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Abstract

Aggregates composed of the microtubule associated protein, tau, are a hallmark of Alzheimer’s
disease and non-Alzheimer’s tauopathies. Extracellular tau can induce the accumulation and
aggregation of intracellular tau, and tau pathology can be transmitted along neural networks over
time. There are six splice variants of central nervous system tau, and various oligomeric and
fibrillar forms are associated with neurodegeneration /n vivo. The particular extracellular forms of
tau capable of transferring tau pathology from neuron to neuron remain ill defined, however, as do
the consequences of intracellular tau aggregation on neuronal physiology. The present study was
undertaken to compare the effects of extracellular tau monomers, oligomers, and filaments
comprising various tau isoforms on the behavior of cultured neurons. We found that 2N4R or
2N3R tau oligomers provoked aggregation of endogenous intracellular tau much more effectively
than monomers or fibrils, or of oligomers made from other tau isoforms, and that a mixture of all
six isoforms most potently provoked intracellular tau accumulation. These effects were associated
with invasion of tau into the somatodendritic compartment. Finally, we observed that 2N4R
oligomers perturbed fast axonal transport of membranous organelles along microtubules.
Intracellular tau accumulation was often accompanied by increases in the run length, run time and
instantaneous velocity of membranous cargo. This work indicates that extracellular tau oligomers
can disrupt normal neuronal homeostasis by triggering axonal tau accumulation and loss of the
polarized distribution of tau, and by impairing fast axonal transport.
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INTRODUCTION

Hyperphosphorylated, poorly soluble aggregates of the neuron-specific, microtubule (MT)-
associated protein, tau, define a set of neurodegenerative disorders known as tauopathies, of
which Alzheimer’s disease (AD) is the most prevalent [1]. It has long been known that tau
pathology exhibits a time-dependent spread along defined neuronal pathways as AD
progresses, and that the extent of this progression correlates with cognitive decline [2].
Recent studies have demonstrated that extracellular tau can be internalized by cells and
propagate along synaptically connected neuronal networks /n vivo [3-5]. /n vitro studies
have also demonstrated that extracellular tau can induce the aggregation of intracellular tau,
which can then be released from the cell and taken up by other cells [6-8]. Taken as a whole,
these data have led to the hypothesis that the propagation of tau pathology is mediated by a
prion-like process in which extracellular pathological tau enters a naive cell, whereupon it
seeds pathogenic conformational changes in the pool of monomeric internal tau that can then
be transmitted again to interconnected neurons [9-13]. While the evidence for this seeded-
recruitment phenomena has expanded greatly in recent years, selective vulnerability of
certain neuronal populations has also been postulated as an important contributing factor for
this well-defined disease progression [14].

Several important issues remain unresolved, however, including which forms of extracellular
tau induce intracellular tau aggregation, and how that aggregation alters neuronal behavior.
Because neurons do not divide and are more difficult to culture than constitutively dividing
non-neuronal cell lines, and because wild type tau is not prone to aggregate on its own, most
prior /in vitro studies of the effects of extracellular tau on intracellular tau have utilized
immortalized, non-neuronal cells over-expressing truncated or otherwise mutated forms of
aggregation-prone tau [6, 7, 15]. Additionally, while it was initially thought that the poorly
soluble filaments of hyperphosphorylated tau found in tauopathies represent the most toxic
forms of tau, there is growing evidence that prefibrillar, soluble tau oligomers [16-18]
mediate synaptotoxicity, cellular dysfunction, and neuron death in murine and cultured
neuron models of AD [18-22]. Soluble tau oligomers may therefore resemble oligomers of
the prion protein (PrP), which have been shown to exhibit a greater capacity than fibrillar
PrP species to seed misfolding of monomeric PrP [28].

In the central nervous system, tau is a predominantly axonal protein that is expressed as six
isoforms resulting from the alternative splicing of a single tau gene (MAPT) per haploid
chromosome set. This results in tau isoforms containing 0, 1, or 2 N-terminal inserts, and 3
or 4 C-terminal MT binding repeats [23, 24]. We refer to these isoforms as ON3R, 1N3R,
2N3R, ON4R, 1N4R, and 2N4R tau. Interestingly, the isoform composition of tau aggregates
varies among different tauopathies, such as corticobasal degeneration (predominantly 4R)
[31], Pick’s disease (predominantly 3R) [32], and AD (approximately equal amounts of 3R
and 4R [33]). Moreover, intronic mutations resulting in the alteration of tau isoform ratios,
but not protein levels, can be fully penetrant for neurological disorders, indicating that
isoforms play an important role in tau pathology [25].
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Finally, while cell-to-cell transmission of pathological tau is well established, the functional
consequences of intracellular tau aggregation to neuronal physiology have attracted little
attention. Beyond its role in stabilizing MTs, tau has also been shown to play an important
role in the regulation of fast axonal transport. MT-bound tau is known to act as a “speed
bump” for kinesin-based transport, and there is an increased propensity for MT motors to
detach or pause in the case of kinesin, or reverse direction in the case of cytoplasmic dynein,
upon contact with tau-enriched regions of MTs [26-28]. It has further been demonstrated
that kinesin motors /n vitro make longer runs and have a higher motive force in the absence
of tau [29], but little is known about how a disruption or loss of tau may alter this MT motor
transport inside living neurons.

With this background in mind, the current study was undertaken to test whether extracellular
tau oligomers affect the endogenous intracellular tau distribution and the behavior of
cultured mouse cortical neurons. We demonstrate that the ability of extracellular tau
oligomers to drive accumulation of intracellular tau varies by the isoform composition of the
oligomers, that oligomers can cause dramatic invasion of endogenous intracellular tau into
the somatodendritic compartment, and finally, that these effects are associated with the
dysregulation of MT-based fast axonal transport. Altogether, our results imply that
extracellular tau oligomers induce a breakdown of normal neuronal homeostasis that
represents an early stage in neurodegeneration.

MATERIALS AND METHODS

Recombinant tau

Expression vectors for all six wild-type human tau isoforms with a 5”-His-tag (kindly
provided by the late Lester “Skip” Binder) were transformed into BL21 cells and purified by
affinity chromatography utilizing a HiTrap Ni2* column (GE Healthcare) and imidazole
gradient according to the manufacturer’s instructions. Recombinant protein was then
concentrated in 10K molecular weight cut off spin columns (Millipore) and dialyzed into
phosphate buffer, pH 7.4.

Oligomer production

Oligomeric tau was prepared as described previously by another group [17]. Tau was
brought to 4 uM in 100 mM Tris, 0.1 mM EDTA, and 150 uM Tris(2-carboxy
ethyl)phosphine (TCEP; Life Technologies) and treated overnight with 50 pM
benzophenone-4-maleimide (B4M; Sigma-Aldrich). The protein was then treated with 5 mM
dithiothreitol (DTT; Roche) to inactivate B4M and dialyzed overnight into 100 mM Tris, 0.1
mM EDTA, and 5 mM DTT. A portion was removed for monomer treatments, and the
protein was then allowed to aggregate overnight in the presence of 150 uM arachidonic acid
(AA; Invitrogen), after which the protein was treated for 5 min with UV light at 254 nm
(Spectroline model EF-180). Oligomers were used within 2 weeks of preparation. B4M- and
AA-treated protein not exposed to UV was used as the fibrillar tau preparation.
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The following antibodies were used: Alz50 and MC1 (conformation-sensitive mouse
monoclonals to tau; provided by Dr. Peter Davies of the Feinstein Institute for Medical
Research); chicken anti-MAP2 (Abcam, catalog # ab5392); PHF1 (mouse monoclonal to tau
phosphorylated at S396/S404; provided by Dr. Peter Davies; Tau 5 (mouse monoclonal pan-
tau; provided by the late Dr. Lester “Skip” Binder of Michigan State University); T14
(mouse monoclonal to human tau; provided by Drs. Virginia Lee and John Trojanowski of
the University of Pennsylvania); Tujl (mouse monoclonal to Bll1-tubulin; provided by Drs.
Tony Spano and Tony Frankfurter of the University of Virginia); AlexaFluor 488 goat anti-
mouse IgG (Invitrogen catalog # A-11001); AlexaFluor 594 goat anti-mouse 1gG (Invitrogen
catalog # A-11005); AlexaFluor 488 goat anti-chicken IgG (Invitrogen catalog # A-11039).

Western blots

2 Ug total protein were separated on 4-12% gradient Bis-Tris SDSPAGE gels (Invitrogen)
for 2 h and transferred to a nitrocellulose membrane. Membranes were blocked in Licor TBS
blocking buffer (Licor) and treated with primary antibodies overnight. Membranes were then
incubated with infrared-tagged secondary antibodies (Licor), and analyzed using a Licor
Odyssey imaging system.

Electron microscopy

Samples of monomeric, oligomeric, and fibrillar tau at 4 pM total tau each were adsorbed
overnight to 300 mesh copper EM grids (Electron Microscopy Services), counter-stained
with uranyl acetate and imaged on a JEOL 1010 transmission electron microscope equipped
with a 16 megapixel cooled CCD (model SAI-12c¢, Scientific Instruments and Applications,
Inc.).

Primary neurons

Cortical neurons were isolated from wild type (C57/BI6) and tau-knockout [30] embryos
aged 16.5-18.5 days as previously described [31]. Briefly, brains were removed from the
embryos and placed in Hank’s balanced salt solution (HBSS; Invitrogen) in a sterile
environment, after which the cortical tissue was isolated following removal of the meninges.
The tissue was then digested at 37°C in 0.25% Trypsin for 45 min. The trypsin protease
activity was quenched with heat-inactivated fetal bovine serum (FBS; HyClone/GE
Healthcare), and the cells were washed 3 times with warm HBSS and treated with 100 units
DNAse Il (Worthington) per brain. The cells were then mechanically dissociated with
Pasteur pipettes, diluted in Neurobasal media containing serum-free neuron supplement
B27, I-glutamine, glucose, penicillin/streptomycin (all from Invitrogen) and 5% FBS, and
plated at roughly 6250 cells/cm?2. Plating media was removed 3 h later and replaced with
plating media lacking FBS.

Extracellular tau treatment

Primary cortical neurons were treated at 10 days /n vitro with the indicated monomeric,
oligomeric or fibrillar tau species at a final concentration of 50 nM total tau for 18 h. Cells
were washed with PBS prior to immunofluorescence staining.
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Immunofluorescence labeling

Primary neuron cultures were fixed at room temperature (RT) for 15 min in 3.7%
paraformaldehyde, washed 3 times in cold PBS, and permeabillized in 0.2% TritonX-100
(Sigma) in PBS for 10 min. Cells were again washed in PBS, followed by blocking in 2%
bovine serum albumin (Sigma)/0.1% Tween-20 (Fisher) in PBS for 30 min and incubation
with the primary antibodies overnight. Cells were then treated with secondary antibodies
labeled with Alexafluor-488 or Alexafluor-568; (Life Technologies) for 1 h at RT. After a
final series of brief washes in PBS, the coverslips were mounted on glass slides using
Fluormount G (Fisher).

CVN mice, a model for AD [32], were deeply anesthetized and perfused transcardially with
PBS for 5 min followed by 4% paraformaldehyde for 5 min, after which the brains were
removed. Tissue was dehydrated, embedded in paraffin, and cut into 5 pm thick sections that
were adsorbed onto glass slides. The sections were deparaffinized using xylenes, rehydrated
in a graded series of ethanol:water washes from 100% ethanol to 100% water, blocked for 30
min in 5% FBS/0.2% Tween 20 and incubated overnight with primary antibody (Alz50 or
MC1). Following 3 PBS washes to remove excess primary antibody, the sections were then
incubated with secondary antibodies labeled with Alexafluor-488 goat anti-mouse 1gG for 1
h at RT. Finally, the tissue sections were washed twice with PBS, incubated for 5 min with
200 nM DAPI in PBS to stain nuclei, washed once more with PBS, and then overlaid with
glass coverslips that were secured to the glass slides with Fluormount G.

Quantitative light microscopy of tau aggregation

Neurons labeled with Tau-5, a monoclonal antibody that recognizes all tau isoforms
independently of post-translational modifications [33], were imaged using a 20X 0.4 NA
objective on an EVOS FL cell imaging system (ThermoFisher Scientific) at a constant level
of illumination. Immunofluorescence micrographs were analyzed using F1JI software (also
known as ImageJ2: http://imagej.net/ImageJ2) with an algorithm adapted from a previously
described protocol [42]. Images were thresholded at the mean setting ([maximum
fluorescence-minimum fluorescence]/2) and pixel groups were then segregated into
contiguous groups larger or smaller than 10,000 utilizing the “analyze particles” function in
F1JI [43]. The area of groups smaller than 10,000 contiguous pixels divided by the total area
above the threshold intensity x 100 gives the value for percent accumulation/disruption of
the protein of interest. Groups smaller that 10,000 are pseudo-colored red and groups larger
than 10, 000 are pseudo-colored green to assist with visualization.

Fast axonal trafficking analysis

Neurons were transfected with fluorescent expression vectors for BDNF-mRFP1,
NeuropeptideY-mCherry (both kindly provided by Dr. Michael Silverman of Simon Fraser
University) or BACE1-mRFP1 (kindly provided by Dr. Huaye Zhang of Rutgers Robert
Wood Johnson Medical School) utilizing Lipofectamine 2000 transfection reagent
(Invitrogen). Cells were transfected 3 days prior to imaging, then vesicle movement was
visualized upon excitation at 568 nm with a Nikon 60X planapo objective mounted on Nikon
Eclipse Ti inverted microscope equipped with a Yokogawa spinning disc confocal head, and
a Plexiglas chamber that maintained an atmosphere of 37°C and 5% CO,. Images were
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taken at 2 frames per second. Axons were identified as neurites of uniform length with
minimal to no branching, and directionality was determined by tracing them to a synapse or
neuronal perikaryon of origin. The movement of fluorescent vesicles was analyzed as
kymographs utilizing the ImageJ plug-in “Multiple Kymograph” (European Molecular
Biology, Heidelberg, Germany). Run length and run time were derived from the
kymographs, as was “instantaneous velocity”, which we define as the average velocity of the
vesicle while in apparently continuous motion. Velocity was taken for all slopes in the
kymograph, while run time and run length were reported only for organelles whose motility
began and ended during the imaging timeframe.

Statistical analysis

RESULTS

Data were analyzed using GraphPad Prism software by one-way analysis of variance, with a
Bonferonni post-test to analyze variance between treatments.

Production of tau oligomers

Formation of oligomers from recombinant versions of each of the six human CNS tau
isoforms was confirmed by western blotting (Fig. 1A-C). Tau oligomerized by this protocol
(see Materials and Methods) has previously been shown to migrate on western blots
similarly to soluble multiple-ntau species isolated from AD brain [17]. Negative stain,
transmission electron micrographs of monomeric, oligomeric, and fibrillar 2N4R tau used
throughout this study are shown in Fig. 1D.

Extracellular tau oligomers induce endogenous tau redistribution and accumulation

Previous studies have established that extracellular tau filaments can cause intracellular tau
fragments corresponding to the MT-binding repeat domains to accumulate as puncta in non-
neuronal cells stably transfected to express the tau fragments [6, 7]. Extracellular tau
filaments have also been demonstrated to cause tau aggregation in neurons expressing
mutant tau [8, 34]. To determine if extracellular tau oligomers can similarly drive
accumulation of endogenous full length tau in cultured mouse neurons, we utilized a
quantitative assay for accumulation of axonal tau (see Materials and Methods).
Immunofluorescence micrographs were first thresholded by intensity to eliminate
background fluorescence, after which each set of contiguous pixels above the threshold
value was assigned to a group that was either larger or smaller than a pre-defined number of
contiguous pixels. As the immunofluorescence staining becomes discontinuous there is an
increase in smaller pixel groups, indicative of tau accumulation (Fig. 2A). After initially
testing cutoffs between 1,000 and 20,000 contiguous pixels (Fig. 2B), we chose 10,000
pixels of contiguous labeling as the cutoff between continuous and discontinuous tau
staining, which are pseudo-labeled green and red, respectively, throughout this report.
Antibodies specific for human tau did not stain the cells above background levels (Fig. 2C),
indicating that the accumulated and missorted intracellular tau was pre-dominantly or
exclusively endogenous mouse tau. As can be seen in Fig. 3, extracellular tau oligomers also
caused extensive accumulation of intracellular tau and its conspicuous invasion into the
somatodendritic compartment.
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Using this quantification method, we found that untreated neurons, and neurons treated for
18 h with monomeric or fibrillar 2N4R tau at 50 nM total tau had 20%, 19%, and 17%
endogenous tau accumulation, respectively. In contrast, cells treated comparably with
oligomeric tau showed an average of 34% tau accumulation, an ~1.75-fold increase over the
other conditions tested (Fig. 4A, B, Supplementary Table 1).

To determine whether intracellular tau accumulation represented a global disruption of MTs,
neurons exposed to extracellular 2N4R tau under the same conditions were labeled with
antibodies to MAP2, a somatodendritic protein [46, 47] that shares a highly conserved MT-
binding repeat region with tau [35], and to Bl11-tubulin, a neuron-specific tubulin isoform
[36]. Neither MAP2 (Fig. 4C, D) nor BllI-tubulin (Fig. 4E, F) showed signs of accumulation
in response to extracellular monomeric, oligomeric or fibrillar tau. These data imply that
extracellular tau oligomers alter the distribution of endogenous tau without affecting MTs in
any other ways that might have been detected by our methods.

Extracellular tau oligomers do not rapidly induce AD-like conformational change or
phosphorylation of endogenous intracellular tau

Cells treated with 2N4R tau oligomers were also analyzed by immunofluorescence using a
panel of anti-tau antibodies that detect conformational or phosphorylation-dependent
changes characteristic of pathological tau in AD neurons. Cells were stained with the
conformation-specific antibodies, Alz50 [50, 51] and MCL1 [52], which detect early
pathology-associated changes in tau misfolding, and PHF1, which recognizes tau that is
phosphorylated at S396/S404 [53] and is enriched in late stage tau inclusions [37]. No
immunoreactivity was observed with Alz50 or MC1 in untreated neurons or in neurons
treated with tau monomers or oligomers (Fig. 5), although as shown in Supplementary
Figure 1, both antibodies labeled misfolded tau in brain sections obtained from the CVN
strain of AD model mice [32]. In contrast to what was observed for Alz50 and MC1 a low,
constant level of PHF1 immunoreactivity was observed in cultured neurons regardless of
whether or not they were exposed to extracellular tau monomers or oligomers (Fig. 5).

Isoform composition of tau oligomers affects the extent of intracellular tau accumulation

To determine whether accumulation of endogenous tau depends on the isoform composition
of the externally applied tau oligomers, we repeated these experiments with the remaining
five isoforms of CNS tau. Oligomeric 2N3R tau was able to induce statistically significant
accumulation of endogenous tau, albeit not quite as effectively as 2N4R tau (Fig. 6A).
Oligomeric ON4R tau induced accumulation of endogenous tau to a small, though significant
extent, while oligomeric ON3R, 1N3R, and 1N4R tau did not significantly stimulate
accumulation of intracellular tau (Fig. 6B, C).

Finally, neurons were exposed to extracellular tau of two mixed isoform compositions, a 1:1
mixture of 2N3R and 2N4R tau, and all six isoforms in equimolar ratios. Total tau
concentrations for each experiment were held constant at 50 nM and isoform mixtures were
allowed to oligomerize together. The 1:1 mixture of 2N3R:2N4R did not alter the tau
distribution when presented to neurons as monomers or fibrils. In contrast, when presented
as oligomers, the 1:1 mixture did cause a significant increase in tau accumulation, although
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to a lesser extent than observed for either 2N3R or 2N4R oligomers alone (Fig. 7A,
Supplementary Table 1). Interestingly, the most potent response was seen upon treatment
with all six isoforms, as both monomeric and fibrillar treatments caused an increase in tau
mislocalization relative to no tau treatment, and oligomeric tau had an even larger,
statistically significant effect (Fig. 7B, Supplementary Table 1). It is also noteworthy that
oligomers made from all six isoforms caused disruption of MAP2 as well (Fig. 7B),
indicating that this treatment represents a particularly toxic insult to neurons.

Accumulation of endogenous axonal tau is associated with dysregulation of fast axonal

transport

In prior studies of cell-to-cell propagation of tau, little analysis has been performed
regarding effects of tau accumulation on neuronal physiology. As a predominantly axonal
protein, tau is known to regulate the attachment and movement of various motors involved in
axonal transport, and this effect has been shown to affect kinesin-1 more potently than
cytoplasmic dynein [28]. More specifically, tau appears to act as an obstacle, or “speed
bump”, that can reduce cargo run lengths [26—28] and increase the likelihood of the motor
disengaging from MTs [28, 29]. To analyze the effect, if any, that the mislocalization of tau
we describe here has on axonal transport, primary neurons were transfected with
fluorescently-tagged proteins to label vesicles undergoing MT-directed fast axonal transport.
Specifically, BDNF-mRFP1 and BACE1-mRFP1 were utilized to analyze effects on
kinesin-1-dependent transport [55, 56], and NeuropeptideY-mCherry to observe kinesin-3-
dependent transport [55] (see Supplementary Movie 1). Because 2N4R tau oligomers
produced a robust response in previous experiments and data analysis for these experiments
was extremely time consuming, we focused only on 2N4R tau oligomers. Trafficking of the
various fluorescently labeled vesicles was analyzed by live cell, time lapse imaging. 1-2%
of neurons expressed the fluorescent fusion proteins, allowing for the imaging of isolated
neurons. Axons were identified by finding regions of consistent thickness and low
branching, which were then traced back to their cell body of origin to discriminate
anterograde versus retrograde transport. Vesicle transport was analyzed by kymograph
analysis, with values obtained for run length, run time and velocity while in motion (Fig. 8
and Supplementary Table 2).

BDNF-mRFP1 labeled vesicles showed no significant changes in run length, run time, or
instantaneous velocity in either the anterograde or retrograde direction upon treatment with
monomeric full-length tau, as compared to a non-treated control. Neurons treated with
oligomeric tau showed an ~2.5-fold increase in anterograde and retrograde run length, an
~30% increase in anterograde run time and an ~2-fold increase in retrograde time, and an
~1.5-fold increase in anterograde instantaneous velocity. Similar results were obtained for
neurons transfected with BACE1-mRFP1, a protease that helps produce amyloid-p (AB)
from the amyloid-f protein precursor (ABPP), and has been shown to be trafficked along
with ABPP by kinesin-1 [56]. BACE1-mRFP1 expressing neurons treated with oligomeric
tau showed an ~2-fold increase in anterograde run length and an ~40% increase in
anterograde instantaneous velocity, suggesting that oligomeric 2N4R tau treatments affect
multiple kinesin-1 cargoes in the same general manner.
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Otherwise identical experiments were also performed using mCherry-tagged NeuropeptideY,
which is trafficked anterogradely by a different motor, kinesin-3 [55]. No significant
alterations were seen for anterograde run length, run time, or velocity when comparing
untreated, 2N4R monomer-treated, and 2N4R oligomer-treated cells. 2N4R oligomers did
not affect retrograde run time either, but they did increase retrograde run length and velocity
by ~2.3-fold and ~20%, respectively (Fig. 8D). Taken together, these results indicate that tau
mislocalization following oligomeric tau treatment of neurons leads to dysregulation of
axonal transport for multiple types of cargoes.

To determine whether these effects of extracellular tau oligomers on axonal transport depend
on intracellular tau, transport experiments were repeated using neurons isolated from tau
knockout mice [30]. While the values for run time, run length and instantaneous velocity in
untreated tau knockout neurons were slightly elevated relative to the control values in wild
type neurons, with minor exceptions, no changes were seen in these parameters for any of
the three cargos in the anterograde or retrograde direction after cellular exposure to 2N4R
tau monomers or oligomers (Fig. 9). The only exceptions were a small, but significant
changes in the retrograde run length and run time for BDNF-transfected cells and retrograde
velocity for NeuropeptideY transfected cells when treated with monomeric tau (Fig 9C,
Supplementary Table 2). The collective results of the organelle transport experiments in wild
type and tau knockout neurons support the hypothesis that extracellular tau oligomers
disrupt anterograde and retrograde fast axonal transport by causing accumulation of
endogenous intracellular tau.

DISCUSSION

A growing body of evidence from human AD brain [2], AD model mouse brain [3-5], and
cultured cells [6-8, 34, 38-40] has indicated that intracellular tau aggregation can be
triggered by a prion-like mechanism [10, 12, 41] following uptake of aggregated
extracellular tau. Mechanistic insight into this process has come primarily from cultured cell
studies, many of which have made use of extracellular filaments made from tau fragments
corresponding to the MT-binding repeat domains (tau-RD) and non-neuronal cells stably
transfected to express tau-RD. These collective studies have yielded impressive gains in
understanding about the tau aggregation process, yet several other important issues have
been largely ignored until now. Notable examples include the effects of aggregated
extracellular tau on the endogenous full length tau in cultured neurons; the relative abilities
of extracellular, full length oligomeric versus fibrillar tau to provoke intracellular tau
accumulation; isoform-specific effects of the extracellular tau on intracellular tau
aggregation; and perhaps most importantly, other cell biological responses of bona fide
neurons to aggregation of their endogenous tau.

Here we document our efforts to shed light on all of these issues. Adapting a quantitative
image analysis paradigm, we show that intracellular accumulation of the endogenous
neuronal tau into apparent aggregates is induced more potently by extracellular oligomers
than by extracellular filaments made from full length tau, that tau isoforms containing two
N-terminal inserts are more potent than isoforms containing 0 or 1 N-terminal insert, and
that mixtures of all six CNS tau isoforms are even more potent (Figs. 2, 4, 6, and 7).
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Importantly, the accumulation of tau does not seem to signify fragmentation of MTs,
because with one exception, it is not accompanied by altered distribution of pllI-tubulin, a
neuron-specific tubulin isoform [36] or of MAP2, a dendrite-specific MT-associated protein
that comprises a MT-binding repeat region with high sequence identity to the comparable
region of tau [35]. The lone exception concerns extracellular oligomers assembled from a
mixture of all six CNS tau isoforms, which cause apparent disruption of both tau and MAP2
(Fig. 7B), and thus may be cytotoxic. We also demonstrate that extracellular tau oligomers
can induce invasion of tau from its normal region of highest concentration, the axon, into the
somatodendritic compartment, and that intracellular tau accumulation alters MT-based fast
axonal transport. Altogether, these results imply that extracellular tau oligomers can disrupt
normal neuronal homeostasis by mechanisms that depend on intracellular tau.

The present study extends an earlier report that extracellular tau oligomers can provoke
intracellular tau aggregation [40] by demonstrating that oligomeric tau is much more potent
in this regard than tau filaments. It is notable, however, that short extracellular tau filaments
have been shown to be taken up by cultured neurons more efficiently than long tau filaments
or monomeric tau [39]. These earlier reports, combined with the data presented here, imply
that the prion-like propagation of tau pathology /in vivorelies on small, readily diffusible
forms of aggregated tau, such as oligomers and short filaments.

Two curious new findings reported here concern the isoform composition of the extracellular
tau oligomers. First, by testing each of the six isoforms individually, we found that
intracellular tau aggregation is promoted robustly by 2N3R or 2N4R tau oligomers, but is
induced barely, if at all, by ON or 1N tau isoforms (Figs. 4A—C and 6). The 2 N-terminal
inserts are encoded by MAPT exons 2 and 3, neither of which is expressed in ON tau and
only the first of which is expressed in 1N tau. Co-expression of exons 2 and 3 therefore
seems to enhance the ability of extracellular tau oligomers to provoke intracellular tau
accumulation. While we cannot exclude the possibility that exon 3 expression alone is
required for this feature of tau, no such tau isoforms are known to occur naturally.
Additionally, ON and 2N isoforms comprising four C-terminal MT binding repeats encoded
by exon 10 demonstrated an increase in tau disruption when compared to like isoforms with
only three MT binding repeats, indicating that 4R isoforms provoke a more potent response
than 3R isoforms. Secondly, oligomers assembled from an equimolar cocktail of all six
isoforms were found to be the most potent inducers of intracellular tau aggregation (Fig.
7B). Although we cannot offer any obvious explanations for these results, they might relate
to any of several factors. These include, for example, the isoform composition of the
endogenous intracellular tau in the neurons we studied, which is an approximately 1:1 ratio
of ON3R:0N4R tau (data not shown); the possible presence of extracellular oligomers that
individually comprise more than one tau isoform; and potential synergistic effects of
multiple oligomeric species, such as those that might form from a mixture of all six tau
isoforms. In this context, it is noteworthy that intronic tau gene mutations that alter the ratio
of 3R:4R tau without altering tau sequence or steady state tau levels can be fully penetrant
for non-Alzheimer’s tauopathies [25]. The pathogenic potential of wild type tau can thus be
dramatically affected by isoform composition, which the data presented here further
indicate, but the underlying mechanisms remain mysterious.
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AD tau has long been known to be phosphorylated at multiple sites that are rarely
phosphorylated in normal tau [42-45], and to adopt immunologically sensitive
conformational changes [46-49]. Interestingly, we found that extracellular tau oligomers did
not alter the immunoreactivity of intracellular tau with two monoclonal antibodies, Alz50
[47, 48] and MC1 [46], that detect AD tau conformations, nor with the PHF1 monoclonal,
which recognizes tau phosphorylated at S396/S404 [37, 50] (Fig. 5). While our study is
isolated to effects in the first 24 h of tau oligomer exposure, it is possible that longer
exposure to tau oligomers or other types of tau aggregates would induce pathological
epitopes consistent with those seen in AD and non-Alzheimer’s tauopathies /in vivo.

One of the most striking effects of extracellular tau oligomers that we found is invasion of
endogenous intraneuronal tau into the somatodendritic compartment (Fig. 3). This
phenomenon mimics an early event in AD pathogenesis [51] and signifies breakdown of a
key feature of neuronal polarity. Excess dendritic tau has been implicated in synaptotoxicity
mediated by NMDA receptors [52], and is potentiated by tau acetylation [53] Movement of
tau into dendrites has also been reported by others in a small fraction of cultured neurons
exposed to AP oligomers (ABOs) [54]. We have observed this phenomenon in some of our
prior studies of ABOs [43, 44] but have not commented on it until now. The contrast
between ABOs and tau oligomers for this activity is striking, though, because the vast
majority of neurons exposed to tau oligomers in the current study accumulated
somatodendritic tau. When considered together, the quantitatively different effects of ABOs
and tau oligomers on tau localization in the somatodendritic compartment raise the
possibility that ABOs drive formation of intracellular tau oligomers that can escape the
neurons and then “infect” other neurons, whose endogenous tau then enters the
somatodendritic compartment. This ABO-induced process might lead to a slow buildup of
extracellular tau oligomers and correspondingly slow appearance of mislocalized
endogenous tau. We envision that directly supplying extracellular tau oligomers to neurons,
as was done in the current study, would dramatically increase the rate of endogenous tau
mislocalization into the soma and dendrites.

Besides inducing intracellular tau missorting, extracellular tau oligomers altered several
parameters of MT-based fast axonal transport in a cargo-specific manner. We measured run
lengths, run times and instantaneous velocities for fluorescently tagged BDNF, BACEL and
neuropeptide Y in the anterograde and retrograde directions in both wild type and tau
knockout neurons (Figs. 8 and 9, Supplementary Table 2, and Supplementary Movie 1).
Because axonal MTs are almost uniformly polarized with their plus ends facing the axon
terminal [55, 56], plus end-directed MT motors power anterograde transport, whereas minus
end-directed motors are responsible for retrograde transport. More specifically, BDNF and
BACEL1 rely mainly on kinesin-1 as an anterograde motor [57, 58], neuropeptide Y uses
kinesin-3 for anterograde transport [57] and all three cargoes presumably depend on
cytoplasmic dynein for retrograde transport.

Both BDNF and BACEL exhibited large increases in run length and instantaneous velocity
for anterograde transport after exposure of wild type neurons to oligomers, but not
monomers of extracellular tau. Retrograde run times for BDNF were also dramatically
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increased by extracellular tau oligomers. In contrast, tau oligomers caused increases in
retrograde run length and instantaneous velocity for neuropeptide .

These results must be interpreted in light of prior reports of tau acting as a virtual “speed
bump” that can dislodge motile cargo from MTs [26, 28, 29, 59]. Our data suggest that
aggregation of intracellular tau causes the tau to dissociate from MTs, thereby removing the
speed bumps, and permitting more rapid and longer range motile events in a manner that is
sensitive to the combination of MT motors associated with the cargo. Interestingly,
extracellular tau oligomers also caused small, but significant increases in retrograde run
times for BDNF and instantaneous retrograde velocity for neuropeptide Y in tau knockout
neurons. These effects in the absence of intracellular tau suggest that extracellular tau
oligomers have signaling functions that are distinct from any effects they have on
reorganizing intracellular tau.

It is worth considering what the long-term consequences of a boost in fast axonal transport
may have on neurons. Kinesin-1 transports many cargo types in addition to BDNF and
BACEL1 [57], and at least some of those cargoes may need to be delivered to sites along the
length of the axonal plasma membrane. The speed bump function of tau may enable such
scattered cargo delivery, and removal of the speed bumps may bias delivery to toward the
axon terminal. It is easy to imagine that such impaired axonal transport could gradually
compromise neuron health as AD pathogenesis proceeds at the level of individual neurons.

The collective results presented here implicate tau oligomers in the spread of tau pathology
from the extracellular space to neuronal cytoplasm, pointing to a likely role for these toxic
species in the spread of AD and other tauopathies. By utilizing primary cultured neurons, we
were able to tie extracellular tau oligomers to two early steps in neurodegeneration:
mislocalization of endogenous tau into the soma and dendrites, and dysregulation of fast
axonal transport. Soluble tau oligomers thus represent potential targets for early diagnosis
and therapeutic intervention for AD and non-Alzheimer’s tauopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tau 5, 125 ng/lane

2N4R - Oligomer

2N4R - Fibrils

4 M

Characterization of Tau oligomers A) Tau is found in the central nervous system as six
alternatively-spliced isoforms, characterized by the inclusion of 0, 1, or 2 N-terminal inserts,
and 3 or 4 C-terminal microtubule-binding repeats (MTBRs). B) Western blotting of N-
terminal his-tagged recombinant tau isoforms probed with the Tau 5 antibody. C) Tau 5
western blot of monomeric, oligomeric, and fibrillar 2N4R tau. D) Negative stain
transmission electron micrographs of 2N4R monomeric, oligomeric, and fibrillar tau.
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Fig. 2.

Image analysis of tau-treated neurons. A) Representative immunofluorescence images of
primary neurons stained for total tau with Tau 5 after treatment with monomeric or
oligomeric extracellular tau. Fluorescence micrographs were thresholded to indicate pixels
above background intensity, segregated into groups of >10,000 or <10,000 contiguous pixels
above the threshold intensity, then pseudo-colored green to indicate intact staining (>10,000
contiguous pixels) or red to indicate disrupted staining (<10,000 contiguous pixels). B) Test
of various pixel size cutoffs in monomer or oligomer treated neurons. 10,000 contiguous
pixels was chosen as the cutoff between intact and disrupted tau for all subsequent assays.
C) Monomer and oligomer treated cells probed with antibodies for human tau (T14) exhibit
only background staining.
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2N4R Monomer 2N4R Ollgomer

Fig. 3.
Extracellular tau oligomers induce endogenous tau to aggregate in axons and invade the

somatodendritic compartment. High-resolution immunofluorescence micrographs of primary
mouse cortical neurons are shown here. Relatively continuous axonal tau staining and
minimal somatodendritic tau staining was observed following exposure to 2N4R monomers,
while 2N4R oligomer-treated cells developed tau puncta and varicosities in axons, and
striking tau accumulation in the somatodendritic compartment.
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Fig. 4.

E)?tracellular 2N4R tau oligomers disrupt endogenous wild-type tau. A, B) Extracelluar
2N4R oligomers, but not monomers or fibrils, disrupt endogenous tau, as visualized by Tau
5 staining. C—F) No disruption of MAP2 or BIlI tubulin was observed after treatment of
neurons with monomeric, oligomeric or fibrillar 2N4R tau. Error bars represent SEM.
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Fig. 5.
Extracellular tau oligomers do no rapidly induce selective AD-like conformational changes

or phosphorylation of endogenous intracellular tau. No immunoreactivity was observed for
the conformation-specific antibodies, Alz50 or MC1, in untreated neurons or those exposed
to extracellular 2N4R tau monomers or oligomers. Additionally, a low constant level of
PHF-1 was observed for untreated, monomer-treated and oligomer-treated cells.
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Fig. 6.
The extent of intracellular tau disruption in tau oligomer treated-cells varies by the tau

isoform composition of the oligomers. A) Neurons treated with oligomeric, but not
monomeric or fibrillar 2N3R tau, show aggregation of tau, but not of MAP2. B) Neurons
treated with extracellular monomers, oligomers, of fibrils composed of 1N tau isoforms
exhibit no significant disruption of endogenous tau. C) Oligomers composed of ON4R, but
not ON3R tau caused aggregation of endogenous axonal tau. Error bars represent SEM.
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** p<.001

Extracellular oligomers of mixed isoform composition cause endogenous tau aggregation.
A) Neurons treated with oligomers, but not monomers or fibrils, of a 1:1 mixture of 2N3R
and 2N4R tau caused aggregation of endogenous axonal tau. B) Neurons exposed to an
equimolar mix of all 6 tau isoforms developed endogenous tau aggregates, especially when
the extracellular tau was oligomeric. Treatment with oligomers of all 6 isoforms additionally
caused extensive aggregation of MAP2. Error bars represent SEM.
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Tau oligomer exposure induces disruption of fast axonal transport. A) Transport parameters
were analyzed by live cell, time lapse fluorescence microscopy (left) followed by
kymograph analysis (right). Run length, run time, and instantaneous velocity were quantified
for neurons transfected with expression vectors for B) BDNF-mRFP1, C) BACE1-mRFP1.
and D) NeuropeptideY-mCherry. Error bars represent SEM.
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Fig. 9.

Robust disruption of fast axonal transport disruption by extracellular tau oligomers requires
endogenous tau. Transport parameters were analyzed in tau knockout neurons by live cell,
time lapse fluorescence microscopy followed by kymograph analysis, as for Fig. 8. Run
length, run time, and instantaneous velocity were quantified for neurons transfected with
expression vectors for A) BDNF-mRFP1, B) BACE1-mRFP1, and C) NeuropeptideY-
mCherry. Error bars represent SEM.
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