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SUMMARY

The microtubule-associated tau protein forms pathological inclusions that accu-
mulate in an age-dependent manner in tauopathies including Alzheimer’s disease
(AD). Since age is the major risk factor for AD, we examined endogenous tau spe-
cies that evolve during aging in physiological and diseased conditions. In aged
mouse brain, we found tau-immunoreactive clusters embedded within structures
that are reminiscent of periodic acid-Schiff (PAS) granules. We showed that PAS
granules harbor distinct tau species that are more prominent in 3xTg-AD mice.
Epitope profiling revealed hypo-phosphorylated rather than hyper-phosphory-
lated tau commonly observed in tauopathies. High-resolution imaging and 3D
reconstruction suggest a link between tau clusters, reactive astrocytes, and mi-
croglia, indicating that early tau accumulation may promote neuroinflammation
during aging. Using postmortem human brain, we identified tau as a component
of corpora amylacea (CA), age-related structures that are functionally analogous
to PAS granules. Overall, our study supports neuroimmune dysfunction as a
precipitating event in tau pathogenesis.

INTRODUCTION

One of the defining features of Alzheimer’s disease (AD) is the formation of tau species that accumulate

with age, initially as soluble tau, then transitioning to tau oligomers and neurofibrillary tangles (NFTs) in

end-stage AD brain (Lasagna-Reeves et al., 2012; Maeda et al., 2006). A major challenge when using rodent

models of AD is generating robust tau pathology to the extent observed in human tauopathies. Indeed, the

formation of tau inclusion pathology in rodents typically requires tau over-expression paradigms, the incor-

poration of mutant aggregate-prone versions of tau, or prion-like templating to seed tau into an insoluble,

hyper-phosphorylated state that resembles that observed in late-stage human tauopathies (Puzzo et al.,

2015). Surprisingly, few studies have analyzed normal endogenous tau conformations that emerge during

the aging process, well before the onset of cognitive deficits. A better understanding of tau in this early

stage could identify pre-pathological tau forms, allow the early detection of tauopathy prior to over symp-

toms, and potentially even provide a framework for tau-targeted drug discovery.

Recently, we identified a tau species that accumulated in aged wild-type mice (Tseng et al., 2017). This spe-

cies was distinct from classic tau pathology since it was soluble and immunoreactive with the tau-1 antibody

(e.g., tau-1 immunoreactive, or tau-1IR), which detects hypo-phosphorylated tau in the region spanning res-

idues S192–T205 (Binder et al., 1985). The aged tau species accumulated as punctate clusters in the hippo-

campus and cortex of middle-aged (!12 months old) and older mice (>24 months old) but was nearly un-

detectable in young mice (<6 months old). Using a cell culture model of acute neuroinflammation, we

determined that tau-1IR structures contained tau species that were acetylated (Cohen et al., 2011) and

phosphorylated (Drewes et al., 1997) within the microtubule-binding domain (MTBR) (e.g., ac-K280 and

p-S262-positive) but not the flanking regions. Thus, we proposed that tau-1IR clusters represent a feature

of the aged brain that is accelerated under conditions of neuronal stress or damage. Consistent with this

possibility, genetic depletion of the deacetylase HDAC6 in wild-typemice, which confers a neuroprotective

effect in some models (Selenica et al., 2014; Zhang et al., 2014a), led to reduced tau-1IR cluster formation.

Conversely, neuroinflammatory triggers including lipopolysaccharide (LPS) exposure were associated with
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accumulation of tau-1IR clusters (Tseng et al., 2017). These findings suggested that an age-dependent form

of tau might emerge in the brains of vulnerable mice.

Morphologically similar to tau-1IR clusters, carbohydrate-rich deposits known as periodic acid-Schiff (PAS)

granules (also referred to as Wirak bodies) are spheroid!3-mm-diameter structures detected by PAS stain-

ing of hippocampal brain sections of aged mice (Cana et al., 2015; Jucker et al., 1994; Kuo et al., 1996; Man-

ich et al., 2014a, 2014b, 2015, 2016;Wirak et al., 1991). In addition, similarly spherical, age-related structures

known as corpora amylacea (CA) have been described in human brain (Auge et al., 2017, 2018, 2019; Manich

et al., 2016; Singhrao et al., 1993). Both PAS granules and CA are thought to emerge during aging as a result

of abnormal or pathological processes, potentially arising from diverse stressors including oxidative stress

(Porquet et al., 2013), neuroinflammation (Tseng et al., 2017), or environmental triggers such as fungal (Pisa

et al., 2016) or viral (Libard et al., 2014) infection. Like tau-1IR clusters, PAS granules increase in the aged

mouse brain (Manich et al., 2014a). Primarily thought to be composed of glycoproteins and carbohydrate

moieties, the protein constituents of PAS granules remain poorly characterized, largely due to false-posi-

tive PAS granule detection from non-specific IgM components present in many natural and commercially

available antibodies (Manich et al., 2015). In light of this confounding issue, the mechanism of PAS granule

biogenesis and its role in neurodegenerative disease has been a highly debated topic.

At the ultrastructural level, PAS granules were shown to contain degenerating cytoplasmic organelles

including mitochondria, irregular vacuolar structures, fragmented cytoskeletal components, and break-

down products derived from degenerating neurons and astrocytes (Kuo et al., 1996; Manich et al.,

2014a; Mitsuno et al., 1999). A link between tau, PAS granules, and AD is bolstered by the presence of

degenerating dendrites immediately surrounding PAS deposits (Manich et al., 2014a), as well as the

potential identification of tau and other MAPs within CA by proteomics approaches (Pisa et al., 2018).

Furthermore, a significant correlation was observed between PAS granule formation and hippocampal-

dependent spatial memory defects (Jucker et al., 1994; Knuesel et al., 2009). Recent findings indicate

that CA or PAS granules may be engulfed by macrophages after they are extruded from the brain into

the cerebrospinal fluid (CSF) (Riba et al., 2019). Thus, PAS granules may act in a protective capacity during

aging to isolate or limit the accumulation of damaged, misfolded, and aggregated proteins including tau.

Excessive PAS granule formation, coupled with its failed clearance, could exacerbate disease pathology

and promote neurodegeneration. Connecting these structures to the progression of AD and other tauo-

pathies remains an unresolved issue that has major implications for brain aging, AD pathology, and cogni-

tive decline.

Here, we performed a detailed characterization of tau-1IR structures and found striking parallels between

tau-1IR clusters andmouse PAS granules. We then validated the specific immunoreactivity of tau-1 and tau5

mouse monoclonal antibodies using genetic tau-knockout mice and immunoadsorption techniques. We

show that the formation of tau-immunoreactive clusters, which accumulate predominantly in the CA1 re-

gion, are accelerated in the 3xTg-AD model mice and are present in the hippocampus of aged and AD

postmortem human brain. High-resolution 3D microscopy indicates that the cluster-associated pool of

tau is engaged by astrocytic and microglial processes. Overall, our data highlight mouse PAS granules

and human CA as unanticipated hubs for the emergence of tau species that may be linked to the evolution

of tau pathology in normal aging, AD, and related tauopathies.

RESULTS

Characterizing Tau-1IR Cluster Formation by Tau Epitope Immunoreactivity

In our previous study, we showed that the non-phosphorylation-specificmonoclonal tau-1 antibody and the

tau-oligomer-specific polyclonal T22 antibody both partly labeled hippocampal age-related clusters in

wild-type mice (Tseng et al., 2017) (Table S1). To evaluate tau-1IR clusters under pathological conditions,

we performed double-labeling immunofluorescence on wild-type and transgenic AD mice (3xTg-AD).

These mice harbor three mutations associated with familial AD (APP Swedish, MAPT P301L, and PSEN1

M146V), which drive cortical Ab plaque deposition at 3–4 months of age, whereas transgenic human tau

pathology is not observed robustly until around 12 months of age, at which point cognitive deficits become

more apparent (Oddo et al., 2003). Tau-1IR/T22IR clusters were detected in themolecular layer (ML), stratum

oriens (SO), and prominently in the stratum radiatum (SR) of aged 3xTg-AD mice (Figure 1A). These obser-

vations are consistent with the prior detection of PAS granules in the SR and nearby hippocampal regions

such as the stratum lacunosum moleculare (SLM) (Manich et al., 2014b), indicating that tau-1IR clusters and
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PAS granules correspond, at least morphologically, to identical age-related deposits. Importantly, analysis

of Ab plaques in 3xTg-AD mice, detected with the 6E10 monoclonal antibody, showed that tau-1IR clusters

were not associated with plaque pathology in these regions (Figure 1B).

Figure 1. Tau-Immunoreactive Clusters in the Hippocampus Are Distinct from Plaque Pathology in 3xTg-ADMice

(A) Immunofluorescent confocal images of aged (21-month-old [mo]) 3xTg-AD mice indicate that Tau-1 (green) and T22

(red) co-localize in granules in the CA1 and SR.

(B) T22 (red) does not co-localize with plaques (6E10) or neuronal soma (green) within the CA1 and SR.

(C) AT8-immunoreactive neuronal soma and axons (red) associate, but do not co-localize, with T22-positive granules

(green) in the CA1 or SR.

(D) Representative immunofluorescent images of 3xTg-AD and WT hippocampal fields captured by confocal microscopy

at 40x magnification. Dashed circles indicate tau-1IR clusters (red).

(E) Quantification of tau-1IR clusters showing that they are significantly elevated in the hippocampi of 6-mo 3xTg-ADmice

when compared with controls.

Scale bars, 50 mm (A–C), 250 mm (D). Statistical significance was assessed using Student’s t test from N = 4 biological

replicates (**p < 0.01). Error bars represent SEM. See also Figure S1.
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To determine whether tau-1IR clusters in wild-type (WT) and 3xTg-ADmice contain phosphorylated tau, we

evaluated their immunoreactivity with AT8, a monoclonal antibody commonly used to mark NFT pathol-

ogy, which detects tau phosphorylated at S202/T205. Consistent with tau-1 and AT8 targeting complimen-

tary epitopes (Szendrei et al., 1993), we found that tau-1IR/T22IR clusters were AT8-negative in the SR of

3xTg-AD mice (Figure 1C), indicating enrichment for hypo-phosphorylated tau, at least within the region

detected by tau-1 (residues S195-T205) and T22 (oligomeric) antibodies. Quantification of tau-1IR cluster

density from hippocampal sections of 6-month-old mice showed a significant increase from 1,425 gran-

ules/mm3 in WT to 3,965 granules/mm3 in 3xTg-AD mice (Figures 1D and 1E). The difference between ge-

notypes gradually normalized as the mice aged (Figure S1A). These results suggest that tau-1IR cluster for-

mation is accelerated at early stages in an AD mouse model and support the independent spatial

accumulation of tau clusters and Ab in the aging hippocampus.

Evaluating Tau as a Component of PAS Granules

To confirm the incorporation of tau into PAS granules, we performed genetic validation experiments using

tau knockout (TKO) mice to evaluate the specificity of tau within PAS granules. Surprisingly, although total

tau (K9JA) immunoreactivity was absent, quantification of confocal images revealed that tau-1IR clusters

were detectable yet significantly less dense in the hippocampi of 23-month-old TKO mice (!9,000 gran-

ules/mm3) compared with age-matched WT mice (!14,400 granules/mm3) (Figures 2A–2C), indicating

that tau depletion reduced but did not eliminate tau-1 immunoreactivity. Immunoblotting of hippocampal

lysates showed the expected tau depletion (Figure 2D), excluding the potential for any residual tau expres-

sion in the TKO mice.

To further address the presence of tau clusters in TKO mice, we investigated their molecular and histolog-

ical properties. Tau-1IR clusters are highly reminiscent of PAS granules, also known as Wirak bodies, which

form in agedmouse brain (Wirak et al., 1991). Mass spectrometry-based proteomics of related CA deposits

from human brain hinted that tau and related MAPs may be present within these structures (Pisa et al.,

2018), but this has not been confirmed or thoroughly investigated. Intriguingly, PAS granules and CA

comprise neo-epitopes containing carbohydrates that are recognized by natural and commercially avail-

able antibodies containing a non-specific IgM fraction (Manich et al., 2015). Therefore, to clarify whether

the tau-1IR clusters contain tau or rather result from non-specific immunohistochemical detection due to

anti-IgM immunoreactivity, we performed a series of experiments using more highly specific immunohisto-

logical approaches. We used isotype-specific anti-mouse IgG and anti-mouse IgM secondary antibodies to

distinguish among the components found within the primary tau antibodies (Table S1).

Tau-1IR and tau5IR clusters were indeed detected with anti-mouse IgM-specific secondary antibodies in aged

mice (Figures 3A and 3B, green) but not in young 2-month-old WT or AD mice (Figure S1B), suggesting a

non-specific IgM component is present in these monoclonal antibodies. This result is not unexpected, as

many commercial antibodies contain trace amounts of IgM antibodies directed against poorly defined neo-epi-

topes that can lead to false-positive detection of PAS granules or analogous structures (Auge et al., 2018). We

therefore subclassified tauIR clusters into anti-mouse IgG-specific and anti-mouse IgM-specific (anti-IgM, m-chain

specific) granules using secondary antibodies against tau-1 (anti-IgG2a, g-chain specific) or tau5 (anti-IgG1, g-

chain specific) (Table S2). Although the tau-1 and tau5 monoclonal antibodies harbor an IgM component, we

observed anti-mouse IgG-specific tauIR granules within the anti-mouse IgM-specific granules, indicating that

a pool of tau does indeed localize to PAS granules in 3xTg-AD mice (Figures 3A and 3B, red). Moreover, we

excluded any non-specific IgG immunoreactivity using an isotype control antibody (Figure S2). Further confirm-

ing the presence of tau within these structures, tauIR granules were not detectable using anti-mouse IgG-specific

secondary antibodies in TKOmice that lack the tau protein, despite the fact that anti-mouse IgM-specific immu-

noreactivity remained (Figures 3A and 3B, see TKO panel).

As an IgM and IgG1-containing positive control primary antibody, we used a monoclonal anti-Reelin anti-

body (clone G10) and confirmed the expected non-specific IgM component that was previously shown to

label PAS granules, referred to as ‘‘Reelin plaques’’ (Doehner et al., 2010; Knuesel et al., 2009; Manich et al.,

2016). Both anti-mouse IgG1-specific and anti-mouse IgM-specific secondary antibodies labeled Reelin

granules in the 3xTg-AD mouse, and neither signal was effectively depleted in TKO mice (Figure 3C).

To further validate the specificity of tau-1 and tau5 antibodies, we performed immunoadsorption experi-

ments to block the monoclonal antibody epitopes and hence neutralize tau immunoreactivity prior to
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immunofluorescence analysis. To deplete the tau signal with native tau isoforms, we used either recombi-

nant human tau protein (2N4R full-length tau) or a brain-derived MAP-rich fraction (containing tau) isolated

by temperature-induced tubulin polymerization, ionic exchange chromatography, and high salt elution.

The MAP mixture contains multiple neuronal tau and MAP isoforms that we confirmed by immunoblotting

of serially diluted MAP-rich fractions (Figure 4A). Pre-incubating the tau5 or tau-1 antibodies with the MAP-

rich fraction or with recombinant full-length tau led to antibody neutralization and a reduction in the anti-

mouse IgG-specific detection of tau in dendrites and granules of 3xTg-AD mice (Figures 4B and 4C) as well

as aged WT mice (Figures S3A and S3B). Pre-incubation of the tau-1 primary antibody with a purified pep-

tide containing only the tau-1 epitope sequence nearly eliminated the anti-mouse IgG-specific detection of

tau-1IR granules (Figure 4D), whereas anti-mouse IgM-specific granules remained. Therefore, combining

genetic and histological validation controls, we conclude that tau is a bona fide constituent of PAS granules

that accumulates in the aged mouse brain.

We also investigated the possibility of MAP2 accumulation within tauIR clusters. Multiple MAPs were found

by mass spectrometry analysis of CA isolated from human brain tissue, with MAP2 being the most

commonly observed peptide (Pisa et al., 2018). We used a mouse monoclonal MAP2 antibody (IgG1)

Figure 2. Tau-Immunoreactive Clusters Are Reduced, but Not Eliminated, in Tau KO Mice When Detected with

Pan-Reactive Secondary Antibodies

(A) Immunofluorescent confocal images of aged (23-mo) wild-type (WT) and tau knockout (TKO) mice show

immunoreactivity with K9JA (red) and tau-1 (green) in the CA1 and SR of WT mice, with only tau-1IR cluster

immunoreactivity in TKO mice.

(B) Representative images of full hippocampal fields in aged WT and TKO mice captured by confocal microscopy at 40x

magnification.

(C) Quantification of tau-1IR cluster density showing a reduction in granules in 23-mo TKOmice when compared with age-

matched WT mice.

(D) Immunoblots of tau (tau-1, K9JA) and GAPDH in 23-moWT and TKOmouse hippocampal lysates confirm the absence

of tau expression in TKO mice.

Scale bars, 50 mm (A), 250 mm (B). Statistical significance was assessed using a Student’s t test from N = 4 biological

replicates (*p < 0.05). Error bars represent SEM. See also Figure S2.
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Figure 3. Analysis of Hippocampal Tau Clusters Using Isotype-Specific Immunodetection

(A) Immunofluorescent confocal images of aged (23-mo) 3xTg-AD and TKO mice using isotype-specific secondary

antibodies. Tau5 detects tau granules when labeled with an anti-mouse IgM m-chain-specific secondary antibody (Ms IgM,
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that contains an IgM component in conjunction with isotype-specific secondary antibodies and observed

that MAP2 labeled with anti-mouse IgG1-specific secondary antibodies reliably marked dendrites but was

not immunoreactive within anti-mouse IgM-specific clusters in aged mice (Figure S4). We did, however,

observe PAS granules closely associated with MAP2-positive dendrites, suggesting that PAS granules

may partly originate from neurons.

Tau-1IR Cluster Formation Is Associated with Reactive Astrocytes

Previous studies support a glial origin of PAS granules, as > 60% of these structures are reported to asso-

ciate with glial fibrillary acidic protein (GFAP)-immunoreactive astrocytic processes (Akiyama et al., 1986;

Jucker et al., 1994; Kuo et al., 1996; Madhusudan et al., 2009; Manich et al., 2014a; Nakamura et al.,

1995; Robertson et al., 1998). Moreover, we showed that tau-1IR clusters correlate with inflammatory micro-

glia in the hippocampus (Tseng et al., 2017). We therefore explored the interactions of anti-mouse IgG-spe-

cific tauIR granules with microglia and astrocytes. Iba-1-positive microglial processes were in close prox-

imity with anti-mouse IgG-specific tauIR granules and were observed surrounding these structures (see

arrowheads marking these interactions) (Figure 5A). More prominently, GFAP-positive astrocytic processes

were strongly co-localized with anti-mouse IgG-specific tauIR granules, and the astrocytic somas were

frequently at the center of individual tauIR cluster patches (Figure 5B). Isotype-specific staining using a

mouse monoclonal GFAP antibody detected a substantial IgM component, whereas the IgG component

of the GFAP antibody labeled with anti-mouse IgG1-specific secondary showed very close juxtaposition

of astrocytic processes that terminated with PAS granules (Figure S5).

Both astrocytes and microglia are known to alter synapses, and synaptic dysfunction is observed under neuro-

inflammatory conditions including LPS exposure, which increases PAS granule burden and astrocyte reactivity

throughout aging (Chen et al., 2014). Reactive astrocytes may therefore represent a major source of neuronal

toxicity via the release of factors that induce microglial activation throughout normal aging and in many neuro-

degenerative disorders (Liddelow et al., 2017). Astrocytic reactivity is known to increase owing to inflammation

and injury, and astrocytes increasingly display transcript profiles indicative of a neurotoxic A1 phenotype that

arises during normal aging in rodents (Clarke et al., 2018). Among the most prominent up-regulated genes

throughout aging was Serpina3n, a serine-threonine protease inhibitor (Baker et al., 2007), the expression of

which increases sharply during normal aging in the rodent hippocampus, but not the cortex, mirroring the

pattern of PAS granule formation (Vanni et al., 2017). Given their close proximity, we hypothesized that the for-

mation of PAS granules during aging could coincide with an increase in astrocyte reactivity.

To investigate this possibility, we used in situ RNA probes and performed double labeling using a combi-

nation of RNA probes and antibodies marking astrocytes (GFAP) and PAS granules (T22) in aged mouse

brain. As expected, the negative control RNA probe (DapB) showed limited reactivity (Figure 5C, bottom

row), whereas abundant signal was detected with the positive control probe (Mm-PpiB) (Figure 5C, middle

row), a factor involved in collagen formation. Using the Serpina3n probe (Mm-Serpina3n), we found that

Serpina3n expression was enriched in the soma and processes of the same astrocytes that also harbored

tauIR clusters (Figure 5C, top row, see co-localized regions marked by arrowheads). These results suggest

that tau granule formation is linked to increased astrocytic reactivity during normal rodent aging.

To further visualize the association of microglia and astrocytes interacting with tau granules, we used 3D

reconstruction imaging techniques (Figure 6). The analysis revealed extensive interactions between anti-

IgG-specific tau5IR granules and either microglia (Figure 6A) or astrocytes (Figure 6B) (see arrowheads

marking regions of co-localization). The prominent association of astrocytes, in particular, with PAS gran-

ules was even more apparent with GFAP labeling and high-resolution 3D reconstruction of the astrocytic

processes wrapping around PAS granules (labeled with anti-IgM-specific secondary antibodies to label

Figure 3. Continued

green) in both genotypes and partially detects tau granules when labeled with an anti-mouse IgG1 g-chain-specific

secondary antibody (Tau5 IgG1, red) in 3xTg-AD but not TKO mice.

(B) Tau-1 detects tau granules when labeled with an anti-mouse IgM m-chain-specific secondary antibody (Ms IgM, green)

in both genotypes and partially detects tau granules when labeled with an anti-mouse IgG2a g-chain-specific secondary

antibody (Tau-1 IgG2a, red) in 3xTg-AD mice but not TKO mice.

(C) Reelin partially detects granules when labeled with both anti-mouse IgM m-chain-specific (Ms IgM, green) and anti-

mouse IgG1 g-chain-specific (Reelin IgG1, red) secondary antibodies in both 3xTg-AD and TKO mice.

Scale bars, 50 mm; dashed white circles indicate regions of co-localization. See also Figure S3.
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the entire PAS granule pool) (Figure 6C). Our findings strongly support the notion that microglia and reac-

tive astrocytes are intimately associated with anti-mouse IgG-specific tauIR granules.

Next, we sought to corroborate our observations in mice with human postmortem brain tissue. Corpora

amylacea (CA) in humans are thought to represent structural and functional homologues of mouse hippo-

campal PAS granules (Auge et al., 2019). Therefore, we analyzed hippocampal tissue sections from human

control subjects and patients with AD with polyclonal GFAP and monoclonal tau5 antibodies, followed by

labeling with isotype-specific secondary antibodies (Figures 7A–7C). We closely monitored anti-mouse

IgG-specific tau5 immunoreactivity within CA structures, which are routinely observed in the subpial re-

gions of the hippocampus. Consistent with our findings in mice, tau-positive CA were marked with both

anti-mouse IgM-specific and anti-mouse IgG-specific secondary antibodies and were often in close prox-

imity to GFAP-positive astrocytes (Figures 7A and S6, arrowheads indicate CA). Immunoadsorption of the

tau5 primary antibody with full-length recombinant tau protein eliminated anti-mouse IgG-specific tau5

immunoreactivity in human CA, whereas anti-mouse IgM-specific immunoreactivity remained (Figures

S7A and S7B). In many instances, we observed striking hollowed-out or dome-like CAs that were promi-

nently tau5 immunoreactive using anti-mouse IgG-specific secondaries in AD brain (Figure 7B), which

was further analyzed by (1) average-Z projection and orthogonal views (Figure 7C-i), (2) single confocal

planes (Figure 7C-ii), and (3) 3D reconstruction analysis using IMARIS software (Figures 7D-i and 7D-ii, alter-

nate views). The hollowed appearance of tau-positive CA could potentially arise from the harsh antigen

retrieval process that may remove the internal CA contents but leave membrane-associated tau intact.

In AD brain, we observed typical neuritic tau pathology that was largely enveloped by GFAP-positive pro-

cesses and was in close proximity to CA membrane-associated tau (Figure S6).

We complemented the human confocal imaging with immunohistochemical (IHC) analysis of a panel of

cases using isotype-specific horseradish peroxidase (HRP)-conjugated secondary antibodies to label

tau-positive CA (anti-mouse IgG2a or anti-mouse IgG1). Our data confirm that total tau, as detected

with anti-mouse IgG-specific secondary antibodies, labels human CA, whereas hyper-phosphorylated

tau, detected with AT8 is largely excluded (Figure 7E). However, in some instances, we observed AT8

and tau5 immunoreactivity surrounding and encircling CA (Figure 7F). Based on tau immunoreactivity

within CA using AT8, tau5, and tau-1 antibodies, we scored tau-positive CA intensity using a semi-quanti-

tative grading scheme from 0 to 3 in increments of 0.5 (Table S3). We observed a negative correlation for

both tau5 (p = 0.0325) and tau-1 (p = 0.0285) immunoreactive CA as a function of increasing Braak stage

(Figures S7C and S7D), suggesting tau-immunoreactive CA decrease with increasing burden of insoluble

tau pathology in AD. We note that, although this is significant, given the variance in the data, additional

studies with larger cohorts are warranted to further correlate tau immunoreactive CA with neuropatholog-

ical, genetic, and/or cognitive measures of disease progression.

To the best of our knowledge, CA-enriched tau species have not been previously characterized in human brain.

Thus, we refer to this tau species as CA-associated tau, or CA-tau.Our IHC analysis indicates that CA-tau is often

tau-1 and tau5 immunoreactive within the CA core, whereas phosphorylated tau (AT8-positive), when present, is

largely restricted to the CA membrane. Overall, our study highlights mouse PAS granules and human CA as

novel hubs involved in tau processing and potential determinants of tau pathogenesis during the aging process

and in AD.

Figure 4. Analysis of Tau Clusters Following Epitope Neutralization by Immunoadsorption

(A) Immunoblots of MAP-rich fractions (MRFs) from porcine brain that were used to pre-adsorb tau-1, tau5, and MAP2

primary antibodies showing MAP2 and tau (K9JA, tau-1) immunoreactivity.

(B) The tau5 antibody detects granules when labeled with an anti-mouse IgM m-chain-specific secondary antibody (Ms

IgM, green), labels both dendrites and granules when labeled with an anti-mouse IgG1-specific secondary antibody (Tau5

IgG1, red), and is partially pre-adsorbed when neutralized with MRF, whereas anti-mouse IgM-specific granules (Ms IgM,

green) remain in 21-mo 3xTg-AD mice.

(C) Tau5 anti-mouse IgG1-specific (Tau5 IgG1, red) immunoreactivity is neutralized with recombinant full-length (2N4R

isoform) tau protein, whereas anti-mouse IgM-specific granules (green) remain in 21-mo 3xTg-AD mice.

(D) The tau-1 antibody detects granules when labeled with anti-mouse IgM m-chain-specific secondary antibody (Ms IgM,

green), detects dendrites and some, but not all, granules when labeled with anti-IgG2a secondary antibody (Tau-1 IgG2a,

red) in 21-mo 3xTg-AD mice. Tau-1 anti-mouse IgG2a-specific immunoreactivity is neutralized by the purified tau-1

peptide, whereas anti-mouse IgM-specific (Ms IgM, green) immunoreactivity remains. Scale bars, 50 mm, dashed white

circles indicate regions of co-localization.

See also Figure S4.
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Figure 5. Tau-Immunoreactive Granules Are Associated with Reactive Astrocytes

(A) Immunofluorescent confocal images of aged (21-mo) 3xTg-AD mice show distal processes of microglia detected with anti-rabbit Iba1 (Iba1, green) that

associate with and envelop anti-mouse IgG1-specific tau5IR granules (Tau5 IgG1, red) in the CA1 and SR of aged 3xTg-AD mice.

(B) Distal processes of astrocytes detected with anti-rabbit GFAP (GFAP, green) contain and envelop many anti-mouse IgG1-specific tau5IR granules (Tau5

IgG1, red) in the CA1 and SR of aged 3xTg-AD mice.
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DISCUSSION

In this study, we characterized tau-1IR clusters, which are highly reminiscent and overlapping with previously

characterized PAS granules that accumulate predominantly in the aged mouse hippocampus. Using histol-

ogy and molecular approaches, our results indicate that tau is a bona fide constituent of these granules in

both mice and humans and that tauIR granules represent a subset of an IgM-reactive pool that has not been

defined in the literature. In contrast to more mature tau pathology in AD brain that is typically marked by

phospho-tau immunoreactivity, our epitope profiling shows that hypo-phosphorylated, rather than hyper-

phosphorylated tau, may be enriched within PAS granules and CA. Since hypo-phosphorylated tau species

have been reported to precede subsequent tau hyper-phosphorylation (Liang et al., 2009, Lopresti and Ko-

nat, 2001), we propose that PAS granules may harbor a specific age-related conformational tau variant,

which, given enough time, may evolve into more mature tau pathology. In light of our study showing

that tau-1IR cluster formation occurs in response to neuroinflammatory triggers (e.g., LPS exposure) (Tseng

et al., 2017), CA and PAS granules could initially be generated in an attempt to clear tau and other aggre-

gate-prone proteins but may then become stabilized in the aged brain, which could accelerate tau path-

ogenesis. The biochemical isolation of these structures, followed by mass spectrometry and other prote-

omics approaches, could identify PTM signatures that more fully characterize this particular tau strain.

We show that tau is present within some, but not all, human CA in control subjects and patients with AD. Our

semi-quantitative CA rating has identified a potential negative correlation between tau-positive CA and severity

of Braak staging (Figure S7). However, the precise role of CA throughout normal and pathological aging remains

unclear, as additional studies are needed to determine whether CA correlates with one ormore neuropatholog-

ical, genetic, or cognitive variables that are linked to clinical disease onset or progression. We speculate that a

particular tau strain may originate from CA, an exciting area for further research. Consistent with this possibility,

our 3D reconstruction analysis indicates that anti-mouse IgG-specific neuritic taumay coalesceormergewithCA

in human brain. The dome-like structures observed indicate that CA are ‘‘hollowed out’’ during antigen retrieval,

which is supported by the observation that CA recovered frompatient CSF lacks an outer membrane thought to

be shed during the extrusion process into ventricular space (Riba et al., 2019). The same group analyzed CA in

human tissue using a semithin sectioning approach andwas able to capture the interior contents of CA, presum-

ably by stabilizing the CA contents via epoxy resin per standard semithin sectioning procedures (Auge et al.,

2019). Although our IHC results demonstrate that a total tau pool localizes within PAS granules and CA, we

note that hyper-phosphorylated tau appeared to be restricted from these structures. The close proximity of hy-

per-phosphorylated tau around CA in AD brain may indicate that, upon exit from CA, tau could become sub-

jected to pathological PTMs, including acetylation and phosphorylation, which may promote its aggregation

and/or toxicity.

Previous studies have indicated that tau depletion is beneficial and protective against neuronal damage

induced by Ab pathology (Roberson et al., 2007), epileptic seizures (Devos et al., 2013, Gheyara et al.,

2014; Holth et al., 2013; Li et al., 2014), and traumatic brain injury (TBI) (Cheng et al., 2014). Whether

such neuroprotection is related to altered PAS granule accumulation is unclear. The reduction of PAS gran-

ules in TKO mice and increase in 6-month-old 3xTg-AD mice compared with age-matched controls sug-

gests that tau could contribute to PAS granule stability; however, this possibility requires additional

studies. Factors that regulate tau triage including HDAC6 and other autophagy regulators could also be

linked to PAS granule formation or dissolution. In support of this possibility, we observed that loss of

HDAC6 was sufficient to reduce PAS granules in aged mice (Tseng et al., 2017).

PAS granules and CA deposits increase with aging and are closely associated with astrocytes and micro-

glia. Thus, we performed a more detailed evaluation of glia localization to PAS granules. Indeed, our

data indicate that both microglia and, more prominently, astrocytes directly engage PAS granules. Given

the steady decline of proteostasis during aging, it is plausible that aberrant glial activity in the aging brain

coupled with declining autophagy and proteasome activity could exacerbate tau accumulation and drive

chronic PAS granule formation. In fact, complete removal of tau (tau KO mice) was sufficient to eliminate

anti-mouse IgG-specific tau antibody immunoreactivity and reduce the anti-mouse IgM-specific PAS

Figure 5. Continued

(C) Confocal images of dual in situ RNA labeling and immunofluorescence shows Serpina3n expression (red) in processes of reactive astrocytes (GFAP,

green) entangled with T22-positive hippocampal clusters (T22, cyan). Robust expression of Ppib (positive control, red) is also detected in affected astrocytes

(green) and other cells (DAPI, blue), whereas the negative control probe (red) is not detected in the hippocampus. Scale bars, 10 mm; arrowheads indicate

sites of co-localization. See also Figure S5.
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Figure 6. 3D Reconstruction of Tau-Immunoreactive Granules Reveals Extensive Association with Microglia and

Astrocytes

(A) 3D reconstruction of confocal images obtained at 60x magnification (with 23 zoom) show that Iba1-positive microglial

processes (green) associate with anti-mouse IgG-specific tau5IR dendrites and granules (Tau5 IgG1, red) in the SR of 3xTg-

AD mice.

(B) 3D reconstruction shows that GFAP-positive astrocytic processes (green) associated with anti-mouse IgG-specific

tau5IR dendrites and granules (Tau5 IgG1, red) in the SR of 3xTg-AD mice.
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granule pool by! 30% (Figures 2B and 2C), indicating that tau depletion could represent a strategy to sup-

press PAS granule or CA accumulation.

Weused Serpina3n tomark reactive astrocytes since Serpina3n expression is sharply elevated after inflammatory

stimuli (e.g., LPS injection) (Clarke et al., 2018). The transcriptional pattern of Serpina3n specifically in the hippo-

campus (Zhang et al., 2014b) is consistent with PAS granule accumulation and may be linked to an age-related

increase in A1 neurotoxic astrocytes, which is common in neurodegenerative disorders such as AD or amyotro-

phic lateral sclerosis (ALS) characterized by complement-mediated synapse loss (Liddelow et al., 2017). Despite

the strong correlation between toxic astrocytes and age-related neurodegeneration, little is known about the

role of Serpina3n in aging or the pathophysiology of AD. Serpina3n, also commonly referred to as a-1-antichy-

motrypsin (ACT), is primarily expressed in mature astrocytes in humans (Zhang et al., 2016), is increased in AD

patient brain, and also has been shown to promote abnormally modified tau in primary cortical neurons via

the c-Jun N-terminal kinase pathway (Padmanabhan et al., 2006). Serpina3n/ACT is an irreversible inhibitor of

chymotrypsin, a protease that cleaves tau between the N-terminal projection domain and the microtubule

repeat domain (Steiner et al., 1990). Serpina3n-expressing reactive astrocytes may therefore exert neurotoxicity,

in part, by impairing the degradation of tau and the clearance of PAS granules.

Our findings strengthen the notion that CA and PAS granules represent a marker of brain vulnerability dur-

ing aging. CA1-localized astrocytes were reportedly more sensitive to oxidative stress compared with other

brain regions (Ouyang et al., 2007), suggesting the CA1 region is particularly vulnerable to proteotoxic

stress during aging. The marked association of PAS granules with reactive astrocytes implies that inflam-

mation may trigger further downstream dysfunction during aging. For example, astrocytic endfeet asso-

ciate with the vasculature in an aquaporin-dependent manner and the localization of aquaporins is increas-

ingly dysregulated in response to brain injury and throughout the aging process (Mccaslin et al., 2011,

Nielsen et al., 1997; Rash et al., 1998; Verbavatz et al., 1997). Therefore, chronically reactive astrocytes could

impair the clearance of PAS granules or CA, disrupt glymphatic function, and potentially stabilize tau to

promote its toxicity (Navarro et al., 2018).

Our observations support that astrocytes are intimately engaged with CA in human patients and PAS gran-

ules in aged rodents. The precise role of astrocyte reactivity in AD remains unclear, with some studies sug-

gesting astrocytes are vital for neuronal survival in normal (Cui et al., 2001) and pathological conditions

(Faulkner et al., 2004), yet exacerbate memory deficits in AD models (Wu et al., 2014). Astrocytes have

also been observed clearing Ab-positive presynaptic dystrophies in amyloid models (Gomez-Arboledas

et al., 2018). Astrocyte reactivity in response to the hallmark pathological aggregates in AD may therefore

initially represent a compensatory response that eventually becomes pathological.

Given the close association of neuritic tau and astrocytic processes surrounding CA, it is tempting to spec-

ulate that reactive astrocytes may accelerate the conversion of anti-mouse IgG-specific tauIR granules into

more mature tau pathology or even facilitate tau release and spread from the hippocampus to neocortical

brain regions in a prion-like manner. In such a scenario, astrocytes, PAS granules, and CA could potentially

play an unanticipated role in mediating tau stabilization, aggregation, and spreading in tauopathies, which

could provide new and unanticipated avenues for therapeutic intervention. Conversely, PAS granules and

CAmay represent an attempt by phagocytic astrocytes to clear neuronal debris including those induced by

age-related stress. Related to this point, our correlation analyses of CA-tau may indicate less tau localiza-

tion to CA in the hippocampal sulcus during AD progression.

In summary, our findings describe a novel tau species in the aging brain and underscore the need to further

investigate neuron-glia interactions throughout normal and pathological aging in both human patients and

rodent models

Limitations of the Study

Our study demonstrates that tau within PAS granules and CA is predominantly de-phosphorylated at the

tau-1 epitope. Future studies are needed to investigate other phospho-epitopes or post-translational

Figure 6. Continued

(C) 3D reconstruction shows that anti-mouse IgM-specific granules from the mouse monoclonal MAP2 primary antibody

(MAP2 IgM, green) are closely juxtaposed along processes of GFAP-positive astrocytes (red). Scale bar, 5 mm (A, B, left);

3 mm (A, B, right); 5 mm (C, left). Arrowheads indicate regions of association.
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modifications that may alter tau’s localization to PAS granules or CA. Our experiments do not address the

question of whether PAS granules or CA are protective or rather act as potential pathological features of

aging. Although our studies indicate that tau localizes to these structures, they may not be completely syn-

onymous between mouse and human species, and therefore the species-specific consequences of tau

localization to PAS granules and CA requires further investigation.
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Figure 7. Tau-Immunoreactive CA in Human Control and AD Brain

(A) Confocal images of human control hippocampus immunostained with tau5 and GFAP primary antibodies and anti-mouse IgM m-chain (Tau5 IgM, green),

anti-rabbit (GFAP, red), and anti-mouse IgG1 g-chain-specific (Tau5 IgG1, gray) secondary antibodies. Tau5 detects tau within CA when labeled with an anti-

mouse IgG1 secondary antibody (gray). CA were labeled with an anti-mouse IgM m-chain-specific secondary antibody (green). GFAP surrounds CA when

labeled with anti-rabbit secondary antibody (red). Scale bar, 50 mm (arrowheads indicate immunoreactive CA).

(B) Confocal images of human AD hippocampus immunostained with tau5 and GFAP primary antibodies and isotype-specific secondaries detailed above.

Tau5 detects tau within CA when labeled with an anti-mouse IgG1 secondary antibody (gray). CA were labeled with an anti-mouse IgM-specific secondary

antibody (green). GFAP outlines but does not fill CA when labeled with an anti-rabbit secondary antibody (red). Scale bar, 50 mm.

(C) Average-intensity Z projection from selected region in (B), surrounded by orthogonal views targeted to individual CA labeled as 1, 2, and 3 (i). A single

plane confocal image of AD patient hippocampus is also shown (ii). Scale bar, 10 mm.

(D) 3D reconstruction of inset showing hollowed structure of CA from (i) top-down and (ii) oblique angular view.

(E)Wide-field IHC images of the hippocampal sulcus in serial sections from an AD patient brain stained with (i) AT8, (ii) Tau-1, and (iii) Tau5 primary antibodies

and anti-mouse IgG1-specific or anti-mouse IgG2a-specific HRP-conjugated secondary antibodies. Scale bar, 50 mm. Arrowheads indicate tau-

immunoreactive CA.

(F) Wide-field IHC images of the dentate gyrus in serial sections from AD patient brain stained with (i) AT8, (ii) tau-1, and (iii) tau5 primary antibodies and

detected with anti-mouse IgG1-specific or anti-mouse IgG2a-specific HRP-conjugated secondary antibodies. Scale bar, 50 mm.
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Figure S1.  Tau cluster quantification in young and aged wild-type and 3xTg-AD animals, 
Related to Figure 1 
(A) Quantification of tau-1 immunoreactive clusters detected with non-specific anti-mouse 
secondary antibodies in both aged 3xTg-AD (AD) and wild-type control (WT) mice. (B) 
Representative confocal images of hippocampi from 2mo WT and AD mice immunostained with 
tau5 and GFAP and labeled with anti-mouse IgM μ-chain specific (Ms IgM, green), anti-mouse 
IgG1 (Tau5 IgG1, red), and anti-rabbit IgG (GFAP, grey) secondary antibodies. Scale bar = 50 
µm. 
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Figure S2. Isotype-specific control antibody validation, Related to Figure 2 
(A) Confocal image of aged (21mo) 3xTg-AD mouse hippocampus immunostained with T22 in 
parallel with the anti-IgG2a isotype control antibody, conjugated with donkey anti-rabbit and 
anti-mouse secondary antibodies. T22 reliably detects PAS granules, which are not detected by 
the anti-IgG2a control antibody. Scale bar = 50 µm. 
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Figure S3. Analysis of tau clusters following epitope neutralization by 
immunoadsorption in aged wild-type animals, Related to Figure 3 
(A) Immunofluorescent confocal images of the CA1 of middle-aged wild-type control 
animals (10mo WT) immunostained with tau5 and labeled with anti-mouse IgM μ-chain 
specific (Ms IgM, green) and anti-mouse IgG1 specific (Tau5 IgG1, red) secondary 
antibodies. Tau5 anti-mouse IgG1 specific signal (Tau5 IgG1, red) is sharply reduced in 
pre-adsorbed samples, whereas the anti-mouse IgM μ-chain specific (Ms IgM, green) 
signal remains. (B) Immunofluorescent confocal images of the CA1 of aged wild-type 
control animals (21mo WT) immunostained with tau5 and labeled with anti-mouse IgM 
μ-chain specific (Ms IgM, green) and anti-mouse IgG1 specific (Tau5 IgG1, red) 
secondary antibodies. Tau5 anti-mouse IgG1 specific signal (Tau5 IgG1, red) is sharply 
reduced in pre-adsorbed samples, whereas the anti-mouse IgM μ-chain specific (Ms IgM, 
green) signal remains. Arrowheads indicate prominent co-localization of anti-mouse 
IgG1 specific signal within tau5 granules immunoreactive to anti-mouse IgM μ-chain 
specific antibodies.  Scale bar = 50 µm. 
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Figure S4.  MAP2 antibody isotype validation, Related to Figure 4 
(A) Immunofluorescent confocal image of the CA1 and SR of an aged (21mo) 3xTg-AD mouse 
stained by monoclonal MAP2 and labeled with goat anti-mouse IgM µ-chain specific secondary 
antibody (green) and an anti-mouse IgG1 γ-chain specific secondary (red) showing that MAP2 
anti-mouse IgG1-specific immunoreactivity is not present in PAS granules. MAP2 anti-mouse 
IgG1-specific signal is eliminated by the co-incubation with a MAP-rich fraction (MRF), while 
the MAP2 anti-IgM signal (green) remains. 
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Figure S5.  GFAP antibody isotype validation, Related to Figure 5 
(A) Immunofluorescent confocal image of the CA1 and SR of an aged (21mo) 3xTg-AD mouse 
stained by monoclonal GFAP (Abcam) and detected with anti-mouse IgG1-specific (green) and 
anti-mouse IgM-specific (red) specific secondary antibodies.  Scale bar = 50 µm. 
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Figure S6. Tau-immunoreactive CA in association with neighboring astrocytes, Related to 
Figure 7 
(A) A 3D reconstruction of a 60x confocal image of a human AD hippocampus (dentate granule 
layer) stained with tau5 and GFAP primary antibodies and detected with anti-mouse IgM µ-chain 
specific (Tau5 IgM, green), anti-mouse IgG1-specific (Tau5 IgG1, blue) and anti-rabbit IgG 
(GFAP, red) secondary antibodies. Scale bar = 3 µm. 
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Figure S7. Validation of tau immunoreactivity in human CA by immunoadsorption, 
Related to Figure 7  
(A) Immunofluorescent confocal image of the hippocampus of an aged, healthy human control 
patient (Control) immunostained with tau5 and GFAP and labeled with anti-mouse IgM μ-chain 
specific (Tau5 IgM, green), anti-mouse IgG1-specific (Tau5 IgG1, grey), and anti-rabbit IgG 
(GFAP, red) secondary antibodies. CA are immunoreactive for both Tau5 IgM and Tau5 IgG1 
(B) Immunofluorescent confocal image of the hippocampus of an aged, healthy human control 
patient immunostained with pre-adsorbed tau5 antibody. Anti-mouse IgG1-specific signal (Tau5 
IgG1, grey) is eliminated in pre-adsorbed samples, whereas the anti-mouse IgM μ-chain specific 
(Tau5 IgM, green) signal remains in CA. (C) Human control and AD patients (demographics and 
details are listed in Table S3) were analyzed for tau5 immunoreactivity within CA in IHC stained 
sections from the hippocampal sulcus. Correlation analysis of tau5 immunoreactivity scores were 
plotted as a function of increasing Braak stage. (D) Similar correlation analysis of tau-1 
immunoreactivity was performed as a function of Braak stage.im  



Table S2.  Secondary Antibodies Used in this Study, Related to All Figures

Age Sex Clinical Diagnosis Fixation Type CA AT8 tau5 tau-1 Braak03 Braak06 CERAD AD
64 Female Normal Formalin ++ 0 3 3 1 1 0 LOW
70 Female Normal Formalin + 0 2 2 1 1 0 LOW
70 Male Normal Formalin + 0 0.5 1 1 1 1 LOW
75 Female Normal Formalin +++ 0 2 2 1 1 0 LOW
74 Female Probable Alzheimer's Disease Formalin + 0 1 3 2 3 3 MED
87 Male Mild cognitive impairment (Amnestic) Formalin +++ 0 0.5 0.5 2 4 0 MED
64 Male Probable Alzheimer's Disease Formalin n/a 0 0 0 3 6 3 HIGH
83 Male Probable Alzheimer's Disease Formalin ++ 0 0 0 3 6 3 HIGH
86 Male Probable Alzheimer's Disease Formalin n/a 0 0 0 3 6 3 HIGH
94 Female Normal Formalin +++ 0 0.5 0.5 3 5 1 HIGH
56 Female Normal Ethanol ++ 0 1 2 1 n/a 0 NO
83 Male Schizophrenia Ethanol n/a 0 0.5 1 1 n/a 0 NO
84 Male Parkinson's Disease (not demented) Ethanol n/a 0 1 1 2 n/a 2 MED
65 Female FTLD-NOS Ethanol +++ 0 0.5 0.5 3 5 1 HIGH
72 Female Corticobasal syndrome Ethanol +++ 0 3 3 2 6 3 HIGH
76 Female Probable Alzheimer's Disease Ethanol n/a 0 1 2 3 n/a 3 HIGH
84 Male Probable Alzheimer's Disease Ethanol ++ 0 0 0.5 3 6 3 HIGH

Table S1.  Primary Antibodies Used in this Study, Related to All Figures 
Green highlights indicate positive IgM immunoreactivity and red indicates positive IgG specific 
immunoreactivity within granules

Table S3.  Human Patient Demographics, Related to Figure 7 Patients are organized by neuro-
pathological diagnosis including demographic and pathological data. Semi-quantitative analysis of 
the tau-immunoreactive intensity of CA (for AT8, tau-1, and tau5) in the hippocampal sulcus for 
each sample was performed using an ordinal rating scale (0=none, 0.5= rare faint CA tau reactivi-
ty, 1=mild, infrequent CA tau reactivity, 2= moderate consistent CA tau reactivity and 3= severe 
consistent CA tau reactivity) similar to previously described methods (Montine et al., 2012). While 
we did not observe AT8 reactivity within CA, we note occasional AT8 reactive dystrophic neurites 
surrounding CA. N/A denotes instances where tissues were excluded from semi-quantitative 
analysis, or where Braak staging was not available.  

Antibody Host IgM IR Granule IR Source Catalog Number
Anti-Tau-1 Antibody, clone PC1C6 Ms + +, IgG2a EMD Millipore MAB3420
Anti-Tau (T22), oligomeric Antibody Rb + n/a Millipore ABN454
MAP2 Rb + n/a Millipore AB5622
MAP2 Ms + - Millipore MAB3418
Tau5 Ms + +, IgG1 Invitrogen AHB0042
APP (6E10) Ms - n/a Covance SIG-39320
K9JA (Pan-Tau) Rb - n/a Dako A0024
AT8 Ms - n/a Thermo Fisher Scientific MN1040
Reelin (G10) Ms + +, IgG1 Abcam Ab78540
GFAP Rb - n/a Dako Z0334
GFAP ( GA5) Ms + +, IgG1 millipore MAB360
Iba1 Rb - n/a Wako 019-19741
Mouse IgG2a kappa Isotype Control (eBM2a) Ms - - eBiosciences 14-4724-82

Secondary Antibodies Isotype Specificity Source Catalog Number
Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Ms IgG1 Thermo Fisher A-21240
Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 Ms IgG1 Thermo Fisher A-21125
Goat anti-Mouse IgG2a-Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 Ms IgG2a Thermo Fisher A-21135
Goat anti-Mouse IgM (Heavy chain) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Ms IgM Thermo Fisher A-21042
Goat Anti-Mouse IgM, μ chain specific Alexa Fluor 488 AffiniPure Ms IgM Jackson Immuno 115-545-075
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 Rb IgG Thermo Fisher A-11011
Goat Anti-Rabbit IgM mu chain Alexa Fluor 488 Rb IgM Abcam ab150093
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 Rb IgG Thermo Fisher A-11012
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Ms IgG Thermo Fisher A-21202
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 Ms IgG Thermo Fisher A-10037
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Ms IgG Thermo Fisher A-31571
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Rb IgG Thermo Fisher A-21206
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 Rb IgG Thermo Fisher A-10042
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Rb IgG Thermo Fisher A-31573
Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Antibody, HRP Ms IgG1 Thermo Fisher A10551
Goat anti-Mouse IgG2a Secondary Antibody, HRP Ms IgG2a Thermo Fisher A-10685



Transparent Methods 

Animals 
All protocols were carried out in accordance with the University of North Carolina (UNC) 
Institutional Animal Care and Use Committee (UNC IACUC protocol 19.017). Mice were 
anesthetized with isoflurane and perfused with 1X PBS and 15mL 4% Paraformaldehyde.  Brains 
were then fixed for 24 hr in 4% PFA at 4°C and then cryoprotected in a 30% sucrose gradient 
before sectioning.  Tau knockout (TKO) mice are commercially available (Jackson Laboratory, 
#7251) and were used to confirm the loss of tau-immunoreactive granules by 
immunofluorescence. 3xTg-AD (AD) mice are commercially available (Jackson Laboratory, 
#34830) and were used to detect accelerated granule formation in a tau transgenic AD model. 
Male and female mice were used in equal numbers, as there were no apparent differences in the 
biochemistry or histology phenotypes examined in this study. All mouse ages and time-points 
examined were carefully documented and reported in the figure legends. Mice were housed in 
groups of 3-5 during aging.  All transgenic animals were genotyped using PCR and primers for 
the respective transgenes. Animals that sustained visible injuries due to aggression or displayed 
aberrant health conditions were excluded from the study. 

Immunoadsorption 
Map-rich tubulin (Cytoskeleton, Inc) was purified using a standard tubulin protocol 
(temperature-induced tubulin polymerization and ionic exchange chromatography). For 
adsorption and western blot experiments, the lyophilized powder was resuspended in 100mM 
sodium acetate, pH 7.0.  Sodium acetate was also used as the resuspension buffer in recombinant 
full-length wild type (2N4R tau) and tau-1 peptide (189pksgdrsgysspgspgtpg207) suspensions. 
Primary antibodies were incubated for 24 hr at 4°C on a rotating wheel in blocking buffer (1% 
goat serum in 1X TBS + 0.01% thimerosal) mixed with sodium acetate at equal concentrations 
between adsorption and control conditions before application to tissues for the primary antibody 
stain. 

Immunoblotting and biochemical analyses 
Cell lysates and mouse brain fractions were resolved via SDS-PAGE on 10% gels, transferred to 
nitrocellulose membrane (Biorad), and blocked with 2% milk in 1X TBS for 30 min.  
Membranes were rinsed in 1X TBST (Tris- Buffered Saline + 0.1% Tween) for 3 x 5 min 
between each blotting step. Membranes were incubated with primary antibody in blocking 
solution overnight at 4 °C, followed by a 1 hr room temperature incubation with HRP-conjugated 
anti-mouse or anti-rabbit antibodies (1:1000). The following primary antibodies were used in this 
study for immunoblotting: AT8 (Thermo, MN1020, 1:500), K9JA (DAKO, A0024 1:1000), 
TauY9 (Enzo BML-TA3119-0100, 1:1000).  

Immunofluorescence (IF) - mouse tissue 
Mice were deeply anesthetized and transcardially perfused with 1X PBS and 15 mL 4% 
Paraformaldehyde. Brains were then post-fixed for 24 hr in 4% PFA at 4°C and cryoprotected in 
30% sucrose solution before sectioning.  Tissues were sectioned at 40 µm thickness and stored at 
-20°C.  Immunofluorescence staining was conducted using a free-floating technique, rinsing in 
1X TBS between all major steps, gently agitated on a plate shaker. Sections were rinsed and 
permeabilized for 50 minutes in 2% TBS-Triton X-100 at RT.  Blocking, primary, and secondary 



solutions matched the donor species of secondary antibodies used; sections were blocked in 1X 
TBS with 1% donkey serum for non-isotype specific stains and blocked in 1% goat serum for 
isotype specific stains for 50 min each. Sections were then incubated with primary antibody in 
0.1% sodium azide solution for 48 hr at room temperature, thoroughly rinsed, and incubated in 
secondary antibody solution for 24 hr at room temperature. Note that adsorption experiments 
were performed with 0.01% thimerosal in 1X TBS to exclude the possibility of sodium azide-
mediated antibody binding interference. Immunofluorescence staining was performed using the 
primary and secondary antibodies detailed in Tables S1 and S2.  Primary antibody dilutions: tau5 
1:200, tau-1 1:1000, AT8 1:200, T22 1:1000, Reelin 1:1000, GFAP 1:1000, Iba1 1:1000.  
Secondary antibody dilutions: Alexa Fluor goat anti-mouse IgM µ-chain specific 488 1:200, 
Alexa Fluor goat anti-rabbit 568 1:500, Alexa Fluor goat anti-mouse IgG1 specific 647 1:200, 
Alexa Fluor goat anti-mouse IgG2a specific 594 1:200, Alexa Fluor goat anti-mouse IgG2a 
specific 647 1:200. 

Immunofluorescence (IF) - human tissue 
Human brain sections used for immunofluorescence were provided by the UNC Translational 
Pathology Lab (TPL), which maintains a catalogued AD brain repository with 
neuropathologically confirmed AD cases. Human hippocampal brain sections were formalin 
fixed, paraffin embedded, and sectioned at 7 μm. Sections were deparaffinized in xylene two 
times for 45 min each and then rehydrated using a 100%-70% EtOH gradient, 5 min water rinse, 
followed by overnight hydration in 1X PBS.  Antigen retrieval was conducted with Vector Labs 
Citric Acid Based Antigen Unmasking Solution, pH 6.0, (H-3300). Sections were incubated in 
0.5L of 1X solution; held at rolling boil for 10 min, incubated for 10 min on hot plate, and then 
another 10 min at room temperature before being rinsed in 1X PBS for 5 min.  Sections were 
then immunostained using the previously described immunofluorescent reagents, antibodies, and 
methods, and mounted in Fluoromount G for confocal imaging.  Primary antibody dilutions: tau5 
1:200, GFAP 1:1000. Secondary antibody dilutions: Alexa Fluor goat anti-mouse IgM µ-chain 
specific 488 1:200, Alexa Fluor goat anti-rabbit 568 1:500, Alexa Fluor goat anti-mouse IgG1 
specific 647 1:200. 

Immunofluorescence (IF) analysis 
Image preparation and analysis was conducted in ImageJ on pseudocolored images obtained on 
the Olympus FV3000RS confocal microscope.  For tau-1IR granule quantification, brain sections 
were imaged at 40x magnification with identical exposure settings and analyzed at normalized 
brightness and contrast levels (ImageJ). Tau granules were manually counted from N = 4 
hippocampal sections per animal by an investigator blinded to genotype, and densities 
(granules/mm3) were measured by dividing the total number of granules per ROI volume.  
Granules were counted when meeting all of the following criteria: spherical immunofluorescence 
signal above background, ranging in size from 1-5 µm, and present in groups of 5 or more 
granules within a ~ 40 µm diameter. All quantitative fluorescence was independently validated 
with a minimum of N = 3 biological replicates per genotype. 3D reconstruction analysis of PAS 
granule was performed using IMARIS Bitplane software. Images were surfaced with (Fig. 6A-B) 
and without (Fig. 6C) smoothing and processed with preset background subtraction.   



Microscopy 
Confocal images were captured on an Olympus FV3000RS microscope using resonant, one-way 
scanning at 512x512 resolution. The following fluorophores were used: Alexa Fluor 405 (DAPI), 
Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 594, Alexa Fluor 647.  Laser intensities, gains, 
and offsets were set at thresholds that reflect minimal fluorescence in respective control stains of 
sections incubated with only blocking buffer and secondary antibodies for each experiment. 
Imaging parameters were tailored each experimental application, but were kept consistent 
between genotypes, adsorption pairs, and all other respective experimental and control stains; 
sections used for quantification of tau-1IR granules were imaged at 20x magnification with 2x 
zoom. For co-localization and immunoadsorption analysis, sections were imaged at 20x 
magnification with 3x zoom, and fluorescence channels (488, 568, 594/647) were sufficiently 
separated to minimize the possibility of cross-channel fluorescence.  Phase separation ensured 
that fluorescence spectra did not significantly overlap (pairing: 405+568/594, 488+647, when 
applicable). High-resolution images for glial association comparisons and 3D reconstruction 
images were captured using 60x magnification and 2x zoom. 

Immunohistochemistry (IHC) 
For human IHC studies, fixed, paraffin-embedded tissue blocks from the hippocampal gyrus 
were performed in conjunction with the Center for Neurodegenerative Disease Research 
(CNDR) Brain Bank at the University of Pennsylvania. The demographics of all cases are listed 
in Table S3. Consent for autopsy was obtained from legal representatives for all subjects in 
accordance with local institutional review board requirements.  At the time of autopsy, tissues 
from each brain were fixed with either 70% ethanol or neutral buffered formalin in 150 mM 
NaCl, infiltrated with paraffin, and cut into 6-µm serial sections. IHC was performed using the 
avidin-biotin complex (ABC) detection system (Vector Laboratories, Burlingame, CA) and 3,3'-
diaminobenzidine. Briefly, sections were deparaffinized and rehydrated, endogenous peroxidases 
were quenched with 5% H2O2 in methanol for 30 min, and sections were blocked in 0.1 mol/L 
Tris with 2% fetal bovine serum for 5 min. Primary antibodies were incubated overnight at 4°C. 
After washing, sections were sequentially incubated with cross-adsorbed anti-mouse anti-IgG1 
or anti-IgG2a secondary antibodies conjugated to HRP for tau5 and tau-1 primary antibodies, 
respectively (Table 2) for 1 hr and ABC for 1 hr. AT8 used species-specific secondary antibody. 
Bound antibody complexes were visualized by incubating sections in a DAB solution (Vector 
Laboratories, Burlingame CA) for 6 min. Sections were then lightly counterstained with 
hematoxylin, dehydrated, and mounted on coverslips. Sections were imaged using a whole-slide 
scanner (Aperio AT2 Scan Scope, Leica, Wetzlar, Germany). Primary antibody dilutions were 
used at the following: tau5, 1:200; tau-1, 1:1000; AT8, 1:200.

Dual in situ hybridization and immunofluorescence (ISH/IF) 
Mouse tissues were collected via 4% PFA fixation as previously described and sectioned on a 
cryostat at 16 µm thickness, mounted on slides, and stored at -80°C prior to use. RNAscope 
reagents and probes were used in accordance with the manufacturer recommended protocol for 
the FAST-RED system (Wang et al., 2012), but slightly adapted for dual ISH and IF. Briefly, 
slides were air-dried for 30 min at 60°C, rinsed in 1X PBS for 5 min, then post-fixed in 4% PFA 
in 1X PBS for 14 min at 4°C. Slides were then dehydrated in successive incubations in 50%, 
70% and 100% ETOH for 5 min each, air dried, and then incubated in RNAscope hydrogen 
peroxide for 10 min at RT.  Slides were immersed in hot (98-102°C) antigen retrieval buffer for 



5 min, immediately rinsed in distilled water 2 x 1 min, and then 100% EtOH before drying.  
Slides were then exposed to RNAscope protease for 30 min at 40°C in the ACDBio HybEZ 
oven.  All probe and amplification steps were conducted in the humidity controlled HybEZ oven, 
and rinsed twice with RNAscope 1X wash buffer after each step:  Tissue sections were covered 
by RNAscope probe solutions and incubated for 2 hr at 40°C.  Subsequent amplification reagents 
were applied in sequence within the HybEZ oven and tray according to specifications.  After 
hybridization protocols, tissues were rinsed in 0.1M PBST and then permeabilized in 0.1M 
PBST 0.5% Triton X-100.  Tissues were blocked and antibody solutions prepared in 0.1M PBST 
2% donkey serum followed by 48 hr primary antibody incubation at RT and 24 hr secondary 
antibody incubation at RT. Immunofluorescence (IF) staining was conducted with Alexa Fluor 
donkey anti-rabbit and anti-mouse secondaries described previously. Several antibodies were 
used for IF at optimized concentrations: GFAP (Abcam, 1:250), T22 (Millipore, 1:250). 

Experimental Design and Statistical Analyses 
GraphPad Prism software was used for all statistical analyses. Results were polled from a 
minimum of N = 3 biological replicates and presented as average ± standard deviation of the 
mean (SD). Statistical analysis was determined using a two-tailed unpaired Student’s t-test with 
equal variance (significance set as p < 0.05). R2

 and p-values for tau immunoreactivity 
correlation with Braak stage was conducted using 16 datapoints from postmortem brain tissue 
analysis using blinded semi-quantitative methods. The number and demographics of human 
postmortem cases analyzed by IHC are described in Table S3. 
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