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Introduction: Enamel mineralization requires calcium transport into the extracellular matrix for the synthesis of hydroxyapatite (HA) crystals. Formation of HA releases protons into the matrix, which are then neutralized when ameloblasts modulate from cells with apical invaginations, the so-called ruffle-ended ameloblasts (RE), to smooth-ended ameloblasts (SE). Ameloblast modulation is associated with the translocation of the calcium exchanger Nckx4 to the apical border of RE, to remove Na+ from the enamel matrix in exchange for Ca2+ and K+. As enamel matures, Na+ and K+ in the matrix progressively decrease. However, the transporter to remove K+ from mineralizing enamel has not been identified.
Methods: Expression of K+ exchangers and channels in secretory and maturation stage of enamel organs were compared following an RNA-seq analysis. Kcnj15, which encodes the Kir4.2 inwardly rectifying K+ channel, was found to be the most upregulated internalizing K+ transporter in maturation stage of enamel organs. Kir4.2 was immunolocalized in wt, Nckx4−/−, Wdr72−/−, and fluorosed ameloblasts. Regulation of Wdr72 expression by pH was characterized in vitro and in vivo.
Results: Kir4.2 immunolocalized to the apical border of wild type (wt) mouse RE and cytosol of SE, a spatial distribution pattern shared by NCKX4. In Nckx4−/− ameloblasts, Kir4.2 also localized to the apical surface of RE and cytosol of SE. However, in fluorosed and Wdr72−/− ameloblasts, in which vesicle trafficking is disrupted, Kir4.2 remained in the cytosol. In vitro, Wdr72 was upregulated in LS8 cells cultured in medium with a pH 6.2, which is the pH of the enamel matrix underlying RE, as compared to pH 7.2 under SE.
Conclusion: Taken together these results suggest that Kir4.2 participates in K+ uptake by maturation ameloblasts, and that K+ and Na+ uptake by Kir4.2 and Nckx4, respectively, may be regulated by pH through WDR72-mediated endocytosis and membrane trafficking.
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INTRODUCTION
Enamel formation and mineralization is directed by epithelial derived ameloblasts and is unique among mineralizing tissues. Ameloblasts use ion-transporting transmembrane channels and transporters to deliver calcium and phosphate (Ca2+ and HPO42) into the extracellular matrix to form hydroxyapatite (HA) crystals. These transporters include K+ -dependent Na+/Ca2+ Exchanger-4 (Nckx4) which co-transports Ca2+ and K+ into the enamel matrix in exchange for Na+ (Hu et al., 2012; Parry et al., 2013; Bronckers et al., 2017). Both Na+ and K+ pools in the enamel matrix are labile, and the decrease in both Na+ and K+ as enamel matures (Aoba and Moreno, 1987; Aoba et al., 1992; Lacruz, 2017), suggests that K+ transport into the matrix by Nckx4 is removed by an additional K+ transporter or channel.
Na+ and K+ in the maturing enamel of fluorotic mice (Lyaruu et al., 2014; Bronckers et al., 2015), is increased as compared to wt mice. Increased Na+ in fluorotic enamel is consistent with the finding that Nckx4 trafficking is disrupted in fluorosed ameloblasts (Bronckers et al., 2017). K+ accumulation in the enamel matrix of fluorosed mice suggests the possibility that intracellular transport of K+ is also affected by fluorosis.
Maturation-stage ameloblasts have been compared with parallel functions to the proximal renal tubule cells of the kidney (Lacruz et al., 2013), and K+ homeostasis is among the most important ions for maintaining cell function, particularly in regulating the electrochemical gradient across the plasma membrane (Palmer, 2015). To identify candidate K+ transporters and channels for the removal of extracellular K+ from the maturation enamel matrix, we compared transporters known to be important in kidney function, including Nkcc2, and Kcnj2 (ROMK), and genes coding for K+ channels in secretory as compared to maturation stage of enamel organs. We identified Kcnj15, encoding for Kir4.2 protein, as the most highly upregulated inwardly rectifying K+ channel. Kir4.2 (Kcnj15) immunolocalized to the apical border of wild type (wt) ruffle-ended ameloblasts (RE). In fluorosed and Wdr72−/− ameloblasts, where Nckx4 translocation to apical membrane is reduced (Wang et al., 2015; Bronckers et al., 2017), Kir4.2 remains primarily localized in the cytoplasm.
Expression of Wdr72, which is required for microtubule assembly and vesicle trafficking in maturation ameloblasts (Katsura et al., 2022), was upregulated in LS8 cells at acidic (pH 6.2), which is the pH of enamel matrix underlying RE. Together these results suggest that Kir4.2 (Kcnj15) removes K+ from the extracellular enamel matrix, associated with WDR72-mediated vesicle trafficking and extracellular matrix pH.
MATERIALS AND METHODS
Animals and tissue collection
C57BL/6 wt, Nckx4−/−, Wdr72−/− mouse lines, and C57BL/6 female mice given 0 or 50 ppm fluoride drinking water for 5 weeks were housed and maintained in the UCSF animal care facility, which is an Associated for Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited barrier facility. All experimental procedures associated with these animal models were approved by the Institutional Animal Care and Use Committee (IACUC) under the protocol AN183449-03.
Postnatal 40-day (P40) mice were collected following standard IACUC protocols. Mice were anesthetized with 240 mg/kg tribromoethanol (Sigma-Aldrich), and following cervical dislocation hemimandibles were removed and fixed in 4% paraformaldehyde (PFA) for 24 h at 4°C. The hemimandibles were decalcified in 8% EDTA at 4°C for 3 weeks, with EDTA solution changes every other day, and then paraffin embedded and sectioned along their sagittal planes. Kidneys were collected from wt mice as a control tissue and either fixed for immunohistochemistry or frozen down for Western blot analysis.
Enamel matrix element analysis
Hemimandibles from four 7-week old mice were dissected, embedded in epoxy, and polished in a cross orientation using a series of SiC papers and diamond polishing suspension starting from the incisor tip and stopping at the point of incisor eruption, near the plane of gingival sulcus. Six spots on the incisal enamel section at a plane perpendicular to incisal border of the lingual alveolar bone of each hemimandible were subjected to energy dispersive X-ray spectroscopy to collect elemental composition of K+ and Na+.
RNA seq analyses
First molars from 20 pups at postnatal day 5 (P5, secretory stag) and 20 pups at day 12 (P12, maturation stage) were microdissected from mouse hemimandibles. Soft tissues were removed from the pulp chambers and enamel organs from five mice were pooled as a group, resulting in four groups for each time point. Total RNA was purified using Zymo Research RNA Miniprep Kit and then sent to Novogene Co for quality control assessment, cDNA library construction, labelling and sequencing. Differential expression analysis of two conditions was performed using the DESeq2 R package, and the resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate.
Western blotting
First molars were microdissected from hemimandibles of eight P13 mice, and soft tissues were removed from pulp chambers. The molars were rinse with PBS, combined, and protein was extracted in Pierce™ RIPA buffer (Thermo Scientific, UC280926) with a proteinase inhibitor cocktail for mammalian cells (Millipore Sigma, P8340). These samples were frozen at −80°C for 30 min, and then centrifuged for 10 min at 4°C. The concentration of protein in supernatant was measured with Pierce™ BCA protein Assay kit (Thermo Scientific, 23225). Kidney tissues were similarly collected as a positive reference. Twenty micrograms of total proteins from each sample were mixed with equal amounts of 2X SDS reducing loading buffer. Samples were loaded onto 4%–20% Mini-PROTEAN TGX SDS-PAGE gels (Bio-Rad, 4561094) and were subjected to electrophoresis with Tris/glycine/SDS running buffer at 100 V for 90 min. Proteins on SDS-PAGE gels were transferred to nitrocellulose membranes using an Invitrogen iBlot™ Gel Transfer Device. Membranes were blocked with Intercept Protein Free Blocking Buffer (LI-COR, 927-90001) and then incubated overnight with rabbit anti-KCNJ15 antibody (Novus Biologicals, NBP1-83091) at 4°C. Following wash, blots were incubated with IRDye 680RD conjugated anti-rabbit IgG (LI-COR 926-68073) for 1 h at room temperature. The membranes were thoroughly washed with PBST and Kir4.2 protein with molecular mass of 42,577 Da was visualized by using an Odyssey XF Imaging System.
Immunohistochemistry
Mouse hemimandible sagittal sections from wt mice were deparaffinized, rehydrated, and subjected to 10 mM sodium citrate buffer (pH 6.0) antigen retrieval for 3 h at 60°C. The sections were then treated with 1% acetic acid in PBS to inactivate endogenous activity and then blocked with GeneTex Universal Protein Blocking reagent for 1 h, followed by overnight incubation at 4°C with rabbit anti-SLC12A1 antibody (Sigma-Aldrich® AV41388), rabbit anti-KCNJ1 antibody (Abcam ab224749), rabbit anti-KCNJ2 antibody (Abcam ab109750), or rabbit anti-KCNJ15 antibody (Novus Biologicals, NBP1-83091). After washing, sections were incubated with biotinylated swine anti-rabbit antibody (Dako E0431), followed by streptavidin, ALP (Vector® SA-5100-1) for 1 h. Vector® Red alkaline phosphatase substrate kit (Vector® SK5100) used to visualize alkaline phosphatase labeled sections, followed by counterstaining with methyl green.
Mouse hemimandibles from wt, Nckx4−/−, Wdr72−/−, and mice treated with 0 or 50 ppm fluoride for 5 weeks were similarly sectioned, treated with sodium citrate for antigen retrieval. Endogenous horseradish peroxidase activity was inactivated with 3% hydrogen peroxide in PBS, and then blocked with GeneTex Universal Protein Blocking reagent for 1 h, followed by overnight incubation at 4°C with either rabbit anti-KCNJ15 antibody (Novus Biologicals, NBP1-83091), or mouse anti-NCKX4 antibody (NeuroMab N414/25) (He et al., 2011). After washing, sections were incubated with anti-rabbit IgG HRP Conjugate (Promega W401). ImmPACT® DAB Substrate Kit, Peroxidase (Vector® SK-4105) was used to visualize HRP labeled sections and HRP, and stained sections were counterstained with hematoxylin, followed by dehydration and mounting. Slides were viewed under a Nikon Eclipse E800 microscope and images were taken with an Olympus DP74-CU camera.
Cell culture and RT-qPCR
LS-8 cells were grown in 5% FBS/1% PS/DMEM to 80% confluence, washed with PBS one time, and then cultured overnight in MEM Eagle’s Media with 2% FBS/1% PS adjusted to pH 7.2 or pH 6.2. The cells were washed with PBS twice, then lysed with TRIzol™ Reagent (Ambion®, 15596018), and total RNA was purified using a Direct-zol™ RNA MiniPrep (Zymo Research, R2052) kit. The RNA concentration was quantified using a Thermo Scientific™ NanoDrop™ One Spectrophotometer, and then reverse transcribed into cDNA libraries using SuperScript™ III Reverse Transcriptase (Invitrogen™, 18080093) with 1500 ng of total RNA for each sample. qPCR was then performed using an Applied Biosystems 7500 Real-Time PCR System to quantitate the changes in the expression levels of Wdr72 in cells grown at pH6.2 compared to that at pH 7.2 by delta delta Ct (ΔΔCt) method (Schmittgen et al., 2000; Bustin, 2002; Rao et al., 2013). The average Ct of Wdr72 was obtained after normalizing to reference gene from a control experiment in which LS-8 cells were cultured in MEM Eagle’s Media with 2% FBS/1% PS at pH 7.2, was used as a baseline. Delta Ct of Wdr72 expression levels of 5 separate experiments at pH 7.2 (ΔCtpH7.2) was obtained by normalizing the average Ct to this baseline. Then ΔΔCt was calculated by normalizing the average Ct of Wdr72 expressed by cells grown at pH 6.2 in this same set of experiment (ΔCtpH6.2) to ΔCtpH7.2. The fold change was next calculated concerning 2−ΔΔCt. The significance was determined by unpaired two-tailed Student’s t-test. The fold changes from five experiments were graphed by GraphPad Prism Version 9.5.0.
Primer sequences were as follows:
Gapdh sense-5′-TGGCCTTCCGTGTTCCTAC-3′; anti-sense-5′-GAGTTGCTGTTG AAGTCGCA-3′
Wdr72 sense-5′-TCTGGGGAAGAAAAGCTCCTC-3′; anti-sense-5′-CGAAGCCGAATGACCAAAAAG-3′
RESULTS
Increased Na+ and decreased K+ are found in the enamel matrix of Nckx4−/− mice compared to Nckx4+/+ mice
Nckx4 exchanges 1 K+ and 1 Ca2+ from the intracellular compartment, against 4 Na+ from the (extracellular) enamel fluid. As expected, energy dispersive X-ray (EDX) analysis showed reduced relative amounts of potassium by about 50%, while sodium increased about 60% in the Nckx4−/− enamel matrix as compared to that in the Nckx4+/+ enamel (Figure 1).
[image: Figure 1]FIGURE 1 | EDX analysis of Nckx4+/+ and Nckx4−/− enamel. A red line drawn on a microCT image of a mouse mandibular hemimandible shows the plane of section analyzed by EDX. The mass norm % of K+ was decreased and Na+ increased in the Nckx4−/− enamel matrix relative to the Nckx4+/+ matrix.
RNA-seq analysis identifies Kcnj15 as the most upregulated inwardly rectifying K+ transporter in the maturation stage of enamel organs
A heatmap of well-known major K+ transporters identified in our RNA-seq analyses confirmed that Slc24a4, the gene coding for Nckx4, was highly upregulated in maturation as compared to secretory enamel organs (Figure 2). Kcnj15, the gene encoding for the inwardly rectifying K+ channel Kir4.2 was the most highly upregulated inwardly rectifying K+ channel. Immunostaining showed Kir4.2 (Kcnj15), localized at the ameloblast apical border. K+ transporters found in the kidney, including Slc12a1, which encodes for Nkcc2, and Kcnj1, which encodes for Kir1.1 (ROMK1) (Palmer, 2015), were immunonegative in ameloblasts. Interestingly, the two-pore domain K+ channels Kcnk11 and Kcnk2, also called “leaky” and passive K+ channel, and the outwardly rectifying (transporting K+ from the intracellular to extracellular compartment) Kcnn4 and Kcnh1 were also upregulated in maturation as compared to secretory stage of enamel organs.
[image: Figure 2]FIGURE 2 | RNA-seq analysis showed Kcnj15 to be the most significantly upregulated inwardly rectifying K+ channel in maturation (P12) as compared to secretory (P5) enamel organs. (A) A heat map represents the expression levels of K+ transporters identified by RNA-seq in the P5 and P12 mouse first molar enamel organs. Immunohistochemical staining of NKCC2 (Slc12a1) (B), Kir1.1 (Kcnj1) (C), Kir 2.1(Kcnj2) (D) were immunonegative in maturation ameloblasts (MAB), while Kir4.2 (Kcnj15) was immunopositive, with increased staining at the ameloblast apical border. Negative control (F). PL. papillary layer.
Kir4.2 (Kcnj15) is synthesized by maturation stage enamel organ and spatially localizes at the ameloblast apical border
To verify protein expression of Kir4.2, we performed Western blot and immunostaining of kidney and maturation stage ameloblasts on the continuously growing mouse incisor. Western blot showed Kir4.2 to be present in the proteins extracted from mouse first molar enamel organs, with a similar size to the Kir4.2 protein labeled in the kidney control (Figure 3A). Immunostaining of kidney validated the anti-Kir4.2 antibody (Figure 3B).
[image: Figure 3]FIGURE 3 | The stage- and spatial-specific presence of Kir4.2 (Kcnj15) in maturation ameloblasts. (A) Anti-Kir4.2 antibody identified an approximately 45 kDa protein in western blot analysis of mouse kidney and first molar enamel organs. (B) Kidney controls were immunopositive for Kir4.2. (C) Kir4.2 was immunopositive at the apical border of ruffle-ended (RE) maturation ameloblasts (MAB), and was reduced in smooth-ended (SE) ameloblasts.
In ameloblasts, Kir4.2 was enriched at the apical border of RE, whereas SE displayed a more diffuse pattern (Figures 3C, 4C). Positive immunostaining for Kir4.2 was also noted in the connective tissue cells around the dental epithelium and in cells that form walls of larger vessels near the epithelial papillary layer (Figures 2E, 3C).
[image: Figure 4]FIGURE 4 | Kir4.2 immunostaining of ameloblasts. (A) Wt secretory ameloblasts (SAB) had minimal immunostaining for Kir4.2 (Kcnj15). (B) Transition stage ameloblasts (TAB) (B) had positive Kir4.2 cytoplasmic staining, which (C) localized to the apical border of ruffle-ended (RE) early-stage maturation ameloblasts (MAB) RE. In NCKX4 loss of function mice (Nckx4−/−), Kir4.2 showed similar localization as compared to wt ameloblasts, with less intense immunostaining (E–G). Intensity of Kir4.2 (Kcnj15) immunostaining in Wdr72−/− mice was similar to that of wt mice, but was not localized to the MAB apical border or Wdr72−/− mice (I–K). Negative controls for MAB of each model wt (D), Nckx4−/− (H), and Wdr72−/− (L) were immunonegative. MAB, maturation ameloblast; EM, enamel matrix; PL, papillary layer.
Kir4.2 is localized at the apical membrane of Nckx4−/− RA, but not in fluorosed or Wdr72−/− maturation ameloblasts
The phenotype of maturation stage ameloblasts of Nckx4−/− mice appeared to be similar to SE, but Kir4.2 also localized to the ameloblast apical border, though with apparent reduced staining intensity as compare to wt ameloblasts (Figures 4C, G). Wdr72−/− maturation ameloblasts showed similar intensity of Kir4.2 immunostaining as compared to wt ameloblasts, but remained in the cytoplasm of ameloblasts, without localizing to the apical plasma membrane (Figures 4I–K).
In fluorosed ameloblasts, Kir4.2 immunostaining appeared reduced at the ameloblast apical border as compared to the 0 ppm fluoride control (Figures 5A, D) l, similar to similar NCKX4 (Figures 5B, E).
[image: Figure 5]FIGURE 5 | Fluorosis affects Kir4.2 (Kcnj15) localization in maturation ameloblasts. In mice given 0 ppm fluoride drinking water Kir4.2 (Kcnj15 (A) and NCKX4 (B) localized to the apical border of ruffle-ended maturation stage ameloblasts. Fluorosed ameloblasts had reduced Kir4.2 (Kcnj15) (D) and NCKX4 (E) at the apical border as compared to 0 ppm fluoride controls. MAB, maturation ameloblast; EM, enamel matrix; PL, papillary layer.
The expression level of Wdr72 is increased in LS8 cells grown at acidic pH (6.2) as compared to neutral pH (7.2)
WDR72 immunostained at both the basal and apical borders, with more intense immunostaining at the apical border of RE, overlying enamel matrix with a pH of 6.2 (Figure 6A), as compared to SE which overlay an enamel matrix of pH 7.2 (Figure 6B). In vitro, relative expression of Wdr72 in LS8 cells grown at pH 6.2 was significantly greater than in cells grown at pH 7.2 (Figure 6C).
[image: Figure 6]FIGURE 6 | pH related effects on WDR72 expression. (A) Immunostaining of wt mouse incisor maturation stage of ameloblasts (MAB) showed increased staining of WDR72 at the basal and apical borders of ruffle-ended ameloblasts RE, associated with an acidic enamel matrix (pH 6.2), as compared to (B) Smooth-ended ameloblast SE which are associated with a more neutral matrix (pH 7.2) (C) In vitro, pH related changes in Wdr72 mRNA showed increased expression at pH 6.2 as compared to pH 7.2 (unpaired Student’s t-test). N = 5; SDs of individual samples are indicated by the dark circles on the error bar.
DISCUSSION
As enamel matures, HA crystals expand in width, replacing the protein matrix. This process is driven by calcium transport to the extracellular matrix as ameloblasts modulate between cells with apical ruffled-ended borders (RE) and smooth-ended borders (SE) (Josephsen and Fejerskov, 1977). To support such large quantities of Ca2+ in a tightly regulated series of events, several ion exchangers that maintain Na+ and K+ homeostasis are key to functional enamel mineralization (Bronckers et al., 2015; Lacruz, 2017; Robertson et al., 2017). One such exchanger is NCKX4, which localizes to the apical border of RE and transports 1 K+ and 1 Ca2+ into the enamel matrix in exchange for 4 Na+. Consistent with this, we found that Na+ was relatively increased in Nckx4−/− as compared to Nckx4+/+ maturation enamel, while K+ was relatively decreased in Nckx4−/− enamel.
Among the K+ transporter types expressed during enamel maturation, we found that Kcnj15, a gene encoding for the inwardly rectifying potassium channel, Kir4.2, to be relatively highly expressed in maturation stage ameloblasts. The Kir channels preferentially transport K+ intracellularly (Köhling and Wolfart, 2016), and inward rectification of K+ flux results from interactions between intracellular Mg2+ or polyamines, which physically block K+ outward flux by binding to residues localized in the transmembrane and cytoplasmic regions of the channels (Hibino et al., 2010). Other K+ channels, including the leaky two pore domain potassium channels, calcium-gated, and voltage-gated K+ channels, mainly conduct K+ outward. We therefore suggest that Kir4.2 (KCNJ15) at the apical surface, removes K+ from the labile pool of ions transported into the enamel matrix by NCKX4 (see Figure 7).
[image: Figure 7]FIGURE 7 | Working model for ion transport by RE ameloblasts. There are four clusters of transporters each involved in a specific function. By requiring the same ions to operate (Na+, K+ and Cl−) from the pool of ions these clusters are interdependent from each other. One cluster involves mineral transport to form crystals (NaPi2 and Nckx4 mediated transport of phosphate and calcium, respectively). A second cluster is for K+ transport (in yellow) to obtain electrochemical gradients to drive ion transport (Nckx4, Kir 4.2, Na+K+ ATpase, Nkcc1); Cluster 3 for pH and osmoregulation (in green, includes Cftr, Ae2, Nhe1 and members of the Slc26a family (SIc26a-a3-a4, a6, a7; Nhe1 and Car2). Cluster 4 for paracellular and intracellular transport tight junctions (black) and gap junctions (grey tubes).
In Wdr72−/− and fluorosed ameloblasts, Kir4.2 remained localized in the cytoplasm. Kir proteins are transported by vesicle trafficking (Zangerl-Plessl et al., 2019), and altered vesicle trafficking, as evidenced by dislocation of Nckx4 in Wdr72−/− (Wang et al., 2015) and fluorosed (Bronckers et al., 2017) ameloblasts may have a role in translocation of Kir4.2 to the RE apical membrane. The lack and/or reduced translocation of Kir4.2 to the apical plasma membrane of fluorosed ameloblasts, may be why K+ is relatively increased in fluorosed enamel.
Wdr72 modulates endocytosis and vesicle trafficking by affecting microtubule assembly (Katsura et al., 2022). Our finding that Wdr72 expression was relatively increased at acidic pH, suggests that changes in enamel matrix pH could also affect vesicle trafficking by modulating WDR72 expression.
In fluorotic enamel there are fewer, but wider RE bands, suggesting a delayed transition from RE to SE (Smith et al., 1993). Fluorotic enamel contains less Cl− (required for bicarbonate secretion into the enamel matrix) but more K+ (Lyaruu et al., 2014). Enamel of Cftr-null and Ae2-null, which have even less Cl− and more K+ than fluorotic enamel, have no SE bands only RE bands(Bronckers et al., 2015). This suggests that local regulation of pH affects turnover of tight junctions.
Fluorotic enamel also has more Mg2+ than wt enamel, and furthermore, enamel of the more fluoride sensitive C57Bl mouse strain has more (approximately 2×) Mg+ in the extracellular enamel matrix as compared to the more fluoride resistant FVB mouse (Bronckers and Lyaruu, 2017). The role of Mg2+ in the regulation of K+ inward rectification by Kir channels may have a role in the sensitivity of ameloblasts to fluoride exposure. The mechanisms by which ameloblast control Mg transport are poorly understood, but likely to involve the cation channel TRPM7 (Nakano et al., 2016; Kádár et al., 2021).
Together these results support a role or Kir4.2 (Kcnj15) mediated inward K+ flux in maturation ameloblasts. Figure 8 illustrates the proteins and cellular changes associated with changes in RE and SE, and their relationship to TJ formation and ameloblast modulation. Future studies on the role of matrix pH, ion exchange, vesicle recycling, will further test this model and help to better understand the unique system by which maturation stage ameloblast direct enamel matrix mineralization.
[image: Figure 8]FIGURE 8 | Amelogenesis in mouse incisor: major differences between expression/activity in RE compared to SE ameloblasts. Ameloblasts modulate corresponding to calcein staining of neutral pH enamel matrix orange color. Claudin 1 (Cldn1) and F-actin are increased in RE, associated TJs, and in RE, Nckx4 transports Ca2+ into the enamel matrix for hydroxyapatite (HA) formation. HA formation in enamel lowers the pH in enamel fluid. As matrix pH decreases, Wdr72 increases, and NCKX4 and Kir4.2 translocate to the apical RE membrane. Paracellular transport of ions happens during transformation of RE into SE mode during which selective apical tight junctions disappear and basal tight junctions appear forming a new basal barrier. The transition of RE into SE and the flushing out of enamel fluid may result from hyperosmotic pressure of salt building up in the enamel space that causes leakage and eventually loss of the distal TJ by the inward flux of fluid.
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