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Abstract

Genome-wide association studies (GWAS) have identified PICALM as one of the most significant susceptibility loci for
late-onset Alzheimer’s disease (AD) after APOE and BINI. PICALM is a clathrin-adaptor protein and plays critical roles in
clathrin-mediated endocytosis and in autophagy. PICALM modulates brain amyloid  (AB) pathology and tau accumulation.
We have previously reported that soluble PICALM protein level is reduced in correlation with abnormalities of autophagy
markers in the affected brain areas of neurodegenerative diseases including AD, sporadic tauopathies and familial cases
of frontotemporal lobar degeneration with tau-immunoreactive inclusions (FTLD-tau) with mutations in the microtubule-
associated protein tau (MAPT) gene. It remains unclarified whether in vivo PICALM reduction could either trigger or influ-
ence tau pathology progression in the brain. In this study, we confirmed a significant reduction of soluble PICALM protein
and autophagy deficits in the post-mortem human brains of FTLD-tau-MAPT (P301L, S364S and L266V). We generated a
novel transgenic mouse line named Tg30xPicalm+/— by crossing Tg30 tau transgenic mice with Picalm-haploinsufficient
mice to test whether Picalm reduction may modulate tau pathology. While Picalm haploinsufficiency did not lead to any
motor phenotype or detectable tau pathology in mouse brains, Tg30xPicalm+/— mice developed markedly more severe motor
deficits than Tg30 by the age of 9 months. Tg30xPicalm+/— had significantly higher pathological tau levels in the brain, an
increased density of neurofibrillary tangles compared to Tg30 mice and increased abnormalities of autophagy markers. Our
results demonstrate that Picalm haploinsufficiency in transgenic Tg30 mice significantly aggravated tau pathologies and tau-
mediated neurodegeneration, supporting a role for changes in Picalm expression as a risk/sensitizing factor for development
of tau pathology and as a mechanism underlying the AD risk associated to PICALM.
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Introduction

Alzheimer’s disease (AD) is the most common form of
dementia. AD has two neuropathological lesions: senile
plaques constituted of amyloid B (A) peptide and neu-
rofibrillary tangles (NFT) composed of intracellular tau
aggregates. Genome-wide association studies (GWAS)
have identified dozens of single nucleotide polymorphisms
(SNPs) that are associated with higher or lower risk for late-
onset Alzheimer’s disease (LOAD). Yet, the mechanisms by
which the proteins derived from GWAS-hit genes affect the
disease risk remain largely unclear. The future challenges
in the post-genomic era would be the determination of the
mechanisms by which these genetic factors modulate dis-
ease aetiology. In this study, we focused on PICALM gene
coding phosphatidylinositol-binding clathrin-assembly pro-
tein PICALM (also known as CALM). PICALM is one of
the most significant susceptibility factors for LOAD after
APOE and BIN1 [24, 32, 33]. PICALM plays critical roles in
clathrin-mediated endocytosis as a clathrin-adaptor protein
[57]. Previously, we have reported that PICALM is associ-
ated with pathological tau in the brain of AD [3], PSP and
Pick disease (PiD) [6]. PICALM protein level is decreased
in the affected brain areas of various tau-related neurode-
generative diseases including AD, FTLD-tau with MAPT
mutation at P301L, corticobasal degeneration (CBD) and
Lewy body dementia (LBD) diffuse type with tau pathology.
In these tauopathies, there is a significant negative correla-
tion between PICALM protein level and hyperphosphoryl-
ated tau or autophagy initiation marker Beclinl in the brain
[6]. PICALM is a substrate of both calpain and caspase-3
[3, 28, 46] that are activated in the brain in AD and tauopa-
thies [1, 16, 21, 47, 54, 60]. Together with sequestration by
pathological tau, it is presumed that availability of functional
PICALM proteins should be significantly reduced in these
diseases. Previous studies suggest that PICALM is involved
in the development of both amyloid and tau pathologies.
PICALM regulates APP processing [27, 58, 59] and AP tran-
scytosis [65]. PICALM has been reported to modulate tau
degradation via both autophagosome formation and autol-
ysosomal fusion in cultured cells, drosophila and zebrafish
[38]. Nonetheless, it has never been analysed in a murine
tauopathy model whether PICALM reduction can trigger or
accelerate tau pathology and tau-mediated neurodegenera-
tion. We hypothesized that PICALM reduction may cause
or aggravate tau pathology progression. We first analysed
post-mortem human brains and confirmed that soluble
PICALM protein was reduced and autophagy activity was
decreased in FTLD-tau-MAPT brains. We then set out to
create a novel transgenic mouse line Tg30xPicalm+/— by
crossing Tg30 tau transgenic mice [35] with Picalm+/—
mice [55]. Tg30 mice develop cell autonomous tau pathol-
ogy and severe motor deficits in an age-dependent manner
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[35]. Homozygous Picalm knockout mice are dwarfed and
die within 1 month after birth due to deficiency in erythroid
maturation and transferrin uptake [55] and thus were not
used in this study. We observed that hemizygous Picalm
loss without human mutant tau overexpression did not cause
a clear motor phenotype or any detectable tau pathology.
However, hemizygous Picalm loss in Tg30 tau transgenic
mice led to aggravation of motor deficits. Biochemical
and histochemical analyses suggest that tau pathology was
exacerbated in the brain of Tg30xPicam+/— mice. Our data
suggest that Picalm reduction acts as a sensitizing factor to
accelerate tau pathology progression.

Materials and methods
Human brain tissues

For biochemical analysis, a total of ten samples were
obtained post-mortem from control non-demented indi-
viduals (n=5) and FTLD-tau-MAPT (n=>5) as listed in
Table 1. Control cases were non-demented individuals who
died without known neurological disorders. The mean age
at death and post-mortem delays of control cases and of
FTLD-tau-MAPT patients (Table 1) were not significantly
different. Average age at death was 60.20+2.34 years and
50.8 +4.4 years (mean +s.e.m) for control and FTLD-tau-
MAPT cases, respectively (p=0.10). Average post-mortem
delays were 28.5+0.5 h and 35.0+7.5 h for control and
FTLD-tau-MAPT cases (p=0.60). For immunohistochem-
istry, formalin-fixed and paraffin-embedded samples from
two of the FTLD-tau-MAPT cases were available and were

Table 1 The clinical and genetic features of control subjects and of
FTLD-tau patients (with identified MAPT tau mutations) used in this
study are described

Casett Clinical diagnosis PMD Age Sex
(hours) (years)

1 Control ND 58 M
2 Control 28 60 F
3 Control 29 52 F
4 Control ND 66 M
5 Control ND 65 F
6 FTLD-P301L 49 50 F
7 FTLD-P301L 31 65 F
8 FTLD-P301L 44h30 48 F
9 FTLD-P364S ND 53 M
10 FTLD-L266V 15h30 38 F

Frozen tissues of T1 isocortex were analysed by western blotting.
Paraffin-embedded cortical brain sections of two FTLD-tau-MAPT
cases (#7 and #10) were analysed by immunohistochemistry

FTLD frontotemporal lobar degeneration
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analysed in this study. Some of the cases analysed in this
study were enrolled in a brain donation program of the
French national Brain Bank, GIE NeuroCEB (Bioresource
Research Impact Factor number = BRIF BB-0033-00,011)
organized by a consortium of Patients Associations. An
explicit consent had been signed by the patient or by the
next of kin, in the name of the patient. The project has been
approved by the scientific committee of the Brain Bank. The
consent form had been reviewed and accepted by the Ethi-
cal Committee “Comité de Protection des Personnes Paris
Ile de France VI”. The whole procedure has been certified
by AFNOR (Association Francaise de Normalisation). The
collection of post-mortem samples has been declared to the
Ministry of Research and Higher Education as requested
by the French law and the Brain Bank has been officially
authorized to provide sample to scientists. The rest of the
cases were collected and stored in the brain bank of the
LHNN (BB190052) and the study using these post-mortem
tissues was performed in compliance and following approval
of the Ethical Committee of the Medical School of the Free
University of Brussels.

Preparation of brain homogenates for biochemical
analysis

Frontal or T1 isocortex from human post-mortem brains or
mouse hemispheres were snap frozen and kept at — 80 °C.
About 200 mg of brain tissue was homogenised in five
volumes of ice-cold-modified RIPA buffer constituted of
50 mM Tris pH 7.4 containing 150 mM NaCl, 1% NP-40,
0.25% sodium deoxycholate, 5 mM EDTA, 1 mM EGTA,
Roche complete protease inhibitors, 1 mM PMSF, and
phosphatase inhibitor cocktail 2, (P-5726, Sigma) and incu-
bated for 60 min at 4 °C on a rotator and was centrifuged
(20,000 x g for 20 min at 4 °C) and the supernatant was used
as an RIPA-soluble fraction [3]. The RIPA-insoluble pellet
was re-suspended in fivefold volume of 8§ M urea supple-
mented with 5 mM EDTA, 1 mM EGTA, Roche complete
protease inhibitors, I mM PMSF, and phosphatase inhibitor
cocktail 2 by vortex and sonication on ice and incubated for
30 min at room temperature on a rotator. The mixture was
centrifuged at 20,000 X g at 4 °C for 20 min. The supernatant
was used as RIPA-insoluble fraction.

Western blot (WB)

Protein concentrations were estimated by the Bradford method
(Bio-Rad). Samples (20 pg/lane) were run in 10% or 15%
Tris—glycine gels depending on the molecular weight of the
protein of interest and transferred onto nitrocellulose (ultrac-
ruz, SCBT) or PVDF membranes (Bio-Rad). The membranes
were blocked in 10% (w/v) semi-fat dry milk in TBS (Tris-
buffered saline, 20 mM Tris pH 7.6, 150 mM NaCl) for 1 h at

room temperature and were incubated with primary antibod-
ies overnight at 4 °C. After three rinses with TBS-T (TBS
supplemented with 0.05% Tween-20), the membranes were
incubated with anti-rabbit (#7074, CST, Bioké) or anti-mouse
(A6782, Sigma) immunoglobulin conjugated with horseradish
peroxidase. After three rinses with TBS-T, the membranes
were incubated with SuperSignal West Pico PLUS Substrate
(Thermofisher) and were exposed to a DARQ-7 CCD cooled
camera in a SOLO 4S WL system (Vilber-Lourmat). Levels
of proteins were estimated by densitometry analysis using the
NIH Imagel] program, and adjusted for protein loading based
on WB performed with an anti-actin antibody.

Co-immunoprecipitation (IP) assay

Co-IP was performed using the RIPA-soluble fraction as
previously described [3]. The RIPA-soluble fraction of T1
isocortex was pre-cleared for 1 h at 4 °C with pre-equili-
brated Protein A Sepharose (P3391, Sigma) and centrifuged
at 3000 X g to obtain input fraction. Input fraction was incu-
bated with pre-equilibrated Protein A Sepharose and with
1 pg of the anti-PICALM HPA(019053 antibody at 4 °C on
a rotator overnight. The protein A Sepharose beads were
pelleted and washed three times with RIPA buffer. After
the third wash, SDS sample buffer containing 5% B-mercap-
toethanol was added to the beads. Samples were heated at
100 °C and PICALM immunoprecipitates were analysed by
WB for the presence of hyperphosphorylated tau.

Generation of Tg30xPicalm+/— mice

Tg30xPicalm+/— mice were generated by crossing Tg30
mice and Picalm+/— mice. Tg30 mice express a 1N4R
human tau isoform mutated at positions G272V and
P301S, under control of a thy-1 promoter [35, 49]. The
Picalm+/— line was generated by inserting PGK-neo-pA
into the first exon of Picalm gene [55]. Both heterozy-
gous Tg30 and hemizygous Picalm+/— mice were main-
tained into a C57BL6 background by back crossing at least
five generations. The F1 Tg30 mice were then bred with
Picalm+/— mice to generate F2 Tg30xPicalm+/— animals
expressing human double mutant tau and bearing only one
valid Picalm gene allele. Genotyping was performed by two
independent PCR amplifications of DNA extracted from ear
biopsies. Mice were genotyped for human mutant tau with
the primers (forward 5-ATG GCT GAG CCC CGC CAG
GAG-3', reverse 5'-TGG AGG TTC ACC AGA GCT GGG-
3") [49]. Mice were also genotyped for Picalm with Primer
A (forward 5'-ATG TCT GGC CAG AGC CTG ACG GAC
CGA ATC-3') and C (reverse 5'-GGG TCG GGA GAG
GAT GCG GGG GGT CTT CAC-3’) for wild-type allele
and Neogt-1 (reverse 5'-CTG ACC GCT TCC TCG TGC
TTT ACG-3') for the knockout allele [55]. A total of 49
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non-transgenic wild-type (WT), 56 Picalm+/—, 42 Tg30 and
39 Tg30xPicalm+/— were used in this study.

Rotarod test

Motor deficits were evaluated by testing them on a rotarod
apparatus (Ugo Basile), as previously described [35]. Briefly,
animals were first submitted to training sessions (three trials
per day during 3 consecutive days) during which they were
placed on the rod rotating with a progressive acceleration
from 4 to 40 rpm. Animals were individually separated the
day before the test and evaluated using the same experimental
setting throughout 300 s. The latency to fall off the rotarod
was recorded. Animals staying more than 300 s were removed
from the rotarod and their latency was recorded as 300 s.

Wire hang test

The wire hang test was performed by placing mice on the
top of a cage lid as previously described [18]. This lid was
then turned upside down at a height of 20 cm above the cage
litter for a maximum of 60 s. This test was carried out three
times per day for 3 days. The latency to fall off the wire was
recorded for each of the nine sessions and the mean latency
was calculated.

Analysis of sarkosyl-insoluble PHF-tau
fraction

1 ml of RIPA-soluble fraction was subjected to sarkosyl frac-
tionation by incubating with 1% (wt/v) N-lauroylsarcosine
(L-5125, Sigma) under mild rotation for 30 min at RT and
centrifuged for 30 min at 100,000 X g at 4 °C as previously
described [3]. The pellet after ultracentrifugation containing
the sarkosyl-insoluble material was gently rinsed in 500 pl
of PBS and suspended in 100 ul PBS. Sarkosyl-insoluble
fraction was analysed by WB.

Histological staining and immunocytochemistry

Mouse brains were fixed in 10% formalin for 24 h before
embedding in paraffin. Tissue Sects. (7 pm thick) were stained
with the Gallyas silver-staining method to identify NFT [31].
They were examined with a Zeiss Axioplan microscope and
digital images acquired using an Axiocam HRc camera. The
immunohistochemical labelling was performed using the
ABC method (Elite) as previously reported [4]. Briefly, depar-
affinised tissue sections were treated with H,O, to inhibit
endogenous peroxidase and incubated with the blocking solu-
tion of 10% (v/v) normal horse serum in TBS (0.01 M Tris,
0.15 M NaCl, pH 7.4). After an overnight incubation with
the diluted primary antibody, the sections were sequentially
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incubated with either horse anti-mouse or goat anti-rabbit
antibodies conjugated to biotin (Vector) followed by the
ABC complex (Vector). The peroxidase activity was devel-
oped using diaminobenzidine (Dako) as chromogen. Double
immunolabelling was performed using fluorescent markers.
The first antibody was detected using an anti-mouse antibody
conjugated to Alexa 594 (Molecular Probes). The second anti-
body was detected using an anti-rabbit antibody conjugated
to HRP (CST, Bioké), followed by detection with Tyramide-
FITC kit (Perkin Elmer). Double immunolabelling was fol-
lowed by nuclear DAPI staining. The slides were mounted
with Fluoromount-G (Southern biotech) and were observed
with an Axiovert 200 M microscope (Zeiss) equipped with an
ApoTome system (Zeiss). For quantitative analysis, Gallyas-
positive or AT8-positive neurons in hippocampal Ammon’s
horn and dentate gyrus were counted on sagittal sections at
a lateral level approximately 1 mm from the midline (Allen
brain atlas) with a 40X objective as reported previously in
Tg30 mice [35]. To analyse the pons and the motor areas (M1
and M2) of the cortex, the density of cells labelled for Gallyas,
AT8, phosphorylated neurofilament heavy chain (pNF-H) and
p62 was assessed on 10X images by thresholding analyses
using NIH Imagel as previously reported [61]. Area fractions
were calculated by measuring the labelled area divided by the
total surface of the area analysed.

Antibodies

The rabbit polyclonal anti-PICALM HPAO019053 antibody
was purchased from Sigma. The rabbit polyclonal anti-total
tau antibody (A0024) was purchased from Dako (Agilent,
Belgium). The rabbit polyclonal anti-total tau B19 antibody
was raised to adult bovine tau proteins and reacts with all
known adult and foetal tau isoforms in bovine, rat, mouse
and human nervous tissue in a phosphorylation-independent
manner [8]. The rabbit polyclonal BR21 antibody against
human tau was generated by immunizing rabbits with the
synthetic peptide C-GTYGLGDRKDQGG conjugated to
PPD, corresponding to residues 16—28 in the amino-terminal
region of tau (in exon 1), with the addition of an amino-ter-
minal cysteine [5]. The mouse monoclonal PHF1 antibody
(kindly provided by Dr P. Davies) is specific for tau phos-
phorylated at Ser396/404 [42]. The AT8 mouse monoclo-
nal antibody was purchased from ThermoFisher (Belgium)
and is specific for tau phosphorylated at Ser202 and Thr205
(AT8) [19]. The mouse monoclonal AP422 antibody (kindly
provided by Drs M. Hasegawa and M. Goedert, Cambridge,
UK) recognises pSer422 of tau [25]. The following addi-
tional mouse monoclonal antibodies were also used: against
B-actin (clone AC15, Sigma), cdk5 (clone DC17, SCBT),
and GSK385 (TPK1, Transduction Laboratories). The fol-
lowing rabbit polyclonal antibodies were also used: against
Beclinl (H-300, SCBT), LC3B (NB600-1384, Novus),
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pNF-H (NA1211, Affiniti, Exeter, UK), p35 (C-19, SCBT),
GSK3o/p phosphorylated on Tyr279 or Tyr216 (BioSource)
and p62 (NBP1-48,320, Novus).

Statistical analysis

Numbers of samples are indicated in the figure legend. Sta-
tistical analysis was performed using the Prism program
(Graphpad Software). Statistical comparisons were per-
formed using unpaired two-tailed Student ¢ tests, one-way
ANOVA with Turkey post-test comparisons or two-way
ANOVA with Bonferroni post-tests as noted in figure leg-
ends. Values of p <0.05 were considered significant.

Fig.1 Soluble PICALM protein a

Results

Soluble PICALM protein is reduced and autophagy
activity is decreased in FTLD-tau-MAPT brains

We first analysed the protein level of PICALM in human
post-mortem brains of FTLD-tau cases with MAPT muta-
tions at P301L, P364S and L266V (Table 1). The results
suggest that there was a consistent reduction of soluble
PICALM protein level of PICALM species at 65 to 75 kDa
down to 42.5 + 8% compared to non-demented control
samples 100+ 19% (Fig. 1a, b) in the RIPA-soluble frac-
tion of the T1 isocortex lysates of FTLD-tau-MAPT. Two
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FTLD-tau-MAPT cases (#8 and #9) with highest phospho-
rylated tau levels (Fig. 1e) had cleaved PICALM fragments
weakly detected around 50 and/or 25 kDa in the RIPA-sol-
uble fraction (Fig. 1a) as previously observed in AD brain
lysates [3]. On the contrary, PICALM detected in the RIPA-
insoluble fraction was significantly increased in FTLD-tau-
MAPT (Fig. lc, d) [6]. There was a significant increase of
PHF1-positive hyperphosphorylated tau in the brain lysates
of FTLD-tau-MAPT patients (Fig. le, f) where no amyloid
pathology was observed (data not shown). The autophagy
initiation marker Beclinl was decreased (Fig. 1g, h), while
the autophagy flux marker LC3-II was increased in FTLD-
tau-MAPT brains (Fig. 1g, 1) [6].

The neuropathological phenotypes of the FTLD-tau with
MAPT mutations are highly heterogeneous [17]. MAPT
P301L mutation leads to formation of predominantly
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Fig.2 Neurological defects are aggravated in Tg30xPicalm+/— com-
pared to Tg30. a Kaplan-Maier survival curves of male and female
WT, Picalm+/—, Tg30 and Tg30xPicalm+/— mice are shown
(n=49, n=56, n=42, n=39, respectively). Tg30 and Tg30xPi-
calm+/— showed a significantly reduced survival compared with
WT and Picalm+/— mice (by log-rank comparison, ***p <0.001).
b A representative photo of 11-month-old male Tg30 and Tg30xPi-
calm+/— mice is shown. Tg30xPicalm+/— mice exhibited an aggra-
vated motor phenotype, abnormal gait and paralysis than Tg30 (see
also Supplementary movie 1, online resource). ¢ Performance on
accelerated rotarod of male WT, Picalm+/—, Tg30 and Tg30xPi-
calm+/— is shown (n=24, n=32, n=24, n=18, respectively). At
9 months, both Tg30 and Tg30xPicalm+/— mice had significantly
shorter time on rotating rotarod compared to WT and Picalm+/—.
Tg30xPicalm+/— had significantly shorter time on rotarod than Tg30.

@ Springer

=+ Tg30xPicalm+/-

Gallyas-negative pretangles and globular glial tauopa-
thy composed of 4-repeat (4R) tau [2, 17]. MAPT P364S
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[45]. MAPT L266V mutation leads to PiD phenotype
[29]. Different mutations in the MAPT gene led to distinct
molecular interaction between PICALM and tau (Supple-
mentary Fig. la—g, online resource). Co-IP assay using
anti-PICALM antibody suggested that phosphorylated tau
was co-precipitated with PICALM in the brain lysates of
case #9 (P3645) and #10 (L266V), but not clearly in the
cases of FTLD-tau-MAPT-P301L (Supplementary Fig. 1a,
online resource). A double immunofluorescence staining
for PICALM and PHF1-positive phosphorylated tau on
available paraffin sections (case #7 and #10) suggested that
PICALM immunoreactivity was detected in approximately
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calm+/— had significantly shorter latency on hanging wire than WT,
Picalm+/— and Tg30 littermates. e Wet brain weight was measured
just after the dissection of 10 month-old male WT, Picalm+/—, Tg30
and Tg30xPicalm+/— mice (n=12, n=12, n=7, n=>5, respectively).
Tg30xPicalm+/— had significantly reduced brain weight than Tg30.
Data are represented as mean+/—SEM (¥p<0.05, **p<0.01, and
*##%p <0.001 by two-way ANOVA with Bonferroni post-tests for ¢, d
and one-way ANOVA with Turkey post-tests for e). See also supple-
mentary Fig. 2 and movie 1, online resource, for additional data
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40% of Pick-like tau lesions of case #10 (L266V) but not
in case #7 (P301L) (Supplementary Fig. 1b—g, online
resource). Activated microglial cells were numerous and
highly immunoreactive for PICALM in these FTLD-tau-
MAPT cases (Supplementary Fig. 1d, g, online resource,
white arrows). In spite of the heterogeneous interaction
between PICALM and phosphorylated tau, there was a
constant reduction of soluble PICALM protein level and
abnormalities in autophagy markers in the FTLD-tau-
MAPT brain. These data led us hypothesize that tauopathy
in FTLD-tau-MAPT is associated to a significant reduction
of clathrin-adaptor PICALM as well as to deregulation of
autophagy and led us wonder if such aberrant reduction of
PICALM could play a role in tau pathology progression.

Picalm reduction aggravates motor deficits in Tg30
tau transgenic mice

To determine whether the reduction of Picalm affects tau
pathology and tau-related neuropathology, we used the well-
characterized Tg30 tauopathy mouse model overexpressing
IN4R human tau-bearing double FTLD-related MAPT muta-
tions at P301S and G272V [35]. To test the hypothesis that
Picalm reduction modulates tau pathology progression, a
novel transgenic mouse line named Tg30xPicalm+/— was
created by crossing Tg30 mice [35] and Picalm+/— mice
[55]. Tg30 mice developed NFTs from 3 months of age and
exhibited severe motor deficits around 8 months, and gen-
erally die within 15 months [35]. Progeny were genotyped
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Fig.3 Expression levels of Picalm in the brains of WT, Picalm+/—,
Tg30 and Tg30xPicalm+/— at 10 months. Sex-matched 10-month-
old mouse brains were analysed by WB (n=12 per genotype). a WB
analyses show the protein levels of Picalm species at 65-75 kDa
or at 50 kDa (with a long exposure) and actin in the RIPA-soluble
or RIPA-insoluble fraction. b Picalm species at 65-75 kDa or
50 kDa (not detected even after a long exposure) and actin in the
RIPA-insoluble fraction. ¢, d Quantification of normalised level of
65-75 kDa Picalm (c¢) or 50 kDa- Picalm fragment (d) in RIPA-sol-

uble fraction. There was approximately a 50% reduction of Picalm
in Picalm+/— and Tg30xPicalm+/— mice. The 50 kDa- Picalm frag-
ment in RIPA-soluble fraction was increased in Tg30 compared to
WT mice. e Quantification of normalised 65-75 kDa Picalm in RIPA-
insoluble fraction. The level of RIPA-insoluble Picalm was increased
in Tg30 compared to WT. 100% is given to WT. Sex-matched sam-
ples were loaded onto the gels. c—e Data are represented as mean +/—
SEM (*p<0.05, *¥*p<0.01 and ***p<0.001 by one-way ANOVA
with Turkey post-tests)
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«Fig.4 Picalm reduction is associated with increased phosphorylation
and aggregation of tau in the brain of Tg30xPicalm+/— at 10 months.
a Sex-matched 10-month-old mouse brains were analysed by WB
(n=12 per genotype). WB analyses show the protein levels of total
tau (B19), human tau (BR21), AT8 (pSer202/Thr205 tau), pSer422
tau and actin in the RIPA-soluble fraction. b—e Quantification of the
levels of total tau normalised to actin (b), human tau normalised to
actin (c¢), AT8 normalised to B19 (d) or pSer422 normalised to B19
(e). The levels of total tau and of human tau are not different between
Tg30 and Tg30xPicalm+/— mice but phosphorylated tau is increased
in Tg30xPicalm+/— compared to Tg30 mice. *p <0.05, **p <0.01
and ***p <0.001 by one-way ANOVA with Turkey post-tests. f WB
analyses of sarkosyl-insoluble, aggregated tau in the mouse brains at
10 months. (WT: n=10, Picalm+/—: n=10, Tg30: n=12 and Tg30x-
Picalm+/—: n=12). g-i Quantification of the levels of sarkosyl-insol-
uble total tau (B19, g) or phosphotau (AT8, h) and (pSer422, i). 100%
was given to the average of the optical density (OD) in Tg30 mice.
Data are represented as mean +/— SEM. The level of sarkosyl-insol-
uble tau was increased in the brain of Tg30xPicalm+/— compared to
Tg30. There was no detectable level of tau in the sarkosyl-insoluble
fractions of WT or Picalm+/— mice. *p <0.05 by unpaired ¢ test

to non-transgenic WT, Picalm+/—, Tg30 and Tg30xPi-
calm+/—. Tg30xPicalm+/— mice were born in slightly
less than normal Mendelian ratio (WT: Picalm+/—: Tg30:
Tg30xPicalm+/— =26.3:30.1:22.6:21.0).

Picalm+/— mice had normal body size and exhibited no
obvious abnormalities without any motor deficits at least
up to 9 months (Fig. 2). However, the mortality of female
Picalm+/— mice was increased after pregnancy in our con-
ventional animal house. Therefore, male Picalm+/— mice
were systematically crossed with female Tg30 mice to avoid
premature death of female Picalm+/— mice. The mice
used for reproduction were excluded from the analyses of
survival curve. Male Tg30 and Tg30xPicalm+/— mice
died younger than female mice (Supplementary Fig. 2a,
b, online resource). Tg30 and Tg30xPicalm+/— mice had
significantly reduced life expectancy compared to WT or
Picalm+/— littermates (Fig. 2a). Tg30XxPicalm+/— mice
had generally but not significantly shorter lifespan than
Tg30 mice (Fig. 2a). From 6 months, both Tg30 and
Tg30xPicalm+/— had a significant body weight loss
compared to WT or Picalm+/— littermates but there was
no significant difference between Tg30 and Tg30xPi-
calm+/— (Supplementary Fig. 2c, d, online resource).

Both Tg30 and Tg30xPicalm+/— developed severe
motor deficits from 9 months old. Tg30xPicalm+/— had
significantly worse performance by rotarod test or wire
hang test than Tg30 littermates at 9 months (Fig. 2c, d).
Memory tests could not be assessed at this age due to
severe motor deficits of Tg30 and Tg30xPicalm+/— mice.
At 11 months, Tg30xPicalm+/— were more paralyzed
with abnormal unsteady gait (Fig. 2b) and suffered from
severer paralysis and motor problems than Tg30 (Supple-
mentary movie 1, online resource). Most of the mice were
sacrificed at 10 months for biochemical and histological

analyses. There was a significant reduction in brain weight
in Tg30xPicalm+/— mice compared to WT, Picalm+/— and
Tg30 (Fig. 2e). These results suggest that Picalm+/— mice
did not exhibit any motor phenotype compared to WT but
Tg30xPicalm+/— exhibited significantly aggravated motor
phenotype compared to Tg30 littermates at rather late stage
of their life.

Soluble PICALM protein level is decreased
in the presence of human mutant tau
overexpression

Alteration of Picalm protein expression was confirmed
by WB. Mice were sacrificed at 10 months of age and the
brains were homogenized in RIPA buffer. RIPA-soluble
fraction was first analysed by WB for Picalm and actin as
loading control (Fig. 3a). There was approximately 50%
reduction of Picalm protein expression in Picalm+/— and
Tg30xPicalm+/— mouse brains. Normalised Picalm pro-
tein in RIPA-soluble fraction was slightly reduced in
the presence of human mutant tau overexpression (WT:
Tg30=100+2.5:86.3 +4.8 and Picalm+/—: Tg30xPicalm
+/— =55.5+2.9:43.7+2.1) (Fig. 3c). On the contrary, the
50 kDa Picalm fragment, weakly detected after a prolonged
exposure time, was increased in Tg30 mouse brains com-
pared to WT (Fig. 3a, d). To verify potential changes of
Picalm partitioning between soluble and insoluble fractions,
RIPA-insoluble pellet was solubilized by sonication in 8§ M
urea buffer to dissociate large protein aggregates (Fig. 3b).
The level of RIPA-insoluble Picalm was increased in Tg30
compared to WT (Fig. 3e), suggesting that tau pathology
led to a reduction of soluble Picalm protein level and to an
increase of insoluble Picalm in mouse brains as observed
in the human brains of AD, primary tauopathies [6] and in
FTLD-tau-MAPT cases (Fig. 1a—d). PICALM was accumu-
lated in tau positive inclusions of human AD brains [3], PSP,
PiD, LBD [6] and FTLD-tau-MAPT-L266V (Supplemen-
tary Fig. le—g, online resource). Indeed, Picalm protein was
accumulated in some of the phosphotau-positive inclusions
of mature NFTs in the cortex and brainstem of Tg30 mouse
brains (Supplementary Fig. 3, online resource).

Haploinsufficiency of Picalm accelerated tau
phosphorylation in Tg30xPicalm+/- brains

In the brains of Tg30 and Tg30xPicalm+/—, total tau pro-
tein level was estimated to be more than threefold com-
pared to non-transgenic WT or Picalm+/— littermates
due to overexpression of human tau protein. There was,
however, no significant difference between Tg30 and
Tg30xPicalm+/— in the levels of total tau or human tau
detected in the RIPA-soluble fraction (Fig. 4a—c). To begin
assessing the potential impact of Picalm haploinsufficiency
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«Fig.5 Picalm reduction enhances the development of neurofibril-
lary pathology. a—i Representative pictures of AT8 labelling of
the hippocampus (a, b), cortex (d, e) and pons (g, h) of Tg30 and
Tg30xPicalm+/—. There was a significant increase of the number
of AT8-positive neurons (¢, f, i) in Tg30xPicalm+/— compared to
Tg30 in these three areas. j—r Representative photos of Gallyas silver
staining of the hippocampus (j, k), cortex (m, n) and pons (p, q) of
Tg30 and Tg30xPicalm+/—. There was a significant increase of the
number of Gallyas-positive neurons in the cortex and pons (o, r) in
Tg30xPicalm+/— compared to Tg30. s-u Representative pictures of
immunolabelling of pNF-H in the pons (s, t). There was a significant
increase of pNF-H-positive neurons in the pons of Tg30xPicalm+/—
(u) compared to Tg30. Ten-month-old male mice (Tg30: n=12 and
Tg30xPicalm+/—: n=9) were analysed. Data are represented as
mean +/— SEM (¥p <0.05, **p <0.01 by unpaired ¢ tests). Scale bar
10 pm

on tau pathology, we examined by WB whether levels
of hyperphosphorylated tau were affected. In WT and
Picalm+/— mouse brain lysates, there was no detectable
signal of AT8 or pSer422 positive tau. In RIPA-soluble
fraction, tau proteins phosphorylated at pSer202/Thr205
(AT8) and pSer422 were present in both Tg30 and in
Tg30xPicalm+/— mouse brain lysates but were signifi-
cantly increased in Tg30xPicalm+/— compared to Tg30
(Fig. 44, e).

Haploinsufficiency of Picalm promotes formation
of tau aggregates in Tg30xPicalm+/— mouse brains

We next examined whether Picalm protein reduction could
promote tau aggregate formation in the brain. Lysates of the
brain hemispheres of 10-month-old WT, Picalm+/—, Tg30
and Tg30xPicalm+/— mice were processed by a sarko-
syl fractionation method to obtain highly enriched frac-
tion of aggregated tau [20]. Tau in the sarkosyl-insoluble
fraction has been shown by immunoelectron microscopy
to be filamentous [9]. In the sarkosyl-insoluble fractions,
hyperphosphorylated tau protein was detected in Tg30 and
Tg30xPicalm+/— mouse brains but not in the brain of WT
and Picalm+/— (Fig. 4f). The levels of phosphorylated tau
positive for AT8, pSerd22 or B19 positive total tau were
significantly increased in the sarkosyl-insoluble fraction of
Tg30xPicalm+/— compared to Tg30 littermates (Fig. 4g—i).

Immunohistochemistry for ATS8 indicated increased
phosphotau-positive neuron density in Tg30xPicalm+/—
mouse brains compared to Tg30 in the hippocampus,
cortex and pons (Fig. 5a-i). Gallyas silver-staining
method allowed detection of argyrophilic-aggregated
proteins [31]. The number of Gallyas-positive NFTs
was significantly increased in the brain cortex and pons
of Tg30xPicalm+/— mouse brains compared to Tg30
(Fig. 5j-r). Axonopathy precedes tau pathology in the
brainstem of Tg30 mouse model [35]. There were more
numerous axonal dilatations and spheroids detected by

anti-phospho neurofilament pNF-H antibody in the pons
of Tg30xPicalm+/— compared to Tg30 (Fig. 5s—u). No
detectable pathology was observed by immunohistochemi-
cal labelling for tau or pNF-H in WT or Picalm+/— mouse
brains up to 10 months. Taken together, Picalm haploin-
sufficiency itself did not cause any obvious tau pathology,
but Picalm haploinsufficiency in tau transgenic model
led to significant increase of tau pathology in Tg30xPi-
calm+/— mouse brains compared to Tg30 littermates.

Reduced autophagy initiation and autophagosome
fusion in Tg30xPicalm + mouse brains

PICALM is a modulator of both autophagosome formation
and autophagosome-lysosome fusion [38] via direct interac-
tion with R-SNARE proteins [37]. To test the hypothesis that
accelerated tau pathology in Tg30XxPicalm+/— is related to
autophagy dysfunctions in transgenic tau mouse brains, the
levels of autophagy markers Beclinl and LC3-II were meas-
ured in the brain lysates. The levels of Beclinl and LC3-II
were not significantly altered in Picalm+/— mouse brains
compared to WT littermates (Fig. 6a—c). Nevertheless, in
Tg30xPicalm+/— mouse brains, the autophagy initiation
marker Beclinl was decreased (Fig. 6b), suggesting that
autophagy initiation was reduced compared to WT litter-
mates. Also, there was a significant increase of the level of
autophagy flux marker, LC3-II in Tg30xPicalm+/— mouse
brains compared to WT and Picalm+/— littermates (Fig. 6¢c),
suggesting that autophagosome degradation is reduced in
Tg30xPicalm+/— mouse brains. The inhibition of autophagy
in Tg30xPicalm+/— led to accumulation of autophagic sub-
strates observed as p62 positive intraneuronal inclusions in
the brain stem of Tg30xPicalm+/— mice (Fig. 6d—h). Taken
together, hemizygous Picalm loss itself had no obvious effect
on autophagy in mice, but Picalm haploinsufficiency in the
presence of tau pathology led to a significant impairment of
autophagy initiation and flux in mouse brains.

Accelerated conversion from p35 to p25
in Tg30xPicalm+/— mouse brains

Picalm is a substrate of both calpain and caspase-3 [3, 28,
46] and there was an increase of the level of cleaved Picalm
protein at 50 kDa in Tg30 and Tg30xPicalm+/— mice
(Fig. 3d). Calpain also converts p35 to p25 and this conver-
sion increases cdk5 kinase activity [34]. In Tg30xPicalm+/—
mouse brains, the level of cdk5 was not changed, but the
level of p25 normalised to p35 was significantly increased
(Fig. 7a—c). The level of active form of GSK38 phosphoryl-
ated at Tyr216 was also significantly increased in Tg30x-
Picalm +/— mouse brains without a change in total protein
level of GSK38 (Fig. 7d, e). These data suggest that Tg30x-
Picalm+/— mice had an increased level of the active form of

@ Springer



784

Acta Neuropathologica (2020) 139:773-789

Fig.6 Picalm reduction alters a WT

Picalm+/- Tg30 Tg30xPicalm+/-

autophagy function in the

presence of tau pathology. a
Sex-matched 10-month-old

BECHNT [ s o o | o0 | 0o

mouse brains were analysed by

WB (n=12 per genotype). WB LC3
analyses showing the expres-

sion of Beclinl, LC3-II and

actin in the brain lysate of WT, Actin

Picalm+/—, Tg30 and Tg30xPi-

~—— 45 kDa

calm+/—. b, ¢ Quantification of
Beclinl and LC3-II normalised
to actin is shown. 100% is given
to the average of WT. There was
a significant decrease of Beclinl
in Tg30xPicalm+/— compared
to WT mice and a significant
increase of LC3-II in Tg30x-
Picalm+/— compared to WT
and Picalm+/— mice. d-g
Representative pictures of the
pons of WT (d), Picalm+/—

(e), Tg30 (f) and Tg30xPi-
calm+/— (g) immunostained
for p62. 10-month-old male
mice were analysed (WT, n=2,
Picalm+/—, n=2, Tg30 n=12
and Tg30xPicalm+/—, n=9).
Scale bar 10 pm. h Quantita-
tive analysis of the number of
p62 positive structures showed
a significant increase in the
pons of Tg30 and Tg30xPi-
calm+/—. In Tg30xPicalm+/—,
there were more numerous

p62 positive structures than in
Tg30. Data are represented as
mean +/— SEM (¥*p<0.05,

*#p <0.01, ***p <0.001)

(o
%

% of WT, Beclin1/Actin
N
o

GSK38 and had augmented cdk5 activity due to conversion
from p35 to p25.
Discussion

Aggravated motor phenotype and tau pathology
in Tg30xPicalm+/— mice

In this work, we report that soluble PICALM protein
was decreased and autophagy was deregulated in human
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FTLD-tau-MAPT brains. To analyse the effect of PICALM
reduction on tau pathology progression, we created a novel
tau mouse line Tg30xPicalm+/—. Picalm haploinsufficiency
aggravated brain atrophy, motor deficits and tau pathology in
Tg30xPicalm+/— mice compared to Tg30 littermates. Tau
hyperphosphorylation was exacerbated as detected by anti-
phosphotau AT8 or pSer422 antibodies in Tg30xPicalm+/—
mouse brains compared to Tg30. The levels of sarkosyl-
insoluble tau proteins and Gallyas-positive NFTs were
increased in the cortex and pons of Tg30xPicalm+/— mice
compared to Tg30 littermates. The increased tau pathology
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Fig.7 The level of p25 and activated GSK38 is increased in Tg30x-
Picalm+/— compared to Tg30. a Sex-matched 10-month-old mouse
brains were analysed by WB (n=12 per genotype). WB analysis
showing the expression of p25/p35, cdk5, pTyr216 GSK3B, total
GSK3B and actin in the brain lysate of WT, Picalm+/—, Tg30 and
Tg30xPicalm+/—. Arrowhead shows pTyr216 GSK38. b The ratio
of p25 normalised to p35 was increased in Tg30xPicalm+/— mice. ¢
The level of cdk5 was not significantly different. d The active form of
GSK38 phosphorylated at Tyr216 detected at 47 kDa was increased
in Tg30xPicalm+/— mice compared to the other genotypes. e There
was no increase in the total protein level of GSK3B. *p<0.05,
**p<0.01 and ***p <0.001 by one-way ANOVA with Turkey post-
tests

in the motor cortex and brainstem is expected to contribute
to the accelerated motor phenotype observed in Tg30xPi-
calm+/— mice. Tg30 develops tau pathology in an age-
dependent manner and the phenotypic differences between

Tg30 and Tg30xPicalm+/— became significant only around
9 months, a relatively late adult stage. This indicates that
Picalm reduction had an age-related effect correlated with
development of tau pathology.

Reduction of PICALM in the human FTLD-tau-MAPT
brain and in the Tg30 tauopathy model

We observed that PICALM protein was significantly reduced
in the affected brain areas of FTLD-tau-MAPT patients down
to 42.5%. Such reduction was consistently observed in the
5 FTLD-tau-MAPT cases in spite of their heterogeneous
neuropathological features, variations of phosphorylated
tau levels and distinct interactions between PICALM and
tau. Such reduction of soluble PICALM protein level and
alteration in protein solubility was also observed in sporadic
tauopathies without A pathology as CBD and PiD [6]. We
also observed a significant reduction of Picalm protein in
the RIPA-soluble fraction of the Tg30 mouse brain down
to 86%. Distinct mechanisms might explain this reduction.
First, PICALM is a substrate of calpain and caspase-3 [3, 28,
46] that are activated in AD and in primary tauopathies [1,
21,47, 54, 60]. PICALM protein reduction may thus be sec-
ondary to an increased proteolysis in these tauopathies. We
confirmed that a Picalm-positive species around 50 kDa was
more abundant in the brain lysates of Tg30 than in those of
WT mice, supporting the hypothesis of an increased Picalm
proteolysis in Tg30 mouse brains. Second, one proportion
of Picalm may be sequestered in large tau aggregates via
direct interaction between tau and Picalm as observed by
double immunofluorescence staining in AD [3], in other spo-
radic tauopathies such as PiD, PSP [6], FTLD-tau-MAPT-
L266V and in Tg30 mouse brains. Third, under pathological
conditions, Picalm protein may undergo post-translational
modifications. Some post-translational modifications such
as oxidation and lipidation alter protein solubility [22, 52].
Picalm protein reduction in Tg30 was somehow much less
remarkable than in human FTLD-tau-MAPT cases. This may
be related to the fact that neurons may undergo injuries for a
longer period in human FTLD-tau-MAPT than in transgenic
tau mice.

It has to be noted that the rs3851179%, highly validated
PICALM protective variant for LOAD susceptibility, is asso-
ciated with higher PICALM expression than non-protective
1s3851179€ in endothelial cells derived from induced pluri-
potent stem cells (iPSC) [65]. Nonetheless, no association
has been found between SNPs of PICALM and susceptibil-
ity to FTLD-tau in GWAS and epigenome-wide association
studies (EWAS) up to today [10, 56]. Our results in FTLD-
tau-MAPT and Tg30xPicalm+/— mice nevertheless suggest
that Picalm reduction, either primary or secondary, might
have an amplification effect on tau pathology progression,
e.g. by further autophagy impairment.
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Fig.8 Schematic summary of our hypothesis linking PICALM reduc-
tion and tau pathology. Soluble PICALM is reduced in the tauopa-
thy brain including familial FTLD-tau-MAPT, sporadic tauopathies
or AD with AB pathology. In multiple tauopathy brains, calpain is
activated and cleaves its substrates including PICALM and p35.
Increase of p25 leads to further hyperphosphorylation of tau by cdk5
and GSK38 (red arrow). Soluble PICALM protein level is further

Autophagy deficits in FTLD-tau-MAPT
and in Tg30xPicalm+/— mice

Loss of autophagy in the central nervous system (CNS)
causes neurodegeneration in mice as observed in the con-
ditional Azg7 (autophagy-related 7)-deficient mice [30].
A clear link between autophagy and tau pathology is con-
firmed by pharmacological autophagy activation alleviating
tau pathology in transgenic tau mice [18, 48]. Interestingly,
we confirmed a reduction of autophagy initiation marker
Beclinl and a significant increase of autophagy flux marker
LC3-II in the human FTLD-tau-MAPT brain [6], supporting
the link between autophagy deficit and tau pathology.
Although Picalm+/— mice have slightly reduced survival
(not significant when compared to WT), Picalm+/— mice
exhibit no clear phenotype on body weight, body gait, motor
phenotype, at least up to 10 months. It is not surprising that
Picalm+/— mice did not show any alteration in autophagy,
because hemizygous loss of most of the autophagy-related
genes has generally no or minor effect on autophagy in mice.
It is hypothesized that the single wild-type allele, remain-
ing in Picalm+/— mice, is sufficient to maintain its function
for autophagy. Contrary to Picalm+/— and Tg30 mice, there
was a significant decrease of autophagy initiation marker
Beclinl in Tg30xPicalm+/— compared to WT littermates.
We also observed a significant increase of autophagy flux
marker LC3-II in Tg30xPicalm+/— mice compared to WT
and Picalm+/— mice. Since the autophagy initiation was
reduced in Tg30xPicalm+/—, the increase of LC3-II was
supposed to reflect a reduction of autophagosome degrada-
tion. Our present data on Tg30xPicalm+/— mice are con-
sistent with the previously reported effect of PICALM knock
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deficits

':'

Soluble
PICALM {

reduced due to cleavage by caspase-3, sequestration by pathological
tau and/or other mechanisms as discussed (dotted arrow). Reduction
of soluble PICALM further drives autophagy deficits via reduction of
Beclinl and accumulation of LC3-II (blue arrow). Reduction of solu-
ble PICALM is considered to eventually have an amplifying role in a
feedback loop increasing pathology

down leading to reduction of autophagy initiation marker
Beclinl and accumulation of autophagy flux marker LC3-
II in cultured cells [38]. An excess of autophagosomes in
affected neurons are one of the hallmarks of AD. Defects in
autophagosome removal may play a role in AD pathophysi-
ology [40]. Decreased autophagy function accelerates both
WT and mutant tau accumulation [62]. Autophagy impair-
ment in Tg30xPicalm+/— mice might be responsible for
the increased tau pathology in this line, e.g. by impairing
clearance of abnormal tau. Accumulation of abnormal tau
might also overload more quickly autophagy machinery and
exhaust autophagy pathway in Tg30xPicalm+/— mice with
areduced level of Picalm.

Kinase activation is increased in Tg30xPicalm+/—
mouse brains

Tau is a substrate of both cdk5 and GSK38 [23]. Con-
version from p35 to p25 is due to proteolysis by cal-
pain [34] and the cleaved p25 fragment was increased
in Tg30xPicalm+/— mouse brains. Increased level
of the active form of GSK38( was also observed in
Tg30xPicalm+/— mouse brains. Increased activity of both
kinases that we observed may drive accelerated phospho-
rylation of tau in Tg30xPicalm+/— mouse brains. Increased
cdk5/p25 activity significantly increases tau pathology pro-
gression in wild-type non-mutant tau [14] or in mutant tau
mouse brains [41]. p25 overexpression in mouse brains also
leads to increased activity of GSK38 [41, 44]. Since GSK3p
phosphorylation of tau is enhanced by prior phosphorylation
with cdk$, tau phosphorylation by cdk5 may further increase
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the total phosphorylation of tau by facilitating subsequent
phosphorylation with GSK38 [7, 36, 50].

Our data implicate that reduced expression of functional
Picalm, more pronounced in Tg30xPicalm+/— than in Tg30
mice, is a sensitizing factor responsible for increased tau
pathology. In AD and multiple tauopathies, calpain is abnor-
mally activated (Fig. 8) [1, 16, 47]. It is plausible that activa-
tion of the calpain cascade in the Tg30 tauopathy model also
leads to proteolysis of both Picalm and p35. Conversion of
p35 to p25 further increases tau phosphorylation by cdk5
[43], and aberrant Picalm reduction decreases autophagy-
mediated tau degradation [38]. Hemizygous Picalm loss in
Tg30xPicalm+/— mouse brains may further aggravate this
feedback loop caused by calpain-mediated proteolysis of
both p35 and Picalm, leading to more pronounced motor
phenotype, tau pathology and brain weight loss compared
to Tg30.

We acknowledge that there are several limitations in this
study. First, Tg30xPicalm+/— model is focusing on the
roles of Picalm on tau pathology progression in an FTLD-
tau-MAPT murine model and does not allow to extend our
knowledge of the role of Picalm in AB production or clear-
ance as implicated in AD. Previously, three independent
groups have reported that PICALM modulates amyloid
pathology via autophagy cascade, gamma secretase inter-
nalisation and AB transcytosis [27, 58, 65]. PICALM thus
seems to have a significant impact on development A
pathology. Second, Tg30 transgenic mice that we used in
this study overexpress a human double mutant tau protein.
Such cell autonomous tau pathology caused by transgenic
tau may not necessarily reflect usual biological processes of
tau pathology progression in the human brain of tauopathies.
In AD brains, tau pathology progression follows neuroana-
tomically connected pathways and potential pathological
tau transmission involves tau release and uptake in a Prion-
like manner [12]. It is presumed that PICALM may as well
play an important role in endocytosis of pathological tau via
clathrin-mediated endocytosis [64], where PICALM should
play a critical role as clathrin adaptor [57]. However, we
believe that this Tg30XxPicalm+/— model is important since
Picalm reduction observed in human post-mortem FTLD-
tau-MAPT brains was mimicked in a tauopathy model. This
model may thus provide useful information regarding the
role of Picalm in tau degradation via autophagy pathway.

Direct association between tau and the proteins
coded by the LOAD susceptibility genes

While there is less correlation between amyloid pathology
and cognitive loss in AD brains, there is a significant and
stronger correlation between tau accumulation and clinical
signs [39]. Interestingly, increasing evidence suggests that
some of the most significant LOAD susceptibility genes

revealed by GWAS [33] code for proteins that are involved
in AB pathology (e.g. APOE [26], PICALM [27, 58, 65] and
CLU [63]) as well as in tau pathology via direct interaction
with tau (e.g. APOE [53], BIN1 [11], PICALM [3], CLU
[66] and PTK2B [15]). Our present study on PICALM sup-
ports the hypothesis that one of the common key cascades
of LOAD may be the modulation of tau pathology and tau-
mediated neurodegeneration, as observed in the experimen-
tal models for APOE and BIN1 [13, 51].
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