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Polygalasaponin F protects hippocampal neurons
against glutamate-induced cytotoxicity

https://doi.org/10.4103/1673-5374.314321 Chong Sun’, Xin-Cheng Cao’, Zhi-Yang Liu®, Chao-Lin Ma’, Bao-Ming Li**"

Date of submission: August 8, 2020
Date of decision: December 30, 2020

Date of acceptance: March 1, 2021

Date of web publication: June 7, 2021

Graphical Abstract Ploygalasaponin F protects cultured hippocampal neurons against

Polygalasaponin F
Glutamate / \ Glutamate
\ NMDAR NR2A T ~ NMDAR NRZB/
a D
\\\; Hippocampal Neuron ///
pCREB 1 BDNF % Intracellular [Ca?'] §

glutamate-induced cytotoxicity via regulating N-methyl-D-aspartate
receptor

L )
I

Neuroprotection

Abstract

Excess extracellular glutamate leads to excitotoxicity, which induces neuronal death through the overactivation of N-methyl-D-aspartate
receptors (NMDARs). Excitotoxicity is thought to be closely related to various acute and chronic neurological disorders, such as stroke and
Alzheimer’s disease. Polygalasaponin F (PGSF) is a triterpenoid saponin monomer that can be isolated from Polygala japonica, and has been
reported to protect cells against apoptosis. To investigate the mechanisms underlying the neuroprotective effects of PGSF against glutamate-
induced cytotoxicity, PGSF-pretreated hippocampal neurons were exposed to glutamate for 24 hours. The results demonstrated that PGSF
inhibited glutamate-induced hippocampal neuron death in a concentration-dependent manner and reduced glutamate-induced Ca** overload
in the cultured neurons. In addition, PGSF partially blocked the excess activity of NMDARs, inhibited both the downregulation of NMDAR
subunit NR2A expression and the upregulation of NMDAR subunit NR2B expression, and upregulated the expression of phosphorylated
cyclic adenosine monophosphate-responsive element-binding protein and brain-derived neurotrophic factor. These findings suggest that
PGSF protects cultured hippocampal neurons against glutamate-induced cytotoxicity by regulating NMDARs. The study was approved by the
Institutional Animal Care Committee of Nanchang University (approval No. 2017-0006) on December 29, 2017.
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Introduction

Excessively high concentrations of extracellular glutamate
can induce excitotoxicity through the overactivation of
glutamate receptors (mainly N-methyl-D-aspartate receptors
[NMDARs]), leading to a series of abnormal events, such as
intracellular Ca** overload, oxidative stress, and mitochondrial
dysfunction, ultimately causing neuronal death (Mehta et
al., 2013). Glutamate excitotoxicity-induced neuronal death
is widely observed in many neurological disorders, including
ischemia, trauma, epilepsy, amyotrophic lateral sclerosis, and
neurodegenerative disorders such as Alzheimer’s disease,
Huntington’s disease, and Parkinson’s disease. Furthermore,
glutamate excitotoxicity-induced neuronal death is one of the
major pathogenic mechanisms underlying these neurological
disorders (Lau and Tymianski, 2010; Mehta et al., 2013;
Huberfeld and Vecht, 2016; Dorsett et al., 2017; Jiang et
al., 2019; Chu et al., 2020). NMDARs are essential for many

normal brain functions, such as synaptic plasticity, learning,
and memory (Bliss and Collingridge, 1993). The inhibition
of NMDAR activity in vivo can also cause apoptosis in
developing neurons (lkonomidou et al., 1999). Thus, blocking
excitotoxicity while preserving the physiological functions of
NMDARs may be a promising strategy for treating glutamate-
induced excitotoxicity (Xia et al., 2010).

It has been reported that the location of NMDARs determines
whether they are coupled to pro-death or pro-survival signals
(Hardingham and Bading, 2010). A single NMDAR is composed
of heteromeric subunits, including two NR1 and two NR2
subunits. The NR2 subunits can be NR2A—NR2D or NR3 (Huo
et al., 2015). The NR1 subunits form an ion channel, while the
NR2 subunits modulate the activity of the ion channel (Liu et
al., 2017). Different NR2-containing NMDARs (NR1/NR2A or
NR1/NR2B) exhibit different biophysical properties and play
antagonistic roles in synaptic transmission and excitotoxicity
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(Furukawa et al., 2005; Chen et al., 2008). In the adult brain,
NR2B-containing NMDARs are located mainly at extrasynaptic
sites, while NR2A-containing NMDARs are highly expressed
at the synapse (Papouin et al., 2012). Activation of NR2A-
containing (i.e., synaptic) NMDARs triggers pro-survival signals,
whereas stimulation of NR2B-containing (i.e., extrasynaptic)
NMDARSs triggers pro-death signals (Rueda et al., 2016).

Polygala japonica is a traditional Chinese medical herb
with expectorant, anti-inflammatory, antibacterial,
and antidepressant effects (Sun et al., 2012; Chinese
Pharmacopoeia Commission, 2015). Polygalasaponin F (PGSF),
a triterpenoid saponin monomer isolated from P. japonica,
has various effects on the nervous system. A previous study
has demonstrated that PGSF has anti-inflammatory effects
via inhibiting the release of the inflammatory cytokine tumor
necrosis factor-a and nitric oxide in PC12 cells (Wei et al.,
2014). PGSF also exerts a protective effect on PC12 cell
survival in the presence of rotenone and sodium dithionite
(Shi et al., 2013; Wu et al., 2014). In ischemic models, PGSF
reduces the size of the infarct area in middle cerebral artery
occlusion mice via an anti-apoptotic mechanism (Zhou et al.,
2019).

Thus, PGSF appears to have protective effects against injuries
of the nervous system. The present study aimed to investigate
whether PGSF has a protective effect against glutamate
excitotoxicity-induced neuronal death in primary cultured
hippocampal neurons. We also attempted to address whether
PGSF produces such a protective effect by regulating NR2A-
and NR2B-containing NMDARs.

Materials and Methods

Animals

Female Wistar rats (weighing ~200 g, 6—8 weeks old, n = 24)
and male C57BL/6 mice (weighing ~30 g, 4—6 weeks old, n
= 12) were obtained from the Department of Experimental
Animals, Institution of Life Science, Nanchang University
(license No. SYXK (Gan) 2015-0002). Rats were grouped and
housed at two animals per cage under temperature- and light-
controlled conditions (22-23°C, 12-hour light/dark cycle),
with food and water provided ad libitum. All experiments
conformed to the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health Publication 85-23,
revised in 1985) and were approved by the Institutional
Animal Care Committee of Nanchang University (approval No.
2017-0006) on December 29, 2017.

Primary culture of hippocampal neurons

Hippocampal neurons were obtained from embryonic day 17—
19 Wistar rats (provided by the Department of Experimental
Animals, Institution of Life Science, Nanchang University). The
hippocampus was rapidly dissected from each embryo and
minced into small pieces (less than 1 mm per side). These
small pieces were collected, centrifuged at 800 x g for 1
minute, and digested with pre-warmed 0.05% trypsin (Gibco,
Grand Island, NY, USA) for 10 minutes. To stop the digestion,
10% fetal bovine serum (Gibco) was added. Neuronal cells (i.e.,
the precipitation) were collected after centrifugation at 800 x g
for 5 minutes, and were then dissolved in Neurobasal Medium
(Gibco) containing 10% fetal bovine serum and 1% penicillin/
streptomycin combination (Gibco). The cells were diluted to
a final density of 1 x 10°/mL and seeded onto culture dishes
(Thermo Fisher Scientific, Waltham, MA, USA) pre-coated
with poly-D-lysine (Sigma, St. Louis, MO, USA), and were then
incubated at 37°C with 5% CO,. After 4 hours of incubation, the
media was changed to Neurobasal Medium containing 2% B27,
1% penicillin/streptomycin combination, and 1% glutamine.
Half of the media was changed every 3 days.

Cell viability
Hoechst 33342 and propidium iodide dye (Beyotime

Biotechnology, Shanghai, China) double staining was used
to determine cell death. The hippocampal neurons were
seeded in 96-well plates and cultured for 6 days. To measure
glutamate excitotoxicity, the cells were exposed to 20, 40,
60, 80, and 100 uM glutamate for 24 hours. In addition,
to investigate the protective effects of PGSF on glutamate-
induced excitotoxicity, PGSF (Pufei De Biotech Co., Chengdu,
China) was dissolved in dimethyl sulfoxide (Sigma) to 1 mM
stock concentration and diluted to a final concentration of 2, 4,
6, 8, or 10 uM in cell culture medium. The cells were pretreated
with 2, 4, 6, 8, or 10 uM PGSF for 30 minutes, and then
glutamate (Sigma) was added to the cells to a concentration
of 100 uM. After being cultured for 24 hours, cell viability was
observed. Furthermore, to determine the toxicity of PGSF,
cells were treated with 2, 4, 6, 8, or 10 uM PGSF. Cell viability
was then observed by adding Hoechst 33342 (10 ug/mL) and
propidium iodide (5 uM) to the media of neuronal cells for
15 minutes. The cells were then imaged randomly under a
fluorescence microscope (Zeiss, Oberkochen, Germany) and
the stained cells were counted. Cell viability was calculated
according to the following formula: Percentage viability (%) =
(number of Hoechst 33342-stained cells — number of Hoechst
33342/propidium iodide double-stained cells)/number of
Hoechst 33342-stained cells x 100.

Apoptosis assay

Hippocampal neuron apoptosis was determined using
immunofluorescence staining of cleaved caspase-3. After the
hippocampal neurons were seeded in cultured dishes pre-
coated with poly-D- lysine in 24-well plates and cultured for
6 days, the cells were exposed to 100 uM glutamate, 100
uM glutamate + 10 uM PGSF, or 100 uM glutamate + 10 pM
MK801 ((5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]
cyclohepten-5,10-imine hydrogen maleate; an NMDAR
antagonist; Sigma) for 24 hours. For immunofluorescence, the
cultured cells were washed twice with phosphate-buffered
saline (PBS) for 5 minutes and fixed with 4% paraformaldehyde
in PBS for 1 hour at room temperature. The fixed cells were
then washed three times with PBS and blocked with 5%
goat serum (Solarbio Life Science, Beijing, China) in PBS for 2
hours at room temperature. After incubation in the primary
antibody (rabbit anti-cleaved caspase-3; 1:400, Cat# 9661;
Cell Signaling, Danvers, MA, USA) at 4°C overnight, the cells
were washed three times with PBS and incubated with the
secondary antibody (donkey anti-rabbit, 1:500, Cat# Q22089;
Life Technologies, Grand Island, NY, USA) for 2 hours at
room temperature. Nuclei were visualized by staining with
4',6-diamidino-2-phenylindole (Beyotime Biotechnology).
The stained cells were then washed three times with PBS and
imaged under a fluorescence microscope (Zeiss Axiolmager
A2, Oberkochen, Germany) using a 10x objective.

Calcium imaging

The intracellular free Ca®* was measured using the Ca*
indicator Fluo-4 AM (Molecular Probes, Eugene, OR, USA).
Hippocampal neurons were seeded on glass slides in 24-well
plates and cultured for 6 days. The cells were then incubated
with Fluo-4 AM (5 uM) and Pluronic F-127 (0.05%) (Molecular
Probes) in HEPES-buffered solution (NaCl 135 mM, KCl 5 mM,
MgSO, 1 mM, CaCl, 2 mM, HEPES 20 mM, glucose 5 mM, lactic
acid 10 mM, and Na-pyruvate 1 mM; pH 7.4) for 30 minutes at
room temperature in the dark to stain the cells. The cells were
then treated with glutamate or PGSF + glutamate for 4 hours.
Next, intracellular Ca®* concentrations were determined using
fluorescence intensity, which was measured with a 488 nm
excitation and 535 nm emission using a confocal microscope
(Olympus, Tokyo, Japan). For the Ca”*-free experiments, the
neuronal cells were incubated with Fluo-4 AM (5 uM) and
Pluronic F-127 (0.05%) in Ca**-free HEPES-buffered solution
(NaCl 135 mM, KCI 5 mM, MgSO, 1 mM, EGTA 1 mM, HEPES
20 mM, glucose 5 mM, lactic acid 10 mM, and Na-pyruvate 1
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mM; pH 7.4) for 30 minutes at room temperature in the dark.
Intracellular Ca*" concentrations were measured and imaged
using a confocal microscope (Olympus). The images were
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA; version: 1.53c).

Slice electrophysiology

To obtain brain slices, C57BL/6 mice were anesthetized by ethyl
ether (Xilong Scientific Co., Shantou, China; Song et al., 2017)
and sacrificed for use in the whole-cell patch-clamp technique.
Their brains were then transferred to ice-cold carbogenated
(95% 0,/5% CO,) artificial cerebrospinal fluid solution (ACSF)
containing (in mM): NaCl, 124; NaHCO,, 26; D-(+)glucose,
10; KClI, 2.5; CaCl,, 2.5; MgS0,-7H,0, 2; and NaH,P0O,-2H,0,
1.25. Brain slices (300 um thickness) were prepared and
transferred to warmed carbogenated ACSF solution (32°C) for
10 minutes. During the recordings, slices were immersed in
ACSF, which flowed continuously at a rate of 2 mL/min at 32°C.
Hippocampal neurons of brain slices were patch-clamped using
glass pipettes (2.7-4.0 MQ; Vital Sense Scientific Instruments
Co., Ltd., Wuhan, China) under a microscope (Nikon, Tokyo,
Japan). Voltage-clamp recordings were recorded using an
Axon Instruments MultiClamp 700B amplifier (Molecular
Devices, San Jose, CA, USA), and currents were digitized using
an Axon Instruments 1550A digitizer controlled with the Axon
Instruments pClamp 10.5 software (Axon Instruments, Foster
City, CA, USA) on a computer. To measure the NMDAR current,
an excitatory postsynaptic current (EPSC) was evoked at +40
mV to remove the magnesium block from the NMDAR. The
gamma-aminobutyric acid antagonist bicuculline (20 uM;
MedChemExpress, Monmouth Junction, NJ, USA) was added
to block gamma-aminobutyric acid currents. In addition,
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX;
10 uM; MedChemExpress) was added during the experiment
to block a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid currents. The internal medium consisted of (in mM):
cesium methanesulfonate, 125; CsCl, 5; HEPES, 10; ethylene
glycol tetraacetic acid, 0.2; MgCl,, 1; Mg-ATP, 4; Na-GTP, 0.3;
phosphocreatine, 10; and QX314, 5 (pH 7.40, 285 mOsm).
The peak amplitude of the NMDAR currents was selected for
data analysis. The inhibitory effects were calculated as follows:
Inhibitory effects (%) = (1 — NMDAR-mediated currents (drug
treatment)/NMDAR-mediated currents (control)) x 100.

Western blot assay

The cultured hippocampal neurons were seeded in six-
well plates and cultured for 6 days. After being treated
with glutamate (100 puM) or PGSF (2—10 uM) + glutamate
(100 uM), the total proteins of the hippocampal neurons
were harvested in cell lysis buffer containing protease and
phosphatase inhibitors (Beyotime Biotechnology). Protein
concentrations were determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with standard proteins.
The sample proteins were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes. The membranes
were then blocked with 5% nonfat milk at room temperature
for 1 hour and probed with primary antibodies (rabbit
anti-NR2A, 1:100, Cat# 4205S, Cell Signaling; rabbit anti-
NR2B, 1:100, Cat# 4207S, Cell Signaling; rabbit anti-pCREB,
1:100, Cat# 9198S, Cell Signaling; rabbit anti-BDNF, 1:100,
Cat# 47808S, Cell Signaling; rabbit anti-glyceraldehyde-
3-phosphate dehydrogenase [GAPDH], 1:100, Cat# 2118,
Cell Signaling) at 4°C overnight. Next, the membranes were
incubated with horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:3000, Cat# D601016-0005, Sangon
Biotech, Shanghai, China) for 2 hours at room temperature.
The blots were visualized using an eECL Western Blot Kit (Cat#
CW0048S, CWBio, Beijing, China), and band intensities were
analyzed using Image Lab software (Bio-Rad, Hercules, CA,

USA; version: 5.2.1).

Statistical analysis

All results are expressed as the mean + standard error of
the mean (SEM) and were analyzed using GraphPad Prism
software (Version 7.04, GraphPad Inc., San Diego, CA, USA).
One-way analysis of variance with Dunnett’s post hoc test
was used for multiple comparisons. The two-tailed Student’s
t-test was used for two-sample comparisons. P < 0.05 was
considered statistically significant.

Results

PGSF enhances the viability of cultured neurons treated
with glutamate

We used cultured hippocampal cells to investigate the
neuroprotective effects of PGSF because hippocampal neurons
are vulnerable to both ischemia and neurodegenerative
disorders (Pulsinelli et al., 1982; Lu et al., 2014). We first
cultured the hippocampal neurons for 6 days, and then
investigated the concentration-dependent effects of glutamate
on the viability of such neurons. Five different concentrations
of glutamate (20, 40, 60, 80, or 100 uM) were used to
treat the neurons for 24 hours (Figure 1A). The viability of
the neurons under each concentration of glutamate was
measured. As shown in Figure 1B, there was a decrease in the
survival percentage of hippocampal cells with an increase in
glutamate concentration (Fs s, = 1.27).

We next investigated the protective effects of PGSF on
cultured neurons exposed to 100 uM glutamate. Hippocampal
cells were treated with 100 uM glutamate, 2 uM PGSF + 100
uM glutamate, 4 uM PGSF + 100 uM glutamate, 6 uM PGSF +
100 uM glutamate, 8 uM PGSF + 100 uM glutamate, or 10 uM
PGSF + 100 pM. As shown in Figure 1C, although 2 uM and 4
UM PGSF had no protective effects against glutamate-induced
cell death (F, 50 = 3.04), 6, 8, and 10 uM PGSF significantly
enhanced neuronal viability in a concentration-dependent
manner (cell viability: 48.88 + 2.39% under 6 uM PGSF;
63.61 £ 1.32% under 8 uM PGSF; and 74.83 + 0.85% under
10 uM PGSF). The toxicity of PGSF was also investigated; the
concentrations of PGSF used in the present experiment had
no toxicity to neuronal cells (data not shown).

PGSF inhibits glutamate-induced apoptosis in neuronal cells
Apoptotic cell death is executed by the activation of
procaspase-3. We therefore used cleaved caspase-3, an
activated form of caspase-3, to examine neuronal cell death
(Park et al., 2010). Neuronal cells were treated for 24 hours
with glutamate (100 uM), glutamate (100 uM) + PGSF (10
uM), or glutamate (100 uM) + MK801 (10 uM). Cellular
apoptosis was then calculated by counting the cleaved
caspase-3-positive cells. As shown in Figure 2A, more cleaved
caspase-3-positive cells were observed under glutamate
treatment, whereas numbers returned to control levels when
PGSF or MK801 was co-applied with glutamate. MK801 is
a non-selective antagonist of NMDARs, and was used here
as a positive control. Figure 2B shows the quantification of
the neuronal apoptosis ratio under the control, glutamate,
glutamate + PGSF, and glutamate + MK801 conditions (F ,, =
0.772). Thus, PGSF was able to protect neurons against
glutamate excitotoxicity-induced apoptotic death.

PGSF inhibits the overload of cytosolic Ca** induced by
glutamate excitotoxicity

Glutamate excitotoxicity-induced cytosolic Ca** overload is
highly associated with neuronal death (Xiong et al., 2004).
We therefore examined whether the neuroprotective effects
of PGSF were associated with the inhibition of cytosolic Ca**
overload. Cultured hippocampal cells were incubated with
glutamate (100 uM), glutamate (100 uM) + PGSF (10 uM),
or glutamate (100 pM) + MK801 (10 uM), and Ca’* signals
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were measured using Flu-4 AM fluorescent probes at 4 hours
post-incubation. Cytosolic Ca®* in the cultured cells increased
markedly upon treatment with glutamate (Figure 3A and B),
and this Ca** overload was suppressed when PGSF was co-
applied (Figure 3C). A similar suppressive effect was observed
when the non-selective NMDAR antagonist MK801 was co-
administered (Figure 3D). The increased cytosolic Ca’" that
was induced by glutamate exposure came from extracellular
Ca”* because such an effect did not occur in the absence of
extracellular Ca®* (Figure 3E). The quantitative analysis of
these results revealed that PGSF inhibited Ca® influx (Fia, 108 =
4.12; Figure 3F, which is in accordance with the results of
previous studies demonstrating that Ca’" overload after
excitotoxic stimuli comes from the influx of extracellular Ca**
(Berdichevsky et al., 1983; Lai et al., 2014).

PGSF suppresses NMDAR-mediated currents in cultured
hippocampal neurons

Calcium imaging revealed that PGSF inhibited the influx
of Ca®!, suggesting that PGSF might block NMDARs. To
investigate this concept, we used a whole-cell patch-clamp
technique to record the NMDAR-mediated currents in
cultured hippocampal neurons treated with PGSF. Bicuculline
and DNQX were co-administered to suppress the gamma-
aminobutyric acid inhibitory postsynaptic current and the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor-mediated EPSC, respectively. Our data revealed that
PGSF (10 uM) blocked the NMDAR-mediated EPSC by 47.7 +
34.03% (Figure 4A and B). Furthermore, as a positive control,
MK801 (10 uM) blocked the NMDAR-mediated EPSC by 89.54
+ 1.32% (Figure 4B and C), which was consistent with the
results of a previous study demonstrating that MK801 blocks
almost 100% of NMDAR-mediated synaptic currents (Xia et
al., 2010). This result suggests that PGSF might be a relatively
mild NMDAR antagonist compared with MK801.

PGSF reverses the glutamate-induced regulation of NR2A
and NR2B expression

The NR2A and NR2B subunits of NMDARs play different roles
in neuronal survival and death (Lai et al., 2014). The results
described in the previous sections indicate that PGSF prevents
neuronal cells from glutamate excitotoxicity by partially
blocking NMDARs. We therefore investigated the effects of
PGSF on the expression of NMDARs in cultured hippocampal
neurons. Because NMDARs in the forebrain are composed of
subunits that include NR2A and NR2B (Ishii et al., 1993), we
used western blot assays to detect the effects of PGSF on the
expression of NR2A and NR2B. As shown in Figure 5, treatment
with glutamate (100 uM) suppressed NR2A expression (F, 1)
= 0.58, P < 0.001, Figure 5A) and enhanced NR2B expression
(Fu,15 = 2.98, P < 0.001, Figure 5B) in a time-dependent
manner, with effects appearing 10 minutes after glutamate
application and reaching a maximum at 30 minutes after
application. When glutamate (100 uM) was co-applied with
PGSF (10 uM) or MK801 (10 uM, as a positive control), the
glutamate-induced suppression of NR2A expression (F5 1, =
0.74, P < 0.001, Figure 5C) and enhancement of NR2B
expression (F5 1, = 3.17, P < 0.001, Figure 5D) were reversed
to control levels.

PGSF reverses glutamate-induced suppression of
pro-survival signaling molecules

It has been reported that the activation of synaptic NR2A-
containing NMDARs upregulates the levels of pCREB (a
transcription factor) (Hardingham et al., 2001) and BDNF (a
survival-promoting protein) (Hardingham et al., 2002; Shi
et al., 2021), whereas the activation of extrasynaptic NR2B-
containing NMDARs produces an opposite effect (Hardingham
et al., 2002). We thus investigated whether PGSF was able
to block glutamate-induced changes in pCREB and BDNF
in cultured hippocampal neurons. As shown in Figure 6,

treatment with glutamate (100 uM) significantly reduced the
expression of pCREB (F; 4 = 0.78, P < 0.001, Figure 6A) and
BDNF (F5 ;5 = 0.67, P < 0.001, Figure 6B); however, these
suppressive effects were reversed in the presence of PGSF (10
uM) or MK801 (10 uM; Figure 6A and B).

Discussion

The present study demonstrated the protective effects of
PGSF against glutamate-induced excitotoxicity in hippocampal
neurons. Our results suggest that PGSF probably acts in
combination with NMDARs, blocks the overload of Ca®* influx,
and rescues pCREB levels and BDNF expression, thus reversing
glutamate-induced excitotoxicity.

In the present investigation, we demonstrated that PGSF
reversed the glutamate-induced downregulation of a pro-
survival signal. Ca’* entry through synaptic NMDARs activates
the transcription factor CREB (Hardingham et al., 1997), and
CREB-dependent gene expression is causally linked with
neuroprotective activity against apoptosis and excitotoxicity
(Mantamadiotis et al., 2002). BDNF, one of the targets of
Ca’"/CREB signaling, acts as a pro-survival signal and rescues
neurons from excitotoxicity (Lee et al., 2005; Zhang et al.,
2009). The activation of synaptic NR2A-containing NMDARs
increases pCREB and BDNF levels, whereas the stimulation
of extrasynaptic NR2B-containing NMDARs attenuates pro-
survival signaling (Hardingham et al., 2002).

Calcium influx is an essential mediator of glutamate
excitotoxicity, and NMDARs are the primary source of toxic
Ca’* entry (Choi and Rothman, 1990). The overactivation of
NMDARs mediates the influx of a large amount of extracellular
Ca”" into neurons, which then triggers downstream neurotoxic
cascades, including CREB shut-off and BDNF inactivation
(Hardingham and Bading, 2010). The intracellular Ca*'
overload causes metabolic failure and oxidative stress, leading
to the apoptosis or necrosis of neurons (Fei et al., 2020).
Attenuating the increased levels of intracellular Ca** has been
reported as an important strategy for preventing neuronal
death (Choi, 1987). In the present study, we revealed that
PGSF inhibited the Ca® influx that was induced by high
concentrations of extracellular glutamate. It is highly possible
that PGSF reduces the glutamate-induced apoptosis of cells by
blocking Ca®* influx.

Our results also revealed that PGSF was able to partially
block NMDAR-mediated currents. According to the model
by Hardingham and Bading (Hardingham and Bading,
2010), both the activation and the location of NMDARs
affect the fate of neurons. Equivalent amounts of Ca** that
flow through synaptic and extrasynaptic NMDARs trigger
completely opposite downstream events. The entry of Ca®*
through synaptic NMDARs tends to render neurons more
resistant to oxidative stress and apoptosis, while Ca”* influx via
extrasynaptic NMDARs preferentially initiates cellular death by
triggering gene transcription that leads to oxidative stress and
neuronal apoptosis (Hardingham et al., 2002; Hardingham
and Bading, 2010). In the hippocampus of rats, NR2A-
containing NMDARs located at synaptic sites are associated
with cell survival, whereas NR2B-containing NMDARs located
at extrasynaptic sites are linked to cell death (Lai et al., 2011;
Martel et al., 2012). In the present study, PGSF reversed the
glutamate-induced downregulation of NR2A expression and
upregulation of NR2B expression. This may be an important
route by which PGSF produces its neuroprotective effects.

NMDARs promote neuronal survival via the activation of
protein kinase B (Akt) (Lafon-Cazal et al., 2002). In general, the
stimulation of NR2A-containing NMDARs reduces neuronal
death, while the stimulation of NR2B-containing NMDARs
tends to promote neuronal death (Lai et al., 2014). Calcium
travels through NR2A-containing NMDARs and activates the
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in the presence of PGSF (10 uM) or MK801 (10 uM), and neuronal apoptosis
was detected using cleaved caspase-3 staining. (A) Representative images

of neurons under control conditions and after treatment with glutamate,
glutamate + PGSF, or glutamate + MK801. There were many more cleaved
caspase-3-positive neurons in the glutamate-only group than in the other
groups. Neurons displaying signs of apoptosis are indicated by arrows. Scale
bar: 20 um. (B) Quantitative analysis of the neuronal apoptosis ratio under
control conditions and after treatment with glutamate, glutamate + PGSF, or
glutamate + MK801. Data are shown as the mean + SEM. The experiment was
repeated four times. ***P < 0.001 (one-way analysis of variance followed by
Dunnett’s post hoc test). Original data for Figure 2 are shown in Additional file
3. Ctrl: Control; Glu: glutamate; MK801: (5S,10R)-(+)-5-methyl-10,11-dihydro-
5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate, an N-methyl-D-
aspartate receptor antagonist; PGSF: polygalasaponin F.

0.05, ***P < 0.001 (one-way analysis of variance

followed by Dunnett’s post hoc test). Original
data for Figure 1 are shown in Additional file 2.
NS: Not significant; PGSF: polygalasaponin F; PI:
propidium iodide.
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Figure 4 | PGSF suppresses NMDAR-mediated currents in cultured
hippocampal neurons.

(A) PGSF (10 uM) partially blocked the NMDAR-mediated component of
EPSCs. (B) MK801 (10 uM), as a positive control, almost completely blocked
the NMDAR-mediated component of EPSCs. (C) Quantitative analysis of the
inhibitory effects of PGSF and MK801 on NMDAR-mediated currents. Data are
shown as the mean + SEM. The experiment was repeated four times. ***p

< 0.001 (two-tailed Student’s t-test). Original data for Figure 4 are shown in
Additional file 5. EPSC: Excitatory postsynaptic current; MK801: (5S,10R)-(+)-
5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen
maleate, an N-methyl-D-aspartate receptor antagonist; NMDAR: N-methyl-D-
aspartate receptor; PGSF: polygalasaponin F.
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Figure 3 | PGSF inhibits glutamate-induced Ca** overload in cultured hippocampal neurons.

Cells were incubated for 4 hours with glutamate (100 M) alone or in the presence of PGSF (10 uM) or MK801 (10 puM), or under Ca**-free conditions.
Intracellular concentrations of Ca®* were visualized by staining with Fluo-4 AM. (A—E) Representative images of neurons under the different experimental
conditions. Compared with the neurons in the other groups, fluorescence intensity was markedly stronger in the neurons treated with glutamate alone. Scale
bar: 50 um. (F) Quantitative analysis of the relative fluorescence intensity of neurons under the different experimental conditions. Data are shown as the mean
+ SEM. The experiment was repeated four times. **P < 0.01 (one-way analysis of variance followed by Dunnett’s post hoc test). Original data for Figure 3 are
shown in Additional file 4. AU: Arbitrary unit; Glu: glutamate; MK801: (5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo(a,d]cyclohepten-5,10-imine hydrogen

maleate, an N-methyl-D-aspartate receptor antagonist; PGSF: polygalasaponin F.
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pro-survival protein phosphatidylinositol 3-kinase (PI3K).
Active PI3K binds to the pleckstrin homology domain of Akt,
facilitating the activation of Akt (Stephens et al., 1998). It has
been reported that NMDAR-triggered activation of the PI3K/
Akt pathway protects neurons from hypoxic and excitotoxic
death (Soriano et al., 2006), whereas inhibition of the PI3K/Akt
pathway exacerbates ischemic neuronal death (Endo et al.,
2006). The present study did not provide evidence that PGSF
exerts its neuroprotection via the PI3K/Akt pathway. However,
Xie et al. (2020) reported that PGSF inhibits oxygen/glucose
deprivation-induced neuronal apoptosis by activating the
PI3K/Akt pathway. It is thus possible that the NR2A-containing
NMDAR/PI3K/Akt signaling pathway may be a mechanism
underlying the neuroprotective effects of PGSF.

Sun et al. (2012) reported that PGSF induces long-
term potentiation in the hippocampus of adult rats via
NMDAR activation. In their study, PGSF was administered
intracerebroventricularly, and the long-term potentiation of
population spikes was recorded from the dentate gyrus of
the hippocampus in anesthetized rats. It is therefore hard to
identify the locations and specific sites of PGSF action. The
discrepancy between the effects of PGSF in the study by Sun
et al. (2012) and those in the present study may have been
caused by the different protocols that were used.

of PGSF (10 uM) or MK801 (10 uM). Data are shown as
the mean + SEM. The experiment was repeated three
times. **P <0.01, ***P < 0.001 (one-way analysis of
variance followed by Dunnett’s post hoc test). Original
data for Figure 6 are shown in Additional file 7. BDNF:
Brain-derived neurotrophic factor; Ctrl: control;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
Glu: glutamate; MK801: (5S,10R)-(+)-5-methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
hydrogen maleate, an N-methyl-D-aspartate receptor
antagonist; pCREB: phosphorylated cyclic adenosine
monophosphate-responsive element binding protein;
PGSF: polygalasaponin F.

In the current study, we did not conduct any experiments
examining whether PGSF was able to reach the hippocampus.
However, Zhou et al. (2019) reported that PGSF reduces the
size of the infarct areas (including the hippocampus) in rats
with middle cerebral artery occlusion, suggesting that PGSF is
able to reach the hippocampus in vivo. It is widely accepted
that moderate NMDAR activity is beneficial for neurons
(Paoletti et al., 2013). Moreover, drugs that inhibit NMDARs
often exhibit protective effects against excitatory damage
(lkonomidou and Turski, 2002). However, many drugs that
inhibit NMDARs fail to pass clinical trials because of their
severe side effects, such as hyperlocomotion and cognitive
deficits. For example, MK801 can induce schizophrenia
symptoms (Micale et al., 2013). In contrast, a mild NMDAR
antagonist that can block 27.1% of NMDAR-mediated
EPSCs has been reported to have an excellent clinical safety
profile because it selectively inhibits neuronal death while
maintaining the normal function of NMDARs; it is used
clinically for the treatment of neurodegenerative diseases
(Xia et al., 2010; Saxton et al., 2012; Wang et al., 2015). The
present study demonstrated that, although MK801 almost
entirely blocked NMDAR-mediated EPSCs, PGSF only partially
suppressed NMDAR-mediated EPSCs. These findings suggest
that PGSF is a potential NMDAR antagonist that may be a
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promising therapeutic agent for protection against glutamate
excitotoxicity.
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