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Abstract We have previously shown that interleukin-6

(IL-6)-protected neurons against the suppression of neuro-

nal vitality and overload of intracellular Ca2? induced by

glutamate or N-methyl-D-aspartate (NMDA). Herein we

provide further evidence for IL-6 neuroprotection against

NMDA-induced apoptosis and explore the signal-trans-

duction mechanisms underlying the anti-apoptotic action of

IL-6. Cerebellar granule neurons (CGNs) from postnatal

8-day infant rats were chronically exposed to IL-6 (40 or

120 ng/ml) for 8 days, and stimulated with NMDA

(100 lM) for 30 min. To observe the signaling pathways,

we employed AG490 (5 or 10 lM), an inhibitor of Janus

kinases (JAKs), or LY294002 (5 or 10 lM), an inhibitor of

phosphatidylinositol 3-kinase (PI3K), to pretreat the CGNS

together with IL-6. The levels of phosphorylation for the

downstream effectors of JAKs and PI3K, i.e., phosphory-

lated STAT3 and Akt, were quantified by Western blot

assay. In the cultured CGNs with various drug exposures,

the expressions of Bcl-2, Bax, and caspase-3 were measured

by real-time PCR and Western blot, and the percentage of

apoptotic nuclei was tested by Hoechst 33342 staining. After

the CGNs were chronically exposed to IL-6, NMDA stim-

ulation led to an increase in the expression of Bcl-2 mRNA

and a decrease in the expression of Bax and caspase-3

mRNAs and proteins when compared with those neurons

lacking IL-6 exposure. IL-6 pretreatment of the neurons

without NMDA stimulation concentration-dependently

enhanced the expressions of Bcl-2 mRNA and protein while

attenuating the expressions of Bax and caspase-3 mRNAs

and proteins in comparison with control lacking any treat-

ment. Furthermore, IL-6 prevented the increase in the per-

centage of apoptotic neurons induced by NMDA. The

combined pretreatment of the CGNs with AG490 and IL-6

or with LY294002 and IL-6 reduced these anti-apoptotic

effects of IL-6. Neither AG490 nor LY294002 exposure

alone altered the expressions of Bcl-2, Bax, and cleaved

caspase-3 proteins. IL-6 up-regulated the levels of phos-

phorylated STAT3 and Akt, and this was blocked by AG490

and LY294002, respectively. These results suggest that IL-6

protects neurons against NMDA-induced apoptosis, and that

the IL-6 neuroprotection is jointly mediated by JAK-STAT3

and PI3K-Akt signaling pathways.
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Introduction

Cytokine interleukin-6 (IL-6) and its receptor have been

found to be expressed by neurons and glial cells in the brain

(Gadient and Otten 1993; 1994; Schöbitz et al. 1993). The

expression of brain IL-6 is dramatically increased in some

diseases, injuries, and pathological states of the brain (Ali

et al. 2000; Baranzini et al. 2000; Baker et al. 2001; Gruol and

Nelson 2005). This elevation of IL-6 levels under neuronal

disorder conditions must have its functional significance. It

may reflect a compensatory neuroprotection or neurodegen-

eration mechanism (Baker et al. 2001). Cerebral ischemia

triggers neuronal IL-6 expression, and intracerebroventricular
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injection of IL-6 significantly reduces ischemic brain damage

(Loddick et al. 1998). The large increase in endogenous IL-6

bioactivity in response to ischemia, together with the marked

neuroprotection produced by exogenous IL-6 suggest that this

cytokine is an important endogenous inhibitor of neuronal

death during cerebral ischemia (Loddick et al. 1998). IL-6-

deficient mice have a reduced survival, worse neurological

status, and larger infarcts of the cerebral ischemia (Herrmann

et al. 2003). IL-6 rescues neurons and oligodendrocytes from

the N-methyl-D-aspartate (NMDA)-induced neuronal death

and oligodendrocyte degeneration (Inomata et al. 2003; Pizzi

et al. 2004). These reported facts represent a neuroprotective

effect of IL-6. Contradictorily, endogenous or exogenous

increase in brain IL-6 contributes to the pathogenesis of

neurodegenerative disorders (Qiu et al. 1995, 1998; Qiu and

Gruol 2003; Conroy et al. 2004; Orellana et al. 2005).

Therefore, understanding the dichotomy pathogenesis/neu-

roprotection of IL-6 may provide a rationale for better ther-

apeutic strategies (Muñoz-Fernández and Fresno 1998). We

previously showed that chronic IL-6 exposure of cerebellar

granule neurons (CGNs) protected the neurons against

glutamate- or NMDA-induced neurotoxicity, including

improvement of neuronal vitality and suppression of intra-

cellular Ca2? overload (Peng et al. 2005; Wang et al. 2009).

Here, we provide further evidence for the IL-6 neuroprotec-

tion at the profile of neuronal apoptosis.

Apoptosis, a process of programmed cell death, is con-

trolled by a series of relevant events. Bcl-2 is the prototype

for a family of mammalian genes and the proteins they

produce. They can be either pro-apoptotic, such as Bax,

Bad, Bak and Bid, or anti-apoptotic, including Bcl-2,

Bcl-xl, and Bcl-w (Chao and Korsmeyer 1998). A balance

between pro-apoptotic and anti-apoptotic members of the

Bcl-2 family is important to the homeostasis of cellular life

and death. Many pathways and signals lead to apoptosis,

but there is only one mechanism that actually causes the

death of a cell. After a cell receives stimulus, it undergoes

organized degradation of cellular organelles by activated

proteolytic caspases. Caspases, or cysteine–aspartic acid

proteases, are essential in cells for apoptosis and have been

termed ‘‘executioner’’ proteins for their roles in the cells

(Kothakota et al. 1997; Yuan and Horvitz 2004). Thus, we

measured expressions of Bcl-2 and Bax, a couple of

antagonistic regulators of apoptosis, as well as caspase-3, a

member of caspase family, at gene and protein levels to

determine NMDA neurotoxicity and the effect of IL-6 on

NMDA-induced apoptosis. In addition, a cell that is

undergoing apoptosis demonstrates nuclear condensation

and DNA fragmentation, which can be detected by staining

with Hoechst 33342 and fluorescence microscopy (Allen

et al. 2001). The observation of apoptotic neurons therefore

helps to show the consequences of these changes in the

genes, proteins, and enzyme regulating apoptosis.

Although the importance of IL-6 in brain function is

extensively investigated, the signaling pathways triggered

by the cytokine with respect to neuronal survival or repair

are not explored in detail. In general, binding of IL-6 to its

receptor triggers the recruitment of gp130, a 130-kDa signal

transducing subunit coupled with a membrane-associated

80-kDa ligand-binding subunit (IL-6 receptor), subse-

quently leading to the activation of the gp130-associated

Janus kinases (JAKs) (Murakami et al. 1993; Lutticken et al.

1994; Narazaki et al. 1994). JAKs phosphorylate gp130 on

several tyrosine residues and these phospho-tyrosines

recruit various Src homology 2 (SH2) domain-containing

proteins, such as signal transducer and activator of tran-

scription 3 (STAT3) and SH2 domain-containing protein-

tyrosine phosphatase-2 (SHP-2) (Sadowski et al. 1993; Taga

and Kishimoto 1997). SHP-2 links cytokine receptor to

mitogen-activated protein kinase/extracellular signal-regu-

lated kinase (MAPK/ERK or MEK) and is essential for

mitogenic activity, whereas STAT3 can induce Bcl-2 and is

involved in anti-apoptosis (Fukada et al. 1996). In addition

to JAK-STAT and MAPK/ERK pathways, phosphatidylin-

ositol 3-kinase (PI3K)-Akt pathway is also activated in

many tissues in response to IL-6 (Kamimura et al. 2003).

Several reports have implicated the STAT signaling mol-

ecule in the effects of IL-6 on neuronal functions. For exam-

ple, these roles of IL-6 in treating neurodegenerative and

demyelinating diseases occur through activating the signal

transducer gp130 and are associated with stimulation of

transcription factors STAT1 and STAT3 (Pizzi et al. 2004);

endogenous IL-6 plays a critical role in preventing damaged

neurons from undergoing apoptosis in the acute phase of

cerebral ischemia and its role may be mediated by STAT3

activation (Yamashita et al. 2005). We previously showed that

gp130, JAK-STAT3, and MAPK/ERK signaling pathways

participated in mediating IL-6 neuroprotection against the

attenuation of neuronal vitality and the overload of intracel-

lular Ca2? induced by glutamate or NMDA (Peng et al. 2005;

Wang et al. 2009). However, the cascades mediating IL-6-

induced neuronal survival or repair are complicated, and

especially the involvement of PI3K-Akt signaling pathway in

the IL-6 neuroprotection has been poorly explored. Thus,

before being able to utilize the neuroprotective effect of IL-6,

it is required to study the mechanisms and functions of each

signaling pathway downstream of IL-6.

Materials and Methods

Cell Culture

Sprague–Dawley infant rats of postnatal day 8 (The Center

of Experimental Animals, Nantong University, China)

were anesthetized by hypothermia via placing them in an
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ice bath for 2–4 min. Cell preparation and culture of rat

cerebellum were carried out as previously described (Peng

et al. 2005; Wang et al. 2009). Briefly, the cerebella were

removed from the rats and minced with sterile surgical

blades. The minced cerebella were chemically dissociated

in the presence of trypsin and DNase I and plated in a poly-

L-lysine-coated (25 mg/l) six-well plate. Cells were seeded

at a density of 2.83 9 105 cells/cm2 in basal Eagle’s

medium supplemented with 0.1 g/L gentamicin, 2.2 g/L

NaHCO3, 2.385 g/L HEPES, 25 mM KCl, and 10% heat-

inactivated fetal bovine serum. The plates were incubated

at 37�C with a humidified 5% CO2/95% air atmosphere in a

CO2 incubator. Cytosine arabinoside (10 lM) was added to

the medium 24 h after the cells were plated to inhibit glial

proliferation.

Drug Exposures

Rat recombinant IL-6 (BD Biosciences, San Jose, CA,

USA) of 40 or 120 ng/ml was added to the CGN cultures

on days 1, 4, and 7 (every 72 h) to keep the concentration

of exogenously added IL-6 relatively constant during the

period of chronic treatment. AG490 (Calbiochem, San

Diego, CA, USA) and LY294002 (Cell Signaling Tech-

nology, Beverly, MA, USA) were injected to the medium

1 h prior to IL-6. NMDA was dissolved in Locke’s solution

containing 10 lM of glycine, which was applied to the

8-day cultures at a concentration of 100 lM for 30 min at

20�C. The cultures were again incubated with the primary

culture medium in the CO2 incubator for 6–8 h.

Real-Time Quantitative PCR

The expressions of Bcl-2, Bax, and caspase-3 mRNAs were

examined by quantitative real-time polymerase chain

reaction (PCR). Total RNA was extracted with Trizol

reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. Potentially contaminating

residual genomic DNA was eliminated with RNAse-free

DNAse (Promega, Madison, WI, USA). After the RNA

content was determined by spectrophotometric analysis at

260 nm, 2 lg of total RNA was used for cDNA synthesis

with murine myelomonocytic lymphoma virus reverse

transcriptase (Promega, Madison, WI, USA). The single-

stranded cDNA was then amplified by real-time quantita-

tive PCR for evaluation of relative expression levels of

three genes of the interest. The PCR reaction was per-

formed in a Rotor-Gene 3000 Real-Time Cycler (Corbett

Research, Australia); detection involved measuring the

binding of the fluorescence dye SYBR Green I (Molecular

Probe, Eugene, OR, USA) to double-stranded DNA. Each

20 ll of reaction mixture contained 1 ll of cDNA syn-

thesized as above, 2 ll PCR buffer, 3.0 mM MgCl2,

0.2 mM of each dNTP, 0.2 lM of each pair of oligonu-

cleotide primers (Table 1), and 1 U Taq DNA polymerase.

The reaction procedures were as follows: an initial step at

95�C for 5 min, 40 cycles of 94�C for 30 s, 60�C for 30 s,

and 72�C for 30 s. The data was collected using the

instrument’s software (Rotor-Gene software, version 6.0)

and relative quantification was performed using the com-

parative threshold (CT) method after determining the CT

values for reference (b-actin) and target genes (Bcl-2, Bax,

or caspase-3) in each sample sets according to the 2-DDCt

method (Livak and Schmittgen 2001), as described by the

manufacturer (User Bulletin). Changes in mRNA expres-

sion levels were calculated after normalization to b-actin.

As calibrator sample we used cDNA from control cells

without any treatment. The program calculates the DCts

and the DDCt with the formulas below:

DCt¼Ct Mean b - actinð Þ�Ct Mean Targetð Þ;
DDCt¼DCt�DCt Mean;Gene expression level¼ 2�DDCt

Values of fold changes in the control sample versus the

treated samples represent averages from three- or four-time

measurements. Changes in gene expressions were reported

as fold changes relative to controls. To verify the speci-

ficity of the amplification reaction, melting curve analysis

was performed.

Western Blot Analysis

The cultured neurons were grown in a six-well plate

(Corning, NY, USA), and harvested following treatment.

Cells were homogenized in lysis buffer (62.5 mM Tris-HCl

at pH 6.8, 2% sodium dodecyl sulfide, 4% b-mercap-

toethanol, 10% glycerol, 50 mM DTT, and 1 mM phen-

ylmethanesulfonyl) and the supernatant was collected by

centrifuging at 4�C at 12,0009g for 15 min. The super-

natants, containing 20 lg of total cellular protein, were

mixed with sample buffer (62.5 mM Tris-HCl at pH 6.8,

2% sodium dodecyl sulfide, 4% b-mercaptoethanol, 10%

glycerol, 50 mM DTT, and 0.01% bromophenol blue) and

boiled for 5 min. The cellular protein was separated by

10% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) and transferred to a polyvinylidene

difluoride membrane (Pall, Port Washington, NY, USA)

using a semi-dry transfer apparatus. After blocking non-

specific binding with 5% (w/v) nonfat dry milk, the

membranes were probed with rabbit antibodies specific for

Bcl-2 (1:1000, Cell Signaling Technology, Beverly, MA,

USA), Bax (1:1000, Cell Signaling Technology, Beverly,

MA, USA), cleaved caspase-3 (1:1000, Santa Cruz Bio-

technology, Inc., Santa Cruz, CA, USA), phosphorylated

STAT3 (1:750, Cell Signaling Technology, Beverly, MA,

USA), and phosphorylated Akt (1:1000, Cell Signaling

486 Neurotox Res (2011) 19:484–495
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Technology, Beverly, MA, USA) at room temperature for

2 h or at 4�C overnight. They were incubated with the

IRDye 800-conjugated affinity purified goat anti-rabbit IgG

(1:5000, Rockland Immunochemicals, Inc., Gilbertsville,

PA, USA) for 1 h at room temperature and visualization by

Odyssey laser scanning system (LI-COR Inc, LINCOLN,

NE, USA). Blots were re-probed with the monoclonal

mouse anti-b-actin antibody (1:5000, Sigma, ST. Louis,

MO, USA), followed by reaction with IRDye 800-conju-

gated affinity purified goat anti-mouse IgG (1:5000,

Rockland Immunochemicals, Inc., Gilbertsville, PA, USA)

to confirm equal protein loading. The molecular weight and

relative quantity of the protein bands were determined by

an image analysis system.

Hoechst 33342 Staining

The CGNs were cultured on poly-L-lysine-coated glass

coverslips at a density of 1 9 105 cells/cm2 for 8 days. The

cells were fixed in 4% paraformaldehyde for 30 min at

room temperature. After stained with 10 lg/ml Hoechst

33342 (Dojindo, Osaka, Japan) for 15 min in a dark, the

cells were observed for nuclear changes under a DMLB

fluorescence microscope (Leica Microsystems, Wetzlar,

Germany) on ultraviolet illumination. The Hoechst dye was

excited at 350 nm, and fluorescence emission was filtered

with a 460 nm barrier filter. The nuclei with the apoptotic

characteristics, i.e., chromatin condensation and/or nuclear

fragmentation (Gschwind and Huber 1995; Lizard et al.

1995), were counted. The experiment was repeated for

three times, and for each sample, five visual fields were

randomly selected on each slide to quantify the percentage

of apoptotic cells in total cells.

Statistical Analysis

Data were expressed as means ± standard deviation

(M ± SD). Statistical analyses were performed with the

Statistics Package for Social Science (SPSS, 12.0). The

data were subjected to the one-way analysis of variance

(ANOVA), followed by Student–Newman–Keul’s test to

compare the data of all groups relative to each other.

Differences were considered statistically significant at

P \ 0.05.

Results

IL-6 Protects Neurons Against NMDA-Induced

Changes in Expressions of Bcl-2, Bax and Caspase-3

mRNAs and Proteins

Stimulation of cultured CGNs with NMDA (100 lM)

induced a decrease in expressions of Bcl-2 mRNA and

protein. CGNs that had been chronically exposed to IL-6

(40 or 120 ng/ml) for 8 days had higher levels of Bcl-2

mRNA and protein after NMDA stimulation when com-

pared with neurons lacking IL-6 exposure (Fig. 1). Further

statistical analysis revealed that in the expressions of Bcl-2

mRNA and protein, only the difference in Bcl-2 mRNA

expression between 40 ng/ml of IL-6 alone and IL-6 plus

NMDA was significantly smaller than that between

untreated control and NMDA (Table 2). It shows that IL-6

of 40 ng/ml significantly altered the reduction of Bcl-2

mRNA expression by NMDA, but at 120 ng/ml dose there

was no evident effect of IL-6 on NMDA produced reduc-

tion of Bcl-2 mRNA and protein. The chronic exposure of

CGNs to IL-6 alone up-regulated the expressions of Bcl-2

mRNA and protein relative to non-IL-6-exposed control

neurons depending on dose (Fig. 1).

To the contrary, the NMDA stimulation up-regulated

expressions of Bax mRNA and protein in the cultured

CGNs. The chronic exposure of IL-6 (40 or 120 ng/ml)

reduced the up-regulation of the expressions of Bax mRNA

and protein induced by NMDA (Fig. 1). The IL-6 exposure

alone down-regulated the expressions of Bax mRNA and

protein of the cultured CGNs, and this effect of IL-6

depended on its concentration (Fig. 1). The difference in

the expression of Bax mRNA or protein between IL-6

alone and IL-6 plus NMDA-treated CGNs was statistically

smaller than that between control and NMDA-treated

neurons (Table 2), showing a counteractive effect of IL-6

on NMDA-enhanced Bax expression. The further statistical

analysis indicated that at the mRNA level, 40 ng/ml of

IL-6 was more effective than the higher dose (120 ng/ml),

and at the protein level both concentrations of IL-6 were

equally effective (Table 2).

The expressions of caspase-3 mRNA and protein in the

cultured CGNs were elevated when the neurons were

stimulated by NMDA. The pretreatment of IL-6 (40 or

Table 1 Sequences of PCR primers

Gene Sense primer Antisense primer Product size (bp) Accession Nos.

Bcl-2 50-GCAGAGATGTCCAGTCAGC-30 50-CCCACCGAACTCAAAGAAGG-30 129 NM_016993

Bax 50-ATGGGCTGGACACTGGACTTC-30 50-GAGCGAGGCGGTGAGGAC-30 146 NM_017059

Caspase-3 50-GGAACGAACGGACCTGTG-30 50-GCCTCCACTGGTATCTTCTG-30 188 NM_012922

b-actin 50-CGTTGACATCCGTAAAGACC-30 50-TAGAGCCACCAATCCACAC-30 176 NM_031144
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120 ng/ml) reduced the elevated expressions of caspase-3

mRNA and protein induced by NMDA (Fig. 1). IL-6 itself

had an inhibitory effect on the caspase-3 expression at the

gene and protein levels in a dose-dependent manner (Fig. 1).

Similarly, the difference in the expression of caspase-3

mRNA or protein between IL-6 alone and IL-6 plus NMDA-

treated CGNs was significantly smaller than that between

control and NMDA-treated neurons (Table 2).

JAK Inhibitor AG490 Reduces the Counteractive

Effects of IL-6 on NMDA-Induced Changes

in the Expressions of Bcl-2, Bax and Caspase-3

mRNAs and Proteins

As shown in Fig. 1, NMDA down-regulated the expres-

sions of Bcl-2 gene and protein, and IL-6 counteracted the

down-regulated Bcl-2 mRNA expression by NMDA. After

the co-exposure of CGNs to AG490 (5 or 10 lM) and IL-6

(120 ng/ml), NMDA stimulation resulted in the reduction

of the expressions of Bcl-2 gene and protein when com-

pared with the NMDA stimulation of the neurons exposed

to IL-6 alone (Fig. 2). The pretreatment of CGNs with

AG490 (5 or 10 lM) alone did not alter the expression of

Bcl-2 protein (Fig. 4).

NMDA up-regulated the expressions of Bax gene and

protein, and this was counteracted by IL-6 exposure. AG490

reduced the counteractive effect of IL-6 on NMDA-

enhanced Bax expressions in a dose-dependent pattern

(Fig. 2). The exposure of CGNs to AG490 (5 or 10 lM)

alone did not affect the expression of Bax protein (Fig. 4).

Similarly, the NMDA-induced elevation of the expres-

sions of caspase-3 mRNA and protein was counteracted by

chronic IL-6 treatment. AG490 reduced the effects of IL-6

in a concentration-dependent manner (Fig. 2). The treat-

ment of CGNs with AG490 (5 or 10 lM) alone did not

influence the neuronal expression of cleaved caspase-3

protein (Fig. 4).

PI3K Inhibitor LY294002 Reduces the Counteractive

Effects of IL-6 on NMDA-Induced Changes

in the Expressions of Bcl-2, Bax and Caspase-3

mRNAs and Proteins

NMDA attenuated the expressions of Bcl-2 mRNA and

protein in the cultured CGNs, and IL-6 counteracted the

Fig. 1 IL-6 counteracts NMDA-induced changes in the expressions

of Bcl-2 mRNA, Bax and caspase-3 mRNAs and proteins. CGNs

from postnatal 8-day infant rats were chronically exposed to IL-6 (40

or 120 ng/ml) for 8 days and then stimulated with NMDA (100 lM)

for 30 min. Total RNA and proteins in the cells were extracted and

analyzed using SYBR Green real-time PCR and Western blot assay

for the expressions of Bcl-2, Bax and caspase-3 mRNAs and proteins,

respectively. a Electrophoretic bands showing the protein expressions

in the cultured CGNs with various treatments. b-actin is an internal

control. b Statistic graph for four repeated experiments. The

quantitative analysis of the immunoblots was normalized to b-actin

expression. * P \ 0.05, ** P \ 0.01, compared with control without

any treatment; ? P\0.05, ?? P \ 0.01, compared with NMDA group

Table 2 Statistical analysis of the differences in expression of genes and proteins of the apoptotic regulators between the different treatments

Regulators of apoptosis Difference between

control and NMDA

Difference between IL-6 (40 ng/ml)

alone and IL-6 plus NMDA

Difference between IL-6

(120 ng/ml) alone and IL-6 plus NMDA

Bcl-2 mRNA 0.72 ± 0.06 0.42 ± 0.16* 0.80 ± 0.02

Bcl-2 protein 0.38 ± 0.04 0.30 ± 0.05 0.39 ± 0.06

Bax mRNA 1.47 ± 0.34 0.32 ± 0.08** 0.67 ± 0.19*

Bax protein 0.33 ± 0.07 0.16 ± 0.06* 0.18 ± 0.03*

Caspase-3 mRNA 1.56 ± 0.46 0.64 ± 0.21** 0.54 ± 0.25**

Caspase-3 protein 0.63 ± 0.09 0.16 ± 0.07** 0.43 ± 0.07*

The data are from Fig. 1

* P \ 0.05, ** P \ 0.01, compared with the difference between control and NMDA

488 Neurotox Res (2011) 19:484–495
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NMDA-depressed Bcl-2 mRNA expression. After the

neurons were co-exposed to LY294002 (5 or 10 lM) and

IL-6 (120 ng/ml), the NMDA stimulation still caused the

expressions of Bcl-2 mRNA and protein to decrease

(Fig. 3), indicating that LY294002 reduced IL-6 effects.

The reduction by LY294002 depended on its concentration

(Fig. 3). The pretreatment of CGNs with LY294002 (5 or

10 lM) alone did not alter the expression of Bcl-2 protein

(Fig. 4).

The expressions of Bax mRNA and protein in the cul-

tured CGNs were enhanced by NMDA stimulation. The

high levels of expressions induced by NMDA were coun-

teracted by chronic IL-6 exposure. The combined exposure

of CGNs to LY294002 (5 or 10 lM) and IL-6 (120 ng/ml)

reduced the counteractive effects of IL-6 on NMDA-

enhanced expressions of Bax gene and protein (Fig. 3). The

exposure of LY294002 (5 or 10 lM) alone to CGNs did

not affect the expression of Bax protein (Fig. 4).

Similarly, the expressions of caspase-3 mRNA and

protein in the cultured CGNs were increased by NMDA

stimulation, and IL-6 (120 ng/ml) counteracted the

NMDA-elevated expressions of caspase-3. LY294002 (5

and 10 lM) reduced the effects of IL-6 (Fig. 3). The

exposure of LY294002 (5 or 10 lM) alone to CGNs did

not influence the neuronal expression of cleaved caspase-3

protein (Fig. 4).

IL-6 Prevents NMDA-Induced Apoptosis, and AG490

and LY294002 Block This Effect

As illustrated in Fig. 5, CGNs stimulated with NMDA

exhibited numerous cells with fragmented nuclei. When we

counted the cells, we observed an increased percentage of

apoptotic cells when compared with non-stimulated control

neurons. In the IL-6-pretreated CGNs, NMDA stimulation

did not trigger the increase in apoptotic cells, with a

remarkable decrease in the percentage of apoptotic nuclei

relative to that in IL-6-unexposed CGNs. Either JAK

inhibitor AG490 (10 lM) or PI3K inhibitor LY294002

(10 lM) blocked the preventive effect of IL-6 (120 ng/ml)

Fig. 2 JAK inhibitor AG490 reduces the counteractive effects of IL-

6 on NMDA-induced changes in expressions of Bcl-2 mRNA, Bax

and caspase-3 mRNAs and proteins. CGNs from postnatal 8-day

infant rats were chronically co-exposed to AG490 (5 or 10 lM) and

IL-6 (120 ng/ml) for 8 days and then stimulated with NMDA

(100 lM) for 30 min. Total RNA and protein in the cells were

extracted and subjected to real-time PCR quantification and Western

blot assay for the expressions of the genes and proteins, respectively.

a Representative Western blot image. b Statistic graph for four

independent experiments. The values for protein expressions repre-

sent the ratio of immunoreactivity of the proteins to b-actin.

* P \ 0.05, ** P \ 0.01, compared with control without any treat-

ment; ? P\0.05, ?? P \ 0.01, compared with NMDA group;
# P \ 0.05, compared with IL-6 plus NMDA group. AG = AG490

Fig. 3 PI3K inhibitor LY294002 reduces the counteractive effects of

IL-6 on NMDA-induced changes in expressions of Bcl-2 mRNA, Bax

and caspase-3 mRNAs and proteins. The expressions of the genes and

proteins of the anti-apoptotic and pro-apoptotic markers in CGNs

exposed to LY294002 (5 or 10 lM) and IL-6 (120 ng/ml) were

measured by real-time PCR and Western blot assay, respectively.

a Immunoreactive bands of the proteins in the cultured CGNs with

various treatments. b Statistical diagram for mRNA and protein

expressions of Bcl-2, Bax and caspase-3. Data are mean ± SD of four

separate experiments. ** P \ 0.01, compared with control without

any treatment; ? P\0.05, ?? P \ 0.01, compared with NMDA

group; # P \ 0.05, ## P \ 0.01, compared with IL-6 plus NMDA

group. LY = LY294002
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on NMDA-induced apoptosis (Fig. 5). IL-6 (120 ng/ml)

itself did not significantly alter the apoptosis. The differ-

ence in the percentage of apoptotic cells between IL-6

alone and IL-6 plus NMDA-treated CGNs was significantly

smaller than that between control and NMDA-treated

neurons (4.27 ± 1.16 vs. 20.50 ± 1.92, P \ 0.01).

Effects of AG490 on IL-6-Induced Phosphorylation

of STAT3 and Akt

The CGNs exposed to IL-6 increased phosphorylation of

STAT3 relative to control without IL-6 exposure, no matter

whether these neurons were stimulated by NMDA or not

(Fig. 6). The combined pretreatment of CGNs with AG490

and IL-6 no more produced the increased phosphorylation

of STAT3, regardless of with or without the NMDA

stimulation. The AG490 exposure alone did not signifi-

cantly alter the phosphorylation of STAT3 under the

NMDA stimulation or not (Fig. 6). Further statistical

analysis for the data revealed that the difference in phos-

phorylation of STAT3 between IL-6 and AG490 plus IL-6-

treated CGNs was significantly larger than that between

untreated control and AG490-treated CGNs. More statis-

tical comparison is listed in Table 3.

Similarly, IL-6 enhanced the phosphorylation of Akt in

the conditions with or without NMDA stimulation.

However, the co-exposure of CGNs to AG490 and IL-6

still had the higher levels of phosphorylation of Akt, like

those of IL-6 exposure alone (Fig. 6). Compared with

control, the neurons with AG490 pretreatment alone had

the same levels of phosphorylation of Akt in the conditions

with or without NMDA stimulation. Only stimulation of

the neurons with NMDA did not alter the phosphorylation

of STAT3 or Akt (Fig. 6).

Effects of LY294002 on IL-6-Induced Phosphorylation

of Akt and STAT3

Likewise, IL-6 evoked an increase in the phosphorylation

of Akt in the cultured CGNs, and LY294002 notably

suppressed the increased phosphorylation of Akt by IL-6

(Fig. 7). These effects occurred similarly in the conditions

with and without NMDA stimulation. The LY294002

treatment of CGNs alone did not significantly alter the

levels of phosphorylation of Akt, no matter whether the

neurons were stimulated by NMDA or not (Fig. 7). Further

statistical analysis for the data revealed that the difference

in the levels of Akt phosphorylation between IL-6 and

LY294002 plus IL-6-treated CGNs was significantly larger

than that between untreated control and LY294002-treated

CGNs and more comparison appeared in Table 3.

However, the increased phosphorylation of STAT3 by

IL-6 was not blocked by LY294002 (Fig. 7). LY294002

itself did not alter the phosphorylation of STAT3. These

effects were the same in the conditions with and without

the NMDA stimulation (Fig. 7).

Discussion

Sustained progression of neuronal apoptosis causes brain

tissue loss and subsequent functional deficits following

stroke or brain trauma and in neurodegenerative diseases

such as Alzheimer’s and Parkinson’s diseases (Bredesen

et al. 2006; Culmsee and Plesnila 2006). NMDA down-

regulated the expression of Bcl-2 and up-regulated the

expressions of Bax and caspase-3 at gene and protein levels

in the cultured CGNs. These changes of anti-apoptotic and

pro-apoptotic markers verify the excitatory neurotoxicity

of NMDA, facilitating neuronal apoptosis. The chronic

exposure of CGNs to IL-6 reduced the down-regulation of

Bcl-2 and the up-regulation of Bax and caspase-3 expres-

sions induced by NMDA at both the transcriptional and the

translational levels. Furthermore, the increased number of

apoptotic neurons by NMDA was also prevented by IL-6

chronic exposure. These data show that the exogenously

added IL-6 protects neurons against NMDA-induced

apoptosis. Although IL-6 itself had an effect of up-regu-

lation of Bcl-2 expression or down-regulation of Bax and
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Fig. 4 Effects of AG490 or LY294002 on expressions of Bcl-2, Bax,

and cleaved caspase-3 in the cultured CGNs. The expressions of the

anti-apoptotic and pro-apoptotic proteins in CGNs exposed to AG490

or LY294002 (5 or 10 lM) for 8 days were measured by Western blot

assay. a Representative Western blot image. b Statistic graph for three

independent experiments
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caspase-3 expressions, the difference between IL-6 alone

and IL-6 plus NMDA-treated neurons was significantly

smaller than that between control without any treatment

and NMDA stimulation alone. This testifies the neuropro-

tective action of IL-6 against NMDA-induced apoptosis.

We previously reported that the chronic IL-6 exposure

prevented neurons from the inhibited neuronal vitality and

the elevated intracellular Ca2? levels induced by glutamate

and NMDA (Peng et al. 2005; Wang et al. 2009). Here, we

provide further evidence of neuroprotection by IL-6 against

NMDA neurotoxicity at the profile of pro-apoptotic and

anti-apoptotic events. Several studies in vivo and in vitro

support our present data. IL-6 reduces ischemic brain

damage (Loddick et al. 1998; Ali et al. 2000; Herrmann

et al. 2003) and rescues neurons from NMDA-induced

neuronal death and degeneration (Inomata et al. 2003; Pizzi

et al. 2004). Expression of IL-6 is enhanced in various

chronic or acute brain disorders, e.g., brain injury, infec-

tions, ischemia, and multiple sclerosis, as well as

Alzheimer’s and Parkinson’s diseases (Ali et al. 2000;

Baker et al. 2001; Gruol and Nelson 2005). Based on the

findings that IL-6 prevents neuronal damage and death, we

hypothesized that the enhanced IL-6 expression in brain

disorders reflects a compensatory neuroprotection.

Since IL-6 is a pleiotropic cytokine, it exerts neurotrophic

and neuroprotective effects, and yet can also function as a

mediator of inflammation, demyelination, and astrogliosis,

depending on the cellular context (Van Wagoner and Ben-

veniste 1999). Therefore, dosage of IL-6, degree of neuronal

damage, type and environment of neurons, and existence of

soluble IL-6 receptors can influence IL-6 effects (Toulmond

et al. 1992; Thier et al. 1999). In this study, it seems that the

higher dosage of IL-6 (120 ng/ml) was more effective in

reducing the effects of NMDA on Bcl-2, Bax, and caspase-3

expressions than the lower concentration of IL-6 (40 ng/ml),

as the higher dosage of IL-6 caused the NMDA-induced

changes in the anti-apoptotic and pro-apoptotic markers to

return to the control levels more than the lower

Fig. 5 AG490 or LY294002

compromises the protective

effect of IL-6 against NMDA-

induced increase in apoptotic

cells. The CGNs were stained

with fluorescent dye Hoechst

33342 for 15 min after NMDA

stimulation. The slides were

then examined by fluorescence

microscopy and photographed.

a Photomicrograph showing

apoptotic changes for the cells

with the various treatments.

Cells with signs of apoptosis

(fragmented nuclei) are like

those denoted by arrows.

(b) Statistic histogram

indicating percentage of

apoptotic cells in total cells with

these treatments. The data are

from three separate

experiments, and for each

sample, five visual fields were

randomly selected on each slide

to count the percentage of

apoptotic nuclei. ** P \ 0.01,

compared with control lacking

any treatment; ?? P \ 0.01,

compared with NMDA group;
## P \ 0.01, compared with

IL-6 plus NMDA group.

AG = AG490;

LY = LY294002
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concentration of IL-6. However, because the higher dosage

of IL-6 itself had the much greater influences on the

expressions of mRNAs and proteins related to apoptosis

than the lower concentration of IL-6, compositive effects

were different between the two concentrations of IL-6. As

shown in Table 2, the further statistical analysis indicates

that the reduction in Bcl-2 mRNA produced by NMDA is

significantly less in cultures treated with 40 ng/ml of IL-6

than in control cultures, but the reduction produced by

NMDA in cultures treated with 120 ng/ml of IL-6 is not

significantly different from the reduction produced by

NMDA in control cultures. Therefore, for the Bcl-2 mRNA

expression, it is more effective for the lower dose of IL-6

than for its higher dose in reducing the effect of NMDA.

Similarly, the phenomenon also occurs in the Bax mRNA

and caspase-3 protein expressions. This suggests that the

counteractive effects of IL-6 on NMDA-induced changes in

Bcl-2, Bax, and caspase-3 expressions lack dose-depen-

dency. This suggestion is supported by our previous work, in

which we found that 40 ng/ml of IL-6 was the most effective

in counteracting the effect of NMDA-suppressed neuronal

vitality between these concentrations of 10, 40, and 160 ng/

ml of IL-6 used (Wang et al. 2009). It was like a bell-shaped

dose-dependency. As we have known, for any regulatory

factors, their effects need an optimal concentration. Beyond

the concentration, the effects will decrease because of some
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Fig. 6 Action of AG490 on IL-6-induced activation of STAT3 and

Akt. CGNs from postnatal 8-day infant rats were chronically co-

exposed to AG490 and IL-6 for 8 days and then stimulated with

NMDA for 30 min. Total protein in the cells were extracted and

subjected to SDS-PAGE. The blots were probed with antibody to

phosphorylated STAT3 or to phosphorylated Akt, which reflect the

activated levels of the two proteins. The same blots were reprobed

with a b-actin antibody. Densitometry was performed to quantify each

lane. Values represent mean ± SD of three separate experiments.

** P \ 0.01, compared with control without any treatment;
?? P \ 0.01, compared with NMDA group; ## P \ 0.01, compared

with IL-6 group; ^^ P \ 0.01, compared with IL-6 ? NMDA group;
&& P \ 0.01, compared with AG490 group

Table 3 Statistical analysis of the differences in levels of STAT3 and Akt phosphorylation between the different treatments

Items Phospho-STAT3 Phospho-Akt

Difference between control and IL-6 0.173 ± 0.025 0.180 ± 0.036

Difference between AG (for phospho-STAT3)/LY (for phospho-Akt) and AG/LY plus IL-6 0.007 ± 0.029** 0.017 ± 0.023**

Difference between AG/LY plus NMDA and AG/LY plus IL-6 plus NMDA 0.043 ± 0.042* 0.027 ± 0.035**

Difference between IL-6 and AG/LY plus IL-6 0.237 ± 0.035 0.247 ± 0.023

Difference between control and AG/LY 0.070 ± 0.02611 0.050 ± 0.03611

Difference between NMDA and AG/LY plus NMDA 0.063 ± 0.03811 0.043 ± 0.04011

The data are from Figs. 6 and 7

* P \ 0.05, ** P \ 0.01, compared with the difference between control and IL-6; ?? P \ 0.01, compared with the difference between IL-6 and

AG/LY plus IL-6. AG = AG490; LY = LY294002
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Fig. 7 Action of LY294002 on IL-6-induced activation of Akt and

STAT3. Design of the experiment and layout of the diagram are the

same as Fig. 6, except that AG490 was replaced by LY294002.

LY = LY294002
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mechanisms related to negative feedback regulation. This

may also explain the phenomenon in this study that

40 ng/ml of IL-6 is more effective than 120 ng/ml of IL-6 in

reducing NMDA-induced changes of anti-apoptotic and

pro-apoptotic markers. On the other hand, the neuropro-

tective effect of IL-6 also depends on the degree of damage

to the neurons (Peng et al. 2005; Wang et al. 2009). In

addition, NMDA infusion into the rat striatum results in a

decrease in striatal cholinergic and GABAergic neurons,

and co-infusion of IL-6 and NMDA reduces the loss of

cholinergic neurons but fails to prevent the loss of GAB-

Aergic neurons (Toulmond et al. 1992). The difference of

response to IL-6 between different types of neurons explains

the distinct effects of IL-6, neuroprotective, or noneffective.

Furthermore, soluble IL-6 receptors are necessary to achieve

the neurotrophic effect of IL-6. For example, sensory dorsal

root ganglion neurons express and secrete bioactive IL-6,

but the endogenously secreted IL-6 does not enhance sur-

vival of these neurons in vitro, indicating that dorsal root

ganglion neurons do not sufficiently express cell surface

IL-6 receptors, and therefore the exogenously added solu-

ble IL-6 receptors render these neurons responsive to

secreted IL-6 (Thier et al. 1999). Similarly, pretreatment

with either IL-6 or soluble IL-6 receptors alone does not

bring about any neuroprotective effect, while pretreatment

with a combined administration of IL-6 and soluble IL-6

receptors leads to a significant neuroprotective effect against

NMDA-induced retinal damage and apoptosis (Inomata

et al. 2003). These reported facts explain the importance of

the factors, from neuronal interior and exterior, in deter-

mining IL-6 effects. CGNs, used in the study, have been

reported to express IL-6 and IL-6 receptors (Schöbitz et al.

1993; Gadient and Otten 1994). Thus, our present data that

IL-6 protected the cultured CGNs against NMDA-induced

apoptosis, on the one hand, support the existence of IL-6

receptors on the CGNs at the functional profile, and on the

other hand, demonstrate that the IL-6 neuroprotection is

indeed mediated by IL-6 receptors.

In general, signaling by the IL-6 receptors is mediated

through the signal transducing subunit gp130 and involves

the activation of JAK-STAT, Ras-MAPK, or/and PI3K-Akt

pathways. STAT3, a member of STAT family, is continu-

ously expressed in neurons in the brain. Once STAT3 is

activated by tyrosine phosphorylation in response to cyto-

kines, including IL-6, it becomes capable of translocating

into the nucleus and modulating the expression of target

genes (Zhong et al. 1994). IL-6 binding to its receptors

induces phosphorylation of the receptor-associated JAKs,

and the down-stream STAT family of transcription factors,

which amplify the IL-6 signal transduction (Satriotomo

et al. 2006). In this study, IL-6 evoked an increase in the

phosphorylation of STAT3 in the cultured CGNs. This

effect of IL-6 was blocked by AG490, a JAK

phosphorylation inhibitor, but not by LY294002, a PI3K

inhibitor. Neither AG490 nor NMDA affected the baseline

levels of STAT3 phosphorylation. These data not only prove

that AG490 is a specific inhibitor for the JAK-STAT3

pathway but also show that CGNs employ JAK-STAT3

signaling pathway to transduce IL-6 regulatory message.

The blockage of JAK-STAT3 pathway in CGNs by AG490

reduced the counteractive effects of IL-6 on NMDA-

induced up-regulation of Bax and caspase-3 gene and pro-

tein expressions. And also the blockage of JAK-STAT3

pathway in CGNs by AG490 prevented the IL-6 protection

against the NMDA-increased number of apoptotic cells.

AG490 itself did not alter the expressions of Bcl-2, Bax, and

cleaved caspase-3 proteins. These findings reveal that the

blocking effect of AG490 is attributable to decreased sig-

naling in the JAK-STAT3 pathway, and suggest that the

JAK-STAT3 signal-transduction pathway is implicated in

the IL-6 neuroprotection against NMDA-induced neuronal

apoptosis. In our previous work, blockage of JAK-STAT3

pathway in CGNs by AG490 reversed IL-6 neuroprotection

against decreased neuronal vitality and increased intracel-

lular Ca2? levels induced by glutamate or NMDA (Peng

et al. 2005; Wang et al. 2009). The present results provide

further evidence for the participation of JAK-STAT3 path-

way in IL-6 neuroprotective mechanisms. Several studies in

vivo support our findings. After middle cerebral artery

occlusion, blockage of IL-6 signaling STAT3 leads to an

increase in number of apoptotic cells in the peri-infarct area

and enlargement of the size of the infarct, and it has

adversely affected neurological function (Yamashita et al.

2005). These findings demonstrate that the activation of the

signaling pathway of JAK-STAT3 in the brain by IL-6 is

important for its neuroprotection from brain injury and

diseases. However, AG490 did not completely block the

neuroprotective effect of IL-6 against NMDA-induced

apoptosis in this study. It implies that other signaling path-

ways may also be involved in transducing the anti-apoptotic

activity of IL-6.

The PI3K-Akt signaling pathway has been reported to

play a critical role in mediating survival signals in a wide

range of neuronal cell types (Brunet et al. 2001). Phos-

phorylation of Akt may be involved in determining cell

survival or cell death after transient focal cerebral ischemia

(Noshita et al. 2001). Inhibition of Akt pathway hastens

hypoglossal axotomy-induced neuronal death in the neo-

nate, and the dominant active Akt-overexpressing adult

hypoglossal neurons show accelerated axonal regeneration

after axotomy (Namikawa et al. 2000). These reports

present that PI3K-Akt pathway is associated with neuronal

survival or regeneration. However, whether IL-6 uses the

signaling pathway to transduce its anti-apoptotic activity in

neurons is not well known. In this study, IL-6 increased the

phosphorylation of Akt in cultured CGNs, and LY294002
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prevented the increased phosphorylation of Akt by IL-6.

Since the serine–threonine kinase Akt is a key down-

stream effector of PI3K, the results demonstrate that PI3K-

Akt pathway is also involved in neuronal response to IL-6.

Moreover, the fact that AG490 did not block the Akt

activation induced by IL-6 proves LY294002 is specific for

the blockage of PI3K-Akt pathway. Neither LY294002 nor

NMDA affected the baseline levels of Akt phosphoryla-

tion. This verifies that the PI3K-Akt pathway is also

actively implicated in IL-6 signaling transduction. Impor-

tantly, the blockage of PI3K-Akt pathway by LY294002

reduced the counteractive effects of IL-6 on NMDA-

induced up-regulation of Bax and caspase-3 at tran-

scriptional and translational levels. Simultaneously, the

blockage of PI3K-Akt pathway by LY294002 also abol-

ished the IL-6 prevention of NMDA-induced increase in

apoptotic neurons. LY294002 itself did not alter the

expressions of Bcl-2, Bax, and cleaved caspase-3 proteins.

These findings suggest that PI3K-Akt signaling pathway

also participates in mediating the neuroprotective actions

of IL-6. In PC12 cells, a cell line derived from a pheo-

chromocytoma of the rat adrenal medulla, the signaling

pathway for the anti-apoptotic effect of IL-6 is mediated in

major part by activation of the PI3K/Akt pathway and thus

is different from that in hematopoietic cells (Kunioku et al.

2001). In basal cell carcinoma cells, the up-regulation of

the anti-apoptotic Mcl-1 protein by IL-6 is mainly through

the PI3K/Akt, but not the STAT3 pathway; however, both

the PI3K/Akt and the STAT3 pathways are potentially

involved in IL-6-mediated cell survival activity (Jee et al.

2002). These reported facts explain that the cascades

mediating IL-6-induced growth, survival, or repair are

complicated and vary depending upon the cell type and

function. In CGNs, we propose that IL-6 activates both the

JAK-STAT3 and PI3K-Akt signal pathways to implement

its anti-apoptotic effect. Since the blockage of either the

pathway did not fully abolish the IL-6 anti-apoptotic effect,

we suggest that a crosstalk between JAK-STAT3 and PI3K-

Akt signaling pathways may be required for IL-6 neuro-

protection. On the other hand, our recent results that

blockage of Ras-MAPK signal pathway in CGNs can block

the preventive effect of IL-6 from NMDA-induced decrease

in neuronal vitality (Wang et al. 2009) present that other

IL-6-mediated signaling pathways besides JAK-STAT3 and

PI3K-Akt are also involved in the IL-6 neuroprotection.

Taken together, the current results reveal that IL-6

protects neurons against the down-regulated expression of

Bcl-2 mRNA, the up-regulated expressions of Bax and

caspase-3, and the increased number of apoptotic neurons

induced by NMDA, and therefore suggest that IL-6 is a

neuroprotectant against apoptosis. JAK inhibitor AG490 or

PI3K inhibitor LY294002 suppresses IL-6-induced acti-

vation of downstream signal STAT3 or Akt, respectively,

and importantly, either AG490 or LY294002 reduces the

anti-apoptotic activity of IL-6. The findings imply that

JAK-STAT3 and PI3K-Akt signal-transduction pathways

jointly mediate the neuroprotective action of IL-6.
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