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Senile plaques formed by B-amyloid peptides (Af)
and neurofibrillary tangles (NFTs) formed by hyper-
phosphorylated tau, a microtubule-associated pro-
tein, are the hallmark lesions of Alzheimer’s disease
(AD) in addition to loss of neurons. While several
transgenic (Tg) mouse models have recapitulated
aspects of AD-like AB and tau pathologies, a spatio-
temporal mapping paradigm for progressive NFT ac-
cumulation is urgently needed to stage disease pro-
gression in AD mouse models. Braak and co-workers
developed an effective and widely used NFT staging
paradigm for human AD brains. The creation of a
Braak-like spatiotemporal staging scheme for tau pa-
thology in mouse models would facilitate mechanistic
studies of AD-like tau pathology. Such a scheme
would also enhance the reproducibility of preclinical
AD therapeutic studies. Thus, we developed a novel
murine model of A3 and tau pathologies and devised
a spatiotemporal scheme to stage the emergence and
accumulation of NFTs with advancing age. Notably,
the development of NFTs followed a spatiotemporal
Braak-like pattern similar to that observed in authen-
tic AD. More significantly, the presence of Af3 accel-
erated NFT formation and enhanced tau amyloidosis;
however, tau pathology did not have the same effect
on Af} pathology. This novel NFT staging scheme pro-
vides new insights into the mechanisms of tau patho-
biology, and we speculate that this scheme will prove
useful for other basic and translational studies of AD
mouse models. (4m J Pathol 2010, 177:1977-1988; DOI:
10.2353/ajpath.2010.100346)

Alzheimer’s disease (AD) is characterized by a triad of
neuropathological hallmarks including senile plagues,
neurofibrillary tangles (NFTs), and neuron loss. Senile
plaques are extracellular lesions composed of B-amyloid
(AB) peptides, whereas NFTs are composed mainly of
hyperphosphorylated tau, a microtubule-associated pro-
tein. Previous reports using the six-stage NFT progres-
sion scheme developed by Braak and co-workers de-
fined a spatiotemporal pattern of tangle accumulation
which correlates more closely with the severity of demen-
tia in AD patients than the burden of AB plaques.'®
Despite the fact that the burden of AB plaques correlates
less well with the degree of dementia, the amyloid cas-
cade hypothesis posits that AB influences NFT evolution,
although other evidence suggests tangles precede
plague formation.?~® Thus, the influence of plaques and
tangles on each other remains controversial, and meth-
odological limitations of postmortem studies of AD brains
precludes unequivocal resolution of this controversy.
Thus, to probe the interplay between plagues and
tangles, several transgenic (Tg) mouse models with both
plaqgue and tangle pathology have been described as
reviewed elsewhere.” For example, bigenic mouse mod-
els harboring both human mutant tau and APP trans-
genes display enhanced tau tangle formation when com-
pared to their monogenic counterparts.®~'° These results
lend support to the view that plaques influence the de-
velopment of tangles by augmenting NFT formation.
However, the lack of a rigorous strategy to define the
spatiotemporal accumulation of NFTs limits clear under-
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standing of the impact plaques exert on progressive tau
pathology. Moreover, the availability of a tangle staging
scheme would facilitate comparative studies of AD pa-
thology across different Tg mice as well as enable more
standardized and rigorous assessment of the effects of
potential disease-modifying therapies. The need for stan-
dardization of Tg mouse studies was also emphasized in
a recent assessment of the failure to reproduce many
preclinical studies in Tg mouse models of amyotrophic
lateral sclerosis.’’ Hence, we addressed this issue by
generating a novel bigenic mouse model of AB and tau
pathology through crossing our P301S mutant tau (PS19)
Tg mouse model with the well-known PDAPP model that
overexpresses mutant V717F APP."2"3 Using this PS19;
PDAPP bigenic model, we staged the spatiotemporal
pattern of progressive accumulations of tau pathology
and showed an accumulation similar to the Braak NFT
staging scheme for AD brains. We then exploited this
staging scheme to show that the presence of AB alters
the progressive accumulation of tau pathology. Thus, by
developing a tau staging scheme, we provide insights
into the modulation of tau pathology by AB. We speculate
that our novel staging paradigm will lead to additional
insights into mechanisms of AD and prove useful in other
basic and translational studies of AD mouse models.

Materials and Methods

Generation of Transgenic Mice

Bigenic F1 hybrids were generated by crossing PS19
and PDAPP Tg mice. The PDAPP mouse model is well
described, and it was engineered to encode a human
APP minigene carrying the V717F mutation driven by the
PDGF promoter.' The PS19 model harbors the T34 iso-
form of tau with one N-terminal insert and four microtu-
bule binding repeats (1N4R) encoding the P301S muta-
tion driven by the mouse prion protein promoter.'?
Characterization and staging of mice was performed on
F1 PS19;PDAPP bigenic hybrids and their monogenic
parental strain.

Antibodies Used in this Study

AT8 (Thermo Scientific, Rockford, IL), a monoclonal an-
tibody (mAb) raised to phosphorylated Ser202/Thr205 of
tau' was used as the major immunohistochemistry (IHC)
tool to map the spatiotemporal accumulation of tau tan-
gles in our single and bigenic Tg mice. Notably, this mAb
does not significantly stain normal tau by most IHC meth-
ods but stains only pathologically phosphorylated tau. It
has been used as an alternative method to Gallyas stain-
ing for diagnostic purposes, yielding reproducible results
in interlaboratory studies comparing AT8 to Gallyas silver
staining.’*~'® Additional anti-tau antibodies used include
AT270 mAb reactive to PHF-tau Thr181 (Thermo Scien-
tific), AT180 mAb reactive to PHF-tau Thr231 (Thermo
Scientific), polyclonal anti-tau antibody 17025 and mAb
T14 that recognizes human tau.'® The distribution of AB
plagues was monitored using mAb Nab228, which rec-

ognizes AB amino acids 1-11 but also detects full-length
APP, and it is used to stain both mature and immature
plaques. Additionally, we used Nab61, a mAb that rec-
ognizes an oligomer-specific conformational epitope in
AB and is used here as an indicator of mature plaque
formation.'” Finally, we also used mAb to glial fibrillary
acidic protein (GFAP) (Dako, Carpinteria, CA) to monitor
reactive astrocytes and mAb to IBA-1 (Wako Chemicals,
Richmond, VA) to monitor microglial activation in Tg
mouse brains.

Histology, Immunohistochemistry, and Staging

Tissue preparation and IHC was performed on single
PS19 and PDAPP as well as bigenic PS19;PDAPP Tg
mice at four, eight, and eleven months of age. Mice were
anesthetized and transcardially perfused with phosphate
buffer saline, pH 7.0 in accordance with protocols ap-
proved by the Institutional Animal Care and Use Commit-
tee (IACUC) of the University of Pennsylvania. Brains
were surgically removed and fixed in 4% neutral buffered
formalin. To maintain consistency of dissection and to
facilitate analysis in our cohort of mice, brains were coro-
nally sliced in register with the Allen Mouse Brain Atlas
(See http://mouse.brain-map.org) starting with an initial
cut parallel to the olfactory tract as it bends toward the
median eminence (see Figure 1). Subsequent coronal
sections were generated 2 mm anteriorly and posteriorly
from the initial cut using a rodent brain matrix (ASI Instru-
ments). Coronal slabs were fixed in neutral buffered for-
malin and paraffin embedded. Paraffin blocks were sec-
tioned at 6 um through the entire block. Tissues sections
were stained using a Polymer horseradish peroxidase
detection system (BioGenex, India) and automatically
stained using the i6000 Automated Staining System (Bio-
Genex). Staging was performed by sampling every
20-30 slides in duplicate or triplicate. Bregma levels
0.145, —2.055, and —2.88 were analyzed for spatial dis-
tribution of AT8 positive neurons. Mice were scored ac-
cording to AT8 distribution. Fibrillary tau lesions were
detected using Gallyas silver and Thioflavine-S/Lipofus-
cin autofluorescence quenching protocols as previously
described.'?

AB Plaque Quantification

Tissue sections were stained with Nab228, and AB
deposits were quantified by the percentage area oc-
cupied. Four regions of interest (ROI) were defined
representing anterior and posterior cortex (bregmas
—2.055 and —2.88, respectively) and anterior and pos-
terior hippocampus (bregmas —2.055 and —2.88, re-
spectively). Bregma region 0.145 was not analyzed
due to the rarity of AB deposits present within this
region. Images of Nab228 staining were grayscaled,
and ROl were outlined and threshold against back-
ground. Imaged Particle Analyzer was used to deter-
mine area fraction occupied by deposits. All data were
analyzed by analysis of variance.
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Figure 1. Schematic representation of bregma regions analyzed for staging tau progression. Az Sagittal view of mouse brain indicating the approximate positions
of coronal slices generated at 2-mm intervals as indicated by dashed blue lines. Red shaded area indicates structural span analyzed for current study. B: Coronal
views of the three bregma regions used for staging tau progression. Mouse illustrations in this and other figures are adapted from the Allen Mouse Brain Atlas (see

bttp://mouse.brain-map.org).

Analysis of Body Weight, Motor Phenotype, and
Survival

Cross-sectional body weight and motor phenotype were
assessed before perfusion at 4, 8, and 11 months of age on
the following mice: i) PS19, ii) PDAPP, iii) PS19;PDAPP, iv)
Wild-Type (wt) B6C3H/F1 background. Motor phenotype
was scored on a scale of 0 to 1 according to ambulatory
ability; Normal (score: 0) or paresis, paralysis, and/or
hunchback posture (score: 1). Paresis was defined as those
mice displaying partial utility of hindlimbs, with slight impair-

ment to ambulation as indicated by minor dragging of hind-
limbs. Paralysis was defined as lack of hindlimb function,
with inability to fully stand on hindlimbs. Life span studies
were completed on a separate cohort of mice (n = 6-10).
Due to the paralysis observed in the PS19 line, we eutha-
nized mice which became moribund and were classified as
dead in a Kaplan—Meier Survival Curve, as their lifespan
would not exceed more than two weeks when moribund.
Statistical analysis on survival curves was performed using
the logrank test and cross-sectional body weight was ana-
lyzed using a t-test.
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Sanadwich ELISA Analysis

AB 40 and AB 42 levels were detected using ELISA
protocols previously described.™ Briefly, brain regions
were sonicated in RIPA buffer (0.5% sodium deoxy-
cholate, 0.1% SDS, 1% NP-40, 5 mmol/L EDTA in TBS,
pH 8.0) containing protease inhibitors (1 ug/ml of pep-
statin A, leupeptin, L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone, 1-chloro-3-tosylamido-7-amino-2-hep-
tanone, soybean trypsin inhibitor, and 0.5 mmol/L PMSF)
at 2 pl/mg of tissue followed by centrifugation at
100,000g for 20 minutes at 4°C. Resulting pellet was
further extracted by sonication with 70% formic acid (FA)
at 2 pl/mg of tissue followed by a second centrifugation.
Both RIPA and FA lysates were assayed by sandwich
ELISA using antibodies Ban50 (anti AB;_io), and end
specific BCO5 and BA27 to distinguish AB 40 and AB 42,
respectively. Statistical analysis was performed using
analysis of variance Bonferroni’s posttest.

Results

Accelerated Motoric Phenotype in Bigenic
PS19,PDAPP Tg Mice

PS19 mice have been shown to exhibit clasping and limb
retraction when suspended by the tail, which is followed
by limb weakness and progressive paralysis, hunchback
posture, and ultimately the inability to feed.'? We inves-
tigated whether these motoric phenotypes were acceler-
ated in our bigenic PS19;PDAPP mouse model. We also
cross-sectionally measured body weight of our Tg mouse
cohorts to determine whether there were differences in
body weights between monogenic and bigenic mice. As
expected, the body weight of wild-type (WT) and PDAPP
mice significantly increased with advancing age as indi-
cated in (Figure 2A). The median weight distribution of
PS19 mice showed a slight decrease with a wide range
(from 18—41grams) observed at 11 months of age. This
disparity in weight is most likely due to variation in the
onset of motor phenotype which correlates with pathol-
ogy observed in PS19 mice. Similarly, a decrease in
weight with increasing age was also observed for PS19;
PDAPP mice, albeit with a much smaller variation in the
range of weight at 11 months of age.

We next evaluated motoric phenotypes of single PS19
and bigenic PS19;PDAPP mice as indicated by the initial
onset of paresis and full paralysis along with the pres-
ence of a hunchback posture. Mice, which displayed
these phenotypes, were given a score of 1, and mice
without any motor phenotypes were scored as 0. The
percentage of mice displaying motor phenotype was in-
creased in bigenic PS19;PDAPP (56%) vs. monogenic
PS19 mice (44%) at 11 months of age (Figure 2B) with no
mice displaying motor phenotypes at 4 months of age.
Interestingly, these phenotypic differences seem to be
more profound in male bigenic PS19;PDAPP mice with a
greater decrease in percentage of body weight and a
larger number of those mice displaying some form of
motor phenotype at 11 months of age (Figure 2C, 2D).

Finally, we analyzed the life-span of both PS19 and
PS19;PDAPP mice and observed a decrease in life-span
in the female population when comparing monogenic
PS19 with bigenic PS19;PDAPP, with a median survival of
13 and 12 months, respectively. Again, male mice dis-
played an increase in premature death with a median
survival of 10 months for PS19;:PDAPP whereas female
PS19;PDAPP had a median survival of 12 months (Figure
2, E and F). Taken together, these results suggest that
bigenic PS19;PDAPP mice display an accelerated mo-
tor phenotype, which affects body weight and survival.
Moreover, male bigenic mice displayed an even
greater acceleration of phenotype compared to female
bigenic mice.

Staging the Progression of Tau Pathology in
PS19 Mice

To evaluate the impact of AB deposition on tau tangle
formation in PS19;PDAPP mice, we compared the pro-
gression of tau pathology in monogenic PS19 with the
bigenic mice. To accomplish this, we analyzed the pro-
gression of abnormally phosphorylated tau detected by
the mAb AT8 in PS19 and PS19;PDAPP mouse brains at
4, 8, and 11 months of age. Figure 1A identifies positions
of coronal sections generated at 2-mm intervals anteriorly
and posteriorly from an initial cut parallel to the olfactory
tract as it bends toward the median eminence. Approxi-
mately every 20-30 slides of the entire brain were stained
for AT8 and sections from bregmas 0.145, —2.055, and
—2.88 mm were selected for further analysis (Figure 1B).
All images were characterized and rank ordered by the
extent of the distribution and intensity of AT8 IHC, and our
analysis showed the emergence of six distinct stages
among all of the PS19 and PS19;PDAPP mice (Figure 3,
A and B). Detailed anatomical distribution and the pro-
gression of tau pathology over time were qualitatively
scored according to our six stages (see also Supplemen-
tal Figures 1-3, http://ajp.amjpathol.org) as summarized
below.

Stage |

Both single PS19 and bigenic PS19;PDAPP mice catego-
rized as Stage | showed rare to sparse AT8 detectable
phosphorylated tau immunoreactivity (pTau-ir). pTau-ir is
limited in Stage | to the most caudal isocortical regions
(eg, bregma —4.28 mm). Affected regions include layers
2/3 of the isocortex and entorhinal cortex. Within the
isocortical region, a ventral-dorsal patterning emerged
with the most affected regions confined to the ventral
cortex, including the perhirhinal, ectorhinal, temporal,
and visual cortices. Within the entorhinal cortex, the lat-
eral entorhinal is most affected, while the pre-, post-, and
parasubiculum are spared (Supplemental Figure 4, see
http://ajp.amjpathol.org). Interestingly, more rostral corti-
cal regions (bregmas rostral to —2.88 mm) lack AT8
immunoreactivity (data not shown).
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Figure 2. Accelerated motor phenotypes in bi-
genic PS19;PDAPP mice with reductions in body
weight. A: Cross-sectional body weights of WT,
PDAPP, PS19, and PS19;PDAPP Tg female mice
at 4 and 11 months of age. Bigenic PS19;PDAPP
display a more consistent reduction in body
weight when compared with monogenic PS19
mice. Additionally, WT and PDAPP mice display
significant increases in body weight (*P < 0.05)
with age as expected. n = 18 for wild type, n =
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5-9 for PDAPP, n = 7-8 for PS19, n = 8-9 for
PS19;PDAPP. B: Percentage of female Tg mice
displaying motor phenotypes that include pare-
sis, paralysis, and hunchback posture. Mice that
display any of these three phenotypes were
given a score of 1, whereas mice lacking all three
phenotypes were scored as 0. Pie chart repre-
sents percentage of mice with a motor score of 1
over two time points (4 and 11 months) and
between two Tg mice, that is, PS19, and PS19;
PDAPP. n = 9 for PS19, n = 8-9 for PS19;
PDAPP. C and D: Comparisons of male and
female bigenic PS19;PDAPP mice by cross-sec-
tional body weight (C) and motor phenotype
(D) at 4 and 11 months of age. Bigenic male
mice display larger decreases in body weight
and greater percentages of mice with a motor
phenotype. 1 = 6—8 for PS19;PDAPP males, n =
8-9 for PS19;PDAPP females. E and F: Kaplan—
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Meier Survival Curves comparing female (E) and
male (F) PS19 and bigenic PS19;PDAPP mice.
Bigenic mice demonstrate a statistically signifi-
cant (P = 0.0492) increase in premature death
rate with a median survival of 12 months for
females (versus 13 months for female PS19 mo-
nogenic) and 10 months for males (versus 11
months for male PS19 monogenic). Between
male and female bigenic mice, males showed a
statistically significant increase in premature
death as shown in F (P = 0.0211). n = 32 for
PS19 females, n = 44 for PS19 males, n = 24 for
PS19;PDAPP females, n = 35 for PS19;PDAPP
males.
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Stage Il is similar to Stage | regarding distribution of
pTau-ir, but the pTau-ir is more consistently present in
Stage Il. Additionally, pTau-ir distribution progressed
more rostrally throughout the isocortical layers 2/3 and
entorhinal layers 2/3 and 4 in Stage II; however, the more
severely affected regions are more caudal. Stage Il is
also marked by the initial presence of AT8 immunostain-
ing in the cortical amygdalar region and piriform area,
along with some pTau-ir in the basolateral and medial
amygdalar nucleus. Rarely, AT8 pTau-ir is seen in the
pyramidal layer of the CA1 field, however this is confined
to caudal regions such as bregma —2.88 mm. Stage Il is
also marked by the occasional involvement of the
hypothalamus.

J
S
Logrank p = 0.0211
T
6

Months

Stage /Il

The development of more consistent and abundant
pTau-ir in layers 2/3 of the isocortex is an underlying
theme during each stage of development and continues
through Stage Ill. In addition, layer 5 now begins to be
affected, although not to the same extent as layers 2/3
because only a few pTau-ir neurons are found scattered
throughout layer 5 of the isocortex. Again, a caudal-
rostral progression pattern is seen with caudal cortical
regions being more affected than rostral regions. Quali-
tatively, there is an increased abundance of AT8 positive
neurons within the cortical amygdala as well as the ba-
solateral and medial amygdalar nucleus. A distinctive
feature of stage Il is the consistent progression of pTau-ir
into the hippocampal formation (HPF), more specifically
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Figure 3. Six stages of AT8 spatial distribution. A: Representative images of six distinct mice, each with a unique stage from I-VI, immunostained with AT8. Each
column is an individual mouse while each row is a defined bregma. B: Higher magnification images of Stages II, IV, and VI of the hippocampal column at bregma
—2.055 mm, demonstrating progressive tau pathology (calibration bars = 200 mm).

within the pyramidal layers of CA1 and CA3 as well as in Stage IV
the dentate gyrus. As with the isocortical caudal-rostral

patterning, the HPF follows the longitudinal septo-tempo- More abundant appearance of pTau-ir throughout CA1 to
ral axis and immunoreactivity within the HPF is confined CA3 and dispersion into the caudoputamen are hall-
to the more temporal axis. marks of Stage IV, wherein tau pathology in the HPF
A Human Mouse

Figure 4. Comparison of Braak staging neuro-
fibrillary changes to murine AT8 pTau-ir. Az Dis-
tribution of neurofibrillary development in Alz-
heimer’s pathology and murine staging. Sagittal
view of human and mouse brains, with red
arrows indicating progression of neurofibrillary
changes. Each row indicates defined stages I/II,
1I/1V, and V/VI. Human pathology initiates in
the entorhinal cortex (Stage I/ID), then proceeds
into the hippocampal formation (HPF) and tem-
poral cortex (Stage III/IV), and finally involves
the neocortex (Stage V/VD). Similarly, murine
staging begins in the entorhinal cortex with spo-
radic appearance within layers 2/3 of the neo-
cortex (Stage I/ID, which progresses into the
HPF and further into the neocortical layers
(Stage III/IV), and finally widespread develop-
ment of pTau-ir in the straitum, thalamus, and
deep layers of the neocortex (Stage V/VI). Note:
Olfactory bulb, brainstem, and cerebellum were
not scored in this study and are therefore not
depicted to show pTau-ir. B: Mice at 4, 8, and 11
Sagittal View Sagittal View months of age were scored at bregmas 0.145,

Lateral:3.325 mm Lateral:0.875 mm —2.055, and —2.88, which resulted in a staging

category of I/1I, III/TV, and V/VI, respectively.

B C The graph illustrates the percentage of mice that
are within a specific staging category (x axis)
over a 4-, 8-, and 11-month time point (y axis,

= pisrorr of left) and within a given genotype (y axis, right).
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progresses to widely involve the longitudinal septo-tempo-
ral axis. Additionally, the hippocampal neuropil in the strata
radiatum, oriens, and lucidum are pTau-ir with AT8. The
hypothalamus is now more consistently stained and there is
a qualitative increase in pTau-ir. Additionally, there is
pTau-ir throughout the thalamus and midbrain, along with
pTau-ir in the lateral septal nucleus and neurons within layer
5 of the isocortex are more consistently stained.

Stage V

Stage V is similar to Stage IV except AT8 IHC is more
consistent and pTau-ir is qualitatively more abundant in
all regions previously affected in Stages I-IV. A distinctive
feature of Stage V is the penetration of pTau-ir into layers
4 and 6 of the isocortex. There is also a clear increase in
AT8 staining throughout most of the isocortical regions in
layers 2/3 and 5 along the caudal-rostral axis.

Stage VI

The progressive accumulation of tau pathology culmi-
nates in Stage VI wherein the burden of this pathology is
the most extensive with evidence of tau mediated neuro-
degeneration indicated by extensive neuron loss, wide-
spread astrogliosis, microgliosis, and overt volume loss
in both the isocortex and HPF. All layers of the isocortex
are pTau-ir with AT8 while the HPF is overwhelming AT8-
positive. As in Stage IV, the hippocampal neuropil in the
strata radiatum, oriens, and lucidum are clearly stained,
while the molecular layer of the dentate gyrus is minimally
affected. At Stage VI, a dramatic shift to a heavily stained
molecular layer is clearly observed. pTau-ir is abundantly
present in the perikarya of neurons as well as in their
processes in the neuropil throughout most affected re-
gions of the brain. This stage is considered the most
advanced because mice become debilitated due to pa-
ralysis, and the ability to observe further progression of
tau pathology is limited by their truncated lifespan.

Comparative Staging of Tau Neuropathology in
Murine Models to Braak in AD Patients

Because our PS19 and PS19;PDAPP models show dra-
matic progression in the distribution of tau pathology from
the entorhinal and neocortex, followed by involvement of
the HPF and subcortical structures, to culminate in pen-
etration of all layers of the neocortex, we investigated
whether our Tg mouse tau pathology Stages I-VI showed
similarity to the trajectory of Braak staging. As described
in a recent review by Braak and co-workers,'®?° six
distinct stages were outlined (I-VI), and these were sub-
sequently aggregated into three main stages for expedi-
ent grading of tau pathology: 1, transentorhinal stage
(Stages I/ll); 2, limbic stage (Stages IlI/IV); 3, isocortical
stage (Stages V/VI). Briefly, the transentorhinal stage is
marked by the initial emergence of NFT in the transento-
rhinal cortex with more modest involvement of CA1 and
rare tau pathology in isocortical regions. The limbic stage
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of development is highlighted by severe involvement in
transentorhinal and entorhinal cortex along with numer-
ous tau tangles and neuropil threads in HPF, with mild tau
pathologies seen in the thalamus and amygdala. A more
considerable burden of tau lesions is present in the cor-
ticomedial complex of amygdala and basolateral nuclei,
along with development in putamen and accumbens nu-
cleus.?® The final isocortical stage is highlighted by the
invasion of the isocortical association areas. Additionally,
there is a continued increasing presence throughout the
HPF and development in stratum oriens and radiatum.
Hypothalamus, claustrum, and substantia nigra are ad-
ditionally affected.?®

While acknowledging very dramatic differences be-
tween the mouse and human brain, we asked whether the
staging of tau pathology in our PS19 showed any verisi-
militude to the Braak staging of NFTs in human AD brains.
Similarly to Braak staging, we clustered mouse tau pa-
thology into three main stages as summarized in Figure 4:
i) Entorhinal/Superficial Neocortical Stage, ii) Limbic/
Amygdala Stage, and iii) Deep Neocortical/Subcortical
Nuclei. Entorhinal/Superficial Neocortical Stage (Stage
I/ll) is marked by initial pTau-ir in the more caudal cor-
tex involving the temporal association, ectorhinal, and
perirhinal corticies. Similarly to Braak there is the appear-
ance of altered pTau-ir in the entorhinal cortical layers 2/3
confined to the most caudal cortical regions. In rare
instances, we also observed AT8 detectable pTau-ir in
the pyramidal layer of CA1 and rare occurrences in the
hypothalamus. Limbic/Amygdala Stage (Stage lll/IV) is
differentiated from previous stages by the consistent pro-
gression into the HPF within the pyramidal layers of CA1,
CA2, and CAB3, in addition to the granule layers of the
dentate gyrus along the septo-temporal axis, with stain-
ing throughout the stratum radiatum, oriens, and lucidum.
Within this stage we also observed a more consistent
progression into cortical amygdala, basolateral, and me-
dial amygdalar nucleus, caudoputamen, thalamus, and
hypothalamus. A distinctive feature within Deep Neocor-
tical/Subcortical Nuclei (Stage V/VI) is the progression
into deeper layers of the neocortical layers 4, 5, and 6
along the caudal-rostral axis. Additionally, Stage VI is
distinguished by an abundance of pTau-ir throughout the
molecular layer of the dentate gyrus and increased pres-
ence throughout the caudate, putamen, and thalamic
regions. Thus, we observed similarities between the dif-
ferent stages of tau pathology in Braak staging of AD
brains and our Braak-like staging in monogenic PS19 and
bigenic PS19;PDAPP Tg mice (Figure 4A). However, no-
table dissimilarities between Braak staging and our
Braak-like staging in tau Tg mouse models were also
observed. For example, the initial appearance of phos-
phorylated tau pathology within layers 2/3 of the isocortex
at the earliest Stages I/l differs from Braak Stages I/Il.
Additionally, the amygdala and thalamic nuclei in the
mice develop at a faster pace, appearing as early as
Stage Il and lll, while Braak staging has their develop-
ment appearing at Stage Il and Stage IV. Overall the
Braak-like staging in our murine model is reminiscent of
Braak staging, which is highlighted by initial development
in entorhinal followed by limbic systems, but the acceler-
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Figure 5. Accelerated neurofibrillary tangle formation in
bigenic mice. A: PS19 and PS19; PDAPP Tg mice were
stained with ThS and analyzed for NFT formation. The
percentage of mice displaying positive ThS staining was
plotted over a 4-, 8-, and 11-month time course. Comparison
of ThS-positive tangles between male and female PS19;
PDAPP Tg mice over a 4-, 8-, and 11-month time course
demonstrates a consistent increase in tangle formation re-
gardless of sex. B: Graphical illustration of ThS-positive
deposits throughout the mouse brain. Red colorization in-
dicates the presence of ThS-positive tangles. Black boxes
correspond to photographic images immediately adjacent to
illustration. C: Representative photographic images of ThS
and Gallyas Silver staining in entorhinal, CA3, and piriform
regions. Calibration bars (ThS and Gallyas Silver): low mag-
nification 200 mm, high magnification 20 mm).

bregma:-2.055

ated pathology in the neocortic and subcortical regions
distinguishes Braak staging from murine staging.

Expression of Mutant APP in PS19;PDAPP
Mice Accelerates Progression of Tau Pathology
and Augments Tau Amyloidosis

Our initial characterization of the progression of tau pathol-
ogy using a Braak-like staging paradigm was conducted
using both PS19 monogenic as well as PS19;PDAPP big-
enic mice. To investigate whether the progression of patho-
logical pTau-ir is altered in a spatiotemporal manner in our
bigenic mouse model of AD pathology by the human mu-
tant APP transgene, we mapped the progression of AT8
detectable pTau-ir and found similar spatial distribution of
pTau-ir in our monogenic and bigenic Tg mouse models.
However, we noted that the PS19;PDAPP mice entered
each stage at an earlier age than their monogenic counter-
parts (Figure 4B). Comparing female bigenic PS19;PDAPP
to female PS19 monogenic Tg mice, we noted the develop-
ment and progression of staging to occur more consistently
and rapidly within the bigenic model. Figure 4B shows that
the majority of bigenic mice enter Stage Ill/IV at four months
of age, whereas the monogenic Tg mice are predominately
at Stage I/Il at this age. Moreover, by 11 months of age, 70%
of the PS19;PDAPP mice are at Stage V/VI with the rest
(~30%) at Stage Ill/IV, but 22% of the monogenic PS19
mice are still at Stage /Il with 11% at Stage lll/IV and 67%
at Stage V/VI. Thus, this greater variation in the progressive
development of tau pathology that we observed in our PS19
monogenic tau mice was reduced in the bigenic PS19;
PAPP mice. The accelerated and consistent manner of tau
progression within the bigenic Tg mice does not seem to be
gender-specific (Figure 4C).

To determine whether tau pathology in our mouse
models showed the histochemical properties of amyloids
similar to authentic AD NFTs, we compared the number
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of tangle bearing neurons detected with Thioflavin S
(ThS) using brain sections at each age group from mo-
nogenic PS19 and PS19;PDAPP bigenic mice. Bigenic
mice develop ThS-positive tangles at a much earlier age
than monogenic PS19. Additionally, a greater proportion
of bigenic mice develop ThS-positive NFTs when com-
pared to monogenic mice at both 8 and 11 months of age
(Figure 5A). Once again we observe no profound differ-
ences between male and female bigenic PS19; PDAPP
mice (Figure 5A). Although the distribution of ThS stained
NFTs and AT8 immunopositive hyperphosphorylated tau
IHC are similar, ThS stained NFTs display a much more
limited regional involvement, with more consistent accu-
mulation in the ventral and more posterior cortical regions
which include the cortical amygdala regions, lateral en-
torhinal cortex along with pyramidal layer of the ventral
subiculum (Figure 5, B and C). Within the HPF the CA1,
CA2, and CAS3 along with the granular layer of the dentate
gyrus appeared more vulnerable to accumulate ThS pos-
itive NFTs, but the reasons for this are not clear. There is
limited ThS-positive NFTs in the more rostral cortex, and
when present, these NFTs are predominantly found in
layers 2/3 of piriform and cortical amygdalar regions.
Argyrophilic neurofibrillary changes were also observed
when sections were stained with Gallyas silver (Figure
5C). Taken together, we observed an effect of the over-
expression of mutant APP and the presence of AB in our
PS19;PDAPP bigenic mice. Specifically, AB accelerated
tau tangle formation and augmented tau amyloidosis
compared with monogenic PS19 mice.

Tau Pathology Does Not Alter AB Plaques

AR deposition in PDAPP models has been characterized
extensively, and there is a well-described increase in AB
plaque load with advancing age in entorhinal and cingu-
late cortex as well as in HPF."®2""2% Similar to these
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Figure 6. Quantitative analyses of hippocampal and cortical plaque deposition. A: Illustrative depiction of areas analyzed for AB load. Anterior and posterior
cortical regions are highlighted in green, while anterior and posterior hippocampus regions are highlighted in yellow. Roman numerals designate ROI I-1V. B-I:
Brain sections of 11-month-old monogenic PDAPP and bigenic PS19;PDAPP female mice stained with Nab228 (B, C, F, and G), Nab61 (D, E, H, and D), and
Thioflavine-S (ThS) (K-N). B and C compares Nab228 staining between PDAPP and PS19;PDAPP, which highlights a tendency for increased AB deposits in
monogenic PDAPP Tg mice. F and G are higher magnifications of B and C, respectively (Calibration bars: low magnification 0.5 mm, high magnification 100 mm).
D and E compare Nab61 staining between PDAPP and PS19;PDAPP mice, demonstrating the low occurrence of mature senile plaques. H and I are higher
magnifications of D and E, respectively (Calibration bars: low magnification 0.5 mm, high magnification 50 mm). J: Sections stained with Nab228 and ROI
threshold was determined using Image] software and graphically represented as a percentage of AB load over a given area of ROL In both PDAPP and PS19;PDAPP
Tg mice, an increasing plaque burden is evident with increasing age, which is more predominant in monogenic PDAPP Tg mice within the hippocampal regions.
Data were analyzed by analysis of variance and error bars as SEM (*P < 0.01, **P < 0.05). n = 5-9 for PS19 at 8 and 11 months, n = 4-7 for PS19;PDAPP at 8
and 11 months. K and M are ThS staining in PDAPP and PS19;PDAPP, respectively. ThS and DAPI images were overlaid to demonstrate the spatial distribution
of plaque deposition within the hippocampus. L and N are ThS images of panels K and M, respectively. White dashed lines denotes CA1 regions of the
hippocampus; in L, there is a lack of ThS-positive NFT, while in N, several ThS-positive NFTs are observed (arrowheads) within the CA1 region. Inset in N is

higher magnification of ThS-positive NFTs found in the CA1 region. Calibration bars: 200 mm (K and M); 100 mm (L and N).

previous studies, we observed limited AB deposits at 8
months of age within the corpus callosum, stratum oriens,
and radiatum of CA1, visual cortex, molecular layer of the
dentate gyrus, and retrosplenial area of both our PS19;
PDAPP bigenic and PDAPP monogenic mice. At 11
months of age we observed a substantial increase of AB
deposition in similar regions in both lines of mice. More
notably, our PS19;PDAPP bigenic model reconfirms pre-
vious observations of the vulnerability of the perforant
pathway as our model recapitulates the deposition of AB
in the lateral entorhinal cortex and the molecular layer of
the DG.

To assess potential changes in AB plaque load due to
concomitant tau pathology, we quantified AB-ir plaque
deposition in bigenic PS19;PDAPP and monogenic
PDAPP mice (Figure 6A). Due to the septo-temporal axis
distribution of pTau-ir, we analyzed plaque load along a
similar caudal-rostral axis within the HPF as well as in a
limited cortical region and derived four main ROI that
overlap with bregma regions analyzed for pTau-ir staging
(Figure 6): ROl | — Anterior Cortex (within bregma
—2.055): defined as the retrosplenial area, parietal asso-

ciation, somatosensory, auditory, temporal association,
ectorhinal and perirhinal cortices; ROI Il — Posterior Cor-
tex (within bregma: —2.88): defined as the retrosplenial
area, parietal association, auditory, temporal association,
ectorhinal and perirhinal cortices; ROI Il — Anterior Hip-
pocampus (within bregma —2.055); and ROI IV — Poste-
rior Hippocampus (within bregma —2.88). Sections were
stained with Nab228 and quantified using Imaged soft-
ware. Bigenic PS19;PDAPP and monogenic PDAPP mice
at 8 and 11 months of age were analyzed for plaque load,
and we observed a statistically significant increase in
plague load with increasing age from 8 to 11 months for
ROI 1l (Anterior Hippocampus) and ROI IV (Posterior
Hippocampus) (Figure 6J). Regarding ROI | and II, we
noted that fewer plaques were present as compared to
hippocampal regions, which is most likely age depen-
dent. Both ROl | and Il were delineated to analyze cortical
deposition; however, plaque deposits in these regions
increase with age >12 months and is more limited at
younger ages. Our analysis was restricted to a maximal
age of 11 months, and therefore lower plaque burden in
ROI I and Il is not unexpected. We observed no statisti-
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cally signification changes in plaque load due to PS19 in
both ROI I and Il. Interestingly, monogenic PDAPP mice
showed a trend toward increased AB deposits compared
to their bigenic counterpart at 11 months of age, which
may be due to the overwhelming loss of neurons that
secrete AB in the bigenic PS19;PDAPP mice thereby
leading to an overall reduction in AB secretion (Figure 6,
B, C, F, G, and J). In contrast, the monogenic PDAPP
mice show no overt neuronal loss and therefore levels of
secreted AB constantly rise with age and this may con-
tribute to an increasing plaque load. Due to the decrease
in survival of the bigenic mice, more extended analysis of
the effect of AB and plaque load on tau pathology beyond
11 months is not possible. Additionally, ELISA quantifica-
tion of hippocampal soluble (RIPA) and insoluble (FA)
fractions of AB1-40 and AB1-42 showed no statistical
significance between age matched groups, but demon-
strated a trend of increased A levels in monogenic
compared to bigenic counterparts which is similar to our
observations of AB-ir plaque deposition (Supplemental
Figure 5, see http.//ajp.amjpathol.org).

In addition to Nab228 analysis, we used an oligomeric
specific antibody, Nab61, which stains mature plaques.’”
We observed at 11 months of age a minimum amount of
staining with Nab61 in both PDAPP and PS19;PDAPP, indi-
cating that most AB deposits are not highly enriched in
oligomeric AB species (Figure 6, D, E, H, and 1). We also
stained sections from these mice with ThS and observed a
low abundance of ThS positive AB plaques relative to those
that are Nab228 positive (Figure 6, K-N). These observa-
tions suggest that most AB deposits are not composed of
AB species that are assembled into ThS-positive amyloid
fibrils. Hence, the presence of NFTs does not accelerate
formation of AB plaques or augment AB amyloidosis.

Discussion

In this study, we generated a novel bigenic mouse model
of AD-like AB and tau pathology to: i) study the molecular
pathogenesis of disease; ii) use as a model of AD-like AB
and tau pathology; iii) determine whether tau progresses
in a similar fashion as AD related changes outlined by
Braak; and iv) assess whether AB influences the progres-
sion of tau pathology. After devising a staging scheme for
tau pathology with verisimilitude to Braak staging for
authentic tau pathology in AD brains, we exploited this
paradigm to show that AB accelerated NFT formation and
enhanced tau amyloidosis, but tau pathology did not
have the same effect on AB pathology. This prompts us to
speculate that this tau pathology staging scheme will
prove useful in other basic and translational studies of AD
mouse models.

Although tau pathology is found in the olfactory bulb,
brainstem, and spinal cord of the PS19 mice, we focused
our study primarily on the neocortex and hippocampus
for the purpose of developing a staging paradigm and
assessing the effects of AB on tau pathology. Also, unlike
authentic AD, tau pathology in Tg mice is highly depen-
dent on the tau transgene, levels of tau expression, and
other less well-understood factors. Thus, dissimilarities

between the human Braak tangle staging scheme and
our Braak-like staging method are to be expected. In-
deed, while our staging scheme closely approximated
the Braak staging of tau pathology in AD brains, we
observed an initial appearance of pTau-ir in layers 2/3 of
the isocortex at Stages I/ll, and amygdala and thalamic
nuclei development proceeding at a faster pace, appear-
ing at Stages Il/Ill compared to Braak Stages IlI/IV. Al-
though NFT formation in our model is found in regions not
observed in AD brain, there still remains a parallel orderly
sequence of pathological development between our
models and the pathological progression of AD tau pa-
thology, in that entorhinal pathology precedes limbic al-
terations, and widespread neocortical pathology is indic-
ative of late stage progression.

The clearest parallel between our murine models and
AD progression is the development of entorhinal to hip-
pocampal NFTs. Anatomical consideration of NFT pro-
gression in AD brains suggests a vulnerability of the
perforant pathway. The perforant pathway is a well-char-
acterized neuronal pathway, with a collection of fibers
emanating from the entorhinal cortex and “perforating”
the subiculum en route to the hippocampus formation,
where these fibers cross and run parallel to the hip-
pocampal fissure and into the molecular layer of the
dentate gyrus and region CA3.2°2% Disruption of the
perforant pathway is presumed to be an underlying
pathophysiological event in the course of AD.?°73" The
similarity of NFT pathological progression in our mouse
model emanating from the entorhinal cortex and pro-
ceeding into the HPF suggests that the perforant pathway
is also an area of vulnerability. Whether the development
of pTau-ir through this circuit is dependent on pre- and
postsynaptic connection or a consequence of overex-
pressing a tau transgene in a murine model, or perhaps
a combination of both, remains unresolved.

We observed similar staging between PS19 and PS19;
PDAPP Tg mice, although bigenic mice entered stages at
earlier time points and in a more consistent manner than
their monogenic PS19 counterparts. More interestingly,
bigenic mice displayed an enhancement of argyrophilic
and ThS-positive NFT changes in the HPF and cortical
amygdalar regions. PDAPP mice have been shown to
develop AB plaques throughout the hippocampus and
cortex. Previous reports have demonstrated that the
PDAPP Tg model develops AB amyloid sheets sweeping
through the hippocampus and cerebral cortex.?’ Our
bigenic PS19;PDAPP mouse model displays similar char-
acteristics of AB deposition throughout the hippocampus,
however there is limited distribution in the cortex. This
limitation is age-dependent, as cortical deposition in-
creases with age >12 months. Our bigenic models have
a truncated lifespan; therefore they may not fully recapit-
ulate all aspects of pathology found in the monogenic
PDAPP model. Despite this limitation, we observed ro-
bust pathology at 11 months of age in the hippocampus.
The coincidence of plaque development and ThS NFT
changes at 8 months of age, which were not observed in
monogenic PS19 at comparable ages, suggest that AB
may influence or accelerate argyrophilic and ThS changes
of NFT. The amyloid cascade hypothesis postulates that



over time, elevated levels of AB aggregate and cause an
inflammatory response and neuritic injury leading to disrup-
tion of neuronal metabolism and ionic homeostasis, ulti-
mately leading to altered kinase activity affecting the hyper-
phosphorylation of tau and NFT formation.®-3233

The hypothesized molecular pathogenesis of the amy-
loid cascade has never been fully recapitulated in Tg
mouse models, and questions regarding the linearity of
the amyloid cascade hypothesis have arisen due to the
abundant neurodegenerative diseases whose major
pathological findings are filamentous tau lesions in the
absence of senile plaques. Such tauopathies argue for
tau as a central mediator of neurodegeneration; however,
the influences of AB are still prevalent, as several studies
have shown that AB accelerates tau pathology.®-19:34
Lewis® and Gotz3* showed that A increased the fre-
quency of NFT in specific cortical regions as indicated by
Gallyas-positive NFT. Although Gallyas staining is a com-
mon technique to study NFT pathology, it is not a specific
technique to ascertain whether B-pleated structures exist
in NFT which is the characteristic feature of amyloids.
Instead ThS is commonly used to stain amyloid structures
as it binds to B-pleated sheets. The application of ThS or
similar techniques was absent in Lewis and Gotz study,
and therefore it is uncertain whether there was an en-
hancement of amyloid tau formation. We used two tech-
niques, Gallyas and ThS, to examine NFT development in
our model. Through the use of our staging paradigm, we
were able to demonstrate an augmentation of amyloid tau
in our bigenic PS19;PDAPP model; however, our study
was limited to three time points, 4, 8, and 11 months,
which limited our analysis to define whether amyloid tau
forms before or after plague deposition. At 8 and 11
months of age, all PS19;PDAPP mice displayed plaque
deposits and most displayed NFT. At 4 months of age, we
did not observe any Gallyas- or ThS-positive neurons, nor
did we observe any plaque deposits. Finer temporal and
biochemical resolution at ages 5-7 months may allow us
to ascertain whether soluble monomeric or oligomeric AB
contributes to NFT changes, or whether plaque deposi-
tion is a requirement for the observed enhancement of
amyloid tau. Our PS19 model demonstrates that A is not
a requirement for amyloid tau formation, however there
exists an augmented amyloid tau formation that is ob-
served in our bigenic PS19;PDAPP model, the mecha-
nisms of which remain largely unknown. We believe our
model will allow us to begin to address these questions,
specifically the interrelationship of APP and tau.

We have emphasized alterations in tau due to mutant
APP, however previous studies have shown an acceler-
ation of AB deposits in a bigenic APP/tau Tg mouse®®
which disagrees with our findings. By crossing two Tg
models, Tg2576 and VLW lines which express human
mutant APP and triple tau mutations (G272V, P301L and
R406W), respectively, they achieve an enhancement of
tau pathology and an acceleration of amyloid deposi-
tion.®> What remains unclear is whether the increase in
amyloid deposition in specific vulnerable brain regions
correlates with increased tau pathology. Although they
do not propose a specific mechanistic relationship of tau
influencing AB deposits, they suggest a rational argu-
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ment that tau and AB influence each other and postulate
that overexpression of mutant tau may interfere with ly-
sosomal functionality and therefore influence the produc-
tion and clearance of AB and hence possibly leading to
their observed increased AB pathology.®®> Our model
lacks any enhanced amyloid deposition, but instead
shows an opposite trend, with bigenic PS19;PDAPP dis-
playing a reduction of AB deposits, which may be a
consequence of the overt neuronal loss observed in our
models. To address whether tau influences AB in our
PS19;PDAPP model, future biochemical experiments will
analyze AB40/42 production before NFT formation and
neuronal loss to ascertain whether there are any alter-
ations in APP metabolism when compared to monogenic
PDAPP.

In conclusion, we have recapitulated a plague and
tangle model in a distribution similarly displayed in AD
brains and suggest that AB influences the progression of
NFT, particularly in the perforant pathway. Many Tg mod-
els currently used in neurodegenerative research lack a
comprehensive staging analysis. Although not a prereg-
uisite for the study of pathogenesis of these diseases,
staging mice allows investigators to pose questions re-
garding pathological progression in neuronal networks,
to better design behavior paradigms that would test re-
gional cortical disturbances, and allow one to focus ther-
apeutic interventions.
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