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Abstract

The microtubule-associated protein tau has primarily been associated with axonal location and
function; however, recent work shows tau release from neurons and suggests an important role for
tau in synaptic plasticity. In our study, we measured synaptic levels of total tau using
synaptosomes prepared from cryopreserved human postmortem Alzheimer's disease (AD) and
control samples. Flow cytometry data show that a majority of synaptic terminals are highly
immunolabeled with the total tau antibody (HT7) in both AD and control samples. Immunoblots
of synaptosomal fractions reveal increases in a 20 kDa tau fragment and in tau dimers in AD
synapses, and terminal-specific antibodies show that in many synaptosome samples tau lacks a C-
terminus. Flow cytometry experiments to quantify the extent of C-terminal truncation reveal that
only 15-25% of synaptosomes are positive for intact C-terminal tau. Potassium-induced
depolarization demonstrates release of tau and tau fragments from presynaptic terminals, with
increased release from AD compared to control samples. This study indicates that tau is normally
highly localized to synaptic terminals in cortex where it is well-positioned to affect synaptic
plasticity. Tau cleavage may facilitate tau aggregation as well as tau secretion and propagation of
tau pathology from the presynaptic compartment in AD.
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INTRODUCTION

In the tauopathy family of neurodegenerative diseases, which includes frontotemporal
dementia, Pick's disease, and corticobasal degeneration, the microtubule-associated
cytoskeletal protein tau forms intracellular aggregates. In Alzheimer's disease (AD), the
most common tauopathy, hyper-phosphorylated tau (p-tau) aggregates into paired helical
filaments, neuropil threads, and ultimately forms lesions known as neurofibrillary tangles
(NFT). Tau is a highly soluble neuronal protein, primarily localized to axons, where it is
well known to bind microtubules (MTSs) through its C-terminal MT-binding domain and
promote their stabilization (for review see Hanger et al. 2009, Gotz et al. 2013).

Given its hypothesized central role in regulation of axonal transport, it is interesting that tau
deletion does not significantly alter longevity or phenotype in mice (Harada et al. 1994).
Likewise, axonal transport is not impaired by tau knockout or tau overexpression in vivo
(Yuan et al. 2008). Interestingly, the role of tau in relation to axonal transport associated
with Ap-mediated toxicity in vitro is still controversial. Indeed, studies have shown that tau
is required for amyloid-beta (AB)-mediated reduction in axonal transport of mitochondria
and the neurotrophin receptor TrkA in hippocampal neurons (Vossel et al. 2010). While
others reported that tau is not required for the disruption of fast axonal transport of brain-
derived neurotrophic factor (BDNF) in hippocampal neuronal culture (Ramser et al. 2013).

A number of studies suggest that tau plays a pathological role in dendritic spines. For
example, when overexpressed in primary neuron cultures, tau missorts into the
somatodendritic compartment, resulting in loss of synaptic markers (Thies & Mandelkow
2007). Somatodendritic localization may also be driven by tau hyper-phosphorylation,
which is thought to be a relatively early event that results in detachment from microtubules
(Tashiro et al. 1997, Morris et al. 2011).

Other evidence suggests that tau mediates excitotoxicity through interactions with the
tyrosine kinase fyn and its substrates PSD-95 and the N-methyl-D-aspartate (NMDA)
receptor (Ittner et al. 2010). Such a role for tau in mediation of post-synaptic fyn localization
may suggest a mechanism by which tau reduction protects against Af toxicity and
excitotoxicity in vivo (Roberson et al. 2007).

More recently, Frandemich et al. reported that tau travels into the post-synaptic density in
response to electrical stimulation in murine cortical cultures, and that A} blocks this tau
recruitment into the synapse, suggesting tau involvement in synaptic plasticity (Frandemiche
et al. 2014). Also consistent with an important synaptic role for tau, Chen et al. showed that
tau protein regulates spine density upon brain-derived neurotrophic factor (BDNF)
stimulation (Chen et al. 2012).
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In addition to contributing to disease through a gain of toxic function by phosphorylation,
some evidence suggests that tau toxicity may follow release from degenerating cells into the
extracellular space (Gomez-Ramos et al. 2006, Frost et al. 2009). Fragments of tau cleaved
at the C-terminal are present in the cerebrospinal fluid (CSF) collected from human AD
subjects and from tau transgenic mice (Kim et al. 2010, Saman et al. 2012). In fact, Plouffe
et al. suggest that hyper-phosphorylation and C-terminal cleavage may favor tau secretion,
propagation of tau pathology in the brain and ultimately tau buildup in the CSF (Plouffe et
al. 2012). A more recent study indicates that N-truncated tau fragment (~ 20 kDa) is a CSF
biomarker of neurodegenerative disease associated with memory impairment (Amadoro et
al. 2014b). Still, little is known about levels of cleaved tau in the pre-synaptic compartment.

We have previously demonstrated that p-tau co-localizes with Af in AD synapses and that
p-tau species are mainly oligomeric (Fein et al. 2008, Sokolow et al. 2012b, Henkins et al.
2012). In the present study, we assessed total levels of tau protein and its cleaved fragments
in surviving nerve terminals (i.e. with intact membranes) from cryopreserved human AD
and control samples (Gylys et al. 2004b, Sokolow et al. 2012c). P-tau represents a small
fraction of tau in synaptosomes, and tau is abundant in both cognitively normal and AD
synapses, with a 20 kDa tau fragment and tau dimers elevated in AD samples. Most synaptic
tau is cleaved at the C-terminus in both AD and control samples, with the level of C-
terminal truncated tau higher in AD synaptosomes. Results also show increased
depolarization-dependent tau release from AD synaptic terminals.

MATERIALS AND METHODS

Materials

Polystyrene microsphere size standards were purchased from Polysciences, Inc.
(Warrington, PA). Zenon mouse IgG Labeling kits for were purchased from Molecular
Probes (Eugene, OR). The monoclonal anti-SNAP-25 antibody was purchased from
Sternberger Monoclonals, Inc. (Lutherville, MD). Tau and p-tau antibodies used to
immunolabeled our synaptosomal proteins (P-2) are listed in Table 1.

Human brain specimens

Parietal cortex (Brodmann area A39 and A40) samples with a post-mortem interval (PMI) <
15 h were obtained at autopsy from the Alzheimer's Disease Research Centers at University
of California, Los Angeles, University of California, Irvine, and the University of Southern
California. Each diagnosis was established clinically and histopathologically. The mean age
for controls was 92.6, and for AD was 84.6; the age difference was significant (p < 0.03) and
likely results from four cases over 90 years in the relatively small aged control group.
Despite the age difference, all control cases were included in the present experiment due to
the difficulty of obtaining short-PMI tissue (i.e. PMI < 15 h) from clinically documented
controls. The mean postmortem delay was 9.61 for controls and 7.29 for AD; these
differences were not significant (Student's t test). Samples were obtained and handled
according to UCLA's Institutional Review Board and Environment, Health and Safety
regulations.
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Synaptosomes (P-2) preparation

Unfixed fresh samples (~ 0.3 — 5 g) were minced in 0.32 M sucrose the day of autopsy,
slowly frozen and stored at —80°C until homogenization. The crude synaptosomal pellet
(P-2) was prepared as described previously (Gylys et al. 2003, Sokolow et al. 2012a,
Sokolow et al. 2012c); briefly, the minced tissue was homogenized in 10 volume of 0.32 M
sucrose containing protease and phosphatase inhibitors. The homogenate was first
centrifuged at 1000 g for ten minutes; the resulting supernatant was centrifuged at 10,000 g
for 20 minutes to obtain the crude synaptosomal pellet (P-2).

Immunolabeling of P-2 pellet

P-2 aliquots were immunolabeled for flow cytometry analysis according to a method for
staining of intracellular antigens (Schmid et al. 1991). Pellets were fixed in 0.25% buffered
paraformaldehyde (1 hr, 4°C) and permeabilized in 0.2% Tween 20/PBS (15 min., 37°C).
Antibodies (Table 1) were labeled directly with Zenon kit Alexa Fluor 488 according to
manufacturer instructions (Molecular Probes, Eugene, OR). Alexa 488 labeled antibody
mixture was added to P-2 aliquots and incubated at room temperature (RT) for 30 min.
Then, immuno-labeled P-2 aliquots were washed 2 times with 1 ml 0.2% Tween20/PBS,
spun (1310 x g at 4°C) and resuspended in PBS buffer (0.75 ml) for flow cytometry
analysis, . The synaptosomal pellet was dispersed for all washes and for incubations with
fixative, detergent, and antibody, then collected by centrifugation (1310 x g at 4°C) as
previously described (Gylys et al. 2004a, Fein et al. 2008, Gylys et al. 2000, Henkins et al.
2012, Sokolow et al. 2012a, Sokolow et al. 2012b, Sokolow et al. 2011, Sokolow et al.
2012c). Negative controls are P-2 aliquots labeled with the appropriate isotype specific
control antibody in order to accurately quantify specific immunolabeling. For the present
experiments, all antibodies belong to 1gG1 subtype.

Flow cytometry

Data was acquired using an BD-FACS Calibur analytic flow cytometer (Becton-Dickinson,
San Jose, CA) equipped with argon 488 nm, helium-neon 635 nm, and helium-cadmium 325
nm lasers. At least 5,000 events were collected and analyzed for each sample. Debris was
excluded by establishing a size threshold set on forward light scatter as previously described
(Sokolow et al. 2012c, Gylys et al. 2004a). Alexa 488 fluorochromes were detected by the
LSR's FL1 photomultiplier tube detectors; instrument settings were identical for all samples
in each experiment. Analysis was performed using FCS Express software (DeNovo
Software, Ontario, CAN).

Synaptosome extracts and tau bead-based immunoassay

Washed P-2 fractions (~ 100 mg/sample) were first extracted by sonication in a detergent-
free buffer (10 mM Tris, 1 mM EGTA, 10% sucrose, pH 7.5) and then spun at 25,000 g. The
supernatant of this detergent-free extraction (Sup. A) was used to quantify the levels of
aqueous soluble tau species. The remaining pellet was extracted by sonication in the same
buffer containing 1% N- lauroylsarkosyl (NLS) and spun at 300,000 g. This supernatant was
analyzed as the detergent soluble fraction (Sup. NLS)(Sokolow et al. 2012a). The aqueous
and detergent soluble fractions were assayed for total tau using a bead-based immunoassay

J Neurochem. Author manuscript; available in PMC 2016 May 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sokolow et al.

Page 5

(INNO-BIA AlzBio3) purchased from Innogenetics (Ghent, Belgium). Assays were
performed on a Luminex® instrument using X-map® Technology (Austin, TX) and
XPONENT software. Each extract was analyzed in duplicate as previously described
(Sokolow et al. 2012a, Ringman et al. 2008).

Western Blotting

P-2 aliquots were boiled in Laemmli loading buffer (2% SDS, Invitrogen, Carlsbad, CA)
and electrophoresed on 4-20% Tris-glycine gradient gels. Membranes were blocked and
immunolabeled as previously described (Sokolow et al. 2012a, Sokolow et al. 2011,
Sokolow et al. 2012c). Because common synaptic housekeeping proteins are altered in AD
synapse, membranes were stained with either Coomasie blue or Ponceau to document equal
protein loading; only membranes with equal loading were quantified. Immunolabeled
proteins were visualized by enhanced chemiluminescence (ECL) detection reagents.
Resulting films were scanned and quantified on a UVP BioSpectrum 600 imaging system
using VisionWorks Version 6.6A software (Upland, CA).

Depolarization-induced tau release

Freshly made P2 samples (400 pg protein) were resuspended in 100 pl of Normal Kreb's
solution (5.5 mM KCl, 160 mM NacCl, 1.2 mM MgCl, , 1.5 mM CaCl,, 10 mM HEPES, 10
mM Glucose 160 mM Na, pH 7.4) and pre-incubated for 30 min at 37°C. To depolarize, one
half of the synaptosome contained solution was diluted 2-fold with depolarizing solution
(100mM KClI, 65 mM NaCl, 1.2 mM MgCl, , 1.5 mM CaCl,, 10 mM HEPES, 10 mM
Glucose 160 mM Na, pH 7.4) for a final concentration of 50 mM . The other half was
diluted with Normal Kreb's solution to a final concentration of 5 mM KCI (control). The
samples were incubated for 30 min at 37°C and centrifuged at 2,000 g for 4 min.
Supernatants were collected, concentrated using Vivaspin 500 concentrators 10 kDa cut off
(GE Healthcare, Little Chalfont, UK) and resoled by 10-20% Tris-Glycine gradient gel
(Invitrogen) under reducing conditions followed by transferring to PVDF membrane and
probing with HT7 total tau antibodies.

Statistical analysis

RESULTS

Data are presented as means + SEM. Student's t tests were calculated using Microsoft Excel
or the Vassarstat interactive statistical website (http://vassarstats.net/); Richard Lowry,
Poughkeepsie, NY, USA). Tau release analyses were performed using analysis of variance
and Bonferroni's post hoc multiple comparison tests (Sigma Plot 11.0, Systat Software, San
Jose, CA).

Tau protein is abundant in normal and AD cortical synapses

Parietal cortex samples (Brodmann area 39 & 40; PMI less than 12h) were obtained from
confirmed AD and control cases. Control cases included aged cognitively normal controls
and neurologic controls with non-AD diagnoses (see Table 2). Synaptosomes are intact
resealed nerve terminals, primarily presynaptic with some adherent post-synaptic structures,
formed when fresh samples are gently homogenized in isotonic sucrose (Gylys et al. 2004a,
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Sokolow et al. 2012a, Sokolow et al. 2012b, Sokolow et al. 2012c). Synaptosome particles
contain synaptic structures in situ, including mitochondria and exocytotic elements; the
preparation has been used for decades to study neurotransmitter release and synaptic
function (Dunkley et al. 2008, Wilhelm et al. 2014).

The focus of the present study was to measure various forms of tau (i.e. non-phosphorylated,
phosphorylated and cleaved) in AD compared to control synapses.

For the present experiments, samples were first cryopreserved and later homogenized to
obtain the P-2 (crude synaptosome; synaptosome-enriched) fraction. Flow cytometry
analysis was used to examine tau in a large and highly pure population (5,000 events/
sample) of human cortical synaptosomes within the P-2 fraction. Tau protein was quantified
using the monoclonal antibody HT7, generated against normal and PHF-tau (total tau) from
human and bovine brain; the epitope maps to residues 159-163 (Table 1), which is near the
center of full-length tau. Figure 1A demonstrates a positive control sample immunolabeled
for the presynaptic docking protein SNAP-25. Background labeling is also illustrated for a
representative sample in Fig. 1B. The positive control reveals the degree to which non-
synaptic elements are excluded from analysis when a gate is drawn to include only particles
between 0.75-1.5 microns on forward scatter, which is proportional to particle size. When
collecting events based on size and the use of viability dyes (e.g. calcein-AM, fluo-4), we
previously documented the membrane integrity, the inclusion of mitochondria and exclusion
of debris, and the ~95% purity of synaptosomes in the P-2 (Gylys et al. 2004a, Sokolow et
al. 2012c, Gylys et al. 2000, Sokolow et al. 2011, Sokolow et al. 2012a), which compares to
~87% purity for gradient-purified synaptosomes (Wolf & Kapatos 1989).

Flow cytometry allows quantification of the size of the immunolabeled fraction (% positive)
as well as the brightness of the immune-fluorescent signal (Relative Fluorescence Units
[RFU]) for individual synaptosomes within each sample (Gylys et al. 2000, Sokolow et al.
2012b). High levels of tau labeling (~ 75% positive terminals) are illustrated in
representative aged normal control (Fig. 1C), and aged AD synaptosomes (Fig. 1D).The bar
graph compares the mean levels of synaptic total tau and p-tau quantified by flow cytometry
in AD vs. control synaptosomes (Fig. 1E). The positive fraction of HT7 immnunolabeled
tau protein was large, ~ 75% positive, in both AD (n = 7) and control (n = 5) synapses (Fig.
1E). In contrast, p-tau immunoreactive species were relatively low (4 - 20% positive) but
elevated in AD compared to normal synapses when labeled with either AT100 (19.73 £ 5.6
vs. 3.72 £ 1.2; p < 0.03) or pS#22 (10.22 + 2.0 vs. 3.32+1.0; p < 0.02) antibodies (Fig. 1E).

To exclude the possibility that abundant synaptic tau is a feature unique to surviving
terminals in aged and AD parietal cortex, we next examined total tau expression in AD
synaptosomes isolated from parietal cortex, hippocampus and cerebellum. We then
compared total tau expression in these three brain regions (Fig. 1F). Similar to parietal
cortex results, hippocampal and cerebellar synaptosomes display relatively high levels of
tau, with no difference observed in the size of the positive fraction (left bars - % pos.);
however the brightness of labeling (right bars - RFU) was reduced by half in cerebellum
compared to parietal cortex (58.52 + 5.4 vs. 25.15 + 3.3 RFU; p <0.001; N=4 and N = 6,
respectively). No difference in RFU (47.69 £ 3.31; N = 4) vs. 58.52 + 6.90; N = 7) was
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observed between regions playing an important role in AD etiology (i.e. hippocampus and
parietal cortex). Taken together, Figs. 1 E and F indicate that tau protein is abundant in both
AD and normal cerebral samples; the elevated RFU for total tau in AD parietal cortex and
hippocampus compared to the AD cerebellum likely reflects HT7 immunolabeling of
hyperphosphoryled tau in regions affected by the disease.

Tau in synaptosomes is divided between soluble and detergent-soluble pools

Because tau is generally considered to be a soluble protein, we extended our flow cytometric
observations, using a bead-based immunoassay to measure total tau level in aqueous (i.e.
detergent-free) and detergent-soluble extracts. Sequential extractions were performed on AD
and normal P-2 fractions - the P-2 fraction (crude synaptosome or synaptosome-enriched
fraction) was used to have sufficient tissue for analysis. For the preparation of the initial
aqueous soluble extract, washed P-2 pellets were sonicated in detergent-free buffer (i.e. Tris/
sucrose). The agueous extract was then isolated by ultracentrifugation and the resulting
pellet was then sonicated in buffer plus detergent (1% N-laurylsarcosyl) to produce the
detergent soluble lysate (NLS).

Using this technique, we have previously reported p-tau to be elevated in the aqueous and
NLS extracts derived from AD synapses compared to controls (Henkins et al. 2012). In this
present analysis, total tau did not differ between aged normal controls and AD samples in
either extracts (Fig. 2A). Total tau was evenly distributed between the two fractions, with ~
45% of the total tau level in the aqueous and 55% in the detergent-soluble fractions for both
AD and normal cases (data not shown). These results indicate that in aged normal control
and AD synapses, a significant fraction of synaptic tau requires detergent solubilization.

Tau dimers and a 20 kDa fragment are elevated in AD synapses

To further extend our flow cytometric observations, we next examined the molecular weight
of all tau forms present in nerve terminals using immunoblotting technique. We have
previously documented a ~ two-fold enrichment for pre- and post-synaptic proteins in
washed P-2 fractions (Sokolow et al. 2012a), and we have also demonstrated the high degree
of correlation between flow cytometry (‘pure” synaptosomes’) and Western blot measures of
AP and p-tau peptides (Sokolow et al. 2012a, Sokolow et al. 2012c, Fein et al. 2008).

In the present study, our immunblots included P-2 fractions from a series of AD (N = 7) and
aged normal control (N = 4) parietal cortex samples (Fig. 2B; case information and lane
number for Figure 2 is indicated in Table 2). The series also included three non-AD
comparison cases, two with Parkinson's disease (PD), and a tauopathy case without diffuse
or neuritic plaques that showed striking tau-immunoreactive neurofibrillary tangles and
neuropil threads on neuropathological examination (Table 2). The neurologic controls (i.e.
aged normal control, PD and tauopathy) were included to determine the disease specificity
of synaptic pathology in AD, and to document mixed pathology. For example, one of the PD
cases displayed mixed pathology with a 2-year history of dementia; a Lewy body AD
diagnosis was considered for this case. Of a note, we have previously reported a detailed
examination of A peptide species in the same set of cases (Sokolow et al. 2012a).
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Our analysis of synaptosomal tau immunodetection with HT7 antibody revealed that the
major immunoreactive band was the extended tau form (~55 kDa; Fig. 2B). No difference in
total tau expression was observed in AD vs. controls (Fig. 2C). A ladder of probably tau
fragment bands ranging from 35-50 kDa were also observed in controls and to a lesser
extend in AD (Fig. 2B). Consistent with recent observations in AD homogenates (Patterson
et al. 2011), an immunoreactive band at ~120 kDa was observed in most AD cases (relative
intensity 50.54 vs 1.19; p<0.001) and indicates the presence of tau dimers in AD synapses
(Figs. 2B-2C). Another major immunoreactive band was consistently observed at about 20
kDa, and this tau truncated fragment was increased in AD compared to aged control samples
(p <0.01; £16.7 vs. 35.28+4.2; p < 0.04; Figs. 2B-2C). Alpha-synuclein (a-syn), a
presynaptic protein localized to synaptic vesicles, was reduced in AD synaptosomal
fractions (p < 0.05), and likely reflects synapse loss and dysfunction in surviving synapses
(Figs. 2B-2C).

Most synaptic tau is truncated at the C-terminus

Because evidence indicates that cleavage of tau, particularly by caspases, plays an important
role in tau aggregation (Wang et al. 2007, de Calignon et al. 2010, Gamblin et al. 2003, Yin
& Kuret 2006, Ding et al. 2006, Rissman et al. 2004) and secretion (Plouffe et al. 2012), we
next immunolabeled synaptosomes with specific antibodies directed either at the tau N- or
C-terminus (tau 12 and tau 46, respectively; Fig. 3).

We first quantified the levels of N-term and C-term tau using flow cytometry analysis.
Representative aged normal and AD samples immunolabeled with the N-terminal antibody
(tau 12) are illustrated in Figs. 3A and 3B respectively, and the analysis with the C-terminal
antibody (tau 46) is shown in Figs. 3C and D. The aggregate data confirms the abundance
of synaptic tau with ~65-80% of synaptosomes immunopositive for the tau 12 N-terminus
antibody (Fig. 3E-left bars). In contrast, only 15-25% of synaptosomes in AD and control
synapses were immunoreactive for the tau 46 C-terminus antibody (Fig. 3F —right bars). A
significant increase of C-terminal tau immunofluorescence in AD compared to aged normal
synapses is revealed in Fig. 3F (right bars). A trend for an increase in the N-terminal tau
immunofluorescence in AD (p > 0.05) is also reported in Fig. 3F (left bars). Observed C-
and N-terminal tau levels did not correlate with the case PMI (data not shown). Experiments
with an antibody directed against tau cleaved at aspartate 421 (D421) did not reveal a
difference in caspase-cleaved tau in AD (data not shown), suggesting synaptic C-terminal
tau cleavage is not associated with altered caspase activity.

Using the tau 12 and tau 46 antibodies, P-2 preparations were next analyzed by Western blot
to obtain size information (Figs. 3G-3H). On immunoblots probed with tau 12, tau species
with an intact N-terminus occurred in a group of bands ranging from 40-53 kDa. In
addition, SDS-stable tau oligomers with a smeared appearance were detected with tau 12 in
two aged control cases (lanes 1 & 2) and three AD cases (lanes 9, 12 &14; Fig. 3G). Longer
exposures with this antibody revealed oligomerization in all AD and PD cases including the
tauopathy case (data not shown).
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Confirming flow cytometry analysis, when synaptosomal preparations were probed with tau
46, low levels of full-length tau with an C-terminal domain (40 — 55 kDa) were detected in
both control and AD cases. Additionally, there were no tau 46 immunoreactive tau
fragments (Fig. 3H). Taken together, our immunoblotting results suggest that cleaved tau
oligomers and tau dimers, detected with total tau antibody HT7, are mainly truncated at the
tau C-terminus and preferentially accumulate in AD synapses (Fig. 2H).

Depolarization-induced release of presynaptic tau

To determine whether tau is released from the presynaptic compartment following KCI-
induced depolarization, we used cryopreserved P-2 aliquots from postmortem AD and
normal cases (Table 2). Immunoblots blots with the HT7 antibody were used to assess
synaptosomal tau release into the supernatant following depolarization with Kreb's buffer
containing 50 mM KCI. As illustrated in Fig. 4A, the extended tau form (~ 55 kDa), the
truncated tau fragment (~ 20 kDa) as well as other N-terminal tau fragments (35-50 kDa)
are released following depolarization. We quantified full length tau by measuring the
relative intensity of HT7 immunodetection signal. Two-way ANOVA revealed a significant
treatment X diagnosis interaction [F1 1o = 4.94, P < 0.046]. Higher levels of tau are released
from AD nerve terminals stimulated with KCI 50 mM (4092.3 + 950.1, N = 5) compared to
control cases (682.7 + 255.8, N =3, p = 0.001) (Fig. 4B). Tau release was also significantly
higher in AD synaptosomes stimulated with KCI 50 mM (depolarizing Kreb's buffer; dep)
(4092.3 + 950.1) compared to baseline release (hormal Kreb's - 5 mM KCI; con) (1252.2 +
197.2, N =5, p = 0.002). There was no difference in tau release between both conditions in
control synaptosomes (414.3 + 65.3 vs.682.7 £+ 255.8, at 5 and 50 mM KCI respectively, N =
3, p > 0.05).0ur findings indicate that AD synaptosomes are more susceptible to KCI-
induced depolarization compared to control synaptosomes (Fig 4A-B).

DISCUSSSION

Tau protein is a critical player in AD pathogenesis (Rapoport et al. 2002, Roberson et al.
2007), but little is known about tau and other structural proteins in the synaptic
compartment. In the current study using human synaptosomes isolated from aged control
and AD cerebra, we made three important discoveries about synaptic tau. First, we
demonstrate that tau is abundant in the synaptic compartment. Our flow cytometry
experiments using total tau antibody showed that tau is present at high levels in ~75% of
both normal and AD synapses. This finding suggests that high level of synaptic tau is not
associated directly with AD pathology, as similar tau levels are observed in aged control and
cerebellar synapses. Second, we showed that the main synaptic tau species found in normal
and AD are C-truncated. Significantly higher percentage of AD terminals were positive for
C-terminal-truncated tau compared to controls. In addition, higher levels of tau fragments
and dimers were present in AD synaptosomes and are likely to contribute to tau aggregation
and downstream pathology. Third, we demonstrated that tau peptides are released from
control and AD synaptic terminals following depolarization. Interestingly, we found that
higher levels of tau are released from AD nerve terminals compared to controls. The latest
has important implications for current hypotheses about the spread of tau pathology in AD.
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Tau is most often considered in the context of microtubule stabilization and is well-known
to be localized to axons in normal neurons (for review see (Morris et al. 2011). But the
translocation of tau in the synaptic compartment was recently reported by Frandemiche et al.
who also suggested different tau dynamics between synapses containing or lacking Ap
(Frandemiche et al. 2014). In the current study, biochemical measures of total tau confirms
the abundance of tau species (e.g. full length, dimers and fragments) in synapses. The
abundance of synaptic tau could follow from release from interior endosomal/lysosomal
compartments, a widespread system within synapses and activated in AD brain (Cataldo et
al. 1995, Nixon et al. 2000, Nixon et al. 2005, Bernstein et al. 1996). Additionally, we
showed that detergent solubilization is required to measure approximately half the tau in
synapses. Tau is a primary component of insoluble deposits in AD and other tauopathies, but
is generally considered to be a highly soluble protein that is resistant to aggregation in the
absence of disease. Because tau is detergent-soluble in both aged normal control and AD
synapses, our results indicate membrane interaction and/or localization within intraterminal
endosomes that may influence tau function within the synapse. Reduced solubility or altered
localization may also be age-related, and may provide an explanation for some of the age
dependence of multiple tauopathies. Alternatively, detergent-extracted synaptic tau may
reflect plasma membrane and lipid raft-associated tau that may contribute to signal
transduction (Leugers & Lee 2010).

We and others have previously reported the presence of synaptic tau oligomers, which have
been suggested as toxic intermediates that occur prior to intraneuronal fibril and tangle
formation (Maeda et al. 2006, Maeda et al. 2007, Sahara et al. 2007, Meraz-Rios et al. 2010,
Lasagna-Reeves et al. 2010, Henkins et al. 2012, Tai et al. 2012) and mediate synaptic and
mitochondrial dysfunction (Lasagna-Reeves et al. 2011). Tau oligomers have been
identified in vivo and in vitro; on immunoblots with p-tau antibodies SDS-stable tau
oligomers generally appear as dimers or trimers; native in vitro oligomers have been
observed to be ~1843 kDa, corresponding to 40 molecules of tau (Maeda et al. 2007). In AD
brains, a smeared appearance is sometimes observed for SDS-stable tau oligomers,
indicating the presence of modified and fragmented forms of tau along with full length tau in
AD (Maeda et al. 2006, Henkins et al. 2012). The importance of soluble tau oligomers is
highlighted by the recent observation that curcumin treatment suppresses soluble tau dimers
in aged human tau transgenic mice (Ma et al. 2013).

There is controversy in the literature with respect to tau fragments, with a number of reports
suggesting that a calpain-cleaved 17 kDa fragment is neurotoxic in vivo (Roberson et al.
2007) and in primary neuronal cultures (Park & Ferreira 2005). However, characterization
by Garg et al., suggests that the “17 kDa” fragment is really smaller (10.7 kDa), and is
induced by other stressors (e.g. glutamate, thapsigargin) than AB; these authors conclude
that this fragment is not toxic to cultured neurons (Garg et al. 2011). Cleavage of tau by
caspase has also been suggested as an early event in tangle formation (Rissman et al. 2004);
in particular, a caspase-truncated (Asp 421) tau fragment that has been observed in NFTs
and dystrophic neurites in AD brain (Gamblin et al. 2003). More recently, the same caspase
cleavage event was observed to occur just before tangle formation in vivo, and subsequently
led to intracellular aggregates, phosphosphorylation, and recruitment of full-length tau into
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the aggregate (de Calignon et al. 2010). In Hela cells overexpressing human tau, caspase
cleavage at the C-terminus occurs prior to tau secretion (Plouffe et al. 2012). However, we
did not detect caspase-cleaved tau in our experiments, suggesting that other proteases may
contribute more to tau aggregations in the synapse. Alternatively, additional cleavage events
may alter the D421 epitope over time in our primarily late-stage AD samples, or subsequent
tau aggregations may obscure its detection.

The fragment we observe seems closer to 20 kDa, and a good deal of evidence links a 20-22
kDa NH2- tau fragment to synaptic dysfunction via disruption of mitophagy and
mitochondrial dynamics (Amadoro et al. 2010, Amadoro et al. 2012, Amadoro et al. 2014a).
This tau fragment was recently reported as a potential biomarker of neurodegenerative
diseases associated with cognitive decline(Amadoro et al. 2014b), and seems most likely to
correspond with the fragment we observe in AD synaptic terminals. Because C-terminal
truncation occurs in control as well as AD synapses, the post-mortem interval may also
contribute to tau fragmentation in human studies. However, the large literature associating
tau fragments with downstream toxicity signaling and the lack of correlation of either
fragment with the PMI argues against this explanation.

Our finding that depolarization-induced release of tau from AD nerve terminals provides
direct evidence that tau is released from the synaptic compartment and is consistent with a
large body of evidence that extracellular tau may be toxic (Gomez-Ramos et al. 2006, Karch
et al. 2012). We have previously confirmed a long history of EM evidence documenting
spherical presynaptic nature of synaptosomes (Fein et al. 2008, Dunkley et al. 2008,
Wilhelm et al. 2014); presynaptic release is consistent with recent results that extracellular
tau levels are regulated by neuronal activity (Yamada et al. 2014). In particular, increased
tau release by AD synapses documents a mechanism long observed in human pathology and
shown in vivo for the regional spread of tau pathology (Liu et al. 2012, de Calignon et al.
2012, Braak & Del Tredici 2011). Interestingly, neuron-to-neuron propagation of distinct
strains of misfolded tau has recently been shown (Frost et al. 2009, Sanders et al. 2014).
Release of tau from neurons and/or synapses is also in line with the finding that total tau and
p-tau are increased in CSF of patients with AD, particularly those with rapidly progressing
dementia (Johnson et al. 1997, van Rossum et al. 2012). Since CSF levels of tau and p-tau
are widely considered to be among the most useful biomarkers for neurodegeneration, it
seems likely that high synaptic levels of tau contribute to elevations in extracellular and CSF
tau during synapse loss and cell death. Indeed, tau has recently been shown to be elevated in
brain extracellular fluid and predict adverse outcome after traumatic brain injury in a small
group of intensive care unit patients (Magnoni et al. 2012). Extracellular tau has also been
associated with exosomes (Saman et al. 2014, Saman et al. 2012), underscoring the
importance of understanding the relative contributions of passive tau release and tau that is
released as a consequence of neuronal or synaptic loss.

Tau ablation does not produce major neurologic deficits (Morris et al. 2011), and a number
of studies have shown that tau is required for the full expression of AD pathology in animal
models (Santacruz et al. 2005, Andrews-Zwilling et al. 2010, Ittner et al. 2010, Roberson et
al. 2007, Roberson et al. 2011). Our data indicate that in AD, C-terminal truncation and
fragmentation of synaptic tau are likely to further exacerbate tau aggregation and synaptic
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dysfunction. The present results reveal that tau is abundant in the presynaptic compartment
and can also be released from the synapse. This previously unrecognized pool of cleaved
and released tau would be expected to significantly impact synapse dysfunction and loss in
AD as well as the propagation of tau pathology within the brain. Continued study of tau
release mechanisms operating in the synaptic compartment is vital for identification of novel
therapeutic targets.
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Fig 1. Flow cytometry analysis of tau and p-tau in AD and aged control synaptosomes
Representative density plots in an AD parietal cortex sample immunolabeled for SNAP-25

as a positive control and indicator of synaptosomal purity (A) and non-immune 1gG (B), and
representative density plots compare tau immunolabeling with the HT7 antibody in an aged
normal control case (C), and an AD case (D). (E) Size of positive synaptosome fraction for
the total tau (HT7) and p-tau antibodies (AT100, pS*22) in aged controls (n=5) and AD
cases (n=7); (F) Size of positive synaptosome fraction (left bars) and brightness of
immunolabeled synpatosomes with total tau (HT7) (RFU, relative fluorescence units — right
bars) for the AD parietal cortex (N = 4), hippocampus (N = 7) and cerebellum (N = 6)
samples; data was collected from 5,000 terminals for each sample, *p<0.05.
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Fig. 2. Biochemical analysis of tau in synaptosome-enriched fractions (SEF, P-2, crude
Ssynaptosomes)

(A) Distribution of tau in sequential buffer and detergent (1% N-laurylsarcosyl) extracts
measure by bead-based immunoassay: MFI=mean fluorescent intensity (B) Western blot
analysis of tau peptides (HT7 antibody) in a series of aged normal control (N = 4) and AD
samples (N = 7). Controls include 2 Parkinson's disease cases and 1 tauopathy case (t); the
right PD case (lane 6) had a 2-year history of dementia; case information is presented in
Table 2 (C) Quantification of Western blot in B; *p<0.05, ** p<0.01.
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Fig. 3. C-terminal truncation of synaptic tau
(A-F) Flow cytometry analysis for a series of aged normal controls (N = 3) and AD (N = 6)

cases; data was collected from 5,000 terminals for each sample. Representative density plots
are shown for a normal control (A) and an AD (B) sample immunolabeled with an antibody
against the tau N-terminus (tau 12), and for a normal (C) and an AD (D) sample labeled for
the tau C-terminus (tau 46) . (E) Percentage of synaptosomes detected with an intact N- and
C-terminus; (F) Brightness of fluorescence for N- and C-terminal tau (RFU, relative
fluorescence units); *p<0.05, ** p<0.01. (G-H) Western analysis of SDS-PAGE is shown
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for tau with an intact N-terminus (tau 12; G) and and intact C-terminus (tau 46; H) for a
series of aged normal control (N = 4) and AD samples (N = 7). Controls include 2
Parkinson's disease cases and 1 tauopathy case (t); case information (same as for Fig. 2B) is
presented in Table 2.
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Fig. 4. Depolarization-induced tau release from AD and control nerveterminals
(A) P-2 samples were incubated 5 min with 50 mM KCI depolarizing solution (dep) or 5

mM KCI control buffer (con). Western SDS-PAGE analysis of supernatants using the HT7
antibody is shown. N are cognitively normal cases, AD are late stage AD cases. (B) Bar
graph illustrating tau release following KCl-induced depolarization. Each bar represents the
mean (£ S.E.M.), **p< 0.01.
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Table 1
List of tau and phosphorylated tau antibodies
Antibody Type Epitope Source
HT7 Mouse monoclonal | a.a. 159-163 Pierce Biotechnology, Rockford, IL
Tau 12 (N-terminal) Mouse monoclonal | a. a.9-18 Abcam, Cambridge, MA
Tau 46 (C-terminal) Mouse monoclonal | a. a. 428 - 441 Abcam, Cambridge, MA
Phospho-PHF tau AT8 Mouse monoclonal | pSer202/pThr205 | Pierce Biotechnology, Rockford, IL
Phospho-PHF tau AT100 | Mouse monoclonal | pSer212/pThr214 | Pierce Biotechnology, Rockford, IL
Phospho-PHF-1 Mouse monoclonal | pSer396/pSer404 | Kindly provided by Dr. Peter Davies, Albert Eisntein College of
Medicine, NY
Phospho-S422 (pS422) Rabbit polyclonal pSer422 Biosource-Invitrogen-Life technologies, Carlsbad, CA
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Lane Sex Age PMI(h) Braak & Braak score Parietal tau pathology
Normal cases Sparse NFT (Gallyas)
1 726 F 97 55 - 0 NFT (Gallyas)
2 774 M 93 6 - 0 NFT (Gallyas)
3 779 F 88 12 - 0 NFT (Gallyas)
15_09* M 82 14.9 N with hippocampal sclerosis 0 (PHF1 ICC)
726 97 8.5 - 0 NFT (Gallyas)
4 789*# F 105 9 - 0 NFT (Gallyas)
758 # M 93 85 - 0 NFT (Gallyas)
82 4# F 86 125 - 0 NFT (Gallyas)
PD Cases
5 711 M 74 7.8 PD 0 NFT (Gallyas)
6 720 M 63 35 PD vs. Lewy body AD 2 yr dementia  Sparse neurpil threads (Gallyas)
7 024 tauopathy F 72 5 dementia
AD cases
8 782 F 89 12 1V-V; 10 yr dementia freq NFT; sparse neuropil threads (Gallyas)
9 028* F 91 7 VI; 7 yr dementia abundant NFT; dense neuropil threads (tau ICC)
10 102 F 80 11 VI; 7 yr dementia mod-high NFT; prom. neuropil threads (tau ICC)
11 716* F 86 5 VI; 11 yr dementia freq NFT; sparse neuropil threads (Gallyas)
12 730 F 76 3.6 VI; 26 yr dementia freq NFT; freq neuropil threads (Gallyas)
13 718* M 83 7 V; 2 yr dementia mod NFT; mod neuropil threads (Gallyas)
14 776 F 99 115 V; 2 yr dementia sparse NFT (Gallyas)
809* M 65 5.5 V; 11 yr dementia freq NFT; mod neuropil threads (Gallyas)
731* F 87 10 V; 5 yr dementia mod NFT; sparse neuropil threads (Gallyas)
10-09" F 82 45 \% +++ NFT (PHF-1 ICC)
9-09 M 87 6 \Y 0 NFT (PHF-1 ICC)
8—12# M 92 4 1l 0 NFT (PHF-1 I1CC)
22_12# M 93 6.5 - 0 NFT (PHF-1 ICC)
37_11# F 94 8 Vi ++ NFT (PHF-1 ICC)
12_12# F 82 7 \Y| ++ NFT (PHF-1 ICC)

Lane column refers to Fig.2B

Fig.3

#_
Fig. 4
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