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Amyloid plaques and neurofibrillary tangles co-occur in Alzheimer disease, but with different topo-
logical and temporal patterns. Whether these two lesions are independent or pathobiologically related
is uncertain. For example, amyloid deposition in the neocortex precedes the spread of tau neurofibrillary
tangles from the limbic areas to the cortex. We examined the aggregation properties of tau isolated
from human cases with early tau pathology (Braak II) with and without plaques. Using a well-
established HEK cell biosensor assay, we show that tau from cases with plaques has an enhanced ability
to induce tau aggregates compared to tau from cases without plaques. To further explore this effect, we
combined mice carrying the APP/PS1 transgene array that develop plaques with rTg4510 mice carrying
the P301L mutant human tau transgene that develop extensive tau pathology with age. The resulting
APP/PS1-rTg4510 mice had a threefold increase in tau seeding activity over the rTg4510 strain, without
change in tau production or extracellular release. Surprisingly, this effect was observed before overt
amyloid deposition. The enhancement of tau aggregation was also apparent by an increase in histo-
logical measures of tau pathology in young APP/PS1-rTg4510 mice and an increase in high-molecular-
weight tau. Overall, these data provide evidence that amyloid b acts to enhance tau pathology
by increasing the formation of tau species capable of seeding new aggregates. (Am J Pathol 2017, -:
1e12; http://dx.doi.org/10.1016/j.ajpath.2017.03.011)
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In human patients with Alzheimer disease, tau-containing
tangles and amyloid b (Ab) plaques have distinct anatom-
ical distributions, with plaques occurring in widespread
areas of the cortical mantle, and tangles occurring in a
stepwise, hierarchical manner from medial temporal lobe
areas to ultimately affect limbic and association areas in the
cortex.1,2 Interestingly, it has been observed that tangles
rarely occur in the cortex unless plaques are present, leading
to the hypothesis that plaques somehow trigger or interact
synergistically with the spread of tangles. This is of clinical
importance, because cognitive symptoms are most tightly
tied to the presence of neurofibrillary tangles in the cor-
tex.3,4 Thus, two competing ideas have emerged: plaques
and tangles are two underlying pathologies in Alzheimer
disease that simply co-occur in the cortex during the disease
course, or the presence of plaques in the cortex synergisti-
cally accelerates tau pathology.
stigative Pathology. Published by Elsevier Inc
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Animal models of tau and amyloid pathology broadly
support the latter possibility, with synergistic effects observed
in a variety of settings.5e13 For example, Götz et al14 injected
synthetic preformed Ab fibrils into the somatosensory cortex
of young Tau(P301L) overexpressing mice and observed a
fivefold increase in tau accumulation in the amygdala. Lewis
et al15 crossed mice predisposed to the formation of amyloid
plaques to tau-overexpressing mice and reported a sevenfold
increase in tangle formation in multiple limbic brain struc-
tures. We recently demonstrated enhanced propagation of tau
to connected neural system targets in a model of tau
. All rights reserved.
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propagation from the entorhinal cortex.16 However, if
(and how) these experimental phenomena reflect the human
condition remains largely unknown.

Materials and Methods

Human Tissue Selection

Human tissue samples from entorhinal cortex, hippocampus,
posterior parahippocampal gyrus, and cerebellum were ob-
tained from the Neuropathology Core of the Massachusetts
Alzheimer’s Disease Research Center at the MassGeneral
Institute for Neurodegenerative Disease. Tissue was coro-
nally sliced at the time of autopsy, frozen between plates
cooled to �80�C, and stored at �80�C. For these studies,
samples were partially thawed and the above regions were
divided into approximately 1-cm blocks and then refrozen
Figure 1 Plaques enhance tau aggregation in humans. A: Tissue homogenate
posterior end of the striatum. The posterior parahippocampal gyrus (PHG) was sam
posterior to the entorhinal cortex. Yellow highlighted regions indicate location of
where representative images were taken for B and E. B and E: Paraffin sections fro
for Ab plaques (red arrowheads) or tau (black arrowheads). Cases exhibiting no p
similar tau pathology in addition to diffuse plaques in the EC and CA1. C: Aggreg
region affected earliest in Braak staging, but are more prominent when cells ar
pathology with increasing Braak stage (HP and PHG). No aggregates are seen in
(CBLM). D: SDD-AGE of representative cases to detect high-molecular-weight (HMW
total tau. Comparisons of these Braak II cases are made versus a Braak VI sample
integrated FRET density values indicated at bottom. F: Total human tau protein me
assay from C. Two-way analysis of variance. Data are expressed as means � SD.

2
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before homogenate preparation. The approximate location of
tissue sampling is indicated in Figure 1A. Cases had previ-
ously been assessed by a neuropathologist Qand received a
concurrent diagnosis as well as an Alzheimer disease neuro-
pathologic change rating or ABC score17 using standard
methods (Table 1). All cases had received Braak II stage
ratings based on total tau immunostaining and Bielchowsky’s
silver stain. “No plaques” cases did not have plaques in any
brain region examined (mean age Z 79 � 14.2 Qyears).
“Plaques” cases had diffuse plaques throughout cortical and
limbic brain structures in addition to sparse neuritic plaques
(mean age Z 85.2 � 8.5 Qyears).

Animals

All animal experiments were performed in accordance with
the Massachusetts General Hospital’s and McLaughlin
s were prepared from entorhinal cortex (EC) and hippocampus (HP) at the
pled at the level of the lateral geniculate nucleus approximately 2 to 3 cm
tissue sampling [1 (EC), 2 (HP), 3 (PHG)]. Black squares indicate locations
m contralateral entorhinal cortex (B) and hippocampal CA1 (E) were stained

Q53laques have tau pathology in both the EC and CA1. Cases with plaques have
ates in HEK cells are similar in brains with or without plaques in the EC, a
e treated with plaque-containing brains from regions that develop tangle
nontreated cells (NT) or cells treated with homogenates from cerebellum
) and low-molecular-weight (LMW) tau using a polyclonal antibody against
(VI), which clearly contains both HMW and LMW tau species. HEK cell assay

Q54asured by ELISA from prepared tissue homogenates. G: Quantification of HEK
Q55*P < 0.05. Scale bar Z 100 mm (C). NP, no Q56plaques; P, plaques.
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Table 1 Characteristics of the Human Tissue Samples

Sample
Age,
years Sex PMI, hours Braak/Braak

ADNC rating Neuritic
plaques Concurrent diagnosesA B C

No plaques 1 87 F 6 II 0 1 0 None Lewy body disease
No plaques 2 90 M 24 II 0 1 0 None Stroke
No plaques 3 63 M 10 II 0 1 0 None Parkinson disease
No plaques 4 75 M 38 II 0 1 0 None Multiple system atrophy
No plaques 5 63 F 24 II 0 1 0 None Cerebellar degeneration
No plaques 6 96 M 18 II 0 1 0 None Cerebrovascular disease
Plaques 1 85 F 27 II 1 1 2 Sparse None
Plaques 2 95 M 9 II 1 1 2 Sparse None
Plaques 3 73 M 24 II 3 1 1 Sparse Multiple system atrophy
Plaques 4 91 F 22 II 3 1 1 Sparse Cerebrovascular disease
Plaques 5 82 M 6 II 3 1 1 Sparse Lewy body disease

Concurrent diagnoses were made at the Massachusetts Alzheimer’s Disease Resource Center. Tau and amyloid b immunostaining as well as silver-based
histology were used to assess Braak stage and plaque pathology for ADNC rating.
F, female; M, male; ADNC, Alzheimer disease neuropathologic change; PMI, post-mortem interval.
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Research Institute’s Institutional Animal Care and Use
Committees. Mice were housed under a 12-hour light/dark
cycle and were given food and water ad libitum.
B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmjax mice (here-
after designated APP/PS1) were initially obtained from
Jackson Laboratory (Bar Harbor, ME). APP/PS1 mice were
crossed to the B6.Cg-Tg(Camk2a-tTA)1/Mmay tet trans-
activator strain that expresses tTA from the CK-tTA trans-
gene exclusively in the forebrain.18 Double transgenic
B6.CK-tTA, APP/PS1 males were selected as sires for the
experimental cross to dams from the tetracycline-responsive
element strain FVB-Tg(tetO-MAPT*P301L)4510/Kha/Jlws
(rTg4510) to produce mice with the experimental geno-
type plus controls. All of the offspring of this cross share the
FVBB6F1 background. Genotyping was performed pre-
weaning using PCR protocols described previously.19e21

For this study, we selected four genotypes, each present in
one of eight of the offspring. The experimental mice,
designated APP/PS1-rTg4510, carry the APP/PS1 array, the
CK-tTA transactivator, and the rTg4510 tau responder
transgenes (r indicates regulatable because of the presence
of both responder and transactivator transgenes). Other
groups carry both the CK-tTA and the rTg4510 tau trans-
genes (rTg4510), APP/PS1 only, or CK-tTA only (wild
type). Both B6 and FVB mice are susceptible to lethal ef-
fects of APP overexpression at approximately 100 days of
age,22 requiring increased production to ensure adequate
numbers of mice because up to half of the APP/PS1-
expressing mice died prematurely.

These studies were performed using a total of 94 mice,
both male and female at 4, 6, or 12 months of age. For 4-
month studies, n Z 6 wild type, n Z 11 APP/PS1, n Z 6
rTg4510, n Z 11 APP/PS1-rTg4510 mice were used. Not
all animals in the 4-month group were prepared for both
biochemistry and histological analysis. In the 6-month
group, we used n Z 5 wild type, n Z 4 APP/PS1, n Z 6
rTg4510, and n Z 6 APP/PS1-rTg4510 mice. In the 12-
month group, we used n Z 3 wild type, n Z 7 APP/PS1,
The American Journal of Pathology - ajp.amjpathol.org
FLA 5.4.0 DTD � AJPA2622_proo
n Z 7 rTg4510, and n Z 6 APP/PS1-rTg4510 mice.
A separate group of 12-month-old mice (n Z 4 wild type,
nZ 4 APP/PS1, nZ 3 rTg4510, nZ 5 APP/PS1-rTg4510)
was used to measure Ab levels in cerebrospinal fluid (CSF).
Before euthanasia, all mice were anesthetized with 5% iso-
flurane and maintained at 2% for collection of CSF. During
CSF collection from the cisterna magna, mouse body tem-
perature was maintained using a heating pad and rectal
thermal probe. CSF collection was performed successfully
on most, but not all, mice. Immediately after this procedure,
mice were deeply anesthetized with isoflurane and were
euthanized by cardiac puncture. All animals were quickly
perfused with chilled phosphate-buffered saline and brains
were removed. The left hemisphere was dissected into cor-
tex and hippocampus and frozen on dry ice for biochemistry,
and the right side was drop fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, QHatfield, PA).

Immunohistochemistry

Human tissue was formalin fixed and paraffin embedded
before being cut into tissue sections (8 mm thick) and
mounted onto slides. All sections were deparaffinized in
xylene and a descending ethanol series and incubated in 3%
H2O2 before immunolabeling. For Ab, sections were addi-
tionally treated with 90% formic acid for 5 minutes. Sec-
tions were rinsed with Tris-buffered saline (TBS) and
incubated with 1:3000 rabbit polyclonal anti-tau (Dako,
Glostrup, Denmark Q) or 1:200 mouse monoclonal anti-Ab
(clone 6F/3D; Dako) for 1 hour at room temperature.
Immunolabeling was visualized using Vectastain rabbit or
mouse IgG horseradish peroxidase kits (VectorLabs Q) and
Vector peroxidase substrate kit diaminobenzidine
(VectorLabs).

For mouse studies, hemispheres were fixed for 24 hours
in 4% paraformaldehyde and then equilibrated in 30% su-
crose in phosphate-buffered saline. Sections (40 mm thick)
were sliced using a freezing microtome and were collected
3
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at 400-mm intervals. For immunohistochemistry, sections
were rinsed in TBS and endogenous peroxidases were
quenched with 0.3% H2O2. Sections were then blocked with
3% normal goat serum (Vector Laboratories) in 0.25%
Triton-X TBS and then incubated with either rabbit poly-
clonal anti-Ab (IBL International Corp.) or mouse mono-
clonal AT8-biotin (ThermoFisher) in blocking solution at
4�C overnight. On day 2, sections were washed in TBS and
incubated in biotinylated secondary antibodies, followed by
streptavidinehorseradish peroxidase containing ABC
reagent (Vector Laboratories). Fresh diaminobenzidine was
prepared from a tablet (Sigma-Aldrich, St. Louis, MO) and
incubated with tissue for 2 to 3 minutes to develop color.
Sections were mounted onto slides, dehydrated in ascending
ethanol/xylene, and then coverslipped with Cytoseal XYL
(ThermoFisher).

For immunofluorescence, sections were washed and
blocked following the same procedure but mouse antieglial
fibrillary acidic protein (Millipore) or rabbit antieIba-1
(Wako) was used in addition to secondary antibodies conju-
gated to Alexa 488, Cy3, or Cy5. In one set of sections, slices
were incubated in 0.005% (w/v in a solution of 50% ethanol
and 50% TBS) thioflavin-S (ThioS) for 5 minutes after per-
forming fluorescent immunolabeling. Sections were then
rinsed three times for 30 seconds in a solution of 80% ethanol
and 20% TBS, and then three times for 10 minutes in TBS
before mounting onto slides. Slides were coverslipped with
Fluoromount G (Southern Biotech), sealed with clear nail
polish, and imaged using a Zeiss AxioImager Z2 microscope.

Stereology

After immunohistochemistry or ThioS labeling, stereologi-
cal quantifications were performed using the Computer
Assisted Stereological Toolbox (Olympus). ThioS-positive
tangles and AT8-positive neurons were counted in three
sections beginning with the first section containing hippo-
campal dentate gyrus. From each section, 15% of the total
area of the cortex was counted using a randomized algo-
rithm to yield count per mm2. Cortical volumes were
calculated on the whole forebrain on brain slices of 40-mm
width with a 400-mm interval, allowing for the extrapolation
of the whole cortical volume for each animal. Glial fibrillary
acidic proteinepositive astrocytes, Iba1-positive microglial
cells, ThioS-positive neuritic plaque number and surface
were counted using ImageJ (NIH, Bethesda, MD; http://
imagej.nih.gov/ij). These data were normalized on the
counted surface for each animal, giving a number of
events per mm2. All counting was conducted blinded to
genotype.

Homogenate Preparation and Western Blotting

Protein homogenates were prepared by placing the
thawed tissue in a 2-mL glass dounce homogenizer with
200-mL phosphate-buffered saline and homogenizing with
4
FLA 5.4.0 DTD � AJPA2622_pr
30 up/down strokes. The homogenate was subsequently
centrifuged at 3000 � g for 10 minutes at 4�C, and the
supernatant was collected. The pellet was saved for sarkosyl
extraction. A bicinchoninic acid assay (Thermo Scientific
Pierce) was Qperformed to determine the total protein con-
centration. For sarkosyl extraction, pellets from the 3000 �
g spin were rehomogenized in buffer containing 20 nmol/L
Tris-HCl, 0.15 mol/L NaCl, 1 mmol/L EGTA, and 1 mmol/
L dithiothreitol. Triton-X was added at a final concentration
of 1%, and samples were incubated at 37�C for 30 minutes,
then centrifuged for 30 minutes at 100,000 � g. Supernatant
was collected, and the pellet was resuspended in buffer, then
incubated with 1% sarkosyl at 37�C for 30 minutes. After
centrifugation at 100,000 � g, the supernatant was collected
(sarkosyl-soluble extract) and the pellet was resuspended in
8 mol/L urea with sonication and centrifuged at 100,000 �
g. Supernatant was again collected (sarkosyl-insoluble
extract). Protein concentrations were determined by bicin-
choninic acid assay, and approximately 10 mg of protein was
loaded per well on a 4% to 12% bis-tris SDS-PAGE in MES
buffer (Invitrogen). After Qtransfer to nitrocellulose (mouse)
or polyvinylidene difluoride (human), blocking was per-
formed using Odyssey blocking Qbuffer (Licor), and rabbit
polyclonal total tau antibody (1:1000; Dako) was applied
overnight. Infrared secondary donkey anti-rabbit
800 (1:5000; Licor) and an Odyssey Infrared Imaging
System (Licor) were used to visualize the blot.
Phospho-tau blots were run under similar conditions, but

rabbit polyclonal antibodies specific for pT181, pS199,
pT205, pT231, pS396, pS400, and pS422 were applied
(1:1000; Invitrogen) as well as chicken antieb-actin
(1:1000; AbCam) or Qmouse antieb-actin (1:1000; Sigma-
Aldrich). For phospho-tau pS262/pS356, the mouse mono-
clonal 12E8 was used (1:1000; QElan Pharmaceuticals). For
detection of total tau, samples were probed with rabbit
polyclonal anti-tau (1:1000; Dako). After overnight incuba-
tion, blots were visualized using donkey anti-rabbit IgG 800
and either goat anti-chicken IgG 680 or donkey anti-mouse
IgG 680 (1:5000; Licor). Images of uncropped Western
blots are available (Supplemental Figures S1 and S2).

ELISAs

Tau enzyme-linked immunosorbent assays (ELISAs) were
performed using the total human tau ELISA kit (Invitrogen)
and following the manufacturer’s instructions. For cortex
homogenates, samples were first diluted to 5 mg/mL and
then 100 mL of a 1:40,000 dilution in standard diluent was
loaded per well. For CSF, 2.5 mL of CSF was loaded in a
total volume of 100 mL (for a 1:40 dilution). Four-parameter
logistic regression was used to fit the standard curve and
determine the tau concentration in samples. Ab1-42 was
detected using a commercial human/rat abeta42 ELISA kit
(Wako), which detects the quantity of Ab(x-42), including
n-terminal truncations and modifications. Cortical homog-
enates were diluted 1:100, and CSF samples were diluted
ajp.amjpathol.org - The American Journal of Pathology
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1:50 in assay buffer and were run according to the manu-
facturer’s protocol.

SDD-AGE

Semidenaturing detergent agarose gel electrophoresis
(SDD-AGE) was performed as previously described.23,24

Briefly, 20 mg total protein was loaded onto a 1.5%
agarose gel with Laemmli buffer (20 mmol/L Tris-base, 200
mmol/L glycine, and 0.02% sodium dodecyl sulfate). The
gel was run on ice at 35 V for 16 hours and then transferred
onto polyvinylidene difluoride membrane overnight in TBS
using filter paper and capillary action. The membrane was
blocked in TBS containing 0.25% Tween 20 and 5% nonfat
dry milk and incubated overnight with rabbit polyclonal
anti-tau (1:4000; AbCam). Horseradish perox-
idaseeconjugated goat anti-rabbit IgG secondary antibody
was applied in blocking solution on day 2 and was detected
using chemiluminescent horseradish peroxidase substrate
(ThermoFisher) and film (GE Healthcare).

HEK Cell Seeding Assay

Stabile CFP/YFP TauRD-expressing HEK293 cells (Marc
Diamond) were grown in polyD lysineecoated 96-well
dishes at 3 � 104 cells/well the day before treatment.25

Each plate was loaded with samples from a single age
cohort (ie, 4 months, 6 months). Numbers were randomly
assigned to mice in each cohort, and samples were loaded
accordingly to ensure random distribution of genotypes
across the plate. Per well, 0.1 mg (mouse) or 1 mg (human)
total protein in 1% lipofectamine-reduced serum OptiMEM
was loaded per well and incubated overnight (12 to 24
hours). For cellular uptake assays, 1 mg mouse total protein
was loaded without lipofectamine and incubated for
48 hours. Cells were removed from plates with trypsin-
EDTA, fixed in 2% paraformaldehyde for 10 minutes at
room temperature, and resuspended in chilled phosphate-
buffered saline before being run on a flow cytometer (Mil-
tenyi MACSQuant VYB). Cells were first gated on all
single cells expressing both CFP and YFP and then on
FRET. For FRET, cells were illuminated at 405 nm and
CFP-YFP FRET was detected using the 525/50-nm filter.
Using the MACSQuantify flow cytometry software
(Miltenyi), the integrated FRET density was measured by
multiplying the percentage of FRET-positive population and
the median fluorescence intensity of that FRET-positive
population. Each sample was run in triplicate. Representa-
tive images were taken using ZOE Fluorescent Cell Imager
(BioRad) using the green fluorescent protein excitation and
emission filters.

Statistical Analysis

All data were analyzed using Statistica version 13 (Dell,
Round Rock, TX) or Prism version 6.05 (GraphPad
The American Journal of Pathology - ajp.amjpathol.org
FLA 5.4.0 DTD � AJPA2622_proo
Software, Inc., La Jolla, CA). Except Qwhere noted, all data
passed Shapiro-Wilk normality tests. No effect of sex on
any measurement was observed in APP/PS1-rTg4510 mice.
In cases where comparisons were only made between mice
carrying Ab or tau transgenes, two-tailed t-tests for para-
metric or U-tests for nonparametric data sets were per-
formed. In comparisons between all four genotypes,
parametric one-way analyses of variance with Sidak or
prespecified Bonferroni post hoc comparisons were made
where possible. For nonparametric data, Kruskal-Wallis
analyses of variance and Dunn multiple comparisons test
were used. Human homogenate HEK-seeding assay was
analyzed by two-way analysis of variance (plaque status and
region) with planned post hoc comparisons between plaques
and no plaque cases in each brain region. P < 0.05 was
considered significant. Error bars in all graphs
represent � SD.

Results

Accelerated Tau Aggregation in Human Brain

We hypothesized that tau from human brain with plaques
would be more likely to be bioactive (ie, more likely to be
in a form that can be taken up and aggregate) than tau
extracted from brains in the absence of plaques.26,27 To test
this hypothesis, we selected tissue from cases that were
observed to have tau pathology limited to the entorhinal
cortex and hippocampus (Braak stage II) and that either did
or did not have amyloid deposits in the cortex (Table 1 and
Figure 1).2,28,29 The former cases are sometimes referred to
as primary age-related tauopathy; of note, the tangles in
primary age-related tauopathy cases are indistinguishable
morphologically or biochemically from those in Alzheimer
disease.30 Homogenates were prepared from n Z 6 cases
without plaques and n Z 5 plaque-containing cases from
snap-frozen samples of entorhinal cortex, hippocampus,
posterior parahippocampal gyrus, and a control region, the
cerebellum (Figure 1, A, B, and E). These homogenates
were applied to a well-characterized HEK293 cellebased
tau seeding assay. This assay uses a stable cell line
expressing the tau (P301S) repeat domain fused to CFP or
YFP, which emits a measurable FRET signal when it forms
aggregates.25,31 We quantified the integrated FRET density
(percentage of FRET-positive cells � median fluorescence
intensity) (Figure 1, C and G) by flow cytometry. Inter-
estingly, despite comparable amounts of tau, as assessed by
ELISA (Figure 1F) (two-way analysis of variance, plaques
versus no plaques P Z 0.790, brain region P < 0.001,
plaque status � brain region P Z 0.388), hippocampus and
parahippocampal gyrus homogenates from cases with pla-
ques resulted in an approximately twofold to threefold
enhancement of tau seeding/aggregation compared to those
without plaques. This increase was statistically significant
in the parahippocampal gyrus (Figure 1, C and G) (two-way
analysis of variance, plaques versus no plaques
5
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P Z 0.0453; Sidak post hoc multiple comparisons, ento-
rhinal cortex: P Z 0.999, hippocampus: P Z 0.573, par-
ahippocampal gyrus: P Z 0.021). We postulate that
bioactive tau may be present in synaptic terminals
(or neuritic processes derived from projections) of the en-
torhinal cortex in areas to which it projects strongly
(the hippocampus and posterior parahippocampal gyrus).32

The cerebellum, a brain region without tangles or plaques,
and which does not receive entorhinal projections, did not
exhibit tau seeding.

The bioactive tau species capable of seeding aggregate
formation has been previously reported to be a high-
molecular-weight (HMW) form of phosphorylated tau.26

We performed semidenaturing detergent gel electropho-
resis (SDD-AGE) to determine whether HMW tau was
present in brain samples with plaques versus without pla-
ques (Figure 1D). Both groups had HMW tau present, as
observed by SDD-AGE, with regions such as hippocampus
and parahippocampal gyrus appearing to have an increase in
these species in brains with plaques. Together, this indicates
that the presence of plaques enhances tau aggregation in
human brain.

Enhanced Tau Pathology in Mice Expressing Both Ab
and Tau

To further explore this enhancement of tau pathology by
Ab, we produced APP/PS1-rTg4510 mice that express both
APP/PS1 and P301L mutant human tau. To characterize this
mouse strain, we performed Ab and tau histology and
assessed gliosis.

Using a pan-Ab antibody (Supplemental Figure S3,
AeK), plaques were present in both APP/PS1 only (S1
A-C) and APP/PS1-rTg4510 crosses (Supplemental
Figure S3, EeG). No tau-related difference was observed
in the number of plaques at 4 months (Supplemental
Figure S3I) (t-test, P Z 0.220) or 6 months
(Supplemental Figure S3J) (P Z 0.425) of age. Fewer
plaques were seen in 12-month APP/PS1-rTg4510 mice
compared to APP/PS1 alone (Supplemental Figure S3K)
(P < 0.0001). At this age, fewer plaques were ThioSþ

(Supplemental Figure S3L) (P Z 0.003), although the area
of each individual plaque was larger (Supplemental
Figure S3M) (P < 0.0001) in APP/PS1-rTg4510 mice.
Homogenates prepared from APP/PS1-rTg4510 mice at
12 months of age also had reduced Ab1-42 in cortex
compared to APP/PS1 only mice, as measured by ELISA
(Supplemental Figure S3O) (one-way analysis of variance,
P < 0.0001). These results may be confounded by the
marked neuronal loss in tau-producing mice compared to
APP/PS1 mice by 12 months, reducing the amount of APP
and hence Ab available.

The number of neurons containing phosphorylated tau
was quantified at these ages using the AT8 antibody, which
recognizes phospho-Ser202/Thr205 (Figure 2, A and B).
Compared to rTg4510 mice alone, APP/PS1-rTg4510 mice
6
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had more AT8-containing neurons at 4 months (t-test,
P Z 0.002) and 6 months (P Z 0.0001). At 12 months of
age, the difference between genotypes did not reach statis-
tical significance (P Z 0.055), possibly approaching a
ceiling effect. Because changes in phosphorylation at the
AT8 epitope precede mature tangle formation, we also
specifically examined whether tangle pathology was altered
by performing ThioS labeling to detect b-sheet formation
(Figure 2, C and D). Similar to AT8 labeling, there was a
marked increase in tangle pathology in the entorhinal cortex
of APP/PS1-rTg4510 mice at 4 and 6 months but not at
12 months of age.
We next examined glial cells in these mice to assess a

marker of neural system degeneration (Supplemental
Figures S4 and S5) and observed increased numbers of
glial fibrillary acidic proteinepositive astrocytes
(Supplemental Figure S4) in cortex of APP/PS1-rTg4510
mice at 6 months (Supplemental Figure S4, F and J) (one-
way analysis of variance, P < 0.0001) and 12 months
(Supplemental Figure S4, G and K) Q(Kruskal-Wallis anal-
ysis of variance, P Z 0.04) of age compared to rTg4510
alone. Total numbers of microglia (Supplemental
Figure S5) were unchanged at any age (one-way analysis
of variance, 4 months P Z 0.117, 6 months P Z 0.6735,
12 months P Z 0.099), although marked clustering around
plaques was observed in APP/PS1 (Supplemental
Figure S5H) and APP/PS1-rTg4510 (Supplemental
Figure S5, EeG) mice and is indicative of activation Q.
Thus, the presence of amyloid led to a shift in phenotype
with increased phospho-tau aggregation in neurons, tangle
formation, and inflammatory markers (astrocytosis) at an
earlier age.

Tau Aggregation and Uptake Is Accelerated in Mice
with Plaques

Homogenates prepared from the cortex of mice at each age
were next applied to the tau seeding assay to determine
whether the presence of plaques altered the seeding bioac-
tivity of tau (Figure 3). As expected, neither wild-type nor
APP/PS1 homogenates caused tau seeding at any age
(Figure 3A) and were indistinguishable from nontreated
HEK cells. By contrast, APP/PS1-rTg4510 mice had greater
seeding than rTg4510 mice at 4 months (Figure 3, A and B)
(t-test, P Z 0.016) and at 6 months (U-test, P Z 0.015) of
age. In accord with the results from the histological analysis,
there was no difference between these two genotypes (t-test,
PZ 0.847) at 12 months of age, perhaps reflecting a ceiling
effect.
We next assessed the ability of tau to be taken up by cells

by omitting lipofectamine (the protein carrier used in stan-
dard assay conditions) from the seeding assay (Figure 3C).
In this configuration, the FRET reporter reflects uptake
properties of the tau presented to the cells. Without
lipofectamine, tau from 4-month (U-test, P Z 0.008) and
6-month (t-test, P Z 0.027) APP/PS1-rTg4510 mice
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Tau pathology is enhanced in APP/PS1-rTg4510 mice.
A: AT8 (pS202/T205 Tau) labeling in somatosensory cortex of
rTg4510 and APP/PS1-rTg4510 mice at 4, 6, and 12 months of age.
No labeling is observed in wild-type or APP/PS1 mice. B: Quantifi-
cation of AT8-positive neurons in cortex (t-test). C: Quantification
of ThioS tangles in entorhinal cortex of the same mice [U-test
(4 months), t-test (6 and 12 months)]. D: ThioS labeling shows
neurofibrillary tangle pathology in rTg4510 and APP/PS1-rTg4510
mice at 4, 6, and 12 months. No ThioS labeling is observed in
wild-type mice. Plaques are also apparent in APP/PS1 and APP/
PS1-rTg4510 mice. Data are expressed as means � SD. *P < 0.05,
**P < 0.01. Scale bars: 200 mm (A); 25 mm (D).
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induced more aggregates than rTg4510 brain alone. Again,
no difference was observed in 12-month mice (P Z 0.925).
We interpret an increase in seeding in the absence of
lipofectamine as reflecting an increase in bioactive tau
The American Journal of Pathology - ajp.amjpathol.org
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species that allow tau uptake; our earlier studies had sug-
gested that uptake occurs only with the HMW tau species
isolated from human brain, and is not observed from the
low-molecular-weight species.26
7
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Figure 3 Increased aggregation and uptake of tau in homogenates
from APP/PS1-rTg4510 mice. A: Aggregate formation markedly increases in
HEK cells in the presence of APP/PS1-rTg4510 homogenates (with lip-
ofectamine,Q44 12 hours after application). No aggregates are seen in cells
treated with wild-type (WT) or APP/PS1 homogenates (insets). B: Quan-
tification of aggregate formation in cells treated with 0.1 mg protein
homogenates in 1% lipofectamine OPTIMEM [t-test (4 and 12 months),
U-test]. C: Quantification of cell uptake and aggregate formation in cells
treated without lipofectamine and 1 mg protein homogenates [U-test
(4 months), t-test (6 and 12 months)]. Data are expressed as means � SD.
*P < 0.05, **P < 0.01. Scale bar Z 50 mm (A).
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Figure 4 No change in tau release or production in APP/PS1-rTg4510
mice. Cerebrospinal fluid (CSF) levels of extracellular total tau (A) and total
tau in cortical homogenates (B) are unchanged between rTg4510 mice and
APP/PS1-rTg4510 mice, as measured by ELISA. Data are expressed as means
� SD. P Z 0.054 (U-test).
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No Increase in Extracellular Tau Release or
Neuronal Death

To test the hypothesis that Ab leads to a change in the level of
extracellular tau, which could explain the observed increased
8
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formation of aggregates in APP/PS1-rTg4510 mice, we
measured CSF levels of total human tau in these mice. CSF
tau did not differ between rTg4510 and APP/PS1-rTg4510
mice at any age (Figure 4A) (U-test, 4 months P Z 0.412, 6
months P Z 0.937; t-test, 12 months P Z 0.100). Further-
more, CSF tau was highest in mice at 6 months of age (mean,
20.39� 11 ng/mL in rTg4510 and 17.49� 8 ng/mL in APP/
PS1-rTg4510) and was reduced at 12 months of age (mean,
6.80� 3.3 ng/mL in rTg4510 and 3.85� 1.7 ng/mL in APP/
PS1-rTg4510), perhaps reflecting the extensive loss of tau-
producing neurons by this point in the disease process. No
difference between rTg4510 and APP/PS1-rTg4510 mice
was observed in the total human-soluble tau content in cortex
at any age (Figure 4B) (t-test, 4monthsPZ 0.109, 12months
PZ 0.054;U-test, PZ 0.589). Thus, at 4, 6, or 12 months of
age, it does not appear that Ab alters extracellular steady-state
soluble tau levels.
As dying neurons are also a source for extracellular tau

release, we also measured cortical volumes from histological
sections (Supplemental Figure S6). Tau-overexpressing mice,
regardless of the presence of Ab pathology, showed neuronal
loss at advanced age. However, cortical volumes did not differ
between rTg4510 only or APP/PS1-rTg4510 mice
(Supplemental Figure S6) (Kruskal-Wallis analysis of variance,
4 months P Z 0.895; one-way analysis of variance, 6 months
P Z 0.348, 12 months P > 0.999) at 4, 6, and 12 months.
Cortical volumes were reduced compared to wild-type
ajp.amjpathol.org - The American Journal of Pathology
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littermates at 12 months of age (Supplemental Figure S6C)
(one-way analysis of variance, P < 0.0001), well after the
apparent enhancement of tau pathology. Altogether, it does not
appear that increased extracellular tau release is responsible for
enhanced tau pathology in the presence of Ab.

Tau HMW Signature, Solubility, and Phosphorylation in
the Presence of Ab

These data suggest that the tau present in APP/PS1-rTg4510
mice is more bioactive than the tau in the rTg4510 parental
Figure 5 Tau-containing high-molecular-weight (HMW) complexes and pho
homogenates (15 mg total protein) from 4-month-old mice of four different genot
(SDD-AGE) conditions, and the resulting protein blot was probed with a polyclo
molecular-weight (LMW), and monomeric tau are noted. Dashed lines indicat
sarkosyl-insoluble extracts was also performed and probed using a polyclonal total
phospho-tau epitopes performed using cortical homogenates from 4-month-old
phospho-site, with actin shown for loading control. n Z 2 (A and C).
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strain, particularly in early disease stages. Previous work has
indicated that soluble, HMW tau derived from rTg4510
cortex is seed competent and can propagate between
neurons,26 and data from the early Braak II cases suggest the
same. To explore the possibility that tau in APP/PS1-
rTg4510 mice has similar characteristics by SDD-AGE
(Figure 5, A and B), we examined the extent of soluble
tau species in the HMW state. SDD-AGE of cortex
homogenates from 4-month-old mice revealed that rTg4510
mice and APP/PS1-rTg4510 mice appeared to have
increased HMW tau at this early age as well.
sphorylation at specific epitopes in APP/PS1-rTg4510 mice. A: Cortical
ypes [wild type (WT)] were loaded on an agarose gel under semidenaturing
nal total tau antibody (AbCam). The approximate locations of HMW, low-
e divisions between genotypes. B: Western blot of sarkosyl-soluble and
tau antibody (Dako) in a separate cohort. C: Western blots of seven unique
rTg4510 and APP/PS1-rTg4510 mice. Separate blots were used for each
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To further examine changes in tau aggregation, we also
performed sarkosyl extraction in 4-month-old mice
(Figure 5B). Sarkosyl soluble and insoluble tau was abun-
dant in both rTg4510 and APP/PS1-rTg4510 mice and
exhibited similar banding patterns. We also examined nine
tau phosphorylation epitopes in rTg4510 and APP/PS1-
rTg4510 mice by Western blot (Figure 5C). Phosphoryla-
tion was prominent at T181, S199, T205, T231, pS262/
pS356, S396, and S400. Phosphorylation was less apparent
at position S422, which appeared to detect mostly HMW
SDS-resistant tau and was approximately threefold more
abundant in APP/PS1-rTg4510 mice. In all, compared to
mice expressing tau only, homogenates from young APP/
Figure 6 Tau phosphorylation in human Alzheimer disease cases with and with
homogenates from three representative no plaque and three plaque cases were asse
PeR: Bands were quantified by densitometry and normalized to actin loading co
pS199 (B and E), pT205 (C and F), pT231 (G and J), pS262/pS356 (H and K), pS39
pS396 blot is from a second pS396 blot and is a sample processing control. O an
used. Separate blots were used for each tau antibody, with actin shown for load
AU, arbitrary unit.
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PS1-rTg4510 mice had an increase in HMW tau but a
similar extent of the sarkosyl insoluble, phosphorylated, and
truncated forms.
We assessed these same phospho-epitopes in para-

hippocampal gyrus homogenates from human cases with
and without plaques (Figure 6). We observed few distinc-
tions in banding patterns between cases at these particular
sites, although pS199 was reduced in plaque cases
(Figure 6, B and E) (t-test, P Z 0.03). Also, although not
statistically significant, pS422

Q

(Figure 6N) appeared to
detect a slight increase in HMW SDS-resistant tau in sam-
ples with plaques, consistent with findings in APP/PS1-
rTg4510 mice.
out plaques. AeC, GeI, and MeO: Western blots of parahippocampal gyrus
ssed using antibodies to detect phosphorylated tau species. DeF, JeL, and
ntrols. Phospho-tau species that were assessed include pT181 (A and D),
6 (I and L), pS400 (M and P), and pS422 (N and Q). E: Actin shown for the
d R: A total tau antibody (HT7) that detects the midregion of tau was also
ing control below. Data are expressed as means � SD. *P < 0.05 Q42(t-test).
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Discussion

Herein, we explored the possibility that Ab has a synergistic
effect on tau. We observed that tissue from human brains
with plaques, compared to tissue that has similar amounts of
tau but without plaques, results in greater tau seeding ac-
tivity and an increase in HMW tau species observed by
SDD-AGE. These same effects were also observed by
crossing the APP/PS1 and rTg4510 mouse strains. The
enhanced ability of tau from APP/PS1-rTg4510 mice at
4 and 6 months of age to seed tau aggregates in an HEK cell
bioassay corresponded with increased AT8-positive tau
accumulation and ThioS-positive neurofibrillary tangles in
mice at these ages. We did not detect a difference in total tau
content in cortical homogenates or in CSF tau levels,
arguing against the possibility that the increase in the
amount of tau pathology was because of a change in tau
steady-state levels. In fact, the absolute amount of tau in the
CSF decreased substantially as the animals aged, at the same
time that there was considerable neuronal death. This in-
verse relationship suggests that the source of CSF tau is not
principally from dying neurons.

Similarly, because previous reports indicate that phos-
phorylation status of tau is important in uptake and
seeding,26 we examined the presence of various phospho-
epitopes in rTg4510 and APP/PS1-rTg4510 mice and did
not detect any large differences. Phospho-epitopes were also
similar between human cases with and without plaques,
although these assays would not have been sensitive to
differences in combinatorial levels of tau phosphorylation.
Taken together, these data suggest that Ab (or a change in
the cortex associated with Ab) increases the rate of con-
version of nonpathological tau to a bioactive form. This
increase in bioactive tau, which is both taken up by cells and
seeds tau aggregates, is likely responsible for the overall
enhancement of tau pathology.

Previously, we tested the hypothesis that the rate at which
tau propagates from one region of the brain to another may
be one way in which Ab affects the disease course by
examining APP/PS1-TgTauEC mice, which only express
tau in the entorhinal cortex. In those mice, we observed a
20-fold increase in tau propagation from the entorhinal
cortex to the hippocampal dentate gyrus compared to tau-
onlyeexpressing mice.16 The current data reinforce the idea
that Ab and tau act synergistically to accelerate tau aggre-
gation and deposition.

How Ab increases tau bioactivity is less clear. One
possible mechanism for this effect could be a direct inter-
action via heterotypic seeding of tau by Ab.33 However, Ab
may also promote aggregate formation through intermediate
factors. For example, inflammation is known to enhance tau
phosphorylation.34e36 Although we did not observe any
overt increase in the numbers of microglia present in APP/
PS1-rTg4510 mice versus rTg4510 alone, we saw clustering
of microglia near plaques and increased astrocytosis in these
mice even at young ages. Thus, inflammatory mediators
The American Journal of Pathology - ajp.amjpathol.org
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may be a complementary pathway by which Ab exerts an
effect.

Overall, it would appear that Ab induces the enhanced
formation of bioactive species of tau, which lead to enhanced
accumulation in neurons. This acceleration of tau pathology
by Ab is important to our understanding of how Alzheimer
disease differs from other tauopathies, and may help explain
the observation from clinical studies that tau accumulation in
the cortex increases in the presence of detectable amyloid.
Moreover, in the animal model, it appears that even soluble
Ab (rather than plaques per se) is sufficient to accelerate tau
deposition. Understanding the critical molecular mechanisms
that lead to increased high molecular weight, seed competent
tau thus may have important therapeutic implications for
designing trials testing the idea that reduction of Ab may
affect the rate of accumulation of tau-dependent pathology in
Alzheimer disease.
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Supplemental Figure S1 Uncropped Western blots (APP/PS1-rTg4510 mice). A and B: Blot of sarkosyl soluble (A) and insoluble (B) fractions probed
with a mid-domain polyclonal anti-tau antibody (Dako) or an N-terminal total tau antibody (Tau13; Biolegend). C: Phospho-tau blots and total tau (Dako) blot.
D: Blots were reprobed with an antieb-actin antibody and are shown below their corresponding blots from C. All blots were used in Figure 5. L, ladder;
T, rTg4510; W, wild type; X, APP/PS1-rTg4510. Molecular weight ladders were visible at 680 nm (Tau13; actin blots).

Supplemental Figure S2 Uncropped Western blots (human samples). AeH: Uncropped phospho-tau and actin blots from Figure 6. Actin and pS396
shown are from the same blot (F). I: Uncropped total tau blot (Dako) from Figure 6. JeL: Total tau was also detected using an additional rabbit polyclonal
antibody (AbCam; J), a monoclonal N-terminal tau antibody (Tau13; Biolegend; K), or a mid-domain monoclonal antibody (HT7; Invitrogen; L). No differences
in truncated forms of tau were revealed between groups. Samples were loaded the same for all blots from left to right: ladder, no plaques 1 to 3, and plaques 1
to 3.

Supplemental Figure S3 Ab pathology in APP/PS1-rTg4510 mice. A pan-Ab antibody was used to label plaques in mice at 4 (A and E), 6 (B and F), or 12
(C and G) months of age. No Ab labeling was observed in wild-type (D) or rTg4510 (H) mice but was observed in the brains of APP/PS1 (AeC) and APP/PS1-
rTg4510 (EeG). The total number of plaques per mm2 did not differ between APP/PS1 and APP/PS1-rTg4510 mice at 4 (I) or 6 (J) months but was significantly
reduced at 12 months of age (K). ThioS labeling of dense core plaques reveals that the total plaque area is also reduced at 12 months (L), but the size of ThioS-
positive plaques is greater (M). Images are taken in somatosensory cortex, but plaques were quantified throughout a single hemisphere (t-test). Total human/
rodent Ab1-42 was measured in CSF from a separate cohort of mice at 12 months of age (Kruskal-Wallis analysis of variance, P Z 0.0024; N), and total human
Ab1-42 was measured in cortical homogenates (Kruskal-Wallis analysis of variance, P < 0.001; O). Data are expressed as means � SD (IeO). **P < 0.01,
***P < 0.001 (Dunn’s post hoc comparisons). Scale bar Z 200 mm (AeH).

Supplemental Figure S4 Astrocyte pathology in APP/PS1-rTg4510 mice. To assess gliosis in 4-, 6-, and 12-month-old mice, sections were labeled with
glial fibrillary acidic protein (GFAP; AeH) and wild-type mice (4-month-old mouse; D) were compared to APP/PS1 (4-month-old mouse; H), rTg4510 (AeC),
and APP/PS1-rTg4510 mice (EeG). Stereological quantification reveals an increase in the number of GFAP-positive astrocytes seen in APP/PS1-rTg4510
hemispheres at 6 months (one-way analysis of variance; J) and 12 months (Kruskal-Wallis analysis of variance, P Z 0.002; K), but not at 4 months (Kruskal-
Wallis analysis of variance, P Z 0.01; I) of age. Data are expressed as means � SD (IeK). *P < 0.05, **P < 0.01, and ***P < 0.001 (Dunn’s or Bonferroni
post hoc comparisons). Scale bar Z 50 mm (AeH).

Supplemental Figure S5 Microglial pathology in APP/PS1-rTg4510 mice. Iba-1 was used to label microglia in 4-month-old mice (A, D, E, and H),
6-month-old mice (B and F), and 12-month-old mice (C and G). Compared to rTg4510 mice (AeC), APP/PS1-rTg4510 mice (EeG) exhibit active phenotypes
and clustering near plaques. A representative 4-month-old wild-type and APP/PS1 mouse is shown in D and H, respectively. Total numbers of Iba-1epositive
cells are unchanged between genotypes at 4 months (one-way analysis of variance, P Z 0.117; I), 6 months (P Z 0.580; J), or 12 months (P Z 0.099; K) of
age. Scale bar Z 50 mm (AeH).

Supplemental Figure S6 Cortical volume measurements in APP/PS1-rTg4510 mice. Estimates of the size of cortical volumes are given for each genotype
at 4 (A), 6 (B), and 12 (C) months of age based on tracing the area of the cortex from serial sections (40 mm thick) sampled every 400 mm from the frontal
cortex to the posterior edge containing entorhinal cortex (4 months, Kruskal-Wallis analysis of variance P Z 0.0006; 6 months, one-way analysis of variance
P Z 0.0003; 12 months, P < 0.0001). Data are expressed as means � SD (AeC). *P < 0.05, ****P < 0.0001 (Dunn’s or Bonferroni post hoc comparisons).
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