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Abstract After peripheral nerve injury, Schwann cells

are rapidly activated to participate in the regenerative

process and modulate local immune reactions. Tumor

necrosis factor-a (TNF-a), one of the major initiators of the

inflammatory cascade, has been known to exert pleiotropic

functions during peripheral nerve injury and regeneration.

In this study, we aimed to investigate the in vitro effects of

TNF-a on peripheral neural cells. First, gene-microarray

analysis was applied to the RNA samples extracted from

injured peripheral nerves, providing the information of gene

interactions post nerve injury. Then, after primary cultured

Schwann cells were treated with increasing dosages

(0–40 ng/ml) of TNF-a, cell proliferation and migration

were examined by EdU incorporation and a transwell-based

assay, and cell apoptosis was observed and quantified by

electron microscopy and Annexin V-FITC assay, respec-

tively. The results showed that lower dosages of TNF-a
increased cell proliferation and migration, whereas higher

dosages of TNF-a decreased cell proliferation and migra-

tion and enhanced cell apoptosis. The tests using a chemical

inhibitor of TNF-a further confirmed the above effects of

TNF-a. To understand how TNF-a produced the dose-

dependent dual effects on primary cultured Schwann cells,

we performed co-immunoprecipitation, Western blot anal-

ysis, and immunocytochemistry to decipher the complex

network of biochemical pathways involving many signaling

molecules, i.e., TNF receptor-associated death domain,

Fas-associated death domain, receptor interacting protein,

JNK, NF-jB p65, and caspases, thus assuming the mecha-

nisms by which TNF-a activated the death and survival

pathways and achieved a balance between the two opposite

actions in primary cultured Schwann cells.
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Introduction

Peripheral nerve injury is a common clinical problem, and

various nerve repair techniques have been developed. Until

now, however, the therapeutic outcomes are still far from

ideal, especially functional recovery remains unsatisfac-

tory. To improve peripheral nerve regeneration, it is

required to have an in-depth insight into the process of

peripheral nerve injury and regeneration, which may

involve multiple complex interactions among different

cells and a diverse array of cytokines [1].

Schwann cells are the principal glial cells of the

peripheral nervous system. They are rapidly activated after

peripheral nerve injury and differentiate into myelinating

cells. Following nerve injury, successful remyelination of

damaged axons by Schwann cells depends on a combination

of signals that Schwann cells receive from the demyelinated

axons with the inflammatory response. These signals

prompt Schwann cells to first re-enter the cell cycle and then

differentiate into myelinating cells [2]. More importantly, if

axonal regrowth is initiated, Schwann cells not only receive

signals from axons, but also, in turn, regulate how axons

respond [3, 4]. Moreover, the extracellular molecules of the
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basal lamina and their receptors are also involved in both

axonal elongation and remyelination [5].

Tumor necrosis factor-a (TNF-a) is one of the pro-

inflammatory cytokines produced in activated macrophages

in response to pathogens and other noxious stimuli. The

cytokine usually initiates the inflammatory cascade and

exerts pleiotropic functions in physiological and patho-

logical conditions by binding to its receptors, type I

(TNFRI) and type II (TNFRII). Following peripheral nerve

injury, TNF-a can be released by Schwann cells as well as

by macrophages [6, 7]. If axonally derived trophic support

is decreased, TNF-a release will be enhanced to promote

the reversion of mature to immature Schwann cells [8, 9].

This phenotype reversion, together with an increase in

p75NTR expression, could make Schwann cells more sus-

ceptible to pro-apoptotic molecular mechanisms [10].

We recently noticed an involvement of TNF-a-related

signaling molecules, including Birc2, Birc3, and TNFRI, in

the anti-apoptosis process of injured peripheral nerves,

implying that a higher dosage of TNF-a could induce

apoptosis of Schwann cells in vitro while a lower dosage of

TNF-a could not [11]. Our findings are consistent with the

results of several previous studies [10, 12], but the mech-

anism underlying the pleiotropic functions of TNF-a in

peripheral nerve injury is still unclear. The aim of our study

is to confirm the dose-dependent dual effects of TNF-a on

Schwann cells, and to help understand the possible mech-

anism. We used primary cultured Schwann cells as a cell

model, tested Schwann cell proliferation, migration, and

morphological changes after treatment with different dos-

ages of TNF-a, and examined the involvement of several

apoptosis-related signaling molecules.

Materials and methods

Microarray and gene network analysis

The gene-microarray procedures were performed as pre-

viously described [11]. Briefly, under deep anesthesia,

male Sprague–Dawley rats (180–220 g) underwent surgi-

cal axotomy of the left sciatic nerve. At 0, 0.5, 1, 3, 6, and

9 h after surgery, the proximal nerve segments were har-

vested for RNA extraction with a mirVanaTM miRNA

Isolation Kit (Ambion, Austin, TX) according to the

manufacturer’s instructions, followed by purification and

quantification of RNA samples.

A cDNA microarray (Agilent Technology, Tokyo,

Japan) was used to screen the RNA samples collected at

different time points post-surgery. The labeling and

hybridization of RNA samples were performed by the

Shanghai Biochip Company (Shanghai, China). Agilent

Scan Control software was used for scanning the micro-

array slides, and Agilent Feature Extraction software ver-

sion 9.5.3 was used for image analysis. Microarray

data were analyzed using GeneSpring GX v11.0 software

(Agilent Technology).

Following microarray analysis, the mRNA expression

was compared among different time points. The signifi-

cance and false discovery rate were calculated using the

adjusted F-test with the random variation model [13], and

the differential gene expressions at different time points

were identified.

For bioinformatic analysis, gene ontology and Kyoto

encyclopedia of genes and genomes databases were applied

to analyze the pathways related to differentially expressed

genes, and a dynamic gene regulatory network was con-

structed according to gene fold expression and gene

interaction in pathways.

Cell culture and treatment

Primary cultured Schwann cells were obtained as previously

described [14] with minor modifications. Briefly, sciatic

nerves were harvested from Sprague–Dawley rats (1–3-day-

old) and enzymatically dissociated by incubation at 37 �C

sequentially with 1 % collagenase and 0.125 % trypsin for

30 and 10 min, respectively. The mixture was triturated,

centrifuged, and resuspended in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10 % (v/v)

fetal calf serum. The cell pellets were plated on poly-L-lysine

pre-coated dishes (35 mm) for incubation in the same med-

ium. On the following day, 10 lM cytosine arabinoside was

added and allowed to incubate for additional 48 h to remove

fibroblasts. The cell culture was maintained subsequently in

DMEM supplemented with 10 % FBS, 2 lM forskolin

(Sigma, St Louis, MO), and 2 ng/ml heregulin (HRG,

Sigma) to stimulate Schwann cell proliferation. For further

purification, the cell culture was gently trypsinized, pelleted,

and incubated with anti-Thy1 antibody (AbD Serotec,

Raleigh, NC) on ice for 2 h, followed by incubation in

complement (Jackson Immuno, West Grove, PA) for addi-

tional 2 h. All media and supplements were bought from

Gibco-Invitrogen (Carlsbad, CA).

Primary Schwann cells with 90 % confluency were

treated, respectively, with increasing dosages (0–40 ng/ml)

of soluble recombinant rat TNF-a (Peprotech, endotoxin

level \ 1 EU/lg) for 24 h. The cells were also treated with

a chemical inhibitor of TNF-a, 6,7-dimethyl-3-((methyl-(2-

(methyl-(1-(3-trifluoromethyl-phenyl)-1H-indol-3-ylmethyl)

-amino)-ethyl)-amino)-methyl)-chromen-4-one, diHCl (Merck,

Germany), which was dissolved in DMSO with different

concentrations (10, 50, 100, and 500 nM), in the presence

of 2 or 40 ng/ml of TNF-a.
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Cell proliferation assay

Schwann cells were resuspended in fresh pre-warmed

(37 �C) complete medium, counted and plated at a density

of 2 9 105 cells/ml on 0.01 % poly-L-lysine-coated

96-well plates. At the indicated time point after treatment

with TNF-a or with TNF-a plus its chemical inhibitor,

50 lM 5-ethynyl-2-deoxyuridine (EdU) was added to

allow culture for additional 2 h. Then, Schwann cells were

fixed with 4 % formaldehyde in phosphate buffered saline

for 30 min, followed by assay using Cell-LightTM EdU

DNA Cell Proliferation Kit (Ribobio Guangzhou, China)

according to the manufacturer’s protocol. The percentage

of EdU-positive cells was calculated from five random

fields obtained on a DMR fluorescence microscope (Leica

Microsystems, Bensheim, Germany). Assays were done

three times using triplicate wells.

Cell migration assay

Migration of Schwann cells was examined in a 6.5 mm

Transwell chamber with 8 lm pores (Costar, Cambridge,

MA) as described previously [15]. The bottom surface of

each membrane was coated with 10 lg/ml fibronectin.

100 ll Schwann cells (106 cells/ml) resuspended in DMEM

was transferred to the top chambers of each transwell and

allowed to migrate at 37 �C in 5 % CO2, and 600 ll of

complete medium was injected into the lower chambers.

The upper surface of each membrane was cleaned with a

cotton swab at the indicated time point. Cells adhering to

the bottom surface of each membrane were stained with

0.1 % crystal violet, imaged, and counted using a DMR

inverted microscope (Leica Microsystems). Assays were

carried out three times using triplicate wells.

Electron microscopy and Annexin V-FITC assay

After treatment with different dosages of TNF-a, Schwann

cells were fixed in 4 % glutaraldehyde, post-fixed with 1 %

OsO4, and dehydrated stepwise in increasing concentra-

tions of ethanol. A portion of samples was dried in a crit-

ical point drier (Hitachi, Tokyo, Japan) for coating with

gold, followed by observation under a scanning electron

microscope (JEM-T300, JEOL, Japan). And other samples

were embedded in Epon 812 epoxy resin to make ultrathin

sections, which were stained with lead citrate and uranyl

acetate, followed by observation under a transmission

electron microscope (JEM-1230, JEOL, Japan).

The apoptosis rate was determined by Annexin V-FITC

apoptosis assay according to the manufacturer’s instruc-

tions (Invitrogen). In brief, primary Schwann cells on

96-well plate were treated with TNF-a or with TNF-a plus

its chemical inhibitor, and then allowed to incubate with

Annexin-binding buffer (containing 10 ll Annexin V

conjugate) for 15 min at 22–25 �C. After washes, Annexin-

V staining was visualized under an inverted Leica DM3000

epifluorescence microscope (Leica, Wetzlar, Germany).

Two images were taken per well and the number of

Annexin-V-positive cells was counted.

Western blot analysis

Protein was extracted from Schwann cells with a buffer

containing 1 % SDS, 100 mM Tris–HCl, 1 mM PMSF,

and 0.1 mM b-mercaptoethanol. Protein concentration was

detected by the Bradford method to maintain the same

loads. Protein extracts were heat denatured at 95 �C for

5 min, electrophoretically separated on 10 or 12 % SDS-

PAGE, and transferred to PVDF membranes. The mem-

branes were subjected to the reaction at 4 �C overnight

with rabbit antibodies against cleaved caspase-7 (Asp198),

cleaved caspase-8 (18C8), phosphor-NF-jB P65 (Ser536),

phosphor-p44/42 MAPK (JNK, Thr202/Tyr204, 197G2), or

a mouse antibody against cleaved caspase-9 (Asp353),

respectively, in which all antibodies were obtained from

Cell Signaling (Beverly, MA) and used with 1:1,000

dilution in TBS buffer. Then, the secondary antibody

conjugated with horseradish peroxidase (HRP): goat anti-

rabbit HRP (1:1,000) or goat anti-mouse HRP dilution

(1:1000, both from Santa Cruz, Santa Cruz, CA) was added

to allow incubation at room temperature for 2 h. After the

membrane was washed, the HRP activity was detected

using an ECL kit. The image was scanned with a GS800

Densitometer Scanner (Bio-Rad), and the data were pro-

cessed using a PDQuest 7.2.0 software (Bio-Rad). b-actin

(1:5,000) was used as an internal control.

Immunocytochemistry

After treatment with 40 ng/ml of TNF-a, Schwann cells

were fixed with 4 % paraformaldehyde and incubated with

rabbit antibodies against cleaved caspase-7 (Asp198),

cleaved caspase-8 (18C8), or a mouse antibody against

cleaved caspase-9 (Asp353), respectively, in which all

antibodies were obtained from Cell Signaling and used

with 1:100 dilution in TBS buffer, or rabbit antibody

against S100b (1:500, Sigma, St. Louis, MO) at 4 �C for

24 h, and were further reacted with the FITC labeled sec-

ondary antibody goat anti-mouse IgG (1:200, Santa Cruz),

FITC labeled secondary antibody goat anti-rabbit IgG

(1:200 dilution, Santa Cruz), or TRITC labeled secondary

antibody goat anti-rabbit IgG (1:200 dilution, Santa Cruz)

at 4 �C overnight. After being labeled with Hoechst 33342

(5 lg/ml), sections were mounted in fluorescent mounting

medium and observed under a confocal laser scanning

microscope (Leica, Heidelberg, Germany).
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Coimmunoprecipitation

After treatment with different dosages of TNF-a, Schwann

cells were lysed in a lysis buffer (0.025 M Tris, 0.15 M

NaCl, 0.001 M EDTA, 1 % NP-40, and 5 % glycerol, pH

7.4) containing protease and phosphatase inhibitors. The

immunoprecipitation was performed following the protocol

of a Pierce� Classic IP Kit (Pierce). Afterward, cell sam-

ples were subjected to Western blot analysis through the

above mentioned procedures, but using primary antibodies

against TNF receptor-associated death domain (TRADD,

1:500, Rabbit, Abcam, Cambridge, UK), Fas-associated

death domain (FADD, 1:500, mouse, Santa Cruz), and

receptor interacting protein (RIP, 1:500, mouse, Abcam,

Cambridge, UK) instead.

Statistics

The data were expressed as mean ± SD and analyzed by

one-way analysis of variance (ANOVA) followed by post

hoc Scheffé test. All statistical analyses were carried out by

the aid of STATA 7.0 software package (Stata Corp.,

College Station, TX), and differences were considered

statistically significant at p \ 0.05.

Results

Gene expression profile

The differential expressions of some apoptosis- or survival-

related genes were determined by microarray analysis.

After rat sciatic nerves were transected, both pro-apoptosis

genes, such as FADD, JNK, caspase-3, -6, -7, -8, and -9,

and anti-apoptosis genes, such as RIP, NF-jB p65, Birc2

(also named cIAP 1), and Birc3 (also named cIAP 2),

underwent time-dependent expression changes in the

proximal nerve (Table 1). These data initiate an assump-

tion that peripheral nerve injury might simultaneously

activate both pro-apoptosis and anti-apoptosis signaling

pathways. In fact, our previous study [11] revealed that the

TNF-a level gradually increased with time after sciatic

nerve injury, suggesting that TNF-a was likely to exert

dual effects on neural cells. The following tests were

conducted to test this assumption.

Effects of TNF-a on proliferation and migration

of primary Schwann cells

EdU (red)/Hoechst (blue) immunostaining compared the

cell proliferation rate of primary Schwann cells when they

were treated with different dosages of TNF-a. Statistics

indicated that as compared to non-treatment (control),

treatment with 2 ng/ml TNF-a resulted in a significant

increase in the cell proliferation rate of Schwann cells, and

treatment with 5 ng/ml of TNF-a induced no significant

change, but treatment with 10, 20, or 40 ng/ml of TNF-a
caused a significant decrease (Fig. 1a–g). We also tested

cell proliferation after primary Schwann cells were treated

with TNF-a at dosages lower than 2 ng/ml (0.01, 0.1, and

1.0 ng/ml). Although each of these low dosages of TNF-a
led to an increased cell proliferation as compared to that of

non-treatment (data not shown), only 1.0 and 2.0 ng/ml of

TNF-a significantly increased cell proliferation, and so

2.0 ng/ml of TNF-a was selected as a typical low dosage

for other experiments.

The cell migration assay demonstrated that as compared to

non-treatment, treatment with 2 or 5 ng/ml of TNF-a resulted

in no significant change in the migration rate of primary

Schwann cells, while treatment with 10, 20, or 40 ng/ml

of TNF-a caused a significant decrease (Fig. 1h–n). Both

the above results reinforce the previous findings about the

Table 1 Gene regulation of target genes, as determined by gene

network analysis of proximal nerves at 0–9 h after rat sciatic nerve

transection

Gene 1 Gene 2 Weight value Interaction

Tnfrsf1a Daxx 4.62E?08 Activation

Tnfrsf1a Fadd 2.46E?07 Activation

Tnfrsf1a Ripk1 -69,40,000 Activation

Tnfrsf1a Tradd -5.73E?08 Activation

Tnfrsf1a Traf2 9.27E?07 Activation

Tnfsf14 Ltbr 7,04,000 Activation

Tnfsf14 Tnfrsf14 -7,04,000 Activation

Xiap Casp3 3,270 Inhibition

Birc2 Casp3 -4.27E?07 Inhibition

Birc2 Casp6 -1.30E?07 Inhibition

Birc2 Casp7 5.58E?07 Inhibition

Birc2 Casp9 -7,060 Inhibition

Birc3 Casp3 -74,40,000 Inhibition

Birc3 Casp6 -2.36E?07 Inhibition

Birc3 Casp7 3.10E?07 Inhibition

Birc3 Casp9 6,290 Inhibition

Casp3 Casp6 -2,46,000 Activation

Casp3 Dffa 2,47,000 Activation

Casp8 Bid -39,500 Activation

Casp8 Casp3 -39,500 Activation

Casp8 Casp7 79,100 Activation

Casp9 Casp3 -10,700 Activation

Casp9 Casp7 10,800 Activation

Nfkb1 Birc2 3,240 Activation

Nfkb1 Birc3 3,240 Activation

Nfkb1 Xiap -6,460 Activation

– – – –
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dose-dependent dual effects of TNF-a on cell behaviors of

primary Schwann cells.

Effects of TNF-a on cell morphology of primary

Schwann cells

Transmission electron microscopy showed the cell mor-

phology of primary Schwann cells after treatment with

different dosages of TNF-a (Fig. 2). Primary Schwann

cells treated with 2 or 5 ng/ml of TNF-a had no obvious

change in their cell morphology as compared to untreated

cells. In contrast, primary Schwann cells treated with 10,

20, or 40 ng/ml of TNF-a demonstrated some morpho-

logical features of apoptosis, as characterized by the con-

densation of nuclear chromatin, cytoplasmic blebbing and

vacuolization, or the formation of a few apoptotic bodies

(Fig. 2d–f). The cell apoptosis rate was significantly higher

after treatment with 10, 20, or 40 ng/ml of TNF-a than that

after non-treatment, while treatment with 2 or 5 ng/ml of

TNF-a led to little change in the cell apoptosis rate

(Fig. 2g).

To confirm the dose-dependent dual effects of TNF-a on

cell proliferation and apoptosis of primary Schwann cells, a

chemical inhibitor of TNF-a was used to affect the cell

behaviors in the presence of 2 or 40 ng/ml of TNF-a.

Intriguingly, addition of a chemical inhibitor of TNF-a
reduced cell proliferation as compared to treatment with

2 ng/ml TNF-a alone, but enhanced cell proliferation as

compared to treatment with 40 ng/ml TNF-a alone

(Fig. 3a), and the influences of a chemical inhibitor of

TNF-a exhibited a concentration-dependent pattern. On the

other hand, addition of a chemical inhibitor of TNF-a
reduced cell apoptosis in a concentration-dependent man-

ner as compared to treatment with 40 ng/ml TNF-a alone

(Fig. 3b). Because 2 ng/ml TNF-a did not substantially

affect cell apoptosis, the influences of a chemical inhibitor

of TNF-a were not tested. All the results suggested that the

effects of TNF-a on cell proliferation and apoptosis of

primary Schwann cells could be alleviated through TNF-a
inhibition.

Effects of TNF-a on protein expressions of caspase-7,

-8, and -9 in primary Schwann cells

Western blot analysis revealed that protein expressions of

cleaved caspase-7, -8, and -9 (activated forms) were

changed in primary Schwann cells after treatment with

different dosages of TNF-a. As compared to control (non-

treated cells), primary Schwann cells treated with 2 or

5 ng/ml of TNF-a showed no significant changes in protein

expression of cleaved caspase-7, -8, and -9 except for

cleaved caspase-7 in the cells treated with 5 ng/ml of TNF-

a, whereas primary Schwann cells treated with 10, 20, or

40 ng/ml of TNF-a induced significantly increased

Fig. 1 Effects of different dosages of TNF-a on cell proliferation and

migration of primary cultured Schwann cells. Merges of EdU staining

(red) and Hoechst 33342 staining (blue) for the cells treated with 0

(a, control), 2 (b), 5 (c), 10 (d), 20 (e), and 40 (f) ng/ml of TNF-a,

respectively. Scale bar 50 lm. Bar chart (g) showing the cell

proliferation rate (expressed as the percentage of EdU-positive cells

to total cells, and normalized to control) of primary cultured Schwann

cells after treatment with different dosages of TNF-a. Images

showing that the cells migrated to the bottom of the transwell

chamber after treatment with 0 (h, control), 2 (i), 5 (j), 10 (k), 20 (l),
and 40 (m) ng/ml of TNF-a, respectively. Scale bar 50 lm. Bar chart
(n) showing the cell migration rate (normalized to control) of primary

cultured Schwann cells after treatment with different dosages of TNF-

a. *p \ 0.05 and **p \ 0.01 versus control (non-treatment). (Color

figure online)
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Fig. 2 Effects of different

dosages of TNF-a on cell

survival/apoptosis of primary

cultured Schwann cells.

Representative transmission

electron micrographs

(a–f) comparing the cell

morphology of primary cultured

Schwann cells after treatment

with 0 (a), 2 (b), 5 (c), 10 (d),

20 (e), and 40 (f) ng/ml of TNF-

a, respectively. Scale bar 2 lm.

Solid and open arrows and an

arrow head indicate the

condensation of nuclear

chromatin, cytoplasmic

blebbing and vacuolization, or

the formation of a few apoptotic

bodies, respectively. Bar chart
(g) showing the apoptosis rate

of primary cultured Schwann

cells after treatment with

different dosages (0–40 ng/ml)

of TNF-a. **p \ 0.01 versus

control (non-treatment)

Fig. 3 Cell proliferation (a) and apoptosis (b) of primary cultured

Schwann cells after treatments with different concentrations of a

chemical inhibitor of TNF-a in the presence of 2 or 40 ng/ml of TNF-

a. The cell proliferation or apoptosis rate was quantified by EdU

incorporation or Annexin V-FTTC assay, respectively. Scale bar
50 lm (a, b). *p \ 0.05 and **p \ 0.01 versus control (treatment

with 2 or 40 ng/ml of TNF-a alone)
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expressions of cleaved caspase-7, -8, and -9 (Fig. 4a).

Immunocytochemistry provided further evidence that

Schwann cells obviously expressed apoptosis-related

factors, caspase-7, -8, and -9, following treatment with

40 ng/ml TNF-a (Fig. 4b), confirming the apoptosis-pro-

moting functions of higher dosages of TNF-a in primary

Schwann cells.

Effects of TNF-a on death- or survival-pathway

in primary Schwann cells

To gain insights into the signaling events involved in the

dual effects of TNF-a on primary Schwann cells, we per-

formed co-immunoprecipitation experiments to investigate

the protein interactions of TRADD (an adapter molecule)

with either of two adaptor molecules, FADD or RIP. After

pull-down with TRADD, Western blot analysis compared

the expression level of FADD or RIP in Schwann cells

treated with different dosages of TNF-a. Co-immunopre-

cipitation showed that either FADD or RIP was able to

bind to TRADD and form a protein complex in primary

Schwann cells. Western blot analysis demonstrated that the

protein level of FADD bound to TRADD was elevated with

increase in the dosage of added TNF-a; in contrast, the

protein level of RIP bound to TRADD reached a maximum

value when cells were treated with 2 ng/ml of TNF-a, and

was then dramatically decreased when cells were treated

with 5–40 ng/ml of TNF-a (Fig. 5a). Western blot analysis

also revealed that the expression level of phosphorylated-

(p-) JNK or p-NF-jB p65 changed in a fashion similar to

that of FADD or RIP, respectively, in response to treatment

with different dosages of TNF-a (Fig. 5b). It should be

mentioned that the total protein level of TRADD, FADD,

or RIP was found to be kept constant in primary Schwann

cells irrespective of the dosages of added TNF-a (data not

shown).

Discussion

Upon peripheral nerve injury, degeneration of damaged

axons and myelin sheaths will occur in the injured nerve

segment [16]. During nerve degeneration, Schwann cells

first dedifferentiate and proliferate, and then redifferentiate

and remyelinate newly grown axons in response to axon-

derived signals, thus triggering a process of nerve regen-

eration [17]. Axonal myelination is of utmost importance

for functional recovery of injured peripheral nerves, espe-

cially for rapid saltatory impulse conduction by allowing

faster conduction velocity of action potentials [18, 19]. To

better understand the orchestration of cell behaviors of

Schwann cells, including cell proliferation, migration, and

survival/apoptosis, during peripheral nerve injury and

regeneration [20], we focused on the influences of multiple

growth factors and cytokines on neural cells.

In this study, we used microarray and gene network

analysis to determine the mRNA expression profile in

injured nerve segments, and noticed that both pro- and anti-

apoptosis genes in the injured nerves showed time-depen-

dent expression patterns, and among them, the TNF-a
expression was constantly altered during nerve regenera-

tion. These analyses inspired us to investigate the possible

effects of TNF-a on neural cells, exclusively on primary

cultured Schwann cells, and further to explore the

involvement of both pro- and anti-apoptosis signaling

pathways in the effects of TNF-a.

To achieve these goals, we performed EdU incorpora-

tion and a transwell-based assay to, respectively, monitor

the rate of proliferation and migration of primary cultured

Schwann cells following treatment with different dosages

of TNF-a. Since different cell behaviors are interwoven

with each other, for instance, the cell proliferation or

migration is usually linked to the cell susceptibility to

apoptosis [21], we also observed and quantified cell

apoptosis in primary cultured Schwann cells after treatment

with different dosages of TNF-a. We noted that higher

dosages (10, 20, and 40 ng/ml) of TNF-a enhanced the cell

apoptosis of primary Schwann cells, while low dosages

(2 and 5 ng/ml) of TNF-a induced less influences on cells.

Obviously, the impacts of different dosages of TNF-a on

the cell apoptosis were in parallel with those on the pro-

liferation and migration. Collectively, these results were

consistent with the previous finding [22], being suggestive

of the dose-dependent dual effects of TNF-a on Schwann

cells in vitro. The experiments using the TNF-a inhibitor

confirmed the above observation.

Western blot analysis and immunocytochemistry indi-

cated that treatment with higher dosages (10, 20, and

40 ng/ml) of TNF-a significantly increased the expression

of cleaved caspase-7, -8, and -9 in primary Schwann cells.

As is known, apoptosis is executed by a family of aspar-

tate-specific cysteine proteases (caspases) which can be

activated by various apoptogenic signals. Caspase family

consists of initiator caspases (such as caspase-8, -9) and

executioner caspases (caspase-3, -6, -7) in terms of their

function and their sequence of activation [23]. The sig-

naling pathways involving the activation of cleaved cas-

pase-7, -8, and -9 are discussed below.

Accumulating evidence shows that TNF-a exerts its

functions by binding to its cognate receptors TNFR1 and 2,

two members of TNFR superfamily [24]. TNFR 1 and 2,

respectively, mediate the majority of apoptotic or survival

effects [25]. It has been known that TNFR1 trimerization

induces the release from an inhibitory protein, called

silencer of death domains which allows for the recruitment

of TRADD, an adapter protein, followed by the recruitment
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of FADD, another adapter protein. These recruitments

eventually lead to activation of caspase-8/10, even of

caspase-3, -6, and -7. A subsequent pathway of death in

primary Schwann cells is concomitantly initiated through

TNFR-associated factor 2 (TRAF2) to TRADD, which

up-regulates the expression of pro-apoptotic members of

Bcl-2 family through the activation of ASK 1 and JNK or

p38, thereby causing cell apoptosis [24–29].

Our experimental results concerning treatment of pri-

mary Schwann cells with higher dosages of TNF-a seemed

to follow the pro-apoptotic cascade process, as evidenced

by the up-regulation of FADD and p-JNK, which suggested

the interaction of TRADD with FADD and the subsequent

activation of JNK [24].

Despite the pro-apoptotic potential of TNF-a, research-

ers still suggest that TNF-a could mediate anti-apoptotic

effects [30]. Due to the actions of TNFR1, TRADD is able

to bind TRAF2 and another adaptor protein called RIP.

Both TRAF2 and RIP promote cell survival by activating

the NF-jB pathway, mainly by recruiting a protein kinase

complex composed of NF-jB essential modulator, inhibi-

tor jB (IjB) kinase (IKK)a and IKKb. Activation of this

complex activates the cytoplasmic NF-jB heterotrimer

composed of p50, p65, and IjB. Specifically, the complex

Fig. 4 Effects of TNF-a on the expression of apoptosis-related

molecules in primary cultured Schwann cells. a Bar chart showing

the protein expression of cleaved caspase-7, -8, and -9 in primary

cultured Schwann cells after treatment with different dosages of TNF-

a, respectively. Also shown are representative Western blot images,

in which b-actin served as a protein load control. b Immunostaining

of primary cultured Schwann cells treated with 40 ng/ml of TNF-a
with antibodies against cleaved caspase-7, -8, and -9 (green), or with

anti-S100 b (red), and Hoechst 33342 staining (blue) of the cell

nuclei. Also shown are the corresponding merges. Scale bar 50 lm.

**p \ 0.01 versus control (non-treatment). (Color figure online)
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phosphorylates IjB and renders it for ubiquitination and

thereby proteosomal degradation. As a result, the remaining

NF-jB dimer is activated and translocates to the nucleus to

transcribe numerous genes, among which a subset inhibits

apoptosis [25, 26, 28, 29, 31].

Our experimental results concerning treatment of pri-

mary Schwann cells with lower dosages of TNF-a seemed

to follow the anti-apoptotic cascade process, as evidenced

by the up-regulation of RIP and p-NF-jB p65, which

suggested the interaction of TRADD with RIP and the

subsequent activation of NF-jB p65 [24].

We conceive that an antagonism or a balance may exist

between the pro- and anti-apoptotic actions of TNF-a when

TNF-a is used to stimulate primary Schwann cells, and the

net result of these two opposite actions may depend on the

dosage of TNF-a used.

In summary, based on the information provided by gene

array analysis, we tested and confirmed that TNF-a
induced dose-dependent dual effects on the cell behaviors

of primary cultured Schwann cells, including cell prolif-

eration, migration, and survival/apoptosis. To understand

how TNF-a could act as a pleiotropic cytokine during

peripheral nerve injury, we performed co-immunoprecipi-

tation, Western blot analysis, and immunocytochemistry to

decipher the complex network of biochemical pathways

involving signaling molecules, such as TRADD, FADD,

RIP, JNK, NF-jB p65, and caspase-7, -8, and -9.
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