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Neuron-secreted NLGN3 ameliorates ischemic brain injury via

activating Gai1/3-Akt signaling
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We here tested the potential activity and the underlying mechanisms of neuroligin-3 (NLGN3) against ischemia-reperfusion-
induced neuronal cell injury. In SH-SY5Y neuronal cells and primary murine cortical neurons, NLGN3 activated Akt-mTOR and Erk
signalings, and inhibited oxygen and glucose deprivation (OGD)/re-oxygenation (OGD/R)-induced cytotoxicity. Akt activation was
required for NLGN3-induced neuroprotection. Gai1/3 mediated NLGN3-induced downstream signaling activation. NLGN3-induced
Akt-S6K1 activation was largely inhibited by Gai1/3 silencing or knockout. Significantly, NLGN3-induced neuroprotection against
OGD/R was almost abolished by Gai1/3 silencing or knockout. In vivo, the middle cerebral artery occlusion (MCAO) procedure
induced NLGN3 cleavage and secretion, and increased its expression and Akt activation in mouse brain tissues. ADAM10 (A
Disintegrin and Metalloproteinase 10) inhibition blocked MCAO-induced NLGN3 cleavage and secretion, exacerbating ischemic
brain injury in mice. Neuronal silencing of NLGN3 or Gai1/3 in mice also inhibited Akt activation and intensified MCAO-induced
ischemic brain injury. Conversely, neuronal overexpression of NLGN3 increased Akt activation and alleviated MCAO-induced
ischemic brain injury. Together, NLGN3 activates Gai1/3-Akt signaling to protect neuronal cells from ischemia-reperfusion injury.
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INTRODUCTION
Ischemic stroke is a leading cause of human morbidities and
mortalities around the world [1, 2]. It affects over 1.5 million people
globally each year [3]. For clinical management of acute ischemic
stroke, the treatment guidelines recommend early thrombolysis. Yet
the clinical efficiency is largely time-dependent [4, 5]. The incidence
of ischemic stroke, however, has been rising in recent years [4, 5]. It
is thereby important to further explore novel and more effective
treatment strategies [5-7]. Ischemia-reperfusion will cause robust
reactive oxygen species (ROS) production and oxidative injury to
affected neurons [8, 9]. Oxygen and glucose deprivation (OGD)/re-
oxygenation (OGD/R) [10] procedure mimics ischemia-reperfusion
injuries to cultured neurons (and neuronal cells) [11-14].

Neuroligin-3 (NLGN3) is a primary family member of NLGN
family proteins [15, 16]. It is a type | membrane protein and a cell
adhesion molecule, locating at the neuron’s postsynaptic mem-
brane [17]. It can bind to B-neurexin, which helps form synapses
between neurons [18, 19]. NLGN3 is a synaptic protein that could
be cleaved and secreted in an activity-dependent manner [18-21].
It is recognized as a key neuronal-derived factor promoting
neuron activity-dependent glioma growth [18-20].

NLGNS3 is cleaved by ADAM10 (A Disintegrin and Metalloprotei-
nase 10) and is secreted from neurons, inducing phosphorylation
and activation of several key receptor tyrosine kinases (RTKs) and

downstream signaling cascades in glioma cells [18-21]. Ligand-
activated RTKs, including the neurotrophic factor receptors (TrkB,
TrkA GDNFR etc), epidermal growth factor receptor (EGFR), fibroblast
growth factor receptor (FGFR), and platelet-derived growth factor
receptor (PDGFR), are capable of promoting neuronal survival
through activating downstream PI3K-Akt and other pro-survival
cascades [12, 22-28]. Many studies have also focused on the
neuroprotective potential of non-ligand agents that can activate
RTKs and can elicit effects similar to those of the ligands [12, 22-28].
We here tested the potential activity and underlying mechanisms of
NLGN3 against ischemia-reperfusion-induced neuronal cell death.

The inhibitory a subunits of G proteins (heterotrimeric guanine
nucleotide-binding proteins), or Gai proteins, have three subunits,
including Gai1, Gai2, and Gai3 [29]. Gai proteins binding to GPCRs
(G protein-coupled receptors) can inhibit adenylate cyclase (AC)
and cyclic AMP (cAMP) production [29]. Alternatively, our previous
studies have shown that Gail and Gai3 proteins are vital in
mediating signal transduction of several RTKs, including EGFR [30],
FGFR1 [31], keratinocyte growth factor receptor (KGFR) [32], brain-
derived neurotrophic factor (BDNF) receptor TrkB [33], and
vascular endothelial growth factor receptor 2 (VEGFR2) [34]. We
here found that Gail and Gai3 mediated NLGN3-induced Akt
activation and neuroprotection against ischemia-reperfusion
injury.

'Department of Neurology, The First Affiliated Hospital of Soochow University, Suzhou, China. *Department of Neurology and Clinical Research Center of Neurological Disease,
The Second Affiliated Hospital of Soochow University, Institute of Neuroscience, Soochow University, Suzhou, China. *Department of Neurology, Affiliated Hospital 6 of Nantong
University, Yancheng Third People’s Hospital, Yancheng, China. “Department of Emergency Surgery, First Affiliated Hospital of Soochow University, Suzhou, China. >Department
of Neurosurgery, The Third Affiliated Hospital of Soochow University, Changzhou, China. ®These authors contributed equally: Zhi-guo Chen, Xin Shi, Xian-xian Zhang.
HMemail: fangqi_008@126.com; caocong@suda.edu.cn; docxhchen@163.com; neuropengya@sina.com

Edited by Professor Nicolas Bazan

Received: 5 September 2022 Revised: 12 October 2023 Accepted: 16 October 2023

Published online: 25 October 2023

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-06219-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-06219-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-06219-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-023-06219-8&domain=pdf
http://orcid.org/0000-0003-4902-5498
http://orcid.org/0000-0003-4902-5498
http://orcid.org/0000-0003-4902-5498
http://orcid.org/0000-0003-4902-5498
http://orcid.org/0000-0003-4902-5498
http://orcid.org/0000-0003-0824-3472
http://orcid.org/0000-0003-0824-3472
http://orcid.org/0000-0003-0824-3472
http://orcid.org/0000-0003-0824-3472
http://orcid.org/0000-0003-0824-3472
https://doi.org/10.1038/s41419-023-06219-8
mailto:fangqi_008@126.com
mailto:caocong@suda.edu.cn
mailto:docxhchen@163.com
mailto:neuropengya@sina.com
www.nature.com/cddis

Z. Chen et al.

MATERIALS AND METHODS

Reagents

NLGN3, puromycin, polybrene, U0126, GI254023X, and MK-2206 were
purchased from Sigma-Aldrich (St. Louis, Mo). Fetal bovine serum (FBS),
RPMI, DMEM, antibiotics, and other cell culturing reagents were purchased
from Gibco Co. (Shanghai, China). Antibodies for adenine nucleotide
translocase 1 (ANT1, ab102032) and cyclophilin-D (CypD, sc-137136) were
reported early [35]. Other antibodies utilized in this study were described
in our previous studies [31, 36-39]. The primers, sequences, and viral
constructs were obtained from Genechem Co. (Shanghai, China), unless
otherwise mentioned.

Cell culture

SH-SY5Y neuronal cells were from Dr. Liu at Jiangsu University [40]. SH-
SY5Y were differentiated and cultured as described [10, 40]. The isolation
and primary culture of murine cortical neurons were performed by the
described protocols [40-42]. At day-10 (DIV), over 98% of cells were
primary murine cortical neurons. The protocols of the present study were
approved by the Ethics Committee and Institutional Animal Care and Use
Committee (IACUC) of Soochow University.

OGD/re-oxygenation

The OGD/R procedure was described previously [11, 41]. In brief, for OGD/R
stimulation, SH-SY5Y cells or cortical neurons were first cultured in glucose-
free DMEM in an incubator (Heraeus, Hanau, Germany) containing 0.5% O,,
94.5% N, and 5% CO, for 4 h at 37 °C (OGD). Afterwards, SH-SY5Y cells or
neurons were grown in complete medium with serum in 95% air and 5%
CO, at 37°C (OGD/R) for designated time periods. Neuronal cells in the
norm-oxygenated DMEM containing glucose were labeled as “Mock”
control cells.

Cell Counting Kit-8 and cell death assays

SH-SY5Y neuronal cells or primary murine cortical neurons were plated into
poly-L-lysine-coated 96-well plates (at 3 x10* cells/cm?). Following the
designated treatment, cell viability was tested through the Cell Counting
Kit-8 (CCK-8) kit (Dojindo Molecular Technologies, Gaithersburg, MD). CCK-
8 optical density (OD) in each well was recorded at 550 nm. Cell death was
tested by Trypan blue staining using an automatic cell counter.

Lactate dehydrogenase assay

Cell necrosis was quantified by measuring lactate dehydrogenase (LDH)
releasing to the medium. In brief, LDH activities in cell lysates and
supernatants were separately measured by a LDH assay kit (Sigma), with
the LDH absorbance tested at 490 nm. The % LDH release from the cells,
indicating cell necrosis intensity, was calculated by dividing absorbance of
medium LDH absorbance to the total (medium plus lysates) LDH
absorbance [40, 43].

Caspase-3/-9 activity

Following treatment, 20 pg of protein lysates per treatment were dissolved
in the caspase assay buffer containing 7-amino-4-trifluoromethylcoumarin
(AFC)-conjugated caspase-3/-9 substrates. The Infinite 200 PRO reader was
utilized to examine AFC activity at 400 nm excitation and 505 nm emission
after 3 h incubation.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
staining

SH-SY5Y neuronal cells or primary murine cortical neurons were plated into
poly-L-lysine-coated 96-well plates (at 3x 10* cells/cm?). Following the
designated treatment, the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) In Situ Cell Death Detection Kit (Roche Diagnostics
Co., Shanghai, China) was utilized to quantify cell apoptosis. In brief, cell
nuclei were co-stained with TUNEL and DAPI, and visualized under a
fluorescent microscope (Leica). At least 1, 200 cell nuclei in five random
views (1 X 200 magnification) were counted to calculate the average
TUNEL ratio (% vs. DAPI).

Annexin V-FACS assay of apoptosis
Following treatment, neuronal cells were washed, re-suspended and co-
stained with Annexin V and propidium lodide (Pl). A FACS machine (BD,
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Shanghai, China) was utilized to sort the cells, with Annexin V ratio
recorded.

Single-strand DNA detection

Neuronal cells were initially seeded into the poly-L-lysine-coated six-well
plates at 120, 000 cells per well. Following treatment, the single-strand
DNA (ssDNA) apoptosis ELISA kit (Merck Millipore, Shanghai, China) was
utilized to quantify DNA break intensity according to the attached
protocol, with ELISA OD examined at 405 nm for each well.

Mitochondrial depolarization

With mitochondrial membrane potential collapse and depolarization, JC-1
shall form monomers in mitochondria, emitting green fluorescence [44].
Following treatment, neuronal cells were stained with the JC-1 (10 ug/mL)
dye, washed and its green intensity examined under a fluorescence
spectrofluorometer (at 525 nm, Hitachi, Japan). The JC-1 fluorescence
images, integrating both the green (at 525nm) and red (at 675nm)
fluorescence channels, were presented.

Western blotting

The detailed protocols of Western blotting were extensively described in
the previous studies [30, 33]. The exact same amount of quantified protein
lysates (30-40 pug) per each lane was loaded. When necessary, the same set
lysates were run in parallel gels. The Image) software was utilized to
quantify the band intensity. The uncropped blotting images were
presented in Fig. S2.

Mitochondrial immunoprecipitation

The mitochondrial immunoprecipitation assays were carried out using the
described protocol [11, 41, 45, 46]. Briefly, the mitochondrial fraction
lysates of SH-SY5Y cells were obtained, pre-cleared, and incubated with the
anti-CypD antibody [35]) overnight. The protein IgG “beads” (Sigma) were
then added to extract the CypD-bound mitochondrial immune complexes.
CypD-p53-ANT1 association was then tested by Western blotting assays.

Lipid peroxidation assays

Neuronal cells were seeded into the poly-L-lysine-coated six-well plates at
120,000 cells per well. Following the designated treatment, the thiobarbi-
turic acid reactive substances (TBAR) activity was examined to reflect the
cellular lipid peroxidation intensity, using the described protocol [42, 47].

ROS assays

Neuron cells were initially seeded into the poly-L-lysine-coated six-well
plates at 120,000 cells per well. Following the applied treatment, cells were
stained with CellROX (25 pg/mL), washed, and CellROX red fluorescence
intensity examined under a spectrofluorometer (F-7000, Hitachi, Japan) at
625 nm. CellROX fluorescence images were presented as well.

Constitutively-active mutant Akt1

Neuron cells were initially seeded into the poly-L-lysine-coated six-well
plates at 120, 000 cells per well and were infected with the constitutively-
active Akt1 (caAkt1, S473D)-expressing lentivirus. After 12 h, puromycin
(2.0 pg/mL) was utilized to select stable cells for another 48 h. The caAkt1
expression in the stable cells was verified by Western blotting assays.

Akt1/2 shRNA

Neuron cells were initially seeded into the poly-L-lysine-coated six-well
plates at 120,000 cells per well and were transfected with Akt1/2 shRNA
lentiviral particles (sc-43609-V, Santa Cruz Biotech, Santa Cruz, CA). After
24 h, puromycin (2.0 ug/mL) was utilized to select stable cells for another
72 h. Akt1/2 silencing was verified by Western blotting assays.

Gai1/3 shRNA

SH-SY5Y neuronal cells were seeded into six-well plates at 60% confluence
and treated with the Gail shRNA lentiviral particles plus the Gai3 shRNA
lentiviral particles [34]. After 24h the stable cells were selected by
puromycin for another 72h. Gai1/3 double silencing was verified by
Western blotting assays. The scramble control non-sense shRNA (“shC”)
was tranduced to SH-SY5Y cells as control.
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CRISPR/Cas9-induced Gai1/3 double knockout

SH-SY5Y neuronal cells at 50-60% confluence were transfected with Cas9-
expressing construct (Genechem) via Lipofectamine 3000 (Invitrogen).
Next, the lenti-CRISPR/Cas-9 Gail KO construct and the lenti-CRISPR/Cas-9
Gai3 KO construct, as described in our previous studies [34, 36], were co-
transduced to the Cas9-expressing SH-SY5Y cells. Stable cells were
established by puromycin selection (for additional 96 h). Gai1/3 double
KO (DKO) was screened in the stable cells. The lenti-CRISPR/Cas-9 empty
vector with non-sense sgRNA (“Cas9-C") was transduced to control cells.

Gai1/3 siRNA

The siRNA targeting the murine Gail and the siRNA targeting the murine
Gai3 were designed, synthesized, and verified by Genechem (Shanghai,
China). The cultured primary murine cortical neurons were transfected with
200 nM of the Gail siRNA plus the Gai3 siRNA or the scramble control
siRNA (“siC") by Lipofectamine 3000 (Invitrogen) for 48 h. Expression of
Gail and Gai3 was tested by Western blotting assays.

Genetic modifications in vivo

The mNLGN3 shRNA sequence, the Gai1/3 shRNA sequence [33, 38], or the
mMNLGN3 ¢DNA sequence was inserted into EcoRl and BamHI sites of the
GV680 AAV8 vector [48]. The vector along with the viral packaging
plasmids were co-transfected into HEK293 cells, producing recombinant
adenovirus, which were then filtered, enriched, and quantified.

The middle cerebral artery occlusion model and 2,3,5-
triphenyltetrazolium hydrochloride staining

The detailed protocols for middle cerebral artery occlusion (MCAO), 2,3,5-
triphenyltetrazolium hydrochloride (TTC) staining, and data quantification
were described in our previous study [49]. The procedures of immuno-
fluorescence in the brain sections were also reported early [49]. The animal
protocols were conducted in according to the Institutional Animal Care
and Use Committee and the Ethic Committee of Soochow University.

Behavior tests

The detailed protocols of neurological (Garcia) scores (performed 24 hours
after MCAO), the foot-fault test (performed 14 days after MCAO) and data
quantification were described in detail in our previous study [49].

Statistical analysis

Data were all with normal distribution and were expressed as mean +
standard deviation (SD). The statistical difference between multiple groups
was performed by one-way ANOVA with Scheffe’s test (SPSS23.0, Chicago,
CA). The significance between two treatment groups was analyzed by a
two-tailed unpaired t test (Excel 2007). P-values < 0.05 were considered as
statistically significant. The in vitro experiments were repeated at least five
times and consistent results were obtained.

RESULTS
NLGN3 ameliorates OGD/R-induced neuronal cell death
NLGN3 was shown to activate Akt-mTOR, Erk-MAPK, and other
signaling cascades in glioma cells [18, 19, 36, 50]. We first tested
whether NLGN3 could activate the signalings in neuronal cells.
The differentiated SH-SY5Y neuronal cells were treated with
NLGN3 at gradually increased concentrations, from 1-100 ng/mL.
Western blotting assays were employed to examine the signaling
proteins. Results showed that NLGN3, in a concentration-
dependent manner, increased phosphorylation of Akt (Ser-473),
p70S6 kinase 1 (S6K1), and Erk1/2 in SH-SY5Y cells (Fig. 1A). In SH-
SY5Y cells, NLGN3-induced Akt-mTOR and Erk activation was
significant at 5-100 ng/mL, but was invalid at 1 ng/mL (Fig. 1A).
To support the potential neuron protective activity of NLGN3,
SH-SY5Y neuronal cells were first pretreated (for 30 min) with
NLGN3 (5 or 25ng/mL), followed by OGD/R procedure [10]. In
detail, the differentiated SH-SY5Y cells were subject to oxygen-
glucose deprivation (OGD) procedure for 4 h and then cultivated
under the complete medium (“re-oxygenation”, OGD/R). There
was a time-dependent response following OGD/R stimulation in
SH-SY5Y cells. Viability (CCK-8 OD) reduction and cell death started
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Fig. 1 NLGN3 ameliorates OGD/R-induced neuronal cell death.
The differentiated SH-SY5Y neuronal cells or the primary murine
cortical neurons were treated with NLGN3 (at applied concentra-
tions) or vehicle control (PBS, “Veh”) for 15 min, expression of
listed proteins was tested by Western blotting assays (A, E). SH-
SY5Y cells or the primary murine cortical neurons were
pretreated with NLGN3 (5 or 25 ng/mL) or vehicle control (PBS,
“Veh”) for 30 min, maintained under oxygen glucose deprivation
(OGD) for 4h and then re-oxygenation (OGD/R) for 48 h, cell
viability and death were tested by CCK-8 (B, F) and Trypan blue
staining (C, G) assays, respectively, expression of listed proteins
was shown (D, H). “Mock” stands for the mock treatment (norm-
oxygenated medium with glucose). Blotting data was the
representative of five replicate experiments. Data were pre-
sented as mean + standard deviation (SD, n=5). *P<0.05 vs.
“Mock” cells. #P < 0.05 vs OGD/R with “Veh” pretreatment. Each
experiment was repeated five times and similar results were
obtained.
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24 h after OGD/R stimulation and were most significant at 48 h
(Fig. STA, B). Importantly, NLGN3 pretreatment largely ameliorated
OGD/R-induced neuronal cell viability reduction (Fig. 1B) and cell
death (Fig. 1C). Single treatment with NLGN3, at tested
concentrations (5 or 25 ng/mL for 48 h), did not significantly alter
cell viability and Trypan blue staining in SH-SY5Y cells (Fig. 1B, C).
Expression of PSD-95, the neuronal marker, was also down-
regulated in OGD/R-treated SH-SY5Y cells (Fig. 1D), which was
partially restored by pretreatment with NLGN3 (Fig. 1D).

The potential effect of NLGN3 in the primary murine cortical
neurons was studied next. Western blotting assay results, Fig. 1E,
demonstrated that NLGN3 (25 ng/mL, 15') treatment potently
increased phosphorylation of Akt (Ser-473), S6K1 and Erk1/2 in
murine neurons. OGD/R stimulation time-dependently decreased
viability in cortical neurons and was most significant at 48 h
(Figure S1Q). Significantly, OGD/R-induced viability reduction (Fig.
1F) and cell death (Fig. 1G) were largely attenuated by NLGN3
(25 ng/mL) pretreatment. NLGN3 treatment alone was ineffective
(Fig. 1F, G). Downregulation of PSD-95 by OGD/R was also largely
ameliorated by NLGN3 in cortical neurons (Fig. TH). Thus, NLGN3
activated Akt-mTOR and Erk signalings and ameliorated OGD/R-
induced neuronal cell death.

NLGN3 ameliorates OGD/R-induced neuronal cell apoptosis

OGD/R could provoke apoptosis in neuronal cells [41, 42, 51, 52].
We next examined whether NLGN3 could affect cell apoptosis. In
the differentiated SH-SY5Y neuronal cells, OGD/R stimulation-
induced Caspase-3 activation was significant at 12 h after OGD/R
and was most significant at 24 h (Figs. S1D and 2A). OGD/R also
robustly increased the caspase-9 activity (Fig. 2B). In addition,
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cleavages of caspase-3, caspase-9 and poly (ADP ribose)
polymerase 1 (PARP) were detected in OGD/R-stimulated SH-
SY5Y cells (Fig. 2C). Moreover, OGD/R increased Histone-bound
DNA breaks (ELISA assays, Fig. 2D) in SH-SY5Y cells. Importantly,
pretreatment with NLGN3 (5 or 25 ng/mL, 30 min pretreatment)
largely ameliorated OGD/R-induced caspase-PARP activation (Fig.
2A-C) and Histone-bound DNA accumulation (Fig. 2D) in SH-SY5Y
cells.

In SH-SY5Y cells, OGD/R stimulation induced significant
apoptosis activation, which was evidenced by significantly
increased TUNEL-positive nuclei ratio (Figs. STE and 2E) and
Annexin V-positive staining percentage (Fig. 2F). Such pro-
apoptotic actions by OGD/R were largely attenuated by NLGN3
pretreatment (Fig. 2E, F). NLGN3 single treatment, as expected,
failed to induce caspase-apoptosis activation in SH-SY5Y cells (Fig.
2A-F). In the primary murine cortical neurons, NLGN3 pretreat-
ment (25 ng/mL, 30 min pretreatment) largely inhibited OGD/R-
induced caspase-3 activation (Fig. 2G) and apoptosis activation
(Fig. 2H), the latter was tested by the increased nuclear TUNEL
ratio (Fig. 2H). These results together showed that NLGN3
ameliorated OGD/R-induced neuronal cell apoptosis.

NLGN3 ameliorates OGD/R-induced oxidative injury and
programmed necrosis in neuronal cells

Besides apoptosis, studies have also shown that OGD/R could
provoke programmed necrosis cascade in neuronal cells [41, 52]
and other cells [53-55]. In line with these findings, we demon-
strated that OGD/R induced programmed necrosis activation in
SH-SY5Y neuronal cells, causing mitochondrial CypD-p53-ANT1
association (Fig. 3A), mitochondrial depolarization (JC-1 green
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Fig.2 NLGN3 ameliorates OGD/R-induced neuronal cell apoptosis. The differentiated SH-SY5Y neuronal cells (A-F) or the primary murine
cortical neurons (G, H) were pretreated with NLGN3 (5 or 25 ng/mL) or vehicle control (PBS, “Veh”) for 30 min, maintained under oxygen
glucose deprivation (OGD) for 4 h and then re-oxygenation (“OGD/R") for the applied time periods; Caspase-PARP activation (A-C and G) and
Histone-bound DNA contents (ELISA assays, D) were tested; Cell apoptosis was examined by nuclear TUNEL staining (E, H) and Annexin V-PI
FACS (F) assays, with results quantified. “Mock” stands for the mock treatment (norm-oxygenated medium with glucose). Blotting data was the
representative of five replicate experiments. Data were presented as mean * standard deviation (SD, n = 5). *P < 0.05 vs. “Mock” cells. *P < 0.05
vs. OGD/R with “Veh” pretreatment. Each experiment was repeated five times and similar results were obtained. Scale Bar = 100 pm.
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Fig. 3 NLGN3 ameliorates OGD/R-induced oxidative injury and programmed necrosis in neuronal cells. The differentiated SH-SY5Y
neuronal cells (A-F) or the primary murine cortical neurons (G, H) were pretreated with NLGN3 (5 or 25 ng/mL) or vehicle control (PBS, “Veh")
for 30 min, maintained under oxygen glucose deprivation (OGD) for 4 h and then re-oxygenation (“OGD/R”") for the applied time periods, the
association and expression of CypD-p53-ANT1 complex in the mitochondrial lysates were shown (A); Mitochondrial depolarization and ROS
production were tested by JC-1 staining (B) and CellROX staining (C, G) assays, respectively; Lipid peroxidation was examined by the TBAR
activity assays (D), with single strand DNA (ssDNA) contents measured by ELISA assays (E); Cell necrosis was tested by measuring medium LDH
contents (F, G). “Mock” stands for the mock treatment (norm-oxygenated medium with glucose). Blotting data was the representative of five
replicate experiments. Data were presented as mean + standard deviation (SD, n = 5). *P < 0.05 vs. “Mock” cells. *P < 0.05 vs. OGD/R with “Veh”
pretreatment. Each experiment was repeated five times and similar results were obtained. Scale Bar =100 pm.

monomers accumulation, Fig. 3B) and ROS production (the 3G). Moreover, OGD/R-induced medium LDH release, indicating
CellROX intensity increasing, Fig. 3C). Significantly, such actions cell necrosis, was also attenuated by NLGN3 pretreatment in
by OGD/R were largely inhibited by NLGN3 pretreatment (Fig. primary neurons (Fig. 3H). These results showed that NLGN3
3A-C). Note that ROS production, or CellROX intensity increasing, inhibited OGD/R-induced oxidative injury and programmed
was significant 6h after OGD/R stimulation and was most necrosis in SH-SY5Y cells, further supporting its neuroprotective
significant at 12h (Fig. S1F). In addition, NLGN3 significantly activity.
attenuated OGD/R-induced lipid peroxidation (reflected by the
TBAR activity increase, Fig. 3D), ssDNA accumulation (indicating NLGN3-induced neuronal protection against OGD/R requires
DNA breaks, Fig. 3E). Akt activation

OGD/R stimulation time-dependently induced cell necrosis in Since Akt is a pivotal pro-survival signaling cascade in neurons
SH-SY5Y cells and medium LDH release started at 24 h after OGD/ [56-60], we therefore tested whether activation of Akt was
R and was most significant at 48 h (Fig. S1G). NLGN3 pretreatment required for NLGN3-mediated neuroprotection against OGD/R.
remarkably attenuated OGD/R-induced medium LDH release IN MK-2206, an Akt-specific inhibitor [61-63], was utilized to block Akt
SH-SY5Y cells (Fig. 3F). The single NLGN3 treatment, unsurpris- activation. Alternatively, the Akt1/2 shRNA lentiviral particles were
ingly, did not provoke programmed necrosis cascade in SH-SY5Y transfected to SH-SY5Y neuronal cells. Stable cells, “shAkt1/2", were
cells (Fig. 3A-F). In the primary murine cortical neurons, NLGN3 established after puromycin selection, showing depleted Akt1/2
pretreatment (25 ng/mL, 30 min pretreatment) largely inhibited (Fig. 4A). As shown, NLGN3 (25 ng/mL, 15 min)-induced phosphor-
OGD/R-induced ROS production (CellROX intensity increase, Fig. ylation of Akt and S6K1 was almost blocked by MK-2206 and
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Fig. 4 NLGN3-induced neuronal protection against OGD/R requires Akt activation. SH-SY5Y neuronal cells were pretreated with MK-2206
(10 pM, for 30 min) or stably transduced with the Akt1/2 shRNA (“shAkt1/2"), followed by NLGN3 (25 ng/mL, 15 min) treatment, expression of listed
proteins was shown (A). Alternatively, cells were maintained under oxygen glucose deprivation (OGD) for 4 h and then re-oxygenation (“OGD/R")
for the applied time periods, cell viability, apoptosis and necrosis were tested by CCK-8 (B), nuclear TUNEL staining (C), and medium LDH release
(D) assays, respectively. SH-SY5Y cells, stably expressing the constitutively-active Akt1 (ca-Akt1, S473D) or the empty vector (“Vec”), were treated
with or without NLGN3 (25 ng/mL, 15 min), expression of listed proteins was shown (E). Alternatively, cells were subjected to the OGD/R
stimulation, cell viability (F), apoptosis (G), and necrosis (H) were tested similarly. The primary murine cortical neurons were pretreated with U0126
(10 uM, for 30 min), MK-2206 (10 uM, for 30 min) or the vehicle control (0.1% DMSO), followed by NLGN3 (25 ng/mL, 15 min) treatment, expression
of listed proteins was shown (I). Neurons were maintained under oxygen glucose deprivation (OGD) for 4 h and then re-oxygenation (“OGD/R") for
the applied time periods, cell viability (J), apoptosis (K), and necrosis (L) were tested similarly. “shC+DMSO” stands for cells with scramble control
shRNA plus 0.1% DMSO treatment (A-D). “Mock” stands for the mock treatment (norm-oxygenated medium with glucose). Blotting data was the
representative of five replicate experiments. Data were presented as mean + standard deviation (SD, n = 5). *P < 0.05 vs. “Mock” cells. *P < 0.05 vs.
OGD/R treatment in control cells. *P < 0.05 (J-L). Each experiment was repeated five times and similar results were obtained.

shAkt1/2 in SH-SY5Y cells (Fig. 4A). Functional studies demon-
strated that MK-2206 or shAkt1/2 exacerbated OGD/R-induced

University [64]) was stably transduced to SH-SY5Y cells (Fig. 4E),
which resulted in sustained Akt-S6K1 activation (Fig. 4E). As

viability (CCK-8 OD) reduction (Fig. 4B), cell apoptosis (tested by
the TUNEL-positive nuclei ratio increase, Fig. 4C) and necrosis
(medium LDH release, Fig. 4D). Importantly, NLGN3-induced
neuronal protection against OGD/R was completely abolished by
MK-2206 or shAkt1/2 in SH-SY5Y cells (Fig. 4B-D). Specifically, after
Akt inhibition or silencing OGD/R-induced cell viability reduction
(Fig. 4B), apoptosis (Fig. 4C), and necrosis (Fig. 4D) were not
alleviated by NLGN3. These results supported that NLGN3-induced
neuronal protection against OGD/R required Akt activation.

To further support our hypothesis, a constitutively-active Akt1
(“caAkt1”, S473D) construct (from Dr. Li at Wenzhou Medical

SPRINGER NATURE

shown, caAkt1 largely inhibited OGD/R-induced viability reduction
(Fig. 4F), apoptosis (Fig. 4G) and necrosis (Fig. 4H) in SH-SY5Y cells.
Intriguingly, adding NLGN3 failed to further increase Akt-S6K1
phosphorylation in caAkt1-expressing SH-SY5Y cells (Fig. 4E).
Neither did it offer additional neuronal protection against OGD/R
(Fig. 4F-H). Therefore, NLGN3 was invalid against OGD/R-induced
cytotoxicity in SH-SY5Y cells with caAkt1 (Fig. 4F-H).

In the primary murine cortical neurons, MK-2206, the Akt-
specific inhibitor, blocked NLGN3-induced Akt-S6K1 activation
(Fig. 4l). In the presence of MK-2206, OGD/R-induced viability
reduction (Fig. 4J), apoptosis (Fig. 4K) and necrosis (Fig. 4L) were
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not attenuated by NLGN3. Conversely, U0126, the Erk inhibitor,
failed to inhibit NLGN3-induced neuronal protection against OGD/
R (Fig. 4J-L). These results further supported that Akt activation is
essential for NLGN3-induced neuronal protection against OGD/R.

Gai1 and Gai3 mediate NLGN3-induced Akt signaling
activation in neuronal cells

Studies have shown that NLGN3-induced phosphorylation of
several key RTKs in glioma cells [18-20]. We have previously
demonstrated that Gai1/3 associated with ligand-activated RTKs
to mediate downstream signal transduction [30, 32-34]. A very
recent study of our group has also shown Gai1/3 are key proteins
mediating NLGN3-induced signaling in glioma cells [36]. Extend-
ing these studies, we found that NGLN3 can induce phosphoryla-
tion of multiple RTKs (EGFR, FGFR1, and PDGFR) in SH-SY5Y
neuronal cells (Fig. 5A).

To silence Gail and Gai3, SH-SY5Y neuronal cells were infected
with the Gail shRNA-expressing lentivirus and the Gai3 shRNA-
expressing lentivirus (see our previous studies [34, 36, 38]), stable
cells were established after selection by puromycin: “Gail/3
DshRNA” cells. As shown, Gail and Gai3 protein expression was
robustly downregulated in Gai1/3 DshRNA SH-SY5Y cells (Fig. 5B),
leaving Gai2 protein expression unaffected (Fig. 5B). NLGN3
(25 ng/mL, 15 min)-induced phosphorylation of Akt and S6K1 was
largely inhibited by Gai1/3 DshRNA (Fig. 5B). The scramble control
shRNA (“shC”), unsurprisingly, did not alter Gai1/3 expression and
NLGN3-induced signaling in SH-SY5Y cells (Fig. 5B). We have
previously shown that Gai1/3 association is essential for RTKs
endocytosis and downstream signal activation [33, 34]. Expression
of RTKs and NLGN3-induced phosphorylation of RTKs were not
affected by Gai1/3 double shRNA (Fig. 5C). These results implied
that Gai1/3 are required for NLGN3-induced RTKs downstream Akt
signaling transduction.

To further support the requirement of Gai1/3 in NLGN3-induced
Akt signaling in neuronal cells, the CRISPR/Cas9 strategy was
applied. The Cas9-expressing SH-SY5Y cells were further trans-
fected with the CRISPR/Cas9-Gail-KO construct plus the CRISPR/
Cas9-Gai3-KO construct (see the previous studies [34, 36, 38]).
Single stable SH-SY5Y cells with Gai1/3 double KO (“Gai1/3 DKO")
were established after puromycin selection and Gai1/3 KO
screening. As shown protein expression of Gail and Gai3, but
not Gai2, was depleted in Gai1/3 DKO SH-SY5Y cells (Fig. 5D),
where NLGN3 (25 ng/mL, 15 min)-induced phosphorylation of Akt
and S6K1 was almost completely blocked (Fig. 5D).

In the primary murine cortical neurons, NLGN3 treatment
(25 ng/mL, 5 min) similarly induced phosphorylation of multiple
RTKs (PDGFRa, EGFR, and FGFR1) (Fig. 5E). The siRNA strategy was
employed to silence Gail and Gai3. The Gail siRNA and the
Gai3 siRNA (“Gai1/3-DsiRNA”) were co-transfected to primary
murine neurons for 48 h, resulting in significant Gail and Gai3
downregulation (Fig. 5F). Consequently, Gai1/3-DsiRNA largely
inhibited NLGN3-induced Akt-S6K1 activation in primary murine
neurons (Fig. 5F).

NLGN3-induced neuronal protection against OGD/R requires

Gail/3

Since Gai1/3 are essential for NLGN3-induced Akt-S6K1 activation
in SH-SY5Y cells and primary murine neurons, we therefore
hypothesized that Gai1/3 should be required for NLGN3-mediated
neuroprotection against OGD/R. As shown, in the Gai1/3 DshRNA
SH-SY5Y cells and the Gai1/3 DKO SH-SY5Y cells (Fig. 5), OGD/R-
induced viability (CCK-8 OD) reduction (Fig. 6A), apoptosis
activation (the TUNEL-positive nuclei ratio increase, Fig. 6B) and
necrosis (by measuring medium LDH release, Fig. 6C) were
augmented (P < 0.05 vs. control cells). More importantly, in Gai1/3-
silenced or Gai1/3-DKO SH-SY5Y cells, pretreatment with NLGN3
(25 ng/mL) failed to inhibit OGD/R-induced cell death (Fig. 6A-C).
In the primary murine cortical neurons OGD/R-induced viability
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(CCK-8 OD) reduction (Fig. 6D), apoptosis activation (TUNEL assays,
Fig. 6E) and necrosis (LDH assays, Fig. 6F) were augmented after
Gai1/3 DsiRNA. With Gai1/3 silencing, NLGN3-induced neuronal
protection against OGD/R was abolished (Fig. 6D-F). These results
clearly showed that NLGN3-induced neuronal protection against
OGD/R requires Gail1/3.

ADAM10 inhibition blocks NLGN3 cleavage, exacerbating
MCAO-induced ischemic brain injury in mice
Next, we studied the potential neuroprotective effect of NLGN3 in
vivo. We first examined whether NLGN3 cleavage and expression
were altered in the brain tissues with cerebral ischemia/re-perfusion.
MCAO was performed in the mice. The ischemic penumbra brain
tissues were then collected 3h, 6 h, 9h, and 12 h after MCAO. As
shown, cleaved-NLGN3 levels were significantly increased in the
ischemic penumbra brain tissues of MCAO mice (Fig. 7A). Moreover,
phosphorylated-Akt level was also increased, indicating Akt activa-
tion (Fig. 7A). NLGN3 cleavage and Akt activation in the brain tissues
of MCAO mice were time-dependent (Fig. 7A). Remarkably, NLGN3
mRNA and non-cleaved NLGN3 protein levels in the brain tissues
were also significantly increased 9 h and 12 h after MCAO (Fig. 7A).
These results implied that MCAO-induced NLGN3 cleavage and
secretion, and increased its expression in mouse brain tissues.
NLGN3 is mainly cleaved by ADAM10 (A Disintegrin and
Metalloproteinase 10) in neurons [19]. ADAM10 inhibition was
shown to prevent cleavage and secretion of NLGN3 into the
microenvironment [19]. Thus, an ADAM10 inhibitor GI254023X
(ADAM10i) was injected to the lateral ventricle. After 6 h, mice
were then subject to the MCAO procedure. As demonstrated,
MCAO-induced NLGN3 cleavage and Akt activation in the
ischemic penumbra brain tissues were completely blocked by
ADAM10i (Fig. 7C). Gai1l and Gai3 protein expression was
unchanged by MCAO or with ADAM10i administration (Fig. 7C).
TTC staining assay results showed that MCAO-induced ischemic
brain injury was intensified following the lateral ventricle injection
of ADAM10i (Fig. 7D), as the infarct area was significantly enlarged
(Fig. 7D). Moreover, ADAM10i intensified MCAO-induced apopto-
sis, and cleavages of caspase-3, caspase-9 and PARP in the
ischemic penumbra brain tissues were increased after ADAM10
injection (Fig. 7E). In addition, as compared to vehicle control
MCAO mice, the neurological scores were worse in ADAM10i-
injected MCAO mice (Fig. 7F). The foot-fault tests were carried out
14 days after MCAO. Results showed that MCAO-induced foot-
fault was significantly increased in ADAM10i-injected mice (Fig.
7G). These results together implied that ADAMT10 inhibition
blocked MCAO-induced NLGN3 cleavage and secretion, exacer-
bating ischemic brain injury in mice.

Neuronal silencing of NLGN3-Gai1/3 exacerbates MCAO-
induced ischemic brain injury in mice

To further support the neuroprotective effect of NLGN3 in vivo,
the NLGN3 shRNA-expressing adenovirus (AAV8 construct, con-
taining the Synapsin promoter region) (Fig. 8A) was injected to the
lateral ventricle, aiming to conditional knockdown of neuronal
NLGN3: NLGN3-nKD. The control mice group received lateral
ventricle injection of scramble control shRNA adenovirus (“shC”,
AAV8 construct, containing the Synapsin promoter region) (Fig.
8A). After 20 days, the NLGN3-nKD mice and the shC group mice
were subject to the same MCAOQ procedure. Twelve hour after, the
ischemic penumbra brain tissues were separated and tested. As
demonstrated, MCAO-induced NLGN3 cleavage and expression, as
well as Akt activation, were largely inhibited in the NLGN3-nKD
group mice (Fig. 8B). Gail and Gai3 protein expression were
unchanged by NLGN3 shRNA (Fig. 8B). NLGN3-nKD exacerbated
MCAO-induced ischemic brain injury, and the infarct area was
significantly enlarged (Fig. 8C). Moreover, neuronal silencing of
NLGN3 enhanced MCAO-induced apoptosis. Levels of cleaved-
caspase-3, cleaved-caspase-9, and cleaved-PARP were increased in
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Fig. 5 Gai1 and Gai3 mediate NLGN3-induced Akt signaling activation in neuronal cells. SH-SY5Y neuronal cells (A) or the primary murine
cortical neurons (E) were treated with NLGN3 (25 ng/mL) for 5 min, expression of listed proteins was tested by Western blotting assays. The stable
SH-SY5Y neuronal cells, with the Gail shRNA plus the Gai3 shRNA (“Gai1/3 DshRNA") or the scramble control shRNA (“shC”), were treated with
NLGN3 (25 ng/mL) for applied time periods, expression of the listed proteins in total cell lysates was tested (B, C). The stable SH-SY5Y cells, with the
Gail plus Gai3 CRISPR/Cas9 KO constructs (“Gai1/3 DKO”) or the CRISPR/Cas9 control construct (“Cas9-C"), were treated with NLGN3 and tested by
Western blotting of listed proteins (D). The primary murine cortical neurons were transfected with the Gail siRNA plus the Gai3 siRNA (“Gai1/3
DsiRNA") or the scramble control siRNA (“siC”), treated with NLGN3 (25 ng/mL), and tested by western blotting of listed proteins (F). Blotting data
was the representative of five replicate experiments. “Pare” stands for the parental control cells. Data were presented as mean + standard deviation
(SD, n=5). *P < 0.05 vs. the corresponding control cells. Each experiment was repeated five times and similar results were obtained.

the ischemic penumbra brain tissues of NLGN3-nKD mice (Fig. 8D).
The neurological scores were much worse in MCAO NLGN3-nKD
mice as compared to shC group mice (Fig. 8E). In addition, 14 days
after the MCAO procedure, the foot-fault ratio was significantly
higher after neuronal silencing of NLGN3 (Fig. 8F). These results
clearly supported that neuronal silencing of NLGN3 exacerbated
MCAO-induced ischemic brain injury.

The in vitro experimental results have shown that Gai1 and Gai3
mediated NLGN3-induced Akt activation and neuroprotection

SPRINGER NATURE

against OGD/R. We therefore proposed that neuronal silencing of
Gail and Gai3 should also exacerbate MCAO-induced ischemic
brain injury in mice. Therefore, the Gail shRNA-expressing
adenovirus and the Gai3 shRNA-expressing adenovirus (AAV8
construct, containing the Synapsin promoter region) were co-
injected to the lateral ventricle for 20 days, leading to neuronal
conditional knockdown of Gail and Gai3 (“Gai1/3-nKD") (Fig. 8G).
Control shC group mice and Gai1/3-nKD mice were subject to the
same MCAO procedure. After 12 h, the ischemic penumbra brain
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Fig. 6 NLGN3-induced neuronal protection against OGD/R requires Gai1/3. SH-SY5Y neuronal cells, with the Gail plus Gai3 shRNA (“Gai1/3
DshRNA"), the Gail plus Gai3 CRISPR/Cas9 KO constructs (“Gai1/3 DKO”), or the scramble control shRNA plus the CRISPR/Cas9 control
construct (“shC+Cas9-C"), were pretreated with NLGN3 (25 ng/mL, for 30 min), cells were then maintained under oxygen glucose deprivation
(OGD) for 4 h and then re-oxygenation (“OGD/R") for the applied time periods; Cell viability, apoptosis and necrosis were tested by CCK-8 (A),
nuclear TUNEL staining (B), and medium LDH release (C) assays, respectively. The primary murine cortical neurons, transfected with the
Gail siRNA plus the Gai3 siRNA (“Gai1/3 DsiRNA”") or the scramble control siRNA (“siC”), were pretreated with NLGN3 (25 ng/mL, for 30 min),
cells were maintained under oxygen glucose deprivation (OGD) for 4 h and then re-oxygenation (“OGD/R") for the applied time periods, cell
viability (D), apoptosis (E), and necrosis (F) were tested similarly. “Mock” stands for the mock treatment (norm-oxygenated medium with
glucose). Data were presented as mean + standard deviation (SD, n=5). *P < 0.05 vs. “Mock” cells. *P < 0.05 vs. OGD/R treatment in the
corresponding control cells (A-C). *P < 0.05 (D-F). Each experiment was repeated five times and similar results were obtained.

tissues were isolated. qRT-PCR and Western blotting assay results increased as well (Fig. 9B). Neuronal overexpression of
confirmed Gail/3 mRNA and protein downregulation in Gail/3- NLGNS3 significantly inhibited MCAO-induced ischemic brain injury
nKD mice (Fig. 8H and I). Expression of Gai2 and NLGN3 (total and in mice. The infarct area was decreased in MCAO NLGN3-nOE mice
cleaved) was however unchanged (Fig. 8H, I). Neuronal silencing (Fig. 9C) and cleavages of apoptosis proteins were remarkably
of Gai1 and Gai3 largely inhibited Akt phosphorylation in brain decreased (Fig. 9D). Remarkably, in MCAO NLGN3-nOE mice, the
tissues of MCAO mice (Fig. 8I). The quantified TTC staining results neurological scores were significantly improved as compared to
found that neuronal silencing of Gail and Gai3 augmented Vec control mice (Fig. 9E), and the foot-fault ratio was remarkably
MCAO-induced ischemic brain injury and enlarged the infarct area decreased (Fig. 9F). These results clearly showed that NLGN3-nOE
(Fig. 8J). The neurological scores, recorded 24 h after MCAO, were protected against MCAO-induced ischemic brain injury in mice.
worse in Gail/3 nKD mice as compared to the shC group mice
(Fig. 8K). In addition, MCAO-induced foot-fault was remarkably
increased with neuronal silencing of Gai1/3 (Fig. 8L). Therefore, DISCUSSION
neuronal silencing of Gail and Gai3 intensified MCAO-induced NLGN3 was shown to induce expression of synaptic genes
ischemic brain injury in mice. required for neuron-glioma synapse formation [65, 66]. It was
identified as the primary factor responsible for neuronal-driven
Neuronal overexpression of NLGN3 alleviates MCAO-induced glioma progression [18-21]. NLGN3 can activate multiple RTKs and
ischemic brain injury in mice the downstream cascades (i.e. PI3K-Akt-mTOR), promoting cell
We further hypothesized that neuronal overexpression of NLGN3 survival and growth in glioma cells [18-20]. The current study
could possibly inhibit ischemic brain injury in mice. Therefore, the showed that MCAO procedure induced NLGN3 cleavage and
NLGN3-overexpressing adenovirus (AAV8, containing the Synapsin secretion, and significantly increased its expression in mouse brain

promoter region, Fig. 9A) was injected to the lateral ventricle, tissues. NLGN3 exerted significant neuroprotective activity and
causing neuronal NLGN3 overexpression (“NLGN3-nOE”) after protected neuronal cells from ischemia-reperfusion injury.

20 days. Control mice were injected with hSyn-AAV8-empty Besides apoptosis, recent studies have shown that OGD/R could
vector adenovirus (“Vec”). Mice were subject the same MCAO induce programmed necrosis in neuronal cells and other cells.

procedure. The ischemic penumbra brain tissues were then Tang et al,, showed that Ginseng Rh2 protected endometrial cells
isolated and tested. As shown NLGN3 expression and cleavage from OGD/R-induced oxidative injury via blocking CypD-
were both significantly increased in ischemic penumbra brain dependent programmed necrosis pathway [55]. Xu et al., reported
regions in the NLGN3-nOE mice (Fig. 9B). Akt activation was that microRNA-1203 silenced CypD to protect endometrial cells

Cell Death and Disease (2023)14:700 SPRINGER NATURE
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Fig.7 ADAM10 inhibition blocks NLGN3 cleavage, exacerbating MCAO-induced ischemic brain injury in mice. C57BL/6J mice were subject
to MCAO procedure for applied time periods, and the ischemic penumbra brain regions were isolated. Expression of listed genes and proteins
in the brain tissues were tested (A, B). GI254023X, the ADAM10 inhibitor (“ADAM10i’; 100 pM, at a rate of 1 uL/min for 5min), or the vehicle
control (“Veh") was injected to the lateral ventricle of the C57BL/6 J mice. After 6 h mice were subject to the MCAO procedure, the ischemic
penumbra brain regions were isolated 12 h after MCAO and expression of listed proteins in the brain tissues was tested (C). TTC staining was
employed to stain the ischemic region 24 h after MCAO and results were quantified (D). Expression of the apoptosis-associated proteins was
tested as well (E).Other mice were subject to the behavior tests, the neurological scores were recorded (F, at 24 h) and foot-fault tests (G, at
Day-14) were performed. Data were presented as mean + standard deviation (SD). *P < 0.05 vs. “Mock” (A, B). *P < 0.05. "N.S.” stands for non-
statistical difference (P> 0.05). In each group there were five to eight mice (n =5/8).

from OGD/R-induced programmed necrosis [67]. In myocardial
cells, a novel Akt activator SC79 largely inhibited OGD/R-induced
mitochondrial depolarization, CypD-p53-ANT1 association, oxida-
tive injury, and programmed necrosis [68]. Liu et al., showed that
K6PC-5, a novel sphingosine kinase 1 (SphK1) activator, activated
SphK1-Nrf2 cascade and inhibited OGD/R-induced programmed
necrosis in SH-SY5Y neuronal cells [41].

We showed that NLGN3, aside from apoptosis inhibition,
simultaneously suppressed OGD/R-induced programmed necrosis,
thereby exerting significant neuroprotective activity. In SH-SY5Y
cells and the primary murine cortical neurons, OGD/R-induced
mitochondrial CypD-p53-ANT1 association, mitochondrial depo-
larization, ROS production, oxidative injury and cell necrosis were
largely ameliorated by NLGN3 pretreatment. NLGN3-induced anti-
programmed necrosis mechanism could be one primary reason of
its superior neuroprotective activity against OGD/R.

Activation of Akt cascade is pivotal in mediating survival response
in neuronal cells [69, 70]. A number of different agents (or stimuli)
could activate Akt cascade to inhibit neuronal cell injury and
apoptosis by ischemia-reperfusion or OGD/R [71-77]. These agents
include heat shock protein B8 (HspB8) [76], curcumin [73], baicalein
[74], humanin [75], and several neurotrophic factors [69, 70].
Conversely, Akt blockage, mainly through Akt inhibitors, reversed
the neuroprotective effect by the agents [72-76]. We provided

SPRINGER NATURE

evidence to support that Akt activation was required for NLGN3-
induced neuroprotection. Blockage of Akt activation, by MK-2206 or
Akt1/2 shRNA, completely reversed NLGN3-induced neuronal cyto-
protection against OGD/R. Conversely, forced activation of Akt by
caAkt1 mimicked NLGN3-induced actions and ameliorated OGD/R-
induced neuronal cell death. Significantly, NLGN3 failed to offer
additional neuroprotection against OGD/R in caAkt1-expressing SH-
SY5Y cells. Therefore, Akt activation was the key mechanism of
NLGN3-induced neuroprotection against OGD/R.

Importantly, ADAM10 inhibition by lateral ventricle injection
of GI254023X blocked MCAO-induced NLGN3 cleavage and
secretion, inhibited Akt activation and exacerbated ischemic
brain injury in mice. Moreover, neuronal silencing of NLGN3, by
lateral ventricle injection of shRNA adenovirus, inhibited Akt
activation and exacerbated MCAO-induced ischemic brain
injury. Conversely, neuronal overexpression of NLGN3 increased
Akt activation and alleviated MCAO-induced ischemic brain
injury in mice.

Our previous studies have proposed the pivotal role of Gail/3
proteins in mediating RTKs-induced signalings. Sun et al, have
shown that Gai1/3 mediated VEGF-induced signaling [34]. Gai1/3
are in the VEGFR2 endocytosis complex (VEGFR2-Ephrin-B2-Dab2-
PAR-3), required for VEGF-induced VEGFR2 endocytosis and
downstream signaling activation [34]. Gai1/3 are also key signaling

Cell Death and Disease (2023)14:700
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Fig. 8 Neuronal silencing of NLGN3-Gai1/3 exacerbates MCAO-induced ischemic brain injury in mice. NLGN3 shRNA-expressing AAV
(NLGN3 shRNA-hSyn-AAV8, “NLGN3-nKD’ A), the Gail shRNA-expressing adenovirus plus the Gai3 shRNA-expressing adenovirus (hSyn-AAVS,
“Gai1/3-nKD’ G) or the scramble control shRNA-expressing adenovirus (hSyn-AAVS, “shC”) were injected to the lateral ventricle of the mice;
After 20 days, the mice were subject to MCAO procedure. After indicated time periods, the ischemic penumbra brain regions were isolated
and expression of listed mRNAs and proteins were tested (B, D, H, I). TTC staining was employed to stain the ischemic region and results were
quantified (C, J). Other mice were subject to the behavior tests, the neurological scores were recorded (E, K, at 24 h) and foot-fault tests (F, L, at
Day-14) were performed. Data were presented as mean + standard deviation (SD). *P <0.05. “N.S.” stands for non-statistical difference

(P> 0.05). In each group there were five to eight mice (n =5/8).

proteins for brain-derived neurotrophic factor (BDNF)-induced
signaling in neurons [33]. In mouse embryonic fibroblasts (MEFs)
and neurons, Gail/3 silencing or KO largely inhibited BDNF-
induced downstream signaling (Akt-mTOR and Erk-MAPK) activa-
tion [33]. Similarly, Gai1/3 are indispensable for keratinocyte
growth factor (KGF)- and epidermal growth factor (EGF)-induced
Akt-mTOR signaling [30, 32].

We here found that Gai1/3 should be key proteins mediating
NLGN3-induced Akt signaling in neuronal cells. In SH-SY5Y cells
and primary murine neurons, shRNA/siRNA-induced silencing or
CRISPR/Cas9-induced KO of Gai1/3 largely inhibited NLGN3-
induced Akt-S6K1 activation. Importantly, Gai1/3 silencing or
depletion almost abolished NLGN3-induced neuronal cytopro-
tection against OGD/R. Significantly, Gai1/3 neuronal silencing,

Cell Death and Disease (2023)14:700

by lateral ventricle injection of shRNA adenovirus, inhibited Akt
activation and exacerbated MCAO-induced ischemic brain
injury. Thus, Gail/3-mediating Akt activation is required for
NLGN3-induced neuroprotection against ischemia-reperfusion
injury.

CONCLUSION
NLGN3 protects neuronal cells from ischemia-reperfusion injury
via activation of Gai1/3-Akt signaling.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Fig. 9 Neuronal overexpression of NLGN3 alleviates MCAO-induced ischemic brain injury in mice. The NLGN3-overexpressing adenovirus
containing the Synapsin promoter region (NLGN3 cDNA-hSyn-AAV8) was injected to the lateral ventricle of the mice (“NLGN3-nOE" group) (A);
The control group mice received the hSyn-AAV8 empty vector adenovirus (“Vec”) injection; After 20 days, the mice were subject to the same
MCAO procedure. After indicated time periods, the ischemic penumbra brain regions were isolated and expression of listed proteins in the
brain tissues were tested (B, D). TTC staining was employed to stain the ischemic region and results were quantified (C). Other mice were
subject to the behavior tests, the neurological scores were recorded (E, at 24 h) and foot-fault tests (F, at Day-14) were performed. Data were
presented as mean + standard deviation (SD). *P < 0.05. In each group there were five to eight mice (n = 5/6).
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