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RESEARCH PAPER

Duloxetine ameliorates cerebral ischemic injury by inhibiting autophagy
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Antonella Borrecac,d, Marco Piccolie, Luigi Anastasiae, Susanna Manentif, Annamaria Finardif, Alessandra Mandellif, 
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Hospital, Neuroscience Institute, Milan, Italy; eStem Cells for Tissue Engineering Lab, IRCCS Policlinico, San Donato, San Donato M.se, Italy; fClinical 
Neuroimmunology Unit, Institute of Experimental Neurology (INSPE), Division of Neuroscience, IRCCS San Raffaele Scientific Institute, Milan, Italy; 
gDepartment of Biomedical Sciences, Humanitas University, Pieve Emanuele, Milan, Italy; hDepartment of Neuroscience, Università Vita e Salute San 
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ABSTRACT
Ischemic stroke is a severe medical condition characterized by diminished blood flow to the brain, 
resulting in a shortage of oxygen and nutrients. During ischemia, neurons surrounding the cerebral 
infarct initiate macroautophagy. However, the implications of this activation for neuronal cell survival are 
still debated. The identification of new autophagy modulators could aid in understanding autophagy’s 
role in brain ischemia and lay the groundwork for innovative therapeutic strategies aimed at minimizing 
brain damage in this life-threatening neurological emergency. In this study, we developed a robust and 
sensitive screening platform to identify autophagy modulators from a library of bioactive compounds. 
Selected compounds underwent further in vitro validation, leading to the identification of duloxetine, 
a Food and Drug Administration (FDA)-approved drug, as an effective autophagy inhibitor at low- 
micromolar concentrations. Following its original characterization, the molecule, a serotonin- 
norepinephrine re-uptake inhibitor (SNRI) family member, was subsequently tested in young and aged 
mice subjected to photothrombotic stroke. Our results demonstrated that duloxetine significantly 
reduced infarct size and improved locomotor performance in mice that had undergone a stroke. 
Similar protective effects were observed in transgenic mice lacking the autophagy gene Atg5 (autophagy 
related 5) in SLC17A6/Vglut2+ (solute carrier family 17 member 6) excitatory cortical neurons. Finally, we 
elucidated the underlying mechanism of action that involves duloxetine-mediated inhibition of TRPM2 
(transient receptor potential cation channel subfamily M member 2) ion channels. Altogether, our 
findings suggest that early autophagy inhibition is neuroprotective in stroke, and duloxetine serves as 
an effective means of achieving this inhibition.

Abbreviation: AMPK - AMP-activated protein kinase; ATG5 - autophagy related 5; AVs - autophagic 
vacuoles; Baf -bafilomycin A1; BBB - blood-brain barrier; BECN1 -beclin 1; CAMK2 -calcium/calmodulin 
dependent protein kinase II; cCASP3 -cleaved CASP3; cKO -conditional knockout; CNS -central nervous 
system; DMPK - drug metabolism and pharmacokinetics; DMSO -dimethyl sulfoxide; DIV - days in vitro; 
DMEM - Dulbecco’s modified Eagle’s medium; FDA - Food and Drug Administration; FBS -fetal bovine 
serum; GFP -green fluorescent protein; GFAP -glial fibrillary acidic protein; HIF1A/HIF-1α - hypoxia 
inducible factor 1 subunit alpha; HMGCR - 3-hydroxy-3-methylglutaryl-CoA reductase; IHC - immunohis
tochemistry; I/R – ischemia-reperfusion; LAMP1 - lysosomal associated membrane protein 1; MAP1LC3B/ 
LC3B -microtubule associated protein 1 light chain 3 beta; MCAO - middle cerebral artery occlusion; MFI 
-mean fluorescence intensity; MTT - 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; ND 
-nutrient deprivation; NPCs -neural precursor cells; NVU -neuro-vascular unit; OGD - oxygen-glucose 
deprivation; PI - propidium iodide; PIKK - phosphatidylinositol 3-kinase-like; PRKDC/DNA-PKcs - protein 
kinase, DNA-activated, catalytic subunit; SQSTM1/p62 -sequestosome 1; PIK3C3/VPS34 - phosphatidylin
ositol 3-kinase catalytic subunit type 3; PK-hLC3 -pHluorin-mKate2-human LC3; PLP1 - proteolipid protein 
1; PT - photothrombotic; ROS -reactive oxygen species; SLC17A6/Vglut2 - solute carrier family 17 member 
6; S:N –signal-to-noise; SSMD - strictly standardized mean difference; SNRIs - serotonin and norepinephr
ine reuptake Inhibitors; TTC - 2,3,5-triphenyltetrazolium chloride; TEER - transendothelial electrical 
resistance; TEM - transmission electron microscopy; TRPM2 -transient receptor potential cation channel 
subfamily M member 2; TBI -traumatic brain injury; ULK1 - unc-51 like autophagy activating ainase 1; 
V-ATPase - vacuolar-type H+-translocating ATPase.
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Introduction

Ischemic stroke, a leading cause of morbidity and mortality 
worldwide, occurs when a blood clot obstructs a cerebral 
artery [1]. The abrupt decrease in cerebral blood flow causes 
ischemia and the initiation of a series of molecular events that 
trigger tissue damage, leading to the death of neuronal, glial, 
and endothelial cells, and culminating in neurological deficits. 
Despite some advances in acute stroke management, current 
therapeutic options, including thrombolysis and mechanical 
thrombectomy, have several limitations, and the post-stroke 
therapeutic window remains narrow [2]. Consequently, there 
is an urgent need for novel therapeutic strategies that can 
mitigate damage and promote recovery in the post-stroke 
period.

Macroautophagy (herein referred to as autophagy) is a highly 
conserved cellular degradation and recycling process, essential 
for maintaining cellular homeostasis and supplying nutrients to 
sustain cellular metabolism during various forms of stress. In 
the context of the ischemic stroke, autophagy is rapidly acti
vated as a response to energy depletion and cellular stress, 
including excitotoxicity, oxidative stress, and inflammation [3]. 
The shortage of oxygen and glucose leads to ATP depletion, 
causing an energy crisis in cells culminating in the accumulation 
of damaged organelles and proteins. The upregulation of auto
phagy is thought to serve as a compensatory mechanism, recy
cling these damaged components to sustain cellular metabolism. 
Key autophagy regulators during ischemic stroke include the 
AMPK (AMP-activated protein kinase)-MTOR (mechanistic 
target of rapamycin kinase) signaling pathway and HIF1 
(hypoxia inducible factor 1) [4–7]. Autophagy activation is 
marked by increases in MAP1LC3/LC3 (microtubule associated 
protein 1 light chain 3) and BECN1 (beclin 1) levels in brain 
neurons of stroke models [8]. Similarly, autophagosome forma
tion is elevated in neurons of neonatal ischemic brains, and 
such upregulation has been associated with hippocampal neu
ronal death [9]. Although the activation of the autophagic 
cascade in neurons, astrocytes, and endothelial cells is com
monly observed in brain ischemia models [10–13], it remains 
debated whether such activation is entirely protective. Thus, 
a dual-faceted role for autophagy activation in brain ischemia 
has emerged in recent scientific literature.

The induction of autophagy promotes cell survival by remov
ing damaged organelles and providing essential substrates for 
energy production. A balanced activation of autophagy appears 
to be beneficial in ischemic conditions, as it limits neuronal 
apoptosis and promotes cell survival. Supporting this view, the 
autophagy inducer rapamycin has proven effective in experimen
tal models of stroke [14]. Similarly, the modulation of the of the 
neuron-specific conventional PRKCG/cPKCγ (protein kinase 
C gamma-AKT)-MTOR cascade improved neuronal outcomes 
in mice subjected to cerebral ischemia [15].

However, accumulating evidence also indicates that exces
sive or prolonged autophagy can contribute to neuronal 
injury and cell death, thereby exacerbating ischemic damage 
[16]. Consistent with this, studies using the permanent middle 
cerebral artery occlusion (pMCAO) model have shown that 

pharmacological inhibition of autophagy markedly reduces 
ischemic volume, brain edema, and motor deficits in rats [17].

Understanding the fine balance between beneficial and 
harmful autophagy is therefore essential for developing tar
geted therapeutic strategies in stroke that may open promising 
therapeutic avenues. Although prolonged autophagy activa
tion in the early post-stroke phases may exert detrimental 
effects, a balanced modulation of autophagy could result in 
neuroprotection without causing excessive autophagy- 
mediated cell death. Compounds like trehalose and spermi
dine, which mildly activate autophagy, have shown neuropro
tective effects [18,19]. Current research on neuroprotective 
therapeutics has identified additional candidates that indir
ectly modulate autophagy. Among them, Statins, which inhi
bit the HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase) 
involved in cholesterol metabolism, affect autophagy in stroke 
models. Indeed, amlodipine and atorvastatin reducing LC3- 
positive cells also reduced the infarct volume in a stroke 
model [20]. Simvastatin has also shown neuroprotective 
effects after spinal cord injury, partially through the AKT- 
MTORC1 signaling pathway [21]. Traditional Chinese drugs 
have proven beneficial through autophagy regulation. For 
instance, puerarin alleviated brain injury after ischemia- 
reperfusion damage by selectively reducing the expression of 
autophagic proteins in neurons [22]. Likewise, triptolide 
reduces the infarct size by modulating autophagy and apop
tosis pathways occurring post-MCAO induction [23].

We aim to identify chemical modulators that selectively 
target the autophagic pathway under ischemic-like conditions. 
To this end, we developed a robust low-throughput screening 
platform to test a library of bioactive compounds under 
stroke-mimicking conditions, followed by in vitro validation 
of lead compounds and in vivo validation using a mouse 
model of photothrombosis (PT).

Results

In silico pharmacokinetic analysis to improve drug 
screening of CNS-active compounds

We screened a commercially available library of drug-like small 
molecules (Selleckchem Bioactive Compound Library-I) for 
autophagy modulators, using a primary fluorescence-based 
assay followed by in vitro and in vivo validation (Figure 1A). 
Drug metabolism and pharmacokinetics (DMPK) properties of 
these molecules were predicted in silico using a set of molecular 
descriptors (Table 1) and compared to well-characterized 
bioactive molecules. From the original dataset of 6839 com
pounds, 45 were discarded due to missing structural informa
tion or processing issues during computational analyses. 
Among all the selection criteria provided by the prediction 
tool, we prioritized those related to drug-likeness and central 
nervous system (CNS) penetration and activity. Drug-likeness 
was evaluated by computing QPlogPo/w, #stars, RuleOfFive, 
RuleOfThree, #metab, and #rtvFG parameters (Fig. S1A-F). We 
implemented the analysis using additional molecular
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descriptors that are predictive of CNS activity: CNS, QPlogBB, 
QPPMDCK (Figure 1B-D). After the initial prioritization, we 
identified 1927 compounds (28.17% of the original dataset) 
with computed properties within the acceptable range of 
known drugs. Molecules excluded from the analyses (71.83%) 
had at least one computed descriptor that was outside the 
normal range of known drugs. A subsequent round of in silico 

prioritization was conducted to obtain desirable features for 
CNS-active drugs. We assigned a cumulative score to each 
compound by linearly integrating CNS, QPlogBB, and 
QPPMDCK descriptors. Compounds with a cumulative score 
exceeding a threshold of 0.367 were selected for further analy
sis. This approach resulted in the selection of 898 bioactive 
compounds (13.13% of the library, Figure 1E). The selected

B
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screening Validation

Molecule ranking

2nd Prioritization round:

pHluorin-mKate2-
hLC3

Central Nervous System activity
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Drug-like properties
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organoids
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screening

E

0.89%  Angiogenesis
0.11%  Antipsychotic
1.56%  Apoptosis
1.00%  Autophagy
0.78%  Cancer
0.11%  Cardiovascular Disease
1.45%  Cell Cycle
1.22%  Cytoskeletal Signaling
1.67%  DNA Damage

2.12%  Endocrinology & Hormones
1.56%  Epigenetics

2.23%  GPCR & G Protein
3.67%  Immunology & Inflammation
0.56%  JAK-STAT
0.89%  MAPK

5.01%  Metabolism
11.58%  Microbiology
0.56%  Neurological Disease
17.71%  Neuronal Signaling
0.67%  NFKB
30.51%  Others
1.56%  PI3K-AKT-MTOR
1.11%  Proteases
2.78%  Protein Tyrosine Kinase
3.12%  Stem Cells & WNT
0.33%  TGFB-SMAD
3.67%  Transmembrane Transporters
0.22%  Ubiquitin
1.34%  WNT-CTNNB1

Total = 898

Figure 1. Study overview and in silico compounds selection based on drug-like and CNS-related properties. (A) Graphical representation of the study workflow. (B-D) 
Graphs showing the dispersion of compounds based on CNS (B), QPlogBB (C), and QPPMDCK (D) score prediction. Ranges for 95% of known drugs are highlighted by 
dashed lines. (E) CNS activity and penetration properties (cumulative score) of the selected 1927 compounds. The shaded area encloses selected compounds with 
a score higher than 0.367. Each dot represents a single molecule. (F) Graphical representation of the composition of selected compound library based on known 
target pathways.
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library was quite heterogeneous as the compounds fell into 19 
different biological categories (Figure 1F). Of note, over 350 
molecules in the final list are currently Food and Drug 
Administration (FDA)-approved drugs.

Chemical screening identified novel autophagy 
modulators

The primary screening assay, designed to monitor the auto
phagic flux in Neuro-2a cells, took advantage of the tandem 
fluorescent protein-tagged LC3 reporter, pHluorin-mKate2- 
human LC3 (PK-hLC3) [24]. This LC3 chimera comprises 
the human LC3 protein and pHluorin, a pH-sensitive green 
fluorescent protein (GFP) variant whose fluorescence is 
rapidly quenched when the protein is exposed to an acidic 
environment [24]. Transfected Neuro-2a cells were selected by 
puromycin, followed by limiting dilution to obtain single cell- 
derived clones. By confocal microscopy we scored PK-hLC3 
fluorescence levels in cells treated with either the inhibitor of 
the vacuolar-type H+-translocating ATPase (V-ATPase) bafi
lomycin A1 (Baf) [25] or with the MTOR inhibitor torin-1 
[26,27]. We selected the 7B11 cell clone, which showed 
increased pHluorin fluorescence intensity levels after Baf 
treatment and decreased fluorescence levels in response to 
torin-1 (Figure 2A).

Western blot analysis of parental Neuro-2a cells, Neuro-2a 
cells transiently transfected with PK-hLC3 plasmids, and 7B11 
cells treated with autophagy modulators showed that Baf 
treatment increased the accumulation of endogenous LC3-II 
in all three groups (Fig. S2A and B). Torin-1 increased LC3-II 
levels in both parental and 7B11 cells; however, such modula
tion was evident only as a trend in cells expressing the PK- 
hLC3 plasmid (Fig. S2B), thus suggesting that the overexpres
sion of plasmids encoding PK-hLC3 in Neuro-2a cells may 
impact on the conversion of the endogenous LC3-I to LC3-II. 
The co-stimulation of cells with Baf and torin-1 enhanced 
LC3-II levels in parental Neuro-2a cells and 7B11 cells, albeit 
such upregulation in 7B11 cells was only a trend when com
pared to Baf alone (Fig. S2A and B). A ~ 65 kDa band corre
sponding to the PK-hLC3 fusion protein was detected in 7B11 
cells, although we were unable to detect a clear molecular 
weight shift deriving from addition of phosphatidylethanola
mine (PE) (Fig. S2A and B).

We used flow cytometry in 7B11 cells to assess variations 
of the autophagic flux in response to torin-1 and Baf 
(Figure 2B) [28]. Mean fluorescence intensity (MFI) levels of 
pHluorin increased in response to Baf, while decreased fol
lowing torin-1 exposure (Figure 2B and S2C for signal acqui
sition strategies). To assess performance and reproducibility 
of the assay we measured pHluorin MFI levels in response to 
Baf and torin-1 across six consecutive experiments using cells 
from the same batch (Fig. S2D and E). PHluorin MFI levels 
were used to calculate the Z’-factor and the strictly standar
dized mean difference (SSMD) [29]. By applying a Z’-factor in 
the range of 0.5 to 1 and an SSMD cutoff β values of ≥4.7 for 
Baf and ≤−4.7 for torin-1, we observed statistically significant 
differences between treatments and controls in at least four 
consecutive experimental runs (Fig. S2F and G; Table 2).

Oxygen-glucose deprivation (OGD) is an ischemic stressor 
that activates the autophagic flux in neurons [30,31]. OGD 
decreased PK-hLC3 MFI levels in 7B11 cells, and such reduc
tion linearly correlated with the length of the treatment 
(Figure 2B,C) [32]. Since an excessive activation of the auto
phagic flux can affect cell survival, inducing a self-digestion 
process [8], we limited the OGD treatment to 15 h – sufficient 
to reduce pHluorin MFI by 25% while preserving cell viability 
(Figure 2D and S2H). As expected, the OGD treatment sub
stantially increased HIF1A/HIF-1α levels (Fig. S2I) [33].

Each compound was incubated on OGD-treated 7B11 cells 
at the concentration of 1 µM for 15 h. Cells were then allowed 
to reoxygenate for 2 h to replicate the ischemia-reperfusion (I/ 
R) model (Figure 2E). Internal quality controls were included 
in each plate, incubating 7B11 cells with Baf and/or torin-1 
(Figure 2F). To identify hits that modulate the autophagic flux 
in the I/R paradigm, average MFI levels from compound- 
treated cells were compared to OGD-reoxygenation controls. 
Signal-to-noise (S:N) ratio calculated in each experimental 
run and comparing untreated and OGD-treated 7B11 cells 
was used to assess the general quality of the assay. Only plates 
displaying a S:N higher than 2 were included in the analysis 
(Figure 2H).

Among the 22 selected hits, 7 molecules activated the 
autophagic flux under I/R conditions, while 15 inhibited it 
(Figure 2G and Table S1). Of the 898 tested compounds, 97% 
did not significantly modulate pHluorin MFI levels. Seventeen 
molecules exhibited moderate to high toxicity and were 
excluded from the analysis. Three compounds, namely ULK-

Table 1. In silico DMPK parameters used in the present study.

Property or Descriptor Range (for 95% of known drugs) Description

QPlogPo/w −2.0 to 6.5 Predicted octanol/water partition coefficient
#stars 0 to 5 Number of property or descriptor values that fall outside the 95% range for known drugs
RuleOfFive Maximum is 4 Number of violations of Lipinski’s rule of five
RuleOfThree Maximum is 3 Number of violations of Jorgensen’s rule of three
#metab 1 to 8 Number of likely metabolic reactions
#rtvFG 0 to 2 Number of reactive functional groups
CNS −2 to +2 Predicted CNS activity
QPPMDCK <25 poor; >500 great Predicted apparent MDCK cells permeability in nm/sec
QPlogBB −3.0 to 1.2 Predicted brain/blood partition coefficient

The table shows the in silico parameters used to predict the pharmacokinetic and pharmacodynamic properties of drug candidates. The listed descriptors, along with 
their corresponding ranges for 95% of known drugs, have been utilized to assess critical characteristics such as drug permeability, central nervous system activity, 
and metabolic behavior. 
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Figure 2. Identification of autophagy modulators in 7B11 cells using fluorescent-based drug screening. (A1–4) Maximal projections confocal images of 7B11 cells 
showing PK-hLC3 and mKate2 distributions (n = 3 covers/condition) in control (A1) (Ctrl); (A2) Baf (200 nM, 6 h); (A3) torin-1 (250 nM, 24 h) and (A4) Baf+torin-1 cells. 
(B) Representative histograms showing pHluorin fluorescence intensity (x-axis) versus mode-normalized event count (y-axis) obtained by flow cytometry (n ≥ 6 
independent samples/condition). (C) Time course analysis of pHluorin fluorescence intensity during OGD in cells sampled at 0, 1, 2, 3, 4, 6, 10, and 15 h. Data are 
normalized to time 0 (t0) and presented as mean ± SD (n = 9 independent samples/condition). Vertical dashed lines indicate the time window for a 25% fluorescence 
decrease (r2 = 0.704, p < 0.0001). (D) Histogram shows quantifications of pHluorin fluorescence in 7B11 cells treated with: DMSO (Ctrl), Baf (200 nM, 15 h), torin-1 
(250 nM, 24 h) and OGD (15 h). Values (mean ± SD) are normalized to DMSO-treated control; dots show independent wells. (E) Timeline of the experimental 
procedure. (F) Comprehensive quantification of pHluorin fluorescence intensity from the following experimental controls (mean ratio vs Ctrl ± SD): ctrl (n = 347 wells), 
Baf (n = 111 wells, 200 nM, 15 h), torin-1 (n = 111 wells, 250 nM, 24 h), and OGD (n = 381 wells, 15 h). (G) Volcano plot summarizing screening results, showing the 
robust Z-score (x-axis) and -Log(p-value) (y-axis) from 3 independent replicates; red dots represent 22 lead-like candidates; dashed lines indicate statistical thresholds 
(see the Table 3 for thresholds). (H) Signal-to-noise ratio (S:N) calculated in each multi-wells plate (n = 54). One-way ANOVA followed by Tukey’s multiple comparison 
test was used to analyze data from (D) and (F); significance levels: *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Scale bar: 10 μm.
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101, quinacrine 2HCl, and quinacrine dihydrochloride dihy
drate, are known inhibitors of autophagic machinery and 
were therefore excluded from further validation steps. 
Specifically, ULK-101 directly inhibits ULK1 (unc-51 like 
autophagy activating kinase 1), with an IC50 of 8.3 nM [34], 
and quinacrine operates as an autophagy inhibitor in glioma 
cells [35].

Experimental validation of pre-screened chemical 
candidates

We next determined the capacity of selected compounds to 
modulate LC3-I to LC3-II conversion in naïve Neuro-2a cells 
[36]. Controls were obtained incubating cells with Baf and/or 
with torin-1 (Fig. S3A) [36,37]. Compounds were used at the 
final concentration of 1 µM, along with Baf but in absence of 
OGD treatment (Figure 3A,B) [38]. On the one hand, simi
larly to Baf, molecules that inhibit the autophagic flux at later 
stages should increase LC3-II levels. On the other hand, 
compounds that exert an early autophagy inhibition should 
reduce LC3-II conversion – even in the presence of Baf – as 
shown with the class III phosphatidylinositol 3-kinase 
(PtdIns3K)-dependent early autophagy inhibitor 3-methyla
denine (3-MA) (Fig. S3B) [39].

Unfortunately, WAY-324886 was unavailable from any 
commercial repositories we inquired and was therefore not 
tested. Co-incubation of NU7441, poziotinib, ONC212, 
bedaquiline, duloxetine, or WAY640783 with Baf resulted 
in a significant reduction of LC3-I to LC3-II conversion, 
when compared to cells only treated with Baf (Figure 3A, 
C). In the absence of Baf, MK-8745 and Dp44mT increased 
LC3-I to LC3-II conversion compared to vehicle-treated 

cells (Figure 3B,D). Interestingly, we noticed a significant 
reduction of LC3-II in cells treated with duloxetine alone. 
Detailed analyses of the compounds involved in this valida
tion are reported in Figure S3C-H and Figure S4A-F.

Hits were further validated by dose-response experiments 
in Neuro-2a cells (ranging from 0.1 µM to 10 µM). 
Compounds that were hypothesized to inhibit autophagic 
flux were still tested in the presence of Baf, while Baf was 
omitted for compounds we believed to act as activator of 
autophagy. Under Baf treatment, NU7441, duloxetine, 
ONC212, and poziotinib decreased LC3-II levels according 
to dose-response relationship (Figure 3E-L). Bedaquiline and 
WAY-640783 failed to modulate LC3-II levels in a dose- 
dependent manner and were therefore discarded (Fig. S5A 
and B). Molecules expected to act as inducers of the autopha
gic flux did not show a linear correlation between LC3-II 
levels and their concentrations (Fig. S5C and D).

We scored autophagic vesicles (AVs) by transmission elec
tron microscopy (TEM) on naive Neuro-2a cells [40]. We 
established the baseline using vehicle-treated controls. 
Blocking protein degradation after autophagosomes- 
lysosomes fusion with Baf increased both the number and 
the size of AVs (Figure 4A,B,L,K). Torin-1 increased the 
number but not the size of AVs, suggesting that it enhanced 
AVs formation but also promoted rapid degradation of their 
content (Figure 4A,C,K,L). Blocking protein degradation with 
Baf and reducing the generation of new AVs with 3-MA 
[39,41,42] increased the number of AVs but not their size 
(Figure 4D,K,L).

Cells treated with NU7441 and Baf showed a substantial 
reduction of both the number and the size of AVs (Figure 4E, 
K,L). AVs numbers in cells treated with duloxetine, ONC212, 
and poziotinib alongside Baf increased when compared with 
vehicle-treated controls, mirroring results obtained in cells 
treated with both Baf and 3-MA (Figure 4F,G,H,K,L). 
However, these 3 compounds caused the swelling of AVs in 
cells, suggesting that AVs accumulated undigested material. 
MK-8745 and Dp44mT, which were hypothesized to be auto
phagy activators, were tested without Baf. Both molecules 
behaved similarly to torin-1, confirming their pro- 
autophagic activity at this working concentration 
(Figure 4C, I-L).

We next established an in vitro model of neuro-vascular 
unit (NVU) [43]. Primary brain endothelial cells were left 
to mature on the apical side of a matrix-coated transwell 
insert, in direct contact with primary glial cells on the 
basolateral side. 7B11 cells were co-cultured downstream 
of the NVU model and stimulated or not with Baf in the 
basolateral compartment. The transwell containing the 
NVU prototype was then added to the wells with the cells 
(Fig. S5E). Characterization of the physiological properties 
of the blood-brain barrier (BBB) model – in terms of 
transendothelial electrical resistance (TEER) and the para
cellular diffusion of water-soluble substances/Pe – were 
evaluated in response to selected compounds. A clear effect 
of Baf on the NVU model was observed, both in terms of 
reduced resistance (Fig. S5F) and increased dextran perme
ability (Fig. S5G). Most compounds behaved like dimethyl 
sulfoxide (DMSO) control, except for duloxetine, which

Table 2. Z’-factor and SSMD thresholds for data analysis.

Statistical parameter Assay quality Range

Z’-factor Very good 0.5 ≤ Z’ <1
Acceptable 0 ≤ Z’ <0.5
Unacceptable Z’ <0

Strictly Standardized Mean 
Difference

Excellent β ≥ 4.7; β ≤ −4.7
Good 3 > β ≥ 4.7; − 4.7 < β ≤  

−3
Inferior 2 > β ≥ 3; − 3 < β ≤ −2
Poor β ≥ 2; β ≤ −2

The table outlines the quality of assay performance based on the Z’-factor and 
SSMD values. The Z’-factor is used to evaluate assay robustness, with a range 
from very good to unacceptable. SSMD values assess the assay’s discriminatory 
power, with thresholds indicating excellent to poor performance. Z’-factor and 
SSMD values within the specified ranges indicate the respective quality of the 
assay. 

Table 3. Robust Z-score thresholds for data analysis.

Robust Z-score p-value Confidence level

<−1.65 or >1.65 <0.1 90%
<−1.96 or >1.96 <0.05 95%
<−2.58 or >2.58 <0.01 99%

The table outlines the Z-score thresholds used to evaluate statistical significance 
based on different p-value cutoffs and corresponding confidence levels. The 
thresholds indicate the range of Z-scores that correspond to p-values below 
0.1, 0.05, and 0.01, with confidence levels of 90%, 95%, and 99%, respectively. 
These thresholds help assess the reliability and statistical significance of the 
data in the context of hypothesis testing. 
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Figure 3. Validation of selected lead-like compounds in parental Neuro-2a cells. (A and B) western blot for MAP1LC3/LC3 and ACTB/β-actin in Neuro-2a cells treated 
with DMSO (Ctrl), 100 nM Baf with or without 1 μM NU7441 (A), or 1 μM MK-8745 (B), for 15 h. (C and D) Validation of 18 compounds reported as ACTB/β-actin- 
normalized LC3-II Fold changes; (C) columns show 1 μM single compounds + Baf Fold changes relative to Baf alone; (D) columns show 1 μM single compounds Fold 
changes relative to DMSO alone (Ctrl). (E-H) western blot for MAP1LC3/LC3 and ACTB/β-actin in Neuro-2a cells treated with 100 nM baf as well as with Baf +  
increasing concentrations of each compound (0.1, 1, 10 μM) for 15 h; quantifications are shown in histograms (I-L) (mean ratio vs Baf ± SD; n ≥ 3 independent wells). 
Unpaired Student’s t-test was used to analyze data from (C) and (D), and one-way ANOVA followed by Tukey’s multiple comparison test was used to analyze data 
from (I-L); significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. TEM analysis of autophagic vacuoles. (A-J) EM micrographs of Neuro-2a cells treated for 15 h with DMSO (Ctrl) (A), 100 nM Baf (B), 250 nM torin-1 (C), Baf 
with 5 mM 3-methyladenine (3-MA) (D), Baf and NU7441, duloxetine, ONC212, or poziotinib (10 μM) (E-H); MK-8745 or Dp44mT (10 μM) (I and J). (D and H) Insets: 
high-magnification images of autophagic vacuoles (AVs). (K) Quantification of the total number of AVs normalized to 100 μm2, reported as mean ± SD based on n ≥  
18 micrographs per condition. (L) Total area occupied by AVs in individual cells, presented as mean ± SD from n ≥ 18 micrographs per condition. Individual cells are 
represented by dots in the histograms. One-way ANOVA followed by Tukey’s multiple comparison test was used to analyze both datasets; significance levels: *p <  
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar: 1 μm.
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reduced the dextran permeability compared with the treat
ment Baf.

Neuronal validation of autophagy inhibitors

Primary neurons from the embryonic (E) 17.5 mouse cerebral 
cortex [44] were kept in vitro for 7 days before assaying LC3- 
II by western blot. LC3-II levels increased in response to Baf 
(20, 60, and 180 nM) (Fig. S6A). Using a published experi
mental method [45], we incubated neurons in a nutrient- 
limited medium (nutrient deprivation, ND) and such treat
ment caused a significant increase of LC3-II levels (Fig. S6B) 
[45]. NU7441 (10 µM) administered alongside ND dampened 
LC3-II levels, confirming that this compound causes an early 
inhibition of the autophagic flux (Figure 5A). Unexpectedly, 
under ND conditions, both duloxetine and ONC212 (10 µM) 
increased LC3-II levels (Figure 5B,C). However, ONC212 
increased neuronal mortality [46] and was therefore excluded 
from further analysis (not shown). Poziotinib was ineffective 
in modulating LC3-II levels in ND-treated neurons 
(Figure 5D).

An increased swelling of AVs was previously observed in 
Neuro-2a cells treated with duloxetine with Baf (Figure 4L). 
We therefore hypothesized that duloxetine might affect the 
progression of the autophagy flux in neurons, increasing the 
accumulation of undigested material. To assess this, we mea
sured the protein levels of SQSTM1/p62 (sequestosome 1) 
[40], using such levels as a functional proxy of the autophagic 

flux in neurons, as SQSTM1/p62 is itself a target of autopha
gy. When the autophagic flux increases, SQSTM1/p62 levels 
decrease as it is degraded by autophagy; in contrast, blocking 
autophagy progression causes a marked SQSTM1/p62 accu
mulation in the cell [47–50]. We observed that SQSTM1/p62 
levels decreased in ND-treated neurons but remained high in 
neurons treated with both ND and duloxetine, suggesting that 
duloxetine impairs progression of the autophagic flux 
(Fig. S6C).

Cell viability was assessed using MTT (3-[4,5-dimethylthia
zol-2-yl]-2,5 diphenyl tetrazolium bromide). We observed 
a significant increase in MTT absorbance in response to ND 
treatment. Pharmacological treatments, except for NU7441, 
did not alter absorbance levels (Fig. S6D). However, the 
percentage of calcein+ PI− (propidium iodide-negative) cells 
increased with duloxetine compared to ND treatment alone 
(Fig. S6E). Altogether, these results suggest that duloxetine 
can impair the autophagic flux in neurons without affecting 
their survival.

We next assessed whether duloxetine could inhibit auto
phagy in cells that belong to the BBB. We used primary 
endothelial cells and astrocytes that we established to study 
the NVU along with the OGD model. Primary brain 
endothelial cells were exposed to OGD for 6 and 10 h 
with or without duloxetine (10 µM) [51]. The OGD treat
ment produced a slight reduction of LC3-II at both time 
points, although such reduction did not reach the statistical 
significance. Similarly, levels of the autophagic marker

Figure 5. Neuronal validation of lead-like compounds. (A-F) Western blot analysis of MAP1LC3/LC3 and ACTB/β-actin in total protein extracts from neuronal cultures 
treated for 15 h with nutrient deprivation (ND) with or without selected compounds (10 μM) (n ≥ 3 independent wells). Histograms on the right of each picture (A-F) 
show quantifications (mean ratio vs Ctrl ± SD). One-way ANOVA followed by Tukey’s multiple comparison test was used to analyze data; significance levels: *p < 0.05, 
**p < 0.01, ***p < 0.001, ***p < 0.0001.
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SQSTM1/p62 exhibited only minimal variations when com
pared to control cells suggesting that under these condi
tions these cells showed a limited activation of the 
autophagic pathway (Fig. S5H and I). Duloxetine failed to 
significantly modulate SQSTM1/p62 levels and LC3-II con
version. These results suggest that endothelial cells have low 
autophagic responsiveness to metabolic stress and the low 
activation of autophagy is not under the control of dulox
etine (Fig. S5H and I).

We next tested LC3-I to II conversion and SQSTM1/p62 
protein levels in OGD-treated primary astrocytes (6 and 10 h). 
The conversion of LC3-I to LC3-II was only slightly modu
lated by OGD. Similarly, also SQSTM1/p62 levels were 
slightly increased by 10 h of OGD treatment; duloxetine 
increased SQSTM1/p62 levels at 10 h suggesting that dulox
etine might inhibit the autophagic flux in the cells (Fig. S5J 
and K).

TRPM2 inhibition affects autophagy

We hypothesized that duloxetine may alter autophagy pro
gression at a stage after the substrate enwrapping in AVs, 
possibly preventing their degradation. To test this, we aimed 
to correlate drug treatment with markers of autophagy pro
gression, including SQSTM1/p62. We tracked the lysosome- 
associated glycoprotein LAMP1 (lysosomal associated mem
brane protein 1) in naïve Neuro-2a cells treated with OGD, 
with or without duloxetine (10 µM). MFI levels of LAMP1+ 

vesicles, scored by confocal microscopy, were increased in 
cells receiving OGD as well as in cells treated with OGD and 
duloxetine. While the average number of LAMP1+ puncta 
did not change in response to these treatments, we observed 
a significant swelling of LAMP1+ vesicles (Figure 6A,B). 
Labeling cells with LysoTracker [52] further confirmed 
that duloxetine induced an enlargement of lysosome likely 
due to accumulation of undigested material (Figure 6C,D). 
As expected, OGD reduced the number of SQSTM1/p62+ 

vesicles, while adding duloxetine to the OGD led to 
a significant accumulation of SQSTM1/p62+ vesicles 
(Figure 6E,F).

Since duloxetine inhibits the ADP-ribose – induced 
TRPM2 (transient receptor potential cation channel subfamily 
M member 2) channels in neurons [53,54]–which influences 
Ca2+ signaling, redox state, and the lysosomal function – we 
hypothesized that the TRPM2 inhibition might underlie 
duloxetine’s effect on autophagy.

We assessed by real-time qPCR that Trpm2 transcripts 
were expressed by Neuro-2a cells, primary neurons, and cor
tical explants from healthy mice and mice in which we 
induced a distal photothrombotic (PT) ischemia 
(Figure 6G). We observed TRPM2+ vesicles expression in 
the cytoplasm of Neuro-2a cells (Figure 6H). These vesicles 
showed a modest colocalization with the Golgi marker 
GOLGA2/GM130 and with LAMP1 [55], but more pro
nounced colocalization with the endoplasmic reticulum/ER 
marker KDEL (Figure 6I). We used two TRPM2 blockers, 
namely N-(pamylcinnamoyl) anthranilic acid (ACA) and 
2-aminoethoxydiphenyl borate (2APB) [56,57] to modulate 
this channel in OGD-treated Neuro-2a cells. Both inhibitors 

did not exert any toxic effects in Neuro-2a cells at the con
centrations that we used to block TRPM2 (Figure 6J). OGD- 
treated cells diminished the number of SQSTM1/p62+ vesi
cles, while duloxetine treatment increased this number. 
Interestingly, the inhibition of TRPM2 using either ACA 
(20 µM) or 2APB (30 µM) increased the number of 
SQSTM1/p62+ vesicles, and most importantly co-treatment 
with duloxetine did not result in a further enhancement of 
this effect (Figure 6K-N).

Activation of autophagy after ischemic stroke

The autophagic flux was monitored in the somatosensory- 
motor cortex of mice receiving PT distal ischemia [58,59] by 
western blotting LC3-II [60]. We compared LC3-II between 
contralateral and ipsilateral hemispheres of PT mice at 24-, 
72-, and 120-h post-stroke induction. The size and the loca
tion of PT lesions were evaluated by staining coronal sections 
with 2,3,5-triphenyltetrazolium chloride (TTC) (Fig. S7A) 
[61]. In stroked mice, LC3-II protein expression was increased 
in the ipsilateral, but not in the contralateral hemisphere, 
when compared to the control (Sham) group at 24 and 72 h 
after ischemia induction (Fig. S7A-C), confirming that the 
autophagic flux is enhanced in the CNS following an ischemic 
insult [17,62–65].

Protective effects of duloxetine on brain injury in the 
photothrombotic distal model

We next asked whether the selected autophagy inhibitor 
NU7441 could exert therapeutic effects in stroked mice. 
NU7441 is a potent inhibitor of PRKDC/DNA-PKcs (protein 
kinase, DNA-activated, catalytic subunit) [66]. PRKDC/DNA- 
PKcs is a member of the PtdIns3K-like family which plays 
a key role in nonhomologous end joining/NHEJ-mediated 
DNA double-strand break/DSB repair [67]. PRKDC/DNA- 
PKcs can induce both basal and DNA damage-induced auto
phagy [68]. NU7441 inhibits PRKDC/DNA-PKcs at the con
centration of 14 nM, but it also inhibits PtdIns3K at 5 µM 
[69,70]; additionally, NU7441 is brain-permeable in mice at 
the concentration of 5 mg/kg [71]. Ten min after stroke 
induction, mice received daily intraperitoneal injections of 
vehicle or NU7441 (5 mg/kg) for up to 3 days (72 h). At the 
endpoint, they were euthanized and brains stained with TTC. 
Unfortunately, NU7441 did not reduce the infarct volume in 
PT mice (Fig. S7D and E).

We next tested duloxetine, initiating the treatment 10 min 
post-PT induction employing a published administration 
schema [72]. Female mice received two daily injections of 
duloxetine (10 mg/kg) to reach a final daily dose of 20 mg/ 
kg (Figure 7A). Three days after stroke induction, the 
ischemic volume was evaluated on TTC-labeled brain sec
tions. PT mice treated with duloxetine displayed 
a significant reduction of the infarct volume (Figure 7B,C). 
Controls only receiving duloxetine did not show any altera
tion of the gross brain morphology, further confirming the 
safety of this treatment [72,73] (Figure 7B,C). Using Nissl 
staining [74], we validated the protective effects of duloxetine 
assaying the ischemic area in an independent cohort of PT-
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Figure 6. TRPM2 inhibition affects autophagic flux progression. (A) XZ cross-projections of confocal stacks showing Neuro-2a cells exposed to normal culture 
conditions (Ctrl), OGD (15 h) with or without duloxetine (10 μM), labeled for LAMP1. The epi-fluorescence scale is shown on the right side of the panel. (B) histograms 
show quantifications of LAMP1 mean fluorescence intensity (MFI) ± SD in gated Neuro-2a cells (dots represent single cells), average LAMP1+ puncta/cell ± SD, and the 
average size of LAMP1+ puncta ± SD (pixels; each dot represents a single confocal acquisition); n = 3 coverslips/condition. (C) XZ cross-projections of confocal stacks 
showing Neuro-2a cells exposed to normal culture conditions (Ctrl), OGD (15 h) with or without duloxetine (10 μM); cells were incubated with LysoTracker (100 nM) 
for 40 min before imaging. (D) Histograms show quantifications of the average number and size (pixel) ± SD of LysoTracker+ puncta (each dot represents a single 
confocal acquisition); n = 3 coverslips/condition. (E) XZ cross-projections of confocal stacks showing Neuro-2a cells exposed to normal culture conditions (Ctrl), OGD 
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induced female mice (Figure 7D,E). Notably, duloxetine was 
able to preserve brain tissue despite delayed administration 
after ischemic onset (4 h), suggesting sustained neuroprotec
tive efficacy even the late end of the acute phase. (Fig. S7F). 
These results confirmed and extended observations raised in 
a cerebral I/R injury model [75].

The typical stroke patient is elderly, and some indica
tions suggest that these subjects often show comorbidities 
[76]. We thus compared ischemic lesions in duloxetine- 
and vehicle-treated one-year-old male mice. Duloxetine 
(20 mg/kg/day) was administered as above, and the infarct 
was assessed by Nissl staining in vehicle- and duloxetine- 
treated mice [74]. We observed that duloxetine was effec
tive in reducing the ischemic area in aged male mice as well 
(Figure 7F,G).

Both young and aged stroked mice exhibited prominent 
GFAP (glial fibrillary acidic protein) staining indicating 
astrocytic activation. Immunolabelling sections for GFAP 
revealed the presence of a glial scar surrounding the infarct 
area (Figure 7H,J). Notably, duloxetine reduced the number 
of activated astrocytes in both groups (Figure 7I,K). The 
intensity of GFAP staining, as well as the numbers of 
GFAP+ cells at these cortical regions, appeared lower in 
duloxetine-treated groups than in mice treated with vehicle 
(Figure 7H-K).

As we observed in primary neuronal cultures, the conver
sion of LC3-I to LC3-II was enhanced by duloxetine in cor
tical explants (Figure 8A-C). We observed that SQSTM1/p62 
levels were increased in duloxetine-treated ipsilateral cortical 
explants (Figure 8D,E) [40]. Duloxetine did not modulate 
BECN1 (Figure 8D,F), while we observed a reduction of 
phospho-RPS6KB/p70S6K (ribosomal protein S6 kinase B) 
in contra- but not in ipsilateral explants (Figure 8G,H).

Given duloxetine’s efficacy in reducing the infarct size in 
young females, we asked whether young male mice also bene
fited. The week before PT stroke induction, male mice were 
trained for the balance beam test to assess motor coordina
tion. Baseline performance was recorded 24 h prior to PT 
stroke induction, and post-stroke assessments were done at 
24 and 48 h. Duloxetine treatment slightly increased the time 
that individual animal spent walking on the narrow beam, 
reducing the time that they spent crawling on the bar, thus 
increasing their general locomotion performance (Fig. S7G). 
The ischemic volume quantified by TTC staining was signifi
cantly smaller in duloxetine-treated mice than in vehicle- 
treated mice (Fig. S7H and I).

Using semi-thin sections, we scored regions flanking the 
ischemic lesion containing living neurons in and by TEM we 
scored the number of AVs located in these cells (Fig. S7J and 
K). The number of AVs in the cytosol was generally small in 
bona fide cortical neurons, probably because LC3 is abun
dantly expressed in neurites and AVs have a short half-life 
in brain neurons [77]. However, we observed that the percen
tage of cells containing at least one AV element was higher in 
duloxetine-treated mice than in vehicle-treated mice 
(Fig. S7L).

We hypothesized that an early inhibition of autophagy 
may confer neuroprotection in stroke. Therefore, we 
decided to test whether the inhibition of autophagy by 
3-MA – a well-established autophagy inhibitor – might 
recapitulate the protective effects observed in duloxetine- 
treated animals [78]. Young male mice were intracerebro
ventricular injected with 3-MA (600 nmol) or with vehicle, 
10 min before PT stroke induction. After 48 h, MRI was 
used to measure the ischemic volume. We observed 
a significant reduction of the ischemic volume in mice 
receiving duloxetine compared to vehicle-treated mice 
(Fig. S7M). By immunohistochemistry we evaluated the 
spatial expression of CLDN5 (claudin 5), a key structural 
component of tight junctions [79], in peri-ischemic areas of 
vehicle- and duloxetine-treated young male mice. CLDN5 
levels and distribution were similar between the two groups 
suggesting that duloxetine can ameliorate stroke injury 
through mechanisms independent of BBB protection 
(Fig. S7N).

Altogether these results suggest that early autophagy inhi
bition in PT mice can exert neuroprotective effects and reduce 
ischemic brain damage.

Inactivation of autophagy in SLC17A6/Vglut2-expressing 
neurons protects mice from PT stroke

We next tested an independent approach, not involving phar
macological treatments, to modulate autophagy in PT mice. 
We crossed mice carrying a floxable Atg5 allele [80] with mice 
expressing the ires-Cre cassette downstream of the endogenous 
Slc17a6/Vglut2 (solute carrier family 17 member 6) regulatory 
regions [81]. SLC17A6/Vglut2ires-Cre/+-atg5f/f male mice (here
after atg5 conditional knockout, atg5 cKO) and their controls 
expressing only one floxable Atg5 allele (Atg5f/+) were obtained 
at the expected Mendelian ratio and survived to adulthood,

(15 h) with or without duloxetine (10 μM), labeled for SQSTM1/p62 and LAMP1. (F) histograms show quantifications of the average number of SQSTM1/p62+ puncta  
± SD and Pearson’s correlation coefficient between SQSTM1/p62 and LAMP1 (each dot represents a single confocal acquisition); n = 3 coverslips/condition. (G) RT- 
qPCR analysis of TRPM2 expression in total mRNA extracts from primary neurons (7 DIV), healthy and ischemic cerebral hemispheres, and Neuro-2a cells (n = 3 group, 
mean ratio vs neurons ± SD). (H) XZ cross-projections of confocal stacks for TRPM2 in Neuro-2a cells; maximal projections of confocal stacks for TRPM2 with either 
GOLGA2/GM130 (golgi marker), LAMP1, or KDEL (ER marker). Quantification of Pearson’s correlations is shown on panel (I); each dot represents a single confocal 
acquisition; n = 3 coverslips/condition. (J) CCK8 assay in Neuro-2a cells (mean absorbance values vs 10 nM ± SD, n = 6 wells/condition), treated with ACA or 2APB (10  
nM −2 mM); estimated IC50 values: ACA =  ~370 µM, 2APB =  ~790 µM. (K) maximal projections of confocal stacks for SQSTM1/p62 in Neuro-2a cells exposed to 
normal culture conditions (Ctrl), OGD (15 h), OGD + duloxetine (10 μM), OGD + ACA (20 μM) and OGD + duloxetine (10 μM) + ACA (20 μM). (L) histogram shows 
quantifications of SQSTM1/p62+ puncta per cell (each dot represents a single confocal acquisition); n = 3 coverslips/condition. (M) maximal projections of confocal 
stacks for SQSTM1/p62 in Neuro-2a cells exposed to normal culture conditions (Ctrl), OGD (15 h), OGD + duloxetine (10 μM), OGD +2APB (30 μM), and OGD +  
duloxetine (10 μM) + 2APB (30 μM). (N) Histogram shows quantifications of SQSTM1/p62+ puncta per cell (each dot represents a single confocal acquisition); n = 3 
coverslips/condition. Scale bar: 10 µM. One-way ANOVA followed by Tukey’s multiple comparison test was used to analyze data; significance levels: ns, not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 7. Duloxetine treatment reduces infarct volume. (A) Experimental timeline: mice were treated with duloxetine (10 mg/kg every 12 h) immediately after PT 
stroke induction. (B) TTC-stained coronal 2 mm-thick brain sections from control mice treated with vehicle or duloxetine (n = 3/group), and PT mice (n = 6) treated 
with vehicle or duloxetine (10 mg/kg every 12 h, n = 6) and sampled 72 h post-PT stroke induction. (C) the histogram shows quantifications of ischemic volumes 
(mm3, mean ± SD). (D) Nissl-stained coronal brain sections from female mice receiving PT stroke induction and treated with vehicle (n = 10) or duloxetine (10 mg/kg 
every 12 h, n = 9). (E) the histogram shows quantifications of ischemic area (mm2) on sections sampled every 300 µm along the anterior-posterior axis. The histogram 
on the right shows that area under the curve. (F) Nissl-stained coronal brain sections from 1-year-old male mice receiving PT stroke induction and treated with the 
vehicle (n = 5) or duloxetine (10 mg/kg every 12 h, n = 6). (G) the histogram shows quantifications of ischemic area (mm2) on sections sampled every 300 µm along 
the anterior-posterior axis. The histogram on the right shows that area under the curve. (H and J) GFAP immunohistochemistry on female brains (H) or 1-year-old 
male brains (J). Quantifications of average GFAP+ cells/mm2 ± SD in cortical regions flanking the ischemic regions are shown on histograms of (I) and (K). Each dot in 
panels (I) and (K) represents an individual coronal section used for quantification (n = 3 mice per group). Scale bars: 1 mm (B, D, and F); 100 µm (H and J). An 
unpaired Student’s t-test was used to analyze data; significance levels: *p < 0.05, **p < 0.01.
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Figure 8. Duloxetine inhibits autophagy in PT stroke brains. (A) schematic of cortical infarct area; dashed lines show regions of the ipsilateral cortex and the 
contralateral cortex used for western blotting. (B) western blot for MAP1LC3/LC3 and ACTB/β-actin in contralateral and ipsilateral cortical explants from female brains 
receiving PT stroke induction and treated for 3 days with either vehicle (n = 6) or duloxetine (10 mg/kg every 12 h, n = 6). (C) histograms show quantifications (mean 
ratio vs vehicle ± SD). (D) western blot for SQSTM1/p62, BECN1, and ACTB/β-actin in contralateral and ipsilateral cortical explants from female brains receiving PT 
stroke induction and treated as described above (n ≥ 7/group). (E and F) histograms show quantifications (mean ratio vs vehicle ± SD) for SQSTM1/p62 (E) and for 
BECN1 (F). (G) western blot analysis for p-RPS6KB/p70S6K and ACTB/β-actin in contralateral and ipsilateral cortical explants from female brains receiving PT stroke 
induction and treated as described above (n = 3/group). (H) histograms show quantifications (mean ratio vs vehicle ± SD). (I) Nissl staining of coronal sections from 
Atg5f/+ (n = 6) and atg5 cKO male (n = 5) mice following PT stroke induction. (J) the histogram shows quantifications of ischemic area (mm2) on sections sampled 
every 300 µm along the anterior-posterior axis. The histogram on the right shows that area under the curve. (K) GFAP immunohistochemistry on Atg5f/+ and atg5 cKO 
male brains. (L) quantifications of average GFAP+ cells/mm2 ± SD in cortical regions flanking the ischemic regions, dots show individual sections used for the 
quantification (n = 4/group). Scale bars: 1 mm in (I); 100 µm in (K). An unpaired Student’s t-test was used to analyze data; significance levels: ns, not significant, *p <  
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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although we observed that mice lacking ATG5 were sometime 
smaller than their littermate controls (not shown) [80]. 
Substantial reduction of ATG5 levels in the cerebral cortex of 
atg5 cKO mice was revealed by western blot analysis (Fig. S7O). 
Starting from 3 weeks of age, ATG5 inactivation in NES 
(nestin)+ progenitors affects motor and behavioral functions 
in mice [80]. Although it is generally assumed that the consti
tutive autophagy activity in the healthy brain is quite limited, 
when compared with other tissues like the liver [82], a long- 
lasting inactivation of Atg5 in the CNS increases significantly 
the accumulation of ubiquitinated proteins in neurons [47]. 
Therefore, we induced PT stroke in atg5 cKO mice at the age 
of 30 days, a time point at which potential side effects deriving 
from a long-term inactivation of autophagy in excitatory neu
rons were not observed. Upon PT induction, we labeled sec
tions for MAP1LC3/LC3 by immunohistochemistry. We 
observed high MAP1LC3/LC3 levels in bona fide neurons 
flanking the ischemic lesions of control mice, while the 
MAP1LC3/LC3 immunoreactivity was lower in atg5 cKO 
mice (Fig. S7P). The assessment of the ischemic lesion on 
Nissl-labeled sections from PT mice euthanized 3 days after 
stroke induction revealed a substantial reduction of the 
ischemic area in mice lacking ATG5 (Figure 8I,J). Parallel 
sections labeled for GFAP showed a reduction of GFAP+ cells 
in atg5 cKO mice, further corroborating our hypothesis that 
the early blockage of autophagy can exert protective effects in 
brain ischemia (Figure 8K,L).

Duloxetine inhibits autophagy in human 3D brain 
organoids

Human brain organoids were differentiated from neural pre
cursor cells (NPCs) engineered with SOX10 (SRY-box tran
scription factor 10) lentiviral vectors to achieve 
oligodendrocyte maturation in culture [83]. After 8 weeks, 
they were immunolabeled for GFAP, MAP2 (Microtubule 
Associated Protein 2), and PLP1 (Proteolipid Protein 1), 
while SOX10-GFP expression was checked by autofluores
cence. Representative images show that our cellular model is 
composed of multiple cell types present in the human brain, 
such as differentiated neurons (MAP2+), astrocytes (GFAP+), 
and oligodendrocytes (PLP1+), as well as SOX10 pan progeni
tors (Fig. S8A and B).

As expected, human brain organoids exposed to OGD for 
24 h significantly enhanced HIF1A/HIF-1α levels and reduced 
ULK1 phosphorylation levels at Ser 757, suggesting that OGD 
might enhance the autophagic flux in brain organoids (Fig. 
S8C and D). Parallel cultures were treated with OGD with or 
without duloxetine (10 µM) for 24 h. The autophagic flux was 
examined by immunoblotting for MAP1LC3/LC3 and 
SQSTM1/p62 [37,50]. In this experimental setting, the LC3- 
II:ACTB/β-actin ratio was increased by the OGD treatment, 
whereas SQSTM1/p62 levels were decreased. Adding duloxe
tine to the medium slightly but significantly decreased LC3-II 
while increased SQSTM1/p62 (Fig. S8E and F). The OGD 
treatment increased the expression level of ATG5, which is 
involved in upregulation of the autophagic flux [84]. 
Interestingly, duloxetine treatment dampened such activation 
(Fig. S8G). We observed that OGD-treated organoids 

increased the level of cleaved CASP3 (caspase 3; cCASP3), 
although this upregulation was not statistically significant. 
However, duloxetine counteracted this upregulation, bringing 
cCASP3 levels close to the baseline levels observed in 
untreated organoids (Fig. S8H). Taken together, our results 
suggest that duloxetine plays a significant role in attenuating 
autophagic flux activation in human brain organoids follow
ing OGD, highlighting its potential as a neuroprotective agent 
in ischemic conditions.

Discussion

The complexity of stroke pathobiology poses significant chal
lenges to the development of new treatments. To date, recom
binant PLAT (plasminogen activator, tissue type) is the only 
FDA-approved drug for ischemic stroke [85–87]. However, 
a relatively small percentage of patients benefit from throm
bolytics due to the narrow therapeutic time window [88]. 
Thus, there is an urgent need for new therapeutic strategies 
to foster neuroprotection, reduce infarct volume, and mini
mize reperfusion damage.

Autophagy, a cellular adaptive response, counters nutrient 
depletion and is generally regarded as protective, contributing 
to neuronal homeostasis restoration [89]. However, under 
specific circumstances, autophagy can contribute to cell 
death [90]. In brain ischemia, autophagy is linked to early 
pathological events, activated by the loss of oxygen and nutri
ents [91,92]. In rodent stroke models, autophagy activation is 
often seen as an adaptive response that protects neurons, 
although whether its modulation after stroke is beneficial 
remains a matter of debate [65,93,94].

Across brain injury models like traumatic brain injury 
(TBI) and ischemia, severity appears to dictate whether auto
phagy mediates protection or exacerbates damage. In TBI, 
mild injuries tend to activate autophagy in a protective man
ner, while severe injuries often result in impaired flux and 
autophagic cell death or dysfunction [95]. In brain ischemia, 
prolonged or severe stress can shift autophagy from 
a beneficial adaptive process to a maladaptive one, especially 
when autophagic flux is blocked, leading to accumulation of 
damaged cellular components.

Neuroprotective effects of autophagy activation have been 
reported in different experimental settings [96], particularly in 
preconditioning models. For example, autophagy modulators 
that either enhance or inhibit autophagic flux have been 
shown to influence outcomes, either enhancing neuroprotec
tion or diminishing the protective effects of preconditioning, 
respectively [97,98]. However, there are several studies show
ing that autophagy activation exacerbates neurotoxicity in 
stroked brains [17]. We observed that the blockade of auto
phagy PT brains by 3-MA (a PIK3C3/VPS34 [phosphatidylin
ositol 3-kinase catalytic subunit type 3] inhibitor) reduces the 
infarct size, confirming data derived from transient middle 
cerebral artery occlusion/tMCAO models [99].

In this study, we screened a library of small molecules to 
identify novel modulators of the autophagic flux that can be 
used in mammals. We used a combination of approaches, 
starting with virtual screening to identify drugs active in the
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mammalian CNS. The computational analysis of each mole
cule was conducted by evaluating the distribution of eight 
properties, including the Lipinski’s Rule-of-Five [100]. 
Evaluating the drug-likeness of a large set of molecules 
using traditional approaches is often a complex and resource- 
intensive process [101]. Indeed, identifying promising leads is 
usually time-consuming and expensive. Computational meth
ods, however, significantly streamline this process, facilitating 
drug-like assessments [102]. In our analysis, a CNS-drug like
ness prediction strategy eventually resulted in the exclusion of 
5941 compounds, narrowing the focus to 898 promising can
didates for further biochemical evaluation. It is important to 
note that over 350 of these selected molecules are FDA- 
approved, with well-documented information about their 
toxicity, formulation, pharmacology, and potential side 
effects. This effort aligns with a classical drug repurposing 
strategy, which, as demonstrated during the recent COVID-19 
pandemic, offers the advantage of rapidly redirecting an exist
ing molecule for new therapeutic applications [103].

To establish the primary screening assay, we used Neuro- 
2a cells to monitor LC3 turnover, a robust approach widely 
used to track autophagy progression. Following LC3-II con
version, autophagosomes fuse with lysosomes, leading to the 
degradation of proteins by hydrolases [24,37,104,105]. To 
track autolysosome formation, we used a plasmid encoding 
a super-ecliptic pHluorin-mKate2-tagged human LC3 chi
mera (PK-hLC3) [24]. Super-ecliptic pHluorin is a pH- 
sensitive GFP variant that increases the sensitivity of the 
assay by almost completely quenching at pH < 6.5, providing 
a reliable readout of autophagosome-lysosome fusion [24]. 
Establishing a stable Neuro-2a cell clone expressing PK- 
hLC3 further reduced variability associated with transient 
transfection procedures.

We quantified pHluorin fluorescence levels by flow cyto
metry [28] and used OGD to mimic hypoxia and nutrient 
deprivation-two key conditions observed in stroke [106]. To 
enhance the assay’s interpretative power, we included torin-1 
(a well-known autophagy inducer) and Baf (a well-known 
late-stage autophagy inhibitor) as controls. Although this 
could in principle allow us to distinguish between torin-like 
molecules (putative autophagy inducers) and Baf-like com
pounds (putative autophagy inhibitors), we acknowledge that 
the assay cannot reliably differentiate late-stage autophagy 
inhibitors from early-stage inhibitors, as both could lead to 
increased pHluorin levels compared to OGD controls. This 
limitation arises because late-stage inhibitors cause autopha
gosome accumulation in the cytoplasm, while early-stage 
inhibitors block the process upstream, preventing the 25% 
pHluorin fluorescent signal decrease induced by OGD, 
which we included to mimic stroke conditions.

Quality control analysis and hit selection utilize both con
trol-based and non-control-based normalization approaches. 
The former considers in-plate positive and negative controls 
but is susceptible to well variability. The latter assumes that 
most samples are inactive, reducing random variability among 
wells [107]. To minimize potential off target activity, each 
compound was tested at 1 µM in triplicate. We obtained 22 
compounds that significantly modulated autophagy under 
OGD-reperfusion conditions. The list of selected compounds 

included the autophagy inhibitors ULK-101 and quinacrine 
[34,35], which served as controls and were not further 
investigated.

Selected molecules were validated by monitoring LC3-II turn
over in naïve Neuro-2a cells under basal conditions and upon 
treatment with each selected compound, both in the presence 
and absence of saturating levels of Baf [40]. Results from this 
validation phase confirmed six compounds, which were also 
tested for their dose-response effects, and analyzed by TEM.

The selected molecules were then tested on primary neu
ronal cultures subjected to ND, a protocol mimicking the 
nutrient loss experienced by ischemic neurons [45]. Among 
the tested compounds, the DNA-PK inhibitor NU7441 [66] 
emerged as the most potent early-stage inhibitor of the auto
phagy flux, effectively blocking autophagy in both Neuro-2a 
and primary neurons. None of the tested autophagy inducers 
significantly enhanced autophagic flux in primary neurons, 
nor did they exhibit a consistent dose-response relationship in 
Neuro-2a cells.

The reperfusion phase is critical for rescuing neuronal cells 
but is also associated with additional neuronal damage termed 
“reperfusion injury.” This phenomenon involves the produc
tion of reactive oxygen species (ROS), which can damage 
DNA [108]. DNA repair of double-strand breaks in mamma
lian cells is primarily achieved via non-homologous end join
ing, a process involving several proteins, including DNA-PK. 
Notably, protracted ischemia in the rabbit spinal cord affects 
the expression of PRKDC/DNA-PKcs, whereas shorter 
ischemic episodes do not [109]. Among the PRKDC/DNA- 
PKcs targets, TP53/p53 is activated in response to DNA 
damage and this activation can lead to either cell cycle arrest, 
allowing repair, or the induction of TP53-dependent apopto
sis [110]. Moreover, PRKDC/DNA-PKcs is a member of the 
phosphatidylinositol-3 kinase-like (PIKK) family, also con
taining MTOR [111] NU7441, in addition to inhibiting 
PRKDC/DNA-PKcs, can modulate other kinases belonging 
to PIKK family at low micromolar concentrations [112]. 
Moreover, PRKDC/DNA-PKcs phosphorylates PRKAG1/ 
AMPKγ1 (protein kinase AMPK-activated non-catalytic sub
unit gamma 1), indirectly regulating the activation of auto
phagy [68]. The complex interactions of NU7441 with 
multiple targets may yield opposing and unpredictable effects 
on autophagic flux in the brain. We established that NU7441 
is a potent early autophagy inhibitor in vitro, therefore we 
tested this compound in the PT mouse model, initially estab
lished in 1977 [113] and later improved by Watson [58], 
observing that it fails to reduce the ischemic infarct volumes. 
This outcome might be explained by the complex pathological 
cascades triggered during stroke, including Ca2+ overload, 
microglial activation, and infiltration of immune cells produ
cing ROS and nitric oxide (NO), which in turn affect the 
DNA homeostasis in neurons [114]. Inhibiting PRKDC/ 
DNA-PKcs in stroked brains may sensitize neurons to DNA 
damage and oxidative stress, as seen in hippocampal neurons 
lacking PRKDC/DNA-PKcs activity (SCID mice) [115].

Duloxetine treatment of PT mice, at a previously estab
lished dose (20 mg/kg/day) [116], showed a reduction of the 
ischemic lesions by approximately 50%. This reduction was 
consistent across males, females, and one-year-old animals.
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Moreover, delayed administration of duloxetine following PT 
induction retained protective efficacy. Duloxetine is a SNRI 
clinically used to treat depression, anxiety, and chronic pain 
[117–119] and in the range between 30 and 60 mg/day it is 
generally considered safe for treating central poststroke pain 
in patients [120–122]. However, mild side effects such as 
somnolence, nausea and dizziness have been observed. 
Previous studies in ischemic/reperfusion models demon
strated that administering duloxetine before reperfusion 
reduces the ischemic volume [75]. Similarly, another study 
showed that the pretreatment of gerbils with duloxetine pro
tects CA1 neurons in a transient global cerebral ischemia 
protocol, reducing microglial activation and astrogliosis [53].

Notably, under Baf treatment we noticed that duloxetine 
inhibits autophagosome formation dampening LC3-II levels in 
Neuro-2a cells. In neurons exposed to ND, duloxetine increased 
LC3-II levels; however, SQSTM1/p62 also accumulated, which is 
a hallmark of impaired autophagic flux. Therefore, under 
ischemic or neurodegenerative stress conditions, duloxetine 
appears to impair autophagic degradation or lysosomal clear
ance, resulting in the accumulation of both LC3-II and 
SQSTM1/p62. Since Baf inhibits autophagosome – lysosome 
fusion by neutralizing lysosomal pH, it acts at the terminal 
stage of the autophagic process and therefore cannot induce 
the formation of new autophagic vesicles. OGD and ND stres
sors stimulate the autophagic flux, increasing rates of autopha
gosomes formation and the accumulation of LC3-II in the 
cytoplasm. However, if cells cannot complete the recycling of 
materials enclosed in autophagic vesicles, the blockage of auto
phagic degradation leads to the accumulation of both LC3-II and 
SQSTM1/p62. Besides its known inhibition of serotonin and 
noradrenaline transporters, duloxetine also blocks TRPM2 
(transient receptor potential cation channel subfamily 
M member 2) channels at low micromolar concentrations. The 
TRPM2-Ca2+ -CAMK2-BECN1 signaling cascade, which is acti
vated following ischemic injury, has been implicated in the 
regulation of autophagy. Thus, by inhibiting TRPM2, duloxetine 
may attenuate autophagic activation under ischemic conditions 
[123]. This hypothesis is further supported by evidence showing 
that two well-characterized TRPM2 inhibitors induce the accu
mulation of SQSTM1/p62 in OGD-treated cells. However, the 
physicochemical properties of these compounds preclude their 
application in in vivo models.

Duloxetine blocks persistent late Nav1.7 Na+ currents in 
neurons [124], although there is no direct evidence linking 
these channels to brain ischemia. Treatment with duloxetine 
significantly attenuated neuronal cell death in the CA1 region 
of the hippocampus of rats subjected to chronic cerebral 
hypoperfusion, possibly by modulating the AKT-MTOR- 
RPS6KB signaling pathway, which contributes to autophagy 
inhibition [125]. Therefore, we cannot exclude the possibility 
that the autophagy inhibition observed in PT mice also 
reflects activation of the AKT-MTOR-RPS6KB pathway.

We also observed that duloxetine can modulate SQSTM1/ 
p62 in human brain organoids, a multicellular system char
acterized by different cell types, including precursor cells, 
oligodendrocytes and neurons at different maturation stages, 
and astrocytes. According to the literature, murine TRPM2 is 
mainly expressed by neurons [126], astrocytes, and microglia 

[127,128], while human TRPM2 expression has been con
firmed by scRNAseq in neurons, microglia, and CNS macro
phages, with barely detectable levels in astrocytes and 
oligodendrocytes (Human Protein Atlas: TRPM2 
Expression). Single cell-RNAseq data from our human brain 
organoid model confirmed TRPM2 expression only in differ
entiated neurons, which represent approximately 20% of the 
total cell population. This limited receptor distribution likely 
explains the partial autophagy inhibition observed, as auto
phagy remains active in most cells lacking TRPM2 expression.

The potential of certain antidepressants, such as duloxe
tine, sertraline, fluoxetine, or indatraline, to act as autophagy 
modulators is not new, although molecular mechanisms are 
still under investigation [129–131]. Results from our molecu
lar screening indicate that duloxetine is an autophagy inhibi
tor in vitro, and we hypothesize that, acting on TRPM2, it can 
reduce the autophagic flux in post-stroke neurons. An early 
inhibition of autophagy in stroke has been considered protec
tive, and we extended this finding on PT mice by injecting the 
brain with 3-MA before inducing the PT model.

We also used transgenic mice carrying a floxable Atg5 
allele to inhibit autophagy. These transgenic mice were 
crossed with mice expressing the Cre recombinase in exci
tatory neurons. We observed a significant reduction in the 
ischemic volume in double transgenic mice subjected to the 
PT model, reinforcing the hypothesis that the abrupt acti
vation of autophagy after ischemia affects neuronal cell 
survival. However, it is important to note that a long- 
lasting CNS inhibition of autophagy is detrimental, indu
cing a neurodegenerative phenotype [80]. For this reason, 
we used only young transgenic mice carrying the condi
tional inactivation of Atg5 in excitatory neurons. In this 
setting, we did not see any pathological outcomes resulting 
from the suppression of autophagy. We examined the 
impact of Atg5 inactivation on mice sampled 3 days after 
PT induction. Nonetheless, we cannot exclude that inhibit
ing autophagy for weeks might result in an opposite 
phenotype.

In summary, our results suggest that early administration 
of duloxetine exerts neuroprotective effects in experimental 
models of distal cerebral ischemia, reducing neuronal death 
and improving functional outcomes.

Materials and methods

Compounds

The cherry-pick library containing 898 compounds (384-well, 
L2000-Z382759-30 µL) was assembled by Selleckchem. Torin- 
1 (4247) and bafilomycin A1 (1334) were purchased from 
Tocris Bioscience. Puromycin (P8833) and 3-methyladenine 
(M9281) were sourced from Sigma-Aldrich. For in vitro vali
dation experiments, bepridil hydrochloride (HY-16952A), 
darapladib (HY-10521), ONC212 (HY-111343), duloxetine- 
HCl (HY-B0161A), bedaquiline fumarate (HY-14881A), clo
santel (HY-17596), and Dp44mT (HY-18973) were purchased 
from MedChemExpress; WAY-331960 (p-425440429), WAY- 
326275 (p-34884134), WAY-656627 (p-6984125), WAY- 
348105 (p-605854424), WAY-640783 (p-486113558), and
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PTC-028 (p-608273002) were obtained from Mcule; NU7441 
(S2638), chlorpromazine (S5749), MK-8745 (S7065), pozioti
nib (S7358), and MI-2 (S7429) were purchased from 
Selleckchem. N-(pamylcinnamoyl) anthranilic acid (A8486), 
and 2-aminoethoxydiphenyl borate (D9754) were obtained 
from Sigma-Aldrich. In vivo validation experiments were per
formed using NU7441 (S2638) and duloxetine HCl (S2084) 
from Selleckchem.

In silico screening procedures

The list of compounds included in the Bioactive Compound 
Library-I (Selleckchem, L1700) was in silico analyzed and 
screened according to a specific set of functional parameters. 
In silico analysis was conducted using the QikProp absorption, 
aistribution, metabolism, and excretion/ADME prediction 
tool (Schrödinger, LLC, New York), which uses an algorithm 
based on the correlation between experimentally determined 
properties and Monte Carlo simulations. Molecules under
went the first prioritization round based on pharmaceutically 
relevant drug metabolism and pharmacokinetics (DMPK) 
properties listed in Table 1. After the first analysis, 1927 
molecules underwent a second prioritization round. 
Compounds ranking was performed using a linear function 
to assign a score to the most relevant properties identically 
weighted. CNS, QPPMDCK, and QPlogBB descriptors were 
selected to rank the compounds. We obtained 898 compounds 
that were subjected to functional screening on 7B11 cells, 
a clone that we obtained from a screening on Neuro-2a cell 
line.

Cell culture

The Neuro-2a cell line was obtained from the American Type 
Culture Collection (ATCC, CCL-131™). Cells were plated on 
culture dishes or multiwell plates and maintained in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
11,965,084) supplemented with 10% fetal bovine serum 
(FBS; Corning, F7524) and 1% penicillin-streptomycin 
(Gibco, 15,140–122). Cells were grown in a humidified 5% 
CO2 atmosphere at 37°C. To generate a stable cell line expres
sing a proxy for autophagy monitoring, we transfected Neuro- 
2a cells with the pEX-PK-hLC3 plasmid (Addgene, 61,458; 
deposited by Isei Tanida) [24] following Lipofectamine LTX 
(Invitrogen, A12621) manufacturer’s protocol. Twenty-four 
hours post-transfection we applied antibiotic selection with 
4.5 µg/mL puromycin. The culture medium was refreshed 
every 2–3 days. After a week, the resistant bulk culture was 
seeded in a 96-well plate, to run a limiting dilution cell 
selection. Single clones were selected by the aid of inverted 
microscope, grown in the selection medium for 14 days, and 
periodically inspected for morphology and fluorescence inten
sity. Selected clones were expanded and cryopreserved for 
further analysis. Upon selection, clone 7B11 was used for 
the primary screening.

Primary cortical neurons were obtained from E17.5 C57BL/ 
6 cerebral cortices and used at day in vitro (DIV) 7 according 
to our published protocol [44]. Embryonic brains were 

dissected under sterile conditions in cold Hanks’ Balanced 
Salt Solution (HBSS; Sigma-Aldrich, 55037C) supplemented 
with 0.6% D-(+)-glucose (Sigma-Aldrich, G8270) and 5 mM 
HEPES (Gibco, 15,630–080). After dissection, single cortices 
were gently triturated to loosen up the tissue. Cells were 
mechanically dissociated and resuspended in the dissection 
medium, followed by centrifugation at 100 x g for 5 min. 
Cells were plated on cell culture treated multiple-well plates or 
HNO3-treated glass coverslips (VEMI, Zeus 13 mm), both 
coated with 0.2 mg/mL poly-L-lysine (Sigma-Aldrich, P2636) 
and 10 µg/mL mouse LAMA (laminin; Sigma-Aldrich, L2020). 
Cells were maintained in Neurobasal-A medium (Gibco, 
A2477501) supplemented with 2% B27 (Gibco, 17,504), 1% 
L-glutamine, 0.6% D-glucose, and 5 mM HEPES. Twenty-five 
percent of the culture media was refreshed every 2–3 days, and 
cells were kept at 37°C with 5% CO2 until DIV7. Nutrient 
deprivation induction on primary neuronal cultures was 
adapted from a previously described protocol [45]. Briefly, 
primary cortical neurons from E17.5 embryos were plated in 
the complete Neurobasal-A medium at a density of 2.2 × 105 

cells/well in 12-well multiple-well plates (Costar, 3513). At 
DIV7, the complete medium was replaced with nutrient- 
limited media (DMEM alone). For autophagy modulation stu
dies, neurons were cultured for 15 h in the presence or absence 
of selected compounds at the final concentration of 10 µM.

Neural precursor cells (NPCs) were derived from human 
fibroblasts we sampled from a healthy donor, according to the 
ethical committee of the San Raffaele Hospital (Milan, Italy) 
(BancaINSpe-INSPE1178). Written consent was obtained 
from all subjects involved in this research. Differentiation 
from induced pluripotent stem cells (iPSCs) to NPCs has 
been performed according to Reinhardt’s protocol [132]. 
NPCs were then infected with a lentiviral vector encoding 
the human SOX10 and GFP under the control of 
a doxycycline-inducible promoter. GFP+ NPCs were sorted 
and expanded in Matrigel-coated flasks in N2-B27 medium, 
containing equal parts of Neurobasal (Gibco, 21,103–049) and 
DMEM-F12 medium (Gibco, 11,090–081) with 1:100 B27 
lacking vitamin A (Gibco, 12,587–001), 1:200 N2 (Gibco, 
17,502–048), 1% penicillin-streptomycin (Thermo Fisher, 15,
140–122), 1% glutamine, supplemented with 3 μM CHIR 
(Tocris Bioscience, 4953), 1 μM SAG (Millipore, 566,660-1  
m), 150 μM ascorbic acid. The human brain organoids were 
generated as described [83]. Briefly, at 100% confluency, 
NPCs were enzymatically detached and counted. 2.5 × 106 

cells per well were plated in uncoated ultra-low adhesion 6 
well-plates in N2-B27 medium under constant gyratory shak
ing (88 rpm). After 24 h, the medium was changed to glial 
induction medium (100% DMEM-F12, 1:100 B27 lacking 
vitamin A, 1:200 N2, 1% penicillin-streptomycin, and 1% 
L-glutamine), supplemented with 10 ng/mL triiodo- 
L-thyronine (T3; Sigma-Aldrich, T6397), 10 ng/mL 
rHsPDGF (Pepro Tech, 100-13A), 10 ng/mL rHsNT3 (Pepro 
Tech, 450–03), 1 μM SAG, 10 ng/mL IGF1 (Pepro Tech, 
100–11), 200 μM ascorbic acid, and 1 μg/mL doxycycline 
(Sigma-Aldrich, D3447) from day 1 to day 3. From day 5 till 
the end of the differentiation protocol, medium was replaced 
with glial differentiation medium: 100% DMEM-F12, 1:100 
B27 lacking vitamin A, 1:200 N2, 1% penicillin-streptomycin,
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and 1% L-GLS (glutaminase), supplemented with 60 ng/mL 
T3, 10 ng/mL rHsNT3, 10 ng/mL IGF1, 200 μM ascorbic acid, 
and 100 μM cyclic AMP analog (dbcAMP; Sigma-Aldrich, 
D0627). 1 μg/mL doxycycline from day 5 until day 14, while 
0.01 μg/mL human recombinant GDNF (Pepro Tech, 450–10) 
and BDNF (StemCell Technologies, 05270) were added to the 
culture medium from day 14 till the end of the differentiation 
protocol. Half of the medium was changed three times a week. 
Cultures were maintained at 37°C, 5% CO2 under constant 
gyratory shaking (88 rpm) for 8 weeks.

Primary brain endothelial cells were isolated from the mouse 
brain using our published procedure [133]. Briefly, mice were 
euthanized, and brains were dissected. Meninges and choroid 
plexus were surgically removed. Cortices were isolated and finely 
minced with a scalpel on ice and digested with 3.5 mg/mL collage
nase/dispase (Roche, 11,097,113,001) for 30 min at 37°C in con
tinuous rotation. After dissociation, 10 mg/mL DNAse (Sigma- 
Aldrich, DN25-1 G) was added, samples were pipetted to obtain 
a homogeneous solution. Myelin cell debris and erythrocytes were 
removed by stratification over a 22% Percoll solution (GE 
Healthcare, 17,089,101). Samples were centrifuged for 20 min at 
600 x g at 4°C, no brake. Cells were seeded into 0.1 mg/mL rat tail 
collagen type I (lower viscosity; Cultrex, 354,236)-coated wells, and 
cultured at 37°C, 5% CO2 with saturated humidity in EBM-2 
medium (Lonza, CC-3156) supplemented with 2% heat- 
inactivated fetal bovine serum (Lonza, CC-4101A), 1% penicillin- 
streptomycin (Lonza, BW09-757F), 1% chemically defined lipid 
concentrate (Invitrogen, 11,905,031) and EGM-2 SingleQuots 
(Lonza, CC-31626). After 3 days of puromycin selection (4 μg/ 
mL; Sigma-Aldrich, SP8833) in complete medium, medium was 
changed every other day.

Primary mouse astrocytes were isolated from the mouse brain 
using our published protocol [134]. Brains were extracted from 
new-born C57BL/6J wild type mice, meninges and choroid plexus 
were surgically removed, cortices were mechanically dissociated 
and digested with a buffer containing 2.5% trypsin (Lonza, BE17- 
160E), 10 mg/mL DNase and Hanks’ Balanced Salt Solution med
ium (Gibco, 12,350,039) for 30 min at 37°C in agitation. Mixed 
cultures were seeded on tissue culture flasks coated with 0,1 mg/ 
mL poly-D-lysine (Sigma-Aldrich, P4707). Cells were maintained 
at 37°C, 5% CO2/saturated humidity, in minimum essential med
ium with Earle′s salts (Gibco, 42,360–081) supplemented with 10% 
heat-inactivated FBS (MICROGEM Laboratory Research, S1860- 
500) and 1% penicillin-streptomycin (Lonza, BW09-757F), glu
cose 0.6% (Sigma-Aldrich, G7021), 1% sodium pyruvate 2 mM 
(Lonza, BW13-115E), 1% UltraGlutamine supplement (Lonza, 
BEBP17-605E). Upon shaking at 230 rpm for 45 min in medium 
containing minimum essential medium with Hanks’ salts supple
mented with 10% heat-inactivated fetal bovine serum and 1% 
penicillin-streptomycin, glucose 0.6%, 1% sodium pyruvate 2  
mM (Lonza, BW13-115E), 1% UltraGlutamine supplement the 
remaining adherent cells were detached and used for the 
experiments.

Oxygen-glucose deprivation

OGD experiments were performed on 7B11 cells or on par
ental Neuro-2a cells plated in complete DMEM supplemented 
with 4.5 µg/mL puromycin, at a density of 1.2 × 105 cells/well 

in 12-well multiple-well plates (Costar, 3513) and grown for 
24 h. Immunofluorescence experiments were run on Neuro-2a 
cells plated on poly-lysine (0.2 mg/mL) coated glass coverslips. 
To induce OGD, the complete medium was replaced by 
deoxygenated, serum-free, glucose-free DMEM (Sigma- 
Aldrich, D5030) supplemented with 3.7 g/L NaHCO3 and 
1% penicillin-streptomycin, and cells were exposed to 
a hypoxic atmosphere (1% O2, 5% CO2, 94% N2) in 
a controlled-oxygen workstation (SCI-tive, Baker Ruskinn). 
Individual molecules were tested in OGD conditions at 
a final concentration of 1 µM, for 15 h. Depending on the 
diluent used to resuspend individual molecules, controls 
were established using DMSO or water.

7B11 or parental Neuro-2a cells were treated with torin-1 
(250 nM, 24 h) and/or Baf (200 nM, 15 h) [135] to achieve 
controls that were alternatively included in each experiment. 
Both parental Neuro-2a and 7B11 cells were kept in culture 
for no more than four in vitro passages.

Human brain organoids were resuspended in GDM with
out glucose and treated with (1% O2, 5% CO2, 94% N2) in the 
controlled-oxygen workstation (SCI-tive, Baker Ruskinn) 
for 24 h.

Primary glia cells and primary endothelia cells plated on 
12-well multiwell plates (Costar 3513) were exposed to pre
conditioned Neurobasal medium containing supplements but 
the glucose. Cells were incubated in in the controlled-oxygen 
workstation (1% O2, 5% CO2, 94% N2) for 6 and 10 h before 
protein extraction.

LysoTracker Red (Thermo Fisher, L7528) was prepared at 
the final concentrations of 100 nM, incubated for 40 min on 
both OGD-treated cells and controls at the end of the treat
ment. Cells were washed with 1X PBS, fixed in 4% parafor
maldehyde (PFA; Sigma-Aldrich, P6148) and immediately 
imaged.

Flow cytometry

At the end of the OGD protocol, 7B11 cells were processed in 
normoxic conditions and prepared for flow cytometry. Briefly, 
living cells were detached with 0.05% Trypsin-EDTA (Gibco, 
25,300,120), transferred to a 96-well multiple-well plate 
(V-bottom), centrifuged at 300 ×for 5 min at 4°C, and washed 
with cold PBS. After washing, cells were stained with Zombie 
NIR Fixable Viability kit (Biolegend, 43,105) for 20 min at 
4°C. Fluorescence signals were acquired on Cytoflex S flow 
cytometer (Beckman Coulter), in a semi-automated setting. 
Upon acquisition, events were gated on single and viable cells. 
For each sample, 1 × 107 living cells were acquired and ana
lyzed with FlowJo software (BD Biosciences).

MTT and CCK8 assays

To test the drugs toxicity on primary neuronal cultures and 
Neuro-2a cells, we plated cells on 96 multiwell (neurons: 4 
x104/well; Neuro-2a: 15x104/well). After drug treatment for 
15 h, cells were washed, treated with MTT working solution 
0.5 mg/mL and then incubated at 37°C for 3 h. After incuba
tion time reaction was stopped with DMSO and measured at
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570 and 650 nm wavelength. DMSO-treated wells were loaded 
and used as control.

CCK8 assay was done incubating Neuro-2a cells with 
increasing amounts of ACA (Sigma-Aldrich, 99,196–74-74) 
or 2-APB (Sigma-Aldrich, 524–95-8). Fifteen hours later, 
cells were incubated with 10 µL of the CCK8 reagent (Sigma- 
Aldrich, 96,992) for 2 h before measuring the absorbance at 
570 nm.

Calcein assay

Each drug was also tested for neuronal vitality after 15 h of 
treatment, and cells were immediately stained with propi
dium iodide (PI) to stain apoptotic cells (1 mg/mL), calcein 
to stain membrane-permeable live cells (0.1 mg/mL), and 
Hoechst (1 mg/mL) to measure the total cells present in the 
region of interest. Cells were incubated for 15 min at 37°C 
protected from light and then immediately acquired at the 
microscope.

Real time PCR

Total RNA was extracted from cultured cells and brain 
explants using RNeasy mini (Qiagen, 74,104 RNeasy mini 
kit 50). cDNA was synthesized from 0.5–1.0 µg total RNA 
using Superscript IV kit (Invitrogen, 18,090,200) with random 
hexamers following the manufacturer’s protocol. Real-time 
PCR was performed on a (QuantStudio 5, Applied 
Biosystem) using SYBR Green Master Mix (EvaGreen; Bio- 
Rad, 1,725,124) in 20 µL reactions with the following primers: 
TRPM2 F: 5’ accccgcctgcacatgcaccatg 3,’ TRPM2 R: 5’ gatcgct
tatagagggaccggagg 3,’ H3 F: 5’ gtgaagaaacctcatcgttacaggcctgg
tac3’ and H3 R: 5’ ctgcaaagcaccaatagctgcactctggaagc 3.’

Animals

Experiments were performed using young C57BL/6N 8–10
weeks old mice of both sexes (total number of females used in 
the study n = 68, average body weight:18–22 g; total number of 
males used in the study n = 79, average body weight: 22–26 g) 
and one year old C57BL/6N males (total number of mice used in 
the study n = 11, average body weight: 28–34 g), (Charles River 
Laboratories). Mice were maintained at San Raffaele Hospital 
mouse facility (Milan, Italy) under specific pathogen-free and 
temperature-controlled conditions and a standard 12-h light- 
dark cycle with food and water ad libitum. Experimental proce
dures were approved by the Institutional Animal Care and Use 
Committee (IACUC No. 692, 798, and 1198), and all efforts were 
made to minimize animal suffering and to reduce the number of 
mice used, in accordance with the European Communities 
Council Directive of 24 November 1986 (86/609/EEC). 
Transgenic mice: ATG5 floxable mice [80] were crossed with 
SLC17A6/Vglut2ires-Cre/+ mice [81] and double mutant were 
used at 30 days (atg5 cKO n = 7, Atg5f/+ n = 9).

PT stroke was induced on anesthetized mice (isoflurane 
1.2%) upon intraperitoneal injection of the photosensitive dye 
Rose Bengal (Sigma-Aldrich, 198,250; freshly prepared in 

sterile saline [10 mg/mL] and administered at the final dosage 
of 25 mg/kg). The dye was allowed to diffuse through the 
blood stream for 10 min. Mice were positioned on 
a stereotaxic frame (KOPF, 51,600 Lab Standard Stereotaxic 
Unit), the skull was exposed, and a fiber-optic bundle 
mounted on a cold light source (Coherent, OBIS 561 nm LS 
120 mW laser system equipped with a fiber pigtail) set at 75  
mW and kept at 1 mm far from the right skull surface (coor
dinates from bregma: AP: 0 mm; ML: 1.5 mm). Mice were 
illuminated for 5 min and during the surgical procedure, 
mice core body temperature was constantly monitored and 
kept at 37°C by a feedback heating pad (Rodent Warmer with 
Mouse Heating Pad 7 × 7 cm, RWD Life Science, 69,027). 
Next, the incision was sutured, and mice received the first 
compound intraperitoneal injection before returning to their 
housing cages. A group of mice received duloxetine treatment 
with a 4-h delay following stroke induction.

Drugs used in vivo were dissolved in DMSO at the final 
concentration of 15 mM. Animals were intraperitoneally 
injected with individual compound diluted in sterile saline 
or with vehicle (DMSO diluted in saline solution) in accor
dance with the experimental setting.

3-MA (Sigma-Aldrich, M9281) was dissolved in PEG 300/ 
sterile saline 50% by heating and sonicating the solution to 
obtain 167 nmol/µL working solution; 3.6 µL of 3-MA was 
infused into the left cerebral ventricle (0.5 µL/min) at the fol
lowing coordinates AP: 0 mm; ML: −0.5 mm; DV: −2.2 mm 
using an Infusion Syringe Pump (KDS Legato 130) coupled 
with the stereotaxic frame [17]. Mice then received Rose Bengal 
(i.p.) injection and 10 min after the delivery of photosensitive 
dye; the right hemisphere was exposed to light. Next, the 
incision was sutured, and mice returned in their cages.

The beam-walk test has been used as a reliable measure of 
locomotion. Mice were pre-treated the week before PT induc
tion until they successfully walked across the 0.7 cm ×95 cm 
long beam without turning around and without any faults. 
Once the training is complete, mice are subjected to three 
consecutive testing trials to establish the baseline before oper
ating the PT model. We measured the latency to traverse the 
beam, the average speed and the time they spent crawling the 
beam, Measurements were done 24 h and 48 h after the induc
tion of the ischemic stroke. Data derives from the average of 
three runs.

MRI studies were performed on a 7T preclinical magnetic 
resonance scanner (Bruker, BioSpec 70/30 USR, Paravision 
6.0.1, Germany), equipped with 450/675 mT/m gradients (slew- 
rate: 3400–4500T/m/s; rise-time: 140 µs). When performing 
in vivo MRI, animals were maintained under anesthesia with 
a mixture of isoflurane (1.2%) and O2, and were placed in a bed 
with an integrated heating system to keep the body temperature 
at 37°C. A surface coil dedicated to mouse brain imaging was 
used to allow high signal quality and to acquire highly resolved 
images with the following sequences: Turbo spin-echo for T2- 
weighted images (TR = 3300 ms, TE = 50 ms, FOV =  
16×16 mm, thickness = 0.650 mm) matrix size = 224x224, reso
lution = 0,071x0.071 mm). Volumetric analysis was done using 
the freeware MIPAV software.
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To ensure unbiased procedures, all handling and experi
mental interventions, including treatment administration and 
outcome assessments, were conducted by personnel blinded 
to group assignments.

On the day of euthanasia, mice received an overdose of 
anesthetic drug, and they were perfused with saline solution 
containing 0.2% EDTA 0.5 M. For subsequent biochemical 
analyses (western blotting), brains were rapidly isolated, and 
coronal sections of stroked (right, ipsilateral) and contralateral 
(left) hemispheres were separately snap-frozen by immersion in 
liquid nitrogen and stored at −80°C before processing. The 
TTC labeling was obtained using coronal brain slices (2 mm) 
obtained by the vibratome Leica VT1200S. Sections were incu
bated in 1% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma- 
Aldrich, T8877) staining solution (in PBS, filtered) for 30 min 
at 37°C, protected from light. Each slice was imaged on the 
posterior and anterior surfaces, and the TTC-unstained white 
area of the whole brain was measured as the infarct area.

For immunohistochemical analyses, brains were perfused 
with saline solution containing 0.2% EDTA 0.5 M, followed by 
4% paraformaldehyde (PFA; Sigma-Aldrich, P6148) in PBS, 
pH 7.2. Next, brains were isolated and postfixed in 4% PFA/ 
PBS solution for 12 h at 4°C. Tissues were cryoprotected with 
a 30% sucrose (Sigma-Aldrich, S7903)/PBS solution, 
embedded in OCT inclusion media (Bio-Optica, 05–9801), 
and stored at −80°C before processing. Brains were coronally 
sectioned (12 μm) and upon labeling sections were digitalized 
every 325 μm.

TEM was performed on brains perfused with saline solu
tion containing 0.2% EDTA 0.5 M, followed by 2% PFA, 2.5% 
glutaraldehyde (Sigma-Aldrich, G5882) solution (prepared in 
sodium cacodylate). Brains were incubated in fixing solution 
for 12 h at 4°C, and subsequently sectioned.

Immunoblotting

For protein extraction, cells and tissues were washed with cold 
PBS and lysed in buffer containing the following: 50 mM Tris- 
HCl (Sigma-Aldrich, 93,362) pH 7.4, 150 mM NaCl (Sigma- 
Aldrich, S3014), 1% Triton X-100 (Sigma-Aldrich, 93,443), 
0.5% sodium deoxycholate (Sigma-Aldrich, 30,968), 1 mM 
EDTA (Sigma-Aldrich, E6758), 10 mM NaF (Sigma-Aldrich, 
201,154), 1 mM DTT (Sigma-Aldrich, 3860-OP), 1 mM EGTA 
(Sigma-Aldrich, 03777). For cell lysates, lysis buffer was sup
plemented with a 1X protease inhibitor cocktail (Sigma- 
Aldrich, P2714). For tissue samples, ipsilateral and contralateral 
cortices were homogenized in the above-described lysis buffer 
supplemented with 1X protease and phosphatase inhibitor 
cocktail (Sigma-Aldrich, PPC1010) using a glass pestle tissue 
grinder (on ice). Homogenates were then centrifuged at 13,500 
x g for 10 min at 4°C (Eppendorf, Centrifuge 5424). 
Supernatants were collected and aliquoted in fresh tubes and 
stored at −80°C. Total protein concentration was measured 
with the bicinchronic acid (BCA) assay kit (Thermo 
Scientific, 23,225). Equal aliquots of protein (20–30 µg) were 
subjected to SDS-PAGE (7.5%, 10%, or 15% polyacrylamide 
gels), transferred to a nitrocellulose membrane using the Trans- 
Blot® Turbo™ Transfer System (Bio-Rad). Membranes were 
blocked with 5% nonfat dry milk or BSA (PBST 0.1%) and 

processed for incubation with primary and secondary HRP- 
conjugated antibodies (Bio-Rad, 1,706,515 and 1,706,516, 
1:3000). The following primary antibodies were used in the 
present study: MAP1LC3B/LC3B (Novus Biologicals, NB100- 
200; 1:1000), SQSTM1/p62 (2C11; Novus Biologicals, 
H00008878-M01; 1:3000), HIF1A/HIF-1α (D2U3T; Cell 
Signaling Technology, 14,179; 1:1000), ACTB/β-actin (Sigma- 
Aldrich, A1978, 1:20000), ATG5 (D5F5U; Cell Signaling 
Technology, 12,994, 1:2000), BECN1 (Cell Signaling 
Technology, 3738, 1:2000), phospho-ULK1 (Ser757; Cell 
Signaling Technology, 6888, 1:1000), ULK1 (D8H5; Cell 
Signaling Technology, 8054, 1:1000), VCL/vinculin (clone 
V284; Merck, 05–386, 1:3000), phospho-RPS6KB/p70 S6 kinase 
(Thr389; Cell Signaling Technology, 9205; 1:1000), RPS6KB/ 
p70 S6 kinase (Cell Signaling Technology, 9202, 1:1000), 
cleaved CASP3 (cCASP3, Asp175; Cell Signaling, 9664; 
1:1000). After incubation, membranes were washed and reacted 
with enhanced chemiluminescence (ECL) reagent (Bio-Rad, 
1,705,061). Images were acquired on Bio-Rad ChemiDoc 
Imager, and quantifications were done using the Image Lab 
6.0.1 software (Bio-Rad).

Fluorescence microscopy and automatized 
immunohistochemistry (IHC)

Cells seeded on ad hoc-coated glass coverslips were washed 
with PBS, fixed with 2% PFA for 10 min, and incubated with 
0.1 M glycine (Sigma-Aldrich, 50,046) for 10 min. For LC3 
puncta imaging, PK-hLC3-expressing Neuro-2a cells were 
directly imaged by confocal microscopy using Leica TCS 
SP8 equipped with an HCX PL APO lambda blue 63.0x1.40 
OIL UV objective or Olympus FluoVIEW 3000 RS equipped 
with UPLXAPO 60x1.42 OIL objective. Stacks (1024x1024) 
were post-processed to generate maximal projections of 
Z-stacks (acquired with a 0.3 µm step). Qualifications and 
imaging analyses were done using ImageJ (Fiji Version 
2.0.0) and Leica Application Suite X software.

For IHC characterization of GFAP expression, brain cryo
sections were labeled with Automatic Leica BOND RX system 
(Leica Microsystems GmbH, Wetzlar, Germany). Sections 
were treated with the Epitope Retrieval Solution1 (ER1 
Citrate Buffer) at 100°C before receiving the GFAP 
(Synaptic Systems, 173,002) rabbit antibody at the following 
dilution: 1:1000 (30 min, room temperature). The primary 
antibody was developed with Bond Polymer Refine 
Detection (Leica, DS9800). Slides were acquired with Aperio 
AT2 digital scanner at magnification of 40X (Leica 
Biosystems). Quantifications of GFAP+ cells were done using 
QuPath 0.5.1. software. Standard IHC protocol for LC3B 
(rabbit; Invitrogen, 2H30L32, 1:1000) was used to detect 
LC3B on cortical sections [136].

Organoids were fixed in 4% PFA for 1 h at room tempera
ture, washed 3 times in 1X PBS, and transferred to 30% w/v 
sucrose/PBS overnight at 4°C. They were then embedded in 
OCT, frozen in liquid nitrogen and isopentane, and stored at 
−80°C. For immunofluorescence analysis, 15-μm-thick sec
tions were cut using a Leica cryostat. Cryosections were air- 
dried and rinsed twice with 1X PBS. Nonspecific binding sites 
were blocked by incubation with the blocking solution (1X
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PBS, 0.1% Triton X-100, 10% donkey serum) for 1 h at room 
temperature. Cryosections were incubated with primary anti
bodies diluted in 1X PBS, 0.1% Triton X-100 (Sigma-Aldrich, 
X-100), and 1% donkey serum overnight at 4°C in 
a humidified chamber.

The following primary antibodies were used for immuno
fluorescence: GFAP (rabbit, DAKO, Z0334, 1:500); PLP1 
(mouse, Invitrogen, MA1-80034, 1:100); MAP2 (mouse 
IgG1, clone AP20, Millipore, MAB3418, 1:250); GOLGA2/ 
GM130 (mouse, BD bioscence, 610,822, 1:500); LAMP1 
(mouse, Abcam, AB25630, 1:50); SQSTM1/p62 (rabbit, 
Sigma-Aldrich, P0067, 1:1000); TRPM2 (rabbit, Thermo 
Fisher, PA5-102844, 1:500), KDEL 10C3 (rabbit, ENZO, ADI- 
SPA-827-F, 1:400), CLDN5/claudin 5 (rabbit 34–1600, 
Invitrogen, 1:100). After incubation with the primary antibo
dies, cryosections were washed three times for 5 min with 1X 
PBS, 0.1% Triton X-100. Then, cryosections were incubated 
for 90 min at RT in the dark with appropriate donkey fluor
ophore-conjugated secondary antibodies (Alexa Fluor 555, 
Alexa Fluor 633, and Alexa Fluor 647), diluted in 1X PBS, 
0.1% Triton X-100, 1% donkey serum. Nuclei were stained 
with DAPI (1:25,000; Roche) in 1X PBS for 3 min. IHC for 
CLDN5 was carried using biotin-secondary antibodies along 
with the Vector Elite ABC kit (PK6100) Sections were 
mounted with Dako fluorescent mounting medium and 
imaged on Olympus FluoVIEW 3000 RS confocal microscope 
under a 30X silicon objective. Images were processed in 
ImageJ (Fiji Version 2.0.0).

Transmission electron microscopy

In vitro TEM experiments involving naïve Neuro-2a were 
performed by plating cells in complete DMEM, at a density 
of 2.5 × 105 cells/well in 6-well multiple-well plates (Costar, 
3516). Cells were allowed to grow for 24 h and subsequently 
cultured for 15 h in the presence of selected compounds at the 
final concentration of 10 µM, in combination with 100 nM 
Baf. TEM was performed on cells fixed in 2.5% glutaraldehyde 
(Sigma-Aldrich, G5882) solution for 1 h at room temperature. 
After fixation, cells were rinsed with 0.1 M sodium cacodylate 
(Sigma-Aldrich, C4945) buffer (pH 7.4). Cells were post-fixed 
in a solution containing: 1% OsO4 (Sigma-Aldrich, 75,632), 
1.5% K4Fe(CN)6 (Sigma-Aldrich, 702,587), and 0.1 M sodium 
cacodylate for 1 h at 4°C, protected from light. After fixation, 
cells were stained with 0.5% uranyl acetate at 4°C overnight, 
protected from light. Samples were next dehydrated using the 
following increasing concentration of ethanol: 30%, 50%, 70%, 
80%, 90%, 96%, and 100%. After dehydration, samples were 
covered with a mixture of ethanol and epoxy resin (1:1), 
embedded in fresh epoxy resin (Sigma-Aldrich, 45,359), poly
merized overnight at 45°C, and then incubated at 60°C for 
24 h. Ultrathin sectioning (70 nm) was performed on a Leica 
EM UC6 ultramicrotome. Sections were positioned on 300- 
mesh square grids and contrasted with 2% aqueous uranyl 
acetate. In vivo TEM experiments were performed on brains 
perfused with saline solution containing 0.2% EDTA 0.5 M, 
followed by 2% PFA, 2.5% glutaraldehyde solution (prepared 
in sodium cacodylate). Brains were incubated in fixing solu
tion for 12 h at 4°C, and subsequently post-fixed and 

sectioned as above. Images were collected using a FEI 
Tecnai-12 transmission electron microscope.

Neuro-vascular Unit construction and trans-endothelial 
cell electrical resistance monitoring

2 × 105 cm−2 primary brain glial cells were seeded on the 
abluminal side of matrix-coated Transwell™ tissue culture 
inserts (6.5-mm diameter, 3-μm pore size; Corning, 3415) 
and cultured for at least 2 h at 37°C. Transwell™ inserts were 
then flipped, and 25,000 cells/cm2 primary brain endothelial 
cells were seeded on the lumenal side of matrix-coated inserts 
and co-cultured at 37°C for 7 days. Cells culture medium was 
changed every 2–3 days. For drugs analysis, 7B11 cells 
(1 ×105/well) were added baso-laterally to the NVU model, 
to mimic the neuronal component, and stimulated with 
DMSO (Ctrl) or Baf for 15 h, while the test compounds 
(duloxetine, NU7441, ONC212, and poziotinib) were added 
apically, to mimic a systemic treatment, in the presence (BBB 
plate) or absence (Ctrl plate) of the barrier prototype. In vitro 
barrier integrity was assessed by measuring TEER or by asses
sing the diffusion of fluorescent dextran (of various molecular 
weights). At least three independent preparations were ana
lyzed, each with 4 replicates/conditions. The test compounds 
were administered on the apical side. TEER was assessed 
using a Voltohmeter (Millicell Electrical Resistance System, 
Millipore), and measurements were performed using the same 
settings to allow comparison of different conditions. 
Background resistance from cell-free matrix-coated transwells 
was subtracted from recorded values to determine absolute 
TEER which was then corrected for culturing area (in Ω*cm2). 
All measurements were repeated at least 3 times.

Dextran permeability assay

Solute paracellular permeability was assessed using 
10 µg mL−1 10 kDa-Dextran (Alexa Fluor® 555-conjugated, 
10,000 MW; Molecular Probes, D22910) and 100 µg mL−1 3 
kDa-Dextran (Alexa Fluor® 488-conjugated, 3000 MW; 
Molecular Probes, D34682) in endothelial/glial Transwell™ co- 
cultures treated or untreated. NVU co-cultures were washed 
in PBS and pre-incubated for 5 min in FluoroBrite™ DMEM 
(Gibco, A1896701) medium at 37°C. Paracellular flux mea
surement was started by adding Dextran mixture to the upper 
chamber of the Transwell system, corresponding to the donor 
compartment. The basolateral (glial) side of the transwells 
represented the receiver side and was exposed to medium 
alone. Samples were incubated for 60 min at 37°C with slow 
continuous mixing. Samples were collected from the upper 
and lower chambers to quantify leakage of the fluorescent dye 
across the NVU prototype (apical to basolateral). The level of 
fluorescence in the collected media was measured for 488- 
Dextran (λex = 495 nm and λem = 519 nm) or 555-Dextran 
(λex = 555 nm and λem = 565 nm) by Synergy™ H4 Hybrid 
Multi-Mode Microplate Reader (BioTek). Relative fluores
cence units were corrected for background fluorescence and 
converted to concentration according to standards. The 
amount of fluorescent test compound was calculated as
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permeability coefficient (Pe, cm min−1) and expressed as fold 
change of control cells [43].

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 
software (GraphPad Software, LLC). Results are expressed as 
the mean value ± the standard deviation of the mean (SD). 
Normality was assessed using D’Agostino-Pearson normality 
test or Kolmogorov-Smirnov normality test. Comparisons 
were made using the following statistical tests: unpaired 
Student’s t-test, one-way or two-way Analysis of Variance 
(ANOVA), followed by Tukey’s or Šídák’s multiple compar
ison tests, Chi-Square test; p values lower than 0.05 were 
considered statistically significant.

Power analysis was conducted using outcome variability 
observed in the first experimental cohort of mice (Figure 7C). 
The minimum sample size required for adequate statistical 
power (80%) at a significance level of α = 0.05 was calculated 
using G*Power 3.1.9.6 and effect size estimation (2.05). The 
minimal sample size per group was determined to be 5 mice; 
therefore, all experiments were conducted with no fewer than 
five animals per group. Mathematical formulae of statistical 
measures used for the screening assay development and vali
dation are herein reported. Values include means (µ), and 
standard deviations (σ). Colocalizations and analysis of 
immunofluorescence images were run on Fiji.
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