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Editorial on the Research Topic 
Renal Regulation of Water and Sodium in Health and Disease

A fine regulation of water and sodium balance is an integral part of body homeostasis. The kidney plays a pivotal role in the maintenance of water and sodium balance. Various water channels and sodium transporters, such as aquaporins, epithelial Na+ channel (ENaC), and sodium-chloride cotransporter (NCC), are differentially expressed and regulated along the renal tubules and collecting ducts, contributing to body fluid homeostasis and blood pressure control (Noda et al., 2010; Warnock et al., 2014; Su et al., 2020; Meor Azlan et al., 2021; Prieto et al., 2021). A robust understanding of the physiology and pathophysiology of renal water and sodium regulation may facilitate the key solutions to unanswered clinical questions in various dysnatremic disorders and hypertension.
In this regard, the Frontier Research Topic, Renal Regulation of Water and Sodium in Health and Disease, has been contributed by a total of ten articles, shedding a light to the recent progress in the renal physiology of water and sodium regulation. Frame et al., taking advantage of pharmacologic interventions and physiological measurement in rodent surgical models, addressed the mechanism of natriuresis during acute intravenous sodium infusion, which is renal sympathetic nerves, but not circumventricular organs, and, more specifically, α 1-, but not β-adrenoreceptors. It is intriguing that the role of α 1-adrenoreceptors during acute sodium loading is opposite to the established roles of the renal sympathetic nerves on renal sodium handling via renal α 1-adrenoreceptor-evoked sodium reabsorption and renal β 1-adenoreceptors-mediated renin release. Milano et al. found that, in their loss-of-function studies, β 3-adenergic receptor activates NCC in the distal convoluted tubule by promoting phosphorylation via its upstream kinases, such as SPAK and WNKs, and that β 1/2-adenergic receptors regulate the expression of NCC, but not the phosphorylation state of NCC. Lu et al. discovered that high phosphate loading activates renin-angiotensin system, and that, by pharmacologic blockade of (pro)renin receptor, this in turn leads to activation of (pro)renin receptor to promotes phosphaturic response via stimulation of fibroblast growth factor 23 production and subsequent downregulation of renal Na/Pi-IIa expression. Kristensen et al., via various in vivo and ex vivo experiments, proved that increased expression and phosphorylation of NCC by excess aldosterone is likely an indirect effect of enhanced ENaC-mediated K+ secretion and subsequent hypokalemia, concluding the debates on the association between hyperaldosteronism and upregulation of NCC in rodent models.
It is of note that four original articles are featured with collecting duct physiology. Chen et al. demonstrated that, using aquaporin-2 (AQP2) promoter-driven Cre-recombinase, mechanistic target of rapamycin (mTOR) from the renal collecting duct principal cell (PC) in mice down-regulates ENaC, and presented the evidence of the mechanisms by which ENaC activity is regulated by mTOR, such as regulation of type 1 serum glucocorticoid regulated kinase, ubiquitination, ENaC channel turnover and apical membrane residency. The selective deletion of mTOR in PC was ultimately sufficient to alter body sodium homeostasis. Soares et al. presented in vivo evidence that activation of Gs signaling exclusively in PCs is sufficient to increase ENaC activity and decrease urinary Na+ excretion. The expression of Gs-DREADD (designer receptors exclusively activated by designer drugs) protein, which activates intracellular cAMP signal transduction pathway in response to synthetic, but not endogenous, ligand, such as clozapine N-oxide, was specifically induced kidney PCs in Aqp2-cre mice. Deen et al. dissected the underlying mechanism of the paradox that water absorption is increased in PCs by prostaglandin E2 (PGE2) in the absence of arginine vasopressin (AVP), but is decreased in the presence of AVP: In the absence of AVP, PGE2 binds to EP4 receptor that is coupled Gs protein, leading to cAMP generation, followed by AQP2 transcription and translocation. In contrast, AVP induces EP1 receptor, which leads to down-regulation of AQP2 expression, and reduces EP4 receptor. In the presence of AVP, PGE2 decreases AQP2 expression by stimulating EP1. Ho et al. defined a common mechanism of AQP2 regulation by α-actinin 4 that bridges short-term (trafficking of the water channel protein aquaporin-2 to the apical plasma membrane of PCs) and long-term (up-regulation of AQP2 gene expression) response to AVP. This study unveiled that AVP reduces interaction of α-actinin 4 with F-actin, which facilitates F-actin depolymerization and, in turn, apical AQP2 insertion, while freed α-actinin 4 then enters the nuclei where it interacts with glucocorticoid receptor to enhance long-term vasopressin-induced AQP2 gene expression.
The current Frontier Research Topic also includes two review articles. Tsilosani et al. summarized recent advances in the mechanisms of aldosterone-regulated sodium transport and its relevance with blood pressure, focusing on the signaling pathways involved in aldosterone synthesis and its effects on Na+ reabsorption through ENaC. Kim et al. covered the central and nephrogenic mechanisms of drug-induced hyponatremia in drug-induced hyponatremia, emphasizing the importance of the canonical pathway of AQP2 regulation via vasopressin V2 receptor in “nephrogenic syndrome of inappropriate antidiuresis.”
Taken together, this Frontier Research Topic expands our knowledge on physiologic function and pathologic adaptation of the renal nephron. The studies collected here are highlighting novel and sophisticated mechanisms of renal water and sodium handling, presenting robust evidence for further investigations.
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We previously showed that the beta-3 adrenergic receptor (BAR3) is expressed in most segments of the nephron where its agonism promotes a potent antidiuretic effect. We localized BAR3 in distal convoluted tubule (DCT) cells expressing the thiazide-sensitive sodium-chloride cotransporter (NCC). Aim of this study is to investigate the possible functional role of BAR3 on NCC modulation in DCT cells. Here, we found that, in mice, the knockout of BAR3 was paralleled by a significant attenuation of NCC phosphorylation, paralleled by reduced expression and activation of STE-20/SPS1-related proline-alanine-rich kinase (SPAK) and WNKs the main kinases involved in NCC activation. Conversely, in BAR1/2 knockout mice, we found reduced NCC abundance with no changes in the phosphorylation state of NCC. Moreover, selective BAR3 agonism promotes both SPAK and NCC activation in wild-type mouse kidney slices. In conclusion, our findings suggest a novel role for BAR3 in the regulation of NCC in DCT.

Keywords: beta3-adrenoreceptor, distal convoluted tubule, thiazide-sensitive Na-Cl cotransporter, sympathetic regulation, sodium-chloride cotransporter


INTRODUCTION

The beta-adrenergic system regulates numerous renal functions. Three subtypes of the beta-adrenoreceptors (BARs) are known as: BAR1, BAR2, and beta-3 adrenergic receptor (BAR3). While the expression and physiological roles of BAR1 and BAR2 in the kidney are widely documented, evidence regarding the renal expression of BAR3 was lacking until a few years ago. In particular, BAR1 is expressed in the mesangial cells, juxtaglomerular cells, macula densa epithelium, distal tubules, and collecting ducts. BAR2 is expressed mainly in the proximal, distal tubules, and collecting ducts (Boivin et al., 2001; Sata et al., 2018). Stimulation of both BAR1 and BAR2 participate in the regulation of glomerular filtration, sodium reabsorption, acid-base balance, and renin secretion.

We recently demonstrated that BAR3 is expressed in most of the nephron segments also expressing the type-2 vasopressin receptor (AVPR2), including the thick ascending limb (TAL) of Henle, the distal convoluted tubule (DCT), and the cortical and the outer medullary collecting duct (CD; Procino et al., 2016). In particular, we showed in mice that stimulation of BAR3 reduced urine excretion of water, Na+, K+, and Cl−, as a result of increased plasma membrane expression of the water channel aquaporin 2 in the CD and increased the activation of the Na-K-2Cl symporter (NKCC2) in the TAL. Both proteins are key players in the urine concentrating process (Procino et al., 2016).

Here, we focused on the possible functional role of BAR3 in DCT where it localized at the basolateral membrane of epithelial cells expressing the thiazide-sensitive sodium-chloride cotransporter (NCC) at the apical side (Procino et al., 2016; Poulsen et al., 2021). NCC tightly tunes renal sodium reabsorption in DCT to fit blood pressure changes.

NCC activation is a consequence of its phosphorylation by a complex network of kinases including the with-no-lysine kinases WNK1 and WNK4, the STE-20/SPS1-related proline-alanine-rich kinase (SPAK), and Oxidative Stress Response 1 (Pacheco-Alvarez et al., 2006; Richardson et al., 2008; Huang and Cheng, 2015; Hadchouel et al., 2016).

Recent studies showed a direct influence of norepinephrine released by sympathetic nerves on NCC expression and activity (Rojas-Vega and Gamba, 2016). For instance, norepinephrine can increase NCC expression and phosphorylation by activating the BAR2-WNK4 pathway (Mu et al., 2011). Terker et al. (2014) reported that acute stimulation of DCT cells with norepinephrine increased NCC phosphorylation via BAR1 activation (Terker et al., 2014). Thus, the aim of the present study is to uncover the possible role of BAR3 stimulation in regulating NCC expression and activation in the DCT cells.

Interestingly, we found that in BAR3 knockout (ko) mice, the amount of phosphorylated NCC (pNCC) was significantly reduced, thus suggesting a regulatory role of BAR3 on NCC. The evidence was confirmed by the observation that BAR3 agonism promoted NCC phosphorylation in vital kidney slices from wt mice but not in those from BAR3 KO animals.



MATERIALS AND METHODS


Antibodies and Reagents

Selective BAR3 agonist BRL37344 (cat. no. sc-200154) and specific BAR3 antagonist L748337 (cat. no. sc-204044) were from Santa Cruz Biotechnology. The PKA inhibitor H-89 (cat. no. B1427) and (deamino-Cys1, D-Arg8)-vasopressin [1-deamino-8-D-argininevasopressin (dDAVP), cat. no. V-1005] were from Sigma (St. Louis, MO).

Antibodies anti-NCC (cat. no. SPC-402D) were from StressMarq Biosciences Inc. (Victoria, BC, Canada). Antibodies against the phosphorylated Thr 53 NCC (cat. no. p1311-53) were from Phosphosolutions. Anti-SPAK (cat. no. S669D) and anti-phospho Ser 373 SPAK (cat. no. S670B), anti-full-length WNK1 (cat. no. S062B), anti-phospho (Ser 382) WNK1 (cat. no. S099B), and anti-WNK4 (cat. no. S064B) antibodies were purchased from MRC-Protein Phosphorylation & Ubiquitylation Unit, University of Dundee, Scotland. Antibodies against PKC (isoform α; cat. no. 2056), phospho-PKC (pan; βII Ser660; cat. no. 9371), ERK1/2 (cat. no. 4695), and phospho-ERK1/2 (Thr202/Tyr204; cat. no. 4370) were from Cell Signaling Technology. Hydrochlorothiazide (HCTZ; cat. no. H4759) was from Sigma-Aldrich.



Animals

Procedures involving animals were carried out in compliance with the Italian guidelines for animal care (DL 26/14) and the European Communities Council Directive (2010/63/UE). Procedures were approved by the Ethical Committee in Animal Experiments of the University of Bari.

Mice were maintained on a 12-h light/12-h dark cycle, with free access to water and food (2018 Teklad rodent diet, Envigo), in accordance with the Italian Institute of Health Guide for the Care and Use of Laboratory Animals.

Knockout mice, BAR3, and BAR1/2 were derived from two distinct strains characterized by a different genetic background, for this reason, we used specific wild-type mice for each BARs ko model.

BAR3 ko and their wild-type mice (Boss et al., 1999) were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). BAR1/2 ko and wild-type mice (Rohrer et al., 1999) were generated as previously described (Bernstein et al., 2005; Ecker et al., 2006). Experiments were conducted in male mice 4 months old.

Systolic blood pressure was measured in anesthetized mice by means of the “tail-cuff” sphygmomanometer method, as previously described (Martelli et al., 2013).

Metabolic cages were used to collect urine. Mice received a single i.p. injection (200 μl) of HCTZ (50 mg/kg) dissolved in DMSO and diluted 1:10 in sterile saline. Controls received the same volume of vehicle alone. Plasma and urine electrolytes were measured using the ion selective electrode method, aldosterone with R. I. A method.



Immunofluorescence

Mouse kidneys were fixed overnight with 4% paraformaldehyde at 4°C, cryopreserved in 30% sucrose for 24 h, and then embedded in optimal cutting temperature medium. Thin cryosections (7 μm) were subjected to immunofluorescence analysis as previously reported (Procino et al., 2016). Sections were incubated with the primary antibodies anti-NCC, anti-pNCC, anti-SPAK, anti-pSPAK, and the appropriate AlexaFluor-conjugated secondary Ab (Life Technologies) according to the manufacturer’s instructions. Confocal images were obtained with a confocal laser-scanning fluorescence microscope (Leica TSC-SP2, Mannheim, Germany). For the quantification of the fluorescence intensity (FI expressed as arbitrary units), 18 confocal images (three for each mouse) were analyzed blindly for each genotype using ImageJ software. Images were then background subtracted and the appropriate threshold was automatically calculated for the two separate channels (green and red) obtained from each image. Then, the mean fluorescence intensity of each image was quantified using ImageJ.



Immunoblotting

Whole kidney isolated from wild type, BAR3 and BAR1/2 ko mice were homogenized in RIPA buffer as previously described (Procino et al., 2014). 30 μg of each lysate was separated by SDS-PAGE using Mini-PROTEAN® TGX Stain-Free™ Precast Gels Bio-Rad and analyzed by Western blotting as previously described (Milano et al., 2018). Densitometry was performed using the Image Lab™ software (Bio-Rad) of ChemiDoc™ (Bio-Rad) imaging system, after normalization for the total protein content using the Stain-Free™ technology (Bio-Rad) according to manufacturer’s instructions.



Kidney Slices

Sex-, age-, and weight-matched C57BL/6J (N = 6) or BAR3 ko (N = 6) male mice were used for the kidney slices experiments. Mice were anesthetized with tribromoethanol (250 mg/kg) and killed by cervical dislocation. Kidneys were collected and thin transversal slices (250 μm) were obtained using a Mcllwain Tissue Chopper (Ted Pella Inc.; Redding, CA, United States). Slices were left at 37°C in Dulbecco’s Modified Eagle Medium/F12 medium (CTR) or stimulated for 40 min with dDAVP (10–7 M) or BRL37344 (10–5 M), the latter given alone or after 30 min of preincubation with either L748,337 (10–7 M) or H89 (10–5 M). Slices were processed for Western blotting experiments as described above or fixed in 4% paraformaldehyde and thin cryosections (7 μm) were subjected to immunofluorescence. For the quantification of fluorescence intensity, 30 confocal images (six for each condition) were analyzed.



Statistical Analysis

For statistical analysis, GraphPad Prism software (La Jolla, CA) was used. Unpaired Student’s t-test was used to compare knockout and wild-type mice of each strain. For multiple comparison, one-way ANOVA was performed. All values are expressed as means ± SEMs. A difference of p < 0.05 was considered statistically significant. Details about statistical analyses are reported in figure legends.




RESULTS


Blood Chemistry of Animals Used in the Study

We previously characterized blood chemistry of BAR3 ko mice (Procino et al., 2016). Here, we compared blood chemistry between BAR3 ko, BAR1/2 ko mice, and their wt controls. As reported in Table 1, plasma Na+, K+, and Cl− did not change significantly between genotypes. Plasma aldosterone concentrations were not significantly altered in BARs knockout, although they were higher in the genetic background in which BAR1/2 ko mice were generated (C56BL6), compared to FVB animals in which BAR3 ko mice were obtained. Systolic blood pressure was measured in all mouse genotypes and did not show significant differences in agreement with previously published data (Rohrer et al., 1999; Deschepper et al., 2004; Moens et al., 2009).



TABLE 1. Plasma electrolytes, aldosteron and blood pressure in each genotype analyzed in the study.
[image: Table1]



BAR3 Ko Mice Show Reduced Urine Na+ Excretion Upon HCTZ Administration

Although BAR3 ko mice did not show defects in plasma Na+ handling, to test the hypothesis that gene deletion of the BAR3 receptor might affect the regulation of the NCC transporter in the DCT, we analyzed the urinary excretion of Na+ after the administration of the diuretic HCTZ, a specific inhibitor of NCC. BAR3 ko mice and their wt controls (six for each genotype) were housed and acclimatized for 24 h in metabolic cages, i.p. injected with HCTZ (50 mg/Kg) or vehicle alone, and urine collected for the next 6 h post-injection. Increase of urine output confirmed the effect of the diuretic (not shown). Urine Na+ excretion normalized for creatinine is reported in Figure 1. Among vehicle-injected animals, BAR3 ko mice had an increased Na+ excretion compared to wt animals, as we previously reported (Procino et al., 2016). Interestingly, although HCTZ induced natriuresis in both genotypes, BAR3 ko mice showed a significantly reduced natriuresis compared to their wt controls, likely suggesting that BAR3 ko might have less active NCC to inhibit.

[image: Figure 1]

FIGURE 1. Effect of hydrochlorothiazide diuretic on natriuresis in BAR2 ko mice. BAR3 ko mice and their age-matched wt controls (N = 6 for each group) were individually housed in metabolic cages for 24 h. Three animals for each group received an intraperitoneal injection of 50 mg/Kg HCTZ in sterile saline, while control animals received the vehicle alone. Urines were collected for 6 h after injection and Na+ excretion analyzed and reported as mean values ± SEM. Both genotypes significantly increased natriuresis in response to HCTZ, although in BAR3 ko mice, this effect was significantly blunted compared to wt animals. Statistical analysis was performed by one-way ANOVA followed by Bonferroni multiple comparison test. *p < 0.05; **p < 0.01; and ****p < 0.0001.




BAR3 Knockout Mice Show Reduced NCC Phosphorylation and Reduced Levels of SPAK and pSPAK

Based on the reduced effect of HCTZ in BAR3 ko mice, we investigated the abundance and activation of NCC in these animals. To this end, kidneys from wild type and BAR3 ko mice were subjected to Western blotting and immunofluorescence experiments to assess the abundance and localization of both total and pNCC. Western blotting analysis of total kidney lysates showed no difference in the abundance of total NCC between wt and BAR3 ko mice (Figure 2A). Conversely, pNCC was significantly reduced of about 60% in the kidney of BAR3 ko mice (Figure 2A) also after normalization to total NCC expression. It is known that SPAK activity is involved in NCC phosphorylation/activation. Therefore, we investigated whether the levels of total SPAK and its phosphorylated/activated form, pSPAK, were also changed in BAR3 ko animals. Western blotting analysis of kidneys lysates revealed that in BAR3 ko, compared to wt mice, both total and pSPAK were reduced by 30 and 60%, respectively (Figure 2A). After normalization to total SPAK, pSPAK was reduced by 40%. Immunofluorescence analysis of contralateral kidneys showed that NCC immunoreactivity in both genotypes was clearly concentrated at the apical plasma membrane of DCT cells (Figure 2B 6× magnification inset). The fluorescence intensity (FI) and subcellular distribution of NCC staining was comparable between BAR3 ko and wt mice (NCC FI: wt 5304 ± 95 vs. BAR3 ko 5597 ± 180). On the other hand, the intensity of pNCC staining in kidney sections from BAR3 ko mice was reduced compared to wt (pNCC FI: wt 10824 ± 350 vs. BAR3 ko 3894 ± 120, p < 0.0001) (Figure 2B).

[image: Figure 2]

FIGURE 2. Effect of BAR3 knockout on total and phosphorylated NCC (pNCC) and SPAK in the kidney. (A) Western blotting analysis of total and phosphorylated forms of both NCC and SPAK on total kidney homogenates from both wt and BAR3 ko mice. Protein extract from mouse kidney cortex (KC) was loaded as positive control. Densitometric analysis of NCC, pNCC, SPAK, and pSPAK bands, normalized to total lane protein content using the Stain-Free™ gels technology, from three independent experiments was reported as percentage of wt mice. Data are provided as mean ± SEM. ***p < 0.001; ****p < 0.0001 assessed by Student’s t-test. N = 6 per group. (B) Kidney sections of wild type (wt) and BAR3 ko mice were subjected to immunofluorescence co-localization of NCC and SPAK or pNCC and pSPAK. Representative images are shown. N = 6 per group (bar = 25 μm).


As for total and pSPAK, confocal microscopy analysis supported the results obtained by Western blotting experiments. Figure 2B shows that both total and pSPAK were consistently less abundant in DCTs of BAR3 ko compared to wt mice (SPAK FI: wt 4067 ± 150 vs. BAR3 ko 2357 ± 130, p < 0.0001; pSPAK FI: wt 7105 ± 550 vs. BAR3 ko 3560 ± 370, p = 0.0003).

Together, the data suggest that BAR3 might be involved in the regulation of NCC phosphorylation/activation and the lack of BAR3 impaired the abundance and activation of SPAK.



Knockout of BAR1/2 Reduces NCC Expression Level but Does Not Affect Abundance and Activation of SPAK

To dissect the contribution of BAR subtypes in the sympathetic regulation of NCC, we analyzed the effects of the double knockout of BAR1 and BAR2 on NCC expression and activation, performing the same analysis reported above for BAR3 ko mice. As showed in Figure 3A, total NCC was reduced by 40% in BAR1/2 ko mice compared to their wt. In contrast, despite the high variability of pNCC levels between mice, the overall variation of pNCC between BAR1/2 ko and wt animals was not statistically significant (Figure 3A). After normalization to total NCC, pNCC showed an increase that was not statistically significant.
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FIGURE 3. Effect of BAR1/2 knockout on total and pNCC and SPAK in the kidney. (A) Western blotting analysis of total and phosphorylated forms of both NCC and SPAK on total kidney homogenates from both wt and BAR1/2 ko mice. Protein extract from mouse kidney cortex (KC) was loaded as positive control. Densitometric analysis of NCC, pNCC, SPAK, and pSPAK bands, normalized to total lane protein content using the Stain-Free™ gels technology, from three independent experiments was reported as percentage of wt mice. Data are provided as mean ± SEM. *p < 0.05; ****p < 0.0001 assessed by Student’s t-test. N = 6 per group. (B) Kidney sections of wild type (wt) and BAR1/2 ko mice were subjected to immunofluorescence co-localization of NCC and SPAK or pNCC and pSPAK. Representative images are shown. N = 6 per group (bar = 25 μm).


We also evaluated the levels of SPAK e pSPAK in BAR1/2 ko and their wild-type mice and we found no significant difference. After normalization to total SPAK, pSPAK was significantly increased in BAR1/2 ko mice.

These results were supported by immunofluorescence experiments showed in Figure 3B: The lack of BAR1/2 reduced the intensity of NCC staining in kidney sections (NCC FI: wt 4051 ± 210 vs. BAR 1/2 ko 1526 ± 186, p < 0.0001). Conversely, pNCC, although highly variable, did not change compared to wt mice (pNCC FI: wt 4869 ± 760 vs. BAR 1/2 ko 4580 ± 950, p = 0.8168; Figure 3B).

In addition, neither the abundance nor the phosphorylation state of SPAK changed in immunofluorescence experiments performed on BAR1/2 knockout mice (SPAK FI: wt 1325 ± 246 vs. BAR 1/2 ko 1238 ± 215, p = 0.7961; pSPAK FI: wt 1492 ± 118 vs. BAR 1/2 ko 1517 ± 236, p = 0.9266). These results support the hypothesis that BAR1 and BAR2 might participate in the control of NCC abundance rather than the phosphorylation/activation of the cotransporter.



Involvement of Upstream Regulators of NCC Activation

We further investigated the possible effect of BARs knockdown on upstream regulators of SPAK activity and/or on the activity of PKC and ERK1/2. As reported in Figure 4, in total kidney lysates from BAR3 ko animals, pWNK, but not the total levels of WNK1, was significantly reduced compared to the wt strain. Also, the expression of total WNK4 showed a significant reduction. On the other hand, when we analyzed the same kinases in kidneys from BAR1/2 ko mice, we found a significant increase of active WNK1.
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FIGURE 4. (A) Western blotting analysis of total and phosphorylated (p) forms of WNK1, ERK1/2, and PKC and total WNK4, on total kidney homogenates from both BAR3 ko and BAR1/2 ko mice, compared to their respective wt mouse strains. Molecular weight in kDa is indicated on the left of each lane. (B) Densitometric analysis of each protein bands, normalized to total lane protein content using the Stain-Free™ gels technology, from three independent experiments was reported as percentage of wt mice. Data are provided as mean ± SEM. *p < 0.05; **p < 0.01; and ***p < 0.001 assessed by Student’s t-test. N = 6 per group.


As for ERK1/2, we found that total ERK1/2 was reduced in BAR3 ko mice, compared to their controls and this reflected on a parallel reduction of phosphorylated ERK1/2. Overall, after normalization of each form for the total protein load, the ratio between pERK/ERK was unchanged between BAR3 ko and their wt controls, likely suggesting that of ERK1/2 signaling is not affected by BAR3 ko. In kidneys from BAR1/2 ko animals, the upregulation of total ERK1/2 abundance was, as expected, paralleled by a significant increase of pERK1/2, but again, no changes in the ratio of pERK/ERK suggested that the also absence of functional BAR1/2 did not perturb ERK1/2 signaling. The effect of BARs ko on the PKC signaling pathway was investigated with an antibody against total PKC (α isoform) and a pan-antibody against phosphorylated PKC isoforms (pPKC). As shown in Figure 4, regardless of the genotype investigated, the total expression of PKC did not change, but a significant reduction of active pPKC was observed only in BAR3 ko mice, compared to their wt strain.



BAR3 Stimulation Promotes NCC Activation in Kidney Slices

Kidney slices from wt mice were incubated with the selective BAR3 agonist BRL37344, alone or after treatment with either L-748,337 (a specific BAR3 antagonist) or H89 (a PKA inhibitor). Stimulation with dDAVP was used as control for NCC and SPAK phosphorylation.

Figures 5A,B reported the Western blotting semi-quantitative analysis of the abundance of both pNCC and pSPAK, normalized for the total content of NCC and SPAK, respectively. Normalization of the phosphorylated form of both proteins to their total content was necessary considering that in kidney slices the number of DCT may be heterogeneous. Incubation with BRL37344 increased the phosphorylation of NCC and SPAK (of about 40 and 200%, respectively) and this effect was significantly prevented by both L748337 and H89. In kidney slices from BAR3 ko mice (Figures 5C,D), as expected, BRL 37344 did not increase the phosphorylation of NCC and SPAK, thus confirming that the effect of BRL 37344 observed in wt animals was exclusively due to the BAR3 activation. A parallel set of kidney slices, treated as described above, was used for immunofluorescence analysis.
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FIGURE 5. Semi-quantitative analysis of the abundance of both pNCC and pSPAK after BAR3 stimulation in kidney slices. (A,B) Freshly isolated kidney slices from 6 wt mice were left untreated (CTR) or incubated for 40 min with dDAVP (10–7 M) or BRL37344 (BRL, 10–5 M), the latter given alone or after 30 min of preincubation with either the BAR3 antagonist L748337 (L748 10–7 M) or the protein kinase A inhibitor H89 (10–5 M). Representative immunoblots showed the effect of these treatments on the total and phosphorylated forms of NCC and SPAK. Each lane represents a lysate of kidney slices from three wt mice. The densitometric analysis, expressed as percentage of the CTR, from three independent experiments was reported. Error bars represent the SEM. *Indicates the comparison vs. CTR, °indicates the comparison vs. BRL; *, °p < 0.05; **p < 0.01; ***p < 0.001; ****, °°°°p < 0.0001 assessed by one-way ANOVA followed by Dunnett’s multiple comparison test. (C,D) Freshly isolated kidney slices from 6 BAR3 ko mice were stimulated with BRL and dDAVP as described above. Each lane represents a lysate of kidney slices from three mice. The densitometric analysis, expressed as percentage of the CTR, from three independent experiments was reported. Error bars represent the SEM. **p < 0.01 vs. CTR assessed by one-way ANOVA followed by Dunnett’s multiple comparison test.


Confocal microscopy reported in Figure 6A showed that both BRL37344 and dDAVP increased the pNCC fluorescence signal, which was clearly brighter compared to that observed in resting slices (pNCC FI: CTR 3043 ± 180 vs. BRL 5560 ± 250, p < 0.0001; CTR vs. dDAVP 6485 ± 195, p < 0.0001). L748,337 prevented the effect of BRL37344 demonstrating that the increase in NCC phosphorylation was specifically attributable to BAR3 stimulation (pNCC FI: BRL + L748 2328 ± 210 vs. CTR ns – vs. BRL p < 0.0001). H89 prevented the effect of BRL37344 indicating the downstream involvement of PKA in the phosphorylation of NCC (pNCC FI: BRL + H89 2486 ± 168, vs. CTR ns – vs. BRL p < 0.0001).
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FIGURE 6. In kidney slices, selective BAR3 stimulation promotes NCC phosphorylation by activating PKA and SPAK in DCT cells. Freshly isolated kidney slices from 6 wt mice were incubated for 40 min at 37°C in culture medium alone (CTR) or with dDAVP (10–7 M) or BRL37344 (BRL, 10–5 M), the latter given alone or after 30 min of preincubation with either the BAR3 antagonist L748,337 (L748 10–7 M) or the protein kinase A inhibitor H89 (10–5 M). (A) Immunofluorescence images of kidney sections showing pNCC (green) and counterstain with Evans blue (red; bar = 25 μm). (B) Confocal microscopy showed that the treatment with BRL increased the abundance of both pNCC and pSPAK at the apical plasma membrane of DCT cells. The BRL effect was prevented by either L748 or H89 (bar = 25 μm).


Next, we also evaluated the levels of SPAK phosphorylation under the same experimental conditions. In Figure 6B, immunofluorescence analysis showed that the increase of pNCC induced by BRL37344 was paralleled by a concomitant increase of pSPAK (pSPAK FI: CTR 2299 ± 250 vs. BRL 5863 ± 250, p < 0.0001; CTR vs. dDAVP 7024 ± 230, p < 0.0001). Pretreatment with either L748,337 or H89 prevented the effect of BRL37344 on the phosphorylation of both NCC and SPAK (pSPAK: BRL + L748 1929 ± 278 vs. CTR ns – vs. BRL p < 0.0001; BRL + H89 2997 ± 300, vs. CTR ns – vs. BRL p < 0.0001).




DISCUSSION

We previously showed the expression of BAR3 in the same nephron segments expressing AVPR2 and its role in promoting water and salt reabsorption (Procino et al., 2016). Interestingly, BAR3 ko mice exhibit an increased Na+, K+, and Cl− urine excretion (Procino et al., 2016), a finding that could not be explained only by the reduced activation of NKCC2 that we demonstrated in these animals. In fact, the main finding of the present study is that BAR3 regulates the activation of NCC in DCT cells.

Three evidence clearly support this conclusion: (1) HCTZ shows a reduced natriuretic effect in vivo in BAR3 ko mice; (2) BAR3 ko mice exhibit reduced pNCC levels compared to their controls; and (3) in vital mouse kidney slices, the pharmacologic agonism of BAR3 clearly promotes NCC phosphorylation which is prevented by specific BAR3 antagonism.

To date, the study of the relationship between sympathetic stimulation and increased NCC activity has been restricted to the contribution of BAR1 and BAR2. Using BAR1 ko and BAR2 ko mice, Mu et al. demonstrated that norepinephrine increased NCC expression and phosphorylation through the activation of BAR2 (Mu et al., 2011). On the other hand, Terker et al. showed that acute adrenergic stimulation increased the abundance of pNCC via BAR1 stimulation in mice (Terker et al., 2014). More recently, it has been shown that pharmacological stimulation of BAR2 with salbutamol increases both NCC phosphorylation and systolic blood pressure, the latter effect blunted by thiazide (Poulsen et al., 2021). In the present study, we demonstrated that also BAR3 plays an additional, crucial role in NCC modulation. Thus, all three subtypes of BARs are implicated in the control of sodium reabsorption by NCC in DCT.

Boivin et al. previously immunolocalized BAR1 and BAR2 at the apical membrane of DCT cells (Boivin et al., 2001), while we found BAR3 at the basolateral membrane of the same cells (Procino et al., 2016). Although the expression of all BARs in the same cell type could appear redundant, their polarized expression in different plasma membrane domains of the cell could suggest their sequential activation (in time and space) that might finely modulate the activation and expression of NCC. It is conceivable that, in chronological order, circulating catecholamines, upon release by sympathetic nerve terminals, might bind basolateral BAR3 and rapidly activate NCC. Upon prolonged release of catecholamines, they might be filtered by the glomerulus, activate apical BAR1 and BAR2 (Boivin et al., 2001), thus also increasing the expression of NCC. This hypothesis is supported by our findings in mice, that the absence of BAR3 decreased the phosphorylation of NCC and the absence of BAR1/2, preserved the levels of NCC phosphorylation likely because BAR3 might be tonically stimulated by catecholamines released by sympathetic nerves.

A key pathway that modulates NCC phosphorylation involves WNK kinases that interacting with SPAK and OSR1 can, in turn, directly phosphorylate the cotransporter (Richardson and Alessi, 2008). Here, we show that, in BAR3 ko, mice pSPAK was markedly reduced, even though total SPAK was also significantly downregulated, albeit to a lesser extent. Accordingly, we found that BAR3 ko mice have reduced levels of upstream SPAK modulators in the kidney, such as phosphorylated WNK1 and WNK4. This observation nicely fits with the current working model seeing WNKs phosphorylating SPAK (Vitari et al., 2005; Richardson and Alessi, 2008; Richardson et al., 2008), which in turn activates NCC by phosphorylation in DCT (Moriguchi et al., 2005; San-Cristobal et al., 2009). Our hypothesis is indeed that the reduction of WNK-SPAK signaling in the kidney upon BAR3 ko induces the reduction of NCC phosphorylation and activity in these mice. Although BAR2 is also involved in the activation of SPAK and WNK (Poulsen et al., 2021), in the kidney of BAR1/2 ko mice, the activity of SPAK and WNK resulted almost normal or slightly upregulated compared to their controls, thus suggesting that BAR3 alone is sufficient to preserve the WNK-SPAK pathway activation in the kidney under sympathetic stimulation.

Further studies are required to elucidate the mechanisms underlying SPAK downregulation in BAR3 ko mice.

We also explored in BAR3 ko mice, the activity of other pathways, either upstream or downstream the WNK-SPAK axis. It has been reported that WNK4 may affect the ERK1/2 pathway, which may in turn influence NCC activation (Zhou et al., 2012). However, we found that the ERK1/2-pERK1/2 ratio was unchanged in BAR3 ko animals compared to their wt controls, likely suggesting that the ERK signaling is not involved in the inactivation of NCC observed in these animals. PKC is also considered a modulator of WNK4 (Shibata et al., 2014), as its activation in physiological conditions phosphorylates Kelch-like 3 motifs of the ubiquitin ligases containing Cullin 3, preventing its binding to WNK4 and reducing its degradation. Interestingly, in our BAR3 ko mouse model, the levels of phosphorylated/active PKC were significantly reduced, in the absence of apparent PKC downregulation. This might explain the reduced expression of WNK4 in these mice. In this scenario, the absence of BAR3 expression at the basolateral membrane should reduce, at the same time, the activation of both PKA, through the Gαs subunit and PKC activation via the βγ dimer (Zhong et al., 2001).

The role of the cAMP/PKA pathway triggered by vasopressin in the DCT (Mutig et al., 2010; Pedersen et al., 2010; Saritas et al., 2013) has been recently further enriched by the observations that PKA might also phosphorylate WNK4 and, in turn, mediate the PPAK/OSR1-NCC activation (Castañeda-Bueno et al., 2017). As we demonstrated in renal cells (Milano et al., 2018), BAR3, like the vasopressin receptor AVPR2, is coupled to the cAMP pathway and this would explain the reduced NCC phosphorylation in BAR3 ko mice. Furthermore, the observation reported here, that H89 prevents the effect of BAR3 stimulation on NCC phosphorylation in kidney slices, supports a key role of PKA in the regulation of NCC activity by BAR3.

A limitation of our study could be that we only used male mice. Unfortunately, studies on NCC activation are not suitable in female since it has been reported that NCC expression and activity is higher in female than male due to ovarian hormones and prolactin (Rojas-Vega et al., 2015; Veiras et al., 2017). However, we think that this did not affect the impact of our findings in the scenario of kidney physiology.

This piece of information about the role of BAR3 in regulating NCC function in the DCT has a key importance in the context of the autonomic regulation of water and salt homeostasis in the kidney and, consequently, in the control of blood pressure (Crowley and Coffman, 2014).

It is known that the kidney is densely innervated by sympathetic nerves which activity is increased in hypertension (Sata et al., 2018), as demonstrated by catheter-based renal sympathetic denervation experiments (Krum et al., 2009; Schlaich et al., 2009). The critical role of NCC in the maintenance of blood pressure is also highlighted by genetic diseases as Gitelman (Riveira-Munoz et al., 2007) and Gordon’s syndrome (Simonetti et al., 2012) and by its role in the development of salt-sensitive hypertension (Moes et al., 2014). Matayoshi e al. reported that a BAR3 gene polymorphism (T727C) was susceptible to the antihypertensive effect of thiazide in patients with essential hypertension (Matayoshi et al., 2004).

Our findings unveil a new BAR3-dependent regulatory mechanism of NCC activity in the DCT, which, in addition to the thick ascending limb, the connecting tubule and the collecting duct, play a pivotal role in the fine-tuning of sodium and water excretion. As the role of BAR3, as regulator of multiple segments of the kidney tubule becomes clearer, the emerging frame is that sympathetic activation might sustain stress responses by rapidly increasing blood pressure and blood perfusion in physiological conditions, independently of aldosteron and K+ blood levels. The other side of the coin, which needs more in-depth studies, is that the pharmacological antagonism of BAR3 might represent a tool to take hypertension under control.
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The activity of the Epithelial Na+ Channel (ENaC) in renal principal cells (PC) fine-tunes sodium excretion and consequently, affects blood pressure. The Gs-adenylyl cyclase-cAMP signal transduction pathway is believed to play a central role in the normal control of ENaC activity in PCs. The current study quantifies the importance of this signaling pathway to the regulation of ENaC activity in vivo using a knock-in mouse that has conditional expression of Gs-DREADD (designer receptors exclusively activated by designer drugs; GsD) in renal PCs. The GsD mouse also contains a cAMP response element-luciferase reporter transgene for non-invasive bioluminescence monitoring of cAMP signaling. Clozapine N-oxide (CNO) was used to selectively and temporally stimulate GsD. Treatment with CNO significantly increased luciferase bioluminescence in the kidneys of PC-specific GsD but not control mice. CNO also significantly increased the activity of ENaC in principal cells in PC-specific GsD mice compared to untreated knock-in mice and CNO treated littermate controls. The cell permeable cAMP analog, 8-(4-chlorophenylthio)adenosine 3′,5′-cyclic monophosphate, significantly increased the activity and expression in the plasma membrane of recombinant ENaC expressed in CHO and COS-7 cells, respectively. Treatment of PC-specific GsD mice with CNO rapidly and significantly decreased urinary Na+ excretion compared to untreated PC-specific GsD mice and treated littermate controls. This decrease in Na+ excretion in response to CNO in PC-specific GsD mice was similar in magnitude and timing as that induced by the selective vasopressin receptor 2 agonist, desmopressin, in wild type mice. These findings demonstrate for the first time that targeted activation of Gs signaling exclusively in PCs is sufficient to increase ENaC activity and decrease dependent urinary Na+ excretion in live animals.
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SUMMARY

This study shows that targeted stimulation of Gs signaling in renal principal cells is sufficient to increase ENaC activity and decrease dependent Na+ excretion. Gs regulation of ENaC is critical to maximizing urine concentration and the normal control of blood pressure.



INTRODUCTION

The epithelial Na+ channel (ENaC) is expressed in sodium (re)absorbing epithelial tissue to include that lining the aldosterone-sensitive distal nephron, which encompasses the late distal convoluted tubule, the connecting tubule and the collecting duct (Garty and Palmer, 1997; Rossier et al., 2002; Verouti et al., 2015; Hanukoglu and Hanukoglu, 2016). ENaC is restrictively expressed in the luminal plasma membranes of principal cells (PC) in the distal nephron. The activity of ENaC in the luminal plasma membrane of PCs is limiting for cell entry of Na+ from the urine and consequently, transepithelial Na+ reabsorption across the distal nephron (Kemendy et al., 1992; Canessa et al., 1993, 1994; Lingueglia et al., 1993). Ultimately, Na+ reabsorbed via ENaC fine-tunes serum Na+ levels, and contributes to the renal axial corticomedullary hypertonic gradient that concentrates urine (Reif et al., 1986; Perucca et al., 2008; Stockand, 2010). This makes the proper activity of ENaC critical to the normal control of blood pressure and for maximizing urinary water concentration (Bugaj et al., 2009). Because of this function, gain- and loss-of-function mutations in ENaC and its upstream regulatory pathways cause disordered blood pressure associated with abnormal renal salt excretion (Garty and Palmer, 1997; Rossier et al., 2002; Verouti et al., 2015; Hanukoglu and Hanukoglu, 2016). Consequently, this key renal ion channel is a druggable target for diuretics and antihypertensive agents to include triamterene and amiloride.

There is considerable evidence that G-protein coupled receptors (GPCRs) signaling through the Gs alpha subunit increase the activity of ENaC by stimulating adenylyl cyclase (AC) and dependent production of cAMP (Bugaj et al., 2009). The antidiuretic hormone, arginine vasopressin (AVP), is thought to increase ENaC activity in such a manner via the GPCR arginine vasopressin receptor 2 (AVPR2) to cause an anti-natriuresis along with its better understood antidiuretic ability (Perucca et al., 2008). Such activation of ENaC likely is key to AVP maximizing urine concentrating ability (Bugaj et al., 2009; Stockand, 2012; Mironova et al., 2012, 2015). While there is considerable evidence that Gs-coupled GPCR signaling is important to ENaC activity, the bulk of this evidence is correlative, derived from pharmacological intervention studies testing necessity, or from in vitro work. Moreover, the anti-natriuretic actions of AVP remain controversial (Stockand, 2010). Thus, it currently is obscure whether stimulating Gs signaling in isolation is sufficient to activate ENaC in living animals, and whether this alone is capable of inducing a quantifiable anti-natriuresis.

The current study tests the hypothesis that targeted stimulation of Gs in PCs is sufficient to increase ENaC activity in living animals and that such activation of ENaC is sufficient to drive decreases in urinary Na+ excretion. Moreover, these studies determined the mechanism by which Gs-cAMP signaling increases ENaC activity. The current findings demonstrate that exclusive activation of Gs signaling in renal PCs is sufficient to rapidly increase ENaC activity to decrease Na+ excretion. Gs signaling does this by promoting cAMP-mediated increases in ENaC expression in the plasma membrane, which increases channel activity.



MATERIALS AND METHODS


Animals

All animal use and welfare adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. Mice were housed and cared for in the Laboratory Animal Resources Facility at the University of Texas Health Science Center at San Antonio, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and licensed by the United States Department of Agriculture. Results involving animal studies were in compliance with Animal Research: Reporting of in vivo Experiments guidelines (Kilkenny et al., 2010).

Healthy young adult (2–3 months, 20.61 ± 0.18 g body weight) male and female mice were used in approximately equal proportions for these studies. Experimental mice had PC-specific expression of GsD and control mice were either wild type, Aqp2-cre negative, or GsD negative littermates (see below). All mice, during acclimation and experimental periods, were maintained on a normal 12:12 h light-dark cycle at room temperature and had free access to water and chow. All experimental perturbations, including injections with CNO and D-Luciferin were performed within a constant time window (midmorning) in the laboratory where mice were housed. The primary end points for experiments involving mice in these studies were whole body bioluminescence in live animals, 24 h urinary excretion studies, and humane euthanasia followed by collection of kidneys for microdissection of renal nephrons compatible with electrophysiological assessment of ENaC activity in the split-open connecting tubule/cortical collecting duct.



Creation of the Principal Cell-Specific Gs-DREADD Mouse

Target expression of Gs-DREADD (GsD) in renal PCs was achieved by crossing male ROSA26-LSL-GsDREADD-CRE-luc knock-in mice with female B6.Cg-Tg(Aqp2-cre)1Dek/J mice. With this knock-in allele, GsD is expressed in targeted cells following Cre-mediated recombination and deletion of the “lox-stop-lox” cassette (LSL), and cAMP-dependent signaling is reported by a cAMP-response element-sensitive luciferase (CRE-luc) independent of expression of Cre recombinase. The ROSA26-LSL-GsDREADD-CRE-luc knock-in mouse was created by Dr. R. Berdeaux and has been described previously (Akhmedov et al., 2017). The B6.Cg-Tg(Aqp2-cre)1Dek/J mouse was from Dr. D. Kohan (University of Utah Health Science Center, Salt Lake City, Utah, United States) and has been described previously (Nelson et al., 1998; Stricklett et al., 1999). The PC-specific GsD knockin line was continued by backcrossing GsD:Aqp2-cre female to GsD male mice. GsD:Aqp2-cre-positive mice were used for experiments. Wild type and Aqp2-cre-negative littermates lacking or harboring GsD were used as control. No noticeable difference in behavior, body weight, pathology, or any other gross attribute was observed between GsD:Aqp2-cre and littermate controls.

For genotyping reactions, like those shown in Figure 1, the GsD transgene was identified with the forward 5′-CTCGAAGTACTCGGCGTAGG-3′ and reverse 5′-CTCGAAGTACTCGGCGTAGG-3′ PCR primers, producing an expected 206-bp product. The wild type allele, which lacked insertion of the GsD transgene, was identified with the forward 5′-AAGGGAGCTGCAGTGGAGTA-3′ (in the upstream homology arm) and reverse 5′-CCGAAAATCTGTGGGAAGTC-3′ (in the downstream homology arm) PCR primers, producing an expected 297-bp product. The Aqp2-cre transgene was identified with the forward 5′-CTCTGCAGGAACTGGTGCTGG-3′ and reverse 5′-GCGAACATCTTCAGGTTCTGCGG-3′ PCR primers, producing an expected 673-bp product.
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FIGURE 1. PC-specific GsD mice. Micrograph of a representative gel containing products from genotyping reactions for two PC-specific GsD mice (lanes 1, 2, 5, and 6) and one wild type littermate control mouse (lanes 3 and 4). Products for the Aqp2-cre and GsD transgenes, and the wild type allele are indicated with arrowheads. For presentation purposes, contrast and brightness were adjusted, and the image was inverted (black to white) to maximize clarity without changing content. bp, base pairs.




cDNA Constructs and Cell Culture

African green monkey kidney fibroblast-like (COS-7) cells were purchased from ATCC (American Type Culture Collection, ATCC, Manassas, VA, United States). COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). CHO cells were cultured in Ham’s F-12K Nutrient Mixture (Kaighn’s Mod.) supplemented with 10% FBS and 1% PS. All cells were incubated at 37°C in a humidified incubator supplying 5% CO2. For TIRF-FRAP experiments (see below), COS-7 cells were plated on glass bottom MatTek dishes (35 mm petri dish-14 mm microwell, MatTek Co., MA, United States) and transfected with plasmids encoding α-, β-, and γ-mouse ENaC subunits genetically linked to NH2-terminal eYFP (Staruschenko et al., 2005) using Lipofectamine 3000 reagent (L3000015, Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. In brief, 60% confluent cells in a 35 mm dish were incubated with 2 μg of total plasmid cDNA for 4–5 h. Media was then removed and replaced with fresh media with cells used within 24–48 h after transfection. For patch-clamp recording of macroscopic ENaC currents (see below), CHO cells were plated on coverglass chips treated with 0.01% Poly-L-lysine (Sigma-Aldrich, St. Louis, MO, United States). Plated cells were transfected with plasmids encoding α-, β-, and γ-mouse ENaC subunits genetically linked to NH2-terminal eCFP (Staruschenko et al., 2005) using Polyfect reagent (Qiagen, Valencia, CA, United States) according to the manufacturer’s protocol. In brief, 60% confluent cells in a 35 mm dish were incubated with 2 μg of total plasmid cDNA for 4–5 h, media was then removed and replaced with fresh media, and transfected cells used within 24–48 h. Transfected cells were maintained in culture in the presence of 10 μM amiloride replenished daily.



Bioluminescence Reporter Imaging

Bioluminescence imaging was performed on mice before and 6 h after injection of CNO (10 mg/kg; s.c.) as previously described (Akhmedov et al., 2019). In brief, mice were anesthetized by isoflurane inhalation (2% v/v), injected (i.p.) with D-Luciferin (100 mg/kg), and transferred to the heated stage (37°C) of an Ivis Lumina XR Instrument (Capiler Life Science) for imaging (F-stop 1, binning 4). Image analysis was performed by selecting regions of interest to quantify luminescence signals using Caliper Living Image software. Pseudocolored images were overlaid onto photographs of the same animals and exported using matched visualization settings.



Single-Channel Patch-Clamp Electrophysiology

Split-open tubules amenable to patch clamp analysis were prepared as previously described (Mironova et al., 2013, 2019). In brief, freshly isolated mouse kidneys were sectioned transversely. Segments of the CNT and CCD were manually microdissected with watchmaker forceps under a stereomicroscope and adhered to a glass chip coated with 0.01% poly-lysine. These chips then were transferred to an inverted microscope, where tubules were split open with sharpened pipettes. Gap-free single-channel patch-clamp electrophysiology in the cell-attached configuration (−Vp = −60 mV) was then performed on the luminal plasma membranes of PCs in these split-opened tubules following standard protocols (Bugaj et al., 2012; Stockand et al., 2012; Berman et al., 2018; Mironova et al., 2019). Split-open tubules were used within 1–2 h of isolation. The bath solution contained (in mM): 150 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose and 10 HEPES (pH 7.4); and the pipette solution (in mM): 140 LiCl, 2 MgCl2, and 10 HEPES (pH 7.4). Channel activity (NPo; open probability, Po, multiplied by channel number, N) was calculated as previously described (Stockand et al., 2012; Berman et al., 2018; Mironova et al., 2019). ENaC activity was recorded in tubules pre-treated with vehicle or CNO (2 μg/ml) for 30 min prior to patch clamp analysis.



Total Internal Reflection Fluorescence Microscopy—Fluorescence Recovery After Photobleaching (TIRF-FRAP)

Total internal reflection fluorescence (TIRF) microscopy followed standard procedures (Staruschenko et al., 2005; Abd El-Aziz et al., 2021). In brief, fluorescence emissions from membrane eYFP-tagged ENaC were collected in COS-7 cells at room temperature using TIRF microscopy to selectively illuminate the plasma membrane. TIRF generates an evanescent field that declines exponentially with increasing distance from the interface between the cover glass and plasma membrane illuminating only a thin section (∼100 nm) of the cell in contact with the cover glass. All TIRF experiments were performed in the TIRF microscopy Core Facility housed within the Department of Cellular and Integrative Physiology at the University of Texas Health Science Center, San Antonio. Fluorescence emissions from fluorophore-tagged ENaC were collected using an inverted TE2000 microscope with through-the-lens (prismless) TIRF imaging (Nikon, Melville, NY, United States). This system is equipped with a vibration isolation system (Technical Manufacturing Co., Peabody, MA, United States) to minimize drift and noise. Samples were imaged through a plain Apo TIRF 60x oil immersion and high resolution (1.45 NA) objective. Fluorescence emissions from tagged subunits were collected with the Chroma Technology Co. (Bellows Falls, VT, United States) 514 nm laser filter set with band-pass emission (Z514BP) by exciting eYFP with an argon ion laser (80 mW) with an acoustic optic tunable filter (Prairie Technologies, Hutto, TX, United States) used to restrict excitation wavelength to 514 nm. In this system, a 514 nm dichroic mirror (Z514rdc) separates the 514/10 nm (Z514/10x) and 560/50 nm (HQ560/50m) excitation and emission filters. Fluorescence images were collected and processed with a 16-bit, cooled charge-coupled device camera (Cascade 512F; Roper Scientific, Sarasota, FL, United States) interfaced to a PC running Metamorph software (Molecular Devices, San Jose, CA, United States). This camera uses a front-illuminated EMCCD with on-chip multiplication gain. Images were collected with a 200 ms exposure time immediately before and after photobleaching and every subsequent minute for a total period of 10 min.

Fluorophore-tagged channels in the plasma membrane were photobleached with TIRF illumination using the argon ion laser (514 nm) at full power (100%) for 10 sec. Fluorescence emissions from membrane localized fluorophores were collected under TIRF illumination before and after photobleaching. Laser power, camera gain, and exposure times were constant throughout the course of these fluorescence recovery after photobleaching (FRAP) experiments except during photobleaching as noted above. All TIRF-FRAP experiments were performed 48 h after transfection.



Whole-Cell Patch Clamp Electrophysiology

Whole-cell macroscopic current recordings of mouse ENaC expressed in CHO cells were performed under voltage clamp condition using standard methods (Staruschenko et al., 2006). In brief, current through ENaC was the macroscopic, amiloride-sensitive Na+ current with a bath solution of (in mM) 150 NaCl, 1 CaCl2, 2 MgCl2, and 10 HEPES (pH 7.4) and a pipette solution of (in mM) 120 CsCl, 5 NaCl, 2 MgCl2, 5 EGTA, 10 HEPES, 2 ATP, and 0.1 GTP (pH 7.4). Current recordings were acquired with an Axopath 200B (Molecular Devices, San Jose, CA, United States) patch-clamp amplifier interfaced via a Digidata 1550B (Molecular Devices, San Jose, CA, United States) to a PC running pClamp 11 software (Molecular Devices, San Jose, CA, United States). All currents were filtered at 1 kHz. Cells were clamped to a 40 mV holding potential with voltage ramps (500 ms) from 60 to −100 mV. Whole-cell capacitance, on average 8–10 pF, was compensated. Series resistance, on average 3–6 MΩ, was also compensated. Current conducted by ENaC was the amiloride-sensitive Na+ current.



Metabolic Cages Experiments

Metabolic cage experiments quantifying excretion over a 24 h period followed previously published protocols with minor modifications (Mironova et al., 2015, 2019; Berman et al., 2018). In brief, age and weight matched PC-specific GsD and littermate control mice were housed in metabolic cages (1 mouse/cage; Techniplast, Buguggiate, Italy) and allowed to acclimate for 2 days. On the third day, 24 h urines were collected before CNO injection. Urine (24 h) was collected again on the fourth day following injection with CNO (0.1 mg/kg; s.c.). In a second set of experiments, wild type littermate mice were treated with the AVPR2 selective agonist, deamino-Cys,D-Arginine-vasopressin (dDAVP; desmopressin; 1 μg/100 μl water, i.p.), prior to collection of 24 h urine on the fourth day. Collection surfaces in contact with urine where coated with Sigmacote (Sigma-Aldrich, St. Louis, MO, United States), and urine was collect under light mineral oil to increase the precision of these measurements by reducing resistance to flow to the final collecting reservoir and to minimize loss due to evaporation. Urinary Na+ (UNa) and K+ (UK) concentration were quantified with a flame photometer (Jenway, Staffordshire, United Kingdom). Urinary osmolality was quantified with a vapor pressure osmometer (Wescor, Logan, UT, United States). Urinary [Na+] and [K+] were multiplied by 24 h urine volume (V) to obtain excretion.



Statistical Analysis

Data were analyzed and plotted using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, United States). Values reported as mean ± standard error of the mean (SEM). Data were compared using a two-sample, two-tailed or paired t-test as appropriate, and a P ≤ 0.05 was considered significance.



RESULTS


Targeted Stimulation of GsD Increases cAMP-Response Element Reporter Activity Selectively in the Kidneys of PC-Specific GsD Knockin Mice

We began these studies by testing whether targeted expression of GsD in PCs resulted in selective and temporal cAMP signaling in the kidney. In vivo bioluminescence responsive to signaling through the cAMP-response element (CRE) was evaluate in wild type littermate and PC-specific GsD mice before and 6 h after treatment with CNO. Figure 2A shows representative micrographs reporting CRE-sensitive bioluminescence in littermate controls (left) before (top) and after treatment with CNO (bottom), and in PC-specific GsD (right) mice before (top) and after (bottom) treatment with CNO. A summary graph of results from such experiments is shown in Figure 2B. As expected, no bioluminescence activity (above background) was observed in control mice in the absence (0.09 ± 0.05 photons/s ×107) or presence (0.08 ± 0.04 photons/s ×107) of CNO (not shown in summary figure; n = 7). In contrast, treatment with CNO significantly increased CRE-sensitive bioluminescence selectively in the kidneys of PC-specific GsD knockin mice from background levels of 0.12 ± 0.03 to 1.38 ± 0.29 photons/s ×107 within 6 h of treatment.
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FIGURE 2. CNO stimulates cAMP-signaling exclusively in the kidneys of PC-specific GsD mice. (A) Micrographs showing representative in vivo bioluminescence (pseudo-colored for intensity) in control (left) and PC-specific GsD (right) mice before (top) and after (bottom) treatment with CNO (10 mg/kg, 6 h). (B) Summary graph of paired data for bioluminescence (photons/s × 107) in PC-specific GsD mice before (white circles) and after (black circles) treatment with CNO. Bioluminescence in WT mice in the absence and presence of CNO was never greater than background (not shown). Dashed line indicates background level. Data from experiments (n = 7 mice) identical to those shown in (A). *P < 0.05 vs. before.




Targeted Activation of Gs-DREADD in Principal Cells Increases ENaC Activity

We tested next whether selective stimulation of Gs signaling in PCs was sufficient to increase ENaC activity. ENaC activity (NPo) in the apical plasma membranes of PCs in tubules isolated from littermate control and PC-specific GsD mice was quantified in cell-attached patches using patch clamp electrophysiology. Figure 3 shows representative current traces for ENaC in tubules isolated from control (Figure 3A) and PC-specific GsD (Figure 3B) mice before (top) and after (bottom) treatment with CNO. Figures 3C–F summarize all such results. Figure 3C shows that ENaC activity (NPo) in tubules from control mice was unaffected by treatment with CNO (0.42 ± 0.12 vs. 0.41 ± 0.14). In contrast, CNO significantly increased ENaC activity in PCs in tubules isolated from PC-specific GsD mice from 0.31 ± 0.13 to 0.90 ± 0.18 (Figure 3D). The activity of ENaC in tubules from PC-specific GsD mice in the absence of CNO was not different than that in littermate controls. Increases in both ENaC number (N; 1.73 ± 0.30 vs. 3.00 ± 0.36; Figure 3E) and open probability (Po; 0.12 ± 0.03 vs. 0.27 ± 0.03; Figure 3F) drove activity increases in PC-specific GsD mice in response to CNO treatment.
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FIGURE 3. CNO increases ENaC activity in PC-specific GsD mice. Representative gap-free current traces of ENaC in cell-attached patch clamp recordings of the apical membranes of PCs in isolated tubules from wild type littermates (A) and PC-specific GsD (B) mice in the absence (top) and presence (bottom) of pre-treating tubules with CNO (2 μg/ml, 30 min). Inward Na+ current is downwards with dashed lines indicating the closed state. Summary graphs of ENaC activity (NPo) in PCs in tubules isolated from wild type controls (C) without (white boxes, n = 9 patches from 3 distinct mice) and with CNO (black boxes; n = 11 patches from 3 distinct mice), and from PC-specific GsD mice (D) without (white circles, n = 15 patches from 3 distinct mice) and with CNO (black circles, n = 18 patches from 3 distinct mice). *P < 0.05 vs. no CNO treatment. Summary graphs of ENaC N (E) and Po (F) in PCs in tubules isolated from wild type controls (white boxes, n = 10 from 3 distinct mice) and after CNO (black boxes, n = 10 from 3 distinct mice); and from PC-specific GsD mice before (white circles, n = 13 from 3 distinct mice) and after CNO (black circles, n = 10 from 3 distinct mice). Summary data from experiments identical to those shown in (A,B). *P < 0.05 vs. Before.




cAMP Signaling Increases ENaC Expression in the Plasma Membrane, in Part, to Increase Channel Activity

Figure 4A shows representative fluorescence micrographs of the plasma membranes of COS-7 cells expressing eYFP-tagged ENaC in the absence (top) and presence (bottom) of treatment with CPT-cAMP (8-(4-chlorophenylthio)adenosine 3′,5′-cyclic monophosphate) before (left), 10 s after (middle) and 10 min after (right) photobleaching. Figures 4B,C show the time-course and magnitude, respectively, of the relative recovery (normalized to pre-bleach levels) of ENaC in the plasma membrane following photobleaching in the absence (white circles) and presence (black circles) of CPT-cAMP. Treatment with cAMP significantly increased relative FRAP of ENaC in the plasma membrane at 10 min from 0.46 ± 0.05 to 0.71 ± 0.05.
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FIGURE 4. cAMP signaling increases ENaC expression in the plasma membrane to increase channel activity. (A) Representative fluorescence micrographs of the plasma membranes of COS-7 cells expressing recombinant eYFP-ENaC in the absence (top) and presence of CPT-cAMP (bottom) prior to photobleaching (left) and 10 s (middle) and 10 min (right) after photobleaching. Images were collected with TIRF microscopy. (B) Time courses of relative FRAP at the plasma membrane for cells expressing eYFP-ENaC in the absence (white circles, n = 8) and presence of CPT-cAMP (200 mM; black circles; n = 11). Summary data from experiments identical to those shown in (A). (C) Summary graph of relative FRAP 10 min after photobleaching in cells expressing eYFP-ENaC in the absence (white circles, white bar) and presence of CPT-cAMP (black circles, gray bar). Summary data from experiments identical to those shown in (A). *P < 0.05 vs. no CPT-cAMP. (D) Overlays of typical macroscopic current traces from representative CHO cells expressing recombinant mouse ENaC in the absence and presence of CPT-cAMP (200 mM) and after adding 10 mM amiloride (dotted lines). Currents elicited by voltage ramps stepped from a holding potential of 40–60 mV and ramped to –100 mV. (E) Summary graph of ENaC activity (amiloride-sensitive current density at –100 mV) quantified in whole-cell voltage clamped CHO cells transfected with mouse ENaC in the absence (white circles, white bar) and presence (black circles, gray bar) of CPT-cAMP treatment. Summary data from experiments (n = 7) identical to those shown in (D). *P < 0.05 vs. no CPT-cAMP.


Similarly, treatment with CPT-cAMP increased the activity (amiloride-sensitive current density at −100 mV) of recombinant ENaC expressed in CHO cells from 360.6 ± 33.1 in untreated cells to 660 ± 84.2 pA/pF in treated cells. Figure 4D shows overlays of representative macroscopic ENaC currents in CHO cells in the absence and presence of CPT-cAMP, and amiloride (dashed lines). Results from these experiments are summarized in Figure 4E.



Targeted Activation of Gs-DREADD in Principal Cells Decreases Na+ Excretion

To understand the physiological consequences of Gs-stimulation of ENaC in PCs in the living animal, we quantified CNO-sensitive urinary Na+ excretion (UNaV) in control littermates and PC-specific GsD mice. Figures 5A,B show summary results from paired experiments quantifying UNaV before and after treatment with CNO in control (Figure 5A) and PC-specific GsD (Figure 5B) mice. Sodium excretion was not significantly affected by CNO in control mice (4.94 ± 0.28 vs. 6.06 ± 0.70 nmol/min/g BW). In contrast, CNO significantly decreased UNaV in PCs-specific GsD mice from 5.12 ± 0.48 to 2.67 ± 0.51 nmol/min/g BW. Sodium excretion in PCs-specific GsD mice before treatment with CNO was not different from that in untreated control mice. Figure 5C shows summary results for UNaV in PCs-specific GsD mice before and after treatment with CNO, and control littermates before and after treatment with the selective AVPR2 agonist, desmopressin. As expected, desmopressin significantly decreased sodium excretion from 6.72 ± 0.95 to 4.06 ± 0.23 nmol/min/g BW. Sodium excretion in PC-specific GsD with CNO, though, was not different from that in wild type mice with dDAVP at these doses and times. Similarly, UNaV in PC-GsD mice prior to treatment with CNO did not differ from that in untreated control mice. These summary results demonstrate that the effects on sodium excretion of CNO in PCs-specific GsD mice are similar to that of desmopressin in control mice with respect to timing and magnitude.


[image: image]

FIGURE 5. CNO increases urinary Na+ excretion in PC-specific GsD mice. Summary graphs from paired experiments showing 24 h urinary Na+ excretion (UNaV) before and after treatment with CNO (0.1 mg/kg) in wild type littermate controls (A, n = 5) and PC-specific GsD mice (B, n = 7). *P < 0.05 vs. before treatment. (C) Summary graph of 24 h urinary Na+ excretion before (white circles, white bar) and after (black circles, gray bar) CNO treatment for PC-specific GsD mice, and control mice before (white boxes, white bar) and after (black boxes, dark gray bar) dDAVP treatment (1.0 mg/100 ml; n = 5).


Table 1 shows summary results for UKV and osmolality in WT and PC-specific GsD mice before and after treatment with CNO. Potassium excretion was not significantly affected by CNO in control mice (11.20 ± 1.3 vs. 10.37 ± 1.4 nmol/min/g BW). In contrast, CNO significantly increased UKV in PCs-specific GsD mice from 14.27 ± 1.5 to 31.49 ± 4.7 nmol/min/g BW. Osmolality was not significantly affected by CNO in control mice (1,799 ± 105 vs. 1,836 ± 90.78 mmol/kg). CNO treatment significantly increased urine osmolality in PCs-specific GsD mice from 1,997 ± 119 vs. 2,438 ± 109 mmol/kg. These effects on potassium excretion and osmolality in the PCs-specific GsD mice are consistent with the actions of vasopressin and with effects on UNaV, and consistent with targeted activation of ENaC in PCs of the distal nephron.


TABLE 1. Urinary potassium excretion (UKV) and osmolality in PC-specific GsD mice.
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DISCUSSION

These studies demonstrate that targeted stimulation of Gs signaling in renal PCs is sufficient to increase ENaC activity and decrease dependent urinary Na+ excretion in live animals. This is important to understanding the role played by Na+ reabsorption through ENaC in maximizing urine concentrating ability and control of blood pressure.

Arginine vasopressin has well understood antidiuretic action. In comparison, the consequences and underpinnings of potential anti-natriuretic effects of this hormone are more controversial (Stockand, 2010). AVP activates the Gs-coupled AVPR2 in renal PCs which stimulates AC to increase cellular cAMP levels. Nine AC isoforms have been identified but only three are expressed in renal PCs: AC3, AC4 and AC6 (Strait et al., 2010). Whereas AC3 and AC6, but not AC4, are necessary for some portion of AVP-dependent increases in cellular cAMP levels in inner medullary collecting duct cells, AC6, but not AC3, is necessary for AVP effects on ENaC in PCs in the intact mouse tubule (Strait et al., 2010; Roos et al., 2013; Kittikulsuth et al., 2014). Consequently, deletion of AC6 but not AC3 specifically in PCs results in a urine concentrating defect in mice that mimics global knockout of AC6 and nephrogenic diabetes insipidus (Rieg et al., 2010; Roos et al., 2012; Kittikulsuth et al., 2014). Gs-AC signaling ultimately increases ENaC activity by increasing cellular cAMP levels, and the Na+ reabsorbed from the urine through cAMP-stimulated ENaC adds to the axial corticomedullary hyperosmotic gradient that allows maximal urinary concentration in the presence of AVP-stimulated AQP2 channels (Bugaj et al., 2009; Stockand, 2010; Mironova et al., 2012, 2015).

The products of genotyping reactions shown in Figure 1 demonstrate that our PC-specific GsD mice are of the correct genotype. The in vivo bioluminescence results in Figure 2 demonstrate the expected functional consequences of appropriate recombination upon crossing the GsD knock-in line with an Aqp2-cre driver line: restrictive and temporal expression of CNO-sensitive cAMP-signaling in the kidneys. This is consistent with cursory immunofluorescence studies showing GsD expression in ENaC expressing PCs in the distal nephron (see Supplementary Figure 1). Together this evidence demonstrates that the PC-specific GsD mouse used in these studies is as expected and expresses functional GsD in renal PCs.

Results in Figure 3 demonstrate that targeted activation of Gs selectively in PCs in tubules from this PC-specific GsD mouse rapidly and robustly increases the activity of ENaC by increasing both the number of channels expressed in the apical plasma membrane and also the open probability these channels have. Such observations are in agreement with earlier work showing that AVP increases ENaC activity in PCs in native tubules in an AVPR2-dependent manner (Bugaj et al., 2009; Mironova et al., 2012). Such AVP-stimulation of ENaC contributes to maximizing urinary concentration and dilution of plasma (Bugaj et al., 2009). These findings in the current study provide novel independent evidence that direct stimulation of Gs in PCs is sufficient to increase ENaC activity. This complements the existing knowledge that AVPR2-Gs-AC6-cAMP signaling is necessary for AVP stimulation of ENaC in PCs. Thus, evidence in support of necessity and sufficiency now exists.

The cellular mechanism by which Gs signaling increases ENaC activity is thought to be post-translational, culminating in changes in trafficking (and open probability) that result in increases in the levels of active channel in the plasma membrane (Snyder, 2000; Snyder et al., 2004; Fakitsas et al., 2007). Current findings as presented in Figures 3, 4 are consistent with this. We find that a cell permeable analog of cAMP that is resistant to hydrolysis, CPT-cAMP, markedly increases the levels of ENaC in the plasma membrane. While increasing cAMP levels with CPT-cAMP in the immortalized cells used in the current study to investigate mechanisms affecting activity of overexpressed ENaC is not a direct measurement of how stimulating Gs in vivo would affect ENaC, it is a reasonable surrogate for this that likely mimics with some fidelity how ENaC responds to stimulation of GsD in the living animal. Indeed, results from single channel patch clamp experiments on CNO-treated tubules from PC-specific GsD mice are in agreement that increases in channel number contributes to this mechanism.

Results in Figure 5 demonstrate that targeted stimulation of GsD in PCs temporally decreases renal Na+ excretion in live animals in a manner that is similar to the effects of desmopressin, an AVPR2 specific agonist. Such findings again demonstrate sufficiency, elaborating the physiological consequences of selective activation of Gs signaling and dependent stimulation of ENaC in PCs in the living animal. This novel finding is direct evidence that Gs signaling in PCs is anti-natriuretic. Elevated ENaC activity is the mechanistic underpinnings of this anti-natriuresis. Such findings add strong evidence to the argument that AVP has an anti-natriuretic effect in addition to its antidiuretic actions.

Together the anti-natriuretic and antidiuretic actions of AVP (via AVPR2-Gs-AC6-cAMP-ENaC/AQP2 signaling) contribute to maximal urine concentration and regulation of blood pressure (Stockand, 2010). The current findings provide the first direct evidence that stimulating Gs with subsequent activation of ENaC is sufficient to contribute to this action of AVP in the living animal.
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Water permeability of the kidney collecting ducts is regulated by the peptide hormone vasopressin. Between minutes and hours (short-term), vasopressin induces trafficking of the water channel protein aquaporin-2 to the apical plasma membrane of the collecting duct principal cells to increase water permeability. Between hours and days (long-term), vasopressin induces aquaporin-2 gene expression. Here, we investigated the mechanisms that bridge the short-term and long-term vasopressin-mediated aquaporin-2 regulation by α-actinin 4, an F-actin crosslinking protein and a transcription co-activator of the glucocorticoid receptor. Vasopressin induced F-actin depolymerization and α-actinin 4 nuclear translocation in the mpkCCD collecting duct cell model. Co-immunoprecipitation followed by immunoblotting showed increased interaction between α-actinin 4 and glucocorticoid receptor in response to vasopressin. ChIP-PCR showed results consistent with α-actinin 4 and glucocorticoid receptor binding to the aquaporin-2 promoter. α-actinin 4 knockdown reduced vasopressin-induced increases in aquaporin-2 mRNA and protein expression. α-actinin 4 knockdown did not affect vasopressin-induced glucocorticoid receptor nuclear translocation, suggesting independent mechanisms of vasopressin-induced nuclear translocation of α-actinin 4 and glucocorticoid receptor. Glucocorticoid receptor knockdown profoundly reduced vasopressin-induced increases in aquaporin-2 mRNA and protein expression. In the absence of glucocorticoid analog dexamethasone, vasopressin-induced increases in glucocorticoid receptor nuclear translocation and aquaporin-2 mRNA were greatly reduced. α-actinin 4 knockdown further reduced vasopressin-induced increase in aquaporin-2 mRNA in the absence of dexamethasone. We conclude that glucocorticoid receptor plays a major role in vasopressin-induced aquaporin-2 gene expression that can be enhanced by α-actinin 4. In the absence of vasopressin, α-actinin 4 crosslinks F-actin underneath the apical plasma membrane, impeding aquaporin-2 membrane insertion. Vasopressin-induced F-actin depolymerization in one hand facilitates aquaporin-2 apical membrane insertion and in the other hand frees α-actinin 4 to enter the nucleus where it binds glucocorticoid receptor to enhance aquaporin-2 gene expression.
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INTRODUCTION

Vasopressin is a peptide hormone that regulates osmotic water reabsorption by the kidney collecting ducts (Knepper et al., 2015). It does so by elevating intracellular cAMP and Ca2+ concentrations that control the molecular water channel protein aquaporin-2 (AQP2) chiefly in two modes (Judith Radin et al., 2012; Pearce et al., 2015). Within minutes and hours (short-term), vasopressin induces AQP2 redistribution from the intracellular vesicles to the apical plasma membrane of the collecting duct principal cells to increase water permeability (Nielsen et al., 1995; Yamamoto et al., 1995). Within hours and days (long-term), vasopressin increases AQP2 gene expression (DiGiovanni et al., 1994). Dysregulations in either regulatory mode cause a number of water balance disorders (Noda et al., 2010; Judith Radin et al., 2012; Moeller et al., 2013).

Long before the cloning of the AQP2 gene (Fushimi et al., 1993), it has been known that the actions of vasopressin involve cytoskeleton and shuttling of intracellular membrane particles that contain transmembrane water channels (Taylor et al., 1973; Wade et al., 1981). It is now widely accepted that vasopressin depolymerizes F-actin to facilitate insertion of AQP2-containing intracellular vesicles to the apical plasma membrane of the kidney collecting duct principal cells (Simon et al., 1993; Nielsen et al., 1995; Noda et al., 2010; Fenton et al., 2020). Vasopressin-induced F-actin depolymerization was recorded in live mpkCCD cells (Loo et al., 2013), a collecting duct principal cell model that expresses all necessary molecular components required for the vasopressin actions (Yu et al., 2009). To add another layer of complexity, AQP2 constantly exocytoses to and endocytoses from the plasma membrane (Brown, 2003; Tajika et al., 2005; Wang et al., 2020). As actin is recruited to the sites of endocytosis to facilitate membrane invagination (Smythe and Ayscough, 2006), reagents that promote actin depolymerization increase AQP2 in the plasma membrane (Procino et al., 2010; Li et al., 2011). Thus, trafficking of AQP2 to and from the plasma membrane is tightly coupled with F-actin dynamics.

Efforts have been made to identify components that regulate F-actin dynamics with respect to vasopressin-induced AQP2 trafficking. An earlier proteomics study using AQP2 as a bait identified 13 AQP2-interacting proteins involved in F-actin dynamics: actin, α-actinin 4, α-II spectrin, α-tropomyosin 5b, annexin A2 and A6, gelsolin, ionized calcium binding adapter molecule 2, myosin heavy chain non-muscle type A, myosin regulatory light chain smooth muscle isoforms 2-A and 2-B, scinderin, and signal-induced proliferation-associated gene-1 (SPA-1) (Noda et al., 2005). SPA-1 is a GTPase-activating protein for Rap1, a GTPase that promotes F-actin depolymerization when bound with GTP (Richter et al., 2007). Loss-of-function mutation or deficiency in SPA-1 impairs apical AQP2 trafficking (Noda et al., 2004). The above observations led to the idea that AQP2 might, through interactions with F-actin regulatory proteins, catalyze F-actin depolymerization thereby facilitating AQP2 apical trafficking (Yui et al., 2012).

In addition to the above proteomics study, α-actinin 4 was repetitively identified in the transcriptomes and proteomes of rat kidney collecting ducts and mpkCCD cells (Uawithya et al., 2008; Yu et al., 2008, 2009; Yang et al., 2015b). Together with a network of actin regulatory proteins, α-actinin 4 protein was found in the apical plasma membrane as well as in the nuclear fraction of the mpkCCD cells (Schenk et al., 2012; Loo et al., 2013). In response to short-term vasopressin stimulation, α-actinin 4 undergoes a reciprocal abundance change in the 200,000 xg cytosolic fraction and the 17,000 xg membrane fraction (Yang et al., 2015a), suggesting dynamic shuttling of α-actinin 4 in these subcellular fractions. In response to long-term vasopressin stimulation, α-actinin 4 protein abundance increases by 30% (Khositseth et al., 2011). Apparently, α-actinin 4 is employed by vasopressin for both short- and long-term responses.

α-actinin 4 is among the four α-actinin isoforms with ∼86% amino acid homology to α-actinin 1 (Blanchard et al., 1989; Honda, 2015). α-actinin 2 and 3 belong to the muscle group whereas α-actinin 1 and 4 belong to the non-muscle group (Honda, 2015). In general, an α-actinin protein has two calponin homology domains that form an actin binding domain at the NH2-terminus, follow by four spectrin repeats in the middle, and two EF-hand repeats that form a calmodulin-like domain at the COOH-terminus (Honda, 2015). α-actinin forms a dimer that bundles F-actin filaments (Honda, 2015). The muscle-type actinins mediate F-actin filament bundling and interactions with the Z-disk. The non-muscle type actinins also mediate F-actin filament bundling and interactions with the cell membranes associated with cell adhesion and migration (Honda, 2015). While the binding of the muscle α-actinins to F-actin is insensitive to Ca2+, the binding of the non-muscle α-actinins such as α-actinin 4 to F-actin is abolished by Ca2+ (Blanchard et al., 1989). In addition to F-actin binding, α-actinin 4 has been shown to serve as a transcription co-activator for a number of nuclear receptors including glucocorticoid receptor (Khurana et al., 2012; Feng et al., 2015; Honda, 2015). We recently showed that the glucocorticoid receptor agonist dexamethasone potentiates vasopressin-induced AQP2 gene expression in the mpkCCD cells (Kuo et al., 2018). Here, we provided evidence showing that vasopressin induces α-actinin 4 dissociation from F-actin and translocation into the nucleus where it interacts with glucocorticoid receptor to enhance AQP2 gene expression.



MATERIALS AND METHODS


Cell Culture

The mpkCCD cells re-cloned from their original line (Duong Van Huyen et al., 1998) for the highest AQP2 expression level were maintained in DMEM/Ham’s F-12 medium (DMEM/F-12, Cat. 11320033, Thermo-Fisher, United States) containing 2% fetal bovine serum (FBS) and supplements as described previously (Yu et al., 2009). Cells between 18 and 32 passages were grown on membrane supports (Transwell®, 0.4 μm pore size, Corning Costar, United States) prior to the experiments. FBS and supplements except dexamethasone (Kuo et al., 2018) were removed from the medium to facilitate cell polarization (transepithelial electrical resistance > 5,000 Ωxcm2 measured with an EVOM2 Epithelial Volt/Ohm Meter, World Precision Instruments, United States) before the cells were exposed to the vasopressin V2 receptor-specific agonist dDAVP (1-deamino-8-D-arginine vasopressin) in the basal medium to induce endogenous AQP2 expression. In some cases, dexamethasone was omitted from the experiments to examine the effects in the absence of the glucocorticoid receptor agonist. The HEK293T cells used for packaging small hairpin RNA (shRNA)-carrying lentivirus were maintained in the DMEM medium (Cat. 12491015, Thermo-Fisher, United States) containing 10% FBS.



Immunofluorescence Confocal Microscopy

The mpkCCD cells grown on Transwell® were washed with ice-cold PBS-CM [1 mM MgCl2 and 0.1 mM CaCl2 in 1X PBS (phosphate-buffered saline), pH6.4] three times prior to fixation with 4% paraformaldehyde (in PBS-CM) for 20 min at room temperature. The cells were then washed with PBS-CM three times before treated with membrane permeabilization buffer [0.3% Triton X-100, 0.1% BSA (bovine serum albumin), and 1 mM NaN3 in 1X PBS] for 30 min at room temperature. To block non-specific binding, the cells were incubated with IF blocking buffer (1% BSA, 0.05% saponin, 0.2% gelatin, and 1 mM NaN3 in 1X PBS) for 30 min at room temperature before incubated with primary antibody [α-actinin 4 (Actn4), Cat. GTX101669 or glucocorticoid receptor (GR), Cat. GTX101120, GeneTex, Taiwan] at 4°C overnight. After washes with IF washing buffer (0.1% BSA, 0.05% saponin, 0.2% gelatin, and 1 mM NaN3 in 1X PBS) three times, the cells were incubated with Alexa488-conjugated secondary antibody (Cat. A21206, Invitrogen, United States) for 1 h at room temperature. Cell nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, 1 μg/mL in 1X PBS) at room temperature for 10 min. In some cases, F-actin was stained with rhodamine-conjugated phalloidin (Cat. R415, InvitrogenTM, United States) at room temperature for 1 h. After two washes with PBS, the cells were mounted in fluorescent mounting medium (Cat. S3023, Agilent Technologies, United States) and covered with a cover glass. Confocal images were acquired with a Zeiss LSM880 microscope and processed with the ZEN blue software. Quantification of the images was done with the Imaris software (Bitplane AG, Switzerland). For colocalization measurements of two proteins, the fluorescence signals from each protein were determined with a set threshold value based on background noise, i.e., no primary antibody (or no phalloidin) staining control. Colocalization was calculated as percentage of the voxels that are doubly positive for two proteins divided by the voxels that was positive for one protein. Between 100 and 120 cells in one image were calculated, 3 images per experiment and repeated for 3 independent experiments.



Nucleus-Cytosol Fractionation

Cells were solubilized in 0.4 ml NC buffer (10 mM HEPES, 10 mM KCl, and 0.2 mM EDTA) containing protease inhibitor (Cat. 539134, Calbiochem, United States) and phosphatase inhibitor (Cat. 524625, Calbiochem, United States). The cell lysate was set on ice for 15 min before added with NP40 to a final concentration 0.6%. The mixture was vortexed for 20 s and spun at 1,500 ×g for 5 min at 4°C before the supernatant, i.e., the cytosolic fraction was collected. The pellet was washed with 1 ml NC buffer and centrifuged at 1,500 ×g for 5 min at 4°C. The pellet was re-suspended in 0.1 ml NC buffer and sonicated. After centrifugation at 16,000 ×g for 10 min at 4°C, the supernatant, i.e., the nuclear fraction, was collected for analysis.



Immunoblotting

Cell proteins were dissolved in SDS protein sample buffer [50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% NP40, 0.5% sodium deoxycholate, and 0.5% SDS (sodium dodecyl sulfate), pH7.4]. Protein concentrations were measured with bicinchoninic acid (Cat. 23225, Thermo-Fisher, United States). In general, 20 μg proteins were mixed with 5X loading buffer (7.5% SDS, 30% glycerol, 50 mM Tris, pH 6.8, 200 mM dithiothreitol, and bromophenol blue a few), and separated on a 10% SDS-PAGE gel at 15mA, 160V in 1X SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) for 100 min. Separated proteins in the gel were transferred to a nitrocellulose membrane (Cat. 10600004, GE Healthcare Life Science, United States) in 1X Fairbank buffer [25 mM Tris,192 mM glycine, and 20% (V/V) methanol] with 200 mA for 1 h. The membrane was incubated on a shaker at room temperature for 1 h with blocking buffer 0.1% BSA in 1X TBS-T (20 mM Tris, 150 mM NaCl, and 0.1% Tween-20). After removal of the blocking buffer, the membrane was incubated overnight with primary antibody diluted in the blocking buffer. The antibodies were Actn4 (Cat. GTX101669), glyceraldehyde-3-phosphate dehydrogenase (Gapdh, Cat. GTX100118), GR (Cat. GTX101120), histone 2A (H2A, Cat. GTX129418) from GeneTex, Taiwan, or AQP2 (sc-9880) from Santa Cruz, United States or β-actin (Cat. A5441) from Sigma-Aldrich, United States. The next day, the membrane was washed three times (10 min each) with TBS-T on a shaker, and incubated with secondary antibody (diluted in the blocking buffer) for 1 h on a shaker at room temperature. The secondary antibodies were: IRDye 800 goat anti-rabbit (Cat. 926-32211), IRDye 800 donkey anti-goat (Cat. 926-32214), or IRDye 680 goat anti-mouse (Cat. 926-68020) from Li-Cor, United States. Finally, the membrane was washed three times with TBS-T before visualization and quantification with a near-infrared fluorescence Odyssey scanner and software (Li-Cor, United States).



Co-immunoprecipitation

Cells were solubilized in 0.3 ml lysis buffer, i.e., 1% Triton® X-100 in 1X TBS (20 mM Tris and 150 mM NaCl), containing protease inhibitor and phosphatase inhibitor and left on ice for 30 min. The lysates were centrifuged (16,000 ×g, 10 min) before the protein concentrations were measured and adjusted to 2.5 mg/ml. Anti-GR antibody (Cat. sc-393232, Santa Cruz, United States) or IgG (Cat. 213111-01, GeneTex, Taiwan) was added to 1 mg lysates and incubated for 16 h at 4°C before protein G Mag Sepharose Xtra beads (Cat. GE28-9670-70, GE Healthcare, United States) were added for further incubation at 4°C for 5 h. The beads were washed with the lysis buffer before the bound proteins were eluted in the SDS protein sample buffer for SDS-PAGE and immunoblotting.



Chromatin Immunoprecipitation Coupled With Polymerase Chain Reaction

Chromatin immunoprecipitation (ChIP) assay was performed using the SimpleChIP Enzymatic Chromatin IP kit (Cat. 9003, Cell Signaling Technologies, United States). Briefly, mpkCCD cells were freed from the culture surface, counted, and diluted to 5 × 105 cells per ml in the cell culture medium. Formaldehyde (Cat. 252549, Sigma-Aldrich, United States) was added to a final concentration (1%) to crosslink proteins with chromatin at room temperature for 10 min. After the unreacted formaldehyde was quenched with glycine (125 mM) at room temperature for 5 min, chromatin was digested with 1,500 units micrococcal nuclease at 37°C for 20 min. The cells were then briefly sonicated to lyse nuclear membranes. After a brief spin at 9,400 ×g for 10 min, the supernatant was incubated with anti-GR antibody (Cat. GTX101120, GeneTex, Taiwan), anti-Actn4 antibody (Cat. M01975, Boster, United States), or control IgG antibody (provided in the kit) at 4°C with rotation overnight. The mixtures were then incubated with beads (Cat. 9006, Cell Signaling Technologies, United States) at 4°C with rotation for 2 h. After washes, the chromatin-protein complex was eluted in the ChIP Elution Buffer (Cat. 7009, Cell Signaling Technologies, United States) at 65°C for 30 min. The supernatant was then transferred to a new tube to reverse the crosslink with 200 mM NaCl and 2 μl proteinase K (Cat. 10012, Cell Signaling Technologies, United States) at 65°C for 2 h. The chromatin DNA was then purified with a spin column provided with the kit. The polymerase chain reaction (PCR) was done with 2X TOOL Taq MasterMix polymerase (Cat. KTT-BB, Tools, Taiwan) and a primer set specific to the AQP2 promoter region (forward GCAGCTCCATGGGGTAACTG and reverse CCACCCGAAGGCCTATCAC). The PCR steps were: (1) initial denaturation (94°C, 5 min); (2) denaturation (94°C, 30 s); (3) annealing (56°C, 30 s); (4) extension (72°C, 1 min); (5) repeat (steps 2–4 for 35 cycles); and (6) final extension (72°C, 5 min).



Small Hairpin RNA-Mediated Gene Knockdown

Small hairpin RNA (shRNA)-mediated gene knockdown was done via lentivirus-based transduction. Clones for shRNA were purchased from the National RNAi Core Facility, Academia Sinica, Taiwan: shCtrl (TRCN0000208001), shGR1 (TRCN0000238464), shGR2 (TRCN0000238463), shActn4-1 (TRCN0000090213), or shActn4-2 (TRCN0000090214). To make shRNA-carrying lentivirus, the HEK293T cells were seeded at 70% confluence in a 60-mm dish. On the day of transfection, the medium was replaced with fresh DMEM containing 1% BSA minus FBS and incubated for 30 min before transfection with a lentivirus-packaging plasmid mixture: 4 μg shRNA plasmid, 3.6 μg pCMVΔ8.91 plasmid, and 0.4 μg VSVG plasmid mixed in 250 μl Opti-MEM (Cat. 31985070, Thermo-Fisher, United States) plus 12 μl T-Pro NTR II (Cat. JT97-N002M, T-Pro Biotechnology, Taiwan). Two days after the transfection, the medium that contained lentiviral particles was collected and centrifuged at 1,200 ×g for 5 min. The supernatants that contained shRNA-carrying lentiviral particles were aliquoted and stored at –80°C until use. To knockdown genes, 6 × 105 mpkCCD cells were seeded in a 60-mm dish one day before infection with 1 ml lentivirus-containing medium plus 2 ml regular medium and 24 μl polybrene (hexadimethrine bromide, Cat. H9268, Sigma-Aldrich, United States, 1 mg/ml) for one day. The infected cells were selected for stable knockdown with puromycin (Watson Biotechnology, Taiwan, 2.5 μg/ml) for two passages.



RNA Extraction and Reverse Transcription

To each membrane support (12-mm Transwell®, Corning Costar, United States), 300 μl TriZOL® reagent (Cat. 15596081, Invitrogen, United States) were added to lyse the cells. Total RNA was then extracted with RNA extraction kit (Cat. E1011-A, ZYMO Research, United States). About 500 ng total RNA were reverse transcribed to cDNA with oligo(dT)20 primer (Cat. 18418020, Invitrogen, United States) or random hexamers (Cat. N8080127, Invitrogen, United States) using SuperScriptTM IV First-Strand Synthesis System (Cat. 18091050, Invitrogen, United States) following the manufacturer’s instruction.



Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction (qPCR) was carried out with SensiFAST SYBR® Hi-ROX (Cat. BIO-92005, Bioline, United States) with gene-specific primers in 8-strip qRT-PCR tubes. The primers for Actn4 were forward CCAGGAGGATGACTGGGAC and reverse GCCAGCCTTCC GAAGATGA. The primers for AQP2 were forward CCTCCTTGGGATCTATTTCA and reverse CAAACTTG CCAGTGACAACT. The primers for GR were forward GACTCCAAAGAATCCTTAGCTCC and reverse CTCCACCC CTCAGGGTTTTAT. The primers for Rplp0 (60S acidic ribosomal protein P0) were forward AGAT CGGGTACCCAACTGTT and reverse GGCCTTGACC TTTTCAGTAA. The primers span intron(s) to avoid amplification of PCR products from genomic DNA. The qPCR program was done in a thermal cycler (StepOnePlus Real-Time PCR Systems, Thermo-Fisher, United States) with the following steps: (1) polymerase activation (95°C, 3 min); (2) denaturation (95°C, 5 s); (3) annealing/extension (60°C, 30 s); (4) repeat (step 2–3, 40 cycles).




RESULTS


Vasopressin Freed α-Actinin 4 From F-Actin for Nuclear Translocation

Under the vehicle control conditions (Figure 1A), α-actinin 4 was detected in the cytoplasm and nuclei in the polarized mpkCCD cells with confocal immunofluorescence microscopy. On average, about 60.3% α-actinin 4 was found colocalized with F-actin, which had much pronounced staining at the cell periphery (Figures 1A,B). In response to 1 nM vasopressin analog dDAVP (Figure 1A), F-actin was more diffusive with increased staining in the cytoplasm, suggestive of vasopressin-induced F-actin depolymerization. In the presence of dDAVP, less (38.5%) α-actinin 4 was found colocalized with F-actin (Figures 1A,B) and was detected primarily in the nuclei where it colocalized with DAPI that stains nucleic acids (Figure 1A). The increased nuclear α-actinin 4 staining (Figure 1C) is consistent with the idea that vasopressin frees α-actinin 4 from F-actin for nuclear translocation. In line with this, promoting F-actin polymerization with jasplakinolide significantly reduced dDAVP-induced α-actinin 4 nuclear translocation (Figures 1A–C, dDAVP + JAS). Nucleus-cytosol fractionation followed by immunoblotting showed results consistent with vasopressin-induced nuclear translocation of α-actinin 4 (Figures 1D,E).


[image: image]

FIGURE 1. Vasopressin freed α-actinin 4 from F-actin for nuclear translocation in the mpkCCD cells. (A) Confocal immunofluorescence micrographs of α-actinin 4 (Actn4, green) and F-actin (red). Polarized cells grown on Transwell® were exposed (24 h) to vehicle, 1 nM dDAVP, or 1 nM dDAVP plus 50 nM jasplakinolide (JAS) that binds and induces F-actin polymerization (Bubb et al., 2000). The nuclei were stained with DAPI (blue). Shown at the bottoms are signal profiles along the dotted lines. Bars indicate 10 μm. (B,C) Summaries of Actn4 colocalization with F-actin and DAPI, respectively. Numbers are means ± SEM, summarized from three independent experiments and about 330 cells per experiment. Asterisks indicate statistical significance, t-test p < 0.05. (D,E) Representative immunoblotting and summary of Actn4 in the cytosol vs. nuclei of the cells exposed to vehicle (V) vs. dDAVP (D). Numbers are means ± SEM, summarized from three independent experiments. Gapdh and H2A were markers for cytosol and nuclei, respectively. Protein intensities were corrected against those of Gapdh or H2A to avoid variations in the sample preparation. M, marker.




Vasopressin Enhanced Interaction Between α-Actinin 4 and Glucocorticoid Receptor

Co-immunoprecipitation followed by immunoblotting showed that vasopressin enhanced interaction between α-actinin 4 and glucocorticoid receptor in the mpkCCD cells. Under the vehicle conditions, there was a basal amount of α-actinin 4 in the glucocorticoid receptor immunoprecipitate (Figure 2A). In response to dDAVP, the amount of α-actinin 4 in the immunoprecipitate increased to about 4.2 folds based on three independent experiments (Figures 2A,B). Specificity of the observations was reassured with the absence of α-actinin 4 in the control IgG immunoprecipitate. In line with α-actinin 4′s function as a transcription co-activator of the glucocorticoid receptor, chromatin immunoprecipitation coupled with polymerase chain reaction showed results consistent with binding of α-actinin 4 and glucocorticoid receptor with the AQP2 promoter (Figures 2C,D). No AQP2 PCR product was observed when a control IgG was used for chromatin immunoprecipitation.
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FIGURE 2. Vasopressin enhanced interactions between α-actinin 4 and glucocorticoid receptor in the mpkCCD cells. (A) Co-immunoprecipitation (IP) of glucocorticoid receptor (GR) followed by immunoblotting (IB) for α-actinin 4 (Actn4) in the mpkCCD cells under vehicle vs. dDAVP (1nM, 24 h) conditions. (B) Summary from three independent experiments. Numbers are means ± SEM, summarized from three independent experiments. Asterisk indicates statistical significance, t-test p < 0.05. E, eluate; FT, flow through; I, input; W, wash. (C,D) Chromatin immunoprecipitation with antibody against GR, Actn4, or IgG followed by PCR amplification of AQP2 between –128 and –255 base pairs upstream to the AQP2 transcription start site.




α-Actinin 4 Knockdown Reduced Vasopressin-Induced AQP2 Gene Expression

To test α-actinin 4′s transcription co-activator function, α-actinin 4 mRNA and protein were knocked down to about 16.1% and 32.0% of the control mpkCCD cells, with two small-hairpin RNA sequences (Figures 3A–C). Vehicle or dDAVP treatment did not affect the knockdown efficiency. α-actinin 4 knockdown did not affect cell polarization as the transepithelial resistance increased in a similar way regardless experimental conditions (Figure 3D). Under these conditions, dDAVP-induced increases in the AQP2 mRNA and protein levels were greatly reduced in the α-actinin 4 knockdown vs. the control cells (Figures 3B,E,F), in line with α-actinin 4′s transcription co-activator function in vasopressin-induced AQP2 gene expression. Since dDAVP did not affect α-actinin 4 mRNA or protein levels (Figures 3A–C), the reduced AQP2 gene expression levels reflect the effects of the reduced α-actinin 4 levels in the knockdown cells. Note that the α-actinin 4 knockdown cells still responded to dDAVP with AQP2 gene expression (Figures 3E,F), albeit at much reduced levels.
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FIGURE 3. α-actinin 4 knockdown reduced vasopressin-induced AQP2 gene expression in the mpkCCD cells. (A,E) Quantitative RT-PCR measurements of α-actinin 4 (Actn4) and AQP2 mRNA in control (shCtrl) and Actn4 knockdown (shActn4) cells exposed to vehicle (V) vs. 1 nM dDAVP (D). Two shActn4 sequences were used (shActn4-1 and shActn4-2). Numbers are means ± SEM, summarized from five or six independent experiments. Two-way ANOVA was used for statistical test. Asterisks indicate statistical significance between samples (p < 0.05). (B,C,F) Representative immunoblots and summaries of Actn4 and AQP2 in shCtrl and shActn4 cells in response to vehicle vs. dDAVP. Gly-AQP2 and non-Gly-AQP2 are glycosylated and non-glycosylated AQP2, respectively. Numbers are means ± SEM, summarized from three independent experiments. (D) Transepithelial electrical resistance of the cells grown on Transwell® prior to vehicle vs. dDAVP stimulation. Day –1, cell polarization; day 0, dDAVP exposure; day 1, harvest for RNA/protein measurement.




Glucocorticoid Receptor Translocated Into the Nuclei in Response to Vasopressin

Under the vehicle control conditions, glucocorticoid receptor was detected in the cytoplasm and nuclei with confocal immunofluorescence microscopy (Figure 4A). On average, about 46.9% glucocorticoid receptor was found in the nuclei where it colocalized with DAPI (Figure 4B). In response to dDAVP, more (59.9%) glucocorticoid receptor was found in the nuclei (Figures 4A,B), in line with glucocorticoid receptor nuclear translocation in response to vasopressin. Nucleus-cytosol fractionation followed by immunoblotting showed results consistent with dDAVP-induced nuclear translocation of glucocorticoid receptor (Figures 4C,D).
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FIGURE 4. Vasopressin induced glucocorticoid receptor nuclear translocation in the mpkCCD cells in the presence of dexamethasone. (A) Confocal immunofluorescence micrographs of glucocorticoid receptor (GR, green) and nuclei (DAPI, blue). Polarized cells grown on Transwell® were exposed (24 h) to vehicle, or 1 nM dDAVP. Shown at the bottoms are signal profiles along the dotted lines. Bars indicate 10 μm. (B) Summaries of GR colocalization with DAPI. Numbers are means ± SEM, summarized from three independent experiments and about 330 cells per experiment. Asterisk indicates statistical significance, t-test p < 0.05. (C,D) Representative immunoblots and summary of GR in the cytosol vs. nuclei of the cells exposed to vehicle (V) vs. dDAVP (D). Numbers are means ± SEM, summarized from three or four independent experiments. Gapdh and H2A were markers for cytosol and nucleus, respectively. Protein intensities were corrected against those of Gapdh or H2A to avoid variations in the sample preparation. M, marker.




Vasopressin-Induced Glucocorticoid Receptor Nuclear Translocation Was Independent of α-Actinin 4

To test whether vasopressin-induced glucocorticoid receptor nuclear translocation depends on α-actinin 4, α-actinin 4 was knocked down before confocal immunofluorescence microscopy. Glucocorticoid receptor was detected in the cytoplasm and nuclei in the control cells under the vehicle conditions (Figure 5A, shCtrl). In response to dDAVP, more glucocorticoid receptor was observed in the nuclei than in the cytoplasm in the control cells. Similar observations were made in the α-actinin 4 knockdown cells (Figure 5A, shActn4-1 and shActn4-2). Three independent experiments show similar results (Figure 5C). Thus, vasopressin-induced glucocorticoid receptor nuclear translocation did not depend on α-actinin 4. Specificity of the observation was reassured with no primary glucocorticoid receptor antibody control, which did not produce any signal (Figure 5B).
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FIGURE 5. Vasopressin-induced glucocorticoid receptor nuclear translocation was independent of α-actinin 4. (A,B) Confocal immunofluorescence micrographs of glucocorticoid receptor in control (shCtrl) and α-actinin 4 knockdown (shActn4-1 and shActn4-2) mpkCCD cells grown on Transwell® under vehicle vs. dDAVP (1 nM, 24 h) conditions. Bars indicate 10 μm. The primary antibody to glucocorticoid receptor was omitted in (B). (C) Summary of the confocal imaging results. Numbers are means ± SEM from three independent experiments, about 330 cells in each experiment. Asterisks indicate statistical significance, t-test p < 0.05.




Glucocorticoid Receptor Knockdown Reduced Vasopressin-Induced AQP2 Gene Expression

Glucocorticoid receptor mRNA and protein knockdown to about 40.9% or 63.1% (Figures 6A–C) did not affect mpkCCD cell polarization as the increases in the transepithelial resistance were similar for all experimental groups (Figure 6D). Under these conditions, the dDAVP-induced increases in the AQP2 gene expression were profoundly reduced at both mRNA and protein levels in the glucocorticoid receptor knockdown cells (Figures 6B,E,F). dDAVP did not affect glucocorticoid receptor mRNA or protein levels in the control or knockdown cells exposed to vehicle or dDAVP (Figures 6A–C). Thus, the reduced AQP2 gene expression were due to the effects of the reduced glucocorticoid receptor levels in the knockdown cells. Note that while the AQP2 mRNA and protein were detected in the α-actinin 4 knockdown cells (Figures 3B,E,F), they were barely detectable in the glucocorticoid receptor knockdown cells (Figures 6B,E,F), indicating a major role of glucocorticoid receptor in vasopressin-induced AQP2 gene expression.
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FIGURE 6. Glucocorticoid receptor knockdown reduced vasopressin-induced AQP2 gene expression in the mpkCCD cells. (A,E) Quantitative RT-PCR measurements of glucocorticoid receptor (GR) and AQP2 mRNA in control (shCtrl) and GR knockdown (shGR) cells in response to vehicle vs. 1 nM dDAVP. Two shGR sequences were used (shGR1 and shGR2). Numbers are means ± SEM, summarized from three independent experiments. Two-way ANOVA was used for statistical test. Asterisks indicate statistical significance between samples (p < 0.05, t-test). (B,C,F) Representative immunoblots and summaries of GR and AQP2 in shCtrl and shGR cells in response to vehicle (V) vs. dDAVP (D). Gly-AQP2 and non-Gly-AQP2 are glycosylated and non-glycosylated AQP2, respectively. Numbers are means ± SEM, summarized from five independent experiments. (D) Transepithelial electrical resistance of the cells grown on Transwell® prior to vehicle vs. dDAVP stimulation. Day –1, cell polarization; day 0, dDAVP exposure; day 1, harvest for RNA and protein measurements.




Vasopressin-Induced Glucocorticoid Receptor Nuclear Translocation and AQP2 mRNA Expression Were Reduced in the Absence of Dexamethasone

The above experiments were done in the presence of glucocorticoid receptor agonist dexamethasone that induces glucocorticoid receptor nuclear translocation (Gustafsson et al., 1987). To test whether vasopressin-induced glucocorticoid receptor nuclear translocation and AQP2 gene expression depends on glucocorticoid, dexamethasone was omitted from the experiments. Confocal immunofluorescence microscopy showed cytoplasmic and nuclear staining of glucocorticoid receptor in the mpkCCD cells under the vehicle conditions in the absence of dexamethasone (Figure 7A). Stimulating the cells with dDAVP in the absence of dexamethasone slightly increased nuclear staining of glucocorticoid receptor. On average, the nuclear glucocorticoid receptor staining increased from 24.4% under the vehicle conditions to 37.2% under the dDAVP conditions in the absence of dexamethasone (Figure 7B). Thus, glucocorticoid binding plays a crucial role in vasopressin-induced glucocorticoid receptor nuclear translocation. Similarly, glucocorticoid binding also plays a crucial role in vasopressin-induced AQP2 gene expression. In the presence of dexamethasone, dDAVP induced AQP2 mRNA to about 31.0 folds compared to that in the vehicle control (Figure 7C). In the absence of dexamethasone, the dDAVP-induced AQP2 mRNA level was reduced to about 1/3 of that in the presence of dexamethasone. In the absence of dexamethasone, the dDAVP-induced AQP2 mRNA level in the α-actinin 4 knockdown cells was further reduced to about 1/5 of that in the control cells (Figure 7C, shActn4 vs. shCtrl). Thus, dexamethasone plays a major role in vasopressin-induced glucocorticoid receptor nuclear translocation and AQP2 gene expression, which can be enhanced by α-actinin 4.
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FIGURE 7. Vasopressin-induced glucocorticoid receptor nuclear translocation and AQP2 mRNA expression were reduced in the absence of dexamethasone. (A,B) Representative and summary of confocal immunofluorescence micrographs of glucocorticoid receptor (GR) in the mpkCCD cells in response to vehicle or dDAVP in the absence of dexamethasone. The nuclei were stained with DAPI in blue. Numbers are means ± SEM, summarized from three independent experiments and about 330 cells per experiment. Asterisks indicate statistical significance, t-test p < 0.05. Bars indicate 10 μm. (C) Quantitative RT-PCR measurements of AQP2 mRNA in the control (shCtrl) and α-actinin 4 knockdown (shActn4-1 and shActn4-2) mpkCCD cells in response to dDAVP (D) vs. vehicle (V) in the presence or absence of dexamethasone (Dex). Numbers are means ± SEM, summarized from three independent experiments.





DISCUSSION

In the present study, we showed for the first time that α-actinin 4 functions as a transcription co-activator for glucocorticoid receptor-mediated AQP2 gene expression in the mpkCCD collecting duct cells in response to vasopressin (Kuo et al., 2018). Our findings suggest a role of α-actinin 4 that connects vasopressin-mediated short-term regulation of AQP2 trafficking to long-term regulation of AQP2 gene expression (Figure 8). As an F-actin crosslinking protein, α-actinin 4 dimers bundle F-actin filaments and link them to the plasma membrane via direct or indirect interaction with integrin (Chen et al., 2012; Honda, 2015). This forms a cortical F-actin skeleton underneath the apical plasma membrane and impedes AQP2-containing vesicle from fusion with the membrane (Noda et al., 2010). Vasopressin-induced apical AQP2 insertion thus necessitates F-actin depolymerization at the apical plasma membrane (Noda et al., 2008; Yui et al., 2012; Loo et al., 2013). Via elevating intracellular Ca2+, vasopressin reduces α-actinin 4 interaction with F-actin (Blanchard et al., 1989; Knepper et al., 2015). This should free up α-actinin 4 and promote F-actin depolymerization (Star et al., 1988; Blanchard et al., 1989), which is expected to facilitate short-term vasopressin-induced AQP2 insertion into the apical membrane. The so freed α-actinin 4 then enters the nuclei where it interacts with glucocorticoid receptor to enhance long-term vasopressin-induced AQP2 gene expression.
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FIGURE 8. A model illustrates dual functions of α-actinin 4 in vasopressin short-term and long-term actions in the kidney collecting duct cells. ABD, actin-binding domain; CaM, calmodulin-like domain; Dex, dexamethasone.


Functions of F-actin in AQP2 trafficking are far more complex than those described above. As AQP2 constitutively recycles between the intracellular vesicles and the plasma membrane (Brown, 2003; Tajika et al., 2005; Wang et al., 2020), the apical AQP2 abundance is a balanced result between AQP2 exocytosis to and endocytosis from the apical plasma membrane. While increased exocytosis increases the apical AQP2 abundance (Noda and Sasaki, 2005), decreased endocytosis also does so (Brown, 2003). The facts that AQP2 is endocytosed via clathrin-mediated processes (Sun et al., 2002) and that F-actin participates in near all aspects of clathrin-mediated endocytosis (Yarar et al., 2005) have alluded to functions of F-actin in AQP2 endocytosis. As F-actin is recruited to the sites of endocytosis to facilitate membrane invagination (Smythe and Ayscough, 2006), reagents that promote F-actin depolymerization reduce AQP2 endocytosis and increase AQP2 in the plasma membrane (Procino et al., 2010; Li et al., 2011). Conversely, F-actin polymerization promotes AQP2 endocytosis (Li et al., 2011, 2017). The above observations are compatible with the regulation of F-actin by α-actinin 4 in the collecting duct cells (Figure 8). In the absence of vasopressin, intracellular Ca2+ concentration is low, α-actinin 4 dimers bundle F-actin and connect them to the plasma membrane. This prevents AQP2 exocytosis in one hand and promotes AQP2 endocytosis in the other hand. In the presence of vasopressin, intracellular Ca2+ concentration elevates and reduces α-actinin 4 interaction with F-actin (Blanchard et al., 1989), promoting F-actin depolymerization. This is expected to reduce AQP2 endocytosis and to facilitate AQP2 exocytosis. Vasopressin-induced AQP2 phosphorylation further enhances apical AQP2 abundance via these two processes. S256 phosphorylation promotes F-actin depolymerization, which is expected to reduce AQP2 endocytosis and enhance exocytosis (Noda et al., 2008). S269 phosphorylation has been shown to reduce Sipa1l1-mediated AQP2 endocytosis (Wang et al., 2017).

Compared to α-actinin 4 knockdown, glucocorticoid receptor knockdown had much profound effects on vasopressin-induced AQP2 gene expression. While AQP2 mRNA and protein were detected in the α-actinin 4 knockdown cells in the presence of vasopressin (Figure 3), they were barely detectable in the glucocorticoid receptor knockdown cells (Figure 6). This is consistent with the transcription co-activator role of α-actinin 4, which does not directly bind glucocorticoid response elements but complexes with glucocorticoid receptor to enhance transcriptional activity (Honda, 2015; Zhao et al., 2017). Note that the experiments in the present study were done in the presence of the glucocorticoid receptor agonist dexamethasone, which itself would bind glucocorticoid receptor and induce nuclear translocation. This may explain the nuclear staining of the glucocorticoid receptor in the absence of vasopressin (Figure 4). However, the nuclear dexamethasone-glucocorticoid receptor complex did not result in AQP2 gene expression in the absence of vasopressin (Figure 6), consistent with our prior observation (Kuo et al., 2018). Thus, vasopressin must have elicited additional mechanisms to result in AQP2 gene expression even in the presence of nuclear glucocorticoid receptor. Vasopressin-induced α-actinin 4 nuclear translocation and interaction with glucocorticoid receptor contribute a portion to the mechanism as α-actinin 4 knockdown reduces vasopressin-induced AQP2 gene expression in the presence of dexamethasone (Figures 1–3).

How vasopressin leads to glucocorticoid receptor nuclear translocation requires further study. Vasopressin-enhanced interaction between glucocorticoid receptor and α-actinin 4 (Figure 2) does not seem to provide such a mechanism because vasopressin still induces glucocorticoid receptor nuclear translocation in the α-actinin 4 knockdown cells (Figure 5) and still induces AQP2 gene expression (Figure 3). Moreover, α-actinin 4 itself lacks nuclear localization signal (Honda et al., 1998). How α-actinin 4 translocates to the nucleus also requires further investigation. Our data suggest two independent pathways by which glucocorticoid receptor and α-actinin 4 enter the nucleus in response to vasopressin (Figure 8). Once in the nucleus, glucocorticoid receptor and α-actinin 4 interact to enhance AQP2 gene expression. In fact, α-actinin 4 was found to interact with glucocorticoid receptor exclusively in the nuclei in human podocytes (Zhao et al., 2017).

The dual functional α-actinin 4 provides a molecular link that connects vasopressin short-term regulation in AQP2 trafficking to long-term regulation in AQP2 gene transcription (Figure 8); however, the network of vasopressin-mediated AQP2 gene transcription is far from complete. Based on promoter-reporter assays, several transcription factors have been implicated in AQP2 transcription including Creb1 (Hozawa et al., 1996; Yasui et al., 1997), Elf3 (Yu et al., 2009), Elf5 (Yu et al., 2009; Grassmeyer et al., 2017), Ehf (Yu et al., 2009), Gata-3 (Uchida et al., 1997), and Nfat5 (Hasler et al., 2006). Incorporation of these transcription factors into the AQP2 transcription network is challenging because the studies were done in various cell models that often do not express endogenous vasopressin V2 receptor or AQP2. For example, Creb1 has been the primary transcription factor for AQP2 gene transcription in many review papers (Nielsen et al., 2002; Bockenhauer and Bichet, 2015; Pearce et al., 2015). However, recent ChIP-seq analysis of the re-cloned mpkCCD cells that express all necessary molecular components for vasopressin signaling, AQP2 gene expression, and trafficking (Rinschen et al., 2010; Xie et al., 2010; Khositseth et al., 2011; Schenk et al., 2012; Loo et al., 2013) showed no clear evidence of Creb1’s involvement in AQP2 transcription (Jung et al., 2018). Instead, a number of other transcription factor candidates were suggested for future investigation (Kikuchi et al., 2021), preferentially with CRISPR/Cas9-based gene knockout (Isobe et al., 2017, 2020; Datta et al., 2020) or small hairpin RNA-mediated gene knockdown when gene deletion is lethal (Wang et al., 2017, 2020; Kuo et al., 2018; Lin et al., 2019; Wong et al., 2020). Thus, a comprehensive AQP2 transcription network may be anticipated with the advent of the systems approaches that generate novel hypotheses addressable with modern molecular biological methods.
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Hyponatremia is frequently encountered in clinical practice and usually induced by renal water retention. Many medications are considered to be among the various causes of hyponatremia, because they either stimulate the release of arginine vasopressin (AVP) or potentiate its action in the kidney. Antidepressants, anticonvulsants, antipsychotics, diuretics, and cytotoxic agents are the major causes of drug-induced hyponatremia. However, studies addressing the potential of these drugs to increase AVP release from the posterior pituitary gland or enhance urine concentration through intrarenal mechanisms are lacking. We previously showed that in the absence of AVP, sertraline, carbamazepine, haloperidol, and cyclophosphamide each increased vasopressin V2 receptor (V2R) mRNA and aquaporin-2 (AQP2) protein and mRNA expression in primary cultured inner medullary collecting duct cells. The upregulation of AQP2 was blocked by the V2R antagonist tolvaptan or protein kinase A (PKA) inhibitors. These findings led us to conclude that the nephrogenic syndrome of inappropriate antidiuresis (NSIAD) is the main mechanism of drug-induced hyponatremia. Previous studies have also shown that the V2R has a role in chlorpropamide-induced hyponatremia. Several other agents, including metformin and statins, have been found to induce antidiuresis and AQP2 upregulation through various V2R-independent pathways in animal experiments but are not associated with hyponatremia despite being frequently used clinically. In brief, drug-induced hyponatremia can be largely explained by AQP2 upregulation from V2R-cAMP-PKA signaling in the absence of AVP stimulation. This paper reviews the central and nephrogenic mechanisms of drug-induced hyponatremia and discusses the importance of the canonical pathway of AQP2 upregulation in drug-induced NSIAD.

Keywords: aquaporin-2, collecting duct, nephrogenic syndrome of inappropriate antidiuresis, syndrome of inappropriate ADH secretion, vasopressin, water


PATHOGENESIS OF HYPONATREMIA AND RENAL ACTION OF VASOPRESSIN

Hyponatremia, defined as a serum sodium concentration <135 mmol/L, is caused by an excess of water relative to sodium in the extracellular fluid. Although sodium depletion may precede water retention, primary water excess can occur irrespective of sodium balance (Figure 1). Water is retained in the body as a result of excessive intake and/or reduced renal excretion. The former is called primary polydipsia, usually occurring in neuropsychiatric patients. The latter can be induced by an absolute decrease in glomerular filtration rate (i.e., kidney failure) or abnormally increased water reabsorption along the renal tubule.

[image: Figure 1]

FIGURE 1. Differential diagnosis of hyponatremia. Hyponatremia may include water and sodium balance disorder, and pure water excess presents clinically with euvolemic hyponatremia. The syndrome of inappropriate antidiuresis (SIAD) is the most common cause of euvolemic hyponatremia and can be classified into the syndrome of inappropriate antidiuretic hormone secretion (SIADH) and the nephrogenic syndrome of inappropriate antidiuresis (NSIAD).


Renal water excretion is regulated by the action of arginine vasopressin (AVP), which is stored and released from the posterior pituitary gland. Synthesis of AVP in the hypothalamus is induced by both osmotic and non-osmotic stimuli, such as acute systemic hemodynamic changes, stress, and hypoxia (Schrier et al., 1979). In the kidney, the loop of Henle and collecting duct are the major sites of AVP action: AVP binds to the vasopressin V2 receptor (V2R) at the basolateral membrane of the collecting duct principal cells and induces osmotic water reabsorption through regulation of aquaporin-2 (AQP2) and aquaporin-3 (AQP3) water channel proteins (Jung and Kwon, 2016). The thick ascending limb of the loop of Henle plays an important role in countercurrent multiplication for urine concentration, and AVP strongly upregulates the expression of the Na-K-2Cl cotransporter 2 (NKCC2) of the thick ascending limb (Kim et al., 1999). The resultant outer medullary interstitial hypertonicity promotes osmotic water reabsorption along the collecting duct. On the other hand, inner medullary interstitial hypertonicity can be established by urea accumulation facilitated by urea transporters (UTs). By stimulating UT-A1 and UT-A3 in the inner medullary collecting duct and UT-A2 in the thin descending limb of Henle’s loop (Wade et al., 2000), AVP promotes urea recycling.



THE SYNDROME OF INAPPROPRIATE ANTIDIURESIS AS A MAJOR CAUSE OF HYPONATREMIA

Hyponatremia is the most common electrolyte disorder in hospitalized patients and is potentially life-threatening because of the risk of cerebral edema (Adrogué and Madias, 2000). The “syndrome of inappropriate secretion of antidiuretic hormone (SIADH)” is the most frequent cause of hyponatremia, and a variety of drugs can stimulate the release of AVP or potentiate its action (Ellison and Berl, 2007). Thus, most cases of drug-induced hyponatremia are considered to be consistent with a diagnosis of the SIADH when hyponatremia is associated with the use of a particular agent in hypo-osmolar and euvolemic conditions (Smith et al., 2000; Janicic and Verbalis, 2003). Theoretically, the SIADH can be diagnosed when AVP release is inappropriately elevated despite low plasma osmolality. However, the diagnosis of the SIADH is usually made after identifying several clinical and laboratory features without measurement of AVP (Ellison and Berl, 2007). Measurement of AVP concentrations may not be feasible in clinical practice and the results may be unreliable, because AVP is highly unstable in isolated plasma and the pre-analytic procedures are complicated (Bolignano et al., 2014).

Alternately, Dr. Robertson proposed a diagnosis of the “syndrome of inappropriate antidiuresis (SIAD),” given plasma AVP is actually suppressed in a certain proportion of patients diagnosed as SIADH (Robertson, 1989). The term “nephrogenic syndrome of inappropriate antidiuresis (NSIAD)” was also coined by Feldman et al. when they described two infants whose clinical and laboratory evaluations were consistent with the presence of the SIADH but had undetectable AVP because of gain-of-function mutations in the V2R (Feldman et al., 2005). Thus, the SIAD caused by renal water retention can be grouped into SIADH (with an excess of antidiuretic hormone) and NSIAD (with appropriately suppressed AVP secretion) according to its pathogenesis (Figure 1).



DRUG-INDUCED HYPONATREMIA: THE SIADH VERSUS NSIAD

Table 1 presents the list of drugs that often cause hyponatremia in clinical practice. We classified them into AVP analogs, drugs that stimulate release of AVP, drugs that stimulate V2R in the kidney and induce the NSIAD, and others.



TABLE 1. Drugs that can cause hyponatremia.
[image: Table1]



TABLE 2. Experimental antidiuretic agents without causing hyponatremia.
[image: Table2]



AVP ANALOGS

Desmopressin, a synthetic analog of AVP, has been prescribed for the treatment of diabetes insipidus and nocturnal polyuria. Although it is generally well tolerated, it can cause severe hyponatremia in susceptible patients because of its water-retaining effect (Kelleher and Henderson, 2006). Compared with AVP, desmopressin has a longer half-life and a greater antidiuretic effect caused by selective binding to the V2R (Kwon et al., 2013), but does not have unwanted vasopressor and uterotonic effects (Vilhardt, 1990). Together, V2R-mediated stimulation of adenylyl cyclases, elevation of cAMP, and activation of protein kinase A (PKA) are the canonical signaling pathways that trigger both increased AQP2 trafficking and AQP2 protein abundance (Jung and Kwon, 2016).

A meta-analysis indicated the incidence of desmopressin-induced hyponatremia was 7.6% in adults with nocturia (Weatherall, 2004). The development of hyponatremia during desmopressin use is likely dependent on the dose of desmopressin. However, we found that even low doses of desmopressin could induce hyponatremia in predisposed patients and that advanced age and lower hemoglobin were the risk factors for hyponatremia in adults using desmopressin for nocturnal polyuria (Choi et al., 2015).

Oxytocin, used to induce labor or abortion, may be associated with hyponatremia because of its antidiuretic activity. As expected, the risk of hyponatremia is increased when oxytocin is diluted in intravenous hypotonic fluids (Ahmad et al., 1975). Oxytocin and AVP are closely related peptides secreted from the posterior pituitary, and both are nine-amino-acid peptide hormones, of which seven are identical (Baribeau and Anagnostou, 2015). Oxytocin was shown to act as an antidiuretic hormone because oxytocin increases osmotic water permeability in perfused inner medullary collecting ducts isolated from Sprague–Dawley rats (Chou et al., 1995b), and its hydrosmotic action was mediated by the V2R (Chou et al., 1995a). In Sprague–Dawley rats, oxytocin treatment induced apical and basolateral translocation of AQP2 protein along the collecting duct. This response was blocked by pretreatment with a V2R antagonist (Jeon et al., 2003). The antidiuretic action of oxytocin was also demonstrated in humans in association with AQP2 upregulation (Joo et al., 2004). Taken together, pharmacological doses of oxytocin can induce antidiuretic effects as a result of V2R stimulation and subsequent AQP2 upregulation (Cheng et al., 2009).


Drugs That Stimulate AVP Release

The anticancer chemotherapeutic agents, vincristine, vinblastine, cisplatin, and cyclophosphamide, were typically assumed to have stimulated release of AVP from the pituitary gland or to have increased production of AVP at the hypothalamus. However, evidence supporting these mechanisms is lacking (Berghmans, 1996).

Suskind et al. reported the case of a 3-year-old girl who was inadvertently administered an overdose of vincristine and developed clinical features compatible with the SIADH. Her blood vasopressin concentration was more than four times the normal value (Suskind et al., 1972). Stuart et al. showed that urinary vasopressin excretion was markedly elevated following administration of vincristine to a child with acute lymphatic leukemia (Stuart et al., 1975). Thus, the SIADH seems to be at the basis of vincristine-associated hyponatremia. Animal studies suggested that the SIADH may result from a direct toxic effect of vincristine on the neurohypophysis and the hypothalamic system (Uy et al., 1967; Robertson et al., 1973). In cases with increased plasma AVP concentration, however, dehydration due to vincristine toxicity or diarrhea needs to be differentiated from the SIADH (Jójárt et al., 1987).

Cyclophosphamide and ifosfamide are the representative alkylating agents that may be associated with hyponatremia. It is unclear whether plasma AVP concentrations are elevated following cyclophosphamide administration (Bressler and Huston, 1985; McCarron et al., 1995). On the other hand, elevated plasma AVP concentrations were found in a few cases of ifosfamide-induced hyponatremia (Cantwell et al., 1990; Kirch et al., 1997). Glezerman reported that ifosfamide-induced hyponatremia was corrected by the V2R antagonist conivaptan (Glezerman, 2009). This finding may support the possibility that the SIADH underlies ifosfamide-induced hyponatremia (Gross et al., 2011).



Drugs That Stimulate V2R in the Kidney

Renal water retention may result from the direct effects of some medications on the collecting duct epithelium in the absence of an AVP-mediated mechanism of action. Traditionally, such medications were classified as drugs that potentiate the renal action of AVP; however, they are now thought to act specifically as V2R agonists to induce the NSIAD.


Chlorpropamide

Chlorpropamide is a long-acting first-generation sulfonylurea, previously used to treat diabetes mellitus type 2. Chlorpropamide also has antidiuretic effects and has been used to treat diabetes insipidus (Kunstadter et al., 1969); although not currently used in clinical practice, the antidiuretic mechanisms of chlorpropamide are worthy of review.

High doses of chlorpropamide are associated with hyponatremia, and this effect was described as the SIADH since the first report in 1970 (Fine and Shedrovilzky, 1970). However, administration of chlorpropamide did not augment release of AVP in humans or rats (Pokracki et al., 1981). While the SIADH was seen in 4% of patients receiving chlorpropamide in a clinic population, elevated plasma AVP concentrations were not demonstrated (Weissman et al., 1971).

Many studies have used the isolated toad urinary bladder to measure osmotic water permeability in response to chlorpropamide administration. Low concentrations of chlorpropamide enhanced the effect of AVP (Mendoza, 1969; Wales, 1971; Lozada et al., 1972; Hirji and Mucklow, 1991), whereas high concentrations increased water absorption across the membrane in the absence of AVP (Danisi et al., 1970; Urakabe et al., 1970; Ozer and Sharp, 1973; Mendoza and Brown, 1974).

Moses et al. investigated the mechanism by which chlorpropamide potentiates the action of AVP (Miller and Moses, 1970; Moses et al., 1982). They found that chlorpropamide enhanced the activity of renal medullary adenylate cyclase and increased renal medullary content of cAMP in response to desmopressin, supporting the concept that in vivo chlorpropamide acts at the V2R in the collecting duct to augment responsiveness to AVP (Moses et al., 1982). Other investigators have provided supporting evidence that chlorpropamide acts as a V2R agonist to exert its antidiuretic action. Chlorpropamide and AVP were first postulated to share a common site of action within the V2R in 1969 (Ingelfinger and Hays, 1969). Muta et al. (1989) showed that 1 mM chlorpropamide reduced AVP binding to the V2R within the rat renal tubular basolateral membrane in a competitive manner, indicating that chlorpropamide acts on the V2R (Muta et al., 1989). Using a radioiodinated derivative of AVP with high specific activity and high affinity for the V2R, Hensen et al. (1995) showed that low-dose oral chlorpropamide increased the V2R density without altering plasma AVP concentrations (Hensen et al., 1995); the V2R upregulation was therefore postulated to underlie chlorpropamide-induced hyponatremia.



Selective Serotonin Reuptake Inhibitors

A variety of antidepressants have been reported to be associated with hyponatremia: tricyclic antidepressants (TCAs), monoamine oxidase inhibitors, selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), and mirtazapine. These reports are supported by data from clinical and pre-clinical studies that indicate AVP plays an important role in the pathophysiology of major depression (Scott and Dinan, 2002). According to a cross-sectional study of elderly patients treated with antidepressants in the Netherlands, the prevalence of hyponatremia was 11.5% for the patients on TCAs, 10.2% for SSRI users, 8.6% for venlafaxine users, and 5.6% for patients using mirtazapine (Mannesse et al., 2013). Because non-suppressed plasma AVP levels were found in only a minority of these patients, the NSIAD was suggested as the underlying mechanism of SSRI-induced hyponatremia in most patients.

The mechanism of direct water retention from the kidney induced by SSRIs has been partly elucidated. Fluoxetine and sertraline are representative SSRIs that often associated with hyponatremia, causing significant morbidity and mortality (De Picker et al., 2014). An in vitro microperfused tubule study showed that in the absence of AVP, fluoxetine increased osmotic water permeability in the rat inner medullary collecting duct (IMCD). Furthermore, fluoxetine administration to rats for 10 days did not alter plasma AVP concentrations but increased AQP2 protein abundance in the kidney (Moyses et al., 2008).

We recently showed that in the rat IMCD, in the absence of vasopressin stimulation, sertraline upregulated AQP2 by inducing V2R-cAMP-PKA signaling (Kim et al., 2021). In IMCD suspensions, cAMP production was increased by sertraline and was attenuated by co-incubation with tolvaptan. In primary IMCD cell cultures, sertraline treatment increased total AQP2 and decreased phosphorylated AQP2 at S261. Notably, these responses were attenuated by co-incubation with tolvaptan or a PKA inhibitor. In addition, AQP2 membrane trafficking was induced by sertraline and blocked by co-incubation with tolvaptan or a PKA inhibitor. Furthermore, V2R and AQP2 mRNA expression and CREB-1 phosphorylation at S133 were induced by sertraline and blocked by co-incubation with tolvaptan. We concluded that sertraline acts as a V2R agonist in the kidney and leads to AQP upregulation by inducing AQP2 transcription and AQP2 dephosphorylation at S261 (Kim et al., 2021). Sertraline was reported to effectively reduce the number of wet episodes in adolescents with primary monosymptomatic enuresis who had experienced failure to desmopressin therapy (Mahdavi-Zafarghandi and Seyedi, 2014).



Carbamazepine

Carbamazepine and oxcarbazepine are the anticonvulsants most commonly reported to be associated with hyponatremia in epilepsy patients, although other anticonvulsants, such as eslicarbazepine, sodium valproate, lamotrigine, levetiracetam, and gabapentin, have also been reported to cause hyponatremia (Lu and Wang, 2017). The mechanism of anticonvulsant-associate hyponatremia has generally been considered to be inappropriate hypersecretion of AVP (Ashton et al., 1977; Smith et al., 1977), but an experimental study has indicated a direct effect of carbamazepine on the kidney through V2R stimulation without evidence of increased release of endogenous AVP (Meinders et al., 1975). Sekiya et al. also reported that 18-year-old male with carbamazepine-associated hyponatremia had features of the SIADH but had an undetectable level of plasma AVP and an elevated urine cyclic AMP excretion (Sekiya and Awazu, 2018). Thus, a human case of carbamazepine-induced NSIAD was demonstrated.

It has become clear that carbamazepine has a direct action on the collecting duct V2R, leading to AQP2 upregulation. In vitro microperfused tubule studies showed that in the absence of AVP, carbamazepine increased osmotic water absorption and AQP2 protein abundance in the rat IMCD by inducing the V2R-PKA pathway (de Bragança et al., 2010). We investigated the intracellular mechanisms of carbamazepine-induced AQP2 upregulation in the IMCD (Kim et al., 2021). In IMCD suspensions, cAMP production was increased by carbamazepine and was attenuated by co-incubation with tolvaptan. In primary IMCD cell cultures, incubation with carbamazepine increased the total AQP2 and decreased the phosphorylation of AQP2 at S261. Notably, these responses were reversed by co-incubation with tolvaptan or a PKA inhibitor. In addition, AQP2 membrane trafficking was induced by carbamazepine and blocked by co-incubation with tolvaptan or a PKA inhibitor. Furthermore, V2R and AQP2 mRNA expression and CREB-1 phosphorylation at S133 were induced by carbamazepine and blocked by co-incubation with tolvaptan. We concluded that carbamazepine acts as a V2R agonist in the kidney and leads to AQP upregulation by inducing AQP2 transcription and AQP2 dephosphorylation at S261 (Kim et al., 2021). Compatible with our results, carbamazepine was shown to have antidiuretic activity in seven out of nine patients with central diabetes insipidus (Wales, 1975).

Oxcarbazepine is a keto-analog of carbamazepine and may be also associated with hyponatremia. Sachdeo et al. investigated the mechanisms by which oxcarbazepine can lead to hyponatremia in epilepsy and healthy subjects (Sachdeo et al., 2002). They found that, after the water load, solute-free water clearance was diminished in both groups without a concomitant increase in the blood AVP concentrations. Thus, oxcarbazepine-induced hyponatremia was not attributable to the SIADH. It seems that oxcarbazepine and carbamazepine share the common mechanisms of the NSIAD, namely direct action on the V2R.



Haloperidol

Antipsychotic drugs can be grouped into first-generation antipsychotics (e.g., chlorpromazine, chlorprotixene, dixyrazine, flupentixol, fluphenazine, haloperidol, levomepromazine, melperone, perphenazine, prochlorperazine, thioridazine, or zuclopenthixole) and second-generation antipsychotics (e.g., aripiprazole, clozapine, olanzapine, paliperidone, quetiapine, risperidone, or ziprasidone). A Swedish population-based case–control study found an association between antipsychotic therapy and hospitalization due to hyponatremia. The association was stronger for first-generation antipsychotics than second-generation antipsychotics (Falhammar et al., 2019). Several psychotropic drugs have been reported to be associated with the features of the SIADH, but without demonstration of unsuppressed plasma AVP (Peck and Shenkman, 1979; Whitten and Ruehter, 1997; Bachu et al., 2006).

On the other hand, plasma AVP concentrations did not change significantly when haloperidol was given to seven normal volunteers at a dose level (1.0 mg i.m.) known to have central nervous system effects (Kendler et al., 1978). Thus, we assessed whether haloperidol can induce renal water retention in the absence of AVP stimulation. In IMCD suspensions, cAMP production was increased by haloperidol and was attenuated by co-incubation with tolvaptan. In primary IMCD cell cultures, haloperidol increased the total AQP2 and decreased the AQP2 phosphorylation at S261. Notably, these responses were attenuated by co-incubation with tolvaptan or a PKA inhibitor. In addition, AQP2 membrane trafficking was induced by haloperidol and blocked by co-incubation with tolvaptan or a PKA inhibitor. Furthermore, V2R and AQP2 mRNA expression and CREB-1 phosphorylation at S133 were induced by haloperidol and were blocked by co-incubation with tolvaptan. We concluded that haloperidol acts as a V2R agonist in the kidney and leads to AQP2 upregulation by inducing AQP2 transcription and AQP2 dephosphorylation at S261 (Kim et al., 2021).



Cyclophosphamide

Hyponatremia can be induced by various doses of cyclophosphamide during the treatment of malignancy and rheumatological disease (Lee et al., 2010). As described above, plasma AVP concentrations are not elevated in patients following the administration of intravenous cyclophosphamide (Bode et al., 1980; Bressler and Huston, 1985; Larose et al., 1987). Furthermore, antidiuresis was reported to occur in response to intravenous cyclophosphamide in patients with central diabetes insipidus (Campbell et al., 2000; Steinman et al., 2015), excluding the possibility of the SIADH.

We showed that in the rat IMCD, the active metabolite of cyclophosphamide (4-hydroperoxycyclophosphamide) increased cAMP production, AQP2 protein and mRNA expression, and V2R mRNA expression in the absence of vasopressin stimulation (Kim et al., 2015). These changes were significantly ameliorated by co-administration of tolvaptan, suggestive of V2R-mediated NSIAD.




Thiazide Diuretics

Thiazide and loop diuretics are frequently used to treat edematous disorders. Although both classes of diuretic induce natriuresis, their effects on water balance may differ. Thiazides inhibit the Na-Cl cotransporter (NCC) in the distal convoluted tubule, the cortical diluting segment of the nephron. Thus, impairment of urine dilution and renal retention of water may be induced by thiazides (Hix et al., 2011). In contrast, loop diuretics, such as furosemide and torsemide, can inhibit the Na-K-2Cl cotransporter 2 (NKCC2) in the thick ascending limb, the outer medullary concentrating segment of the nephron. Thus, free-water clearance increases when urinary concentration is impaired by loop diuretics. Consequently, patients are prone to hyponatremia when using thiazides and hypernatremia when using loop diuretics.

Patients with thiazide-induced hyponatremia show features of the SIADH including low serum uric acid concentrations and increased fractional excretion of uric acid (Liamis et al., 2007). However, plasma AVP measurement in patients with thiazide-induced hyponatremia has produced conflicting results, with some studies reporting elevated AVP concentrations (Fichman et al., 1971; Luboshitzky et al., 1978), while others did not (Friedman et al., 1989; Frenkel et al., 2015; Ware et al., 2017). Ashraf et al. (1981) reported that plasma AVP was undetectable in metolazone-induced hyponatremia (Ashraf et al., 1981), suggestive of the NSIAD.

Thiazide-induced renal water retention may be independent of NCC inhibition in the distal convoluted tubule. No hyponatremia is found in Gitelman syndrome or Gitelman-mimic animals carrying a loss-of-function mutation in the NCC regulator Ste20 Proline-Alanine-rich Kinase (SPAK; Nadal et al., 2018). Hydrochlorothiazide administration resulted in reduced urine volume in lithium-treated NCC-knockout mice (Sinke et al., 2014). In particular, thiazides may act directly on the collecting duct, where water permeability is increased by vasopressin-independent mechanisms. Cesar and Magaldi performed in vitro microperfusion of IMCDs from AVP-deficient Brattleboro rats and showed that addition of hydrochlorothiazide to the perfusate enhanced osmotic water permeability (César and Magaldi, 1999). This effect was attenuated by adding prostaglandin E2 to the perfusate, suggestive of the involvement of prostaglandin signaling.

We investigated the antidiuretic effect of hydrochlorothiazide in rats with lithium-induced nephrogenic diabetes insipidus (NDI) and explored the regulatory responses of AQP2 in the collecting duct (Kim et al., 2004). In association with antidiuresis, hydrochlorothiazide treatment caused a significant partial recovery of AQP2 abundance after lithium-induced downregulation. We believe thiazide diuretics have a direct action on the collecting duct principal cells and induce AQP2 upregulation by modulating prostaglandin E2 signaling pathways. This postulated mechanism was recently supported by the findings of a genetic and phenotyping analysis, suggestive of a role for genetically determined prostaglandin-E2-mediated increased water permeability of the collecting ducts in the development of thiazide-induced hyponatremia (Ware et al., 2017). A subgroup of patients with thiazide-induced hyponatremia may carry a variant allele of the prostaglandin transporter SLCO2A1 gene that leads to reduced ability to transport prostaglandin E2 across the apical cell membrane; this reduction of prostaglandin E2 transport leads to increased luminal prostaglandin E2 and activates luminal EP4 receptors, causing membrane trafficking of AQP2 in the absence of AVP, directly reducing urine dilution and free-water excretion (Filippone et al., 2020).



Prostaglandin Synthesis Inhibitors

Nonsteroidal anti-inflammatory drugs (NSAIDs), such as piroxicam, diclofenac, and indomethacin, are commonly used for pain control in daily clinical practice. They are rarely associated with hyponatremia, rather hyperkalemia and sodium retention with associated edema are much more frequently induced by NSAIDs (Raymond and Lifschitz, 1986); however, a few cases of severe NSAID-associated hyponatremia have been reported (Petersson et al., 1987). Prostaglandin E2 plays a critical physiologic and pathophysiologic role in inhibiting vasopressin action in the collecting duct (Breyer et al., 1990). Given NSAIDs inhibit prostaglandin synthesis, NSAIDs were thought to induce the SIADH (Demir et al., 2012); currently, potentiation of AVP action but not enhanced AVP release is considered as the most plausible explanation for NSAID-induced hyponatremia.

Prostaglandin E2 acts on the kidney through four different G-protein-coupled receptors, EP1-4 (Breyer and Breyer, 2001). In the presence of AVP, it can antagonize the renal AVP action via multiple EP receptors and signaling pathways (Breyer et al., 1990). However, prostaglandin E2 alone may increase collecting duct water permeability (Hébert et al., 1993). Olesen et al. showed that in the cortical collecting duct principal cells, EP2 and EP4 stimulation increased AQP2 apical membrane targeting, S256 phosphorylation, and S264 phosphorylation in the absence of AVP (Olesen et al., 2011). In addition, EP4 increases total kidney AQP2 protein abundance through an unknown mechanism (Li et al., 2009).

On the other hand, EP3 has an important role in the diuretic effects of prostaglandin E2. EP3 inhibits NKCC2 through coupling to Gi and reduces countercurrent multiplication in the medullary thick ascending limb. In the collecting duct principal cells, EP3 decreases AQP2 apical membrane targeting as a result of cAMP suppression or RhoA stimulation (Olesen and Fenton, 2013).

NSAID-mediated cyclooxygenase (COX) inhibition results in the blockade of the EP3 action, which contributes to their antidiuretic action (Breyer and Breyer, 2001). We previously showed that in lithium-induced NDI rats, treatment with COX-2 inhibitors reduced polyuria by upregulating AQP2 and NKCC2 expression in the collecting duct and thick ascending limb, respectively (Kim et al., 2008). The antidiuretic effect of NSAIDs or COX-2 inhibitors has been useful in the treatment of human NDI. Indomethacin was effective in reducing polyuria in lithium-induced NDI (Allen et al., 1989); however, COX-2 inhibitors including rofecoxib and celecoxib may be preferable, because of their superior antidiuretic action without induction of upper gastrointestinal side effects (Soylu et al., 2005).




EXPERIMENTAL ANTIDIURETIC AGENTS WITHOUT CAUSING HYPONATREMIA

Other agents shown in Table 2 can exert antidiuretic effects in animal models of NDI, but no cases of hyponatremia associated with their use have been reported (Liamis et al., 2008). Generally, these drugs upregulate AQP2 expression in the collecting duct without modulating V2R expression (Figure 2).
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FIGURE 2. Vasopressin V2 receptor (V2R)-independent pathways for aquaporin-2 (AQP2) upregulation induced by experimental antidiuretic agents. The phosphodiesterase-5 inhibitor sildenafil citrate prevents degradation of cGMP, resulting in increased AQP2 expression in the apical membrane. Erlotinib inhibits the tyrosine kinase activity of epidermal growth factor receptor (EGFR) and increases phosphorylation of AQP2 at Ser-256 and Ser-269. Metformin activates adenosine-monophosphate-activated protein kinase (AMPK) to phosphorylate AQP2. Clopidogrel inhibits the P2Y12 receptor (P2Y12-R) and increases adenylyl cyclase activity, resulting in AQP2 upregulation. Fluconazole upregulates AQP2 by increasing phosphorylation and abundance and by inhibiting RhoA. Statins inhibit RhoA, resulting in increased AQP2 expression in the apical membrane.


The phosphodiesterase-5 inhibitor sildenafil citrate reduced polyuria and increased AQP2 expression in rats with lithium-induced NDI (Sanches et al., 2012). Sildenafil citrate may increase nitric oxide and prevent degradation of cGMP, resulting in increased AQP2 abundance in the apical membrane (Bouley et al., 2005). However, no reduction of urine volume or increase in urine osmolality was observed in a small number of NDI patients participating in clinical trials with sildenafil citrate (Moeller et al., 2013).

Metformin is a first-line antidiabetic agent and activates adenosine-monophosphate-activated protein kinase (AMPK). Klein et al. found that AMPK was expressed in the rat inner medulla and that metformin increased osmotic water permeability in association with AQP2 phosphorylation and trafficking to the apical plasma membrane (Klein et al., 2016). They also reported that in tamoxifen-induced V2R-knockout mice, urine concentration was improved by metformin treatment (Efe et al., 2016). However, hyponatremia is not reported to be associated with metformin despite widespread use in clinical practice.

Statins are β-hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase inhibitors that are commonly used to reduce serum cholesterol concentrations. Li et al. showed that in AVP-deficient Brattleboro rats, simvastatin reduced polyuria in association with enhanced AQP2 trafficking through downregulation of Rho GTPase activity (Li et al., 2011). AQP2 upregulation that bypassed the AVP-V2R signaling pathway was also induced by other statins including lovastatin, rosuvastatin, cerivastatin, and fluvastatin (Procino et al., 2011). However, a recent epidemiologic study disproved the association between statins and hyponatremia (Skov et al., 2021).

Like EP3, P2Y12 receptor (P2Y12-R) signaling is mediated through Gi in the collecting duct and can be inhibited by clopidogrel (Zhang et al., 2015b). Zhang et al. reported that in rats with lithium-induced NDI, clopidogrel attenuated polyuria as a result of increasing adenylyl cyclase activity and AQP2 protein expression (Zhang et al., 2015a). Although clopidogrel is frequently prescribed for atherosclerosis prevention, its use has not been associated with hyponatremia.

Erlotinib inhibits the tyrosine kinase activity of the epidermal growth factor receptor (EGFR) and is used for treatment of non-small-cell lung cancer and pancreatic cancer (Gridelli et al., 2010). Cheung et al. reported that in mice with lithium-induced NDI, erlotinib reduced polyuria and enhanced apical membrane expression of AQP2 by increasing phosphorylation of AQP2 at S256 and S269 and reducing phosphorylation of AQP2 at S261 (Cheung et al., 2016). However, erlotinib alone does not appear to induce hyponatremia in cancer patients.

Fluconazole, an azole antifungal agent, was shown to enhance urine concentration in mice. Its antidiuretic action was associated with AQP2 upregulation from increased AQP2 phosphorylation and abundance, as well as RhoA inhibition (Vukićević et al., 2019). However, fluconazole alone does not appear to induce hyponatremia in infectious patients.



CONCLUSION

Drug-induced hyponatremia is caused by renal water retention and was previously explained as induction of the SIADH. However, the SIAD is now considered to be the correct expression for the mechanism of drug-induced hyponatremia because the SIADH and NSIAD share the same clinical features, but present with different plasma AVP levels. Our literature review showed that SIADH underlies the hyponatremia induced by desmopressin, oxytocin, vincristine and ifosfamide. On the other hand, direct action of the drug on the kidney for AQP2 upregulation or induction of the NSIAD may underlie most cases of drug-induced hyponatremia. Previous in vitro and in vivo studies have shown that chlorpropamide, once thought to cause the SIADH, can cause hyponatremia by inducing the V2R-mediated pathway in the absence of AVP. We have shown that haloperidol, sertraline, carbamazepine, and cyclophosphamide act directly on the V2R in the collecting duct and upregulate AQP2 by inducing cAMP production (Figure 3). This finding contrasts with the mechanism of other experimental antidiuretic agents, which upregulate AQP2 by inducing various V2R-independent signaling pathways, and are not associated with hyponatremia. We believe that the canonical pathway from V2R to AQP2 upregulation has a pivotal role in drug-induced hyponatremia.
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FIGURE 3. The canonical pathway from the vasopressin V2 receptor (V2R) to aquaporin-2 (AQP2) upregulation to induce drug-induced hyponatremia. Drugs that can cause hyponatremia bind to the V2R at basolateral membranes of collecting ducts and stimulate adenylyl cyclase activity, resulting in increased cAMP production. The cAMP/PKA signaling also induces enhanced AQP2 targeting to the apical membrane and increased AQP2 transcription probably through CREB phosphorylation.
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The mechanistic target of rapamycin (mTOR), a serine-threonine-specific kinase, is a cellular energy sensor, integrating growth factor and nutrient signaling. In the collecting duct (CD) of the kidney, the epithelial sodium channel (ENaC) essential in the determination of final urine Na+ losses, has been demonstrated to be upregulated by mTOR, using cell culture and mTOR inhibition in ex vivo preparations. We tested whether CD-principal cell (PC) targeted deletion of mTOR using Cre-lox recombination would affect whole-body sodium homeostasis, blood pressure, and ENaC regulation in mice. Male and female CD-PC mTOR knockout (KO) mice and wild-type (WT) littermates (Cre-negative) were generated using aquaporin-2 (AQP2) promoter to drive Cre-recombinase. Under basal conditions, KO mice showed a reduced (∼30%) natriuretic response to benzamil (ENaC) antagonist, suggesting reduced in vivo ENaC activity. WT and KO mice were fed normal sodium (NS, 0.45% Na+) or a very low Na+ (LS, <0.02%) diet for 7-days. Switching from NS to LS resulted in significantly higher urine sodium losses (relative to WT) in the KO with adaptation occurring by day 2. Blood pressures were modestly (∼5–10 mm Hg) but significantly lower in KO mice under both diets. Western blotting showed KO mice had 20–40% reduced protein levels of all three subunits of ENaC under LS or NS diet. Immunohistochemistry (IHC) of kidney showed enhanced apical-vs.-cellular localization of all three subunits with LS, but a reduction in this ratio for γ-ENaC in the KO. Furthermore, the KO kidneys showed increased ubiquitination of α-ENaC and reduced phosphorylation of the serum and glucocorticoid regulated kinase, type 1 [serum glucocorticoid regulated kinase (SGK1)] on serine 422 (mTOR phosphorylation site). Taken together this suggests enhanced degradation as a consequence of reduced mTOR kinase activity and downstream upregulation of ubiquitination may have accounted for the reduction at least in α-ENaC. Overall, our data support a role for mTOR in ENaC activity likely via regulation of SGK1, ubiquitination, ENaC channel turnover and apical membrane residency. These data support a role for mTOR in the collecting duct in the maintenance of body sodium homeostasis.
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INTRODUCTION

The mechanistic target of rapamycin (mTOR) is a serine-threonine protein kinase involved in the regulation of cell growth, proliferation, metabolism, protein synthesis, and other mechanisms that promote tissue growth (Sarbassov et al., 2004; Betz et al., 2013; Weichhart, 2018). In the renal collecting duct, we and other laboratories have shown that it plays a role in the activation of the epithelial sodium channel (ENaC) (Lu et al., 2010; Pavlov et al., 2013; Lang and Pearce, 2016). Finely tuned regulation of ENaC is essential for electrolyte homeostasis and blood pressure control, as it represents the last regulated site of sodium-(and chloride and potassium) reabsorption along the renal tubule, from glomerulus to the ureter.

There are two distinct, multi-protein complexes that contain mTOR as a component, i.e., mTORC1 and mTORC2. The complexes have marginally different activators and effectors. MTORC1 (inhibitable by rapamycin) integrates input from growth factors, oxidative stress, and nutrients (amino acids). If cellular energy levels appear “high,” mTORC1 activity increases leading to downstream protein transcription and translational events supporting cell and tissue growth (Laplante and Sabatini, 2012a,b). The mTORC1 complex includes mTOR, mammalian lethal with SEC13 protein 8 (MLST8), regulatory-associated protein of mTOR (RPTOR), proline-rich AKT1 substrate, type 40 (AKT1S1/PRAS40), and DEP domain-containing mTOR-interacting protein (DEPTOR), as ancillary proteins (Brown et al., 2018). The second complex, mTORC2 (primarily rapamycin insensitive) appears to be activated solely by growth factors, including insulin and insulin-like-growth factor type 1 (IGF1). MTORC2 contains mTOR, DEPTOR, rapamycin-insensitive companion of mTOR (RICTOR) stress-activated map kinase-interacting protein 1 (mSIN1), proline-rich protein 5 (PRR5), and proline-rich protein-5-like protein (PRR5-L) (Brown et al., 2018) and is involved in regulation of the cytoskeleton via stimulation of protein kinase C alpha (PKCα), promotion of cellular survival via Akt (protein kinase B) activation, as well as, ion transport and growth via serum-and-glucocorticoid-regulated kinase (SGK1) phosphorylation (Sarbassov et al., 2004; Betz et al., 2013; Heikamp et al., 2014).

Prior studies by our group and others revealed that insulin plays a role in sodium reabsorption in the renal collecting duct by activation of the ENaC (Blazer-Yost et al., 1998; Wang et al., 2001; Song et al., 2006; Tiwari et al., 2007; Pavlov et al., 2013). SGK1 is phosphorylated by mTORC2 on serine 422 (an activating phosphorylation in the hydrophobic motif), which partially explains the mechanistic link between insulin and ENaC. Insulin also activates PDPK1 (3-phosphoinositide dependent protein kinase 1), which phosphorylates SGK1 in the activation loop at threonine 256. Activated SGK1 phosphorylates and inhibits NEDD4-2 (an E3 ubiquitin ligase) reducing retrieval of mature channels from the apical membrane. Whether either complex of mTOR has a role in full-differentiation of the collecting duct with its assembly of transporters, channels, and exchangers is not clear.

The consequences of mTOR deletion has been studied in other tissues, including adipocytes and cardiomyocytes (Shan et al., 2016; Baba et al., 2018). Using a strategy similar to our own to delete floxed mTOR, investigators showed knockout (KO) from adipocytes led to a reduction in fat mass and insulin resistance of existing adipocytes (Shan et al., 2016). In another study, deletion of mTOR from cardiomyocytes in an iron-overload mouse model showed mTOR was protective against iron toxicity and apoptosis of the cardiac cells.

Because mTOR in the CD has been shown to regulate ENaC activity in response to insulin, our primary aim was to determine how deletion of mTOR affected ENaC subunit regulation, as well as whole-body electrolyte homeostasis and blood pressure. To accomplish this we bred collecting-duct-principal-cell-targeted mTOR knockout mice utilizing Cre-lox recombination and an aquaporin 2 (AQP2) promoter sequence to target the KO. AQP2 is the most highly expressed transcript in the cortical collecting duct (Lee et al., 2015), and its expression extends from the late distal convoluted tubule (DCT2) through the inner medullary collecting ducts (IMCD). We expected that mTOR deletion might affect activities of both mTORC1 and mTORC2, as it is contained in both complexes. Furthermore, increasing mTORC2 activity has been shown to reduce mTORC1 activity in a feedback loop. Thus, the overall impact on signaling and ENaC function would be difficult to predict without this animal model.



MATERIALS AND METHODS


Generation of Collecting-Duct-Principal-Cell Targeted Mechanistic Target of Rapamycin Knockout Mice

Mechanistic Target of Rapamycin knockout targeted to the kidney collecting duct principal cells (Aqp2cre; Insrflox/flox) were generated at Georgetown University on C57Bl6 background. Aqp2cre transgenic mice originating from the colony of Don Kohan (University of Utah) (Stricklett et al., 1999) and homozygously floxed mTOR mice (B6.129S4-Mtortm1.2Koz/J, JAX Laboratories) were crossed for two generations to produce Aqp2cre positive; mTORflox/flox (“KO”) and Aqp2cre negative, homozygously floxed littermates (“WT”). Mice were genotyped for the presence of Aqp2cre by standard PCR on tail snips. The mice were cared for under the guidelines and approved IACUC protocols of the U.S. National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.



Low- Na+ (LS) Diet Study Design, Blood Pressure, and Urine and Plasma Analyses

The ability of the mice to adapt to a 1-week feeding of a very-low Na+ (LS, 0.01–0.02% Na+, Envigo TD.09228) was tested on adult (4–8 months of age) male and female KO mice. Mice were fed this diet or a normal salt (NS) diet (1% NaCl, Purina 5001), ad libitum with free-access to drinking water (n = 6/genotype/treatment/sex). In some sets of mice, urine was collected (24 h) in mouse metabolic cages (MMC100, Hatteras Instruments), while mice had free access to diet and water. In another set of mice, blood pressure was measured by tail-cuff plethysmography (Coda® High Throughput System, Kent Scientific Corporation). Mice were euthanized by Inactin (Thiobutabarbital, Sigma) overdose and blood was collected from the heart and analyzed with a VetScan® iSTAT1 chemical analyzer and EG6 cartridges (iSTAT, Abbott). After perfusion with phosphate-buffered saline (PBS), kidneys were rapidly removed and weighed. Plasma and urine aldosterone was measured by an ELISA (Cayman Chemical). Urine electrolytes were measured by a Medica EasyLyte Analyzer, and/or by flame photometry (BWB-XP flame photometer, BWB Technologies).



Benzamil-Sensitivity

The natriuretic response to benzamil (ENaC antagonist) was used to gauge ENaC activity in the mice. In an acute test, mice (on NS) were administered benzamil chloride (Sigma) intraperitoneally, dissolved in 0.45% NaCl in sterile water (0.2 ml/30 g⋅bw) at about 11:00 a.m. Urine was collected for 4 h in mouse metabolic cages with water and no food. Urine Na+ concentration (EasyLyte Electrolyte Analyzer, Medica) and volume were measured.



Cre-Reporter Staining

To test localization of Cre-recombinase activity, AQP2-Cre transgenic female mice were crossed with male reporter mice (The Jackson Laboratory, Bar Harbor, ME; catalog no. 002073 B6;129-Gtrosa26tm1Sor, Soriano Line) (Friedrich and Soriano, 1991). These mice were homozygous for a transgene with loxP sites flanking a DNA stop sequence proceeding a LacZ gene. Recombination without the stop sequence allowed for expression of β-galactosidase, which produced a blue precipitate with use of the β-Gal Staining Kit (Invitrogen, K146501).



Immunohistochemistry

The perfused left kidney was prepared for immunohistochemistry (IHC) by coronal bisection followed by immersion fixation in 4% paraformaldehyde overnight. This was followed by a buffer exchange to 30% sucrose in PBS for longer-term storage prior to embedding into paraffin (Histopathology & Tissue Shared Resource, Georgetown University). Sections (5 μm) were prepared for IHC. Immunoperoxidase-based staining for mTOR, AQP2, α-, β-, and γ-ENaC was performed as previously described (Tiwari et al., 2007). Double-staining for AQP2 (gray) and mTOR (brown) was accomplished by first localizing mTOR (mTOR polyclonal rabbit, PA5-34663 Invitrogen) followed by a 30-min incubation with biotinylated horse anti-rabbit IgG antibody (H + L) secondary (BP-100-50, Vector Laboratories) and DAB (3,3′-Diaminobenzidine)/hydrogen peroxide brown precipitation. The mTOR-primary/secondary antibody complex was stripped off @ 50°C for 1 h using glycine/20% SDS at pH 2.0. This was followed by washing and reprobing with AQP2 primary (our own polyclonal rabbit), secondary (as above) and alkaline phosphatase black staining with ImmPACT® (Vector Black, Vector Laboratories, Burlingame CA) which produced a gray precipitate. For ENaC subunits, the ratio of stain density near the apical membrane (∼0–10% of the distance from apical to basolateral membrane) to signal within the remaining 90% of this distance was determined These ratios were calculated for 10 selected cells from each mouse stained section and a median ratio determined for each mouse for each subunit (Image J, NIH). Stained sections were analyzed in a genotype- and treatment-blinded fashion.



Western Blotting

The right kidney was dissected into cortex, inner medulla, and inner stripe of the outer medulla and homogenates were prepared from each, as we have previously described (Ecelbarger et al., 2000). Western blotting was conducted as previously described (Tiwari et al., 2006). MTOR polyclonal antibody was obtained from Invitrogen (PA5-34663). We used our own rabbit polyclonal antibodies against aquaporin-2 (AQP2), aquaporin-3 (AQP3), β-ENaC (against AA 617-638), γ-ENaC (AA 629-650), and NaPi-2 (AA 614-637). These antibodies were made against sequences previously described by Knepper and associates (Nielsen et al., 1993; Ecelbarger et al., 1995; Masilamani et al., 1999; Kim et al., 2000). Rabbit polyclonal antibodies against UT-A1 (403) and α-ENaC (AA 46-68, L909) were kind gifts from the laboratory of Mark A. Knepper (Epithelial Systems Biology Laboratory, NHLBI, NIH). The rabbit polyclonal Rhbg antibody was a kind gift from the laboratory of David Weiner (University of Florida). The rabbit polyclonal NHE3 antibody was from StressMarq Biosciences (catalog #SPC-400). The rabbit polyclonal NBCe1 antibody was from Proteintech (catalog #11885-I-AP). The rabbit oligoclonal SGK1 antibody was from Invitrogen (22 HCLC). The rabbit polyclonal p-S422SGK1 antibody was from Santa Cruz (catalog #16745R). Membranes were exposed to chemiluminescence substrate (Pierce) for 1–5 min. The images were then obtained using film processed in a darkroom or by a digital imager (Amersham 600). Membranes were stained with 0.1% Ponceau-S stain (Thermo Fisher Scientific) directly after blotting to address loading, protein transfer, and allow for specific band normalization. Occasionally, the lower portion of the blot was probed with β-actin for normalization.



Ubiquitination of Epithelial Sodium Channel

To determine whether KO or LS diet affected ubiquitination of ENaC subunits, we used the UbiQuant S quantitative Ub-substrate ELISA (LifeSensors, Inc.) kit. All ubiquitinated proteins were immunoprecipitated into the plate wells containing anti-ubiquitin antibody. Then the wells were probed with either α-, β-, and γ-ENaC polyclonal antibodies. After washes, secondary antibody was applied, followed by more washing then addition of chemiluminescence substrate. Chemiluminescent signal was recorded using an Amersham 600 Imager. Signal intensity of the well is related to the degree of ubiquitinated ENaC subunit.



Statistics

Data are presented using mean ± standard error means (SEM). Unpaired t-test was used when comparing two groups. With regard to urine data, mixed effected model (REML) or two-way (Time × Genotype) were used. Two-way ANOVA followed by Tukey’s multiple comparisons testing was used to analyze western blotting data and membrane-to-cytosol density ratios for ENaC subunits. P < 0.05 was considered significant and corrected for multiple comparisons (GraphPad Prism 8.1.2).




RESULTS


Characterization of the Principal-Cell-Select Mechanistic Target of Rapamycin Knockout

Aquaporin-2-promoter-driven Cre recombinase localization was assessed by crossing AQP2-Cre transgenic mice with a LacZ reporter strain. In offspring that harbored the AQP2-Cre transgene, as predicted, β-galactosidase precipitate was localized to collecting duct principal cells, and highly concentrated in the inner medulla (Figure 1A). Demonstration of the mTOR protein deletion from principal cells was assessed by IHC, western and dot blotting. Using western blotting of whole-cell homogenates of cortex and inner medulla from males (Figures 1B,D left panel) and females (Figures 1C,D right panel), we found in general, reduced mTOR protein band densities in the KO cortex relative to WT. In contrast, band densities in the inner medullary homogenates were more variable and not significantly different between genotypes. Moreover, in males, mTOR showed greater density in cortex than in inner medulla, but in females, expression was similar between the regions. As the CD principal cell is a minority cell type in tissue homogenates, making the deletion difficult to observe by traditional western blotting, we also assessed the KO by dot blotting. We evaluated cortex, inner stripe of the outer medulla, and inner medulla homogenates from both sexes and genotypes on a single blot. Here we found (Figures 1E–G), a significant reduction (p = 0.019) in mTOR dot density in the inner medullary homogenates in the KO mice. Furthermore, there was a trend for a reduction in dot density in the KO in the outer medullary homogenates (OMH), although this did not reach significance (p = 0.087). No differences were observed using dot blotting in the cortex homogenates (CTXH). Finally, using the dot blotting approach for mTOR, we did not observe any sex differences.
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FIGURE 1. Characterizing the CD-principal-cell targeted mTOR deletion. (A) To evaluate cellular location of Cre-recombinase activity, LacZ reporter mice were crossed with Aqp2cre transgenic mice and the kidneys of offspring probed for β-galactosidase activity- blue stain; left (Cre-negative); right (Cre-positive) demonstrating staining specific to renal collecting duct in Cre positive mice. mTOR CD-KO mice were generating by crossing male Mtortm1.2Koz/J with female Aqp2cre mice. Western blots of cortex and inner medulla homogenates (equal amounts of protein were loaded in each lane, 10 μg/lane) from wild-type (WT) and knockout (KO) (B) male and (C) female mice (n = 6/group) probed with anti-mTOR polyclonal antibody; (D) densitometric summaries of western blotting of mTOR in cortex (CTXH) and inner medullary homogenates (IMH, mean ± sem); (E) dot blot of inner medulla (IMH), outer medulla (OMH), and cortex (CTXH) homogenates (2 μl/dot) from WT and KO male and female mice (n = 6/group) probed with anti-mTOR antibody. (F) Ponceau S staining of proteins on dot blot for loading correction of mTOR dot blot; (G) density summary of dots normalized by Ponceau intensity. Two-way ANOVA (genotype × sex) is shown below bars; * indicates a significant (p < 0.05) difference between WT and KO.




Mechanistic Target of Rapamycin Immunohistochemistry in Renal Tubules

Immuno-based IHC for mTOR (brown) and AQP2 (gray) in male KO and WT mouse kidneys under control conditions is shown in Figure 2. In general, mTOR labeling was strongest in the thick ascending limb, distal tubule, and collecting duct (CD), relative to proximal tubule. Glomeruli also labeled with mTOR antibody. Dual labeling with AQP2 was used to identify CD principal cells. In the CD, qualitatively we observed less brown staining in cells co-stained with gray in the KO mice (orange arrows). We also observed strong labeling of mTOR in the intercalated cells in both genotypes (green arrows). The CD appeared, in general, of normal diameter in the KO, with no obvious differences in the ratio of principal to intercalated cells.
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FIGURE 2. Mechanistic Target of Rapamycin (mTOR) immunohistochemistry (IHC) in mouse kidney. Paraffin-embed kidney coronal sections were prepared for double-labeling IHC by standard chromogenic approaches; mTOR (brown) and AQP2 (gray) in male KO and WT mouse kidneys under control dietary conditions. Sections were imaged at 40×, 100×, 200×, and 600× total magnification, as indicated. At 200×, blue and orange arrows point to collecting duct and thick ascending limbs, respectively, which displayed relatively stronger mTOR labeling than other cells of the kidney (including proximal tubule). Glomerular (G) also displayed strong mTOR labeling. Under 600×, orange and lime-green arrows indicate principal and intercalated cells, respectively. Principal cells were identified by dual gray and brown label. KO mice had reduced brown labeling in cells co-staining with gray.




Urinary Electrolyte Excretion With a Low-Na+ Diet

Because the CD is essential in the fine-tuning of Na+, Cl−, and K+ excretion, electrolyte excretion patterns upon switching from a normal (0.45%) to a low- (<0.02%) Na+ diet were evaluated (Figure 3). In the males, both genotypes experienced a slight decline in urine volume with increasing days on LS diet, with no differences between groups (Figure 3A). Daily excreted amounts of electrolytes, i.e., Na+ (Figure 3B), Cl− (Figure 3C), and K+ (Figure 3D) did not differ between genotypes on D0, indicating that WT and KO mice ate approximately the same amount of chow, and were in balance before initiating LS feeding. D1 Na+ losses were significantly higher in the KO, indicating retarded ability to rapidly reduce Na+ excretion. By day 2, however, Na+ losses were not different between genotypes. The significant (time × genotype) interaction, demonstrated that the WT and KO did not respond the same over time. Urine Cl− excretion also showed the time × genotype interaction, in that the WT were able to reduce urine Cl− excretion to a greater extent on the LS diet, but this difference was delayed and sustained in the KO (relative to Na+ response, Figure 3C). Urine K+ also showed a time × genotype significant interaction in that there was a tendency for urine K+ to be higher on D1 and lower on D2 in the KO, in relation to WT (Figure 3D). Taken together these findings suggest a “sluggish,” but eventually full capacity, adaptive response to the LS diet in the KO. Urine aldosterone was also measured (Figure 3E) and found to be increased as expected by LS diet in both genotypes. Surprisingly, the KO had a trend for suppressed urine aldosterone (p = 0.052). Blood pressures (Figure 3F) were measured in both male and female mice and found to be slightly, yet significantly, lower in the KO mice overall (p = 0.046). LS diet did not reduce blood pressure. Urine volume, Na+ and K+ measures are shown in Supplementary Figure 1 in female mice. Female KO mice had an elevated basal excretion rate of urine Na+ with no genotype differences on subsequent daily collections. No differences in urine Cl− or K+ were observed in the female mice.
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FIGURE 3. Urine electrolyte excretion, blood pressure, and urine aldosterone under normal and low- Na+ diet. Urine (24 h) was collected on male mice in metabolic cages first under normal diet (D0) and then under 7 days of low- Na+ diet (LSD). Blood pressure (in both sexes) was recorded on a separate group of mice in the baseline and after 3 and 7 days of LSD. Mice were taken out of cages to reduce stress on days 5–6. Volume was recorded and electrolyte concentrations and aldosterone determined on urine and expressed as total excreted per day (d) normalized to 25 g body weight. (A) urine volume; (B) urine Na+ (volume × concentration); (C) Cl−; (D) K+, (E) aldosterone excretion patterns; (F) mean arterial blood pressure (tail cuff) in WT (blue) and KO (red) mice (n = 6 mice/genotype); results of two-way ANOVA provided in figure inset. KO mice showed attenuation in the reduction in urine Na+ on Day 1, and modestly but significantly reduced blood pressure. *indicates a significant difference due to genotype (p < 0.05) as determined by 2-way ANOVA.




Reduced Epithelial Sodium Channel Activity and Protein Abundance in Knockout Mice

Because ENaC is a major regulator of sodium reabsorptive activity in the CD, we gauged in vivo activity of ENaC by benzamil (BNZ, ENaC antagonist) sensitivity (Figure 4A). WT and KO mice (male) were treated intraperitoneally with BNZ at two different doses and acute natriuretic response was measured. KO mice demonstrated relatively reduced (40–50%) urine Na+ excretion (in the 4-h post-injection collection) suggesting reduced ENaC activity. Kidneys were harvested from mice after 7-days of a normal or a low-NaCl diet. Western blotting of kidney cortex homogenates for the male mice are shown in Figure 4B with a summary of the density data provided in Figure 4C (females in Supplementary Figure 2). In the males, the major bands for all three subunits were significantly reduced in the KO relative to WT (two-way ANOVA). The LS diet attenuated differences between the genotypes and showed the expected increases in the 70-kDa band (cleavage band) for γ-ENaC in both genotypes. As has been reported previously (Masilamani et al., 2002), the major bands for β- and γ-ENaC were reduced by dietary Na+ restriction. In the female mice, a similar, but not identical pattern of ENaC-subunit-abundance regulation was observed. α-ENaC densities were significantly lower (∼40%) in the KO females under both diet conditions; however, no genotype difference was observed for β-ENaC, and γ-ENaC had a strong significant interaction in that it was reduced (relative to WT) with NS diet, but increased with LS diet. The LS diet produced similar responses in the females, as in the males, i.e., increased 70-kDa band for γ-ENaC and a reduction in the density of the β-ENaC band.
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FIGURE 4. Epithelial sodium channel (ENaC) activity and expression in kidney is reduced in KO mice. (A) Natriuretic sensitivity to the ENaC-select antagonist, benzamil was used as a surrogate for in vivo ENaC activity. Male mice (n = 6/genotype) were given a single intraperitoneal injection of benzamil @ 1.4 mg/kg⋅bw, urine collected in the subsequent 4-h period then measured for volume and Na+. The experiment was repeated the following week with 4.3 mg/kg⋅bw dose. (B) Male mice were fed NS or LS diet for 7-days (n = 6/genotype/diet) then euthanized and kidneys harvested. (B) Western blots of kidney cortex homogenates loaded with 30 μg/lane were probed with rabbit polyclonal antibodies against α-, β-, or γ-ENaC as indicated. A reprobe with β-actin (representative image) was used to normalize bands. (C) Band density summary (mean ± sem) and results of 2-way ANOVA (genotype × treatment). The major bands for all three subunits were significantly reduced (p < 0.05) in the KO, relative to WT. The LS diet also significantly affected abundance of all bands analyzed.




Reduced Apical Localization of the γ-Subunit of ENaC in Cortical Collecting Duct of Knockout Mice

Epithelial sodium channel activity is regulated by channel number, open probability, and subcellular localization. Thus, we evaluated subcellular distribution of the ENaC subunits by IHC (Figure 5). Representative labeling of a cortical CD in a male mouse in each of the treatments/genotypes is shown in Figure 5A as indicated. Figure 5B shows apical-to-cellular intensity of signal. Two-way ANOVA showed LS diet led to increased relative apical localization of α-, β-, and γ-ENaC staining. Moreover, γ-ENaC apical staining was lower in the KO (relative to WT).


[image: image]

FIGURE 5. Epithelial sodium channel (ENaC) subunit principal cell localization. (A) Immunoperoxidase-staining was used to assess intensity and sub-cellular localization of α- (top panel), β- (middle panel), and γ-(bottom panel) ENaC in 7-day NS or LS-treated male WT and KO mice. (B) Summary analysis of mean pixel intensity (Image J, NIH) in the apical-to-cellular regions of the principal cells (n = 10 replicate cells/stained section, n = 3 mice/group). LS diet increased relative apical localization of all ENaC subunits Moreover, γ-ENaC apical staining was lower in the KO (relative to WT).




Evidence of Increased α-Epithelial Sodium Channel Ubiquitination in Knockout Mice Cortex Homogenates

To determine if the reduction in ENaC subunit protein in the KO may be due to enhanced protein degradation, we assessed ubiquitination of ENaC subunits in male mice fed normal or LSD (Figure 6). All ubiquitinated proteins (in cortex homogenate) were immunoprecipitated onto plates which were subsequently probed with ENaC antibodies. We found α-, but not β- or γ-ENaC had significantly increased ubiquitination (although γ- showed a strong trend, p = 0.057 in this direction). Furthermore, samples from the LS mice also showed higher levels of α-ENaC ubiquitination, which might represent elevated turnover (both production and degradation).


[image: image]

FIGURE 6. Ubiquitination of α-ENaC increased in KO kidney. Ubiquitination of (A) α-, (B) β-, and (C) γ-ENaC in kidney cortex homogenates of LS and NS-treated male and female mice was assessed by an ELISA-based approach first immunoprecipitating all ubiquitinated proteins and then probing with anti-ENaC subunit antibodies. (D) Density summary of dots (mean ± sem) normalized to WT-NS (n = 6/genotype/sex/treatment). α-ENaC showed increased ubiquitination in the KO and reduced ubiquitination with LS diet. *indicates a significant difference (p < 0.05) by multiple comparisons testing following a significant 2-way ANOVA.




Reduced Aquaporin-2 and Rhbg in Kidney of Knockout Mice

We next assessed the protein abundance of other major transport/channel proteins in the CD in the male mice to determine whether they were similarly down-regulated in the KO (Figure 7). Aquaporin 2, another apical channel of the principal cells (DiGiovanni et al., 1994), was (like ENaC) significantly reduced in the KO, in cortex (Figures 7A,C) and medulla (Figures 7B,D), with NS, but not LS diet. LS diet also markedly reduced AQP2 abundance in both kidney regions. The urea transporter (UT-A1) of collecting duct principal cells showed a significant interactive term between treatment and genotype (Figures 7B,D) in that it was reduced in the KO under NS, but increased under LS diet. Rhbg, a collecting duct ammonium transporter found on the basolateral side of both intercalated and principal cells (Verlander et al., 2003) was down-regulated in the KO. AQP3, a basolateral water channel in principal cells (Ecelbarger et al., 1995), was not significantly different between genotypes or due to treatment.


[image: image]

FIGURE 7. Protein abundances of selected transport/channel proteins in collecting ducts. Western blots of kidney (A) cortex homogenates or (B) inner medullary homogenates from NS and LS diet fed male WT and KO mice were probed with antibodies against candidate proteins. (C,D) Band density (mean ± sem) summary (n = 6 mice/treatment/genotype) and two-way ANOVA p-values for major bands. AQP2, aquaporin-2; AQP3, aquaporin-3; Rhbg, ammonium transporter; UT-A1, urea transporter. KO mice had reduced protein levels for AQP2 and Rhbg in cortex. Inner medullary protein levels were less affected by the KO.




Regulation of Non-collecting Duct Major Sodium Transporters and Exchangers

To determine if sodium transport might be upregulated at a different site along the renal tubule to compensate for reduced ENaC expression, we evaluated major sodium transporters in proximal tubule, thick ascending limb, and distal convoluted tubule (Figure 8). There was no effect of diet or genotype on the expression of the sodium hydrogen exchanger, type 3 (NHE3 or slc9a3). There was a significant effect of treatment (LS diet), as well as, a significant interaction between treatment and genotype for the sodium phosphate cotransporter, type 2 (NaPi-2, slc34a2). NaPi-2 was increased by LS diet in the KO but not the WT. Similarly, there was a significant interactive term for the sodium bicarbonate cotransporter (NBCe1, slc4a4) in that it was increased in the KO under normal, but not LS diet. The bumetanide-sensitive sodium potassium 2 chloride cotransporter, type 2 (NKCC2, slc12a1) was slightly, but significantly reduced by LS diet, but not different between genotypes, and the thiazide-sensitive sodium chloride cotransporter (NCC, slc12a3) was increased in the KO under both dietary conditions.
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FIGURE 8. Abundances of non-collecting-duct sodium reabsorptive proteins. Western blots of kidney (A) cortex homogenates from NS and LS diet fed male WT and KO mice were probed with antibodies against candidate proteins. (B) Band density (mean ± sem) summary (n = 6 mice/treatment/genotype) and two-way ANOVA p-values for major bands. NHE3, sodium hydrogen exchanger, type 3; NaPi-2, sodium phosphate cotransporter, type 2; NBCe1, electrogenic sodium bicarbonate cotransporter, type 1; NKCC2, bumetanide-sensitive sodium potassium 2 chloride cotransporter, type 2; NCC, thiazide-sensitive sodium chloride cotransporter. KO mice had increased protein levels of NaPi-2 under LS diet, NBCe1 under NS diet, and NCC under both diets relative to WT.




Blood Na+ Is Reduced in Knockout Mice

Mean Na+ concentrations in the blood were significantly lower in the KO mice under NS diet (Figure 9A). LS diet reduced Na+ concentrations in the blood of the WT, so they were no longer different from KO. Blood Cl− concentrations fell significantly in KO on LS diet, but not in WT (Figure 9B). No differences were observed for blood K+ (Figure 9C). Blood bicarbonate levels were significantly higher in the KO under both diets (Figure 9D). Additional whole blood measures (by iSTAT analysis) and plasma (ELISA) are provided in Table 1. LS diet increased blood glucose, hemoglobin, and aldosterone concentrations in both genotypes. Blood chemistry conducted in the female mice are provided in Supplementary Table 1. No genotype differences in blood pH were found in the female mice; however, the KO females had significantly higher blood K+, hematocrit, and hemoglobin, and bicarbonate trended higher (p = 0.11), as compared to WT.
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FIGURE 9. Blood chemistry under normal and low-Na+ diet- Blood chemistry was performed by iSTAT after 7-days of NS or LS diet. (A) Na+, (B) Cl−, (C) K+, (D) HCO3− (n = 6 mice/group). Two-way ANOVA p-values are shown within the panels. KO mice has reduced blood Na+ under NS, but not LS diet. LS reduced blood Cl− in both genotypes. No effects on blood K+ were noted. KO mice had significantly higher blood HCO3− under both diets. * indicates a significant (p < 0.05) difference between groups.



TABLE 1. Weight and Blood Parameters in male CD-PC mTOR KO mice under normal and low-NaCl diets.*

[image: Table 1]


Reduced Phosphorylation of Serum Glucocorticoid Regulated Kinase on Serine 422 in Knockout Mouse Kidney

We predicted the reduction in sodium retentive-ability with LS diet in the KO mice and increased ubiquitination of ENaC might have been due to a reduction in phosphorylation of SGK1 on serine 422, this hydrophobic motif in SGK1 has been shown to be the target of mTORC2 (Garcia-Martinez and Alessi, 2008). In support of this, we found reduced band density for p-S422SGK1 in cortex homogenates in the male mice. However, SGK1 and the ratio of p-S422SGK1 to total SGK1 band densities were not significantly different. Furthermore, these band densities were not affected by the LS diet in either genotype (Figure 10).


[image: image]

FIGURE 10. Phosphorylation of SGK1 is reduced in KO kidney. (A) A western blot of cortex homogenates from NS and LS diet fed male mice probed with an antibody against phosphorylated SGK1 (pS422). (B) Mean band densities (mean ± sem) normalized to Ponceau stain. Two-way ANOVA p-values are shown within the panel; * indicates a significant (p < 0.05) difference between groups.





DISCUSSION

The mechanistic target of rapamycin (mTOR) is a central energy sensor expressed in nearly all cell types (Brown et al., 2018). Using Cre-recombinase-targeted knockout, we deleted mTOR in mice from all cell types expressing Aquaporin 2 (AQP2). This primarily focused the deletion to the principal cells of the distal tubule, including connecting tubule and collecting duct. In male mice, AQP2 is also expressed in several reproductive tissues (Uhlen et al., 2015), including ductus deferens, epididymis, and seminal vesicles, thus only female KO mice were used as breeders to maintain the line. In the principal cells, mTOR, which functions as a kinase, has been demonstrated to be upstream of the ENaC activation by insulin (Pavlov et al., 2013). Therefore, we focused on the regulation of ENaC and electrolyte homeostasis in this set of studies.

In the male KO mice, all three subunits of ENaC were significantly reduced at the protein level, when assessed in cortex homogenates. Furthermore, KO mice excreted significantly reduced amounts of sodium in urine in response to a single injection of benzamil (ENaC) antagonist, suggesting overall ENaC activity was reduced. To test this further, mice were placed on a very-low Na+ (LS) diet for 7-days. KO mice had a retarded ability to reduce sodium losses on the first day of sodium restriction; however, they eventually adapted. Furthermore, KO mice also had attenuated (and somewhat sustained) ability to reduce urinary chloride losses under LS diet. Chloride levels in the Na+ restricted diet were also low at 0.07% of dry weight (vs. 0.67% for the control diet). Thus, mTOR, most likely as a component of mTORC2, facilitates responses in the adaptation of ENaC activity under low-NaCl diet. The retarded ability to reabsorb chloride was likely secondary to reduced depolarization of the apical membrane, as chloride reabsorption is primarily through pendrin in the intercalated cells (which had intact mTOR).

The CD-mTOR KO mice were determined to have modestly lower blood pressure and reduced ENaC subunit expression under normal and low-NaCl diet conditions. The lower blood pressure, we surmise, may have been due to reduced ENaC activity with subsequently reduced plasma volume. We found hematocrit and hemoglobin levels to be higher in the female KO mice, an indication of mild volume contraction. We may speculate that male mice were somewhat more protected from this volume contraction.

In principal cells, mTOR, as a component of the mTORC2 complex, activates the serum and glucocorticoid regulated kinase 1 (SGK1) by phosphorylation in its hydrophobic motif on serine 422 (Lu et al., 2010; Lang and Pearce, 2016). SGK1 is further activated by phosphorylation in the activation loop by PI-3K. Activated SGK1 then phosphorylates NEDD4-2, an E3-ubiquitin ligase, which increases its association with 14-3-3 proteins and reduces its ability to ubiquitinate ENaC subunits. Thus, we hypothesized that KO of mTOR might lead to down-regulation of ENaC abundance by upregulating ubiquitination of ENaC subunits via reduced SGK1 activity. In agreement with our hypothesis, using an ELISA approach to pull-down all ubiquitinated proteins from the cortex homogenate, we found significantly increased representation of α-ENaC subunit in this pool in the CD-mTOR KO, vs. the WT, mice. This supports a greater proportion of cellular α-ENaC was ubiquitinated in the CD-mTOR KO mice. We also found reduced levels of phosphorylated SGK1 in cortex homogenates in the KO, further supporting the hypothetical pathway.

However, we did not observe any increase in β- or γ-ENaC ubiquitination, despite these subunits being reduced in total abundance. This might suggest that these two subunits are not as sensitive to this particular recycling regulatory pathway. In fact, γ-ENaC trended toward being reduced with regard to ubiquitination in the KO mice. Subunit differences in their relative ubiquitinated status might also have something to do with the binding of the polyclonal antibodies to their antigenic sites that may be modified by the ubiquitination process. It is important to note that band densities for the major bands for both γ- and β-ENaC show a reduction in density under conditions that have been shown to stimulate ENaC, e.g., low- Na+ diet. Thus, it is possible that these N-terminal region antibodies lose relative sensitivity with the activation of the channel itself. Further studies would be required to flesh this out.

We can compare and contrast our phenotype with those of α-ENaC knockout mice. In one model, the same AQP2-promoter targeting transgene was used to delete α-ENaC (Christensen et al., 2010). A second model knocked out α-ENaC using a doxycycline-inducible PAX8-promoter targeting transgene (Perrier et al., 2016). α-ENaC deletion in these mouse models caused significant sodium wasting, weight loss, and hyperkalemia. Because our model did not completely abolish α-ENaC expression, we can conclude mTOR activity is not essential, but rather is facilitatory of α-ENaC expression. These models did contrast, however, to deletion of α-ENaC using HOXB7 promoter targeting, in which mice showed no impairment in sodium or potassium homeostasis under various challenges (Rubera et al., 2003). While AQP2 and PAX8 are expressed in connecting tubule, as well as, collecting duct, HOXB7 is primarily collecting-duct associated. Taken together these findings highlight the importance of sodium reabsorption in the early distal tubule, i.e., the distal convoluted tubule and connecting tubule.

We also evaluated other major sodium transporters and exchangers of other sites along the renal tubule to evaluate potential compensation. We came up with a few possible compensatory changes that might have alleviated sodium losses in our mice. First NCC, a major aldosterone-regulated protein of the distal convoluted tubule (Wang et al., 2015) was increased about 20% in the KO under both dietary conditions. Surprisingly, we did not find this protein increased by LS diet in these mice, as has been shown in other studies at least with rats (Masilamani et al., 2002). Furthermore, NaPi-2 and NBCe1, sodium reabsorptive proteins of the proximal tubule were marginally increased in the KO, which may have enhanced proximal tubule sodium retention. Since aldosterone levels did not appear elevated in the KO mice (even trended lower), additional studies will be needed to understand these compensations.

Although this study did not set out to capture sex differences in the response to the KO, we did observe a similar abundance level of mTOR in the kidneys of male vs. female mice. However, male, but not female mice seemed to have relatively more mTOR in cortex homogenates, as compared to inner medulla, when equal amounts of protein were loaded, perhaps representing a greater reliance on this pathway in male proximal tubule. Both sexes also demonstrated a reduction in α-ENaC with KO. Female KO mice did show some increase in hematocrit, as well as an increase in urine sodium losses in the basal state, which may have reflected slight volume contraction, that was not as apparent in the male KO. Unfortunately, we did not have the opportunity to conduct all of the original analyses in the female sex that were conducted in the males.

One caveat to consider in interpretation of these data is that deletion of mTOR would result in a reduction in both mTORC1 and mTORC2 activity. In this particular set of studies, we focused primarily on an end-point downstream of mTORC2, i.e., at least as we currently understand it; however, it is possible that some of the changes we found in expression of renal proteins, blood chemistry, or whole-body adaptations to a low-sodium diet were due to changes in mTORC1 signaling and downstream effectors. Additional studies will be needed to fully characterize this aspect of our model system.



CONCLUSION

Collecting duct principal-cell-targeted mTOR deletion by Cre-recombinase mediated gene deletion results in a whole-body phenotype of modest salt wasting. At the cellular level, there is a delayed natriferic response to sodium restriction suggesting mTOR activity (along with the much more robust renin-angiotensin-system) facilitates sodium homeostasis under low-NaCl dietary conditions. Thus, dysregulation of this signaling cascade, e.g., during insulin resistance or type 2 diabetes, may hinder whole-body sodium homeostasis.
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Natriuresis During an Acute Intravenous Sodium Chloride Infusion in Conscious Sprague Dawley Rats Is Mediated by a Blood Pressure-Independent α1-Adrenoceptor-Mediated Mechanism
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The mechanisms that sense alterations in total body sodium content to facilitate sodium homeostasis in response to an acute sodium challenge that does not increase blood pressure have not been fully elucidated. We hypothesized that the renal sympathetic nerves are critical to mediate natriuresis via α1- or β-adrenoceptors signal transduction pathways to maintain sodium balance in the face of acute increases in total body sodium content that do not activate the pressure-natriuresis mechanism. To address this hypothesis, we used acute bilateral renal denervation (RDNX), an anteroventral third ventricle (AV3V) lesion and α1- or β-antagonism during an acute 1M NaCl sodium challenge in conscious male Sprague Dawley rats. An acute 1M NaCl infusion did not alter blood pressure and evoked profound natriuresis and sympathoinhibition. Acute bilateral RDNX attenuated the natriuretic and sympathoinhibitory responses evoked by a 1M NaCl infusion [peak natriuresis (μeq/min) sham 14.5 ± 1.3 vs. acute RDNX: 9.2 ± 1.4, p < 0.05; plasma NE (nmol/L) sham control: 44 ± 4 vs. sham 1M NaCl infusion 11 ± 2, p < 0.05; acute RDNX control: 42 ± 6 vs. acute RDNX 1M NaCl infusion 25 ± 3, p < 0.05]. In contrast, an AV3V lesion did not impact the cardiovascular, renal excretory or sympathoinhibitory responses to an acute 1M NaCl infusion. Acute i.v. α1-adrenoceptor antagonism with terazosin evoked a significant drop in baseline blood pressure and significantly attenuated the natriuretic response to a 1M NaCl load [peak natriuresis (μeq/min) saline 17.2 ± 1.4 vs. i.v. terazosin 7.8 ± 2.5, p < 0.05]. In contrast, acute β-adrenoceptor antagonism with i.v. propranolol infusion did not impact the cardiovascular or renal excretory responses to an acute 1M NaCl infusion. Critically, the natriuretic response to an acute 1M NaCl infusion was significantly blunted in rats receiving a s.c. infusion of the α1-adrenoceptor antagonist terazosin at a dose that did not lower baseline blood pressure [peak natriuresis (μeq/min) sc saline: 18 ± 1 vs. sc terazosin 7 ± 2, p < 0.05]. Additionally, a s.c. infusion of the α1-adrenoceptor antagonist terazosin further attenuated the natriuretic response to a 1M NaCl infusion in acutely RDNX animals. Collectively these data indicate a specific role of a blood pressure-independent renal sympathetic nerve-dependent α1-adrenoceptor-mediated pathway in the natriuretic and sympathoinhibitory responses evoked by acute increases in total body sodium.
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INTRODUCTION

Maintenance of fluid and electrolyte homeostasis, which is essential for life, is dependent on neural, humoral, and hemodynamic mechanisms that alter renal sodium excretion in response to changes in total body sodium. Based on the classical model of “pressure-natriuresis,” it has been hypothesized that increases in total body sodium always evoke elevations in fluid volume and arterial blood pressure that raise renal perfusion pressure, ultimately initiating natriuresis and a return to sodium homeostasis (Guyton, 1991). However, recent studies performed in human subjects and animal models, suggest that increased renal sodium excretion, natriuresis, can occur in the absence of detectable changes in arterial blood pressure in response to mild salt loading (Kompanowska-Jezierska et al., 2008; Bie, 2009; Wainford et al., 2013). Although the integrated mechanisms that facilitate sodium homeostasis independently of activation of the pressure-natriuresis mechanism are poorly understood it has been suggested that suppression of the renin-angiotensin system and renal sympathetic nerve activity are critical to facilitate the natriuretic responses activated to maintain sodium balance (DiBona and Kopp, 1997; Manunta et al., 2011; Wainford et al., 2013). The renal sympathetic nerves directly regulate renal sodium handling through several mechanisms, including activation of renal β1-adrenergic receptors, resulting in renin release, and stimulation of renal α1-adrenergic receptors, resulting in sodium reabsorption (Persson et al., 1989; DiBona and Kopp, 1997). However, the mechanisms by which the renal sympathetic nerves influence the acute natriuretic response to increases in total body sodium in the absence of detectable changes in arterial blood pressure have not been fully elucidated.

Our laboratory has delineated a sympathoinhibitory renal sympathetic nerve-dependent pathway that facilitates sodium homeostasis independently of the renin-angiotensin-aldosterone system in response to an acute isovolumetric NaCl challenge that does not increase arterial blood pressure in conscious male Sprague Dawley rats (Wainford et al., 2013). In our prior study using this approach, we did not assess the role of the anteroventral third ventricle (AV3V) region which contains osmo- and sodium-sensitive neurons and can modulate sympathetic outflow (Toney et al., 2003; Stocker et al., 2010, 2013b) or the direct role of α1- or β-adrenoceptors in the observed acute natriuretic response. In the present study, we hypothesized that a renal sympathetic nerve-dependent α1- or β-adrenoceptor-mediated pathway regulates the acute natriuretic response to increases in total body Nacl independently of the pressure-natriuresis mechanism. To address this hypothesis, we: (1) examined the role of the AV3V region and the renal sympathetic nerves in acute NaCl-evoked natriuresis that occurs independent of detectable increases in blood pressure and activation of the pressure-natriuresis mechanism and (2) administered an acute sodium challenge during pharmacological α1- and β-adrenoceptor antagonism.



MATERIALS AND METHODS


Ethical Approval

All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) in accordance with the guidelines of Boston University School of Medicine and the National Institutes of Health Guide for the Care and Use of Laboratory Animals under IACUC protocol number PROTO201800201. As detailed in our surgical procedures, all steps possible were taken to minimize pain and suffering. Additionally, all animal studies detailed in this manuscript fully comply with the ethical principles of Frontiers in Physiology.



Animals

Male Sprague Dawley rats aged 3-month-old, weighing 275–299 g, were purchased from Envigo (Indianapolis, Indiana, United States) for use in these studies. Prior to surgical intervention animals were pair-housed and were then housed individually post-surgery. Animals were housed in the Laboratory Animal Science Center at Boston University under a 12 h:12 h light:dark cycle under temperature (20–26°C) and humidity (30–70%) controlled conditions. Animals were provided tap water and standard irradiated rodent diet ad libitum [Envigo Teklad, WI, Teklad Global Diet #2918: 18% protein, 5% crude fat, 5% fiber, 0.6% K+ content, with a total NaCl content of 0.6% (174 mEquiv Na+ kg)]. All rats were randomly assigned to experimental groups.



Surgical Procedures


Acute Femoral Vein, Femoral Artery, and Bladder Cannulation

On the day of the acute study, rats were anesthetized with sodium methohexital (20 mg kg–1 I.P., supplemented with 10mg kg–1 I.V. as required during surgery) (Wainford et al., 2013; Carmichael et al., 2016; Walsh et al., 2016). Prior to a surgical incision the area was injected with bupivacaine (2 mg/kg s.c.). Following the induction of anesthesia, the depth of anesthesia was confirmed by lack of response to a toe pinch. During all surgical procedures the depth of anesthesia was monitored continually by assessment of absence of a toe pinch response, observation of respiration, observation of mucous membranes and observation of any reaction to a surgical manipulation. Rats were instrumented with catheters in the left femoral vein, left femoral artery, and bladder to allow I.V. administration of isotonic saline, acute sodium challenges, and adrenoceptor antagonists, measurement of mean arterial pressure (MAP) and heart rate (HR), and assessment of renal function, respectively (Kapusta et al., 2012; Wainford et al., 2013; Carmichael et al., 2016; Walsh et al., 2016). Rats were placed in a Plexiglass rat holder and an I.V. infusion of isotonic saline (20 μL min–1) was maintained during a 2-h surgical recovery period, allowing rats to return to full consciousness and stable renal and cardiovascular function prior to experimentation. Placement of the surgically instrumented rat in a Plexiglass holder that facilities the collection of stable cardiovascular parameters and urine and allows the rat forward and backward movement and does not restrain the rat. This experimental approach increases the rigor and reproducibility of our studies as it parallels that conducted in multiple studies conducted in our laboratory, including our prior study utilizing 1M NaCl infusion (Wainford et al., 2013). Mean arterial pressure and HR were recorded continuously via the surgically implanted femoral artery cannula using computer-driven BIOPAC data acquisition software (MP150 and AcqKnowledge 3.8.2, CA) connected to an external pressure transducer (P23XL; Viggo Spectramed Inc., CA) (Wainford et al., 2013; Carmichael et al., 2016; Walsh et al., 2016; Moreira et al., 2019). The arterial cannula was flushed with small volumes of 0.9% NaCl following collection of arterial blood samples as described in the experimental protocols. Following completion of acute experimental studies, as described below, all animals were euthanized by I.V. injection of sodium thiopental (20 mg/kg) in accordance with stated IAUCUC approval. Death was confirmed via (1) absence of heart rate as assessed by BIOPAC software, and (2) opening of the chest cavity.



Intracerebroventricular Cannulation

Seven to 10 days before the day of the acute study, a subset of rats, some of whom had previously undergone an AV3V lesion, were anesthetized with ketamine (30mg kg–1 I.P.) in combination with xylazine (3mg kg–1 IP). The depth of anesthesia was confirmed as described above. A stainless steel cannula was stereotaxically implanted into the right lateral cerebral ventricle (Wainford and Kapusta, 2009; Wainford et al., 2013; Carmichael et al., 2016; Walsh et al., 2016). Rats were placed in their home cages and monitored during surgical recovery.



AV3V Lesion

Twenty-five days before the day of acute study, a subset of rats were anesthetized with ketamine (30mg kg–1 I.P.) in combination with xylazine (3mg kg–1 I.P.). The depth of anesthesia was confirmed as described above. An anodal electrolytic lesion (2.5 mA for 25 s) was stereotaxically delivered to the AV3V [stereotaxic coordinates: 0.3 mm posterior to bregma, on midline, 7.5 mm ventral to the midsagittal sinus (Simmonds et al., 2014)] using an insulated 23-g nichrome wire exposed only at the tip. In a separate sham group, the nichrome wire was inserted 4 mm into the brain for 25s but no lesion was delivered. Rats were placed in their home cages and monitored during surgical recovery and received s.c. buprenorphine (0.03mg/kg) for 48-h post-surgery. AV3V lesion was verified by postlesion adipsia assessed as fluid intake less than 5 mL during the first 24 h post-lesion (Callahan et al., 1988) and the absence of a pressor response to i.c.v. Ang II (200 ng) (Moreira et al., 2009; Vieira et al., 2013) was assessed post-1M NaCl infusion study in a subset of rats instrumented with an i.c.v. cannula. Adipsic rats were given 5% sucrose water ad libitum to encourage drinking and gradually weaned to normal water over 5-days prior to assignment to an experimental study group.



Acute Bilateral Renal Denervation

In a subset of rats immediately following cannulation of the femoral vein, femoral artery, and bladder bilateral acute bilateral renal denervation (RDNX) was performed using standard techniques prior to the surgical recovery period. In brief, anesthesia was maintained with sodium methohexital (10mg kg–1 I.V. as required) and each kidney was exposed via a dorsal flank incision. The renal vein and artery were dissected from the surrounding fascia and stripped of visible nerve bundles. The renal artery and any visible nerve fibers were coated with a 10% phenol solution in ethanol to destroy any remaining nerve fibers. In a separate sham group, a similar surgical procedure was performed but nerves bundles were not disrupted or treated with phenol (Kapusta et al., 2013; Wainford et al., 2013, 2015; Carmichael et al., 2020). Rats were allowed to recover as described above prior to experimentation. The efficacy of acute RDNX was confirmed at the end of the study via ELISA analysis of norepinephrine (NE) content in kidney tissue as per the manufacturer’s instructions (IB89537, IBL America, Minneapolis, MN, United States).



Subcutaneous Osmotic Minipump Implantation

Rats were anesthetized using sodium brevital (20 mg/kg IP) and were randomly assigned to be surgically implanted with an osmotic minipump (2ML4, Alzet) subcutaneously in the subscapular region (Walsh et al., 2016; Frame et al., 2019b) delivering a continuous 21-day s.c. infusion (2.5 μL/h) of 50/50 isotonic saline/DMSO or terazosin hydrochloride [10mg/kg/day (Maranon et al., 2015; Frame et al., 2019b) Sigma] dissolved in 50/50 saline/DMSO (Frame et al., 2019b; Puleo et al., 2020).



Acute Experimental Protocols


I.V. 1M NaCl Infusion

Following a 2h surgical recovery period, groups of intact, sham RDNX, bilateral RDNX, sham AV3V lesion and AV3V lesion rats (N = 6/group) underwent an acute 1M NaCl infusion protocol. The 5-h protocol consists of a 1-h control period (isotonic saline, 20 μL min–1, I.V.) followed by a 2-h 1M NaCl infusion (1M NaCl, 20 μL min–1, I.V.) and a subsequent 2-h recovery period (isotonic saline, 20 μL min–1, I.V.) (Kompanowska-Jezierska et al., 2008; Wainford et al., 2013). Mean arterial pressure and HR were monitored continuously and urine was collected in consecutive 15-min increments throughout the protocol. Arterial blood samples were collected at the start of the final 15-min increment of the control, 1M NaCl infusion and recovery periods for the measurement of hematocrit, EBV, EPV, plasma norepinephrine and plasma Na+ (Wainford et al., 2013). To allow for the assessment of glomerular filtration rate (GFR) and renal blood flow (RBF) during the 1M NaCl infusion, a separate group of intact rats were infused with inulin (300 mg kg–1h–1) and para-aminohippurate (PAH; 40 mg kg–1h–1) for a 90-min equilibration period during the 2h surgical recovery period and continuing throughout the 5-h study protocol described above. Urine was collected in consecutive 15-min increments and blood was collected in the middle of each half hour period during the study protocol.



I.V. 1M NaCl Infusion During Acute α1- or β-Adrenoceptor Antagonism

Following surgical recovery, groups of rats underwent a 1-h control period (isotonic saline, 20μL min–1, I.V.) after which an I.V. infusion of an α1-adrenoceptor antagonist (terazosin, 4.17 μg kg–1 min–1; intact, ADNX and RDNX rats) or β-adrenoceptor antagonist (propranolol, 6.94 μg kg–1 min–1; intact rats only) (N = 6/group) was initiated at the same 20 μL min–1 rate and was maintained throughout the protocol for an additional 1-h blockade baseline period immediately prior to a 2-h 1M NaCl co-infusion (1M NaCl, 20 μL min–1, I.V.) and a 2-h recovery period. Mean arterial pressure and HR were recorded continuously and urine was collected in consecutive 15-min increments throughout the protocol. Arterial blood samples were collected at the start of the final 15-min increment of the control, blockade baseline, 1M NaCl infusion, and recovery periods for the measurement of hematocrit, EPV, EBV and plasma Na+. After completion of the protocol, phenylephrine (4 μg bolus, I.V.) and isoproterenol (0.7 μg bolus, I.V.) were administered to confirm selective adrenoceptor blockade (Veitenheimer et al., 2012).



I.V. 1M NaCl Infusion During Chronic s.c.α1-Adrenoceptor Antagonism

Following surgical recovery, groups of rats that have received a 21-day s.c. osmotic minipump infusion of vehicle or terazosin, and groups of rats that underwent acute RDNX on the morning of the acute study underwent an I.V. 1M NaCl infusion study as described above. After completion of the protocol, phenylephrine (4 μg bolus, I.V.) and isoproterenol (0.7 μg bolus, I.V.) were administered to confirm selective adrenoceptor blockade (Veitenheimer et al., 2012).



Analytical Techniques

Pulsatile Arterial Pressure (PAP) was assessed using the Hemodynamic Analysis parameter for peak systolic and diastolic pressure events using AcqKnowledge 3.8.2 software. This analysis was conducted on the continuous arterial blood pressure signal recorded in the 20-min control baseline period in all studies. Signals that exhibited a strong noise characteristic, as defined by the Hemodynamic Analysis Parameter were excluded from analysis. Urine volume was assessed gravimetrically assuming 1 g = 1 mL. Urine and plasma sodium content were determined by flame photometry (IL-943; Instrumentation Laboratory, Bedford, MA, United States). Hematocrit (Hct) was determined using a micro-hematocrit centrifuge (Adams Readacrit, Clay Adams, NJ). Estimated plasma volume (EPV) was calculated using the following equation: EPV = [0.065 × body weight (kg)] × (1 – Hct). Plasma NE content was determined via ELISA (Immuno-Biological Laboratories, Minneapolis, MN; IB89552) following the manufacturer’s instructions. Hct was used to calculate estimated plasma volume (EPV) and estimated blood volume (EBV) using the following equations; EPV = [0.065 × body weight (kg)] × (100 – Hct), EBV = (EPV × 100)/(100-Hct).





Statistical Analysis

All data are expressed as mean ± SEM. The normal (Gaussian) distribution of the data was assessed by a Kolmogorov-Smirnow test. The magnitude of change in cardiovascular and renal excretory parameters at different time points after initiation of a 1M NaCl sodium infusion was compared with the average group control value by a one-way repeated-measures analysis of variance (ANOVA) with subsequent Dunnett’s test. Differences between treatment groups (e.g., sham RDNX vs. acute RDNX) were assessed by a two-way repeated measure ANOVA with treatment group being one fixed effect and time the other, with the interaction included. The time (minutes) was used as the repeated factor. Post hoc analysis was performed using Bonferroni’s test. In all studies, statistical significance was defined as P < 0.05. All statistical analyses were performed using Graphpad (GraphPad Prism v.8 for Mac OS X, GraphPad Software, San Diego, CA, United States).




RESULTS


Effect of an AV3V Lesion on the Cardiovascular, Renal, and Sympathoinhibitory Responses to a Non-pressor 1M NaCl Infusion

An acute 2-h 1M NaCl infusion did not alter MAP or HR at any time point in naïve rats (Figure 1). In naïve rats, and all other treatment groups, we observed a PAP of approximately 30 mmHg (Table 1). In terms of renal function, a 1M NaCl infusion evoked a profound natriuretic and diuretic response without altering GFR or RBF (Figure 1). Further, in these same animals a 1M NaCl infusion evoked suppression of plasma NE (Figure 1D) but did not alter plasma sodium levels [Plasma Na+ (mEq/L); 0.9% Saline Infusion: Control 139.6 ± 0.4, 0.9% saline infusion 140.1 ± 0.5, Recovery 139.9 ± 0.5; 1M NaCl Infusion: Control 139.2 ± 0.6, 1M NaCl infusion140.4 ± 0.4, Recovery 139.8 ± 0.4], EBV or EPV (Figures 1B,C). An AV3V lesion had no impact on baseline cardiovascular and renal parameters or the physiological effects elicited by a 1M NaCl infusion compared to those observed in sham AV3V lesioned rats (Figure 2). In both groups, sham and AV3V lesioned, a 1M NaCl infusion had no impact on MAP, HR, plasma sodium, EPV or EBV, and resulted in significant diuresis, natriuresis and sympathoinhibition (Figure 2). AV3V lesions were confirmed by the observation of post-lesion adipsia in all animals [24h Fluid Intake post-lesion (ml); AV3V lesion 3.6 ± 0.7ml vs. Sham lesion 13.1 ± 0.6ml, P < 0.05, N = 8/group]. A subset of animals received an acute i.c.v. bolus injection of Ang II (200ng) following completion of the 1M NaCl infusion (N = 4/group). In sham animals we observed a significant pressor response to Ang II which was absent in all AV3V lesioned rats (Figure 2E).
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FIGURE 1. Cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), (C) Estimated plasma volume (ml), and (D) Plasma norepinephrine content (nmol/L) during a 1-h control isotonic saline infusion (20 μl/min), a 2-h 1M NaCl infusion (20 μl/min) and a 2-h recovery period of isotonic saline infusion (20 μl/min) in conscious male Sprague Dawley rats. HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), UNaV = urinary sodium excretion (μeq/min), GFR = glomerular filtration rate [ml/min/100g body weight (BW)], RPF = estimated renal plasma flow (ml/min/100 g BW). Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion.



TABLE 1. Mean arterial pressure (MAP; mmHg), Systolic Blood Pressure (SBP; mmHg), Diastolic Blood Pressure (DBP, mmHg) and Pulsatile Arterial Pressure calculated as SBP – DBP (PAP; mmHg) assessed during the 20-min control baseline period in naïve, sham anteroventral third ventricle (AV3V) lesion, AV3V lesion, sham renal denervated (RDNX), acutely RDNX, i.v. terazosin, i.v. propranolol, s.c. saline, s.c. terazosin and s.c. terazosin + acutely RDNX male Sprague Dawley rats for which physiological data in presented in Figures 1–7.
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FIGURE 2. Effect of an AV3V lesion on the cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), (C) Estimated plasma volume (ml), and (D) Plasma norepinephrine content (nmol/L) during a 1-h control isotonic saline infusion (20 μl/min), a 2-h 1M NaCl infusion (20 μl/min) and a 2-h recovery period of isotonic saline infusion (20 μl/min) in sham or AV3V lesioned conscious male Sprague Dawley rats, and (E) peak Δ MAP following an i.c.v. bolus injection of Ang II (200 ng) N = 4/group for Ang II administration. HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min). Data are presented as mean ± SEM, N = 8/group except where indicated. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion.
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FIGURE 3. Effect of acute renal denervation (RDNX) on the cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), (C) Estimated plasma volume (ml), and (D) Plasma norepinephrine content (nmol/L) during a 1-h control isotonic saline infusion (20 μl/min), a 2-h 1M NaCl infusion (20 μl/min) and a 2-h recovery period of isotonic saline infusion (20 μl/min) in sham or acutely RDNX conscious male Sprague Dawley rats, (E) renal NE content (pg/mg). HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min). Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion. τp < 0.05 vs. respective sham RDNX group value.
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FIGURE 4. Effect of acute i.v. terazosin-mediated α1-drenoceptor antagonism on the cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), and (C) Estimated plasma volume (ml) during a 1-h control isotonic saline infusion (20 μl/min), a 1-h baseline terazosin infusion (4.17 μg kg–1 min–1 in isotonic saline; 20 μl/min), a 2-h terazosin and 1M NaCl infusion (20 μl/min) and a 2-h recovery period of terazosin in isotonic saline infusion (20 μl/min) in intact conscious male Sprague Dawley rats, HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min), C = control saline infusion, B = Baseline during terazosin infusion. Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion. τp < 0.05 vs. respective isotonic saline group infusion value.
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FIGURE 5. Effect of acute i.v. propranolol-mediated β-adrenoceptor antagonism on the cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), and (C) Estimated plasma volume (ml) during a 1-h control isotonic saline infusion (20 μl/min), a 1-h baseline propranolol infusion (6.94 μg kg–1 min–1 in isotonic saline; 20 μl/min), a 2-h propranolol and 1M NaCl infusion (20 μl/min) and a 2-h recovery period of propranolol in isotonic saline infusion (20 μl/min) in intact conscious male Sprague Dawley rats. HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min). Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion. τp < 0.05 vs. respective isotonic saline group infusion value. Please note the same isotonic saline group data is presented in Figures 4, 5 for clarity.
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FIGURE 6. Effect of chronic s.c. terazosin-mediated α1-adrenoceptor antagonism on the cardiovascular and renal responses to an acute 1M NaCl infusion (A) Cardiovascular and renal responses, (B) Estimated blood volume (ml), and (C) Estimated plasma volume (ml) during a 1-h control isotonic saline infusion (20 μl/min), a 2-h 1M NaCl infusion (20 μl/min) and a 2-h recovery period of isotonic saline infusion (20 μl/min) in intact conscious male Sprague Dawley rats receiving a s.c. saline/DMSO vehicle or s.c. terazosin (10 mg/kg/day) infusion. HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min). Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion. τp < 0.05 vs. respective sc saline/DMOS group infusion value.
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FIGURE 7. Effect of acute RDNX in combination with chronic s.c. terazosin-mediated 1-adrenoceptor antagonism on the cardiovascular and renal responses to an acute 1M NaCl infusion Cardiovascular and renal responses during a 1-h control isotonic saline infusion (20 μl/min), a 2-h 1M NaCl infusion (20 μl/min) and a 2-h recovery period of isotonic saline infusion (20 μl/min) in intact or acutely RDNX conscious male Sprague Dawley rats receiving a sc terazosin (10 mg/kg/day) infusion. HR = heart rate (bpm), MAP = mean arterial pressure (mmHg), V = urinary flow rate (μL/min), CH2O = free water clearance, UNaV = urinary sodium excretion (μeq/min). Data are presented as mean ± SEM, N = 6/group. *p < 0.05 vs. group baseline value in last 15-min of the control saline infusion. Please note the sc terazosin data in intact animals is transposed from Figure 6 for clarity.




Effect of Acute Renal Denervation on the Cardiovascular, Renal, and Sympathoinhibitory Responses to a Non-pressor 1M NaCl Infusion

An acute 2-h 1M NaCl infusion did not alter MAP or HR at any time point in sham RDNX rats (Figure 3A). In sham RDNX rats, in which the renal sympathetic nerves are intact, a 1M NaCl infusion evoked profound natriuresis and diuresis, reduced free water clearance and evoked suppression of plasma NE content (Figures 3A,D). Further, in these same sham RDNX animals a 1M NaCl infusion did not alter plasma sodium levels [Plasma Na+ (mEq/L); 1M NaCl Infusion in Sham RDNX; Control 139.2 ± 0.6, 1M NaCl infusion 140.4 ± 0.4, Recovery 139.8 ± 0.4] or EBV and EPV (Figures 3B,C). In animals that underwent acute bilateral RDNX, similarly to naïve (Figure 1) and sham RDNX animals (Figure 3), a 1M NaCl infusion did not alter cardiovascular parameters. Acute bilateral RDNX attenuated the natriuretic and diuretic responses to a 1M NaCl infusion [peak UNaV (μeq min–1) sham 14.5 ± 1.3 versus. RDNX: 9.2 ± 1.4, p < 0.05; peak V (μL min–1) sham: 62.6 ± 10.1 versus. RDNX: 38.8 ± 8.8, p < 0.05] and attenuated 1M NaCl-evoked suppression of plasma NE [plasma NE (nmol/L) Sham RDNX: control: 44 ± 4 versus. 1M NaCl infusion 11 ± 2, p < 0.05; RDNX: control: 42 ± 6 versus. 1M NaCl infusion 25 ± 3] (Figure 3D). Additionally, acute bilateral RDNX resulted in short term increases in EBV and EPV during the 1M NaCl infusion that returned to baseline during the recovery period (Figures 3B,C). However, acute RDNX did not impact plasma sodium levels [Plasma Na+ (mEq/L); Control; Sham RDNX 139.6 ± 0.4 versus RDNX 140.1 ± 0.5, 1M NaCl infusion Sham RDNX 140.6 ± 0.5 versus RDNX 140.8 ± 0.5, Recovery Sham RDNX 139.9 ± 0.5 versus RDNX 140.3 ± 0.5]. The efficacy of acute bilateral RDNX was confirmed by assessment of renal norepinephrine content, in which renal NE content was reduced by approximately 90% in acutely denervated rats vs. sham RDNX animals (Figure 3E).



Effect of Acute α1 vs. β-Adrenoceptor Antagonism on the Cardiovascular and Renal Responses to an Acute Non-pressor 1M NaCl Infusion

Acute α1-adrenoceptor antagonism reduced baseline MAP by approximately 20 mmHg and increased HR by approximately 40 bpm (Figure 4A). In terms of renal parameters there was a suppression of diuresis, free water clearance, with non-statistically significant reduction in natriuresis during acute α1-adrenoceptor antagonism. In contrast, acute β-adrenoceptor antagonism had no effect on MAP or renal excretory parameters and reduced baseline HR approximately 100 bpm (Figure 5A). During α1-adrenoceptor antagonism we observed no change in cardiovascular parameters but profound attenuation of the natriuretic and diuretic responses to a 1M NaCl infusion (Figure 4A). Further, α1-adrenoceptor antagonism resulted in an increase in EBV and EPV during the 1M NaCl infusion and recovery periods (Figures 4B,C) – an increase not observed in naïve 1M NaCl treated animals. As observed following acute RDNX we did not see any alteration in plasma sodium content during 1M NaCl infusion [Plasma Na+ (mEq/L); Control 140.2 ± 0.5, 1M NaCl infusion140.8 ± 0.6, Recovery 140.7 ± 0.6]. In contrast to profound renal effects observed of α1 blockade during a 1M NaCl infusion acute β-adrenoceptor antagonism had no effect on the natriuretic and diuretic responses to 1M NaCl infusion, and did not alter EPV (Figure 5). Confirming the selectivity and efficacy adrenoceptor antagonism (1) the average MAP response to an IV bolus of the α1-agonist phenylephrine was 22 ± 3 mmHg in propranolol treated rats vs. 2 ± 3 mmHg in terazosin treated rats, and (2) the average HR response to the β1-agonsit isoproterenol was 16 ± 7 bpm in propranolol treated rats vs. 95 ± 14 bpm in terazosin treated rats.



Effect of Chronic α1-Adrenoceptor Antagonism on the Cardiovascular and Renal Responses to an Acute Non-pressor 1M NaCl Infusion

Chronic α1-adrenoceptor antagonism, via s.c. osmotic minipump infusion, replicating our prior data in young normotensive Sprague Dawley rats, had no impact on baseline cardiovascular or renal parameters (Figure 6A). As observed during acute i.v. antagonism of α1-adrenoceptors (Figure 5) during s.c. α1-adrenoceptor antagonism we observed no change in cardiovascular parameters during a 1M NaCl infusion. Further, s.c. α1-adrenoceptor antagonism resulted in significant attenuation of the natriuretic and diuretic responses to a 1M NaCl infusion (Figure 6A) and increased both EBV and EPV during the 1M NaCl infusion and recovery periods (Figures 6B,C). A 1M NaCl infusion did not alter plasma sodium in animals receiving a s.c. terazosin infusion [Plasma Na+ (mEq/L); Control 140.1 ± 0.3, 1M NaCl infusion 140.3 ± 0.4, Recovery 140.3 ± 0.5]. Acute RDNX (confirmed by reduced renal NE content) immediately prior to the 1M NaCl load had no significant effect impact on the physiological responses observed during α1-adrenoceptor antagonism (Figure 7). Confirming the selectivity and efficacy adrenoceptor antagonism in intact and RDNX rats (1) the average MAP response to an IV bolus of the α1-agonist phenylephrine was 24 ± 4 mmHg in s.c. vehicle infused rats (N = 6) vs. 1 ± 2 mmHg in s.c. terazosin infused rats (N = 12), and (2) the average HR response to the β1-agonsit isoproterenol was 98 ± 10 bpm in s.c. vehicle infused rats (N = 6) rats vs. 93 ± 12 bpm in s.c. terazosin infused rats.




DISCUSSION

The current studies were designed to delineate the role(s) of the renal sympathetic nerves and circumventricular organs, and α1- and β-adrenoceptors in the natriuretic responses evoked by an acute change in total body sodium content. Extending our prior studies, we demonstrate a central role of the renal sympathetic nerves, but not circumventricular organs, in mediating the natriuretic response to an acute 1M NaCl infusion that does not increase blood pressure in conscious Sprague Dawley rats (Wainford et al., 2013). Further, in this experimental paradigm in which 1M NaCl does not increase blood pressure, we demonstrate via acute antagonism that α 1-, but not β-adrenoceptors, are essential to mediate the natriuretic response and to maintain fluid balance. To address the potential confounding effect of acute α1-adrenoceptor antagonism evoking a drop in blood pressure we validated the role of α1-adrenoceptors on the natriuretic response to a 1M NaCl infusion in animals in which α1-adrenoceptors were chronically antagonized independent of a reduction in blood pressure. These data demonstrate a pivotal role of the renal sympathetic nerves and α1-adrenoceptors in the acute natriuretic responses triggered by increased total body sodium.

It is well established that multiple sites within the body detect alterations in plasma sodium and osmolality via osmo/sodium receptors to trigger natriuretic responses – including the sensory afferent renal sympathetic nerves and the circumventricular organs (Stocker et al., 2013a; Johns, 2014; Kopp, 2015). To investigate the potential role(s) of the renal sympathetic nerves and the circumventricular organs in the acute natriuretic response to increased total body sodium content we utilized a 1M NaCl infusion (Wainford et al., 2013). A 2-h 1M NaCl infusion in conscious male Sprague Dawley rats evoked profound natriuresis, diuresis and sympathoinhibition without altering mean arterial blood pressure, plasma volume, renal blood flow, glomerular filtration rate or plasma sodium levels. These data are consistent with the effects of this acute sodium challenge paradigm in conscious and anesthetized rats as previously reported by several laboratories, including our own (Roson et al., 2006, 2010; Kompanowska-Jezierska et al., 2008; Wainford et al., 2013). Based on the absence of detectable alterations in renal hemodynamics or arterial blood pressure, we conclude that the observed sympathoinhibitory and natriuretic responses evoked by a 1M NaCl infusion occur independent of activation of the pressure-natriuresis mechanism. As such, this experimental paradigm enables the study of the control of renal excretion in response to a 1M NaCl infusion in a conscious rat independent of changes in arterial blood pressure – as occurs physiologically except in the setting of excessive intake of salt. We acknowledge that a limitation of this experimental paradigm, utilized in all studies in this manuscript, is that basal blood pressure is elevated due to surgical stress and placement in a plexiglass holder to permit the simultaneous collection of cardiovascular and renal excretory parameters. There is the potential that this mildly elevated basal blood pressure may have prevented the detection of a 1M NaCl infusion evoked alteration in blood pressure. However, it should be noted that is experimental paradigm has been widely used by our laboratory and in several prior studies, in animals with similar baseline blood pressures, we have observed alterations in blood pressure in response to physiological and pharmacological stimuli, including an IV 3M NaCl bolus administration (Carmichael et al., 2016) – which strongly suggests that our observation of no change in blood pressure during a 1M NaCl infusion is valid and not dependent on the mild elevation in baseline blood pressure. Further, our observation of a PAP of approximately 30 mmHg in all experimental groups is in accordance with the PAP reported in normotensive rat strains and is not indicative of hypertensive level of PAP such as is observed hypertensive rats, e.g., the spontaneously hypertensive rat (Safar and Laurent, 2003; Letson et al., 2019).

In our prior study utilizing this experimental paradigm we reported that chronic bilateral RDNX, in which the renal sympathetic nerves were removed 10–14 days prior to study, had no impact on the natriuretic or sympathoinhibitory responses evoked by a 1M NaCl infusion (Wainford et al., 2013). However, multiple renal sympathetic nerve-independent mechanisms become activated to facilitate the restoration of fluid and electrolyte balance following RDNX (DiBona and Sawin, 1983), potentially masking a direct role of the renal sympathetic nerves in our prior study. To directly assess the impact of the renal sympathetic nerves on the physiological responses to a 1M NaCl load in the absence of compensatory mechanisms, we conducted acute bilateral RDNX immediately prior to the acute experimental protocol. Given the short time frame between removal of the renal nerves and the administration of the 1M NaCl sodium infusion, approximately 3 h, we believe this approach avoids the confounding effects of non-renal nerve-mediated compensatory homeostatic mechanisms that take several days to restore sodium and water balance (DiBona and Sawin, 1983). The efficacy of acute RNDX was confirmed by a significant reduction in renal norepinephrine content.

In accordance with our prior observations in Sprague Dawley rats that had intact renal sympathetic nerves or underwent chronic RDNX (Wainford et al., 2013), acute RDNX had no impact on baseline cardiovascular and renal parameters or baseline levels of circulating plasma NE. Further, we observed that following acute RDNX a 1M NaCl infusion did not alter blood pressure, heart rate or plasma sodium content. In these animals acute RDNX moderately blunted the diuresis, profoundly attenuated the natriuresis (peak natriuresis reduced approximately 50%) and attenuated the sympathoinhibitory response elicited by a 1M NaCl infusion. The absence of changes in heart rate or blood pressure during 1M NaCl infusion in intact or RDNX rats suggest that the observed alterations in circulating plasma NE do not reflect functional changes in sympathetic outflow to the heart or vasculature. Our observation of an attenuated natriuretic response, accompanied by increased estimated blood and plasma volume during an 1M NaCl infusion in acute RDNX rats, supports our hypothesis that the renal sympathetic nerves mediate a sympathoinhibitory pathway that modulates renal sodium excretion independently of the pressure-natriuresis mechanism. Based on our prior finding that selective ablation of the afferent renal nerves does not impact the physiological responses to a 1M NaCl infusion (Frame et al., 2019a) we speculate the observed sympathoinhibitory pathway is not mediated by the sympathoinhibitory afferent renal nerve mediated reno-renal reflex. Further, our finding that verified AV3V lesions, in which the osmo/sodium sensitive neurons of the circumventricular organs are ablated, have no impact on the natriuretic or sympathoinhibitory responses to a 2-h 1M NaCl infusion suggests afferent projections from osmosenstive forebrain structures (e.g., subfornical organ) do not mediate the observed responses during acute increases in total body NaCl. We acknowledge that the potential impact of the AV3V on ANP release (Antunes-Rodrigues et al., 1992) during a 1M NaCl infusion was not examined in these studies. However, given that an AV3V lesion did not impact the observed physiological responses to a 1M NaCl infusion we speculate that AV3V mediated release of ANP does not play a major role in this setting. It is possible that paraventricular nucleus (PVN)-specific sodium sensitive pathways (Frithiof et al., 2009) including the intrinsic osmosensitive magnocellular neurons that are present in the PVN and supraoptic nucleus (Prager-Khoutorsky and Bourque, 2015) or peripheral sodium sensitive mechanisms [e.g., hepato-portal sodium response (Morita et al., 1997)] may contribute to the observed sympathoinhibitory responses to the 1M NaCl infusion. Additionally, we acknowledge that the neurohypophysial secretion of oxytocin and vasopressin plays a central role in fluid and electrolyte homeostasis (Mecawi Ade et al., 2015), and was not addressed in the current studies due to the confounding impact of collecting sufficient repeated blood volumes to assess circulating levels of oxytocin and vasopressin during a 1M NaCl infusion and may be investigated in future studies.

Given that our data demonstrate a central role of the renal sympathetic nerves in the natriuretic response to an acute 1M NaCl infusion we next investigated the potential signaling pathways through which this may be occurring. It is well established that the renal sympathetic nerves influence renal sodium excretion via two predominant mechanisms: norepinephrine-mediated stimulation of renal α1-adrenoceptors, evoking sodium reabsorption, or renal β1-adenoceptors, stimulating renin release (DiBona and Kopp, 1997). As such, we elected to investigate the impact of acute systemic α1- and β-adrenoceptor antagonism during an acute 1M NaCl load. A 1-h infusion of the α1-adrenoceptor antagonist terazosin, prior to administration of a 1M NaCl load, resulted in a reduction in arterial blood pressure (likely mediated by antagonism of vascular α1-adrenoceptors) and an increase in heart rate. Further, α1-adrenoceptor antagonism suppressed baseline diuresis and free water. Similar to our observations in in naïve and RDNX rats, a 1M NaCl did not impact cardiovascular parameters in rats receiving an α1-adrenoceptor antagonist infusion. Significantly, α1-adrenoceptor antagonism dramatically attenuated the natriuretic and diuretic responses to a 2-h 1M NaCl infusion – suppressing peak natriuresis to a similar magnitude as observed following acute RDNX. Also consistent with the impact of acute bilateral RDNX, α1-adrenoceptor antagonism resulted in an increase in estimated plasma volume without altering plasma sodium content during the 1M NaCl infusion. In contrast to our findings in RDNX rats, plasma volume remained elevated throughout the recovery period in rats receiving an α1-adrenoceptor antagonist infusion. This difference may reflect the continuous administration of an exogenous α1-adrenoceptor antagonist during the recovery period versus a temporary endogenous response evoked by the 2 h 1M NaCl infusion that was reversed during the recovery period in acutely RDNX animals. Despite the profoundly attenuated natriuretic response observed in animals receiving the α1-adrenoceptor antagonist infusion, we observed no increase in plasma sodium content. A possible explanation for this is the significantly greater decrease in free water clearance and increase in estimated plasma volume observed during sodium infusion compared with naïve rats, as these observations are consistent with enhanced renal water retention to maintain stable plasma sodium levels.

As noted, in our conscious rat model, acute α1-adrenoceptor antagonism evokes a reduction in baseline blood pressure prior to administration of a 1M NaCl infusion. We acknowledge it is possible that this alteration in blood pressure influenced the observed attenuated natriuretic response. This may have occurred by alterations in renal medullary blood flow, which was not assessed in these studies, and may occur despite no detectable changes in renal blood flow in response to the 1M NaCl load. To address the potential confounding impact of the observed significant drop in blood pressure during acute α1-adrenoceptor antagonism experimentally, we investigated the effects of α1-adrenoceptor antagonism via s.c. terazosin infusion at a dose we have previously published does not impact blood pressure (Frame et al., 2019b; Puleo et al., 2020). Matching our data prior data (Frame et al., 2019b; Puleo et al., 2020), s.c. infusion of terazosin had no impact on baseline blood pressure and fully and selectively antagonized the response to an α1 agonist. Consistent with our data in rats that underwent an acute terazosin infusion we observed was no change in cardiovascular parameters but a profound attention of the natriuretic response to a 1M NaCl load that was accompanied by increased blood and plasma volume. Notably renal denervation did alter the impact of α1-adrenoceptor antagonism on attenuating the natriuresis to a 1M NaCl load. Collectively, these data suggest a blood pressure-independent role for α1-adrenoceptors in the natriuretic response to an acute increase in total body NaCl.

To assess the potential role of β-adrenoceptors in the natriuretic pathways activated during acute increases in total body sodium, conscious rats were administered an infusion of the β-adrenoceptor antagonist propranolol. Reflecting the established effect of β1-adrenoceptors in the heart, β-adrenoceptor antagonism resulted in a reduction in baseline heart rate, but had no effect on blood pressure or renal excretory parameters. In rats receiving a β-adrenoceptor antagonist infusion a 1M NaCl-infusion which did not alter cardiovascular parameters, we observed preservation of the profound natriuretic and diuretic responses observed in naïve rats and estimated blood and plasma volumes remained constant during the experimental protocol. Our current findings of a lack of role of β-adrenoceptors in the acute natriuretic responses to non-pressor 1M NaCl infusion are supported by studies in conscious dogs and humans indicating that the natriuretic response to a NaCl load that does not alter blood pressure remains intact during β1-adrenoceptor antagonism (Bie et al., 2009; Molstrom et al., 2009). Together, these data strengthen our hypothesis that there is a pivotal role for renal sympathetic nerve activated α1-adrenoceptors in mediating the natriuresis during an acute challenge to total body NaCl homeostasis.

In light of the established mechanism whereby suppression of renal sympathetic outflow increases renal sodium excretion via reduced norepinephrine-α1-adrenoceptor-driven sodium reabsorption at the level of the kidney, our findings appear paradoxical. Studies to elucidate the mechanisms underlying the observed attenuation in natriuresis remain beyond the scope of the current manuscript. However, there are alternative extra-renal and renal actions of α1-adrenoceptors that could drive the observed clear attenuated natriuretic responses following α1-adrenoceptor antagonism. A potential extra-renal pathway through which α1-adrenoceptor antagonism, or a sympathoinhibitory reno-renal reflex, may reduce natriuresis is via a decrease in α1-adrenoceptor mediated release of atrial natriuretic peptide (Luchner and Schunkert, 2004). Despite the current and prior studies by our group illustrating that a 1M NaCl infusion reduces sympathetic outflow, there remains the possibility that NaCl, when first sensed by the body, trigger rapid, short term sympathoexcitation to the heart, resulting in α1-adrenoceptor-mediated release of atrial natriuretic peptide and natriuresis. An alternative hypothesis involves the renal nerves, as acute bilateral renal denervation attenuated natriuresis to approximately the same magnitude as that seen following acute pharmacological blockade of α1-adrenoceptors during a 1M NaCl infusion and RDNX in combination with pharmacological blockade of α1-adrenoceptors did not further impact the attenuation in natriuresis. These data support a role of the renal nerves in driving the natriuretic response to the infused 1M NaCl load. Additionally, it has been reported that renal pelvic α1-adrenoceptors present on the renal sensory afferent fibers respond to pharmacological and physiological stimuli that include norepinephrine and increased efferent renal sympathetic nerve activity (Kopp et al., 2007). To directly test the role of renal sensory afferent α1-adrenoceptors on the natriuretic responses to acute sodium, additional studies beyond the scope of this investigation in anesthetized rats in which α1-adrenoceptor antagonists are administered by a renal pelvic infusion are required.



CONCLUSION

In conclusion, the present studies extend our knowledge of the renal sympathetic nerve mediated adrenoceptor-dependent signal transduction pathways that regulate natriuretic responses to acute increases in total body sodium in the absence of activation of the pressure-natriuresis mechanism. A key finding is that the α1-adrenoceptor is the major receptor system involved in facilitating natriuresis to maintain fluid and electrolyte homeostasis in response to acute sodium challenges in which blood pressure remains stable. In contrast to the established roles of the renal sympathetic nerves on renal sodium handling via renal α1-adrenoceptor-evoked sodium reabsorption and renal β1-adenoceptors-mediated renin release, our studies indicate that α1-adrenoceptor activation is required for the acute renal sympathetic nerve-dependent natriuretic response to increases in total body NaCl. Given the proposed roles of α- and β-adrenoceptors on the chronic regulation of the sodium chloride cotransporter and long term sodium homeostasis (Mu et al., 2011; Terker et al., 2014; Frame et al., 2019b; Puleo et al., 2020) our findings suggest differential roles of the actions of the renal sympathetic nerves via α1- and β-adrenoceptors during acute versus chronic challenges to sodium homeostasis, potentially via a sympathoinhibitory reno-renal reflex in the acute setting. These findings are physiologically relevant as increased understanding of the roles of the renal sympathetic nerve mediated mechanisms impacting the acute natriuretic responses to elevations in total body sodium has implications for the mechanisms underlying multiple pathophysiological states featuring sodium retention, e.g., heart failure, salt-sensitive hypertension.
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A Vasopressin-Induced Change in Prostaglandin Receptor Subtype Expression Explains the Differential Effect of PGE2 on AQP2 Expression
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Arginine vasopressin (AVP) stimulates the concentration of renal urine by increasing the principal cell expression of aquaporin-2 (AQP2) water channels. Prostaglandin E2 (PGE2) and prostaglandin2α (PGF2α) increase the water absorption of the principal cell without AVP, but PGE2 decreases it in the presence of AVP. The underlying mechanism of this paradoxical response was investigated here. Mouse cortical collecting duct (mkpCCDc14) cells mimic principal cells as they endogenously express AQP2 in response to AVP. PGE2 increased AQP2 abundance without desmopressin (dDAVP), while in the presence of dDAVP, PGE2, and PGF2α reduced AQP2 abundance. dDAVP increased the cellular PGD2 and PGE2 release and decreased the PGF2α release. MpkCCD cells expressed mRNAs for the receptors of PGE2 (EP1/EP4), PGF2 (FP), and TxB2 (TP). Incubation with dDAVP increased the expression of EP1 and FP but decreased the expression of EP4. In the absence of dDAVP, incubation of mpkCCD cells with an EP4, but not EP1/3, agonist increased AQP2 abundance, and the PGE2-induced increase in AQP2 was blocked with an EP4 antagonist. Moreover, in the presence of dDAVP, an EP1/3, but not EP4, agonist decreased the AQP2 abundance, and the addition of EP1 antagonists prevented the PGE2-mediated downregulation of AQP2. Our study shows that in mpkCCDc14 cells, reduced EP4 receptor and increased EP1/FP receptor expression by dDAVP explains the differential effects of PGE2 and PGF2α on AQP2 abundance with or without dDAVP. As the V2R and EP4 receptor, but not the EP1 and FP receptor, can couple to Gs and stimulate the cyclic adenosine monophosphate (cAMP) pathway, our data support a view that cells can desensitize themselves for receptors activating the same pathway and sensitize themselves for receptors of alternative pathways.

Keywords: water transport, AQP2, vasopressin, prostaglandin, mpkCCD, PGE2, EP1, EP4


INTRODUCTION

To prevent dehydration, an adequate maintenance of water homeostasis is essential. In this process, the kidney plays a critical role. In response to hypernatremia or hypovolemia, arginine vasopressin (AVP) is released from the posterior pituitary gland. Subsequently, binding of AVP to the basolateral vasopressin type-2 receptor (V2R) in the connecting tubule and collecting duct principal cells in the kidney results in the redistribution of aquaporin-2 (AQP2) water channels from intracellular vesicles to the apical membrane, greatly increasing the osmotic water permeability, a prerequisite for forming concentrated urine (Knepper, 1997). In addition, AVP also increases the expression of AQP2 via phosphorylation of the cyclic adenosine monophosphate (cAMP)-responsive element binding protein, which activates transcription from the AQP2 promoter (Terris et al., 1996; Matsumura et al., 1997; Yasui et al., 1997).

Besides AVP, several other signaling molecules regulate the water balance by antagonizing the AVP-induced water transport (Boone and Deen, 2008). One such group of molecules is the prostaglandins (Figure 1). Prostaglandins can bind to their unique G-protein-coupled receptors (i.e., DP, FP, IP, and TP) or to one or more of four different PGE2 receptors (i.e., EP1, EP2, EP3, and EP4). Some of these receptors (i.e., DP, EP2, EP4, and IP) are Gs-coupled and thus increase intracellular cAMP levels when activated, whereas others are coupled to Gi (i.e., EP3 and FP), reducing the cAMP synthesis, and/or Gq (i.e., EP1, FP, and TP), inducing calcium mobilization (Breyer et al., 1998; Hebert et al., 2005; Hao and Breyer, 2008).


[image: Figure 1]
FIGURE 1. Prostaglandin synthesis. Arachidonic acid (AA) is metabolized by COX1 or COX2 to PGH2. PGH2 is enzymatically converted, by specific synthases [prostaglandin D (PGD) synthase, prostaglandin E (PGE) synthase, prostaglandin F (PGF) synthase, prostaglandin I (PGI) synthase, and thromboxane synthase] or prostaglandin E 9-ketoreductase (PGE-9KR), to one of five primary prostanoids, namely, PGI2, PGD2, PGE2, PGF2α, or TxA2. Each prostanoid interacts with distinct members of a subfamily of the G-protein-coupled receptors. PGI2 activates the IP receptor, PGD2 activates the DP receptor, PGF2α activates the FP receptor, and TxA2 activates the TP receptor. PGE2 interacts with one of four distinct EP receptors.


Of the different prostaglandins, PGE2 in particular has been shown to decrease AVP-stimulated water reabsorption in perfused collecting ducts (Hebert et al., 1990; Nadler et al., 1992; Sakairi et al., 1995). In addition, PGE2 is also involved in the pathological regulation of water reabsorption. PGE2 has been suggested to play an important role in the development of lithium-induced nephrogenic diabetes insipidus (NDI). This is based on the observation that the renal expression of the enzyme cyclooxygenase 2 (COX-2), involved in prostaglandin production, is markedly increased in lithium-treated mice, resulting in an increased excretion of urinary PGE2 (Rao et al., 2005). Also, treatment with a COX-2 inhibitor alleviated lithium-induced polyuria (Kim et al., 2008). Similarly, in the bilateral ureteral obstruction, associated with AQP2 downregulation, COX-2 protein abundance as well as the concentrations of PGE2 and other prostanoids are increased in the kidney inner medulla (Norregaard et al., 2010). Administration of COX-2 inhibitor prevents the increase of urinary PGE2 and the downregulation of AQP2 in inner medullary collecting ducts seen after the bilateral ureteral obstruction (Norregaard et al., 2005). In addition, PGE2 has recently been suggested to be instrumental in the increased free water reabsorption and volume expansion, leading to thiazide-induced hyponatremia (Ware et al., 2017). Besides PGE2, PGF2α can also inhibit AVP-stimulated water permeability in the collecting duct (Zook and Strandhoy, 1981; Hebert et al., 2005).

Paradoxically, PGE2 increases the osmotic water permeability in the absence of AVP (Hebert et al., 1990; Sakairi et al., 1995). The underlying mechanism of this switch in function, however, is still unclear. Therefore, in the present study, we utilized the cortical collecting duct (mpkCCDc14) cells of a mouse as a model system for the renal principal cell to delineate how prostaglandins can exert their diverse effects on the principal cell water reabsorption in the presence or absence of AVP.



MATERIALS AND METHODS


Cell Culture

Mouse mpkCCDc14 cells were maintained essentially as described (Hasler et al., 2002). Cells were seeded at a density of 1.5 × 105 cells/cm2 on semipermeable filters (Transwell®, 0.4 μm pore size, Corning Costar, Cambridge, MA) and cultured for 8 days. Unless stated otherwise, the cells were exposed to 1 nM of the V2R agonist desmopressin (dDAVP) at the basolateral side during the last 96 h, to maximally induce the AQP2 expression (Li et al., 2006). Cells were incubated with 10 μM indomethacin, 1 μM PGE2 (both Sigma, St. Louis, MO, USA), 1 μM PGF2α (Calbiochem, San Diego, CA), 300 nM of EP1/EP3 agonists sulprostone (Sigma, St. Louis, MO, USA), 1 μM of EP4 agonists CAY10580, 0.5 μM of EP4 antagonist Gw627368, 2.5 nM of the EP4 antagonist L161982, 20 μM of EP1 antagonist Sc-51089, or 100 nM of EP1 antagonist Ono-8711 (all Cayman Chemical, Ann Arbor, Michigan, USA) during the last 48 h. The medium was replaced after 24 h, or in experiments using the EP agonists or antagonists, the medium was replaced every 12 h.



Immunoblotting

MpkCCDc14 cells grown on 1.13 cm2 filters were lysed using 200 μl Laemmli. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotting, and blocking of the polyvinylidene fluoride membranes were carried out as described previously (Kamsteeg et al., 1999). Membranes were incubated for 16 h with 1:3,000-diluted affinity-purified rabbit anti-AQP2 antibodies [R7 (Deen et al., 1994) or Novus Biologicals, Littleton, CO] in Tris-buffered saline Tween-20 (TBS-T) supplemented with 1% w/v nonfat dried milk. Blots were incubated for 1 h with 1:5,000-diluted goat anti-rabbit IgGs (Sigma, St. Louis, MO) as secondary antibodies coupled to horseradish peroxidase. Proteins were visualized using enhanced chemiluminescence (ECL, Pierce, Rockford, IL).



(Quantitative) Reverse-Transcriptase Polymerase Chain Reaction

MpkCCDc14 cells were grown as described above, and total RNA was isolated using the TriZol extraction reagent (Gibco, Life Technologies, Rockville, MD), according to the instructions of the manufacturer. To remove genomic DNA, total RNA was treated with DNase (Promega, Madison, WI) for 1 h at 37°C, extracted with phenol/chloroform, and precipitated. RNA was reverse-transcribed into cDNA using Moloney Murine Leukemia Virus reverse-transcriptase and random primers (Promega, Madison, WI). During cDNA production, a control reaction without the reverse-transcriptase enzyme was conducted to exclude genomic DNA amplification. Exon overlapping primers were designed for prostaglandin receptors (see Table 1). Amplification was performed using the cDNA equivalent of 5 ng RNA for 40 cycles (i.e., 95°C 45 s, 50°C 1 min, and 72°C 1.5 min). β-actin was used as a positive control for cDNA amplification. cDNA from the tissue reported to express the particular receptor was taken along as a positive control. The proper identity of products was confirmed using the restriction analysis.


Table 1. Primer sequences.
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SYBR Green real-time quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) was performed on an iQ5 Real-Time PCR Detection System from Bio-Rad by utilizing the SYBR Green PCR Master Mix (Applied Biosystems Foster City, CA). Signals for the ribosomal 18S were used to normalize for differences in the amount of starting cDNA.



Prostanoid Analysis

Samples were prepared as described previously (Schweer et al., 1994) with minor modifications. In brief, cell culture supernatants were spiked with ~1 ng of deuterated internal standards, and the methoximes were obtained through the reaction with an O-methylhydroxylamine hydrochloride-acetate buffer. After acidification to pH 3.5, prostanoid derivatives were extracted, and the pentafluorobenzylesters were formed. Samples were purified by thin layer chromatography, and a broad zone with RF 0.03–0.4 was eluted. After withdrawal of the organic layer, trimethylsilyl ethers were prepared by the reaction with bis(trimethylsilyl)-trifluoroacetamide and thereafter, subjected to the gas chromatography-tandem mass spectrometry (GC/MS/MS) analysis on a Finnigan MAT TSQ700 GC/MS/MS (Thermo Electron Corp., Dreieich, Germany) equipped with a Varian 3400 gas chromatograph (Palo Alto, CA) and a CTC A200S autosampler (CTC Analytics, Zwingen, Switzerland).



Statistical Analysis

Student's t-test was applied to compare two groups with Gaussian distribution. Comparisons of more than two groups were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. Levene's test was used to compare variances. P-values < 0.05 were considered significant. Immunoblotting signals were analyzed using the Bio-Rad software. Data are presented as mean ± standard error of the mean (SEM).




RESULTS


In MpkCCD Cells, Regulation of AQP2 Expression by Prostanoids Is Modulated by AVP

To analyze the effect of PGE2 on the AQP2 expression, mpkCCDc14 cells were grown to confluence for 8 days, either with or without 1 nM of the V2R agonist dDAVP for the last 4 days and with or without 1 μM PGE2 during the last 48 h. PGE2 increased the AQP2 abundance in the absence of dDAVP but decreased it in the presence of dDAVP (Figure 2). In the presence of dDAVP, 1 μM PGF2α also decreased the AQP2 abundance.
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FIGURE 2. Effect of prostaglandins on aquaporin-2 (AQP2) expression. MpkCCDc14 cells were grown for 8 days, either with or without 1 nM desmopressin (dDAVP) stimulation for the last 4 days and with or without 1 μM PGE2 (A,B), 1 μM PGF2α (C), or 10 μM indomethacin (D) during the last 48 h. Cells were lysed and subjected to immunoblotting for AQP2. Molecular masses (in kDa) are indicated on the left. Nonglycosylated (AQP2) and complex-glycosylated (g-AQP2) forms of AQP2 are detected and densitometrically quantified. Significant differences from control or dDAVP alone (p < 0.05) are indicated by an asterisk. Bars are mean values of nine filters per condition (±SEM).


To test whether COX inhibition affects the dDAVP-induced AQP2 expression, cells were grown as described above, i.e., the last 4 days in the presence of dDAVP and the last 48 h in the presence of 10 μM indomethacin. Subsequent immunoblotting showed an increased AQP2 abundance with indomethacin (Figure 2), suggesting that dDAVP-treated mpkCCDc14 cells produce prostanoids, which decrease the AQP2 abundance.



dDAVP Changes Prostanoid Production in MpkCCD Cells

To determine whether mpkCCDc14 cells produce PGE2 or other prostanoids, and whether the presence of dDAVP affects the release of these prostanoids, cells were grown as above, i.e., with or without dDAVP for the last 4 days, after which the medium was collected and analyzed for the presence of prostanoids. Prostaglandin concentrations from the fresh medium were subtracted. The major prostanoids released from control cells were PGE2 and PGF2α, while levels of PGD2, 6-keto-PGF1α (i.e., a stable metabolite of PGI2), and TxB2 (i.e., a stable metabolite of TxA2) were lower and bordering on their detection limit (Figure 3). The dDAVP treatment significantly increased the production of PGD2 and PGE2, while PGF2α levels were decreased. No effect of dDAVP was observed on the release of 6-keto-PGF1α or TxB2.
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FIGURE 3. Effect of dDAVP on prostaglandin production. MpkCCDc14 cells were grown for 8 days and treated with or without (con) 1 nM dDAVP for the last 4 days. The medium from both sides, incubated with the cells for 24 h, was collected, and prostaglandin concentrations were determined. Bars are mean values of eight filters per condition (±SEM). Significant differences from control (p < 0.05) are indicated by an asterisk.




dDAVP Differentially Affects Prostanoid Receptor mRNA Expression in MpkCCD Cells

The effects of prostaglandins on the AQP2 expression are conferred by effects on their respective receptors. Immunoblotting was unsuitable to examine the expression of the individual prostaglandin receptors (not shown). Therefore, we determined the mRNA expression of the prostaglandin receptors in mpkCCD cells using the RT-PCR.

From unstimulated cells, cDNA products of the expected size were obtained for EP1, EP4, FP, and TP receptors (Figure 4A). While PCR products for EP2, EP3, or DP receptors were found in control tissues, no products were obtained in mpkCCDc14 cells, indicating that these receptors are not expressed. A detectable expression of the IP receptor was inconsistent. The same receptors were expressed in mpkCCD cells treated with dDAVP (not shown).
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FIGURE 4. Prostaglandin receptor expression. (A) MpkCCDc14 cells were grown for 8 days. Cells were lysed, total RNA was isolated, and RNA was reverse-transcribed into cDNA. By using the reverse-transcriptase polymerase chain reaction (RT-PCR), the expression of the prostaglandin receptors was analyzed. β-actin was used as a positive control for cDNA amplification. ± = with or without reverse transcriptase during the cDNA production. B, brain, U, uterus. Sizes in bp are indicated on the left. Arrows point at product of expected size. (B) MpkCCDc14 cells were grown for 8 days and incubated with or without (con) 1 nM dDAVP for the last 4 days. Total RNA was isolated, RNA was reverse-transcribed into cDNA, and the relative expression of the prostaglandin receptors was analyzed by performing the quantitative (q)RT-PCR. The signals obtained from the house-keeping 18S were used to normalize for difference in the amount of starting cDNA. Bars are mean values of eight filters per condition (±SEM). Significant differences (p < 0.05) from control are indicated by an asterisk.


To test if the levels of the expressed prostanoid receptors were influenced by dDAVP, we determined their relative expression by using the qRT-PCR. dDAVP increased the expression of the EP1 and FP receptor, while the expression of the EP4 receptor was significantly decreased (Figure 4B). No difference was detected in the expression of the TP receptor.



Modulation of PGE2 Receptor Subtype Expression by dDAVP Explains the Differential Effect of Prostanoids on AQP2 Abundance

As the EP1/FP receptors and EP4 receptors are coupled to Gi/Gq and Gs (Figure 1), respectively, an altered activation of these receptors due to their changes in the expression with dDAVP could explain the differential effect of prostanoids on the AQP2 abundance. To further explore the roles of the different PGE2 receptor subtypes in mediating the effects of PGE2 on AQP2 levels, we used EP receptor-specific agonists and antagonists.

MpkCCD cells were grown as described above, i.e., stimulated with or without dDAVP, and incubated with the EP4 agonist CAY10580 or the EP1/EP3 agonist sulprostone (Kiriyama et al., 1997; Billot et al., 2003) during the last 48 h. As the EP3 receptor is not expressed in mpkCCD cells (Figure 4A), sulprostone will act as a specific EP1 agonist in these cells. Consistent with a contribution of EP4 to the prostanoid-stimulated AQP2 abundance in unstimulated cells, CAY10580 and PGE2 increased the AQP2 abundance as compared with unstimulated cells or cells incubated with sulprostone (Figure 5A). In cells stimulated with dDAVP, however, CAY10580 did not affect the AQP2 abundance, while both sulprostone and PGE2 decreased the AQP2 abundance, therewith, illustrating an important contribution of the EP1 receptor in reducing the AQP2 abundance in dDAVP-stimulated mpkCCD, cells (Figure 5B).
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FIGURE 5. Effect of different PGE2 receptor agonists and antagonists on the AQP2 expression. MpkCCDc14 cells were grown for 8 days, either with our without 1 nM dDAVP stimulation for the last 4 days and with or without 1 μM PGE2 during the last 48 h. (A,B) Cells were incubated with1 μM sulprostone (Sulp) or 300 nM Cayman10580 (Cay) during the last 48 h. (C) Cells were incubated with 0.5 μM of EP4 antagonist Gw627368 (GW) or 2.5 nM of the EP4 antagonist L161982 (L) during the last 48 h. (D) Cells were incubated with 20 μM of EP1 antagonist Sc-51089 (Sc) or 100 nM of EP1 antagonist Ono-8711 (Ono) during the last 48 h. Cells were lysed and subjected to immunoblotting for AQP2. Molecular masses (in kDa) are indicated on the left. Nonglycosylated AQP2 (29 kDa) and complex-glycosylated (40–45 kDa) forms of AQP2 are detected and densitometrically quantified. Significant differences from control (con, p < 0.05) are indicated by an asterisk. Bars are mean values of 9 (A,B) or 6 (C,D) filters per condition (±SEM).


To further investigate the role of the EP4 receptor in the prostanoid-induced AQP2 abundance, mpkCCD cells were treated with PGE2 with or without the EP4 antagonists L161982 and Gw627368. While PGE2 alone again increased the AQP2 abundance significantly, Gw627368 completely blocked the PGE2-mediated AQP2 increase, whereas L161982 had a tendency to decrease the AQP2 expression relative to cells treated with PGE2 alone (Figure 5C).

To investigate the role of EP1 in the PGE2-mediated AQP2 decrease in dDAVP-treated cells, mpkCCD cells were stimulated with dDAVP and incubated with or without PGE2 and the specific EP1 antagonists Sc-51089 or Ono-8711. Both antagonists fully prevented the PGE2-mediated downregulation of AQP2 (Figure 5D), illustrating an important contribution of the EP1 receptor in the regulation of AQP2.




DISCUSSION


Prostanoids Affect AQP2 Expression in MpkCCD Cells

Prostaglandin E2 reduce the AVP-stimulated water reabsorption in the collecting duct (Hebert et al., 1990; Nadler et al., 1992), while in the absence of AVP, ex vivo water permeability is increased by PGE2 (Sakairi et al., 1995). A short-term action of PGE2 is to alter the localization of AQP2 at the plasma membrane (Zelenina et al., 2000; Nejsum et al., 2005; Olesen et al., 2011). Here, we showed that long-term PGE2 affects the abundance of the AQP2 protein. PGE2 attenuated the dDAVP-induced AQP2 expression, while PGE2 stimulated the AQP2 abundance in the absence of dDAVP. In addition, dDAVP-stimulated AQP2 levels were decreased after the application of PGF2α, explaining the inhibition of water reabsorption in the collecting duct observed after the PGF2α treatment (Zook and Strandhoy, 1981; Hebert et al., 2005). Furthermore, blocking the prostaglandin production by indomethacin increased the AQP2 abundance, showing that the dDAVP-stimulated AQP2 abundance is likely reduced due to the effects of endogenously produced prostaglandins. The major prostaglandins produced in mpkCCD cells are PGE2 and PGF2α. The dDAVP stimulation significantly increased both the production of PGE2 and PGD2, while levels of PGF2α were decreased. In agreement with these findings, it has been shown that AVP stimulates the PGE2 synthesis in isolated collecting ducts (Schlondorff et al., 1985; Bonvalet et al., 1987).



In MpkCCD Cells, dDAVP-Induced Changes in PGE2 Receptor Expression and Activation Explain the Different Effects of PGE2 on AQP2 Abundance in the Presence or Absence of AVP

Consistent with previous studies, the PGE2 receptors expressed in mpkCCDc14 cells are EP1 and EP4 (Olesen et al., 2016). Our experiments using receptor antagonists and agonists show that it is the EP4 receptor that is involved in the stimulatory effect of PGE2 on the AQP2 expression in mpkCCD cells. The EP4 receptor can couple to Gs-stimulated cAMP generation, thereby activating the same pathway as AVP. Incubation with dDAVP increased the expression of the EP1 receptor in mpkCCD cells but decreased the expression of the EP4 receptor. Additionally, our experiments showed that the activation of EP1 is the pathway by which PGE2 inhibits the dDAVP-induced AQP2 expression in mpkCCD cells (Figure 6). The EP1 receptors can couple to Gq and increase cytosolic Ca2+ and activate protein kinase C (PKC; Funk et al., 1993; Watabe et al., 1993). In microperfused collecting ducts, the inhibitory effect of PGE2 on AVP-stimulated water permeability was dependent on the activity of PKC (Hebert et al., 1990; Nadler et al., 1992). PKC activation also promotes AQP2 endocytosis, similar to PGE2 (Zelenina et al., 2000; Van Balkom et al., 2002; Nejsum et al., 2005), and increases AQP2 ubiquitination, leading to lysosomal degradation (Kamsteeg et al., 2006). This suggests that the EP1 activation will decrease the AQP2 abundance by lysosomal degradation (Figure 6).
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FIGURE 6. Model of PGE2-mediated regulation of AQP2-mediated water reabsorption. (A) In the absence of AVP, the AQP2 expression is low and present in intracellular vesicles. (B) PGE2 stimulates water reabsorption by binding to the EP4 receptor, coupling to the Gs protein, leading to cAMP generation, followed by AQP2 transcription and translocation. (C) AVP increases the expression of AQP2 but also induces the expression of the AVP-counteracting EP1 receptor and reduces EP4. (D) In the presence of AVP, PGE2 decreases the AQP2 expression by stimulating EP1. Indicated are AC, adenylate cyclase; AQP2, aquaporin-2; AVP, vasopressin; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PKC, protein kinase C; V2R, vasopressin V2 receptor.


The expression of the FP receptor was increased by dDAVP incubation in mpkCCD cells. As the activation of the FP receptor inhibits water reabsorption, the increase in the FP expression might be a compensatory mechanism to counteract AVP stimulation, similar to the increase in the EP1 expression.

As no DP receptor was detected in mpkCCDc14 cells, the role of the dDAVP-stimulated increase in the PGD2 production after dDAVP incubation is unclear. However, PGD2 has been shown to bind to the FP receptor with an affinity close to that for the DP receptor, indicating that PGD2 may act on the FP receptor (Kiriyama et al., 1997). The increase in PGD2 might counteract the dDAVP-induced increase in the AQP2 expression, although levels are low compared with the PGE2 and PGF2α production.

While the TP receptor is expressed in mpkCCDc14 cells, the expression of the IP receptor is inconclusive. Both thromboxane and PGI2 were produced in very low amounts in mpkCCDc14 cells, and the production was not affected by dDAVP. Whether these prostanoids have any role in water reabsorption remains unclear.



Relation of the MpkCCD Cell System to the in vivo Situation

A limitation of our study is that all experiments are performed in mpkCCD cells. However, a problem with in vivo studies investigating the effect of prostaglandins on the collecting duct is that these studies are complicated by the effect of prostaglandins on AVP release and on medullary osmolality, both of which will influence the AQP2 expression (Yamamoto et al., 1976; Stoff et al., 1981; Hasler et al., 2005). To study the effect of prostaglandins directly on principal cells, experiments were performed in mpkCCD cells, shown to display the essential functionalities characteristic of principal cells like the AVP-regulated AQP2 expression and aldosterone-mediated sodium transport via the epithelial sodium channel (Bens et al., 1999; Hasler et al., 2002).

The major prostaglandins produced in our cell system were PGE2 and PGF2α, which is in agreement with in vivo findings, showing that PGE2 is the most abundant prostanoid in both the renal cortex and medulla, followed by PGI2 and PGF2α (Qi et al., 2006). The synthases involved in the production of PGD2, PGE2, and PGF2α are detected in the nephron (Vitzthum et al., 2002; Sakurai et al., 2005), where the production of PGE2 and PGF2α has been shown to occur mainly in the collecting ducts (Farman et al., 1987). Neither PGI synthase nor thromboxane synthase mRNA is detected in any tubular structure (Vitzthum et al., 2002).

The effects of prostaglandins on the AQP2 expression are conferred by PG receptors. In mpkCCDc14 cells, EP1, EP4, and FP receptors are found, in agreement with expression in the collecting duct (Breyer et al., 1998; Saito et al., 2003).

In line with our data showing the role of EP4 in the stimulatory effect of PGE2 on AQP2, a study by Gao et al. demonstrates that disruption of EP4 in the collecting duct impaired the urinary concentration by decreasing the AQP2 abundance and apical membrane targeting, providing evidence that EP4 can regulate the urine concentration in vivo (Gao et al., 2015). In addition, a selective EP4 agonist has been shown to increase the urine osmolality, decrease the urine volume, and increase the AQP2 expression in a mouse model for congenital NDI (Li et al., 2009).

In agreement with our findings that the activation of the EP1 receptor decreases the AVP-induced AQP2 expression, the stimulation of the EP1 receptor has been shown to decrease the vasotocin-induced osmotic water permeability of the frog urinary bladder, a model system of the collecting duct (Bachteeva et al., 2007). In addition, EP1-knockout mice have a urinary concentrating defect (Kennedy et al., 2007), and recent studies show that PGE2 does not decrease AVP-mediated water transport in isolated collecting ducts of these mice (Nasrallah et al., 2018). Taken together with the present data, this suggests that EP1 conveys both acute and long-term modulation of the V2R activity.

Furthermore, TP and IP receptors are mainly localized in the glomerulus and vasculature, respectively, but have also been located in the collecting duct (Takahashi et al., 1996; Komhoff et al., 1998), in agreement with the expression seen in mpkCCDc14 cells. Based on our mpkCCD data, however, we anticipated that the IP receptor does not have a major impact on the principal cell AQP2 expression in the presence or absence of AVP.

None of the receptors DP, EP2, and EP3 seems to be expressed in mpkCCDc14 cells. While DP is also not expressed in the kidney, the presence of EP2 along the nephron is a matter of considerable debate (Breyer and Breyer, 2000; Olesen and Fenton, 2013). However, a previous study has shown that functionally, the collecting duct can respond to the stimulation of the EP2 receptor (Olesen et al., 2011).

The inhibitory effects of PGE2 on AVP-induced water reabsorption have, besides via the activation of EP1, also been suggested to occur through the activation of EP3 (Hebert et al., 1993; Fleming et al., 1998). Our cell model does not express the EP3 receptor, which was found in vivo by the in situ hybridization and RT-PCR on microdissected tubules to be expressed in the collecting duct (Breyer et al., 1998). However, a study using single-cell RNA-Seq of intercalated and principal cells from the mouse kidney demonstrated that EP3 was selectively expressed in collecting duct-intercalated cells, while EP1 and EP4 were expressed in the principal cells (Chen et al., 2017). In addition, EP3-knockout mice exhibit a similar urine-concentrating ability during basal conditions as well as in response to AVP compared with wild-type mice, arguing against a role of EP3 in the AQP2 regulation (Fleming et al., 1998). The exact role of the EP3 receptor in the AQP2 regulation needs further investigation.



Central Mechanism for the Differential Effect of PGE2 on AQP2 Expression

It is interesting to note that, while dDAVP increases the PGE2 production and release, the mRNA expression of the EP4 receptor is reduced, whereas that of the EP1 receptor is increased. As both receptors are bound and activated by PGE2, these data suggest that it is not the agonist per se that determines the expression level of the receptors. Instead, our data indicate that the signaling cascade that is mainly activated exerts a negative feedback regulation on receptors stimulating the same pathway and a positive feedback on receptors activating an opposite pathway: dDAVP increases the cAMP-AQP2 pathway, which can be stimulated by EP4, whereas EPl activates a pathway that leads to a decreased AQP2 expression and water permeability.

The same antagonizing mechanism can be seen in response to endothelin, which counteracts the AVP-mediated water permeability (Edwards et al., 1993), and at the same time, leads to an increased expression of the vasopressin V2 receptor in the inner medullary collecting duct of the rat (Sonntag et al., 2004). Similar to this antagonizing mechanism, dDAVP increases the mRNA levels of the purinergic receptor subunit P2Y2 in mpkCCD cells and targets the subunits P2Y2 and P2X2 to the plasma membrane, where the activation of these receptors leads to the AQP2 internalization and a decrease in the water permeability (Wildman et al., 2009). A similar mechanism can be seen with the hormone angiotensin II, which increases renal proximal sodium reabsorption but at the same time increases expression of the D4 dopamine receptor in renal proximal tubule cells, which activation will decrease sodium reabsorption, thereby counteracting the direct effect of angiotensin II (Tang et al., 2017).

In conclusion, our study shows that in mpkCCDc14 cells, both PGE2 and PGF2α decrease the dDAVP-stimulated AQP2 abundance, while in the absence of dDAVP, PGE2 increases AQP2 levels. Furthermore, our study suggests that EP4 mediates the PGE2-induced increase in the AQP2 abundance in the absence of dDAVP, while the PGE2-mediated decrease in the AQP2 abundance in the presence of dDAVP is likely mediated via EP1. This paradoxical difference in response to PGE2 is likely explained by the different receptor subtype expression induced by the dDAVP treatment, leading to an increase in EP1 and a decrease in EP4.

Based on our data above that a negative feedback is mediated by the signaling pathways activated instead of the agonist, we hypothesized that in vivo AVP increases, besides AQP2, the expression of EP1 and decreases the expression of EP4 receptors. Consequently, in conditions with the increased PGE2 release, such as with lithium-NDI or bilateral uteral obstruction, the AVP-induced AQP2 expression would be reduced via the activation of these EP1 receptors.
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Aldosterone is a major mineralocorticoid steroid hormone secreted by glomerulosa cells in the adrenal cortex. It regulates a variety of physiological responses including those to oxidative stress, inflammation, fluid disruption, and abnormal blood pressure through its actions on various tissues including the kidney, heart, and the central nervous system. Aldosterone synthesis is primarily regulated by angiotensin II, K+ concentration, and adrenocorticotrophic hormone. Elevated serum aldosterone levels increase blood pressure largely by increasing Na+ re-absorption in the kidney through regulating transcription and activity of the epithelial sodium channel (ENaC). This review focuses on the signaling pathways involved in aldosterone synthesis and its effects on Na+ reabsorption through ENaC.
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INTRODUCTION

Aldosterone is a mineralocorticoid steroid hormone first isolated and characterized in 1954 which functions mainly to raise blood pressure (Simpson et al., 1954). Aldosterone has been a topic of extensive research due to its crucial role in the regulation of fluid homeostasis. The secretion of aldosterone from glomerulosa cells (GC) located in the cortex of the adrenal glands is regulated by numerous factors, but the most prominent are extracellular K+ concentration and the renin–angiotensin system (RAS; Bravo, 1977; Tremblay and LeHoux, 1993). Kidneys play a vital role in the initiation of RAS (Figure 1). Lowered blood pressure triggers the release of renin into the circulation from juxtaglomerular cells (JGC) in the afferent arteriole of the nephron (Friis et al., 2013). Renin release can also be triggered by the sympathetic nervous system and by decreased NaCl delivered to the distal tubule. Macula densa cells located in the juxtaglomerular apparatus sense low NaCl concentration of the filtrate and release paracrine signals that stimulate JGC (Peti-Peterdi and Harris, 2010). Renin is an aspartic protease that hydrolyzes liver-released proenzyme angiotensinogen creating angiotensin I, which undergoes further cleavage by carboxypeptidase angiotensin-converting enzyme (ACE) to create active angiotensin II (ANG II; Crisan and Carr, 2000). ANG II directly stimulates GC to secrete aldosterone. Multiple other factors are also able to regulate aldosterone synthesis, such as Klotho protein (KL), ACTH, natriuretic peptides (NPs), and circadian clock.

[image: Figure 1]

FIGURE 1. Hypotension-induced activation of the renin-angiotensin-aldosterone system. As blood pressure drops, juxtaglomerular cells receive signals from macula densa cells and the sympathetic nervous system and secrete renin into the circulation. Renin hydrolyzes liver-synthesized angiotensinogen into inactive ANG I. ANG I is converted to active ANG II by ACE. ANG II stimulates glomerulosa cells in the adrenal cortex to secrete aldosterone and the anterior pituitary gland in the brain to secrete the ACTH, which also results in aldosterone production. High K+ concentration stimulates aldosterone secretion from glomerulosa cells. Aldosterone increases Na+ reabsorption, K+ and H+ secretion in ASDN leading to an increase in blood pressure. ANG I, angiotensin I; ANG II, angiotensin II; ACE, angiotensin-converting enzyme; ASDN, aldosterone-sensitive distal nephron.


The nephron, the functional unit of the kidney, is the main target of aldosterone (Figure 1). Aldosterone exerts its action on the aldosterone-sensitive distal nephron (ASDN) comprising the late distal convoluted tubule (DCT2), the connecting tubule (CNT), and the collecting duct distal segments of the nephron (Bachmann et al., 1999; Reilly and Ellison, 2000). ASDN governs unidirectional Na+ transport from the filtrate into the circulation and bi-directional K+ transport (Gumz et al., 2015; Roy et al., 2015). There are two cell types in these segments: principal cells (PC) and intercalated cells (IC). PC are involved in Na+ and K+ transport while IC predominantly regulate acid–base homeostasis (Loffing and Kaissling, 2003; Roy et al., 2015). Aldosterone binds its mineralocorticoid receptor (MR; Shibata and Fujita, 2011). Almost all cells express MR, but whether they are affected by aldosterone depends on the presence of 11-β-hydroxysteroid dehydrogenase type-2 (11β-OHSD2), an enzyme that catalyzes 11-hydroxy-glucocorticoids to glucocorticoid metabolites (Funder et al., 1988). Mineralocorticoids and glucocorticoids have a common chemical structure and have equal binding affinity for MR (Arriza et al., 1987). To maintain the binding specificity in aldosterone-sensitive cells, 11β-OHSD2 catabolizes glucocorticoids rendering MR free to bind aldosterone. Both PC and IC express MR and 11β-OHSD2; however, PC has significantly higher levels of both proteins (Naray-Fejes-Toth et al., 1994; Kyossev et al., 1996). Ligand-bound MR translocates to the nucleus, where it regulates expression of its target genes (Naray-Fejes-Toth et al., 1994). Nevertheless, aldosterone also affects its target tissue through rapid non-genomic pathways (Arima et al., 2003; Funder, 2005; Funder, 2006).

Chronic elevation of aldosterone via intravenous injection has been demonstrated to increase arterial and mean circulatory filling pressure and resulted in significant water and sodium retention in dogs (Pan and Young, 1982). Aldosterone produces these effects by affecting electrolyte transport in both PC and IC. In PC, aldosterone regulates the expression and activity of epithelial sodium channel (ENaC) leading to increased Na+ reabsorption from the filtrate into the circulation. Aldosterone also has significant effects on IC. There are two main types of IC: A-type and B-type; however, non-A type and non-B type have also been described (Teng-umnuay et al., 1996). Secretion of H+ occurs in all types of IC through H+ ATPase and H+/K+-ATPase. H+/K+-ATPase exchanges H+ for K+ and consists of two catalytic subunits HKα1 and HKα2 (Gumz et al., 2010b). H+/K+-ATPase is located on the apical side of A-type IC and non-A and non-B IC and on basolateral side of B-type IC (Verlander et al., 1994; Roy et al., 2015). The expression of pendrin, a Na+ independent Cl−/HCO3− exchanger is also observed in non-A and non-B IC as well as in B-type IC (Tsuruoka and Schwartz, 1999). Mineralocorticoids influence both H+ K+-ATPase and pendrin. Mineralocorticoid excess increases the expression of HKα2 mRNA levels, blood K+, and Cl− and decreases blood Na+ and HCO3+ levels (Greenlee et al., 2011). Aldosterone upregulates pendrin expression partially through regulated IC-specific MR phosphorylation (Shibata et al., 2013a; Hirohama et al., 2018). MR has an IC-specific phosphorylation site at S843. S843 phosphorylation prevents activation of MR. ANG II stimulates MR S843 dephosphorylation to increase its binding with aldosterone (Shibata et al., 2013a).

Due to its crucial function in the regulation of blood pressure, aldosterone imbalance is implicated in many diseases. Hyperaldosteronism (Crohn’s disease) is a disease in which adrenal glands produce an excess of aldosterone leading to hypokalemia, hypertension, and chronic kidney disease (CKD; Papadopoulou-Marketou et al., 2000). In contrast, hypoaldosteronism is characterized by significantly low levels of aldosterone in the blood (DeFronzo, 1980). These two conditions represent both ends of the spectrum of diseases caused by aldosterone imbalance. Old age and obesity are part of this spectrum as they are risk factors of hypertension. Even though the principal targets of aldosterone are the epithelial cells of the kidney, it also exerts its action on non-epithelial cells of the heart, brain, and vasculature. Thus, imbalance in aldosterone levels result in cardiovascular diseases (Rocha and Funder, 2002; Yoshimoto and Hirata, 2007; Funder and Reincke, 2010; He and Anderson, 2013).

The goal of this article is to describe the recent understanding of aldosterone synthesis and its effect on electrolyte balance. Although aldosterone produces a variety of effects in multiple tissues, we focus on mechanisms by which aldosterone regulates sodium transport through ENaC in ASDN.



MECHANISMS OF ALDOSTERONE SECRETION

As mentioned above, ANG II, ACTH, and K+ are the main signaling molecules that regulate the production of aldosterone. These inputs can have two modes of action: acute and chronic. The acute response happens within minutes and results in the rise of aldosterone due to activation of enzymes involved in the biosynthetic pathway and mobilization of cholesterol, while chronic effect takes place hours after the signal and involves alterations in gene expression.


Aldosterone Biosynthesis Pathway

The adrenal cortex is divided into three functionally distinct regions: zona glomerulosa (production of mineralocorticoids), zona fasciculata (production of glucocorticoids), and zona reticularis (production of androgenic hormones; Vinson, 2016). Aldosterone biosynthesis occurs solely in the mitochondria of zona glomerulosa cells, which was demonstrated in the late 1980s where only isolated mitochondria of zona glomerulosa synthesized aldosterone (Ohnishi et al., 1988). This division of the adrenal cortex is crucial as adrenal steroid hormones are derived from cholesterol, thus functional zonation is one way to control the production of steroid hormones.

Like all other steroid hormones, aldosterone is derived from cholesterol (Figure 2). The first step in aldosterone biosynthesis is the transport of cholesterol to the inner mitochondrial membrane, where the cytochrome P450scc (cholesterol side-chain cleavage enzyme, encoded by CYP11A1), is located (Farkash et al., 1986). Through series of hydroxylation and cleavage, P450scc converts cholesterol into pregnenolone (Hume et al., 1984). 3β-hydroxysteroid dehydrogenase (HSD3B) and 21-hydroxylase (encoded by CYP21 gene) convert pregnenolone to 11-deoxycorticosterone (11DCS). Electron microscopy and immunohistochemistry (IHC) demonstrated that these two enzymes reside on the membrane of the smooth endoplasmic reticulum (SER; Ishimura and Fujita, 1997). The last steps of the synthesis occur in mitochondria where aldosterone synthase (ADS), encoded by the CYP11B2 gene, accomplishes 11-hydroxylation, 18-hydroxylation, and 18-oxidation of 11DCS to produce aldosterone (Ishimura and Fujita, 1997). Thus, precursors of aldosterone are shuttled back and forth between mitochondria and SER. The actin cytoskeleton is thought to be involved in this transport (Sewer and Li, 2008). Steroid acute regulatory protein (STAR) regulates the rate-limiting step, conversion of cholesterol into pregnenolone. STAR is a 30 kDa protein that exists on the outer membrane of mitochondria and is responsible for transporting cholesterol to P450scc (Artemenko et al., 2001). STAR requires two phosphorylation events to reach its full activity (Fleury et al., 2004; Castillo et al., 2015). STAR plays a key role in aldosterone synthesis as mutations in STAR lead to deficiency in adrenal and gonadal aldosterone synthesis and are associated with lipoid congenital adrenal hyperplasia (Bose et al., 2000; Hasegawa et al., 2000).
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FIGURE 2. Aldosterone biosynthesis pathway. Cholesterol is transported to the inner mitochondrial membrane, where it is hydroxylated and cleaved by cytochrome P450scc to produce pregnenolone. Pregnenolone is relocated to the membrane of smooth endoplasmic reticulum, where it is oxidized by HSB3D to produce progesterone. Eleven deoxycorticosterone is generated by CYP21-mediated hydroxylation of progesterone and moves back to the inner mitochondrial membrane, where it is subject to ADS-catalyzed sequential 11-hydroxylation, 18-hydroxylation, and 18-oxidation, producing corticosterone, 18-OH corticosterone, and finally aldosterone, respectively. P450scc, cytochrome P450 side chain cleavage enzyme; HSD3B, 3β-hydroxysteroid dehydrogenase; CYP 21, 21 hydroxylase; ADS, aldosterone synthase.


Although the accepted notion is that aldosterone is produced solely by adrenal glands, some studies have shown that the heart can synthesize aldosterone in response to stress. RT-PCR analyses showed expression of CYP11A1 and CYP21, the genes encoding steroidogenic enzymes involved in aldosterone synthesis, in adult human tissues (atria, ventricles, aorta apex, and intraventricular septum), and expression of CYP11B2 in the aorta and fetal heart (Kayes-Wandover and White, 2000). Genetically hypertensive adrenalectomized and angiotensin II-treated rats had increased activity of ADS and produced aldosterone (Takeda et al., 2000). Interestingly, expression of CYP11B2 was detectable by RT-PCR in failing human hearts, but not in normal hearts (Young et al., 2001). Bose et al. (2021) most recently reported a novel mitochondrial complex consisting of ADS, mitochondrial translocase receptor (Tom22), and STAR. This complex is responsible for the production of aldosterone in rat hearts upon stress. However, the ability of the heart to produce aldosterone is still controversial. More studies are needed to elucidate the mechanisms responsible for cardiac aldosterone synthesis.



Angiotensin II

ANG II triggers multiple signaling pathways (Figure 3) upon binding to its receptor angiotensin receptor type I (AT1), a G protein-coupled receptor (GPCR; Steckelings et al., 2010). The response of activated AT1 is similar to other GPCRs. ANG II binding leads to dissociation of GPCR subunits and activation of phospholipase C beta (PLC), which hydrolyses phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 interacts with IP3 receptor on SER, opening Ca2+ channels and resulting in a transient increase in intracellular Ca2+ concentration (Taylor and Thorn, 2001). ANG II also causes the influx of calcium from the extracellular space (Spat et al., 1991). Ca2+ is thought to increase aldosterone production through Ca2+/calmodulin-dependent protein kinase (CaMK).

[image: Figure 3]

FIGURE 3. Cellular mechanisms leading to increased aldosterone production upon angiotensin II, ACTH, and K+ stimulation. Ang II binds to AT1R, leading to dissociation of the alpha subunit and activation of PLC. PLC hydrolyses PIP2 into DAG and IP3. IP3 binds to its receptor on the SER leading to the release of Ca2+ stores. Ca2+ activates CaMK, which causes an increase in ADS expression through CREB. DAG activates PKC to phosphorylate Src, which phosphorylates EGFR leading to activation of p42/p44 mitogen-activating protein kinase pathway. P42/p44 phosphorylates CEH to hydrolyze cholesterol esters located in the lipid droplets, making them available for transport to the inner mitochondrial membrane by STAR. PKC also phosphorylates and activates STAR. Cholesterol is used for aldosterone synthesis. ACTH binds its ACTHR leading to the activation of adenylate cyclase, which produces cAMP from ATP. cAMP triggers PKA-mediated phosphorylation and activation of STAR. PKA also phosphorylates L and T type Ca2+ channels causing Ca2+ influx. PKA increases the expression of ADS through relieving SF1-mediated inhibition of STAR. High extracellular K+ concentration depolarizes cells and leads to activation of L and T type Ca2+ channels, which allow calcium inflow from the extracellular space. ANG II, angiotensin II; AT1R, angiotensin II receptor type 1; GPCR, G protein-coupled receptor; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; IP3, inositol 1,4,5 triphosphate; SER, smooth endoplasmic reticulum; CaMK, Ca2+/calmodulin-dependent protein kinase; ADS, aldosterone synthase; CREB, cAMP-response element binding protein; PKC, protein kinase C; EGFR, epidermal growth factor receptor; CEH, cholesterol ester hydrolase; STAR, steroid acute regulatory protein; ACTH, adrenocorticotropic hormone; ACTHR, adrenocorticotropic hormone receptor; SF1, steroidogenic factor 1.


To date, multiple CaMK have been identified (Takemoto-Kimura et al., 2017). CaMK I and II have been shown to play a role in aldosterone signaling in the adrenal gland. The role of CaMK in aldosterone production is crucial, as its inhibition abrogates the expression of ADS and aldosterone synthesis (Condon et al., 2002). IHC analysis shows that CaMK I is expressed in the adrenal cortex and transfection of adrenal cells with CaMK I coding sequence leads to increased expression of ADS (Condon et al., 2002). Compared to normal adrenal glands, aldosterone-producing adenomas (APA) have significantly higher mRNA and protein levels of CaMK I and ADS expression (Sackmann et al., 2011). KN62, a potent CaMK II inhibitor, decreased production of aldosterone in an adrenocortical tumor cell line (Clyne et al., 1995). CaMK II activation almost doubled in the presence of elevated ANG II or K+ levels and diminished drastically upon KN62 treatment (Fern et al., 1995). CaMK II increases Ca2+ entry into the cell by phosphorylating Ser1198 in the II-III loop of a α1H T-type Ca2+ channel (Yao et al., 2006). CaMK can be phosphorylated by CaMK kinases (CaMKK). CaMKK are also crucial regulators of ADS expression (Nanba et al., 2015). Treatment with STO-609, a specific inhibitor of CaMKK, results in decreased expression of ADS and STAR in HAC15 human adrenal cell line. To determine whether CaMKK I or II are responsible for this effect, shRNA-mediated knockdown was performed. Knockdown of CaMKK II resulted in decreased ADS expression and aldosterone production, but silencing CaMKK I had no effect. Furthermore, IHC revealed expression of CaMKK II in GC (Nanba et al., 2015). One way by which ANG II increases aldosterone synthesis is through regulating transcription of ADS. cAMP-response element binding protein (CREB), a downstream target of CaMK I and II, appears to play an important role in this process (Tokumitsu et al., 1995; Nogueira and Rainey, 2010). ANG II stimulation leads to CaMK I nuclear localization, phosphorylation of CREB, and its association with ADS promoter, while mutations of CREB diminishes the effect of ANG II on ADS mRNA levels (Bassett et al., 2000; Sackmann et al., 2011).

Diacylglycerol seems to be a key second messenger of ANG II signaling as its inhibition dampens ANG II response in normal human adrenal GC (Natarajan et al., 1988a,b, 1990). DAG appears to control aldosterone synthesis through its downstream target protein kinase C (PKC), inhibition of which reduces aldosterone production upon ANG II stimulation (Kapas et al., 1995; Wang, 2006). PKC likely promotes steroidogenesis by increasing the expression and/or activity of STAR. Phorbol 12-myristate 13-acetate (PMA) activates PKC pathway, leading to increased STAR phosphorylation and expression, and progesterone synthesis (Manna et al., 2009). Protein kinase D (PKD) also promotes STAR expression since overexpression of constitutively active PKD mutant results in upregulated STAR mRNA expression (Olala et al., 2014). Both PKC and PKD effects on STAR expression are dependent on CREB (Manna et al., 2009; Olala et al., 2014).

ANG II has also been shown to increase the local concentration of cholesterol by promoting the uptake of lipoprotein cholesterol ester, increasing local mitochondrial cholesterol concentration, and activating cholesterol ester hydrolase (CEH; Cherradi et al., 2001, 2003). PKC is considered as an important factor in these effects because PMA-activated PKC pathway mimics ANG II-induced production of aldosterone, high-density lipoprotein receptor scavenger receptor class B type I, and the low-density lipoprotein receptor in the human NCI-H295R adrenocortical cell line (Pilon et al., 2003). PKC and Ca2+ activate nonreceptor Src kinase resulting in transactivation of epidermal growth factor receptor (EGFR) and activation of p42/p44 mitogen-activating protein kinase (MAPK) pathway (Hodges et al., 2007). ANG II stimulation activates p42/p44 MAPK in GC (Cherradi et al., 2003). P42/p44 likely phosphorylates CEH thereby increasing the concentration of cholesterol available for aldosterone synthesis. This process may be crucial, as the phosphorylation of CEH and production of pregnenolone are reduced upon p42/p44 inhibition (Cherradi et al., 2003).

Alteration in various aspects of ANG II signaling pathways has been implicated in APA. Patients with APA and idiopathic adrenal hyperplasia (IAH) have elevated serum AT1 autoantibodies, levels of which correlate with mean arterial pressure of the patients (Rossitto et al., 2013; Li et al., 2015). High levels of aldosterone production in APA seem to be the consequence of elevated serum autoantibodies. Human adrenocortical carcinoma cells incubated with IgG isolated from APA patient’s serum-stimulated aldosterone production and CYP11B2 expression (Piazza et al., 2019). Somatic mutations in G protein are also associated with APA. The gain of function mutation in GNA11, a gene coding the α subunit of the G protein, and its close homologue GNAQ have been identified in patients with APA. However, these mutations seem to be clinically silent without a codriver mutation in CTNNB1, a gene encoding catenin β1 (Zhou et al., 2021). The importance of aberrant activation of Wnt/β-catenin signaling pathways in APA is well characterized (Wang et al., 2017). An Increase in Ca2+ signaling also seems to play an important role in APA. Compared to the normal adrenal glands, APAs express higher levels of CaMKI and show increased CREB phosphorylation (Sackmann et al., 2011). Somatic mutations in CACNA1D, a gene encoding voltage-dependent, L type alpha 1D subunit, have been identified in APA (Azizan et al., 2013; Scholl et al., 2013). One of T-type Ca2+ channels, CaV3.2, is upregulated in APA and correlated with plasma aldosterone levels and CYP11B2 expression (Felizola et al., 2014). Additionally, mutations in CACNA1H, a gene encoding the α subunit of CaV3.2 have been identified in APA and could be the cause of early-onset hypertension with primary aldosteronism (Scholl et al., 2015; Nanba et al., 2020). These mutations are thought to cause elevated Ca2+ influx, resulting in increased aldosterone synthesis (Reimer et al., 2016).



K+

It is well known that extracellular K+ concentration regulates ADS expression and aldosterone synthesis (Tremblay and LeHoux, 1993). Adrenal cortex and GC express potassium channel subfamily K members 3 and 9 (KCNSK3/9, also called TASK 1/3), which play a pivotal role in this process. These “leak” channels maintain a negative resting membrane potential by producing a background K+ conductance (Quinn et al., 1987). However, increase in extracellular K+ concentration or activation of GPCR inhibits these channels causing depolarization of the membrane leading to an influx of extracellular Ca2+ through L and T type Ca2+ channels (Lymangrover et al., 1982; Kanazirska et al., 1992; Varnai et al., 1995, 1998; Horvath et al., 1998; Bandulik et al., 2010). Consistently, inhibition of calcium in GC abolishes not only the effect of potassium but also the effect of ANG II (Rossier et al., 1998; Uebele et al., 2004). Interestingly, knockout of TASK 1 disrupted the functional zonation in the adrenal cortex suggesting that K+ is a crucial factor in this process (Heitzmann et al., 2008). Effects of K+ are independent of ANG II as high K+ concentration was able to increase expression of ADS and the production of aldosterone in angiotensinogen knockout mice (Okubo et al., 1997). Thus, similar to ANG II, K+ increases aldosterone synthesis through Ca2+ mediated pathways described above.

Disruption in K+ transport in GC is implicated in multiple aldosterone-related diseases. The deletion of TASK 1 and 3 causes primary hyperaldosteronism (PH) and low-renin essential hypertension, respectively, due to constant depolarization of GC membrane in mice (Davies et al., 2008; Guagliardo et al., 2012). Mutations in another K+ channel, a homotetrameric inward rectifier potassium channel (KCNJ5), are associated with (APA) and PH (Ishihara et al., 2009; Choi et al., 2011; Monticone et al., 2012; Mulatero et al., 2012; Williams et al., 2015). These mutations increase aldosterone production due to altered channel selectivity leading to depolarization of the membrane (Scholl et al., 2012; Oki et al., 2012b). In fact, ANG II-mediated regulation of aldosterone synthesis can occur by downregulating the expression of KCNJ5 (Kanazirska et al., 1992). Overexpression of KCNJ5 blunts ANG II stimulatory effects on membrane potential, intracellular Ca2+, and expression of STAR and ADS (Oki et al., 2012a).



Adrenocorticotropic Hormone

ACTH is released by the anterior pituitary gland and binds ACTH receptor (ACTHR), a G protein-coupled receptor, on GC. Upon ligand binding ACTHR activates adenylate cyclase and cAMP, leading to activation of protein kinase A (PKA; Fridmanis et al., 2017). ACTH induces both acute and chronic stimulatory effects on aldosterone production. In vitro studies show that the acute effect occurs by the action of PKA, which phosphorylates STAR and increases its expression (Jo et al., 2005). Similarly to K+ and ANG II, ACTH also elevates intracellular Ca2+ levels through PKA-mediated phosphorylation of L-type Ca2+ channels (Sculptoreanu et al., 1993).

The chronic response is mediated through steroidogenic factor-1 (SF1), which negatively regulates the transcription of CYP11B2 and STAR in H295R and mouse Y1 cells (Gyles et al., 2001; Bassett et al., 2002). siRNA and shRNA-mediated silencing of SF1 drastically increased ADS expression and aldosterone production, while its overexpression elicited an opposite effect. Interestingly, these effects were observed in ANG II stimulated cells as well, suggesting that ANG II acts partially through regulating SF1 (Bassett et al., 2002; Ouyang et al., 2011). Moreover, SF1 deficient mice died shortly after birth and exhibited incomplete or absent development of adrenal glands and gonads, but showed normal expression of ADS in the placenta, which expressed both SF1 and ADS (Sadovsky et al., 1995) is phosphorylated on serine 203 by Erk1/2, resulting in its full activation (Hammer et al., 1999). The mechanism by which ACTH inhibits SF1 is not well understood. ACTH seems to have a biphasic effect on the activation of Erk1/2 and phosphorylation of SF1. Some reports show that ACTH induces Erk1/2 phosphorylation, which in turn phosphorylates SF1 abrogating its inhibitory effect on steroidogenesis (Hammer et al., 1999; Gyles et al., 2001; Le and Schimmer, 2001; Winnay and Hammer, 2006). On the other hand, ACTH-induced PKA activation led to de novo synthesis and activation of mitogen-activated protein kinase phosphatase 1 (MKP1), which dephosphorylated both SF1 and Erk1/2 (Bey et al., 2003; Sewer and Waterman, 2003; Winnay and Hammer, 2006). Both of these pathways seem to be important for aldosterone synthesis, as silencing of either Erk1/2 or MKP1 reduces steroidogenesis (Gyles et al., 2001; Sewer and Waterman, 2003).

While it is clear that ACTH induces aldosterone synthesis, this effect seems to be transient. At first ACTH increases aldosterone synthesis of GC cells; however, after continuous induction by ACTH, GC phenotype changes to that of zona fasciculata leading to a decrease in aldosterone synthesis (Crivello and Gill, 1983). In vivo findings are consistent with these results. Since ACTH is released in a pulsatile fashion in humans, Seely et al. (1989) investigated the effect of pulsatile and prolonged infusion of ACTH on aldosterone levels (Seely et al., 1989). Pulsatile infusion resulted in an increase and maintenance of aldosterone, while prolonged infusion led to sharp increase followed by a continuous decrease in aldosterone levels (Seely et al., 1989). These effects cannot be explained by sodium, potassium, angiotensin-II, or cortisol as their levels were the same in both groups, thus the mechanisms that govern these effects remain unknown. GC ADS mRNA levels were significantly increased and then dramatically decreased at 3 and 24 h after ACTH treatment in rats, respectively (Holland and Carr, 1993). Chronic infusion of ACTH for 2–3 weeks resulted in disappearance of GC and consequently a decrease in aldosterone production (Mitani et al., 1996). Similar transient effects of ACTH on aldosterone levels are seen in human male subjects (Fuchs-Hammoser et al., 1980).

Plasma renin and aldosterone follow a circadian rhythm because their levels fluctuated throughout the day, with their levels being highest in the mornings and lowest in the evenings in normal men (Cugini et al., 1981; Thosar et al., 2019). Similar results have been found in PA and essentially hypertensive patients (Kem et al., 1973; Lamarre-Cliche et al., 2005). Interestingly, plasma aldosterone circadian rhythm (PACR) may be under androgenic rather than renin control, as aldosterone acrophase precedes renin and is associated with cortisol (Stern et al., 1986). Early studies in rats and human males found that dexamethasone treatment, a drug that suppresses ACTH, abolishes normal PACR, suggesting that it is under ACTH control (Hilfenhaus, 1976; Takeda et al., 1984). Multiple regression analysis of aldosterone-stimulating factors at 3 hourly intervals confirmed PACR dependence on ACTH rather than renin or ANG II (Takeda et al., 1984). The role of ACTH in PACR has also been implicated in PA (Sonoyama et al., 2014).



Klotho, Leptin, Natriuretic Peptides, and Circadian Rhythm

Although ANG II, K+, and ACTH are thought to be the main stimulators of aldosterone production, there are other factors that can regulate this process, some of which are prominent in hypertensive conditions. Klotho protein (KL) is a single-pass transmembrane type 1 glycoprotein which has been regarded as an anti-aging molecule because as age increases serum KL levels decrease (Zhou et al., 2016). Low serum KL levels are associated with age-related disorders, such as coronary artery disease, atherosclerosis, myocardial infarction, and hypertension (Olejnik et al., 2018). Fischer et al. (2010) demonstrated the negative correlation between serum KL and aldosterone levels in mice. Hypomorphic KL (KL+/−) mice showed increased ACTH, antidiuretic hormone (ADH), and aldosterone levels compared to WT. Interestingly, Ca2+ deficient diet alleviated the symptoms of hyperaldosteronism in KL+/− (Fischer et al., 2010). Overexpression of KL reduces aldosterone production while impaired expression of KL increases aldosterone production (Zhou et al., 2016). KL half deficiency seems to produce these effects by increasing the expression of ADS (Zhou et al., 2016). Similarly, there was a positive correlation between serum aldosterone level and CKD stage and a negative correlation between serum KL and aldosterone levels in human CKD patients, suggesting that the effect of KL on aldosterone in humans is similar to mice (Qian et al., 2018). Nevertheless, it remains unclear how a decrease in KL abundance results in an increase in aldosterone synthesis. One possibility is that KL acts as a negative regulator of aldosterone biosynthesis. This hypothesis can be tested in vitro. Reduced expression of key genes involved in aldosterone synthesis (such as ADS and STAR) as well as aldosterone levels in GC lines treated with KL would support this hypothesis.

Obesity is a well-known cause of hypertension and is characterized by high aldosterone levels (Goodfriend et al., 1998; Kurukulasuriya et al., 2011). One possibility is that adipocytes affect aldosterone production since they are active endocrine tissues (Ronti et al., 2006). Indeed, Ehrhart-Bornstein et al. (2003) showed that isolated adipocyte secretory products could dramatically increase aldosterone production independent of ANG II in adrenocortical cells (NCI-H295R; Ehrhart-Bornstein et al., 2003). 2,13-epoxy-9-keto-10 (trans)-octadecenoic acid (EKODE) has also been shown to increase aldosterone production in a GC line. EKODE is produced by the oxidation of linoleic acid by hepatocytes. Incubation of adrenal cells with EKODE increased aldosterone production independently of ANG II. Interestingly, adult humans have a positive correlation with blood EKODE and aldosterone levels (Goodfriend et al., 2004). However, EKODE is unlikely the molecule responsible for the effect seen by Ehrhart-Bornstein et al. (2003), as adipocyte secretory products were not oxidized by hepatocytes. A subsequent study showed that adipocyte-derived factors from SHR/cp rats (model of metabolic syndrome with hypertension) stimulate aldosterone production by increasing ADS expression and STAR activation despite ANG II receptor inhibition. Adipocyte-derived factors from normal rats failed to replicate these results (Nagase et al., 2006). These effects might be mediated by leptin, which is a protein hormone secreted by adipocytes and is abnormally high in obese individuals (Martinez-Rumayor et al., 2008; Huby et al., 2015). These in vitro studies have been validated and extended by in vivo investigations. For example, leptin infusion increased expression of ADS and serum aldosterone in a dose-dependent manner in mice with no effect on ANG II, K+, and corticosterone levels (Belin de Chantemele et al., 2011; Huby et al., 2015). Huby et al. (2015) concluded that “leptin is a new regulatory factor of aldosterone secretion that acts directly in the adrenal cortex to promote ADS expression and aldosterone production” (Huby et al., 2015). The leptin stimulatory effect on ADS and aldosterone was not abolished upon administration of ANG II or β adrenergic receptor inhibitors in mice, further supporting the notion of leptin as a novel effector of aldosterone production (Huby et al., 2015). Leptin achieves these effects possibly through CaMK II, as leptin increased intracellular Ca2+ concentration and elevated expression calmodulin and CaMK II (Huby et al., 2015). Agreeably administration of leptin receptor antagonism abrogated leptin-mediated aldosterone secretion and lowered blood pressure in mice (Huby et al., 2016). These studies carry crucial importance as hypertension in the obese population is a devastating health issue (Kurukulasuriya et al., 2011).

Natriuretic peptides (NPs), cardiovascular peptides mostly secreted by the heart, play a role in vasodilation and fluid homeostasis. NPs have autocrine and paracrine signaling abilities and can function as endocrine components (Martinez-Rumayor et al., 2008). Due to their role in blood pressure, they have been hypothesized to regulate aldosterone secretion. Indeed, peptides in heart’s crude extracts were able to inhibit aldosterone production by GC even upon ANG II and ACTH stimulation (Atarashi et al., 1984). Consequent studies confirmed these results in vivo and showed that atrial NPs dampen aldosterone response to ANG II in rats (Chartier et al., 1984; Atarashi et al., 1985). Similar effects were seen in human males. Administration of ANG II or ACTH alone raised blood pressure and plasma aldosterone levels. Simultaneous infusion of low levels of atrial NPs along with either ACTH or ANG II produced no significant change in blood pressure or aldosterone levels (Anderson et al., 1986; Weidmann et al., 1986; Cuneo et al., 1987). Another way by which NPs regulate blood pressure is by affecting renal filtration and renin release. Isolated rabbit afferent arterioles and suspended JGC exposed to NPs showed drastic decrease in renin secretion (Itoh et al., 1987; Takagi et al., 1988). In vivo studies in dogs are consistent with these results as atrial NP infusion increased renal flow, glomerular filtration rate, sodium and potassium excretion and reduced blood pressure and renin production (Burnett et al., 1984; Maack et al., 1984). These results suggest that RAS and NPs may act as endogenous antagonists.

Circadian clock controls many physiological functions, such as blood pressure, immune response, and metabolism, potentially through four “circadian clock” proteins: period 1–3 (Per 1–3), Bmal1, Clock cryptochrome 1–2, and Clock (Eckel-Mahan and Sassone-Corsi, 2009; Agarwal, 2010; Bollinger et al., 2010; Dibner et al., 2010). Per1 regulates expression of αENaC in both aldosterone-dependent and-independent manners (Gumz et al., 2009, 2010a; Richards et al., 2013). It also coordinately regulates the expression of other genes involved in renal Na+ reabsorption. These include Per1-mediated upregulation of Na+-K+-ATPase through Fxyd5 and downregulation of endothelin 1, which is a potential inhibitor of ENaC (Lubarski et al., 2005; Bugaj et al., 2008). Per-1 not only controls downstream targets of aldosterone, but also the plasma levels of aldosterone itself. This is supported by the findings in Per-1 knockout mice. Ablation of Per1 in mice led to decreased aldosterone and 3β-dehydrogenase isomerase levels (Richards et al., 2013). Interestingly, male mice appear to be more susceptible to adverse phenotypes of Per-1 KO than female mice. Treatment of Per-1 KO mice maintained on high salt diet with desoxycorticosterone pivalate (DOCP), an aldosterone analog, lead to increased mean arterial pressure and loss of normal circadian blood pressure (Solocinski et al., 2017). These effects are not observed in female Per-1 KO mice with similar treatments (Douma et al., 2019). This difference can be explained by endothelin 1. Male mice under high salt diet and DOCP treatment had decreased night/day ratio of urinary ET-1 and different ET-1 and ET-1 receptor gene expression compared to female mice (Douma et al., 2020).




MECHANISMS OF ALDOSTERONE ACTION

Upon binding to aldosterone, MR undergoes conformational changes, leading to dissociation from chaperone proteins, dimerization, and translocation to the nucleus, where it binds to the responsive elements in the promoter regions of target genes to regulate transcription. These changes in gene expression play a major role in the regulation of blood pressure, which is accomplished through the control of sodium reabsorption by regulating either transcription or the activity of the ENaC.


Epithelial Sodium Channel

Epithelial sodium channel is a highly selective Na+ channel that is expressed on the apical membrane of various epithelial tissues, such as ASDN, colon, lungs, and sweat glands. ENaC is specific to Na+ over other ions, such as K+ and highly sensitive to diuretic amiloride. In the kidney, ENaC is exclusively expressed by principal cells where it reabsorbs Na+ from the filtrate. Na+ is then transported into the bloodstream by Na+/K+ ATPase located on the basolateral side leading to an increase in extracellular fluid volume and subsequently an increase in blood pressure (Pan and Young, 1982; Garty and Palmer, 1997).

Epithelial sodium channel is comprised of three subunits: α, β, and ϒ (Canessa et al., 1994). Although all three subunits are required for full functionality, the stoichiometric ratio of the subunits is still unclear. Originally it was thought that ENaC forms a tetramer with 2α, 1β, and 1ϒ subunits (Firsov et al., 1998; Dijkink et al., 2002; Anantharam and Palmer, 2007), but recent evidence suggests a 1:1:1 stoichiometric ratio (Staruschenko et al., 2005; Kashlan and Kleyman, 2011; Noreng et al., 2018). Each subunit spans the PM twice with both the COOH and NH2 termini oriented toward the cytoplasm (Noreng et al., 2018). The COOH terminus of each subunit contains a PY domain that plays a crucial role in ENaC regulation. Deletions or mutations of this domain causes Liddle syndrome, a hereditary disease characterized by abnormally high ENaC activity and expression to the PM leading to hypertension (Firsov et al., 1996; Staub et al., 1996). For example, truncation or frameshift mutations in the COOH terminus of the βENaC were identified in subjects with Liddle syndrome (Shimkets et al., 1994) In contrast, mutations of the conserved glycine residues in the NH2 terminus result in pseudohypoaldosteronism type 1 (PHA I), a life-threatening disease characterized by salt wasting, hyperkalemia, and metabolic acidosis (Chang et al., 1996).

Since ENaC dysfunction can be fatal, ENaC activity is tightly regulated. ENaC is primarily regulated by controlling its presence in the PM. ENaC is delivered to the PM through clathrin-mediated exocytosis and is removed from the PM through ubiquitylation. However, Na+ transport is also regulated through proteolytic cleavage of ENaC (Rossier and Stutts, 2009). Multiple proteases have been shown to increase activity of ENaC including serine, cysteine, furin, and alkaline proteases (Chraibi et al., 1998; Hughey et al., 2004; Butterworth et al., 2012; Haerteis et al., 2012). Increase in activity of ENaC by proteolytic cleavage is achieved by releasing a 43-amino acid inhibitory domain of γ-subunit (Zachar et al., 2015). For a more comprehensive review please refer to (Kleyman and Eaton, 2020).



Serum Glucocorticoid-Induced Kinase 1

One of the keyways by which aldosterone regulates ENaC is through a serine/threonine serum glucocorticoid-induced kinase 1 (SGK1). SGK1 expression was increased 60 min post-injection of physiological dose of aldosterone (Chen et al., 1999; Bhargava et al., 2001). Although the levels of SGK1 rise in the presence of aldosterone, it must be phosphorylated at Thr256 and Ser422 by pyruvate dehydrogenase kinase 1 (PDK1) to be fully active (Park et al., 1999). Phosphorylation of a third highly conserved residue (Ser397) also increased SGK1 activity (Chen et al., 2009). mTORC2 was also identified as a kinase for SGK1 and is required for ENaC activation (Lu et al., 2010).

Neural precursor cell expressed developmentally downregulated gene 4 (Nedd4-2) is a ubiquitin ligase that plays a crucial role in regulating ENaC (Figure 4). As mentioned above, the main mechanism by which the cell regulates Na+ transport is by controlling the number of channels in the PM. In the absence of aldosterone, Nedd4-2 decreases this number by ubiquitinylating the PY motif of all three ENaC subunits and signaling the complex for degradation (Zhou et al., 2007). This mechanism is thought to be responsible for the development of Liddle syndrome, as the mutations of the PY motif prevent ubiquitination and lead to an increased number of ENaC in the PM (Rotin, 2008). In the presence of aldosterone, SGK1 phosphorylates Nedd4-2, impairing Nedd4-2 binding to ENaC, and instead increasing its affinity for 14–3–3 (Debonneville et al., 2001; Bhalla et al., 2005). Alongside SGK1, a deubiquitylating enzyme Usp2-45 also seems to be an important regulator of ENaC. Usp2-45 is upregulated upon aldosterone induction and de-ubiquitinates ENaC leading to higher cell surface expression of the channel (Fakitsas et al., 2007; Verrey et al., 2008).
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FIGURE 4. Aldosterone regulates epithelial sodium channel (ENaC) activity and degradation. Aldosterone-bound MR translocates to the nucleus and induces transcription of USP 2-45, SGK1, and GILZ. SGK1 phosphorylates WNK4 and dampens its inhibitory action on ENaC activity. Nedd4-2 ubiquitinates ENaC and signals it for proteasomal degradation. Wnk4 is targeted to proteasomal degradation by KLHL3-Cul3 ubiquitin ligase. SGK1 inhibits this process by phosphorylating Nedd4-2 reducing its affinity to ENaC. USP2-45 removes UB from ENaC preventing its degradation. SGK1 requires phosphorylation events in order to achieve full activity, which is accomplished by PDK1, Wnk1, and mTORC. In the absence of aldosterone, SGK1 is subject to ERAD. However, in the presence of aldosterone GILZ inhibits this process increasing the stability of SGK1. MR, mineralocorticoid receptor; SGK1, serum glucocorticoid-induced kinase 1; GILZ, glucocorticoid-induced leucine zipper 1; Nedd4-2, Neural precursor cell expressed developmentally downregulated gene 4; ENaC, epithelial sodium channel; UB, ubiquitin; PDK1, pyruvate dehydrogenase kinase; ERAD, endoplasmic reticulum-associated degradation.


WNK4 is a serine/threonine kinase, mutations of which have been identified as a potential cause for PHA II (Wilson et al., 2001; Lopez-Cayuqueo et al., 2018). The underlying mechanism behind this disease may be explained by a negative regulation of ENaC through WNK4 (Figure 4). Both in vivo and in vitro studies have shown a significant reduction of ENaC surface expression upon interacting with WNK4 (Ring et al., 2007a). ENaC-WNK4 interaction requires an intact COOH terminus of β and ϒ subunits but not the PY motif, differing from ENaC-Nedd4-2 interaction requiring the PY motif. In the presence of aldosterone, SGK1 phosphorylates WNK4 and abrogates its negative regulation of ENaC (Ring et al., 2007a,b; Yu et al., 2013). The clinical relevance of ENaC-WNK4 interaction is illustrated by PHA II-associated R1185C mutation of WNK4, which decreases WNK4’s inhibitory effect on ENaC by enhancing SGK1-mediated phosphorylation of WNK4 at S1217 (Na et al., 2013). Aldosterone also increases the expression of kidney-specific WNK1 (kinase-deficient variant), which consequently increases transepithelial Na+ transport in cortical collecting duct cells potentially through regulation of ENaC (Naray-Fejes-Toth et al., 2004). WNK1 appears to increase ENaC surface expression by activating SGK1 through a non-catalytic mechanism (Xu et al., 2005a,b). This appears to be dependent on phosphatidylinositol 3-kinase, as its inhibition abrogates this effect (Xu et al., 2005b). Both WNK4 and WNK1 are implicated in PHA II (Wilson et al., 2001). Two other genes, KLHL3 and CUL3, encoding kelch-like 3 (Kelch) and cullin 3 (cul3) proteins, respectively, may explain the mechanism by which WNK4 and WNK1 cause PHA II. Cul3 is an integral member of cul3-RING ubiquitin ligase, an E3 ubiquitin ligase. It forms a scaffold for the RING finger protein and ubiquitin conjugating enzyme E2 (Genschik et al., 2013). Kelch is an adaptor protein that connects cul3-RING ubiquitin ligase to its targets (Ji and Prive, 2013). Mutations in KLHL3 and CUL3 have been implicated in PHA II and appear to cause hypertension and electrolyte disbalance (Boyden et al., 2012; Louis-Dit-Picard et al., 2012). One mechanism by which these mutations cause PHA II is through Wnk1 and Wnk4, as both of these proteins are targets of Cul3-RING ubiquitin ligase (Ohta et al., 2013; Shibata et al., 2013b). PHA II causing mutations in KLHL3 decreases Wnk4 binding to Cul3-RING ubiquitin ligase, decreasing WNK4 degradation and increasing its levels resulting in hypertension (Mori et al., 2013; Wakabayashi et al., 2013; Wu and Peng, 2013; Susa et al., 2014).

SGK1 is expressed in many tissues, but it has a short half-life under basal conditions (Brickley et al., 2002). Upon aldosterone stimulation, A6 cells dramatically increased SGK1 expression (Chen et al., 1999). SGK1 contains a short hydrophobic motif that targets the protein to the ER where it is degraded by ER-associated degradation (ERAD). The deletion of this motif redistributes the protein into the cytoplasm and increases its half-life (Brickley et al., 2002; Arteaga et al., 2006; Belova et al., 2006; Bogusz et al., 2006). In the presence of aldosterone, this negative regulation of SGK1 is abrogated due to the action of glucocorticoid-induced leucine zipper 1 (GILZ1), the levels of which rise in the presence of the steroid hormone (Soundararajan et al., 2005). GILZ1 reduces ER localization of SGK1 and recruits it to ENaC leading to significantly lower ERAD of SGK1 and higher levels of Na+ transport (Soundararajan et al., 2010; Rashmi et al., 2017).



Dot1a

In addition to controls of proteolytic cleavage and subcellular localization, ENaC is also regulated at the transcriptional level via the disruptor of telomeric silencing 1 (Dot1), a histone H3 K79 methyltransferase. Dot1 can mono, di or tri- methylate H3 K79 leading to a wide range of epigenetic control of gene expression. Dot1 is implicated in complex cellular processes, such as cell cycle regulation, cell proliferation, DNA replication, apoptosis, telomeric silencing, and blood pressure control. Dot1 has at least five isoforms (a–e) created by alternative splicing, out of which Dot1a is the most prominent in mouse kidneys (Nguyen and Zhang, 2011). Deletion of Dot1 specifically in the connecting tubules and collecting ducts facilitated development of kidney fibrosis and reduced kidney function under three experimental settings (streptozotocin-induced diabetes, during normal aging, and after unilateral ureteral obstruction) in mice (Zhang et al., 2020).

Dot1a interacts with Af9, a putative transcription factor. Under basal conditions, Dot1a-Af9 complex binds to the specific regions of αENaC, where it promotes H3 K79 methylation associated with promoter and represses αENaC transcription (Zhang et al., 2007). Aldosterone downregulates Dot1a and Af9 expression and impairs Dot1a-Af9 interaction by SGK1-mediated Af9 phosphorylation. Consequently, the abundance of Dot1a-Af9 complex at the αENaC is reduced, leading to histone H3 K79 hypomethylation and derepression of αENaC (Zhang et al., 2007). Dot1a-Af9 complex is also negatively regulated under the basal condition through Af17, another Dot1a binding partner. Af17 competes with Af9 for binding Dot1a and facilitates Dot1a nuclear export into the cytoplasm for possible degradation, resulting in relief of Dot1a-Af9-mediated repression and an increase in αENaC expression (Figure 5; Reisenauer et al., 2009; Wu et al., 2011). Analyses of Af17−/− mice illustrated the significance of Dot1a-Af9-Af17 complexes in Na+ and blood pressure handing (Chen et al., 2011). Af17−/− vs. WT mice had elevated histone H3 K79 methylation at the αENaC promoter and reduced ENaC function. The impaired ENaC function stemmed from reduced ENaC expression at both mRNA and protein levels, fewer active channels, lower open probability, and decreased effective activity. As a result, Af17−/− vs. WT mice displayed lower blood pressure, higher urine volume, and more sodium excretion in spite of mildly increased plasma concentrations of aldosterone. Af17 deficiency with respect to sodium handling and blood pressure, however, was completely compensated by high levels of plasma aldosterone induced by multiple methods (Chen et al., 2011). Hence, Af17 is considered as a potential locus for the maintenance of sodium and BP homeostasis and H3K79 methylation is directly linked to these processes. The potential genetic–epigenetic interplay of DOT1-AF9-AF17 in human blood pressure control was well-reviewed (Zhang et al., 2013).
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FIGURE 5. Epigenetic control of αENaC transcription. Under basal conditions (A), Af9 recruits Dot1a to form a nuclear complex, which indirectly or directly through Af9 DNA-binding activity binds specific sites of the αENaC promoter, leading to hypermethylation of histone H3 K79 and repression of αENaC transcription. Af17 relieves the repression by competing with Af9 for binding Dot1a and promoting Dot1a redistribution from the nucleus to cytoplasm. In the presence of aldosterone (B), αENaC transcription is induced by a variety of mechanisms. Through the classical action, aldosterone binds and activates the mineralocorticoid receptor to bind the glucocorticoid response element in the αENaC promoter and transactivate αENaC. In parallel, aldosterone releases Dot1a–Af9-mediated repression by reducing the formation of the complex through three mechanisms: downregulating Dot1a and Af9 expression presumably via nuclear receptor-dependent or -independent (not shown) mechanisms, decreasing the Dot1a–Af9 interaction via SGK1-mediated phosphorylation of Af9 at Ser435, and counterbalancing Dot1a–Af9 complex by activating MR to compete for binding Af9. These actions collectively result in histone H3 K79 hypomethylation at specific subregions of the αENaC promoter. In all cases, Af9-free Dot1a binds DNA nonspecifically and catalyzes histone H3 K79 methylation throughout the genome under basal conditions (not shown). Revised from Chen et al. (2015). Dot1a: disruptor of telomeric silencing 1a. Meth: methylation. αENaC: α epithelial sodium channel. NR: nuclear hormone receptor. SGK1: serum glucocorticoid-induced kinase 1.





DISCUSSION

Aldosterone is a vital steroid hormone produced by the adrenal glands that regulates blood pressure by affecting electrolyte and fluid balance. Aldosterone is synthesized from cholesterol in the mitochondria and SER of GC upon decreased blood pressure, although some reports suggest that heart tissue is also capable of aldosterone secretion. Lowered blood pressure results in activation of ANG II. ANG II binds its receptor on GC, resulting in the production of IP3 and DAG. IP3 and DAG raise intracellular Ca2+ concentration and activate PKC and p42/p44 MAPK pathway, respectively. Ca2+ activates CaMK, which stimulates the expression of ADS. PKC and p42/p44 are involved in the activation of STAR and CEH increasing the rate of aldosterone production. High extracellular K+ concentration also stimulates aldosterone synthesis. At physiological serum K+ levels, K+ moves out of the GC through TASK 1 and three maintaining negative membrane potential. However, in the presence of ANG II or high extracellular K+ concentration, TASK 1 and 3 are inhibited which causes depolarization of the cell leading to the entry of extracellular Ca2+. These initiate similar signaling pathways as ANG II leading to aldosterone synthesis. ACTH has both acute and chronic effects on aldosterone synthesis. It activates PKA, which phosphorylates STAR and activates it. ACTH transiently stimulates aldosterone production by increasing intracellular Ca2+ levels. ACTH is thought to mediate ADS expression by affecting the activity of SF1; however, the mechanism is not fully understood. Aldosterone secretion is regulated by other, nontraditional factors, such as KL, leptin, natriuretic peptides, and circadian clock. KL is a protein that is associated with aging as its levels decrease with age and inversely correlates with age-related disorders. Studies in mice show that deficiency in KL stimulates aldosterone production by the adrenal gland in an ANG II-independent manner. Clinical studies in CKD patients confirm the negative correlation between KL and ANG II serum levels. Leptin is a hormone produced by adipocytes and its plasma leptin levels are high in obese patients. Leptin binds to the leptin receptor on GC and stimulates the secretion of aldosterone by activating CaMK pathway. Hypertension in obese individuals is often independent of ANG II, K+, and ACTH concentrations. Since leptin increases aldosterone production despite inhibition of ANG II and ACTH receptors, it can explain the phenomenon seen in obese individuals. Natriuretic peptides are thought to be endogenous antagonists to RAS as their administration decreases aldosterone production despite ANG II or ACTH stimulation. Aldosterone levels tend to rise in the morning and fall in the evening, suggesting the role of PACR. One of core circadian clock proteins, Per-1 has been shown to regulate not only Na+ transport in ASDN, but also plasma aldosterone levels.

Aldosterone stimulates Na+ transport by regulating the expression and activity of ENaC. Aldosterone stimulates the expression and stability of SGK1, which directly and indirectly increases the expression and activity of ENaC. SGK1 phosphorylates Nedd4-2, a ubiquitin ligase that ubiquitinates a PY motif of ENaC and targets it for degradation. Upon phosphorylation by SGK1, Nedd4-2 loses its affinity to ENaC thereby increasing the number of channels in the PM. SGK1 also phosphorylates WNK4, a negative regulator of ENaC activity. Upon phosphorylation by SGK1, WNK4 weakens its interaction with ENaC. SGK1 itself is expressed in many tissues but is immediately targeted for degradation by ERAD. Aldosterone prevents its degradation by increasing the expression of GILZ, which reduces ER localization of SGK1 and directs it to ENaC. Dot1a-Af9-Af17-mediated epigenetic control of ENaC and Na+ handling is regulated in aldosterone-dependent and -independent manners. The former involves reduction of Dot1a-Af9 complex formation through aldosterone-induced downregulation of Dot1a and Af9 and SGK1-mediated Af9 phosphorylation. The latter is achieved by competitive protein–protein interactions between Dot1a-Af9 and Dot1a-Af17.
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ACE, Angiotensin-converting enzyme; ACTH, Adrenocorticotropic hormone; ACTHR, Adrenocorticotrophic hormone receptor; ADH, Antidiuretic hormone; ADS, Aldosterone synthase; ANG II, Angiotensin II; APA, Aldosterone-producing adenomas; ASDN, Aldosterone-sensitive distal nephron; AT1, Angiotensin receptor type I; CaMK, Ca2+/Calmodulin-dependent protein kinase; CEH, Cholesterol ester hydrolase; CKD, Chronic kidney disease; CREB, cAMP-response binding element-binding protein; Cul3, Cullin 3; CYP21-21, Hydroxylase; DAG, Diacylglycerol; DOCP, Desoxycorticosterone pivalate; Dot1, Disruptor of telomeric silencing 1; EGFR, Epidermal growth factor receptor; EKODE, 2,13-epoxy-9-keto-10(trans)-octadecenoic acid; ENaC, Epithelial sodium channel; ERAD, Endoplasmic reticulum-associated degradation; ET-1, Endothelin 1; GC, Glomerulosa cell; GPCR, G protein-coupled receptor; HSB3D-3β, Hydroxysteroid dehydrogenase; ICL, Intercalated cells; IHC, Immunohistochemistry; IP3, Inositol 1,4,5 triphosphate; JGC, Juxtaglomerular cells; KCNJ5, Inward rectifier potassium channel; KCNSK3/9, Potassium channel subfamily K members 3 and 9; KL, Klotho protein; Kelch3, Kelch-like 3; MAPK, Mitogen activating protein kinase; MR, Mineralocorticoid receptor; Nedd4-2, Neural precursor cell expressed developmentally downregulated gene 4; PC, Principal cells; PDK1, Pyruvate dehydrogenase kinase 1; PH, Primary hyperaldosteronism; PHA, Pseudohypoaldosteronism type 1; PIP2, Phosphatidylinositol 4,5-bisphosphate; PKA, Protein kinase A; PKC, Protein kinase C; PKD, Protein kinase D; PM, Plasma membrane; PMA, Phorbol 12-myrstate 13-acetate; PLC, Phospholipase C; P450scc, Cholesterol side-chain cleavage enzyme; RAS, Renin angiotensin system; RT-PCR, Reverse transcription-polymerase chain reaction; SER, Smooth endoplasmic reticulum; SF1, Steroidogenic factor 1; StaR, Steroid acute regulatory protein; Tom22, Mitochondrial translocase receptor; WNK, With no lysine kinase; 11DCS-11, Deoxycorticosterone; 11β-OHSD2-11, β-hydroxysteroid dehydrogenase type-2.
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Phosphate (Pi) is one of the basic necessities required for sustenance of life and its metabolism largely relies on excretory function of the kidney, a process chiefly under the endocrine control of bone-derived fibroblast growth factor 23 (FGF23). However, knowledge gap exists in understanding the regulatory loop responsible for eliciting phophaturic response to Pi treatment. Here, we reported a novel role of (pro)renin receptor (PRR) in mediating phosphaturic response to Pi treatment via upregulation of FGF23 production. Male Sprague-Dawley rats were pretreated for 5 days via osmotic pump-driven infusion of a PRR antagonist PRO20 or vehicle, and then treated with high Pi (HP) solution as drinking fluid for the last 24 h. PRO20 reduced HP-induced Pi excretion by 42%, accompanied by blunted upregulation of circulating FGF23 and parathyroid hormone (PTH) and downregulation of renal Na/Pi-IIa expression. In cultured osteoblast cells, exposure to HP induced a 1.56-fold increase in FGF23 expression, which was blunted by PRO20 or siRNA against PRR. Together, these results suggest that activation of PRR promotes phosphaturic response through stimulation of FGF23 production and subsequent downregulation of renal Na/Pi-IIa expression.

Keywords: (pro)renin receptor, fibroblast growth factor 23, phosphate homeostasis, Na+-dependent Pi transporter, parathyroid hormone


INTRODUCTION

Phosphate (Pi) is an essential nutrient and component of the human body. Adequate phosphate balance is essential for the maintenance of fundamental cellular functions of the mammalian system, ranging from energy metabolism to mineral ion metabolism (Gaasbeek and Meinders, 2005). The kidney plays a pivotal role in maintenance of Pi homeostasis by adjustment of reabsorption and excretion (Shimada et al., 2004a; Urakawa et al., 2006). In the kidney, most of the filtered Pi is reabsorbed across the proximal tubule cells (Katai et al., 1999Giral et al., 2009). Evidence from physiological studies suggests that Na+-dependent Pi transporters in the brush-border membrane (BBM) of proximal tubular cells mediate the rate-limiting step in the overall Pi-reabsorptive process (Murer et al., 2000, 2003). An alteration of proximal tubular reabsorption of Pi in kidney was thought to depend on the abundance of NaPi-lla (Npt2a) or NaPi-llc (Npt2c) proteins residing in the BBM (Biber and Murer, 1994; Busch et al., 1994; Shirazi-Beechey et al., 1996). Na+- Pi cotransporter knock out mouse demonstrated that NaPi-lla was responsible for approximately 70% of BBM Na/Pi cotransport activity (Beck et al., 1998; Murer et al., 2004).

Renal handling of Pi is tightly regulated by endocrine hormones, particularly fibroblast growth factor 23 (FGF23), vitamin D3, and PTH (Pfister et al., 1998; Shimada et al., 2004a; Liu et al., 2006; Farrow et al., 2009; Gattineni et al., 2009; Guo et al., 2013). Among these, FGF23 is a bone-derived hormone secreted by osteoblasts and osteocytes in response to increased Pi concentration as well as vitamin D (Saito et al., 2005; Antoniucci et al., 2006; Perwad et al., 2007). FGF23 acts on the distal convoluted tubule that may trigger a cascade that reduces proximal tubular Pi reabsorption (Farrow et al., 2009). Studies in animal models have shown that increased serum concentrations of FGF23 lead to renal Pi wasting through downregulation of Npt2a and Npt2c in the proximal tubule (PT) apical membrane (Larsson et al., 2004; Shimada et al., 2004b).

(Pro)renin receptor (PRR) is a member of the renin-angiotensin system (RAS) (Nguyen et al., 2002) and generally thought to serve as a specific receptor for both prorenin and renin. PRR is composed of a large N-terminal extracellular domain, a single transmembrane domain, and a short cytoplasmic domain (Burckle and Bader, 2006). The full length PRR (fPRR) is cleaved by site-1 protease (S1P) to generate N-terminal soluble PRR (sPRR) and the C-terminal membrane-bound M8-9 fragment (Nakagawa et al., 2017). Increasing evidence has demonstrated that PRR-mediated activation of the intrarenal RAS plays an essential role in renal handling of Na+ and water balance (Gonzalez and Prieto, 2015; Lu et al., 2016a,b; Quadri and Siragy, 2016; Peng et al., 2017; Prieto et al., 2017). Activation PRR triggers multiple signaling transduction pathways such as β-catenin signaling and thus can act in a RAS-independent manner (Kouchi et al., 2017; Li et al., 2017; Gao et al., 2020). So far, there is no prior research to address a potential role of PRR in regulation of Pi homeostasis. The overall goal of the present study was to test the role of PRR in phosphaturic response to HP treatment and further to address the underlying mechanism.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley rats (220–270 g) were purchased from the Medical Experimental Animal Center at Sun Yat-sen University. All animal protocols were conformed to the Experimental Animal Management Regulations of Sun Yat-sen University. Rats were acclimated in metabolic cages for 3 days prior to the start of the study. Rats were randomly divided into three experimental groups (N = 5 per group): (1) control group, (2) HP group, or (3) HP + PRO20 group. Animals in HP and HP + PRO20 groups drank high phosphate fluid (5 × phosphate buffered saline, pH 7.4, [Pi] = 50 mM) for 24 h (Ide et al., 2016) and the control group drank tap water. Five days prior to HP treatment, osmotic minipump (2001, Alzet, United States) was implanted to deliver vehicle or PRO20 at 700 μg/kg/d as previously described (Wang et al., 2016, 2020). Twenty four-hour urine was collected using metabolic cages.



Plasma and Urine Parameters

Plasma and urine creatinine was determined by the QuantiChrom™ Creatinine Assay Kit (DICT-500, BioAssay Syatems, United States). Plasma and urine sodium, potassium and chlorine levels were determined by the Sodium, Potassium and Chlorine Assay Kit, respectively (Nanjing Jiancheng Bioengineering Institute, China). Plasma and urine phosphorus and calcium levels were determined by the Micro Blood Phosphorus and Calcium Concentration Assay Kit, respectively (Solarbio life sciences, China). Plasma and urine soluble PRR (sPRR) levels were determined by the ELISA kit (27782, IBL, Japan). Plasma FGF23, PTH and 1,25(OH)2D3 concentrations were assayed using the ELISA kits (Cloud-Clone Corp., China). All of these ELISA assays were performed according to the manufacturer’s protocols.



Isolation of Renal Brush-Border Membranes

Renal BBMs were isolated by double magnesium chloride (MgCl2) precipitation as previously described (Gattineni et al., 2009) with minor modifications. After removal of the renal capsule, the renal cortex was isolated and homogenized in 2 ml of cold 2 × homogenization buffer (12 mM Tris pH 7.4, 300 mM mannitol, 5 mM EGTA). MgCl2 was added to a final concentration of 12 mM and samples were incubated on ice for 15 min with occasional mixing. Then the aggregated membranes were removed by 15-min centrifugation at 3,000 g and 4°C, and the supernatant was then centrifuged for 30 min at 40,000 g and 4°C. The pellet was resuspended in 1 ml of 1 × cold homogenization buffer supplemented with 12 mM MgCl2. After a second incubation and 15-min centrifugation at 3,000 g and 4°C and the supernatant was recovered and centrifuged at 40,000 g, 4°C, for 30 min. The BBM pellets were resuspended in RIPA buffer. All solutions were supplemented with protease inhibitors (1 mM PMSF).



Immunoblotting

Protein samples were fractionated on SDS-PAGE (30 μg/well) and transferred to a nitrocellulose membrane (Millipore). Immunoblots were incubated overnight at 4°C with primary antibodies including anti-ACE (1:1,000, GTX100923, GeneTex, United States), anti-AGT (1:1,000, GTX103824, GeneTex, United States), anti-renin (1:1,000, sc-133145, Santa, United States), anti-PRR (1:1,000, HPA003156, Sigma, United States), anti-Npt2a (1:1,000, A6742, Abclonal, China), anti-Npt2c (1:1,000, ab155986, Abcam, United Kingdom) or anti-β-actin (1:10,000, A1978, Sigma, United States) antibody in 1.5% (w/v) bovine serum albumin (BSA, Sigma, United States) in a TBS-T buffer [150 mM NaCl, 10 mM Tris (pH 7.4/HCl), 0.2% (v/v) Tween-20]. After washing, membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:3,000, Thermo Fisher Scientific™ Pierce™). Specific signal was visualized by ECL kit (Thermo Fisher Scientific™ Pierce™). The protein bands were detected using Amersham Imager 600 and quantified by Image Pro Plus version 6.0 software (Molecular Dynamics).



Quantitative Reverse Transcriptase PCR

Total RNA was extracted using Trizol (TRIzol, Invitrogen) following manufacturer’s instructions. RNA concentrations were quantified at 260 nm, and purity and integrity were determined using NanoDrop 2000. Reverse transcription was performed using iScript™ cDNA Synthesis Kit (Bio-Rad, United States). The mRNA expression was measured by quantitative RT-PCR using SYBR® Premix Ex Taq™ II (Tli RNaseH Plus, TaKaRa, China). The following primers were used: ACE: 5′-GAGCCATCCTTCCC–TTTTTC-3′ (forward) and 5′-CCACATGTTCCCTAGCAG-GT-3′ (reverse), AGT: 5′-AGCATCCTCCTTGAACTCCA-3′ (forward) and 5′-TGATTTT TGCCCAGGAT- -AGC-3′ (reverse), renin: 5′-GATCACCATG AAGGGG-GTCTCTGT-3′ (forward) and 5′-GTTCCTGAAG GGATTCTTTTGCAC-3′ (reverse), PRR: 5′-CTGGTGGCG- -GGTGCTTTAG-3′ (forward) and 5′-GCTACGTCTGGGAT-TC GATCT-3′ (reverse), Npt2a: 5′-GCCAGCATGACGTTTG TTGT-3′ (forward) and 5′-ATCACACCCAGG–CCAATGAG-3′ (reverse), Npt2c:5′-TGACTGTCCAAGCGT-CTGTC-3′ (forward) and 5′-TTCATCCCGATCCCCTGACT-3′ (reverse). GAPDH served as an internal control and its primer sequences were: 5′-GTCTTCACTACCA-TGGAGAAGG-3′ (forward) and 5′-TCATGGATGACCTT-GGCCAG-3′ (reverse).



Immunohistochemistry

Under anesthesia, kidneys were harvested and fixed with 10% paraformaldehyde. Paraffin embedded kidney sections were processed for IHC as previously described (Wang et al., 2015). Primary antibody for PRR (1:200, ab40790, Abcam, United Kingdom) was incubated overnight at 4°C. Sections were washed three times with 0.01 M PBS buffer and secondary antibody horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:300, Thermo Fisher Scientific) was incubated at room temperature for an hour. The staining procedure was performed using DAB Horseradish Peroxidase Color Development Kit (P0202, Beyotime Biotechnology, China) according to the manufacturer’s protocols. Immunohistochemical staining was detected with an Olympus BX 63 microscope (20 × and 40 × objective).



Cell Culture

The MC3T3-E1 cells were obtained from as a gift from Dr. Zhi Tan (Sun Yat-sen University). Cells were cultured in MEM-αalpha (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, and 1% penicillin-streptomycin. Cells were seeded on 6 well plates. After 24 h, the cells were starved in media containing 0.5% FBS for 24 h. Then the cells were treated with 10 mM Pi for another 24 h. To evaluate the effects of PRR on the levels of FGF23, PRO20 was given at 10 nM. To further verify the involvement of PRR, PRR was silenced by transfecting the cells with siRNA against PRR. Scrambled siRNA served as a control. SiRNA for mouse PRR and control siRNA were purchased from Ruibo Biotech (Guangzhou, China). After the treatment, the medium was collected and assayed for sPRR or FGF23 assays (EK5626, SAB, United States).



Statistical Analysis

Data is expressed as mean ± standard error (SEM). All data points were included for analyses. Samples sizes were determined based on similar previous studies. Statistical analysis for animal and cell cultures experiments was performed by means of one-way analysis of variance (ANOVA) for multiple-group comparison or Student’s t-test for two-group comparison. A p-value below 0.05 was considered statistically significant.




RESULTS


Activation of (Pro)renin Receptor and Other Renin-Angiotensin System Components by High Pi Intake

To test whether HP activated the RAS, we determined the levels of RAS components in urine and plasma from rats on normal Pi (NP) or HP intake using ELISA. The results showed that the levels angiotensinogen (AGT), renin, sPRR in urine and plasma from the HP group were significantly increased as compared with NP controls (Figure 1). By qRT-PCR, renal cortical mRNA expression of angiotensin-converting enzyme (ACE), AGT, renin, PRR were all increased in the HP group as compared with NP controls (Figure 2A). These results have been validated by Western blotting analysis. Of note, this analysis detected increases in the protein abundances of both PRR and sPRR in the kidney of HP rats (Figure 2B). By immunohistochemistry, PRR protein expression was elevated in the collecting duct by HP treatment (Figure 2C), a pattern consistent with intercalated cell labeling as reported previously (Wang et al., 2016).
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FIGURE 1. Analysis of the RAS components in rat plasma and urine following HP intake. (A) Plasma angiotensin (AGT) concentration. (B) Urinary AGT excretion. (C) Plasma renin concentration. (D) Urinary renin excretion. (E) Plasma soluble (pro)renin receptor (sPRR) concentration. (F) Urinary sPRR excretion. CTR, control; HP, high Pi intake N = 5 per group. Data are Mean ± SEM.
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FIGURE 2. Analysis of the RAS components in rat kidneys following HP intake. (A) qRT-PCR detection of renal transcripts of ACE, AGT, renin, and PRR. GAPDH was used as internal reference. (B) Immunoblotting analysis of renal expression of ACE, AGT, renin, fPRR and sPRR. The values indicate the corresponding densitometry analysis. β-actin was used as an internal reference. (C) Representative images of PRR immunostaining. Arrows indicate positive staining (200×, 400×). N = 5 per group. Data are Mean ± SEM. *p < 0.05 vs. CTR.




Effect of PRO20 on Phosphaturic Response to High Pi Intake

SD rats drank tap water, HP fluid alone or in combination with PRO20 treatment. Basic physiological data is shown in Table 1. Fluid intake was less but urine output was higher in HP rats as compared with vehicle control. This was paralleled with increased 24-h urinary excretion of Na+, K+, and Cl– induced by HP treatment. However, plasma creatinine and osmolality remained unchanged. None of these parameters were affected by PRO20.


TABLE 1. General physiological data in rats.

[image: Table 1]
To address the functional role of PRR in Pi homeostasis, we examined the effect of PRO20 on phosphaturic response to HP intake. HP intake induced a significant increase in urinary Pi excretion within 24 h and this increase was blunted by PRO20 treatment (Figure 3B). In parallel, HP intake elevated circulating FGF23 and PTH, both of which were nearly normalized by PRO20 treatment (Figures 4A,B). Despite reduced urinary Pi excretion, PRO20 treatment in HP rats did not affect plasma Pi concentration (Figure 3A). In a sharp contrast, plasma Ca2+ concentration (Figure 3C), urinary Ca2+ excretion (Figure 3D), or plasma 1,25(OH)2D3 (Figure 4C) were unaffected by HP intake or PRO20 treatment.
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FIGURE 3. Serum and urine biochemical parameters in NP, HP and HP + PRO20 rats. (A) Plasma Pi concentration; (B) 24-h urinary Pi excretion; (C) plasma Ca2+ concentration; (D) 24-h urinary Ca2+ excretion. N = 5 per group. Data are Mean ± SEM.
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FIGURE 4. Levels of plasma FGF23 (A), plasma PTH (B), and plasma 1,25(OH)2D3 (C) were measured in CTR, HP, and HP + PRO20 rats. FGF23, fibroblast growth factor 23; PTH, parathyroid hormone; N = 5 per group. Data are Mean ± SEM.


In a separate experiment, we examined the effect of PRO20 on several key parameters of Pi homeostasis in 7-wk-old male SD rats under basal condition (n = 5 per group). The data showed that PRO20 had no effect on urinary Pi excretion (PRO20 429.2 ± 16.8 vs. CTR 432.4 ± 17.8 μmol/24 h, p > 0.05), plasma Pi concentration (PRO20 2.89 ± 0.06 vs. CTR 2.90 ± 0.08, mmol/L, p > 0.05), plasma FGF-23 (PRO20 374.3 ± 15.4 vs. CTR 381.3 ± 10.2 pg/ml, p > 0.05), or urine volume (PRO20 9.75 ± 0.42 vs. CTR, 10.45 ± 0.85 ml, p > 0.05).

Downregulation of renal expression of sodium-phosphate cotransporters is a key determinant of phosphaturic response during HP intake (Murer et al., 1999; Hernando et al., 2001; Giral et al., 2009; Bourgeois et al., 2013; Forster et al., 2013; Zhuo et al., 2020). Therefore, we determined renal expression of Npt2a and Npt2c by both qRT-PCR and Western blotting analysis. In response to HP intake, renal cortical mRNA expression of Npt2a was significantly decreased, which was blunted by PRO20 treatment (Figure 5A). In contrast, the mRNA expression of Npt2c showed no significant changes in the three groups (Figure 5A). Meanwhile, we examined the abundance of sodium-phosphate cotransporters in the kidney BBM by Western blotting analysis. The protein abundance of Npt2a in BBM was downregulated by HP intake as compared with the NP control and this downregulation was prevented by PRO20 (Figure 5B). In contrast, no change was observed in protein abundance of Npt2c in BBM (Figure 5B).
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FIGURE 5. Analysis of renal expression of Pi transporters in NP, HP and HP + PRO20 rats. (A) qRT-PCR analysis of renal mRNA expression of Npt2a and Npt2c. GAPDH was used as internal reference. (B) Immunoblotting analysis of Npt2a, and Npt2c protein expression. Brush border membrane was isolated from the kidney of all groups. The values indicate the corresponding densitometry analysis. β-actin was used as an internal reference. N = 5 per group. Data are Mean ± SEM. **p < 0.01 vs. CTR, #p < 0.05 vs. HP.




Effect of (Pro)renin Receptor on FGF23 Production in Cultured MC3T3-E1 Cells

The observation of suppressed circulating FGF23 concentration by PRO20 treatment during HP intake prompted us to speculate that the bone might be a potential site of PRR regulation of FGF23 release. To address this possibility, we conducted in vitro experiments using MC3T3-E1 cells, a mouse osteoblast cell line. The cells were exposed to normal or high Pi (10 mM Pi) for 24 h followed by examination of expression of FGF23 as well as PRR. qRT-PCR results showed that the expression of PRR and FGF23 mRNA was both significantly increased by HP treatment (Figure 6A). Consistent with this result, Western blotting analysis demonstrated significant elevations of protein abundance of full-length PRR (fPRR) and sPRR (Figure 6B). ELISA results showed that the concentrations of sPRR and FGF23 in the medium were significantly increased by HP treatment (Figures 6C,D).
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FIGURE 6. PRR mediation of FGF23 production in cultured osteoblast cells in response to Pi treatment. MC3T3-E1 cells were exposed to vehicle or 10 mM Pi for 24 h, followed by analysis of the levels of FGF23 and PRR/sPRR. (A) qRT-PCR analysis of mRNA expression of PRR and FGF23. GAPDH was used as internal reference. (B) Immunoblotting analysis of protein abundances of fPRR and sPRR. The values indicate the corresponding densitometry analysis. β-actin was used as an internal reference. (C) ELISA detection of medium sPRR. (D) ELISA detection of medium FGF23. N = 4, Data are Mean ± SEM. **p < 0.01 vs. CTR.


Next, we examined the functional role of PRR in regulation of the production of FGF23 in the MC3T3-E1 cells by using PRO20. The cells were pretreated for 1 h with 10 μM PRO20 and then treated with 10 mM Pi for 24 h. By qRT-PCR, HP treatment increased the expression of FGF23 mRNA, and this increase was blunted by PRO20 (Figure 7A). This result was subsequently validated at protein level by ELISA (Figure 7B).
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FIGURE 7. Effects of PRO20 on the expression of FGF23 in MC3T3-E1 cells. The MC3T3-E1 cells were pretreated with PRO20 (10 μM) for 1 h, then treated with Pi (10 mM) for 24 h. (A) qRT-PCR analysis of mRNA expression of FGF23. GAPDH was used as internal reference. (B) ELISA detection of medium FGF23. N = 4, Data are Mean ± SEM.


To further verify the above-mentioned results obtained with the pharmacological approach, we conducted independent experiments using siRNA approach to knockdown PRR. The efficacy of the gene knockdown was confirmed by qRT-PCR and Western blotting analysis (Figures 8A,B). PRR knockdown significantly blocked HP-induced FGF23 expression as assessed by qRT-PCR (Figure 8C) and ELISA (Figure 8D).
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FIGURE 8. Effects PRR siRNA on HP induced FGF23 levels in MC3T3-E1 cells. The cells were transfected with scrambled or siRNA against PRR, and then treated with vehicle or 10 mM Pi for 24 h. (A) qRT-PCR detection of PRR mRNA expression normalized by GAPDH. (B) Immunoblotting analysis of protein abundances of fPRR and sPRR were detected by Western blotting. The values indicate the corresponding densitometry analysis. β-actin was used as an internal reference. (C) qRT-PCR analysis of mRNA expression of FGF23 normalized by GAPDH. (D) ELISA analysis of medium FGF23. N = 4, Data are Mean ± SEM, **p < 0.01 vs. CTR.





DISCUSSION

PPR is a multi-functional protein critically involved in renal handling of Na+, K+ and water through RAS-dependent or -independent mechanisms (Lu et al., 2016a,b; Quadri and Siragy, 2016; Peng et al., 2017; Prieto et al., 2017; Xu et al., 2017; Ramkumar et al., 2018; Fu et al., 2019). The present study explored phosphaturic role of PRR during 24-h Pi loading. Following HP intake, the levels of circulating sPRR along with renal expression of PRR and other components of the RAS were all elevated in parallel with increased plasma FGF23 and PTH. PRR antagonism with PRO20 effectively suppressed HP-induced FGF23 and PTH levels and urinary Pi excretion albeit with unchanged plasma Pi concentration. Cell culture experiments offered a cellular mechanism of PRR regulation of FGF23 expression in an osteoblast cell line.

In response to HP intake, the levels of PRR/sPRR were elevated as evidenced by increased circulating sPRR, the cleavage product of PRR, and renal expression of PRR. The source of sPRR under HP intake remains obscure. Immunostaining mapped HP-induced PRR expression in the collecting duct (CD) with a pattern of labeling in intercalated cells (ICs) as previously reported (Wang et al., 2016). It is intriguing that the CD may serve as a potential site for the generation of sPRR during HP intake although other organs such as bone or parathyroid gland may also be involved. ICs were initially thought to primarily regulate acid-base metabolism. However, emerging evidence suggests novel sensing function of ICs during urinary tract infection and acute kidney injury (Miao and Abraham, 2014; Azroyan et al., 2015; Battistone et al., 2020). More recent evidence suggests a paracrine mechanism whereby mediators such as sPRR or prostaglandins are produced by ICs and act in the neighboring principal cells of the CD to regulate Na+ and water reabsorption in the distal nephron (Lu et al., 2016a,b; Xu et al., 2020). Our results indicate a possibility that IC PRR may be involved in regulation of Pi homeostasis by releasing sPRR that may target other organs to control production of phosphaturic hormones such as FGF23. The involvement of IC-derived sPRR in renal handling of Pi should be tested by future investigation.

Although PRR was initially identified as a specific receptor for prorenin and renin, its relationship with RAS has been debated (Binger and Muller, 2013). Recently, abundant evidence from our group strongly supports PRR as an important regulator of intrarenal RAS during water deprivation (Wang et al., 2016), angiotensin II-induced hypertension (Wang et al., 2014, 2017) and chronic kidney injury (Fang et al., 2018), favoring PRR as integrative member of the RAS. Along this line, the present study offered new evidence of activation of the RAS during HP intake. In this regard, HP treatment induced plasma and urinary excretion and renal expression of AGT and renin in parallel with elevated levels of PRR/sPRR. Future studies are needed to determine dependence of the canonical RAS components on PRR and its functional contribution to Pi homeostasis.

We employed a pharmacological approach to provide functional evidence for a novel role of PRR in mediating phosphaturic response to HP intake in rats. PRO20 has been extensively characterized as a highly specific and effective inhibitor of PRR owing to its peptide decoy activity (Danser, 2015; Li et al., 2015). Administration of PRO20 was highly effective in attenuating HP-induced urinary Pi excretion and phosphaturic hormones such as FGF23 and PTH. These hormones primarily target the kidney to downregulate abundance of Npt2a in the brush border of proximal tubules. Indeed, HP-induced downregulation of Npt2a was prevented by PRO20 treatment. The result support phosphaturic role of PRR during Pi treatment. Of note, despite impaired phosphaturic response, PRO20 didn’t elevate plasma Pi concentration during HP treatment. This might be due to the relatively short duration of HP treatment. Under this condition, effective compensatory mechanism might be activated and able to maintain normal level of plasma Pi concentration.

Osteoblast cells are a known source of FGF23 production during HP intake (Liu et al., 2003; Ferrari et al., 2005; Perwad et al., 2005; Lindberg et al., 2015; Goltzman et al., 2018). Considering the observation that PRO20 effectively suppressed HP-induced circulating level of FGF23, we hypothesized that FGF23 production might be under the direct control of PRR in cultured osteoblast cells. Using a cell culture model of osteoblast cells, we obtained compelling evidence that HP-induced FGF23 mRNA expression and release were blunted by PRO20 and siRNA against PRR. We provided further evidence that PRR expression was stimulated by HP treatment. An issue may arise that the relative importance of PRR in osteoblast cells vs. the kidney for the control of FGF23 production remains unclear and should warrant future investigation.

Besides FGF23, PTH is another important regulator of Pi metabolism (Graciolli et al., 2009; Lombardi et al., 2020). In the present study, we were able to show an inhibitory effect of PRO20 on HP-induced plasma PTH level, indicating a potential role of PRR in regulation of the release of PTH, presumably from parathyroid gland. There is no information about expression and function of PRR in this organ in the context of PTH regulation. We would like to acknowledge this major limitation of the present study.

We would also like to acknowledge the limitation of the HP protocol used in the present study although this protocol has been validated by a previous study (Ide et al., 2016). The HP fluid contains high NaCl which may confoundingly influence Pi transport in the kidney through modulation of status of NaPi transporter. This possibility is suggested by the previous observation that subcellular distribution of NaPi-2 was altered following high salt diet (Yang et al., 2008), but with unchanged total abundance of this transporter. In contrast, as shown by the present study, the total abundance of NaPi-2 was downregulated by 24-h HP intake. This result seems to support a primary role of NaPi-2 in regulating homeostasis of Pi, probably not Na+. Indeed, besides NaPi-2, Na+ transport occurs via numerous other Na+ transporters and channels in various nephron segments. Additionally, it seems hard to explain why HP intake reduced fluid intake that was contradictorily associated with increased urine output and urinary Na+ excretion. Fortunately, we found no sign of severe dehydration as evidenced by unchanged plasma osmolality. This might be due to the short duration of the experiment and fluid balance can be maintained by activation of compensatory mechanisms.

In conclusion, we for the first time identified PRR as a novel mediator of phosphaturic response to HP intake. The phosphaturic action of PRR seemed to be mediated by stimulation of production of FGF23 as well as PTH (Figure 9). In vitro evidence from cultured osteoblast cells demonstrated that PRR directly mediated HP-induced FGF23 release. Overall, the present study has uncovered a previously undescribed PRR/FGF23 axis in regulation of Pi homeostasis.
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FIGURE 9. Schematic illustration of the PRR-mediated phosphaturic response. In response to high Pi, PRR expression is elevated in the bone, leading to elevation of FGF23 production. Then FGF23 is released to the circulation and acts in the kidney to suppress NaPi IIa expression, resulting in increased Pi excretion.
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Primary hyperaldosteronism (PA) is characterized by aldosterone excess and hypertension. This may be linked to increased renal Na+ reabsorption via the epithelial Na+ channel (ENaC) and the NaCl cotransporter (NCC). The majority of PA patients have normal plasma K+ levels, but a subset of cases are associated with hypokalemia. High NCC levels observed in long-term studies with aldosterone-infused rodents have been attributed to direct effects of aldosterone. Aldosterone can also increase active phosphorylated NCC (pT58-NCC) acutely. However, direct effects of aldosterone on NCC have been contested by recent studies indicating that it is rather an indirect effect of hypokalemia. We therefore set out to determine isolated long-term aldosterone and K+ effects on ENaC and NCC using various in vivo and ex vivo approaches. In mice, aldosterone-induced hypokalemia was prevented by simultaneous amiloride infusion, coupled to increased cleavage of α- and γENaC but no effect on NCC. Regression analyses of in vivo data showed a positive correlation between aldosterone/K+ and αENaC but a negative correlation with NCC and pT58-NCC. Ex vivo, exposure of kidney tubules for 21 h to aldosterone increased cleavage of αENaC and γENaC, but no effects were observed on NCC or pT58-NCC. Exposure of tubules to low K+ media reduced αENaC but increased NCC and pT58-NCC. As hypokalemia can enhance cell proliferation markers in the distal convoluted tubule (DCT), we hypothesized that aldosterone infusion would increase proliferating cell nuclear antigen (PCNA) expression. Infusion of aldosterone in mice for 6 days greatly increased PCNA expression in the DCT. Collectively, in vivo and ex vivo data suggest that both aldosterone and K+ can increase ENaC directly. In contrast, the observed increase in abundance and phosphorylation of NCC in aldosterone-infused mice is likely an indirect effect of enhanced ENaC-mediated K+ secretion and subsequent hypokalemia. Thus, it is possible that NCC may only be increased in PA when the condition is associated with hypokalemia.
Keywords: amiloride, conns syndrome, eplerenone, mineralocorticoid receptor, thiazide-sensitive cotransporter
INTRODUCTION
Primary hyperaldosteronism (PA), also known as Conns syndrome (Conn, 1955), is the underlying cause of high blood pressure in approximately 10% of subjects diagnosed with hypertension (Schirpenbach and Reincke, 2007; Rossi, 2010; Kayser et al., 2016; Monticone et al., 2017). It is primarily caused by bilateral idiopathic hyperplasia or aldosterone producing adenomas and is characterized by autonomous excess of circulatory aldosterone and suppression of renin (Schirpenbach and Reincke, 2007; Moraitis and Stratakis, 2011). PA may be associated with hypokalemia, and this parameter was initially used for diagnosing the disease (Kaplan, 1967; Ganguly, 1998; Buffolo et al., 2017). Later it became clear that the majority of patients with PA are normokalemic (Fagugli and Taglioni, 2011; Moraitis and Stratakis, 2011). Although the two subgroups are well-described, limited knowledge exists on how hyperaldosteronism affects renal Na+ reabsorption during normokalemia compared to hypokalemia.
PA is prevalently mimicked in rodents by infusing aldosterone via mini-pumps (Kim et al., 1998; Nielsen et al., 2007; Poulsen and Christensen, 2017; Poulsen et al., 2018). Commonly observed is that aldosterone infusion induces hypokalemia and increases kidney protein abundances of the epithelial Na+ channel (ENaC) and NaCl cotransporter (NCC) in the distal tubule (Kim et al., 1998; Nielsen et al., 2007; Poulsen and Christensen, 2017; Poulsen et al., 2018). ENaC and NCC are important for fine-tuning Na+ reabsorption, K+ secretion and regulating blood pressure as documented by various animal models and diseases such as Liddle’s syndrome and Pseudohypoaldosteronism Type II (increased ENaC and NCC activity may contribute to the observed hypertension) and in Pseudohypoaldosteronism Type I and Gitelman syndrome (reduced ENaC and NCC activity may cause hypotension) (Pradervand et al., 1999; Kleta and Bockenhauer, 2006; Christensen et al., 2010; Furgeson and Linas, 2010).
It was previously accepted that aldosterone stimulates ENaC and NCC via direct effects on the tubule segments in which they are expressed (Arroyo et al., 2011a; Arroyo et al., 2011b). However, while direct effects of aldosterone on ENaC are well-established, (Loffing et al., 2001; Gaeggeler et al., 2005; Poulsen et al., 2018), it is still debated whether long-term aldosterone excess has a direct stimulatory effect on NCC. For example, aldosterone infusion did not stimulate NCC when hypokalemia was corrected by a high K+ diet (Terker et al., 2016). Furthermore, NCC abundance and phosphorylation (active form) are essentially the same in mineralocorticoid receptor (MR)-negative versus MR-containing distal convoluted tubule (DCT) cells (Czogalla et al., 2016). On the other hand, acute aldosterone exposure can strongly increase cAMP independently of the MR (Haseroth et al., 1999), and because NCC is a target of cAMP, NCC may potentially be a target of aldosterone via an MR-independent pathway. This is supported by our recent study showing that 30 min aldosterone exposure increases cAMP in mpkDCT cells and increases NCC phosphorylation in kidney tubules ex vivo (Cheng et al., 2019). Similar findings are reported in studies on mDCT15 cells showing that aldosterone increases NCC phosphorylation after 12–36 h exposure (Ko et al., 2013).
Hence, the major aim of the current study was to dissect the isolated effects of aldosterone and hypokalemia on ENaC and NCC using a variety of in vivo and ex vivo approaches (see Supplementary Figure S1 for experimental design). As ENaC is critical for the kidney’s ability to reabsorb Na+ and secrete K+ (Christensen et al., 2010; Poulsen et al., 2016), we hypothesized that a combined infusion of aldosterone and the ENaC blocker amiloride in mice would prevent the aldosterone-induced drop in plasma K+, allowing us to investigate aldosterone effects independently of hypokalemia. Second, we studied isolated long-term effects (21 h) of aldosterone and K+ on ENaC and NCC ex vivo in kidney tubules. Third, as hypokalemia can induce cell proliferation in the DCT that may contribute to increased NCC abundance (Saritas et al., 2018), we investigated the effect of aldosterone on cell proliferation in the DCT.
MATERIALS AND METHODS
Animal Protocols
All procedures were performed in agreement with a license issued by the Animal Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish Veterinary and Food Administration.
All animal experiments were performed at Department of Biomedicine, Aarhus University, Denmark. C57BL/6JBomTac male mice (Taconic, Laven, Denmark) were housed at 27°C in metabolic cages (Tecniplast, Buguggiate, Italy) in which they had free access to water and powdered rodent chow. Three experimental protocols were applied.
Protocol 1. A protocol was established for infusing aldosterone. Mice were administered aldosterone [A9477; Sigma-Aldrich/Merck, St. Louis, MO, United States; 100 μg/kg per 24 h dissolved in polyethylene glycol 300 (PEG 300)] or control vehicle (PEG300) for 6 days via osmotic minipumps (Alzet model 1007D, Alza Corporation, Palo Alto, CA, United States). Mice were fed a powdered standard mouse chow diet [1324 (0.22% Na+, 0.92% K+), Altromin Spezialfutter GmbH & Co. KG, Large, Germany]. Aldosterone increased plasma aldosterone and reduced plasma K+, and increased protein abundances of αENaC and NCC (Supplementary Figure S2). The results are in line with previous studies addressing chronic effects of raised plasma aldosterone in rodents (van der Lubbe et al., 2011; Nguyen et al., 2013; Poulsen and Christensen, 2017; Poulsen et al., 2018).
Protocol 2. A protocol was established for infusing amiloride. Mice were administered amiloride (A7410; Sigma-Aldrich/Merck; 2.6 mg/kg per 24 h in PEG 300) or control vehicle (PEG 300) for 6 days via osmotic minipumps (Alzet model 1007D, Alza Corporation). Mice were fed a powdered standard mouse chow diet [1324 (0.22% Na+, 0.92% K+) Altromin Spezialfutter GmbH & Co. KG]. Amiloride increased plasma aldosterone, plasma angiotensin II (ANGII) and αENaC in the kidney (Supplementary Figure S3), suggesting that this dose sufficiently blocked ENaC and in response activated the renin-angiotensin-aldosterone system.
Protocol 3. Mice were administered vehicle (PEG300) on a control diet (0.22% Na+, 0.98% K+), amiloride + aldosterone (2.6 and 100 μg/kg/24 h, respectively, in PEG 300) on a control diet, or vehicle (PGE300) on a low K+ diet (0.22% Na+, 0.01% K+). Diets were prepared from a Na+, Cl− and K+ deficient diet (C1054, Altromin Spezialfutter GmbH & Co. KG) and appropriate amounts of NaCl and K+ citrate were added.
Collection and Analysis of Blood
In protocol 1 and 3, blood was drawn under terminal isoflurane anesthesia from the retro orbital sinus using an ammonium heparin-coated end-to-end pipette (Vitrex, Herlev, Denmark). Blood was collected in a 1.5 ml Eppendorf Tubes and immediately centrifuged at 5,000 g for 2 min. In protocol 2, blood was drawn under terminal isoflurane anesthesia via the portal vein using a 0.6 × 25 mm needle containing 5 µL Li+ heparin solution. Blood was then transferred to a 1.5 ml Eppendorf Tube and immediately centrifuged at 5,000 g for 2 min. Plasma aldosterone and ANGII concentrations were determined using enzyme immunoassay kits (aldosterone: EIA-5298; DRG International Inc., Springfield, NJ, United States; angiotensin II: EKE-002-12, Phoenix Pharmaceuticals, Inc., Burlingame, CA, United States). Plasma K+ and Na+ concentrations were measured using a clinical flame photometer (Model 420, Sherwood Scientific, Cambridge, United Kingdom).
Ex vivo Studies on Kidney Tubule Suspensions
Male C57BL/6JBomTac mice (Taconic) were isoflurane-anesthetized and kidneys were perfused via the left heart ventricle with 37°C warm enzyme solution containing 1.5 mg/ml collagenase type B (Roche, Basel, Switzerland) in buffer A (125 mM NaCl, 30 mM glucose, 0.4 mM KH2PO4 1.6 mM K2HPO4, 1 mM MgSO4, 10 mM Na-acetate, 1 mM α-ketoglutarate, 1.3 mM Ca-gluconate, 5 mM glycine, 48 μg/ml trypsin inhibitor, and 50 μg/ml DNase, pH 7.4). Each kidney was removed and transferred to a 2-ml Eppendorf Tube containing 37°C enzyme solution. Kidneys were cut in ∼1 mm pieces with scissors and mixed continuously at 850 rpm in a thermomixer (at 37°C, Eppendorf, Hamburg, Germany) for 5 min to facilitate detachment of tubules from one another. During the 5 min, tissue was pipetted up and down 3 × 10 times. Kidney pieces were then allowed to sediment and the supernatant containing detached tubules were transferred to a separate tube. Fresh enzyme solution was then transferred to the remaining kidney pieces and incubated at 850 rpm for 3 min and pipetted 2 × 10 times. Subsequently, detached tubules were washed 3 times in commercial cell media DMEM/F12 (L0092, biowest, Riverside, MO, United States; for aldosterone experiments) or custom-made DMEM/F12 (Terker et al., 2015) for K+ experiments. Finally, tubules were dissolved in 50 ml of the desired cell media and 2 ml tubules per well was transferred to 6-well plates. Tubules were then allowed to sediment whereafter media was removed and replaced by 3 ml media with the desired aldosterone and K+ concentrations. Tubules were then incubated at 37°C and 5% CO2 for 21 h. Preincubation of tubules for 21 h and subsequent exposure to 10 µM salbutamol for 2 h (Selleckchem, Houston, TX) increased pT58-NCC [Supplementary Figure S4 (Poulsen et al., 2021),], thus documenting the viability of the tubules.
Semi-Quantitative Immunoblotting
Whole-kidney samples were prepared as described previously (Poulsen and Christensen, 2017). Kidney tubule samples were prepared by removing the cell media and adding 300 µL Laemmli sample buffer (containing 0.1 M SDS) to each well. Samples were then transferred to 1.5 ml Eppendorf Tubes, sonicated 3x5 pulses on ice, and heated to 65°C for 15 min. Semi-quantitative immunoblotting was performed as previously described (Poulsen and Christensen, 2017). In brief, membranes were incubated overnight at 4°C with the primary rabbit antibodies αENaC (Sorensen et al., 2013), γENaC [5163 (Masilamani et al., 1999; Nielsen et al., 2002)], NCC [SPC-402D, StressMarq Biosciences Inc. Victoria, BC, Canada; employed in Poulsen and Christensen (2017)] or pT58-NCC [1251 (Pedersen et al., 2010),]. Subsequently, membranes were labeled with secondary Goat Anti-Rabbit antibody (P0448, Dako, Santa Clara, CA, United States) for 1 h at room temperature. Labeling was visualized using the Enhanced Chemiluminescence system (GE Healthcare, Chicago, IL, United States) or SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, United States). Immunoreactivity was visualized using an ImageQuant LAS 4000 imager (GE Healthcare). Densiometric analyses were performed in Image Studio Lite Ver. 5.2 (Qiagen, Hilden, Germany). Coomassie-stained gels were used to correct quantification for deviations in protein loading. The maximal deviations in total protein concentrations between samples on individual blots were ±10%. All uncropped blots and coomassies are shown in Supplementary Material.
Immunohistochemical Labeling and Cell Counting
Paraffin-embedded kidneys from a former study were used (Poulsen and Christensen, 2017) and labeled as previously described (Poulsen and Christensen, 2017). Two-µm sections were labelled for light microscopy (NCC; SPC-402D, StressMarq Biosciences Inc.; secondary antibody: goat-anti-rabbit P0448, Dako, Glostrup, Denmark) or double-immunolabeled for confocal laser scanning microscopy (NCC; SPC-402D; StressMarq Biosciences Inc. and PCNA; P8825; Sigma-Aldrich). Imaging was performed using a Leica light microscope equipped with a digital camera (Leica, Wetzlar, Germany) and a Leica TCS SL laser scanning confocal microscope and Leica confocal software (Leica). Brightness was digitally enhanced on presented images. Percent PCNA-positive cells in DCT were assessed directly in the microscope by counting the total number of cells and PCNA-positive cells in 10 NCC-positive tubules per mouse [6 days aldosterone infusion; on average 125 nuclei per mouse (range 84–155 nuclei); tissue was obtained from Poulsen and Christensen (2017)] or 20 NCC-positive tubules per mouse [Protocol 3; on average 196 nuclei per mouse (range 156–251 nuclei)]. The number of NCC-positive cells per mm2 cortex was counted on images of a single kidney slice from each mouse. The cortical area was measured in ImageJ (Schneider et al., 2012) and was defined as the area containing glomeruli and NCC-positive tubules. On average, 485 tubules and 2,560 cells were counted per mouse.
Statistical Analyses
Pairwise comparisons of data meeting the statistical assumptions of normality and variance homogeneity were performed using Students two-sided t-test, while data only meeting assumptions of normality were analyzed using Satterthwaite’s two-sided unequal variance t-test. If not meeting the assumptions of normality, data were ln- or square-root transformed in accordance with Sokal and Rohlf (Sokal and Rohlf, 1995) or analyzed with a Mann-Whitney U-test. Proportion data were logit-transformed (Sokal and Rohlf, 1995). Pairwise comparisons of more than two groups were performed using a one-way ANOVA. If not meeting the assumptions of normality and variance homogeneity, data were either ln- or square-root transformed (Sokal and Rohlf, 1995), or analyzed with a Kruskal–Wallis ANOVA on Ranks. For comparisons of more than two groups, p-values were adjusted for multiple comparisons using Benjamini-Yekutieli FDR correction (Narum, 2006). Line and curve fittings were performed as using linear or non-linear regression (one phase decay model). Analyses were carried out using Stata 12.0 (StataCorp, College Station, TX, United States) for Windows, SigmaPlot 12.0 (Systat Software, Inc., Chicago, Il, United States) for Windows or GraphPad Prism 7.02 (GraphPad Software, San Diego, CA, United States) for Windows. All values are presented as individual data points and mean ± SEM. All data in this paper are available on request.
RESULTS
Aldosterone did Not Increase NCC When Hypokalemia was Prevented by Amiloride Infusion
We first tested the hypothesis that the aldosterone-induced increase in NCC protein would not occur in the absence of hypokalemia. Co-administration of aldosterone and the ENaC blocker amiloride increased plasma levels of aldosterone and K+ whereas a low K+ diet reduced aldosterone and K+ plasma levels (protocol 3, Figures 1A,B). Thus, amiloride prevented the aldosterone-induced hypokalemia but preserved the hyperaldosteronism. Amiloride + aldosterone increased full-length αENaC (90 kDa), cleaved αENaC (30 kDa), total αENaC (90 + 30 kDa) and the ratio between cleaved and full-length αENaC (30/90 kDa) (Figures 1D,E). A low K+ diet in contrast reduced full-length αENaC (90 kDa), cleaved αENaC (90 kDa) and total αENaC (90 + 30 kDa) (Figures 1D,E). Amiloride + aldosterone reduced full-length γENaC (85 kDa), and increased cleaved γENaC (70 kDa) and the ratio between cleaved and full-length γENaC (70/85 kDa) (Figures 1D,F). Furthermore, the low K+ diet reduced cleaved γENaC (70 kDa) and the ratio between cleaved and full-length γENaC (70/85 kDa) (Figures 1D,F). NCC and phosphorylated NCC (pT58-NCC) were not significantly affected by the amiloride + aldosterone infusion when analyzing data with a one-way anova (Figures 1D,G,H). In terms of pT58-NCC, the less conservative Student’s 2-tailed t-test showed a significant decrease in pT58-NCC (p = 0.029). However, the low K+ diet increased both NCC and pT58-NCC (Figures 1D,G,H).
[image: Figure 1]FIGURE 1 | Aldosterone did not increase NCC when hypokalemia was prevented by amiloride infusion. (A–C) Amiloride + aldosterone (amil + aldo) infusion for 6 days increased levels of plasma aldosterone and K+ while a 6 days low K+ diet reduced plasma levels of aldosterone and K+. (E,F) Cleavages of αENaC and γENaC were increased by amiloride + aldosterone infusion but reduced by the low K+ diet. (G,H) NCC and pT58-NCC were not significantly changed in response to amiloride + aldosterone infusion but they were increased by a low K+ diet. Arrows in panel (D) indicate cleaved and non-cleaved forms of αENaC (90 and 30 kDa) and γENaC (85 and 70 kDa). Data are presented as dot plots and mean ± SEM. n = 7 (Control) or n = 6 per group (amiloride + aldosterone and low K+ diet). Statistical comparisons were performed using a one-way ANOVA followed by post-hoc testing with FDR-correction (A–C and E–H). *p < 0.05, **p < 0.01, ****p < 0.0001, ****p < 0.0001.
Plasma Aldosterone and K+ Correlated Positively With Cleaved αENaC but Negatively With NCC and pT58-NCC
To correlate cleaved αENaC, NCC and pT58-NCC in vivo over a range of aldosterone and K+ plasma concentrations, data presented in Figure 1 were analyzed using regression analyses. We found a positive correlation between total αENaC (30 + 90 kDa) and plasma levels of aldosterone and K+ (Figures 2A,B). On the contrary, for both NCC and pT58-NCC, a negative correlation was found with plasma aldosterone and K+ (Figures 2C–F).
[image: Figure 2]FIGURE 2 | Plasma aldosterone and K+ correlated positively with cleaved αENaC but negatively with NCC and pT58-NCC. Data on mice that were infused with amiloride + aldosterone (amil + aldo) or fed a low K+ for 6 days (Figure 1) were further analyzed using regression modeling. n = 7 per group (Control) or n = 6 per group (amil + aldo and low K+ diet). Data were analyzed using linear (A–D) or non-linear regression analysis [one-phase decay model (E,F)].
Aldosterone Increased ENaC but did Not Affect Abundance or Phosphorylation of NCC Ex Vivo
To examine direct and independent effects of aldosterone or K+ on ENaC, NCC and pT58-NCC, we established an ex vivo tubule suspension protocol allowing us to study isolated compound effects over a 21 h period. We first performed a dose-response experiment with physiologically relevant aldosterone concentrations (0, 1, 10 and 100 nM, corresponding to 360, 3,600 and 36,000 pg/ml, respectively). All tested concentrations increased cleaved αENaC (30 kDa, Figures 3A,B). However, none of the concentrations changed NCC or pT58-NCC significantly (Figures 3A,C,D).
[image: Figure 3]FIGURE 3 | Aldosterone increased ENaC but did not affect abundance or phosphorylation of NCC ex vivo. (A–D) A dose-response ex vivo experiment on kidney tubule suspensions showed that exposure to physiologically relevant aldosterone (aldo) concentrations (1, 10 and 100 nM) for 21 h increased cleaved αENaC (30 kDa) whereas no significant effect was found on NCC and pT58-NCC. (E,F) Exposure to 10 nM aldosterone increased non-cleaved αENaC (90 kDa), cleaved αENaC (30 kDa), total αENaC (90 + 30 kDa) and the ratio between non-cleaved and cleaved αENaC (30/90 kDa). (E,G) Furthermore, 10 nM aldosterone increased cleaved γENaC (70 kDa), total γENaC (85 + 70 kDa) and the ratio between non-cleaved and cleaved γENaC (70/85 kDa). (E, H–J) No significant effect was found on NCC, pT58-NCC or the pT58-NCC/NCC ratio. Arrows in panel E indicate cleaved and non-cleaved forms of αENaC (90 and 30 kDa) and γENaC (85 and 70 kDa). Data are presented as dot plots and mean ± SEM. Experiments were perform in 6-well plates and quantified values were normalized to 0 nM aldosterone within individual plates. n = 6 per group (A–D) or n = 12 per group (E–J). Statistical comparisons were performed using a one-way ANOVA followed by post-hoc testing with FDR-correction (A–D), Satterthwaite’s 2-tailed unequal variance t-test [panel (F), αENaC 90 kDa] or Student’s 2-tailed t-tests [all other comparison tests in panel (F–J)]. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
We further assessed the effect of 10 nM aldosterone on full-length and cleaved αENaC and γENaC. Full-length αENaC (90 kDa), cleaved αENaC (30 kDa), total αENaC (90 + 30 kDa) and the ratio between cleaved and full-length αENaC were all increased by aldosterone (Figures 3E,F). No effect was observed on full-length γENaC (85 kDa) (Figures 3E,G), but cleaved γENaC (70 kDa), total γENaC (85 + 70 kDa) and the ratio between cleaved and full-length γENaC (70/85 kDa) were increased by aldosterone (Figures 3E,G). Once again, 10 nM aldosterone did not significantly affect abundances of NCC and pT58-NCC (Figures 3E,H–J). Similar findings on αENaC and NCC were observed in an additional experiment with a higher sample size (N = 30 per group) (Supplementary Figure S5). Together, this data indicate that ex vivo exposure of kidney tubules to aldosterone increases the abundance and the cleavage of α- and γENaC but has no effect on NCC.
Low K+ Reduced αENaC but Increased NCC and pT58-NCC Ex Vivo
To examine the isolated effects of K+, kidney tubules were exposed to 2.5, 4.0 and 6.5 mM K+ ex vivo for 21 h. Compared to 4.0 and 6.5 mM K+, exposure to 2.5 mM K+ reduced full-length αENaC (90 kDa) and total αENaC (90 + 30 kDa) (Figures 4A,B). Furthermore, cleaved αENaC (30 kDa) was reduced by 2.5 mM compared to 6.5 mM K+ (Figures 4A,B). NCC and pT58-NCC were significantly increased by 2.5 mM K+ compared to 4.0 mM K+ (Figures 4A,C–E). In the 21 h timeframe, 6.5 mM K+ did not significantly alter NCC compared to 4.0 mM K+, whereas it significantly reduced pT58-NCC (Figures 4A,C–E).
[image: Figure 4]FIGURE 4 | Low K+ reduced αENaC but increased NCC and pT58-NCC ex vivo. (A, B) Semiquantitative immunoblotting showed that ex vivo exposure of kidney tubule suspensions for 21 h to 2.5 mM K+, as compared to 6.5 mM K+, significantly reduced non-cleaved αENaC (90 kDa), cleaved αENaC (30 kDa) and total αENaC (90 + 30 kDa). (A,C) Exposure to 2.5 mM K+ increased NCC compared to 4.0 and 6.5 mM K+. (A,D,E) Exposure to 2.5 mM K+ increased pT58-NCC and the pT58-NCC/NCC ratio compared to 4.0 and 6.5 mM K+. Moreover, 6.5 mM K+ reduced pT58-NCC and the pT58-NCC/NCC ratio compared to 4.0 mM K+. Experiments were perform in 6-well plates and quantified values were normalized to 4.0 mM K+ within individual plates. Data from three individual experiments were pooled. Data are presented as dot plots and mean ± SEM. n = 24 per group. Statistical comparisons were performed using a one-way ANOVA followed by post-hoc testing with FDR-correction (αENaC 90 kDa, αENaC 90 + 30 kDa, αENaC 30/90 kDa and pT58-NCC) or Kruskal–Wallis ANOVA on Ranks (αENaC 30 kDa, NCC and pT58-NCC/NCC). *p < 0.05, **p < 0.01**, ****p < 0.0001.
Aldosterone Infusion for 6 days Increased the Proliferation Marker PCNA in Renal DCT
Hypokalemia has previously been associated with increased cell proliferation in the DCT after 3 days (Saritas et al., 2018) and increased DCT length after 4 weeks (Su et al., 2020). We hypothesized that similar effects would occur after infusion with aldosterone. Sections from a previous study (Poulsen and Christensen, 2017), in which mice had developed frank hypokalemia in response to 6 days aldosterone infusion, were fluorescence-labeled with NCC (DCT cell marker) and the proliferation marker, PCNA. DCT cells positive for PCNA were markedly increased in aldosterone-infused mice (Figures 5A–C), but there was no significant effect on the number of DCT cells per mm2 cortex (Figures 5D–F).
[image: Figure 5]FIGURE 5 | Aldosterone infusion for 6 days increased the proliferation marker PCNA in renal DCT. (A–C) The percent PCNA-positive cells in the DCT was markedly increased by 6 days aldosterone infusion. Arrows indicate PCNA in DCT cells. Asterisks indicate PCNA in non-DCT cells. (D–F) The numbers of DCT cells/mm2 cortex were not changed significantly by 6 days aldosterone infusion. (G–J) Amiloride + aldosterone infusion for 6 days reduced the number of PCNA-positive DCT cells, whereas no significant effect was found in mice fed a low K+ diet for 6 days. Arrows indicate PCNA in DCT cells. (K–M) In the inner stripe of the outer medulla (ISOM), qualitative assessment showed greater PCNA labeling in mice fed a low K+ diet whereas no clear effect was observed in the mice infused with amiloride + aldosterone. Kidney tissue in panel (A–F) originated from a previously published study (Poulsen and Christensen, 2017). Data are presented as dot plots and mean ± SEM. n = 9 [control and aldosterone (A–F)], n = 7 [control (G–M)] or n = 6 [amiloride + aldosterone and low K+ (G–M)]. Statistical comparisons were performed using Satterthwaite’s 2-tailed unequal variance t-test (A,D) or a one-way ANOVA followed by post-hoc testing with FDR-correction (G). *p < 0.05, ***p < 0.001.
To study the effects of aldosterone on PCNA expression in the DCT in a condition without hypokalemia, we labeled sections from mice that had been infused with amiloride + aldosterone or fed a low K+ diet for 6 days (Protocol 3). The amiloride + aldosterone infusion reduced the number of PCNA-labeled DCT cells, but no significant effect was observed in mice fed the low K+ diet (Figures 5G–J). However, when assessing the inner stripe of the outer medulla (ISOM), PCNA expression was clearly increased by the low K+ diet.
DISCUSSION
Various studies have reported contrasting data on whether aldosterone has a direct effect on the DCT to increase NCC (Ko et al., 2013; Czogalla et al., 2016; Terker et al., 2016; Cheng et al., 2019). To investigate this further, we used in vivo and ex vivo approaches to study K+-independent/isolated long-term effects of aldosterone on NCC. Our data showed that blocking ENaC during aldosterone excess prevented the development of hypokalemia and the observed increase in NCC when aldosterone was administered alone. Testing the isolated effect of aldosterone ex vivo supported that aldosterone had no long-term effect on NCC and that low K+, independently of aldosterone, could increase the abundance and phosphorylation of NCC. This effect may be mediated via basolateral K+ channels because the stimulatory effect of low K+ on NCC is absent in Kir4.1 and Kir5.1 KO mice (Malik et al., 2018; Wang et al., 2018). Normally, high levels of glucocorticoids are thought to occupy the MR and prevent aldosterone from exerting a regulatory effect in the DCT1, which lacks the glucocorticoid inactivating enzyme, 11β-hydroxysteroid dehydrogenase 2. However, even in our ex vivo setting, without potential occupancy of the MR by glucocorticoids, no effects of aldosterone on NCC were observed within a 21 h period. In contrast, both α- and γENaC were clearly regulated by aldosterone ex vivo. Collectively, our data support that the stimulatory effect of long-term aldosterone excess on NCC is due to secondary effects of reduced plasma K+ (Figure 6).
[image: Figure 6]FIGURE 6 | Proposed mechanistic regulation of NCC and ENaC in the renal distal tubule in a mouse model of primary hyperaldosteronism associated with hypokalemia. Aldosterone stimulates ENaC to increase Na+ reabsorption thus promoting K+ secretion via ROMK leading to hypokalemia. Hypokalemia stimulates NCC and furthermore works as negative feedback to aldosterone by inhibiting ENaC. Finally, increased plasma aldosterone increases PCNA in the nucleus indicating cell proliferation, but whether this occurs directly or indirectly via stimulation of DCT cells was not determined. The figure was created with BioRender.com.
A question is why ex vivo aldosterone exposure of kidney tubules increases NCC phosphorylation acutely (Cheng et al., 2019) but not long-term. Similarly to aldosterone, we have recently shown in kidney tubules that the β2-adrenergic receptor agonist salbutamol increases NCC phosphorylation acutely (Poulsen et al., 2021). However, exposing tubules to salbutamol for 24 h did not affect NCC abundance or phosphorylation (Supplementary Figure S6), but yet, after keeping tubules in control media for 21 h they still responded to salbutamol by increasing NCC phosphorylation (Supplementary Figure S4). Why is there this deviation between acute and chronic stimulation of receptors mediating NCC phosphorylation? One possible explanation is that the effects of hormones may wane rapidly despite continues exposure. For example, the β2-adrenergic receptor can be desensitized due to uncoupling of the receptor from the G protein resulting in reduced stimulation of cAMP production (Hausdorff et al., 1990), potentially explaining why the salbutamol effect on NCC phosphorylation was transient. Since aldosterone can increase cAMP independently of the MR (Haseroth et al., 1999), a similar mechanism may exist for aldosterone, which could explain the diverging effect of acute and long-term exposure on NCC phosphorylation. Thus, it is possible that the role of aldosterone in the DCT mainly is to adjust NaCl reabsorption acutely. It should be highlighted that in vitro exposure of mDCT15 cells to aldosterone for 12–36 h increased NCC phosphorylation (Ko et al., 2013), but why there are discrepancies between aldosterone effects ex vivo and in vitro is unclear.
Our ex vivo tubule studies also extend the current knowledge on how ENaC is regulated. Previous studies addressing how aldosterone regulates abundance and proteolytic activation/cleavage of ENaC are limited to in vivo and cell system studies (Rossier and Stutts, 2009). As mentioned, in vivo infusion of aldosterone in mice changes a number of physiological parameters including plasma K+ and Na+ levels (Poulsen and Christensen, 2017). Here, we show that both the abundances and cleavage of α- and γENaC are increased directly by aldosterone in native kidney tubules ex vivo. Furthermore, we show that K+ in itself can increase the abundance of αENaC, building on the recent observations that ENaC is directly regulated by K+ independently of aldosterone. This includes studies on Kir4.1 KO mice, which have increased expression of ENaC subunits (Su et al., 2016), and on cell studies showing that the stimulatory effect of K+ on ENaC currents may depend on Kir4.1/5.1 (Sorensen et al., 2019). The K+-induced increase in αENaC found in the present study may occur via a similar mechanism.
Six days aldosterone infusion markedly increased the expression of the cell proliferation marker, PCNA, in the DCT. Similarly, Saritas et al. (2018) showed an increase in the proliferation marker Ki-67, in the DCT of mice fed a low K+ diet for 3 days. To test if the increase in PCNA expression by aldosterone could be secondary to hypokalemia, we further assessed kidneys from mice that were infused with amiloride + aldosterone (had mild hyperkalemia) and mice that were fed a low K+ diet for 6 days (were hypokalemic). PCNA expression in the DCT was significantly reduced by amiloride + aldosterone infusion. A possible explanation for this could be that K+ channels are involved in controlling cell-cycle progression and that this was influenced by the high plasma K+ levels (Urrego et al., 2014). In the low K+ group, PCNA expression was clearly increased in the ISOM, but in contrast to Saritas et al. (2018), we did not observe any significant effect on cell proliferation in the DCT. While this finding was unexpected, it is possible that the effects of a low K+ diet on cell proliferation are different at 3 days relative to 6 days. This is supported by that PCNA expression is markedly greater in mice fed a high K+ diet for 3 days compared to 14 days (Cheval et al., 2004). Thus, cell proliferation may be most pronounced during the initial face after shifting animals to a low K+ diet. How does that correlate with the greater PCNA expression observed after 6 days of aldosterone infusion in our study? Perhaps aldosterone infusion, in contrast to a low K+ diet, does not affect plasma K+ levels for the first couple of days. Thus, the 6 days aldosterone infusion might be more comparable to a 3-days low K+ diet. A final possibility is that, by using the proliferation marker PCNA that is maximal expressed during the S phase (Nemoto et al., 1993), we do not detect cells in the G1, G2, or M-phase that would be detected using Ki-67 (Saritas et al., 2018).
Saritas et al. (2018) did not quantify the length of the DCT in response to a low K+ diet. In a more recent study it was however reported that a low K+ diet increased the DCT length by 13% after 4 weeks of low K+ diet (Su et al., 2020). We did not observe a significant increase in the number of DCT cells per mm2 cortex after 6 days aldosterone infusion, but it is possible that a longer infusion time was required in order to have an effect. However, increased PCNA labeling was not limited to the DCT but was also observed in other cortical tubules. Thus, it cannot be excluded that the whole cortical region proliferated and therefore masked a potential increase in the DCT length. In a clinical context, it has not been investigated if renal cell proliferation is changed in patients with PA and whether this could contribute to the etiology of the disease.
Our study indicates that high NCC levels in rodent models with high aldosterone are most likely a response to hypokalemia occurring as a result of aldosterone enhanced ENaC activity. This is in line with what is reported in other studies (Terker et al., 2016). How can this knowledge contribute clinically? We speculate that renal NCC protein abundance is only increased by aldosterone excess if it is associated with hypokalemia. An obvious strategy to lower BP during aldosterone excess could be to reduce Na+ reabsorption using thiazide treatment. However, reducing NCC activity with thiazide may increase Na+ delivery to ENaC-expressing segments and enhance K+ secretion (McDonough and Youn, 2017), lowering plasma K+ even more. Therefore, ENaC inhibitors, such as benzamil and amiloride, could be better options for lowering BP under this condition as they could reduce Na+ reabsorption via ENaC, normalize plasma K+ and ultimately normalize NCC. This basic experimental proposal needs to be tested further. However, it is in line with current clinical therapy strategies using ENaC inhibitors for reducing renal Na+ retention and treating hypertension in PA (Cobb and Aeddula, 2021).
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Parameter BAR3wt  BARSKO  BAR1/2wt BAR1/2KO
(plasma)

Na* (mEq/L) 138 +3.05 141.3+240 140+1.15 139.3:29
K* (mEq/L) 61716  577:049 587:039 663124
CF(mEgL) 10272067 1042 10132176  100%1.15

AJOSIerONe 5474 1462 172.7 £ 16,18 3187 £16.18 333.3+24.04
(pg/mi)

Blood pressure

(mmHg) 17+18 120 1.4 119£21  1196+2

Values are means + SEM of measurements in six mice/genotype. Statistical analysis
was performed using an unpaired t-test.
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CTR

Fluid intake (ml/24 h) 2542 +0.63 12.61+0.38" 12.21 £0.58"
Urine volumes (ml/24 h) 1041 £1.20 1421 +£048° 14.01 £0.31*
Plasma creatinine (mg/dl) 0.58 + 0.01 0.58 £ 0.01 0.57 +£0.02
Plasma-Na* (mmol/l) 126.5+£1.38 126.12+1.73 12547 +£2.31
Plasma-K* (mmol/l) 3.68 + 0.06 3.65 +0.07 3.67+£0.14
Plasma-CI~ (mmol/l) 11374 £1.97 11504 £0.84 111.84 £1.55
Urinary creatinine (mg/24 h)  7.18 £ 0.43 8.07 £0.15 7.80£0.19
Urinary Na™ (mmol/24 h) 1.08 £0.03 4.58 +£0.18* 4.41 £ 027
Urinary K™ (mmol/24 h) 3.43 +£0.18 3.50 +0.09 3.46 +£0.12
Urinary CI~ (mmol/24 h) 1.72 £0.10 3.31 +£ 0.05* 3.27 + 0.08**
Plasma osmolarity 312 £ 2.06 313+ 0.94 312 +£1.27
(mosn/kg-Ho0)

Urine osmolarity 1,340.4 + 34.601,407.00 £ 45.52 1,379.50 + 49.75

(mosn/kg-H20)

HP

HP + PRO20

Data represent the means + SEM. *p < 0.05, *p < 0.01 vs. CTR. CTR, control.
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WT-NS KO-NS WT-LS KO-LS Two-Way ANOVA (p-values)

Genotype Diet Interaction
Final body weight (g) 32.9+20 271 +15 26.7 £1.7 282+ 1.0 0.20 0.13 0.033
Kidney weight (g/25 g-bw) 0.125 + 0.006 0.132 +0.002 0.138 # 0.002 0.135 + 0.002 0.46 0.026 0.18
BUN (mg/dL) 26.5+ 0.8 25.6 + 0.6 26.0 £ 0.8 247 £141 0.20 0.42 0.81
Glucose (mg/dL)t 194 + 88 185 + 88 205 + 518 212 £ 24 0.94 0.005 0.24
Hct (%PCV) 33.7+0.8 321 +0.8 33.7+£20 35407 0.93 0.26 0.28
Hb (g/dL) 11.4+0.3 10.9 +£0.3 119404 119402 0.38 0.026 0.43
pH (log H+) 7.18 + 0.028 7.31 £0.03* 7.23+0.0178 7.26 + 0.02°8 0.001 0.94 0.053
Beecf (mM) —1.83 + 1.96° 4.28 +0.99" 0.71 £+ 1.06"8 2.33 +1.31A8 0.009 0.83 0.107
AnGap (mM) 10.3+ 4.4 —09+1.3 48407 38+1.8 0.016 0.87 0.04
Aldosterone (pM) 94 + 17 60 =+ 11 191 £ 70 317 + 136 0.54 0.026 0.29

*Mean £+ sem (n =6, 7, 7, and 6 for WI-NS, KO-NS, WT-LS, KO-LS, respectively).
T Non-fasted; Superscript letters indicate significant differences between groups as determined by Tukey’s multiple comparisons test; “A” (assigned to highest mean) is

significantly different from “B,” but not “AB.”
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