
ORIGINAL RESEARCH

Resveratrol Rescues the Impairments of Hippocampal Neurons
Stimulated by Microglial Over-Activation In Vitro

Feng Wang1 • Na Cui2 • Lijun Yang1 • Lin Shi3 • Qian Li4 • Gengshen Zhang1 •

Jianliang Wu1 • Jun Zheng1 • Baohua Jiao1

Received: 4 March 2015 / Accepted: 12 April 2015 / Published online: 22 April 2015

� Springer Science+Business Media New York 2015

Abstract Resveratrol is a naturally occurring phytoalexin

found in red grapes, and believed to have neuroprotective,

anti-oxidant, and anti-inflammatory effects. But little is

known about its effect on the neural impairments induced

by microglial over-activation, which leads to neuroin-

flammation and multiple pathophysiological damages. In

this study, we aimed to investigate the protective effects of

resveratrol on the impairments of neural development by

microglial over-activation insult. The results indicated that

resveratrol inhibited the lipopolysaccharide (LPS)-depen-

dent release of cytokines from activated microglia and

LPS-dependent changes in NF-jB signaling pathway.

Conditioned medium (CM) from activated microglia

treated by resveratrol directly protected primary cultured

hippocampal neurons against LPS-CM-induced neuronal

death, and restored the inhibitory effects of LPS-CM on

dendrite sprouting and outgrowth. Finally, neurons cultured

in CM from LPS-stimulated microglia treated by resvera-

trol exhibited increased spine density compared to those

without resveratrol treatment. Our findings support that

resveratrol inhibits microglial over-activation and allevi-

ates neuronal injuries induced by microglial activation. Our

study suggests the use of resveratrol as an alternative in-

tervention approach that could prevent further neuronal

insults.
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Introduction

Microglia comprise approximately 12 % of cells in the

brain and function as the dominant immune cell of the

brain, which is analogous to the macrophages of the sys-

temic immune system. Microglial cells are of the mono-

cytic lineage and typically exist in a quiescent state in the

normal brain, characteristic of ramified morphology and

short branched processes (Fetler and Amigorena 2005;

Nimmerjahn et al. 2005). Following injury, microglia ex-

hibit various behaviors, including activation, division, and

migration to the injury site. Therefore, shortly after injury,

there is an influx of microglial cells, which behave more

macrophage-like with time and are often neuroprotective.

Vascular damages, as with all spinal injuries, cause ex-

tensive inflammation and invasion of a large number of

microglia from the blood stream (Fawcett and Asher 1999).

The state of microglial activation, e.g., the number of mi-

croglia and their phagocytic activity, is an important indi-

cator of neuropathology hence an ideal target for

pharmacological manipulation. Over-activated microglia,

in response to brain insults, can produce synergistic effects

on neurotoxicity via release of inflammatory cytokines and

chemokines including tumor necrosis factor-a (TNF-a),
interleukin-1b (IL-1b), inducible nitric oxide synthase
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(iNOS), nitric oxide (NO), reactive oxygen species (ROS),

and cyclooxygenase-2 (COX-2), which contribute to neu-

ronal damage, particularly in neurodegenerative diseases

(Cao et al. 2010; Choi et al. 2009; Nam et al. 2008). Recent

evidences have indicated that activated microglia inhibit

axonal growth and regeneration (Horn et al. 2008; Ki-

tayama et al. 2011). Therefore, modulation of microglia-

mediated inflammatory responses is important in designing

new therapeutic approach against neuronal inflammatory

diseases.

Resveratrol (3,5,40-trihydroxy-trans-stilbene, RV) is a

naturally occurring phytoalexin found in red grapes, and

has attracted considerable attention due to its wide variety

of pharmacological properties. RV exhibits anti-oxidative

effect, anti-platelet activity, cardioprotective ability, neu-

roprotective effects, and an anti-inflammatory activity via

modulating NO production, inhibiting cytochrome P450,

cyclooxygenase (COX), and the nuclear factor-kappa B

(NF-jB) pathways (Saiko et al. 2008b). Although a large

number of studies have shown that resveratrol is neuro-

protective in both acute central nervous system (CNS) in-

juries and chronic neurodegenerative diseases such as

Huntington’s, Alzheimer’s, and Parkinson’s diseases

(Anekonda and Reddy 2006; Ates et al. 2007a, b; Constant

et al. 2012; Karlsson et al. 2000; Parker et al. 2005), the

exact mechanisms for its beneficial effects, particularly

how resveratrol suppresses the inflammatory response in

microglia and the potential roles of resveratrol plays in

neuronal regeneration, are still not fully understood.

In this study, we aimed to determine the capacity of

resveratrol in protecting microglia over-activation, using

lipopolysaccharide (LPS) as the stimuli to induce microglia

over-activation, which mimics neurotoxicity caused by

accumulation of microglia followed by CNS injuries. We

further identified the role of resveratrol in microglia-me-

diated neuronal impairments, using conditioned medium

(CM) from over-activated microglia to culture the hip-

pocampal neurons, and evaluated neuronal growth pa-

rameters. We found that resveratrol inhibits LPS-dependent

release of cytokines in over-activated microglia and LPS-

dependent changes in NF-kB signaling pathway. Moreover,

resveratrol rescues the impairments of neurons stimulated

with LPS-CM in vitro. Our results support the use of

resveratrol as potential therapeutic agent against neuronal

inflammatory diseases in the future.

Materials and Methods

Chemicals

Resveratrol (trans-3,5,40-trihydroxystilbene; purity[99 %)

and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

bromide (MTT) were obtained from Sigma-Aldrich (St.

Louis, MO). Resveratrol was dissolved with dimethyl

sulfoxide (DMSO) at a stock concentration of 20 mM. For

the cell viability assay, an equivalent amount of DMSO

(0.1 % final concentration) was added to control cultures.

For other experiments, DMSO was excluded in the control

cultures.

Cell Culture Methods

Primary Microglial Cultures

Primary microglia were isolated according to previously

published method (Griffin et al. 2007). Briefly, cerebral

cortices dissected from postnatal day 1 to 2 mice were

trypsinized, mechanically dissociated, and seeded on the

flasks. The cultures were maintained in DMEM (Gibco,

Carlsbad, CA) supplemented with 10 % fetal bovine serum

(FBS; Gibco, Carlsbad, CA) and 5 ng/ml macrophage

colony stimulating factor (Peprotech). Then, the suspended

microglia were retrieved from the culture medium or sub-

sequent experiments. For MTT and ELISA experiments,

cell cultured on plates for overnight and then treated with

resveratrol or LPS (100 ng/ml) for 24 h.

Hippocampal Neuron Culture, Transfection,

and Immunostaining

Low-density of primary hippocampal neurons were pre-

pared from both of the hemispheres hippocampus of

postnatal day 1 mouse according to the literatures (Amin

et al. 2013; Song et al. 2014). This study was carried out in

strict accordance with the recommendations in the Guide

for the Care and Use of Laboratory Animals of the National

Institutes of Health. The protocol was approved by the

Committee on the Ethics of Animal Experiments of The

Second Hospital of Hebei Medical University. The IACUC

committee members at The Second Hospital of Hebei

Medical University approved this study. All surgeries were

performed under sodium pentobarbital anesthesia, and all

efforts were made to minimize animal suffering, to reduce

the number of animals used, and to utilize alternatives to

in vivo techniques, if available. Briefly, Mice were sacri-

ficed by decapitation after being anesthetized by CO2,

hippocampi were dissection, cut into slices, and washed

twice with the dissection medium (Ruaro et al. 2005). Cells

were gently dissociated by approximately 50 passages

through a Gilson P1000 tip after digested in TrypIE (Life

Technologies, Grand Island, NY) for 10 min at 37 �C. The
cell suspension was then centrifuged at 3009g for 5 min,

and the pellet was resuspended in culture medium (DMEM

medium containing 10 % FBS, 2 % B-27 supplement,

penicillin–streptomycin, Ham’s F-12 Nutrient Mixture).
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Cultures were maintained at 37 �C in humidified atmo-

sphere with 5 % CO2, and medium was changed 24 h after

plating and every 3 days thereafter. To get highly purified

hippocampal neurons and arrest glial cell proliferation, on

the second day, we treated the culture with 5 lM cytosine-

b-D-arabinofuranoside (Ara-C), Sigma-Aldrich, St. Louis,

MO). Neurons cultured for 7–21 days were used in the

experiments. For transfection, the neurons were plated on

glass coverslips coated with poly-L-lysine (Sigma-Aldrich,

St. Louis, MO) at an approximate density of 70 cells/mm2

and were transfected (performed at DIV17) using modified

calcium phosphate precipitation method according to de-

scriptions by Zhang et al. (2003). Immunostaining was

performed at DIV 21. The transfected cells were fixed with

2 % paraformaldehyde and blocked with 2 % normal goat

serum (Sigma-Aldrich), and permeabilized with 0.1 %

Triton X-100 in PBS. Then, the cells were incubated with

primary antibodies diluted in PBS-BSA solution for 1 h,

following by Alexa Fluor 488- or 647-labeled secondary

antibodies (1:1000, Life Technologies, Grand Island, NY)

were used.

Conditioned Medium (CM) for Hippocampal Neurons

Cultures

CMs were collected according to the literatures (Song et al.

2014; Wu et al. 2009). Briefly, primary microglial cells

were first cultured overnight, and then the cell culture su-

pernatants were replaced by DMEM-F12 FBS-free medium

(neuron culture medium) with or without LPS stimulation

in the absence or presence of resveratrol continue to culture

24 h. CM was harvested, centrifuged for 5 min at 10009g,

filtered through 0.22-lm-pore-diameter Millipore filters,

and then dialyzed overnight using the Slide-A-Lyzer Dia-

lysis Cassette (10 K MWCO, Pierce Biotechnology Inc.,

Rockford, IL) to exclude the possible influence of LPS.

CMs were stored at -80 �C until use. For the cultures of

primary hippocampal neurons, the fresh media with CMs at

1:1 were supplemented to the cultures every 3 days.

MTT Assay

Cell viability was measured using an MTT assay according

to previous report (Park et al. 2012). Briefly, primary mi-

croglial cells (1 9 104 cells/well) were seeded in 96-well

plates, and after 24 h, treated with different concentrations

of resveratrol (0.1–20 lM). After treatment, media were

gently aspirated, cells were washed twice with PBS, and

200 ll of a 0.5 mg/ml MTT solution in PBS was added to

each well. Plates were incubated at 37 �C for 4 h, MTT

solution was removed, and the solubilization solution was

added into each well to dissolve the formazan by shaking at

room temperature for 10 min. The dye product was

quantified using a microplate reader (SpectraMax M Series,

multi-mode, Molecular Devices, CA) at a wavelength of

560 nm (A560). For hippocampal neuronal cells viability

assay, the neurons (1 9 104 cells/well) were seeded on

laminin-coated 96-well plates and cultured in proliferative

medium containing DMEM-F12 with 2 % B27 supplement

(Life Technologies, Grand Island, NY), EGF (20 ng/ml,

Sigma-Aldrich, St. Louis, MO), and FGF-2 (20 ng/ml,

Sigma-Aldrich, St. Louis, MO). After seeding overnight,

hippocampal neuron culture supernatants were changed

with various CMs supplemented with 2 % B-27 supple-

ment, 20 ng/ml EGF, and 20 ng/ml FGF-2 cultured for

24 h. Neuronal viability was measured by MTT assay as

described in primary microglial cells.

LDH Assay

The membrane integrity of neurons was evaluated by using

lactate dehydrogenase (LDH) assay, according to the pro-

tocol of The Thermo Scientific Pierce LDH Cytotoxicity

Assay Kit (Thermo Scientific, Rockford, IL). The assays

were performed after 7-day culture to evaluate the mem-

brane integrity of neurons, and data were recorded using a

microplate reader (SpectraMax M Series, multi-mode,

Molecular Devices, CA) at a wavelength of 490 and

680 nm (A490-A680).

Tumor Necrosis Factor-Alpha and IL-1b Assays

The production of tumor necrosis factor-alpha (TNF-a) and
IL-1b was measured with a commercial ELISA kit from

R&D Systems (Minneapolis, MN) according to the

manufacturer’s instructions. 100 ll of the supernatant was

sampled for cytokine analysis under different stimulatory

conditions before cells were harvested for RNA extraction.

The absorbance at 450 nm was determined using a mi-

croplate reader (SpectraMax M series, Multi-mode, Mole-

cular Devices, Sunnyvale, CA). The concentrations of

TNF-a and IL-1b in culture supernatants were calculated

using TNF-a and IL-1b standards.

RNA Extraction and SYBR Green Quantitative

Real-Time PCR

After incubation, media were removed and primary mi-

croglial cells were washed with phosphate-buffered saline

(PBS) twice. Total RNA was extracted using Trizol reagent

as recommended by the manufacturer (Invitrogen, Carls-

bad, CA). RNA quality and concentration were evaluated

spectroscopically using a NanoDrop 2000c instrument

(Thermo Scientific, Rockford, IL). For mRNA analysis,

real-time PCR was performed using Superscript TM-i kit
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(Invitrogen, Carlsbad, CA) on an ABI 7900HT PCR ma-

chine Applied Biosystems, and data were normalized to b-
actin and further normalized to the control without LPS

stimulation unless otherwise indicated. The sequences of

PCR primers were as follows:

(1) iNOS sense 50-GGACGAGACGGATAGGCAGAG
ATT-30, anti-sense 50-AAGCCACTGACACTTCGCAC
AA-30;

(2) COX-2 sense 50-TCTCCAACCTCTCCTACTAC-30,
anti-sense 50-GCACGTAGTCTTCGATCACT-30;

(3) b-actin sense 50-GATGGTGGGAATGGGTCAGA-
30, anti-sense 50-TCCATGTCGTCCCAGTTGGT-30.

Data analysis was performed using the 2-DDCt method.

Preparation of Cytoplasmic and Nuclear Extracts

and Immunoblotting Analysis

Cells were washed with ice-cold PBS twice, scraped, col-

lected, and transferred into clean centrifuge tubes. Cell

pellets were collected to separate the cytoplasmic and nu-

clear fractions using the CHEMICON’s nuclear extraction

kit (EMD Millipore Corporation, Temecula, CA) according

to the manufacturer’s instructions. Protein concentration in

the supernatant was quantified by Pierce bicinchoninic acid

(BCA) protein assay kit (Thermo Scientific, Rockford, IL).

10–30 lg reduced protein in Laemmli sample buffer was

resolved using 6–12 % sodium dodecyl sulfate polyacry-

lamide gel (SDS-PAGE) and transferred to nitrocellulose

membrane (Bio-Rad, Hercules, CA) for immunoblotting

analysis. Blots were stripped using stripping buffer (Ther-

mo Scientific, Rockford, IL) before reprobing. b-actin was

used as an endogenous protein for normalization. Images

were analyzed by Quantity One software (Bio-Rad, Her-

cules, CA).

Image Acquisition and Morphometry Analysis

Fluorescence images were acquired either by confocal laser

microscopy (Zeiss LSM710) or Box-Type Fluorescence

Imaging Device (Olympus-FSX100). The lengths of the

dendrites and filopodia were determined using NIH soft-

ware Image J, with Neuron J plug-in (Copyright from Erik

Meijering). Three independent experiments were per-

formed, in each of which 100 neurons were counted per

group. To visualize growth cones, neurons were fixed for

10 min with 2 % PFA and stained with Alexa Fluor�

488-conjugated phalloidin probe (1:500; Invitrogen,

Carlsbad, CA) and Neuron-specific b-tubulin (anti-TuJ1)

(1:1,000; R&D systems). Data were collected from 3 in-

dependent experiments. Results are shown as relative area

of GC compared to control neurons without LPS stimula-

tion, considered as 1 (Pool et al. 2008).

Statistical Analysis

The statistical significances of differences between the

vehicle and resveratrol-treated groups were determined by

analysis of variance (ANOVA) followed by a Tukey’s post

hoc test procedure. Values are shown as mean ± SEM

unless otherwise specified. A value of p\ 0.05 is consid-

ered statistically significant and is reported. All protein

biochemical experiments were carried out a minimum of

three times.

Results

Toxicity of RV to Primary Microglial Cells

We first investigated the effect of RV on the proliferation

of primary microglial cells. Treatment of primary mi-

croglial cells with both 10 and 20 lM resveratrol clearly

decreased the cell number and arrested cell growth

(Fig. 1a), indicating that resveratrol can induce cell death

in primary microglial cells at higher concentrations. It is

worth mentioning that the DMSO concentration was 0.1 %

in the culture medium of 20 lM resveratrol group, while it

was 0.005 % in 1 lM RV group. The DMSO at the highest

concentration of 0.1 % had neglectable effects on cell

viability (Fig. 1b). RV concentrations of up to 1 lM had no

significant effect on proliferation of primary microglial

cells. However, viability of primary microglial cells was

significantly inhibited by higher doses (10 and 20 lM,

Fig. 1b). To exclude the toxic effect of RV on cell growth,

we selected 1 lM as optimal RV dose for the following

experiments.

RV Reduces LPS-Induced Pro-inflammatory

Mediator Release from Microglia

Activated microglia produce an array of pro-inflammatory

factors that mediate LPS-induced neurotoxicity (Block

et al. 2007). To provide more evidence of the anti-

inflammatory effect of RV in neurophysiology, LPS-induced

inflammatory model was used in the primary microglial

cells. LPS, an endotoxin from bacteria as a pro-inflam-

matory stimulus to induce neurotoxicity, could be a perfect

positive control for us to evaluate the function of RV on

microglia activation. LPS induces the synthesis of inflam-

matory mediators, including various chemokines and cy-

tokines (Montine et al. 2002; Quan et al. 1994), which have

been shown to affect neural cell behavior and function. We

first examined the microglial morphology in the ex-

perimental groups (Fig. 2a). The microglia cells presented

the typical morphology of unipolar and/or ameboid shapes.

We then determined the levels of several major
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inflammation-related factors released from microglia after

LPS treatment. Before LPS activation, primary microglial

cultures in either vehicle control or RV treatment groups

expressed low levels of TNF-a and IL-1b, iNOS and COX-

2 (Fig. 2b–e, lane 1 vs. lane 2, p\ 0.05). Exposure of

primary microglial cells to LPS (100 ng/ml) for 24 h re-

sulted in significantly increased expressions of pro-in-

flammatory cytokines TNF-a and IL-1b released into the

culture medium, as shown in Fig. 2b, c (lane 1 compared to

lane 3, p\ 0.01). Furthermore, we examined the mRNA

levels of iNOS and COX-2, both of which are involved in

the microglia-mediated inflammation. As expected, when

primary microglial cells were activated by LPS, the ex-

pressions of iNOS and COX-2 were strongly enhanced

(Fig. 2d, e, lane 1 vs. lane 3, p\ 0.01). These hallmark

shifts reflected a successful inflammatory response in pri-

mary microglial cells, indicative of microglia over-activa-

tion upon LPS stimulation. Next, we evaluated the effect of

RV (1 lM) on LPS-induced over-activation in primary

microglial cells. As shown in Fig. 2b, c (lane 3 vs. lane 4),

primary microglial cells stimulated with LPS responded to

RV treatment with[70 % reduction of TNF-a, and[60 %

reduction of IL-1b expressions, respectively. mRNA ex-

pressions of iNOS and COX-2 were also significantly de-

creased (both [70 % reduction) in RV group compared

with those in vehicle control under LPS-stimulated condi-

tion (Fig. 2d, e, lane 3 compared to lane 4, p\ 0.01).

Besides, the cell densities were comparable (p\ 0.05) in

these groups (control without LPS 1973 ± 124 per mm2;

RV without LPS 1945 ± 136 per mm2; control with LPS

2025 ± 143 per mm2; RV with LPS 2008 ± 164 per

mm2), which excluded the influence of cell density on the

cytokine release. Overall, these results indicated that RV is

capable of inhibiting inflammatory response in primary

microglial cells by decreasing levels of pro-inflammatory

cytokines.

RV Inhibits the LPS-Induced Changes in NF-kB

Signaling Pathway in Primary Microglial Cells

It was reported that inhibition of inflammation by RV was

mediated through the NF-jB pathway (Holmes-McNary

and Baldwin 2000; Kundu and Surh 2004). To confirm the

involvement of the NF-jB pathway in the RV-mediated

suppression of the LPS-induced neuroinflammation, pri-

mary microglial cells were treated with RV (1 lM) in the

presence of LPS, and the activity of the NF-jB pathway was

evaluated by measuring the protein expression levels of

p65, IjBa, and p-IjBa in the cytosolic and nuclear extracts.

Primary microglial cells responded to LPS stimulation with

[50 % reduction of p65 (Fig. 3a, 1st panel, b, lane 1

compared to lane 3) and IjBa (Fig. 3a, 2nd panel, c, lane 1

vs. lane 3), and [40 % increase of p-IjBa expression

(Fig. 3a, 3rd panel, d, compared lane 1 to lane 3) in

Fig. 1 Effects of resveratrol on

the cell viability of primary

microglial cells. a Microglial

cells were exposed to

resveratrol (0.1, 1, 10, and

20 lM) for 24 h and labeled for

a-tubulin (Green). Scale bar

100 lM. b Cells proliferation

was determined using an MTT

assay. Cells were seeded into

96-well plates (1 9 104 cells/

well) and cultured for 24 h.

Cells were treated with either

vehicle or the indicated

concentrations of resveratrol for

24 h. The lower concentrations

of resveratrol slightly inhibited

microglial proliferation. Values

are the mean ± SEM (n = 4).

*p\ 0.05 versus vehicle and

#p\ 0 .01 versus vehicle. (One-

way ANOVA with Tukey’s post

hoc test procedure) (Color

figure online)
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cytosolic extract compared to the control. Moreover, LPS

enhanced the nuclear translocation of NF-jB p65 subunit

(Fig. 3e, upper panel, f, lane 1 vs. lane 3), and this en-

hancement was prevented by RV treatment (Fig. 3e, upper

panel, f, compared lane 3 to lane 4). These target gene

expression changes at the protein level indicated the acti-

vation of NF-jB signaling pathway in primary microglial

cells was stimulated by LPS, and the stimulation was

blocked by RV treatment, demonstrating that RV can ef-

fectively inhibit the LPS-dependent changes in NF-kB

signaling in activated microglia.

Conditioned Medium from RV-Treated Microglia

Promotes Survival of Hippocampal Neurons

We next investigated the role of RV in promoting survival

of cultured hippocampal neurons upon LPS-induced mi-

croglia over-activation. First, we collected CM before

performing the following experiments (see ‘‘Cell Culture

Methods’’ section). Conditioned media from microglia-

enriched cultures in the absence (control-CM) or presence

of 1 lM RV (RV-CM) and with (LPS-CM) or without LPS

stimulation were prepared. Microglia cells were incubated

first with or without RV for 24 h, and CM was collected

and dialyzed to remove RV. This RV-free CM was then

added to neuron-enriched cultures and incubated for 7 days

before assays. We examined the proliferation of hip-

pocampal neurons. ANOVA analysis showed no significant

differences in cell viability between control-CM and RV-

CM (1 lM) in the absence of LPS stimulation group

(Fig. 4a, lane 1 vs. lane 2, p[ 0.05). However, after

stimulation with LPS-CM, the cell viability was decreased

by about 25 % (Fig. 4a, compared lane 1 to lane 3,

p\ 0.05). This decrease was restored by addition of RV-

CM (Fig. 4a, lane 3 vs. lane 4, p\ 0.05). Extracellular

lactate levels, which reflect the anaerobic metabolism of

neurons, did not change in the presence of 1 lM RV-CM

Fig. 2 Resveratrol attenuates

the LPS-induced inflammatory

responses. a Primary microglial

cells were seeded into 6-well

plates (6 9 105) with glass

coverslips in it and cultured for

24 h. Cells were undergone

resveratrol (1 lM) challenge

either with or without 100 ng/

ml lipopolysaccharide (LPS)

stimulation 24 h. Representative

microglia morphological

changes were photographed by

Olympus-FSX 100

Fluorescence microscopy.

Images of microglia labeled for

a-tubulin (green) to visualize

microtubules and DAPI (blue)

to label nuclei. Scale bar

100 lM. Expression of

molecules that are hallmarks of

microglial activation TNF-a
(b) and IL-1b (c) was quantified
by ELISA kits. Gene expression

of iNOS (d) and COX-2 (e) was
assessed by quantitative

polymerase chain reaction

(qPCR) and normalized to the

housekeeping gene, b-actin.
Values are expressed as

mean ± SEM for 3–6 replicates

using different cell cultures.

One-way ANOVA with Tukey’s

post hoc test revealed

differences from control

microglia without LPS

stimulation. #p\ 0.01 (Color

figure online)

1008 Cell Mol Neurobiol (2015) 35:1003–1015

123



(Fig. 4b, compared lane 1 to lane 2, p[ 0.05). However,

LPS-CM induced an approximately 50 % increase in lac-

tate levels, indicating LPS had an obvious impairment on

the integrity of the cultured neuronal cell membrane

(Fig. 4b, lane 1 vs. lane 3, p\ 0.05), as LDH release in

culture media indicates membrane damage and is a

biomarker for cellular cytotoxicity and cytolysis. As ex-

pected, we found that the presence of RV with LPS

Fig. 3 Resveratrol inhibits the LPS-induced activation of NF-jB in

primary microglial cells. a Cells were seeded into 100-mm dishes

(1.5 9 106/dish) and cultured for 24 h. Cells were then undergone

resveratrol (1 lM) challenge either with or without 100 ng/ml

lipopolysaccharide (LPS) stimulation 24 h. Levels of target proteins

p65, IjBa, and p- IjBa in the cytosolic extract were evaluated with

immunoblotting. b–d The Western blotting results in (a) were

quantified and shown in a graph format. The expression of those

target proteins (p65, IjBa, and p-IjBa) was normalized to b-actin,
and the expression for different groups was determined as a relative

change from vehicle control in the absence of LPS treatment and

shown as mean ± SEM. e Cells were treated with resveratrol (1 lM)

either with or without 100 ng/ml lipopolysaccharide (LPS) stimula-

tion 24 h. The level of p65 in the nuclear extract was determined by

immunoblotting. f The results from the Western analysis in (e) were
quantified and subjected to densitometry and shown as a graph.

HDAC1 was used as the nuclear protein marker and b-actin as the

cytosolic protein marker. The relative expression of p65 was

normalized to HDAC1 expression, and the expression for various

groups was determined as a relative change from vehicle control and

shown as mean ± SEM of 3 independent experiments. #p\ 0.01

compared to the control

Cell Mol Neurobiol (2015) 35:1003–1015 1009
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stimulation CM was able to prevent this alteration (Fig. 4b,

lane 3 vs. lane 4, p\ 0.05).

RV Rescues the LPS-Induced Impairments

of Growth Cones (GC) in the Cultured Hippocampal

Neurons

Microglia are one of the key modulators of axonal growth

and regeneration following injury (Fawcett and Asher

1999). Reactive microglia increases the production of a

variety of cytokines that have been shown to inhibit axonal

growth (Aldskogius and Kozlova 1998; Hung and Colicos

2008; Streit et al. 1988). We next investigated whether RV

affects these secreted factors that would interfere with

morphological properties of neurons and dendrite out-

growth, using an in vitro model. When the hippocampal

neurons were cultured with CM from LPS-activated mi-

croglia, the average of size of GC and lamellipodia

(Fig. 5b, compared lane 1 to lane 3, p\ 0.05), ratio be-

tween the number of filopodia and GC area (Fig. 5e, lane 1

compared to lane 3, p\ 0.05), and the number of filopodia

and their length (Fig. 5c, d, lane 1 vs. lane 3, p\ 0.05)

were all significantly decreased. As expected, we found

that RV has the capacity to reverse these decreased pa-

rameters (Fig. 5b–d, lanes 3 and 4).

RV Treatment Restores Dendrite Outgrowth

in LPS-Conditioned Medium-Induced Neuronal

Cells

Figure 6a shows a representative image of a typical hip-

pocampal neuron with extending dendrites in the culture.

The dendrite sprouting and outgrowth were characterized

by the number of dendrites per cell, number of dendritic

end tips, and the average length of dendrite. Dendrite

length was also used as a parameter to evaluate the neuron

ability to maintain the dynamics of the tubulin and actin

cytoskeletons which are essential for the establishment of

synapses. As shown in Fig. 6b, c, LPS-CM-treated neurons

showed a dramatic impairment of dendrite outgrowth,

evident by decreased numbers of primary dendrites per cell

and dendritic end tips, with reduction of about 20 and

40 %, respectively (p\ 0.05). Additionally, LPS-CM sig-

nificantly reduced the dendrite length (Fig. 6d, with re-

duction of about 20 %; p\ 0.05), exhibiting deleterious

effect of neurotoxicity. When co-cultured with RV-CM,

RV reverted the impairment of dendrite outgrowth pa-

rameters, as well as inhibited further impairment of den-

drite outgrowth induced by LPS-CM (increase of about

[20 % when compared with control-CM).

Growth-associated protein (GAP)-43 is a neuronal pro-

tein associated with neurite outgrowth and has been shown

to be an efficient marker for the presence of neuronal

growth cones (Meiri et al. 1986). To examine whether

dendrite outgrowth enhancement by RV-CM correlated

with GAP-43 upregulation, we performed Western blot

analysis on DIV14 mature neurons. GAP-43 expression

was significantly higher in RV-CM group than control-CM

with LPS stimulation (Fig. 6e, lane 3 and 4). This result

suggested that RV promote dendrite outgrowth, which was

evident by correlated GAP-43 upregulation.

RV Increases Spine Density in Hippocampal

Neurons

We next investigated the effect of RV on spinogenesis. To

obtain a higher yield of fluorescently labeled neurons, we

transfected hippocampal neurons with mCherry-actin

Fig. 4 Effect of resveratrol on metabolic changes induced by LPS in

Hippocampal neurons. After overnight culture on 96-well laminin-

coated plates, as described in ‘‘Materials and Methods’’ section,

hippocampal neurons culture medium was replaced with four

different CM (control-CM, RV-CM, LPS-CM, and LPS ? RV-CM)

supplemented with 2 % B27 supplement, 20 ng/ml EGF, and 20

ng/ml FGF-2 cultured for 24 h. After treatment, a MTT-measured

viability of hippocampal neurons cultured in different stimulatory

conditions. b Lactate was determined in the extracellular medium.

The data (expressed as a percentage of the control) represent

mean ± SEM of 3 independent experiments performed in triplicate.

*p\ 0.05, significant difference from control
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vectors at DIV17. Figure 7a, b (higher magnification)

shows the image of a representative mCherry-actin-trans-

fected hippocampal neuron in culture, where the features of

a normal neuron with several primary dendrites can be

clearly visualized. In addition, the spine density and the

relative frequency of three different spine types (stubby,

mushroom, and thin shaped) were quantified in different

CM cultured hippocampal neurons. We cultured hip-

pocampal neurons with LPS-CM in the absence or presence

of RV-CM, and found significantly reduced spine density in

LPS-CM cultures alone (Fig. 7d, lanes 1 and 3, p\ 0.05).

As expected, we also found that RV-CM markedly in-

creased spine density in cultured hippocampal neurons

(Fig. 7d, lanes 3 and 4, p\ 0.05). Furthermore, LPS-CM

resulted in a considerable deficit of 15 % in stubby-shaped

spine. Meanwhile, we did not observe any significant dif-

ference in the number of the other two types of spine

(mushroom and thin shaped) (Fig. 7c). In the presence of

RV-CM, we found that RV induced the formation of den-

dritic protrusions in stubby-shaped spines (Fig. 7c, left).

Taken together, these results clearly demonstrated that RV

remarkably improved spine morphology and density in the

in vitro hippocampal neuronal culture.

Discussion

RV exerts a wide variety of anti-oxidation and anti-in-

flammation activities (Kundu and Surh 2004; Saiko et al.

2008a, b). Recent studies both in vitro and in vivo have

demonstrated its neuroprotective roles in spinal cord in-

juries, traumatic brain injury in rats, H2O2-induced oxida-

tive injury in acute hippocampal slice preparation from

Wistar rats and early brain injury after subarachnoid

hemorrhage (Ates et al. 2007a; de Almeida et al. 2008; Liu

et al. 2011; Shao et al. 2014).

Fig. 5 Morphological

properties and differences of

hippocampal GCs responded to

LPS and resveratrol. The

hippocampal neurons were

cultured for 7 days in the

different stimulatory conditions.

a Confocal fluorescence images

of a hippocampal GC stained for

F-actin (phalloidin), Tuj1 (b-
tubulin-i antibody) and merge

of the two stainings. The right

image shows the quantification

of growth cone area (white

area), filopodia numbers (white

arrows), and length (yellow

line). b Normalized area of

hippocampal GCs. c Average

number of filopodia emerging

from hippocampal GCs.

d Average filopodium lengths

from the tip of each filopodia to

the edge of the hippocampal

GCs. e Ratio of number of

filopodia and area of GC in

hippocampal GCs (Color figure

online)
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However, the signaling cascades that mediate the effects

RV on pro-inflammatory factors production have not been

fully characterized. Possible underlying mechanism was

demonstrated to be, at least partially, via inhibiting the NF-

jB pathway (Kundu and Surh 2004). We therefore

evaluated the protein expression targeting NF-jB pathway.

Under normal physiological conditions, the heterodimer

NF-jB, which consists of three subunits (p65, p50 and

IjBa), exists in the cytoplasm in an inactive state. In-

hibitory kappa B (IjBa) plays an important role in main-

taining the inactivation of NF-jB. Various stimuli

including TNF-a can induce the activation of inhibitory

kappa kinases (IKK), resulting in phosphorylation of IjBa
and proteasomal degradation of NF-jB. Then, the p65

subunits of NF-jB are released from the heterodimer and

translocate into the nucleus, where they promote tran-

scription of cytokines (e.g., TNF-a, IL-1b, and IL-6). After

LPS stimulation, the expression of IjBa in primary mi-

croglial cells was down-regulated, and phosphorylated

IjBa was up-regulated in comparison with their corre-

sponding non-LPS-treated groups, as evidenced by the

Western blot analysis (Fig. 3a, c, d). Meanwhile, p65

successfully entered the nucleus fraction in the primary

microglial cells after LPS stimulation as shown in Fig. 3e,

f. Consistent with previous study (Henn et al. 2009), our

results also showed that RV inhibited the nuclear translo-

cation of p65, suggesting an inhibitory effect of RV on NF-

jB activity. These findings suggest that the inflammatory

Fig. 6 Average number and

length of dendrites under

different conditioned cultures.

The hippocampal neurons were

cultured for 7 days in the

different conditioned media of

the experimental group. a A

typical hippocampal neuron

with extending dendrites in the

culture, stained for MAP-2.

Scale bar 20 lM. The neurite

sprouting and outgrowth were

characterized by the number of

primary dendrites per cell.

b Average number of primary

dendrites per neuron. c Average

number of dendritic end tips.

d Average dendrite lengths from

the tip of each dendrite to the

edge of the hippocampal soma.

e Western blot analysis of GAP-

43 expression in the cultures of

different conditioned media.

The figure is representative of

three experiments with similar

results. f The Western blot

results in (e) were quantified to

determine whether a statistically

significant difference exists

between the groups and shown

in a graph format (p\ 0.05

compared to the control). The

intensities of the bands

corresponding to GAP-43 were

compared to those

corresponding to b-actin. The
expression of GAP-43 was

determined as a relative change

from control without LPS

stimulation and shown as

mean ± SEM GAP-43, growth-

associated protein-43.

#p\ 0.01, *p\ 0.05
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responses of primary microglial cells in RV culturing may

partially inhibit the degradation of IjBa in over-activated

primary microglial cells, which may result in the down-

regulation of the cytokines observed in Fig. 2b, c, d, e,

lanes 4.

The second part of our investigation involves the iso-

lation of individual cell types to measure their specific

cellular parameters responding to different stimuli, there-

fore aiding in an understanding of the role microglia play in

the function of larger structures in the brain. We then used

CM culture system to evaluate the effects of microglia

over-activation on isolated hippocampal neurons in vitro,

as well as to identify the role of RV plays during this

process. Here, hippocampus was chosen to be the model of

investigation, as it is an important brain area owing to its

vital role in the consolidation of several forms of learning

and memory (Lynch 2004). Conditioned culturing was

employed instead of co-culturing the microglia with the

hippocampal neurons to avoid the interference of RV itself

on the cell viability and growth (Song et al. 2014). These

culture systems provide the in vitro model to investigate

changes that were initiated in vivo. We first investigated

whether microglia could affect primary cultured neuron

viability using MTT assay. Cell survival was evaluated

after treatment with control-CM, RV-CM with or without

LPS stimulation for 24 h, as detailed in the Methods sec-

tion. Compared to cells in control-CM, the viability of

LPS-CM cultured neurons was significantly decreased,

whereas no obvious change in the cells in control-CM and

RV-CM without LPS stimulation can be observed. How-

ever, neurons in LPS-treated CM produced with RV pres-

ence exhibited much higher viability than those in LPS-

treated CM alone, suggesting RV could alleviate the LPS-

induced cytotoxicity in primary cultured hippocampal

neurons. In addition, LDH assay provided consistent result

that RV restored the impairment on the integrity of neuron

cell membrane caused by LPS-treated CM (Fig. 4b, com-

pared lane 3 and 4), as LDH release indicated membrane

damage and is a biomarker of necrosis. This result indi-

cates RV behaved very similarly to the effects observed in

primary microglial cells. Therefore, we could use this

culture system to perform functional assays in primary

neuronal cultures.

The glial reaction to CNS damage recruits microglia,

oligodendrocyte precursors, meningeal cells, astrocytes,

and stem cells, many of which produce molecules that

inhibit axon regeneration (Fawcett and Asher 1999). Neu-

ronal motility is the basis of major functions including

neuronal development, memory, repair, and cell migration

(Ghashghaei et al. 2007). In performing these functions,

neurites protrude from neurons, searching for the appro-

priate chemical or mechanical cues guiding the formation

of correct connections (Solecki et al. 2006). Neurite ex-

ploration is guided by growth cones (GCs) located at their

end tip (Bray et al. 1978; Goodman 1996; Song and Poo

2001), formed by extended lamellipodia from which thin

filopodia emerge (Mongiu et al. 2007). In our study, LPS-

CM cultured neurons showed decreased area of GCs

compared with CM without LPS stimulation. Moreover,

the number of filopodia per GC and the length of filopodia

were also decreased in these cultures. However, when co-

cultured with LPS-CM prepared in the presence of RV, all

the decreased parameters were restored to the level of

untreated control. Furthermore, we found that RV was

capable of promoting dendrite sprouting and outgrowth of

mouse hippocampal neurons, as evidenced by the increased

average dendrite numbers and length after stimulation with

LPS-CM (Fig. 6b–d, compared lane 3 and 4). GAP-43

participates in neurite formation and regeneration

(Benowitz and Routtenberg 1997). As expected, GAP-43

Fig. 7 Effects of resveratrol treatment on spine morphology and

density in the hippocampal neurons at DIV14. a The cultured

hippocampal neurons were transfected with mCherry-actin at DIV17

by the calcium phosphate method and imaged at DIV21. Scale bar

10 lm. b Higher magnification views of representative segments of

spine. Scale bar 2 lm. c Proportion of different spine types expressed

as percentage of total spines in the neurons in the experimental

groups. d Quantification of spine density, expressed per 10 lM of

dendrites of the neurons in the experimental groups. n = 10–15. Data

were presented by mean ± SEM *p\ 0.05 versus control group

without LPS stimulation
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expression was also significantly increased in LPS ? RV-

CM group compared in LPS-CM group (Fig. 6e, f), which

may explain the enhanced dendrite sprouting and out-

growth of neurons when treated with LPS ? RV-CM.

Finally, we tested the effect of our culture system on

spinogenesis by observing the changes of spine mor-

phology and density in different stimulatory conditions

in vitro. Noticeably, we found LPS ? RV-CM could in-

crease spine density compared with the LPS-CM group.

Meanwhile, it also induced the formation of dendritic

protrusions in stubby-shaped spine. This finding could re-

flect the potential therapeutic application of RV in CNS

insults and recovery. Activated microglia produce free

radicals, nitric oxide, and arachidonic acid derivatives,

many of which must participate in rendering the damaged

CNS inhibitory for axon regeneration. RV could indirectly

influence the molecules released during microglial over-

activation to exhibit the neuroprotective roles during this

process.

Conclusions

We hereby demonstrate that RV exhibits neuroprotective

roles for primary culture of mouse hippocampal neurons by

promoting dendrite sprouting and outgrowth. Many neu-

rodegenerative diseases or acute injuries to CNS result in

loss of neurons and damage of neurite. Based on our re-

sults, RV may be potentially used as an alternative

therapeutic approach to this insult.
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