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Brain-derived neurotrophic factor (BDNF) is a neurotrophin that, through the activation of its full length re-
ceptor, TrkB-FL, plays a pivotal role in neuroprotection, namely against neuronal toxicity mediated by amyloid-f
peptide (AB). In astrocytes, the increase of calcium (Ca®*) signaling due the increase of metabotropic glutamate
receptor type 5 (mGluR5) levels, induced by Ap, has been considered deleterious for astrocytic function. In
adition BDNF also increases intracellular calcium concentration ([Ca*]i), in astrocytes, via activation of the
truncated TrkB receptor isoform, TrkB-Tc. While the role of BDNF, in neurons, is well established, in terms of
neuroprotection, its role in astrocytes, particularly in Ap-induced toxicity conditions, remains less clear. Thus,
this study aimed to evaluate the interplay between BDNF and Ap in the modulation of [Ca®"]; signaling in
primary cultures of cortical astrocytes.

Ca?* transients were induced by the activation of mGluR5 through the application of its agonist DHPG. In
astrocytes pre-exposed to APgs s (10 uM, for 48-72 h), the Ca®* transient amplitude was significantly increased
compared to the control. A similar increase was observed in astrocytes incubated for 48 h with BDNF (20 ng/mL),
or when astrocytes were simultaneously exposed to BDNF and Af. The effect of BDNF was mediated by TrkB-Tc
since it was prevented by a cocktail of the three siRNAs against TrkB-Tc expression. mGIuR5 levels were
significantly increased in astrocytes pre-exposed to A, while exposure to BDNF did not affect mGIuR5 levels.
Importantly, while the presence of A did affect TrkB-Tc receptor levels in astrocytes, the presence of BDNF
prevented the increase in mGIuR5 levels caused by AP thus precluding a further exacerbation of Ca?* transients
caused by Ap.

1. Introduction

Alzheimer’s disease (AD)
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neurodegenerative disease affecting the Central Nervous System (CNS)
firstly manifested by the loss of episodic memory and later by the loss of

is a common and incurable executive functions like language, attention, and reasoning [1]. One of
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the hallmarks of AD pathogenesis is the formation of toxic amyloid-p
(Ap) species and their accumulation in the brain [2]. This mechanism
leads to increased glutamate levels and overactivation of NMDA re-
ceptors that culminate in excitotoxicity and neurodegeneration detected
in the brain of AD patients [3,4].

Astrocytes are the principal homeostatic cells of the CNS, having
important roles in maintaining normal brain physiology. Accordingly,
astrocytes are important for the formation of growth tracts during
development, the preservation of the blood-brain barrier integrity, in
immune responses acting as macrophages, the production of neuro-
trophic factors, and the support of synaptic function and plasticity [5-9].
In AD, astrocytic functions are dysregulated [10,11]. Although the
mechanisms underlying the loss of astrocytic function in AD are not yet
fully understood, Ca?" signaling dysfunction has been considered as a
key event in this process [10] since AP disrupts gliotransmission by
exarcerbating Ca®'signaling in astrocytes [12]. Indeed, astrocytes iso-
lated from the brain of AD animal models, as well as astrocytes in culture
pre-treated with Af have been shown to display enhanced
Ca®*transients [13-17]. This has been associated with the Ap-induced
increase in levels of metabotropic glutamate receptor type 5 (mGIluR5)
and inositol 1,4,5-trisphosphate receptor (InsP3R) [16,18].

The brain-derived neurotrophic factor (BDNF), through the activa-
tion of its cognate receptor TrkB-FL in neurons, plays a crucial role in
neuronal survival, differentiation, and plasticity. In addition, BDNF can
activate the truncated forms of TrkB receptors: TrkB-Tc and p75" '} re-
ceptors in both neurons and astrocytes [19-21]. It is widely known that
BDNF signaling is severely disrupted in AD patients. Indeed, there are
decreased levels of BDNF and TrkB-FL receptors and increased levels of
TrkB-Tc and p75NTR receptors in the brain of AD patients [22-28]. In our
previous work, we found, in neuronal cell cultures, that Ap, through
extrasynaptic NMDA receptors activation, promotes the increase of
intracellular Ca?* levels, leading to the overactivation of calpains,
which then promote TrkB-FL cleavage [25-27,29,30]. This process leads
to the decrease of TrkB-FL levels and the generation of two distinct
fragments: a membrane-bound truncated receptor (TrkB-T°) and an
intracellular fragment (TrkB-ICD) [25,29]. In astrocytes, the main BDNF
receptor is a truncated form, the TrkB-Tc, which is not generated by
cleavage but rather by alternative splicing [31].

The overall knowledge on the role of BDNF in neuropathological
conditions and its dysregulation in AD is now considerably robust and
detailed in neurons [25,27]. However, the information about BDNF
signaling alterations in glial cells is scarce. Therefore, in the present
work, we aimed at investigating the reciprocal influence of BDNF and Ap
upon Ca®" signaling in astrocytes. We found that the presence of Ap did
not alter the levels of TrkB-Tc and that BDNF, through TrkB-Tc, in-
creases astrocytic Ca®" transient amplitude induced by mGIuR5 acti-
vation, being devoid of influence upon mGluR levels. Notably, BDNF
prevented the upregulation of mGluR levels induced by A, mitigating
the subsequent enhancement of Ca®* signaling caused by AB.

2. Methods and materials
2.1. Primary astrocytic cultures

Primary cultures of cortical astrocytes were prepared from pups
(postnatal day 0-2) of Sprague Dawley rats (Charles River Laboratories,
Barcelona, Spain), as routinely performed in our lab [32,33]. Briefly,
pups were sacrificed by decapitation and the heads were dissected under
sterile conditions. The cerebellum, white matter, and meninges were
carefully removed in cold phosphate-buffered saline solution (PBS) (in
mM: 140 NaCl, 2.7 KCl, 1.5 KHyPOy4, and 8.1 NaHPOg; pH adjusted to
7.4). The cortex was mechanically dissociated with a 10 mL pipette in
4.5 g/L glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Gib-
co/Invirogen®, Paisley, UK), filtered through meshes of 230 ym and
centrifuged at 1 200 rpm for 10 min at 20 °C. The pellet was resuspended
in 4.5 g/L glucose DMEM supplemented medium, filtered through a 70
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um cell strainer (BD Falcon®, Erembodegem, Belgium), and centrifuged
at 1 200 rpm for 10 min at 20 °C.

Astrocytes were seeded at a density of 38 x 10* cells/mL in T-75 (75
cm?) culture flasks for intracellular Ca®>" measurements or in 12-well
plates for western blot experiments.

Astrocytes were maintained for up to 11-13 days in culture (DIC).
Culture medium (5 g/L glucose DMEM medium containing 10 % fetal
bovine serum (FBS, Gibco, Paisley, UK) with 0.01 % antibiotic/anti-
mycotic (Sigma, Steinheim, Germany)) was changed on the third, sixth,
and seventh day after seeding.

Microglia contamination was minimized by following a standard
shaking procedure [34]. Once cultures reached confluence (DIC 7),
loosely attached microglia on the astrocyte monolayer were removed by
horizontal shaking at 300 rpm for 3-5 h at 37 °C in a 5 % CO: atmo-
sphere. The adherent astrocytes were enzymatically dispersed (0.025 %
trypsin-EDTA, Sigma, Stenheim, Germany) under agitation for 2 min at
37 °C and the reaction was stopped by adding an excess of 4.5 g/L
glucose DMEM supplemented medium. To validate the astrocytic culture
immunocytochemistry assays were made (Supp. Fig. 1). Astrocytes to
be used in Ca?" imaging experiments were plated (7 x 10* cells/mL)
over y-irradiated glass-bottom microwell dishes with a glass thickness of
0.16-0.19 mm and a glass diameter of 14 mm (MatTek® Corporation,
Ashland, MA, USA), previously coated with poly(D-lysine) (10 pg/mL)
for 1 hour and washed with sterile water (3 times), to improve cell
adhesion.

Astrocytes plated in y-irradiated glass bottom microwell dishes and
in 12-well plates were pharmacologically treated at DIC 10 and used for
Ca?" imaging experiments and western blot technique respectively,
from DIC 11 to DIC 13.

2.2. Ca*" imaging

Ca®" imaging was performed as previously described [35]. All the
experiments were performed at room temperature of 22 °C (RT), using
the fluorescent Ca®* dye Fura-2AM (Calbiochem, Darmstadt, Germany).

Before each experiment, cells seeded in a y-irradiated glass bottom
microwell dish were gently washed with HEPES buffer (3 times) (in mM:
125 NaCl, 3 KCl, 1.25 NaH;PO4, 10 Glucose, 10 HEPES, 2 CaCl,, 2
MgSOy4; pH ~ 7.38), to remove any traces of previous medium (DMEM).
Afterward, cells were incubated with 5 uM Fura-2AM in HEPES buffer at
22 °C for 45 min. Again, cells were gently washed with HEPES buffer to
remove any traces of extracellular Fura-2AM deposits.

The y-irradiated glass bottom microwell dish containing the plated
cells was placed on the stage of an inverted epifluorescence microscope
(Axiovert 135TV, Zeiss®, Oberkochen, Germany) with a 40x oil objec-
tive and equipped with a xenon lamp and band-pass filters of 340 and
380 nm wavelengths.

Using a rotating pump system (Mini PIL3, GILSON®, Middleton,
USA), the perfusion medium (HEPES buffer) was continuously loaded
into the cell plate, at a rate of approximately 1.5 mL/min. At the
beginning of each experiment, cells were placed at rest in the micro-
scope platform for about 5 min for temperature stabilization.

Ca?* transients were induced by the focal application of the mGIluR5
receptor agonist (S)-3,5-Dihydroxyphenylglycine (DHPG), through a
drug-filled micropipette placed under visual guidance over a single
astroglial cell. The DHPG focal application was achieved by focal pres-
sure (10 psi for 2 s) through a pressurized system (Toohey Company®,
New Jersey, USA), at 5 min (300 s) time intervals. The DHPG (10 pM)
focal stimulation was repeated 5 times for each cell and a last stimuli
(6th) was made with 100 uM DHPG. The final DHPG (100 pM) stimulus
was performed to achieve a maximal transient amplitude mediated by
mGluR5 receptor activation. The concentration of mGluR5 receptor
agonist referred to in this work were those in the micropipette filling
solution. Pressure application of external physiological solution did not
cause any measurable change in intracellular Ca®* concentration (data
not shown).
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Image pairs were obtained every 250 ms by exciting Fura-2AM-
loaded astrocytes sequentially at 340 nm and 380 nm. Excitation
wavelengths were changed through a high-speed wavelength switcher,
Lambda DG-4 (Sutter Instrument, Novato, CA, USA), and the emission
wavelength was set to 510 nm. Image data were recorded with a cooled
CCD camera (Photometrics CoolSNAP fx, Tucson, USA) and processed
and analyzed using the software MetaFluor (Universal Imaging, West
Chester, PA, USA), which automatically subtracts background fluores-
cence and autofluorescence. Regions of interest were defined manually
over the cell profile. The software also calculated and reported, in real-
time, the fluorescence ratio F340/F380, and this parameter was used to
monitor [Ca2+]i changes [36,37]. The kinetics of Ca?*t transients was
analysed using the script described by Lopes et al. [38].

2.3. Western blot

Between DIC 11 and DIC 13, cells were washed twice with cold PBS
(in mM: 137 NaCl, 2.1 KCl, 1.8 KHyPO4, 10 NaH2PO4) and then lysed
with 1 % NP-40 lysis buffer containing (in mM): 150 NaCl, 50 Tris-HCl
(pH 7.5), ethylenediaminetetraacetic acid (EDTA), and EDTA-free pro-
tease inhibitor cocktail (Roche®, Basel, Switzerland). Cell lysates were
clarified by centrifugation (13 000 rpm, 10 min, at 4 °C), and the amount
of protein in the supernatant was determined by Bio-Rad DC reagent.

Each sample (40 pg of total protein) was separated in 10 % sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene difluoride (PVDF) membranes (GE
Healthcare). Membranes were stained with Ponceau S solution to check
for protein transference efficacy. After blocking with a 5 % nonfat dry
milk solution in TBS-Tween (20 mM Tris base, 137 mM NacCl, and 0.1 %
Tween-20), membranes were incubated with the primary (overnight at 4
°C) and secondary antibodies (1 h at room temperature). Finally,
immunoreactivity was visualized using ECL chemiluminescence detec-
tion system (Amersham-ECL Western Blotting Detection Reagents, GE
Healthcare), and band intensities were quantified by digital densitom-
etry (ImageJ 1.45 software [39]). The intensity of p-actin or Ponceau S
bands were used as the loading control.

2.4. Transfection with siRNAs

For transient silencing of TrkB-Tc receptor, three different rat
double-stranded TrkB-T small interfering (si) RNAs (30 nM) (Ambion,
Austin, TX, USA), designed with the Integrated DNA Technologies
(Coralville, IA), were used and validated [40]. Additionally, a cocktail of
the three siRNAs (RNAi 1/2/3), a negative control with scrambled
siRNA, and a mock control performed in the absence of siRNA were
tested. To transfect the astrocytes, the reverse transfection method with
siPORT Amine (Ambion) was used according to the manufacturer's
guidelines. Briefly, DIC 9 astrocytes were trypsinized, resuspended in
DMEM at a density of 8 x 10* cells/mL, and transfected as they adhere to
the plate. After 18 h of incubation with transfection complexes, cell
medium was replaced with fresh DMEM. All experiments were per-
formed 72 h after transfection.

2.5. Immunocytochemistry assay

For immunocytochemistry, cells at DIC 21-23 were washed twice
with PBS (pH 7.4) for 5 min and fixed with 4 % paraformaldehyde (PFA)
for 15 min at room temperature (RT). Residual PFA was quenched by
incubation with freshly prepared 0.1 M glycine in PBS for 10 min at RT.
Cells were then permeabilized with 0.5 % Triton X-100 in PBS for 10 min
at RT and washed twice with PBS. To reduce non-specific binding, cells
were incubated in blocking solution (PBS containing 10 % FBS) for 1 h at
RT. Glass coverslips were removed from the 24-well plates and incu-
bated (cells facing down) overnight at 4 °C in 20 uL drops of blocking
solution containing mouse anti-GFAP primary antibody (1:400). The
following day, coverslips were returned to the 24-well plates (cells
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facing up) and washed three times for 5 min with PBS containing 0.2 %
Tween-80 (PBS-Tw). Coverslips were then incubated for 1 h at RT in 20
uL drops of goat anti-mouse IgG conjugated to Alexa Fluor 568 (1:1000)
diluted in blocking solution, followed by three 5-min washes with PBS-
Tw. Nuclei were stained with DAPI (4,6-diamidino-2-phenylindole;
1:1000; Invitrogen, USA) for 5 min at RT in the dark, and coverslips were
washed three times with PBS-Tw for 10 min. After drying, coverslips
were mounted (cells facing down) onto glass slides using 4 uL of Mowiol
mounting medium (Sigma, Steinheim, Germany) and allowed to cure for
24 h at RT. Slides were then stored at 4 °C.

2.6. Reagents and drug treatment

Amyloid-p and control peptides were purchased from Bachem and
prepared in sterile deionized water. Unless otherwise specified, ABss_35
and Af3s_o5 were used at 10 pM (100 x stock solution). Stock solutions
of BDNF (kindly supplied by Regeneron Pharmaceuticals (Tarrytown,
NY)) were prepared in PBS at a final concentration of 1 mg/mL. BDNF
was used in a final concentration of 20 ng/mL, as previously described
by Jerénimo-Santos and colleagues [29].

Astrocytes were plated on y-irradiated glass-bottom microwell dishes
and 12-well plates, and pharmacologically treated on DIC 10 with
Ap25-35, Ap35-25, or BDNF. From DIC 11 to DIC 13, cells were used for
intracellular Ca®* imaging (microwell dishes) and western blot analysis
(12-well plates), respectively.

(8)-3,5-Dihydroxyphenylglycine (DHPG) was acquired from Tocris
(Bristol, UK) and was used at the final concentrations of 10 uM and/or
100 uM.

Antibodies were purchased from the following sources: the mGluR5
rabbit polyclonal antibody (1:4 000), raised against the extracellular
domain of human mGIuRS5, from Millipore, the TrkB mouse polyclonal
antibody (1:1 500), raised against the extracellular domain of human
TrkB (aa. 156-322), from BD Bioscience, the all-spectrin (c-3) mouse
monoclonal antibody (1:500), raised against human spectrin (aa-2
368-2 472), from Santa Cruz, Inc, the anti-GFAP mouse monoclonal
from Sigma-Aldrich, and the p-actin rabbit polyclonal antibody (1:5
000) from Abcam. The IgG-horseradish peroxidase-conjugated second-
ary antibodies used were goat anti-mouse (1:10 000) and goat anti-
rabbit (1:10 000) (Santa Cruz).

2.7. Statistical analysis

Values are presented as the mean + standard error of the mean
(SEM). For the Ca%* imaging experiments herein reported, n represents
the number of individual responsive cells. In each experiment, a field
with n responsive cells was selected and their response (wave amplitude)
to the stimulus (pressure applied mGluR5 receptor agonist) was quan-
tified for each of the drug pre-treatments conditions. The transient
amplitude was calculated as the average of five individual responses to
DHPG (10 pM) stimulation, determined by subtracting the baseline level
(measured over 20 acquisition cycles prior to stimulation) from the
maximum peak value. For western blot, n represents the number of in-
dependent experiments, i.e., independently prepared primary cultures
of astrocytes prepared from P0O-P2 Sprague Dawley pups. All statistical
analyses were performed with GraphPad Prism software. For multiple
comparisons made between three or more conditions, a simple analysis
of variance (one-way ANOVA) was used, followed by a Tukey test.
Values with a p-value of < 0.05 were considered statistically significant
(*P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.001).

3. Results

3.1. Astrocytes incubated with AB have enhanced Ca®" signaling and
mGIuR5 expression

To assess the influence of AP upon astrocytic Ca2*signaling under our
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experimental conditions, astrocytes at DIC 10 were incubated with
AB2s_35 (10 uM) for 24 h, 48 h, and 72 h. After Ap incubation, Ca®*
signals were induced by pressure-application of the mGluR agonist
DHPG for 2 s, as described in the methods section. This stimulation re-
trieves a strong and fast Ca®" peak that returned to basal levels
approximately 10 s after the stimulus. Since the Ca®* signals detected
with Fura-2 predominantly reflect cytosolic Ca®* dynamics [41], the fast
and transient responses observed following DHPG application are
characteristic of IPs-dependent Ca** release from endoplasmic reticulum
stores [42] and are inconsistent with mitochondrial Ca®* signals, which
are typically slower and more sustained [43]. In astrocytes treated with
ApPas_3s for 48 h or 72 h, the ratio F340/380 for the Ca?* transients was
significantly increased as compared to astrocytes incubated under con-
trol condition (Fig. 1A-C; CTR: 8.70 + 0.35, n = 55 cells, from 7 inde-
pendent cultures; APos 35 48h: 10.4 £+ 0.41, n = 24 cells and Afs5_35
72h: 10.4 + 0.49, n = 31 cells, from 7 independent cultures, one-way
ANOVA followed by Bonferroni's post hoc test, P < 0.0001). Impor-
tantly, astrocytes pre-treated with the scrambled A (ABss_o5) for 48 h
did not present significant differences in Ca?* transient amplitude when
compared with astrocytes in a vehicle situation (Supp. Fig. 2).

Interestingly, the basal Ca®" levels in astrocytes pre-exposed to
APas_3s5 for 48 h or 72 h were appreciably different from control astro-
cytes even before starting the first stimulation with DHPG (Fig. 1D,
CTRpasal Ca2-+level: 1.99 + 0.015, n = 55 cells, from 7 independent cul-
tures; APos 35(24 h)-basal Ca2-+level: 1.97 £ 0.007, n = 47 cells, from 7 in-
dependent cultures; AB2s 35048 h)-basal Ca2-+level: 3.14 & 0.015, n = 24 cells
from 7 independent cultures; APas_35(72 h)-basal Ca2-+level: 2.87 £ 0.013, n
= 31 cells, from 7 independent cultures; two-way ANOVA followed by
Tukey's post hoc test, P < 0.0001). Moreover, the basal Ca%'levels
progressively increased along with stimulation with DHPG for all tested
conditions (Fig. 1D), with the change between the F340/380 values
before the last and the first stimulation (A[5th stimulation-1st stimula-
tion]) being significantly different in astrocytes incubated with Afss_35
for 24 h, 48 h or 72 h compared to control astrocytes (Fig. 1E; CTR: 0.48
+ 0.03, n = 55 cells, from 7 independent cultures; APas_35(24 h): 0.83 +
0.09, n = 47 cells, from 7 independent cultures, Afgs 3548 h): 1.47 +
0.08, n = 24 cells, from 7 independent cultures, and APas 35072 hy: 1.59 +
0.04, n = 31 cells, from 7 independent cultures, one-way ANOVA fol-
lowed by Bonferroni's post hoc test, P < 0.0001).

Analysis of the kinetics of the Ca®* transients revealed a significant
decrease in rise time only in astrocytes pre-exposed to APas_35 for 48 h or
72 h (Fig. 1H and I, CTR: 8.8 + 1.2 s, from 5 independent cultures;
ABas 35024 hy: 8.4 + 0.87 s, from 5 independent cultures; APas_35(48 h): 4.4
+ 0.24 5, from 5 independent cultures; APos_35(72 h): 5.4 = 0.50 s, from 5
independent cultures; one-way ANOVA followed by Tukey’s post hoc
test, P < 0.05). No significant changes were observed in the decay time
of the Ca?** transients (Fig. 1H and J; CTR: 24.0 + 2.0 s, from 5 inde-
pendent cultures; Afgs_35(2 h): 24.0 & 2.0 s, from 5 independent cultures;
APas 35048 hy: 22.0 & 2.6 s, from 5 independent cultures; APas_35(72 h):
24.4 £+ 1.7 s, from 5 independent cultures; one-way ANOVA followed by
Tukey’s post hoc test).

In accordance with previous reports [15,16], in astrocytes
pre-treated with Afgys 35 for 48 h and 72 h, mGluRS5 levels were signif-
icantly increased (Fig. 1F,G, CTR: 1.00, n = 7; Afas5_35 48h: 1.32 +
0.0670, n = 7; APas_35 72h: 1.35 + 0.130, n = 5; one-way ANOVA fol-
lowed by Bonferroni's post hoc test, P < 0.05 when compared to astro-
cytes pre-treated with vehicle), with said increase in the order of 32-35
%. As a control, the levels of mGluR5 were evaluated in astrocytes that
had been in the presence of the scrambled AB35_ 25 (10 uM). The presence
of scrambled Ap for the duration as that used to expose astrocytes to
APas_35 did not alter the levels of mGluR5 receptors compared with
those in astrocytes incubated under control conditions (Supp. Fig. 3).

3.2. Effect of BDNF on the Ca®" signaling and its interference with Ap

Astrocytes at DIC 10 were treated with BDNF (20 ng/mL) for 48 h in
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the presence or absence of APys_35 (10 uM) and calcium transients were
elicited by pressure application of mGluR agonist DHPG (Fig. 2A).
Similar to what had been observed in astrocytes exposed to Afgs_35 the
ratio F340/380 was significantly increased, by approximately 50 %, in
astrocytes exposed to BDNF alone compared to astrocytes pre-exposed to
the vehicle (Fig. 2B; CTR: 8.57 + 0.370, n = 56 cells; BDNF: 12.8 +
0.650, n = 14 cells, from 4 independent cultures, one-way ANOVA fol-
lowed by Bonferroni's post hoc test, P < 0.0001). Interestingly, the
simultaneous incubation with Afy5_35 and BDNF did not lead to a further
increase in Ca®" transient amplitude as compared with each drug alone.
While the amplitude of Ca?* transients was significantly increased by
nearly 30 % in astrocytes exposed to Afas_3ss and BDNF when compared
with astrocytes pre-treated with vehicle (Fig. 2B; CTR: 8.57 + 0.370,n =
56 cells; ABas_35 + BDNF: 11.1 4+ 0.674, n = 21 cells, from 4 independent
cultures, one-way ANOVA followed by Bonferroni's post hoc test, P =
0.0014), no statistically significant differences were found in relation to
the values attained in astrocytes incubated with each drug alone.

Regarding basal Ca?tlevels, astrocytes pre-exposed to all drugs alone
or in combination (except to APss_as5) presented significant increases
when compared to control astrocytes, even before starting the first
stimulation with DHPG (Fig. 2C, CTRpasal ca2-+level: 1.99 £ 0.015, n = 34
cells, from 4 independent cultures; APas 35048 h)-basal Ca2-+level: 3.09 £
0.049, n = 24 cells, from 4 independent cultures; BDNF(4g h)-basal
ca2+level: 3.14 + 0.013, n = 18 cells from 4 independent cultures;
BDNF+AP2s5 35048 h)-basal Ca2-+level: 3.09 £ 0.021, n = 29 cells from 4 in-
dependent cultures; two-way ANOVA followed by Tukey's post hoc test,
P < 0.001). The progressive increase in basal Ca?" levels was observed
throughout the DHPG stimulations, with the change between the F340/
380 values before the last and the first stimulation (A[5th stimulation-
1st stimulation]) being significantly different in control astrocytes and
astrocytes incubated with BDNF, APgs_s5 or BDNF+Afa5_35 (Fig. 2C).

Analysis of the kinetics of the Ca®" transients revealed a significant
decrease in rise time only in astrocytes pre-exposed to APas_ss and BDNF
(Fig. 2D and E; CTR: 8.8 + 1.2 s, from 5 independent cultures; BDNF +
ABas 35024 h): 4.4 £ 0.68 s, from 5 independent cultures; BDNF: 6.2 +
0.37 s, from 5 independent cultures; one-way ANOVA followed by
Tukey’s post hoc test, P < 0.05). No significant changes were observed in
the decay time of the Ca®* transients (Fig. 2D and F; CTR: 24.0 + 2.0 s,
from 5 independent cultures; BDNF + A5 35024 hy: 22.8 & 2.33 5, from 5
independent cultures; BDNF: 22.6 + 2.46 s, from 5 independent cul-
tures; one-way ANOVA followed by Tukey’s post hoc test).

3.3. Impact of BDNF on mGIluR5 levels in astrocytes

We then investigated whether the increases in Ca?*transient ampli-
tude detected in astrocytes pre-treated with BDNF for 48 h were also due
to changes in mGluR5 expression levels. Data showed no significant
increase in mGIuR5 levels in astrocytes pre-treated with BDNF (Fig. 3A).
Importantly, the presence of BDNF prevented the increase in mGIluR5
levels caused by Apos ss. (Fig. 3A) (CTR: 1, n = 5; BDNF 48h: 1.08 +
0.13, n = 5; Afgs 35 + BDNF: 1.076 + 0.125, n = 5).

3.4. BDNF increases Ca?" transient amplitude through TrkB-Tc
activation

TrkB-Tc is the predominant isoform of the TrkB receptor family
expressed in astrocytes [44-46]. Previous reports showed that BDNF
elicits Ca?*signaling in cultured astrocytes by the activation of TrkB-Tc
[19], so our next step was to study the impact of incubating astrocytes
with BDNF and/or APgs_gs on TrkB-Tc receptor levels. No significant
changes in TrkB-Tc receptor levels were detected in astrocytes incubated
with ABas_35 (10 uM), BDNF (20 ng/mL) or Afas 35 (10 uM) plus BDNF
(20 ng/mL), as compared with levels in astrocytes in control conditions
(Fig. 3B).

To evaluate if the effect of BDNF upon astrocytic Ca?" transient
amplitude could be attributed to the activation of TrkB-Tc, we
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Fig. 2. Effect of BDNF upon Ca”" transient amplitude and Ca?* basal levels in astrocytes. A) Representative traces of a single cell responses to DHPG (10 uM) in
vehicle, APos 35 (10 uM) + BDNF (20 ng/mL) 48 h and BDNF (20 ng/mL) 48 h conditions. Five stimulation were performed using DHPG (10 pM), followed by the last
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DHPG from cultured astrocytes that have been incubated with vehicle (Ctr), Afas 35 (10 pM) + BDNF (20 ng/mL) 48 h and BDNF (20 ng/mL) 48 h conditions. E)
Effects of ABas_35 upon rise time obtained from the kinetics of the Ca®* transients induced by DHPG. F) Effects of Afss 35 upon decay time obtained from the kinetics
of the Ca®* transients induced by DHPG. Mean + SEM from 5 independent cultures were analyzed (*p < 0.05; significant differences assessed by one-way ANOVA
followed by Tukey correction).
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performed RNA interference experiments using a cocktail of the three
siRNAs (siRNA 1/2/3) to block TrkB-Tc receptor expression. Previous
studies from our lab have shown that the transient transfection with a
cocktail of siRNA 1/2/3 for TrkB-Tc almost completely abolished TrkB-
Tc expression [40]. After a 72 h transfection of astrocytes with the
cocktail siRNA 1/2/3, we observed that BDNF no longer enhanced Ca?*
transient amplitude (Fig. 4; BDNFsirna1/2/3: 102 + 2.81 %, calculated in
relation to CTRgirnA1/2/3: 100 %, n = 36-87 cells, from 3 independent
cultures, one-way ANOVA followed by Bonferroni's post hoc test, P =
0.9889). In contrast, the presence of scrambled siRNA, i.e. used as a
negative control to assess non-specific effects of siRNA transfection, did
not abolish the effect of BDNF (Fig. 4; BDNFgirNAScramble: 146 + 5.11 %,
calculated in relation to CTRsjrnAScramble: 100 %, n = 74-91 cells, from
2-3 independent cultures, one-way ANOVA followed by Tukey’s post
hoc test, P < 0.0001). Similarly, mock incubation in the absence of
siRNA also did not affect the action of BDNF (Fig. 4; BDNFyjock: 123 +
4.28 %, calculated in relation to CTRsjrnamock: 100 %, n = 65-68 cells,
from 2-3 independent cultures, one-way ANOVA followed by Tukey’s
post hoc test, P = 0.0418).

3.5. Influence of BDNF and Ap on astrocyte viability

To ascertain whether the changes in Ca?* transients were due to
alterations in astrocyte viability, all-Spectrin levels were evaluated. olI-
Spectrin is an actin binding protein. Its key role is to link the cellular
plasma membrane to the actin cytoskeleton, being essential in deter-
mining the properties, including shape and deformability, of the cellular
membrane. During apoptotic and necrotic cell death, calpain and cas-
pase specific cleavage of all-spectrin yields breakdown products (SBDPs)

[47]. Therefore, the evaluation of all-Spectron and SBDPs allows the
determination of the cellular viability. Astrocytes at DIC 10 were incu-
bated with APas_35 (10 uM) and/or BDNF (20 ng/mL) for 48 h. After Af
and BDNF incubations, astrocyte homogenates were collected and
western blot was performed, following the procedures described in the
methods section. Western blot results revealed only one immunoreactive
band at ~240 kDa, corresponding to all-spectrin precursor, which was
not statistically different between experimental conditions (Fig. 5). The
absence of SBDPs indicates the absence of calpain or caspase activation,
suggesting that cellular viability was not compromised in the conditions
studied.

4. Discussion

The main findings in this work are that BDNF increases astrocytic
Ca?" transient amplitude induced by mGIluR5 activation through a
mechanism dependent on TrkB-Tc activation. Importantly, BDNF per se
did not alter mGluR levels in astrocytes but prevented the increase of
mGIluR5 levels caused by Ap as well as prevented a further Ap-induced
enhancement of astrocytic calcium signaling.

AD is characterized by the accumulation of intracellular hyper-
phosphorylated tau proteins (neurofibrillary tangles) and of extracel-
lular plaques composed by Ap peptides. Ap plaques are largely composed
by Ap40 and AB42, but also by Ap fragments such as Afas_35 [48], which
has been proposed to be the active region of the full-length Ap peptide
responsible for its neurotoxic effects [49]. The AP toxic effects have been
mainly explored in neurons. Nevertheless, although less studied, the
astrocytic functions are also compromised in AD. Indeed, Ap has been
implicated in the upregulation of a7 nicotinic acetylcholine receptors
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[50], Ca2+—permeant ligand-gated channels [4], mGlu5 receptors [51],
and P2Y1 receptors [52] in astrocytes. The altered levels of these pro-
teins in astrocytes correlate with changes in astrocytic [Ca2t]; levels [4,
51,52]. These alterations likely underlie the alterations in
astrocytic-neuronal communication detected in AD models. In fact, Ap
facilitates Ca®*-dependent astrocytic release of glutamate, which in turn
activates extrasynaptic NMDA receptors in neurons, contributing to
synaptic loss [4]. In the present work we observed that Af increases the
amplitude of Ca®" transients elicited by mGluR5 activation, which is in
line with current literature [12,14,53,54]. Moreover, a significantly
reduced rise time of these responses was observed, indicating a faster
onset of intracellular Ca" elevation. A similar increase of astrocytic

Cell Calcium 134 (2026) 103119

Ca* responses following Ap exposure have been previously reported
and interpreted as enhanced astrocytic Ca?* reactivity rather than cell
toxicity [16]. Notably, the decay phase of the Ca?* transients remained
unchanged, suggesting that Ca2t clearance mechanisms, including re-
uptake into intracellular stores or extrusion across the plasma mem-
brane, are not significantly affected under our experimental conditions.
A potential limitation related to Ca2* indicator saturation was consid-
ered; however, the preserved kinetics of the Ca®* transients and the use
of ratiometric Fura-2 imaging support the robustness of our measure-
ments under the experimental conditions used. The selective accelera-
tion of the rising phase is consistent with enhanced efficiency of Ca®*
mobilization downstream of mGIluR5 activation, likely reflecting
increased receptor availability and/or augmented IPs-dependent Ca%*
release from the endoplasmic reticulum [51]. This interpretation aligns
with our observation of increased mGluR5 expression following Ap
exposure and with previous reports describing mGIluR5 upregulation
[51] and astrocytic Ca®* hyperreactivity in Alzheimer’s disease models.
Importantly, the fact that these kinetic alterations occur in the absence
of detectable astrocyte death suggests that Ap-induced changes in Ca®*
signaling represent an early functional dysregulation rather than a
consequence of overt toxicity. Such accelerated and amplified Ca?* re-
sponses may contribute to aberrant astrocyte-neuron communication
and synaptic dysfunction in the early stages of Alzheimer’s disease.

The impairment of mGluR5-dependent Ca®* signaling in astrocytes
has important functional implications for synaptic transmission and
synaptic plasticity [55], being astrocytic Ca?t elevations closely linked
to the release of gliotransmitters such as glutamate and D-serine [56],
which critically modulate these processes. In the context of Alzheimer’s
disease, excessive or dysregulated astrocytic Ca®" signaling has been
shown to promote aberrant glutamate release, leading to activation of
extrasynaptic NMDA receptors and contributing to synaptic dysfunction
and loss [4]. Thus, the accelerated and amplified Ca®t responses
observed here following Af exposure may represent a mechanism by
which astrocytes actively participate in early synaptic pathology.

Importantly, our data indicate that BDNF prevents the Ap-induced
upregulation of mGluR5 and the consequent exacerbation of astrocytic
Ca2" signaling. This effect suggests a protective role for BDNF in
maintaining astrocytic Ca?" homeostasis and limiting maladaptive
astrocyte-neuron signaling. By preventing excessive mGluR5-driven
Ca?* responses, BDNF may indirectly preserve synaptic integrity and
counteract early synaptic dysfunction associated with Ap pathology.
These findings support the concept that BDNF signaling in astrocytes,
via TrkB-Tc receptors, is not detrimental but instead contributes to the
stabilization of astrocytic function under pathological conditions.

It is worthwhile to mention that, in the present study, we also
observed an increase in basal Ca?* levels in astrocytes exposed to
APas_35 for 48 h and 72 h. This effect has previously been described since
astrocytic basal Ca®t levels are abnormal in astrocytes exposed to Ap
oligomers, as well as in several models of AD, such as animals that un-
dergo an intracerebroventricular injection of Ap oligomers and the tri-
ple-transgenic mouse model of AD [14,53,54]. This astrocytic basal Ca*
increase might be attributed to the pore-forming activity mediated by
AP, known to form Ca2t permeable channels [57], which promotes
intracellular Ca®" increases [58]. Moreover, in AD mice models, Af
plaques trigger connexin 43 (Cx43) hemichannel (HCs) activation that
allows Ca2* influx, contributing to a maintenance of high intracellular
Ca®* concentration [59]. Moreover, this elevation may result from al-
terations in intracellular Ca* stores, including increased endoplasmic
reticulum Ca?" leak associated with ER stress [60], to which contributes
IP3R and ryanodine receptors' (RyRs) expression and function,
dysfunction of the sarco-endoplasmic reticulum Ca®* ATPase (SERCA)
activity and upregulation of its truncated isoform (S1T), as well as
presenilin (PS1, PS2)-mediated ER Ca?* leak/ER Ca?" release potenti-
ation [60].

Although different studies have pointed to the dysregulation of Ca®*
signaling induced by Ap as the first step for astrocytic degeneration
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Fig. 5. Effect of Ap and BDNF on all-spectrin levels in astrocytes. A) Representative Image of a western blot for the detection of all-spectrin levels in astrocytes
incubated at DIC 10 with ABss 25 (10 pM), APas 35 (10 uM), ABas 35 (10 pM) + BDNF (20 ng/mL), and BDNF (20 ng/mL) for 48 h. B) Effects of APas_35 (10 pM),
APgs_35 (10 uM) + BDNF (20 ng/mL) and BDNF (20 ng/mL) at 48 h upon oll-spectrin levels in astrocytes. Mean + SEM of n = 5 independent cultures (significant

differences assessed by one-way ANOVA followed by Tukey correction).

[61-63], our data do not show apoptotic nor necrotic fingerprints, i.e.,
cleavage of all-spectrin and detection of fragment products mediated by
caspases and calpains activation respectively. Thus, these results suggest
that Ap treatment for 48 h does not induce cellular death or astrogliosis
accordingly to what have been described regardless of the actions of
caspases as positive modulators of astrogliosis [64].

Ap-mediated neurotoxic mechanisms are not fully known, but the
existing information suggests that oxidative stress, perturbation of Ca%*
homeostasis, mitochondrial dysfunction, synaptic loss, and caspases and
calpains activation are strongly involved [65-68]. Calpains are
Ca?*-dependent proteases that play a physiologic role by cleaving
several substrates. Abnormal activation of calpains and down-regulation
of their endogenous inhibitor (calpastatin) have been associated with
AD [69-71]. Moreover, calpain overactivation contributes to tau
hyperphosphorylation, a hallmark of AD, through the activation of
cyclin-dependent kinase 5 (CDKS5), followed by the cleavage of its reg-
ulatory protein p35 [72-74]. In addition, calpains also contribute to the
formation and accumulation of A peptides, and their inhibition pre-
vents neurodegeneration and restores normal synaptic function and
spatial memory in AD animal models [75-77]. In our experimental
conditions, the absence of calpain and caspase activation in astrocytes
treated with Ap might reinforce that Ca?" signalling dysregulation is an
early feature of Ap-mediated toxicity in astrocytes.

Brain-derived neurotrophic factor (BDNF) is a neurotrophin that
promotes neuronal survival, differentiation, and synaptic plasticity
through activation of its full-length receptor, TrkB-FL, expressed in
neurons. On the contrary, in astrocytes, BDNF exerts its actions mainly
through the activation of the truncated isoform of TrkB receptors (TrkB-
Te) [19,20,78]. In addition, P75NRT receptors expressed in neurons and
astrocytes can also be activated by this neurotrophin. Alterations in
BDNF receptor expression levels have been described in several neuro-
degenerative disorders. Particularly, hippocampal and cortical post--
mortem samples from AD patients revealed decreased levels of TrkB-FL
and increased levels of TrkB-Tc [23,24,28,79,80. These changes are
detected in neurons [29] and justify the BDNF loss of function in syn-
aptic plasticity [29,30], neurotransmitter release [29], and in the
modulation of the number of synaptic dentritic spines [30]However, it is
worthwhile to notice that, according to our findings, the levels of the
astrocytic BDNF TrkB-Tc receptor, were not altered by the exposure to
AB for up to 48 h.

Rose et al. [19] was the paper that showed that BDNF induces
astrocytic [Ca2+]i release, an effect attributed to TrkB-Tc receptors. The
activation of TrkB-Tc receptor by BDNF causes activation of a G protein
that stimulates PLC, production of InsP3, and Ca®* release from internal
stores (ER) [19]. In our work, we evaluated Ca?t signaling evoked by
mGluR5 activation in astrocytes pre-exposed to BDNF and we clearly

detected a facilitation of astrocytic [Ca2+]i transient amplitude, which is
mediated by TrkB-Tc receptors. Thus, not only can BDNF trigger astro-
cytic calcium signalling by itself [19], but it can also facilitate responses
triggered by other receptors, such as mGluR5-mediated responses.

Given the similarity of data in the astrocytes exposed to Ap and to
BDNF, we investigated whether BDNF effects on Ca*signaling could be
mediated by an increase in mGluR5 levels. The analysis of mGluR5
levels by western blot led us to conclude that BDNF does not affect
mGIuR5 levels. Thus, BDNF-induced Ca?* transients are not mediated
by an increase of mGluR5 levels and, importantly, BDNF prevents the
increase on mGIuR5 levels induced by AB. Although BDNF does not
induce alterations in TrkB-Tc receptor levels, its action upon
Ca%*signaling is mediated by TrkB-Tc activation as proven by the
absence of effect of BDNF in astrocytes where TrkB-Tc had been
downregulated by exposure to siRNA.

We observed a similar effect of BDNF and Ap on astrocytic Ca*
signaling when added alone to the astrocytes, but when present
together, the increase of mGIuR5 levels induced by Ap, as well as the
increase of Ca®" transient amplitude was abolished. Having in mind the
well-known toxic action of Af, one could speculate on the beneficial role
of BDNF in astrocytes in AD. Taken together, our data point towards that
BDNF, by preventing the increase of mGIuR5 levels induced by A,
avoids an additive effect on the increase of Ca?" transient amplitude
when astrocytes are exposed to both drugs demonstrating that the in-
crease on BDNF levels is not counterproductive in astrocytes.
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