986). The structure of the nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 314 (1165), 1–340. doi:10.1098/rstb.1986.0056
 White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1976). The structure of the ventral nerve cord of Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 275 (938), 327–348. doi:10.1098/rstb.1976.0086
 Wischik, C. M., Novak, M., Thogersen, H. C., Edwards, P. C., Runswick, M. J., Jakes, R., et al. (1988). Isolation of a fragment of tau derived from the core of the paired helical filament of Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 85 (12), 4506–4510. doi:10.1073/pnas.85.12.4506
 Wittmann, C. W., Wszolek, M. F., Shulman, J. M., Salvaterra, P. M., Lewis, J., Hutton, M., et al. (2001). Tauopathy in Drosophila: Neurodegeneration without neurofibrillary tangles. Science 293 (5530), 711–714. doi:10.1126/science.1062382
 Wood, J. G., Mirra, S. S., Pollock, N. J., and Binder, L. I. (1986). Neurofibrillary tangles of Alzheimer disease share antigenic determinants with the axonal microtubule-associated protein tau (tau). Proc. Natl. Acad. Sci. U. S. A. 83 (11), 4040–4043. doi:10.1073/pnas.83.11.4040
 Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N., Saido, T. C., et al. (2007). Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse model. Neuron 53 (3), 337–351. doi:10.1016/j.neuron.2007.01.010
 Zhen, M., and Samuel, A. D. (2015). C. elegans locomotion: Small circuits, complex functions. Curr. Opin. Neurobiol. 33, 117–126. doi:10.1016/j.conb.2015.03.009
 Ziontz, J., Bilgel, M., Shafer, A. T., Moghekar, A., Elkins, W., Helphrey, J., et al. (2019). Tau pathology in cognitively normal older adults. Alzheimers Dement. 11, 637–645. doi:10.1016/j.dadm.2019.07.007
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Aquino Nunez, Combs, Gamblin and Ackley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fragi-03-928574-g005.gif





OPS/images/fragi-03-928574-g006.gif





OPS/images/fragi-03-928574-g003.gif





OPS/images/fragi-03-928574-g004.gif
2w -
s ot
e e

5 - urea, day 1
6-urea,day 3

tubulin





OPS/images/fragi-03-928574-g009.gif





OPS/images/fragi-03-928574-g007.gif
Day 1t

oay7






OPS/images/fragi-03-928574-g008.gif
o Burveml






OPS/xhtml/nav.xhtml
Contents

		Cover

		Age-dependent accumulation of tau aggregation in Caenorhabditis elegans		Introduction

		Materials and methods		Strains and genetics

		Whole-mount immunostaining

		Fluorescence microscopy and image analysis

		Biochemical characterization

		Survival analysis

		Locomotion analysis

		Statistics

		Cloning and molecular biology

		Protein alignments





		Results		Wild-type tau expression in neurons is well tolerated

		TauGFP distribution and appearance change in aging with aggregation

		P301S and 3PO tau form detergent insoluble aggregates in C. elegans neurons

		Expression of aggregation-prone human tau reduces lifespan

		Aggregation-prone tau induces changes in locomotion

		Human tau variants behave differently in the C. elegans ortholog of tau, ptl-1, mutant background

		ptl-1 protects the animal from tau3PO effects

		Tau adopts an aggregation-prone conformation detected by TNT1





		Discussion		Expression of a gfp-tagged wild-type tau permits visualization of age-related changes

		Tau variants can act differently from wild type

		Amount of aggregated to non-aggregated tau impacts survival

		MAP proteins can protect against the effects of aggregated tau





		Permission to reuse and copyright

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Aging






OPS/images/fragi-03-928574-g001.gif
AZTEN Va0

Ne7el Y310
K280 0P312
Vs
) L ] J
Y T

e won A






OPS/images/fragi-03-928574-g002.gif





OPS/images/fragi-03-928574-g010.gif
. .
TR OB ENRGSS

T VDSV S G000

ORGSR GG

i ngg e comeru ot

o e P
[ ——
i sains stk Patogenics









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Aging





