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ABSTRACT

Lysosomal function and organellar Ca®* homeostasis become dysfunctional in Stroke causing disturbances in
autophagy, the major process for the degradation of abnormal protein aggregates and dysfunctional organelles.
However, the role of autophagy in Stroke is controversial since excessive or prolonged autophagy activation
exacerbates ischemic brain injury. Of note, glutamate evokes NAADP-dependent Ca?* release via lysosomal TPC2
channels thus controlling basal autophagy. Considering the massive release of excitotoxins in Stroke, autophagic
flux becomes uncontrolled with abnormal formation of autophagosomes causing, in turn, disruption of excito-
toxins clearance and neurodegeneration. Here, a fine regulation of autophagy via a proper pharmacological
modulation of lysosomal TPC2 channel has been tested in preclinical Stroke models. Primary cortical neurons
were subjected to oxygen and glucose deprivation+reoxygenation to reproduce in vitro brain ischemia. Focal
brain ischemia was induced in rats by transient middle cerebral artery occlusion (tMCAO). Under these condi-
tions, TPC2 protein expression as well as autophagy and endoplasmic reticulum (ER) stress markers were studied
by Western blotting, while TPC2 localization and activity were measured by immunocytochemistry and single-
cell video-imaging, respectively. TPC2 protein expression and immunosignal were highly modulated in primary
cortical neurons exposed to extreme hypoxic conditions causing dysfunction in organellar Ca>* homeostasis, ER
stress and autophagy-induced cell death. TPC2 knocking down and pharmacological inhibition by Ned-19 during
hypoxia induced neuroprotection. The effect of Ned-19 was reversed by the permeable form of TPC2 endogenous
agonist, NAADP-AM. Of note, Ned-19 prevented ER stress, as measured by GRP78 (78 kDa glucose-regulated
protein) protein reduction and caspase 9 downregulation. In this way Ned-19 restored organellar Ca*" level.
Interestingly, Ned-19 reduced the infarct volume and neurological deficits in rats subjected to tMCAO and
prevented hypoxia-induced cell death by blocking autophagic flux. Collectively, the pharmacological inhibition
of TPC2 lysosomal channel by Ned-19 protects from focal ischemia by hampering a hyperfunctional autophagy.

1. Introduction

have been causatively linked to the neurodegenerative process (Nixon,
2013; Colacurcio and Nixon, 2016). Moreover, the role of autophagy in

Autophagy is a lysosome-dependent clearing process that may
represent a gatekeeping mechanism for stabilizing cellular homeostasis
in Stroke (Li et al., 2014; Zuo et al., 2014; Yu et al., 2016). In fact,
lysosomal function becomes dysfunctional in Stroke (Zhang et al., 2020)
as well as in various neurological diseases representing a potential
neuroprotective target (Tedeschi et al., 2019a; Udayar et al., 2022).
Mutations in several genes involved in the global lysosomal network
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Stroke is under rigorous evaluation; while increasing evidence support
the protective role of autophagy in neuronal cells subjected to ischemia,
excessive or prolonged autophagy activation may exacerbate ischemic
brain injury inducing neuronal necroptosis and apoptosis (Hou et al.,
2019; Zhang et al., 2021). Therefore, a fine control of this cleansing
process is auspicable to exert neuroprotection. Moreover, defects in the
lysosomal ionic machinery have been reported in several models of
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brain ischemia thus suggesting the relevant role of this tiny organelle as
a hub of autophagy control (Zhang et al., 2020). Consistently, lysosome
is now considered a relevant intracellular Ca%" store provided of an its
own machinery that is useful for the maintenance of local and general
Ca?" homeostasis. Recently, deregulation of Ca?" signaling and lyso-
somal channel activity has been reported to occur in experimental
models of Stroke (Tedeschi et al., 2021).

Lysosomal non-selective cation channels comprise the mucolipins
(TRPML1-3) and two-pore channels (TPC1-2) implicated in neural
development and function, and pathological processes. For instance,
neuronal TRPML1 plays a crucial role in the regulation of lysosomal
functions and autophagy (Medina et al., 2015), while its alteration may
cause impairment of those cell pathways underlying neurodegeneration
(Zhang et al., 2017; Tedeschi et al., 2019b; Santoni et al., 2020).
Accordingly, in the neurodegenerative process, endogenous TRPML1
becomes defective contributing to the lysosomal Ca®*-dependent alter-
ation of autophagy (Bae et al., 2014; Tedeschi et al., 2019a and b;
Santoni et al., 2020; Tsunemi et al., 2019). In contrast, hampering
lysosomal and ER Ca’" leak during ischemic preconditioning, the
downregulation of TRPML1 lysosomal channel could be considered a
newly identified neuroprotective mechanism in stroke (Tedeschi et al.,
2021).

Lysosomal TPC2 is an ancient member of the voltage-gated ion
channel superfamily (Patel, 2015) regulating the trafficking of various
cargoes (Ruas et al., 2010; Grimm et al., 2014; Sakurai et al., 2015).
Loss- and gain-of-function of TPCs are implicated in several neurode-
generative diseases (Patel, 2015; Patel and Kilpatrick, 2018). TPCs are
considered non-selective Ca®"-permeable channels when activated by
NAADP (Grimm et al., 2014; Brailoiu et al., 2009; Calcraft et al., 2009;
Brailoiu et al., 2010; Pitt et al., 2010; Schieder et al., 2010; Ruas et al.,
2015) or highly-selective Na™ channels when stimulated by the endog-
enous agonist of TRPML1, PI(3,5)P, and/or voltage changes (Wang
et al., 2012; Boccaccio et al., 2014; Cang et al., 2014; Guo et al., 2017;
She et al., 2018).

NAADP-mediated release of Ca®* from acidic stores through TPC2
regulates neuronal differentiation (Brailoiu et al., 2006), neurogenesis
(Zhang et al., 2013), and axiogenesis in Zebrafish motor neurons (Guo
et al., 2020). Neuronal stimulation by glutamate evokes NAADP syn-
thesis and Ca2* release from acidic stores through TPC channels (Foster
et al., 2018; Hermann et al., 2020). Furthermore, several studies un-
derpin the role of TPC2-mediated Ca?" efflux in the modulation of basal
autophagy (Pereira et al., 2011; Medina, 2021). Under conditions of
severe energy depletion, TPC2 is involved in cell viability control by
regulating autophagic flux in cardiomyocytes (Garcia-Rua et al., 2016).
Moreover, glutamate stimulates autophagy via NAADP/TPC/AMPK
pathway, thus controlling cell metabolism in the central nervous system
(CNS) (Pereira et al., 2017).

Therefore, considering the massive and uncontrolled release of
detrimental glutamate level during hypoxia, the regulation of the
autophagic flux may result dysfunctional during Stroke. On the other
hand, the abnormal formation of autophagosomes (Zhang et al., 2021)
may disrupt the clearance of excitotoxins in Stroke (Katsumata et al.,
2010). Therefore, hampering the autophagic flux through TPC2 modu-
lation might constitute an innovative approach in Stroke therapy. In this
study, we explored this avenue by studying the effect of TPC2 inhibition
on neuronal survival under hypoxic conditions and the enlargement of
infarct volume in rats subjected to focal ischemia. We showed that TPC2
pharmacological blockade by Ned-19 prevented autophagy-induced cell
death in cortical cultures exposed to hypoxic conditions and reduced the
extension of ischemic volume in rats subjected to tMCAO.

2. Materials and methods
2.1. Reagents

Primary antibodies used in this study are listed in Supplemental
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Table I. ECL reagents and nitrocellulose membranes were from GE
Healthcare (Milan, Italy). Small interfering RNAs (siRNAs) and siRNA-
control were purchased from Qiagen (Milan, Italy). GPN was pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); trans-
Ned-19 (Ned-19) was from Tocris Bioscience (Bristol, UK); NAADP-AM
was from AAT Bioquest (Sunnyvale, CA, USA); ML-SA1 was from
Merck Millipore (Darmstadt, Germany). Thapsigargin and MTT were
from Sigma-Aldrich (Milan, Italy). 1-[2-(5-Carboxyoxazol-2-yl)-6-ami-
nobenzofuran-5-oxy]-2-(21-amino-51-methylphenoxy)-ethane-N,N,N1,
N1-tetraacetic acid penta-acetoxymethyl ester(Fura-2/AM) was from
Molecular Probes (Life Technologies, Milan, Italy).

2.2. Cell cultures and siRNA transfection

Primary cortical neurons were obtained from brains of 14/16-day-
old Wistar rat embryos, dissected and cultured as previously reported
(Sirabella et al., 2009; Sisalli et al., 2014; Secondo et al., 2019). After
5-6 days in vitro, neurons were transfected with two different FlexiTube
small interfering RNAs (siRNAs) against the lysosomal channel TPC2
(#1: #SI101704759, target sequence: TTCCGAGGCTACCTAATGAAA;
#4: #S101704780, target sequence: CCCGTGGTCGATGGTGTATTT) and
with the non-targeting control (Qiagen, Milan, Italy). All the animal
procedures were performed in accordance with the regulation 2010/63
from EU, the D.Lgs. 2014/26 from Italian Ministry of Health, and the
experimental protocols was approved by OPBA of the “Federico II”
University of Naples, Italy.

Human neuroblastoma SH-SY5Y cells were grown in DMEM sup-
plemented with 10% FBS, 2 mM t-glutamine, 100 IU/ml penicillin and
100 pg/ml streptomycin.

2.3. Combined oxygen and glucose deprivation and reoxygenation

Hypoxic conditions were reproduced in vitro by exposing cortical
neurons to oxygen and glucose deprivation (OGD) followed by reox-
ygenation (Rx), as previously reported (Sisalli et al., 2014). Briefly, the
OGD was achieved by incubating neurons for 3 h in a glucose-free me-
dium previously saturated with 95% Ny and 5% CO5 for 20 min and
containing 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 26.2 mM
NaHCOs3, 1 mM NaHyPOy, 1.8 mM CaCl,, 0.01 mM glycine and 0.001 w/
v phenol red. A hypoxia chamber was used to keep neurons under
hypoxic conditions (atmosphere 5% CO5 and 95% Nj, temperature
37 °C). At the end of the incubation, the OGD was stopped by replacing
the glucose-free medium with a culture medium containing normal
levels of glucose and the reoxygenation was achieved by returning
neurons to normoxic conditions (5% CO» and 95% air, temperature
37 °C) for 24 h.

2.4. Transient focal ischemia

After exposure to a mixture of 2% sevoflurane and 98% O (Oxygen
Concentrator Mod. LFY-I-5) Sprague Dawley male rats (Charles River,
Italy) were subjected to transient focal ischemia (tMCAO) by suture
occlusion of MCA for 100 min, as previously reported (Secondo et al.,
2019). Achievement of ischemia was confirmed by monitoring regional
cerebral blood flow through laser Doppler (PF5001; Perimed, Sweden).
Animals not showing cerebral blood flow reduction of at least 70% (N =
6), as well as those dying after ischemia induction (N = 5), were
excluded from the study. For the experiments, animals were divided into
5 experimental groups: (1) sham-operated rats, (2) ischemic rats treated
with vehicle (tMCAO-vehicle), (3) ischemic rats treated with Ned-19
20x (0,6 mM) (tMCAO+Ned-19 20x), (4) ischemic rats treated with
Ned19 40x (1,2 mM) (tMCAO+Ned-19 40x) and (5) ischemic rats
treated with Ned-19 80x (2,4 mM) (tMCAO-+Ned-19 80x). Ned-19 was
intracerebroventricularly infused at the onset of reperfusion. The needle
was left for an additional 5 min after the injection. Vehicle group was
injected as Ned-19. Rectal temperature was maintained at 37 + 5 °C
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with a thermostatically controlled heating pad; arterial blood gases
before and after ischemia were measured by a catheter inserted into the
femoral artery (Rapid Laboratory 860, Chiron Diagnostic). Experiments
were performed in a blinded manner. The animal study was approved by
OPBA of the “Federico II” University of Naples, Italy, and by the Com-
mittee set by the Ministry of Health at the National Institute of Health
(Rome). Animal handling was done in accordance with the ARRIVE
international guidelines, minimizing animal suffering and reducing the
number of animals.

2.5. Evaluation of neurological scores and ischemic volume

Neurological scores were evaluated at 24 h from tMCAO, immedi-
ately before the sacrifice, whereas the ischemic volume was evaluated
with 2,3,5-triphenyl tetrazolium chloride staining 24 h after ischemia
(Bederson et al., 1986; Vinciguerra et al., 2014).

2.6. Western blotting and co-immunoprecipitation

Total proteins were separated by SDS-PAGE gel electrophoresis and
then electrotransferred onto 0.2 pm nitrocellulose membranes. For co-
immunoprecipitation experiments, 500 pg of total protein extracts
were immunoprecipitated.

2.7. Immunocytochemistry and confocal microscopy

Neurons were washed twice in cold PBS (pH 7.4) and fixed at room
temperature in 4% paraformaldehyde for 20 min. Then, neurons were
blocked in PBS containing 3% BSA for 30 min and then incubated
overnight at 4 °C with anti-TPC2 and anti-LAMP1 antibodies. Control for
the specificity of the antibody against TPC2 was performed with its
replacement with normal serum as previously described (Tedeschi et al.,
2019b; Secondo et al., 2019). Then, cells were washed with PBS and
incubated with anti-rabbit Cy2-conjugated antibody or anti-mouse Cy3-
conjugated antibody (Jackson Immuno Research Laboratories, Inc. PA,
USA) for 1 h at RT under dark conditions. Cells were finally incubated
with Hoechst. Cover glasses were mounted with a SlowFadeTM Antifade
Kit (Molecular Probes, Life Technologies, Milan, Italy) and acquired by a
63x oil immersion objective using a Zeiss inverted 700 confocal mi-
croscope (Scorziello et al., 2013).

2.8. [ Caz+]i measurements in single living cells

[Ca?*]; was detected by single-cell Fura-2/AM computer assisted
video-imaging (Secondo et al., 2007; Tedeschi et al., 2021). Results are
presented as cytosolic Ca>* concentration calculated by the equation of
Grynkiewicz et al. (Grynkiewicz et al., 1985; Urbanczyk et al., 2006).

2.9. Cell viability

2.9.1. MTT assay

Cell viability was assessed as mitochondrial activity by the MTT (3
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay, as
previously reported (Secondo et al., 2007). Briefly, after treatments,
neurons were incubated with a 0.5 mg/mL MTT solution at 37 °C for 1 h.
Then, samples were collected in dimethyl sulfoxide (DMSO) and, after
the insoluble formazan crystals had dissolved, the absorbance was
determined spectrophotometrically at 540 nm. The data were expressed
as a percentage of cell viability compared to control cultures.

2.9.2. Lactate dehydrogenase (LDH) release assay

LDH release has been measured using the Cytotoxicity LDH assay Kit-
WST (Dojindo, Kumamoto, Japan) according to the manufacturer's in-
structions. Cytotoxicity was calculated as a percentage of the ratio of
LDH released in the extracellular medium compared to intracellular
LDH released after cell lysis.
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2.10. Detection of autolysosomes formation in live cells

The autolysosomes formation in live cells has been evaluated using
the DALGreen — Autophagy Detection probe (Dojindo, Kumamoto,
Japan), according to the manufacturer's protocol. In brief, cortical
neurons plated on glass coverslips were incubated with 1 pmol/L DAL-
Green working solution at 37 °C for 24 h; for neurons exposed to OGD/
Rx or OGD/Rx(+Ned-19), the probe was incubated at the onset of the
reoxygenation phase for 21 h. Fluorescence images were acquired using
a Zeiss Axiovert 200 microscope (Carl Zeiss, Germany), equipped with a
MicroMax 512BFT cooled CCD camera (Princeton Instruments, Trenton,
NJ, USA) (excitation wavelength: 485 nm). Image acquisition and pro-
cessing were performed equally for all the experimental conditions by
MetaMorph/MetaFluor Imaging System software (Universal Imaging).
For the quantification of the fluorescent signal, background fluorescence
was subtracted from the data.

2.11. Statistical analysis

Data are expressed as mean + S.E.M. Statistical analysis was per-
formed with one-way analysis of variance followed by Newman-Keuls
test. Neurologic deficits were analyzed by the nonparametric Krus-
kal-Wallis test, followed by the Nemenyi test for the nonparametric
multiple comparison. Differences were considered statistically signifi-
cant when the p-value was <0.05.

3. Results

3.1. Characterization of neuronal TPC2 lysosomal channel in primary
cortical neurons exposed to hypoxic conditions

Lysosomes are acidic organelles containing a high Ca?* content and a
low luminal pH. With the aim to characterize the role of TPC2 in cortical
neurons under normoxic and hypoxic conditions, we performed immu-
nocytochemistry and single-cell video-imaging together with mito-
chondrial viability measurement in the presence of the pharmacological
inhibitor Ned-19. Under normoxia, TPC2 immunosignal was distributed
within the soma and along the neuronal processes of rat primary cortical
neurons and specifically co-localized with the lysosomal marker LAMP1
(Fig. 1A). The same subcellular distribution was detected in human SH-
SY5Y cells (Fig. IA). The addition of the permeable form of NAADP
(NAADP-AM,1 pM) induced a rapid Ca®* release from TPC2 lysosomal
channel that was blocked by the specific antagonist Ned-19 (30 uM)
(Fig. 1B). However, the exposure to low oxygen level determined a huge
reduction of TPC2 immunosignal during OGD while the exposure to
reoxygenation induced an increased and diffused TPC2 immunolocali-
zation (Fig. 1C). The same trend has been revealed by Western blotting
depicting a significant downregulation of TPC2 protein expression in
OGD and an increased expression under reoxygenation (Fig. 1D a,b).
The specific inhibitor of TPC2, Ned-19 (30 pM), was able to prevent cell
death in hypoxic neurons exposed to OGD + reoxygenation (Fig. 1E).
This neuroprotective effect occurred exclusively when the drug was
added during reoxygenation but not if administrated during OGD
(Fig. 1E). Specifically, Ned-19 protected hypoxic neurons when it was
added until 3 h of reoxygenation (Fig. I). This neuroprotective entity was
similar to that produced by ischemic tolerance induced by an ischemic
preconditioning stimulus (Fig. 1E) (Secondo et al., 2019). Moreover, in
the presence of the permeable form of NAADP (NAADP-AM), Ned-19
failed to protect neurons from OGD+ reoxygenation thus highlighting
the specificity of TPC2 role in neuroprotection (Fig. 1E). Of note, NAADP
alone triggered the initiators of autophagy (i.e. LC3-II and Beclin-1)
while reduced p62 protein expression after a brief exposure (Fig. II),
thus showing the triggering role of TPC2 in autophagy regulation.
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Fig. 1. TPC2 expression and activity in rat primary cortical neurons under physiological and hypoxic conditions.

A, TPC2 and LAMP1 immunosignals in rat primary cortical neurons (% co-localization 50 =+ 2). Scale bar: 10 pm. B, Representative superimposed traces showing the
effect of NAADP (1 pM) on [Ca®*1i in Fura-2 loaded primary cortical neurons in the presence or absence of Ned-19 (30 uM, added 5 min before recording). Inset:
quantification of B. Each bar represents the mean + S.E. (n = 30 cells for each group in three experimental sessions). *p < 0.05 vs Control. Cartoon: TPC2 phar-
macological modulation by Ned-19. C, TPC2 and Hoechst 33342 immunosignals under Normoxia or OGD/Rx. Considering TPC2 fluorescence in normoxia as 100%,
OGD was 48% =+ 8 (p < 0.05 vs normoxia) while OGD/Rx was 94% =+ 8. D, Representative Western blotting of TPC2 expression in neurons under Normoxia or

exposed to OGD/Rx (a); Quantification of TPC2 protein expression (b). Each bar represents the mean + SE of three experiments.

*p < 0.05 vs Normoxia; **p < 0.05

vs OGD and Normoxia. E, Effect of Ned-19 (30 pM) on cell viability rate of primary cortical neurons exposed to OGD/Rx. Cell viability was measured by MTT assay.

Data are expressed as mean =+ SE of three different experimental sessions.

3.2. Pharmacological inhibition of TPC2 lysosomal channel on organellar
calcium homeostasis, endoplasmic reticulum (ER) stress and autophagy

Endoplasmic reticulum (ER) stress, accompanied to organellar Ca*
dysfunction, is now considered one of the main Stroke pathomechanisms
(Sirabella et al., 2009; Secondo et al., 2019; Tedeschi et al., 2021). Of
note, ER stress is linked to lysosomal homeostasis dysfunction during
neurodegeneration (Tedeschi et al., 2019a, 2019b). Therefore, the
impact of TPC2 inhibition on ER stress induction has been studied under
hypoxic conditions. The addition of Ned-19 (30 pM) during the reox-
ygenation reverted the overexpression of the ER stress sensor, GRP78,
and caspase 9 (Fig. 2A, a-c). As a functional correlate, ER Ca?* level was
measured indirectly as [Ca%*]; increase triggered by blocking SERCA
with thapsigargin (Fig. 2) revealing that Ned-19 hampered detrimental
ER Ca®" leak in hypoxic neurons, restoring organellar calcium homeo-
stasis (Fig. 2B, a-c).

Due to the functional cooperation between ER and lysosomes in
exchanging Ca?" ions, membrane-permeable dipeptide GPN (300 M)
elicited a lower [Ca2+]i increase in cortical neurons exposed to OGD +
reoxygenation than in normoxic controls (Fig. 3A) thus unrevealing a
detrimental reduction of lysosomal Ca?* content. However, in the
presence of Ned-19 (added at the onset of reoxygenation phase), GPN-
elicited [Ca2+]i increase was similar to that of normoxic controls

*p < 0.05 vs Normoxia; **p < 0.05 vs OGD/Rx; "p < 0.05 vs OGD/Rx(+Ned-19).

(Fig. 3A), thus showing the acquisition of a prosurvival homeostatic
change. The same results were mirrored by ML-SA1 (10 pM), another
Ca?* releasing agent specifically stimulating lysosomal TRPML1 chan-
nel (Fig. 3B).

Autophagy requires formation of a double-membrane structure
containing the sequestered cytoplasmic material, the autophagosome,
that ultimately fuses with the lysosome forming autolysosome. The
addition of Ned-19 during the reoxygenation phase determined a sus-
tained blocking effect on the autophagic flux. Consistently, this drug
enhanced the expression of p62 and the lipidated form of LC3-I protein,
LC3-11, in cortical neurons exposed to OGD + reoxygenation (Fig. 3C, a-
d). Under hypoxic conditions, LAMP1 and LC3-II co-immunoprecipita-
tion experiments (co-IP) revealed the ability of Ned-19 to interfere with
the last phase of autophagy characterized by the fusion of autophago-
some with lysosome (Fig. 3D). To corroborate these data, fluorescent
signal intensity of autolysosomes was measured during OGD plus reox-
ygenation in the presence of Ned-19. Of note, TPC2 pharmacological
inhibition with Ned-19 significantly reduced autolysosome formation in
OGD plus reoxygenation compared with OGD plus reoxygenation alone
(Fig. 3E) thus confirming LAMP1/LC3-II co-IP data (please see Fig. 3D).
Since LC3-II is recruited to the autophagosomal membrane (Kabeya
et al., 2000, 2004), our data might suggest that TPC2 blockade during
OGD plus reoxygenation could interfere with the autophagic flux at the
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A, Representative Western blotting (a) and quantification (b, c) of GRP78 and cleaved caspase-9 expression under Normoxia or OGD/Rx in absence or presence of
Ned-19 (added at the onset of reoxygenation). Each bar represents the mean =+ SE of four experiments. * p < 0.05 vs Normoxia; ** p < 0.05 vs OGD/Rx. B, Cartoon of
ER (a), superimposed traces (b) and quantification (c) of the effect of the SERCA inhibitor Thapsigargin on [Ca®*]; under Normoxia or OGD/Rx in absence or presence
of Ned-19 (added at the onset of reoxygenation). Thapsigargin (1 pM) was perfused in Normal Krebs solution (5.5 mM KCl, 160 mM NacCl, 1.2 mM MgCl,, 1.5 mM
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(+Ned-19), respectively. * p < 0.05 vs Normoxia, " p < 0.05 vs OGD/Rx.

level of the “fusion phase”.

3.3. Effect of TPC2 knocking down on cell viability in primary hypoxic
cortical neurons

To deepen the characterization of the role of TPC2 in hypoxic cortical
neurons, this lysosomal channel was knocked down with two different
siRNAs, alone or in combination, thus efficiently reducing channel
expression (Fig. 4A) and function, as demonstrated by the prevention of
NAADP-induced [Ca2+]i increase (Fig. 4Ba,b). The entity of TPC2
functional inhibition by siRNAs was similar to that induced by phar-
macological inhibition with Ned-19 (Fig. 4B,a,b). Consistently, siRNAs
prevented the expression of TPC2 protein during the reoxygenation
phase in hypoxic cortical neurons (Fig. 4C) as well as neuronal cyto-
toxicity (Fig. 4D).

3.4. Effect of pharmacological inhibition of TPC2 on brain infarct volume
and neurological deficits of rats subjected to focal ischemia

To establish the effect of TPC2 pharmacological modulation in focal
ischemia and to verify the dysfunction of the main autophagic markers,
rats subjected to tMCAO were icv injected with Ned-19 at the onset of
reperfusion at dosages of 20, 40 and 80-fold higher than the concen-
tration used in vitro. Interestingly, Ned-19 treatment significantly
reduced tMCAO-induced ischemic volume as well as tMCAO-induced
neurological deficits compared with vehicle-treated animals (Fig. 5 A,
B). However, at the highest dosage, Ned-19 failed to determine protec-
tion as well as prevention of general and focal deficits (Fig. 5). As

demonstrated in hypoxic neurons, Ned-19 (40x) potentiated the in-
crease of both p62 and LC3-II protein expression in the ipsilateral
ischemic cortex compared with vehicle-treated ischemic animals
(Fig. 6A-C) thus displaying a significant autophagy blockade.

4. Discussion

Our findings showed that the pharmacological blockade of TPC2
lysosomal channel by Ned-19 rescued primary cortical neurons from
hypoxia-induced cell death and reduced the infarct volume in rats
subjected to focal ischemia by hampering a hyperfunctional autophagic
flux. Consistently, under ischemic conditions autophagy inhibition
through TPC2 modulation should be considered a new therapeutic op-
tion (Liu and Levine, 2015). Indeed, in post-mortem human brain tissue
from patients with a history of Stroke, abundant LC3-immunolabelled
autophagic vacuoles have been found (Frugier et al., 2016). This evi-
dence is suggestive of the concept that the ‘load’ of cellular debris and
damaged proteins may trigger a hyperactivation of autophagy (Wen
et al., 2008; Li et al., 2010; Shi et al., 2012). Furthermore, in cerebro-
spinal fluid (CSF) and serum of acute ischemic Stroke patients, auto-
phagy markers such as Beclin-1 and LC3 are increased compared to
control patients (Li et al., 2015), suggesting that autophagy is dramat-
ically activated during Stroke. Of note, several studies suggest that,
during cerebral ischemia, autophagy is predominantly a neuronal phe-
nomenon (Carloni et al., 2008; Rami et al., 2008) in which the strict
correlation among autophagic-lysosomal genes function, oxidative
stress and excitotoxicity may influence the rate of the process (Yap et al.,
2016).
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(+Ned-19)

content and autophagy in rat primary cortical neurons exposed to OGD + reoxygenation.
A, Cartoon of lysosomotrope agent GPN (300 pM) and quantification of its effect on lysosomal Ca®*

content under Normoxia or OGD/Rx in absence or presence of

Ned-19 (added at the onset of reoxygenation). Experiments were repeated 3 times on 10 cells for Normoxia, 15 and 30 cells for OGD/Rx and OGD/Rx(+Ned-19),
respectively. * p < 0.05 vs Normoxia, ** p < 0.05 vs OGD/Rx. B, Cartoon of lysosomal TRPML1 activation by ML-SA1 (10 pM) and quantification of its effect on
lysosomal Ca®* measured as [Ca®*]; increase under Normoxia or OGD/Rx in absence or presence of Ned-19 (added at the onset of reoxygenation). Experiments were
repeated 3 times on 30 cells for Normoxia, 30 and 35 cells for OGD/Rx and OGD/Rx(+Ned19), respectively. * p < 0.05 vs Normoxia, ** p < 0.05 vs OGD/Rx. C,
Representative Western blotting (a) and quantification (b-d) of p62, and LC3 expression under Normoxia or OGD/Rx in absence or presence of Ned-19 (added at the
onset of reoxygenation). Each bar represents the mean + SE of four experiments. * p < 0.05 vs Normoxia; ** p < 0.05 vs OGD/Rx. D, LAMP1/LC3 immunopre-
cipitation (IP) using a-tubulin as loading control. Experiments were repeated 3 times on different neuronal preparations. E, Representative images of DAL-Green
experiments (left) and quantification of autolysosome formation as arbitrary units in cortical neurons under normoxia, OGD plus reoxygenation and OGD plus
reoxygenation + Ned-19 (right). *p < 0.05 vs normoxia; ** p < 0.05 vs OGD/Rx. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Moreover, autophagy is finely regulated by lysosomal function
through the intervention of lysosomal Ca?" channels able to modulate a
specific transductional signaling pathway (Pereira et al., 2011; Medina
et al., 2015). Being an efficient Ca®* store dialoguing with other or-
ganelles including ER, lysosome regulates Ca®* content of the main store
through the control of ER Ca%* releasing events (Tedeschi et al., 2021).
The impairment of one of these two organelles negatively impacts the
function of the other one thus triggering ER Ca®' depletion and ER
stress. Mechanistically, ER stress promotes the dissociation of the ER
luminal calcium-binding chaperone GRP78 from the luminal site of the
UPR transducers, thus activating their signaling. Since GRP78 has a high
Ca?" buffering capacity, dysregulation of ER/lysosome Ca?* handling,
due to the dysfunctional machinery of lysosome, may aggravate ER
stress. Therefore, the neuroprotection exerted by Ned-19 in hypoxic
neurons, by restoring lysosomal Ca?" homeostasis, determined also the
reduction of ER stress and GRP78 over-expression. Prevention of ER

calcium loss reduces ER stress-dependent cell death under hypoxic
conditions, a therapeutical strategy evoked for several neurological
diseases including Stroke (Sirabella et al., 2009; Yap et al., 2016) and
cardiac ischemia (Simon et al., 2021).

TPC2 pharmacological inhibition, equilibrating a correct neuronal
organellar Ca>" homeostasis, determined a large spectrum of protective
effects under ischemic conditions. Consistently, the addition of Ned-19
during the reoxygenation phase not only prevented the overexpression
of the ER stress sensor GRP78 but it hampered the death cascade head by
caspase 9. This impressive effect is linked to the functional interplay
between lysosome and ER in handling Ca?* since Ned-19 prevented ER
Ca2* leak in primary cortical neurons exposed to OGD + reoxygenation.

However, the main result of the present study suggests that the
blockade of autophagy during the reperfusion phase of focal ischemia
may represent a new strategic therapy in Stroke. Accordingly, the
abnormal formation of autophagosomes in ischemic areas (Zhang et al.,
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Fig. 4. TPC2 knocking down by siRNAs on cell death rate of rat primary cortical neurons exposed to OGD + reoxygenation.

A, Representative Western blotting and quantification of TPC2 expression in cortical neurons transfected with siControl or two different siRNAs against TPC2 channel
(siTPC2s). Each bar represents the mean + SE of three experiments. *p < 0.05 vs siControl. B, Representative superimposed traces showing the effect of the
permeable form of NAADP (NAADP-AM, 1 pM) on [Ca®"]; in Fura-2 loaded primary cortical neurons in the presence or absence of Ned-19 (30 pM), and after
transfection with siTPC2s (a). Quantification of a (b). Each bar represents the mean + S.E. (n = 15 cells for each group in three experimental sessions). *p < 0.05 vs
Control. C, Representative Western blotting and quantification of TPC2 expression under Normoxia or OGD/Rx in absence or presence of siTPC2s. Each bar represents
the mean =+ SE of three experiments. *p < 0.05 vs Normoxia; **p < 0.05 vs OGD and Normoxia; “p < 0.05 vs OGD/Rx alone or + Ned-19. D, Effect of siTPC2s on cell
viability rate of primary cortical neurons exposed to OGD/Rx, measured by MTT assay in (a) and LDH release in (b). Data are expressed as mean =+ S.E. of three
different experimental sessions. *p < 0.05 vs Normoxia or Control; **p < 0.05 vs OGD/Rx; ***p < 0.05 vs OGD/Rx(+Ned-19) or siTPC2#4 + OGD/Rx.

2021) may affect glutamate clearance mechanism exacerbating the
detrimental effect of excitotoxins (Katsumata et al., 2010). In this
consideration, the hyperactivation of the autophagy flux is a plausible
detrimental mechanism that contributes to further potentiate proteo-
static imbalance and glutamate toxicity. However, we detected an initial
mild autophagy blockade in neurons exposed to OGD + reoxygenation
as a putative compensatory mechanism. Moreover, a further autophagy
blockade induced by Ned-19 determined neuroprotection in focal
ischemia, ascertained by p62 and LC3-II overexpression either in hyp-
oxic neurons or in ipsilateral brain cortices from rats subjected to
tMCAO-Ned-19. Specifically, TPC2 pharmacological inhibition in-
terferes with autophagy at the level of the fusion phase hampering
excessive autophagic flux. In this light, TPC2 inhibition may be useful to
protect neurons from proteostasis dysfunction, ER stress and glutamate
receptor-mediated excitotoxicity in a setting of a multi-target approach
performed by a modulation of a single target. Considering that these
multiple signaling pathways are interconnected, the present study
identifies TPC2 lysosomal channel as a putative target possibly presiding

this complex cascade providing an effective clinical management of
Stroke.
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Fig. 5. TPC2 pharmacological inhibition by Ned-19
on infarct volume and neurological deficits of rats
subjected to tMCAO.

A, Infarct volume in rats subjected to tMCAO+vehicle
and tMCAO+Ned-19 at different dosages (N = 8 an-
imals for each group). Each column represents the
percent ratio between the volumes of the hemispheres
ipsi- and contralateral to tMCAO in each group. No
ischemic damage was detected in sham-operated an-
imals. Mice were euthanized 24 h after surgery. *p <
0.05 vs tMCAO+vehicle. B, Neurological deficits
(general and focal) in rats subjected to the treatments
in A. *p < 0.05 vs each respective “tMCAO-vehicle”.

Fig. 6. TPC2 pharmacological inhibition by Ned-19
on autophagy markers expression in ipsilateral
cortices of rats subjected to tMCAO.

A-C, Representative Western blotting (A) and quan-
tification (B, C) of p62, and LC3 expression in ipsi-
lateral cortices of sham-operated and ischemic rats.
Values are expressed as mean + S.E. Experiments
were repeated 3 times on different brain prepara-
tions. *p < 0.05 vs each respective Sham; **p < 0.05
vs each respective tMCAO.
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