Progress in Neurobiology 227 (2023) 102482

FI. SEVIER

journal homepage: www.elsevier.com/locate/pneurobio LR

progress in

Contents lists available at ScienceDirect
neurobiology

Progress in Neurobiology

Check for

Intracellular accumulation of tau oligomers in astrocytes and their e
synaptotoxic action rely on Amyloid Precursor Protein Intracellular
Domain-dependent expression of Glypican-4

Giulia Puliatti ', Domenica Donatella Li Puma
Erica Acquarone d, Renata Mangione ¢, Luciano D’ Adamio f, Cristian Ripoli * b, Ottavio Arancio “,
Roberto Piacentini

, Claudio Grassi

a,b a,b

, Giacomo Lazzarino ¢,
d

»! Giuseppe Aceto

a,b

@ Department of Neuroscience, Universita Cattolica del Sacro Cuore, Largo F. Vito 1, 00168, Rome, Italy

b Fondazione Policlinico Universitario A. Gemelli IRCCS, Largo A. Gemelli 8, Rome, Italy

¢ UniCamillus - Saint Camillus International University of Health Sciences, Via di Sant’Alessandro 8, Rome 00131, Italy

d Taub Institute, Department of Pathology and Cell Biology, and Department of Medicine, Columbia University, 630W 168th Street, New York, NY 10032, USA

€ Department of Basic biotechnological sciences, intensivological and perioperative clinics, Universita Cattolica del Sacro Cuore, Largo F. Vito 1, 00168, Rome, Italy
f Institute of Brain Health, Rutgers New Jersey Medical School, 205 South Orange Ave, Newark, NJ 07103, USA

ARTICLE INFO

Keywords:

Tau oligomers
Astrocytes
Glypican 4
Synaptic plasticity
AICD

ABSTRACT

Several studies including ours reported the detrimental effects of extracellular tau oligomers (ex-oTau) on glu-
tamatergic synaptic transmission and plasticity. Astrocytes greatly internalize ex-oTau whose intracellular
accumulation alters neuro/gliotransmitter handling thereby negatively affecting synaptic function. Both amyloid
precursor protein (APP) and heparan sulfate proteoglycans (HSPGs) are required for oTau internalization in
astrocytes but the molecular mechanisms underlying this phenomenon have not been clearly identified yet. Here
we found that a specific antibody anti-glypican 4 (GPC4), a receptor belonging to the HSPG family, significantly
reduced oTau uploading from astrocytes and prevented oTau-induced alterations of Ca*-dependent glio-
transmitter release. As such, anti-GPC4 spared neurons co-cultured with astrocytes from the astrocyte-mediated
synaptotoxic action of ex-oTau, thus preserving synaptic vesicular release, synaptic protein expression and
hippocampal LTP at CA3-CA1 synapses. Of note, the expression of GPC4 depended on APP and, in particular, on
its C-terminal domain, AICD, that we found to bind Gpc4 promoter. Accordingly, GPC4 expression was signifi-
cantly reduced in mice in which either APP was knocked-out or it contained the non-phosphorylatable amino
acid alanine replacing threonine 688, thus becoming unable to produce AICD. Collectively, our data indicate that
GPC4 expression is APP/AICD-dependent, it mediates oTau accumulation in astrocytes and the resulting syn-
aptotoxic effects.

1. Background

In the last years, several studies including ours demonstrated that
extracellular (ex) tau oligomers (oTau) exert a strong detrimental action
on synaptic function, thus contributing to the pathogenesis of several
neurological illnesses, including Alzheimer’s disease (AD) and other
tauopathies. Indeed, in mouse models of these diseases oTau impair
hippocampal synaptic transmission, long-term potentiation (LTP) at

CA3-CA1 synapse and memory (Fa et al., 2016; Li Puma et al., 2022;
Marecatti et al., 2022; Piacentini et al., 2017; Puzzo et al., 2017; Siano
et al., 2021). Moreover, positron emission tomography studies carried
out on humans demonstrated a strong correlation between tau accu-
mulation in various brain areas (e.g., enthorinal cortex, inferior parietal
cortex, frontal and anterior temporal cortices, etc.) and cognitive decline
(Aschenbrenner et al., 2018; Lagarde et al., 2022; Mecca et al., 2022;
Pontecorvo et al., 2019). Accumulating evidence over the last decade
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has convincingly shown that tau can be actively secreted from cells (Fa
et al., 2016) and extracellular monomers, oligomers, or larger aggre-
gates can be internalized by astrocytes and neurons via mechanisms that
are not yet fully understood (Guo and Lee, 2014). The synaptotoxic
action of ex-oTau relies on the ability of oligomers to enter neural cells.
Once inside the cell, oTau impinge on the molecular machinery serving
for synaptic communication among neurons, including the release and
uptake of glio/neuro-transmitters (Li Puma et al., 2022; Piacentini et al.,
2017). Our previous studies documented that astrocytes upload ex-oTau
more abundantly and rapidly than neurons, thus representing a primary
target of ex-oTau. Once accumulated in astrocytes, oTau lead to alter-
ation of intracellular Ca®" signaling and intracellular Na* overload that
negatively affect Ca?® and Na'-dependent handling of neuro/-
gliotransmitters (e.g., ATP and glutamate), thus impinging on synaptic
transmission (Li Puma et al., 2022; Piacentini et al., 2017). These find-
ings support the view that astrocytes play a pivotal role in the disruption
of synaptic function in tauopathies. We also observed that the different
internalization of oTau in astrocytes and neurons likely correlated with
the different expression of heparan sulfate proteoglycans (HSPGs) (Li
Puma et al., 2022). HSPGs are membrane receptors playing a critical
role in protein trafficking through cell membrane (Holmes et al., 2013;
Nazere et al., 2022; Song et al., 2022), and several studies have reported
that internalization of oligomer species, including amyloid-p (Ap),
a-synuclein and tau proteins in neural cells is mediated by HSPGs and
their modifications (e.g., 3-O or 6-O sulfation) (Mah et al., 2021; Rauch
et al.,, 2018; Snow et al., 2021). HSPGs consist of long linear HS
glycosaminoglycan (GAG) chains covalently attached to a core domain.
They form a large family of extracellular receptors subdivided into three
groups depending on their cellular localization: i) membrane HSPGs,
such as syndecans and glycosylphosphatidylinositol-anchored pro-
teoglycans (glypicans); ii) the secreted extracellular matrix HSPGs
(agrin, perlecan, type XVIII collagen); and iii) the secretory vesicle
proteoglycan, serglycin (Sarrazin et al., 2011). HSPGs are expressed in
almost all cells, but they have a very important role in the development
of central nervous system. Indeed, they are involved in the formation of
specific synaptic connectivity patterns important for neural circuit
function, and malfunction or altered expression of HSPGs may be
involved in the pathophysiology of several brain disorders (Condomitti
and de Wit, 2018), especially of neurodegenerative diseases caused by
intracellular accumulation of misfolded proteins. Therefore, here we
asked whether HSPGs and the control of its expression may play a
critical role in the synaptotoxic action exerted by tau accumulation in
astrocytes. To date, which HSPGs are involved in tau oligomer inter-
nalization in astrocytes has not been identified yet. Our attention was
focused on glypicans and, in particular, glypican 4 (GPC4), a
glycosylphosphatidylinositol-anchored receptor expressed on the outer
side of plasma membrane of several cells, including neurons and astro-
cytes in various brain areas. Indeed, astrocyte-secreted GPC4 has been
reported to regulate tau hyperphosphorylation (Saroja et al., 2022), to
mediate internalization of Af (Ma et al., 2021), as well as to promote
formation of excitatory synapses (Allen et al., 2012; de Wit et al., 2013;
Farhy-Tselnicker et al., 2017), that are the key target of extracellular tau
oligomers. Here we report that GPC4 mediates ex-oTau internalization
in astrocytes thus playing a critical role in the detrimental effects of
ex-oTau on hippocampal glutamatergic synapses. We also found that the
C-terminal domain of the amyloid precursor protein (APP) controls the
expression of GPC4, thus highlighting the functional interplay between
GPC4 and APP, that is also required for the entry, and for the consequent
synaptotoxic action of ex-oTau (Piacentini et al., 2017; Puzzo et al.,
2017).

2. Material and methods
2.1. Primary cultures of hippocampal and cortical neurons and astrocytes

Primary cultures and co-cultures of hippocampal and cortical
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neurons and astrocytes were prepared from wild-type (WT) E18 C57BL/
6 or APP TA (bearing a Thr%8Ala mutation) mice, as previously
described (Li Puma et al., 2021; Piacentini et al., 2017).

In brief, after brain removal, cortices and hippocampi were gently
dissected in Phosphate Buffered Saline (PBS) at 4 °C and then incubated
for 10 min at 37 °C in PBS containing trypsin-ethylenediaminetetra-
acetic acid 0.025 %/,/0.01 % w/v (Trypsin-EDTA, Biochrom AG, Berlin,
Germany). Trypsin was inactivated with 1 % fetal bovine serum (FBS)
and the tissues were centrifugated and suspended in a dissociation me-
dium consisting of 97.8 % minimum essential medium (MEM, Bio-
chrom), 1 % FBS, 2 mM glutamine, 25 mM glucose and 1 %
penicillin-streptomycin-neomycin antibiotic mixture (PSN, Thermo
Fisher Scientific, Waltham, MA). Tissues were then mechanically
dissociated with a fire-polished Pasteur pipette at room temperature
(RT) and then centrifuged at 235g for 10 min at RT. Cells were resus-
pended in the previously described medium added with 5 % horse serum
and 5 % FBS and plated on poly-L-lysine (0.1 mg/mL, Sigma, St. Louis,
MO)-pre-coated 20-mm coverslips (10° cells/well) for immunocyto-
chemistry and FM1-43 imaging. After 24 h from seeding (1 day in vitro,
DIV), the culture medium was replaced with a fresh medium consisting
of 96.5 % Neurobasal medium (Thermo), 2 % B-27 (Thermo), 2 mM
glutamine and 1 % PSN. After another 72 h (4 DIV), this medium was
replaced with a glutamine-free version of the same medium, and the
cells were grown for 10 more days before carrying-out experiments.

For primary cultures of hippocampal and cortical astrocytes, cells
were resuspended in MEM with 3.7 g/L NaHCOs3 and 1.0 g/L D-glucose,
10 % FBS, 1 % PSN and then plated in flasks for cell expansion, on 20-
mm coverslips (105 cells/well) for Ca®t imaging and on 35-mm six-
well plates (10° cells/well) for HPLC and Western blot (WB) analysis.
The culture medium was changed after 24 h from seeding and twice
weekly thereafter.

2.2. Organotypic hippocampal brain slices preparation

Hippocampal organotypic slice cultures were prepared from post-
natal day 10 C57BL/6 mice using a McIllwain tissue chopper as previ-
ously described (Piacentini et al., 2017; Renna et al., 2022). For each
preparation 4 mice were used. At least 3 independent preparations were
carried out. Slices (300 pm) were placed on semi-porous membranes
(Merck Millipore, No. PCIMORGS50, Burlington, MA) fed by tissue me-
dium made of: 788 mL 1 x MEM (Thermo), 7.16 g HEPES, 0.49 g
NaHCOs, 4.8 g D-glucose, 50 pL ascorbic acid (2.5 %), 50 pL insulin (10
mg/mL), 200 mL horse serum (Thermo), 2 mL MgSO4 (1 M), 1 mL CaCl,
(1 M). Slices were incubated at 35 °C in 5 % CO5 and cultured for up to 4
days before treatment for 24 h with vehicle or anti-GPC4 antibody and
1-hour incubation with 200 nM ex-oTau.

2.3. Assessment of tau uploading into cultured neurons and astrocytes

Recombinant human tau was prepared as previously described in
Piacentini et al. (2017) and Li Puma et al. (2022). Fluorescent oligo-
meric tau was prepared by labeling with the active ester dye IRIS-5-NHS
(IRIS 5; Aex: 633 nm; Aep: 650-700 nm; Cyanine Technology, Turin,
Italy), as previously described (Fa et al., 2016). In brief, 2 mM tau so-
lution in PBS were combined with 6 mM IRIS-5 in dimethyl sulfoxide
(DMSO) and incubated for 4 h in the dark under mild shaking condi-
tions. Then, Vivacon 500 ultrafiltration spin columns (Sartorius Stedim
Biotech GmbH, Goettingen, Germany) were used to purify labelled tau.
Purified tau was resuspended in PBS and used at a final concentration of
200 nM. Immunocytochemistry and confocal microscopy were per-
formed in astrocytes treated with ex-0Tau™S> 200 nM for 1 h or 6 h,
after a 24 h-pre-treatment with anti-GPC4 antibody at dilution of 1:300
or 1:600 (see "Glypican 4 antibody treatment" paragraph), or vehicle. All
experiments were repeated at least three times. To quantify the amount
of cellular internalization of tau the parameter “internalization index”
was introduced by multiplying the percentage of astrocytes internalizing
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fluorescent proteins in each analyzed microscopic field by the mean
number of fluorescent spots inside cells.

For a subset of experiments, we also evaluated internalization of
Ap42 in cultured astrocytes treated with anti-GPC4. Ap42 tagged with
HyLite fluor 555 (Ap42°°%) was prepared and used as already described
in Puzzo et al. (2017).

2.4. Glypican 4 antibody treatment

In order to evaluate the dependence of oTau entry on the expression
of GPC4, we treated cell cultures (pure culture of astrocytes, co-cultures
neurons and astrocytes, and organotypic brain slices containing hippo-
campus) with an anti-GPC4 antibody (Bioss Inc.; recognizing the
immunogen sequence DVKEKLKQAKKF which are amino acids 388-399
of GPC4, out of 556 total). The stock concentration of the antibody was
1 pg/uL and it was used at the final concentration of 3.4 ng/uL (1:300
dilution). A subset of experiments, aimed at evaluating the efficacy of
lower concentration of antibody in preventing oligomeric tau entry were
conducted by treating cells for 24 h with the antibody at 1:600 dilution
(1.7 ng/uL).

2.5. Confocal Ca®?* imaging

To perform Ca®" imaging, astrocytes were incubated for 30 min at
37 °C with 2.5 pM Fluo-4-AM (Thermo), a Ca?" sensitive fluorescent
dye, in Tyrode’s solution. This solution consisted of NaCl (150 mM),
glucose (10 mM), HEPES (10 mM), KCl (4 mM), CaCl; (2 mM) and MgCl,
(1 mM) and its pH was adjusted to 7.4 with NaOH. Cells were then
maintained in fresh Tyrode’s solution at RT for 20 min to allow dye de-
esterification.

Intracellular Ca®* transients were elicited by exposing Fluo-4-AM-
loaded cells to ATP (100 pM) for 10 s. Fluo-4-AM was excited at 488
nm and its emission signal was collected between 500 and 550 nm with
an inverted laser scanning confocal system Leica TCS-SP5 (Wetzlar,
Germany).

The amplitude of each Ca?' signal was estimated in a semi-
quantitative way by the following formula: AF/F = (F; — Fyre)/(Fpre —
Fpgnd), where F is the mean of fluorescence intensities measured in a
region of interest (ROI) drawn around each cell body at a given time (t);
Fpre is the basal fluorescence intensity in this ROI estimated as mean
value of fluorescence during 20-s prior ATP exposure; Fpgnq is back-
ground fluorescence intensity measured in an area lacking dye-filled
cells.

2.6. High-performance liquid chromatography (HPLC)

For HPLC measurements WT astrocytes were cultured in 35-mm six-
well plates and pre-treated for 24 h with anti-GPC4 antibody or vehicle
in their culture medium. After antibody treatment (at dilution 1:300 or
1:600), cells were treated for 1 h with vehicle, or ex-oTau 200 nM in
Tyrode’s solution at 37 °C. At the end of treatment, cells and superna-
tants were separately collected and treated for HPLC measurements as
already done in Piacentini et al. (2017) and Li Puma et al., (2022).
Tyrode’s solution was withdrawn from each well and deproteinized
according to Tavazzi et al. (2005). Briefly, supernatant samples were
transferred to an Eppendorf tube equipped with a filtering membrane of
3KDa cut-off (Nanosep® Centrifugal Devices, Pall Gelman Laboratory,
Ann Arbor, MI, USA) and centrifuged at 10,500g for 15 min at 4 °C. The
protein-free ultrafiltrate samples were directly injected into the HPLC
column and analyzed to determine extracellular ATP concentrations
released by astrocytes in the culture media, according to an ion-pairing
HPLC method previously set up (Piacentini et al., 2017; Tavazzi et al.,
2005). Separation and quantification of ATP was carried out using a
Hypersil 250 x 4.6 mm, 5 um particle-size column, which was provided
with its own guard column (Thermo). The HPLC apparatus consisted of a
Surveyor System that was connected to a highly sensitive PDA
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diode-array detector (Thermo), equipped with a 5-cm light-path flow
cell and set up to acquire signals between 200 and 300 nm wavelengths.
The data were acquired and analyzed by a PC using the ChromQuest®
software package that was provided by the HPLC manufacturer. The
concentrations of ATP in culture media were determined at 260 nm
wavelength by matching retention times, peak areas and absorption
spectrum of those of freshly prepared ultrapure standard solutions.

2.7. FM1-43 imaging

FM1-43 imaging was performed as previously described (Piacentini
et al., 2017). Briefly, co-cultures of hippocampal neurons and astrocytes
plated on 20-mm coverslips were treated with vehicle or anti-GPC4
antibody for 24 h before be treated with vehicle or ex-oTau for 1 h.
After treatment, cells were placed in Tyrode’s solution for 1 min and
then exposed for 30 s to 5 pM FM1-43 (Thermo) in Tyrode’s solution.
After this time, cells were placed for 1 min in 5 pM FM1-43 in depola-
rizing 50 mM KCl Tyrode’s solution, which induced massive vesicle
release and vesicle staining with FM1-43. After that, cells were placed
again in standard Tyrode’s solution containing 5 pM FM1-43 for 30 s
and then in Tyrode’s solution containing 200 mM Advasep™-7 (Sigma)
for 2 min. FM1-43 fluorescence was excited by Argon laser at 488 nm
and fluorescence was recorded in a spectral window ranging from 520 to
650 nm with a Leica TCS-SP5 confocal system (Leica). FM1-43
de-staining was obtained by re-exposing FM1-43 labelled cells to 50 mM
KCl for 1 min in Tyrode’s solution.

2.8. Immunocytochemistry

Astrocytes for immunocytochemistry were treated as follow: i) with
vehicle or with anti-GPC4 antibody (at 1:300 and 1:600 dilutions) for 24
h and then with 200 nM fluorescent-tagged ex-oTau™> for 1 h or 6 h, at
37 °C; ii) with vehicle or with 2 uM y-secretase inhibitor X (565771,
Sigma) for 48 h; iii) with vehicle or with 200 nM ex-oTau for 1 h, after a
24 h-pretreatment with anti-GPC4 antibody or not.

Cells were fixed with 10 % formalin solution (pH 7.4 with NaOH) for
10 min at RT and then permeabilized with 0.3 % Triton X-100 (Sigma) in
PBS for 15 min. To block non-specific binding sites, cells were incubated
in 0.3 % BSA in PBS for 20 min at RT. Cells were incubated overnight at
4 °C with an appropriate combination of the following antibodies,
diluted in the same blocking solution: mouse anti-GFAP (#3670, 1:500,
Cell Signaling Technology, Danvers, MA) or rabbit anti-GFAP (#12389,
1:500, Cell Signaling), and mouse anti-Heparan Sulfate (10E4 epitope,
USbiological) or rabbit anti-GPC4 (bs-2159R, 1:300, Bioss, Boston, MA);
mouse anti-MAP2 antibody (1:300, Sigma); rabbit anti-Synapsin-1
(#5297, 1:300, Cell Signaling). After primary antibodies removal,
cells were washed in PBS and then incubated for 90 min at RT with the
proper secondary antibodies, diluted in the blocking solution: Alexa
Fluor 546 donkey anti-mouse and Alexa Fluor 488 donkey anti-rabbit
(both used 1:1000, Thermo). Finally, cells were incubated with 4°,6-
diamidino-2-phenylindole (DAPI, Thermo), 0.5 mg/mL in PBS for 10
min at RT, in order to counterstain their nuclei. Cells were then cover-
slipped with ProLong Gold anti-fade reagent (Thermo) and studied by
confocal microscopy.

Confocal stacks of images (1024 x 1024 pixels) were acquired at 60
x magnification with a confocal laser scanning system Nikon A1MP
(physical pixel size: 210 nm).

2.9. Hippocampal slices preparation and immunohistochemistry

Hippocampal slices were obtained from 5-month-old C57BL/6 mice,
as previously described in Li Puma et al. (2019), with minor modifica-
tions. Mice were deeply anesthetized with a cocktail of ketamine (100
mg/mL) and medetomidine (1 mg/mL) in a 5:3 ratio, and perfused
transcardially with PBS followed by 4 % (w/v) PFA fixative solution.
Brains were removed from the skull and post-fixed overnight at 4 °C;
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then, they were transferred into a 30 % sucrose solution in PBS for 2
days. Tissue was sectioned coronally (40 um) with a vibratome
(VT1000S; Leica), and stored in cryoprotectant at —20 °C.

After three rinses in PBS, the sections were incubated for 1 h at RT in
a blocking solution consisting of 1 % bovine serum albumin, 10 %
normal goat serum, and 0.5 % Triton X-100. Immunohistochemistry was
performed on a one-in-six series of equidistant (240 pm between sec-
tions) free-floating sections by using the following antibodies: mouse
anti-GFAP antibody (#3670, 1:300, Cell Signaling) and rabbit anti-
GPC4 antibody (bs-2159R, 1:300, Bioss). The fluorescent secondary
antibodies Alexa Fluor 546 donkey anti-mouse (1:500) and Alexa Fluor
488 donkey anti-rabbit (1:500) were then used. Cell nuclei were coun-
terstained with DAPI (0.5 pg/mL) and the sections were mounted on
glass slides and coverslipped with ProLong Gold antifade reagent.
Confocal stacks of images were acquired at 40 x magnification with a
confocal laser scanning system Nikon A1IMP (physical pixel size: 210
nm).

2.10. Western blot

Protein extraction was performed with RIPA buffer, added with 1
mM phenylmethylsulfonyl fluoride (PMSF), sodium fluoride (NaF), so-
dium orthovanadate (NagVO4), and protease inhibitor mixture. Ho-
mogenates of both cells and tissues were sonicated and centrifuged at
13,000g for 15 min at 4 °C. The supernatants were collected, and their
protein concentration was assessed by Bradford protein assay. Equiva-
lent protein samples were loaded onto 8 % tris-glycine polyacrylamide
gel for electrophoresis separation (Running buffer: 10 % Tris/Glycine
and 0.1 % SDS). Proteins were then electroblotted onto nitrocellulose
membranes for Western blot analysis (Transfer buffer: 10 % Tris/
Glycine and 20 % methanol). Membranes were blocked with 5 % non-fat
dry milk in tris-buffered saline containing 0.1 % Tween-20 for 1 h at RT
and then incubated overnight at 4 °C with the following primary anti-
bodies (all diluted 1:500): rabbit anti-GPC4 (bs-2159R, Bioss), rabbit
anti-Synapsin-1 (#5297, Cell Signaling Technology), mouse anti-
Synaptophysin (ab8049, Abcam), rabbit anti-GluA1 (Ab-849, SAB, Bal-
timore, MD, USA). Housekeeping proteins, mouse anti-tubulin (Sigma)
and mouse anti-GAPDH (Abcam) were used at 1:1000. The next day,
membranes were incubated with appropriate secondary horseradish
peroxidase-conjugated antibodies (1:2500, Cell Signaling) for 1 h at RT.
Visualization was performed with WESTAR ECL (Cyanagen, Bologna,
Italy), using UVItec Cambridge Alliance. Molecular weights for immu-
noblot analysis were determined through Precision Plus Protein™
Standards (BioRad, Hercules, CA). Densitometric analysis was carried
out with UVItec software. Experiments were repeated at least three
times.

Original uncropped gel and/or Western blot analysis are available in
the Supplementary Information.

2.11. Electrophysiology in organotypic hippocampal slices

Hippocampal subfields and electrode positions were identified with
4 x and 40 x water-immersion objectives on an upright microscope
equipped with differential interference contrast optics under infrared
illumination (BX51WI; Olympus) and video observation (BTE-B050-U
CMOS camera; Mightex). Schaffer collateral fibers were stimulated with
a bipolar tungsten electrode (FHC, Bowdoin, ME, USA). Slices were
incubated in ACSF gassed with 95 % O2/5 % CO». All experiments were
performed at RT. Patch pipettes had a resistance of 4-6 MQ when filled
with an internal solution containing (in mM): 135 CsMeSOs, 8 NaCl, 10
HEPES, 0.25 EGTA, 2 Mg2ATP, 0.3 Na3GTP, 0.1 spermine, 7 phospho-
creatine, and 5 QX-314, pH 7.25-7.30, 294-298 mOsm. After estab-
lishing a gigaseal, the patch was broken by applying negative pressure to
achieve a whole-cell configuration. A series resistance lower than 15 MQ
was considered acceptable and constantly monitored throughout the
entire recording. Excitatory Post Synaptic Currents (EPSCs) were
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recorded in voltage-clamp configuration, with CA1 pyramidal neurons
held at —70 mV. The stimulation intensity that elicited 1/3 of the
maximal response was used for delivering test pulses every 10 s. Long-
Term Potentiation (LTP) was induced by two trains of High Frequency
Stimulation (HFS; 100 Hz, 1 s) separated by 20 s, while cells were
depolarized to 0 mV. This induction protocol was always applied within
5-7 min from achieving the whole-cell configuration, to avoid “wash-
out” of LTP. Responses to test pulse were recorded for 30 min to assess
LTP. The amplitudes of EPSCs at 30 min were averaged from values
obtained during the last 5 min of post-HSF recordings (from min 25 to
min 30). LTP magnitude was expressed as the percentage change in the
mean EPSC peak amplitude normalized to baseline values = 100 % (i.e.,
mean values for the 5 min of recording before HFS). The electrophysi-
ological recordings were analyzed using the Clampfit 10.9 software
(Molecular Devices).

2.12. Chromatin Immunoprecipitation and qPCR

Chromatin immunoprecipitation (ChIP) assay was performed as
previously described (Leone et al., 2019), with minor modifications.
Hippocampal and cortical tissues were homogenized in 200 pL of lysis
buffer, made of 1 % SDS, 50 mM Tris-HCl pH 8.0, and 10 mM EDTA, and
sonicated on ice with 10 s pulses at 10 s interpulse interval for 20 min.
Sample debris was removed by centrifugation and supernatants were
precleared with protein G-agarose beads (Sigma-Aldrich) for 1 h at 4 °C.
Two micrograms of specific antibody or control IgG were added over-
night at 4 °C. Immune complexes were collected by incubation with
protein G-agarose beads for 4 h at 4 °C. Inmunoprecipitated complexes
were repeatedly washed and then separated from beads in 150 uL of
elution buffer (1 % SDS and NaHCO3 0.1 M; pH 8.0). After the addition
of NaCl, lysates were incubated overnight at 65 °C to reverse
protein-DNA cross-linking. Chromatin fragments were extracted with
PCR DNA fragments purification kit (Geneaid Biotech Ltd., New Taipei
City, Taiwan).

Real time qPCR conditions and cycle numbers were determined
empirically. Data are expressed as a percentage of input calculated by
the “adjusted input value” method according to the manufacturer’s in-
structions (Thermo Fisher Scientific ChIP analysis). To calculate the
adjusted input, the Ct value of input was subtracted by 6.644 (i.e., log2
of 100). Next, the percent input of control and IP samples was calculated
using the formula: 100 x 2"(adjusted input — Ct(ChIP)). The percent
input of IgG samples was calculated using the formula 100 x 2"(adjusted
input — Ct(IgG)).

The primers used for GPC4 promoter analysis are indicated below:

1st region (bp —150/—1): Fw 5’-CCTCATGCCCGCCCCCTC-3’; Rv 5’-
CTGCTCCGCTCACCCAGCCC-3’;.

2nd region (bp —275/—125): Fw 5’-GTCGCAAGAGGGAGCGCCG-3’;
Rv 5’-CCCTAAGGGAGGGAGGGGG-3'.

2.13. Statistics

Statistical comparisons and analyses were carried out with SigmaPlot
software 14.0. Data samples were subjected to normal distribution assay
and then expressed as mean + standard error of the mean (SEM). Two-
tailed Student’s t test and one-way ANOVA with Bonferroni’s or Dun-
net’s post-hoc tests were used for comparing two or many experimental
groups, respectively. The Mann-Whitney (Wilcoxon) nonparametric
statistic was used when experimental data were fewer than 10 obser-
vations. The level of significance (p) was set at 0.05.

2.14. Ethics approval

All animal procedures were approved by the Ethics Committee of
Universita Cattolica (#63/2019-PR) and were fully compliant with
Italian (Ministry of Health guidelines, Legislative Decree No. 116/1992)
and European Union (Directive No. 86/609/EEC) legislations on animal
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research.

3. Results

3.1. Anti-GPC4 antibody prevents ex-oTau internalization in astrocytes

We previously demonstrated that after 1-hour treatment of co-
culture of murine hippocampal neurons and astrocytes with 200 nM
ex-oTau tagged with a fluorophore (IRIS-5) numerous fluorescent spots
indicating oTau were found inside astrocytes whereas none or very few
were in neurons (Piacentini et al., 2017). In the present study we took
advantage of this experimental paradigm to dissect the effects of tau
accumulation in astrocytes from the overall detrimental action of tau in
the brain, and to assess the role of GPC4 in the astrocytic internalization
of oTau, and their following synaptotoxic action. We first investigated
the expression of GPC4 in cultured hippocampal astrocytes and in as-
trocytes of mouse hippocampal slices from WT C57BL/6 mice by
immunofluorescence (IF) and WB experiments (Supplementary Fig. S1A,
B and S3D,E). After, we tested the effects of counteracting the interac-
tion between oTau and GPC4 on ex-oTau internalization. We found that
24-h treatment of cultured hippocampal astrocytes with the anti-GPC4
antibody (binding the receptor on its extracellular side) at concentra-
tion of 3.4 ng/pL (1:300 dilution) before 1-h application ex-oTau (200
nM) significantly reduced the cellular uploading of ex-oTau tagged with
IRIS-5 (Fig. 1A,B). Internalization index (as defined in Piacentini et al.
(2017)) revealed a 43 % reduction of oTau uploading in
anti-GPC4-treated cells (from 1.00 £ 0.09 to 0.57 + 0.03 for untreated
vs. anti-GPC4-treated cells, respectively; p = 1.7 x10™#, assessed by
Student’s t test). We also generated "internalization maps", i.e., a
two-dimensional picture showing co-localization between IRIS-5-tagged
oTau and astrocyte-specific glial fibrillary acidic protein (GFAP), indi-
cating oTau internalization as black dots (Fig. 1A3-By) further demon-
strating the effect of anti-GPC4 antibody in impeding oTau uploading. In
order to validate the efficacy of anti-GPC4 antibody against oTau
internalization we treated astrocytes with oligomeric tau for times
longer than 1 h. In particular, we choose 6 h that is the minimum time
period allowing a detectable tau entry also in neurons (Fa et al., 2016).
As expected, the amount of oTau entering astrocytes after this longer
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exposure was higher than that observed after 1 h (+113 %; p = 5.4
%10 but antibody treatment still reduced tau internalization by 37 %
(p = 0.02; Supplementary Fig. S2A-C,F). We also evaluated the efficacy
of a lower concentration of antibody in preventing tau entry. Specif-
ically, we used 1.7 ng/uL (1:600 dilution) that corresponds to the con-
centration commonly used to reveal the receptor by WB analysis. Under
these experimental conditions the amount of oTau uploaded by astro-
cytes was highly variable, and the effects of treatment were not statis-
tically significant (Supplementary Fig. S2C,D,F). To test whether oTau
entrance was affected by temperature, a subset of experiments was
repeated by applying oTau in cells maintained at + 4 °C. In these con-
ditions oTau did not enter astrocytes (Supplementary Fig. S2E,F).

Finally, we wondered if the ability of anti-GPC4 in preventing olig-
omers internalization was specific for oTau or it also inhibited uploading
of other oligomeric species. Based on previous literature reports (Ma
et al., 2021), we evaluated the efficacy of anti-GPC4 (1:300) in pre-
venting uploading of 200 nM Ap42 applied for 1 h to cultured astro-
cytes, and found that the antibody also strongly inhibited Af42
internalization (Supplementary Fig. S3).

3.2. Treatment with anti-GPC4 antibody prevents ex-oTau-induced
alteration of intracellular calcium signaling in astrocytes and restores
gliotransmitter release from oTau-targeted astrocytes

One-hour treatment of cultured hippocampal astrocytes with ex-
oTau markedly reduced intracellular Ca?* transients induced by appli-
cation of ATP, as well as the frequency and amplitude of spontaneous
intracellular Ca®* waves observed after ATP stimulation (Piacentini
et al.,, 2017). We also reported that these effects depended on oTau
accumulation in astrocytes. Here we found that cell treatment with
anti-GPC4 (3.4 ng/uL; 1:300), besides reducing ex-oTau uploading in
astrocytes, also prevented ex-oTau-mediated impairment of Ca%* tran-
sients elicited by ATP exposure. In fact, compared to control conditions
(i.e., vehicle-treated astrocytes), the peak amplitude of intracellular
Ca?* transients induced by 10-s ATP (100 pM) stimulation in 1-h-ex-o-
Tau-treated astrocytes was reduced by 58 =1 % (ANOVA test with
Bonferroni post-hoc correction: Fy 1333 = 275.72; p < 0.001 vs. vehicle),
in agreement with our previous reports (Piacentini et al., 2017).

Fig. 1. Treatment with anti-GPC4 antibody
prevents ex-oTau internalization in astrocytes.
(A1, Bj). Representative examples of oTau
internalization in cultured hippocampal astro-
cytes treated for 24 h with vehicle (A) or anti-
GPC4 antibody (B) before 1-hour incubation
with 200 nM ex-oTau in the culture medium.
Tau oligomers were labelled with the IRIS-5
fluorophore  (oTau™®S®).  (A,,B;) Panels
showing the “internalization maps”, where the
black dots represent points in which the fluo-
rescence of GFAP and oTau™S® co-localizes,
thus indicating oTau internalization. Ellipses
in panels A and B indicate clusters of tau olig-
omers that i) are internalized (green) or (ii)
remained attached to the plasma membrane of
astrocytes without enter (blue). The presence of
green dots in panel B, (oTau™'S®°.GFAP) that
are not paralleled by black dots in the corre-
sponding internalization map (panel B,) indi-
cate tau oligomers that are attached to the
membrane but not (yet) internalized. Scale
bars: 10 um in A;-B;. (C) Bar graph showing
Internalization Index (see Piacentini et al.,
2017) for oTau, after 1-h incubation in the
presence of vehicle, or 24-h pretreatment with
anti GPC4. (n = 10 independent fields by three
independent experiments for both conditions).
* **p < 0.001.
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vehicle
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However, when ex-oTau application was preceded by 24-h cell
pre-treatment with anti-GPC4 the ex-oTau-induced reduction in ampli-
tude of intracellular Ca®" transients was only 13 +1 %, and not
significantly different from vehicle (Fig. 2A). Similarly, the mean
number of spontaneous Ca®* transients/min observed after ATP appli-
cation, that was significantly reduced by ex-oTau application (—43 %;
p < 0.01), returned to values similar to controls following cell pre-
incubation with anti-GPC4 antibody (Fig. 2B). In agreement with data
obtained in immunofluorescence experiments, cell pretreatment with a
lower concentration (1.7 ng/uL; 1:600) of the antibody produced a
lower, but still statistically significant, effect in preventing the reduction
of intracellular Ca?" transient amplitude (Supplementary Fig. S4A).
Intracellular Ca®* signals in astrocytes regulate the release and up-
take of glio/neurotransmitters acting as neuromodulators for synaptic
communication among neurons (Lalo et al., 2016; Perea and Araque,
2010). In our previous study (Piacentini et al., 2017) we reported that
ex-oTau treatment impaired the release of gliotransmitters such as ATP
and glutamate, with the former being the most affected one (c.a. 70 %
reduction vs. controls). Therefore, we wondered if anti-GPC4 treatment
also reverted the detrimental effects of ex-oTau application on sponta-
neous release of ATP from astrocytes. In agreement with our previous
data, HPLC experiments revealed that the amount of extracellular ATP
measured in the culture media of oTau (1-h)-treated astrocytes was
significantly lower than in vehicle-treated ones (—58 %; from 0.074
+ 0.18 uM to 0.033 £ 0.007 uM, p = 0.032; assessed by Student’s t test;
Supplementary Fig. S4B) but if oTau treatment was preceded by culture
incubation with anti-GPC4 (1:300), the amount of extracellular ATP
released by astrocytes in the culture medium was not significantly
different from controls (0.075 + 0.026 uM; p = 0.97 vs. vehicle;
Fig. 2C). As already observed for Ca?* transients, when antibody was
used at a lower concentration (1:600), its effect in preventing impair-
ment of ATP release was smaller although statistically significant
(0.055 + 0.002 uM; p = 0.97 vs. vehicle; Supplementary Fig. S4B).
Anti-GPC4 alone (1:300) did not significantly affect the spontaneous
release of ATP (0.069 + 0.024 uM; p = 0.86 vs. vehicle). The effect of
ex-oTau on astrocytes pre-treated with anti-GPC4 were similar to those
observed in astrocytes derived from APP KO mice that we already
demonstrated to be unable to upload ex-oTau (Li Puma et al., 2022;
Piacentini et al., 2017). Indeed, the amount of extracellular ATP
released in the medium of these cells after 1-h ex-oTau treatment was
significantly larger than that observed in cells in which oTau can enter
and accumulate (0.056 + 0.007 vs. 0.031 + 0.008 uM; p =0.034
assessed with Mann-Whitney test), and not significantly different from
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vehicle-treated cells (p = 0.87; Supplementary Fig. S4C).

3.3. Anti-GPC4 antibody spares synapses from the detrimental action of
ex-oTau

We previously demonstrated that reduced Ca®*-dependent release of
gliotransmitters, and ATP in particular, from oTau-targeted astrocytes
mediates the synaptotoxic action of 1-h application of ex-oTau in neu-
rons co-cultured with astrocytes. Indeed, restoration of extracellular
ATP spared neurons from the deleterious effects of ex-oTau (Piacentini
et al., 2017). We then asked if the treatment with anti GPC4 antibody
was also effective in protecting neurons, and in particular synapses, from
the detrimental astrocyte-mediated action of oTau. By taking advantage
of the experimental paradigm of 1-h lasting ex-oTau application
(200 nM), allowing tau accumulation in astrocytes only, we treated
co-cultures of hippocampal neurons and astrocytes that were previously
incubated for 24 h with either anti-GPC4 or vehicle and evaluated the
efficiency of synaptic vesicle release by FM1-43 imaging. In agreement
with previously published data (Piacentini et al., 2017), we found that
1-h lasting ex-oTau treatment significantly reduced the amount of syn-
aptic vesicles released after a depolarizing stimulus (consisting of 10-s
exposure to 50 mM KCl in Tyrode’s solution) (Fig. 3A), even if it did
not affect the release rate. This conclusion was obtained by fitting the
FM1-43 fluorescence intensity curves with an exponential function
(y = Axe'™?; Fig. 3B), where A represents the initial amount of syn-
aptic vesicles, “t” is the time, and the time constant “t” represents the
release rate. Significant differences between vehicle and oTau treatment
were observed only for the factor A (one-way ANOVA test: Fo196 =14.11,
p < 0.001; n =28 neurons analyzed for vehicle/vehicle; n =18 for
vehicle/ex-oTau), but not for the time constant T (one-way ANOVA test:
F2106 =1.87, p = 0.16). Twenty-four-hour pre-treatment of co-cultures
of hippocampal neurons and astrocytes with anti-GPC4 prevented the
effects of oTau on synaptic vesicle release (Fig. 3A,B), without exerting
any significant effect on vehicle-treated cells.

Pre-treatment of cultures with the anti-GPC4 antibody also reverted
the detrimental effects of ex-oTau on expression of synaptic proteins. In
hippocampal neurons co-cultured with astrocytes 1-h treatment with ex-
oTau (200 nM) significantly reduced synapsin-1 immunoreactivity by
41 % vs. vehicle, but 24-h antibody treatment prior to ex-oTau appli-
cation produced a rescue of about 63 % vs. ex-oTau (Fig. 3C,D;
p = 7.2 x107 assessed by one way ANOVA followed by Bonferroni post-
hoc test). Of note, these effects were not confined to an in vitro model,
but they were confirmed in organotypic hippocampal slices. In this

* Fig. 2. Treatment with anti-GPC4 antibody
prevents ex-oTau-induced alteration of intra-

c cellular calcium signaling in astrocytes and re-

1207 o stores gliotransmitter release from oTau-
targeted astrocytes. (A) Bar graphs showing
the mean amplitude at peak (filled bars, left) of
ATP (10's, 100 pM)-induced intracellular Ca®"
transients in astrocytes treated for 1h with
vehicle (n =254 studied cells); 200 nM ex-
oTau (n=770) and ex-oTau after 24-h pre-
treatment with anti-GPC4 (n = 570). (B) Faded
bars show the mean number of spontaneous
Ca®" transients/min elicited after ATP stimu-
lation in the above-mentioned conditions. (C)
Bar graph showing the amount of ATP released
by astrocytes in the culture medium in the
following conditions: 1-h application of extra-
cellular oligomeric tau after (n = 6 independent
experiments), or not (n = 10), 24-h anti-GPC4

QO treatment. *p < 0.05; **p < 0.01;
Y *#*¥%p < 0.001; #p < 0.05 and ###p < 0.001.
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Fig. 3. Treatment with anti-GPC4 antibody prevents ex-oTau-induced impairment of synaptic vesicle release and synaptic protein expression in hippocampal
neurons. (A) Mean time course of FM1-43 intensity following 30 mM KCl stimulation in hippocampal neurons co-cultured with astrocytes and treated for 1 h with
either vehicle or ex-oTau (200 nM) after 24-h pre-treatment with vehicle or anti-GPC4 (aGPC4). (B) Curves obtained by the fitting of the main curves in A with the
equation used to evaluate the single parameters (A and 1) for each studied condition. n = 28 neurons analyzed for vehicle/vehicle; n = 18 for vehicle/ex-oTau;
n =29 for vehicle/aGPC4; n = 61 for aGPC4/ex-oTau. (C;_3) Representative confocal images of immunoreactivity of cultured murine hippocampal neurons
(MAP2-positive) for synapsin-1 in the following conditions: vehicle-treated, 1-h ex-oTau treatment, 1-h ex-oTau treatment following 24 h lasting cell incubation with
anti-GPC4. DAPI was used to label cell nuclei. Scale bar: 10 um. (D) Bar graph quantifying data of experiments represented in C;_3. (E) Representative Western blot
analysis carried-out on lysates from organotypic hippocampal slices treated as in panels C;_3. (F) Bar graph showing densitometric analysis of experiments reported in
panel E. *p < 0.05 and * **p < 0.001; # p < 0.05 and ###p < 0.001. n.s.: not significant difference.

experimental model we first documented a significant reduction of the
expression of pre- and post-synaptic proteins induced by 1-h ex-oTau
(200 nM) treatment by WB experiments (specifically, —44 % for
synapsin-1; —47 % for synaptophysin and for the GluAl subunit of
AMPA receptor; p < 0.05 assessed by Student’s t test). On the contrary,
no significant decrease in expression of these proteins was found when
slices were pre-treated for 24 h with anti-GPC4 antibody before expo-
sure to ex-oTau (Fig. 3E,F).

LTP recordings further confirmed the protective effect of anti-GPC4

against the synaptic damages induced by ex-oTau at CA3-CAl synap-
ses in organotypic hippocampal slices. In agreement with our previous
data obtained in acutely isolated hippocampal slices (Fa et al., 2016;
Puzzo et al.,, 2017), 1 h exposure to ex-oTau (200 nM) significantly
reduced LTP amplitude at the CA3-CAl synapse (—48 %; p = 0.03
assessed by one-way ANOVA followed by Dunnet’s post-hoc test).
However, no significant differences were found between LTP amplitudes
recorded in organotypic hippocampal slices exposed to either vehicle or
ex-oTau (200 nM) following 24 h-treatment with anti-GPC4 antibody
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(Fig. 4A,B). Notably, brain slice treatments with the antibody alone did
not exert any significant effect on LTP (p = 0.9 vehicle vs. anti-GPC4).

3.4. HSPGs and GPC4 expression depends on amyloid precursor protein

Having previously demonstrated that the expression of APP is
required for the entry and the consequent synaptotoxic action of ex-
oTau (Piacentini et al., 2017; Puzzo et al., 2017), we investigated the
relationship between APP and HSPGs. To this aim we evaluated the
expression of HSPGs and GPC4 in hippocampal brain slices and cultured
astrocytes of WT and APP KO mice through IF and WB experiments. We
found that APP KO hippocampal tissue expresses lower levels of HSPGs
and, in particular, of GPC4 with respect to APP WT ones. Specifically, IF
analysis performed on cultured astrocytes from APP KO mice revealed a
reduction of HSPG immunoreactivity of —84 % vs. cells from APP WT
ones (from 100 +8.3 to 16 £ 3.7, p=2.1 ><10'6, assessed with Stu-
dent’s t test; Supplementary Fig. S5A-C). With specific reference to
GPC4, we assessed its expression in both cultured astrocytes and brain
tissues of APP WT vs. APP KO mice. Confocal microscopy analyses
revealed a marked reduction of GPC4 immunoreactivity in hippocampal
sections from APP KO mice, especially in GFAP-reactive astrocytes,
respect to WT ones (Fig. 5A,B). WB analyses carried out on lysates from
both cultured astrocytes and whole hippocampal tissues of APP WT vs.
APP KO mice also revealed a reduction of GPC4 expression in terms of
both protein [-46 £ 9 % with respect to APP WT in cultured cells
(p = 0.029 assessed by Rank Sum test; Supplementary Fig. S5D,E), and
—48 + 9 % in whole hippocampal tissues (p = 0.031 assessed by paired
Student’s t test; Fig. 5C,D] and mRNA (—38 + 5 %; Fig. 5E; p = 0.0101).

Notably, APP KO mice exhibiting low GPC4 levels were also quite
insensitive to the synaptotoxic action of ex-oTau (Piacentini et al., 2017;
Puzzo et al., 2017), thus supporting our hypothesis that GPC4 is one of
the main determinants of ex-oTau synaptotoxicity.

Based on data shown above, we asked how the presence of APP might
modulate the expression GPC4. It is known that the C-terminal domain
of APP (Amyloid Intracellular Domain — AID (Passer et al., 2000), also
called AICD), produced by the y-secretase-mediated proteolytic pro-
cessing of APP, acts as a transcription factor for several genes once
translocated to the nucleus (Bukhari et al., 2017; Chang et al., 2006;
Miiller et al., 2008). To check whether GPC4 expression depended on
AICD, we first studied the expression levels of HSPGs and GPC4 in
cultured APP WT astrocytes that were treated for 48 h with y-secretase
inhibitors: either the InSolution™ y-secretase inhibitor X (2 pM,
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Fig. 4. Treatment with anti-GPC4 antibody
prevents ex-oTau-induced impairment of LTP at
CA3-CAl synapse in organotypic hippocampal
slices. (A) Time-course of excitatory post-
synaptic currents (EPSCs) recorded in organo-
typic hippocampal slices at CAl after pairing

n.s. stimuli to CA3. Curves represent EPSCs in slices

* treated with vehicle (black dots; n = 10), 1-h

o o ex-oTau (200 nM) alone (red dots; n = 10) or
o o o after 24-h incubation with anti-GPC4 (green

dots; n = 10). Treatment with antibody alone is
shown in yellow (n = 10). Slices were obtained
from 3 independent preparations (4 mice/
preparation). (B) Bar graph indicating the mean
values of LTP evaluated in the last 5 min of
EPSC recording, *p < 0.05; n.s.: not significant
difference.

Calbiochem) or the ELNDOO06 (5 pM, Sigma-Aldrich). Results from IF
and WB experiments showed that the treatment of cultured WT astro-
cytes with the y-secretase inhibitors X significantly reduced immuno-
reactivity of HSPGs (—29 %, p =5 x10™* assessed by Student’s t test;
Supplementary Fig. S5F-H) and GPC4 (—30 %, p = 0.049; Fig. 5F-H),
compared to vehicle (i.e., DMSO)-treated cells. Similar results were
obtained by WB analysis in cultured astrocytes treated with ELND0O06
(=31 + 17 %, p = 0.029 assessed by Mann-Whitney test; Fig. 51J). A
regulatory function of AICD on GPC4 expression was also supported by
ChIP experiments showing that AICD binds the promoter of the Gpc4
gene (Fig. 5K).

AICD formation and its nuclear translocation depend on phosphor-
ylation at Thr668 which is located at the intracellular C-terminus of
APP. Thr668 phosphorylation triggers y-secretase cleavage of APP and
favours the formation of a complex involving AICD and other two reg-
ulatory proteins, Tip60 and Fe65, that are necessary for AICD trans-
location to the nucleus (von Rotz et al., 2004). To further check our
hypothesis that GPC4 expression depends on
phosphorylation-dependent APP processing, we assessed the expression
levels of GPC4 in hippocampal tissue and cultured cortical astrocytes
obtained from transgenic mice in which threonine 688 of APP was
substituted by the non-phosphorylatable amino acid alanine (APPT™
mice, (Lombino et al., 2013)). Immunofluorescence experiments carried
out in brain slices containing hippocampus suggested that the expression
of GPC4 was significantly reduced in APP™ mice (Fig. 6A,B), and this
result was confirmed by quantitative WB analysis performed on hippo-
campal lysates (—47 + 8 %, p = 0.013; Fig. 6C,D) and in terms of mRNA
in experiments carried out on cortical astrocytes (—43 + 6 %: p = 0.006;
Fig. 6E).

Taken together, our data indicate that in experimental models in
which either AICD formation is prevented (APP KO or y-secretase inhi-
bition) or its phosphorylation at Thr668 is impeded (APPTA mice), the
expression of GPC4 is significantly reduced, thus suggesting a central
role for this oligopeptide in Gpc4 gene transcription, GPC4 expression,
ex-oTau entry, and tau synaptotoxicity.

4. Discussion

Extracellular tau oligomers have been reported to affect synaptic
transmission, synaptic plasticity, and memory in WT C57BL/6 mice (Fa
et al., 2016; Lasagna-Reeves et al., 2011; Piacentini et al., 2017; Puzzo
et al., 2017). We demonstrated that the synaptotoxic effects of ex-oTau
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Fig. 5. GPC4 expression depends on APP processing and AICD
formation. (A-B) Representative confocal images of a hippo-
campal section from WT (panel A) and APP KO (Panel B)
immunolabeled for GFAP (red) and GPC4 (green). DAPI was
used to stain cell nuclei. Scale bar 10 um. (C) Representative
Western blot analysis carried out on hippocampal lysates ob-
tained from WT and APP KO mouse brain probed with anti
GPC4 antibody (n =9 hippocampi for condition). (D) Bar
graph quantifying the expression levels of GPC4 in experiments
reported in panel C. (E) Bar graph showing relative expression
of Gpc4 mRNA evaluated in cultured astrocytes from WT and
APP KO mice (n = 3 independent experiments for both). (F-G)
Representative confocal images of GPC4 immunoreactivity in
cultured astrocytes treated for 48 h with vehicle (DMSO) or the
y secretase inhibitor X. Panels on the right represent GPC4
immunoreactivity only in the two conditions analyzed. Scale
bar 10 pm. (H) Bar graph quantifying the expression levels of
GPC4 in experiments reported in panels E-F. (I) Representative
Western blot analysis carried out on lysated of cultured WT
astrocytes treated for 48 h with the inhibitor of the y secretase
ENLDO06. (J) Bar graph quantifying the expression levels of
GPC4 in experiments reported in panel I. (K) Bar graph
showing the results of ChIP experiments demonstrating the
binding of AICD to the Gpc4 promoter (aAICD: antibody anti-
AICD; no ab: no antibody). *p < 0.05.
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strongly depend on their internalization in neural cells (Fa et al., 2016),
with a significant contribution given by astrocytes (Li Puma et al., 2022;
Piacentini et al., 2017). The latter observation was obtained by using a
particular experimental paradigm consisting of a short-lasting (i.e.,
1-hour) treatment with ex-oTau allowing us to dissect the effects of
ex-oTau mediated by their internalization in astrocytes from those
depending on ex-oTau uploading in neurons. Indeed, after 1-hour
treatment of murine hippocampal co-cultures of neurons and astro-
cytes or organotypic hippocampal slices with 200 nM ex-oTau only as-
trocytes showed significant intracellular accumulation of oTau, whereas
neurons contained none or very low amounts of these oligomers (Pia-
centini et al., 2017). Several tau internalization pathways have been
identified so far, mainly depending on the protein aggregation forms
(monomers, oligomers, fibrils). They include macropinocytosis,
clathrin-mediated endocytosis, lipid raft-dependent endocytosis,
tunneling nanotubes-dependent endocytosis, and phagocytosis (Zhao
etal., 2021). However, the HSPG-dependent endocytosis seems to be the
predominant mechanism of internalization of tau aggregates, and it
depends on GAG length and sulfation patterns such as 3-O-sulfation and
6-O-sulfation (Holmes et al., 2013; Kolay et al., 2022; Rauch et al., 2018;
Song et al., 2022; Stopschinski et al., 2018; Zhao et al., 2021). In a
previous study we documented that astrocytes express higher levels of
HSPGs than neurons (Li Puma et al., 2021), thus possibly explaining
their greater ability to upload extracellular tau oligomers. Here we
demonstrated that among the various receptors belonging to the family
of HSPGs, the glypican 4, whose expression in astrocytes is of funda-
mental importance for the functional development of glutamatergic
synapses (Allen et al., 2012; Farhy-Tselnicker et al., 2017), is a key

10
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Fig. 6. GPC4 expression depends on phos-
phorylation of APP at Thr668. (A-B) Represen-
tative confocal images of hippocampal section
from WT mice (panel A) and the APP™ trans-
genic mice in which Threonine 668 of APP was
substituted with non-phosphorylatable Alanine
(Panel B), immunolabeled for GFAP (red) and
GPC4 (green). DAPI was used to stain cell
nuclei. Scale bar 75pum. (C) Representative
Western blot analysis carried out on hippo-
campal lysates obtained from WT and APP™
mice probed with anti GPC4 antibody (n =3
independent experiments). (D) Bar graph
quantifying the expression levels of GPC4 in
experiments reported in panel C (n = 3 inde-
pendent experiments). (E) Bar graph showing
relative expression of Gpc4 mRNA evaluated in
cultured astrocytes from WT and APP™ mice
(n =3 independent experiments for both).
*p < 0.05; **p < 0.01.
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receptor for oTau entry in astrocytes and its consequent synaptotoxic
action. Indeed, because ex-oTau entry in astrocytes produces a syn-
aptotoxic action via altered neuro/gliotransmitter release and uptake (Li
Puma et al., 2022; Piacentini et al., 2017), counteracting the interaction
between ex-oTau and GPC4 by a specific antibody binding the receptors
on their extracellular side, prevents ex-oTau internalization in astrocytes
and the following detrimental effects they exert on synaptic function.
Our finding is in agreement with very recent literature reports showing
that tau wuptake is mediated by the low-density lipoprotein
receptor-related protein 1 (LRP1) (Rauch et al., 2020), and GPC4 in-
teracts with APOE4 to regulate tau hyperphosphorylation (Saroja et al.,
2022) and with LRP1 to allow the internalization of oligomeric species
(Ma et al., 2021).

We found that 24-h treatment of hippocampal cell cultures (either
astrocytes or co-cultured neurons and astrocytes) or hippocampal brain
slices with anti GPC4 antibody at the concentration of 3.4 ng/mL was
effective in preventing tau internalization in astrocytes, independently
on the time of application of extracellular tau oligomers. In particular,
after 1 h of oTau treatment GPC4 antibody spares: i) alterations of
intracellular Ca?* signals and ATP release from astrocytes that, trig-
gering further release of ATP by a mechanism defined “ATP-induced
ATP release” (Xiong et al., 2018), fuels synaptic transmission by binding
its specific receptors on the plasma membrane of pre- and post-synaptic
neurons (Guzman and Gerevich, 2016; Koizumi et al., 2003); ii) the
reduction of synaptic vesicular release and synaptic protein expression
in neurons co-cultured with astrocytes; iii) inhibition of hippocampal
LTP at CA3-CA1 synapses. Notably, the antibody alone had no signifi-
cant effects on LTP. However, it is important to note that in these
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experiments brain slices were exposed to the antibody only during
vehicle or ex-oTau treatment, but not during the EPSC recordings,
including the potentiation protocol (pairing stimuli). This is important
in the light of data reported by Allen (Allen et al., 2012) showing that
astrocyte-released GPC4 is important for the clustering of AMPA re-
ceptors and the functional development of glutamatergic synapses.

Our experimental paradigm, greatly favoring tau accumulation in
glial cells rather than in neurons, clearly indicates that ex-oTau entry in
astrocytes via GPC4 is a major determinant of the synaptotoxic action
exerted by this molecular hallmark of AD. Of course, on a longer time
scale, ex-oTau also enter and accumulate in neurons where they exert
their detrimental effects by acting on different targets. We previously
reported that, after several hours of incubation with ex-oTau, neurons
accumulate significant amounts of the misfolded protein (Fa et al.,
2016) that directly impinge on their function (Kaniyappan et al., 2017).
Of note, many studies, including ours, in which synaptic and memory
deficits were described in experimental models of tau accumulation in
the brain (either transgenic mouse models of AD or WT mice subjected
to intrahippocampal injection of tau) assessed the overall detrimental
action of the misfolded protein accumulation without dissecting the
relative contributions of astrocytes vs. neurons to the observed damage
(Largo-Barrientos et al., 2021; Wu et al., 2021; Zhou et al., 2017).
Therefore, we believe that data reported here strongly advance our
understanding of the key role played by glial cells in the pathophysi-
ology and spreading of the disease because of the synaptotoxic action
caused by glial cells engulfment with tau oligomers (Briel et al., 2021;
Hulshof et al., 2022; Perea et al., 2018; Piacentini et al., 2017; Richetin
et al., 2020; Vogels et al., 2019; Wang et al., 2022).

We also found that ex-oTau entry in neural cells requires the
expression of APP as demonstrated by the very poor oTau internalization
in APP-KO neurons and astrocytes (Piacentini et al., 2017; Puzzo et al.,
2017). The significantly lower synaptotoxic effects induced by 1-h
ex-oTau application following pre-treatment with the anti-GPC4 anti-
body were similar to what we observed in APP KO cells/brain slices
(Piacentini et al., 2017; Puzzo et al., 2017). Accordingly, APP KO
cells/brain tissues had a significantly lower expression of GPC4 with
respect to APP WT ones. Moreover, APPTA mice in which threonine 668
was substituted with the non-phosphorylatable amino acid alanine, also
showed very low levels of GPC4. This suggests that the expression of
GPC4 receptor, mediating the entry and the synaptotoxic action of oTau,
is regulated by the phospho-Thr668-dependent, y-secretase-mediated
formation of the C-terminal domain of APP, AICD, that once trans-
located to the nucleus (Bukhari et al., 2017; Chang et al., 2006; Miiller
et al., 2008; von Rotz et al., 2004) has the potential to regulate the
expression of the Gpc4 gene. This hypothesis is fully supported by the
results of our ChIP experiments showing AICD binding to the promoter
of Gpc4.

5. Conclusions

Collectively, our study provides novel evidence on the crosstalk be-
tween APP cleavage and GPC4 expression playing a critical role in oTau
accumulation in astrocytes. These phenomena underlie the astrocyte-
dependent dysregulation of synaptic function significantly contrib-
uting to the pathophysiology of AD.
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