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Small Misfolded Tau Species Are Internalized via Bulk
Endocytosis and Anterogradely and Retrogradely

Transported in Neurons™
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Background: Exogenous, misfolded Tau can be internalized, but details of the mechanism are unknown.

Results: Small misfolded Tau species are internalized through endocytosis, anterogradely and retrogradely transported.
Conclusion: Tau uptake is dependent on conformation and size of aggregates, and regulated through endocytosis.
Significance: Understanding the mechanism by which pathological Tau is internalized provides a foundation for therapeutic

approaches targeting uptake and propagation of tauopathy.

The accumulation of Tau into aggregates is associated with
key pathological events in frontotemporal lobe degeneration
(FTD-Tau) and Alzheimer disease (AD). Recent data have
shown that misfolded Tau can be internalized by cells in vitro
(Frost, B., Jacks, R. L., and Diamond, M. L. (2009) J. Biol. Chem.
284, 12845-12852) and propagate pathology in vivo (Clavagu-
era, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S.,
Probst, A., Fraser, G., Stalder, A. K., Beibel, M., Staufenbiel, M.,
Jucker, M., Goedert, M., and Tolnay, M. (2009) Nat. Cell Biol. 11,
909 -913; Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sen-
gupta, U,, Guerrero-Munoz, M. J., Kiritoshi, T., Neugebauer, V.,
Jackson, G. R., and Kayed, R. (2012) Sci. Rep. 2, 700). Here we
show that recombinant Tau misfolds into low molecular weight
(LMW) aggregates prior to assembly into fibrils, and both extra-
cellular LMW Tau aggregates and short fibrils, but not mono-
mers, long fibrils, nor long filaments purified from brain extract
are taken up by neurons. Remarkably, misfolded Tau can be
internalized at the somatodendritic compartment, or the axon
terminals and it can be transported anterogradely, retrogradely,
and can enhance tauopathy iz vivo. The internalized Tau aggre-
gates co-localize with dextran, a bulk-endocytosis marker, and
with the endolysosomal compartments. Our findings demon-
strate that exogenous Tau can be taken up by cells, uptake
depends on both the conformation and size of the Tau aggre-
gates and once inside cells, Tau can be transported. These data
provide support for observations that tauopathy can spread
trans-synaptically in vivo, via cell-to-cell transfer.

* This work was supported, in whole or in part, by National Institutes of Health
Grants NS074874 (to K. D.), NS076619 (to M. M.), and NS056049 (to G. D. P.)
from the NINDS and an American Health Assistance Foundation AHAF fel-
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305-8970; Fax: 212-342-0119; E-mail: ked2115@columbia.edu.
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Neurofibrillary tangles (NFTs)* composed of conformation-
ally abnormal Tau are one of the key neuropathological hall-
marks of tauopathies such as FTD-Tau and AD, but they also
occur in various forms in numerous other degenerative diseases
(4). Autosomal dominant mutations occur in the MAPT gene of
patients with FTD-Tau, establishing a direct causal role for
abnormal Tau in the primary tauopathies (5-9). Although
mutations that cause AD have not been identified in the MAPT
gene, inheritance of one of the Tau haplotypes, MAPTIc, is
associated with increased risk of disease (10).

One of the most notable and intriguing aspects of Tau
pathology in AD is the anatomically defined temporal and spa-
tial spread of NTFs through the brain from a region of initial
vulnerability. Studies of human post-mortem brain tissue have
shown that NFTs initially form in the somatodendritic com-
partment of neurons located in the trans-entorhinal cortex
(EC) (11). With time, NFTs are found in greater abundance
within the entorhinal cortex but they also start to accumulate in
the hippocampal subfields and limbic areas, followed by the
neocortex (11). The appearance of pathology in limbic and neo-
cortical association areas correlates with cognitive decline, and
it is the density and regional distribution of NFTs, rather than
plaques that most closely correlates with cognitive decline in
AD. Mapping the anatomical distribution of tangles in post-
mortem brain tissue from patients at different stages of AD
suggests that affected areas are anatomically connected, and
that the pathology may spread from region to region trans-
synaptically, in both an anterograde and retrograde direction

2 The abbreviations used are: NFTs, neurofibrillary tangles; AD, Alzheimer dis-
ease; Fs, fibrils; LMW, low molecular weight; MTBR, microtubule-binding
region of Tau; MF, microfluidic, AB, amyloid-B; poly(Q), polyglutamine;
Sup35, the yeast prion protein; PAG, protein A coupled to gold; Lys, lysosomes;
Lamp1, lysosomal-associated membrane protein 1; SF, short filament; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; EC, entorhinal
cortex.
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(11, 12). This idea was recently tested through the creation of
transgenic mice that express a pathological Tau transgene pre-
dominantly in the entorhinal cortex (13, 14). Tracking the spa-
tial and temporal time course of pathology development in neu-
roanatomically connected cells demonstrated that there was
anterograde spread of pathology out from the entorhinal cortex
to hippocampal subfields. Furthermore, the observation of
human Tau protein in cells that did not express the human Tau
transgene suggested that Tau can transfer transneuronally,
including across a synapse. These data supported an earlier
study showing that filamentous Tau from mouse brain extract
injected into a transgenic mouse with very mild tauopathy
could induce the formation of fibrils from endogenously pro-
duced Tau, and that mature tangles would form both locally,
and at anatomically connected sites distant to the injection site
(2).

Trans-cellular spread of proteins has been reported for pri-
ons, a-synuclein, and Tau (15-20). In vitro studies have shown
that protein aggregates may spread between cells via physical
connections such as tunneling nanotubes as proposed for prion
aggregates (20, 21), or alternatively they may be released via
exosomes (22, 23) and internalized by neighboring cells as
shown for superoxide dismutase-1 (24), a-synuclein (17, 25,
26), and polyglutamine aggregates (27). An alternative that is
especially relevant for Tau is that aggregates may be released
into the extracellular space following degeneration of cellular
compartments. The observation of “ghost tangles” in the AD
brain that represent tangles remaining in the parenchyma after
the affected cell has degenerated could be a source of such
aggregates. Additionally, the observation of Tau in ISF and CSF
in mouse models (28) or humans with tauopathy (23) further
suggests that Tau can be released from cells. Recent in vitro
studies support the idea of release and internalization of Tau as
fibrillar aggregates formed from a highly aggregable region of
Tau, the microtubule-binding region (MTBR). Tau can be
released from human embryonic kidney (HEK), murine neural
progenitor cells (C17.2), and can be internalized by neighboring
cells (1, 18).

Several unresolved questions of relevance to the in vivo
observations of propagation of tauopathy between neuroanat-
omically connected cells remain, including whether primary
neurons can internalize physiologically relevant Tau aggre-
gates, which cellular compartments can internalize Tau, and
whether uptake and transport can occur in an anterograde or
retrograde direction. Here we have studied the uptake of differ-
ent conformations of full-length human Tau in primary neu-
rons, the mechanism involved and the transport of Tau aggre-
gates in primary neurons cultured in microfluidic (MF)
chambers. These data have been confirmed in a second cell type
(HeLa). Herein we demonstrate that full-length Tau readily
aggregates into LMW aggregates and fibrils, that only certain
aggregates are internalized, and that the primary mechanism is
through bulk endocytosis. Uptake can occur not only at the
somatodendritic compartment, followed by anterograde trans-
port to axon terminals, but also at axonal terminals followed by
retrograde transport to the cell body. Additionally, recombi-
nant Tau aggregates are sufficient to enhance Tau pathology in
vivo. These novel findings provide molecular support for obser-
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vations of pathology spread from post-mortem studies of
human AD brains, and mouse models of propagation.

EXPERIMENTAL PROCEDURES

Preparation of Tau Monomer, LMW Aggregates, Fibrils, and
Filaments—Recombinant Tau protein was expressed and puri-
fied as previously described (29, 30). Monomeric Tau (both wild
type and mutant Tau with cysteine residues replaced with ser-
ine) was obtained by solubilizing Tau in 8 M urea and overnight
dialyzing with 1X phosphate-buffered saline (PBS). Tau LMW
aggregates were prepared by incubating Tau solution (6 um) at
room temperature. Incubation times for Tau small aggregates
varied from hours up to 2 days. For fibril assembly, Tau solution
(6 um) was incubated with DTT (Invitrogen), heparin (Invitro-
gen), and sodium azide (0.02%, Invitrogen) for hours up to sev-
eral days at room temperature and centrifuged at 14,000 X g.
Short filaments were prepared by incubating Tau with DTT
and arachidonic acid in 10 mm HEPES (pH 7.4), 100 mm NaCl as
previously described (1). Formation of Tau LMW aggregates
and fibrils was monitored by electron microscopy. Tau mono-
mer and its aggregates were used immediately for cell studies.
Tau filaments were purified from 10-month-old r7g4510 trans-
genic mice as previously described (31) with minor modifica-
tions. Briefly, brains were homogenized in RIPA buffer (50 mm
Tris-HCI, Sigma) (pH 7.4), 150 mm NaCl (Fisher Scientific), 1
mMm EDTA (Fisher Scientific), 50 mm sodium fluoride (Sigma), 1
mM NazVO (Sigma), supplemented with 1 ug/ml of protease
inhibitors (Sigma) and 1 mm phenylmethylsulfonyl fluoride
(Sigma). Homogenates were centrifuged at 20,000 X g at 4 °C
for 20 min to remove cellular debris. Protein concentration was
determined by BCA assay (Pierce). Aliquots of 200 ug of brain
extract homogenate were incubated in 1% Sarkosyl on a rotator
for 30 min and then centrifuged at 100,000 X gat 20 °C for 1 h.
Pellets enriched in Sarkosyl-insoluble, aggregated Tau fila-
ments were retained, washed, and resuspended in 1X PBS
(Invitrogen). The presence of filaments was confirmed by EM
analysis.

Quantitative Immunoblot analysis—10 pul of Tau monomer,
LMW aggregates, fibrils, and filaments were prepared in sam-
ple buffer without reducing reagent or boiling and run on SDS-
PAGE BisTris gels (NuPAGE Novex 4—-12%, Invitrogen). The
resulting gels were transferred to nitrocellulose membranes.
Membranes were then blocked in phosphate-buffered saline
containing 5% milk for 40 min, probed with human Tau-spe-
cific antibody CP27 (Dr. Peter Davies), rabbit anti-Tau (anti-
human Tau, 1:5000, Dako), or T22 (anti-Tau oligomers, Dr.
Rakez Kayed) overnight at 4 °C and detected with horseradish
peroxidase-conjugated AffiniPure goat anti-mouse IgG sec-
ondary antibody (1:10,000, Jackson ImmunoResearch Labora-
tories Inc.). Immunoreactive bands were visualized by Immo-
bilon Western HRP substrate luminol reagent (Millipore Corp.,
Billerica) using a Fujifilm LAS3000 imaging system.

Electron Microscopy and Quantitative Analysis—1-ul ali-
quots of Tau monomer, LMW aggregates, and fibrils were
adsorbed onto 200 mesh formvar/carbon-coated nickel grids
until dry. The grids were washed with water and stained with
2% uranyl acetate. Images were examined and captured on a
Phillips CM 12 microscope operated at 65 kV. Size of Tau
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aggregates was measured and analyzed using Image]J software
(NIH) (32). For ultrathin cryosectioning and immunogold
labeling, HeLa cells treated with Tau aggregates were fixed with
a mixture of 2% (w/v) paraformaldehyde and 0.125% (w/v)
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Cell pellets
were washed with phosphate buffer, embedded in 10% (w/v)
gelatin, and infused in 2.3 M sucrose (33). Mounted gelatin
blocks were frozen in liquid nitrogen and ultrathin sections
were prepared with an EM UC6 ultracryomicrotome (Leica).
Ultrathin cryosections were collected with 2% (v/v) methylcel-
lulose, 2.3 M sucrose and single or double immunogold labeled
with antibodies and protein A coupled to 5- or 10-nm gold
(PAG5 and PAG10) as reported previously (33). Sections were
observed under Philips CM-12 electron microscope (FEI; Eind-
hoven, The Netherlands) and photographed with a Gatan (4k
x2.7k) digital camera (Gatan, Inc., Pleasanton, CA).

Cell Culture—Primary neuronal cultures were prepared and
maintained according to Ref. 34. All procedures were per-
formed in accordance with recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Insti-
tutes of Health. The protocol was approved by the Committee
on the Ethics of Animal Experiments of Columbia University.
Briefly, hippocampal and cortical neurons were isolated from
embryonic day 16 —20 C57BL/6 mouse brain. Dissociated neu-
rons were plated and grown in Neurobasal medium supple-
mented with 2% B27 and 1-glutamine at 3 X 10° cells/ml in
microfluidic chambers (Xona Microfluidics) mounted on poly-
D-lysine-coated glass coverslips (Corning, Inc.), yielding
~15,000 cells in the somal side of the chamber. Each microflu-
idic device contains two compartments connected by a micro-
groove (450 wm). A 30-ul difference in media volume was
maintained between compartments to maintain fluidic isola-
tion between the compartments. Partial medium changes were
performed every 3-5 days. Cells were grown for 7-10 days in
vitro before experiments. Fluidic isolation was examined by
adding Alexa 488 IgG to the somatodendritic compartment of
the chamber for 12 h. HeLa and other cell lines were grown in
media (DMEM, 10% FBS) supplemented with penicillin/strep-
tomycin. For treatment with Tau, cells were plated at 25,000
cells/well on 8-well Permanox chamber coverslips (Invitrogen)
and starved for 2 h prior to addition of Tau.

Tau Treatment—Tau monomer or aggregates were added to
either the somatodendritic compartment or to the axonal com-
partment for uptake and transport studies in neurons. HeLa
cells were exposed to Tau for 0 min, 5 min, 1 h,and 12 h, and
washed three times prior to fixation for immunofluorescence.
For endocytosis studies, fluorescent dextran (Invitrogen) was
added to neurons or HeLa cells at 37 °C. Inhibition of endocy-
tosis was obtained by shifting the cells to 4 °C. HeLa cells were
subsequently exposed to trypsin (0.25%, Invitrogen) for 1, 3,
and 5 min to remove surface-bound Tau aggregates. The result-
ing detached cells were centrifuged at 1,100 X g for 5 min,
re-plated in media, and allowed to recover for 6 h at 37 °C
before fixation for immunocytochemistry. Each experiment
was repeated at least 3 times.

Transferrin Uptake—Cells were exposed to Alexa 488-la-
beled transferrin for 30 min, washed, and analyzed by confocal
microscopy. For dynamin and clathrin-specific endocytosis
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inhibition assays, cells were pre-treated with either 80 um dyna-
sore (Sigma) or 30 um Pitstop 2B (Pit2B, Ascent) for 15 min and
then transferrin or Tau uptake assays were performed as
described previously.

Immunofluorescence—Following Tau treatment, neurons
and HeLa cells were rinsed three times in PBS, fixed in 3.7%
paraformaldehyde for 15 min at RT, permeabilized with 0.1%
Triton X-100 in PBS for 15 min, and blocked for 1 h in 5%
bovine serum albumin/PBS. Cells were processed simultane-
ously for immunofluorescence using the following primary
antibodies: mouse anti-Tau (CP27, 1:1000, gift of Dr. Peter
Davies), rabbit anti-Tau (anti-human Tau, 1:5000, Dako), rab-
bit anti-B tubulin III (1:1000, Sigma), rabbit anti-rab34 (1:100,
Cell Signaling), rabbit anti-rab5 (1:100, Cell Signaling), and rab-
bit anti-Lamp1 (1:500, Cell Signaling) for 24 h at 4 °C. Fluores-
cent-conjugated secondary antisera mixtures containing Alexa
488 IgG and Alexa 594 IgG (anti-mouse and anti-rabbit Alexa,
Invitrogen Molecular Probes) were used, respectively. Self-
quenching protein substrate, DQ-bovine serum albumin (Invit-
rogen) was added to cells to examine functional lysosomes.
Cells were mounted on coverslips with Prolong Gold antifade
containing DAPI (Invitrogen). Control cells were similarly pro-
cessed but with the exclusion of one, or the other, primary anti-
sera from the initial incubation step to confirm species speci-
ficity of the secondary antibodies.

Stereotaxic Injections—Four-week-old r7g4510 mice (35)
were anesthetized with ketamine hydrochloride (100 mg/kg)
and xylaine (10 mg/kg). Bilateral stereotaxic injections were
performed using a Hamilton syringe into the cerebral cortex
(coordinates: A/P, —2.5 mm, M/L, 2 mm, and D/V, 1 mm), with
one side receiving 5 ug (2.5 ul) of hTau short filaments (SFs),
and sterile PBS to the other side. Materials were delivered at a
rate of 0.5 ul/min and the needle was kept in the surgical site for
an additional 5 min before withdrawal. Mice were sutured,
housed for up to 11 weeks, sacrificed, and assessed by immuno-
histochemistry. Animals were used in full compliance with the
National Institutes of Health/Institutional Animal Care and
Use Committee guidelines. The protocol was approved by the
Committee on the Ethics of Animal Experiments of Columbia
University under protocol number AC-AAAB7457.

Tissue Collection and Immunohistochemistry—Mouse brains
were collected after transcardial perfusion, drop-fixed in 4%
paraformaldehyde for 24 h, and incubated in cyoprotective
buffer (30% sucrose) for 16 h. Free-floating sections in the hor-
izontal plane (30 um) were collected and used for immunohis-
tochemistry as described previously (13). Briefly, tissues were
treated with 3% H,O,, for 10 min, incubated with primary anti-
body (MC1), which recognizes an abnormal conformational
epitope present in pathogenic Tau associated with NFT forma-
tion (36) (Dr. Peter Davies) overnight at 4 °C. Tissues were
washed, incubated in HRP polymer conjugate for 10 min, and
visualized using 3,3'-diaminobenzidine substrate. Images were
collected on an Olympus light microscope. Five images were
processed and quantified using Image]J software (NIH).

Confocal Microscopy and Co-localization Analysis—Fluores-
cence signals were captured on a Carl Zeiss LSM710 laser scan-
ning confocal microscope with a X63 oil immersion (1.4 NA)
objective. Tile (mosaic) and sequential scans were used to cap-
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ture large fields of the MFs and to maximize signal separation.
All images were taken at the same laser intensity, detector gain,
etc. Additionally, to reduce the impact of background intensity
differences, pixel values for all images were normalized and
cleaned by background noise remover. Three-dimensional
reconstructions of Z-series (0.2 wm step) images were gener-
ated and qualitatively analyzed using Volocity 4.0 Restoration
software (Volocity, Improvision) for colocalization of Tau
aggregates and different markers. For quantification, at least
four images from two independent experiments were analyzed.

RESULTS

Tau Misfolds into Aggregates That Have Distinct Biochemical
Properties—Tau is intrinsically disordered (37), and upon pro-
longed incubation in high ionic-strength buffer such as PBS, it
misfolds into small, LMW aggregates. Alternatively, exposure
to polyanions such as heparin induced Tau to form fibrils as
previously described (38). Both LMW aggregates and fibrils
prepared this way are largely SDS-stable as assessed by Western
immunoblot analysis and immunodetection with antibody
CP27 (human Tau specific) (Fig. 1A). Monomeric Tau migrates
at ~50 kDa, whereas LMW aggregates appear mainly as dimers
and trimers. Both in vitro prepared Tau fibrils, and Sarkosyl
extracted, in vivo derived Tau filaments from severely affected
(10 months old) rTg4510 mice (35) appear as smears with high
molecular mass aggregates distributed from the top of the gel to
150 kDa. Additionally, LMW Tau aggregates are recognized by
the anti-Tau oligomer specific antibody, T22 (Fig. 14) (29, 39).
Further morphological examination of Tau aggregates by trans-
mission electron microscopy revealed that LMW Tau aggre-
gates are small spherical oligomers with diameters ranging
from 10 to 30 nm (Fig. 1, B and D). Tau fibrils exhibit the char-
acteristic straight and helical twist as previously described (40,
41). Moreover, we observed that Tau fibrillization is largely
time dependent, with shorter fibrils (40 —-250 nm) appearing at
an early time point (6-12 h) and longer, mature fibrils (200 —
1600 nm) forming at a later time point (24 h) (Fig. 1, C and D).
Taken together, these data demonstrate that Tau protein can
misfold into a variety of aggregates with distinct biochemical
and morphological properties.

Aggregation and Size-dependent Binding, Internalization, and
Anterograde Axonal Transport of Tau Species in Neurons—Next,
the relationship between the folding state, size of extracellular
Tau, and cellular uptake was investigated. Previous research
has shown that amyloidogenic proteins such as AB (42),
expanded polyglutamine repeats (poly(Q)) (27), superoxide dis-
mutase-1 (24), and the prion protein (19) can gain entry into
cells upon aggregation. Moreover, Tau fibrils formed from the
MTBR (amino acids 243-375) are readily taken up by cells (1,
18, 43). However, it is unclear whether full-length Tau fibrils
behave in a similar fashion, and furthermore, if additional vari-
ables such as the size or morphology of the aggregates influence
the uptake mechanism in a neuronal culture model. To exam-
ine how wild type, full-length Tau conformers were internal-
ized in different cellular compartments of wild type neurons, in
the absence of mediators of endocytosis (such as lipofectamine
or wheat germ agglutinin), mouse primary hippocampal and
cortical neurons were cultured in MF chambers. These cham-
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bers utilize microchannels to polarize and separate neuronal
cell bodies and dendrites from axons (Fig. 2, A and B) into
fluidically isolated microenvironments (Fig. 2C) (44). To con-
firm the fluidic integrity of the chamber, Alexa 488 IgGs were
added to the somatodendritic compartment and allowed to
incubate with cells for over 12 h. No fluorescence signal was
observed in microgrooves or in the opposing axonal compart-
ment (Fig. 2C). Similar fluidic isolation was observed when
Alexa 488 IgG was added to the axonal compartment (data not
shown). Addition of exogenous Tau monomer and different
aggregates to the somatodendritic compartment of neurons
revealed that only aggregated Tau (including LMW aggregates,
short and long fibrils) but not monomeric Tau was associated
with neurons (Fig. 3, A-D), even when the dose of monomers
added was increased 5-fold (to 1 wm). Among the cell-bound
Tau aggregates, only LMW and short fibrils were observed in
axons projecting through microgrooves (Fig. 3, B and C). In
general, more LMW Tau puncta were observed in axons as
compared with short fibrils as the fluidic integrity of the cham-
ber does not allow free proteins to passively diffuse into the
microgrooves, the observation of Tau aggregates in axons pro-
jecting through the grooves suggests that Tau internalized at
the somatodendritic compartment is anterogradely trans-
ported down axons toward the axon terminals. To quantify the
amount of misfolded Tau aggregates that were internalized,
primary neurons from Tau knock-out mice were incubated
with Tau aggregates, and extracellular bound Tau was
removed by trypsin treatment. The amount of Tau internal-
ized was quantified by Sandwich ELISA (45). Consistent with
immunofluorescence data, only LMW and SFs, but not
fibrils were efficiently internalized by cells (100 = 30 ng/mg
of total protein) (Fig. 4). Taken together, these data demon-
strate that only Tau aggregates within a certain size range
bind efficiently to neurons, are internalized and transported.
Despite the fact that long fibrils bind to cells, they do not
appear to be internalized (or transported) as they are not
readily apparent in axons.

Exogenous LMW Tau Aggregates Were Internalized in Neu-
rons via Bulk Endocytosis—We focused on examining the
mechanism by which LMW Tau aggregates are taken up as in
general, more LMW Tau puncta are observed in axons as com-
pared with short fibrils. To examine how aggregates enter cells,
7-day in vitro hippocampal and cortical neurons were exposed
to LMW Tau aggregates for different lengths of time and mul-
ticolor immunolabeling was performed to examine co-localiza-
tion with proteins involved in the endosomal pathway (Fig. 5).
When neurons were exposed to LMW Tau aggregates in the
somatodendritic compartment for 6 h, punctate Tau aggregates
were observed in the axons. These aggregates co-localized with
fluorescently labeled dextran, a glycan that is preferentially
taken up through fluid-phase endocytosis (46) (Fig. 54), and
Rab5, a GTPase that is enriched in early endosomes (Fig. 5C).
Co-localization was further confirmed in three-dimensional
reconstructed image Z-stacks in which distinct co-localization
of Tau and dextran (yellow, Fig. 5B) or Tau with Rab5 (yellow,
Fig. 5D) was evident from both linear and orthogonal perspec-
tives. The majority of Tau aggregates in axons (83 = 1.6%) co-
localized with dextran. Tau endocytosis-dependent uptake was
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FIGURE 1. Tau misfolds into biochemically distinct aggregates. A, recombinant hTau40 monomer, low molecular weight species (LMW), fibrils, and Tau
filaments purified from rTg4510 mouse brains were prepared and analyzed by Western blot with the CP27 antibody. B, electron microscopy images of
negatively stained Tau protein. Fibrils exhibited both twisted helical (arrows) and straight ribbon morphologies. C, fibrils formed at early kinetic points are short,
whereas fibrils matured over time are longer in length, similar to Tau filaments purified from the Sarkosyl-insoluble pellet (SP) fraction from rTg4510 mouse
brains. Scale bar, 100 nm. D, size distribution of Tau low molecular weight species, short and long fibrils. Data represent measurements from five EM images and
>50 fibrils.

confirmed by inhibiting endocytosis with the dynamin inhibi- ciated membrane protein 1 (Lampl) (Fig. 6, A and B). To
tor, Dynasore (Fig. 5, E-J) (47, 48). Clathrin-mediated endocy-  distinguish between late endosomes and lysosomes, lysosomes
tosis was excluded as a significant mechanism of uptake using the ~ were labeled using a protease substrate, DQ-BSA (50). Internalized
small molecule, Pit2B with transferrin used as a control (49) (data  Tau aggregates were trafficked to lysosomes, which were located
not shown). At a later time point (12 h), internalized Tau aggre-  within the cell body and in the axons (Fig. 6, C-E). Collectively,
gates in the soma and axons were trafficked to late endosomes/  these data provide strong evidence that the exogenous Tau aggre-
lysosomes, as revealed by double labeling with the lysosomal-asso-  gates were internalized and trafficked through endocytosis.
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Exogenous LMW Tau Aggregates Were Internalized at
Axonal Terminals and Transported Retrogradely—LMW Tau
aggregates were added to the axon terminal compartment of
cultured neurons. Interestingly, Tau aggregates bound to the
membrane of axonal terminals were internalized and trans-
ported retrogradely to the cell body where Tau co-localized
with dextran after 6 h (Fig. 7, A and B) and lysosomes after 12 h
(Fig. 7, C—E). Our data thus show that LMW aggregates formed
from full-length wild type protein can be internalized by endo-
cytosis at axonal or somatodendritic compartments and can be
transported both retrogradely and anterogradely.

A Cell bodies

& dendrites Grooves Axons

FIGURE 2. Microfluidic chamber system polarizes neurons into somato-
dendritic and axonal compartments that are fluidically isolated
microenvironments. A, schematic diagram of neurons cultured in MF cham-
bers. B, murine hippocampal and cortical neurons grown in chambers
extended the axons through microgrooves and into the opposing compart-
ment. B-Tubulin lll (neuronal marker), red. DAPI, blue. Dotted lines indicate
edges of the microgrooves. C, fluidic isolation of Alexa 488 IgG (green) to the
somatodendritic compartment demonstrates that the soma and axonal com-
partments are isolated and independent microenvironments.

Tau Aggregates Bound to HeLa Cells and Were Internalized
through Endocytosis—Results from neurons were confirmed
and extended by studies in HeLa cells. Unlike primary neurons,
HelLa cells can be subjected to trypsin digestion to remove sur-
face-bound Tau aggregates and re-plated, which allows for a
wider range of experiments to be undertaken. HeLa cells were
treated with different Tau aggregates for 12 h, immunostained,
and examined by confocal microscopy. Consistent with results
from neurons, only aggregated Tau, including LMW aggre-
gates, fibrils, and filaments readily bound to cells (Fig. 8). Solu-
ble monomeric Tau did not bind to cells, even when the con-
centration of Tau used was increased 5-fold. To control for the
possibility that Tau monomer may aggregate during time of
exposure to cells, we tested uptake using recombinant Tau
monomer synthesized with two cysteine residues replaced with
serine (51). The mutant Tau was solubilized, dissolved in phos-
phate buffer at a low concentration, and used immediately as
described under “Experimental Procedures.” Under these con-

1401
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20 1

Internalized Tau
(ng/mg of total protein)

Ctrl LMW SFs Fibrils

FIGURE 4. Tau aggregates are taken up in neurons. Primary neurons from
Tau knock-out mice were exposed to Tau LMW aggregates, short fibrils (SFs),
or long fibrils for 6 h. Surface-bound Tau aggregates were removed by trypsin
treatment and cell lysates were subsequently collected. The amount of inter-
nalized Tau was measured by sandwich ELISA using Tau monoclonal antibod-
ies DA31 and DA9. The histogram demonstrates that ~100 ng of Tau LMW
and SFs were internalized per mg of total protein but very little of the long Tau
fibrils were internalized.

FIGURE 3. Small, misfolded Tau aggregates are internalized by, and anterogradely transported in neurons. Recombinant hTau40 aggregates were
prepared and added to neurons (days in vitro 7). Cells were washed and immunolabeled with anti-B-tubulin Il (red) and anti-Tau (CP27, green) antibodies as
described under “Experimental Procedures.” Blue, DAPI-stained cell nuclei. Representative confocal images showing Tau LMW (B) aggregates, short (C) and
long fibrils (D), but not monomer (A) bound extensively to cells. Furthermore, Tau LMW aggregates and short fibrils were taken up and transported in axons
toward the axonal terminals. Multiple insets denote higher magnification of the selected areas in individual and merged channels. Dotted lines indicate the

edge of the microgroove. Scale bar, 50 um.
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FIGURE 6. Internalized Tau LMW aggregates are localized to late endosomes and lysosomes. Confocal analysis of aggregates localization to lysosomes in
neurons treated with Tau aggregates for 12 h. Tau was immunolabeled with CP27 (green) and lysosomes are marked by Lamp1 (A and B) (late endosomes and
lysosomes, red) or with the lysosomal substrate (C-£), DQ-BSA (red). Fluorescent (A and D) and bright field (C) images show distribution of Tau aggregates
around the soma, dendrites, and in the axons of neurons. B and E, multiple insets show higher magnifications of the selected area in individual and merged
channels. Arrows point to Tau aggregates co-localized to late endosomes/lysosomes (yellow) distributed around the cell body and in the axons. Dotted lines

indicate the edge of the microgroove. Scale bar, 50 um.

ditions, the mutant Tau does not readily aggregate because of
its inability to form cross-linked dimers as previously described
(52). Cysteine mutated Tau monomers did not associate with
neurons and were not found inside cells (Fig. 94). To discrim-
inate between extracellular, membrane surface-bound Tau,
and internalized Tau, cells were treated with 0.25% trypsin for
1, 3, or 5 min. Three minutes of trypsin treatment at this dose
digested aggregated Tau completely as confirmed by Western
blot analysis using two different Tau antibodies, Tau-C and
anti-human Tau CP27 (Fig. 9B). Direct comparison of Tau-
exposed cells before and after trypsin treatment confirmed data
from neurons that only a small amount of LMW aggregates or
short fibrils were internalized by cells (Fig. 8, E-H), whereas
long fibrils and filaments were not (Fig. 8, I-L). Similar to neu-
rons, the internalized Tau aggregates co-localized with dextran

suggesting bulk endocytosis was the primary mechanism of
uptake (Fig. 104). A second method was used to test the effects
of blocking endocytosis (temperature shift). HeLa cells were
exposed to Tau (or dextran as a control) for 2 h at 4°C. As
dextran was labeled with a near-red fluorescent molecule, a
far-red fluorescent antibody was used for tubulin immunola-
beling, which was artificially colored magenta. At 4 °C, binding
of Tau aggregates to the cell membrane surface was observed
(Fig. 10B); upon trypsinization, Tau aggregates were completely
removed indicating that the observed Tau aggregates on HeLa
cells were at the membrane surface level. Uptake of exogenous
Tau aggregates, or dextran was completely blocked at low tem-
perature. The binding and uptake of extracellular Tau aggre-
gates by HeLa cells was recapitulated in other cell lines, includ-
ing MC17 and HEK293 cells (data not shown).

FIGURE 5. Exogenously added LMW Tau aggregates are internalized via bulk endocytosis in neurons. Tau LMW aggregates and dextran-Texas Red
(marker for bulk endocytosis, red) were added to the somatodendritic compartment of neurons at days in vitro 7, washed, and immunolabeled with anti-Tau
antibody (CP27, green) and/or an early endosomal marker antibody (Rab5, red). Tau was transported in axons and co-localized with dextran (A) (arrowheads,
yellow) and Rab5 (C) (arrowheads, yellow). B and D, three-dimensional reconstruction of Tau aggregates with dextran or with Rab5 after acquisition at 0.2-um
Z-steps of the selected areas in higher magnification. Distinct co-localization of Tau and dextran is evident from linear and orthogonal perspectives. £ and F,
transferrin-Alexa 488 uptake was inhibited in cells that were pre-treated with 80 um dynasore for 15 min but not in vehicle-treated cells (G and H). Plasma
membrane-bound transferrin was removed with stringent washes. / and J, bright field and fluorescent images showing inhibition of endocytosis by the small
molecule, dynasore effectively inhibited Tau (green) uptake. Dextran was used as a control (red). Dotted lines indicate the edge of the microgroove. Scale bar,
50 wm.
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FIGURE 7. Tau LMW aggregates are taken up at axonal terminals and retrogradely transported to lysosomes. Tau aggregates were added to the axonal
terminal compartment of neurons for 12 h and immunolabeled with CP27 (green). Endosomes were marked with dextran (red) and lysosomes were labeled by
DQ-BSQ (red). Tau aggregates were co-localized with (A and B) dextran (arrowheads, yellow) and retrogradely transported in axons toward the soma. Bright field
(C) and fluorescence (D) images showing binding of Tau aggregates to the axonal terminals, in the axons, and around the soma of neurons. £, multiple insets
show higher magnification of the selected area in individual and merged channels. Arrowheads point to Tau aggregates that were retrogradely transported in
the axons (green) toward the soma and co-localized to late endosomes/lysosomes (yellow) distributed around the cell bodies. Dotted lines indicate the edge of

the microgroove. Scale bar, 50 um.

As endocytosis is a temporally regulated process involving
cargos being trafficked into multiple vesicles, we investigated
the time course of Tau aggregate uptake and trafficking in HeLa
cells. Cells were exposed to LMW Tau aggregates for 0 min, 5
min, 1 h, and 12 h, immunolabeled with antibodies against
endosomal and lysosomal proteins, and examined by confocal
microscopy. Uptake of Tau aggregates by endocytosis is rapid.
After 5 min of exposure, the amount of Tau aggregates inside
early endosomes, as determined by co-localization with the
Rab5 protein was 12.44 = 1.27% of total Tau associated with the
cells, which increased to 28.96 * 3.05% after 1 h. Interestingly,
after 12 h, the amount of Tau inside early endosomes decreased
t020.85 = 0.82% (Fig. 11, A and C). The decrease in the amount
of Tau inside early endosomes after 12 h suggests that Tau
aggregates are trafficked to other downstream compartments
along the endocytic pathway, such as late endosomes and lyso-
somes. Indeed, immunolabeling with Lamp1 revealed that at

1864 JOURNAL OF BIOLOGICAL CHEMISTRY

this time point the percent of total Tau aggregates inside late
endosomes/lysosomes increased to 28.20 * 5.74% as compared
with earlier (5 min and 1 h) time points (11.44 £ 1.29 and
14.39 * 5.07%, respectively) (Fig. 11, B and C).

The localization of LMW aggregates in lysosomes was fur-
ther examined by immunoelectron microscopy. Consistent
with immunofluorescent data, after 12 h, exogenous Tau LMW
aggregates were observed in multivesicular bodies, small vesi-
cles (Fig. 124), and Lampl-positive compartments, with fea-
tures of late endosomes (Fig. 12, C and D) and lysosomes (Fig.
12, B, E, and F). These findings are reminiscent of previous
observations of aggregates formed by other amyloid proteins
such as AB that accumulate inside multivesicular bodies (53).

To examine whether recombinant Tau can be internalized by
cells in vivo we used a similar approach to Clavaguera et al. (2),
using propagation of pathology as a readout. 5 ug of the same
SFs used for in vitro experiments was injected unilaterally into

S
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FIGURE 8. Exogenous Tau aggregates also bind to non-neuronal cells and
are internalized. Hela cells were incubated with buffer alone (A), Tau mon-
omer (C), LMW aggregates (E), short fibrils (G), long fibrils (/), and filaments (K)
purified from rTg4510 mouse brains for 12 h, washed, and immunolabeled
with anti-human Tau (green) or anti-a-tubulin (red) antibodies, and analyzed
by confocal microscopy. DAPI, blue. As Tau is sensitive to trypsin cleavage,
treated cells were also exposed to 0.25% trypsin for 3 min at 37 °C to remove
membrane surface-bound Tau in parallel, and then the remaining internal-
ized Tau was immunolabeled as described above (B, D, F, H, J, and L). Only
LMW aggregates and short fibrils were taken up by cells (D and F). Scale bar,
50 pm.
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the cortex of a young (4 weeks old) P301L Tau-expressing
mouse line (r7g4510). At the age when injection was per-
formed, the mice do not have overt tangle pathology (35). The
aggregated Tau was freshly prepared and the aggregation
state was confirmed by transmission electron microscopy
before injection. Sham injection of vehicle was performed on
the opposing brain hemisphere. Mice were examined by immu-
nohistochemistry using human Tau-specific antibody MC1, at
two time points post-injection. At 4 weeks post-injection, no
difference in the degree of Tau pathology between the Tau-
injected and sham-injected hemispheres was observed. How-
ever, at 11 weeks post-injection, Tau pathology was enhanced
in the brain hemisphere that received Tau aggregates as com-
pared with the sham-injected hemisphere (Fig. 13).

DISCUSSION

Tau filaments exhibit cross B-sheet structures that are char-
acteristic of amyloid fibrils (54—56). Previous research has
shown that full-length Tau, and to a greater degree MTBR frag-
ments readily assemble into fibrils in vitro in the presence of
negatively charged co-factors (1, 57-59). Here we have shown
that full-length wild type Tau folds into conformationally dis-
tinct aggregates in vitro. Notably, Tau can fold not only into
fibrils, but also into LMW species that migrate at the same
molecular weight as dimers and trimers on Western blots.
Although the detailed molecular and atomic structures of
LMW Tau aggregates are unknown, we identified that immu-
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FIGURE 9. Cysteine mutant Tau monomer is not taken up in cells and trypsin effectively digests Tau aggregates. A, cells were exposed to double cysteine
mutant Tau monomer for 12 h, immunolabeled with anti-human Tau (green) and anti-a-tubulin (red) antibodies, and analyzed by confocal microscopy. DAPI,
blue.Scale bar, 10 um. Tau monomer was not taken up in cells. B, trypsin effectively digested Tau protein, including monomer formed from cysteine mutant Tau
and wild type Tau, LMW aggregates and fibrils formed from wild type Tau protein. Tau was incubated with 0.25% trypsin for 3 min at 37 °C and analyzed by

Western blot analysis with CP27 and TauC (total Tau) antibodies.
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FIGURE 10. Uptake of Tau LMW aggregates in non-neuronal cells is regu-
lated by bulk endocytosis and is blocked by temperature shift at 4 °C. A,
HelLa cells were exposed to dextran (red) and Tau LMW aggregates (green) for
12 h and immunolabeled as described. Merged image show the punctate
vesicular pattern of Tau co-localizing with dextran (yellow). DAPI, blue. B, at
37 °C, dextran was internalized by bulk fluid-phase endocytosis but it was
blocked by shifting the cells to 4 °C. At 4 °C, exogenous Tau LMW aggregates
bound to the peripheral membrane surface of cells. Trypsinization led to
removal of all Tau indicating that none had been internalized when bulk
endocytosis had been blocked. a-Tubulin, magenta. Tau, green. DAPI, blue.
Scale bar, 10 um.

nologically, these aggregates display a conformational epitope
that is recognized by the anti-oligomer antibody, T22 (Fig. 14)
(29, 30). This epitope is absent in Tau monomers and fibrils (29,
30), suggesting a fundamental difference in the polypeptide
backbone organization in LMW aggregates and fibrils. Further-
more, electron microscopy identified that their spherical mor-
phology and 10-20-nm diameter are similar to oligomers
formed from other amyloid proteins such as amyloid-f3 and
a-synuclein (17, 60, 61). Fibrils prepared in vitro, and filaments
formed in vivo were a mixture of straight and twisted long fila-
ments composed of B-sheets, consistent with previous reports
(37, 62). Although the mechanism underlying the conversion of
soluble Tau into insoluble fibrils is unknown, recent studies
have identified that prior to the formation of tangles, Tau accu-
mulates into various intermediate aggregates (29, 39, 63—65).
Granular LMW Tau aggregates, including dimers and oligo-
mers, are significantly elevated in the brain of AD patients and
precede tangle formation (64). The finding of LMW aggregates
of Tau is not surprising as soluble LMW aggregates formed
from multiple amyloid proteins have been widely reported for
many neurodegenerative diseases including Parkinsons dis-
ease, Huntington disease, and amyotrophic lateral sclerosis (66,
67).
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FIGURE 11. Time course of internalization of LMW aggregates into early
endosomes and lysosomes. Hela cells were exposed to exogenous Tau
aggregates for 0 min, 5 min, 1 h, and 12 h, washed, and immunolabeled with
anti-Tau (CP27, green) and an early endosomal marker (A) (Rab5, red), or a late
endosome/lysosomal marker (B), Lamp1. DAPI, blue. Representative images
indicate Tau aggregates co-localized to early endosomes (yellow) for different
time points. Scale bar, 10 um. C, histogram showing quantification of Tau
aggregates co-localized to endosomes and lysosomes for different time
points. Tau was rapidly internalized to early endosomes (5 min, 12.44 +
1.27%, 1 h, 28.96 * 3.05%) and later trafficked to lysosomes (28.20 +
5.74%).
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FIGURE 12. Tau aggregates localize to endosomal compartments. Hela cells were processed for ultrathin cryosectioning and immunogold labeled for Tau
(PAG 5 nm; A, G, and D) or double immunogold labeled for Tau (PAG 5 nm, arrows) and Lamp1 (PAG 10 nm; B, E, and F). Tau aggregates were observed in
multivesicular bodies (MVB), small vesicles (A)(Ves, arrowheads), and lysosomes (B)(Lys). Scale bar represents 250 nm.
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FIGURE 13. Injected recombinant hTau SFs exacerbate Tau pathology in rTg45170 mice. A, staining of the cerebral cortex regions of injected rTg4570 mice
with Tau antibody, MC1. Injections were performed on 4-week-old rTg4510 mice and tissue was collected 11 weeks later. The MC1 antibody is human specific
and it recognizes a misfolded conformational Tau epitope present in NFTs. Tau pathology in the form of cell body accumulation of MC1-positive human Tau
was increased in the brain hemisphere that received hTau SFs as compared with the opposing hemisphere that received PBS. B, histogram showing quanti-
fication of MCl immunoreactive cells in hTau SFs injected hemispheres compared with sham-injected hemispheres.

Recent findings in vivo demonstrated that exogenous appli-
cation of filamentous, Tau-containing brain extract induces the
formation of intracellular Tau fibrils in a mouse model suggest-
ing that Tau aggregates can be internalized and propagate in
vivo (2), in a nucleation-dependent seeding mechanism similar
to the self-propagating mechanism of infectious prion proteins
(68). In vitro, misfolded Tau (especially those derived from the

BSEpEN
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MTBR) is internalized and seeds formation of more conforma-
tionally abnormal Tau (1-3). Clearly, For extracellular Tau to
physically interact with endogenous cytosolic Tau protein, Tau
aggregates must first gain entry to the intact cells. Exogenous,
misfolded amyloid proteins have been shown to be internalized
in cultured cells through multiple mechanisms such as direct
penetration of the lipid membrane as proposed for oligomers
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formed from AR (42) and poly(Q) (27), or through the endo-
somal pathway as shown for oligomers formed from a-sy-
nuclein (25), the yeast prion protein (Sup35) (69), and fibrils
formed from the MTBR of Tau (1, 43). It is interesting that the
internalization of extracellular synuclein, whereas shown to be
aggregation state dependent, has been reported to utilize recep-
tor-mediated endocytosis (25). In contrast, conformation-de-
pendent uptake of exogenous MTBR Tau fibrils has been
shown to be regulated by nonreceptor mediated (bulk or adapt-
ive) endocytosis (1, 18, 43). Here, we have used full-length Tau
and shown that neurons internalize small aggregates such as
LMW species and short fibrils with length in the range of 10 to
100 wm. Longer fibrils bind peripherally to cell membranes but
are not internalized. These results demonstrate that in addition
to oligomeric status, the uptake of exogenous Tau is limited by
other physical parameters such as the size of the aggregates.
This is not surprising as the process of endocytosis involves
vesicles of different diameter and is highly selective toward pro-
teins of different sizes (70).

Endocytosis is a process by which cells absorb and engulf
large molecules such as proteins that normally cannot cross the
hydrophobic plasma membrane, and it has been proposed for
uptake of multiple exogenous amyloid aggregates including
MTBR Tau aggregates (1, 43), a-synuclein oligomers and fibrils
(25). Alternatively, direct membrane penetration has also been
described for amyloids such as A oligomers (42) and for other
proteins such as HIV Tat (71) and Drosophila ANT (72). Here
we show that exogenous Tau aggregates are taken up in cells
through an active process that is attenuated by dynamin inhi-
bition, and low temperature shift, supporting endocytosis-me-
diated internalization. Tau aggregates co-localized with dex-
tran, the GTPase Rab5 and Lampl in neurons, and HeLa cells
suggesting that the internalized aggregates are transported in
endosomal vesicles (Fig. 5) and trafficked through the endo-
somal pathway to the lysosomes (Figs. 6 and 7). Whether Tau
aggregates are degraded in lysosomes requires further investi-
gation. As we observed no significant apoptosis in cells treated
with Tau aggregates (data not shown), it is likely that the major-
ity of Tau aggregates are degraded in lysosomes. Some, how-
ever, could escape into the cytoplasm where they could act as
seeds for templating. This is consistent with our observation
that injection of recombinant Tau aggregates into the brain of
mice enhances pathology most likely through uptake of aggre-
gates and templating to endogenous Tau as described in a sim-
ilar injection model (2). Additionally, our experiments suggest
that exogenously added Tau aggregates without brain lysate-
derived co-factors are sufficient to enhance tauopathy and
drive propagation in vivo. That Tau aggregates can act as seeds
is reminiscent of a-synuclein aggregate induced inclusion body
formation in cells (18, 43, 73).

Of particular interest was the observation that Tau aggre-
gates can be internalized at axonal terminals and retrogradely
transported toward the cell soma. Most of the aggregates co-lo-
calized with lysosomal markers, especially as the aggregates
moved from the distal tip back toward the cell soma. Both DQ-
BSA and Lampl staining demonstrated a greater number of
lysosomes toward the cell soma compartment, which agrees
with published data (74). Internalization of Tau at axonal ter-
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minals is of particular interest as it may explain how tauopathy
can move though the brain in both an antero- and retrograde
direction (75, 76).

Taken together, these data provide a plausible molecular
mechanism for how physiologically relevant Tau can enter cells
to initiate propagation. Intracellular Tau aggregates, released
via secretion as a means of clearance, or upon degeneration of
axons or somatodendritic compartments could be internalized
by anatomically connected cells, and then anterogradely and
retrogradely transported to remote brain regions. Aggregates
could accumulate, clogging up cellular degradation machinery
such as the ubiquitin-proteasome system, giving rise to ag-
gresomes and autophagosomes (77). Subsequently, aggregated
proteins that failed to be sequestered or degraded may cause
local membrane rupture of degradative organelles, leading to
their release into the cytosol where they could physically inter-
act with intracellular soluble protein and trigger endogenous
Tau protein misfolding. The cycle would be expected to be
repeated leading to localized transneuronal spread, and trans-
synaptic spread to distally connected regions. Thus the tempo-
ral and spatially distinct distribution of Tau pathology that
defines the early stages of AD could be explained by the uptake,
templating, and release of aggregated Tau between neurons in
neuroanatomically connected circuits.
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