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Abstract

Microtubule-associated protein tau in Alzheimer’s disease (AD) brain is hyperphosphorylated, truncated, and aggregated into
neurofibrillary tangles. Oligomeric and hyperphosphorylated tau (Oligo-tau) isolated from AD brain captures and templates
normal tau into filaments both in vitro and in vivo; this prion-like activity is believed to be responsible for the progression of
neurofibrillary pathology in AD. The 3xTg-AD mouse model develops both A3 and tau pathologies and thus gains popularity in
preclinical studies of AD. Despite the histopathological similarity of the 3xTg-AD model to AD, biochemical authenticity of tau
alterations in this model remains elusive. To investigate the biochemical basis of tau pathology in 3xTg-AD brain, we here
compared pathological alterations of tau in the aged 3xTg-AD brain to those in AD brain. We found that in contrast to substantial
high molecular weight smear tau (HMW-tau) lacking the N-terminal portion and hyperphosphorylated at multiple sites in AD
brain, tau in 3xTg-AD mouse brain showed no detectable HMW-tau or truncation but slightly increased phosphorylation when
normalized with total tau. In addition, AT8 immunostaining exhibited filamentous tau inclusions in AD brain, but predominantly
truffle-like morphology in aged 3xTg-AD mouse brain. Further, Oligo-tau isolated from 3xTg-AD mice showed minimal
potency in capturing tau in vitro and seeding tau aggregation in cultured cells when compared to AD Oligo-tau. These findings
suggest that the alterations of tau in 3xTg-AD mouse brain differ from those in AD brain. In 3xTg-AD mice, the lack of N-
terminal truncation, scarce SDS/reducing reagent-resistant HMW-tau, and minimal hyperphosphorylation may collectively result
in low potency in prion-like activity of the Oligo-tau.
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Introduction

Alzheimer’s disease (AD) is multifactorial and involves dif-
ferent etiopathogenic mechanisms [1, 2]. Histopathologically,
AD is characterized by numerous intraneuronal neurofibril-
lary tangles (NFTs), extracellular deposits of 3-amyloid as
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cores of neuritic (senile) plaques, and neurodegeneration of
the brain, especially the hippocampus and the neocortex.
Clinico-pathological correlation studies have shown that the
number of NFTs, but not of amyloid plaques, correlates with
the degree of dementia in AD patients [3—6] .

NFTs are composed of hyperphosphorylated and aggregat-
ed microtubule-associated protein tau (MAPT) [7, §].
The biological activity of tau is regulated by its degree of
phosphorylation. In AD brain, tau is abnormally
hyperphosphorylated, truncated, and aggregated to form
paired helical filaments (PHFs)/NFTs [9-11].
Hyperphosphorylation of tau inhibits its activity in promoting
microtubule assembly [10, 12]. Furthermore, phosphorylation
and truncation of tau promote its aggregation [13, 14]. Unlike
normal tau, the hyperphosphorylated and oligomeric tau from
AD brain (AD p-tau) captures normal tau and templates it into
filaments [10]; this phenomenon was recently called a prion-
like property, which might be the molecular basis of the
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propagation of tau pathology [15—17]. The prion-like seeding
and templating of normal tau by AD p-tau in vitro are
inhibited by its prior dephosphorylation [10, 11].

NFTs are initially seen in the entorhinal cortex, then appear
in the hippocampal formation and some parts of the neocortex,
followed by most of the neocortex. This process was identi-
fied by Braak and Braak and named the Braak Stages [18, 19].
Thus, tau pathology in AD develops progressively in anatom-
ically connected regions of the brain. Similar to steps in prop-
agation of tau pathology seen in AD, the propagation of tau
pathology was induced experimentally by injection of tau ag-
gregates isolated from AD brains or produced in vitro into
mouse brain [20-26]. In addition, tau aggregation is induced
in cultured cells by adding tau aggregates into the culture
medium [27, 28]. Thus, aggregated tau seeds template tau
aggregation in vitro and in vivo in a prion-like fashion [15,
29], the basis of the spreading of tau pathology in vivo.

The 3xTg-AD mouse is a widely used AD mouse model; it
contains three mutations (APP Swedish, MAPT P301L, and
PSEN1 M146V) in the brain [30] and develops A3 plaques
and tau pathology in the hippocampus from 6 months of age
[31]. However, a comprehensive comparison of the patholog-
ical alterations of tau in AD and 3xTg-AD mouse brains is not
available. Here, we analyzed the pathological changes of tau
in AD brain and 3xTg-AD mouse brain by using Western
blots and by determining the prion-like activity of their
cytosolic/oligomeric tau (Oligo-tau). We found that tau in
AD brain was abnormally hyperphosphorylated, truncated at
the N-terminus, and exhibited high molecular tau (HMW-tau)
smear in Western blots, whereas these alterations were not
seen in the aged 3xTg-AD mouse brains. Oligo-tau from AD
brains, but not from aged 3xTg-AD mouse brains, was abnor-
mally hyperphosphorylated, truncated, and presented as
HMW-tau smear. Oligo-tau from AD brain was much more
potent in capturing tau in vitro and in seeding tau aggregation
in cultured cells than that from 3xTg-AD mouse brain.

Materials and Methods
Human Brain Tissue

Frozen frontal cortices from autopsied and histopathologically
confirmed AD and age-matched normal human brains
(Table 1) were obtained without identification of donors from
the Sun Health Research Institute Donation Program (Sun
City, AZ, USA). Brain samples were stored at —80 °C until
used. The use of autopsied frozen human brain tissue was in
accordance with the National Institutes of Health guidelines
and was exempted by the Institutional Review Board (IRB) of
New York State Institute for Basic Research in Developmental
Disabilities because “the research does not involve

intervention or interaction with the individuals” nor “is the
information individually identifiable.”

Animals

The homozygous 3xTg-AD mouse harboring PS1y146v,
APPg., and taup;g; ., transgenes and the wild type (WT) con-
trol mouse (a hybrid of 129/Sv and C57BL/6 mice) were
initially obtained from Dr. F.M. LaFerla [30] through the
Jackson Laboratory (New Harbor, ME, USA; https://www.
jax.org/strain/004807). Tau knockout mice (Tauxp) were
purchased from the Jackson Laboratory [34]. Mice were
housed (four to five animals per cage) with a 12/12 h light/
dark cycle and with ad libitum access to food and water. The
housing, breeding, and animal experiments were in accor-
dance with the approved protocol according to the PHS
Policy on Human Care and Use of Laboratory animals. The
female 3xTg-AD mice were reported to develop amyloid
plaques and tau pathology in the hippocampus from 6 months
of age [31], and the pathologies are predominantly restricted
to the hippocampus, amygdala, and cerebral cortex [30, 35].
Unlike females, 3xTg-AD males show inconsistent and weak
pathology [36-38], and hence only 18-22 months old female
3xTg-AD (~31 g body weight), WT (~36 g body weight),
and Taug animals were used in the present study.

Cell Culture

HEK-293FT cells and HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS) (ThermoFisher
Scientific, Waltham, MA) at 37 °C (5% CO,). Transfections
were performed with Fugene HD (Promega, Madison, WI,
USA) according to the manufacturer’s instructions.

Western Blots and Immuno-dot Blots

The brain tissue was homogenized in cold buffer consisting of
50 mM Tris-HCI, pH 7.4, 8.5% sucrose, 2.0 mM EDTA,
10 mM (-mercaptoethanol, 1.0 mM orthovanadate, 50 mM
NaF, 1.0 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hy-
drochloride (AEBSF), and 10 pug/ml each of aprotinin,
leupeptin, and pepstatin. Brain homogenates were diluted in
2x Laemmli SDS sample buffer at 1:1 ratio, followed by boil-
ing for 5 min. Protein concentration was measured using the
Pierce™ 660nm Protein Assay kit (ThermoFisher Scientific).
Samples were subjected to 7.5% SDS-PAGE and transferred
onto polyvinylidene fluoride membrane (MilliporeSigma,
Burlington, MA).

For immune-dot-blot, different amounts of Oligo-tau sam-
ples were applied onto nitrocellulose membrane (Schleicher
and Schuell, Keene, NH, USA) at 5 ul per grid of 7 x 7 mm in
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Table 1 Human brain tissue of

Alzheimer’s disease (AD) and Case Age at death (year) Gender PMI*(h) Braakstage” Tangle scores®
control (Con) cases used in this
study AD 1 83 F 3.0 VI 12.4
AD2 74 M 2.75 VI 14.66
AD3 79 F 1.5 VI 14.66
AD 4 73 F 2.0 A% 15.00
AD 5 81 M 3.0 Vv 11.00
AD6 76 M 233 VI 15.00
AD7 72 M 25 VI 15.00
AD S8 74 F 2.83 VI 15.00
AD9 76 M 4.0 \Y 15.00
AD 10 78 M 1.83 VI 15.00
Mean + SD 76.60 +3.60 2.57+0.71 14.27+1.40
Con 1 85 M 25 I 425
Con 2 85 F 2.75 I 5.0
Con 3 82 F 2.0 I 425
Con 4 70 F 2.0 I 0.00
Con 5 73 M 2.0 11 2.75
Con 6 78 M 1.66 I 0.00
Con 7 80 M 2.16 I 1.00
Con 8 83 F 3.25 I 0.75
Con 9 82 F 225 I 3.50
Mean + SD 79.78 +5.24 229+048 2.39+1.97

@ PMI postmortem interval; ® Neurofibrillary pathology was staged according to Braak and Braak [32]; © Tangle
score was a density estimate and was designated as none, sparse, moderate, or frequent (0, 1, 2, or 3 for statistics),
as defined according to CERAD Alzheimer’s disease criteria [33]. Five areas (frontal, temporal, parietal, hippo-
campal, and entorhinal) were examined, and the scores were combined for a maximum of 15

size. The blot was placed in a 37 °C oven for 1 h (hour) to
allow the protein to bind to the membrane.

The membrane was subsequently blocked with 5% fat-free
milk-TBS (Tris-buffered saline) for 30 min, incubated with
primary antibodies (Table 2) in TBS overnight, washed with
TBST (TBS with 0.05% Tween 20), incubated with HRP-
conjugated secondary antibody for 2 h at RT, washed with
TBST, incubated with the ECL Western Blotting Substrate
(ThermoFisher Scientific) and exposed to HyBlot CL® auto-
radiography film (Denville Scientific Inc., Holliston, MA).
Specific immunostaining was quantified by using the Multi
Gauge software V3.0 from Fuji Film (Minato, Tokyo, Japan).

Preparation of Oligomeric Tau Aggregates

Oligomeric tau aggregates were isolated from the cerebral
cortex of frozen autopsied AD brains or 22-month-old 3xTg-
AD mouse brains as described by us previously [25]. Briefly,
10% brain homogenate prepared in buffer as above was cen-
trifuged at 27,000xg for 30 min. The supernatant was further
centrifuged at 235,000xg for 45 min and the resulting pellet,
i.e., oligomeric tau aggregates (Oligo-tau), was collected and
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washed three times and then resuspended in normal saline.
The Oligo-tau was probe-sonicated for 10 min at 20% Power.

Tau Capture Assay

Tau, 51391 tagged with HA at the N-terminus was overexpressed
in HEK-293FT cells for 48 h. The cells were lysed in PBS
(phosphate-buffered saline) containing 50 mM NaF, 1 mM
Na3;VOy,, 1.0 mM AEBSF, and 10 pg/ml each of aprotinin,
leupeptin, and pepstatin by probe sonication. The cell lysate
was centrifuged for 10 min at 10,000xg. The supernatant con-
taining HA-tau;s1_39; was stored at — 80 °C until used.

The amount of tau isolated from AD and from 3xTg-AD
mouse brains was determined by immune-dot blots as de-
scribed previously [43]. Same amounts of Oligo-tau from
AD brains and from 3xTg-AD mouse brains were dotted on
nitrocellulose membrane after serial dilution in TBS and dried
at 37 °C for 1 h. The membrane was blocked with 5% milk in
TBS for 2 h and incubated with above cell extract containing
HA-tau;s5;_39; overnight. After washing three times with
TBST, the membrane was incubated with polyclonal anti-
HA (1:2000) in 5% milk in TBST overnight and processed
as immune-dot blot as described above.



Mol Neurobiol (2019) 56:6168-6183 6171
Table 2 Antibodies used in the present study

Antibody Type Specificity Species Source/reference (catalog/lot no.)

111E Poly- Pan tau R Homemade [39]

113E Poly- Pan tau (a.a.19-32) R Homemade

R134d Poly- Pan tau R Homemade [40]

92E Poly- Pan tau R Homemade [39]

43D Mono- Pan tau (a.a. 6-18) M Homemade [41]

63B Mono- Pan tau (a.a. 74-103) M Homemade

HT7 Mono- Pan tau (a.a.159-163) M ThermoFisher Scientific (MN10000/LK152163)
39E10 Mono- Pan tau (a.a.189-195) M Homemade

TAUS Mono- Pan tau (a.a. 210-230) M Millipore (MAB361/1816394)

77G7 Mono- Pan tau (a.a. 244-368) M Homemade

Taud6 Mono- Pan tau (a.a. 404-421) M Invitrogen (13-6400/643302A)

Anti-pS199 Poly- p-tau (S199) R Invitrogen (44734G/0300A)

AT8 Mono- p-tau (S202/T205) M ThermoFisher Scientific (MN1020/P1205175)
Anti-pT205 Poly- p-tau (T205) R Invitrogen (44738G/RD214239)

Anti-pT212 Poly- p-tau (T212) R Invitrogen (44740G/1709582A)

Anti-pS214 Poly- p-tau (S214) R Invitrogen (44742G/0500B)

Anti-pT217 Poly- p-tau (T217) R Invitrogen (44744/785771A)

Anti-pS262 Poly- p-tau (S262) R ThermoFisher Scientific (44-750G/0204)
PHF1 Mono- p-tau (S396/S404) M Dr. Peter Davies

R145 Poly- p-tau (S422) R Homemade [42]

Anti-HA Poly- HA R Sigma (H6908/110M4845)

GAPDH Poly- GAPDH R Sigma (G9545/015M4824V)

Abbreviations: Mono monoclonal, Poly- polyclonal, p- phosphorylated, M mouse, R rabbit

Immunohistochemistry

Free-floating sections, 40 um in thickness, of frontal cortex of
AD (Braak stage V) and brains of 22-month-old female 3xTg-
AD mice were washed with PBS, subsequently subjected to
permeabilization and removal of endogenous peroxidase activ-
ity, blocked with normal goat serum, and then incubated with
mouse monoclonal anti-pS***/pT>*-tau (AT8, 0.2 pg/ml) over-
night at 4 °C. After washing in PBS, the sections were incubat-
ed with horseradish peroxidase—conjugated goat-anti-mouse
IgG (1:2000, Jackson ImmunoResearch) at room temperature
for 2 h, washed and developed in 0.05% diaminobenzidine plus
0.015% hydrogen peroxide. Sections were then mounted on
microscopic slides, air-dried overnight, rehydrated and counter-
stained with Mayer’s hematoxylin, dehydrated in ascending
concentrations of ethanol, cleared in Histoclear, and
coverslipped. Photomicrogaphs were taken on a Nikon 90i dig-
ital microscope. Non-immunized normal goat serum in replace
of AT8 was used as a negative control for immunostaining.

Oligo-tau Seeded Tau Aggregation in Cultured Cells

HeLa cells were transfected with pCI/HA-tau;s;_39; with
FuGENE HD to express tau;s;_39;. Same amount of Oligo-

tau from AD brains or from 3xTg-AD mouse brains was
mixed with Lipofectamin 2000 (0.31% in Opti-MEM)
(ThermoFisher Scientific) in 20 pl for 20 min at RT. The
Oligo-tau/Lipofectamin was added into the cell cultures after
6 h transfection. The cells were fixed for 15 min with 4% PFA
in phosphate buffer 42 h after Oligo-tau treatment, washed
with PBS and treated with 0.3% Triton in PBS for 15 min at
RT. After blocking with 5% newborn goat serum, 0.1% Triton
X-100, and 0.05% Tween 20 in PBS for 30 min, the cells were
incubated with polyclonal anti-HA in blocking solution over-
night at 4 °C, washed with PBS, and incubated with Alexa
488-conjugated-second antibody for 2 h at RT. TO-PRO-3
iodide (5 mg/ml) was used to stain nuclei. After washing with
PBS, the cells were mounted with ProLong™ Gold antifade
reagent (ThermoFisher Scientific) and observed with a Nikon
confocal microscope.

Statistical Analysis

Comparison between two groups was analyzed by unpaired
two-tailed Student’s ¢ test (for data with normal distribution)
or Mann-Whitney U test (for data with non-normal distribu-
tion). For multiple comparisons, one-way analysis of variance
(one-way ANOVA) followed by Tukey’s post hoc test or two-
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way ANOVA followed by Sidak’s multiple comparisons
test was used. For analysis of the correlation, Pearson (data
with normal distribution) correlation coefficient was calculat-
ed. The data are presented as the mean + S.D. p <0.05 was
considered statistically significant.

Results

High Molecular Weight Tau Smear (HMW-tau) Is Seen
in AD but Not in 3xTg-AD Mouse Brains in Western
Blots

To compare the pathological alterations of tau in AD and
3xTg-AD mice, brain homogenates from the frontal cor-
tices of AD and control human cases and from the fore
brain of 18-month-old 3xTg-AD and wild type (WT)
female mice were analyzed by Western blots developed
with polyclonal pan-tau antibodies, 113e, R134d, 92e,
and 1lle, raised in our laboratory since tau pathology
became significantly worse as the mice aged [31]. We
found that brain homogenates from control, AD, WT
mice, and 3xTg-AD mice were immunoreactive to 111e,
R134d, and 92e. As a negative control, we included
brain homogenates from two tau knockout (tauxo) fe-
male mice, which showed no immunoreaction and thus
confirmed the specificity of these pan-tau antibodies. In
the blot developed with 113e, which was raised with 19—
32 a.a. (amino acid) of human tau, tau was detected in
the human brain and 3xTg-AD mouse brain, but not in
WT and taugo mouse brains (Fig. la), suggesting that
113e is a human tau-specific antibody. The other tau
polyclonal antibodies 111e, R134d, and 92e, reacted with
both human and murine tau.

The normal human brain expresses six isoforms of tau.
Their apparent molecular mass in SDS-PAGE was 48 to
67 kDa [44]. Tau proteins from AD are phosphorylated at
several sites, and exhibit a higher molecular weight, 55 to
74 kDa [45]. High molecular weight tau (HMW-tau) smear
in Western blots is a common feature of AD brain [7, 8, 46,
47]. Consistently, we observed HMW-tau smear in AD brain,
but neither in control human nor in mouse brains (Fig. 1a).
The HMW-tau aggregation was SDS- and reducing reagent—
resistant. In the 113e blot, HMW-tau smear was not seen in
AD, control, or mouse brains (Fig. 1a), suggesting that the N-
terminus of tau may be absent or inaccessible in HMW-tau.
Compared with control human brain, the level of tau in AD
brain was increased by 2.5-10-fold (Fig. 1b) dependent on the
antibodies under this condition (Fig. 1b). Compared with WT
mouse brains, the level of tau was increased by 1.4 to 3-fold in
the 3xTg-AD mouse brains, as the result of overexpression of
human taupso L (Flg lb)
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HMW-tau Smear Is Correlated with LMW-tau in AD
Brain

Based on the apparent molecular weights of tau in SDS-
PAGE, we divided tau into three portions, HMW-tau (>
74 kDa), medium molecular weight tau (MMW-tau, 49 to
74 kDa), and low molecular weight tau (LMW-tau, <
49 kDa) (Fig. 1a). To study alteration of tau in AD and control
brains, we quantified three portions of tau by densitometry
and found that almost no HMW-tau was detected in control
brains, but significant amount of HMW-tau in AD brains.
Little or no LMW-tau was detected in control brains, but they
were detectable in AD brains (Figs. 1a and 2a). Quantification
of the blots indicated that in AD brains, there were ~ 6%
HMW-tau, 94% MMW-tau, and no LMW-tau in 113e blot;
28% HMW-tau, 49% MMW-tau, and 23% LMW-tauin 111e
blot; 42% HMW-tau, 45% MMW-tau, and 13% LMW-tau in
R134d blot; and 39% HMW-tau, 50% MMW-tau, and 11%
LMW-tau in 92e blot (Fig. 2a). These data suggest that com-
pared to the control brains, the proportions of HMW-tau and
LMW-tau are increased, leading to reduced segment of
MMW-tau, in AD brain (Fig. 2a).

To study the association between HMW-tau and LM W-tau,
we performed linear correlation analysis. We found that the
ratio of HMW-tau/MMW-tau was correlated with the ratio of
LMW-tau/MMW-tau positively, as detected by 111e, R134d,
and 92e pan-tau antibodies (Fig. 2b). Since no detectable
LMW-tau in 113e blot, we were unable to analyze their cor-
relation. These results suggest that in AD brain, the HMW-tau
is correlated with LMW-tau. Thus, truncation of tau might
promote the formation of HMW-tau.

HMW-tau Smear in AD brains Lacks the N-terminal
Half of the Protein

We recently reported that tau in AD brain is truncated at both
the N- and C-termini but predominantly at the N-terminus
[47]. To extend the study and to determine tau truncation in
AD and in 3xTg-AD mouse brains, we took advantage of
several monoclonal antibodies to specific epitopes of tau
(Fig. 3a) and analyzed tau in AD and 3xTg-AD mouse brains
by Western blots developed with these antibodies (Fig. 3a).
43D targets 6—18 a.a. of human tau (Fig. 3a). We found that
43D could not detect mouse tau (Fig. 3b), confirming its spec-
ificity toward the human protein. The level of tau in AD brains
was increased (Fig. 3b, c). Tau in AD brains displayed an
upward mobility shift, but neither HMW-tau nor LMW-tau
was seen in the 43D blot, suggesting that the N-terminus of
both HMW-tau and LMW-tau was truncated in AD brain.
63B is against the second N-terminal insert (2N) of tau (Fig.
3a). A slight increase in the level of tau in AD brain was ob-
served (Fig. 3b, ¢). Since ON4R-taupsq;, which cannot be de-
tected by 63B, is overexpressed in 3xTg-AD mice, similar
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levels of tau (mouse tau) were observed in WT and 3xTg-AD
mouse brains by using 63B, as expected (Fig. 3b, c). No tau,
but IgG heavy chain (HC), was detected in taugo mouse brains
(Fig. 3b). In AD brains, 63B stained some LMW-tau but not
HMW-tau (Fig. 3b), suggesting that the first 100 a.a. residues
probably are absent in the SDS/reducing reagent-resistant
HMW-tau. There was no detectable LMW-tau in either WT
or 3xTg-AD mouse brains by using 63B (Fig. 3b).

The epitopes of HT7 and 39E10 are a.a.159-163 and a.a.
189—195 of human tau, respectively (Fig. 3a). The level of tau
was found to be increased in HT7 blot but not in 39E10 blot in
AD brain (Fig. 3b). HT7 was reported to be a human specific
antibody [48, 49], but we found weak signal in WT mouse
brain (Fig. 3b). In addition, we observed ~75-kDa bands in
HT7-blots in WT, 3xTg-AD, and taugo mouse brains (Fig.
3b), suggesting the non-specific immunoreaction to these
mouse brain proteins. The level of tau in 3xTg-AD mice
was increased in 39E10-blot (Fig. 3b, c). Similar to 43D and
63B, HMW-tau in AD brains very weakly immunoreacted
with either HT7 or 39E10 (Fig. 3b). Thus, majority of
HMW-tau in AD brain did not contain the first 195 a.a..
Some LMW-tau was detectable in both control and AD brains,
but not in mouse brains by these two antibodies (Fig. 3b).

Tau5 targets tau at a.a. 210-230 (Fig. 3a). The level of tau
was increased in AD and in 3xTg-AD mouse brains compared
with their corresponding controls (Fig. 3b, ¢). No tau was de-
tected by tau5 in Taugo mouse brain (Fig. 3b), confirming its
specificity toward tau. We observed HMW-tau and LMW-tau
in tau5 blot in AD brains (Fig. 3b), indicating that the HWM
smears in AD brain contain tau5 epitope. Consistently, we did
not detect HMW-tau and LM W-tau in either WT or 3xTg-AD
mouse brains (Fig. 3b) under this conditions.

77G7 targets the microtubule-binding repeats of tau (Fig.
3a). We found that 77G7 strongly reacted with all HMW-tau,
MMW-tau, and LMW-tau (Fig. 3b), leading to a marked in-
crease in the 77G7-tau level in AD brain (Fig. 3¢). 77G7 also
reacted with recombinant tau (Data not shown) and tau in WT
mouse brain. These results suggest a high affinity of 77G7 to
AD tau. The level of 77G7-tau was increased, but no HMW-
tau smear or LMW-tau was detected by 77G7 in 3xTg-AD
mouse brain (Fig. 3b, ¢). The specificity of 77G7 was verified
by using taugo mouse brain with only a weak band of IgG
heavy chain (Fig. 3b).

Tau46, an antibody against the C-terminal portion of tau
(Fig. 3a), also reacted with HMW-tau, MMW-tau, and LMW-
tau (Fig. 3b). The levels of tau in AD and 3xTg-AD mouse
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Fig. 2 HMW-tau smear and LMW-truncated tau are increased and
correlated positively in AD brain. a The HMW-tau, MMW-tau, and
LMW-tau in Fig. la were quantified by densitometry and analyzed by
two-way ANOVA followed by Sidak’s multiple comparisons test. The

brains were increased compared with their corresponding con-
trols (Fig. 3a, b). Same as above antibodies, no HMW-tau
smears or LMW-tau were seen in 3xTg-mouse brains with
Tau46 (Fig. 3b).

Taken together, these results suggest that the SDS/reducing
reagent-resistant HMW-tau smear is present only in AD brain,
but not in control human, WT, or aged 3xTg-AD mouse
brains. The N-terminal half of tau may be truncated in the
HMW-tau smear in AD brain. The truncated LMW-tau is in-
creased in AD brain. The level of tau is increased in AD brain
and in 3xTg-AD mouse brain.

Antibody Against the Microtubule-Binding Repeats
Detects the Highest Level of HMW-tau Smear
and Truncated LMW-tau in AD brains

To study the relationship of HMW-tau with the truncation of
tau in AD brains, we analyzed the relative levels of HMW-tau,
MMW-tau, and LMW-tau detected above (Fig. 3b). We found
that consistent to data from Western blots developed with
polyclonal antibodies (shown in Fig. 2), no or trace amount
of HMW-tau in control brains was detected by these mono-
clonal antibodies (Figs. 3b and 4a). Compared with control
brains, LMW-tau and/or HMW-tau were increased in AD
brains in Western blots developed by some monoclonal anti-
bodies (Figs. 3b and 4a), leading to a decrease in the propor-
tion of MMW-tau (Fig. 4a).
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total tau level was defined as 1. The data are presented as mean +
SD; *###¥%p < 0.0001. b The ratios of LMW-tau/MMW-tau are plotted
against the ratio of HMW-tau/MMW-tau. The Pearson correlation
analysis was performed

In AD brains, no or very little of HMW-tau was found in
43D, 63B, HT7, and 39E10 blots, suggesting that the N-
terminal half of tau is not present in the HMW-tau smear.
We also found that 0%, 37%, 12%, and 17% LMW-tau in
AD brain in 43D, 63B, HT7, and 39E10 blots, respectively
(Fig. 4a). Different from the N-terminal antibodies, 32%
HMW-tau, 56% MMW-tau, and 12% LM W-tau were detected
by using tau5, 40% HMW-tau, 19% MMW-tau, and 41%
LMW-tau by 77G7 blot and 56% HMW-tau, 37% MW W-
tau, and 7% LMW-tau by tau46 blot in AD brain (Fig. 4a).

Then we compared the ratio of HMW-tau/MMW-tau or
LMW-tau/MMW-tau in AD brains detected by these mono-
clonal antibodies. We found that antibody 77G7 detected the
highest levels of both HMW-tau/MMW-tau and LMW-tau/
MMW-tau (Fig. 4b, c). These results suggest that the patho-
logical HMW-tau and LM W-tau both may lack the N-terminal
half and the C-terminal end of tau molecules.

Tau Phosphorylation Is Robustly Increased in AD,
but Only Slightly Increased in 3xTg-AD Mouse Brains

To compare the phosphorylation levels of tau between AD
brains and 3xTg-AD mouse brains, we analyzed tau phos-
phorylation by Western blots developed with site-specific
and phosphorylation-dependent tau antibodies (Fig. 5). We
found that phosphorylation of tau was increased robustly at
all sites detected, including Ser199, Ser202/Thr205 (ATS



Mol Neurobiol (2019) 56:6168-6183

6175

37—

250 —
150 —

100—
75—
50 —

7=

250—
150—
100—
75—
50 —
37 -

250—
150 —
100 —
75 —

50 —

37 —

250—
150—
100—
75—

50 —

37 —

250—
150—
100—
75 —

50 —

37—

250—

150—

100—

75— &

50 —
37—

37—

S B S g
N & >
ORI & & o
& o 2 S <<>°\ oY T7G7 o
(] 4 N )
P& S N
1 441
45 74 103 1 244 275 1306 337 368 |
100 200 B 300 400
Con AD \N" 3‘!39'\’0‘“\ c
_ 8 *% 06 Fkkk
H T L] .
0O #
= o 0.44
iee ge  Shaenly salle v 43D < o S %
g 2| ¢ o2
L 1 N
g '§' u"
o— 0.0 I —cpbde——
™ 3 * 15
H 5 [ 1]
. . \ < o = 2
S mesie SRen Gl eessssesms |\ oon S % 3 =
R —— o " 0.5
L (32} o_lo® ]
©
0 T 0.0 T
3 dede 15+ *hkk
= " 5 *
sede o 2 2 ] .
cee- DL LA D °l I
,- - N < [} 3
L N~ 5Te 51
. = .
I L]
. - 3- 3 *kk
O 2 24
BEEIRRNEE © 88 (il cone-O8B |\ OOE10 <) :
L S v e g
o)
™o - 0 T
{ 1H 34 ’:*:‘ 25 badiudid
o 2]
e e T L
L 128 - 101 "%—
] lC_DU o.' 0.54
' p' ".i 0 T 0.0 T
I400 *kkk 2.5+ *%*
D *
%300- - 201 %
77G7 5 b
gZOO- %7 '8 i‘L
1.04
g100- 0.5 =
Ol m—— 0o t—
I1o- *dkdk 2.5+ *kk
E 8 : 2.0 :lI‘—
Tau46 é 6 alm 151 .
S - 1.0- —.%
g 2 0.5
(U | .94
NORE— Eaeans B B Anti-GAPDH! o ;‘ﬁ:”‘ : ool
Con AD WT 3xTg

@ Springer



6176

Mol Neurobiol (2019) 56:6168-6183

<« Fig. 3 HMW-tau smear in AD brains lacks the N-terminus. a Schematic
showing the position of epitopes of tau antibodies used in the present
study. b, ¢ Western blots of brain homogenates were developed with the
indicated tau antibodies (b). Two lines indicate 74 kDa and 49 kDa
respectively. The levels of total tau level are presented as scattered
graphs with mean = SD and analyzed with unpaired two-tailed
Student’s ¢ test for all blots except Mann-Whitney U test for blots of
39E10 and 77G7 for human samples. *p <0.05, **p<0.01,
*k¥p <0.001, **** p<0.0001. Arrowhead, IgG heavy chain; H,
HMW-tau; M, MMW-tau; L, LMW-tau

sites), Thr205, Thr212, Ser214, Thr217, Ser262, Ser396/
Ser404 (PHF-1 sites), and Ser422, in AD brains (Fig. 5a, b).
HMW-tau, MMW-tau, and LMW-tau were all
immunorecognized by these phospho-tau antibodies (Fig.
5a). We found some non-specific signals in blots developed
with anti-pSer262 and anti-pSer422 (Fig. 5a).

We did not find HMW-tau smear or LMW-tau in 3xTg-AD
mouse brains in any blots developed with these phospho-tau
antibodies (Fig. 5a). The phosphorylated tau in 3xTg-AD
mouse brains was increased slightly at all detected sites (Fig.
5a). However, the net phosphorylation level of tau after being
normalized with Tau5 was not increased at Ser199, Ser214,
Ser396/404, or Ser422, while slightly increased at ATS sites,

Fig. 4 Antibodies against various a

Thr205, Thr212, Thr217, and Ser262. Thus, unlike robust
abnormal hyperphosphorylation of tau in AD brain, tau phos-
phorylation was slightly increased site-specifically in 3xTg-
AD mice. In addition, we observed non-specific reactions in
the blots developed with ATS, anti-pT212, anti-pS214, anti-
pT217, anti-pS262, and anti-pS422 (see the bands in Taugg
samples) (Fig. 5).

Oligomeric Tau Aggregates in AD Brains Differ
from Those in 3xTg-AD Mouse Brains

To compare tau pathology in AD brains and in 3xTg-AD
mouse brains, we immunostained the AD and 3xTg-AD mouse
(22-month-old) brain tissue sections with AT8 (pSer202/
Thr205-tau) antibody. The phospho-tau immunostaining of
AD brain sections with ATS8 revealed filamentous inclusions
not only in the somatodendritic compartment of neurons but
also as dystrophic neurites (Fig. 6a). In contrary to compact
filamentous inclusions seen in AD brain, tau pathology in the
brains of the 3xTg-AD mouse model predominantly showed a
truffle-like morphology even when the mice were as aged as
22 months old (Fig. 6a). These observations suggest a marked
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We previously found that hyperphosphorylated and oligo-
meric tau isolated from AD brain captures normal tau in vitro
[11] and templates tau aggregation in vivo [25]. We thus iso-
lated oligomeric tau from AD and 22-month-old 3xTg-AD
mouse brains as described previously [9, 25] and analyzed
them by Western blots. We found that Oligo-tau from 3xTg-
AD and AD brains were immunoreactive with polyclonal tau
antibodies, 111e, R134d, and 92¢ (Fig. 6b). As seen in AD
brain homogenates, we observed HMW-tau in the Oligo-tau

«Fig.5 Tau is abnormally hyperphosphorylated in AD brains and slightly
hyperphosphorylated in 3xTg-AD mouse brains. Phosphorylation of tau
in brain homogenates was analyzed by Western blots developed with site-
specific and phosphorylation-dependent tau antibodies as indicated (a)
and is presented as mean + SD (b) and analyzed with Mann-Whitney U
test. *p <0.05, **p <0.01, ***p < 0.001

difference in the assembly of neuronal tau aggregates between
the 3xTg-AD mouse brains and AD brains.
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of 22-month-old 3xTg-AD mice exhibit truffle-like morphology

Fig. 6 Oligomeric tau from AD brains, but not from 3xTg-AD mouse
(arrowheads) with a small subset of neurons showing less compact fila-

brains, is hyperphosphorylated and aggregated to high molecular weight

smear in Western blots. a Immunostaining for pSer202/Thr205-tau with
antibody ATS reveals distinct morphology of neuronal tau inclusions in the
aged 3xTg-AD mouse brains compared to that in AD brains. In contrast to
filamentous tau inclusions (dark arrows) in the somatodendritic compart-
ment of neurons in AD brain, majority of neuronal tau inclusions in brains
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mentous inclusions (white arrows). Scale bars represent 20 pm. b—d
Western blots of the homogenates from control and AD brains and
Oligo-tau isolated from AD and 3xTg-AD mouse brains were developed
with polyclonal antibodies (b), monoclonal antibodies (¢), and site-specific
and phosphorylation-dependent antibodies indicated (d)
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preparations from AD brains, but not from 3xTg-AD mouse
brains except with Tau46 (Fig. 6b—d). Different from 3xTg-
AD mice, Oligo-tau from AD was almost undetectable by
43D (Fig. 6¢), suggesting that Oligo-tau lacks the N-terminus,
which is consistent with our conclusion that HMW-tau was
truncated at the N-terminus in AD brain based on our results
showed alone in Figs. 1a and 3b.

Oligo-tau from both AD and 3xTg-AD mouse brains was
detectable with HT7 and Tau46 (Fig. 6¢), but Oligo-tau from
3xTg-AD mouse brains was very weakly detected by 77G7
(Fig. 6¢). HMW-tau smears of Oligo-tau from AD brain were
observed in HT7, 77G7, and Tau46 blots, but those from 3xTg-
AD mouse brains were only seen in the blot developed with
Tau46 (Fig. 6¢). Truncated LMW-tau in Oligo-tau from AD
brains was detected by 11le, R134d, 92e, HT7, 77G7, and
Tau46, whereas that from 3xTg-AD mouse brains was showed
in the blots of 111e, R134d, 92e, HT7, and Tau46.

Western blots of Oligo-tau preparations by using
phosphorylation-dependent tau antibodies showed that
Oligo-tau from AD brains, but not from 3xTg-AD mouse
brains, was hyperphosphorylated at Ser202/Thr205 (ATS),
Thr217, Ser262, Ser396/404 (PHF-1), and Ser422 (Fig. 6d).
The HMW-smear and truncated LMW-tau of Oligo-tau
from AD brain also were hyperphosphorylated at these sites
(Fig. 6d). Taken together, these results reveal different path-
ological alterations of Oligo-tau between AD brains and
3xTg-AD mouse brains. Oligo-tau from AD brain is trun-
cated at the N-terminus, hyperphosphorylated, and forms
HMW-tau smear, which resists to denaturing condition, re-
ducing and SDS.

Oligo-tau from AD Brains Has More Potent Prion-Like
Activity Than That from 3xTg-AD Mouse Brains

To compare the prion-like activity of Oligo-tau from AD
brains with that from 3xTg-AD mouse brains, we dotted the
same amount of Oligo-tau, as determined by immuno-dot
blots developed with the mixture of pan-tau antibodies R134
and 92e, with serial dilutions on nitrocellulose membrane
(Fig. 7a). After blocking, the membrane was incubated with
the extract of HEK-293FT/HA-tau,s5;_39;. Tauys;_39; repre-
sents the proteinase-K resistant fragment of PHF [50, 51],
which is prone to aggregation. The captured HA-taus; 39
was then detected with polyclonal anti-HA followed with
HRP-anti-rabbit-IgG. We found that Oligo-tau from AD
brains and from 3xTg-AD mouse brains both captured
tau;s1_301 dose dependently (Fig. 7b, ¢), but Oligo-tau from
AD brain showed much higher ability to capture tau than that
from 3xTg-AD mouse brains, suggesting that Oligo-tau from
AD brains is more potent in the prion-like activity than that
from 3xTg-AD mouse brains.

Tau aggregates are able to seed tau aggregation [27, 28]. To
determine the seeding activity in cultured cells of the two

Oligo-taus, we overexpressed HA-tau;5;_39; in HeLa cells
and added Oligo-tau into the cultures for 42 h. We then im-
munostained the cells with anti-HA. We found that without
adding Oligo-tau, a few cells showed tau aggregates (Fig. 7d,
e). However, a large number of cells with aggregates was seen
after adding Oligo-tau from AD brains (Fig. 7d, e). However,
under this condition, we did not observe significant tau aggre-
gates in cells treated with Oligo-tau from 3xTg-AD mouse
brain (Fig. 7d, e). These results indicate that Oligo-tau from
AD brains, but not from 3xTg-AD mouse brains, seeds tau
aggregation in cultured cells.

Discussion

In the present study, we determined the pathological alter-
ations of tau in AD and 3xTg-AD mouse brains and ana-
lyzed the prion-like properties of Oligo-tau isolated from
these brains. We found that tau exhibited high molecular
weight smears in AD brains, but not in 3xTg-AD mouse
brains. The high molecular weight smear tau lacked the
N-terminal portion and was hyperphosphorylated at mul-
tiple sites. Significant level of low molecular weight trun-
cated tau was also seen in AD brain, but not in 3xTg-AD
mouse brains. We found the filamentous tau staining with
AT8 in AD brains and truffle-like structures in 3xTg-AD
mouse brains. Furthermore, the oligomeric tau isolated
from AD brains, compared to that from 3xTg-AD mouse
brains, showed much strong prion-like activity, including
capture of tau in vitro and templating tau into aggregates
in cultured cells. Thus, very limited pathological alter-
ations of tau were observed in 3xTg-AD mouse brains
in terms of hyperphosphorylation, truncation, aggregation,
and prion-like properties.

Oligomers and PHF-tau are known to present as a
smear in Western blots [7-9, 46]. In the present study,
we found that the high molecular weight smears were
present specifically in AD brains, but not in control hu-
man brains in Western blots, suggesting the HMW-tau is
SDS- and reducing condition—resistant. In addition to
HMW-smear tau, LMW-truncated tau was increased in
AD brain, which correlated positively with the HMW-
tau. The HMW-tau did not react with a pool of antibodies
against the N-terminal portion of tau, including 43D,
113e, 63D, HT7, and 39E10, indicating that the HMW-
tau might not contain the first 200 amino acids and is the
aggregates of the C-terminal half of tau. From the N- to
C-termini, the levels HMW-tau and LM W-tau in AD brain
were found to be increased gradually and peaked at the
microtubule-binding repeat region of tau. The HMW-tau
smear and LMW-truncated tau were not detectable in wild
type or 3xTg-AD mouse brains, suggesting no or minimal
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Fig. 7 Oligomeric tau from AD brains shows far stronger activity to
capture tau and to seed tau aggregation than that from 3xTg-AD mouse
brains. a—¢ Levels of tau in Oligo-tau preparations from AD and 3xTg-
AD mouse brains were analyzed by immuno-dot blots developed with the
mixture of R134d and 92¢ (a). The same amount of tau of Oligo-tau from
AD and 3xTg-AD mouse brains was dotted with different dilutions on
nitrocellulose membrane and overlaid with HA-tau; s, 39;-cell lysate. The

increase in truncation and AD-type tau aggregation in
3xTg-AD mouse brains.

Tau in AD brain was abnormally hyperphosphorylated at
multiple sites. HMW-smear tau was also phosphorylated at all
sites detected in the present study. In 3xTg-AD mouse brain,
human taupsg;;. was overexpressed. However, the level of
phosphorylated tau in 3xTg-AD mouse was not or only slight-
ly increased at specific sites. Furthermore, no phosphorylated
HMW-tau smears were found in 3xTg-AD mouse brains.
Thus, compared with robust abnormal phosphorylation in
AD brain, tau was minimally phosphorylated in 3xTg-AD
mouse brains.

Previous studies demonstrated thathyperphosphorylation
oftauchangesits conformation and promotes its aggregation.
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captured HA-tau;s; 39; by Oligo-tau was analyzed by anti-HA (b) and
plotted against tau level in Oligo-tau (c). d, e HA-tau;s; 39; was
expressed in HeLa cells. The cells were treated with Oligo-tau from AD
or 3xTg-AD mouse brains and immunostained with anti-HA. TO-PRO3
was used for staining nuclei. The HA-tau expressing cells with aggregates
were counted and data are presented as mean + SD and analyzed with
one-way ANOVA. #p < 0.05 vs. control, *p < 0.05 vs. AD-Oligo-tau

During tangle maturation, tau is truncated at the N- and C-
termini to form compressed filamentous structure [52, 53].
We found in the present study that tau tangles in AD brains
appeared as filamentous staining by ATS, while they
displayed the truffle-like staining in 3xTg-AD mouse brains.
No LMW-truncated and HM W-tau smear taus were detected
in 3xTg-AD mice, suggesting that truncation may be critical
for the formation of filamentous tangles.

It was reported two decades ago that hyperphosphorylated
and oligomeric tau isolated from AD brain captures and tem-
plates normal tau to form aggregates in vitro [11], which might
be the molecular basis of the propagation of tau pathology in AD
brain. In the present study, we used tau,s;_3o; for the sequestra-
tion assay and seeding to aggregation in cultured cells. Tau;s;_39;
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was identified as the core of PHFs and is prone to aggregation
[50, 51]. Transgenic rats expressing tau;s;_3o; develop neurofi-
brillary pathology and also display hyperphosphorylation and
production of HMW-tau species [54]. We found here that
Oligo-tau from AD brain was hyperphosphorylated and truncat-
ed and presented as HMW-tau smears in Western blots.
However, Oligo-tau from 3xTg-AD mouse brain did not show
as HMW-tau smear, suggesting 3xTg-AD Oligo-tau is not SDS-
and reducing agent —resistant. Moreover, different from
hyperphosphorylation of AD Oligo-tau, 3xTg-AD Oligo-tau
was markedly less hyperphosphorylated, but may contain trun-
cated fragments of tau. AD Oligo-tau captured normal tau, but
3xTg-AD Oligo-tau failed to do so. Similarly, AD Oligo-tau, but
not 3xTg-AD Oligo-tau, seeded tau to form aggregates in cul-
tured cells. Thus, hyperphosphorylation and/or SDS- and reduc-
ing condition—resistant aggregation may be responsible for
Oligo-tau seeding activity.

In addition to determining the pathological changes in AD and
3xTg-AD mouse brains, specificity of tau antibodies was ana-
lyzed. Polyclonal antibodies 111e, R134d, and 92¢
immunoreacted with tau in the human brains and in WT and
3xTg-AD mouse brains, but did not react with that in taugo
mouse brains, suggesting that they are specific anti-tau antibodies.
113e did not react with WT mouse brain, confirming that it is
human-specific.

In case of monoclonal tau antibody 43D, no immunosignal
of mouse tau was detected, suggesting it is a human tau spe-
cific antibody. 63B, 39E10, Tau5, 77G7, and Tau46
immunoreacted with tau in the human and mouse brains, but
not in taug o mouse brains, suggesting they are specific toward
tau. HT7 is a human tau—specific antibody [48]. However, we
found it also weakly reacted with mouse tau. In addition, there
was non-specific reaction in mouse brain in HT7 blots. It is
noteworthy to mention that IgG heavy chain and/or light chain
in mouse brain can be immunorecognized by some mouse
monoclonal antibodies.

Most of the site-specific and phosphorylation-dependent
tau antibodies are polyclonal antibodies from rabbit. No im-
munoreactivity was observed in the blots of tauxo mice de-
veloped with anti-pSer199 and anti-pThr205, suggesting that
these two antibodies are highly specific to tau. The antibodies
anti-pThr212, anti-pSer214, anti-pThr217, anti-pSer262, and
anti-pSer422 showed other immunoreactive bands besides tau
in Western blots, indicating their cross-reactivity with other
proteins in the human and/or mouse brains. Monoclonal
PHF-1 did not have any immunoreactivity in taugo mouse
brain, indicating its high specificity.

To summarize, we found that the pathological changes of
tau in 3xTg-AD mouse brains differ from that of AD brains
due to lack of the N-terminal truncation, minimal HMW-tau
smears resulting from aggregation, and only slight
hyperphosphorylation, which may collectively result in much
weaker potency in the prion-like activities.
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