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ABSTRACT
Objectives: The neuroprotective effects of resveratrol against excitatory neurotoxicity have been
associated with N-methyl-D-aspartate receptor (NMDAR) inhibition. This study examined the
differential inhibitory effects of resveratrol on NMDAR-mediated responses in neuronal cells with
different NMDAR subtype composition.
Methods: The effects of resveratrol on NMDA-induced cell death and calcium influx in immature
and mature rat primary cortical neurons were determined and compared. Moreover, the
potencies and efficacies of resveratrol to inhibit NR1/NR2A, NR1/NR2B, NR1/NR2C, and NR1/NR2D
NMDAR expressed in HEK 293 cells were evaluated.
Results: Resveratrol significantly attenuated NMDA-induced cell death in mature neurons, but not
in immature neurons. Resveratrol also concentration-dependently reduced NMDA-induced calcium
influx among all NMDAR subtypes, but displayed NR2 subunit selectivity, with a potency rank order
of NR2B = NR2D > NR2A = NR2C and an efficacy rank order of NR2B = NR2C > NR2A = NR2D. Data
show the stronger inhibitory effects of resveratrol on NR1/NR2B than other subtypes. Moreover,
resveratrol did not affect hippocampal long-term potentiation (LTP), but impaired long-term
depression (LTD).
Discussion: These findings reveal the specific NMDAR modulating profile of resveratrol, providing
further insight into potential mechanisms underlying the protective effects of resveratrol on
neurological disorders.
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1. Introduction

N-methyl-D-aspartate receptors (NMDARs) belong to
the family of ionotropic glutamate receptors that permit
calcium influx and give rise to excitatory synaptic trans-
mission in physiological state and excitotoxicity in neu-
ropathologic condition [1,2]. The molecular structure of
NMDARs are heterotetrameric assembly, typically con-
taining two NR1 subunits and other two subunits includ-
ing NR2 (A, B, C & D) or NR3 (A & B) variants [3]. The
various combinations of NR2 subunits produce multiple
subtypes of NMDAR. NR2A- and NR2B-containing
receptors generate high conductance opening, whereas
NR2C- and NR2D-containing receptors have low con-
ductance opening [4]. Expression of the NR2 subunits
varies across different brain regions, developmental
stages and physiological responses to environmental
stimulation [2,5]. Meanwhile, NR2 subtypes provide
different physiological function [2,3]. For example, sev-
eral lines of evidence have indicated that NR2A is
involved in cell survival and long-term potentiation
(LTP), whereas NR2B activation gives rise to cell death
and long-term depression (LTD) [6,7].

Although some controversial observations confer that
the differences in NR2 subunit function depend on the
receptor location, assemble types, associated signaling
cascades and activation amplitude [8–12], the NR2 diver-
sity is indeed involved in pathological conditions and the
antagonists for specificNR2 subunits have selective thera-
peutic effects on distinct neurological disorders [2,5,13].
For instance, hyper-activation or upregulation of NR2B
has been suggested to be involved in neurological diseases
including stroke, ischemia, chronic pain, Alzheimer’s dis-
order and Huntington’s disease [13–16] and the NR2B-
selective antagonists have shown to protect against these
diseases in animal models [14,17,18]. NR2C- and
NR2D-containing NMDARs are critical for ischemia-
induced myelin damage which is protected by NR2C/D
antagonists [19,20]. In fact, the selective NMDAR antag-
onists for distinct subtypes have more efficient and lower
side therapeutic effects for specific neurological disorders
compared to non-selective NMDAR antagonists [21,22].
There is a growing interest in exploiting the pharmaco-
logical heterogeneity of NMDAR for development of
novel NMDAR subtype selective antagonist that might
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provide more efficient implication for the treatment of
specific neurological disorders.

Resveratrol is a polyphenolic compound, which is
enriched in some fruits such as grapes, cranberries and
peanuts and in drinks including red wine and grape
juice. Potential beneficial effects of resveratrol have
been provided, including anti-oxidant, anti-aging, and
anti-inflammatory properties [23]. In preclinical studies,
resveratrol has been shown to attenuate the symptoms
associated with various neurologic diseases including
ischemia, stroke, seizures, Alzheimer’s disease, Parkin-
son’s disease and amyotrophic lateral sclerosis (ALS)
[24–26]. Meanwhile, resveratrol provides protection
against ALS neurotoxicity and increases the therapeutic
window of stroke [27,28].

The neuroprotective effects of resveratrol have been
associated with the inhibition of glutamate-induced neu-
rotoxicity by reducing calcium influx into neurons
through NMDAR [29]. Resveratrol inhibits NMDAR-
mediated inward currents in hippocampal neurons, excit-
atory field potentials in the medial prefrontal cortex and
firing frequency in the spinal trigeminal nucleus caudalis
[30–32]. Moreover, resveratrol suppresses NMDA-
induced seizure responses and neuronal loss [31,33].
However, resveratrol didnot alter the baroreflex responses
through fetal hypothalamus-pituitary-adrenal (HPA) axis
in response to NMDA [34]. It is possible that the involve-
ment of different NMDAR subtypes underlies these dis-
crepancies. It is of importance to reveal the effects of
resveratrol on the activity of NMDAR subtypes.

In this study, we examined the inhibitory effects of
resveratrol on NMDAR-induced cell death and calcium
influx in immature and mature primary cultured cortical
neurons that vary in NMDAR subtype composition. The
inhibitory effects of resveratrol on NMDA-elicited cal-
cium influx were further compared among HEK293
cells co-expressing NR1 with different NR2 subunits.
Finally, the effects of resveratrol on NMDAR-dependent
synaptic plasticity, LTP and LTD, were performed in the
hippocampus. The results displayed a unique profile of
resveratrol in NMDAR inhibition and shed light on the
mechanisms involved in its therapeutic potential in
neurological disorders.

2. Materials and methods

2.1. Primary cortical neuron cultures

Cortical neuron cultures were prepared as previously
described [31]. Pregnant Sprague-Dawley rats were pur-
chased fromBioLASCOTaiwanCo. Ltd (Taiwan). Cortices
were dissected from embryo at 18th day of gestation. Tis-
sues were incubated with papain (10 units/mL) for

10 min at 37°C and then dissociated by glass pipette. Disso-
ciated cells were passed through a 70 μm strainer and
washed twice with PBS. Cells were then seeded on
0.2 mg/mL poly-L-ornithine (Sigma-Aldrich)-coated cov-
erslips or plates.Onday in vitro (DIV) 0, cells were cultured
in minimum essential media/high glucose medium
(GIBCO) supplemented with 5% fetal bovine serum (FBS,
Biological Industry), 5% horse serum, 0.5 mg/mL penicillin
and streptomycin (GIBCO) under 37°C and 5% CO2 con-
ditions. On DIV 1, the culture medium was replaced with
Neurobasal medium supplemented with B27, 2 mM gluta-
mine, 1 × Antibiotic-Antimycotic (NB/B27, GIBCO) con-
taining 25 μM glutamate to induce neurite growth. On
DIV 2, the medium was replaced with NB/B27 containing
3.5 μM cytosine-1-b-D-arabinofuranoside to inhibit the
growth of glial cells. After DIV 3, cells were routinelymain-
tained inNB/B27 culturemedium, andhalf volumeofmed-
ium was replaced with fresh medium each 2 d. Cortical
neurons at DIV 7-9 and DIV 14-16 were identified as
immature and mature stage, respectively [35].

2.2. MTT assay

The procedure of 3-(4,5- dimethyldiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) assay was modified from
that described by Schubert and Piasecki [36]. The pri-
mary cultured cortical neurons (5 × 104 cells/well) were
seeded in 96 well plates to measure NMDA-induced
neuronal death at DIV 7 or 14. Firstly, cultured cells
were washed with HEPES-buffered salt solution (HCSS)
containing (in mM) 120 NaCl, 5.4 KCl, 1.8 CaCl2, 15
D-glucose, and 20 HEPES, pH 7.4. Immediately there-
after, cells were incubated with DMSO (vehicle, 0.1%),
resveratrol (0.1, 1, and 10 μM, Sigma-Aldrich) or MK-
801 (10 μM, Tocris Bioscience) for 15 min and then
added with NMDA (30 μM, Sigma-Aldrich) plus glycine
(10 μM, J.T. Baker) for 15 min. Then the reaction was
terminated by replacement of the NB/B27. After 24 h,
MTT (0.5 mg/mL, Sigma-Aldrich) was applied to the
treated cells at 37°C for 3 h. The culture medium was
then removed and 100 μL. DMSO was added to each
well. After 10 min, absorption values at 570 and
630 nm were measured with an ELISA reader (Molecular
Devices). The relative cell viability was represented as the
intensity value of 630 nm subtracted from 570 nm and
then normalized to the average of vehicle control.

2.3. Establishment of stable cell lines expressing
NMR subtypes

2.3.1. Plasmid constructs
Full length human GRIN1, GRIN2A, GRIN2B, GRIN2C
and GRIN2D cDNA were amplified using template
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from the plasmid DNAs, pCDNA/Hygro(-) individually
containing human GRIN1, GRIN2A, GRIN2B and
GRIN2C cDNA which were generously provided by Dr.
Chia-Hsiang Chen (Chang Gung Memorial Hospital).
The amplified GRIN1 DNA fragment was infused into
pLKO-AS3W.puro vector (National RNAi Core Facility,
Academia Sinica, Taipei, Taiwan), and GRIN2A,
GRIN2B and GRIN2C fragments were individually
infused into pLKO-AS3W.neo vector (National RNAi
Core Facility, Academia Sinica, Taipei, Taiwan).
GRIN2D cDNA tagged with green fluorescence protein
(GFP) cDNA in pCMV6-AC-GFP plasmid DNA (AMS
Biotechnology) was also provided by Dr. Chen. Infusions
were performed according to instructions provided with
the In-Fusion@ HD cloning kit (Takara Bio INC). All
constructs were validated by DNA sequencing.

2.3.2. Lentivirus production
Recombinant lentivirus was prepared according to the
protocol provided by the National RNAi Core Facility.
Triple transfection with the gag–pol–rev packaging plas-
mid (pCMVΔR8.91), the env plasmid encoding VSV gly-
coprotein (pMD.G) and the expressing vectors pLKO-
AS3W.puro containing GRIN1 cDNA or pLKO-AS3W.-
neo containing GRIN2A, GRIN2B and GRIN2C cDNA
were performed in HEK293FT cells (Invitrogen) using
transIT@-LT1 (Mirus Bio). Lentivirus particles in
growth medium (Dulbecco’s Modified Eagle Medium,
DMEM) supplemented with 10% FBS and 0.05 mg/mL
penicillin and streptomycin were collected after incu-
bation for 48 and 72 h and stored at −80°C.

2.3.3. Generation of stable cell lines
A stable cell line expressing NR1 was first established.
HEK293 cells (Bioresource Collection and Research
Center, Hsinchu, Taiwan) were cultured in growth med-
ium supplemented with polybrene (8 μg/mL) and
infected with lentivirus containing GRIN1 cDNA for
24 h. The infection procedure followed the protocol
from the National RNAi Core Facility. Viruses were
removed and cells were incubated with growth medium
supplemented with 2 μg/mL puromycin for 72 h. Viable
single cells were then transferred to individual wells of a
96 well plate and incubated with growth medium sup-
plemented with 2 μg/mL puromycin for 7 d. Clones
expressing NR1 were selected and confirmed by consti-
tutive expression of NR1 protein for more than 5 gener-
ations (data not shown). Stable cell lines were routinely
maintained in growth medium supplemented with
0.5 μg/mL puromycin.

Stable cell lines expressing NR1 were then individu-
ally infected with lentiviral particles containing
GRIN2A, GRIN2B and GRIN2C cDNA for 24 h. Infected

cells were selected by incubation in growth medium sup-
plemented with 0.5 μg/mL puromycin, 100 μg/mL G418
(Sigma-Aldrich), 2 mM MgCl2 and 30 μM MK-801 for
14 d. Surviving cells were then passaged for more than
3 generations. Viable cells constitutively expressing
NR1/NR2A, NR1/NR2B or NR1/NR2C were identified
by Western blotting. Stable cell lines were maintained
in growth medium supplemented with 0.5 μg/mL puro-
mycin and 20 μg/mL G418 for selection and 2 mM
MgCl2 and 30 μMMK-801 for preventing excitotoxicity.

2.3.4. Generation of HEK293 expressing NR1/NR2D
Stable cell lines expressing NR1 (6 × 105 cells) were
seeded in 6 cm dish and maintained for 24 h. Transient
transfection of 2 μg pCMV6-AC-GFP containing
GRIN2D cDNA was performed using transIT@-LT1
(Mirus Bio). After 24 h, cells (5 × 104 cells) were then
seeded on coverslips (18 mm in diameter) and incubated
with growth medium supplemented with 0.5 μg/mL pur-
omycin, 2 mM MgCl2 and 30 μM MK-801 for 3–5 d.
GFP-positive cells were obtained and chosen to record
intracellular calcium by calcium image or verify the
NR2D expression by immunofluorescence.

2.3.5. Intracellular calcium recording
Primary cortical neurons or HEK293 cells were seeded
on 0.2 mg/mL poly-L-ornithine coated 18 mm diameter
coverslips. The cortical neurons (4 × 105 cells) cultured
at DIV 7-9 or 14-16 were incubated with the Ca2+-indi-
cator fura-2 acetoxymethyl ester (Fura-2 AM, 2 μM,
Sigma-Aldrich) in physiological saline containing (in
mM) 140 NaCl, 3.5 KCl, 0.4 KH2PO4, 0.33 Na2HPO4,
10 D-Glucose, 10 HEPES and 2.2 CaCl2, pH7.4 for 1 h.
HEK293 cells (5 × 104 cells) at DIV 3-5 were incubated
with 5 μM Fura-2 AM in physiological saline sup-
plemented with 0.02% probenecid and 2 mM MgCl2
for 1 h. Cells were then washed with physiological saline
and incubated for 15 min. Coverslips were moved to per-
fusion chambers and placed on the stage of an inverted
fluorescence microscope (DM IL LED, Leica) equipped
with a 40× fluorescence oil objective lens (HC PL
APO, Leica) for Ca2+-imaging recording.

Regions of interest were selected by drawing around
viable cells in NR1/NR2A, NR1/NR2B or NR1/NR2C
stable cell lines or GFP-positive cells in cells expressing
NR1/NR2D. Dual excitation 340 and 380 nm lights
were provided by illuminator shutter (Lambda LS, Shut-
ter Instrument), equipped with a Fura-2 filter wheel con-
trolled by an optical filter changer (Lambda 10-B, Shutter
Instrument). Fura-2 intracellular calcium measurements
were performed using a video-based digital calcium ima-
ging system set up for dual excitation at 340 and 380 nm
and emission at 510 nm. Images were collected and
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stored every 2 s with the image-acquisition program,
MetaFluor Fluorescence Ratio Imaging Software (Mol-
ecular Devices). Results of intracellular calcium analysis
were presented as the ratio of fluorescent intensities
obtained from 340 nm normalized to 380 nm images.

Cells were continuously perfused with physiological
saline using a perfusion valve control system (Warner
Instrument). Additional 0.3 μM tetrodotoxin (Abcam)
supplement in physiological saline was used in cortical
neurons. In cortical neurons, sequential perfusion of
resveratrol (0, 0.1, 1, 10 or 100 μM, in 0.1% DMSO)
for 60 s was followed by 3 μMNMDA and 10 μMglycine
for 40 s. In HEK293 cells, perfusion of resveratrol (0, 0.3,
1, 3, 10, 30 or 100 μM), PEAQX, RO 25-6981, or QNZ46
(1, 1, 5 μM; Tocris Bioscience) for 60 s was followed by
NMDA (10 μM) plus glycine (10 μM) for 40 s. Each
treatment was separated by washing with physiological
saline for at least 2 min. NMDA-induced changes in
intracellular calcium level (Δ[Ca2+]i) were quantified by
the basal value of F340/380 (Fb) subtracted from the
maximum value of F340/380 (Fmax). All values of Δ
[Ca2+]i under resveratrol pretreatment were then nor-
malized to Δ[Ca2+]i of vehicle control.

Concentration-inhibition curves were constructed by
fitting data with variable slopes as the following
equation:

Y = Bottom+ (Top− Bottom)/(1+ 10^((LogIC50

− X)×Hillslope))

where Y is Δ[Ca2+]i value, Bottom and Top is minimum
and maximum value of Δ[Ca+2]i, X is resveratrol concen-
tration to log, and IC50 is the value of resveratrol concen-
tration at which the Δ[Ca2+]i is 50% inhibited. The
calculation was performed by using GraphPad prism
6.0 software.

2.3.6. Western blotting
HEK293 cells and stable cell lines containing NMDAR
subtypes (5 × 105 cells in 6 cm dish) were maintained
for 4 d and then collected and dissolved in ice-cold
lysis buffer containing (in mM) 100 NaCl, 50 Tris-HCl,
1 EGTA, 1 EDTA, 1% NP-40, pH 7.6, supplemented
with protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific). Cells were repeatedly vor-
texed and immersed in ice for 15 s over the course of
3 min, then incubated on ice for an additional 5 min.
Cell lysate was then centrifuged at 14,000g for 20 min
and the supernatant was collected. Protein concen-
trations were quantified with BCA Protein Assay
Reagent (Thermo Fisher Scientific).

Proteins in NuPAGE® LDS sample buffer sup-
plemented with a reducing agent (Thermo Fisher

Scientific) were heated at 70°C for 10 min. Proteins
were separated by 7.5% SDS-polyacrylamide gel electro-
phoresis for 2 h at 100 V and transferred to PVDF mem-
brane at 100 V for 100 min. The membranes were
blocked with 5% dry fat-free milk in PBS containing
0.05% Tween 20 (PBST) for 1 h and incubated overnight
with primary antibodies including rabbit monoclonal
anti-NR1 (1:1000, Cell Signaling), rabbit polyclonal
anti-NR2A (1:1000, Cell Signaling), rabbit monoclonal
anti-NR2B (1:1000, Cell Signaling), rabbit monoclonal
anti-NR2C (1:1000, Abcam), and mouse monoclonal
anti-b-actin (1:5000, Novus) at 4°C. After washing
with PBST, the membranes were incubated with horse-
radish peroxidase-linked secondary antibodies: anti-rab-
bit IgG (1:5000, Cell Signaling) or anti-mouse IgG for
(1:5000, Jackson Laboratory) for 1 h. ECL detection kit
(Thermo Fisher Scientific) was then added to produce
a chemiluminescence signal which was detected using a
cooled CCD camera and digital imaging (UVP imaging
system, Thermo Fisher Scientific).

2.3.7. Immunofluorescence
NR1 stable cell line with NR2D transfection was fixed in
4% paraformaldehyde in PBS for 10 min. After washing
with PBS, cells were blocked using 5% bovine serum
albumin (BSA) and 0.02% Triton X-100 in PBS for 1 h.
Cells were incubated with primary goat anti-NR2D poly-
clonal antibody (1:200, Santa Cruz) in PBS containing
2% BSA and 0.02% Triton X-100 for 16 h at 4°C. Cells
were then incubated with rabbit anti-goat IgG antibody
conjugated with Alexa Fluor 595 (4 μg/mL, Molecular
Probes) for 1 h, counterstained with 1 μg/mL Hoechst
33258 (Invitrogen) for 1 h and then mounted on slides
by using VECTASHIELD® Antifade mounting medium
(Vector Laboratories). Images were observed and cap-
tured using a fluorescence microscope (DM IL LED,
Leica) controlled by Metamorph software (Molecular
Devices).

2.3.8. Multielectrode array recordings
Brain slice preparations were performed as previously
described (31) with slight modifications. Brains from
ICR mice (8–12 weeks of age) were dissected and
immersed in ice-cold artificial cerebrospinal fluid
(ACSF) with the following composition (in mM): 128
NaCl, 1.9 KCl, 2.2 CaCl2, 2.0 MgCl2, 26 NaHCO3, 1.2
KH2PO4 and 10 D-glucose, pH 7.38 bubbled with a mix-
ture of 95% O2/5% CO2. Coronal slices (400 μm) were
immediately cut from the hippocampus (1.2–2.8 mm
posterior to bregma) using a vibratome (VT1000S,
Leica). Slices were recovered by incubation of ACSF
saturated with O2 at 35°C for at least 1 h. The slices
were individually transferred to the center area of coated
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MED probe (Alpha MED Scientific Inc.), and the pyra-
midal layer and stratum radiatum of CA1 were posi-
tioned to cover the 8 × 8 microelectrode array by a
paint brush. The MED probe is a 64 planar micro-elec-
trode array, and the size of micro-electrode is 50 ×
50 μm2. The interpolar distance between probes is 150
or 300 μm. Before initial probe use, the surface of the
probe was coated with 0.1% polyethylenimine in
25 mM borate buffer for 16 h at room temperature for
efficient adhesion of brain slices to the probe. The slice
was then mounted on nylon mesh and slice anchor
(Alpha MED Scientific Inc.) to prevent flotation.

For electrophysiological recording, the MED probe
was mounted by perfusion cap (MED-KCAP01, Alpha
MED Scientific Inc.) and assembled in a perfusion pipe
holder kit (Alpha MED Scientific Inc). Continuous per-
fusion (2 mL/min) of ACSF bubbled with a mixture of
95% O2/5% CO2 at 35°C was passed through the per-
fusion cap into the probe. Voltage signals were amplified
and digitized at 20 kHz (SU-MED640, Alpha MED
Scientific Inc). Field excitatory post-synaptic potentials
(fEPSPs) in CA1 were evoked by bipolar electrical stimu-
lation (0.1 ms duration) at Schaffer collaterals through
one of the electrodes placed in the stratum radiatum.
Recording channels 150 or 300 μm from the stimulation
site were selected and observed. For LTP and LTD obser-
vation, stimulation currents that induce 1/3 (60–80 μA)
and 2/3 (100–120 μA) of the maximum amplitude were
individually used. The stimulation test under ACSF per-
fusion was first performed for at least 15 min with 1 min
interval until the fEPSP slope was stable and DMSO
(0.1%) or resveratrol (0.01, 0.1 and 100 μM) was then
alternatively perfused for 10 min. High-frequency stimu-
lation (HFS; 100 Hz, 1s) and low-frequency stimulation
(LFS; 1 Hz, 15 min) were used to induce LTP and
LTD, respectively. Slice was returned to ACSF perfusion
and test stimulation was performed again for 1 h.

Data were obtained and saved using NI-DAQmx14.0
software (AlphaMED Scientific Inc). Digital filtering and
the initial slope of fEPSP measurement were then per-
formed using pCLAMP10 software (Molecular Devices).
The degree of LTP or LTD was evaluated by normalizing
to the mean slope during the last 10 min of baseline
under ACSF perfusion before HFS or LFS. The mean
slope value over 2 min were averaged and presented.
The average normalized slopes from the 51–60 min
after induction were quantified and compared.

2.3.9. Statistical analysis
Data are shown as mean ± SD. Unpaired Student’s t-test
was used comparing the results from intracellular cal-
cium or LTP measurements. One-way analysis of var-
iance (ANOVA) was used in the MTT assay and some

data from calcium image. Two-way mixed-design ANO-
VAs with the resveratrol or time as within-subject factor
were individually used in calcium image or LTP and LTD
results. The post-hoc Student–Newman–Keuls multiple
comparison tests were selected following with ANOVA
test. The level of statistical significance was set at p < .05.

3. Results

3.1. Differential neuroprotective effects of
resveratrol on NMDA-induced excitotoxicity in
immature and mature neurons

The cultured cortical neurons at DIV 7 (immature
neuron) and DIV 14 (mature neuron) were challenged
with NMDA to induce cell death (Figure 1). Under tran-
sient exposure of NMDA/glycine for 15 min and 24 h
after NMDA/glycine washout, the cell viability in neur-
ons was reduced to 52.27 ± 3.20% at DIV 7. The cell via-
bility at DIV 14 became lower and was decreased to
41.66 ± 2.08%. The neuronal cell death induced by
NMDA was almost completely protected by pretreat-
ment of non-competitive NMDAR antagonist MK801.
In DIV 7 neurons, pretreatment of resveratrol (0.1, 1,
and 10 μM) was ineffective for NMDA-induced neuro-
toxicity (Figure 1(A)). However, resveratrol at 1 and
10 μM, but not 0.1 μM, could significantly reduce
NMDA-induced cell death in mature neurons at DIV
14 (Figure 1(B)). In addition, there was no difference
in cell viability between treatment with resveratrol
(0.1–10 μM) alone and vehicle control.

3.2. Differential inhibitory effects of resveratrol
on NMDA-evoked calcium influx in immature and
mature neurons

NMDA-evoked calcium influx was higher at DIV 14-16
compared to those at DIV 7-9 (Figure 2). The inhibitory
effects of different concentration of resveratrol (0.1, 1,
10 and 100 μM) on NMDA-induced calcium influx
were further compared between DIV 7-9 and 14-16
(Figure 2). As shown in Figure 2(D), two-way mixed-
design ANOVA with resveratrol as within-subject factor
showed significant effect of resveratrol (F(1, 39) = 35.07,
p < .001), culture day (F(4, 156) = 125.8, p < .001) and cul-
ture day × resveratrol interaction (F(4, 156) = 7.995, p
< .001). The Student-Newman-Keuls post hoc test
showed the significantly reduced percentage of calcium
influx under pretreatment of resveratrol from 0.1 to
100 μM at DIV 7-9 and 14-16. Meanwhile, a signifi-
cantly lower level of calcium change was observed
under resveratrol treatment in each concentration at
DIV 14-16.
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3.3. Characterization of HEK293 cells expressing
different types of NMDAR subunits

Western blotting identified the immunosignal of NR1 in
stable cell lines expressing human NR1/NR2A, NR1/
NR2B and NR1/NR2C, but not in naïve HEK293 cells.
NR2A, NR2B and NR2C signals were only detected in
cells expressing NR1/NR2A, NR1/NR2B and NR1/
NR2C, respectively (Figure 3(A)). NR2D, detected by
immunofluorescence, was colocalized with the GFP sig-
nal but was not observed in GFP-negative cells (Figure
3(B)).

The function of NMDAR subtypes was determined
by measuring the calcium influx in response to
NMDA plus glycine. NMDA-induced calcium influx
was discriminative among HEK293 cells expressing
NR1 with distinct NR2 subtypes. Higher levels of
NMDA-induced calcium influx were observed in
NR1/NR2A and NR1/NR2B, whereas lower levels
occurred in NR1/NR2C and NR1/NR2D (Figure 3
(C)). The NMDAR-mediated calcium influx was selec-
tively reduced by the specific NMDAR subtype antag-
onists (Figure 3(D–H)) for NR2A (PEAQX), NR2B
(RO 25-6981), and NR2C/D (QNZ46) in NR1/NR2A-
(Figure 3(E)), NR1/NR2B- (Figure 3(F)), NR1/NR2C-
(Figure 3(G)) and NR1/NR2D- (Figure 3(H)) expres-
sing cells, respectively, but not affected by other subtype
selective antagonist.

3.4. Differential inhibitory effects of resveratrol
on NMDA-evoked calcium influx in HEK293 cells
expressing different subtypes of NMDAR

The sensitivity of NMDAR-mediated calcium influx in
response to resveratrol (0.3, 1, 3, 10, 30, and 100 μM)
in HEK293 cells expressing different subtypes of

NMDAR was assessed (Figure 4). Resveratrol (100 μM)
has greater inhibitory efficacy for NR1/NR2B (Figure 4
(C)) and NR1/NR2C (Figure 4(D)) and lower efficacy
for NR1/NR2A (Figure 4(B)) and NR1/NR2D (Figure
4(E)). Meanwhile, the IC50 value ranking of resveratrol
for the NMDAR subtypes was NR2B =NR2D <NR2A
=NR2C (Table 1). The potency of resveratrol to inhibit
four NR2 subtypes has up to 24.6-fold difference. NR1/
NR2B are the most sensitive subtype to the inhibitory
effects of resveratrol.

3.5. Effects of resveratrol on LTP and LTD
induction in hippocampal slices

The effects of resveratrol on LTP induction were exam-
ined by perfusion of resveratrol at a high concentration
(100 μM) during HFS (Figure 5(A–C)). Two-way
mixed-design ANOVA with time as a within-subject fac-
tor showed a significant main effect of time (F (39, 234) =
8.226, p < .001) in fEPSP slopes. LTP was successfully
induced by HFS in both groups (Figure 5(B)). There
was no difference of averaged fEPSP slopes for the last
10 min LTP recording under resveratrol treatment
(Figure 5(C)).

Resveratrol (0.01 and 0.1 μM) was perfused during
LFS-induced LTD (Figure 5(D–F)). Two-way mixed-
design ANOVA with time as a within-subject factor
showed significant effects of resveratrol (F (2, 9) = 8.982,
p < .01), time (F (39, 351) = 8.877, p < .001) and resveratrol
x time interaction (F (78, 351) = 2.970, p < .001) in fEPSP
slopes. As shown in Figure 5(E), the reduced slopes
were observed after LFS induction. Resveratrol at
0.1 μM, but not at 0.01 μM, significantly attenuated the
reduced fEPSP slopes. The reduced average fEPSP slopes
for the last 10 min LTD recording in vehicle control was

Figure 1. Effects of resveratrol on NMDA-induced cell survival in immature and mature neurons. The primary rat cortical neurons at DIV
7 (A) and DIV 14 (B) were incubated with resveratrol (0.1–10 μM) or MK-801 (10 μM) for 15 min. NMDA/glycine (30/10 μM) were then
added to induce neurotoxicity for 15 min. Cells were washed and then maintained for 24 h. Cell viability was determined by MTT assay.
Values are mean ± SD (n = 6 wells); ***p < .001 compared with vehicle control and ###p < .001 compared with NMDA/glycine group.
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Figure 2. Effects of resveratrol on NMDAR-mediated intracellular calcium signaling in immature and mature neurons. Experimental
protocol (A) and representative traces (B) showed NMDA-induced calcium influx in primary cortical neurons at DIV 7-9 and DIV 14-
16 that were sequentially perfused with different concentrations of resveratrol (0.1–100 μM) for 60 sec followed by combination of
NMDA/glycine (10/10 μM) for 40 sec. Each treatment was separated by physiological saline wash for more than 2 min. (C) NMDA-
induced calcium changes (Δ[Ca2+]i) were different at DIV 7-9 (n = 15 cells) and DIV 14-16 (n = 26 cells). ***p < .001 compared with
DIV 7-9. (D) The effects of resveratrol on NMDA-induced Δ[Ca2+]i at DIV 7-9 and DIV 14-16 were quantified and normalized with
NMDA/glycine control. Values are mean ± SD. **p < .01 and ***p < .001 compared with NMDA/glycine control and ##p < .01 and
###p < .001 compared between DIV 7-9 and DIV 14-16 at the same concentration of resveratrol.
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Figure 3. Characterization of NMDAR subtype expression in HEK293 cells. (A) Western blotting analysis demonstrated the immuno-
signals of NR1, NR2A, NR2B and NR2C among naïve, NR1/NR2A, NR1/NR2B and NR1/NR2C HEK293 stable cell lines. b-actin was
used as internal control. (B) NR1 stable cell line was transiently transfected with plasmid DNA containing NR2D-EGFP cDNA. Cells
were immunostained with anti-GFP (green) and anti-NR2D (red) antibodies and counterstained with Hoechst 33258 (blue). Arrows indi-
cated the GFP/NR2D-positive cells. Scale bar, 25 μm. (C) NMDA/glycine (10/10 μM)-evoked calcium influx among NR1/NR2 variants
were quantified (n = 41, 30, 87, 25 cells). ***p < .001 compared with NR1/NR2A; ###p < .001 compared with NR1/NR2B. (D) Experimental
protocol and (E–H) representative graphs in left panels showed the pre-perfusion of selective NMDAR subtype antagonists, including
PEAQX (1 μM), RO 25-6981 (1 μM) and QNZ46 (5 μM), and right panels showed the NMDA/glycine-evoked calcium changes in HEK293
cells expressing NR1/NR2A (n = 13 cells), NR1/NR2B (n = 18 cells), NR1/NR2C (n = 20 cells), and NR1/NR2D (n = 14 cells). Values are
mean ± SD. **p < .01 and ***p < .001 compared with NMDA/glycine treatment.
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significantly reversed by resveratrol at 0.1 μM, but not at
0.01 μM (Figure 5(F)).

4. Discussion

The present study demonstrated that resveratrol has dis-
tinct inhibitory effects on NMDA-induced neuronal
death in immature and mature cultured cortical neurons,
correlated with NMDA-induced calcium influx. Further
investigation of the effects of resveratrol on NMDARs
comprised of different NR2 subunits displayed the high-
est inhibitory potency and efficacy on NMDA-induced
calcium influx in NR2B-containing NMDARs. More-
over, resveratrol selectively reduced the induction of
NMDAR-dependent LTD, but not LTP in the hippo-
campus, which was similar to those observed in NR2B
subtype-selective antagonists [37]. These results revealed
that resveratrol inhibits NMDARs, acting preferably on
NR2B subunits.

Previous reports indicate that mature cortical neurons
are more sensitive to NMDA-induced toxicity [38,39].
Consistently, our results show the increased NMDA-

dependent calcium influx and a stronger inhibitory
effect on this parameter in resveratrol-treated mature
neurons, enhancing cell survival after excitotoxic stimu-
lation. The cell death was almost completely abolished by
MK-801 in both stages. Concomitant with the develop-
mental changes in the composition of NMDAR, the dis-
parities of immature and mature neurons in response to
the protective effects of resveratrol might be attributed to
their NMDARs that contain different NR2 subunits.

Resveratrol may alter sodium channel and multiple
calcium channels, permitting extracellular and intra-
cellular calcium response [40,41]. In order to avoid
membrane depolarization-induced activation of
NMDAR, tetrodotoxin was used to block sodium chan-
nel and membrane depolarization. Thus, the contri-
bution of calcium influx through voltage-gated calcium
channels (VGCCs) linked to membrane depolarization
may be partly inhibited under NMDAR-mediated cal-
cium influx. Although VGCCs in the plasma membrane
regulated by resveratrol [41] could not be excluded in
cortical neurons, calcium influx and cell death induced
by strong activation of VGCCs are much less than

Figure 3 Continued
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NMDAR-mediated responses [42]. Notably, our study
showed that resveratrol reduced the increase in intra-
cellular calcium levels induced by NMDA/glycine,

which was applied exogenously. Since resveratrol can
modulate intracellular calcium via multiple mechanisms,
including calcium release from inositol trisphosphate

Figure 4. Inhibitory effects of resveratrol on NMDA-evoked intracellular calcium level among NMDAR subtypes in HEK293 cells. Effects
of resveratrol on NMDA/glycine-induced intracellular calcium elevation were determined in HEK293 cells expressing NR1/NR2A, NR1/
NR2B, NR1/NR2C and NR1/NR2D. (A) Experimental protocol was illustrated. (B–E) Representative traces in left panels showed the
sequential perfusion of resveratrol at different concentration (0.3–100 μM) for 60 s followed by NMDA (10 μM)/glycine (10 μM). Differ-
ent treatments were separated by physiological saline wash for more than 2 min. NMDA-induced Δ[Ca2+]i was normalized with NMDA/
glycine treatment. In right panels, graphs showed the fitted curves through the mean data obtained from individual cells containing
NR1/NR2A (n = 16 cells), NR1/NR2B (n = 36 cells), NR1/NR2C (n = 23 cells) and NR1/NR2D (n = 15 cells). Values are mean ± SD.
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(IP3) and ryanodine receptors, and calcium influx
through plasma membrane ion channels [43]. Thus,
the inhibitory action of resveratrol on intracellular cal-
cium levels elicited by NMDA/glycine may not be only
due to blockade of NMDAR. In the future, it will deter-
mine whether resveratrol can directly inhibit NMDA
receptor activity in cortical neurons by patch clamp elec-
trophysiological recording.

Individual NR2 subunits co-assembling with NR1
generate recombinant NMDARs with varying sensitivity
to pharmacological agents and channel properties [2].
We further evaluated the effects of resveratrol on the
activities of distinct NMDAR subtypes by NMDA-

induced calcium influx in the HEK 293 cell lines with
individually stable expression of NR1/NR2A, NR1/
NR2B or NR1/NR2C and with transient expression of
NR1/NR2D subtypes. Because the transfection efficacy
of NR2D was around 10%, the NR1/NR2D-GFP-positive
cells were selectively chosen to determine intracellular
calcium levels in the present study. Calcium image was
also performed in HEK293 expressing NMDAR subtypes
with GFP fusion protein which are generated by transi-
ent transfection in the previous study [44]. The four
NMDAR subtypes exhibit distinct affinity for NMDA.
The subtype sensitivity for NMDA-evoked calcium
influx was NR2A =NR2B >NR2C > NR2D, which is in
accordance with channel properties as previously
described [2,45]. Meanwhile, the selective antagonists
individually inhibited NMDA-induced calcium influx
showing the pharmacological specificity. The four NR2
subtypes also displayed differential sensitivity to resvera-
trol. Resveratrol exhibited high efficacy to inhibit NR1/
NR2B and NR1/NR2C subtypes and high potency for
NR1/NR2B and NR1/NR2D. It appears that NR2B is
the most sensitive subtype to resveratrol inhibition.

Figure 4 Continued

Table 1. Inhibitory effects of resveratrol on NMDA-evoked
calcium levels among NMDAR subtypes.

Subtype IC50 μM (95% CI) Hill slope
Inhibitory
rate (%) n

NR1/NR2A 27.1 ± 1.74 (9.01−81.73) −1.4 ± 0.26 60.3 ± 6.18 16
NR1/NR2B 3.9 ± 1.42 (1.93−7.71) −1.1 ± 0.19 81.4 ± 2.95 36
NR1/NR2C 25.6 ± 1.35 (14.23−46.17) −1.6 ± 0.15 79.1 ± 2.37 23
NR1/NR2D 1.1 ± 0.22 (0.40−3.16) −1.4 ± 0.26 71.9 ± 5.94 15

Note: IC50, half maximal inhibitory concentration.
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Resveratrol has a greater inhibitory effect on NMDA-
induced calcium influx and neuronal loss at DIV14 com-
paring to DIV7 in the present study. In a primary cortical
neuron, predominant expression of NR2B is observed in
the immature neurons at DIV 7 and still maintains in the
mature neurons at DIV 21. On the contrary, NR2A is
barely detected at DIV 7 and gradually increases from
DIV14 to 21 [46]. Thus, the ratio of NR2B/NR2A sub-
unit expression decreased significantly in mature neur-
ons [39]. Consistent with our results, the mature
cultures were substantially more sensitive to NMDA tox-
icity than younger cultures. Notably, the highly selective
antagonists of NR1/NR2B receptors exhibited a less

protective effect on NMDA-induced neurotoxicity in
mature cells [39]. We observed that resveratrol had a
higher inhibitory effect on NR2B subtype than NR2A
subtype. Thus, it would expect that NMDA-induced
neurotoxicity in immature neurons should be more sen-
sitive to resveratrol. However, our results showed that
resveratrol protected NMDA-induced neurotoxicity in
mature neurons but not in immature neurons. Acti-
vation of intracellular calcium channels including IP3
and ryanodine receptors may involve in the NMDAR-
mediated neuronal death [47]. Low level of IP3 and rya-
nodine receptors are observed in the immature stage and
increases in the mature hippocampal and cerebellar

Figure 5. Effects of resveratrol on inductions of LTP and LTD in mouse hippocampal slices. LTP and LTD were individually induced by
HFS and LFS in hippocampal schaffer collateral-CA1 synapses. Different concentrations of resveratrol or DMSO was perfused 10 min
before and during LFS or HFS. The representative traces of fEPSP before and after HFS (A) and LFS (D) were shown. The average
fEPSP slope during the 10–20 min before LTP (B) and LTD (E) induction was taken as baseline, and all values were normalized to
this baseline. The averaged fEPSP slope for the last 10 min (51–60 min) during LTP (C) and LTD (F) was quantified and compared. Values
are mean ± SD (n = 4 mice). **p < .01 compared with DMSO control.
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neurons [48,49]. Since resveratrol can inhibit IP3 and
ryanodine receptor-mediated intracellular calcium release
[43]. Thus, the stronger protective effects of resveratrol in
mature neurons might be associated with blockade of
intracellular calcium release. Moreover, blockade of both
NR2A and NR2B subtypes by resveratrol could reverse
NMDA-elicited cell death in mature neurons [8]. There-
fore, the inhibitory effects of resveratrol on NMDA-
induced calcium response and neurotoxicity in immature
and mature stage might consider the modulation of intra-
cellular calcium mobilization in addition to regulation of
NR2A and NR2B subtype activity.

NR2B-containing NMDARs play neuropathological
roles in stroke, pain, Alzheimer’s disease, and drug and
alcohol dependency [50–52]. Similar to the NR2B selec-
tive antagonists, resveratrol has been shown to protect
against stroke, Alzheimer’s disease, and neuropathic
pain [24,53,54]. In peripheral articular cartilage tissues,
NR2B is involved in the production of inflammatory
cytokines and pain sensory by mechanotransduction in
human osteoarthritic chondrocytes [55], which are
reduced by resveratrol in a human subject with mild or
moderate knee osteoarthritis [56]. Moreover, resveratrol
and NR2B antagonists have been compared and shown
similar effects. Injection of resveratrol or NR2B antagon-
ist into lateral ventricle could antagonize the LPS-
induced brain inflammation and animal death rate
[57]. Accordingly, in addition to antioxidant and anti-
inflammatory properties, inhibition of NR2B-containing
NMDAR might also contribute to the protective effects
of resveratrol on certain diseases associated with
NMDAR dysfunction [55,56].

In contrast, resveratrol did not affect solitary tract
(NST) NMDAR-mediated baroreflex responses through
HPA axis activation [34]. Only high abundant of
NR2D and moderate NR2C level are detected in the
NST [58] and our results showed that resveratrol has
lower inhibitory effects on NR2C and NR2D-containing
NMDAR, further support the unique NMDAR subtype-
dependent property of resveratrol.

The previous study has indicated that resveratrol at
22 μM did not affect HFS-induced LTP [59]. Consist-
ently, our data further demonstrated that resveratrol at
100 μM could not alter hippocampal LTP elicited by
HFS. It is noted that LTP induction depends on high
amplitude of NMDAR activation. NR2A-containing
NMDARs are required for HFS-induced LTP, but not
LFS-evoked LTD in hippocampal slices, whereas induc-
tion of LTD but not LTP requires the activation of
NR2B-containing NMDARs [7]. Thus, selective inhi-
bition of NMDARs by NR2A antagonists abolished
LTP but not LTD induction. In contrast, preferential
blockade of NMDARs by NR2B antagonists prevented

LTD induction without affecting LTP production [7].
However, NR2A and NR2B subtypes may both be
involved in LTP induction, since NR2B antagonist par-
tially inhibited LTP induction in developing hippo-
campus with a high ratio of NR2B/2A [60].
Importantly, hippocampal LTP induction may not be
altered under partial inhibition of NMDAR activity
(less than 40%) either by NR2A or NR2B antagonists
or by both in mature animal [61]. Our data show that
resveratrol is highly selective for NR2B subtype, but
has a much lower inhibitory effect on NR2A subtype.
According to the evidence, it suggests that the differential
inhibitory efficacy of resveratrol on NMDAR subtypes
might be not sufficient to suppress LTP-induced by
HFS in the mature hippocampus.

Since NR2B is essential to induce LTD and NR2B
antagonists can inhibit LTD induction [7,10,62], the pre-
sent study revealed that resveratrol suppressed the LTD
induction in the hippocampus, in accordance with the
preferable inhibitory effect of resveratrol on NR2B-con-
taining NMDAR. It is of note that the increased suscep-
tibility to LTD induction is associated with impaired
memory during aging [63,64]. The inhibitory effects of
resveratrol on LTD may be involved in its therapeutic
potential for age-related cognitive dysfunction.

Our study showed that resveratrol at 0.1 μM was
sufficient to inhibit NMDA-induced calcium influx and
neuronal loss. Resveratrol at higher concentrations (5–
60 μM) has been reported to protect against neuronal
death induced by other factors such as MPP+, Aβ and
oxygen–glucose deprivation [65]. Acute resveratrol
(30 mg/kg; i.p.) treatment can protect the cerebral
ischemic injury, whereas the plasma and brain concen-
tration of resveratrol can be detected about 10 μM and
1 μM, respectively [66]. A dose of 10 or 50 mg/kg resver-
atrol also prevents NMDA-induced seizure response in
mice [31], suggesting that resveratrol at 1 μM could inhi-
bit NMDA-evoked neuronal activity in vivo. In the clini-
cal study, oral resveratrol with 250 or 500 mg increases
cerebral blood flow during a cognitive task and the
peak plasma concentration is around 1–2 μM [67].
Therefore, the therapeutic dosage of resveratrol should
be implicated on NMDAR-mediated responses.

In summary, our data demonstrate that resveratrol
produced differential inhibitory effects on NMDA-
induced excitotoxicity and NMDA-induced calcium
influx in immature and mature cortical neurons. In
HEK 293 cells with different expression of individual
NR2 subunits, resveratrol inhibited NMDAR activity
dependent on the NR2 subunit, with preferable to
NR2B-containing NMDAR. Moreover, resveratrol
specifically decreased the induction of LTD, but not
LTP in mouse hippocampal slices. Despite encouraging
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data from animal studies, NR2B-selective antagonists
have not succeeded in clinical trials yet because of uncer-
tain biosafety and pharmacokinetic profiles. Resveratrol
is considered a dietary supplement and its safety has
also been confirmed [68]. Resveratrol is promising in
health promotion, not only for its antioxidant activities
but also for its anti-inflammatory and neuroprotective
properties. The unique NMDAR subtype inhibitory
properties of resveratrol we revealed in the present
study provide more evidence to support its potential
implication in the treatment of the neurological dis-
orders associated with hyperfunction of NMDARs, in
particular, NR2B subunit-containing NMDARs.
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