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SUMMARY

Aims: To establish a radiation-induced neural injury model using C17.2 neural stem cells

(NSCs) and to investigate whether basic fibroblast growth factor (bFGF) can protect the

radiation-induced injury of C17.2 NSCs. Furthermore, we aim to identify the possible

mechanisms involved in this model. Methods: C17.2 NSCs received a single exposure (3,

6, and 9 Gy, respectively) at a dose rate of 300 cGy/min with a control group receiving

0 Gy. Different concentrations of bFGF were added for 24 h, 5 min postirradiation. The

MTS assay and flow cytometry were used to detect cytotoxicity and apoptosis. Expression of

FGFR1, ERK1/2, and p-ERK1/2 proteins was detected with or without U0126 was pretreat-

ed prior to C17.2 NSCs receiving irradiation. Results: C17.2 NSCs showed a dose-depen-

dent cell death as the dose of radiation was increased. Additionally, the rate of apoptosis in

the C17.2 NSCs reached 31.2 ± 1.23% in the 6 Gy irradiation group, which was the most

significant when compared to the other irradiation treated groups. bFGF showed protective

effect on cell apoptosis in a dose-dependent manner. The mean percentage of apoptotic

cells decreased to 7.83 ± 1.75% when 100 ng/mL bFGF was given. Furthermore, U0126

could block the protective effect of bFGF by inhibiting the phosphorylation of ERK1/2.

Conclusions: An in vitro cellular model of radiation-induced apoptosis of NSCs, in C17.2

NSCs, was developed successfully. Additionally, bFGF can protect neurons from radiation

injury in vitro via the ERK1/2 signal transduction pathway.

Introduction

Radiation therapy is an important treatment for tumors located

close to, or within, the central nervous system (CNS) [1,2]. As

many as 200,000 patients receive partial large-field or whole-

brain irradiation every year, and the population of long-term can-

cer survivors continues to grow. However, while radiation therapy

has caused improved survival rates and longevity for cancer

patients, there are also debilitating, late onset effects for brain

health that are associated with radiation therapy [3]. Following

radiation therapy in the CNS, in vitro and in vivo, anatomical, path-

ophysiological, and clinical injuries were observed [4–6]. Radia-

tion-induced brain injury may involve the loss of neural precursor

cells and alterations in new cell production (neurogenesis). Hell-

ström et al. [7] reported that 9 weeks after irradiation treatment

in young rats, hippocampal neurogenesis was reduced to 5% of

control levels, and olfactory bulb neurogenesis was reduced to

40% of control levels. Radiation-induced apoptosis of precursor

cells have also been reported [8]. These evidences indicate a par-

ticular vulnerability of progenitor and stem cells in the CNS after

irradiation. The understanding of the mechanisms underlying the

radiation-induced injury of NSCs is the basis for improving thera-

pies and prophylaxes; however, it is currently poorly understood.

This lack of understanding is why it is important to establish a

suitable model that will allow for detailed examination of the pos-

sible mechanisms involved.

Basic fibroblast growth factor (bFGF) is expressed in neurons

and glia cells throughout the mammalian nervous system and

is now recognized as a multifunctional growth factor with

notable actions in neuronal cells [9]. bFGF was shown to act

on angiogenesis, cell proliferation, and differentiation [10]. Fur-

thermore, bFGF is a well-known mitogen for proliferating

NSCs. NSCs isolated from the embryonic rat telencephalon can

predominantly express fibroblast growth factor receptors and

self-renew in bFGF-containing medium [11]. Jordan et al. [12]

found that NSCs could generate cholinergic neurons with spe-

cific properties when treated with bFGF within a specific time

window.

Additionally, bFGF has been reported to be protective in

radiotherapy. Administration of physiological concentrations of
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bFGF prior to, and immediately after, irradiation decreased the

apoptotic response in rat salivary glands in vitro [13]. More-

over, bFGF protects intestinal stem cells from radiation-induced

apoptosis [14]. However, there has been little work performed

of the protective effects of bFGF in radiation-induced neural

injury, and the underlying mechanism remains uncertain.

Therefore, in our present study, our aims were to (1) establish

a novel radiation-induced model, in vitro by using C17.2 NSCs,

for studying the unknown mechanism and therapeutic poten-

tial of neural injury with radiotherapy; (2) observe the neural

protective effects of bFGF against irradiation; and (3) investi-

gate the mechanism involved in the neural protective process

of bFGF.

Materials and Methods

Materials

Fetal bovine serum (FBS) was obtained from Atlanta Biologi-

cals (Norcross, GA, USA). Other routine cell culture supplies

and reagents were purchased from Sigma, Invitrogen, and

Fisher. The nonradioactive cell proliferation assay kit, bFGF,

and U0126 were obtained from Promega (Madison, WI, USA).

The primary antibodies used for immunocytochemistry and

Western blotting were antifibroblast growth factor receptor l

(FGFR1), antiexternal-signal-regulated kinase 1/2 (ERK1/2),

and anti-pERK1/2; all antibodies were received from Santa

Cruz (Santa Cruz, CA, USA).

C17.2 Cell Culture

C17.2 NSCs were cultured in Dulbecco’s modified Eagle med-

ium: Nutrient Mixture F-12 (DMEM/F-12) media supplied with

10% FBS, 100 ng/mL streptomycin, and 100 units/mL penicil-

lin, as previously described [15]. Cells were passaged after 80%

fusion.

Protocol of Irradiation and Treatment

C17.2 NSCs received different doses of irradiation treatment by a

linear accelerator (SIEMENS-Primus Linear Accelerator, Marietta,

GA, USA). For each experimental group, a single exposure (3, 6,

and 9 Gy, respectively) at a dose rate of 300 cGy/min was given.

Cells in the sham control group received a 0 Gy dose of irradiation,

but underwent the same stresses as the other groups. For bFGF

treatment, different concentrations of bFGF (0, 25, 50, and 100 ng/

mL) were added 5 min postirradiation, for 24 h, to the appropriate

dosage groups according to preliminary experimental data.

To investigate possible signaling pathways involved in radia-

tion-induced neural injury, a MEK 1/2 inhibitor, 1,4-diamino-

2,3- dicyano-1,4-bis [2- aminophenylthio] butadiene (U0126),

was added 1 h before C17.2 cells received irradiation with appro-

priate bFGF treatment.

Cytotoxicity Assays

Cytotoxicity/cell viability in response to different treatments was

evaluated using both the MTS assay and Hoechst 33342 discrimi-

nation staining. For the MTS assay, the CellTiter 96® AQueous

Assay Kit (Promega) was used, and the data were expressed as a

percentage of untreated cells.

In parallel to the MTS assay, Hoechst 33342 staining in living

cells was performed to discriminate apoptotic/necrotic cell death

induced by the treatments. Hoechst 33342 can be transported

through the cell membrane where it binds to nuclear DNA and

emits blue fluorescence. Highly condensed, marginalized, or frag-

mented chromatins in apoptotic cells are stained bright blue with

Hoechst 33342 [16].

Flow Cytometric Analysis Using Annexin V and
Propidium Iodide (PI)

The percentage of apoptotic cells in culture was evaluated by flow

cytometric analysis using annexin V–FITC and propidium iodide

(PI) fluorescence. Annexin V–FITC conjugates allow for the iden-

tification and qualification of cell surface changes that occur early

during the apoptotic process when flow cytometry is used. These

conjugates facilitate the rapid fluorometric quantification of apop-

totic cells. By simultaneously staining cells with annexin V–FITC

and the nonvital dye, PI, it is possible to distinguish between intact

cells (FITC�, PI�), early apoptotic (FITC+, PI�), and late apoptotic

or necrotic cells (FITC+, PI+).

Cells were seeded in six-well plates and treated with or without

different concentrations of bFGF for 24 h as described above. And

then they were centrifuged to remove the medium, washed twice

with 19 phosphate buffered saline (PBS), and stained with annex-

in V-FITC and PI in binding buffer (10 mM Hepes, 140 mM NaCl,

and 2.5 mM CaCl2). Ten thousand events were collected for each

sample. Stained cells were analyzed using Cell-Quent software in

the FL1-H and FL2-H channels.

Immunocytochemistry

Immunochemical characterization of the C17.2 cells was per-

formed as previously described [17], with the exception that a dif-

ferent primary antibody, FGFR1 diluted 1:100, was used in this

study.

Western Blot

C17.2 neural stem cells (NSCs) were lysed with the appropriate

amount of boiling, denaturing lysate buffer (1% SDS, 1 mM

sodium orthovanadate, 10 mM Tris–Cl, pH 7.4) supplemented

with a protease inhibitor cocktail (Roche Diagnostics, Indianapo-

lis, IN, USA). The total protein quantification and Western blot

procedures were performed routinely as previously described

[18], with the exception that the dilution rates for the primary

antibodies used were different: FGFR1 (1:200), ERK1/2 (1:200),

and p-ERK1/2 and ß-actin (1:5000).

Statistics

Quantitative data are expressed as the mean ± SE and ana-

lyzed using ANOVA using SPSS 11.0 (SPSS Inc., Chicago, IL,

USA). Post hoc comparisons of means were made using Sche-

ffe’s or Tukey’s method where appropriate.
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Results

Effects of Radiation on Apoptosis and Necrosis
of C17.2 Cells

When C17.2 cells were treated with an increasing dose of irradia-

tion, the MTS assay revealed a dose-dependent reduction of cell

viability 24 h postirradiation (Figure 1). The Hoechst 33342 dis-

crimination staining was run in parallel to the MTS assay and rep-

licated results of the dose-dependent toxic effects of irradiation in

C17.2 cells.

Data of flow cytometric analysis showed that the mean percent-

age of apoptotic cells present in our control culture was

(2.61 ± 0.71)%. In culture treated with 3, 6, and 9 Gy irradiation,

the means were (13.3 ± 1.14)%, (31.2 ± 1.23)%, and (17.9 ±

2.1)%, respectively, thus, progressively increasing with dosage

until decreasing at the 9 Gy. Additionally, the percentage of cells

in culture with necrosis increased in proportion to the radiation

dose received (3.21 ± 1.06)% in the 3 Gy group, (6.13 ± 1.33)%

in the 6 Gy group, and (23.6 ± 1.68)% in the 9 Gy group. From

the data presented above, we observed that apoptosis was the

most prominent in the 6 Gy irradiation group. Apoptosis then

begins to decline at the higher dose (9 Gy) group (Figure 1).

Therefore, the 6 Gy group was chosen to carry out the following

experiment to further investigate probable mechanisms for radia-

tion-induced cell apoptosis.

Effect of bFGF on Radiation-Induced Apoptosis
and the Expression of FGFR1 in C17.2 NSCs

The 6 Gy irradiation group was used to observe the protective

effect of different concentrations of bFGF on the apoptosis of

C17.2 NSCs. Our results showed that with the increased concen-

trations of bFGF, apoptosis of C17.2 NSCs decreased. The mean

percentage of apoptotic C17.2 NSCs decreased slightly to

(23.3 ± 1.81)% when treated with the lowest concentration of

bFGF (25 ng/mL) and decreased further to (10.1 ± 2.23)% and

(7.83 ± 1.75)% when treated with 50 and 100 ng/mL bFGF,

respectively (Figure 2).

Immunocytochemistry (ICC) staining of FGFR1 revealed that

when treated with bFGF, expression of FGFR1 increased signifi-

cantly. In accordance with ICC, Western blots revealed that

treatment with bFGF could clearly elevate the expression of

FGFR1. U0126 treatment had no effect on the expression of

FGFR1 that was induced by bFGF (Figure 3).

Effects of Pretreatment with U0126 on Radiation-
Induced Apoptosis in C17.2 NSCs

U0126, a MEK 1/2 Inhibitor, has been shown to be a highly selec-

tive inhibitor of MEK 1 and MEK 2. C17.2 NSCs were pretreated

with 10 lM of U0126 1 h prior to receiving the 6 Gy irradiation

treatment, with or without 100 ng/mL bFGF added 5 min postir-

radiation. Data from flow cytometric analysis showed that U0126

pretreatment could prevent the protective effect of the 100 ng/mL

of bFGF on cells apoptosis partly; the percentage of apoptosis

increased from (7.83 ± 1.75)% to (18.4 ± 1.71)% (Figure 2). In

addition, Western blots revealed that U0126 treatment reduced

the expression of p-ERK1/2 compared to the control group

(Figure 4).

Discussion

Previous studies showed [19,20] that cells with a shorter cell divi-

sion period and average lifetime (such as endothelial cells, astro-

cytes and oligodentrocytes) were more sensitive to radiation and

therefore more likely to develop radiation-induced neural injury.

Neurons, in most cases, do not undergo cell division and as a result

were considered to be exempt from the effects of irradiation [21].

NSCs, which have the capacity for self-renewal, proliferation, and

pluripotentiality, were considered to be more sensitive to radia-

tion than neuroglia cells and neurons [7]. A recent study indicated

that inhibition of neurogenesis has been an underlying mecha-

nism for radiation-induced CNS damage. When exposed to a sin-

gle dose of 5 Gy, NSCs were clearly affected, while no injury

effects were observed on neuroglia cells and neurons [22]. Scien-

tists have speculated that radiation-induced attenuation of differ-

entiation and the persistent changes in protein expression, rather

than a cytotoxic mechanism, are responsible for the induced

injury of NSCs that leads to radiation-associated neural injury

[15]. However, until now, very little work has been performed to

establish a radiation-induced neural injury model in vitro, using a

NSC line and the detailed mechanisms remain to be elucidated.

Figure 1 Radiation-induced neural toxicity on C17.2 NSCs. Panel A, C17.2 NSCs received different doses of irradiation treatment, and the cell viability was

analyzed by the MTS assay. The effect of irradiation on C17.2 NSCs shows a dose-dependent decrease in cell viability. Panel B, Data from flow cytometric

analysis shown that when cells were exposed to the lower dose of irradiation (� 6 Gy), apoptosis was the leading cause of cell death. As the dose of

irradiation increased to 9 Gy, necrosis began to play a prominent role in cell viability. NSC, neural stem cell.
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As a result, it is very important to establish an in vitro radiation

model for the relevant mechanistic studies underlying radiation-

induced neural injury. In this study, using the C17.2 NSCs, we

have established the first novel radiation model and used it to

study the characteristic effects of radiation treatment. Our results

have revealed that a single exposure at 3 Gy is sufficient to induce

the C17.2 NSCs death. In addition, we showed dose-dependent

cell death as the dose of irradiation was increased. Furthermore,

Figure 2 Effect of bFGF on radiation-induced apoptosis. Panel A, with increasing concentrations of bFGF, apoptosis of C17.2 cells decreased. The most

protective concentration of bFGF for C17.2 NSCs against apoptosis was 100 ng/mL. Panel B, C17.2 NSCs pretreated with 10 lM of U0126 1 h before

receiving 6 Gy irradiation could prevent the protective effect from the 100 ng/mL bFGF treatment on cell apoptosis. *P < 0.05, **P < 0.01 compared to

control group. bFGF, basic fibroblast growth factor; NSC, neural stem cell.

A C

B

Figure 3 Effect of bFGF on the expression of FGFR1 in C17.2 NSCs. Panel A, B, ICC staining of FGFR1 in C17.2 NSCs. Panel B, increased expression of

FGFR1 after bFGF treatment. Panel C, Western blots for FGFR1 expression showing the average densitometric values after b-actin normalization

represents the protein levels for each data point (n = 3). #P < 0.001 compared to untreated group. Scale bar, 30 lm. bFGF, basic fibroblast growth factor;

ICC, immunocytochemistry; NSC, neural stem cell.

Figure 4 Effects of U0126 on the expression of ERK1/2 in C17.2 NSCs. Western blots for ERK1/2 showed that U0126 reduced the phosphorylation of ERK1/

2. The average densitometric values after b-actin normalization represents the protein levels for each data point (n = 3). #P < 0.001 compared to U0126

untreated group. NSC, neural stem cell.
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when the C17.2 NSCs were exposed to the lower dose of irradia-

tion, apoptosis was the leading type of cell death. However, as the

dose of irradiation increased, necrosis plays a prominent role as

well.

As one of the potential neurotrophic factors whose role has yet

to be clearly identified, the major biological effect of bFGF on neu-

rons and astrocytes is its induction effect on proliferation [10].

Additionally, bFGF has been shown to be effective in the regener-

ation of peripheral neural injuries. Presently, bFGF has widely

been studied in degenerative diseases of the CNS and diseases

related to the light-induced injury of the retina [23,24]. However,

its effects on radiation-associated neural injury were still unclear.

In 1997, it was initially reported that bFGF could protect astro-

cytes from x-ray-induced injury [25]. Furthermore, in 2002,

research from Nieder indicated that bFGF had some protective

effects on radiation-induced injury to the spinal cord [26]. How-

ever, the effects of bFGF on radiation-induced injury of NSCs were

still unclear. To explore the possible protective effect and underly-

ing mechanism of bFGF on radiation-induced injury of NSCs, dif-

ferent concentrations of bFGF were administered to the medium

of C17.2 NSCs 5 min postirradiation. The results showed that after

24 h, cellular apoptosis was inhibited with increasing bFGF con-

centration in a dose-dependent manner, and the maximum con-

centration of bFGF for C17.2 NSCs that was protective against

apoptosis was 100 ng/mL. Moreover, our study showed that

externally generated bFGF could induce an increased expression

of FGFR1 in C17.2 NSCs. It has been shown that FGFR1 plays a

critical role in cellular proliferation and differentiation during ani-

mal development and adult homeostasis. In NSCs, bFGF could

work concurrently with the FGFR1 to activate multiple signal

pathways that increase proliferation, survival, and differentiation,

both in vivo and in vitro [27].

The extracellular signal-regulated kinase (ERK) signaling path-

way is a major determinant for the control of several diverse cellu-

lar processes such as proliferation, survival, differentiation, and

motility and played a crucial role in mediating the neurotrophic

effect of bFGF [28]. It has been shown that recombinant human

bFGF can induce phosphorylation of ERK1/2 in a concentration-

and time-dependent manner in cultured rat cerebral cortical neu-

rons [29]. Furthermore, Yang et al. [30] demonstrated that bFGF

consistently activated ERK activity in bone marrow stromal cells,

resulting in neuronal differentiation. These findings suggest an

important role for ERK in the neuronal cell cycles. In this investi-

gation, we studied whether this signal transduction pathway was

involved in the protective mechanism of bFGF in radiation-

induced neural injury. After adding bFGF to the medium of C17.2

NSCs, the expression of ERK1/2 and p-ERK1/2 was increased.

When U0126, the specific inhibitor of MEK1/2, was administered

to the medium, the expression of FGFR1 and ERK1/2 was

unchanged, but the phosphorylation of p-ERK1/2 decreased.

These results revealed that the protective effect of bFGF against

radiation-induced apoptosis in C17.2 NSCs may act through the

ERK1/2 pathway and can be prevented with treatment of U0126.

These results were similar to Gu’s research on endothelial cells

[31]. Additionally, our data showed that blockage of the ERK1/2

signaling pathway could only partially prevent the protective

effect of bFGF in NSCs after irradiation. This suggests that other

proteins may also be involved in the bFGF-mediated protection

against radiation, and further research is required.

In conclusion, our study successfully developed a novel cellular

model for research of radiation-induced apoptosis using C17.2

NSCs. This model can be used in vitro for defining the mechanisms

of radiation-induced injuries in the nervous system. Furthermore,

we found that bFGF could protect neurons from radiation-

induced injury in vitro through the ERK1/2 signaling pathway.

This finding is helpful for future researchers who may be search-

ing for effective therapeutic strategies for neural irradiation

injury.
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