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L-type voltage-dependent Ca2+ channels (VDCCL) play an important role in the maintenance of intracel-
lular calcium homeostasis, and influence multiple cellular processes. They have been confirmed to con-
tribute to the functional activities of osteoblasts. Recently, VDCCL expression was reported in
mesenchymal stem cells (MSCs), but the role of VDCCL in MSCs is still undetermined. The aim of this
study was to determine whether VDCCL may be regarded as a new regulator in the proliferation and oste-
ogenic differentiation of rat MSC (rMSCs). In this study, we examined functional Ca2+ currents (ICa) and
mRNA expression of VDCCL in rMSCs, and then suppressed VDCCL using nifedipine (Nif), a VDCCL blocker,
to investigate its role in rMSCs. The proliferation and osteogenic differentiation of MSCs were analyzed by
MTT, flow cytometry, alkaline phosphatase (ALP), Alizarin Red S staining, RT-PCR, and real-time PCR
assays. We found that Nif exerts antiproliferative and apoptosis-inducing effects on rMSCs. ALP activity
and mineralized nodules were significantly decreased after Nif treatment. Moreover, the mRNA levels of
the osteogenic markers, osteocalcin (OCN), bone sialoprotein (BSP), and runt-related transcription factor
2 (Runx2), were also down-regulated. In addition, we transfected a1C-siRNA into the cells to further con-
firm the role of VDCCL in rMSCs, and a similar effect on osteogenesis was found. These results suggest that
VDCCL plays a crucial role in the proliferation and osteogenic differentiation of rMSCs.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction protein complexes that couple membrane depolarization to cellu-
Mesenchymal stem cells (MSCs) are multipotent stem cells that
can self-renew and differentiate into various cell types, such as
osteoblasts, chondrocytes, adipocytes, and endothelial cells,
depending on their parental tissue type and subsequent culture
conditions [1,2]. However, the mechanism of MSC proliferation
and osteogenic differentiation in vitro is not well understood. Dur-
ing proliferation and differentiation of osteoblasts, many processes
are modulated by a variety of hormones, cytokines, genes, or
chemicals [3]. Among these processes, calcium ions (Ca2+) play a
critical role in regulating cellular functions [4]. Ca2+ influx into cells
can generate biological signals, which can modulate crucial intra-
cellular processes, such as hormone secretion, synaptic transmis-
sion, and gene regulation.

L-type voltage-dependent Ca2+ channels (VDCCL) are important
factors for Ca2+ influx in many exci cells [5] as well as several types
of non-excitable cells [6,7]. It has been demonstrated that there are
functional Nif-sensitive VDCCL in rat osteoblasts [8] and in a small
population of rat MSCs [9]. VDCCL are large transmembrane multi-
ll rights reserved.
lar calcium entry. These channels are composed of a1, a2, d, b
subunits, and in some cases a c subunit [10]. The a1 subunit of
the VDCC1 family is the target of organic Ca2+ channel blockers
and the site of Ca2+ influx, and possess the pharmacological charac-
teristics and functional properties of the Ca2+ channel for voltage
sensing, ion permeability, and drug binding [11]. In addition, the
extracellular a2 subunit facilitates the assembly of a1 at the cell
surface and modulates channel kinetics [12].

Investigating whether VDCCL affects the ability of proliferation
and osteogenic differentiation of MSCs is important for elucidating
the mechanism responsible for maintaining cellular functional activ-
ities. In this study, we assessed the gene expression and functional ICa

of VDCCL in rat MSCs, and investigated the effects of VDCCL on cellu-
lar proliferation and osteogenic differentiation of rMSCs in vitro.

2. Materials and methods

2.1. Isolation and culture

MSCs were isolated from aspirates of bone marrow harvested
from the femur and tibia of one-month-old Sprague Dawley rats.
The cells were isolated by density gradient centrifugation, and then
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seeded into 75 cm2 flasks containing a-MEM (Gibco, Rockville, MD)
supplemented with 2 mM GlutaMAX, 10 U/ml penicillin, 100 lg/
ml streptomycin (all from Sigma–Aldrich, St. Louis, MO, USA),
and 10% fetal bovine serum (FBS; Gibco). The cultures were main-
tained at 37 �C in a humidified 5% CO2 incubator. The culture med-
ium was changed after 48 h to remove non-adherent cells, and
then changed every 3 days thereafter. When cells reached 80–
90% confluency, they were passaged by Trypsin-EDTA solution
(0.25% trypsin, 1 mM EDTA; Sigma). Cells in the third passage were
used for subsequent experiments.

2.2. Electrical recording

The VDCCL currents were recorded using the whole-cell patch-
clamp technique [13]. In brief, cells were constantly perfused with
bath solution containing 120 mM tetraethylammonium chloride,
10 mM CsCl, 10 mM HEPES, 2 mM CaCl2, 1 mM MgCl2, and 10 mM
Glucose (pH 7.2, CsOH). Ba2+ currents were measured in a solution
containing 10 mM Ba2+ instead of 2 mM Ca2+. To validate the VDCCL

current and examine the effects of VDCCL blockers on the channel,
the bath solution was supplemented with 0.01, 0.1, or 1 lM Nif
(Sigma). The inward sodium current (INa) was eliminated by substi-
tuting tetraethylammonium chloride (TEA-Cl) for NaCl. The basic
pipette solution for the ICa study contained 90 mM Cs-methanesul-
fonate, 20 mM CsCl, 10 mM HEPES, 4 mM Mg-ATP, 0.4 mM Tris-
GTP, 10 mM EGTA, and 3 mM CaCl2 (pH 7.2, CsOH). Patch pipettes
achieving a resistance of 1–3 MX when filled with the pipette solu-
tion were used. All experiments were conducted at room tempera-
ture (21–23 �C). The signals were recorded and stored in a Clampfit
utility program (pCLAMP 10.0, Molecular Devices, LLC, Sunnyvale,
CA, USA).

2.3. MTT assay for cell proliferation

The cells were seeded into 96-well plates at a density of
5 � 103 cells/well in 200 ll medium. After 24 h in culture, the
medium was replaced with fresh medium with or without Nif.
The MTT assay was performed every 24 h. Briefly, 20 ll MTT
(5 mg/ml) solution was added to each well, and the plates were
incubated at 37 �C and 5% CO2 for an additional 4 h. The medium
was then removed and 150 ll/well DMSO was added to dissolve
the formazan by pipetting up and down several times. An en-
zyme-linked immunosorbent assay was used to measure the val-
ues of optical densities (OD) at a wavelength of 490 nm.

2.4. Flow cytometry for cell cycle and apoptosis analyses

rMSCs were cultured in medium supplemented with or without
the Nif, channel blocker, in 25 cm2 flasks. After 3 days, rMSCs in the
two groups were detached and centrifuged. For the cell cycle assay,
cells were washed with ice-cold PBS and then centrifuged for 5 min
at 1000g. The cells were then fixed with 2 ml ice-cold 70% alcohol
and 1 ml ice-cold PBS, and incubated at 4 �C for a minimum of
30 min. For cell apoptosis analysis, the Annexin V-FITC Apoptosis
Detection Kit (Oncogene, San Diego, CA) was used. The cells were
rinsed with ice-cold PBS, resuspended in 500 ll of binding buffer,
and then incubated for 30 min at 4 �C with 5 ll of Annexin V and
2 ll of PI solution. All samples were analyzed by flow cytometry
(FACSCalibur, Becton Dickinson).

2.5. Induction of osteogenic differentiation

The cells were plated in 12-well plates at a density of
5 � 104 cells/well. After cells reached 70% confluence, the medium
was replaced with osteogenic medium (ODM, 10% FBS/a-MEM,
10 nM dexamethasone, 10 mM b-glycerophosphate, and 50 lM
ascorbic acid, Sigma), with or without Nif, respectively. The med-
ium was changed every 3 days.

2.6. Alizarin Red S staining and quantification

Alizarin Red S staining was used to analyze calcium phosphate
formation after 21 days of osteogenic differentiation. After remov-
ing the ODM, the cells were gently washed with PBS and fixed in
10% formalin solution for 15 min at room temperature. The cells
were washed with distilled water and incubated in Alizarin Red S
(Sigma) for 20–30 min in the dark. They were then washed twice
with PBS to remove excess dye. Image-Pro Plus 5.0 was used to
analyze the quantity of nodule areas.

2.7. ALP assay and staining

The cells were seeded at a density of 5 � 104 cells/well in 12-
well plates and then treated with ODM or ODM supplemented
with Nif. After 10 days in culture, ALP staining was performed
using the BCIP/NBT Alkaline Phosphatase Color Development Kit
(Beyotime, Haimen, China). An ALP activity assay kit (Beyotime,
Haimen, China) was used to analyze ALP enzymatic activity. The
cells were seeded in 96-well plates at a density of 5 � 103 cells/
well. ALP activity was analyzed on culture days 1, 3, 5, and 7,
according to the manufacturer’s instructions. The results were
measured at 520 nm using an enzyme-linked immunosorbent
assay.

2.8. RT-PCR and real-time PCR

Total RNA was extracted from cultured cells using the TriZol re-
agent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
directions. Complementary DNA (cDNA) synthesis was obtained
by using SuperScript II reverse transcriptase (Invitrogen). PCR
was performed on a1C and a2 of VDCCL, as well as glyceraldehyde
3-phosphate dehydrogenase (GAPDH) templates using an ExTaq
polymerase kit (Takara, Shuzo, Japan). The thermal cycling condi-
tions were 5 min at 95 �C, followed by 35 cycles at 55 �C for 20 s,
57 �C for 20 s, and 60 �C for 40 s. After amplification, the PCR prod-
ucts were resolved on a 1.5% agarose gel and visualized under UV
illumination (BioRad) after staining with ethidium bromide. Real-
time PCR was carried out with an ABI 7500 real-time PCR system
(Applied Biosystems) using SYBR Premix Ex Tag™ (TaKaRa). The
PCR amplification for OCN, BSP, Runx2, and GAPDH was performed
with the following cycling conditions: denaturation at 95 �C for
2 min, followed by 45 cycles at 95 �C for 10 s and 60 �C for 40 s.
Quantification of gene expression was analyzed using the compar-
ative threshold cycle (DDCt) method [14], and relative expression
levels were quantified by normalizing to GAPDH expression. The
primer sets used in RT-PCR and real-time PCR are listed in Table 1.

2.9. RNA interference

The small interfering RNA (siRNA) duplexes targeting the rat a1C
gene of VDCCL were purchased from GenePharma (Huntingdon, UK)
with siRNA entrez gene ID 199812 (sense, 50-CCAUUUUCACCAUU-
GAAAU-30 and antisense, 50-AUUUCAAUGGUGAAAAUGG-30). The
AllStars Negative Control siRNA (1027281, Qiagen, Hilden, Ger-
many) was used as a negative control. For gene transfection, rMSCs
were grown in 6-well plates at a density of 1 � 106 cells/ml for 24 h,
and then the cells were transfected with 30 nM siRNA using HiPer-
Fect transfection reagent for siRNA (Qiagen). The medium was chan-
ged after 24 h and the cells were assayed for gene knockdown 48 h
post-transfection. The cells were also cultured in ODM 24, 48, and
72 h post-transfection, and total RNA was extracted for gene expres-
sion analysis.



Table 1
Primers sequences and expected size of PCR products.

Genes Forward primer Reverse primer Size (bp)

a1C 50-CGAGCCCAGAAAAGAAACAG-30 50-ACTGCCTTTTCCTTAAGGTGCA-30 271
a2 50-CTCTGAGATGTTAGAAACCCTT-30 50-CTTCTCCTCCATCCGTGA-30 272
OCN 50-AGGACCCTCTCTCTGCTCAC-30 50-AACGGTGGTGCCATAGATGC-30 294
BSP 50-GCGAATTCTGAACGGGTTTCAGCAGAC-30 50-GCGAATTCTGGTGGTAGTAATAATCCT-30 272
Runx2 50-GCCGGGAATGATGAGAACTA-30 50-GAGGCAGAAGTCAGAGGTGG-30 582
GAPDH 50-GTGCTGAGTATGTCGTGGAG-30 50-GTCTTCTGAGTGGCAGTGAT-30 289
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2.10. Statistics

The results were expressed as mean ± standard deviation. Sig-
nificance of differences between the two groups was tested by
the independent samples t-test. Differences among three or more
groups were analyzed by one-way analysis of variance (ANOVA)
followed by a Bonferroni post hoc test. A P < 0.05 was considered
statistically significant.

3. Results

3.1. Basal characterization of rMSCs

Elongated spindle-shaped or rhomboid rMSCs grew colonially
and displayed a rather homogeneous confluent population
(Fig. 1A). The cells were immunopositive (>81.5%) for CD90 and
CD105, but were negative (<2%) for CD34 and CD45 (Fig. 1D).
Moreover, the cells differentiated into adipocytes and osteoblasts
when cultured in induction media (Fig. 1B and C).

3.2. Molecular expression and current recordings of VDCCL in rMSCs

RT-PCR was used to measure the mRNA expression of the a1C
and a2 subunits of VDCCL in rMSCs (Fig. 2A). The ICa in rMSCs mea-
Fig. 1. (A) Morphology of rMSCs after culturing the cells for 5 days. (B) Adipogenic induct
adipocyte phenotype. (C) Osteogenic induction for 21 days. Mineralized nodules were d
surface markers assessed by flow cytometry. (For interpretation of the references to col
sured by patch-clamp and electrophysiological recordings showed
that the ICa was produced by depolarization from a holding poten-
tial of �70 mV, and were activated at a membrane potential
�40 mV, which peaked at +10 mV and substantially increased
when Ca2+ was substituted for Ba2+ (10 mM; IBa) (Fig. 2B and C).
After Nif was added to the bath solution, the ICa was completely
blocked, partially blocked, or barely blocked by 1, 0.1, and
0.01 lM Nif, respectively (Fig. 2D).
3.3. Effects of VDCCL on cell proliferation

We examined the effect of Nif on the viability of rMSCs using an
MTT assay. Nif displayed dose- and time-dependent inhibition on
the growth of rMSCs (Fig. 3A). The cell cycle of rMSCs was detected
by flow cytometry (Fig. 3C and D). We found that Nif treatment
substantially decreased the cellular DNA content of rMSCs treated
with 1 lM Nif (Fig. 3B), while cells treated with 0.1 lM Nif showed
a slight but non-significant decrease (date not shown). Together,
these results suggest that inhibition of VDCCL can down-regulate
rMSCs proliferation. We subsequently assessed whether the inhib-
ited proliferative effect of Nif was related to apoptosis. The flow
cytometry results showed that Nif greatly enhanced the apoptosis
of rMSCs in a dose-dependent manner (Fig. 3E and F).
ion for 10 days. The cells were stained with oil Red O solution and show a lipid laden
etected after Alizarin Red S staining. Bars = 20 lm. (D) The expression of stem cell
our in this figure legend, the reader is referred to the web version of this article.)



Fig. 2. (A) RT–PCR assay of the a1C and a2 subunits of VDCCL in rMSCs. M: DNA Marker DL15,000 (TaKaRa, Dalian, China). (B) Characteristics of ICa and IBa in rMSCs. Current
traces were recorded by depolarizing steps from �70 mV to + 70 mV with 10 mV increments. (C) Corresponding current–voltage (I–V) relationships (n = 5). (D) Blockage of
Ca2+ currents through VDCCL in rMSCs by Nif.
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3.4. Effects of VDCCL on osteogenic differentiation of rMSCs

Alizarin Red S and ALP staining images showed that blockage of
VDCCL decreased calcium nodule formation and ALP activity,
respectively (Fig. 4A and B). The quantitative results of the calcium
nodules, ALP positive regions, and OD values of ALP activities are
shown in Fig. 4C–E. Compared to the control group, Nif inhibited
mineralization by blocking the VDCCL. After treating the cells with
Nif, the relative mRNA expression of OCN, BSP, and Runx2 were re-
duced by 10–65% during osteogenic induction compared to the
controls (Fig. 4H). Moreover, we transfected rMSCs with a1C-spe-
cific siRNA to down-regulate the a1C subunit, which is the func-
tional subunit of VDCCL. Knockdown induced a 60–85% reduction
in a1C mRNA (Fig. 4F). Importantly, when a1C was reduced in
these cells, the mRNA levels of OCN, BSP, and Runx2 were also re-
duced to 40–73% compared to control levels (Fig. 4G).
4. Discussion

MSCs are promising tools in the field of bone tissue regenera-
tion because they can be easily isolated and expanded in vitro.
However, it remains a challenge to promote the proliferation and
differentiation of MSCs for bone tissue engineering. VDCCL medi-
ates Ca2+ transport and intracellular Ca2+ signal transduction,
which participate in diverse biological processes. They are usually
expressed in several types of excitable cells, but also exist in non-
excitable cells, such as osteoblasts and chondrocytes [15,16].
VDCCL are also expressed in rodent osteosarcoma [12] and rat
osteoblast-like [17] cells. In recent years, some studies have shown
that the mRNA of the VDCCL a1 subunit is expressed in undifferen-
tiated hMSCs [18], and a functional VDCCL subunit is present in a
small population (15%) of rat MSCs. In this study, we demonstrated
by RT-PCR that the a1C and a2 subunits of VDCCL are highly ex-
pressed at the mRNA level in rMSCs, and we also detected the func-
tional ICa of VDCCL in cultured rMSCs. The voltage-gated inward
current was confirmed to be a Ca2+ channel current, because the
current was elicited by depolarization from a holding potential of
�70 mV and activated at �40 mV. Taking into account the fact that
the inward current increased by approximately twofold upon sub-
stitution of Ca2+ with Ba2+ for the entire range of the potential
recordings (Fig. 2C) and was completely blocked by Nif, we
hypothesize that the ICa in rMSCs is mainly carried through VDCCL.

VDCCL has been previously confirmed to be involved in the pro-
liferation of MC3T3-E1 cells [19]. The a1C subunit of VDCCL plays a
key role in bone growth in vitro [4]. In our studies, we first demon-
strated that blocking VDCCL significantly inhibited rMSCs prolifer-
ation, as measured by growth curves and cell cycle analyses.
Apoptosis, which is an important pathway of cell death, plays an
essential role in tissue development and homeostasis [20,21].
Therefore, it is necessary to study factors that are involved in trig-
gering MSC apoptosis in order to develop a new potential thera-
peutic measure that can effectively prevent cell loss after the
establishment of tissue engineering models. Here, we found that
VDCCL is a positive factor in protecting rMSCs from apoptosis,
while the blockade of VDCCL leads to an increase in cell apoptosis.

It has been reported that blocking VDCCL in rats suppressed
mechanically-induced bone formation [22]. However, an in vitro
study showed that blocking VDCCL does not affect early osteogenic
differentiation of human MSCs [23]. In contrast, Yoichi et al. dem-
onstrated that VDCCL blockers (benidipine, amlodipine, and nifed-
ipine) can increase ALP activity and stimulate mineral deposition



Fig. 3. (A) MTT assay results of rMSCs cultured in the control group and Nif-treated group (n = 4). (B) Flow cytometry analysis results of the cell cycle between two groups
(n = 7). (C) Cell cycle of control group. (D) Cell cycle of 1 lM Nif-treated group. (E) Apoptosis results of rMSCs by flow cytometry. (F) Apoptotic rate analysis of different groups
(n = 4). Data represent the mean ± standard deviation (SD). ⁄P < 0.05 vs. control group.

L. Wen et al. / Biochemical and Biophysical Research Communications 424 (2012) 439–445 443
in mouse osteoblastic cells [24]. In the present study, we found
that the VDCCL blocker Nif exerted dose-dependent inhibition on
osteogenic differentiation of rMSCs. Several factors, such as spe-
cies, cell types, procedures, and experiment conditions could ex-
plain these discrepancies. Most likely, the difference might be
species and cell type related. Our study exhibited that incubation
with 0.1 and 1 lM Nif resulted in a reduction in ALP activity and
decreased density of ALP-positive cells compared to the untreated
control group. ALP is a well-established osteoblast phenotypic
marker [25], and the results presented here indicate that blockage
of VDCCL affects osteogenic differentiation of rMSCs. Mineralized
nodules, which occur in the final development of bone formation,
were reduced in Nif-treated cells during osteogenic differentiation,
confirming the function of VDCCL in the extracellular matrix min-
eralization of rMSCs in vitro. Moreover, real time PCR showed that
blocking VDCCL markedly down-regulated the mRNA expression of
OCN, BSP, and Runx2 during osteogenic differentiation of rMSCs.
These proteins are considered to be osteoblast markers and play
critical roles in contributing to bone formation. OCN, which is the
most abundant noncollagenous protein in bone [26], is synthesized
by osteoblasts and viewed as a marker for bone formation [27]. In
vitro studies have shown that BSP is a marker of osteoblast differ-
entiation and onset of mineral formation [28,29]. Runx2 is an
important transcription factor required for osteoblast differentia-
tion and bone formation [30]. Therefore, our data also provide ge-
netic evidence for the positive role of VDCCL in the osteoblastic
differentiation of rMSCs. However, Nif is not a specific blocker of
VDCCL. To exclude the non-specific pharmacological effects of
Nif, we used RNAi-mediated a1C depletion to test the above find-
ings. Previous studies have reported that a1C is the major func-
tional subunit of VDCCL, and mediates cell Ca2+ influx and the
differentiation process [31]. Accordingly, a1C-specific siRNA was



Fig. 4. (A) Images of Alizarin Red S stained rMSCs cultured in ODM with or without Nif (0.1 or 1 lM) for 21 d. (B) Images of ALP stained rMSCs cultured in ODM for 10 d.
Bars = 50 lm. (C) Comparison of Alizarin Red S staining among different groups (n = 10). (D) Comparison of ALP staining among different groups (n = 10). (E) Comparison of
ALP activity among different groups (n = 7). (F) Efficiency of a1C gene silencing. RT-PCR analysis of control and siRNA-transfected cells after 24, 48, and 72 h. Columns:
relative expression level of a1C mRNA in control and siRNA-transfected groups (n = 4). (G) Real-time PCR results showed the mRNA level of OCN, BSP, and Runx2 in control
and a1C siRNA group at 24, 48, and 72 h post-transfection (n = 4). (H) Real-time PCR assay after treatment of rMSCs with 0.1 and 1 lM Nif for 2, 7, and 14 days (n = 4). Data are
presented as mean ± SD relative to control group (relative expression = 1.0) after normalization based on GAPDH. ⁄P < 0.05 vs. control group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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transfected into rMSCs to further test the effects of VDCCL on the
cells and to examine whether the a1C subunit contributes to the
regulating effects of VDCCL. Similar to the effects of Nif treatment,
a1C gene silencing also inhibited osteogenic differentiation of
rMSCs. These observations suggest that the down-regulation of
VDCCL suppresses osteogenic differentiation of rMSCs, and the
a1C may be a primary functional subunit in VDCCL-regulating pro-
cesses. Meanwhile, we also investigated the effect of VDCCL on adi-
pogenic differentiation of rMSCs, and the results showed non-
significant difference in Nif treatment group and non-Nif treat-
ment group (Supplementary Material). It suggests that adipogenic
differentiation of rMSCs may not require VDCCL function.

In summary, the VDCCL are closely related to the functional
activities of rMSCs. Inhibition of VDCCL down-regulates prolifera-
tion and osteogenic differentiation of rMSCs, but up-regulates
apoptosis. Moreover, the a1C subunit may play an important role
in the function of the channels. Our study has led to the intriguing
notion that VDCCL may be novel regulatory factors for bone tissue
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engineering. Further studies are needed to investigate the underly-
ing mechanisms and use the potential function of Ca2+ channels as
a target for regulating MSCs.
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