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Abstract

The role of mitochondria in enamel, the most mineralized tissue in the body, is poorly defined. 

Enamel is formed by ameloblast cells in two main sequential stages known as secretory 

and maturation. Defining the physiological features of each stage is essential to understand 

mineralization. Here, we analyzed functional features of mitochondria in rat primary secretory 

and maturation stage ameloblasts focusing on their role in Ca2+ signaling. Quantification of 

Ca2+ stored in mitochondria by FCCP stimulation was comparable in both stages. The release 

of endoplasmic reticulum Ca2+ pools by ATP in rhod2AM loaded cells showed similar mCa2+ 

uptake. However, mCa2+ extrusion via NCLX was more prominent in maturation. To address 

if mCa2+ uptake via the mitochondrial Ca2+ uniporter (MCU) played a role in cCa2+ buffering, 

we stimulated Ca2+ influx via the store operated Ca2+ entry (SOCE) and blocked MCU with 

the inhibitor Ru265. This inhibitor was first tested using the enamel cell line LS8 cells. 

Ru265 prevented cCa2+ clearance in permeabilized LS8 cells like ruthenium red, and it did not 

affect ΔΨm in intact cells. In primary ameloblasts, SOCE stimulation elicited a significantly 

higher mCa2+ uptake in maturation ameloblasts. The uptake of Ca2+ into the mitochondria was 

dramatically decreased in the presence of Ru265. Combined, these results suggest an increased 

mitochondrial Ca2+ handling in maturation but only upon stimulation of Ca2+ influx via SOCE. 

These functional studies provide insights not only on the role of mitochondria in ameloblast 

Ca2+ physiology, but also advances the concept that SOCE and mCa2+ uptake are complementary 

processes in biological mineralization.
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1. INTRODUCTION

Specialized ectodermal cells known as ameloblasts secrete a unique matrix that they help 

mineralize during the stages of secretory and maturation. The physiological events involved 

at each stage control enamel mineralization in fundamental ways. Secretory ameloblasts 

provide a proteinaceous organic template for the elongating enamel crystals to grow, and 

maturation ameloblasts provide increased ion transport and engage in protein removal 

allowing crystals to expand in width and thickness (1-3). Ca2+ participates in enamel 

formation at several levels: Ca2+ is an abundant and essential component of mineralized 

enamel crystals (1, 4) and is also a second messenger in ameloblasts signaling modulating 

the expression of important enamel-specific genes (5-8). Recent advances in ameloblast 

physiology showed that Ca2+ uptake into the ameloblasts is regulated by the store operated 

Ca2+ entry (SOCE) pathway (5, 6, 9, 10). SOCE is mediated by the endoplasmic reticulum 

(ER) resident Ca2+ sensors stromal interacting molecule (STIM1 and STIM2) that activate 

the highly specialized Ca2+ channel ORAI in the plasma membrane (11-14). Stimulation 

of SOCE in rat ameloblasts showed significantly higher cytosolic Ca2+ (cCa2+) uptake in 

maturation cells compared to the secretory ameloblasts (5, 6, 15). We suggested that SOCE 

is important to provide a Ca2+ supply to the ameloblasts as a critical step for its vectorial 

transport providing the growing enamel crystals with this fundamental mineralizing agent 

(6, 16-19). We have also suggested that elevations in cCa2+ controlled by SOCE likely 

participate in additional ameloblast functions (19). In SOCE-deficient mice, the ameloblasts 

have poor Ca2+ uptake and the enamel is hypomineralized (9, 10). Surprisingly, the 

ameloblasts of these mice showed abnormal mitochondrial morphology and mitochondrial 

function was also affected (10). In addition, a murine enamel cell line with a knock-down 

of Orai1 showed alterations in mitochondrial respiration and cell redox state (9). These data 

suggest important connections between Ca2+ uptake, mineral growth and mitochondria in 

ameloblasts. It also underscores the possibility that mitochondria in ameloblasts may play a 

role in Ca2+ signaling because mitochondria are known to shape Ca2+ transients in cells by 

modulating SOCE (20-22). However, the function of mitochondria in ameloblasts is poorly 

defined (23).

Mitochondria regulate cellular metabolism controlling oxidative phosphorylation 

(OXPHOS) and ATP production, a process that requires the presence of Ca2+ in the 

mitochondrial matrix to activate Ca2+ sensitive dehydrogenases (24, 25). Mitochondria 

are also important cCa2+ buffers contributing to signaling events in cells (26-32). The 

main route for Ca2+ uptake into the mitochondria is via the mitochondrial Ca2+ uniporter 

(MCU) complex, a Ca2+channel expressed in the inner mitochondrial membrane, a process 

facilitated by the steep membrane potential (ΔΨm) of the mitochondria (33-36). The 

activation of the MCU channel requires an increase in the concentration of cCa2+ well 

above basal levels, and its activity is modulated by several factors including MICU1-2, 

MCUb, MCUR1, and EMRE (37-44). Mitochondrial Ca2+ (mCa2+) is also influenced by 

the proximity of mitochondria to the ER, the main intracellular Ca2+ store of the cell (45), 

mCa2+ extrusion is modulated by the Na+-Li+-Ca2+ exchanger NCLX (46) and possibly the 

Ca2+/H+ antiporter LETM1 (38), although the latter remains contentious (47).
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The role of mitochondria in bone mineralization has been appreciated for decades, by 

contrast, mitochondrial function in enamel formation has remained poorly defined despite 

that enamel is much more calcified than bone. The enamel studies have largely focused on 

morphological analysis and subcellular localization of the mitochondria in the ameloblasts, 

and the identification of mitochondrial enzymes (48-50), but there is an overwhelming 

dearth of functional studies. To gain a better understanding of the physiological role of 

mitochondria in enamel formation, we recently analyzed OXPHOS levels in ameloblasts and 

showed that this function was upregulated in maturation (51). A recent report confirmed 

the important role of OXPHOS in mice with impaired mitochondrial DNA (mtDNA) 

replication which showed abnormal enamel (52). Because mCa2+ handling is important 

for the activation of OXPHOS and ATP production (25, 28, 53), here we have addressed 

the Ca2+ handling role of mitochondria in ameloblasts. We show that the mitochondria of 

secretory and maturation ameloblasts store a similar quantity of Ca2+ in the matrix and that 

Ca2+ released from the ER by agonist-stimulation is equally captured by mitochondria of 

both cell types. We show that SOCE activation results in significantly higher mCa2+ uptake 

by the mitochondria of maturation stage ameloblasts, and that this process involves MCU. 

These data provide an important step toward understanding the role of mitochondria in 

enamel by addressing not only its impact in ameloblast Ca2+ physiology, but also advances 

the concept that SOCE and mCa2+ uptake are complementary processes in biological 

mineralization.

2. MATERIALS AND METHODS

2.1. Animals:

All animal procedures were conducted in accordance with the guidelines approved by the 

Institutional Animal Care and Use Committee (IACUC) of New York University College of 

Dentistry (protocol # s16-00625).

2.2 Cell cultures

For primary enamel cell cultures, the lower incisors of Sprague Dawley rats (~100 gr) were 

collected to isolate primary secretory and maturation enamel organ cells as described (5, 10). 

Because the number of cells isolated from the enamel organ of a single animal is low (54), 

we pool cells from at least 2 rats for each experiment. This procedure allows us to analyze 

technical triplicates. The isolated enamel organ was incubated with Liberase (0.25 mg/ml; 

Roche) for 30 min at 37 °C then trypsinized (Trypsin; Gibco) for 10 min at 37 °C. They 

were plated onto Cell-Tak (Corning) coated plates or coverslips in X-Vivo15™ medium 

(Lonza) supplemented with 10 % FBS (Thermo Fisher Scientific) and 1 % penicillin/

streptomycin (Thermo Fisher Scientific). Isolated ameloblasts were used within 24 h after 

dissection. The purity of the dissection was validated by RT-qPCR of specific enamel genes 

for the two stages (Enam and Odam for the secretory and maturation stages, respectively) 

(Fig. S1A) and by Western blot of the enamel matrix protein Amelogenin (Fig. S1B), which 

is primarily translated in the secretory enamel stage. Fibroblasts were detected by either 

FITC fluorescent or PE anti-rat CD90/mouse CD90.1 (Thy-1.1) (1:500, 30 min at 37 °C; 

BioLegend), as we have reported previously (23).
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The murine ameloblast LS8 cell line (55) was used to address the effects of the MCU 

blockers Ruthenium 265 (Ru265) and Ruthenium Red (RuR). Cells were plated onto Poly-

L-lysine (Sigma) coated plates or coverslips in DMEM medium (Lonza) supplemented with 

10 % FBS (Thermo Fisher Scientific) and 1 % penicillin/streptomycin (Thermo Fisher 

Scientific). Cells were used within 24 to 48 h after plating.

2.3 Real time PCR (RT-qPCR)

Total RNA was isolated using the RNeasy Mini Kit (Qiagen # 217004) as indicated by 

the manufacturer followed by reverse transcription using the iScript cDNA Synthesis Kit 

(Biorad). For mRNA quantification we used the SsoAdvanced Universal SYBR Green 

qPCR Supermix (BioRad) and performed the experiments in a CFX Connect Thermocycler 

(BioRad). Primers were used at a concentration of 0.25 nM with β-Actin functioning as 

the housekeeping gene. Relative quantification of gene expression was determined by the 

2−ΔΔCT method. Table 1 lists all primers used.

2.4 NCLX activity measurements

Ameloblasts were plated per well onto 384-well plates (CellCarrier, PerkinElmer). Cells 

were rinsed in 10 mm HEPES buffered saline (HBSS buffer, pH 7.4; Thermo Fisher 

Scientific), subsequently loaded with 1 μM fluo3AM or 4 μM rhod2AM (30 min at 37 

°C; Thermo Fisher Scientific) in absence/presence of the NCLX inhibitor CGP-37157 (30 

min at 37 °C 10 μM; SantaCruz) and washed before image acquisition. Alternate brightfield, 

digital phase contrast, 488 and 580 fluorescence (excitation/emission at: 460-490/ 500-550; 

520 – 552/581 – 630 nm, respectively) images were acquired every 15 seconds, using the 

20X magnification air objective of the high content screening imaging system Operetta® and 

Harmony® software (PerkinElmer). 100 μM ATP (Sigma) was added after 2 min in absence 

of Ca2+ (EGTA 100 μM) to induce ER Ca2+ release. Analysis was performed by means 

of Harmony® software (PerkinElmer) as follows. Image segmentation was performed by 

Region of Interest in the Digital Phase contrast channel. Ca2+ dyes fluorescence intensity 

was calculated per each individual cell, and background corrected. Dyes fluorescence 

intensity, background corrected, was then measured per each region of interest (that is, 

per each individual cell) and averaged.

2.5 Quantification of cCa2+ and mCa2+

To simultaneously record cCa2+ and mCa2+, LS8 cells and primary ameloblasts were loaded 

with 1 μM fluo4AM (ThermoFisher Scientific) and 4 μM rhod2AM (30 min at room 

temperature; ThermoFisher Scientific). To quantitate cCa2+, cells were loaded with 1 μM 

fura2AM (1 h at room temperature; ThermoFisher Scientific) in Ca2+ containing Ringer’s 

solution [2 mM Ca2Cl, 155 mM NaCl, 4.5 mM KCl, 3 mM MgCl2, 5 mM Na-Hepes, and 10 

mM d-glucose (pH 7.4)]. To induce mitochondrial Ca2+ release 1 μM protonophore FCCP 

(Trifluoromethoxy carbonylcyanide phenylhydrazone; Sigma) (56) was added after 2 - 5 min 

in presence of 2 mM Ca2+. To stimulate ER Ca2+ release, ameloblasts were treated with 100 

μM ATP in free Ca2+ ringer solution (EGTA 100 μM). SOCE activity was stimulated by 

pre-incubation with 2 μM thapsigargin (20 min; Sigma), placed in free Ca2+ ringer solution 

and then perfused with ringer solution containing 2 mM Ca2+. Fluorescence intensities were 

recorded every 3 to 5 s after excitation using the 20X magnification air objective on a 
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Nikon 2000 U Eclipse microscope. The ratio F340/F380 of fura2AM values, the fluo4AM and 

rhod2AM fluorescence intensity, background corrected, were measured per each region of 

interest using Nikon ND software.

2.6. Mitochondrial depolarization

To quantitate mitochondrial depolarization, we used the cell-permeant dye TMRM 

(tetramethylrhodamine methyl ester) which accumulates in active mitochondria with intact 

membrane potential. 10 K LS8 cells were plated per well onto 96-well plates (Grainger). 

After 24 h in culture, cells were rinsed in HEPES buffered saline (HBSS buffer, pH 7.4; 

Thermo Fisher Scientific) and subsequently loaded with 40 nM TMRM (ThermoFisher 

Scientific) in HBSS in the presence of 1 μM cyclosporine H (30 min at 37 °C; Santa Cruz) 

which was maintained during image acquisition. Cells were treated with 1 μM oligomycin 

A at 5 min to inhibit the ATP synthase and induce hyperpolarization of the mitochondrial 

membrane potential. 1 μM FCCP was added at 25 min as a control for mitochondrial 

depolarization as it provokes the ΔΨm collapse and the consequent TMRM discharge from 

mitochondria (57). The fluorescence was detected for 40 min (excitation/emission at: 520 – 

550/560 – 630 nm) in a Flexstation 3 plate reader (Molecular Devices) acquiring the signal 

every 60 sec. The fluorescence intensity of each analyzed well was plotted against time.

2.7 Ca2+ retention capacity assay in permeabilized cells

LS8 cells were plated on 6-well plates (200 K cells per well). After 24 h, they were detached 

by adding 250 μl Trypsin-EDTA 0.25% (Gibco). Cells were collected in extracellular 

medium 1 ml [2% bovine serum albumin (Sigma), 121 mM NaCl, 5 mM NaHCO3, 10 

mM Na–Hepes, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCl2 and 10 

mM glucose, (pH 7.4)] (58) and centrifuged for 5 min at 1000 rpm and supernatants were 

discarded. Pellets were re-suspended in 1 mL of intracellular medium [120 mM KCl, 10 

mM NaCl, 1 mM KH2PO4, 2 mM MgCl2, 20 mM HEPES – KOH, 2 mM succinate, 2 μM 

rotenone, EGTA 5 μM, thapsigargin 2 μM] containing 1 μM Calcium Green-5 N (58, 59). 

We added 40 μM digitonin (100 s) to the intracellular medium to permeabilize the cells, then 

5 μM RuR or Ru265 were added (300 s) to block mitochondrial Ca2+ uptake. Successive 

accumulative additions of 20 μM Ca2+ boluses were added to the cuvettes containing the 

cells, while measuring the fluorescence in the spectrometer. Fluorescence was measured 

using a Perkin Elmer LS55 Luminescence Spectrometer, set up at 506 nm for emission, 480 

nm for excitation, and with 2.5 mm slits for both, emission and excitation.

2.8 Western blot analysis

Total lysates of primary secretory and maturation enamel cells were prepared in Ripa Buffer 

(Thermo Fisher Scientific), Protease cocktail inhibitor 100X (Thermo Fisher Scientific), 

Laemli buffer 4X (BioRad) and β-mercaptoethanol (BioRad) and then loaded at the 

concentration of 5 μg in 10% SDS-polyacrylamide resolving gels (BioRad). Lysates of 

HEK-293 cells were prepared as above and used as a negative control. Nitrocellulose 

membranes were saturated with fat-free milk 5% in TBS (Tris-HCl 50 mM, NaCl 150 

mM, pH 7.5) Tween 0.1% for 1 h at room temperature and probed with antibodies 

against Amelogenin (AMELX, Santa Cruz Biotechnology, sc-32892) and β-Actin (Santa 

Cruz Biotechnology, sc-47778). Signals were amplified and visualized with horseradish 
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peroxidase-conjugated secondary antibody (Bio-Rad) and enhanced chemiluminescence 

detected by the Bio-Rad ChemiDoc gel documentation setup. Images of the acquired 

Western blots were analyzed using the ImageJ software.

2.9 Statistics

All statistical analyses of the data were done using Prism9 (GraphPad Software). A 

minimum of three independent experiments were performed. The Δ, peak, slope and [Ca2+] 

(area under the curve) were calculated by integrating the transients versus time during the 

stimulus duration for each experiment. The slope parameter was fitted by the GraphPad 

Prism software using the one-phase association equation. Difference between the means 

of the group data that fit a normal distribution were analyzed using one-way ANOVA, 

followed by a Bonferroni’s multiple comparison post-hoc test, or analyzed by a two-tailed 

unpaired Student’s t-test. Differences with p values of < 0.05 were considered significant: * 

p<0.05, ** p<0.01 and ***P < 0.001. Results are shown as means ± SEM of minimum three 

independent experiments.

3. RESULTS

3.1 Ca2+ stored in mitochondria is comparable across stages

The mitochondrial matrix functions as an important Ca2+ storage (24, 28, 60, 61) with 

Ca2+ reversibly complexed with Pi forming Ca3(PO4)2 (62) maintaining a low mCa2+ 

concentration (63). To investigate whether the amount of Ca2+ stored in the mitochondria 

of secretory and maturation ameloblasts differs, we stimulated fura2AM loaded secretory 

and maturation stage ameloblasts with the protonophore FCCP which uncouples OXPHOS 

collapsing the ΔΨm and releasing mCa2+ into the cytosol (56). Using this approach, we 

showed that there were no statistically significant differences between stages (Fig. 1A-B). 

We then repeated the same experiment but loading the cells with the mitochondrial Ca2+ 

indicator rhod2AM, and we showed that FCCP stimulation elicited a similar decay of 

rhod2AM fluorescence intensity in both cell types (Fig. 1C-D). These data indicate that the 

quantity of Ca2+ stored in the mitochondria of both cell types is comparable.

3.2 Similar ER-Mitochondrial Ca2+ transfer

Mitochondria are often strategically located near the ER allowing the mitochondria to 

capture a substantial fraction of the Ca2+ released by the ER (20). We loaded ameloblasts 

with the mitochondrial Ca2+ indicator rhod2AM and stimulated ER Ca2+ release by ATP to 

quantitate mCa2+ uptake in the absence of external Ca2+. Extracellular ATP is widely known 

to stimulate the release of Ca2+ pools from the ER (64, 65), including the ameloblasts (6). 

Our results show that the mitochondria of both ameloblast types capture the ER Ca2+ pools 

released by ATP, and we show that secretory and maturation ameloblasts do so equally (Fig. 

1E-F).

3.3 mCa2+ extrusion via NCLX is more prominent in maturation

The electrogenic exchanger NCLX is considered the main carrier extruding Ca2+ out of 

the mitochondria (46, 47). We analyzed the expression of Nclx (Slc8b1) in rat secretory 

and maturation and showed that its mRNA is upregulated in maturation (Fig. 2A). We 
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then tested NCLX function using the NCLX inhibitor CGP-37157 (66). We first assessed 

if CGP-37157 (10 μM) affected cCa2+ in ameloblasts but this was not the case (Fig. S2). 

To analyze mCa2+ clearance, we loaded secretory and maturation stage ameloblasts with 

rhod2AM and stimulated the cells with ATP, which, as shown above, induces mCa2+ uptake. 

Upon CGP-37157 pre-treatment, maturation ameloblasts showed higher mCa2+ (Fig. 2B-C), 

suggesting that blocking NCLX leads to the increased accumulation of Ca2+ in the matrix 

and therefore NCLX mediated mCa2+ clearance is a more prominent function during the 

maturation stage.

3.4 Pharmacological effects of the MCU blocker Ru265 in enamel cells.

To address the role of MCU in mCa2+ uptake in enamel cells more directly, we used the 

recently described cell permeable MCU inhibitor Ru265 (67). This compound was reported 

to inhibit MCU by binding to the DIME-Asp, D261, in the transmembrane helix TMH2 

at the cytoplasmic facing entrance of the pore (68). First, we tested several concentrations 

(1 μM, 10 μM, 20 μM, 50 μM) of this inhibitor in the murine enamel line LS8 cells 

that are widely used in enamel research (55, 69) (Fig. 3A-C). In rhod2AM loaded LS8 

cells, we showed that 50 μM of Ru265, as previously reported (67), was the most efficient 

concentration in blocking mCa2+ uptake (Fig. 3A-C). We also showed that the clearance 

of extramitochondrial Ca2+ of digitonin-permeabilized LS8 cells after the addition of Ca2+ 

boluses (20 μM) in the presence of Ru265 was dramatically hindered (Fig. 3D). Similar 

results were obtained by pretreating the LS8 cells with the better known MCU blocker RuR, 

in the same conditions (Fig. 3D). Because these experiments were performed in the presence 

of the irreversible SERCA inhibitor thapsigargin, the effect of Ru265 on preventing Ca2+ 

clearance is independent of the SERCA mediated ER Ca2+ refilling. To further investigate 

if Ru265 affected mitochondrial membrane potential in enamel cells, we pretreated the LS8 

cells loaded with the mitochondrial membrane potential indicator TMRM (40 nM) and with 

Ru265 (50 μM) and showed that this had no effect on ΔΨm (Fig. 3E). These data confirms 

that Ru265 blocks mCa2+ uptake without affecting ΔΨm.

3.5 mCa2+ uptake is higher in maturation ameloblasts

The MCU complex is formed by the channel pore MCU, in the inner mitochondrial 

membrane, together with several regulators that positively (MICU1, MICU2, MCUR1) or 

negatively (MCUb) modulate the channel (41, 43, 44, 70). We tested differences in gene 

expression of Mcu and its modulators in rat secretory and maturation ameloblasts and found 

no differences in their expression except for the positive MCU regulator MCUR1, which 

was upregulated in the maturation stage (Fig. 4A). We also tested the expression of the main 

components of SOCE, STIM1, STIM2 and ORAI1, as well as the possible SOCE modulator 

TRPC1 (71). The expression of Stim1, Stim2, Orai1 and Trpc1 in rat enamel organs was 

upregulated in maturation (Fig. 4B) further confirming the fundamental role of SOCE in 

maturation primary ameloblasts (5, 19). Secretory and maturation cells were loaded with 

the non-ratiometric indicators fluo4AM and rhod2AM to simultaneously quantitate cCa2+ 

and mCa2+ uptake, respectively, in the presence/absence of Ru265 (50 μM) (67). Stimulating 

SOCE elicited a substantial increase in cCa2+ with higher levels in maturation (Fig. 4C, D), 

supporting our previous reports using fura2AM (5, 6, 15). We also observed that mCa2+ 

uptake replicated these changes in cCa2+ because there was a significantly higher uptake 
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of Ca2+ into the mitochondrial matrix of maturation cells (Fig. 4E-H). The slope of mCa2+ 

uptake, indicative of the rate of uptake (Fig. 4H) and the total amount of Ca2+ entering the 

mitochondria in maturation ameloblasts were significantly higher in maturation (Fig. 4F, G). 

In the presence Ru265, mCa2+ uptake was significantly decreased in both cells indicating 

that it was mediated by MCU (Fig. 4E-H).

4. Discussion

Mitochondria have been associated with biological mineralization for decades, largely in 

the context of bone (72-75). By contrast, the role of mitochondria in enamel, the most 

mineralized tissue in vertebrates, is poorly understood. We probed the mitochondria of 

secretory and maturation stage ameloblasts to analyze their role in Ca2+ physiology and to 

test whether there are differences in mCa2+ dynamics between these cell types.

First, we investigated differences in the Ca2+ stored in the mitochondria of both cell types. 

By stimulating the release of mCa2+ with FCCP, we showed a similar decline in rhod2AM 

fluorescence and a comparable increase in fura2AM signals between cell types, suggesting 

that there were no significant differences in the amount of Ca2+ accumulated in the 

mitochondria of secretory or maturation ameloblasts. We next focused our attention on the 

potential differences in the Ca2+ exchange between the ER and the mitochondria. Releasing 

ER Ca2+ pools by ATP stimulation, which we have previously shown as an effective strategy 

in ameloblasts (6), also showed a comparable amount of mCa2+ uptake in both cell types. 

As mCa2+ uptake is balanced by Ca2+ extrusion via NCLX, the main exchanger mediating 

mCa2+ release (76), we investigated if the exchanger showed differences it its activity in 

both cells. The mRNA levels of Slc8b1 (coding for NCLX) were significantly higher in 

maturation (~2-fold). To test whether NCLX function was more prominent in maturation, we 

stimulated the enamel cells with ATP in the presence of the NCLX inhibitor CGP-37157. 

Blocking NCLX affected mCa2+ efflux in secretory and maturation cells as shown by 

the increase in the rhod2AM fluorescence in both. However, the retention of mCa2+ was 

significantly higher in maturation cells indicating that NCLX activity was more prominent at 

that stage, possibly explaining why the uptake by mitochondria of the Ca2+ bolus released 

from the ER appeared to be similar in both cell types.

ER-mitochondria Ca2+ exchanges are a restricted phenomenon that depends on the physical 

proximity of these two organelles. A different scenario is probing the responses of the 

mitochondria when global cCa2+ changes take place such as when the Ca2+ fluxes are 

mediated by SOCE. We have shown that stimulation of SOCE in fura2AM loaded secretory 

and maturation ameloblasts results in an average SOCE peak of ~215 nM and ~590 nM, 

respectively (6, 15). Therefore, we investigated whether mCa2+ uptake differed in enamel 

cells following the activation of SOCE. First, we analyzed the expression levels of genes 

associated with the MCU complex and its regulators. Only the expression of Mcur1, 

a positive modulator of MCU, was upregulated during maturation, with no changes in 

expression identified in Mcu, Mcub, Micu1 or Micu2. Next, we tested the efficacy of the 

MCU blocker Ru265 (67) using the enamel cell line LS8 cells. As previously reported 

(67), we found that Ru265 was most effective when used at 50 μM in intact cells, and 

that this concentration did not affect the ΔΨm. To address more directly if Ru265 blocked 
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mCa2+, we permeabilized the LS8 cells and analyzed Ca2+ clearance after the application of 

several boluses of 20 μM of Ca2+ in the presence of Ru265 and RuR. We showed that both 

inhibitors prevented Ca2+ clearance.

Having addressed the efficacy of Ru265, we then induced SOCE using the SERCA inhibitor 

thapsigargin in secretory and maturation ameloblasts loaded with fluo4AM and rhod2AM 

to obtain simultaneous recordings of cCa2+ and mCa2+, respectively. We showed that cCa2+ 

significantly increased in maturation stage ameloblasts as compared to secretory cells, as we 

had reported (5, 6, 15). In response to SOCE stimulation, we showed that the mitochondria 

of both cell types are capable of sequestering Ca2+. However, maturation stage ameloblasts 

showed significantly higher rate of Ca2+ uptake and total amount of Ca2+ accumulated in the 

mitochondria. This is consistent with the MCU response to higher cCa2+ loads.

The data presented here highlights several important features of mitochondria in ameloblast 

Ca2+ physiology. These mitochondria can sequester the Ca2+ pools released by the ER 

and the more global Ca2+ fluxes from the extracellular space. Addressing differences 

between stages, we found that the capacity of secretory and maturation stage ameloblasts 

to accumulate Ca2+ or when probed to sequester the Ca2+ bolus released by the ER are 

comparable. One of the main differences was the release of mCa2+ by NCLX which appears 

to be more prominent in maturation, suggesting that maturation stage mitochondria are more 

dynamic in their capacity to dissipate mCa2+, an important mechanism that helps prevent 

mCa2+ overload (76).

Maturation stage ameloblasts are the main cell type involved in the mineralization of the 

enamel crystals and have an increased Ca2+ transport capacity overall (7, 77). This likely 

requires higher Ca2+ uptake, which we suggest is largely provided by SOCE which we 

estimated to be ~3-fold higher in maturation than in secretory ameloblasts (6). Therefore, 

maturation stage mitochondria help buffer Ca2+ uptake via SOCE.

The data shown here and in recent reports (23, 52) provide a picture of the physiological role 

of mitochondria in enamel mineralization. Maturation ameloblasts are metabolically more 

active and produce more ATP than secretory cells (23). The higher levels of ATP produced 

in maturation goes hand in hand with the overall increase in expression of ATP-dependent 

channels (e.g. CFTR) and pumps (e.g. SERCA) (18, 78, 79). For example, protein levels of 

SERCA, likely one of the most active consumers of ATP, were 3-fold higher in maturation 

(78). Ameloblast mitochondria also function as important Ca2+ buffers particularly in 

response to SOCE. This task is likely important to help prevent toxic levels of cCa2+. 

Therefore, results shown here and in our previous study (23) suggest that mitochondria play 

a dual and significant role in enamel mineralization by supplying high levels of ATP and 

differentially buffering the Ca2+ fluxes via SOCE, advancing the notion that SOCE and 

mCa2+ uptake are complementary processes in biological mineralization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Quantification of mitochondrial Ca2+ dynamics in ameloblasts.
A) Original traces of secretory and maturation ameloblasts loaded with the cytosolic Ca2+ 

indicator fura2AM (1 μM) stimulated with FCCP (1 μM). B) Quantification of Ca2+ peak. 

C) Original traces of secretory and maturation ameloblasts loaded with the mitochondrial 

Ca2+ indicator rhod2AM (4 μM) stimulated with FCCP (1 μM). D) Quantification of 

rhod2AM delta (Δ). E) Original traces of secretory and maturation ameloblasts loaded with 

rhod2AM and stimulated with ATP (100 μM). F) Quantification of Ca2+ peak. For A, C 

and E, data represent the mean ± SEM of n = 6 independent experiments, 3 slides for each 

condition 20 - 100 cells per field. Data were analyzed by 2 - tailed unpaired Student’s t test. 

n.s., non-significant.
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Figure 2: NCLX expression and function in ameloblasts.
A) mRNA expression of Slc8b1 (coding for NCLX) in secretory and maturation stage 

ameloblasts (n = 6 animals). B) Original traces showing mitochondrial Ca2+ accumulation 

in secretory and maturation stage ameloblasts loaded with the mitochondrial Ca2+ indicator 

rhod2AM (4 μM) in the presence/absence of the NCLX inhibitor CGP-37157 (10 μM). C) 
Quantification of the Ca2+ basal level. Data represent the mean ± SEM of 3 independent 

experiments, 4 wells for each condition with 20-50 cells per field. Data were analyzed by 

2 - tailed unpaired Student’s t test and one-way ANOVA. **P < 0.01, ***P < 0.001, n.s., 

non-significant.
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Figure 3: Efficiency of the MCU blocker Ru265 in LS8 enamel cells.
A-B) Quantification of mitochondrial Ca2+ uptake in rhod2AM (4 μM) loaded LS8 cells 

(~120 cells/field per condition) treated with Ru265 for 1 h at the following concentrations: 1, 

10, 20 and 50 μM. Data were analyzed by one-way ANOVA. ****P < 0.0001 C) LogEC50 

plot for data in A and B. D) Quantification of Ca2+ clearance in digitonin-permeabilized LS8 

cells (n = 800 K cells) loaded with Calcium Green-5 N (1 μM) in the presence of Ru265 

(5 μM) or RuR (5 μM) after the application of Ca2+ boluses (20 μM). E) Mitochondrial 

membrane potential (ΔΨm) measured using TMRM (40 nM) in LS8 cells (n = 200 K). 

Oligomycin A (5 μM) and FCCP (5 μM) were added to the cells to induce mitochondria 

hyper- and depolarization, respectively. Data represent mean ± SEM, from a minimum of 3 

independent experiments.
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Figure 4: Mitochondrial Ca2+ uptake in ameloblasts.
A) Quantification of mRNA levels by RT-qPCR of genes associated with the mitochondrial 

uniporter complex components and B) with SOCE in secretory and maturation ameloblasts 

(n = 10 animals). Data were analyzed by 2 - tailed unpaired Student’s t test. *P < 0.05, **P 
< 0.01, ***P < 0.001. C) Original traces of SOCE in fluo4AM (1 μM) loaded secretory 

and maturation ameloblasts stimulated with thapsigargin (2 μM). D) Quantification of Ca2+ 

peak of data in C. E) Original traces of secretory and maturation ameloblasts loaded with 

rhod2AM (4 μM) stimulated with thapsigargin (2 μM) in the presence/absence of the MCU 

blocker Ru265 (50 μM). F-H) Quantification of area under the curve, Ca2+ peak and slope 

of data in E. A minimum of ~100 cells per condition were used. Data represent the mean ± 

SEM of 4 independent experiments. Data were analyzed by one-way ANOVA and 2 - tailed 

unpaired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001 or ****P < 0.0001.
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Table 1:

Primer sequences used for RT-qPCR.

Rat Primers   

Gene Forward Sequence Reverse Sequence

β-Actin CACACTGTGCCCATCTATGA CCGATAGTGATGACCTGACC

Enam TGCAGAAATACAGCTTCTCCT CATTGGCATTGGCATGGCA

Mcu CCAGTTCACACTCAAGCCTATC CAGCAACTCGAACACCATCT

Mcub CATGTAACTCGGCAGAACT GCTGACTTCCTGTCCTTGAA

Mcur1 AATAGTGTCCCTGCATGCCC AGGCGGTAAAATCCCAGAGC

Micu1 AATCAACGAACCTGGTGAAA GTGTTCTGGCTGCTTCTCAT

Micu2 CGCTGACTCGGTAATGTCTT TTCCCTGGTGGACTTGTTTA

Odam ATCAATTTGGATTTGTACCACA CGTCGGGTTTATTTCAGAAGTGA

Orai1 GGTGAAGTTCTTACCGCTCA ACGGCAAAGACGATAAACAC

Slc8b1 CTGGGCCTCTATGTCTTCTATG GTAGCTCTGGTGTCTCTGATATG

Stim1 CTGTCTCTGCTGTCCCAGTT TCCATAGAACAATCCCCAGA

Stim2 ATGCACCAGCTCTCTAGTGG TTGATGGCTTTTTGCTTTTC

Trpc1 TTCCAAAGAGCAGAAGGACTG AGGTGCCAATGAACGAGTG
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