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Table 1. PHAII mutation and their effects on the affected genes ….……………...31 Table 2. Blood parameters of TgWNK4 PHAII and TgWNK4 PHAII ; Pds -/-mice .……..60 It has been reported that WNK4 is expressed not only in the DCT cells but also in -intercalated cells of the cortical collecting duct. These cells exchange intracellular HCO3 -for external Cl -through pendrin, and therefore, account for renal base excretion. They can also mediate electroneutral thiazide-sensitive NaCl absorption when pendrin-dependent apical Cl -influx is coupled to apical Na + influx by the Na + -driven Cl -/HCO3 -exchanger NDCBE.

Taking advantage of a mouse model (TgWNK4 PHAII ) carrying a WNK4 missense mutation (Q562E) identified in PHAII patients, the purpose of this study was to determine whether the electroneutral Na + -Cl -absorption through pendrin/NDCBE is involved in the pathogenesis of this disease.

Our results show that renal pendrin activity is markedly increased in TgWNK4 PHAII mice, leading to an increase in thiazide-sensitive NaCl absorption by the collecting duct and contributing to metabolic acidosis. Thus, pendrin genetic ablation in TgWNK4 PHAII mice corrects the metabolic acidosis and also the hyperkalemia characteristic of PHAII.

Taken together, our data demonstrate the important contribution of pendrin in renal regulation of NaCl, K + and acid-base homeostasis and in the pathogenesis of PHAII. Additionally, we identify a renal distal bicarbonate secretion as a novel mechanism of renal tubular acidosis.

INTRODUCTION 1.1 Overview of kidney structure and function

The kidneys are involved in a variety of physiological processes including regulation of blood pressure, acid-base homeostasis and volume regulation. The maintenance of a relatively constant extracellular environment is necessary for the cells (and organism) to function normally. This is achieved by excretion of some waste products of metabolism such as urea, creatinine, and uric acid, in addition to water and electrolytes, which are derived primarily from dietary intake. The balance is maintained by keeping the rate of excretion equal to the sum of net intake plus endogenous production.

Anatomically two distinct regions can be identified on the cut surface of a bisected kidney: a pale outer region, the cortex, and a darker inner region, the medulla. In humans the medulla is divided into 8 to 18 renal pyramids. The base of each pyramid is positioned at the cortico-medullary boundary and the apex extends toward the renal pelvis to form a papilla [START_REF] Brenner | The Kidney[END_REF].

The nephron is the functional unit of the kidney and is composed of the glomerulus located in the Bowman's capsule and the renal tubules: proximal tubule (PT); the thin limbs and the thick ascending limb of loop of Henle (TAL); distal convoluted tubule (DCT) and connecting tubule (CNT). The last segment of the nephron is the collecting duct (CD); which consists of the cortical collecting duct (CCD), outer medullary collecting duct (OMCD) and the inner medullary collecting duct (IMCD) (Figure 1). The cellular constitution and function are different for each renal segment. In general terms, the PT is responsible of the massive reabsorption of water and solutes, around 75%. The thin limbs and TAL are in charge to continue with the reabsorption process but also the setting-up and maintenance of a corticopapillary gradient of solutes, and hence of osmoles, required for the concentration of final urine. The distal nephron, constituted by DCT, CNT and CD, are responsible of the final reabsorption and secretory processes allowing the organism adjust the final urine according to the body demands.

In summary, in order to maintain a stable milieu intérieur by the selective retention or elimination of water, electrolytes, and other solutes, the kidney is caring out three processes: (1) the filtration of circulating blood from the glomerulus to form an ultra-filtrate of plasma in Bowman's space;

(2) the selective reabsorption across the cells lining the renal tubule (from tubular fluid to blood); and (3) the selective secretion, from peritubular capillary blood to tubular fluid [START_REF] Boron | Boron and Boulpaep Medical Physiology 2e Update[END_REF].

Renal physiopathology

Any misbalance in the processes previously described may produce a kidney related pathology. The etiology in many of these diseases has remained puzzling and it is necessary to analyze every case in particular. The three most important clinical problems in nephrology, characterized either by number of patients affected or by rates of associated morbidity and mortality are: end-stage renal disease (ESRD), chronic kidney disease (CKD) and acute kidney injury (AKI) [START_REF] Brenner | The Kidney[END_REF].

On the other hand, hypertension (high blood pressure) is a major public health problem affecting more than a billion people worldwide with complications, including stroke, heart failure and kidney failure [START_REF] Trepiccione | The role of the kidney in saltsensitive hypertension[END_REF].

According to Arthur Guyton's hypothesis, the kidney plays a key role in blood pressure control [START_REF] Guyton | Arterial pressure regultation. Overriding Dominance of the Kidneys in Long-Term Regulation and in Hypertension[END_REF]).

An important aspect in many diseases with renal etiology is the genetic factor.

Mutations in some of the major transporters responsible of the reabsorption and excretion of ions along the nephron may produce a diversity of pathologies. The pathophysiological consequences of some of these genetic defects will be discussed in the following part of this thesis.

Sodium handling along the nephron and associated pathologies

Sodium (Na + ) being with chloride the principal osmole in the extracellular fluid, renal excretion of salt (NaCl) is the major determinant of the extracellular fluid volume. For this reason, genetic loss or gain of function in renal NaCl transport can be associated with hypotension or hypertension, respectively.

The reabsorption of Na + takes place along the entire nephron, and very little is excreted in urine (<1% of the filtered load). The proportion of reabsorption differs between nephron segments; thus, the proximal tubule is responsible for the greatest reabsorption (around 67%). The loop of Henle reabsorbs a smaller but significant fraction of filtered Na + (~25%). And finally, the "fine tuning" of renal NaCl absorption occurs in the distal tubule and collecting duct (~8%) (Figure 2). The Na + and Cl -can be reabsorbed through both transcellular and paracellular pathways. In the transcellular pathway, Na + and Cl -sequentially cross the apical and basolateral membranes before entering the blood. In the paracellular pathway, these ions move entirely along an extracellular route through the tight junctions between cells. In the transcellular pathway, transport rates depend on the electrochemical gradients, ion channels and transporters present at the apical and basolateral membranes. In the paracellular pathway, transepithelial electrochemical driving forces and permeability properties of the tight junctions govern ion movement [START_REF] Boron | Boron and Boulpaep Medical Physiology 2e Update[END_REF] .

In the proximal tubule, the reabsorption of Na + can be described as a secondary active transport. Using the Na + gradient generated by Na + -K + ATPase pump, the sodium enters the PT cell via a series of transporters that also transport other solutes such as glucose, amino acids, phosphate and citrate. In addition, Na + entry is coupled to the extrusion of H + through the electroneutral Na + -H + exchanger 3 (NHE3), providing at the same time a favorable gradient for the apical Cl -uptake by the Cl --Oxalate/formate exchanger (CFEX) [START_REF] Edwards | Chloride transport[END_REF]). On the basolateral membrane K + and Cl -are recycled to the blood by the K + -Cl -Cotransporters KCC4 and KCC3, crucial for proximal tubule cell volume regulation [START_REF] Jentsch | Chloride transport in the kidney: lessons from human disease and knockout mice[END_REF]. The potassium also is recycled on the basolateral side by K + channels, such as TASK2, which has been propose as crucial to maintain electrochemical gradients favorable to bicarbonate reabsorption [START_REF] Lopez-Cayuqueo | TASK-2 K(2)p K(+) channel: thoughts about gating and its fitness to physiological function[END_REF]. In the reabsorption of bicarbonate apical NHE3 and basolateral Na + -3HCO3 - cotransporter (NBC1a) are essential. Finally, it should be noted that, in the proximal tubule, a part of Na + , Cl -and water can be reabsorbed through the paracellular pathway.

Figure 3 represents the main transport processes in the proximal tubule, including the bicarbonate reabsorption, essential for the acid-base homeostasis, which will be further described in the section 1.3.

Figure 3. The proximal tubule and its main transport processes. The proximal tubule is the major reabsorptive segment of the nephron and accounts for reabsorption of nearly 80% of filtered water, sodium, and chloride. In addition, the proximal tubule is the segment where the majority of critical organic solutes such as glucose and amino acids are resorbed. This segment also plays an important role in acid-base balance as it is involved in bicarbonate reabsorption and secretion of organic acids. Transport is powered by Na + -K + ATPase. NHE3: Na + -H + exchanger 3; NBCe1: Na + -HCO3 -Cotransporter 1; CFEX: Cl --Oxalate/formate exchanger; AQP1: Aquaporin 1; KCC4/3: K + -Cl -Contransporter 4 and 3; TASK2: TWIK Related Acid Sensitive K + Channel 2; TJ: Tight Junctions.

In the loop of Henle, around 25% of filtered NaCl is reabsorbed in the thick ascending limb of the loop of Henle where the apical membrane is impermeable to water. This process is essential for the countercurrent mechanism and urine concentration. In the apical membrane of the TAL, sodium and chloride enter the cell via the electroneutral Na + -K + -2Cl -cotransporter (NKCC2), using the favorable inward gradient for sodium generated by the constitutive activity of the basolateral Na + -K + -ATPase pump. A large fraction of the K + brought into the cell through NKCC2 recycles to the lumen via apical K + channels, such as ROMK. These channels are essential for replenishing luminal K + and maintaining adequate Na + -K + -Cl -cotransport. The lumen positivity generated by potassium recycling is able to drive the passive reabsorption of cations (sodium, calcium, and magnesium) between the cells across the tight junction. On the basolateral side, the chloride channel ClC-Kb and its ß-subunit Barttin are essential for Cl -reabsorption [START_REF] Estevez | Barttin is a Clchannel B-subunit crucial for renal Cl-reabsotion and inner ear K+ secretion[END_REF]), (see below figure 4).

Inactivating mutations in the genes that encode either NKCC2 (Simon, Karet et al. 1996), ROMK (Simon, Karet et al. 1996), ClC-Kb [START_REF] Simon | Mutations in the chloride channel gene, CLCNKB, cause Bartter's syndrome type III[END_REF] or

Barttin [START_REF] Birkenhager | Mutation of BSND causes Bartter syndrome with sensorineural deafness and kidney failure[END_REF]) are responsible for the pathogenesis of Bartter's syndrome. Bartter's syndrome is a rare inherited disease characterized by the association of severe hypokalemia, metabolic alkalosis, with low or normal blood pressure, high levels of renin and aldosterone in blood, polyuria and dehydration, with hypomagnesemia [START_REF] Bartter | Hyperplasia of the juxtaglomerular complex with hyperaldosteronis and hypokalemic alkalosis[END_REF]. In the distal tubule, NaCl reabsorption is almost exclusively transcellular. The NaCl uptake in the apical membrane occurs through the electroneutral Na + -Cl - cotransporter (NCC), highly sensitive to thiazide diuretics. The basolateral step of Na + reabsorption, as in other cells, is mediated by the Na + -K + pump and the chloride channel ClC-Kb is also essential in this part of the nephron for the Cl -exit through the basolateral membrane [START_REF] Hennings | The ClC-K2 Chloride Channel Is Critical for Salt Handling in the Distal Nephron[END_REF]. The transports in a DCT cell are represented in Figure 5.

The regulation of NCC is crucial for the understanding of related pathologies.

Gitelman's syndrome is an autosomal recessive condition characterized by hypokalemic metabolic alkalosis, hypocalciuria and hypomagnesemia, can be associated with normal or reduced blood pressure [START_REF] Gitelman | A familial disorder characterized by hypokalemia and hypomagnesemia[END_REF].

This syndrome is due to an inactivating mutation of NCC gene [START_REF] Simon | Gitelman's variant of Bartter's syndrome, inherited hypokalaemic alkalosis, is caused by mutations in the thiazide-sensitive Na-Cl contransporter[END_REF]. On the other hand, Gordon syndrome (also called PHAII) is a The PCs express at the apical membrane the amiloride-sensitive Na + channel ENaC, formed by 3 homologous subunits: α, β, and γ. ENaC allows the Na + reabsorption in tandem with the basolateral Na + -K + -ATPase. Consequently, the generation of a negative lumen drives K + secretion through the apical K + channel ROMK, allowing PCs to operate as a Na + -K + exchange. Mutations in the genes encoding ENaC subunits result in rare diseases with either salt loss or retention.

Thus, mutations producing gain of function in the β or γ subunit of ENaC are responsible for Liddle's syndrome, characterized by a severe salt-sensitive hypertension, hypokalemia, and metabolic alkalosis [START_REF] Warnock | Liddle Syndrome: Genetics and Mechanisms of Na+ Channel Defects[END_REF]. Contrary, loss-of-function mutations in the α, β, or γ subunits of ENaC cause pseudohypoaldosteronism 1B, a severe salt-losing syndrome with hyperkalemia and metabolic acidosis [START_REF] Scheinman | Genetic disorders of renal electrolyte transport[END_REF]. Na + -driven Cl -/2HCO3 -exchanger NDCBE [START_REF] Leviel | The Na+-dependent chloridebicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical collecting ducts of mice[END_REF]. Later on in 2013, Gueutin et al, showed that while a dysfunction in the β1 subunit of the H + -ATPase in α-IC results in an acidification defect, the dysfunction of the pump in β-ICs is responsible for renal loss of NaCl, K + , and water [START_REF] Gueutin | Renal beta-intercalated cells maintain body fluid and electrolyte balance[END_REF]). Moreover in 2016, Sinning et al, demonstrated that NDCBE is necessary for maintaining sodium balance and intravascular volume during salt depletion or NCC inactivation in mice [START_REF] Sinning | Double Knockout of the Na+-Driven Cl-/HCO3-Exchanger and Na+/Cl-Cotransporter Induces Hypokalemia and Volume Depletion[END_REF]. Interestingly, unlike the other absorptive processes in the kidney, β-ICs are rather energized by the H + V-ATPase than the Na + -K + pump [START_REF] Chambrey | Renal intercalated cells are rather energized by a proton than a sodium pump[END_REF].

A summary of the main transporters involved in sodium handling in CNT and CCD is represented in figure 6.

Figure 6. Main transport processes in the aldosterone-sensitive distal nephron. Principal cells harbor luminal sodium (ENaC) and potassium (ROMK) channels that allow the sodium reabsorption and potassium secretion, respectively. This process is powered by a basolateral Na + -K + ATPase. Principal cells also display a regulated transcellular permeability to water in response to vasopressin via aquaporin 2 (AQP2) water channels. The α-intercalated cells are characterized by the capacity to secrete protons via a luminal H + -ATPase and to reabsorb potassium through the H + -K + ATPase. Finally, the NaCl reabsorption in β-intercalated cells is generated by two cycles of pendrin (Pds) coupled with one cycle of NDCBE. This process results in a net uptake of one Na + , one Cl -and two HCO3 -ions, whereas one Cl -ion is recycled across the apical membrane. Then, one Cl -ion exits the cell through the basolateral chloride channel ClC-Kb, while Na + and bicarbonate exit the cell at the basolateral membrane via AE4. ROMK: Renal Outer Medullary Potassium Channel; ClC-Kb: Chloride Channel Kb; Pds: Pendrin; NDCBE: Na + -driven Cl -/HCO3 -exchanger; AE1: Anion Exchanger 1; AE4: Anion Exchanger 4; TJ: Tight Junctions.

Potassium handling and its physiological consequences

The distribution of potassium (K + ) in the body differs strikingly from that of Na + .

Whereas Na + is largely extracellular, K + is the most abundant intracellular cation.

Maintenance of extracellular K + concentration within a narrow range is vital for numerous cell functions, particularly electrical excitability of cardiac cells and neurons. When plasma K + concentration deviates from normal, serious adverse consequences, such as cardiac arrhythmias and death, can result [START_REF] Palmer | Regulation of Potassium Homeostasis[END_REF].

The proximal tubule consistently reabsorbs the bulk of the filtered K + (~67%), whereas the distal nephron may reabsorb or secrete K + . Depending, among others, on dietary K + intake, aldosterone and insulin levels, adrenergic activity, osmolality and acid-base status, the K + excretion can vary widely from 1% to 110% of the filtered load [START_REF] Costanzo | Physiology 5th Ed[END_REF].

K + reabsorption in the proximal tubule is largely passive and follows the movement of Na + and water. Along the TAL, K + reabsorption amounts to around 20% of filtered K + . In part, it is coupled to Na + absorption and involves the Na + -K + -2Cl - cotransporter (NKCC2) in the luminal membrane but it is also largely paracellular.

In the distal nephron, depending on the body demands, either reabsorption or secretion of K + can take place. The α-intercalated cells are responsible for K + absorption, which occurs via an apical K + uptake mediated by the H + -K + -ATPase, followed by passive efflux of K + across the basolateral membrane. This process occurs only on a low-K + diet (K + depletion), when K + excretion can be as low as 1% of the filtered load. Potassium secretion occurs in the principal cells, where ENaC, the apically-located Na + channel plays a critical role by providing intracellular Na + as substrate for the Na + -K + -ATPase and by depolarizing the apical membrane, thereby increasing the driving force for K + efflux into the tubular fluid.

At least two types of apical K + channels have been implicated in K + secretion, ROMK and BK [START_REF] Welling | Roles and Regulation of Renal K Channels[END_REF].

The mechanisms by which aldosterone promotes apparently opposite effects like Na + reabsorption and K + secretion, remain poorly understood. Volume depletion leads to a Na + retaining state, at least in part, by the action of aldosterone. In this condition, while reabsorption of salt is increased, K + secretion remains unchanged.

Thus salt is retained without losing K + . Instead, if plasma K + is increased, aldosterone is also released, favoring K + secretion in the distal nephron, without affecting the salt reabsorption rate. Thus K + is lost without retaining salt. This is commonly referred to as the aldosterone paradox [START_REF] Arroyo | Aldosterone paradox: differential regulation of ion transport in distal nephron[END_REF]. In brief, hyperaldosteronism increases K + secretion and causes hypokalemia. And hypoaldosteronism decreases K + secretion and causes hyperkalemia.

In addition, acid-base disturbances also have complex effects on renal K + excretion. A fall in intracellular pH reduces the activity of Na + -K + ATPase on the basolateral membrane and therefore diminishes activity of ENaC, ROMK and BK on the apical membrane, contributing to an inhibition of active K + secretion.

Furthermore, stimulation of electrogenic H + secretion by the vacuolar ATPase in intercalated cells during acidemia tend to reduce the lumen-negative, transepithelial potential difference, thus inhibiting K + secretion. Moreover, acidemia upregulates apical H + -K + ATPase in intercalated cells, thereby enhancing K + reabsorption and reducing net K + secretion. On the contrary, alkalemia stimulates K + secretion in the distal nephron, by increasing activities of ENaC, ROMK, and BK [START_REF] Aronson | Effects of pH on potassium: new explanations for old observations[END_REF].

From a pharmacological point of view, loop diuretics or thiazide diuretics, increase the driving force for K + secretion, favoring hypokalemia while K + -sparing diuretics decrease K + secretion producing hyperkalemia.

Acid-base homeostasis

Maintaining systemic acid-base balance is critical because the majority of biological processes are dependent on pH. Plasma pH is controlled by the respiratory and urinary systems, which regulate plasma PCO2 and bicarbonate (HCO3 -) concentrations, respectively. The association between PCO2 and HCO3 - is given by the Henderson-Hasselbalch equation: pH = pK + log ([HCO3 -]/s × PCO2), where "s" is solubility of CO2 at a given temperature and "pK" the dissociation constant of the CO2/HCO3 -buffer system [START_REF] Boron | Boron and Boulpaep Medical Physiology 2e Update[END_REF].

The kidneys play a major role in HCO3 -handling by reabsorbing filtered HCO3 -and generating new HCO3 -, which is absorbed and used to titrate acid yielded by protein breakdown during metabolic processes. Abnormalities in those processes will eventually lead to a disruption in systemic acid-base balance and provoke metabolic acid-base disorders.

The proximal tubule contributes to renal acid-base regulation by absorbing most of filtered bicarbonate (∼85%), generating new bicarbonate via ammoniagenesis, and secreting ammonia into lumen, which ultimately acts as the major base form of buffer (as NH3) used to titrate, trap, and excrete proton into urine (as NH4 + ). The thick ascending limb contributes to renal acid-base regulation by absorbing majority of the remain filtered bicarbonate (∼10%) and absorbing luminal ammonia to accumulate sufficiently high ammonia concentration in medullary interstitial fluid [START_REF] Eladari | Renal acid-base regulation: new insights from animal models[END_REF].

The distal parts of the nephron also play a critical role in renal acid excretion, and thus, in acid-base homeostasis. Acid secretion is achieved by α-ICs, where the protons generated from the hydration of CO2 within these cells are extruded actively across the apical membrane by the vH + -ATPase pump, while bicarbonate ions, which are also produced by this process, are translocated across the basolateral membrane by the Cl -/HCO3 -exchanger AE1. Dysfunction of either the pump or the anion exchanger can block proton secretion and produce an accumulation of acid in the organism. This defect is named distal renal tubular acidosis (dRTA) type I [START_REF] Alper | Genetic diseases of acid-base transporters[END_REF]. The β-ICs also contribute to acid-base balance, by secreting bicarbonate through the Cl --HCO3 -exchanger pendrin.

Pseudohypoaldosteronism type II

Hypertension is one of the most common diseases in the general population. This disorder is a major risk factor for many common causes of morbidity and mortality including stroke, myocardial infarction, congestive heart failure and end-stage renal disease [START_REF] Lifton | Molecular Mechanisms of human hypertation[END_REF]. Despite its importance in human pathology, the molecular mechanisms underlying hypertension are still poorly understood in the majority of patients.

However, several rare Mendelian blood pressure syndromes have shed light on the molecular mechanisms involved in deregulated ion transport in the distal kidney. One of them in particular is pseudohypoaldosteronism type II (PHAII).

PHAII also known as Familial hyperkalemic hypertension (FHHt) or Gordon syndrome; is an autosomal-dominant disorder characterized by salt-dependent hypertension, hypercalciuria, suppressed plasma renin and variable levels of aldosterone, hyperchloremic metabolic acidosis and hyperkalemia despite normal renal function in terms of an intact glomerular filtration rate (GFR) (Gordon, 1986).

Physiopathology of PHAII

Mutations in two members of the with-no-lysine (K) serine/threonine kinases 

Regulation of NCC

Hormones such as vasopressin [START_REF] Saritas | SPAK differentially mediates vasopressin effects on sodium cotransporters[END_REF], parathyroid hormone [START_REF] Ko | Parathyroid hormone (PTH) regulates the sodium chloride cotransporter via Ras guanyl releasing protein 1 (Ras-GRP1) and extracellular signal-regulated kinase (ERK)1/2 mitogen-activated protein kinase (MAPK) pathway[END_REF] or insulin (Chavez-Canales, [START_REF] Chavez-Canales | Insulin increases the functional activity of the renal NaCl cotransporter[END_REF] might participate to NCC regulation. However, it is recognized that the reninangiotensin-aldosterone system (RAAS) is the major regulatory system of NCC.

During NaCl restriction, plasma aldosterone increases, thereby activating both the transcription and protein abundance of ENaC [START_REF] Masilamani | Aldosterone-mediated regulation of ENaC α, β, and γ subunit proteins in rat kidney[END_REF]. This in turn stimulates Na + absorption by the distal nephron, and Na + retention. In parallel, aldosterone also stimulates thiazide-sensitive Na + reabsorption in the DCT, an effect correlated with an increase in NCC abundance [START_REF] Kim | The thiazide-sensitive Na-Cl cotransporter is an aldosterone-induced protein[END_REF]. Furthermore, angiotensin II, which production is stimulated during Some studies have established that chronic and acute K + loading decrease NCC activity [START_REF] Sorensen | Rapid dephosphorylation of the renal sodium chloride cotransporter in response to oral potassium intake in mice[END_REF]. Therefore NCC is inversely regulated in two situations of elevated aldosterone, i.e., increased during NaCl restriction and decreased during K + loading. The difference between these two situations could derive from the level of circulating AngII. While AngII level is high during NaCl restriction, it is low during K + load [START_REF] Eladari | Electroneutral absorption of NaCl by the aldosterone-sensitive distal nephron: implication for normal electrolytes homeostasis and blood pressure regulation[END_REF]). The WNK pathway seems to be the molecular switch coordinating the NCC response to these two physiological states, as we will discuss below.

Impact of WNK pathway in NCC regulation and in the pathogenesis of PHAII

The WNK kinases (With No K (lysine)), comprise a serine-threonine kinase subfamily characterized by the lack of a highly conserved lysine residue in subdomain II of the kinase domain, expressing instead a cysteine. Mutations in the genes encoding for two members of the WNK kinase family, WNK1 and WNK4, were shown to cause the human monogenic disease PHAII [START_REF] Wilson | Human hypertension caused by mutations in WNK kinases[END_REF]. PHAII mutations in the WNK1 gene are large intronic deletions that cause an increase in WNK1 expression while WNK4 mutations are missense mutations clustered in a short acidic segment distal to the kinase domain, also resulting in increased expression of WNK4 due to a decrease in its degradation.

WNK1 and WNK4 together with WNK3 form a complex network involved in the regulation of ion transport in the distal nephron [START_REF] Murthy | WNK signalling pathways in blood pressure regulation[END_REF]. WNKs activate NCC by phosphorylating and activating of two homologous kinases, SPAK (STE20 (Sterile 20)/SPS-1 related proline/alanine-rich kinase) and OSR1

(Oxidative Stress-Responsive 1). These, in turn, directly phosphorylate NCC along its amino terminal cytoplasmic domain [START_REF] Moriguchi | WNK1 regulates phosphorylation of cationchloride-coupled cotransporters via the STE20-related kinases, SPAK and OSR1[END_REF]. The phosphorylation events activate the transport protein, leading to increase solute transport, in part by stabilization of NCC in the plasma membrane. However, the role of WNKs pathway in the sodium handling and blood pressure regulation, has been never totally clear because, contradictory results have been obtained with in vitro experiments. The analysis of genetically modified mouse models has partly clarified our knowledge on WNKs.

In particular, within the last few years, it has been proposed that chloride plays an important role in the regulation of WNKs. Changes in osmolality and Cl - concentration activate WNK kinases. When the WNKs are expressed in heterologous systems with NCC, exposure to hypotonic low Cl -medium increases the abundance of phosphorylated NCC and NCC activity because WNKs activate endogenous SPAK or OSR1. Furthermore, when chloride binds the WNK1 catalytic domain, it inhibits its autophosphorylation and kinase activity [START_REF] Piala | Chloride sensing by WNK1 involves inhibition of autophosphorylation[END_REF]. According to one model, small changes in plasma K + concentration affect NCC via a secondary alteration in the intracellular Cl -concentration, thereby modulating WNK-SPAK/OSR1-NCC cascade [START_REF] Terker | Unique chloride-sensing properties of WNK4 permit the distal nephron to modulate potassium homeostasis[END_REF]). Thus, the WNK kinase pathway is considered to fine tune the balance between electroneutral NaCl absorption by NCC in the DCT and electrogenic "Na + /K + exchange" promoted by ENaC in the downstream CNT/CD. This would provide a mean to regulate Na + balance without disturbing K + secretion during hypovolemia or increased K + secretion without impairing Na + balance when K + intake is high and vice versa [START_REF] Kahle | Regulation of diverse ion transport pathways by WNK4 kinase: a novel molecular switch[END_REF]. It has been shown recently that the Kir4.1/Kir5.1 K + channel are absolutely required for DCT cells to respond to plasma K + concentration changes and maintain normal K + homeostasis [START_REF] Cuevas | Potassium Sensing by Renal Distal Tubules Requires Kir4.1[END_REF]).

WNK4 is expressed in cells from the thick ascending limb to the collecting duct [START_REF] Ohno | Immunolocalization of WNK4 in mouse kidney[END_REF], where NCC is its principal target. While WNK4 In 2012, the discovery that mutations in two other genes, cullin 3 (CUL3) and kelch-like 3 (KLHL3), also cause PHAII again has broadened our understanding of the WNK kinase network. These proteins target WNKs by ubiquitination, inducing their degradation through the proteasome. KLHL3 is an adaptor protein, which associates WNK with Cullin 3, part of an E3 ligase that mediates ubiquitination.

Disease-causing mutations in KLHL3 impair either KLHL3 binding to WNK1/4 or KLHL3 binding to Cullin 3 [START_REF] Ohta | The CUL3-KLHL3 E3 ligase complex mutated in Gordon's hypertension syndrome interacts with and ubiquitylates WNK isoforms: disease-causing mutations in KLHL3 and WNK4 disrupt interaction[END_REF]. When WNKs cannot associate with Cullin 3, they are no longer prone to degradation, they accumulate in cells, and enhance NCC activity. Interestingly, disease-causing mutations within the acidic domain of WNK4 also disrupt its ability to bind KLHL3, suggesting that the fundamental mechanisms for disease caused by WNK4 and KLHL3 mutations are similar [START_REF] Shekarabi | WNK Kinase Signaling in Ion Homeostasis and Human Disease[END_REF]). On the other hand, the mechanism by which Cullin 3 mutations cause PHAII is not as clear. In a mouse model carrying the PHAII Cullin 3 producing-mutation (deletion of the exon 9), WNK4, WNK1 and NCC abundance are increased [START_REF] Schumacher | Characterisation of the Cullin-3 mutation that causes a severe form of familial hypertension and hyperkalaemia[END_REF]. However, the mutant protein does not appear to exhibit complete loss of function because deletion of Cullin 3 is embryonic lethal [START_REF] Singer | Cullin-3 targets cyclin E for ubiquitination and controls S phase in mammalian cells[END_REF]. Another group has reported that PHAII-causing mutation in Cullin 3, increased KLHL3 ubiquitination and degradation [START_REF] Mccormick | Hyperkalemic hypertensionassociated cullin 3 promotes WNK signaling by degrading KLHL3[END_REF].

The table 1 shows PHAII-causing mutations and theirs effect on the affected genes, and Figure 7 illustrates the effect of PHAII causing mutation in the regulation of NCC. 

Influence of the electroneutral NaCl reabsorption in the pathogenesis of PHAII

The WNK4 kinase is expressed in the DCT but interestingly also in β-intercalated cells of the CCD [START_REF] Ohno | Immunolocalization of WNK4 in mouse kidney[END_REF]). These cells are important for renal base excretion via pendrin, which exchanges intracellular HCO3 -for external Cl -.

Moreover, β-intercalated cells can also mediate thiazide-sensitive NaCl absorption when pendrin-dependent apical Cl -influx is coupled to apical Na + influx by the Na +driven Cl -/HCO3 -exchanger NDCBE.

Overexpression of pendrin in intercalated cells can favour the onset of chloridedependent hypertension, suggesting a role in the regulation of blood pressure in vivo for this exchanger [START_REF] Jacques | Overexpression of pendrin in intercalated cells produces chloride-sensitive hypertension[END_REF]. Conversely, pendrin-deficient mice are protected against mineralocorticoid-induced hypertension [START_REF] Verlander | Deoxycorticosterone upregulates PDS (Slc26a4) in mouse kidney: role of pendrin in mineralocorticoid-induced hypertension[END_REF]) and develop a lower blood pressure during NaCl restriction [START_REF] Wall | NaCl restriction upregulates renal Slc26a4 through subcellular redistribution: role in Cl-conservation[END_REF]). Furthermore, an acute inactivation of pendrin results in a low blood pressure [START_REF] Trepiccione | Acute genetic ablation of pendrin lowers blood pressure in mice[END_REF]. Despite all the evidences about the importance of ICs and pendrin in the NaCl balance, thereby in the control of blood pressure, their impact in the pathophysiology of PHAII has not been studied so far.

Additional information about Pendrin and NDCBE

The anion exchanger Pendrin (Slc26a4) is expressed in the kidney, thyroid and inner ear. Inactivating mutations of pendrin gene in humans lead to Pendred syndrome, an autosomal recessive disease characterized by sensorineural deafness associated with hypothyroidism and goiter [START_REF] Scott | The Pendred syndrome gene encodes a chloride-iodide transport protein[END_REF]). In kidney, pendrin is expressed in CD and CNT as well as in a few cells of the DCT2.

Within these segments, pendrin localizes in the apical membrane and in apical cytoplasmic vesicles of both β-IC and non-α-and non-β-ICs [START_REF] Wall | The role of pendrin in renal physiology[END_REF].

Pendrin-mediated Cl -/HCO3 -exchange is greatly upregulated in models of metabolic alkalosis, such as following aldosterone administration or dietary NaHCO3 loading [START_REF] Wall | Renal intercalated cells and blood pressure regulation[END_REF]. It is also upregulated by angiotensin II. In summary, although pendrin-mediated HCO3 -secretion plays a role in the renal regulation of acid-base balance, pendrin-mediated Cl -absorption is probably more physiologically relevant by its contribution to the regulation of vascular volume and blood pressure.

NDCBE protein (Na + -driven Cl -/HCO3 -exchanger, encoded by the gene Scl4a8) is expressed in the brain where it modulates the process of synaptic glutamate release [START_REF] Sinning | Synaptic glutamate release is modulated by the Na+ -driven Cl-/HCO(3)(-) exchanger Slc4a8[END_REF]). In the kidney, functional data have shown that NDCBE localizes to the intercalated cells [START_REF] Leviel | The Na+-dependent chloridebicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical collecting ducts of mice[END_REF], where during dietary NaCl restriction, it mediates electroneutral NaCl absorption in the CCD together with pendrin-mediated Cl -/HCO3 -exchange [START_REF] Eladari | A new look at electrolyte transport in the distal tubule[END_REF]. The localization of NDCBE in the kidney by immunofluorescence has not been determined but its presence has been demonstrated in CCD by immunoblotting of isolated CCD [START_REF] Eladari | Novel mechanisms for NaCl reabsorption in the collecting duct[END_REF].

AIM OF THE WORK

The pathogenesis of PHAII has remained puzzling for decades. Increased NCC activity per se is not sufficient to explain all the phenotypic characteristics observed in PHA II patients, particularly the metabolic acidosis and hyperkalemia.

Since WNK4, one of the genes mutated in PHA II patients is not only expressed in the DCT but also in CCD, where alongside the amiloride-sensitive epithelial Na + channel ENaC, NaCl reabsorption is performed by the coordinated action of the Cl - /HCO3 -exchanger pendrin/SLC26A4 and the Na + -driven Cl -/2HCO3 -exchanger NDCBE/SLC4A8, we hypothesized that the pendrin/NDCBE system was essential in the pathogenesis of PHAII.

The aim of this study was to investigate whether the pendrin/NDCBE system is upregulated in a mouse model carrying one of the WNK4 missense mutations identified in PHAII patients (WNK4-Q562E; TgWNK4 PHAII mice), and in this manner contributes to the development of this disease.

MATERIALS AND METHODS

Animal generation and physiological studies

TgWNK4 PHAII mice [START_REF] Lalioti | Wnk4 controls blood pressure and potassium homeostasis via regulation of mass and activity of the distal convoluted tubule[END_REF] were provided by Dr. Richard P.

Lifton (Yale University, New Haven Connecticut, USA). Pds -/-mice [START_REF] Everett | Targeted disruption of mouse Pds provides insight about the inner-ear defects encountered in Pendred syndrome[END_REF] were provided by Dr. Andrew Griffith (NIDCD, NIH, Rockville, Maryland, USA). TgWNK4 PHAII animals, carrying two copies of the mutated WNK4 gene, were bred with Pds -/-animals to generate doubleheterozygote animals. Those were then bred with TgWNK4 PHAII animals in order to obtain Pds +/-animals with two copies of the mutated WNK4 gene.

TgWNK4 PHAII /Pds +/-were then intercrossed to generate TgWNK4 PHAII ;Pds +/+ and TgWNK4 PHAII ;Pds -/-. In parallel, Pds -/-animals were crossed with C57Bl/6J mice over two generations in order to generate Pds +/-animals on the same mixed genetic background than the double-mutant mice, as TgWNK4 PHAII animals are from a C57Bl/6J background. The resulting Pds +/-mice were intercrossed to obtain Pds +/+ and Pds -/-mice.

The experimental treatments were conducted on 3-4 months-old, TgWnk4 PHAII or TgWnk4 PHAII /Pds -/-mice, and their wild-type littermates. The mice were bred and maintained accordingly to French Ministry of Agriculture (Authorization Executive Order A7515320) for scientific experimentation on animals, European

Communities Council Directive, and international ethical standards.

Blood gas and urinary analysis

Blood was sampled from the retro-orbital sinus of anaesthetized mice (isofluorane 2.5%) in order to measure plasma electrolytes and blood pH. The subsequent blood analyses were done on an ABL 77 pH/Blood-Gas Analyzer (Radiometer).

Urinary electrolytes were measured with a flame photometer (IL943; Instruments Laboratory, Lexington, MA) in samples diluted 1:4 in distillated water. Urine aldosterone was measured by RIA (DPC Dade Behring, now Siemens Healthcare, Erlangen, Germany). All urinary values were adjusted by urinary creatinine previously quantified by Jaffé colorimetric method.

Potassium diet and ammonium load

Mice were fed either with normal chow containing 0.32% of Na + , 0.43% of Cl -and 0.81% of K + , or with K + free diet containing 0% K + , 0.43% of Cl -and 0.32% of Na + (INRA, Jouy-en-Josas, France). For the acid load treatment, the mice were given free access either to distilled water or water containing 0.28 M NH4Cl for seven days.

Intracellular pH measurements on isolated microperfused tubules

During intracellular pH measurement experiments, the average tubule length Intracellular dye was calibrated at the end of each experiment using the high [K + ]nigericin technique. Tubules were perfused and bathed with a HEPES-buffered, 95-mM K + solution containing 10 µM of the K + /H + exchanger nigericine. Four different calibration solutions, titrated to pH 6.5, 6.8, 7.2 or 7.5 were used.

Initial rates of pHi change (dpHi/dt) were determined by a computer-assisted fitting of the pHi versus time data to a linear regression line over the first 15-30 seconds.

Measure of the fractional volume

The fractional volume if CCDs was measure by an in silico analysis, as described by [START_REF] Mutig | Activation of the bumetanide-sensitive Na+,K+,2Cl-cotransporter (NKCC2) is facilitated by Tamm-Horsfall protein in a chloride-sensitive manner[END_REF][START_REF] Mutig | Activation of the bumetanide-sensitive Na+,K+,2Cl-cotransporter (NKCC2) is facilitated by Tamm-Horsfall protein in a chloride-sensitive manner[END_REF].

Measurements of blood pressure by radiotelemetry

The catheter of the telemeter was inserted into the left carotid artery. The transmitter probe was positioned subcutaneously on the flank. After a one-week recovery period in individual cages, mice were placed on a receiver and blood pressure and locomotor activity were recorded continuously in freely moving mice, in a light/dark-cycled recording room (7am to 7pm), for 3 consecutive days on a normal diet as previously described [START_REF] Trepiccione | Acute genetic ablation of pendrin lowers blood pressure in mice[END_REF].

Immunoblotting

Animals were sacrificed by cervical dislocation. Kidneys were removed and placed in ice-cold NaCl 0.9%. Cortex was excised under a stereomicroscope and placed into ice-cold isolation buffer (250 mM sucrose, 20 mM Tris-Hepes, pH 7.4) enriched with protease inhibitor cocktail (Roche), anti-phosphatase inhibitor cocktail (Roche), and pepstatin A (1.5 mg/ml). Cortical minced tissues were homogenized in 1 ml homogenization buffer, by using Fast Prep 24 5G sample preparation system (MP Biomedicals) at 5 m/sec speed for 15 sec, twice.

The homogenate was centrifuged at 4000 g for 15 min at 4°C, and the supernatant was centrifuged at 17,000 g for 30 min at 4°C. The pellet was resuspended in isolation buffer. Protein concentration were determined using the Bradford protein assay (Bio Rad Laboratories, Hercules, CA).

Membrane proteins were solubilized in SDS-loading buffer (62.5 mM Tris HCl, pH 6.8, 2% SDS, 100 mM dithiotreitol, 10% glycerol and bromophenol blue), and incubated at room temperature for 30 min. Electrophoresis was initially performed for all samples on 7.5% polyacrylamide minigels (XCell SureLock Mini-Cell;

Invitrogen, Carlsbad, CA), which were stained with Coomassie blue to provide quantitative assessment of loading, as previously described (Gueutin V, J Clin Invest 123: 4219-4231, 2013).

For immunoblotting, proteins were transferred electrophoretically (XCell II Blot Module, Invitrogen Life Technologies) for 2 h at 4°C from unstained gels to nitrocellulose membranes (Amersham) and then stained with 0.5% Ponceau S in acetic acid to check uniformity of protein transfer into the nitrocellulose membrane.

Membranes were first incubated in 5% non-fat dry milk diluted in PBSpH 7.4 for 1 h at room temperature to block nonspecific binding of antibody, followed by overnight at 4°C with the primary antibody (anti-NCC; anti-NCC phospho-Thr53, anti-Pendrin, anti-α and -γ ENaC, were used in a dilution of 1:10000; anti-NDCBE was used 1:250 and anti-ROMK in 1:2000, in PBS containing 1% non-fat dry milk.

After five 5 min washes in PBS containing 0.1% Tween-20, membranes were incubated with 1:10000 dilution of goat anti-rabbit IgG (Bio-Rad) conjugated to horseradish peroxidase in PBS containing 5% non-fat dry milk for 2 hours at room temperature. Blots were washed as above, and luminol-enhanced chemiluminescence (ECL, Perkin Elmer Life Science Products) was used to visualize bound antibodies. Detection of chemiluminescence was performed using the mini-LAS imaging system (Fuji). Quantification of each band was performed by densitometry using Multi Gauge software. Densitometric values were normalized to the mean for the control group that was defined as 100% and results were expressed as mean ± SEM.

Real-time quantitative RT-PCR

Total RNA from whole kidney tissue was extracted in Trizol reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. Total RNA was treated with deoxyribonuclease I treatment (Ambion, Life Technologies, Carlsbad, CA), according to the specific protocol and followed by inactivation with DNAse Inactivator (Ambion, Life Technologies, CA). The RNA conectration was measured by spectrophotometer and verified by Qubit fluorometer (Invitrogen, Life

Technologies, Carlsbad, CA, USA). 500 ng of total RNA were reverse transcribed using iScript Reverse Transcription Supermix (Biorad, Hercules, CA) and random primers provided in the iSript kit for a complete RNA coverage transciptase. The quantitative Real-time RT-PCR (RT-qPCR) was carried out using SYBRgreen iTaq Universal SYBR® Green Supermix (Biorad, Hercules, CA) on a CFX96 Real Time System thermal cycler (Biorad, Hercules, CA), according to the manufacturer´s instructions. Controls without template were included to verify the specificity on the fluorescence to avoid dimer formation or PCR contaminations. The specificity of each primer was analyzed using the melting curve to confirm that a single amplicon was generated. Standard curves for each gene were generated using serial dilutions from a cDNA pool of all samples. Normalization for reverse transcriptase efficiency and RNA quantity was performed in accordance with the MIQE guidelines [START_REF] Bustin | The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments[END_REF] CACAGGACTAGAACACCTGC-3´, reverse 5´-GCTGGTGAAAAGGACCTCT-3.

Intercalated cell type quantification

For immunostaining, mice were anesthetized by intraperitoneal injections of ketamine (80 mg/kg)/ xylazine (10 mg/kg) and perfused by aorta artery with 4% of PFA. The kidneys were submitted to fast freezing in isopentane. Cryosections (4 um) were blocked with 10% NGS + 0.05% of BSA in PBS for 1h at room temperature and the corresponding primary antibody was incubated overnight in PBS 0.05% BSA at 4°C. Afterward the secondary antibody were incubate during 1 hour at room temperature in 0.05% of BSA in PBS.

Kidney sections from controls and TgWnk4 PHAII mice were co-stained with either AE1, E subunit of the V-ATPase or pendrin respectively. Randomly photographed cortex areas (n=12 fields) were analyzed for co-expressing cells by blinded experimenters and the total number of ICs was calculated with standard error as the sum of both sub-populations.

Antibody sources

Antibodies against alpha and gamma subunits of ENaC, and phospho-T53 NCC 

In vitro microperfusion of mouse CCDs and transepithelial ion flux measurement

As previously reported [START_REF] Gueutin | Renal beta-intercalated cells maintain body fluid and electrolyte balance[END_REF], kidneys were removed and cut into 1-to 2-mm coronal slices that were transferred into a chilled dissection medium containing (in mM): 118 NaCl, 25 NaHCO3, 2.0 K2HPO4, 1.2 MgSO4, 2.0 calcium lactate, 1.0 sodium citrate, 5.5 glucose, and 12 creatinine, pH 7.4, and gassed with 95% O2/5% CO2. CCD segments were isolated from cortico-medullary rays under a dissecting microscope with a sharpened forceps. Because CCDs are highly heterogeneous, relatively short segments (0.45-0.6 mm) were dissected to maximize the reproducibility of the isolation procedure. In vitro microperfusion was performed as described by Burg et al. [START_REF] Burg | Preparation and study of fragments of single rabbit nephrons[END_REF]).Isolated CCDs were rapidly transferred to a 1.2-ml temperature and environment controlled chamber, mounted on an inverted microscope, and then perfused and bathed initially at room temperature with dissection solution. The specimen chamber was continuously suffused with 95%O2 / 5%CO2 to maintain pH at 7.4. Once secure, the inner perfusion pipette was advanced, and the tubule was opened with a slight positive pressure. The opposite end of the tubule was then pulled into a holding collection pipette. In the holding collection pipette, 2-3 cm of water-saturated mineral oil contributed to maintain the tubule open at a low flow rate of perfusion.

The perfusing and collecting end of the segment was sealed into a guard pipette using Dow Corning 200 dielectric fluid (Dow Corning Corp.). The tubules were then warmed to 37°C and equilibrated for 20 minutes while the collection rate was adjusted to a rate of 2 nl/min. The length of each segment was measured using an eyepiece micrometer. Because CCDs from mice are frequently unstable and collapse rapidly, measurements were conducted during the first 90 minutes of perfusion. Usually, collections from 4 periods of 15 minutes were performed in which 25 to 30 nanoliters of fluid were collected. The volume of the collections was determined under water-saturated mineral oil with calibrated volumetric pipettes.

For [Na + ], [K + ] and [creatinine] measurements, 20 nl were required, while 2-3 nanoliters were used for [Cl -] determinations.

[Na + ] and [creatinine] measurements were performed by HPLC and [Cl -] were measured by microcoulometry as previously described [START_REF] Leviel | The Na+-dependent chloridebicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical collecting ducts of mice[END_REF].

Creatinine was used as the volume marker and therefore was added to the perfusion solutions (both perfusate and bath) at a concentration of 12 mM. The 

Statistics and data analysis

Data are expressed as means ± SEM for each experiment. One-way t-test or oneway ANOVA were performed to analyze the difference between groups. The data were significant for P ≤ 0.05. Scatterplots and all comparisons of means were analyzed with Prism software (version 6).

Study approval

All the experimental procedures were conformed to the "Protocol of Animal

Welfare" (Amsterdam Treaty; www.eurocbc.org/page673.html) and were approved by the French Government animal welfare policy (Agreement number A75-15-32).

RESULTS

TgWnk4 PHAII mice exhibit hyperkalemic metabolic acidosis

Dr. Richard Lifton from Yale University provided the TgWnk4 PHAII mouse used in this study [START_REF] Lalioti | Wnk4 controls blood pressure and potassium homeostasis via regulation of mass and activity of the distal convoluted tubule[END_REF]). This mouse model is carrying a WNK4 missense mutation (Q562E) identified in PHAII patients.

TgWnk4 PHAII mice as was expected and already shown by others [START_REF] Lalioti | Wnk4 controls blood pressure and potassium homeostasis via regulation of mass and activity of the distal convoluted tubule[END_REF][START_REF] Yang | Molecular pathogenesis of pseudohypoaldosteronism type II: generation and analysis of a Wnk4(D561A/+) knockin mouse model[END_REF], display a remarkable increase in the protein abundance of NCC and its phosphorylated form (phosphor-T53 NCC) (Figure 8). Furthermore, TgWnk4 PHAII mice exhibit all the phenotypic abnormalities characterizing PHAII: metabolic hyperchloremic acidosis and hyperkalemia, as was revealed by the analysis of blood parameters (Figure 9A-E). In addition, mRNA abundance of renin is significantly lower in the PHAII mice (Figure 9F), while urinary aldosterone excretion was significantly increased in TgWnk4 PHAII mice (Figure 9G), in accordance with the observation in most of PHAII patients. As previously described by Leviel, et al in 2010, under basal condition, no transport activity is detectable in CCDs isolated from wild-type mice when they are microperfused in vitro. However, once the mice were fed with sodium depleted diet during 2 weeks before the microperfusion experiment, it was possible to observe absorption of Na + and Cl -, associated to secretion of K + , with the generation of a lumen-negative transepithelial voltage, consistent with ENaC-mediated Na + absorption. In addition to the electrogenic pathway, the authors described electroneutral thiazide-sensitive sodium reabsorption, mediated by the Na + -driven Cl -/HCO3 -exchanger (NDCBE) and the Na + -independent Cl -/HCO3 -exchanger (pendrin).

In order to analyze the effects of the PHAII-causing mutation of WNK4 Q562E on CCD ion transport, transepithelial fluxes of Na + (JNa), K + (JK), Cl -(JCl) and the transepithelial voltage (Vte) were measured in microperfused CCDs isolated from

TgWnk4 PHAII mice fed a normal sodium diet (0,3% Na + ).

CCDs isolated from TgWnk4 PHAII mice exhibited net NaCl absorption but did not develop a significant lumen negative (Vte) and did not significantly secrete K + , suggesting the absence of detectable ENaC activity (Figure 10 

ENaC-dependent K + secretion is blocked in TgWnk4 PHAII mice despite unchanged renal ENaC activity

In the complex phenotype of PHAII patients, the associated hyperkalemia remain unexplained despite many hypotheses. The increased NaCl absorption in the DCT reduces the downstream Na + delivery to the CNT and CD. In turn, this process could lower ENaC activity and affect lumen negative transepithelial voltage, which is necessary for the proper excretion of K + through ROMK. Accordingly, we did not detect any ENaC activity in the microperfusion experiments presented in Figure 10.

Importantly, ENaC is not only present in CCD but also in CNT, a nephron segment, which is not suitable for in vitro microperfusion. Thus, to have an overall idea of ENaC protein abundance and activity under PHAII phenotype, western blot experiment of the α and γ subunits of ENaC were performed, using plasma membrane-enriched preparations isolated from renal cortex of TgWnk4 PHAII and control mice.

The abundance of the full length 90 kDa form of α-ENaC and its cleaved 30 kDa fragment were increased in TgWnk4 PHAII mice. Also, the abundance of the cleaved 70 kDa band of γ-ENaC was increased while the full length version of γ-ENaC was decreased in TgWnk4 PHAII mice (Figure 11). The abundance profile of the different ENaC subunits is associated with the level of aldosterone [START_REF] Masilamani | Aldosterone-mediated regulation of ENaC α, β, and γ subunit proteins in rat kidney[END_REF]. Thus, the increase in α-ENaC expression and that of the proteolytic cleavage of γ-ENaC are both consistent with increased aldosterone secretion in TgWnk4 PHAII mice as shown in Figure 9G. Additionally, in order to estimate the global ENaC activity in PHAII mice, an acute amiloride injection was used to block ENaC and to evaluate its effect on urinary Na + and K + excretion in TgWnk4 PHAII and control mice. Despite the proteolytic ENaC activation, the natriuretic response to amiloride was identical in control and mutant mice (Figure 12A), suggesting that Na + reabsorption through ENaC is not altered in TgWnk4 PHAII mice. However, amiloride had significantly less effect on urinary K + excretion in TgWnk4 PHAII mice than in control mice (Figure 12B), demonstrating that ENaC-dependent K + transport mechanisms per se are inhibited in TgWnk4 PHAII . However, despite the difference in K + excretion observed after amiloride injection between the two types of mice, immunoblots revealed the same level of ROMK protein expression in TgWnk4 PHAII mice and control, and a small increase in the abundance of α-BKCa (α subunit of the large-conductance Ca 2+ -activated K + channel), which is expressed along with ROMK. This might indicate a compensatory effect in order to reduce the hyperkalemia present in TgWnk4 PHAII mice (Figure 13).
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Figure 13. Slight increase in α-BKCa and not changes in ROMK protein abundance in TgWnk4 PHAII mice. Immunoblots for α-BKCa and ROMK were performed on plasma membrane-enriched preparations of the renal cortex of TgWnk4 PHAII (n=6) and controls (n=4). Densitometric values were normalized to the mean for the control group that was defined as 100% and results were expressed as mean ± SEM. Statistical significance was assessed by unpaired t test. *P<0.05.

Normalization of plasma K + concentration does not correct metabolic acidosis in TgWnk4 PHAII mice

The above result showed an impaired potassium secretion by the distal nephron despite a normal ENaC function, in line with the hyperkalemia present in TgWnk4 PHAII mice and in patients. Hyperkalemia can contribute to the development of renal tubular acidosis (DuBose 1997) by inhibiting the NH3 transport in the proximal tubule and thick ascending limb, and also by blocking NH3 production in the proximal tubule [START_REF] Karet | Mechanisms in hyperkalemic renal tubular acidosis[END_REF]. In order to determine the importance of high plasma potassium concentration in the development of acidosis in PHAII, we tested whether normalization of plasma potassium concentration can alleviate the acidosis of TgWnk4 PHAII mice. TgWnk4 PHAII mice were fed with a synthetic low K + diet during four days. As expected, plasma K + concentration [K + ] was normalized following this treatment (Figure 14). However, the decrease in plasma [K + ] did not modify either plasma HCO3 -concentration or pH, indicating that acidosis in PHAII is not caused by hyperkalemia.

Figure 14. Low potassium diet decreases blood plasma K + concentration in

TgWnk4 PHAII mice without modifying either blood pH or blood HCO3 - concentration. Blood gas parameters were measured in TgWnk4 PHAII mice fed a normal diet and after four days on low K + diet. Values are the mean ± SEM from 7 determinations in each group of mice. Statistical analysis was performed by paired t-student. NS, not significant, P>0.05.

Renal acidosis in TgWnk4 PHAII mice is not caused by impaired proton secretion by the distal nephron

To elucidate the mechanism behind of the metabolic acidosis present in TgWnk4 PHAII mice, it is also necessary to investigate a possible impaired proton secretion by the distal nephron, as occur in distal renal acidosis (type I) because of an impaired function of vH + -ATPase [START_REF] Stehberger | Localization and Regulation of the ATP6V0A4 (a4) Vacuolar H+-ATPase Subunit Defective in an Inherited Form of Distal Renal Tubular Acidosis[END_REF]. Thus, an acid load was administrated as NH4Cl (0.28 M) in the drinking water during 15 days to TgWnk4 PHAII and control mice.

Figure 15 shows that before acid loading, only plasma HCO3 -concentration (Figure 15B) was significantly lower in TgWnk4 PHAII mice, while urine pH (Figure 15C), urinary titrable acid excretion (Figure 15D) and ammonium excretion (Figure 15E) were identical in TgWnk4 PHAII and control mice. After 2 days of acid loading, blood pH and HCO3 -concentration decreased in both groups. However, TgWnk4 PHAII mice developed a much stronger metabolic acidosis than control mice. When acid loading was continued, control mice were able to cope with the acid load and exhibited normal blood pH and HCO3 -concentration at day 15 of the treatment. By contrast, severe metabolic acidosis persisted in TgWnk4 PHAII mice.

Interestingly, following acid loading, urine pH decreased and ammonium excretion increased maximally in both groups indicating that proton secretion and ammonium transport (or metabolism) are normal in TgWnk4 PHAII mice.

Furthermore, figure 15F shows a marked shift in the relationship between ammonium urinary excretion and blood bicarbonate concentration (reflecting the severity of metabolic acidosis) in TgWnk4 PHAII vs. control mice. This demonstrated that, while proton secretion or ammonium excretion capabilities are preserved in TgWnk4 PHAII mice, these mice clearly have a defect in renal net acid excretion.

This led us to hypothesize that metabolic acidosis in PHAII is not caused by impaired acid excretion but is rather due to increased renal loss of base. The effect of acid loading was also tested in WNK1 PHAII mice, another PHAII model in which the first intron of WNK1 is deleted, leading to an increase of the WNK1 protein abundance [START_REF] Delaloy | Deletion of WNK1 first intron results in misregulation of both isoforms in renal and extrarenal tissues[END_REF]. When submitted to an acid load (Figure 16), we observed that the mice responded exactly like TgWnk4 PHAII mouse. Therefore, suggesting that the same mechanism is probably causing acidosis in both PHAII models independently of the mutation. 

Renal acidosis in TgWnk4 PHAII mice is a consequence of an increased of the pendrin activity

As the renal acidosis observed in TgWnk4 PHAII mice, is not a consequence of hyperkalemia and is not due to an impaired proton secretion in the distal nephron, we investigated whether base excretion through Cl --HCO3 -exchanger pendrin in βintercalated cells is working properly under WNK4-PHAII mutation.

To assess this, pendrin activity was determined by measuring Cl --dependent alkalinization in intercalated cells of CCDs isolated from TgWnk4 PHAII and control mice (Figure 17A). The rate of intracellular alkalinization in response to luminal Cl - removal, considered as an estimate of the apical Cl -/HCO3 -exchange activity, was much higher in intercalated cells from TgWnk4 PHAII mice than in control mice (Figure 17B). These results indicate that pendrin activity per cell is increased in 

TgWnk4 PHAII mice.
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In order to correlate the higher apical Cl -/HCO3 -exchange activity observed in β-ICs with the protein abundance of NDCBE and pendrin, semi-quantitative immunoblotting of plasma membrane enriched preparations from kidney cortex of TgWnk4 PHAII and control mice were performed. The protein abundance of NDCBE and pendrin were unchanged (Figure 18A). Nevertheless, pendrin abundance is regulated primarily through changes in subcellular distribution, rather than by changes in total protein abundance [START_REF] Verlander | Deoxycorticosterone upregulates PDS (Slc26a4) in mouse kidney: role of pendrin in mineralocorticoid-induced hypertension[END_REF]. Further, immunofluorescence experiments revealed an increase of pendrin labeling in the collecting ducts located in renal medullary rays of TgWnk4 PHAII mice (Figure 18B).

As described previously, ICs are classified in 3 different forms according to the transporters that they express: (1) α-ICs characterized by apical expression of the V-ATPase and basolateral expression of an anion exchanger AE1, (2) β-ICs which harbor apical pendrin and basolateral V-ATPase, and (3) non α-, non β-ICs with apical pendrin and apical V-ATPase. Although the total number of ICs remains generally constant, the relative number of α-ICs vs. β-ICs is tightly controlled and adapted depending on the acid-base status. For instance, metabolic acidosis by promoting transdifferentiation of β-ICs into α-ICs significantly increases the number of α-ICs while a converse decrease in β-ICs is observed [START_REF] Schwartz | Plasticity of functional epithelial polarity[END_REF]. Thus, to determine whether this phenomenon is altered in PHAII mice, the number of the different IC types in the CCDs of control and

TgWnk4 PHAII mice was evaluated. In sections labeled for pendrin, E subunit of the V-ATPase and AE1, intercalated cells were defined as cells stained for the E subunit of the V-ATPase; α-ICs were defined as those that also exhibited basolateral AE1 staining, whereas β-IC and non α-, non β-ICs were identified by the presence of pendrin staining. In both transgenic and control mice, CCDs located in medullary rays exhibited α-and β-ICs but no non α-, non β-ICs.

In the control mice, 1867 intercalated cells were counted from 4 independent animals (Figure 18C, white bars). 37% of ICs were positive for pendrin, whereas 63% of cells were positive for AE1. In 4 independent TgWnk4 PHAII mice, 1955 were intercalated cells (Figure 18C, black bars), with a fraction of β-ICs significantly increased since we observed 50% of ICs were pendrin-positive. Conversely, the number of α-ICs was reduced and the total number of ICs was not different between control and TgWnk4 PHAII mice. Considering that pendrin activity per cell is increased in TgWnk4 PHAII mice (Figure 17), we can conclude that total pendrin activity is increased in CCDs of mutant mice, although there was no change observed in the total protein abundance (figure 17A). As shown in Figure 18D, this increased pendrin transport activity was associated with a significant increase in the fractional volume of the CCD from TgWnk4 PHAII mice (1.62 ± 0.21 % of kidney cortex in control mice vs. 2.33 ± 0.13 % of kidney cortex in mutant mice, n=4 for each group, p=0.031). According to above experiments, we can therefore conclude that pendrin is hyperactive in TgWnk4 PHAII mice. To assess whether pendrin is contributing to PHAII phenotype, TgWnk4 PHAII mice were bred with a pendrin KO mouse [START_REF] Everett | Targeted disruption of mouse Pds provides insight about the inner-ear defects encountered in Pendred syndrome[END_REF].

Double transgenic mice (TgWnk4 PHAII /Pds -/-) no longer exhibited hyperchloremic metabolic acidosis and hyperkalemia, as demonstrated by the increase of bicarbonate, reduction of chloride and potassium concentration in blood (Table 2). These results confirmed that activation of pendrin is involved in the onset of hyperchloremic metabolic acidosis and hyperkalemia characteristic of PHAII phenotype. The effect of pendrin genetic ablation is reminiscent of that of thiazides, drug able to block the electroneutral Na + reabsorption processes in both the DCT and the CCD. Indeed, a decrease of blood K + concentration and an increase of blood bicarbonate concentration were observed in TgWnk4 PHAII mice (Table 3), rapidly after an injection of thiazide (6 hours). Thus, the effects of pendrin disruption on vascular volume and blood pressure seem to remain limited, presumably because NCC is still markedly stimulated in TgWnk4 PHAII /Pds -/-mice. Accordingly, the expression of the various Na + transporters of the distal nephron was assessed by semi-quantitative immunoblotting of plasma membrane enriched preparations from kidneys of TgWnk4 PHAII and TgWnk4 PHAII /Pds -/-mice (Figure 19). No change in protein abundance of NCC and phosphor-T53 NCC were observed between double transgenic and TgWnk4 PHAII mice. Protein abundance of α and γ subunits of ENaC were decreased in TgWnk4 PHAII /Pds -/-mice when compared to TgWnk4 PHAII mice, consistent with the effect of pendrin deletion on ENaC expression previously described by others [START_REF] Kim | Reduced ENaC protein abundance contributes to the lower blood pressure observed in pendrinnull mice[END_REF]. According to our results, ENaC-dependent K + secretion was decreased in TgWnk4 PHAII mice without any change in ENaC activity suggesting that ROMK itself is not functioning normally, despite we detected no change in its protein abundance (Figure 12 and 13, respectively). Therefore, the total ENaC-dependent Na + absorption and K + secretion was estimated in double mutant mice, by assessing the effects of an acute injection of amiloride on urinary excretion of Na + and K + . The natriuretic response to amiloride (Figure 20A) was not different between TgWnk4 PHAII /Pds -/-and TgWnk4 PHAII mice indicating that ENaC activity is not altered by pendrin disruption. However, the decrease in urinary K + excretion following amiloride was higher in TgWnk4 PHAII /Pds -/-mice than in TgWnk4 PHAII mice (Figure 20B), suggesting that ENaC-dependent K + secretion is higher after pendrin disruption in TgWnk4 PHAII mice. Consequently, the abundance of ROMK and -BKca were then estimated by western blot. The expression of ROMK is not significantly different in the double transgenic mice in comparison with TgWNK4 PHAII . However, -BKca is highly abundant in double transgenic compared with TgWNK4 PHAII in agreement to the reduction in blood K + concentrations (Figure 21).
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Figure 21. α-BKCa and ROMK abundance in TgWnk4 PHAII and double transgenic mice (TgWnk4 PHAII /Pds -/-). Immunoblots for α-BKCa and ROMK were performed on plasma membrane-enriched preparations of kidney of TgWnk4 PHAII (n=7) and TgWnk4 PHAII /Pds -/-(n=6). Densitometric values were normalized to the mean of TgWnk4 PHAII group that was defined as 100% and results were expressed as mean ± SEM. Statistical significance was assessed by unpaired t test. *P<0.05.

DISCUSSION

Precise knowledge of the primary cause of a disease is essential for understanding its mechanisms and for adequate classification, prognosis, and treatment. In the case of hypertension, one of the most common diseases and a global health concern, the molecular mechanisms underlying pathogenesis are still poorly understood in the majority of the cases.

Hypertension is a multifactorial pathology, which include from environmental 

The NCC upregulation is not sufficient to explain entire the phenotypic features of PHAII

The discovery that mutations in genes encoding two members of the WNK family, WNK1 and WNK4, account for the pathogenesis of PHAII in some patients [START_REF] Wilson | Human hypertension caused by mutations in WNK kinases[END_REF]; in addition to the mutations of the ubiquitinligase complex formed by the proteins KLHL3 and CUL3 [START_REF] Boyden | Mutations in kelch-like 3 and cullin 3 cause hypertension and electrolyte abnormalities[END_REF][START_REF] Louis-Dit-Picard | KLHL3 mutations cause familial hyperkalemic hypertension by impairing ion transport in the distal nephron[END_REF], were essential to the better understanding of physiological changes produced by PHAII.

The fact that all these mutations lead to a gain of function of the thiazide-sensitive However, there are also contradictory results. Surprisingly, a transgenic mouse overexpressing NCC displayed a phenotype similar to wild-type mouse (McCormick, Nelson et al. 2011). Moreover, mice inactivated for KS-WNK1 or Nedd4-2 did not exhibit hyperkalemic hypertension despite increased NCC expression and phosphorylation [START_REF] Hadchouel | Decreased ENaC expression compensates the increased NCC activity following inactivation of the kidney-specific isoform of WNK1 and prevents hypertension[END_REF][START_REF] Ronzaud | Renal tubular NEDD4-2 deficiency causes NCC-mediated salt-dependent hypertension[END_REF].

Finally, in a more recent study, the authors introduced a kinase-activating mutation in the gene codifying for SPAK (Stk39) to drive this constitutively active (CA)-SPAK mutant, specifically to the early DCT [START_REF] Grimm | Constitutively Active SPAK Causes Hyperkalemia by Activating NCC and Remodeling Distal Tubules[END_REF]). The mouse model displayed thiazide-treatable hypertension and hyperkalemia, associated to NCC hyperphosphorylation. However, in this model, thiazidemediated inhibition of NCC restored sodium excretion but not urinary potassium excretion, indicating that NCC is not the sole responsible for the observed PHAII phenotype. Furthermore, CA-SPAK mice exhibited ASDN remodeling, with a reduction in connecting tubule mass, and attenuation of ENaC and ROMK expression. Interestingly, in TgWNK4 PHAII model, ENaC attenuation was not detected, but a clear impaired K + excretion was observed, which was absent in TgWNK4 PHAII after pendrin genetic ablation. Thus, an important missing experiment for us, would be to evaluate ASDN remodeling in TgWNK4 PHAII in comparison with the double mutant mice.

Overall, this uncertainty leads to the idea that beside NCC other renal transporters are deregulated in PHAII phenotype. According to our results, pendrin is the best candidate.

Pendrin overactivity is contributing to the pathogenesis of PHAII

Our hypothesis that overactive pendrin might contribute to the pathogenesis of PHAII, is based on previous indirect evidence, showing that pendrin activity may influence long term regulation of blood pressure. For instance, a mouse model overexpressing pendrin in intercalated cells favor the start of chloride-dependent hypertension [START_REF] Jacques | Overexpression of pendrin in intercalated cells produces chloride-sensitive hypertension[END_REF]. Furthermore, pendrin-deficient mice are protected against mineralocorticoid-induced hypertension [START_REF] Verlander | Deoxycorticosterone upregulates PDS (Slc26a4) in mouse kidney: role of pendrin in mineralocorticoid-induced hypertension[END_REF]) and develop lower blood pressure during NaCl restriction [START_REF] Wall | NaCl restriction upregulates renal Slc26a4 through subcellular redistribution: role in Cl-conservation[END_REF]. Additionally, a recent study proved that an acute inactivation of pendrin also results in lower blood pressure [START_REF] Trepiccione | Acute genetic ablation of pendrin lowers blood pressure in mice[END_REF]). In addition, NDCBE (the sodium-dependent chloride/bicarbonate exchanger, which works in association with pendrin to mediated the electroneutral Na + -Cl -absorption in ICs) is necessary for maintaining sodium balance and intravascular volume during salt depletion or NCC inactivation [START_REF] Sinning | Double Knockout of the Na+-Driven Cl-/HCO3-Exchanger and Na+/Cl-Cotransporter Induces Hypokalemia and Volume Depletion[END_REF]). Thus, all these studies are pointing to the importance of pendrin in the regulation of blood pressure in vivo; adding to the fact that intercalated cell salt reabsorptive pathway by NDCBE/Pendrin is thiazide-sensitive as NCC pathway. The thiazides drug, which main target is NCC, is one of the principal treatments for hypertensive patients. While low doses of thiazide are sufficient to block NCC activity (10 uM) [START_REF] Sabath | Pathophysiology of functional mutations of the thiazide-sensitive Na-Cl cotransporter in Gitelman disease[END_REF]), the inhibition of NDCBE/Pendrin requires much higher doses (100 uM). Thus, when high doses of thiazide were used in patients [START_REF] Greene | Evaluation of thiazide diuretic use as preferred therapy in uncomplicated essential hypertension patients[END_REF]), the hypokalemia observed was severe, most likely because ENaC mediates the NaCl absorption in this case, consequently increasing the K + excretion through ROMK. Accordingly, low doses of thiazide inhibit only NCC and compensatory activity of NDCBE/Pendrin may take place, lowering the rate of ENaC-dependent K + secretion. In sum, this underlines the important contribution that NDCBE/Pendrin may have in PHA-like pathologies, not only in the Na + balance but also indirectly in K + handling.

Moreover, our data indicate that pendrin overactivity is responsible for the bicarbonate leak observed in TgWNK4 PHAII mice (Figure 15F), further suggesting that pendrin plays a role as a novel mechanism of renal tubular acidosis.

Impact of pendrin deletion on plasma K + concentration of TgWnk4 PHAII mice

Deletion of pendrin in TgWnk4 PHAII mice caused only subtle changes in vascular volume, indicating that NCC hyperactivation is sufficient to drive hypertension in PHAII. However, genetic ablation of pendrin in PHAII mice fully corrects the hyperkalemia (Table 2); similarly to the findings that genetic ablation of NCC also alleviates hyperkalemia in TgWnk4 PHAII mice [START_REF] Lalioti | Wnk4 controls blood pressure and potassium homeostasis via regulation of mass and activity of the distal convoluted tubule[END_REF]). On the contrary, isolated deletion of either NCC or pendrin in mouse has no or slight effect on blood K + concentration under standard conditions of diet [START_REF] Schultheis | Phenotype resembling Gitelman's syndrome in mice lacking the apical Na+-Clcotransporter of the distal convoluted tubule[END_REF][START_REF] Royaux | Pendrin, encoded by the Pendred syndrome gene, resides in the apical region of renal intercalated cells and mediates bicarbonate secretion[END_REF][START_REF] Verlander | Deoxycorticosterone upregulates PDS (Slc26a4) in mouse kidney: role of pendrin in mineralocorticoid-induced hypertension[END_REF][START_REF] Wall | NaCl restriction upregulates renal Slc26a4 through subcellular redistribution: role in Cl-conservation[END_REF], indicating that concomitant activation of NCC and pendrin/NDCBE pathways is necessary to drive hyperkalemia. Conversely, combined deletion of NCC and NDCBE induces hypokalemia [START_REF] Sinning | Double Knockout of the Na+-Driven Cl-/HCO3-Exchanger and Na+/Cl-Cotransporter Induces Hypokalemia and Volume Depletion[END_REF]). These findings indicate that these transport systems act in concert to control plasma K + concentration.

Some studies have reported about the influence of plasma K + level in the regulation of NCC and NDCBE/Pendrin pathway. Thus, hypokalemia activates NCC independently of aldosterone [START_REF] Zhang | KCNJ10 determines the expression of the apical Na-Cl cotransporter (NCC) in the early distal convoluted tubule (DCT1)[END_REF][START_REF] Terker | Potassium modulates electrolyte balance and blood pressure through effects on distal cell voltage and chloride[END_REF] while at the same time promotes pendrin induction through the aldosterone pathway. Therefore, controlling the progression of hypokalemia [START_REF] Xu | Hypokalemia and Pendrin Induction by Aldosterone[END_REF]. Our result suggests that, in PHAII, these two mechanisms of prevention against hypokalemia become aberrantly activated and thus participate to the generation of hyperkalemia.

In TgWnk4 PHAII mice, decreased ENaC-dependent K + secretion was fully restored after deletion of pendrin (TgWnk4 PHAII /Pds -/-), suggesting that K + channels are affected by pendrin deregulation in PHAII. This is probably due to altered K + channel activity since the natriuretic response to amiloride is normal and ROMK protein abundance unchanged (Figure 12). Similarly, in a WNK1-PHAII mouse model downregulation of ROMK and no change in ENaC were reported [START_REF] Vidal-Petiot | WNK1-related Familial Hyperkalemic Hypertension results from an increased expression of L-WNK1 specifically in the distal nephron[END_REF].

Patch clamp experiments also report an inhibition of ROMK activity in the DCT2/early CNT of TgWnk4 PHAII mice but, in this study, it is associated to a decrease in ENaC activity [START_REF] Zhang | ENaC and ROMK activity are inhibited in the DCT2/CNT of TgWnk4PHAII mice[END_REF]. This is in contrast to another WKN4-PHAII model, where the authors found an activation of ENaC [START_REF] Yang | Molecular pathogenesis of pseudohypoaldosteronism type II: generation and analysis of a Wnk4(D561A/+) knockin mouse model[END_REF]. In sum, the pathogenesis of hyperkalemia seems to be independent of ENaC activity and expression.

The reversion of hyperkalemia by genetic ablation of pendrin in TgWnk4 PHAII mice could be also due to enhanced BK activity in IC cells. BK4 subunit is present with BK subunit in IC cells as well as L-WNK1, which activates BK [START_REF] Liu | WNK1 activates large-conductance Ca2+-activated K+ channels through modulation of ERK1/2 signaling[END_REF]. Chloride binding to WNK1 precludes its autophosphorylation and thereby inhibits kinase activity [START_REF] Piala | Chloride sensing by WNK1 involves inhibition of autophosphorylation[END_REF]. It is thus possible that inactivation of pendrin by decreasing intracellular Cl -concentration activates L-WNK1 selectively in ICs, which in turns activates BK.

Additionally, potassium handling cannot be understood without taking in consideration the acid-base status. Thus, one could explain the hyperkalemia correction by deletion of pendrin as a secondary effect to the normalization of the acid-base status in TgWnk4 PHAII mice. Changes in acid-base status affect potassium excretion in the distal nephron; specifically, metabolic acidosis inhibits whereas metabolic alkalosis stimulates K + secretion [START_REF] Aronson | Effects of pH on potassium: new explanations for old observations[END_REF].

Consistent with this observation, it has been demonstrated that intracellular pH is an important modulator of the native ROMK channel in the CCD [START_REF] Wang | Regulation of smallconductance K+ channel in apical membrane of rat cortical collecting tubule[END_REF][START_REF] Wang | Regulation of the hyperpolarization-activated K+ channel in the lateral membrane of the cortical collecting duct[END_REF], such that acidification within the physiological range results in a reduction of single channel activity. Thus, correction of the acidosis following pendrin deletion would remove the acidic pH inhibition of ROMK activity.

Overall, many can be the hypothesis but the mechanisms by which genetic ablation of pendrin reverse hyperkalemia in TgWnk4 PHAII mice are unknown and more studies are needed. So far, In vitro experiments have shown direct inhibitory effect of WNK4 on ROMK or BK [START_REF] Kahle | WNK4 regulates the balance between renal NaCl reabsorption and K+ secretion[END_REF][START_REF] Zhuang | WNK4 kinase inhibits Maxi K channel activity by a kinase-dependent mechanism[END_REF], contrary to our finding where ROMK protein abundance was not different between TgWnk4 PHAII and control mice, moreover, an increase in α-BKCa abundance was observed in TgWnk4 PHAII mice (Figure 13). Furthermore, an important point is to evaluate whether the deletion of pendrin in TgWnk4 PHAII mice is still sufficient to keep in a normal range the plasmatic K + concentration after challenging the double transgenic mice (TgWnk4 PHAII /Pds -/-) with a high K + diet.

Pendrin hyperactivity as a novel mechanism for renal acidosis

One of the most exciting findings of our study is the identification of pendrin hyperactivity as a novel mechanism for renal acidosis. Certainly, our experiments shown in figures 14 and 15 clearly demonstrated that the metabolic acidosis is not caused by hyperkalemia or by defective V-ATPase activity. Indeed, 1) metabolic acidosis was not significantly alleviated by the normalization of blood K + concentration; 2) ammonium excretion and proton secretion were not impaired and the mice were still able to achieve maximal urine acidification and ammonium excretion under stimulated condition. By contrast, our results showed that pendrinmediated Cl -/HCO3 -exchange per cell as well as the total number of pendrin expressing cells, are both markedly increased, while pendrin genetic ablation but only one study reports IC conversion in the opposite direction. This is in a SPAK knock out mouse model that expresses NCC at a very low level [START_REF] Mccormick | A SPAK isoform switch modulates renal salt transport and blood pressure[END_REF]). An increased number of pendrin positive-IC cells was also observed in NCC knock out mice as the result of hyperplasia of the CNT [START_REF] Loffing | Altered renal distal tubule structure and renal Na(+) and Ca(2+) handling in a mouse model for Gitelman's syndrome[END_REF][START_REF] Vallet | Pendrin regulation in mouse kidney primarily is chloridedependent[END_REF].

Interestingly, if the metabolic acidosis is caused by a distal renal leak of bicarbonate, it may seem puzzling that TgWnk4 PHAII mice did not exhibit obvious bicarbonaturia. However, this is also the case in patients with proximal renal acidosis when they are in steady state, i.e., when they have overt metabolic acidosis, due to compensatory mechanisms (Rodriguez [START_REF] Soriano | Bicarbonate reabsorption and hydrogen ion excretion in children with renal tubular acidosis[END_REF], Soriano, Boichis et al. 1967[START_REF] Rodriguez Soriano | Renal tubular acidosis: the clinical entity[END_REF][START_REF] Haque | Proximal renal tubular acidosis: a not so rare disorder of multiple etiologies[END_REF]). Otherwise, these patients would not be in steady state and would die from uncontrolled acidosis.

Remarkably, it has been recently demonstrated that calcineurin inhibitors, which are extensively used as immunosuppressive agents in organ transplantation, alter the WNK signaling pathway, and thereby, can activate NCC and cause hypertension [START_REF] Hoorn | The calcineurin inhibitor tacrolimus activates the renal sodium chloride cotransporter to cause hypertension[END_REF]). These patients do not exhibit only hypertension but are also frequently affected by hyperkalemia and metabolic acidosis [START_REF] Keven | Renal tubular acidosis after kidney transplantation--incidence, risk factors and clinical implications[END_REF][START_REF] Tanrisev | Renal tubular acidosis in renal transplant patients: the effect of immunosuppressive drugs[END_REF]. It is tempting to speculate that pendrin hyperactivity will be also detected in these patients and can account for these symptoms.

In conclusion, our study demonstrates a central role of pendrin in acid-base and potassium homeostasis, and identifies a renal leak of bicarbonate by the distal nephron as a novel type of renal tubular acidosis.

The missing link between pendrin regulation and WNK4

Our results show that thiazide-sensitive electroneutral NaCl absorption through the pendrin/NDCBE transport system is activated in isolated CCDs of TgWnk4 PHAII mice (Figure 10 and 18). The fact that WNK4 is expressed not only in the DCT cells but also in intercalated cells of the CCD [START_REF] Wilson | Human hypertension caused by mutations in WNK kinases[END_REF][START_REF] Ohno | Immunolocalization of WNK4 in mouse kidney[END_REF][START_REF] Shibata | Mineralocorticoid receptor phosphorylation regulates ligand binding and renal response to volume depletion and hyperkalemia[END_REF], suggests a link between WNK4 and pendrin regulation. Many hypotheses have been put forward. One example is the identification of a new phosphorylation site (S843) in the mineralocorticoid receptor (MRS843-P), which is phosphorylated exclusively in IC and prevents ligand binding. ANG II and WNK4 signaling decrease MRS843-P levels, thereby restoring MR activation by aldosterone and increasing the expression of pendrin and the proton pump in ICs. These results support the role of an ANG II/WNK4 pathway in the regulation of the vH + -ATPase-dependent NDCBE/pendrin NaCl transport system [START_REF] Shibata | Mineralocorticoid receptor phosphorylation regulates ligand binding and renal response to volume depletion and hyperkalemia[END_REF]. Consistently, TgWnk4 PHAII mice (gain of function of WNK4) have lower levels of MRS843-P while Wnk4 knockout mice showed increased levels of MRS843-P.

Interestingly Na + absorption in CCDs from Wnk4 knock-out mice (in which NCC was dramatically downregulated) does not occur through the pendrin/NDCBE system but through ENaC [START_REF] Castaneda-Bueno | Activation of the renal NaCl cotransporter by angiotensin II is a WNK4dependent process[END_REF]. This model differs from Ncc knock-out mice, where pendrin-dependent NaCl transport was the dominant mechanism accounting for Na + absorption in the CCD [START_REF] Leviel | The Na+-dependent chloridebicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical collecting ducts of mice[END_REF]. Moreover, in Ncc knock-out mice levels of MRS843-P were dramatically decreased [START_REF] Shibata | Mineralocorticoid receptor phosphorylation regulates ligand binding and renal response to volume depletion and hyperkalemia[END_REF].

Taken together, these studies strongly suggest that WNK4 regulates pendrin, but in vitro experiments must be performed in order to have the final proof. For instance, to demonstrate that increase in pendrin activity in -ICs results directly from the expression of the WNK4 mutant in these cells, one could perform an experiment with the co-injection in xenopus oocytes of pendrin cRNA with a WNK4 cRNA bearing the same PHAII-mutation as the one used to generate the TgWNK4 PHAII animals (WNK4-Q562E). Thus, the effect of WNK4 and WNK4 mutant on pendrin activity can be determined by measuring chloride transport ( 36 Cl -influx). Similar experiment could be performed to evaluate the impact of WNK4 mutant on NDCBE, considering that pendrin work in conjugation with NDCBE. Furthermore, the generation of a double transgenic mouse model by the genetic deletion of NDCBE in TgWNK4 PHAII mice may highly contribute to our conclusion. Also compare our results with the deletion of pendrin in others PHAII mice models could help to assess the extent of the pendrin in the pathogenesis of PHAII.

Conclusion

The mice models have emerged as a possible solution for overcoming the many time, contradictory results derived from in vitro experiments. Several PHAII mice models have been generated with this aim in view but the outcome appears mitigated: the increase of NCC abundance and activity is certainly common to all models but contradictory data have been obtained for ENaC and ROMK, which are also main players in NaCl and K + transport.

We propose pendrin as a new actor in the pathogenesis of PHAII. We suggest that the metabolic acidosis observed in TgWNK4 PHAII mice is a consequence of the increase in pendrin activity, which leads to a renal bicarbonate leak. Moreover, genetic ablation of pendrin in TgWNK4 PHAII mice, also alleviate the hyperkalemia by a mechanism that must be further investigated. In this line, it is important to mention that a mouse model overexpressing pendrin in ICs does not display a PHAII-like phenotype in normal salt diet but only develops hypertension when exposed to a high-salt diet. Moreover, the increased electroneutral NaCl absorption in the distal nephron does not lead to high serum K + concentration or metabolic acidosis [START_REF] Jacques | Overexpression of pendrin in intercalated cells produces chloride-sensitive hypertension[END_REF]. All together, these data suggest that pendrin overactivity is not sufficient to cause the whole PHAII phenotype and likely needs to be associated with NCC upregulation, both contributing to the pathogenesis of PHAII. Thus, further investigation is needed to fully understand the contribution of pendrin in the pathophysiology of this syndrome. The fact that CNT is a nephron segment not suitable for microperfusion experiment, is still representing a problem, since ENaC, pendrin and ROMK are also expressed in this nephron segment and their contribution to the onset of PHAII, particularly there, is still unkown.

Elucidate the pathogenesis of PHAII and more generally increase our knowledge of blood pressure related diseases, is important since only half of hypertensive patients currently exhibit an appropriate control of their blood pressure despite the existence of different and complementary classes of antihypertensive therapies.

Most patients (>75%) require a combination of at least two antihypertensive drugs and others require up to five different compounds. The actual effectiveness of some antihypertensive treatments to decrease blood pressure, and more importantly, to increase the lifespan of the patients is still a matter of discussion.

Thus, the development of new drugs targeting blood pressure is clearly required to establish effective therapies for hypertension. Therefore, the fact that primary changes in chloride transport can drive NaCl absorption has important therapeutic implications, our results suggest that pendrin might be a very interesting target to modulate NaCl absorption by the distal nephron; pendrin blockers could, consequently, represent a new class of antihypertensive compounds.
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  Nomenclature and symbolism for amino acids and peptides follows the guidelines of the IUPAC-IUB Joint Commission on Biochemical Nomenclature (JCBN): "Nomenclature and symbolism for amino acids and peptides. Recommendations 1983." ABSTRACT Pseudohypoaldosteronism type II (PHAII) is a rare monogenic disease mainly characterized by the association of hyperkalemia, hyperchloremic metabolic acidosis and hypertension. It is produced by mutations in the WNK1, WNK4, KLHL3 or CUL3 genes. The clinical manifestations of PHAII are due, among others, to an increased activity of the thiazide-sensitive Na + -Cl -cotransporter NCC, expressed in the distal convoluted tubule. Several groups attempted to determine how PHAII-causing mutation led to an increased activity of NCC. However, so far the data do not fully explain the physiopathology of PHAII, giving evidence that other renal transport systems are altered in this disease.

Figure 1 .

 1 Figure 1. Structure of the nephron. Schematic representation of a longitudinal section of the kidney (left) and representation of a nephron that expands throughout the cortex and medulla (right). The epithelial elements of the nephron include the Bowman's capsule, the proximal (convoluted and straight) tubule, the thin descending and ascending limbs of the loop of Henle, the thick ascending limb of the loop of Henle, the distal convoluted tubule, the connecting tubule, the initial collecting tubule and the (cortical and medullary) collecting duct. (From Boron and Boulpaep, Medical Physiology, updated 2 th edition: 2012).

Figure 2 .

 2 Figure 2. Sodium handling along the nephron. Arrows indicate reabsorption of Na + . Numbers indicate the percentage of the filtered load of Na + reabsorbed or excreted.

Figure 4 .

 4 Figure 4. Transports involved in the thick ascending limb of the loop of Henle.The transport in TAL is characterized by a Na + -2Cl --K + Cotransporter (NKCC2) on the luminal surface that allows the reabsorption of large amounts of these ions. Reabsorption is powered by a basolateral Na + -K + ATPase. Importantly, the ascending limb is highly impermeable to water and the reabsorption of large amounts of sodium in the absence of water results in significant dilution of the tubular fluid. A small amount of potassium back-leaks into the lumen via the K + channel ROMK and yields a positive luminal charge that powers the paracellular reabsorption of positive ions, including magnesium and calcium. The Cl -leaves the cell by the basolateral Cl -channel ClC-Kb. ROMK: Renal Outer Medullary Potassium Channel; NKCC2: Na + -2Cl --K + Cotransporter; ClC-Kb: Chloride Channel Kb; TJ: Tight Junctions.

  condition showing opposite symptoms to Gitelman's syndrome, in which an over activation of NCC is to blame (O'Shaughnessy 2015). Better understanding of the physiopathology of PHAII is one of the aims in the present work and will be discussed in detail in the next pages.

Figure 5 .

 5 Figure 5. NaCl reabsorption in the distal convoluted tubule. In the distal tubule the filtered sodium load occurs via a luminal Na + -Cl -Cotransporter (NCC) powered by the basolateral Na + -K + ATPase. NCC is a target of thiazide diuretics. The chloride channel ClC-Kb mediates the basolateral recycling of Cl -. The K + channels Kir4.1 and Kir5.1 mediate the potassium recycling. NCC: Na + -Cl -Cotransporter; ClC-Kb: Chloride Channel Kb; Kir4.1: Inward rectifier-type potassium channel 4.1; Kir5.1: Inward rectifier-type potassium channel 4.1; TJ: Tight Junctions.

  Research over the past 20 years has established a paradigm in which PCs are the exclusive site of Na + absorption while ICs are solely dedicated to acid-base transport. Nevertheless recent studies have revealed the unexpected importance of ICs for NaCl reabsorption. In 2010, Leviel et al. described a novel thiazidesensitive electroneutral NaCl uptake mechanism in renal ICs, where NaCl is taken up from urine by the coordinated action of the Cl --HCO3 -exchanger pendrin and

(

  WNK) family, WNK1 or WNK4,[START_REF] Wilson | Human hypertension caused by mutations in WNK kinases[END_REF] or in their regulators KELCH3 (Louis-Dit-Picard,[START_REF] Louis-Dit-Picard | KLHL3 mutations cause familial hyperkalemic hypertension by impairing ion transport in the distal nephron[END_REF]) and Cul3[START_REF] Boyden | Mutations in kelch-like 3 and cullin 3 cause hypertension and electrolyte abnormalities[END_REF], were identified as causing PHAII. All mutations lead to abnormal phosphorylation of the Na + -Cl -Cotransporter (NCC) expressed on DCT, increasing its expression and activity.The precise mechanism by which PHAII-causing mutations lead to the different phenotypic abnormalities characteristic of this syndrome is not fully elucidated.The excess reabsorption of salt in the DCT increases vascular volume resulting in thiazide-sensitive hypertension. Patients with PHAII respond to aggressive saltrestriction or relatively small doses of thiazide diuretics, suggesting that indeed NCC gain of function is the major cause of the development of the disease. By contrast, the pathogenesis of hyperkalemia and acidosis in PHAII seems to be more complex and is poorly understood.It has been proposed that the reduced Na + delivery to the lumen of downstream nephron segments (CNT and CD) reduces ENaC activity, and thereby, prevents the development of a lumen negative transepithelial voltage. Simultaneously, it is proposed that PHAII-causing mutations reduce the activity of ROMK in the apical membrane of PCs. Both effects would act synergistically to block potassium secretion and provoke hyperkalemia. The molecular basis responsible of the metabolic acidosis in PHAII is not clear either. Acidosis might result from the absence of ENaC-dependent transepithelial potential difference or could be due to the reduced ammonia production and secretion following hyperkalemia.

  volume depletion to keep blood pressure constant by favoring renal NaCl retention and vascular vasoconstriction stimulates most of renal Na + transporters, including NCC (San-Cristobal, Pacheco-Alvarez et al. 2009).

Figure 7 .

 7 Figure 7. Regulation of NCC by WNKs pathway in normal condition and in PHAII. Under physiological conditions, protein levels of WNK1 and WNK4 in DCT are maintained by degradation through ubiquitination by the KLHL3-CUL3 E3 ligase complex. However, PHAII-causing mutations in the acidic domain of WNK4 as well as, in the Kelch domains of KLHL3, interrupt binding of the KLHL3-CUL3 E3 ligase complex, resulting in an impaired ubiquitination and degradation of WNK kinases. PHAII-causing CUL3 mutations lack a portion of exon 9 and cause decreased ubiquitination and degradation of WNK kinases. Thus, PHAII-causing mutations in three different genes share a common mechanism: decreased ubiquitination and increased WNK1/WNK4 protein levels in DCT cells. Both WNK1 and WNK4 are increased in the kidneys with PHAII caused by KLHL3 and CUL3 mutations. Ub: ubiquitin; DCT: distal convoluted tubule; NCC: Na + -Cl - Cotransporter. (From Sohara et al. 2016, Nephrology Dialysis Transplantation (Sohara and Uchida 2016)).

  exposed to bath fluid was limited to 300 -350 µm in order to prevent motion of the tubule. Two solutions were used, differing in their content in chloride. The composition of the solutions were as follows; chloride-containing solution was composed of 119 mM NMDG-Cl, 23 mM NMDG-HCO3, 2 mM K2HPO4, 1.5 mM CaCl2, 1.2 mM MgSO4, 10 mM HEPES, and 5.5 mM D-glucose; chloride-free solution was composed of 119 mM NMDG-gluconate, 23 mM NMDG-HCO3, 2 mM K2HPO4, 7.5 mM Ca-gluconate, 1.2 mM MgSO4, 10 mM HEPES, and 5.5 mM Dglucose. All solutions were adjusted to pH 7.4 and continuously bubbled with 95% O2/5% CO2. At the beginning of experiments, tubules were bathed and perfused with the Cl --containing solution.To identify principal and intercalated cells, we labeled the apical membrane of intercalated cells by adding fluorescent peanut lectin (PNA, Vector Labs) to the luminal perfusate for 5 minutes and observed which cells were fluorescent. Intracellular pH in CCD cells was assessed with imaging-based, dual excitationwavelength fluorescence microscopy with use of the fluorescent probe 2',7'-Bis-(2-Carboxyethyl)-5-(And-6)-carboxyfluorescein (BCECF, Molecular probes).Tubules were loaded for ~20 min at room temperature with 5x10 -6 mol/l of the acetoxymethyl ester of BCECF added to the peritubular fluid. Loading was continued until the fluorescence intensity at 440 nm excitation wavelength was at least one order of magnitude higher than background fluorescence. The loading solution was then washed out by initiation of bath flow and the tubule was equilibrated with dye-free solution for 5-10 minutes. Bath solution was delivered at a rate of 20 ml/min and warmed to 37 ± 0.5°C by water jacket immediately upstream to the chamber. During the fluorescence recording, the Cl-containing solution was delivered to the perfusion pipette via a chamber under an inert gas (N2 pressure around 1 bar) connected through a manual 6-way valve. With this system, opening of the valve instantaneously activated flow of one solution. The majority of the fluid delivery to the pipette exited the rear of the pipette system through a drain port at a rate of 4 ml/min. This method resulted in a smooth and complete exchange of the luminal solution in less than 3 to 4 sec. as measured by the time necessary for appearance of colored dye at the tip of the perfusion pipette. After 3-minutes recording, luminal fluid was instantaneously replaced by the corresponding Cl-free solution for 3 minutes. Finally, the luminal solution was changed again for the Cl-containing solution.Intracellular dye was excited alternatively every 2 seconds at 440 and 500 nm with a light-emitting diode (Optoled, Cairn Research, Faversham, UK). Emitted light was collected through a dichroïc mirror, passed through a 530 nm filter and focused onto an EM-CCD camera (iXon, Andor Technology, Belfast, Ireland) connected to a computer. The measured light intensities were digitized with 14-bit precision (16384 grey level scale) for further analysis. For each tubule, 3-4 intercalated cells were analyzed and the mean grey level was measured with the Andor IQ software (Andor Technology, Belfast, Ireland). Background fluorescence was subtracted from fluorescence intensity to obtain intensity of intracellular fluorescence.

  rate of fluid absorption (Jv) was calculated as Jv = (Vperf -Vcoll) / L, with Vperf = Crcoll / Crperf x Vcoll, where Crcoll and Crperf are the concentrations of creatinine in the collected fluid and perfusate, respectively, Vcoll is the collection rate at the end of the tubule, and L is the length of the tubule. For each collection, Na + flux (JNa) was calculated and reported to the length of the tubule: JNa = [([Na]perf x Vperf) -([Na]coll x Vcoll)] / L and JCl = [([Cl]perf x Vperf) -([Cl]coll x Vcoll)] / L, JK = [([K]perf x Vperf) -([K]coll x Vcoll)] / L, where perf indicates perfusate and coll indicates collection fluid. Therefore, positive values indicate net absorption, whereas negative values indicate net secretion of the ion. For each tubule, the mean of the 4 collection periods was used.

Figure 8 .

 8 Figure 8. Protein abundance of NCC and pNCC is increased in TgWnk4 PHAII mice. Inmmunoblots for NCC and its T53 phosphorylated residue (pNCC) on plasma membrane-enriched fractions from renal cortex of TgWnk4 PHAII (n=6) and control (n=4) mice. Bar graph shows a summary of densitometric analyses. Densitometric values were normalized to the mean for the control group that was defined as 100% and results were expressed as mean ± SEM. Statistical significance was assessed by unpaired Student's t-test. **P<0.001

Figure 9 .

 9 Figure 9. TgWnk4 PHAII mice exhibit phenotypic abnormalities characteristic of PHAII. A-E. The indicated blood parameters were measured in control (white bars) and TgWnk4 PHAII mice (back bars), n=8 mice per group. F. Renin gene expression was analyzed by quantitative RT-PCR in whole kidney of control (white bars) and TgWnk4 PHAII mice (black bars). Results are expressed in arbitrary units relative to the expression of a geometrical mean of 4 housekeeping genes: ubiquitin, hrp, 18s and GAPDH. The control group has been arbitrarily set to 1, n= 6 mice per group. G. Urinary aldosterone excretion was measured in control (white bars) and TgWnk4 PHAII mice (black bars), the values were normalized by the creatinine concentration measured in the same samples (in mM), n=8 for control and n=7 for TgWnk4 PHAII mice. All the values are represented as means ± SEM and statistical significance was assessed by unpaired Student's t-test. *P<0.05, **P<0.01, and ***P<0.001.

  , black bars). Interestingly, NaCl absorption was fully inhibited by luminal addition of 100 µM hydrochlorothiazide (HCTZ) (Figure 10, striped bars). These experiments demonstrate that beside the increased NCC activity, the electroneutral NaCl transport mediated by pendrin/NDCBE is stimulated by WNK4 PHAII-causing mutation, contributing to the excess of NaCl reabsorption.

Figure 10 .

 10 Figure 10. Electroneutral NaCl transport system is activated in the CCD of TgWnk4 PHAII mice. Transepithelial fluxes of Na + (JNa), Cl -(JCl), K + (JK) and transepithelial voltage (Vte) were measured in microperfused CCDs isolated from TgWnk4 PHAII mice, fed on normal diet in the absence (Black bars, n=5) or presence of luminal hydrochlorothiazide (HCTZ, striped bars, n=6). Statistical analysis was performed by student t test. *P<0.05.

Figure 11 .

 11 Figure 11. α-ENaC and the proteolytic cleavage form of γ-ENaC are increased in TgWnk4 PHAII mice. α-ENaC and γ-ENaC protein abundance was assessed by western blot of plasma membrane-enriched preparations obtained from the renal cortex of control (n=4) and TgWnk4 PHAII (n=6) mice. Bar graph shows a summary of densitometric analyses. Densitometric values were normalized to the mean for the control group that was defined as 100% and results were expressed as mean ± SEM. Statistical significance was assessed by unpaired t test. *P<0.05, **P<0.01

Figure 12 .

 12 Figure 12. Identical natriuretic response to amiloride observed in TgWnk4 PHAII and control mice. Effect of amiloride injection on urinary Na + (A) and K + excretion (B) in control and TgWnk4 PHAII mice. Mice kept under standard diet were subcutaneously injected with either vehicle or amiloride (1.45 mg/kg body weight). Urines from control and TgWnk4 PHAII mice were collected over 2 consecutive days starting at 10 AM and ending at 4 PM. Vehicle was injected on day 1 (black bars), whereas amiloride was injected at 10 AM on the second day (white bars). Excreted Na + and K + concentrations (mM) were normalized to the urinary concentration of creatinine (mM) to minimize the effects of incomplete urine sampling over such short periods. Values are the mean ± SEM from 8 determinations in each group of mice. Statistical significance was assessed by one-way ANOVA. ***P<0.001 and ****P<0.0001, vehicle vs. amiloride. *P<0.05, control vs. TgWnk4 PHAII following amiloride injection.

Figure 15 .

 15 Figure 15. Metabolic acidosis in TgWnk4 PHAII mice is not caused by impaired acid excretion. Time course of blood parameters analysis (A-B) and urinary acidbase homeostasis parameters (C-E) from control (white bar and open circle) and TgWnk4 PHAII mice (black bar and black circle), during 15 days of acid load (280 mM of NH4Cl in drinking water). Values are the mean ± SEM from 8 determinations in each group of mice. Relationship between urinary NH4 + and plasma bicarbonate concentration [HCO3 -] before and after the acid load (F). Values of blood and urinary parameters in TgWnk4 PHAII mice and in controls are represented as means ± SEM. Statistical significance was assessed by unpaired t test. *P<0.05, **P<0.01).

Figure 16 .

 16 Figure 16. Response to an acid load in WNK1 PHAII mice indicates a normal acid excretion. Blood pH, pCO2, Cl -and HCO3 -concentration were measured in WNK1 ∆i1 and in control mice (WNK1 lox ), in basal conditions and after administrating 280 mM of NH4Cl in the drinking water for 7 days. Urine pH and urinary NH4 + were also measured at basal condition (day 0) and at days 2 and 7, statistical significances are represented respect to day 0. Values are represented as mean ± SEM. Statistical significance is assessed by one-way ANOVA n=8 in both groups, *p<0.05, **p<0.01, ***p<0.001.

Figure 17 .

 17 Figure 17. Increased apical Cl -/HCO3 -exchange activity in β-intercalated cells of TgWnk4 PHAII mice. A. Representative profile of intracellular pH changes following luminal chloride removal in intercalated cells in isolated CCDs from control (black curve) and TgWnk4 PHAII mice (red curve). B. Average initial rates of pHi recovery after chloride removal in intercalated cells from control (white bars, n=4) and TgWNK4 PHAII (black bars, n=7). Values are represented as means ± SEM, *P<0.05, unpaired t test.

Figure 18 .

 18 Figure 18. The number of β-intercalated cells in TgWnk4 PHAII mice is increased. A. Immunoblots for pendrin and NDCBE were performed on plasma membrane-enriched preparations of the renal cortex of TgWnk4 PHAII (n=6) and controls (n=4). Densitometric values were normalized to the mean for the control group that was defined as 100% and results were expressed as mean ± SEM. B. Immunofluorescence of collecting ducts in medullary rays from controls and TgWnk4 PHAII mice. E subunit of the V-ATPase (blue) was used as a marker of CCDs. β-ICs were identified as apical pendrin positive cells (red) and α-ICs were defined by the basolateral AE1 staining. C. Fraction of α-IC cells and β-ICs cells in relation of total intercalated cells in CCD. Control mice (white bars) and TgWnk4 PHAII (black bars), n=4 for both group. *P<0.05, unpaired t test. D. Fractional volume of the CCD respect to the kidney cortex from TgWnk4 PHAII mice (black bars) and control mice (white bars), n=4 for each group, results were expressed as mean ± SEM. p=0.03, unpaired t test.

Figure 19 .

 19 Figure 19. Protein abundances of different Na + transporters in TgWnk4 PHAII and TgWnk4 PHAII /Pds -/-mice. Immunoblots performed on membrane-enriched fraction of kidney from TgWnk4 PHAII (n=6) and TgWnk4 PHAII /Pds -/-(n=6). Bar graph shows a summary of densitometric analyses. Densitometric values were normalized to the mean for the TgWnk4 PHAII mice that was defined as 100% and results were expressed as mean ± SEM. Statistical significance was assessed by unpaired Student's t-test. *P<0.05, **P<0.01, ***P<0.001.

Figure 20 .

 20 Figure 20. Effect of amiloride injection on urinary Na + and K + excretion in TgWnk4 PHAII /Pds -/-and TgWnk4 PHAII mice. Mice kept under standard diet were subcutaneously injected with either vehicle or amiloride (1.45 mg/kg body weight). Urines from TgWnk4 PHAII and TgWnk4 PHAII /Pds -/-mice were collected over 2 consecutive days starting at 10 AM and ending at 4 PM. Vehicle was injected on day 1 (black bars), whereas amiloride was injected at 10 AM on the second day (white bars). Excreted Na + and K + concentrations (mM) were normalized to the urinary concentration of creatinine (mM) to minimize the effects of incomplete urine sampling over such short periods. Values are the mean ± SEM from 8 determinations in each group of mice. Statistical significance was assessed by one-way ANOVA. ** P<0.01 and **** P<0.0001.

(

  mainly alimentary habits) to genetic factors. In the present study, we have focused on one hereditary disease named Pseudohypoaldosteronism type II, mainly characterized by hypertension, hyperchloremic metabolic acidosis and hyperkalemia. Hereafter, we present what we know about PHAII and what remains indeterminate, and we discuss how our research contributes to resolve some open questions.

  NaCl cotransporter NCC of the distal convoluted tubule and the observation that most symptoms of PHAII can be corrected by low dose of thiazide diuretics support the possibility that NCC plays a central role in PHAII, and gives sense to the hypothesis already proposed in 1981 by Schambellan et al., which suggested that the disease is caused by excessive electroneutral absorption of chloride by the distal nephron[START_REF] Schambelan | Mineralocorticoidresistant renal hyperkalemia without salt wasting (type II pseudohypoaldosteronism): role of increased renal chloride reabsorption[END_REF].Accordingly, most of the studies conducted so far have been focused on the deregulation of NCC by PHAII-causing mutations. The transgenic mouse used in this study is expressing WNK4 carrying one of the missense mutations identified in PHAII patients (WNK4-Q562E; TgWNK4 PHAII mice). The mice display all clinical features of the syndrome ([START_REF] Lalioti | Wnk4 controls blood pressure and potassium homeostasis via regulation of mass and activity of the distal convoluted tubule[END_REF] and Figure8-9). In this model, increase of the NCC phosphorylation and abundance at the apical cell membrane result in enhanced NaCl absorption in the DCT and vascular volume expansion, favoring the onset of hypertension. In addition, WNK4 knock-out mice develop a mild Gitelman-like syndrome, with normal blood pressure, increased plasma renin activity, and reduced NCC expression and phosphorylation[START_REF] Castaneda-Bueno | Activation of the renal NaCl cotransporter by angiotensin II is a WNK4dependent process[END_REF]. All together these data confirm the importance of NCC in the pathogenesis of PHAII.

  corrects completely metabolic acidosis in TgWnk4 PHAII mice indicate that metabolic acidosis is caused by excessive bicarbonate secretion in the distal nephron. Activation of pendrin in TgWnk4 PHAII mice is accompanied by an alteration of the structure of the CCD. Indeed, we show an increase in -intercalated cells at the expense of -intercalated cells in TgWnk4 PHAII mice. Several studies report that acidosis induces the differentiation of β-ICs into α-ICs (Al-Awqati and Gao 2011)
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Table 1 . PHAII mutation and their effects on the affected genes

 1 

	Gene	Effect	Result	Effect on the
				encoded protein
	WNK1	Deletion of intron 1	Increased WNK1	L-WNK1
			expression	
	WNK4	Missense mutation in	Increased WNK4	WNK4
		the acidic motif	expression due to	
			disruption in the	
			KLHL3 recognition site	
	WNK4	R1185C mutation in	Disruption of	Unknown
		the C-terminal domain	regulatory mechanism	
			involving calmodulin	
			binding and SGK1	
			phosphorylation sites	
	KLHL3	Missense mutations in	Disruption of the	WNK1, WNK4,
		the BTB or BACK domain	CUL3-KLHL3 interaction	WNK3
	KLHL3	Missense mutations in	Disruption of the	WNK1, WNK4,
		the Kelch propeller blades	substrate (WNK) binding	WNK3
	CUL3	Exon 9 deletion	Increased KLHL3	KLHL3
			ubiquitination and degradation.	WNK1, WNK4,
			Altered CUL3 flexibility	
			leading to CUL3 auto-	
			degradation and	
			prevention of WNK	
			ubiquitination	

WNK3

Modified from

Murthy et al. Cell. Mol. Life Sci. 2017[START_REF] Murthy | WNK signalling pathways in blood pressure regulation[END_REF] 

  Moreover, pendrin modulates aldosterone-induced Na + absorption by modifying ENaC abundance and function through a kidney-specific mechanism that does not involve changes in the concentration of a circulating hormone. Instead, pendrin changes ENaC abundance and function at least in part by altering luminal HCO3 - and ATP concentrations. Pendrin has also been shown to participate in the release of catecholamines by adrenal glands[START_REF] Lazo-Fernandez | Pendrin localizes to the adrenal medulla and modulates catecholamine release[END_REF]; this is another mechanism by which pendrin can potentially affect blood pressure.

  Portland, OR). Antibody against pendrin was a gift from Dr. Peter Aronson (Yale University, New Haven, CN). Antibody against the E subunit of the V-ATPase was kindly provided by Dr. Denis Brown (Harvard Medical

	School, Boston, MA). Anti AE1 antibody was provided by Carsten Wagner
	(University of Zurich, Switzerand). ROMK antibody was provided from Paul Welling
	(University of Maryland, Baltimore). Antibody against NDCBE is from Synaptic
	Systems.

were a kind gift from Dr. Johannes Loffing (University of Zürich, Zürich, Switzerland). Anti-NCC antibody was a gift from Dr. David Ellison (Oregon Health and Science University,

Table 2 : Blood parameters of TgWNK4 PHAII and TgWNK4 PHAII /Pds -/-mice.

 2 

	Blood	TgWNK4 PHAII	TgWNK4 PHAII ;Pds -/-
	pH	7.30 ± 0.01	7.34 ± 0.02
	PCO2	51 ± 2	53 ± 3
	[HCO3 -], mM	22.5 ± 0.3	25.7 ± 0.8**
	[Na + ], mM	152.6 ± 0.7	151.3 ± 0.6
	[Cl -], mM	116.3 ± 0.6	113.7 ± 0.7*
	[K + ], mM	4.46 ± 0.09	3.91 ± 0.07***
	Hematocrit, %	38.9 ± 1.1	41.2 ± 0.6*
	Values are means ± SEM, n=9 for TgWNK4 PHAII and n=10 for TgWNK4 PHAII /Pds -/-.
	*P<0.05, **P<0.01, and ***P<0.001.	

Table 3 : Blood parameters of TgWNK4 PHAII before and 6h after thiazide injection.
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	Blood	Before HCTZ	After HCTZ
	pH	7.28 ± 0.01	7.36 ± 0.02*
	PCO2	47 ± 2	49 ± 6
	[HCO3 -], mM	20.4 ± 0.7	25.0 ± 0.8***
	[Na + ], mM	149.9 ± 0.7	148.0 ± 0.6
	[Cl -], mM	114.1 ± 0.9	106.0 ± 0.6****
	[K + ], mM	4.55 ± 0.12	3.48 ± 0.07****
	Hematocrit, %	37.0 ± 1.3	45.1 ± 0.8***
	Values are means ± SEM *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001; n=7
	for both groups.		
	Additionally, pendrin disruption also led to a significant increase in renin mRNA
	levels in TgWnk4 PHAII mice (1.00 ± 0.1, n=7 in TgWnk4 PHAII vs. 1.92 ± 0.45, n=6 in
	TgWnk4 PHAII /Pds -/-mice, P<0.01), in association to a higher hematocrit (table 2).
	However, no difference between groups was detected in blood pressure measured
	by telemetry (123.7 ± 1.2 mmHg in TgWnk4 PHAII /Pds -/-mice, n=5 vs. 128.8 ± 2.4
	mmHg in TgWnk4 PHAII mice, n=6, NS) or in aldosterone levels (7.26 ± 0.57 nM/mM
	creatinine in TgWnk4 PHAII /Pds -/-mice, n=10 vs. 7.93 ± 0.63 nM/mM creatinine in
	TgWnk4 PHAII mice, n=12, NS).		
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