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Abstract

Background Alzheimer’s disease (AD) is the leading cause of dementia in the world. The pathology of AD is affili-
ated with the elevation of both tau (1) and 3-amyloid (AB) pathologies. Yet, the direct link between natural T expres-
sion on glia cell activity and AP remains unclear. While experiments in mouse models suggest that an increase in AR
exacerbates T pathology when expressed under a neuronal promoter, brain pathology from AD patients suggests
an appearance of T pathology in regions without AB.

Methods Here, we aimed to assess the link between tand AR using a new mouse model that was generated
by crossing a mouse model that expresses two human mutations of the human MAPT under a mouse Tau natural
promoter with 5xFAD mice that express human mutated APP and PST in neurons.

Results The new mouse model, called 5xFAD TAU, shows accelerated cognitive impairment at 2 months of age,
increased number of AR depositions at 4 months and neuritic plaques at 6 months of age. An expression of human
mutated TAU in astrocytes leads to a dystrophic appearance and reduces their ability to engulf AB, which leads

to an increased brain AB load. Astrocytes expressing mutated human TAU showed an impairment in the expression
of vascular endothelial growth factor (VEGF) that has previously been suggested to play an important role in support-
ing neurons.

Conclusions Our results suggest the role of T in exacerbating AR pathology in addition to pointing out the poten-
tial role of astrocytes in disease progression. Further research of the crosstalk between tand AR in astrocytes may
increase our understanding of the role glia cells have in the pathology of AD with the aim of identifying novel thera-
peutic interventions to an otherwise currently incurable disease.
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Introduction

Alzheimer’s disease (AD) is the most prevalent cause
of dementia, accounting for about 60-80% of demen-
tia cases [1]. The worldwide prevalence is estimated at
approximately 35 million individuals whom are affected
by the disorder and is predicted to rise to 65 million
by 2030 [1]. The disease is defined by two major histo-
pathological features: senile plaques, which are depos-
its of extracellular amyloid-p (AP) deposition and
neurofibrillary tangles (NFTs) [2], which are deposits of
the intracellular hyperphosphorylated microtubule-asso-
ciated protein tau [1, gene names: MAPT (human), Mapt
(mouse)] [3]. Additional pathology is observed in neu-
ritic plaques [2] that are associated with neuronal death.
While mutations in APP were linked to increased AP
production and accumulation, there was so far no muta-
tion in the MAPT gene detected that was connected to
AD [4]. Mutations in MAPT were affiliated with several
neurological diseases among them familial frontotempo-
ral dementia and Parkinsonism linked to chromosome 17
(FTDP-17), Pick’s disease (PiD), progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD) [5].

There are many kinases, which phosphorylate t under
normal conditions. However, there are also several
kinases, which are specifically associated with the pathol-
ogy of AD [6]. These kinases include the glycogen syn-
thase kinase-3 (GSK3p) [7]. GSK3p is a proline-directed
serine/threonine kinase that takes part in cellular pro-
cesses, signaling and its activation levels are increased in
brains of AD patients [7]. It has been suggested that the
AP peptide activates GSK3p resulting in hyperphospho-
rylation of 1 [7].

In the brains of AD patients, NFTs are predominantly
located in the cerebral cortex of the temporal and frontal
lobes, the hippocampus and amygdala. Braak and Braak
showed that NFT distribution patterns and severity best
reflect AD clinical progression which was described in
the 6 notorious stages [8]. In the normal brain, the T pro-
tein is phosphorylated and dephosphorylated in a very
specific manner at specific sites. A deviation from these
distinct phosphorylation and dephosphorylation pat-
terns could result in pathology, in which t is present in
a hyperphosphorylated state [9]. This might be one of
the causes that lead to the existence of hyperphosphoryl-
ated T in AD, in which no MAPT mutations are observed.
Hyperphosphorylated t is rejected from tubulin, caus-
ing the tubulin’s dissociation and axonal disruption
which eventually leads to neuronal death. Furthermore,
T hyperphosphorylated molecules, now detached from
tubulin, are more prone to aggregate and form NFTs [9].
Of note, tubulin plays an important role in the cytoskel-
eton of different types of cells and their ability to support
cell homeostasis function [10]. Moreover, Ap plaques are
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not deposited in any of the MAPT transgenic mice with-
out a second human APP transgene due to the A protein
sequence variance between mouse and human at posi-
tion 13 [11].

Hyperphosphorylated t has also been observed in
non-neuronal cells such as astrocytes [12]. While TAU
is expressed in different types of brain cells, such as glia
cells, its function within those cells is not clear. It has pre-
viously reported that MAPT is expressed in adult mouse
astrocytes [13] and in human astrocytes [14] and in sev-
eral neurodegenerative diseases [15]. Furthermore, it has
also been previously reported that in different patho-
logical conditions, astrocytes can propagate tau that may
affect their ability to support neurons and trigger inflam-
matory properties [16]. Furthermore, overexpression of
T under the astrocytic promoter, GFAP, resulted in an
accumulation of hyperphosphorylated t in astrocytes in
different brains leading to an impairment of the blood-
brain barrier and neurodegeneration [17]. Nevertheless,
the effect of mutant T on glia cells, expressed under its
native promoter, has not been tested before.

Rosenmann et al. created a tauopathy model, in which
the human cDNA was mutated to implement two amino
acid changes in the TAU protein (K257T and P301S),
which are associated with FTDP-17. To result in physio-
logical expression levels and locations, the natural mouse
Tau promoter was used to express the mutated human
TAU [18]. The combination of the two TAU mutations
generates NFTs, which emerge at 6 months of age and are
correlated with cognitive impairments, synaptic dysfunc-
tion and LTP deficits. Additionally, neuronal degradation
was observed at 6 months of age [18]. However, the effect
of the expression of mutated human TAU expressed in
astrocytes cells under its endogenous promoter has never
been tested before. Here, we aim to assess the impair-
ment in TAU function/activity when it is expressed under
its natural promotor and its effects on A deposition, and
cognition in a 5xFAD TAU mice.

Materials and methods

Mouse models

MAPT-transgenic mice (MAPT**77/P3015) ere devel-
oped in the Rosenmann lab [18]. These mice express a
double-mutant human TAU cDNA (htau43) under the
regulation of the original rodent Tau promoter [18]. The
5xFAD mice were received from Robert Vassar’s group
[19]. The animals where crossed and bred as hemizy-
gous for each mutation (Additional file 1: Fig. S1). For
all the experiments we used male mice. All animal care
and experimental use was in accordance with the Tel
Aviv University guidelines and approved by the local
authorities.
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Novel object recognition task (ORT)

The experiments were performed as previously described
[20]. In brief, the mice were first placed individually for
5 min in an empty arena (50X 50 x 20 cm?®). This was fol-
lowed on day 2 by a training session, during which one
object was placed in the open field. The mice were then
allowed to individually explore this object for 5 min,
and the actual exploration time was then recorded. The
ability of the mice to remember the object and to dis-
tinguish between novel and non-novel objects was then
assessed by a retention test that was performed on day
3. Accordingly, each mouse was placed in the same box
in which there was an object identical to the one used
on day 2 (but placed at a different corner) and a differ-
ent object placed in opposite corners of the box (10 cm
from the corner). The mice were allowed to freely explore
the arena for 5 min. The time spent exploring each of the
objects was then recorded, and the extent to which the
mice showed a preference for the new object, which is an
indication that it remembered the old object, was then
assessed by determining the ratio of the time spent at the
new object to the total time spent at both objects. The
objects used were 10-20 cm in height and were washed
in ethanol between successive tests.

Morphological analyses

Immunohistochemistry of paraffin-embedded tissue
Formalin-fixed hemispheres (4% formaldehyde, 48 h)
were embedded in paraffin and sliced on a microtome
(4 um, Leica Biosystems GmbH, Germany). The sections
were stained using a BOND-III automated immunostain-
ing system (Leica Biosystems GmbH, Germany). The cor-
onal brain sections (at approximately —1.6 to —2.1 mm
relative to bregma, 2 mice per line) were stained for A
(anti-human AP clone 4G8; 1:4000, BioLegendm); TAU
(anti-human TAU clone TAU-5, 1:100, Calbiochem); AT8
(anti-human PHF-TAU clone ATS8, 1:100, Thermo Scien-
tific); AT180 (anti-human PHF-TAU clone AT180, 1:100,
Thermo Scientific); microglia (IBA1, 1:1000, Wako, 019-
19741); and astrocytes (GFAP, 1:1000, DAKO, Z033401)
as previously described by us [21-27]. The Campbell-
Switzer (CS) stains were performed as described in Addi-
tional file 2: Method S1. After staining, tissue sections
were digitized at 230 nm resolution using a Pannoramic
slide scanner (3DHistotech, Hungary) and were subject
to specialist evaluation by a neuropathologist.

Immunofiuorescent staining of frozen brain tissue

Mice were killed at a designated time (transcardially
punctured and saline-perfused) and their brains rapidly
excised. The two hemispheres were separated and snap-
frozen in liquid nitrogen. 10-um coronal brain sections
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were prepared using a cryostat and then stained. Slices
were fixed in 4% formaldehyde in PBS and then incubated
with a blocking solution containing 1% BSA, 8% horse
serum and 0.3% triton (Sigma-Aldrich, Israel) in PBS for
20 min at room temperature. Subsequently, the sections
were incubated with primary antibodies anti-Tau pSer202
(#28017, 1:500, AnaSpec Inc.), anti-GFAP (G9269, 1:250,
Sigma-Aldrich), anti-Abeta (clone 6E10, SIG-39300, 1:750,
SIGNET), anti-cluster of differentiation molecule 11B
(CD11b) (ab133357, 1:50, Abcam) and OC antibody [28,
29], which was received from Prof. Rakez Kayed’s labora-
tory, in a blocking solution for 1 h at room temperature.
Following three washes with PBS—Tween, sections were
incubated with Alexa-fluor 488-conjugated goat anti-rab-
bit (A-11008), 1:250, Invitrogen) or with Alexa-fluor 594
conjugated goat anti-mouse (A-11005), 1:250, Invitrogen)
IgG secondary antibody, for 30 min at room temperature,
and then developed as previously reported [20].

Congo red staining

In order to further characterize AP depositions, brain
slices were also stained using the Congo red method,
which is a chemical stain for p-sheeted protein struc-
tures. Slices were fixed for 1 min in 70% ethanol and
rinsed for 2 min in water (ddH,O). Then, they were put
for 10 min in Congo red solution (0.15 g NaCl, 0.15 g
Congo Red [Sigma-Aldrich], 0.5 mL 1% NaOH) in
49.5 mL 80% ethanol.

Image analysis

Image analysis was performed using Image-Pro software
(Version 10.0.4, Media Cybernetics, USA) by an investi-
gator different from the one who conducted the staining
and imaging. The calibration was performed based on
the scale bar presented in the images. This saved calibra-
tion was then applied to each image according to their
respective scales before any further processing. To iden-
tify GFAP-stained astrocytes within the images, a sepa-
rate investigator, blinded to the mouse genotype, selected
astrocytes for subsequent analysis. The selected astro-
cytes were delineated as regions of interest (ROI). An
optimal threshold was chosen to allow for astrocyte-spe-
cific segmentation, and this threshold was consistently
applied to all subsequent analyzed images. The software
measured the “area” of each segmented astrocyte. For
CS-stained plaques, segmentation was performed imme-
diately after calibration for all cortical images. The seg-
ments occupying an area below 60 pm? were excluded
from the analysis. The measurement settings were config-
ured to return the “area” of each segmented plaque.
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Western blot analysis

Brain tissues from WT, TAU, 5xFAD and 5xFAD TAU
mice were cut using a cryostat at 60 um thickness of
the left hemisphere containing the hippocampus; (from
—1.34 mm to —2.3 mm to bregma). Tissues were homog-
enized for 20 min in an ice-cold homogenization buffer
[37.5 mM NaCl, 50 mM Tris buffer pH 7.6, 20 mM
MgCl,, 0.5% NP40, 1 mM DTT, 1 mM PMSE, 0.1 mM
vanadate (Sigma-Aldrich), 1:100 protease inhibitor cock-
tail (MBS53913110VL, Mercury and 1:100 phosphatase
inhibitor cocktail 1 (P2850; Sigma-Aldrich) and 1:100
phosphatase inhibitor cocktail 2 (P5726; Sigma-Aldrich),
centrifuged in 4 °C at 12,000 rpm for 20 min and then
supernatants were collected and protein concentra-
tion was determined according to Bradford using BSA
as a standard as previously described. Blots were pre-
pared as described by Harlow et al. [30] using 12% poly-
acrylamide gels and then transferred to a polyvinylidene
disulfide (PVDF) membrane for 2 h at 260 mA. After a
one-hour preincubation with blocking solution con-
taining 3% BSA, blots where incubated overnight with
primary antibodies rabbit anti-Glutamine synthetase
(G2781; 1:5000, Sigma-Aldrich), rabbit anti-Glial fibril-
lary acidic protein (GFAP) (G9269, 1:1000, Sigma), rabbit
anti-TAU pSer202 (#28017, 1:1000, AnaSpec, Inc.), rab-
bit anti-VEGF (ab46154, 1:800, Abcam), GSK-3a/f and
B-actin were from Santa-Cruz biotechnology (SC-7291,
SC-1615). B-catenin antibody was from Transduction
Laboratories (#610154) and normalized either to mouse
anti-GAPDH (MAB374, 1:10,000, Millipore) or actin at
4 °C. Following three washes with PBS—Tween, sections
were incubated with the appropriate secondary antibody
goat anti-rabbit/mouse, infra-red (IR) dye conjugated
(1:10,000, LI-COR Biosciences GmbH, Germany) for 1 h
at room temperature. Blots were scanned using the LI-
COR Odyssey imaging system. An analysis of band inten-
sities was done using the Odyssey® software (LI-COR
Biosciences GmbH, Germany).

AB quantification

Amyloid-p load was assessed both as total Ap by using
ELISA and by immunohistochemistry approaches. To
quantify total Ap42 by ELISA, the right hemisphere of
each mouse in each treatment group was homogenized
with PBS containing protease inhibitor and centrifuged
at 100,000xg for 30 min. The supernatant-containing
soluble AB was stored at —70 °C. The pellet containing
insoluble AP was extracted in 5 M guanidinium-hydro-
chloride (pH 8) for 3 h at room temperature. Dilutions
were used to measure levels of AP1-42 by sandwich
ELISA (EZBRAIN42, Merck). To quantify AP immu-
nohistochemistry, we studied 2 consecutive sections
per mice and up to 6 mice per group. Well-defined
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hippocampal regions (Bregma —1.94 mm) were selected
for quantification of the amount of Ap and A plaques
using antibody or Congo red stains. Slides were observed
using a light microscope (Nikon Eclipse 80i, Japan) and
fluorescent images were taken using a microscope cam-
era (Micropublisher 6, Teledyne Photometrics, USA). The
quantification was done in a blinded fashion to the per-
son who stained the sections using NIS imaging software
analysis (Nikon, Japan). AP was quantified according to
the stained area that was determined by the intensity
threshold.

Primary astrocyte culture

Primary culture was prepared from brains of 1-3-day-old
WT vs. TAU pups. In order to determine the genotypes
of the newborn mice, we performed the screening proce-
dure as described in Additional file 1: Fig. S1. Cells were
grown for 7 days in Dulbecco’s-modified Eagle’s medium
(DMEM) supplemented with 10% FCS, 4 mM L-glu-
tamine, 100 units/mL penicillin, 0.1 mg/mL streptomy-
cin (Biological Industries, Beit-Haemek, Israel) and 1%
sodium pyruvate (Sigma-Aldrich), and were maintained
at 37 °C, 5% CO, and 95% relative humidity. The cells
were homogenized and protein expression was assessed.

Adult microglia isolation

Adult microglia were isolated from 3-month-old TAU or
WT mice using the CD11b magnetic beads separation kit
(#130-049-601, Miltenyi Biotec) and were analyzed for
mRNA expression as previously described [31].

Adult astrocyte isolation
Adult astrocytes were isolated from 4-month-old mice
and processed as previously reported [31].

RT-PCR

Total RNA was extracted from cells using the Master-
Pure™ RNA Purification Kit (Epicentre Biotechnologies,
USA). SYBR Green real-time PCR primers were pur-
chased from Agentek (Israel). RT-PCR was performed
with primers specific for glial fibrillary acidic protein
(GFAP), S100p, vascular endothelial growth factor
(VEGF), transforming growth factor beta 1 (TGF-f1),
tumor necrosis factor (TNFa), interleukin 10 (IL-10),
cluster of differentiation molecule 11B (CD11B), scav-
enger receptor A (SRA), using an PRISM 7300 thermal
cycler (Applied Biosystems) as previously described [31].

Statistical analysis

Results were analyzed using Prism (v9, GraphPad Soft-
ware Ltd., USA), version 12 (StatSoft, Inc. Tulsa, OK,
USA), by either a two-tailed Student’s ¢-test when two
groups were compared or a two-way ANOVA (followed
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by Bonferroni post hoc test) when three or more groups
were analyzed. p-values less than 0.05 were considered
statistically significant.

Results

Assessment of the memory impairment of 5xFAD TAU mice
In order to assess the effect of expression of TAU under
the endogenous promoter on disease progression in APP
transgenic mice, we crossbred 5xFAD mice with MAPT
mice (TAU) [18] to obtain 5xFAD TAU double transgenic
mice. Mice were maintained in a 5xFAD hemizygote
(5xFAD''7) and MAPT hemizygote breeding scheme
(MAPT*'™).

Previous publications have suggested that 5xFAD
mice start to develop a behavioral phenotype starting
at 4 months of age [19] and the TAU mice at 6 months
of age [18]. We aimed to assess whether 5xFAD TAU
transgenic mice will exacerbate memory impairment
using a novel object recognition test at different ages: 2,
4, and 6 months, respectively, as compared to WT, TAU
and 5xFAD mice. Our results (Fig. 1) show a significant
reduction at 2 months of age in the exploration of new
objects that refers to cognitive impairment only in the
5xFAD TAU mice vs. WT (*»p=0.0217). A significant
reduction in memory behavior only in 5xFAD TAU was
also observed at 4 months of age (*p=0.0068). At the
age of 6 months, all transgenic mice (5xFAD, TAU, and
5xFAD TAU) showed memory impairment as compared
to WT mice (5xFAD TAU mice: p<0.0001; TAU mice:
p=0.0492; 5xFAD mice; p=0.028).

Increase in TAU pathology in 5xFAD TAU mice
We further assessed the levels of TAU hyperphospho-
rylation in the hippocampus of the transgenic mice,
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using the Tau (pS202) antibody. We discovered (Fig. 2A)
that already at 4 months of age, we can identify positive
staining in the CA3 of both TAU and 5xFAD TAU mice
with increased intensity in the 5xFAD TAU mice. Our
results are in line with a previous report that shows posi-
tive hyperphosphorylated of TAU in 5xFAD mice [32].
TAU-5 staining (Additional file 1: Fig. S2) shows simi-
lar expression levels of total T in all mouse strains used
in this study. This confirms the physiological expression
levels of total T also in the MAPT transgenic mice. Of
note, AT8 and AT10 antibodies using FFPE sections did
not detect any NFTs at this age (6 months). GSK-3p has
previously been linked to the phosphorylation process of
T [7]. In order to verify that the immunostaining reflects
increased T phosphorylation, we assessed the changes in
GSK isoenzymes, GSK-3a and {3, using Western blot and
activity in TAU and 5xFAD TAU vs. WT mice (Fig. 2B,
C). We found that both TAU and 5xFAD TAU mice had
increased brain levels of GSK-3B as compared to WT
mice, as demonstrated in the elevated expression levels
of GSK-3 isozymes, GSK-3a and GSK-3p. B-Catenin is
phosphorylated by GSK-3p resulting in its nuclear trans-
location and proteasomal degradation [33]. We discov-
ered that only the 5xFAD TAU mice exhibit a significant
reduction in B-catenin levels as compared to WT (—63%,
p<0.01), a possible outcome of the increased GSK-3
levels.

Increase in brain pathology in 5xFAD TAU mice

We further evaluated changes in brain pathology attrib-
uted to the expression of mutated TAU. Of note, one
of the unique features of our model is the expression of
the mutated TAU under the natural mouse Tau-pro-
moter. We specifically focused on three different markers
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Fig. 1 5xFAD TAU mice show early memory impairment as compared to 5xFAD mice and TAU mice. Novel object recognition task was conducted
with WT, TAU, 5xFAD and 5xFAD TAU mice at A 2, B 4, and € 6 months of age (n=7-10 mice per group). Statistical analysis was performed using

one-way ANOVA, results are presented in mean +SEM, *p <0.05
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Fig. 2 Increase in hyperphosphorylated Timmunoreactivity in hippocampus of 4 and 6-month-old 5xFAD TAU mice vs. controls. A Hippocampal
sections from WT, TAU and 5xFAD TAU 4- and 6-month-old mice were stained using TAU (p5202) antibody. Hippocampus CA3 region is presented
(n=3). Scale bar=100 pm. B, CWB analysis of GSK-3 levels in TAU and 5xFAD TAU mice as compared to WT mice, showed elevated expression
levels of GSK-3 isozymes, GSK-3a and GSK-3(3, respectively. Interestingly, only the 5xFAD TAU mice exhibit significant reduction in 3-catenin levels
as compared to WT (—63%, p<0.01), a possible outcome of the increased GSK-3 levels, which targets 3-catenin to proteasomal degradation

assessing (i) development of neuritic plaque pathology
[Campbell-Switzer stain, CS); (ii) AP accumulation in
general (AP stain, clone 4G8); and (iii) changes in astro-
cyte cell body morphology (GFAP)]. Of note, CS is used
for routine diagnostic pathology in patients (see Braak
and Braak staging [2]) (Figs. 3, 4, and 5). As presented
in Fig. 4, we detected an increase in the CS staining area
that has previously been linked to neuritic plaque pathol-
ogy in human [2], in 5xFAD TAU mice vs. 5xFAD mice at
6 months. We saw a specific increase of neuritic plaques
in the cortex (Figs. 3A and 4A), amygdala (Figs. 3A and
4B) and the hippocampus (Figs. 3A and 4C). We discov-
ered that the average size of the CS staining area was
significantly increased in 5xFAD TAU vs 5xFAD mice
in all the measured areas (Fig. 4). These results suggest
increased neurofibrillary changes in the dendrites/axon
that are in close vicinity to AB deposits as has previously
been suggested [23, 24, 27, 34]. This phenomenon was
linked to the general increase in AP depositions (plaque
number and size) (Figs. 3 and 6). In parallel with the
increase of neuritic pathology, we discovered pathologi-
cal changes in astrocytes cell body morphology (Fig. 5) as
was assessed by a significant reduction in the areas cov-
ered by individual astrocytes from cortex, amygdala and
hippocampus of 5xFAD TAU mice vs 5xFAD mice.

Increase in A pathology in 5xFAD TAU mice

We next aimed to evaluate the levels of Ap pathology.
AP plaques are formed from p-amyloid fibrils, which are
characterized by a high content of B-sheet structure. For
the evaluation of the AP plaques of 4- and 6-month-old
brains from W'T, 5xFAD and 5xFAD TAU mice, we per-
formed two types of staining: (i) specific AB immunobhis-
tochemical analysis using an A antibody stain (Figs. 3
and 6A, B); (ii) to determine general amyloidosis seen
in AD, we used Congo red staining (Fig. 6C, D) which is
a lipophilic dye that binds to the -sheet structure that
composes the dense regions of A plaques. Interestingly,
we observed starting at 4 months of age a significant
increase in both insoluble AB42 deposition (5xFAD TAU
vs. 5xFAD mice, p=0.0009) and congophilic -amyloid
(5xFAD TAU vs. 5xFAD mice, p=0.0204) (Fig. 6C, D).
The same phenomenon was found at 6 months of age
(insoluble AB42 deposition 5xFAD TAU vs. 5xFAD mice,
p=0.0204) and congophilic B-amyloid (5xFAD TAU vs.
5xFAD mice, p=0.0023) (Fig. 6C, D).

The OC is a polyclonal rabbit antibody that specifically
recognizes fibrils, but not random coil monomer or prefi-
brillar oligomers [35]. The fibril-specific antibodies stain
all types of amyloid deposits in a human AD brain. We
investigated the distribution of OC staining in our model
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5xFAD TAU

% .
Fig. 3 Hemispheric overview of morphological analysis of 5XFAD
and 5xFAD TAU mice (- 1.6 to —2.0 mm from bregma) using silver
and immunohistochemical stains. A Campbell-Switzer stain showing
neuritic pathology and amyloid deposits; B AR stain showing
plague pathology; C GFAP stain showing astrocyte activation
and morphology. Scale bars 500 um

mice. We found (Fig. 8E) an increase in positive staining
in the cortex of 5xFAD TAU mice vs. 5XFAD mice. We
further examined changes within brain soluble and insol-
uble AP as compared to total protein in 5xFAD TAU mice
vs 5xFAD mice using ELISA and discovered (Fig. 6F) a
trend of increased soluble AP and significant increase in
insoluble AP vs soluble A ratio (p=0.0173 and p=0.001,
respectively).

Changes in the morphological appearance of astrocytes

in 5xFAD TAU mice

We further investigated the activation of glia cells in
5xFAD TAU mice. We analyzed the mean intensity of
microglia (CD11b) and astrocytes (GFAP) at 6 months
of age (Fig. 7). We found that while there is not a sig-
nificant difference between CD11b-positive staining in
the hippocampus of 5xFAD TAU vs. 5xFAD mice, there
was an elevation in GFAP positivity in 5xFAD TAU vs.
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5xFAD mice (p=0.0491, Fig. 7A, B). Nevertheless, co-
staining of AP and GFAP revealed a dystrophic appear-
ance of the astrocytes (Fig. 7C) surrounding AP plaques.
While the astrocytes in 5XFAD seem to tightly surround
the AP plaques, those in 5xFAD TAU mice seem to have
an impairment to engulf the plaques that resulted in an
amorphic appearance. We further assessed the role of
mutations in TAU on astrocytes activity. It has previously
been reported that C57BL6/] mice express T in astrocytes
[13]. We stained 3-month-old TAU mice vs. WT mice,
both with C57BL6/] background, for GFAP and found a
dystrophic appearance of astrocytes (Fig. 8A). To assess
whether a mutation in TAU would affect the matura-
tion of astrocytes at an early stage, we isolated primary
astrocytes for cell culture and assessed gene expres-
sion (Fig. 8B). We discovered a significant reduction in
S$100b and VEGF expression. VEGF is a known vascular
growth factor produced by activated astrocytes. VEGF
gene expression was decreased by 27% (p=0.011) and
by 46.65% in the protein levels of VEGF in mutated TAU
primary astrocytes vs. WT astrocytes (p<0.05) (Fig. 8B,
C). To assess the ability of adult astrocytes to uptake
AP, we isolated astrocytes from 5 and 5xFAD TAU mice
as previously described. We discovered a significant
reduction within their ability to uptake soluble Ap42 as
assessed by FACS (Fig. 8D). Interestingly, adult astrocytes
also showed a significant reduction in the expression of
TgfP1, an important trophic factor that was reported to
be crucial for microglia maturation. Indeed, as shown in
Fig. 8E, adult microglia isolated from TAU mice showed
a marked reduction in gene expression of activator mark-
ers (Fig. 8F). Adult microglia cells were separated by
magnetic beads targeted for CD11b from WT and TAU
brains. Our results demonstrate a decrease in microglia
activation markers such as CD11b (—24.3%, p=0.0083),
a decrease in TNF-a (—38.2%, p=0.0011). IL-10 is an
anti-inflammatory marker and it is secreted in the pro-
tective phenotype of microglia. We report a decreased of
—48.3% (p=0.0002) as compared to WT cells (Fig. 8F).
Here, we found that hyperphosphorylation of mutated
TAU in neurons, astrocytes and microglia, demonstrates
its effect on the gene expression profile and morphology
of astrocytes and of microglia cell activity and therefore
suggests a non-cell autonomous role of phosphorylation
TAU in brain pathology.

Discussion

In this work, we established and characterized a new
combined APP, PSI and MAPT transgenic AD mouse
model (5xFAD TAU). This new mouse model presents
many features of the disease pathology, while express-
ing human TAU under the endogenous Tau-promoter
of the mice. Therefore, it is a more suitable model for
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AD than other existing animal models. We found that in
this model the activity of astrocytes is impaired, and this
impairment is attributed to the presence of hyperphos-
phorylated TAU in the astrocytes.

The amyloid-cascade hypothesis stipulates that AP is
the trigger of all cases of AD and that the t pathology
and other degenerative changes are a downstream conse-
quence of the initial AP pathology [36]. According to this
hypothesis, in all AD mouse models found today, which
combine APP mutations with MAPT mutations, extracel-
lular AP depositions precede t pathology. Furthermore,
in these models, extracellular AR depositions seem to
aggravate 1 pathology. A similar pathological progres-
sion was demonstrated in the 3xTg-AD mouse model
generated by Oddo et al. [37]. Further validation for this
hypothesis was when Oddo et al. [37] showed that the
removal of AP by immunotherapy leads to the removal of
early 1 pathology. Furthermore, after intrahippocampal
injection of anti-AP antibodies, the clearance of Af pre-
cedes the clearance of the early 1 pathology [38]. Never-
theless, the 3xTg-AD mouse model was constructed from

a APP mouse model that shows pathology at 10 months
of age and a Tau mouse model that shows pathology at
20 months (amyloid precursor protein (APP,.), preseni-
lin-1 (PS1y4146v), and taupgg;;) [37]. Therefore, this model
lacks the ability to address the role of hyperphospho-
rylation of T on AP levels. Here, the mouse model was
constructed form APP mice that exhibit AP pathology
at the age of 4 months and MAPT transgenic mice that
show 1 pathology at the age of 6 months. We found that
in our 5xFAD TAU mouse model, tau hyperphosphoryla-
tion levels at an age of 6 months were greater than the
ones we found in the TAU transgenic mice without APP
transgene expression [18]. While this finding is consist-
ent with the amyloid hypothesis, we also found that the
extracellular A burden was much more severe in our
5xFAD TAU mice than in the 5xFAD mouse model,
which suggests a link between 1 and AP. Our results are
in line with reports that T pathology starts in some AD
brain areas independent of A and that later T and AP
pathology interact [39]. Furthermore, a previous pub-
lication has suggested that a deficiency in T expression
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might affect brain amyloid levels [40]. Also, a recent pub-
lication suggests that reducing tau pathology with a phos
tau peptides vaccine in an amyloid model was associated
with a decrease in amyloid pathology, accompanied by a
microglial response [41]. Another publication also sug-
gests that interference with the interaction between 1 and
AP might be used as therapeutic application to reduce
brain amyloid levels and to improve cognition in 5xFAD
mice [42].

We found in 5xFAD TAU mice as compared to 5xFAD
mice, an increase in neuritic plaques in the cortex, which
suggests increased axonal stress. We propose that our
5xFAD TAU model exhibits neurodegenerative processes
that are found in brains from AD patients. With the
5xFAD TAU mice, we found a reduction in exploration
behavior at an early age of 2 months. This reduction was
not found in the other animals (WT, 5xFAD) at this age.
This decrease in 5xFAD TAU mice continued at 4 months
and at 6 months of age the reduction further continued.
For the first time, it was also apparent at 6 months of age
in the TAU mice and the 5xFAD mice.

Of note, TAU mice [18] show at 6 months a reduc-
tion in cognitive performance in the eight arm maze.
This indicates impairments in the spatial, reference and
working memory. In the T-maze, a reduction in work-
ing memory was reported at 10 months of age, indicat-
ing deficits related with hippocampal dysfunction. As
mentioned above, when we tested TAU mice in the novel
object recognition test, we found a reduction in memory
already at 6 months of age. This indicates dysfunction in
spatial and visual memory, related to the hippocampus.

Astrocytes provide essential services for brain homeo-
stasis and neuronal function, including metabolic sup-
port for neurons, regulation of local concentration of
neurotransmitters and ions, maintaining the integrity of
the blood—brain barrier (BBB) and are important in the
creation and maintenance of synapses [43]. Thus, any
dysfunction or impairment in their activity can result in
various different pathologies [43]. Here, we show that
that primary astrocyte cultures prepared from mice
that expressed human mutated TAU under the Tau
endogenous promoter have an impairment to express
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cytoskeleton protein GFAP and neuronal and endothelial
cells, important growth factor such as VEGE. Indeed, it
has been reported that the expression of mutated TAU
under the GFAP promoter in astrocytes resulted in
BBB insult and neuronal degeneration [17]. Addition-
ally, VEGF is a neuroprotective growth factor, which
is expressed in astrocytes and other cells [44]. We have
previously shown reduced expression of VEGF in aged
astrocytes that are linked to their impairment to support
neuronal growth [45]. Under pathological conditions,
it was shown that a reduction in VEGF levels can cause
neurodegeneration in part by impairing neural tissue
perfusion [46]. A reduction in VEGF has previously been

suggested to play a role in AD [47]. Therefore, the reduc-
tion we found in this neuroprotective growth factor can
also lead to neuronal loss.

Astrocytes are known to be in close association with
amyloid plaques [48]. Furthermore, it has previously been
shown by Wyss-Coray et al. that activated astrocytes are
able to accumulate and even degrade fragments of AP
[49]. Thus, astrocytes that are less activated or suffer acti-
vation impairments can perhaps lead to less clearance of
AP depositions. This can eventually lead to more accu-
mulation of AP depositions as seen in our 5xFAD TAU
mice. Indeed, in our 5xFAD TAU mice we can see an
impairment in the astrocytes ability to engulf the plaques,
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which results in an increase in brain A load. Of note, it
was previously reported that 5xFAD with depletion of
TAU show reduction in A load in their brain suggesting
a strong link between TAU to AP. Here we suggest that
the link reflects the role of TAU in maintaining astrocytes
activity to facilitate clearance of Ap.

Here, we demonstrate the role of mutated human TAU
expression in astrocytes in the impairment of their mor-
phology and activity. We discovered that expression of
TAU pathological changes in astrocytes cell body mor-
phology, and demonstrate its effect of increase amyloid
pathology in amyloid load in Fig. 7 and increase in neu-
ritic plaques TAU is expressed in astrocytes as can be
seen in the literature both in mice and human [50]. While
astrocytes in human brains show an accumulation of
hyperphosphorylated TAU in different tauopathies [12],
here we suggest that altering astrocyte activity in disease
is linked to an impairment of TAU to support cell activ-
ity and morphology that may results in exacerbate brain
amyloid pathology.

Of note, it has previously been suggested that stress
conditions, such as starvation can lead to hyperphos-
phorylation of TAU in the normal brains of mice [51].
Furthermore, the antibody recognized phosphorylated
process that may be linked to stress and to the process
affiliated either with the senescence process, which is
affiliated with age at the hippocampus [52]. Therefore,
we suggest that in brain diseases where there is no direct
link to mutation in TAU, such as AD, stress conditions
can affect hyperphosphorylation of TAU in astrocytes
and alter their activity. Of note, hyperphosphorylation
of TAU within astrocytes was also found in Huntington’s
disease [53].

Interaction between astrocytes and microglia are
essential for maintaining homeostasis and to cope with
pathological conditions. An impairment with this inter-
action might aggravate pathology [54]. Here, we report
that astrocytes expressing mutated TAU show impair-
ment in expression of TGF-B1, an important modula-
tor for microglia activity [55]. Additionally, we found
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that microglia in mice expressing mutated human
TAU show an impairment to express factors essen-
tial for their activation such as CD11b, and SRA, that
limit their ability to clear AP [56, 57]. Of note, changes
in mRNA expression profiles in microglia has been
reported in different brain pathologies, among them
amyloid-like pathology [58-63]. Our results suggest
that T may play an essential role of orchestrating not

only amyloid deposition and neuronal activity but also
glia activity, and impairment in its activity may play a
crucial role in AD pathology.

In conclusion, further understanding the crucial role
of TAU in orchestrating brain activity in specific astro-
cytes may suggest a new target for treatments of neuro-
degenerative diseases such as AD.
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Abbreviations

AD Alzheimer's disease

APP Amyloid-{3 precursor protein

AB Amyloid-3

CD11b Cluster of differentiation molecule 11B

CBD Corticobasal degeneration

FTDP-17  Frontotemporal dementia with Parkinsonism linked to chromo-
some 17

GFAP Glial fibrillary acidic protein

GSK3pB Glycogen synthase kinase-33

IR Infra-red

Mapt Mouse microtubule-associated protein tau gene

MAPT Human microtubule-associated protein tau gene

NFT Neurofibrillary tangle

PIiD Pick’s disease

PS-1 Presenilin-1

PSP Progressive supranuclear palsy

Tau Mouse T protein

TAU Human T protein

T Tau protein in general (mouse or human)
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