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Pathological Tau Strains from Human Brains Recapitulate
the Diversity of Tauopathies in Nontransgenic Mouse Brain

Sneha Narasimhan, Jing L. Guo, Lakshmi Changolkar, Anna Stieber, “Jennifer D. McBride, Luisa V. Silva,
Zhuohao He, Bin Zhang, “Ronald J. Gathagan, John Q. Trojanowski, and “Virginia M.Y. Lee
Department of Pathology and Laboratory Medicine, Institute on Aging and Center for Neurodegenerative Disease Research, University of Pennsylvania
School of Medicine, Philadelphia, Pennsylvania 19104

Pathological tau aggregates occur in Alzheimer’s disease (AD) and other neurodegenerative tauopathies. It is not clearly understood why
tauopathies vary greatly in the neuroanatomical and histopathological patterns of tau aggregation, which contribute to clinical hetero-
geneity in these disorders. Recent studies have shown that tau aggregates may form distinct structural conformations, known as tau
strains. Here, we developed a novel model to test the hypothesis that cell-to-cell transmission of different tau strains occurs in nontrans-
genic (non-Tg) mice, and to investigate whether there are strain-specific differences in the pattern of tau transmission. By injecting
pathological tau extracted from postmortem brains of AD (AD-tau), progressive supranuclear palsy (PSP-tau), and corticobasal degen-
eration (CBD-tau) patients into different brain regions of female non-Tg mice, we demonstrated the induction and propagation of
endogenous mouse tau aggregates. Specifically, we identified differences in tau strain potency between AD-tau, CBD-tau, and PSP-tau in
non-Tgmice. Moreover, differences in cell-type specificity of tau aggregate transmission were observed between tau strains such that only
PSP-tau and CBD-tau strains induce astroglial and oligodendroglial tau inclusions, recapitulating the diversity of neuropathology in
human tauopathies. Furthermore, we demonstrated that the neuronal connectome, but not the tau strain, determines which brain
regions develop tau pathology. Finally, CBD-tau- and PSP-tau-injected mice showed spatiotemporal transmission of glial tau pathology,
suggesting glial tau transmission contributes to the progression of tauopathies. Together, our data suggest that different tau strains
determine seeding potency and cell-type specificity of tau aggregation that underlie the diversity of human tauopathies.
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Tauopathies show great clinical and neuropathological heterogeneity, despite the fact that tau aggregates in each disease. This
heterogeneity could be due to tau aggregates forming distinct structural conformations, or strains. We now report the develop-
ment of a sporadic tauopathy model to study human tau strains by intracerebrally injecting nontransgenic mice with pathological
tau enriched from human tauopathy brains. We show human tau strains seed different types and cellular distributions of tau
neuropathology in our model that recapitulate the heterogeneity seen in these human diseases. j

ignificance Statement

misfolded, forming larger aggregates as intracellular inclusions.
In AD, the burden of tau aggregates correlates closely with neu-
ron death and cognitive decline, and tau aggregates alone cause
neurodegeneration in other tauopathies (Arriagada et al., 1992;
Gomez-Isla et al., 1997; Giannakopoulos et al., 2003). Tau PET
imaging studies also show tau burden correlates with clinical
symptoms and neurodegeneration in human AD (Cho et al,

Introduction

Alzheimer’s disease (AD) and other neurodegenerative tauopa-
thies are all characterized by the pathological aggregation of tau
protein (Lee et al., 2001). Tau is normally a highly soluble pro-
tein, which in tauopathies becomes hyperphosphorylated and
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2016a; Wang et al., 2016; Xia et al., 2017). Together, these studies
show tau plays a key role in neurodegeneration.

Tauopathies vary greatly in clinical symptoms and in the neu-
ropathological distribution of tau pathology. Thus, despite the
fact that the tau protein forms aggregates in all tauopathies, the
molecular basis of this heterogeneity is still unknown. AD is clin-
ically characterized by early memory loss and eventual dementia
(Lee etal., 2001). In AD, tau aggregates deposit in a stereotypical
manner along anatomically connected networks from the tran-
sentorhinal cortex to neocortical areas (Braak and Braak, 1991;
Braak etal., 2011; Braak and Del Tredici, 2012; Cho et al., 2016b).
In AD and several other tauopathies, tau aggregates are com-
posed of all six isoforms of tau (both 3R and 4R tau) primarily in
neuronal cell bodies [neurofibrillary tangles (NFTs) and in axons
(neuropil threads); Lee et al., 2001].

In contrast, corticobasal degeneration (CBD) and progressive
supranuclear palsy (PSP) patients have an earlier onset and
shorter duration of disease than AD patients, and primarily show
motor dysfunction (Lee et al., 2001). In CBD, tau aggregates are
found in the cerebral cortex, basal ganglia, deep cerebellar nuclei,
and substantia nigra. They are composed primarily of 4R tau
isoforms in both neurons and glia in CBD, including astrocytic
plaques and oligodendroglial coiled bodies (Lee et al., 2001).
Classical PSP is characterized by tau aggregates in primarily subcor-
tical regions, such as midbrain and basal ganglia (Williams and Lees,
2009). Similar to CBD, PSP tau aggregates are composed of 4R tau
isoforms in both neurons and glia, including tufted astrocytes and
oligodendroglial coiled bodies (Lee et al., 2001). Although PSP was
initially described as a single syndrome, recent evidence suggests that
PSP may constitute multiple clinical subtypes (Williams and Lees,
2009). There is also some overlap in the manifestations of CBD and
PSP (Sha et al., 2006).

Several recent studies, including those from our laboratory,
have shown that pre-existing tau aggregates can “seed” the aggre-
gation of soluble tau, and the resulting pathological tau aggre-
gates can propagate from cell-to-cell through transmission of
these proteopathic tau seeds (Clavaguera et al., 2009, 2013; Frost
et al., 2009; Guo and Lee, 2013; Iba et al., 2013, 2015; Sanders et
al., 2014; Boluda et al., 2015; Falcon et al., 2015; Guo et al., 2016b;
Kaufman et al., 2016). It has also been proposed that similar to the
prion protein, proteopathic tau seeds form structural conformations
that constitute distinct tau strains, which may account for the heter-
ogeneity of tauopathies (Clavaguera et al., 2013; Sanders et al., 2014;
Boluda et al., 2015; Irwin et al., 2015; Guo et al., 2016a; Kaufman et
al., 2016; Taniguchi-Watanabe et al., 2016).

We recently developed a novel model of sporadic AD tauopa-
thy by injecting enriched pathological tau from human AD brains
(AD-tau) into nontransgenic (non-Tg) mouse brains (Guo et al.,
2016a). Using the same paradigm, we injected enriched patho-
logical tau strains from AD (AD-tau), CBD (CBD-tau), and PSP
(PSP-tau) human brains into non-Tg mouse brain to test the
hypothesis that different tauopathies comprised of unique tau
strains will seed different types of tau aggregates in vivo. We show
differences in seeding potency and cell-type specificity between
the tau strains represented by AD-tau, PSP-tau, and CBD-tau,
thereby recapitulating the diversity of these human tauopathies.

Materials and Methods

Purification of insoluble Tau from AD, CBD, and PSP brains. Human
brain tissues from three AD cases, three CBD cases, and two PSP cases (all
cases from the CNDR brain bank except 1 PSP case generously donated
from the Mayo Clinic) with abundant frontal cortical tau pathology were
selected for this study (Fig. 1; Table 1). Three additional PSP cases from
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the CNDR brain bank with abundant lentiform tau pathology were also
selected for extraction (Fig. 1; Table 1). All cases were diagnosed based on
accepted neuropathology criteria (Irwin et al., 2015; Montine et al.,
2016). Purification of pathological, insoluble tau from the frontal cortex
of these cases was performed as previously described (Guo et al., 2016a).

Briefly, for the purification of AD-tau and PSP-tau, 6-14 g of frontal
cortical gray matter was homogenized in nine volumes (v/w) of high-salt
buffer (10 mm Tris with 0.8 M NaCl, pH7.4) with 0.1% Sarkosyl and 10%
sucrose added, and centrifuged at 10,000 X g for 10 min at 4°C. For CBD
cases, both gray and white matter were homogenized in the high-salt
buffer. Pellets were re-extracted twice using the same high-salt buffer and
the supernatants from all three extractions were filtered and pooled.
Additional Sarkosyl was added to the pooled supernatants to reach 1%
and the samples were rotated for 1 h at RT. The samples were centrifuged
at 300,000 X g for 60 min at 4°C and the resulted 1% Sarkosyl-insoluble
pellets containing pathological tau were resuspended in PBS. The resus-
pended Sarkosyl-insoluble pellets were further purified by a brief soni-
cation using a handheld probe (Qsonica), followed by centrifugation at
100,000 X g for 30 min at 4°C. The pellets were resuspended in PBS at 1/2
to 1/5 of the precentrifugation volume, sonicated, and spun at 10,000 X
g for 30 min at 4°C to remove large debris (Guo et al., 2016a).

The final purified supernatants contained insoluble, pathological tau,
and are identified as AD-tau, CBD-tau, and PSP-tau in subsequent ex-
periments. The different fractions from each purification were analyzed
by Western blotting, silver staining, and sandwich ELISA for tau as pre-
viously described (Fig. 1; Table 2; Guo etal., 2016a). The sandwich ELISA
and Western blotting for tau in the final supernatant were used for esti-
mates of tau concentration. The final supernatants were also analyzed by
bicinchoninic acid (BCA) assay (Fisher) for total protein concentration,
and sandwich ELISA for AB 1-40 and AB 1-42 levels, as previously
described (Guo et al., 2016a; Table 2).

Western blotting. Samples were loaded on 7.5% SDS-PAGE, trans-
ferred to 0.2 wm nitrocellulose membranes, and blocked in Odyssey
blocking buffer (Li-Cor Biosciences) or 5% milk diluted in TBS. Blots
were incubated in appropriate primary antibodies overnight as indicated
in each figure (Table 3), and then incubated with IRDye-labeled second-
ary antibodies and scanned using an ODY-2816 Imager.

Transmission EM for tau fibrils. Immuno-electron microscopy (EM)
for PHF-1 (kindly donated by Peter Davies; RRID:AB_2313687) was
performed as previously described (Guo et al., 2016a). Briefly, samples
were adsorbed onto carbon/Formvar-coated copper grids for 5 min, then
washed three times for 5 min each by floating the grids on drops of PBS.
Samples were blocked for 5 min by floating on blocking buffer containing
10% BSA, 1% fish gelatin, and 0.02% sodium azide in PBS. The grids
were incubated with PHF-1 (1:300, diluted in blocking buffer) for 1-2 h,
followed by three times of 5 min wash on PBS drops and 5 min on
blocking buffer. The grids were incubated with anti-mouse secondary
antibody conjugated to 6 nm colloidal gold (Jackson ImmunoResearch
Laboratories) for 1-2 h, and then the grids were negatively stained using
2% uranyl acetate. All EM pictures were taken with a JEOL1010 electron
microscope.

GuHCI denaturation assay. AD-tau, CBD-tau, and PSP-tau (250 ng)
were denatured with the following concentrations of guanidine hydro-
gen chloride (GuHCI) for 30 min at 37°C: 0, 1 M, 1.5M, 2M, and 3 M. The
samples were diluted 1:3 and then digested with 1 ug/ul of proteinase K
(PK) for 30 min at 37°C, followed by centrifugation at 45,000 rpm for 30
min. The pellets were resuspended in 20 ul of sample buffer and run on
12% Bis-Tris gels, followed by Western blotting for tau phosphorylated
at serine 396/401 with PHF-1. The PHF-1 signal was quantified using
Li-Cor Image Studio software.

Primary neuron cultures. E16—E18 embryos from pregnant CD1 mice
were used to generate primary neuron cultures. Dissociated hippocam-
pal tissues were digested with papain (Worthington Biochemical), tritu-
rated, and strained into single neurons using Falcon Cell Strainer (BD
Biosciences). They were then plated onto coverslips precoated with poly-
D-lysine (Sigma-Aldrich) diluted in borate buffer (0.05 m boric acid, pH
8.5) at 100,000 cells per coverslip on 24-well plates or 375,000 cells per
well on 12-well plates for biochemistry. Neurons on day 6 or 7 in vitro
were treated with tau fibrils from AD-tau, CBD-tau, or PSP-tau that had
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Biochemical characterization of tau strains from human tauopathy brains. 4, IHC was conducted on sections of mid-frontal cortex with anti-tau MAb PHF-1 on all AD and CBD cases as

wellas PSP Case 1, and with MAb CP13in PSP Case 2. Cases are identified by numbers corresponding to those in Table 1. Scale bar, 50 um. B, Western blots were performed using anti-tau antibodies
17025 (red), PHF-1 (green), anti-4R tau from CosmoBio (red), and RD3 (green), plus silver staining, on final supernatants from sequential extraction of three AD, three (BD, and two PSP cases from
A.Final supernatant blots are representative of multiple extractions from the same case (Table 2). ¢, IHC of the lentiform nucleus for PHF-1from PSP cases. Scale bar, 50 em. D, Western blots
for 17025 (red) and PHF-1 (green) on final supernatants from sequential extraction of the lentiform nucleus of PSP cases from C. E, Immuno-EM for PHF-1 (Figure legend continues.)
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Table 1. Demographics of human cases used for study
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Table 2. Final supernatant characterization of all cases used

Neuropathological Age at Disease

Case No. diagnosis Gender death PMI, h duration, year
1 AD F 68 9 8

2 AD F 59 14 9

3 AD M 66 4 1"

1 (BD M 44 7 Unknown
2 (BD M 52 8 4

3 (BD M 56 15 6

1 PSP F 63 6.5 5

2 PSP M 74 Unknown Unknown
3 PSP M 65 13 10

4 PSP M 78 23 9

5 PSP M 71 14 Unknown

All human tauopathy cases used in the study, gender, age of death, post-mortem interval (PMI) (in hours), and
disease duration (in years).

been sonicated for 60 pulses with a handheld probe. Immunocytochem-
istry and/or biochemical extractions were performed at 15 or 19 d after
fibril treatment.

Immunocytochemistry. Neurons were fixed with either cold 100%
methanol or 4% paraformaldehyde (PFA) with 1% Triton X-100 for 15
min to remove soluble tau. Tau staining was performed with the primary
tau antibodies described in each figure overnight (Table 3), followed by
incubation with appropriate AlexaFluor-conjugated secondary antibod-
ies the next day. Coverslips were mounted using Fluoromount-G con-
taining DAPI (Southern Biotech) to label cell nuclei. An Olympus BX 51
microscope equipped with a digital camera DP71 and DP manager (Olym-
pus) was used to acquire immunofluorescence images. For the quantifi-
cation of the tau pathology, whole coverslips were scanned using a
Lamina Multilabel Slide scanner (PerkinElmer) and quantified using the
image analysis platform HALO (Indica Labs).

Extraction of neurons for biochemistry. To investigate the tau composi-
tion of insoluble tau in neurons seeded with AD-tau, CBD-tau, or PSP-
tau, neurons in 12-well plates were scraped into 1% Sarkosyl lysis buffer
(1% Sarkosyl in 50 mm Tris, 150 mm NaCl, pH 7.6) and centrifuged at
100,000 X g for 30 min at 4°C. The supernatants were the Sarkosyl-
soluble fraction (Fig. 2C; “sup”), whereas pellets were resonicated in 1%
Sarkosyl lysis buffer and centrifuged at 100,000 X gfor 30 min at 4°C. The
pellets were resuspended and sonicated in DPBS at 1/3 of the initial volume,
as the Sarkosyl-insoluble fraction (Fig. 2C; “pel”). Protein concentration in
the “Sarkosyl-soluble” fractions was determined using BCA assay, and West-
ern blots were loaded with equal total protein concentration.

Immunodepletion of tau from PSP lysates. Immunodepletion of tau
from PSP and CBD lysates was performed as previously described (Guo
etal., 2016a). Briefly, anti-tau monoclonal antibody Tau5 (Giasson et al.,
2003) or anti-tau polyclonal antibody 17025 was conjugated covalently
to Protein G Dynabeads (Invitrogen) by incubating 10 ug of Tau5 or
17025 with dynabeads for 1 h at RT with rotation. PSP-tau (200 ng) or

<«

(Figure legend continued.) (1:300) on AD-tau fibrils (AD Case 3; 0.9 g/ ul), CBD-tau fibrils (CBD
(ase 2;0.55 g/ pl), and PSP-tau fibrils (PSP Case 1; 0.625 g/ wl) before (—) and after (+)
sonication. Scale bar, 100 nm. F, Representative Western blots for PHF-1 (green) on the GuHCI
denaturation assay for one AD, one (BD, and two PSP cases. G, Whole-lane quantification of the
PHF-1 signals for each concentration of GuHCl as a percentage of the initial sample (0 m GuHCI)
is plotted as percentage PK resistance for each case. Two to three replicates of n = 3 cases of AD,
n = 3 cases of (BD, and PSP Case 1 were used for this quantification. Two-way ANOVA with
Bonferroni post hoc test was performed comparing PSP Case 1to all other groups (Mean == SEM
plotted; Tauopathy factor: f = 21.96, df = 3, p = 0.0001; GuHCI concentration factor: f =
98.71, df = 4, p = 0.0001; Interaction: F = 3.739, df = 12, p = 0.0002; residual df = 70).
Statistical significance is indicated at each concentration of GuHCI (M) where each tauopathy is
compared with PSP Case 1 (*p << 0.05, **p << 0.01, ***p << 0.0001). H, The two cases of PSP
were considered separately as they exhibited different properties using this assay. Whole-lane
quantification of the PHF-1 signals for each concentration of GuHCl as a percentage of the initial
sample (0 m GuHCl) is plotted as percentage PK resistance for two to three replicates of each PSP
case. Statistics are the same as described in F.

Total protein
Concentration ~ concentration Purity, % Concentration ~Concentration
of tau by ELISA, byBCAassay, (tau/total of AB1-40by of AB1-42by

Preparation No. pg/ml mg/ml protein)  ELISA, wg/ml  ELISA, wg/ml
AD110/6/14 1800 6.5 28 0.02989 0.4683
AD112/9/14 1500 10 15 0.05586 0.3241
AD22/1715 1270 83 15 n.d. 0.2618
AD32/17/15 1360 12.5 1 0.05387 0.2610
AD15/17/16 1960 9.42 21 0.0158 0.0379
(BD110/14/14 400 17.1 2 n.d. 0.00481
(BD34/14/15 172 173 1 0.00947 0.05321
(BD23/18/15 560 21.5 3 n.d. 0.0097
(BD15/11/16 240 40 0.6 n.d. n.d.
PSP111/10/14 360 19.2 2 0.01238 0.1828
PSP2 4/20/15 30 15 0.002  0.0051 0.01892
PSP23/28/16 91 5.12 2 n.d. n.d.
PSP13/17/16 141 9.24 2 n.d. 0.0041
PSP15/12/16 270 23 1.7 n.d. 0.0689
PSP17/8/14 31.9 153 0002 — —
lentiform
PSP37/8/14 5 3.059561 0002 — —
lentiform
PSP 48/11/14 5 19.98607 0.0002 — —
lentiform
PSP 53/16/16 7 223 0.031 — —
lentiform

Characterization of final supernatants (referred to as AD-tau, (BD-tau, and PSP-tau in text) with concentration of tau
by ELISA, protein concentration by BCA, purity of tau, and concentration of A3 1-40 and 1—42 by ELISA. n.d., Not
detectable.

CBD-tau (500 ng) in 200 wl dPBS each was incubated with the Tau5/bead
(PSP-tau) or 17025/bead (CBD-tau) complex overnight at 4°C with ro-
tation. Mock immunodepletion was performed with a mouse IgG1 anti-
body in a similar manner as above. The unbound fraction was separated
from the antibody/beads using a magnet, and the bound fraction was
boiled in SDS sample buffer for 10 min to separate the proteins from the
beads. Primary non-Tg neurons were treated with initial sample contain-
ing 20 ng of PSP-tau or 100 ng CBD-tau, unbound fraction of the Tau5 or
17025 sample (immunodepleted of tau), and the unbound fraction of the
IgG1 sample (mock immunodepletion) for 15 d. Immunocytochemistry
for endogenous mouse tau using the mouse tau-specific mAb T49 was
performed as described above.

Animals. CD1 and C57BL/6 mice were purchased from Charles River
Laboratories. Embryos from pregnant CD1 females were used to gener-
ate primary hippocampal neurons. Two to 3-month-old female C57BL/6
mice (non-Tg) were used for intracerebral inoculation of AD-tau, CBD-tau,
or PSP-tau human brain lysates. The University of Pennsylvania’s Institu-
tional Animal Care and Use Committee approved all animal protocols.

Stereotaxic surgery on mice. Stereotaxic surgery on non-Tg mice was
performed as previously described (Iba et al, 2013). Briefly, 2- to
3-month-old non-Tg mice were deeply anesthetized with ketamine/xy-
lazine/acepromazine and immobilized in a stereotaxic frame. The mice
were aseptically inoculated with human brain extracts in the dorsal hip-
pocampus and overlying cortex of one hemisphere (bregma: —2.5 mm;
lateral: +2 mm; depth: —2.4 mm and —1.4 mm from the skull) or the
thalamus (bregma: —2.5 mm; lateral: +2 mm; depth: —3.4 mm from the
skull; see Fig. 8). For the hippocampus and cortex injections, each site
received 2.5 ul of inoculum, and the thalamus injection received 4 ul of
inoculum. Concentrations of tau per injection site for AD-tau, CBD-tau,
and PSP-tau are described for each figure.

Immunohistochemistry and immunofluorescence. Injected mice were
killed and analyzed via immunohistochemistry (THC) and immunoflu-
orescence (IF) as previously described (Iba et al., 2013). In brief, mice
were intracardially perfused at 1, 3, 6, or 9 months postinjection, with
brains and spinal cords fixed in 10% neutral buffered formalin overnight.
Brains and spinal cords were then embedded in paraffin and microtome
sectioned at 6 wm, followed by IHC for various anti-tau primary antibodies
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Table 3. Antibodies used in this study
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Antibody name Specificity Host species Dilutions Source
T49 Mouse tau Mouse monoclonal 1:1000 (ICC, WB) In-house (Kosik et al., 1988)
R2295 mTau Mouse tau Rabbit polyclonal 1:1000 (ICC, WB) (Guo etal., 2016a)
AT8 Tau phosphorylation at Ser202 and Thr 205 Mouse monoclonal 1:10,000 (IHC), 1:5000 (IF), ThermoFisher Scientific (RRID:AB_223647)
1:2000 (EM)
17025 Raised against recombinant human tau Rabbit polyclonal 1:1000 In-house (Ishihara et al., 1999; RRID:AB_2315435)
Tau5 Tau (aa 210-230) Mouse monoclonal 0.05 g/l (IP), 2.5 g/ml as capture Gift from Dr. Lester Binder (RRID:AB_663326)
antibody in tau ELISA
PHF-1 Tau phosphorylation at Ser396 and Ser404 Mouse monoclonal 1:1000 (WB), 1:2000 (IHC) Gift from Dr. Peter Davies (Greenberg et al., 1992;
RRID:AB_2313687)
Anti-4R tau 4R tau Rabbit polyclonal 1:5000 CosmoBio
RD3 3Rtau Mouse monoclonal 1:1000 Millipore (RRID:AB_310013)
M Tau in the pathological conformation Mouse monoclonal 1:1000 (IHC) Gift from Dr. Peter Davies (Jicha et al., 1997a;
RRID:AB_2314773)
AT180 Tau phosphorylation at Thr231 Mouse monoclonal 1:1000 (IHC) Thermo Fisher (RRID:AB_223649)
TG3 Conformational specific tau phosphorylation Mouse monoclonal 1:250 (IHQ) Gift from Dr. Peter Davies (Jicha et al., 1997b)
atThr231
GAPDH (6C5) Glyceraldehyde-3-phosphate dehydrogenase Mouse monoclonal 1:3000 Advanced Immunochemical
GFAP Glial fibrillary acidic protein (astrocytes) Rat polyclonal 1:1000 (IF) In-house (Lee et al., 1984)
Olig-2 Oligodendrocyte marker Rabbit polyclonal 1:500 (IF) Millipore (RRID:AB_570666)
17028 MAP2 Rabbit polyclonal 1:5000 (ICC) In-house (Volpicelli-Daley et al., 2011)

Description of all antibodies used in this study, including specific proteins/epitopes they recognize, concentrations used, and how they were procured.

(for details, see figure legends and Table 3). The next day, the sections were
developed using a polymer horseradish peroxidase detection system (Bio-
Genex) with counterstaining for hematoxylin. Stained slides were scanned
using the Lamina Multilabel Slide Scanner (PerkinElmer) to obtain images.
Double-labeling IF was performed with two primary antibodies incubated
on tissue sections overnight, followed by incubation with secondary anti-
bodies conjugated to AlexaFluor (anti-mouse, anti-rabbit, or anti-rat based
on primary antibody; Table 3). Thioflavin S (ThS) amyloid binding dye and
ATS8 IF for double-labeling for tau amyloid deposits were performed as pre-
viously described (Guo et al, 2016a). Coverslips were mounted with
Fluoromount-G containing DAPI, and images were acquired using Nikon
Eclipse DSQi1MC microscope.

Semiquantitative analysis was performed as previously described (Guo
etal.,, 2016a), with AT8-positive pathology scored on a scale of 0-3 (0: no
pathology; 3: high pathology) at six coronal sections (bregma 0.98 mm,
—2.18 mm, —2.92 mm, —3.52 mm, —4.96 mm and —5.52 mm) for each
mouse. Scores were averaged across all mice at each time point and then
imported into customized software to generate color-coded heat maps of
the spatial distribution of pathology. Quantitative analysis was per-
formed using Halo software, with stereological cell counts for AT8-
positive neuronal and glial pathology in brain regions as described in
each figure.

Experimental design and statistical analysis. For the GuHCl assay, inde-
pendent experiments of two to three batches of AD-tau from n = 3 cases,
two to three batches of CBD-tau from n = 3 cases, and two to three
batches of PSP-tau from 1 = 2 cases were conducted. Data are plotted as
mean = SEM of independent experiments (2—-3 batches) of n = 3 AD
cases, n = 3 CBD cases, and n = 2 PSP cases (plotted separately). Two-
way ANOVA with Bonferroni post hoc test was performed comparing
PSP Case 1 to all other groups with GraphPad Prism 4.0 software (RRID:
SCR_002798; Fig. 1). P values <0.05 were considered statistically significant.

For the seeding of primary non-Tg neuron cultures, two batches of n =
3 cases of AD, two batches of n = 3 cases of CBD, and two batches of n =
1 case of PSP were tested, and data are plotted as mean * SEM across
batches of all cases (Fig. 2). One-way ANOVA with Tukey post hoc test
was performed comparing all groups with GraphPad Prism software.
P values <0.05 were considered statistically significant.

The number of mice used for all in vivo experiments is described in
Table 4. For quantification of IHC, two to three sections per mouse per
region were quantified for AT8+ cells as specified in each figure. Total
number of AT8+ cells per mouse per region was plotted as mean = SEM.
IHC quantification results were analyzed across mice using one-way
ANOVA with Tukey or Bonferroni post hoc tests or linear regression with

GraphPad Prism software, with each statistical test described per figure.
P values <0.05 were considered statistically significant.

Results

Biochemical differences between tau strains from human
brains

Cases of AD, CBD, and PSP with abundant frontal cortical pa-
thology were identified as brain tissue sources for the preparation
of tau extracts (Fig. 1A). Of note, the two PSP cases selected for
pathological tau extraction from the frontal cortex were unusual for
their high abundance of cortical tau pathology. The frontal cortex
was selected for extraction from all cases so that sufficient brain
material is available to enrich for enough pathological tau in the final
lysate to perform multiple experiments. The cortical samples under-
went sequential extraction to enrich for insoluble, pathological AD-
tau, PSP-tau, and CBD-tau (Guo et al., 2016a; Tables 1, 2). Previous
work from our laboratory showed by Western blots that tau protein
isoforms are the most dominant immunobands in the AD-tau preps
(Guoetal., 2016a); in contrast, CBD-tau and PSP-tau have lower tau
purity in the final supernatant (1-3%; Table 2).

As previously shown (Guo et al., 2016a), AD-tau contains all
six isoforms of tau with three prominent bands (17025 red; Fig.
1B) comprised of both 3R and 4R tau (Fig. 1B). In contrast,
CBD-tau and PSP-tau contain primarily 4R tau isoforms with
two prominent bands (17025 red; Fig. 1B). Consistent with prior
studies (Lee et al., 2001), pathological tau from all cases was hy-
perphosphorylated as indicated by prominent PHF-1 immuno-
reactivity (green). The three CBD cases used here contained
insoluble tau composed primarily of 4R tau with varying levels of
3R tau, as indicated by Western blotting for 4R and 3R tau-
specific antibodies (Fig. 1B). This phenomenon has been de-
scribed in the literature and could be due to overlapping AD
pathology in the frontal cortex of these CBD cases (Forman et al.,
2002; Yoshida, 2006; Uchihara et al., 2011). Given that abundant
frontal cortical pathology is not common in PSP, we extracted
Sarkosyl-insoluble pathological tau (without further purifica-
tion) from the lentiform nucleus (representing the putamen and
globus pallidus) of four PSP cases, as tau pathology is nearly always
abundant in this region in PSP (Fig. 1C). Western blots show two


https://scicrunch.org/resolver/SCR_002798
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Figure 2.  Human tauopathy lysates seeding endogenous mouse tau in primary non-Tg neurons. 4, Left, Top, Representative images from immunocytochemistry (ICC) studies for anti-mouse
tau-specific MAb T49 (green) on primary non-Tg hippocampal neurons treated with two different amounts of pathological tau from AD, CBD, and PSP cases (note: the PSP case is Case 1 only). Left,
Bottom, Images from ICC for T49 (green) and MAP2 (red) overlay from AD-tau, (BD-tau and PSP-tau-treated neurons. Scale bar, 100 r.m. B, Quantification of percentage area occupied by T49
signal/DAPI signal from ICC of neurons treated with AD-tau from three cases of AD (2 replicates), (CBD-tau from three cases of CBD (2 replicates), and PSP-tau from one case of PSP (Case 1; 2 replicates)
at different tau concentrations. One-way ANOVA with Tukey post hoc test comparing all groups was performed (Mean == SEM plotted; F = 86.49, df = 24;*p < 0.05, **p << 0.01, **p << 0.001).
C, Western blot for T49 on Sarkosyl-soluble supernatants (sup) and Sarkosyl-insoluble pellets (pel) extracted from neurons treated with AD-tau, (BD-tau, or PSP-tau. Western blot for GAPDH as
loading control. D, Representative images from ICC for T49 (green) on primary non-Tg hippocampal neurons treated with PSP-tau from five different PSP cases. PSP Cases 1, 3, 4, and 5 were used
to treat neurons with 15 ng of Sarkosy! pellet from the lentiform nuclei, and PSP Case 2 was used to treat neurons with 150 ng of final supernatant from frontal cortex. Scale bar, 100 m. E, Top,
Images are shown here of ICC for T49 from primary non-Tg hippocampal neurons treated with 200 ng of PSP-tau, or TauS-immunodepleted PSP-tau from Case 1, or mock IgG-treated PSP-tau from
(ase 1. Bottom, Representative images are shown here of ICC for T49 from primary non-Tg hippocampal neurons treated with 100 ng of (BD-tau from n = 3 cases, or 17025-immunodepleted
(BD-tau, or mock lgG-treated CBD-tau. Scale bar, 100 um.
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Table 4. Number of mice used in injection experiments

Tauopathy  Extraction Injection Tmonth  3months  6months 9 months
case brainregion  brainregion  p.i. p.i. p.i. p.i.
ADCase1  Frontal HP/Ctx 3 3 4 3
ADCase1  Frontal Thalamus — — 3 —
ADCase2  Frontal HP/Ctx — 3 — —
ADCase3  Frontal HP/Ctx — 3 — —
(BDCase 1  Frontal HP/Ctx 2 4 4 4
(BDCase1  Frontal Thalamus — — 3 —
(BDCase2  Frontal HP/Ctx — 3 — —
(BD Case3  Frontal HP/Ctx — 3 — —
PSP Case 1  Frontal HP/Ctx 2 4 4 3
PSP Case 1  Frontal Thalamus — — 3 —
PSP Case 1 Thalamus HP/Ctx — 4 — —
PSP Case 1 Lentiform HP/Ctx — 3 — —
PSP Case2  Frontal HP/Ctx — 4 — —

Number of mice injected with each tauopathy case (extracted from different brain regions) at different time points.
HP, Hippocampus; Ctx, cortex.

prominent tau bands in the insoluble Sarkosyl pellet from the lenti-
form nucleus of all PSP cases (17025 red), with hyperphosphoryla-
tion of tau (PHEF-1 green,; Fig. 1D) although the concentration of tau
in the Sarkosyl pellet from the lentiform nucleus is much lower than
from the frontal cortex (Table 2). Immuno-EM for PHF-1 on AD-
tau, CBD-tau, and PSP-tau fibrils before and after sonication shows
shorter and more numerous fibrils after sonication as previously
shown (Guo et al., 2016a).

In the prion literature, different strains are characterized by var-
ious biochemical studies, including limited proteolysis and confor-
mational stability assays using different concentrations of GuHCI
(Collinge and Clarke, 2007). A previous study showed differences in
C-terminal tau fragments following protease digestion of Sarkosyl-
insoluble tau from AD, CBD, and PSP brains, similar to what is
observed for different prion strains (Taniguchi-Watanabe et al.,
2016), Here, we performed a conformational stability assay using
GuHCl as previously described (Legname et al., 2006). Specifically,
we incubated AD-tau, CBD-tau, and PSP-tau in increasing con-
centrations of GuHCI, then performed PK digestion followed
by Western blotting for PHF-1 to determine the presence of
protease-resistant bands at each concentration (Fig. 1F).

Interestingly, AD-tau, CBD-tau, and PSP-tau showed differ-
ent banding patterns after PK digestion without GuHCI (Fig. 1F,
lane 0 M GuHCI). AD-tau had smaller tau fragments ranging
from 15 to 20 kDa, whereas CBD-tau and PSP-tau had larger tau
fragments ~25 kDa (AD-tau and CBD-tau are representative
images of n = 3 AD cases and n = 3 CBD cases, respectively). We
then plotted the percentage (%) PK resistance for each tau strain asa
function of the GuHClI concentration, normalizing the PHF-1 signal
in each lane to the sample with GuHCI-free digestion (lane 0 M
GuHCI). A steeper decline in percentage PK resistance suggests
higher susceptibility of the tau aggregates to denaturation by GuHCL

AD-tau, CBD-tau, and PSP-tau showed different structural
stabilities in this GuHCI denaturation assay based on curves
shown in Figure 1G (two-way ANOVA with Bonferroni post hoc
test, F = 3.739, p = 0.0002). All cases of CBD-tau were the least
stable (Fig. 1G, red line; steepest decline), whereas all cases of
AD-tau showed intermediate stability in this assay (Fig. 1G, black
line). PSP-tau from Case 1 showed the highest stability in GuHCI
(Fig. 1G, blue line). However, PSP-tau from Case 2 showed much
less stability than PSP-tau Case 2, suggesting the existence of differ-
ent PSP-tau conformations in these two cases (Fig. 1H ). Nonethe-
less, both PSP Cases 1 and 2 had similar banding patterns after PK
digestion, suggesting they share some strain properties and not oth-
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ers. Together, our data show different biochemical properties of
AD-tau, CBD-tau, and PSP-tau indicative of different strains of
pathological tau among AD, CBD and PSP tauopathies.

Tau strain seeding in primary non-Tg neuronal cultures

To determine the biological activity of the different tau strains,
AD-tau, CBD-tau and PSP-tau were used to seed the aggregation
of endogenous mouse tau in non-Tg primary hippocampal neu-
rons, which initially express 3R tau and subsequently express 4R
tau with differentiation in culture, as previously described (Guo
etal., 2016a). We found phenotypic differences in the subcellular
localization of seeded tau aggregates (recognized by mouse-tau-
specific T49 antibody after extraction of soluble tau with 4% PFA
and 1% Triton X-100) in these neurons corresponding to each tau
strain: AD-tau induced thread-like immunoreactivity mostly in ax-
ons with rare perikaryal inclusions, whereas CBD-tau induced fre-
quent perikaryal inclusions apart from axonal pathology (Fig. 2A).
Strikingly, PSP-tau from Case 1 was the most potent, inducing much
more abundant axonal and perikaryal inclusions at the same con-
centrations as AD-tau and CBD-tau. In fact, PSP-tau from this case
was ~300 times more potent than AD-tau or CBD-tau (Fig. 2B;
one-way ANOVA with Tukey post hoc test, F = 86.49).

Tau aggregates formed in neurons were Sarkosyl-insoluble
and recruited tau isoforms corresponding to the original human
cases. For example, AD-tau-treated neurons recruited both 3R
and 4R tau into the insoluble fraction, and PSP-tau-treated neu-
rons recruited only 4R tau. Two cases of CBD-tau with primarily
4R tau in the final human supernatant recruited only 4R tau in
the insoluble fraction, whereas one case of CBD-tau with more
3R tau in the final supernatant recruited both 4R and 3R tau (Fig.
2C). Interestingly, not all cases of PSP were highly potent in vitro, as
PSP Case 2 with tau extracted from the frontal cortex and other PSP
cases with tau extracted from the lentiform nucleus failed to induce
significant tau pathology in primary neurons (Fig. 2D). Thus, our
data suggest tau from different PSP brains may contain different tau
strains, including the highly potent one described above.

To confirm that it is human tau that is accountable for inducing
mouse tau pathology in cultured neurons, we immunodepleted tau
from our potent PSP-tau prep (PSP Case 1), and showed a dramatic
loss of seeding activity in non-Tg neurons (Fig. 2E, top). Similarly,
we immunodepleted tau from three cases of CBD-tau, and showed a
reduction in seeding activity in non-Tg neurons. Therefore, we con-
clude insoluble human tau in the final supernatant is necessary for
seeding endogenous mouse tau in non-Tg neurons.

Seeding potency and cell-type specificity of human
pathological tau in non-Tg mice

To test whether different tau strains would lead to different pat-
terns of endogenous mouse tau aggregation in vivo, comparable
concentrations of AD-tau, CBD-tau, and PSP-tau were injected
into the dorsal hippocampus and overlying neocortex of non-Tg
mice (Fig. 3A). Following postinjection (p.i.) survival intervals of
3 months, we observed differences in seeding potency between
the different pathological tau strains in vivo. The unusual PSP-tau
strain (Case 1) was most potent in propagating neuronal tau
aggregates to several different brain regions at 3 months p.i. (Fig.
3A). Replicate studies using AD-tau, CBD-tau, and PSP-tau ex-
tracts obtained from different cases resulted in a similar neuro-
anatomic distribution and density of tau pathology (Fig. 3B).
Interestingly, the second PSP case with abundant frontal cortical
pathology also showed high potency in vivo (Case 2; Fig. 3B),
suggesting pathological tau purified from PSP-tau cases with ex-
tensive frontal cortical tau pathology are potent seeds in vivo.
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Figure3. Differentseeding potencies and cell-type specificity of human tau strains in non-Tg mice. A, Top, Left, Schematic coronal and sagittal sections of the mouse brain showing injection sites
in dorsal hippocampus and overlying cortex (bregma: —2.5 mm; lateral: +2 mm; depth: —2.4 mm and — 1.4 mm from the skull). Right, Representative images from IHC for anti-tau MAb AT8
(pS202/1205) for AD-tau Case 1(1 peg/site, n = 3 mice), (BD-tau Case 1(1 eg/site, n = 4 mice), and PSP-tau Case 1 (0.7 pg/site, n = 4 mice) injected non-Tg mice 3 months p.i. (hippocampus/
cortex). Black boxes with insets indicate neuronal tau pathology and red boxes with insets indicate glial tau pathology. Scale bars: panel, 100 um; inset, 10 wm. B, Representative images of IHC for
AT8 on two additional cases of AD-tau injections (each injection at 1 rLg/site, n = 3 mice each), two additional cases of CBD-tau injections (Case 2: 0.43 g/site, n = 3 mice; Case 3: 0.9 wwg/site,
n = 3mice),and one additional case of PSP-tau injections (Case 2:0.21 wwg/site, n = 4 mice) into non-Tg mice at 3 months p.i. Black boxes with insets indicate neuronal tau pathology and red boxes
with insets indicate glial tau pathology. Quantification performed on two sections for each region on three AD cases (n = 9 mice total; white bars), three (Figure legend continues.)
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In contrast, all AD-tau and CBD-tau cases induced less exten-
sive tau pathology than the PSP-tau cases at 3 months p.i. (Fig.
3 A, B). CBD-tau seeded fewer neuronal tau aggregates than PSP-
tau in the same brain regions (n = 3 CBD cases), whereas AD-tau
was the least potent, only eliciting tau aggregates in a subset of
neurons in select brain regions (n = 3 AD cases). Both PSP-tau
and CBD-tau seeded tau aggregates in more neuronal subtypes in
the hippocampus (i.e., dentate granule, hilar neurons, and CA3
neurons) than AD-tau (which primarily induced tau pathology
in hilar neurons; Fig. 3A, B).

All three tau strains also maintained cell-type specificity for
neurons or glia as in their corresponding human disease. Thus,
AD-tau induced tau aggregates only in neurons, whereas both
PSP-tau and CBD-tau induced tau aggregates in oligodendro-
cytes and astrocytes, in addition to neurons (Fig. 3A, C). The glial
tau inclusions in non-Tg mice recapitulated the corresponding
human tau neuropathology: oligodendroglial inclusions occurred in
white matter tracts such as the fimbria and corpus callosum and
resembled oligodendroglial coiled bodies of human CBD and
PSP (Fig. 3C, left; colabeling AT8 and Olig-2). Astrocytic tau
inclusions in CBD-injected mice resembled astrocytic plaques of
human CBD, whereas most of the astrocytic tau pathology in
PSP-injected mice resembled tufted astrocytes of human PSP
(Fig. 3C, right; colabeling AT8 and GFAP). However, the PSP-
tau-injected mice showed a range of astrocytic tau pathologies
ranging from astrocytic plaque-like profiles to tufted-astrocyte-
like tau inclusions (Fig. 3B), thereby showing some overlap with
CBD as described previously (Sha et al., 2006; Yoshida, 2014).

Rate of propagation and maturation of tau aggregates in
non-Tg mice

Because one of our PSP-tau strains induced highly extensive tau
pathology at 3 months p.i., we hypothesized it more efficiently
seeded tau pathology than AD-tau at earlier time points. Indeed,
more neuronal tau aggregates were observed at 1 month p.i. of
PSP-tau in the ventral hilus of the hippocampus than following
injections of AD-tau at the same time interval (Fig. 4A, black
boxes). In fact, both CBD-tau and PSP-tau induced glial tau
aggregates in astrocytes and oligodendrocytes at 1 month p.i.,
thereby showing a fast rate of glial tau pathology formation for
PSP-tau and CBD-tau strains (Fig. 4A, red boxes). Furthermore,
the ventral hilus was the only brain region with tau inclusions at

<«

(Figure legend continued.) (BD cases (n = 10 mice total; red bars), and two PSP cases (n = 8
mice total; blue bars) with the following bregma based on brain atlas coordinates: ventral hilar
and DG neurons: —3.80 and —3.64 mm; ventral CA3: —3.40 and —3.28 mm; entorhinal
cortex: —3.80 and —3.64 mm. One-way ANOVA with Tukey post hoc analysis was performed
for each region (Mean == SEM plotted; ventral hilus ipsi: F = 6.593, df = 25, ANOVA, p =
0.0055; ventral hilus contra: F = 6.474, df = 25, ANOVA, p = 0.0059; DGipsi: F = 38.33,df =
25, ANOVA, p = 0.0001; Ventral CA3ipsi: F = 5.682, df = 25, ANOVA, p = 0.0099; Ventral CA3
contra: F = 5.05, df = 25, ANOVA, p = 0.0152; Entorhinal Cortex ipsi: F = 11.12, df = 25,
ANOVA, p = 0.0004; Tukey post hoc: *p << 0.05, **p << 0.01, ***p < 0.001). Scale bars: panel,
100 wm; inset, 10 wm. €, Left, Representative images of IHC for AT8 or double-labeling IF for
AT8 (red) and anti-oligodendrocyte-specific marker Olig-2 (green) from CBD-tau (1 ug/site;
n = 4 mice) and PSP-tau (0.7 ug/site; n = 4 mice)-injected mice 3 months p.i. Insets show
formation of AT8-positive inclusions in oligodendrocytes of fimbria (white matter tract). Scale
bars: panel, 50 wm; inset, 10 wm. Right, Representative images of IHC for AT8 or double-
labeling IF for AT8 (green) and anti-astrocyte-specific marker GFAP (red) from (BD-tau- (1
g/site; n = 4 mice) and PSP-tau-(0.7 wg/site; n = 4 mice) injected mice 3 months p.i.
Images show formation of AT8-positive inclusions in astrocytes of the hippocampus. Scale bars:
panel, 50 pm; inset, 20 wm. Hipp, Hippocampus; Ctx, cortex; Ipsi, ipsilateral, Contra, contralat-
eral; DG, dentate gyrus.
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1 month p.i., confirming our previous findings that it may be
selectively vulnerable in this model (Guo et al., 2016a).

Because the injected human pathological tau is rapidly de-
graded by 7 d p.i. (Guo et al,, 2016a), we infer that the injected
human material rapidly recruits endogenous mouse tau (R2295,
mouse-tau-specific antibody) to form seeded aggregates for all
three tau strains (Fig. 4B). Both the neuronal and glial tau pathol-
ogy in PSP-tau and CBD-tau-injected mice were positive for
R2295, showing that endogenous mouse tau had aggregated in
neurons and glia in our model (Fig. 4C).

We next investigated the differential recognition of the human
tau strain-seeded mouse tau aggregates by a panel of anti-tau anti-
bodies. When tau becomes hyperphosphorylated, it is recognized
by phosphorylation-specific antibodies such as AT8 (pSer202/
Thr205) and AT180 (pThr231; Ballatore et al., 2007). Then as tau
misfolds and aggregates, it is recognized by conformation-
specific antibodies MC1 (misfolded conformation around in-
teraction of N- and C-terminus of tau) and TG3 (misfolded
conformation around pThr231 site; Jicha et al., 1997a, 1997b).
Finally, as tau aggregates mature into neurofibrillary tangles
comprised of cross B-sheet structures, they are recognized by
amyloid-binding dyes like ThS (Ballatore et al., 2007).

A small subset of AD-tau-seeded neuronal tau aggregates were
weakly positive for AT180, TG3, and MC1 at 3 months p.i.; how-
ever, none of them were ThS+ at this time point (Fig. 4E). This
suggests AD-tau induced mouse tau aggregates are in a prefi-
brillar, pretangle state at this time point. In contrast, CBD-tau-
induced aggregates were strongly AT180+, MC1+, and TG3+ at
3 months p.i., whereas only rare tau inclusions were ThS+ (Fig.
4F). PSP-tau induced the most mature neuronal tau tangles that
were AT180+, MC1+, TG3+, and ThS+ at 3 months p.i. (Fig.
4G). The differential recognition by anti-tau antibodies of the
seeded pathology is indicative of unique and diverse tau strains
between AD-tau, CBD-tau, and PSP-tau. The astrocytic tau pa-
thology in CBD-tau-injected mice were AT180+ and mildly
MCI1 +, whereas the oligodendroglial tau inclusions were AT180+,
MCI1+ and TG3+ (Fig. 4H). None of the glial tau aggregates were
ThS+.

Characterization of a uniquely aggressive PSP-tau strain

The high in vivo potency of both PSP cases with abundant frontal
cortical pathology suggests that either PSP-tau cases with exten-
sive frontal cortical tau pathology contain a highly potent tau
strain in all brain regions with pathology, or that a high potency
strain is preferentially found in the frontal cortex of PSP cases. To
test the hypothesis that PSP cases with extensive frontal cortical
pathology contain a highly potent tau strain throughout the hu-
man brain, pathological tau was extracted from both the thala-
mus and lentiform nucleus of one of the potent PSP cases (PSP
Case 1), and injected into the hippocampus and cortex of non-Tg
mice. At 3 months p.i., PSP-tau extracted from the thalamus
showed a transmission pattern in the mouse brain that was nearly
identical to PSP-tau from the frontal cortex, even with injection
of a lower tau concentration (Fig. 5A; 0.7 ug tau/site for frontal
cortex compared with 0.35 g tau/site for thalamus). A lower
amount of PSP-tau from the lentiform was injected into non-Tg
mice (0.0175 ug tau/site), so PSP-tau from this region induced
less pathology at 3 months p.i.; however, the induced tau aggre-
gates still spread to the same brain regions, and also were found in
oligodendrocytes and astrocytes, in addition to neurons (Fig. 5A;
fimbria and hipp, red boxes). PSP-tau from all three brain regions
induced mature, ThS+ tau aggregates at 3 months p.i. (Fig. 5B).
Thus, this potent tau strain does not appear to be restricted to the
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Figure4. Early recruitment and maturation of tau aggregates in non-Tg mice. 4, Representative images from IHC for AT8 for AD-tau- (1 wg/site; n = 3 mice), (BD-tau- (0.4 peg/site; n = 2 mice),
and PSP-tau- (0.7 ywg/site; n = 2 mice) injected non-Tg at 1 month p.i. (hippocampus/cortex). Black boxes with insets indicate neuronal tau pathology and red boxes with insets indicate glial tau
pathology. Scale bars: panel, 100 um; inset, 10 um. B, Representative IHCimages for AT8 near injection site and R2295 (mouse tau-specific antibody) for AD-tau- (1 wug/site; n = 3 mice), (BD-tau-
(1 pg/site;n = 4 mice), and PSP-tau- (0.7 pg/site; n = 4 mice) injected non-Tg mice 3 months p.i. Scale bar, 50 um. €, R2295 also recognizes glial tau pathology in astrocytes and oligodendrocytes,
indicating endogenous mouse tau is seeded in glial cells. Left, Astrocytic plaque-like pathology from (BD-tau-injected mice. Middle, Tufted astrocyte-like pathology from PSP-tau-injected mice.
Right, Oligodendroglial coiled body-like pathology from PSP-tau-injected mice. Scale bar, 20 m. D, Representative images of IHC for anti-tau MAb AT180, MC1, and TG3 or IF for AT8 and ThS of the
ventral hilus for the three AD cases injected into non-Tg mice 3 months p.i. Scale bar, 50 um. E, Representative images of IHC for AT180, MC1, and TG3 or for AT8/ThS of the ventral hilus for the three
(BD cases injected into non-Tg mice 3 months p.i. Scale bar, 50 m. F, Representative images of IHC for AT180, MC1, and TG3 or for AT8/ThS of the ventral hilus for the two PSP cases injected into
non-Tg mice 3 months p.i. Scale bar, 50 wm. G, Representative images of IHC for AT180, MC1, and TG3 or for AT8/ThS of astrocytes (CBD-tau Case 1 injected non-Tg mice 3 months p.i.) or
oligodendrocytes (PSP-tau Case 1 injected non-Tg 3 months p.i.). Scale bar, 20 m. Hipp, Hippocampus; Ipsi, ipsilateral; Contra, contralateral.
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Figure5.

PSP-tau from different brain regions have similar seeding potency in vivo. A, Representative images of IHC of AT8 on PSP-tau extracted from either the frontal cortex (0.7 wg/site; n =

4), thalamus (0.35 wg/site; n = 3), or lentiform nucleus (0.0175 wg/site; n = 3) of Case 1 injected into non-Tg mice hippocampus/cortex 3 months p.i. Red boxes with insets indicate glial tau
pathology in either the fimbria (oligodendrocytes) or hippocampus (astrocytes). Scale bars: panel, 100 rum; inset, 10 m. B, IHC using other epitope-specific anti-tau antibodies AT180, TG3, and
MC1 on PSP-tau from the frontal cortex, thalamus, or lentiform nucleus of Case 1injected into non-Tg mice HP-Ctx 3 months p.i. Double-labeling IF for AT8/ThS shows tau inclusions are ThS-positive
when seeded by PSP-tau extracted from any of the three regions. Scale bars: panel,100 m; inset, 10 wm. Hipp, Hippocampus; Ctx, cortex; Ipsi, ipsilateral; Contra, contralateral.

frontal cortex, but instead propagates throughout the human
PSP brain, just as we observed in the PSP-tau-injected mouse
brains.

Spatiotemporal transmission of tau strains in non-Tg mice

We had previously mapped out the neuronal connectome from
our hippocampal AD-tau-injected mice (Guo et al., 2016a). The
neuronal tau pathology induced by the three different tauopathy
strains continued to increase and spread from 1 to 3 months p.i.
to other connected CNS regions from the ventral hilus (Figs. 3A,
5A). However, the seeded tau aggregates did not increase further
from 6 to 9 months p.i. (Fig. 6 A, B). In fact, although the number
of neuronal tau aggregates remained stable for PSP-tau from 3 to

9 months p.i., the extent of neuronal tau aggregates declined for
CBD-tau over these longer postinjection times in select brain regions
(Fig. 6 A, B; ventral hilus ipsi). A decline of AD-tau pathology was
also observed over time (although this was not statistically signifi-
cant), similar to what we previously reported (Guo et al., 2016a). As
in the prior study with AD-tau, we did not observe any significant
neuron loss in CBD-tau- and PSP-tau-injected mice over the postin-
jection time intervals studied here (data not shown). Notably, the
PSP-tau strain retained more tau inclusions than the AD-tau and
CBD-tau strains in the ventral hilus at 9 months p.i. (Fig. 6B). All
three tau strains also transmitted tau aggregates to the accessory
olfactory bulb, a region not directly anatomically connected to the
sites of injection (Fig. 6A). The observation of seeded tau pathology
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in this region is consistent with transneuronal spreading of tau pa-
thology across neuronal circuits.

Although all tau strains transmit neuronal tau aggregates to
regions anatomically connected to the sites of injection, PSP-tau-
and CBD-tau-injected non-Tg mice showed a wider spatial
distribution of tau pathology than AD-tau-injected mice at 3
months p.. (Fig. 6C). In particular, PSP-tau- and CBD-tau-
injected mice showed propagation of tau inclusions to more cor-
tical regions than AD-tau-injected mice, as visualized by the heat
maps of tau pathology in each brain region (Fig. 6C). Interest-
ingly, the spatial distribution of tau pathology between CBD-tau-
and PSP-tau-injected mice were very similar at 3 months p.i.,
suggesting that the CBD-tau and PSP-tau strains may share seed-
ing properties. At 6 and 9 months p.i., we did not observe further
spreading of neuronal tau pathology in CBD-tau- and PSP-tau-
injected mice. However, we did find limited neuronal tau pathol-
ogy in more cortical regions in AD-tau-injected mice (Fig. 6C).
Thus, the spatial distribution of neuronal tau pathology for all
three tau strains was remarkably similar with longer postinjection
times.

Transmission of glial tau pathology in non-Tg mice

The seeding of glial tau inclusions in non-Tg mice following in-
jections of CBD-tau and PSP-tau is especially remarkable given
that it was widely believed that only neurons express significant
amounts of tau protein (Lee et al., 2001). However, recent evi-
dence suggests glial cells may also express tau, albeit at much
lower levels than neurons, which may provide enough endoge-
nous tau for seeding by CBD-tau and PSP-tau strains (Zhang et
al., 2014). Interestingly, although the transmission of CBD-tau
and PSP-tau shared similar properties as described above, CBD-
tau-injected mice developed more astrocytic tau pathology, whereas
PSP-tau-injected mice developed more oligodendroglial tau inclu-
sions (Fig. 7). Although we did not observe increased spreading of
neuronal tau pathology in CBD-tau- and PSP-tau-injected mice at 6
and 9 months p.i., we did observe the continued spatiotemporal
transmission of glial tau aggregates in these mice (Fig. 7).

Astrocytic tau pathology appeared to spread dramatically over
time in CBD-tau-injected mice, from the ipsilateral ventral hip-
pocampus at 3 months p.i. to the contralateral hippocampus, as
well as cortical regions, at 6 and 9 months p.i. (Fig. 7A). In fact,
the extent of astrocytic tau pathology inversely correlated with
that of neuronal tau pathology, with a decrease in the number of
neuronal tau aggregates in regions accompanied by a concomi-
tant increase in astrocytic tau inclusions (Fig. 7B). Although cor-
relational at this point, we speculate that this finding may imply a
neuron-to-astrocyte mechanism of transmission that underlies
the spreading of astrocytic tau pathology. It is also possible there
is an independent mechanism of astrocytic tau spreading that
occurs slower than neuronal tau spreading due to lower endoge-
nous tau expression in astrocytes.

Moreover, there was also significant propagation of oligoden-
droglial tau aggregates in PSP-tau-injected mice over time, par-
ticularly from the ipsilateral to contralateral side of white matter
tracts such as the fimbria and corpus callosum (Fig. 7C,D). This
result may be interpreted to signify that a glia-to-glia transmis-
sion mechanism underlies the spreading of oligodendroglial tau
inclusions; however, tau pathology to oligodendrocytes may also
spread through the axons of neurons in these white matter tracts.

Regional selectivity of tau strains in non-Tg mice
Our finding of similar spatial distributions of tau pathology at
longer incubation times after seeding with all three tau strains
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conflicts with the regional selectivity observed in human tauopa-
thies. However, it is possible that all tau strains are capable of
seeding neuronal tau aggregates in the same brain regions, and
thus do not determine the brain region specificity observed in
different human tauopathies. We hypothesized that the site of
initiation and the neuronal connectome from the initiation site,
rather than the specific tau strain, determines the anatomical
distribution or intraneuronal spread of tau aggregates in tauopa-
thies. To test this hypothesis, AD-tau, CBD-tau, and PSP-tau
were injected into a different brain region, the dorsal thalamus, of
non-Tg mice (Fig. 84). At 6 months p.i., differences between tau
strains were observed that mimicked the results with the hip-
pocampus/cortex injections: PSP-tau was still the most potent
tau strain, and CBD-tau and PSP-tau induced glial tau pathology,
whereas AD-tau did not (Fig. 8B). Despite these quantitative dif-
ferences in the abundance of neuronal tau inclusions, the spatial
distribution of neuronal tau aggregates was highly similar among
all three tau strains following injection in the thalamus (Fig. 8C).
Yet, the spatial distribution of tau pathology following injection
in the thalamus differed from the spatial distribution of tau ag-
gregates following injection in the hippocampus/cortex (com-
pare Figs. 6C, 8C), supporting our hypothesis that the initiation
site and neuronal connectome from that site determines the brain
region selectivity of different tau strains. Finally, we also observed the
spreading of astrocytic tau pathology in the same brain regions as
neuronal pathology from the thalamus of CBD-tau-injected mice
(Fig. 8C), supporting our speculation that neuronal-to-astrocyte
propagation of tau pathology may be involved in the spread of as-
trocytic tau pathology.

Discussion

In this study, we developed a sporadic tauopathy mouse model to
interrogate the mechanisms of neuropathological heterogeneity
among human tauopathies. This model was generated by enrich-
ing pathological tau from human AD, CBD, and PSP brains and
injecting these preparations into non-Tg mouse brains. Although
other studies have investigated tau strains (Clavaguera et al.,
2013; Sanders et al., 2014; Kaufman et al., 2016), our work ex-
tends upon the current literature in several ways.

First, our study uses authentic pathological tau strains pu-
rified from human tauopathy brains, and more carefully char-
acterizes the human tau strains, including the concentration of
proteopathic tau seeds used, unlike previous studies using human
tauopathy brains (Clavaguera et al., 2013). Second, our study
highlights the importance of using non-Tg mice as a sporadic
tauopathy model. Because previous research studying tau strains
used transgenic mice with heterologous promoters controlling
overexpression of tau, it has been difficult to elucidate whether
the properties of tau transmission are due to intrinsic strain dif-
ferences or due to the distribution of transgene overexpression.
Our model with only endogenous mouse tau expression develops
tau aggregates that recapitulate several features of each tauopathy
following injections of AD-tau, CBD-tau, or PSP-tau. Although a
previous study showed seeding of mouse tau pathology in non-Tg
mice, they showed only a few cells with aggregates (Clavaguera et al.,
2013), without quantitation of the seeded tau inclusions or descrip-
tion of the spatiotemporal transmission of tau pathology, as in our
study. Finally, this is the first study that describes in detail the trans-
mission of glial tau pathology.

We used the GuHCI/PK digestion assay as a biochemical read-
out to establish that AD-tau, CBD-tau, and PSP-tau indeed are
folded differently, consistent with the notion that they represent
unique tau strains. Other recent studies have shown pathological
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tau can form different structural conformations using PK diges-
tion (Kaufman et al., 2016; Taniguchi-Watanabe et al., 2016).
Together, these studies support the hypothesis that these tauopa-
thies represent the manifestations of different tau strains. It is
important to consider that AD-tau contains both 3R and 4R tau
isoforms, whereas CBD-tau, PSP-tau, and adult non-Tg mouse
brain primarily contain 4R tau. It is unclear whether both 3R and
4R tau isoforms in AD-tau are seeding endogenous mouse 4R tau,
but given our previous finding that 3R and 4R tau isoforms in-
corporate randomly into recombinant fibrils seeded by AD-tau
(Guo et al.,, 2016a), we hypothesize that both isoforms likely seed
mouse tau.

Our enriched human tau strains had different potencies in
seeding mouse tau in primary hippocampal neurons. In particu-
lar, a distinct strain of PSP-tau was identified that was 300 times
more potent than AD-tau or CBD-tau in seeding neuronal tau
aggregates in vitro. This PSP-tau strain showed different seeding
properties than other PSP cases, thereby suggesting the existence
of phenotypic diversity among PSP-tau strains. A previous study
showed pathological tau from PSP human brains have different
seeding properties in HEK293 cells overexpressing tau, support-
ing the heterogeneity among PSP-tau strains (Sanders et al.,
2014). It is important to note that although primary neurons
express both 3R and 4R tau isoforms with additional days in
culture, only the 4R tau isoforms are expressed in adult mouse
brain. Although it is difficult to compare in vitro and in vivo
systems given their differences, they provide two independent
systems to interrogate different properties of human tau strains.

Notably, each tau strain induced a unique distribution of tau
pathology in non-Tg mouse brains that recapitulated human tau
neuropathology. PSP-tau isolated from the frontal cortex from
cases with abundant frontal cortical pathology was the most po-
tent in vivo, propagating more neuronal tau aggregates to ana-
tomically connected brain regions than the other strains. Given
that abundant cortical pathology is not common in PSP, we hy-
pothesized these PSP cases contained a unique tau strain that was
especially aggressive in promoting tau aggregates throughout the
human brain. Indeed, PSP-tau extracted from the thalamus and
lentiform nucleus of one of these potent PSP cases showed the
same aggressive phenotype in the mouse brain as PSP-tau iso-
lated from the frontal cortex.

The clinical diversity in PSP has been noted in the literature.

<«

(Figure legend continued.) pathology, then represented similarly as above on heat maps as
purple ovals (1 oval per 5 tau-positive oligodendrocytes). B, Quantification of AT8-positive
neurons and astrocytes of (BD-tau-injected mice at 3, 6, and 9 months p.i. (n = 4 mice at each
time point; hippocampus/cortex) based on stereological cell counts of two sections in each
region with following bregma-based coordinates: ventral hilar neurons: —3.80 and —3.64
mm. Linear regression was performed correlating neuron tau pathology (y-axis) with astrocyte
tau pathology (x-axis) in each region, with > and p values noted for each regression analysis in
the graphs. (, Left, Representative images of IHC for AT8 showing oligodendroglial tau pathol-
ogy in PSP-tau-injected mice at 3 months (n = 4 mice), 6 months (n = 4 mice), and 9 months
(n = 3 mice) p.i. Scale bar, 100 wm. Right, Semiquantitative heat maps of same PSP-tau-
injected mice shown in IHCimages on left. Neuronal tau pathology is color-coded per region (as
inFig. 4), with astrocytic tau pathology in red stars and oligodendroglial tau pathology in purple
circles asin A. D, Quantification of AT8-positive oligodendrocytes in PSP-tau-injected mice at 3
months (n = 4 mice), 6 months (n = 4 mice), and 9 months (n = 3 mice) p.i. based on
stereological counts of three sections in each region at the following bregma: fimbria: —1.06,
—0.94, and —0.82 mm; corpus callosum —1.06, —0.94, and —0.82 mm. One-way ANOVA
with Tukey post hoc analysis was performed across the time points (Mean = SEM plotted;
Fimbria contra: F = 4.642, df = 10; ANOVA, p = 0.0459; corpus callosum contra: F = 11.40,
df = 10; ANOVA, p = 0.0046; Tukey post hoc: *p << 0.05, **p << 0.01, ***p << 0.001). Hipp,
Hippocampus; Ctx, cortex; Ipsi, ipsilateral; Contra, contralateral.
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One study showed there are three distinct clinical syndromes of
PSP: Richardson’s syndrome (RS), PSP-parkinsonism (PSP-P),
and pure akinesia with gait freezing (Williams et al., 2005). The
same group showed RS patients had higher tau burdens in more
cortical regions than PSP-P patients, with an inverse correlation
between higher tau burdens and disease duration (Williams et al.,
2007). It is possible PSP patients with abundant cortical pathol-
ogy contain a more potent tau strain that is aggressive enough to
spread faster and produce greater disease severity, similar to the
highly potent PSP-tau strain that we describe in this paper.

The observed differences of the human tau strains in the non-Tg
mouse brain provide insights into the diversity of tauopathies. The
increased potency of PSP-tau and to a lesser extent, CBD-tau,
could explain the shorter clinical course of PSP and CBD com-
pared with AD. We show tau aggregates develop more quickly
with PSP-tau (by 1 month p.i.), and remain stable over long
periods of time (up to 9 months p.i.). In contrast, far fewer tau
aggregates develop in AD-tau-injected mouse brains at early time
points, and show a trend to decline at 9 months p.i. Therefore, we
hypothesize that with increasing age tau aggregates slowly form in
AD and accumulate over long periods of time. On the other hand,
PSP and CBD have a younger clinical onset than AD and a shorter
time course for formation of tau pathology, suggesting the rapid
propagation of tau pathology in our model mimics a faster clin-
ical course in human disease.

We showed the spatial distributions of neuronal pathology
induced by all three tau strains were very similar to each other at
longer postinjection times following the hippocampus/cortex
and thalamus injections. This finding is in direct contrast to a
recent study using artificially-derived tau strains, in which their
tau strains did show regional selectivity up to 3 months p.i. (Kauf-
man et al., 2016). Such discrepancy is likely due to their use of
PS19 tau transgenic mice for injection with shorter postinjection
times using laboratory-generated tau strains versus our use of
human brain-derived tau strains into non-Tg mice with longer
postinjection times. Given that human tauopathies develop over
many years, the spatial distribution with longer incubations more
closely resembles what occurs in the human disease.

Our data are consistent with the hypothesis that all tau strains
are capable of inducing neuronal tau aggregates in the same brain
regions, with the site of pathology initiation and the neuronal
connectome from that site determining which brain regions are
affected. In AD, Braak and colleagues proposed that the transen-
torhinal cortex is the earliest site of tau pathology (Braak and
Braak, 1991; Braak et al., 2011; Braak and Del Tredici, 2012),
whereas recent studies showed the striatum and prefrontal cortex
as the earliest sites in CBD (Lingetal., 2016), and the brainstem in
PSP (Williams et al., 2007). We speculate that these different sites
of initiation lead to the development of unique tau strains, in
which distinct biochemical environments predispose the forma-
tion of unique pathological conformers. These distinct tau strains
then transmit to brain regions that are anatomically connected
via neuronal projections to the original site of pathology. In par-
ticular, PSP-tau purified from different brain regions of the same
case exhibited similar seeding properties, suggesting this tau strain
developed in an early site and then spread to other regions in the
human brain.

Our model also revealed remarkable spatiotemporal trans-
mission of glial tau pathology through the non-Tg mouse brain
following CBD-tau and PSP-tau injections. The mechanism of
glial tau pathology formation has always been a major question in
the field, but our findings suggest two mechanisms of pathogen-
esis. First, a significant inverse correlation between neuronal and
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astrocytic tau pathology was observed in select brain regions,
suggesting there may be transmission of pathological tau seeds
from neurons to neighboring astrocytes. Alternatively, it is also
possible that astrocytic tau pathology spreads from one astrocyte
to another, possibly through astrocytic gap junction networks
known to connect adjacent astrocytes across brain regions (Gi-
aume et al., 2010). In contrast, the transmission of oligodendroglial
tau aggregates implies a glia-to-glia mechanism through white mat-
ter tracts. Although the exact mechanism of glial tau transmission is
still unknown, our model can now be used to study the role of
neuron-glia and glia-glia interactions in the transmission of tau
aggregates.

In conclusion, we demonstrate different tau strains from hu-
man AD, CBD, and PSP brains induce unique cellular distribu-
tions of tau pathology in non-Tg mouse brains that recapitulate
the diversity of tauopathies. Furthermore, this model can now be
used to test new therapies to treat these devastating diseases. In
light of the development of anti-tau immunotherapy and other
tau targeted therapies for AD (Khanna et al., 2016), it will be
important to test these therapies against all tau strains so they can
be used for the treatment of all tauopathies.
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