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Abstract

Proximal tubular (PT) cells reabsorb most calcium (Ca2+), phosphate (PO4
3−), bicarbonate 

(HCO3
−), and oxalate (C2O4

2−) ions. We have shown that mice lacking Transient Receptor 

Potential Canonical 3 (TRPC3−/−) channel are moderately hypercalciuric with presentation 

of luminal calcium phosphate (CaP) crystals at the loop of Henle (LOH). However, other 

predisposing factors for such crystal deposition are unknown. Thus, we examined the distinctions 

in functional status of HCO3
−, PO4

3−, and C2O4
2− transporters in PT cells of wild type (WT) 

and TRPC3−/− mice by whole-cell patch clamp techniques to assess their contribution in the 

development of LOH CaP crystals. Here we show the development of concentration dependent 

HCO3
−-induced currents in all PT cells, which was confirmed by using specific HCO3

− channel 

inhibitor, S0859. Interestingly, such activities were diminished in PT cells from TRPC3−/− 

mice, suggesting reduced HCO3
− transport in absence of TRPC3. While PO4

3−-induced currents 

were also concentration dependent in all PT cells (confirmed by PO4
3− channel inhibitor, 

PF-06869206), those activities were reduced in absence of TRPC3, suggesting lower PO4
3− 

reabsorption that can leave excess luminal PO4
3−. Next, we applied thiosulfate (O3S2

2−) as a 

competitive inhibitor of the SLC26a6 transporter upon C2O4
2− current activation and observed 

a reduced C2O4
2−-induced conductance which was greater in TRPC3−/− PT cells. Together, 

these results suggest that the reduced activities of HCO3
−, PO4

3−, and C2O4
2− transporters in 

moderately hypercalciuric (TRPC3−/−) PT cells can create a predisposing condition for CaP and 

CaP tubular crystallization, enabling CaP crystal formation in LOH of TRPC3−/− mice.
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1 ∣ INTRODUCTION

The proximal tubule (PT) plays a major role in reabsorbing inorganic solutes such as 

calcium (Ca2+), phosphate (PO4
3−), bicarbonate (HCO3

−), and oxalate (C2O4
2−) ions, as 

well as organic solutes such as glucose and amino acids.1 In addition, the PT is responsible 

for regulating acid–base balance through bicarbonate resorption and secretion of organic 

acids.2 Importantly, PT handles about 65%–70% of the tubular Ca2+ load through Ca2+ 

transport,3 thus being a critical site for preventing Ca2+ supersaturation (SS), immediately 

downstream at the loop of Henle (LOH). Although PT Ca2+ reabsorption is usually 

described as being paracellular (passive), previous studies have shown some evidence 

of active transport, via transcellular pathway.4 Importantly, it is twice that of the DCT 

where Ca2+ reabsorption is entirely transcellular.5 Our efforts to find such transcellular 

Ca2+ transport in the PT revealed the localization of a Ca2+ permeable channel, Transient 

Receptor Potential Canonical 3 (TRPC3), in the apical brush border area, leading to 

Ca2+ entry, and thereby operates transcellular Ca2+ reabsorption at this site.6 Moreover, 

TRPC3−/− mice exhibited microcalcifications at the luminal region of LOH, thus providing 

evidence that TRPC3 can contribute to most of the Ca2+ entry into PT cells, whereby the 

absence of TRPC3 significantly raised the PT luminal Ca2+. However, we do not know 

whether such elevated PT luminal Ca2+ in the absence of TRPC3 can directly alter the PT 

microenvironment and contribute to SS to form calcium phosphate (CaP) microcrystals.

In addition to increases in Ca2+, the ambient pH has a profound effect on the SS of 

Ca2+ and PO4
3− to form CaP, since the crystallization of CaP is strongly favoured by a 

pH of 6.5 or greater.7 The solubility of CaP crystals is also pH-dependent and is greatly 

increased at a pH of 6.2 or less. The PT reabsorbs ~80% of the filtered HCO3
−, which 

creates nascent HCO3
− to neutralize the mineral acids generated by metabolism8 and thus 

can play a major role in CaP crystallization. The cells move the HCO3
− into the interstitial 

fluid and ultimately to the blood, mainly via the renal splice variant of the electrogenic 

Na+/HCO3− co-transporter NBCe1.8,9 Studies on defective NBCe1 in mice revealed signs 

of metabolic acidosis and renal tubular acidosis due to bicarbonate wasting, which may 

increase urinary Ca2+ concentration.10 Moreover, instances of recurrent CaP stone formation 

have been reported in patients due to renal acidification.11 However, we do not know how 

TRPC3 mediated Ca2+ can influence HCO3
− transport in PT cells.

Besides high urinary Ca2+ and pH, another important factor that can favour CaP 

crystallization is high urinary [PO4
3−], which is mostly reabsorbed in the PT.12 Renal 

tubular PO4
3− reabsorption is mediated by a sodium gradient–dependent PO4

3− (Na+/PO4
3−) 

cotransport system located on the apical brush borders,13 mainly through the sodium-

coupled PO4
3− transporters NaPi-iia and NaPi-iic.14 NaPi-iia is considered as the main apical 

PT PO4
3− transporter responsible for up to 70% of the renal PO4

3− reabsorption.15 Elevated 

tubular Ca2+ leads to the increased urinary SS with respect to both CaP and calcium oxalate 
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(CaOx), providing the driving force for CaP and/or CaOx nephrolithiasis.16 In addition to 

PT Ca2+ and PO4
3− transport, C2O4

2− transport also contributes to mixed stone formation.17 

Thus, optimal regulation of PO4
3− and C2O4

2− transport should lower the SS of both 

PO4
3− and C2O4

2−, and inhibit the nucleation of CaP at LOH, a precursor for CaOx stone 

formation. SLC26A6 expressed in mice PT mediates C2O4
2− transport in PT cells,17,18 the 

absence of which results in the formation of CaOx stones.18

An incomplete form of renal PT acidosis has been described in patients with hypercalciuria 

and stone disease, characterized by abnormal bicarbonaturia.19 In these patients having 

transient bicarbonaturia, the presence of other risk factors such as hypercalciuria promotes 

favourable conditions for the formation of CaP crystals, possibly at the tip of LOH, where 

luminal pH normally increases to 7.3.20 PO4
3− intake regulates the reabsorption of renal 

PO4
3− transport in PT.21 All of these clinical findings suggest that CaP microcrystal 

formation at the LOH in our TRPC3−/− mice may be linked to the PT mechanism of pH 

regulation and PO4
3− transport. We propose that TRPC3 ablation can functionally impact the 

regulation of HCO3
− and PO4

3− transport at the PT to drive CaP microcrystal formation at 

the LOH. Here we presented the functional status of HCO3
−, PO4

3− and C2O4
2− transporters 

in PT cells of WT and TRPC3−/− mice to understand their role in the PT mechanism of 

regulation of those ion channels in the absence of TRPC3.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Reagents and chemicals

Sodium bicarbonate, disodium phosphate, (S)-3-Chloro-7-(2-(hydroxy-methyl) 

morpholino)-2-methyl-5-(trifluoromethyl)-1H-pyrrolo[3,2-b] pyridine-6-carbonitrile 

(PF-06869206), 2-Chloro-N-[[2′-[(cyanoamino) sulfonyl] [1,1′-biphenyl]-4-yl] methyl]-

N-[(4-methylphenyl) methyl]-benzamide (S0859), sodium oxalate, and sodium thiosulfate, 

were purchased from Sigma-Aldrich (St Louis, MO, USA). All the chemicals used in this 

study were analytical grade. Dulbecco's modified Eagle's medium (DMEM) was purchased 

from Invitrogen (Carlsbad, CA, USA).

2.2 ∣ Animals

Both wild type (WT) and TRPC3−/− (KO) mice (C57/BL6) were purchased from the 

Jackson Laboratory (Bar Harbor, ME, USA), were maintained, and crossed as previously 

described.6,22 Study design for the mice was approved through a protocol created in 

accordance with the Guiding Principles in the NIH Care and Use of Animals, approved 

by the Institutional Animal Care and Use Committee (IACUC) and the Research and 

Development (R&D) Committee of DC Veterans Affair Medical Center.

2.3 ∣ Primary PT cell isolation

Kidneys from WT and TRPC3−/− mice were extracted, and PT cells were isolated utilizing 

various techniques adopted in our laboratory as previously described.6 Once the mice were 

killed, kidneys were immediately removed and rinsed with an ice-cold standard external 

saline (SES) buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM Na-HEPES, 

10 mM glucose; pH 7.4) with 0.02% soybean trypsin inhibitor and 0.1% bovine serum 
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albumin. Afterwards, kidneys were decapsulated and sliced into coronal sections. Cortical 

tissues from the kidneys were used to isolate PT cells by enzymatic digestion containing 

1% collagenase Type II and 0.25% soybean trypsin inhibitor (Worthington Biochemical 

Company, Freehold, NJ, USA). Briefly, suspended cells were passed through a 70-micron 

filter and then resuspended in a 45% Percoll gradient for centrifugation at ~27,000 g for 

15 min at ~4°C. PT cells were centrifuged and washed for remaining Percoll removal and 

resuspended in SES or DMEM medium.

2.4 ∣ Electrophysiology

Ion currents were measured using whole-cell patch clamp from freshly isolated single PT 

cells as previously described.6 Briefly, cells were bathed in an external solution (140 mM 

NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM D-glucose and 10 mM HEPES; 

NaOH, pH 7.4) and the intracellular solution (50 mM CsCl, 10 mM NaCl, 60 mM CsF, 

20 mM EGTA, and 10 mM HEPES; CsOH, pH 7.2) was also used. Whole-cell current 

voltage ramp recordings were obtained from an EPC-10 digitally controlled amplifier and 

Patchmaster software (HEKA, Lambrecht, Germany). I–V curves were measured in 3 s 

intervals, during which voltage ramps were applied from −100 to +100 mV from a holding 

potential of −80 mV. Data were acquired at 5.00 kHz and filtered at 2.873 kHz. Membrane 

patch resistance was achieved at >500 MΩ, where resistance was cut-off. Experiments were 

performed at 25°C. All details about the inclusion and exclusion conditions are described in 

each corresponding figure legend.

2.5 ∣ RNA extraction and RT-PCR

Total RNA was extracted from WT or TRPC3−/− PT cells using TRIzol reagent as described 

previously.6 Afterwards, resultant RNA was treated with DNAse, and concentration of each 

RNA sample was measured with a nanodrop spectrophotometer. After measuring RNA 

concentration, a cDNA synthesis kit (Promega, Madison, WI, USA) was used to reverse 

transcribe the RNA into cDNA, and then amplified with gene specific primers (Table 1) 

that were purchased from Invitrogen and Integrated DNA Technologies (Coralville, IA, 

USA) using the PCR master mix amplification reagent (Promega, Madison, WI). T100 

Thermocycler (Bio-Rad, Hercules, CA, USA) settings for RT-PCR amplification were set 

to the specific conditions as described previously6 with the following PCR conditions: one 

initial cycle at 95°C for 3 min; 30–35 cycles of denaturation at 95°C for 30 s, annealing at 

55°C for 30 s, and elongation at 72°C for 45 s; an additional 5 min at 72°C; and a final hold 

at 4°C.

2.6 ∣ Protein analysis and western blotting

Cells were washed once in 1xPBS with 1% Aprotinin (Sigma Chemicals, St. Louis, 

MO, USA) and then solubilised in RIPA buffer with protease inhibitors (Thermo-Fisher 

Scientific, Waltham, MA, USA) for protein analyses in SDS-PAGE (4%–12%) gels. Protein 

samples were then transferred into an Immobilon-PSQ transfer membrane (Millipore Corp, 

Bedford, MA, USA) as previously described.6 Specific primary antibodies as described in 

Table 2 were used to label the protein of interest. Horseradish peroxidase (HRP)-conjugated 

secondary antibodies from Santa Cruz Biotechnology (1:2000 dilution) were utilized to 
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tag the primary antibodies and enhanced chemiluminescence (ECL) kit (Thermo Scientific 

Pierce ECL Plus Substrate) was used for HRP signal detection.

2.7 ∣ Statistical analysis

I–V curves were plotted and analysed using Origin 6.1. Statistical analyses were performed 

using Student's unpaired t-test (two-tailed), or ANOVA, as appropriate, in Origin 6.1. The 

data were expressed as means ± SEM from at least four separate experiments (n = 4) as 

indicated in the figure legends.

3 ∣ RESULTS

3.1 ∣ Functional role of NBCe1 transporter in TRPC3−/− PT cells

Our previous study showed that the TRPC3−/− mice exhibited CaP crystal formation at 

the LOH with higher urinary Ca2+ excretion, which could be linked to the decreased Ca2+ 

reabsorption in the PT.6 Studies have also shown that higher tubular pH can facilitate the 

formation of CaP crystals.23,24 However, it is unclear whether luminal pH changes in the 

PT can increase the risk for CaP crystal formation at the LOH. It is also known that the 

handling of HCO3
− in the PT is crucial for regulating the pH in the luminal fluid.25 Here 

we show that the application of sodium bicarbonate in both WT and TRPC3−/− PT cells 

can develop a current in a concentration dependent manner (Figure 1A,B). Notably, such 

current response appeared robust in WT PT cells, and the changes were more proportional 

with the rise in concentration of HCO3
− from 0.1 mM → 0.3 mM → 1 mM (Figure 1A). 

Whereas, in TRPC3−/− PT cells, not only was the depth of the current much smaller, but 

there was almost no change in current density at the lower concentrations (0.1–0.3 mM), 

suggesting that TRPC3 deletion may affect the current induced by HCO3
− (Figure 1B) in 

the PT cells. Since NBCe1 is a major transporter for HCO3
− regulation in the PT, and that 

its dysfunction may have an effect on tubular pH,9,26 we observed the difference between 

physiological functioning of HCO3
−-induced current activity in presence and absence of 

TRPC3, using S0859, a selective high-affinity generic inhibitor of NBC.27 Our results show 

that the HCO3
−-activated currents in both WT and TRPC3−/− PT cells were significantly 

diminished (Figure 1C-E), confirming that NBCe1 is involved as the major transporter 

for HCO3
− regulation in PT cells. Once again, the pattern of activation in the WT PT 

cells (Figure 1F) looked much more prominent than the TRPC3−/− PT cells (Figure 1G). 

However, there was no change in percent inhibition by S0859 between WT and KO PT 

cells (Figure 1H). To confirm these results, we examined the gene expression for NBCe1 

for both WT and TRPC3−/− PT cells. NBCe1 expression levels for gene and protein were 

insignificant between WT and TRPC3−/− PT cells (Figure 1I,J). These results show that 

the ablation of TRPC3 may modify the reabsorption activity of HCO3
− and associated pH 

regulation in PT cells, while the expression levels remain the same between WT and KO PT 

cells.

3.2 ∣ Functional role of NaPi-iia in TRPC3 null PT cells

Renal PO4
3− leak due to decreased reabsorption of PO4

3− has been shown to increase 

the risk of calcium nephrolithiasis.28 Moreover, most of the renal handling of PO4
3− is 

managed in the PT.15 However, whether the increased PO4
3− in the luminal fluid of the PT 
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contributes to CaP crystal formation at the LOH as seen in our TRPC3−/− mice is unknown. 

Our recent finding regarding increase in urine CaP crystal formation in TRPC3−/− mice 

prompted us to examine how it would influence the transport of PO4
3− within TRPC3−/− 

PT cells.6 Electrophysiological experiments show a concentration-dependent (0.1–10 mM) 

induction of currents due to the application of disodium phosphate in WT and TRPC3−/− 

PT cells (Figure 2A,B). While the pattern of current development with the increase in 

PO4
3− concentration appeared to be very similar in both WT and TRPC3−/− PT cells, the 

concentrations between 1–3 mM induced a more prominent current in the TRPC3−/− PT 

cells than in the WT counterpart (Figure 2A-E). Since the NaPi-iia co-transporter is the 

major PO4
3− transporter in the PT for luminal PO4

3− reabsorption in adult mice kidneys,29 

we utilized a selective inhibitor against NaPi-iia, PF-06869206, to compare the current 

inhibition between the WT and the TRPC3−/− PT cells.30 We found that with the application 

of PF-06869206 in WT PT cells, the PO4
3−-induced current was mildly inhibited (Figure 

2F), whereas, such inhibition did not affect the PO4
3−-induced current in TRPC3−/− cells 

(Figure 2G,H), suggesting that TRPC3-ablated PT cells may experience less PO4
3− uptake 

through the NaPi-iia than its WT counterpart. Examination of Na-Piia gene and protein 

expression levels revealed no significant differences between the WT and TRPC3−/− PT 

mice cells (Figure 2I,J).

3.3 ∣ Thiosulfate diminishes C2O4
2− induced conductance in PT cells

Recent studies have found that most calcium stones were composed of CaOx with CaP 

as core component,31 hence C2O4
2− transport may be relevant in the present context. The 

mSLC26a6 transporter was found to be a major C2O4
2− transporter in the apical region 

of the PT, where the majority of C2O4
2− is reabsorbed.32 Since we have shown that the 

ablation of TRPC3 in mice increased the amount of CaP formation due to disruption in 

Ca2+ reabsorption in the PT, we wanted to investigate how this ablation may be influencing 

the C2O4
2− transport through electrophysiological studies. A previous study has shown 

thiosulfate (O3S2
2−) to be a potential competitive inhibitor of C2O4

2− mobilization through 

SLC26a6, C2O4
2− transporter, due to its higher affinity.33 When we first exposed both WT 

(Figure 3A) and TRPC3−/− PT cells (Figure 3B) to C2O4
2−, there was a rapid development 

of current, suggesting an increase in the anion exchanger (SLC26a6) activity. We found that 

the inhibitory pattern via O3S2
2− in WT PT cells (Figure 3A) mirrors that of TRPC3−/− PT 

cells (Figure 3B). As we applied O3S2
2− to the cells, the C2O4

2−-induced conductance was 

diminished with the rise in concentration (0.1–3 mM) of O3S2
2− (Figure 3A,B), showing 

that O3S2
2− can be a competitive inhibitor via the SLC26a6 (C2O4

2− transporter) in mouse 

PT cells, while suggesting a functional presence of C2O4
2− transport in the PT. Interestingly, 

at lower concentrations, inhibition by O3S2
2− was less in WT PT cells and more in 

TRPC3−/− PT cells, while at the higher concentrations, the inhibition was more prominent 

in WT than that of the TRPC3−/− PT cells (Figure 3C,D). At the same time, the steepness 

of the inhibition was greater when applying lesser concentrations (0.1–1 mM) of O3S2
2− in 

TRPC3−/− PT cells than in WT PT cells (Figure 3A,B), suggesting the competitive inhibition 

by O3S2
2− in such that PT cell oxalate handling might be more tolerant in WT PT cells 

compared to TRPC3−/− PT cells. The differences in SLC26 gene and protein expression 

levels between WT and TRPC3−/− mice PT cells were insignificant (Figure 3E,F).
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4 ∣ DISCUSSION

Among the major events of renal acid–base homeostasis that occur in the PT, filtered HCO3
− 

reabsorption and ammonia generation are prominent. Thus, the regulation of PT HCO3
− 

reabsorption through an intracellular pH-independent mechanism can play a role in luminal 

CaP crystal formation.34 Our characterization of the anion currents for HCO3
−, PO4

3−, and 

C2O4
2− transporters confirmed those major transporters within WT PT cells to establish 

the ionic status under normal condition. Moreover, we compared those current activities 

in TRPC3−/− PT cells to WT PT cells to distinguish the ionic mobilization (by comparing 

current activity) upon establishing current conductance activity for HCO3
−, PO4

3− and 

C2O4
2−. A previous study shows that HCO3

− activated current in bovine parotid acinar cells 

were heavily regulated by NBCe1.35 Our effort was also directed to NBCe1 in the regulation 

of the HCO3
− current in PT cells. Since we found NBCe1a is present in PT cells,6 our 

results on HCO3
− current in WT PT cells signifies its functional status.36 However, in the 

absence of TRPC3, HCO3
− current activity was reduced compared to the WT PT cells. 

Interestingly, mice without AE-1, a bicarbonate-chloride co-transporter, exhibited signs of 

hypercalciuria, though the actual mechanism has been unclear.37 While the connection 

between Ca2+ and HCO3
− regulation has not been well studied in the PT, our study reveals 

further evidence of how regulation of Ca2+ may connect with the regulation of HCO3
−. 

Since we did not get robust HCO3
− response in TRPC3−/− PT cells compared to the WT 

cells, intracellular HCO3
− would accumulate which will induce increased NBCe1 activity 

in an effort to regulate such increased intracellular HCO3
−, though the expression levels 

between the WT and KO remained the same (Figure 1I,J). While expression would correlate 

with activity, a previous study has shown that activity of NBCe1 has increased though 

expression levels did not change.9 In the same vein, such increased intracellular HCO3
− 

would in turn diminish the luminal secretion of H+ ions; so that HCO3
− in PT luminal fluid 

cannot be neutralized. Such excess HCO3
− in the tubular fluid can increase the pH, which 

can explain why we found CaP crystals in the LOH lumen in TRPC3−/− mice.6

NaPi-iia co-transporter knockout mice have been shown to exhibit nephrolithiasis through 

high phosphate diet.38 Our previous study has found that there was ~20% increase in PO4
3− 

excretion in TRPC3−/− mice compared to that of the WT mice,6 which may be trending 

towards SS of Ca2+ and PO4
3− in TRPC3−/− mice. While the mechanism is unclear, our 

electrophysiological characterization of the NaPi-iia transporter current in PT cells revealed 

that the PO4
3− conductance was significantly inhibited using the NaPi-iia inhibitor in WT 

PT cells but not in TRPC3−/− PT cells. This may suggest that NaPi-iia transporter activity 

is diminished in the PT of TRPC3−/− mice compared to that of the WT, while less PO4
3− 

ions is reabsorbed in the PT. Further mechanistic study would be needed to examine the 

connection between Ca2+ and PO4
3− regulation.

Since the most common metabolic abnormality found in calcium stone formers is 

hypercalciuria, as seen in idiopathic hypercalciuria,39 we formulated our hypothesis and 

found that moderately hypercalciuric TRPC3−/− mice presented with CaP crystal formation. 

It has been proposed that CaP crystals can act as precursor for CaP+CaOx mixed stone 

formation40; in the absence of TRPC3 in PT, such conditions can be used to explore the 

mechanism of mixed stone formation.6 We measured the current conductance of murine PT 
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cells in the presence of C2O4
2− and show that it has been strongly induced the current both 

in presence and absence of TRPC3. In both WT and TRPC3−/− PT cells, the conductance 

has been greatly inhibited, though interestingly, the inhibition has been more prominent 

in the TRPC3−/− mice cells. A previous study performed with thiosulfate-treated rats 

revealed decrease in calcium phosphate formation, while in vitro experimentation found that 

thiosulfate only minimally decreased the ionisation of free calcium, suggesting an inherent 

mechanism involving thiosulfate in the rats.41 We show that thiosulfate has a mechanistic 

influence upon the current activity in PT cells. Since TRPC3−/− PT mice exhibited increase 

in CaP crystal formation in the urine, future studies can examine if thiosulfate can alleviate 

the risk of stone formation in these mice.

Additional mechanisms other than NBCe1 appear to regulate PT acid–base regulation such 

as citrate, which we plan to examine in our future study. NBCe1 expression is detectable 

only in the proximal convoluted tubule and proximal straight tubule in the renal cortex 

in normal mice (Diagram 1). We extracted the cortical PT cells to measure the currents, 

suggesting its validity. We have used pharmacological agents for our study, which may have 

some off-target effect. Nonetheless, at present, we do not have sufficient data to identify the 

mechanisms of pH- regulated predisposition of CaP crystal formation in vivo. Future studies 

along this line using siRNA inhibitor can pin-point the mechanistic output.

5 ∣ CONCLUSION

In summary, our study provides substantial new information on PT status of HCO3
−, 

PO4
3−, and C2O4

2− ion transports in a moderately hypercalciuric condition (Diagram 1) 

and can advance our understanding of calcium stone formation. Such functional activity 

may be necessary for generating predisposing condition in TRPC3−/− mice under both 

basal conditions and in response to metabolic acidosis. Our study provides fundamental 

knowledge for using TRPC3 ablated mice as an in vivo cellular signalling model to 

understand the calcium nephrolithiasis and chronic kidney disease involving oxidative stress 

or crystal nephropathies.
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FIGURE 1. 
Bicarbonate-activated current is suppressed in WT and TRPC3−/− PT cells after S0859 

application. I-V curve recordings and current voltage ramp traces at −100 mV of (A) WT 

and (B) TRPC3−/− (KO) PT cells of each HCO3
− concentration dependent application were 

plotted. (A, B) Bar diagrams depict current densities (pA/pF) at −100 mV in PT cells (WT 

and KO) which were obtained from WT and KO mice (n = 4). (A) For the WT PT cell, 

sodium bicarbonate (HCO3
−) was applied at traces 20 (+0.1 mM), 66 (+0.3 mM) and 115 

(+1 mM). (B) For KO PT cell, (HCO3
−) was applied at traces 10 (+0.1 mM), 75 (+0.3 mM), 

and 150 (+1 mM). Percent induction of basal current densities of (C) WT and (D) KO PT 

cells were derived from graphs A and B by dividing each current density of implemented 

HCO3
− concentration (0.1, 0.3, and 1 mM) from the basal current density. (E) Change in 

percent HCO3
− induction (0.1–0.3, and 0.3–1 mM) from basal current densities in WT 

and KO PT cells was calculated from C and D by subtracting percent current induction 

at 0.1 mM from 0.3, and 0.3 mM from 1 mM. (F, G) NBCe1 inhibitor, S0859 (50 μM), 

was applied to WT or KO PT mice cells to inhibit the current activated by (HCO3
−). (F) 

Sodium bicarbonate (0.3 mM) was applied at trace 20 and S0859 (50 μM) was applied at 

trace 60. (G) Sodium bicarbonate (0.3 mM) was applied at trace 55 and S0859 (50 μM) 
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was applied at trace 61. (F, G) Bar diagrams show current densities (pA/pF) in PT cells 

(WT and KO) which were obtained from WT and KO mice (n = 4). (H) Percent inhibition 

of HCO3
− induced current were assessed from F and G by subtracting current densities 

of WT or KO PT cells after application of S0859 inhibitor, from current density after 

initial HCO3
− application. Densitometric analyses of (I) NBCe1 RT-PCR expression and (J) 

NBCe1 expression by western blot were quantified using ImageJ from PT cells (WT and 

KO) of each WT and KO mice (n = 4). (A–J) Bar diagrams are represented in mean + SEM. 

* P < 0.05; ** P < 0.01
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FIGURE 2. 
Phosphate-activated current in TRPC3−/− mice was not inhibited by PF-06869206 

application. I-V curve recordings of current voltage ramp traces at −100 mV of (A) WT 

and (B) TRPC3−/− (KO) PT cells of each disodium phosphate concentration dependent 

applications were plotted. (A, B) Bar diagrams depict current densities (pA/pF) at −100 

mV in PT cells (WT and KO) which were obtained from WT and KO mice (n = 4). (A) 

For WT PT cells, disodium phosphate was applied at traces 10 (+0.1 mM), 30 (+0.3 mM), 

100 (1 mM), 150 (3 mM), and 250 (+10 mM). (B) For KO PT cells, disodium phosphate 

was applied at traces 10 (+0.1 mM), 30 (+0.3 mM), 50 (+1 mM), 74 (+3 mM), and 99 

(+10 mM). Percent change in induction of current densities in (C) WT and (D) KO PT 

cells were derived from graphs A and B by dividing each current density of implemented 

phosphate (PO4
3−) concentration (0.1, 0.3, 1, 3, and 10 mM) from the basal current density. 

Shin et al. Page 13

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) Change in percent PO4
3− induction (0.1–0.3, 0.3–1, 1–3, and 310 mM) from basal 

current densities in WT and KO PT cells was calculated from C and D by subtracting 

percent current induction at 0.1 mM from 0.3 mM, and 0.3 mM from 0.1 mM, 1 mM from 

3 mM, and 3 mM from 10 mM. (F, G) NaPi-iia inhibitor, PF-06869206 (500 nM), was 

applied to inhibit the current activated by disodium phosphate (3 mM). (F) For WT PT cells, 

disodium phosphate was applied at trace 47 and PF-06869206 was applied at trace 110. (G) 

For KO PT cells, disodium phosphate was applied at trace 45 and PF-06869206 was applied 

at trace 100. (H) Percent inhibitions of PO4
3− induced current were assessed from F and 

G by subtracting current densities of WT or KO PT cells after application of PF-06869206 

inhibitor, from current density after initial PO4
3− application. (F, G) Bar diagrams show 

current densities (pA/pF) in PT cells (WT and KO) which were obtained from WT and KO 

mice (n = 4). Densitometric analyses of (I) Na-Pi-iia RT-PCR expression and (J) Na-Pi-iia 

expression (western blot) were quantified using ImageJ from PT cells (WT and KO) of each 

WT and KO mice (n = 4). (A–J) Bar diagrams are represented in mean + SEM. *. P < 0.05; 

**, P < 0.01
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FIGURE 3. 
Sodium oxalate induced current was inhibited in a concentration dependent manner in PT 

cells. Whole-cell patch clamp of (A) WT and (B) TRPC3−/− (KO) PT cells with voltage 

ramps from −100 to +100 mV in the presence of 100 μM C2O4
2− were applied O3S2

2− in 

a concentration-dependent manner. (A, B) Bar diagrams depict current densities (pA/pF) at 

−100 mV in PT cells (WT and KO) which were obtained from WT and KO mice (n = 4). 

(A) For WT PT cells, O3S2
2− was applied at traces 15 (+0.1 mM), 21 (+0.3 mM), 30 (+1 

mM), and 60 (+3 mM). (B) For KO PT cells, O3S2
2− was applied at traces 10 (+0.1 mM), 

25 (+0.3 mM), 35 (+1 mM), and 55 (+3 mM). (C, D) Percent inhibitions of C2O4
2− induced 

current were assessed from A and B by subtracting current densities of WT or KO PT 

cells after each application of O3S2
2−, from current density induced by C2O4

2−. I-V curve 

recordings current voltage ramp traces at −100 mV of each O3S2
2− application were plotted. 
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Densitometric analyses of (E) SLC26a6 RT-PCR expression and (F) SLC26a6 expression by 

western blot were quantified using ImageJ from PT cells (WT and KO) of each WT and KO 

mice (n = 4)
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DIAGRAM 1. 
Schematic represents ionic regulation in PT cells from TRPC3−/− mice. TRPC3 regulates 

luminal [Ca2+] rise, NBCe1 handle the pH via carbonic anhydrase (CA). Elevated [Ca2+] 

in tubular lumen maybe linked to the altered physiology of other solute transporters in 

PT cells. NaPi-II = Pi transporter regulates PO4
3− Conc.; SLC26A6 = Oxalate transporter 

regulates PO4
3− Conc.; NBCe1 = Na+/HCO3− co-transporter; NHE3 = Na+/H+ exchanger. 

CD, collecting duct; DT, distal tubule; LOH, loop of henle; PCT, proximal convoluted 

tubule; PST, proximal straight tubule.
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TABLE 1

Primer table

Primer Sequence (sense, antisense)
Product
Size (bp)

mNBCe1 5′-CACTGAAAATGTGGAAGGGAA-3′
5′-TTATCACCCTTGTGCTTTGC-3′

544

mNaPi-iia 5′-AGACACAACAGAGGCTTC-3′
5′-CACAAGGAGGATAAGACAAG-3′

181

mSLC26a 5′-AGATCTTCCTTGCGTCTGC-3′
5′-GCCTTTCCACATGGTAGTCTC-3′

150

mGAPDH 5′-TGAGGACCACGTTGTCTCCT-3′
5′-GCCCCTCCTGTTATTATGGG-3′

303
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