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Abstract
Objectives: Investigate the role of the transient receptor potential melastatin 4 
(TRPM4) channel in rat dental pulp stem cell (DPSC) proliferation and survival.
Materials and methods: Immunofluorescence and FACS analysis were used to detect 
the stem cell marker CD90. Alizarin Red S and Oil Red O staining were used to identify 
osteoblast and adipocyte differentiation, respectively. To characterize TRPM4, patch-
clamp recordings were obtained from single cells in the whole-cell configuration mode. 
The significance of TRPM4 for proliferation and survival was examined with 
9-phenanthrol, a TRPM4 inhibitor during a 96-hour period of culture. Real-time Ca2+ 
imaging analysis with Fura-2AM was used to investigate the impact of TRPM4 on in-
tracellular Ca2+ signals.
Results: DPSCs were CD90-positive and differentiated into osteoblasts. Patch-clamp 
recordings revealed currents typical of TRPM4 that were Ca2+-activated, voltage-
dependent and Na+-conducting. Inhibition of TRPM4 resulted in a significant reduc-
tion in the cell population after a 96-hr period of culture and transformed the biphasic 
pattern of intracellular Ca2+ signalling into sustained oscillations.
Conclusions: Rat DPSCs have stem cell characteristics and functional TRPM4 channels 
that are required for proliferation and survival. These data suggest that the shape and 
frequency of intracellular Ca2+ signals may mediate stem cell proliferation and survival.

1  | INTRODUCTION

Dental pulp stem cells (DPSCs) of mesenchymal origin are a poten-
tial source of stem cells capable of differentiating into specialized 
tissues.1,2 They can differentiate into osteoblasts to promote the re-
pair and regeneration of alveolar bone defects3 and grow into dental 
pulp-like tissue in a matrix of dentin.4 When cultured on a perforated 
collagen scaffold, DPSCs differentiate into odontoblast-like cells in 
the presence of Dentin Matrix Acidic Phosphoprotein-1.5 Nam et al. 
reported odontoblastic differentiation and dentin deposition when 
DPSCs were grown on porous granules of Ca2+ phosphate, even in 
the absence of induction.6 In vivo experiments have shown that in 

combination with a collagen scaffold and DMP-1, these cells can re-
generate dentin in perforated molars.7 Other studies have revealed 
that DPSCs can be used in the repair or treatment of non-dental tis-
sues because they develop into new bone when injected into defec-
tive regions of the mandible.8 DPSC co-culture with mesencephalic 
neurons reduces neuronal destruction from MPP+ and rotenone in 
a model for Parkinson’s disease.9 In addition, DPSCs can enhance 
wound healing10 and differentiate into neural progenitor cells,11 odon-
toblasts and endothelial cells.12 The process of stem cell proliferation 
and differentiation is controlled by a network of intracellular signal-
ling pathways triggered by hormones, ion channels, cytokines, and/or 
growth factors. Despite reports on the use of DPSCs for tissue regen-
eration, the mechanisms controlling cell proliferation and survival are 
not fully understood.*Equal contributors.
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Transient receptor potential (TRP) proteins are a family of ion chan-
nels that control intracellular Ca2+ signals by conducting Ca2+ directly 
into cells or by controlling the activity of other Ca2+ channels such as 
voltage-dependent calcium channels (VDCCs) or store-operated chan-
nels (SOCs).13 TRPM4, a member of the melastatin family, inhibits os-
teogenesis but is required for the adipogenesis of dental follicle stem 
cells (DFSCs).14 These effects are linked to changes in intracellular Ca2+ 
signals during the differentiation process. Undifferentiated stem cells 
are considered non-excitable in nature and rely on SOCs for Ca2+ influx. 
In these cells, TRPM4 depolarization due to Na+ conductivity inhibits 
Ca2+ influx through SOCs. Therefore, TRPM4 suppression increases 
Ca2+ entry, which is observed in DFSCs, immune and neuronal cells.15–

17 The opposite effect is seen in excitable cells (e.g., pancreatic α- and 
β-cells) where TRPM4-mediated depolarization activates VDCCs.18,19 
In this case, inhibition of TRPM4 decreases Ca2+ entry because depo-
larization is required for the opening of VDCCs. The presence of VDCCs 
in rat DPSCs was reported by Ju et al. and is necessary for neuron and 
osteoblast differentiation.20 Another family member, TRPM7, is a Ca2+- 
and Mg2+-permeable channel that is essential for cell proliferation 
and survival.21 Inhibition of TRPM7 in bone marrow stem cells results 
in cell death.22 Deletion of the TRPM7 gene in zebrafish before and 
during organogenesis results in severe developmental abnormalities,23 
and channel mutation leads to abnormal skeletogenesis, kidney stone 
formation, albinism and embryonic lethality.24 In the current study, we 
characterized, for the first time, the TRPM4 channel in DPSCs and de-
termined its impact on cell proliferation and survival.

2  | MATERIALS AND METHODS

2.1 | Reagents

All reagents were purchased from Sigma Chemical Co. (St. Louis, MO, 
USA) and ThermoFisher Scientific (Waltham, MA, USA), except FBS 
(Atlanta Biologicals, Flowery Branch, GA, USA).

2.2 | Dental pulp stem cell isolation and culture

Rat dental pulp was harvested from mandibular molars of 5-7-day 
post-natal Sprague-Dawley rats and trypsinized to obtain a cell sus-
pension. Cells were grown in α-MEM with 20% FBS and incubated 
at 37°C and 5% CO2. At 90% confluence, cells were harvested using 
Trypsin-EDTA and passaged into a T-75 flask with an initial density of 
2×105 cells. Primary cultures were tested for their multipotent capa-
bility in osteogenic and adipogenic medium prior to experimentation. 
Cells between passages 2-6 were used.

2.3 | Immunofluorescence and FACS 
analysis of CD90

For live-cell staining, cells were seeded in a 24-well plate, and the 
CD90-APC antibody was added to each well at a concentration of 
0.6 μg/mL and incubated at 37°C for 30 minutes. Next, the medium 
with the antibody was aspirated, and the wells were washed twice to 

remove any unbound antibody. Finally, 0.5 mL of medium was added 
to each well, and cells were examined using a Zoe Fluorescence Cell 
Imager (Bio-Rad, Hercules, CA, USA).

For cell sorting, cells were cultured in a T-75 flask to approximately 
90% confluency and trypsinized for detachment. Cells were then cen-
trifuged at 704 × g for 5 minutes. The pellet was re-suspended in 5 mL 
of PBS, passed through a 70 μm filter and centrifuged. After the pel-
let was washed with PBS, it was suspended in 200 μL PBS, and the 
CD90-APC antibody was added at a concentration of 0.6 μg/mL. After 
30 minutes, cells were centrifuged and washed with PBS to remove 
any unbound antibody. The cells were re-suspended in PBS to a den-
sity of 1×106 cells per 100 μL for FACS using an Aria dual laser flow 
cytometer (BD Biosciences, San Jose, CA, USA). Cells not incubated 
with the CD90 antibody were used as the negative control.

2.4 | Osteoblast and adipocyte differentiation

The osteogenic medium was formulated with DMEM-LG supplemented 
with 10% FBS, 10 nmol/L dexamethasone, 0.1 mmol/L ascorbic-acid-
2-phosphate and 10 mmol/L β-glycerophosphate. The medium was 
changed every 4 days during osteogenesis. After 14 days, the medium 
was aspirated, and the cultures were washed twice with PBS, fixed with 
10% formaldehyde, washed again with distilled water and incubated with 
1% Alizarin Red S (ARS) in dH2O. After incubation, the staining solution 
was removed, and the cultures were washed with distilled water to re-
move excess dye. Stained monolayers were visualized by phase-contrast 
microscopy with an inverted microscope (Zeiss, Thornwood, NY, USA).

The adipogenic medium was formulated with DMEM-LG sup-
plemented with 10% FBS, 50 μg/mL ascorbic acid, 0.1 μmol/L dexa-
methazone and 50 μg/mL indomethacin. After 21 days, lipid droplet 
accumulation was detected by Oil Red O (ORO) staining. Cells were 
washed with PBS, fixed with 10% formalin for 10 minutes, washed 
twice with dH2O and incubated with 60% isopropanol for 5 minutes. 
Cells were stained with ORO solution for 5 minutes and washed to 
remove excess dye. The presence of lipid droplets was visualized by 
phase-contrast microscopy with an inverted microscope (Zeiss).

2.5 | Electrophysiology

Patch-clamp experiments were performed with external solutions con-
taining (in mmol/L) 140 NaCl, 2.8 KCl, 1 CaCl2, 2 MgCl2, 4 glucose, and 
10 HEPES-NaOH, pH 7.2 adjusted with NaOH. The internal solution 
contained (in mmol/L) 120 Cs-glutamate, 8 NaCl, 1 MgCl2, 10 Cs-BAPTA, 
10 HEPES-CsOH, pH 7.2 adjusted with CsOH. Different intracellular 
buffered Ca2+ concentrations were obtained by adjusting the CaCl2 in 
the internal solution (calculated with WebMaxC http://www.stanford.
edu/~cpatton/webmaxcS.htm). The Na+-free modified Ringer’s solution 
contained (in mmol/L) 140 N-methyl-d-glucamine (NMDG), 2.8 KCl, 1 
CaCl2, 2 MgCl2, 4 glucose, 10 HEPES-CsOH, pH 7.2 adjusted with CsOH. 
For TRPM7 recording, MgCl2 was absent from the internal solution and 
was prepared according to previous method.22 All solutions had an osmo-
larity of ~300 mOsm/L. TRPM4 currents were recorded in the tight-seal 
whole-cell configuration mode at room temperature. High-resolution 
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current recordings were acquired using a computer-based patch-clamp 
amplifier system (EPC-10; HEKA, Lambrecht, Germany). Patch pipettes 
had resistances of 3-5 MΩ and were coated in Sigmacote® silicon solu-
tion (Sigma-Aldrich). Following the establishment of the whole-cell con-
figuration, 50-ms voltage ramps spanning the voltage range of −100 to 
+100 mV at a rate of 0.5 Hz over a period of 400-600 s were applied. 
All voltages were corrected for a liquid junction potential of 10 mV be-
tween the external and internal solutions, calculated with Igor PPT Liquid 
Junction Potential software (Wavemetrics, Portland, OR, USA).

2.6 | Determination of cell proliferation and survival

The Alamar Blue assay was utilized as a non-toxic method to continu-
ously monitor cell growth. Cells were seeded into six-well plates, and 
experiments were performed at 0, 24, 48, 72 and 96 hour of culture 
in the presence or absence of the channel inhibitor. At the respective 
time, the culture medium was removed from each well, and assay me-
dium containing 10% Alamar Blue was added. After 2 hour of incuba-
tion, 100 μL assay medium was pipetted into a well of a 96-well plate 
in triplicate for each sample. Fresh culture and assay medium were 
used as controls. The plate was placed in a microplate reader model 

550 (Bio-Rad), and OD values were obtained. The Alamar Blue reduc-
tion was calculated according to the manufacturer’s formula.

2.7 | Real-time calcium imaging analysis

Cells were loaded with 2 μmol/L Fura-2AM for 30 minutes at 37°C. 
The imaging buffer containing (in mmol/L) 136 NaCl, 4.8 KCl, 1.2 
CaCl2, 1.2 MgSO4, 10 HEPES, 4 glucose and 0.1% BSA, pH 7.3, was 
used for Fura-2AM loading and perfusion throughout the experi-
ments. Calcium measurements were obtained using a dual excitation 
fluorometric imaging system (TILL-Photonics, Gräfefingen, Germany) 
controlled by TILLvisION software. Fura-2AM-loaded cells in the 
perfusion chamber were excited by 340 and 380 nm wavelengths. 
Fluorescence emissions were sampled at a frequency of 1 Hz and 
computed into relative ratio units of the fluorescence intensity of the 
difference of wavelengths (F340/F380).

2.8 | Data analysis

Cell proliferation was analysed using ANOVA and SAS® software (SAS 
Institute Inc., Cary, NC, USA) to determine the effects of treatment 

F IGURE  1 DPSCs express the stem cell marker CD90 and differentiate into osteoblasts and adipocytes. A, Cells stained with the CD90-
APC antibody were shown to be CD90+ compared to control unstained cells. B, FACS analysis revealed that the majority of DPSCs (98% of the 
population) were CD90+. C, Alizarin Red S staining from cells cultured in control growth or osteogenic medium confirmed the Ca2+ deposition 
in the extracellular matrix and mineralization. D, Oil Red O staining from cells cultured in control growth or adipogenic medium show the lipid 
droplet accumulation in the intracellular space. Images taken at 50X magnification
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F IGURE  2 TRPM4 channel currents in DPSCs. (A) Patch-clamp recordings from single cells showing the average inward and outward 
currents during intracellular perfusion with increasing concentrations of buffered Ca2+. Traces represent the mean±SEM (n=3-8 cells/
concentration) recorded at a 0-mV holding potential. (B) Current-voltage relationship (I/V) under the experimental conditions described in (A) 
taken from representative cells at 600 s. (C) Average peak inward currents reflecting Na+ influx from cells described in (A). (D) Average TRPM7 
currents in the absence of MgCl2 in the internal solution. Traces represent the mean±SEM (n=6 cells/concentration). (E) Current-voltage 
relationship (I/V) under experimental conditions described in (D) taken from representative cells at 600 s

F IGURE  3 Voltage dependency and 
Na+ conductivity of TRPM4. A, Average 
inward and outward currents in response 
to 1 μmol/L buffered Ca2+ at holding 
potentials of −80, 0 and +60 mV. Traces 
are mean±SEM (n=3-5 cells/group). B, 
Current-voltage relationship (I/V) under 
experimental conditions described above 
and obtained at 400 s from representative 
cells at their peak current amplitude. C, 
Average inward and outward currents in 
control buffer containing NaCl compared 
to those in cells maintained in buffer with 
NMDG replacing NaCl. Experiment was 
performed with 1 μmol/L buffered Ca2+ 
at a +60-mV holding potential. Traces are 
mean±SEM (n=4-5 cells/group). D, Current-
voltage relationship (I/V) taken at 400 s 
from representative cells
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and time. Statistical significance was established at P<.05. Calcium im-
aging data are shown as averages from several cells or representative 
traces from single cells from three independent experiments.

3  | RESULTS

3.1 | DPSCs are CD90+ and can differentiate into 
osteoblasts and adipocytes

Immunofluorescence with the CD90-APC stem cell antibody revealed 
CD90+ cells compared to that observed in control cells in the absence 
of the antibody (Figure 1A). To quantify the percentage of cells that 
were CD90+, FACS was used. The results indicated that approximately 
98% were CD90+ (Figure 1B). Next, we tested their multipotency with 
osteogenic and adipogenic medium. Alizarin Red S staining on day 14 
detected the presence of calcium deposition in the extracellular matrix 
(Figure 1C), and Oil Red O staining on day 21 detected the presence 

of lipid droplet accumulation (Figure 1D) compared to those in control 
cells maintained in growth medium.

3.2 | TRPM4 channels are present in DPSCs

Patch-clamp recording in single cells was performed to determine 
if currents characteristic of TRPM4 currents could be detected.14,25 
Intracellular perfusion with increasing buffered Ca2+ concentra-
tions (0.1-1 μmol/L) resulted in a concentration-dependent ac-
tivation of TRPM4 currents with its signature current-voltage 
relationship (I/V) (Figure 2A,B). The peak inward currents that 
depolarized cells with Na+ influx were obtained with a Ca2+ con-
centration of 1 μmol/L, EC50 of 0.52 μmol/L, and Hill coefficient 
of 2.16 (Figure 2C). We also detected the presence of TRPM7 cur-
rents in the absence of MgCl2 in the internal solution (Figure 2D,E). 
The additional biophysical properties of TRPM4 in DPSCs observed 
included its voltage dependency and ionic conductivity (Figure 3). 

F IGURE  4  Inhibition of TRPM4 decreases DPSC proliferation and survival. A, Average percent reduction in Alamar Blue after 0, 24, 48, 
72, and 96 h of culturing cells in growth medium in the absence or presence of the TRPM4 inhibitor 9-phenanthrol (10 μmol/L) or TRPM7 
inhibitor carvacrol (300 μmol/L). Experiments were performed in triplicate (3 wells/group). *P<.05 compared to control cells in the absence of 
the inhibitor at the same time point. B, Representative bright-field images during a 96-h period from three independent experiments at 10X 
magnification. C, Stimulation with 300 μmol/L ATP increased intracellular Ca2+ characterized by a first phase due to ER release followed by a 
secondary phase due to influx. D, Pretreatment of cells with 10 μmol/L 9-phenanthrol prior to ATP stimulation transformed the secondary phase 
into oscillations. Black line=average from all cells; Gray line=single cell trace. Data represent the average from 125-196 cells/group from three 
independent experiments
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Intracellular perfusion with buffered Ca2+ at a 1 μmol/L concentra-
tion and holding potential of −80 mV inhibited channel activation, 
whereas a holding potential of +60 mV facilitated it (Figure 3A,B). 

To confirm that the TRPM4 currents were due to Na+ influx, we 
substituted NaCl in the extracellular buffer solution for an equimo-
lar concentration of NMDG, which abolished the channel currents 

F IGURE  5 Dose–response for 9-phenanthrol during Ca2+ imaging analysis. Pretreatment of cells with the TRPM4 blocker 9-phenanthrol (0.3-
30 μmol/L) induced intracellular Ca2+ oscillations in a concentration-dependent manner during 300 μmol/L ATP stimulation. Black line=average 
from all cells; Grey line=single cell trace. Data represent the average from 115-168 cells/group from three independent experiments

F IGURE  6  Inhibition of TRPM4 
induces Ca2+ oscillations in DPSCs. (A-C) 
Representative intracellular Ca2+ traces 
from single cells in response to 300 μmol/L 
ATP simulation alone. Note the biphasic 
pattern due to ER release followed by 
influx from the extracellular space. (D-F) 
Cells pretreated with 9-phenanthrol 
(10 μmol/L) followed by 300 μmol/L ATP 
stimulation reveal the change in the Ca2+ 
signalling pattern



     |  7 of 8NGOC TRAN et al.

even under 1 μmol/L buffered Ca2+ and a +60-mV holding potential 
(Figure 3C,D).

3.3 | TRPM4 is required for DPSC 
proliferation and survival

To investigate the impact of TRPM4 on cell proliferation and survival, 
we utilized the TRPM4 inhibitor 9-phenanthrol.26 We also examined 
the effect of TRPM7 suppression using the channel inhibitor carvac-
rol27 to confirm its requirement for cell proliferation and survival.21,28 
Inhibition of TRPM4 with 10 μmol/L 9-phenanthrol added to the cul-
ture medium reduced cell proliferation and survival at 72 hour of cul-
ture but as early as 48 hour with TRPM7 suppression by 300 μmol/L 
carvacrol compared to that in control cells in the absence of the inhibi-
tor (Figure 4A,B).

3.4 | TRPM4 suppression induces Ca2+ oscillations

To determine the impact of TRPM4 on Ca2+ signals, cells were pre-
treated with 9-phenanthrol (10 μmol/L) for 20 minutes followed 
by ATP (300 μmol/L) stimulation. Inhibition of TRPM4 transformed 
the Ca2+ signalling pattern from biphasic in control cells without 
9-phenanthrol (Figure 4C) to sustained oscillations in the presence 
of the inhibitor (Figure 4D). The presence of these oscillatory sig-
nals was observed with an increase in the 9-phenanthrol concen-
trations from 0.3 to 30 μmol/L (Figure 5). The change in the Ca2+ 
signalling pattern was seen in representative traces from control 
single cells without the TRPM4 blocker (Figure 6A-C) compared 
to that seen in cells pretreated with 10 μmol/L 9-phenanthrol 
(Figure 6C,D).

4  | DISCUSSION

We investigated, for the first time, TRPM4 in DPSCs, which are a 
potential source of stem cells for tissue regeneration. We detected 
the stem marker CD90 and could differentiate these cells into os-
teoblasts and adipocytes. Based on the biophysical properties of the 
TRPM4 current, it was evident that the current was Ca2+-activated, 
voltage-dependent, Na+-conducting and exhibited an I/V typical 
for the channel.25 Consistent with most reports, TRPM4 activation 
was obtained with Ca2+ concentrations ranging from 100 nmol/L 
to 1 μmol/L, thus the calculated EC50 and Hill coefficient suggested 
a greater sensitivity to intracellular Ca2+ changes than in other cell 
types. The effect of voltage on the TRPM4 current was evidenced 
by the change dependent on the holding potential, where −80 mV 
inhibited and +60 mV facilitated channel activation. When examining 
its ionic conductivity, replacement of NaCl in the extracellular buffer 
for NMDG abolished TRPM4 currents, indicating that Na+ is neces-
sary for channel function.

The requirement of TRPM4 for DPSC proliferation and survival is 
in agreement with reports in HeLa cells, a cervical cancer-derived cell 
line.29 This mechanism involves the GSK-3β-dependent degradation 

of β-catenin and reduced β-catenin/Tcf/Lef-dependent transcription. 
The fact that TRPM4 was needed for DPSC proliferation and sur-
vival along with the observation in DFSCs that proliferation is also 
reduced during osteogenesis and adipogenesis14 suggests a require-
ment for TRPM4 during growth and the transition into the differen-
tiation stage. Other studies have revealed that the channel controls 
the migration of prostate cancer and dendritic cells.17,30 In prostate 
cancer, inhibition of TRPM4 reduces migration but not proliferation 
of DU145 and PC3 cell lines, which may be due to their tumour char-
acteristics.30 As expected, inhibition of TRPM7 in DPSCs resulted in 
a significant decrease in cell proliferation and survival as reported in 
other cell types.

To determine whether intracellular Ca2+ signals could be involved 
in the effect of TRPM4 on DPSC proliferation and survival, we uti-
lized the purinergic receptor agonist ATP that binds to P2Y receptors 
and activates the PLC-IP3 pathway to promote Ca2+ release from 
the ER and Ca2+ influx. Interestingly, when TRPM4 was inhibited by 
9-phenanthrol, the secondary phase of the Ca2+ signals due to Ca2+ 
influx was transformed into oscillations. This was unexpected since, 
in non-excitable cells (e.g., immune and DFSCs), there is generally a 
gradual and sustained increase.14,15,31 Although the net Ca2+ influx 
is also increased with oscillations, whether 9-phenanthrol affects 
the activity of downstream components such as SOCs remains to 
be determined. TRPM4 mediated-cell depolarization inhibits Ca2+ 
influx via SOCs31; therefore, the oscillatory signals most likely reflect 
changes in the activity of one or both channels. Regarding the elec-
trical nature of DPSCs, undifferentiated stem cells are thought to 
be non-excitable. However, DPSCs have VDCCs of the Cav1.2 type, 
which is the main pathway for Ca2+ influx in excitable cells.20 This is 
in line with our findings in undifferentiated human adipose-derived 
stem cells that express the Cav1.2.

32 The excitable or non-excitable 
nature of DPSCs remains to be determined.

In conclusion, these results demonstrate that rat DPSCs have the 
stem cell marker CD90 and can differentiate into osteoblast and adi-
pocytes. They also have channel currents with characteristics of those 
for TRPM4. Furthermore, TRPM4 suppression decreased cell prolifer-
ation and survival. This regulatory role could be mediated by intracel-
lular Ca2+ signalling.
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