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ABSTRACT
Basic fibroblast growth factor (basic FGF) has pivotal roles in the function of various cell types. Here, we report the effects of basic FGF in the

regulation of dental pulp stem cell (DPSC) behaviors including maintaining stemness and directing differentiation. Cells isolated from human

dental pulp tissues exhibited stem cell properties including the expression of mRNA markers for embryonic and mesenchymal stem cells, the

expression of Stro-1, and the multipotential differentiation. Basic FGF stimulated colony-forming units of DPSCs and up-regulated the

expression of the embryonic stem cell markers; Oct4, Rex-1, and Nanog. Moreover, osteogenic medium containing basic FGF inhibited

alkaline phosphatase enzymatic activity and mineralization of DPSCs. On the contrary, basic FGF appeared to be an influential growth factor

in the neurogenic differentiation of DPSCs. In the presence of basic FGF, increased DPSCs neurosphere size and the up-regulation of

neurogenic markers were noted. Inhibitors of FGFR or PLCg were able to ablate the basic FGF-induced neuronal differentiation of DPSCs.

Taken together, these results suggest basic FGF may be involved in the mechanisms controlling DPSCs cell fate decisions. J. Cell. Biochem.

112: 1807–1816, 2011. � 2011 Wiley-Liss, Inc.

KEY WORDS: DENTAL PULP STEM CELLS; BASIC FIBROBLAST GROWTH FACTOR; SELF-RENEWAL; DIFFERENTIATION

D ental pulp stem cells (DPSCs) were firstly identified in 2000

[Gronthos et al., 2000]. To date, many investigations of their

characteristics and applications have been substantially published.

DPSCs were shown to differentiate into osteo/dentinogenic,

adipogenic, chondrogenic, myogenic, and neurogenic lineages in

vitro [Gronthos et al., 2002; Arthur et al., 2008; Zhang et al., 2008;

Huang et al., 2009; Spath et al., 2010]. In addition, the formation of

dentin-pulp-like structures and bone-like tissues after the in vivo

implantation of DPSCs has been reported [Gronthos et al., 2002;

Huang et al., 2009]. Various potential therapeutic applications of

dental pulp stem cells have been documented. For example, Gandia

et al. [2008] showed that intramyocardial transplantation of DPSCs

improved overall ventricular function and angiogenesis in the

infarction area. A pilot clinical trail using DPSCs for mandibular

bone repair was reported [d’Aquino et al., 2009]. This study

demonstrated better bone formation in extraction sockets using

transplanted collagen sponges containing DPSCs compared with

those treated with vehicle sponge alone [d’Aquino et al., 2009].

Intriguingly, it has also been shown that the untreated DPSCs were

able to differentiate into functional neurons upon injection in the

developing avian nervous system [Arthur et al., 2008]. These

implanted cells exhibited neuronal morphology with the strong
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expression of neuronal markers [Arthur et al., 2008], indicating

DPSCs can differentiate along the neurogenic lineage in vivo in the

appropriate environment and may be used for the treatment of

neuronal diseases. Together, these data imply the prospective

utilization of DPSC in number of clinical circumstances.

It has been reported that DPSCs contained a neural crest cell-

derived subpopulation [Waddington et al., 2009]. Low-affinity

nerve growth factor receptor (LANGFR) positive DPSCs exhibited

Stro-1 expression and were able to differentiate along multiple

lineages, including osteoblasts, adipocytes, and chondrocytes

[Waddington et al., 2009], suggesting a neural crest cell origin of

DPSCs. Neural crest cells are known to be able to differentiate into

various cell types especially neuronal precursor cells [Le Douarin

et al., 2004], thus, DPSCs may have the potential for neuronal

induction of DPSCs. Recently, Govindasamy et al. [2010] reported

that DPSCs exhibited an inherent tendency toward the neuronal

lineage as DPSCs had higher expression of neuroectodermal markers

in the undifferentiated state compared with stem cells derived from

human deciduous teeth (SHEDs). Upon neuronal differentiation, the

number of neurospheres and the mRNA expression of neuronal

markers were greater for DPSCs compared with those of SHEDs

[Govindasamy et al., 2010]. In addition, several publications have

been illustrated the differentiation ability of DPSCs along the

neurogenic pathway [Arthur et al., 2008; Sasaki et al., 2008; Kadar

et al., 2009; Kiraly et al., 2009; Ryu et al., 2009]. These data suggest

that DPSCs have high-neurogenic potential and should be

investigated as a candidate cell source for neuronal repair.

Several methods have been employed to induce the neuronal

differentiation of mesenchymal stem cells, that is, chemical and

cytokine induction. As some investigators noted, the chemical-

induced neuronal differentiation of mesenchymal stem cells led to a

change of cytoskeleton and gene expression pattern in response to

the chemical stimuli but not true differentiation into mature

functional neuron [Lu et al., 2004; Neuhuber et al., 2004; Barnabe

et al., 2009]. Therefore, the cytokine-induced neuronal differentia-

tion is more extensively employed.

Basic fibroblast growth factor (basic FGF), also known as

fibroblast growth factor-2 (FGF-2), is one of the supplemented

cytokine used in neuroinduction medium along with others such as

epidermal growth factor (EGF). Basic FGF is a member of the

fibroblast growth factor family. It has substantial roles in various

cell and tissue functions including proliferation, migration [Yang

et al., 2010], and angiogenesis [Zhao et al., 2011]. Interestingly,

it has been reported that basic FGF knockout mice exhibited a lower

volume and lower proliferative rate of dorsal pseudostratified

ventricular epithelium compared with the wild type mice [Raballo

et al., 2000]. In addition, decreased neural and glia cell number

and density were noted in basic FGF null mice [Vaccarino et al.,

1999], implying that basic FGF has a significant role in

neurogenesis.

Although, the function and influence of basic FGF on various

cell types have been extensively reported. Investigation into the

effects of basic FGF on DPSCs is still lacking. In the present study, we

aimed to evaluate the effects of basic FGF on DPSCs’ behaviors,

especially its ability to induce neuronal differentiation in this

cell type.

MATERIALS AND METHODS

DPSCs ISOLATION AND CULTURE

The protocol for the isolation of DPSCs was approved by the Ethical

Committee, Faculty of Dentistry, Chulalongkorn University. Healthy

adult subjects undergoing surgical treatment for tooth removal due

to third molar impaction were recruited for the isolation of DPSCs.

Dental pulp tissues were washed with sterile PBS, cut into small

pieces and digested with type I collagenase (Gibco, USA). The cells

were maintained in Dulbecco’s modified Eagle’s medium (DMEM,

Gibco) containing 10% fetal bovine serum (FBS, Gibco), 2mM

L-glutamine (Gibco), 100U/ml penicillin, 100mg/ml streptomycin

and 5mg/ml amphotericin B (Gibco) in 100% humidity, 378C and 5%

carbon dioxide. Medium was changed every 48 h. After reaching

confluence, the cells were sub-cultured at a 1:3 ratio. The

expressions of stem cells markers were evaluated using reverse

transcriptase polymerase chain reaction (RT-PCR). In addition, Stro-

1 immunocytochemistry staining was performed using mouse anti-

human Stro-1 monoclonal antibody (Chemicon, USA).

COLONY-FORMING UNIT ASSAY

The cells were seeded into 35-mm-diameter culture dishes at a

density of 500 cells per dish and maintained in the medium

described above but supplemented with 5% FBS. Recombinant

human basic FGF (Invitrogen, USA) was added in the cultured

medium at concentrations of 0, 1, and 20 ng/ml. After 14 days, the

cells were fixed with 10% buffered formalin (MERCK, Germany) for

10min, washed twice with PBS and stained with methylene blue

(Sigma, USA). Aggregates of approximately�50 cells were scored as

a colony and counted under a microscope (Axiovert 40CFL, Carl

Zeiss, Göttingen, Germany).

OSTEOGENIC DIFFERENTIATION

To examine the osteogenic differentiation, the cells were seeded at a

density of 25,000 cells/wells in a 24-well-plate andmaintained in an

osteogenic medium [growth medium supplemented with ascorbic

acid (50mg/ml), dexamethasone (100 nM), and b-glyceraphosphate

(10mM)]. In the test wells, basic FGF (20 ng/ml) was added in the

culture medium, untreated wells served as controls. The mediumwas

changed every 48 h. Alkaline phosphatase activity, osteoblast

marker gene expression, and calcium deposition were investigated

using the methods described below.

ALKALINE PHOSPHATASE ACTIVITY ASSAY

Alkaline phosphatase activity was determined using p-nitrophenol

phosphate as the assay substrate. The cells were lysed in alkaline

lysis buffer. Aliquots were incubated at 378C in a solution

containing 2mg/ml p-nitrophenol phosphate (Invitrogen), 0.1M

2-amino-2-methyl-1-propanol (Sigma) and 2mM MgCl2. After

30min, 50mMNaOHwas added to stop the reaction. The presence of

p-nitrophenol was measured at an absorbance of 410 nm. Total

cellular protein was determined using a BCA assay (Thermo

Scientific, USA). The enzyme activity was normalized to total

cellular protein.
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MINERALIZATION ASSAY

The cells were fixed with cold methanol for 10min, washed with

deionized water, and stained with 1% Alizarin Red S solution

(Sigma) for 3min at room temperature on a shaker. The amount of

calcium deposition was quantified by destaining with 10%

cetylpyridinium chloride monohydrate (Sigma) in 10mM sodium

phosphate at room temperature for 15min. The absorbance was

measured at 570 nm.

NEUROSPHERE FORMATION ASSAY

The cells were seeded in 60-mm-petri dishes (5� 105 cells/plate) and

maintained in neurobasal medium containing B27 (2%), L-

glutamine (2mM), penicillin (100U/ml), streptomycin (100mg/ml)

and amphotericin B (5mg/ml) (neuroinductive medium) as well as

supplemented with basic FGF (20 ng/ml), EGF (20 ng/ml) for 7 days.

To evaluate the influence of growth factors on neuronal

differentiation, cells were divided into four groups; group 1: the

control neuroinductive medium, group 2: the neuroinductive

medium supplemented with EGF (20 ng/ml), group 3: the

neuroinductive medium supplemented with basic FGF (20 ng/ml)

and group 4: the neuroinductive medium supplemented with EGF

(20 ng/ml) and basic FGF (20 ng/ml). For determination of

intracellular transduction pathways, the FGFR inhibitor (SU5402;

Calbiochem, USA) or PLCg inhibitor (U73122; Calbiochem) was

added in the culture condition. The images of the neurosphere

cultures were randomly captured using a phase contrast microscope.

The diameter of each sphere was determined using ImageJ software

and then the percentage of neurosphere diameter was calculated and

categorized into three groups; group 1: the spheres with a diameter

<50mm, group 2: the spheres with a diameter 50–100mm, and

group 3: the spheres with a diameter >100mm.

For the cell migration study, similar sizes of neurospheres were

placed on Col IV coated dishes for 48 h under various culture

conditions as described above. The descriptive evaluation was

performed by image analysis.

In some experiments, the neurospheres were dissociated into a

single cell suspension by pipetting. The cells were then plated on Col

IV coated 24 well plates at a density of 2� 104 cells/well and

maintained in the same culture conditions described previously for 7

days. Subsequently, the mRNA expression of neurogenic markers

was evaluated using RT-PCR. The expression human b3-tubulin was

also evaluated by immunocytochemical analysis.

REVERSE-TRANSCRIPTION POLYMERASE CHAIN REACTION

(RT-PCR)

Total cellular RNA was extracted with Trizol reagent (Roche

Diagnostics, USA). RNA samples (1mg) were converted to cDNA by

avian myeloblastosis virus (AMV) reverse transcriptase (Promega,

USA). A semi-quantitative polymerase-chain reaction (PCR) was

performed using Tag polymerase (Invitrogen). The oligonucleotide

sequences of the primers, annealing temperature, and number of

cycles were shown in Supplementary Table S1. The amplified DNA

was then electrophoresed on a 1.8% agarose gel and visualized by

ethidium bromide (Sigma)fluorostaining.

IMMUNOCYTOCHEMISTRY STAINING

The cells were fixed in 4% paraformaldehyde (MERCK) at room

temperature for 30min, permeabilized with 0.15% Triton1-X100

(USB Corp., Cleveland) in PBS and 10% horse serum for 1 h at room

temperature. The cells were then incubated with primary antibody,

mouse anti-b3-Tubulin (cat. No. G7121, Promega, USA) at a 1:200

dilution for 18 h at room temperature. After washing with PBS, the

cells were incubated with biotinylated rabbit anti-mouse antibody

(Zymed, San Francisco) for 30min. Subsequently, the antibody was

detected using Strep-FITC (Sigma) and the nuclei were counter-

stained with DAPI (0.1mg/ml, cat. No. D8417, Sigma). The cells were

analyzed with a fluorescent microscope (Axiovert 40CFL, Carl Zeiss).

In each experiment, the acquiring parameters were consistently set.

The images were acquired using Axiocam MRc5 and the

AxioVs40v4.7.2.0 software.

STATISTICAL ANALYSES

All experiments were performed in triplicate. Data were reported as

mean� standard deviation. Statistical analyses were performed

using two-independent Student t-test for two-group comparison. A

one-way analysis of variance (ANOVA) followed by Tukey HSD test

was employed in some experiments (containing �three-group

comparison). Differences at P< 0.05 were considered to be

statistically significant.

RESULTS

CHARACTERIZATION OF DPSCs

The isolated cells exhibited a spindle shaped, fibroblast-like

morphology (Fig. 1Aa) and were positively stained with Stro-1

antibody (Fig. 1Ab). These cells expressed mRNA markers for both

embryonic (Oct4 and Nanog) andmesenchymal stem cells (CD44 and

CD73) (Fig. 1Ac). The Oct4 protein expression was also observed by

immunohistochemical staining (data not shown). These results

imply that the isolated cells have stem cell-like characteristics as

shown by stem cell marker gene expression.

The multipotency of the DPSCs was evaluated by osteogenic and

neurogenic induction, representing mesodermal and ectodermal

differentiation potency, respectively. Upon cultured in osteogenic

medium for 14 days, a significant increase in mineral deposition was

noted (Fig. 1Ba). Further, increased expression of odontoblast/

osteoblast marker genes; DMP-1, Col I, and OCN was observed

(Fig. 1Bb). Under neurogenic differentiation conditions, neuro-

sphere formation was seen (Fig. 1Ca,b). Small spheres were

observed by day 1 with the size and cellular density of the spheres

increasing over time. We also investigated the capacity of the

neurospheres to continue clonal expansion by dissociating

the spheres into single cells and further culturing in neurosphere

inductive conditions. The results showed that the dissociated cells

from the spheres were able to form secondary and tertiary

neurospheres in culture with relatively similar morphology to

those of primary spheres (Supplementary Fig. S1). After plating

neurosphere-derived cells on Col IV coated dishes, the extension of

long thin cytoplasmic processes was observed. By immunocyto-

chemical analysis, the neurosphere-derived cells were also

positively stained with an antibody to b3-tubulin, neuronal
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specific protein (Fig. 1Cd). In addition, floating neurospheres

and adherent neurosphere-derived cells on Col IV expressed

higher mRNA levels of neurogenic markers, including Sox2,

Sox9, NMD, and NF compared with control (Fig. 1Ce). These data

demonstrate the multipotential property of the isolated cells. As

shown in these studies, the isolated unsorted heterogeneous cell

population from human dental pulp tissues has several stem cell

properties, suggesting that the isolated cells contain a stem

cell population.

BASIC FGF-ENHANCED COLONY-FORMING UNIT AND THE

EXPRESSION OF EMBRYONIC STEM CELL MARKERS

Using low-density culture to evaluate the colony-forming unit

ability of DPSCs, the addition of basic FGF (20 ng/ml) in culture

medium containing 5% fetal bovine serum significantly increased

the DPSCs colony number (Fig. 2B). Descriptively, the colony

formation in the presence of basic FGF had higher cell number and

density compared with the control (Fig. 2A). In addition, the mRNA

expression of stem cell markers (Oct4, Nanog, and Rex1) was

increased in the cells exposed to basic FGF (Fig. 2C). No difference in

mRNA expression of mesenchymal stem cell marker was observed

(data not shown). However, after differentiation, the increase in

these embryonic stem cell markers by basic FGF was attenuated

(data not shown). Together, these results imply a role of basic FGF in

self renewal and maintaining of stemness of DPSCs.

BASIC FGF INHIBITED MINERALIZATION BY DPSCs

As described above, DPSCs were able to differentiate into osteogenic

cells. To evaluate the influence of basic FGF in osteogenic

differentiation, DPSCs were cultured in osteogenic medium with

or without basic FGF (20 ng/ml). The results illustrated that

basic FGF significantly decreased ALP enzymatic activity at both

day 7 and 14 (Fig. 3A). In addition, the dramatic reduction of

mineralization of DPSCs was noted (Fig. 3B). Therefore, basic

FGF might alter osteogenic differentiation of DPSCs, at least by

attenuating the mineralization process.

BASIC FGF PARTICIPATED A SIGNIFICANT ROLE IN THE NEURONAL

DIFFERENTIATION OF NEUROSPHERE-CULTURED DPSCs

Basic FGF and EGF are regularly used as cytokine supplementation

in the neurobasal medium to induce neuronal differentiation.

Therefore, we further investigated the influence of basic FGF and

EGF on neurosphere formation by DPSCs. Culturing DPSCs with

either basic FGF, both alone and in combination with EGF, resulted

Fig. 1. Human dental pulp stem cells (DPSCs) characterization. A: DPSCs exhibited fibroblast-like morphology (a) and positive Stro-1 staining (b). Expression of CD44, CD73,

Oct4, and Nanog was noted (c). B: Osteogenic differentiation potential was illustrated using Alizarin red staining (a) and the mRNA expression of DMP-1, Col I, and OCN (b). Bar

indicated the statistical significant difference compared with control (P< 0.05). C: Neurosphere formation of DPSCs was observed at day 1 (a) and 7 (b). b3-tubulin

immunocytochemical staining of control cells (c) and differentiated cells (d) were shown. The mRNA expression of Sox2, Sox9, NMD, and NF was observed in neurospheres

(floating) and neurosphere-dissociated cells dishes on Col IV coated dish compared with control (e). The white arrowheads marked b3-tubulin positive, long, thin cytoplasmic

processes of differentiated cells (Scale bars¼ 100mm).
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in larger sized neurospheres than the control or EGF supplemented

cultured conditions (Fig. 4A). A higher percentage of large

neurospheres was observed with the supplementation of basic

FGF alone and in combination with EGF compared with control

(Fig. 4B). However, the percentage of neurosphere’s size was not

different between the control culture and the culture treated with

EGF alone. To confirm the neurogenic induction property of basic

FGF, the mRNA expression of neurogenic markers was examined in

DPSC-derived neurospheres. In the presence of basic FGF, higher

mRNA expression of Sox2 and b3-tubulin was noted (Fig. 5A). After

7 days of the sphere culture, neurospheres were dissociated into

single cells and plated on Col IV coated dish for another 7 days. Cells

in culture conditions containing basic FGF (both alone and in

combination with EGF) demonstrated a neurite-like morphology

with cellular processes (Fig. 5D,E). Moreover, these cells expressed

b3-tubulin as determined by immunocytochemical staining. We

also investigated the influence of basic FGF on cell migration out

from the spheres (Fig. 4C). The neurospheres in all condition were

able to attach on Col IV coated dishes. However, less cell migration

was observed in the control and EGF culture conditions compared

with the cell treated with basic FGF, either alone or in combination

with EGF.

Monolayer-cultured DPSCs treated with basic FGF for 48 h

exhibited long fine cellular processes with the reflecting cell body,

while typical mesenchymal-like morphology was observed in the

control culture. This phenomenon could be inhibited by SU5402, a

FGFR inhibitor. Further, basic FGF treated monolayer-cultured

DPSCs had increase Sox2, Sox9, b3-tubulin, and NMDmRNA levels

than those of the control (Supplementary Fig. S2). The accumulated

data indicates that basic FGF might be a prime factor influencing

neuronal differentiation of DPSCs.

BASIC FGF-INDUCED NEURONAL DIFFERENTIATION OF DPSCs

THROUGH THE FGFR/PLCg PATHWAY

To further determine the participation of FGFR in the basic FGF-

induced neuronal differentiation, SU5402 was added in culture to

inhibit FGFR. The addition of SU5402 decreased the percentage of

large-size neurospheres (Fig. 6A), inhibited cell migration from

spheres when plated on Col IV coated dish (Fig. 6B) and reduced the

mRNA expression levels of b3-tubulin and NMD (Fig. 6C). We

further examined the intracellular signaling pathway as FGFR can

activate various signaling molecules. U73122 was employed to

inhibit PLCg. The results showed that U73122 could decrease the

percentage of large neurospheres and impeded the migration of cells

Fig. 2. Effect of basic fibroblast growth factor (basic FGF) on self-renewal ability of dental pulp stem cells (DPSCs). A: Colony-forming unit of DPSCs upon treated with

1 ng/ml (a) and 20 ng/ml (b) basic FGF. B: Graph illustrated the average number of colonies per well. Bars indicated the statistical significant difference compared to control

( P< 0.05). C: The increase mRNA expression of Oct4, Nanog, and Rex1 in DPSCs treated with basic FGF (20 ng/ml) was noted (Scale bars¼ 500mm).
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out from the spheres in the presence of bFGF. In addition, U73122

was able to decrease the neurogenic mRNA expression (Fig. 6C)

and inhibit bFGF-induced neurite-like out growth after plating the

dissociated cells on Col IV coated dish similar to those of cells treated

with SU5402 (Fig. 7).

DISCUSSION

This study highlights an influence of basic FGF on human DPSCs,

particularly on maintaining of pluripotency. In addition, the

particular intracellular signal transduction, which was involved

in the basic FGF controlling neuronal differentiation of human

DPSCs, is illustrated.

In this study, we illustrated that basic FGF enhanced the

expression of pluripotentcy marker; Oct4 and Nanog. In addition,

Rex1 mRNA expression was increased after DPSCs was treated with

basic FGF. As Rex1 has been shown as a target of Oct4 and Nanog

[Ben-Shushan et al., 1998; Shi et al., 2006], these evidences may

imply the function of Oct4. Thus, it suggests that basic FGF may

influence in maintaining stem cells of human DPSCs. Although,

Morito et al. [2009] reported that human dental pulp cells treated

with basic FGF increased the expression of STRO-1, a marker for

mesenchymal stem cells. We did not find the difference in mRNA

expression of mesenchymal stem cell markers. Basic FGF may

regulate stem cell self-renewal through several mechanisms, that is,

the regulation of Nanog promoter activity [Xu et al., 2008], the

preferentially activation of specific types of FGFR [Maric et al.,

Fig. 4. Basic fibroblast growth factor (basic FGF) influenced neurosphere formation and cell migration. A: Representative neurospheres formed in neuroinductive medium (a),

neuroinductive mediumþ 20ng/ml EGF (b), neuroinductive mediumþ 20ng/ml basic FGF (c), and neuroinductive mediumþ 20ng/ml EGF, and basic FGF (d). B: The percentage of

neurosphere diameter in each culture condition was illustrated. C: Cell migration on Col IV coated dishes under various culture conditions was also shown (Scale bars¼ 200mm).

Fig. 3. Basic fibroblast growth factor (basic FGF) inhibited alkaline phos-

phatase (ALP) enzymatic activity, and mineralization of dental pulp stem cells

(DPSCs). DPSCs were cultured in osteogenic medium (OM) with or without the

supplementation of basic FGF (20 ng/ml) for 14 days. A: The ALP activity

normalized to total cellular protein. B: The absorbance of solubilized alizarin

red staining. Bars indicated the statistically significant difference at P< 0.05.
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2007], and the regulation of other growth factors influencing

self-renewal property of the cells [Park et al., 2009].

Basic FGF treated human DPSCs resulted in the decreased ALP

enzymatic activity and mineralization after cultured in osteogenic

medium, corresponding to previous reports [Shiba et al., 1995, 1998;

Morito et al., 2009; Shimabukuro et al., 2009]. These suppressive

effects of basic FGF in DPSCs may occur partly through the

mechanism, which basic FGF regulated BMPR expression as similar

to those observed in dental pulp stem cell from primary teeth

(Supplementary Fig. S3). We hypothesize that basic FGF promotes

self-renewing and inhibits abnormal mineralization in dental pulp

cavity. Tran-Hung et al. [2008] reported that injured dental pulp

cells increased the basic FGF release at early phase and then

decreased in later phase. Together with our present data, the increase

of basic FGF may play a role in stem cell proliferation to promote

healing in early episode and further decrease in later phase to allow

mineralized dentin bridge formation.

As shown in the present study, basic FGF promoted neuron-like

morphology and expression of neurogenic markers in DPSCs,

similar to those reported previously in other cell types [Sasaki et al.,

2008; Yang et al., 2008; Govindasamy et al., 2010]. To further

elucidate the intracellular transduction pathway, it has been

demonstrated that basic FGF-induced neuronal differentiation of

murine bone marrow stromal cells was mediated by FGFR1, MAPK/

Fig. 5. Basic fibroblast growth factor (basic FGF) enhanced the expression of neuronal markers. A: The mRNA expression of DPSCs derived neurospheres cultured in

various cultured conditions is shown. The dissociated cells from the neurospheres plated on Col IV coated dish for 7 days in various cultured conditions and further stained

for b3-tubulin; neuroinductive medium (B), neuroinductive mediumþ 20 ng/ml EGF (C), neuroinductive mediumþ 20 ng/ml basic FGF (D), and neuroinductive

mediumþ 20 ng/ml EGF and basic FGF (E). White arrowheads marked b3-tubulin positive, long, thin cytoplasmic processes of differentiated cells (Scale bars¼ 50mm).
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ERK, and AP-1 with the ERK-activation dependent on PLCg [Yang

et al., 2008]. Similar to those results, our study reveals that basic

FGF-induced neuronal differentiation of DPSCs using neurosphere

culture was mediated by the FGFR and PLCg pathway. We also

investigated the involvement of MEK signaling using U0126, a MEK

inhibitor. U0126 failed to inhibit the expression of b3-tubulin and

NMD mRNA (data not shown). The different observations between

studies may be due to several parameters including cell types,

culture methods, and the concentration of inhibitor used.

Our results indicated basic FGF regulates self-renewal, maintains

pluripotency, inhibits mineralization, and promotes neuronal

differentiation of DPSCs. There are several plausible explanations

of themultiple regulatory functions of basic FGF on DPSCs. First, the

specific function of basic FGF occurred upon interaction with

specific FGFR in particular cell types. We observed alteration of

FGFRs expression in DPSCs when exposed to basic FGF. Increased

expression of FGFR2 and FGFR3 was noted in basic FGF treated cells

(Supplementary Fig. S4). This evidence suggests that the preferential

interaction of basic FGF and FGFRs may occur in order to control of

DPSCs functions. Second, a distinct subpopulation of stem cells may

respond differently to basic FGF. The regulation of cell fate

depended on the concentration of basic FGF, type of stem cells, and

the preferential activation of FGFRs [Maric et al., 2007]. Last, the

regulation of basic FGF in particular function may require the

involvement of other stimulatory mechanisms. The increase in basic

FGF released upon dental pulp cell injury might promote stem cell

proliferation to facilitate healing rather than expediting the

neuronal differentiation of DPSCs. These regulatory function

definitely needs other molecules to co-regulate or switch off/on

the particular functions. The mechanisms of how basic FGF

preferentially regulates self-renewal or neuronal differentiation in

DPSCs remains to be further elucidated.

In summary, basic FGF promoted DPSCs self-renewal and

neuronal differentiation but inhibited mineralization under osteo-

genic conditions. In addition, basic FGF regulation of neuronal

differentiation of DPSCs occurred through FGFR and PLCg

intracellular transduction pathways. The mechanisms involving

the complex regulation of basic FGF in DPSCs requires further study.

Fig. 6. Basic fibroblast growth factor (basic FGF) enhanced the neurosphere formation expression of neuronal markers through FGFR and PLCg. A: Neurospheres formed in

neuroinductive medium (a), neuroinductive mediumþ 20 ng/ml basic FGF (b), neuroinductive mediumþ 20 ng/ml basic FGFþ 20mM SU5402 (c), and neuroinductive

mediumþ 20 ng/ml basic FGFþ 2mM U73122 (d). Cell migration out of the spheres when plated on Col IV coated dishes under previous conditions (e–h). B: Percentage of

neurosphere diameter when treated with inhibitors is illustrated. C: The mRNA expression of b3-tubulin and neuromodulin (NMD) was decreased upon inhibited with SU5402

and U73122 (Scale bars¼ 200mm).

1814 bFGF INDUCES NEURONAL DIFFERENTIATION IN DPSC JOURNAL OF CELLULAR BIOCHEMISTRY



ACKNOWLEDGMENTS

The authors thank Assistant Professor Dr. Nipan Israsena, Stem Cell
Research Unit, Faculty of Medicine, Chulalongkorn University, and
Dr. Kavita Kanjanamekanant, Graduate Program in Oral Biology,
Faculty of Dentistry, Chulalongkorn University for neurosphere
assay training. This study was supported by Chulalongkorn
University Centenary Academic Development Project and in part
by Faculty of Dentistry Research Funding, Chulalongkorn Uni-
versity and The National Research University Project of CHE and
the Ratchadaphiseksomphot Endowment Fund (HR1166I).

REFERENCES

Arthur A, Rychkov G, Shi S, Koblar SA, Gronthos S. 2008. Adult human
dental pulp stem cells differentiate toward functionally active neurons under
appropriate environmental cues. Stem Cells 26:1787–1795.

Barnabe GF, Schwindt TT, Calcagnotto ME, Motta FL, Martinez G, Jr.,
de Oliveira AC, Keim LM, D’Almeida V, Mendez-Otero R, Mello LE. 2009.
Chemically-induced RAT mesenchymal stem cells adopt molecular proper-
ties of neuronal-like cells but do not have basic neuronal functional proper-
ties. PLoS One 4:e5222.

Ben-Shushan E, THompson JR, Gudas LJ, Bergman Y. 1998. Rex-1, a gene
encoding a transcription factor expressed in the early embryo, is regulated
via Oct3/4 and Oct-6 binding to an octamer site and a novel protein, Rox-1,
binding to an adjacent site. Mol Cell Biol 18:1866–1878.

d’Aquino R, De Rosa A, Lanza V, Tirino V, Laino L, Graziano A, Desiderio V,
Laino G, Papaccio G. 2009. Human mandible bone defect repair by the

grafting of dental pulp stem/progenitor cells and collagen sponge biocom-
plexes. Eur Cell Mater 18:75–83.

Gandia C, Arminan A, Garcia-Verdugo JM, Lledo E, Ruiz A, Minana MD,
Sanchez-Torrijos J, Paya R, Mirabet V, Carbonell-Uberos F, Llop M, Montero
JA, Sepulveda P. 2008. Human dental pulp stem cells improve left ventricular
function, induce angiogenesis, and reduce infarct size in rats with acute
myocardial infarction. Stem Cells 26:638–645.

Govindasamy V, Abdullah AN, Ronald VS, Musa S, Ab Aziz ZA, Zain RB,
Totey S, Bhonde RR, Abu Kasim NH. 2010. Inherent differential propensity of
dental pulp stem cells derived from human deciduous and permanent teeth.
J Endod 36:1504–1515.

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. 2000. Postnatal human
dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci USA
97:13625–13630.

Gronthos S, Brahim J, Li W, Fisher LW, Cherman N, Boyde A, DenBesten P,
Robey PG, Shi S. 2002. Stem cell properties of human dental pulp stem cells.
J Dent Res 81:531–535.

Huang GT, Gronthos S, Shi S. 2009. Mesenchymal stem cells derived from
dental tissues vs. those from other sources: Their biology and role in
regenerative medicine. J Dent Res 88:792–806.

Kadar K, Kiraly M, Porcsalmy B, Molnar B, Racz GZ, Blazsek J, Kallo K, Szabo
EL, Gera I, Gerber G, Varga G. 2009. Differentiation potential of stem cells
from human dental origin—Promise for tissue engineering. J Physiol Phar-
macol 60(Suppl 7):167–175.

Kiraly M, Porcsalmy B, Pataki A, Kadar K, Jelitai M, Molnar B, Hermann P,
Gera I, GrimmWD, Ganss B, Zsembery A, Varga G. 2009. Simultaneous PKC
and cAMP activation induces differentiation of human dental pulp stem cells
into functionally active neurons. Neurochem Int 55:323–332.

Fig. 7. Basic fibroblast growth factor (basic FGF) mediated the expression of b3-tubulin through FGFR and PLCg. b3-tubulin expression in dissociated neurosphere cells after

1 week culture on COL IV coated dishes; (A) in neuroinductive medium, (B) neuroinductive mediumþ 20 ng/ml basic FGF, (C) neuroinductive mediumþ 20 ng/ml basic

FGFþ 20mM SU5402, and (D) neuroinductive mediumþ 20 ng/ml basic FGFþ 2mMU73122. White arrowheads marked b3-tubulin positive, long, thin cytoplasmic processes

of differentiated cells (Scale bars¼ 50mm).

JOURNAL OF CELLULAR BIOCHEMISTRY bFGF INDUCES NEURONAL DIFFERENTIATION IN DPSC 1815



Le Douarin NM, Creuzet S, Couly G, Dupin E. 2004. Neural crest cell plasticity
and its limits. Development 131:4637–4650.

Lu P, Blesch A, Tuszynski MH. 2004. Induction of bone marrow stromal cells
to neurons: Differentiation, transdifferentiation, or artifact? J Neurosci Res
77:174–191.

Maric D, Fiorio Pla A, Chang YH, Barker JL. 2007. Self-renewing and
differentiating properties of cortical neural stem cells are selectively regu-
lated by basic fibroblast growth factor (FGF) signaling via specific FGF
receptors. J Neurosci 27:1836–1852.

Morito A, Kida Y, Suzuki K, Inoue K, Kuroda N, Gomi K, Arai T, Sato T. 2009.
Effects of basic fibroblast growth factor on the development of the stem cell
properties of human dental pulp cells. Arch Histol Cytol 72:51–64.

Neuhuber B, Gallo G, Howard L, Kostura L, Mackay A, Fischer I. 2004.
Reevaluation of in vitro differentiation protocols for bone marrow stromal
cells: Disruption of actin cytoskeleton induces rapid morphological changes
and mimics neuronal phenotype. J Neurosci Res 77:192–204.

Park SB, Yu KR, Jung JW, Lee SR, Roh KH, Seo MS, Park JR, Kang SK, Lee YS,
Kang KS. 2009. bFGF enhances the IGFs-mediated pluripotent and differ-
entiation potentials in multipotent stem cells. Growth Factors 27:425–437.

Raballo R, Rhee J, Lyn-Cook R, Leckman JF, Schwartz ML, Vaccarino FM.
2000. Basic fibroblast growth factor (Fgf2) is necessary for cell proliferation
and neurogenesis in the developing cerebral cortex. J Neurosci 20:5012–
5023.

Ryu JS, Ko K, Lee JW, Park SB, Byun SJ, Jeong EJ, Choo YK. 2009.
Gangliosides are involved in neural differentiation of human dental pulp-
derived stem cells. Biochem Biophys Res Commun 387:266–271.

Sasaki R, Aoki S, YamatoM, Uchiyama H,Wada K, Okano T, Ogiuchi H. 2008.
Neurosphere generation from dental pulp of adult rat incisor. Eur J Neurosci
27:538–548.

Shi W, Wang H, Pan G, Geng Y, Guo Y, Pei D. 2006. Regulation of the
pluripotency marker Rex-1 by Nanog and Sox2. J Biol Chem 281:23319–
23325.

Shiba H, Nakamura S, Shirakawa M, Nakanishi K, Okamoto H, Satakeda H,
NoshiroM, Kamihagi K, KatayamaM, Kato Y. 1995. Effects of basic fibroblast
growth factor on proliferation, the expression of osteonectin (SPARC) and
alkaline phosphatase, and calcification in cultures of human pulp cells. Dev
Biol 170:457–466.

Shiba H, Fujita T, Doi N, Nakamura S, Nakanishi K, Takemoto T, Hino T,
Noshiro M, Kawamoto T, Kurihara H, Kato Y. 1998. Differential effects of

various growth factors and cytokines on the syntheses of DNA, type I
collagen, laminin, fibronectin, osteonectin/secreted protein, acidic and rich
in cysteine (SPARC), and alkaline phosphatase by human pulp cells in
culture. J Cell Physiol 174:194–205.

Shimabukuro Y, Ueda M, Ozasa M, Anzai J, Takedachi M, Yanagita M, Ito M,
Hashikawa T, Yamada S, Murakami S. 2009. Fibroblast growth factor-2
regulates the cell function of human dental pulp cells. J Endod 35:1529–
1535.

Spath L, Rotilio V, Alessandrini M, Gambara G, De Angelis L, Mancini M,
Mitsiadis TA, Vivarelli E, Naro F, Filippini A, Papaccio G. 2010. Explant-
derived human dental pulp stem cells enhance differentiation and prolifera-
tion potentials. J Cell Mol Med 14:1635–1644.

Tran-Hung L, Laurent P, Camps J, About I. 2008. Quantification of angio-
genic growth factors released by human dental cells after injury. Arch Oral
Biol 53:9–13.

Vaccarino FM, Schwartz ML, Raballo R, Nilsen J, Rhee J, Zhou M, Doetsch-
man T, Coffin JD, Wyland JJ, Hung YT. 1999. Changes in cerebral cortex size
are governed by fibroblast growth factor during embryogenesis. Nat Neurosci
2:246–253.

Waddington RJ, Youde SJ, Lee CP, Sloan AJ. 2009. Isolation of distinct
progenitor stem cell populations from dental pulp. Cells Tissues Organs
189:268–274.

Xu RH, Sampsell-Barron TL, Gu F, Root S, Peck RM, Pan G, Yu J, Antosie-
wicz-Bourget J, Tian S, Stewart R, Thomson JA. 2008. NANOG is a direct
target of TGFbeta/activin-mediated SMAD signaling in human ESCs. Cell
Stem Cell 3:196–206.

Yang H, Xia Y, Lu SQ, Soong TW, Feng ZW. 2008. Basic fibroblast growth
factor-induced neuronal differentiation of mouse bone marrow stromal cells
requires FGFR-1, MAPK/ERK, and transcription factor AP-1. J Biol Chem
283:5287–5295.

Yang X, Guo S, Cheng Y, Pan Q. 2010. bFGF and PDGF-BB have a synergistic
effect on the proliferation, migration and VEGF release of endothelial
progenitor cells. Cell Biol Int DOI: 10.1042/CBI20100401

ZhangW, Walboomers XF, Van Kuppevelt TH, DaamenWF, Van Damme PA,
Bian Z, Jansen JA. 2008. In vivo evaluation of human dental pulp stem cells
differentiated towards multiple lineages. J Tissue Eng Regen Med 2:117–125.

Zhao Y, Liu Z, Pan C, Li Z, Zhou J, Wang J, Yin Z, Wang X. 2011. Preparation
of gelatin microspheres encapsulated with bFGF for therapeutic angiogenesis
in a canine ischemic hind limb. J Biomater Sci Polym Ed 22:665–682.

1816 bFGF INDUCES NEURONAL DIFFERENTIATION IN DPSC JOURNAL OF CELLULAR BIOCHEMISTRY


