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ABSTRACT 
 
 

Few of the many crucial physiological functions are maintaining acid/base balance and 

electrolyte homeostasis. The last segment of the nephron, collecting duct, fine tunes these 

functions by secreting acids and reabsorbing bicarbonate through the specialized type-A 

intercalated cells (Type-A IC). These cells harbour acid secreting protein H+ATPase at the apical 

membrane and chloride-bicarbonate exchanger proteins, kidney anion exchanger 1 (kAE1) and 

SLC26A7 at the basolateral membrane. Mutations in either H+ATPase or kAE1 can cause distal 

renal tubular acidosis (dRTA), principally characterized by defective urine acidification. In the 

collecting duct, there are also the principal cells and the type-B intercalated cells which regulate 

the electrolyte homeostasis with the proteins localized in their apical and basolateral membranes. 

Tight junction (TJ) proteins occupy the gap between the cells on the apical side, facilitating 

paracellular ion transfer between lumen and interstitium.  

 
We characterized SLC26A7 protein’s expression and function in relation to kAE1 and 

dRTA mutant kAE1 R901X in normal growth condition and hyperosmotic growth medium 

mimicking medullary habitat of the protein. We confirmed that SLC26A7 protein acts as a 

chloride/bicarbonate exchanger in Madin Darby Canine Kidney (MDCK) cells. We also found that 

the protein is mostly intracellular in both polarized and non-polarized cells, and demonstrate a 

lower chloride/bicarbonate exchange activity than that of kAE1 protein. Co-expressing SLC26A7 

and kAE1 proteins did not demonstrate additive chloride/bicarbonate exchange function compared 

to when they are expressed alone. Our experiments also showed that osmolarity does not affect the 

chloride bicarbonate activity in the cells expressing SLC26A7. Furthermore, we mimicked acidotic 

condition by decreasing pH of the growth medium and found reduced abundance of SLC26A7 
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protein. All these experiments suggest that SLC26A7 functions as a chloride/bicarbonate 

exchanger in MDCK cells independent of osmolarity and its cellular abundance is dependent on 

extracellular osmolarity and pH conditions.  

 Our second set of study was on the tight junction protein claudin-4 (cldn-4), which acts as 

a chloride pore and sodium barrier in the collecting duct. Total knock out (KO) cldn-4 mice 

demonstrate lethal hydronephrosis, hypocalcemia and elevated fractional excretion of calcium and 

chloride ions. Principal cell (PC) specific cldn-4 KO show increased fractional excretion of 

chloride and sodium. We established IC specific cldn-4 KO mouse to obtain an overall picture of 

the role of cldn-4 in the collecting duct. At the steady state, IC cldn-4 KO mice do not demonstrate 

any gross physiological defect and are able to maintain normal acid-base and calcium homeostasis. 

To investigate if the mice are able to reabsorb sodium and chloride as efficiently as the WT, they 

were fed a NaCl depleted diet. In this condition, the mice displayed increased fractional excretion 

of sodium. At the basal state and salt depleted diet condition, the mice display increased expression 

of IC markers pendrin, kAE1 and sodium dependent chloride bicarbonate exchanger (NDCBE) 

without a change in the abundance of H+ATPase. When given 0.28M NH4Cl water, the mice are 

able to maintain pH homeostasis to the same degree as the WT mice. To investigate if the IC cldn-

4 has any contribution to calcium homeostasis, the mice were fed a low calcium diet but displayed 

no perturbation in calcium homeostasis. Together all these investigations indicate that in the distal 

nephron, IC cldn-4 is not involved in pH and calcium homeostasis but is required for sodium 

reabsorption. 
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CHAPTER ONE 

 

 

GENERAL INTRODUCTION 
  



 
 2 

1.1 Thesis overview 

The principal objective of this thesis is to decipher the role of 2 intercalated cell proteins, 

SLC26A7 and Claudin-4 (cldn-4) in the collecting duct. We generated and characterized 

intercalated cell specific cldn-4 KO mice upon a standard, low NaCl, acid or low calcium diet. 

Additionally, we also showed that SLC26A7 is a chloride/bicarbonate exchanger in MDCK cells 

and the expression of the protein is upregulated in hyperosmotic condition and downregulated in 

acidic condition.  

 The first chapter of this thesis introduces the kidneys, role of kidneys in ion and pH 

homeostasis, structure and functions of intercalated cells, tight junctions, chloride/bicarbonate 

exchangers kAE1 and SLC26A7 and calcium homeostasis in the kidneys as they are relevant to 

the thesis topics discussed later in Chapters 2 and 3. 

 Chapter 2 describes the characterization of the chloride/bicarbonate exchanger SLC26A7. 

The acid-secreting intercalated cells express both kAE1 and SLC26A7 proteins. We show that in 

MDCK cells the abundance of heterologously expressed SLC26A7 protein increases in hyper-

osmotic growth media that mimics the medullary osmolality. In acidosis condition i.e. in lower pH 

condition, co-expression with kAE1 WT and kAE1 R901X results in decreased SLC26A7 

abundance .  

 Chapter 3 describes the characterization of the role of tight junction protein cldn-4 in salt 

and acid/base homeostasis in an IC specific cldn-4 KO mouse model.  

  Overall, this Thesis has examined the IC-specific roles of a transcellular ion transporter 

and a paracellular tight junction protein in acid-base and ion homeostasis. This work contributed 

to improved knowledge on essential proteins in the CD physiology. 

 



 
 3 

1.2  Introduction 
 

Every human being starts from a single cell, which then differentiates to develop multiple 

cellular entities which eventually specialize in performing a set of functions required for the body, 

such as energy generation, electrical signals, movement, etc1. Cell differentiation is the key to this 

transformation process by which a simple cell generates a specialized cell cluster that constitutes 

a tissue. There are four general types of tissues in the body, namely, muscle, nervous, epithelial 

and connective tissues1. In a larger scale, one or more tissue combines physically and functionally 

to form organs (e.g., heart, lung, liver, kidney)1. The human body is the home of a number of organ 

systems working simultaneously and synchronously with each other to carry out a variety of tasks 

aiming to maintain a perfect combination of bodily pH, water and electrolyte balance (i.e., 

homeostasis)2. The rudimentary idea of homeostasis dates back to the early days of physiology, 

when physicians were able to associate well-being of an individual with the balance of “life 

sustaining forces”1. Chronologically, the advent of science, technology and tools like microscopes 

guided the discovery of numerous amounts and types of cells in the body and the movement of 

ions through these cells. Centuries later, these observations generated knowledge about 

physiological variables such as blood pressure, body temperature and subcellular ions and the role 

of molecules such as oxygen, glucose and sodium ions that are maintained within a narrow range 

to preserve a balance required for energy production and thriving1,2. The idea of homeostasis was 

not only confined to energy generation but also to elimination of waste and undigested elements 

from the body by concurrent action of multiple organs. For example, the respiratory system brings 

oxygen to the body, which will eventually be used to generate energy and break down nutrients, 

the circulatory system transports and delivers these to various regions in the body and carry the 

waste material generated by metabolic processes to the excretory systems to expel them out of the 
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body. The kidneys not only perform as one of the excretory systems, but also take part in 

homeostasis by aiding hormonal regulation of blood pressure, and reabsorbing critical ions like 

Na+, Cl-, Ca2+, HCO3- and Mg2+, and secreting H+ and K+. Hence, kidneys play a critical role in 

homeostasis by regulating the blood pressure, electrolyte concentration, and maintaining 

physiological pH and many others1,2.  

For this dissertation, we focused on the renal system and its role in acid-base and ion 

homeostasis in cellular and model organisms.  
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1.3  The Urinary system 

The urinary system is the hub for a number of physiologic processes, such as 

osmoregulation, blood pressure and volume maintenance, erythrocyte production, calcium 

homeostasis and finally excretion of toxins and other molecules3. The array of these functions is 

carried out by two organs consecutively: the paired kidneys and the ureter4. The kidneys perform 

most of the functions here, whereas the ureters deliver the urine that is produced in the kidneys to 

the bladder. The bladder is the repository of the final waste, urine, before excreting through the 

urethra4. 

The development of the urogenital system begins in the human fetus as early as 22 days of 

gestation along the posterior wall of the abdomen4,5. The development of the nephron takes place 

in three distinct and subsequent stages through the generation of the pronephrons, the 

mesonephrons and the metanephrons. The pronephrons are composed of pronephric tubules and 

pronephric duct (precursor of Wolffian duct), however, they are not involved in kidney formation 

or in function5. The mesonephrons develop posterior to the pronephric tubules along the 

midsection of the urogenital ridge during the embryonic life and possibly participate in filtering 

function. The mesonephrons degenerate and move to the adrenogonadal primordia, where they 

become the adrenal gland and gonads6. The metanephrons, that form the kidneys in the further 

developed stage, originate through successive interactions between the metanephric mesenchyme 

(MM) and the epithelial ureteric bud (UB) posterior end of the urogenital ridge4. The UB, after 

subsequent changes and interaction, transverses on the MM, which branches out dichotomously 

and forms the urinary collecting duct system. Concurrently, signals sent from the UB to the MM 

result in a condensation of the mesenchyme on the surface of the bud, followed by aggregation of 

MM cells to the apex of the branching UB, known as pretubular aggregates. This aggregation, 



 
 6 

which is a cluster of cells, transforms from mesenchyme to epithelia before becoming a renal 

vesicle.4.  

Successive patterned segmentation of the renal vesicles recruits mesenchymal progenitors 

to form the glomerulus and parts of nephrogenic tubules subject to undergo morphologic changes 

to form the proximal convoluted tubules, the loop of Henle and the distal tubule4.  

 

1.3.1 The Kidney 

 Mammalian kidneys are paired and located at the back of the abdominal wall, but not in 

the abdominal cavity. Both of them are retroperitoneal, one on the twelfth thoracic vertebrae and 

other on the third lumber vertebrae, across the sides of the vertebral column1,4. The surface of the 

kidneys is protected by a fibrous layer of connective tissue named the renal capsule4. The bean 

shaped organ is indented in the middle region which is called the hilum, through which the renal 

artery and renal vein perfuse and drain blood, respectively1. The innervations of the kidney also 

go through the hilum. The funnel shaped calyces (singular calyx) drain urine into the renal pelvis, 

and then drains to the ureter1.  

Cross-section of the kidneys reveals two distinct layers: striated inner layer named 

“medulla” and granular outer region named renal “cortex”4. The medulla consists of renal 

pyramids, at the base of which there are conical tissue masses at the corticomedullary junction. 

The tip of the pyramids extends toward the renal pelvis and forms the papilla. Renal papillae have 

10-25 opening which are the end of the CDs and are folded by funnel shaped minor calyces. 

Multiple minor calyces merge to form a major calyx, which joins with one another to form the 

renal pelvis to drain the urine from the kidney to the ureter. The renal blood vessels and nerves 

along with the ureter exit through the indented side of the kidney, hilum, as previously mentioned4.  
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By filtering the blood,  the kidneys remove (or in fewer cases, adds) ions and molecules 

that the body does not need and excrete waste through urine. These processes are carried out by 

several functions of the kidneys4. Firstly, the core of the kidney functions is to regulate plasma 

osmolarity, plasma inorganic ion composition, acid-base balance and fluid volume. The kidneys 

function by excreting just enough water, secreting and reabsorbing inorganic ions and other 

molecules to maintain their optimal concentration range1. Second, the kidneys excrete urea from 

protein catabolism, uric acid from nucleic acids, creatinine from muscles, hemoglobin breakdown 

products and other metabolic wastes in the urine, which otherwise would accumulate in the body 

as toxic substances1. Third, the excretory function of the kidneys is not limited to bodily waste 

substances, but they also excrete foreign substances like metabolites of drugs, pesticides and food 

additives. Fourth, as the kidneys also release hormones such as erythropoietin, 1,25-

dihydroxymitamin D (Vitamin-D3), and renin, they can be described as an endocrine gland. Last 

but not least, kidneys perform gluconeogenesis, synthesizing glucose from amino acids and 

precursors while the body is in prolonged fasting and delivering them to blood1,4. 

 
1.3.1.1 The Nephron 

 The functional units of the kidneys are the nephrons, which are approximately 1 million in 

number in each kidney. The nephrons originate from the metanephric blastema4. Each nephron is 

formed by a sequential series of tubular segments with distinct functions (Figure 1.1)7. The 

segments of the nephrons follow a specific sequence starting with the Malpighian corpuscle 

(glomerulus and Bowman’s capsule), proximal tubule, the loop of Henle composed of the thin 

descending limb, the thin ascending limb, the thick ascending limb, the distal convoluted tubule, 

the connecting tubule, and the CD. Depending on the length of the loop of Henle, the nephrons are 

coined in short or long loop of Henle. The number of short and long loops of Henle varies among 
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species, e.g., humans and rodents have shorter loops than other species with longer loops of Henle 

(e.g. kangaroo rat, Dipodomys merriami)1,4,8. The segments along the nephrons are defined by the 

structure and function of the epithelial cells.  

 The renal corpuscle filters the blood excluding cells, large polypeptides and proteins and 

then exits the corpuscle to the tubule. The corpuscle is composed of interconnected loops of the 

efferent capillaries, named glomerulus or glomerular capillaries. The arteries that supply blood to 

glomeruli are called the afferent arteriole. The glomerulus is encapsulated by fluid-filled 

Bowman’s capsule which in combination with the glomerulus filters 20% of blood volume before 

leaving through the efferent arteriole1,4. The separation of blood from the fluid in the glomerulus 

to the Bowman’s capsule takes place through three layers of barriers; the capillary endothelium, 

basement membrane or basal lamina and specialized epithelial lining of the Bowman’s capsule 

known as podocytes1,4.  

 The filtrate from the Bowman’s capsule drains into the proximal tubule that begins from 

the urinary pole of the glomerulus. The initial proximal tubule is convoluted (pars convolute) and 

then straightens down (pars recta) as it enters the medullary region. The proximal tubule is 

characterized by well-developed brush border membrane, viewed under scanning electron 

microscope4. 

The following portion is the loop of Henle, which is first composed of a descending limb 

followed by a U-shape or hairpin loop that lies in the medulla. The descending limb of the loop 

dips from the cortex to the medulla and the ascending limb of the loop rises back to the cortex. 

The ascending limb then returns close to the glomerulus, passes the afferent and efferent arteriole 

forming a specialized formation called the juxtaglomerulus apparatus, which plays a significant 

role in kidney function. The tubular segment then coils to form distal convoluted tubule, residing 
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entirely in the cortex. The distal convoluted tubule delivers the fluid into the CD. The CD carrying 

the fluid (converted into pre-urine at this point) dips down into the medullary region to empty out 

in the renal pelvis1,4,9.  

 The functions of the nephron segments are very distinct based on a number of 

characteristics such as the morphology of the epithelial cells, the location of the segment in the 

kidney structure, the proteins expressed in the apical or basolateral side of the cells etc. The 

primary focus of this thesis is the proteins expressed in the CD; therefore, the following sections 

will focus on CD cells and proteins in detail.  
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Figure 1. 1 The Nephron 

The nephron starts with the glomerulus followed by the proximal convoluted tubule (PT). The 

tubule then descends as the thin descending limb and loops back up as thin ascending limb, 

together they are the loop of Henle. The tubule then becomes thick and named Thick ascending 

limb (TAL). It then convolutes again and comes in close contact to the glomerulus, named macula 

densa. The distal convoluted tubule (DCT) then becomes connecting tubule (CT) and falls into the 

collecting duct (CT). There are two types of nephrons, the short and long loop nephrons. The 

segments are numbers as they descends from glomerulus to CD. This figure was created in 

BioRender.com. 
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1.3.1.1.1 The Collecting duct cells 

  The CD is the last site of urine preparation where reabsorption and secretion take place to 

fine-tune the urine composition and hence, urine acidification10. The CD regulates the transport of 

water, sodium, potassium, chloride, and bicarbonate by the simultaneous action of transcellular 

(through the cells) and paracellular (between cells) proteins that are themselves regulated by 

several stimuli such as hormones11. Collecting duct proteins are present in at least two distinct 

types of cells: principal cells (PCs) and intercalated cells (ICs, subdivided into Type A or a-IC 

and type B or b-IC). 

 

1.3.1.1.1.1 Principal cells 

Various cell types of heterogeneous structural composition have been identified by electron 

microscopy in the embryonic CD epithelium12. “Light PCs” and “dark ICs” were distinguished 

based on these morphological observations. In cortical rat13,14, mouse14,15, and rabbit16 CDs, two 

third of the cells were found to be PCs. These cells are simple cuboidal epithelial cells that carry 

fewer organelles and mitochondria than the dark ICs. The mitochondria also appear to be smaller 

in size and randomly distributed in the cytoplasm. Lysosomes, autophagic vacuoles, multivesicular 

bodies, and both rough and smooth endoplasmic reticulum are also evident by transmission 

electron microscopy17. The major role of the PCs in the CD is to reabsorb sodium and water from 

primary urine and to excrete potassium to the urine. They achieve this by the concomitant action 

of specific transporters including the epithelial sodium channel ENaC, aquaporin 2 (AQP2), the 

renal outer medullary potassium channel (ROMK) (Fig. 1.2), and to a lesser extent the Ca2+ 

activated K+ channel17. In the PCs, aldosterone and arginine vasopressin play a key role for 

regulation of ENaC, ROMK, and AQP2 to facilitate sodium, potassium, and water transport, 
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respectively11. The amiloride-sensitive sodium channel ENaC is expressed at the apical membrane 

of the PC. Via the action of aldosterone, arginine vasopressin, and other hormones18,19, high and 

low sodium diets result in low and high apical expression of ENaC, respectively20. Potassium 

secretion through the apical membrane of the PC is mediated by ROMK and is regulated by 

mineralocorticoids. In rabbit isolated perfused cortical collecting ducts (CCDs), 

mineralocorticoids stimulate potassium secretion and sodium reabsorption21,22. The Na+/K+-

ATPase activity is also enhanced by mineralocorticoid stimulation in the CCD of rat23 and rabbit24. 

Apical expression of ROMK in the DCT, CNT, or CD can be increased in a high-potassium diet25. 

Water molecules in the PC follow the lumen-to-interstitium osmotic gradient and their 

reabsorption is mediated by the synchronized expression and activity of apical AQP2 and 

basolateral AQP3 and AQP411,26,27.  

 

1.3.1.1.1.2 The Intercalated cells 

 The other cell types found in the CD are ICs or “dark cells”. In comparison with the PCs, 

ICs have a high density of mitochondria, a dark cytoplasm, and microprojections at the apical 

membrane and they do not have a central cilium28. All ICs are positive for carbonic anhydrase II 

(CAII) and H+-ATPase protein expression.  

ICs can be subdivided into three subtypes: type-A, type-B, and non-A and non-B IC. The 

location of the H+-ATPase expression in addition to the expression of other key proteins define the 

IC subtype15,29. 

 Type-A ICs express H+-ATPase at the apical membrane and the kidney anion exchanger 

1 (kAE1) at the basolateral membrane (Figure 1.2). These cells significantly contribute to acid–

base balance by secreting protons via the apical H+-ATPase and reclaiming bicarbonate via 
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basolateral kAE1, both ions being generated from hydrolysis of CO2 and water by the CAII. On 

the other hand, by expressing H+-ATPase at the basolateral membrane, and pendrin and NDCBE 

at the apical membrane, type-B ICs secrete bicarbonate and reclaim protons in the case of alkalosis. 

In addition to contributing to acid–base balance, type-B ICs also contribute to electrolyte 

homeostasis, as they are involved in chloride reabsorption15,29. Although ICs can be 

morphologically, structurally, and functionally distinguished from the PCs, experimental evidence 

supports that both cell types originate from the same precursor30. Immortalized type-B ICs plated 

at a high density were able to convert to type-A ICs and secrete acid instead of alkali31. This ability 

to convert from one cell type to the other was due to the secretion of the extracellular matrix hensin 

protein by type-B ICs32. In support of these findings, a hensin knockout mouse model displayed a 

predominant abundance of type-B ICs, the absence of type-A ICs in the CD, and development of 

metabolic acidosis32. 

Lastly, non-A and non-B ICs express both V-H+-ATPase and pendrin at the apical 

membrane. The function of non-A and non-B IC is still unclear. However, the fact that both V-H+-

ATPase and pendrin are at the apical membrane suggests that these cells are not involved in acid–

base balance but instead may be involved in electrolyte homeostasis. It is also thought that these 

cells may represent a transition state between the other two types depending on diet and plasma 

pH29. A very recent publication showed that the mouse CD contains a third type of cells in addition 

to PCs and ICs. These cells have features characteristic of PCs and ICs, as they were positive for 

both AQP2 and H+-ATPase, indicating that they may represent a previously unidentified 

transitional state between the two main cell types33. The distribution of the different IC types in 

the distal nephron varies among species. In mouse, type-A ICs make up 40%, 60%, and 100% of 

the ICs in CNT, CCD, and OMCD/IMCD, respectively. On the other hand, type-B and non-A and 
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non-B ICs make up 10% and 50%, 20% and 20%, and 0% of the ICs in CNT, CCD, and 

OMCD/IMCD, respectively14. Recent years of research have demonstrated a clear interplay 

between PCs and ICs. Indeed, in a similar finding to what was observed in renal tubular acidosis 

(RTA) patients34, mice knockout on the B1 subunit of the H+-ATPase displayed a defective 

conservation of sodium and chloride due to altered function of ENaC and decreased abundance of 

pendrin35. Thus, a knockout in ICs results in functional defects of not only ICs but also PCs. These 

animals displayed elevated levels of urinary ATP and prostaglandin E2 (PGE2) originating from 

type-B ICs but acting on PCs in a paracrine process. Thus, these findings highlight that the function 

of one cell type is linked to that of its neighbor cells in the CD. 
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Figure 1. 2 The collecting duct cells 

The principal cells (PC), and type-A (a-IC) and Type-B (b-IC) intercalated cells in the CD. The 

major proteins expressed in the apical membrane in the PCs are ROMK (secretes K+), AQP-2 and 

ENaC (reabsorbs H2O and Na+ respectively), in the basolateral membrane Na+/K+-ATPase 

(exchanges 3 Na+ for 2 K+). The apical membrane of the type-A IC cells expresses H+ /K+ -ATPase 

(secretes K+ and H+) and H+ATPase (secretes H+), the basolateral membrane express SLC26A7 (in 

the mouse) and kidney anion exchanger (kAE1) both functions as Cl-/HCO3- exchanger. The apical 

membrane of the type-B IC cells expresses SLC4A8 (also known as Na+ dependent Cl-/HCO3- 

exchanger -NDCBE) and pendrin functions as Cl-/HCO3- exchanger. The basolateral membrane 

express SLC4A8 (functions as Na+/HCO3- exchanger), chloride channel (ClC) transports Cl- and 

H+ATPase transports H+ to the interstitium. The figure was created in BioRender.com. 
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1.3.3 Ion homeostasis and blood pressure 

The extent of renal excretion and reabsorption of ions varies to maintain an appropriate 

extracellular fluid volume and acid–base balance11. In the CDs, ICs and PCs regulate acid–base, 

fluid, and electrolytes homeostasis, respectively7,35. Interestingly, in this segment, reabsorption of 

sodium is partially separated from that of chloride. In PCs, sodium reabsorption takes place via 

ENaC36, which results in the generation of a lumen-negative transepithelial potential (Fig. 2). This 

potential generates the driving force for potassium secretion via the apical channel ROMK and 

favors proton secretion from the ICs11.  

As detailed above, variations in blood pressure or an increase in plasma pH trigger the 

release of various hormones including aldosterone, insulin, and angiotensin II, which in turn 

regulate the function of ENaC37,38. Upon aldosterone stimulation, the serine-threonine kinase 

(SGK1) phosphorylates and thereby inhibits Nedd4-2, an ubiquitin ligase that normally 

ubiquitinates ENaC to initiate its degradation39,40. Thus, SGK1 activation results in increased 

abundance of ENaC at the apical membrane and further sodium reabsorption41. SGK1 has a small 

regulatory effect on ROMK as well42. Aldosterone also triggers the activity of basolateral Na+/K+-

ATPase in PCs43.  

Chloride reabsorption takes place partially in a paracellular way through the tight junctions 

and transcellularly via type-B ICs35,44. The transepithelial potential generated by ENaC-mediated 

electrogenic sodium reabsorption is enough to promote lumen-to-blood flux of chloride ions, 

despite the unfavorable chloride concentration gradient45. Claudin-4 and -8 form the paracellular 

pathway for chloride permeation, which is regulated by a number of proteins including Cap1 and 

Kelch-like 3 (KLHL3)46. 
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 The transcellular chloride reabsorption pathway takes place through type-B ICs and is 

coupled with the electroneutral reabsorption of sodium in the mouse model. This process requires 

the concomitant action of apical pendrin and SLC4A8 and the basolateral SLC4A9 (although the 

stoichiometry of this transporter remains a matter of debate) and ClC-Kb in a process energized 

by the basolateral H+-ATPase35,47(Figure 1.2). Bicarbonate apically excreted in exchange for 

chloride uptake through pendrin is recycled back into the cells by SLC4A8 together with import 

of a sodium ion and in exchange for a chloride ion. Basolaterally, the sodium and bicarbonate ions 

are transported to the interstitium via SLC4A9 together with a chloride ion via ClC-Kb. This 

functional coupling of apical and basolateral transporters/channels results in the net and 

electroneutral transepithelial absorption of both sodium and chloride ions. This process is 

amiloride resistant, thiazide sensitive, and regulated by the Nedd4-2 ubiquitin ligase48 . Of note, 

although SLC4A8 has been represented at the apical membrane of type-B ICs in Figure 1.2, its 

precise location remains to be confirmed and further studies confirming the location and 

contribution of each transporter need to be performed. 

In parallel to ion reabsorption, water is also passively reabsorbed in PCs in a process 

regulated by arginine vasopressin49. An increase in plasma arginine vasopressin concentration 

activates the arginine vasopressin receptor 2 gene (AVPR2) , which triggers a cAMP-dependent 

cytosolic signaling cascade to relocate intracellular vesicles containing AQP2 to the apical 

membrane. The apical membrane then becomes more water permeable. 

 

1.3.4 pH Homeostasis 

With our acid-generating western diet, type-A IC is the predominant cell type that 

contributes to urinary acid secretion. In these cells, CO2 diffuses into type-A IC and is hydrolyzed 
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via cytosolic CAII to produce H2CO3, which in turn dissociates to proton and bicarbonate. The 

bicarbonate ions are transported to the interstitial fluid in exchange for chloride via kAE1 at the 

basolateral membrane. On the other hand, the protons are secreted to the lumen via the apical 

proton pump H+-ATPase and the H+/K+-ATPase. Both the pH difference across the apical 

membrane and the potential difference across the epithelium affect the function of the H+-

ATPase50. In the lumen, the secreted protons bind either to ammonia (NH3) and generate 

ammonium (NH4+) or to phosphate ions (HPO42−) to generate titratable acids that are excreted in 

the urine. The extent of urinary acidification is regulated by the ratio of type-A versus other CD 

cell types and by aldosterone51. Any malfunction of either of the three main contributors to pH 

acidification (CAII, kAE1, or H+-ATPase) leads to defective pH homeostasis. 

Acid-base homeostasis is a critical process for normal physiologic function52. The 

physiologic pH of the arterial blood ranges from 7.35-7.45, depending on the intracellular and the 

interstitial pH. Deviation from normal pH hinders the pH dependent pathways and associated 

proteins resulting in acidemia (pH lower than 7.35), arterial vasodilation, insulin resistance, 

compromised immune function and reduced neuronal excitability or alkalosis (pH higher than 

7.45), myocardial blood flow and seizures52. 

The production of [H+] is triggered by the daily metabolism of carbohydrates, lipids, and 

proteins. Oxidative degradation of these biomolecules produce energy as ATP, CO2 and water. 

Partial oxidation, ATP hydrolysis and acidic diet produce H+ and HCO3-53. At a physiologic 

condition, the proportion of HCO3- and H+ is equal, resulting in HCO3- binding to free H+, thus 

reducing H+ concentration and increasing pH54. The reaction of HCO3- and H+ is reversible and 

forms carbonic acid (H2CO3), which dissociate to CO2 and H2O: 

H+ + HCO3- ⇔ H2CO3 ⇔ CO2 + H2O 
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In this reaction, bicarbonate serves as a buffer, protecting the physiologic processes from 

pH changes. The buffer system works both intracellularly and extracellularly54. The equation 

above is an example of an extracellular buffer system. During acidosis, when the plasma pH is less 

than 7.35, the buffer system will increase the pH by engaging more [H+], thus moving the reaction 

to the right. However, in case of pH 7.45, the reaction will shift to the left, increasing [H+] and 

lowering the pH54. Intracellular buffer systems rely on the intracellular buffer capacity of the cells. 

The excess [H+] ions will bind to the amine or carboxyl group of intracellular proteins, and 

therefore will have a dwindled effect of the increased [H+] or cytosolic acidic pH53,54. 

A change in physiological pH triggers a secondary response in the respiratory system. In 

comparison to the urinary system, this reaction to pH shift occurs quickly, between minutes to 

hours (may take up to few days). In case of acidosis, the lungs increase CO2 excretion by rapid 

breathing, and reduce CO2 excretion by slowing it down in alkalosis54. In addition to the respiratory 

system, the urinary system corrects pH shifts by allowing acids to be excreted by the kidneys, 

which helps to rectify acidosis. Both of these systems complement each other, with respiratory 

acidosis or alkalosis resulting from a disrupted respiratory system and metabolic acidosis or 

alkalosis resulting from a disturbed urine system55. 

 

1.3.4.1 In the Proximal tubule 

The proximal tubules of the nephrons reabsorb the vast majority (80-85%) of the filtered 

HCO3- and maintain the acid-base balance56. The procedure is carried out in a roundabout method 

(Figure 1.3). In the presence of CAIV, the [H+] released by the PT cells is buffered by HCO3- in 

the lumen, resulting in H2CO3. CO2 and H2O are formed when carbonic acid dissociates. CO2 

diffuses back into the cytosol across the plasma membrane, and in the presence of CAII, H2O 
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forms H+ and HCO3-57. The apical Na+/H+ exchanger (NHE3) secretes H+ into the pre-urine, while 

the basolateral Na+/HCO3- exchanger NBC1 secretes HCO3- into the interstitium in a 3:1 

stoichiometric ratio. Through the basolateral Na+/K+-ATPase, reabsorbed Na+ is released into the 

bloodstream.  

The H+ reaches the luminal fluid and is buffered by HCO3-, either in exchange for a Na+ 

through NHE3 or by direct secretion, and the cycle continues. In contrast, cytosolic HCO3- is 

absorbed into the interstitium together with Na+57. Several membrane proteins are involved in the 

whole process; for example, H+ secretion is carried out by V-H+-ATPase, while HCO3- 

reabsorption to the interstitium is facilitated by Na+ dependent HCO3- co-transporter (NBCe1). 

Due to reabsorption of HCO3- and release of H+, the pH of the luminal fluid in the distal section of 

the PT might drop to 6.7 from 7.4. Impaired HCO3- reabsorption in the proximal tubule can cause 

acidosis, known as proximal renal tubular acidosis (pRTA).56 
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Figure 1. 3 HCO3- reabsorption in the PT cells 

The epithelial cells in the PT regulate HCO3- reabsorption. In the presence of CAIV, H+ and HCO3- 

produce H2O and CO2, which diffuses into the cells. Cytosolic CAII catalyzes H2O and CO2 and 

produce H2CO3 which dissociates into H+ and HCO3-. The H+ is secreted into the pre-urine through 

the apical Na+/H+ exchanger (NHE3) and the HCO3- is secreted into the interstitium through 

basolateral Na+/ HCO3- exchanger NBC1 in a 3:1 stoichiometric ratio. The reabsorbed Na+ through 

the NHE3 is secreted into the blood through basolateral Na+/K+-ATPase. The figure was modified 

from58 and created in BioRender.com. 
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1.3.4.2  In the collecting duct 

With our acid-generating Western diet, type-A IC is the predominant cell type that dictates 

the final urinary pH. In these cells, CO2 diffuses into the type-A IC and is hydrolyzed via CAII in 

the cytosol producing H2CO3, which in turn dissociates to proton and bicarbonate (Figure 1.4). 

 The bicarbonate ions are transported to the interstitial fluid in exchange for chloride via 

kAE1 at the basolateral membrane. On the other hand, the protons are secreted to the lumen via 

the apical proton pump H+-ATPase and the H+/K+-ATPase. Both the pH difference across the 

apical membrane and the potential difference across the epithelium affect the function of the  H+-

ATPase50. The secreted protons bind to ammonia (NH3) to produce ammonium (NH4+) or 

phosphate ions (HPO42-) to produce titratable acids that are expelled in the urine in the lumen. The 

amount of acidity in the urine is regulated by the ratio of type-A vs other CD cell types, as well as 

by aldosterone51. Any malfunction of the three main contributors of pH acidification H+-ATPase 

results in a disease characterized by a low blood pH called distal renal tubular acidosis (dRTA) 

(detailed in section 1.7). Various molecules are sensitive to intracellular and extracellular pH 

variations and affect IC’s function and plasma pH. The soluble adenylate cyclase senses cytosolic 

bicarbonate concentration and indirectly acts on the apical H+-ATPase59. Another example is the 

G protein-coupled receptor 4 whose deletion results in decreased renal acid excretion and 

metabolic acidosis in mice60. Additional pH sensors identified in the kidney are reviewed 

elsewhere61.  
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Figure 1. 4 Acid-base homeostasis in the Type-A IC cells in the collecting duct. 

By secreting H+ in the pre-urine, type-A cells in the CD maintain acid-base homeostasis. CO2 

diffuses across the plasma membrane in these cells. CO2 and H2O are converted by cytosolic CAII 

to carbonic acid (H2CO3), which is subsequently broken down into H+ and HCO3-. The apical 

H+ATPase secretes H+ into the lumen, while the basolateral Cl-/HCO3- exchangers, kAE1 (green 

transporter) and SLC26A7 (blue transporter) absorb HCO3- into the blood. The blue and green 

tight junction proteins correspond to claudins and occludins. The image was modified from10 and 

created in BioRender.com. 
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1.4  Tight junctions 

 Epithelial cells cover the body surface by forming a barrier protecting from the external 

environment. All surfaces of internal organs such as the lungs, the gastrointestinal tract or the 

nephrons in contact with the external environment are also protected by an epithelial layer . This 

epithelial layer protects the internal environment from pathogens and maintains an optimal internal 

composition. Therefore, its permeability must be tightly regulated, including through the space 

separating adjacent epithelial cells. This space forms the ‘tight junctions’ (TJ as mentioned 

earlier)62. Tightness of these junctions varies between organs. For example, in the bladder, the 

barrier is absolutely impermeable63. In the proximal tubule, these junctions are highly permeable 

to enable optimal ion reabsorption. TJ can either be permeant to anions/cations or barrier to the 

ions. The transport process through TJ is known as ‘paracellular’ transport pathway.  

 Tight junction protein complex is composed of transmembrane proteins, scaffolding 

proteins and cytoskeletal proteins. There are 3 transmembrane proteins in the TJ complex, namely, 

the junctional adhesion molecules JAMs, TAMPs and claudins.  

 

1.4.1  Junctional Adhesion Molecules (JAMs) 

 JAMs are a member of the immunoglobulin superfamily64. Structurally, the proteins have 

two extracellular immunoglobulin-like loops, a transmembrane domain and a cytoplasmic domain 

consisting of a PDZ [Post synaptic density protein (PSD95), Drosophila disc large tumor 

suppressor (Dlg1) and Zona Occludens-1 protein (ZO-1)] binding motif65. The localization of 

JAMs is not only limited to epithelial cells, but also in endothelial cells and in leukocytes. JAMs 

contribute to the TJs, and are involved in the transcytosis process of immune cells across an 

epithelial cell layer through TJs64,65.  
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1.4.2 Tight-Junction Associated Marvel Domain-containing proteins (TAMPs) 

 There are 3 members in this protein family: occludins, tricellulins and MarvelD366–68. 

These proteins share a similar structural topology having two extracellular loops, one intracellular 

loop with cytosolic N and C-termini. The N-terminus of the MarvelD3 protein is longer and C-

terminus is shorter than the other two members of this group of proteins. Occludin localizes at the 

junction between two cells, whereas tricellulin localizes at the junction between 3 cells (hence the 

name)67,68. Co-immunoprecipitation experiments proved that MarvelD3 proteins interact with 

occludins and tricellulins and immunohistochemistry experiments showed that MarvelD3 protein 

colocalizes with occludins at the cell-cell junction66. In vitro studies with non-tight junction-

forming fibroblast cells suggested that TAMPs proteins were unable to form tight junctions-like 

strands69. Occludin-null mice did not demonstrate any gross phenotype except for postnatal growth 

retardation, and electrophysiological studies suggested normal intestinal epithelium barrier 

function70. These studies advised that although the TAMPs are integral part of the TJ complex, 

their function is not required for tight junction formation or barrier function69–71.  

 

1.4.3 Claudins 

 These proteins were first identified in 1998 from the purified junctional fraction of chicken 

liver72. Transmembrane claudins are found in all epithelial and endothelial cells, and play a key 

role in TJ complexes73. The number of members in the claudin family varies between species, e.g., 

27 in humans74 and 56 in pufferfish, Fugu rubripes75. The size of the claudin proteins also varies 

between 207 and 305 amino acids and a molecular weight from 20 to 28 kilodaltons. They also 

vary in sequence similarity and, are divided into ‘classic’ claudins with very common sequence 

similarity (cldn1-10, 14, 15, 17, and 19) and ‘non-classic’ claudins, not as close in sequence 
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similarity (cldn11-13, 16, 18, 20-27)76. Claudins can also form oligomers, by associating with the 

same (homotypic interaction) or different (heterotypic interaction) claudins within the same 

membrane (cis-interaction) or from the adjacent cell (trans-interaction)76–78. Upon exogenous 

expression in epithelial cells, claudins can either increase or decrease transepithelial electrical 

resistance (TEER) and can be selective to anions or cations, or act as blockers74. Topologically, 

claudin protein family shares a similar structure with four transmembrane domains, two 

extracellular loops (ECL1 and ECL2), a short N-terminus and a comparatively longer C-

terminus74,79. All the claudins contain a conserved GLWCCC motif80 that functions as Hepatitis C 

virus receptor, cell-cell contact (trans interaction) domain and in trafficking the protein to the 

plasma membrane81 (Figure 1.5).  

 Fifty amino acids ECL1 is bigger in size than ECL2 and plays an essential role in ion 

selectivity 82. Cldn-4 ECL1 carries a lysine in amino acid position 65 making it an anion selective 

pore and cation barrier, while Cldn-15 contains an aspartate at the amino acid position 64, which 

makes it a cation selective pore and anion barrier82. The ECL2 plays a role in trans interactions 

with another claudin from the neighboring cell74. Cldn-3 and 4 ECL2 also form a binding site for 

the Clostridium perfringens enterotoxin (CPE) 83,84.   

Claudin C-terminus is comparatively longer than the N-terminus, however, its length varies 

among family members. The C-termini of cldn-12, 22, 25, and 27 have a PDZ binding domain that 

interacts with scaffolding proteins zona occludens-1, 2, 3 (ZO1-3)85. The C-terminus is critical for 

claudins to traffic to the plasma membrane, for their degradation and posttranslational 

modifications. Truncation of cldn-1, 5, 6, or 16 C-terminus results in endoplasmic reticulum 

retention and an inability to reach the plasma membrane supporting the role of this domain in 
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trafficking86–88. In Madin-Darby Canine Kidney II (MDCK II) cells, swapping cldn-4 C-terminus 

with that of cldn-2 increases the chimeric protein’s half-life compared to intact cldn-2 89.  

Post translational modifications such as phosphorylation and lipid modification 

(palmitoylation) are essential for claudin’s function and plasma membrane localization. Mutating 

cysteine residues from the second and fourth transmembrane domains impaired cldn-14 function. 

Phosphorylation sites vary between claudins and are not conserved90,91. Claudins’ phosphorylation 

can either promote or inhibit their localization to the TJ and hence modulate the permeability 

function91. Claudin-16 localization is regulated by protein kinase A (PKA) phosphorylation at 

Serine 217, resulting in its delayed degradation92. In contrast, cldn-3 phosphorylation by PKA at 

Threonine 192 disrupts the TJ integrity via its removal from the TJ in ovarian cancer cells93. 

Phosphorylation of cldn-1-4 and 7 by with no –lysine-kinase 4 (WNK4) at Serine 206 causes an 

increase in Cl- permeability94,95.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 5 Schematic diagram of claudin protein  

The claudin proteins have 4 transmembrane domains (blue barrels) with two extracellular loops 

(ECL 1 and ECL 2). The N and C termini are intracellular, and the C-terminal have a PDZ domain. 

Post-translational modification sites (palmitoylation and phosphorylation) are both intracellular. 

All claudin proteins conserve the GLW (green circles) motifs in the ECL1. The figure is modified 

from73 and created in Biorender.com. 
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1.4.3.1 Physiological consequences of claudins loss 

The type and number of claudins expressed in specific tissues determine TJ permeability, 

as more than one claudin can be expressed in epithelial cells71,96. For example, cldn-1 deficient 

mice did not survive over a day after birth and had wrinkled skin because of the loss of epidermal 

barrier71. In cldn-5 deficient mice, a size-selective blood-brain barrier disruption occurs for small 

molecules (molecular weight below 800D)97. Mutations in cldn-14 causes non-syndromic 

recessive deafness DFNB29 as it is expressed in the sensory epithelium of the organ of Corti in 

the ear98,99. Cldn-11 knockout mice also showed autosomal recessive deafness resulted from the 

degeneration of cochlear hair100. Oligodendrocyte-specific protein (OSP)/cldn-11 is expressed in 

the myelin sheath of the central nervous system and Sertoli cells in the testis and lack of this gene 

results in a neurological and reproductive deficit in mice101. Claudin-18 null mice demonstrated 

atrophic gastritis as early as day 3 postnatal, decreased intragastric pH, and increased production 

of cytokines, interleukin-1β, cyclooxygenase-2 which collectively resulted in spasmolytic 

polypeptide-expressing metaplasia102. Claudin-15 plays a role in cell proliferation as was seen in 

cldn-15 null mice that develop mega intestine due to an increase in the epithelial cells in the upper 

intestine103. Cldn-2 knockdown in vitro and in vivo influenced epidermal growth factor receptor-

mediated cell proliferation and tumorigenesis104,105. Expression of cldn-4 in thymocytes enhanced 

T-cell receptor-mediated ERK activation and proliferation in the fetal thymus organ culture 

model106. Cldn-2 deficient mice displayed significantly reduced sodium, chloride, and water 

reabsorption in the renal proximal tubule compared to the wild-type counterpart107. 

1.4.3.1 Claudin-4 

 Claudin-4 is localized in the intestine, lungs, skin and distal nephron in the kidneys108. 

Claudin-4 is an anion selective pore (Cl-) and monovalent cation barrier (Na+). The positively 
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charged lysine 65 on ECL1 dictates this selectivity82.  

 Claudin-4 forms homotypic trans-interactions with cldn-4 from the neighboring cell but 

does not form homodimers within the same cells109. On the other hand, cldn-4 forms heteromeric 

cis-interactions with cldn-8 which is required for its TJ localization107. Cldn-8 knockdown in 

mouse inner medullary collecting duct (mIMCD3) cells resulted in mis-trafficked cldn-4 along 

with a reduced paracellular chloride conductance107. However, cldn-4 does not seem to be required 

for cldn-8’s TJ localization in IMCD3 cells.  

 Total cldn-4 KO mice demonstrated urothelial hyperplasia, which resulted in urinary 

obstruction leading to hydronephrosis110. Although most urinary and plasma electrolytes were 

normal, they demonstrated an increase in Ca2+ and Cl- fractional excretion (FE). Although there 

was no gross anatomical anomaly in the KO mice at the early stage of their life, the mortality rate 

was higher at 20 months age compared to WT littermates, due to urothelial hyperplasia and 

hydronephrosis110. Interestingly, in these mice, a decreased expression of cldn-8 at the TJ of the 

distal nephron was observed107,110. 

 A PC-specific cldn-4 KO mouse was generated using the Flox/Cre system, where the PC 

predominant AQP-2 promoter regulates Cre gene expression111. These mice developed 

hypochloremia with increased luminal Cl- leading to ENaC inhibition and increase of urinary Na+. 

In addition, the KO mice displayed renal loss of water and hypotension. As plasma [Cl-] was 

reduced, a compensatory increase in plasma HCO3- resulted in metabolic alkalosis111. 

  Together, these studies highlight the significant role of cldn-4 in acid-base and electrolyte 

homeostasis in the distal nephron.  
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1.4.3.2 Acid/base, electrolyte homeostasis and tight junctions 

 The proteins expressed in both the apical and basolateral membranes of the distal nephron 

play an important role in acid/base and electrolyte regulation. However, until recently, the 

importance of TJ proteins in acid/base and electrolyte homeostasis and the possible interplay with 

apical/basolateral transporters remained unclear. A first evidence of a functional relationship 

between TJ and the kAE1 came from a serendipitous observation112. When polarized MDCK I 

cells expressing kAE1 wild type or kAE1 R901X mutant were apically biotinylated, a biotin 

leakage to the lateral membrane was observed in kAE1 wild type-expressing cells while cells 

expressing mislocalized kAE1 R901X did not. This observation suggested an increased 

permeability of the paracellular barrier when functional and properly located kAE1 was expressed. 

The TEER was also lower in the cells expressing kAE1 compared to the kAE1 R901X mutant112. 

Recently, our lab showed that in polarized mIMCD3 cells, inducibly expressing functional kAE1 

increased paracellular permeability and lowered TEER through a cldn-4 dependent effect113. This 

effect was abolished when a functionally-dead mutant was expressed. Epithelial permeability to 

both Na+ (PNa) and Cl- (PCl) was higher in cells expressing kAE1 protein compared to non-induced 

cells. A membrane yeast two-hybrid assay conducted by Dr. Reinhart Reithmeier (personal 

communication, University of Toronto, 2013) showed that kAE1 and cldn-4 physically interact 

with each other. Proximity ligation assay and immunohistochemistry exhibited co-localization of 

kAE1 and cldn-4113. Since ICs and PCs are functionally intertwined to regulate electrolytes 

homeostasis, and since kAE1 and cldn-4 are functionally and physically interacting, the role of IC 

cldn-4 in acid-base and electrolytes was questioned. Moreover, the loss of urinary calcium in total 

cldn-4 KO mice110 remains un-explained.  
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1.5 Chloride-bicarbonate exchanger in the CD 

Erythrocyte anion exchanger 1 (eAE1) is a prominent component of the erythrocyte 

membrane proteins, accounting for approximately 1.2 X 106 copies per cell114. On an 

electrophorogram of blood membrane fractions, the third band from the top corresponds to eAE1 

hence its historical name as 'band 3' protein.114. There are 911 amino acids in this protein, with the 

first 360 comprising the cytosolic N-terminus, and the remainder crossing the lipid membrane and 

forming the short cytosolic C-terminus115. The eAE1 N-terminus interacts with the cytoskeletal 

proteins ankyrin116, protein 4.1117, protein 4.2118 and GAPDH119. The kidney isoform of eAE1, 

kAE1 contains 846 amino acids, missing the first 65 amino acids of the eAE1 N-terminus. A 

promoter sequence located in the third intron of the 20 exon gene induces the expression of kAE1 

in kidney cells120. A crystal structure of the AE1 protein has recently been published121. The 

structure revealed that the protein contains 14 transmembrane domain (TMDs). The TMDs are 

arranged into two sub-domains; the gate domain ( TMD 5-7 and 12-14) and the core domain (TMD 

1-4 and 8-11). Among these, the TMD 3 and 10 spanned half of the lipid bilayer and form two half 

helices (Figure 1.6)121. Kidney anion exchanger 1 (kAE1) is localized at the basolateral membrane 

of type A IC cells in the CD122. This protein is also expressed in podocyte cells in the outer layer 

of glomerular capillaries123. kAE1 function is synchronized with H+-ATPase and CAII to maintain 

acid-base homeostasis122 as previously described (Section 1.3.4.2).  

 

   

  



 
 33 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 6 AE1 topological model deduced from the crystal structure. 

A) Structural details of the AE1 protein viewed from the membrane plane. B) Topological structure 

of the AE1 protein postulated from the crystal structure. The figures are adopted from121 with 

permission.  
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1.5.1 kAE1 interactome 

1.5.1.1 Amino-terminal cytosolic domain interactors 

 The N- and C-termini cytoplasmic domains of kAE1 carry binding motifs essential for 

membrane trafficking, localization and interactions with other proteins123. An N-terminal kAE1 

interactor124, the integrin-linked kinase (ILK) binds with the cytoplasmic domains of b-integrins 

and cytoskeleton associated proteins125,126. Although the interaction is required for kAE1 

trafficking in HEK293 cells124, deleting ILK interaction site within kAE1 sequence did not affect 

its trafficking in MDCK cells127. A component of the podocyte slit diaphragm, the single-spanning 

transmembrane protein nephrin interacts with the ILK/integrin complex128,129. In Xenopus oocytes 

co-expressing nephrin and kAE1 did not increase kAE1 function, however, in conditionally 

immortalized human podocyte cells, expression of kAE1 was dependent on nephrin. Yeast two 

hybrid assay, colocalization and immunoprecipitations confirmed that nephrin interacts with kAE1 

in podocyte cells123. The kAE1 N-terminus also binds with ankyrin-G with 3 specific motifs and 

this interaction is required for its localization to the cell membrane130.  

 

1.5.1.2 Carboxyl-terminal cytosolic domain interactors 

  In line with the co-ordinated action of CAII, H+ATPase and kAE1 in acid-base 

homeostasis, an interaction of kAE1 C-terminus with CAII was shown to increase kAE1 activity122 

although this concept has since been challenged131. A member of the peroxiredoxin protein family, 

peroxiredoxin 6 (prdx 6) co-localizes and interacts with kAE1 C-terminus, and is required for 

kAE1 function132. A prdx 6 KO mice demonstrated baseline acidosis with increased kAE1 

expression. Upon an acid diet, prdx 6 abundance increased in WT mice, suggesting a strong 

interaction between these two proteins’ expression, localization and function. However the 
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physiological role of this interaction remains unclear132. Glyceraldehyde 3 phosphate 

dehydrogenase (GAPDH) also interacts with kAE1 C-terminus and is essential for its membrane 

localization in mammalian kidney133. kAE1 C-terminus is also a binding site for the B1 subunit of 

the Na+/K+-ATPase and the interaction is required for both proteins‘ membrane localization and 

abundance134. The C-terminus of the kAE1 is also a docking site for adaptor proteins AP-1 µ1A, 

AP-3 µ1 and AP-4 µ1135–138. Adaptor proteins’ binding is important for kAE1 trafficking 

intracellularly136 and to the basolateral membrane137. Clathrin is another kAE1 interactor, a protein 

that interacts with adaptor protein complexes. Clathrin knockdown perturbs basolateral proteins 

polarity137,139. Finally, PDZ and LIM domains proteins 5 (PDLIM5) binds N-terminal interactor 

ILK as described above and is essential for its membrane targeting140. PDLIM5/ILK complex 

connects kAE1 N and C termini, thereby creating a multiprotein complex essential for kAE1 

abundance and basolateral membrane localization140.  

1.6 SLC26A7 

 Solute-Linked Carrier (SLC) gene families contribute to CD’s role in maintaining acid-

base and electrolyte homeostasis. The sections above thoroughly described SLC4A1 gene 

encoding AE1 proteins and its role in electrolyte homeostasis in the CD. However, SLC26A gene 

family has also been reported to play a role in acid-base balance in intercalated cells141. Members 

of the SLC26 family that are involved in Cl-/HCO3- are SLC26A4 (pendrin) and SLC26A7142. 

 The SLC26 family is composed of 10 members, SLC26A1-11, SLC26A10 is considered 

as a pseudogene143. The expression of these genes is restricted to polarized epithelial cells and is 

tissue specific to organs such as the intestine, pancreas, thyroid gland and kidney144. The family 

members transport various substrates (ions or molecules) and vary in their mode of transport by 

acting either as exchangers or Co-transporter) for Cl-, HCO3-, I-, SO4-, oxalate, formate and 
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glyoxylate142,145–147. This thesis focuses on SLC26A7, the role of which is controversial based on 

the system tested. This protein either acts as a chloride channel in Xenopus oocytes148 or as a Cl-

/HCO3- exchanger in mouse kidney OMCD cells150. The SLC26A7 protein is also expressed in 

gastric parietal cells151 and in Reissner’s membrane epithelium in the murine cochlea152. In the 

mouse kidney, SLC26A7 expression is detected the proximal tubule149, basolateral membrane of 

the thick ascending limb153, distal tubule154, and in the medullary CDs after vasopressin 

induction155. In humans, the protein is localized in the ICs and colocalize with AE1156. This protein 

has 12 transmembrane domains with intracellular N- and C-termini (Figure 1.7). The second 

extracellular loop contains two N-linked glycosylation sites, at Arginine 125 and 131 positions. 

The C-terminus carries a sulfate transporter anti-sigma factor antagonist (STAS) domain157. 

Mutations in the SLC26A7 gene result in goitrous congenital hypothyroidism supporting a role of 

this gene in the thyroid gland158.  
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Figure 1. 7 Schematic diagram of the topology of SLC26A7 protein 

The protein contains 12 transmembrane domains (blue), 6 extracellular and 5 intracellular loops 

with intracellular N and C- termini (green). Two glycosylation sites are between the 3rd and 4th 

TMD (green branch). The C-terminus contains a STAS domain. The figure was modified from157 

 and created in Biorender.com. 
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1.7  Distal renal tubular acidosis (dRTA) 

SLC26A7 or SLC4A1 gene mutations can lead to several diseases including blood and 

gastric disorders159. In this thesis, we will focus on a disease that is common between these two 

genes: distal renal tubular acidosis (dRTA). Type 1 dRTA results from a renal defect in acid 

secretion160 and consequently in bicarbonate reabsorption in tubules of the distal nephron161. 

Mutations in the genes encoding either kAE1162–164, the H+-ATPase165, or CAII166 can result in 

dRTA. dRTA patients carrying dominantly or recessively inherited mutations develop renal stones, 

hypokalemia, hyperchloremia, nephrocalcinosis, metabolic acidosis, and a defective urine 

acidification in addition to facing difficulties to thrive30. Until now, 23 point or frameshift 

mutations in the SLC4A1 gene encoding kAE1 protein are reported to cause dRTA, in a 

homozygous, heterozygous, or compound heterozygous state142,167–169. Investigations in Madin–

Darby canine kidney (MDCK) cells showed that dRTA-causing kAE1 mutants were either 

nonfunctional or mistrafficked to the apical membrane, the Golgi, or the endoplasmic 

reticulum112,170,171. Coexpression of dominant dRTA mutants with the wild-type (WT) kAE1 

protein, thereby mimicking the situation found in patients with a dominant form of the disease, 

showed that the mutant affected the trafficking of the WT protein in these cells172. In contrast, 

coexpression of recessive mutants with kAE1 WT, as found in parents of patients with recessive 

dRTA, showed that the WT protein rescued the mutant’s trafficking. These findings provided a 

molecular mechanism for development of dRTA.  

However, recent in vivo findings challenged our understanding of dRTA 

pathophysiological mechanisms. Indeed, when expressed in mouse inner medullary collecting duct 

(mIMCD3) or mouse cortical collecting duct M1 cells, the dominant mutant kAE1 R607H 

(corresponding to the human dominant kAE1 R589H dRTA mutation) showed a normal function 
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and proper targeting of the protein to the basolateral membrane173. This mutant was previously 

reported to be retained in the ER in MDCK cells112,171. Moreover, in a kAE1 R607H knockin 

mouse model that developed dRTA upon acid challenge, the protein was properly targeted to the 

basolateral membrane, although its expression level was lower compared with WT mice173. In fact, 

these mice had a lower amount of H+ATPase and were unable to relocate this protein to the apical 

membrane upon acid challenge. The number of type-A ICs in these mice was significantly lower 

in comparison with the WT mice. A recent study investigating the interactome of the H+-ATPase 

identified the nuclear receptor coactivator 7 as an interactor174. A targeted deletion of this protein 

in mice resulted in incomplete dRTA175. These recent findings may be the first step towards 

deciphering the functional link between basolateral kAE1 and apical targeting of the H+ATPase. 

Therefore, our understanding of the pathophysiology associated with dRTA remains obscure and 

further studies will be necessary to fully understand the molecular mechanisms of this complex 

disease.  

The CAII enzyme is found in the cytosol of the PT cells, loop of Henle, and the ICs of the 

CD176. CAII converts CO2 and water into bicarbonate and protons in PT cells and ICs. Accordingly, 

the lack of or dysfunction of CAII results in an impaired bicarbonate reabsorption and acid 

secretion177, defined as type 3 RTA. Patients with type 3 RTA have acidemia, alkaline urine, 

osteopetrosis, cerebral calcification, and mental retardation. Beside the kidney, tissues, and organs 

affected in type 3 RTA correlate with tissue expression of the CAII. A recent study of CAII 

deficient mice showed that CAII also plays a significant role in urine concentration178. In addition 

to type 3 RTA, these mice had polyuria and polydipsia without altered sodium or calcium 

reabsorption/excretion, indicating that they had a specific defect in water reabsorption. 
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1.8 Calcium homeostasis  

One of the most significant electrolytes, calcium plays a versatile role in direct and indirect 

signaling pathways in critical cellular reactions179. Calcium participates in dispersing action 

potential, mediating co-factor function and transducing intra- and extracellular signal as a 

secondary messenger180. As a result, calcium homeostasis is highly regulated and approximately 

99% of calcium is stored in bone181. The remaining 1% is found in the extracellular and 

intracellular regions in non-ionized and ionized forms182. Normal human body contains 1000-1200 

g of calcium183. Calcium homeostasis in the body involves three organs: 1) the intestine 2) the 

bones and 3) the kidneys, orchestrated by three major mechanisms: 1) absorption/reabsorption and 

storage, 2) hormonal regulation of the transport and 3) calcium sensing181. Combined action of the 

intestinal absorption, renal reabsorption and exchange between bone and plasma under the 

influence of calciotropic hormones Vit-D3 and parathyroid hormone (PTH)183 regulate the amount 

of calcium in the body (Figure 1.8). Upon ingestion, 20-25% dietary calcium is absorbed along the 

small intestine by active transcellular (through the cell) and passive paracellular (between the cells) 

routes. The amount of calcium absorbed depends on the age of the individual, the amount of 

calcium and vit-D intake, and circulating levels of calciotropic hormones (Vit-D3 and PTH)181–183.  
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Figure 1. 8 Schematic diagram of calcium homeostasis in the human body.  

Calcium homeostasis involves three major organs in the body: the intestine, the bones and the 

kidneys with the hormonal control from blood. Calcium is ingested with food and after being 

absorbed by the intestine the unabsorbed portion leaves the body with feces. Vit-D3 and PTH (with 

the involvement of the liver, kidneys and the parathyroid gland) regulate the calcium level in the 

blood. A significant proportion of the absorbed calcium is stored in the bones and a portion is 

reabsorbed in the kidneys. Depending on the requirements of the body, a portion of the non-

reabsorbed calcium exits through urine. The figure was created in BioRender.com. 
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1.8.1 Calcium homeostasis in the kidney 

In both the intestine and the kidneys, calcium transport takes place through the transcellular 

and paracellular pathways184. In the intestine, calcium transport occurs through transcellular or 

paracellular routes184. In the kidney, the transport process varies between nephron segments. In the 

PT, approximately 60-70% and in the TAL approximately 25% calcium is reabsorbed 

paracellularly (Figure 1.9 A)182,184. In the DCT and CT up to 10-15% calcium is reabsorbed 

through the transcellular pathway185. Paracellular transport of calcium in the PT is carried out 

principally by tight junction protein cldn-2184. In the TAL cldns-14, 16, and 19 regulate the 

transport process184. In the DCT and CNT, transmembrane proteins in the apical and basolateral 

sides TRV5/6, sodium-calcium exchanger (NCX), plasma membrane calcium channel (PMCA) 

and intracellular protein calbindin mediate the transepithelial transport184,185. In the CD the amount 

of calcium reabsorption is very small to none185. Proteins residing in the CD epithelial cells are 

mainly involved in maintaining acid-base homeostasis by acidifying urine186. However, defects in 

urinary acidification, such as in dRTA, is often associated with hypercalciuria via an unknown 

mechanism185. As total cldn-4 knockout (KO) mice demonstrated hypercalciuria110, calcium 

homeostasis and regulation are detailed in the next section. 

1.8.2 Paracellular transport and claudins in calcium renal transport 

Paracellular transport of ions is facilitated by highly regulated tight junction proteins187. In 

the isolated and perfused PT of cldn-2 KO mice, cation, NaCl and water188 permeability was 

reduced and the mice became hypercalciuric which suggests that cldn-2 mediates paracellular 

transport of calcium in the PT (Figure 1.9 B)103,184,187.  Recent studies suggest that, both cldn-2 and 

12 facilitate paracellular Ca2+ transport independently yet complementing each other189. In the 

TAL, calcium reabsorption is facilitated by the lumen positive transepithelial voltage gradient 
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generated by the concerted action of the apical potassium channel (ROMK), sodium potassium 

chloride cotransporter (NKCC2), and basolateral chloride barttin channel184,187. Cldn-16 and 19 

facilitate transepithelial permeability to calcium (Figure 1.10 A)184. However, upon 

hypercalcemia, activation of the calcium-sensing receptor (CaSR) results in cldn-14 expression 

and localization at the tight junction, which then inhibits paracellular calcium flux from lumen and 

sodium flux from blood (Figure 1.10 B)190,191. In the DCT and CNT, calcium transport (~10%) is 

transcellular which is carried out in three consecutive steps: 1) entry through apical TRPV5/6 

channels192,193, processing by calbindin proteins intracellularly194, and 3) exit through the 

basolateral PMCA1 and NCX1 channels (Figure 1.11)188,195. Vitamin-D and PTH regulate the 

plasma level of calcium 196.  
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Figure 1. 9 Schematic diagram of calcium reabsorption along nephron segments.  

A, schematic diagram of the nephron with corresponding amounts of calcium reabsorbed along 

the tubule. B, schematic diagram of PT cells with key proteins involved in calcium reabsorption. 

The blue apical protein is Na+/H+ exchanger is NHE3. The basolateral blue protein is Na+/K+-

ATPase. Paracellular passage of Ca2+ is facilitated by both cldn-2 and cldn-12.The figure is 

modified from184 and created in Biorender.com. 
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Figure 1. 10 Calcium reabsorption in the TAL.  

A) Schematic diagram of calcium reabsorption in the TAL at normocalcemia condition. 

Paracellular calcium flux is mediated by the pores created by cldn-19 and cldn-16. B) In 

hypercalcemic condition, the Ca2+ sensing receptor (CaSR) is activate and signals to increase the 

cldn-14 expression in the tight junction along with cldn-16 and 19. Cldn-14 blocks the paracellular 

transport of Ca2+, (also prevents back flux of Na+) which result in increased calcium in the urine. 

The figure was modified from184 and created in Biorender.com. 

A B 
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Figure 1. 11 Calcium reabsorption in the DCT/CNT 

In the DCT/CNT, calcium reabsorption takes place via transcellular route. At the apical membrane 

calcium is reabsorbed by the TRPV5 protein (turquoise). Intracellular Calbindin-D28K ferries the 

calcium to the basolateral side of the cell. On the basolateral membrane calcium is transported to 

the interstitium via PMCA1 (ATP driven plasma membrane calcium channel, light blue protein) 

and NCX (Na+ Ca2+ exchanger, orange protein). The Na+ exchanged for Ca2+ is recycled via the 

Na+/K+-ATPase (blue protein). The image is modified from185 and created in Biorender.com.  
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1.8.2 Calcium handling in the intestine 

 Daily dietary intake of calcium is reabsorbed through the intestine via transcellular and 

paracellular routes184,197. The transcellular route is active and takes place if dietary intake is low198. 

On the other hand, the paracellular route is passive and happens when dietary calcium intake is 

high198. The extent of calcium reabsorption depends on several factors, such as the “intraluminal 

calcium concentration, the solubility of calcium, the permeability of tight junction and sojourn 

time”184,199. The sojourn time varies in different segments. For example, in rats receiving a high 

calcium diet, sojourn times corresponded to 3 minutes in the duodenum, 43 minutes in jejunum, 

141 minutes in ileum, 92 minutes in cecum and 92 minutes in colon184,198. Upon a calcium-replete 

diet, calcium absorption predominantly occurs through a passive paracellular route200. In vivo and 

in vitro experiments conducted upon various calcium diets suggested that the paracellular transport 

in different intestinal segments is driven by either transepithelial voltage difference (-5 to -20 mv) 

or solvent drag (dragging ions paracellularly together with flow of water)184. Overall, in the 

intestine, sodium absorption through the sodium/glucose transporter 1 (SGLT1) and 

sodium/proton exchanger 3 (NHE3), create an osmotic gradient promoting water reabsorption 

which allows the paracellular calcium passage in presence of cldn-2 and 12184. However, in the 

duodenum and cecum, transcellular calcium absorption occurs through apical TRPV6, intracellular 

calbindin D9-K and basolateral PMCA1184,201,202.  

 

1.8.3 Hormonal regulation of calcium absorption 

The active form of 1a,25-dihydroxy vitamin D, also called calcitriol, is synthesized in the 

proximal tubule. Calcitriol is produced by converting 25-hydroxyvitamin D3 to 1a,25-dihydroxy 

vitamin D with the enzyme 1a-hydroxylase203. Calcitriol acts on the gastrointestinal system by 
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increasing calcium absorption, calcium reabsorption in the renal tubule and resorption from bones, 

thus increasing plasma calcium level. The parathyroid hormone also plays a role in increasing 

plasma calcium concentration by activating 1a-hydroxylase enzyme, thereby promoting 1a,25-

dihydroxy vitamin D production.204. The plasma level of calcium is kept in a very narrow range 

since it is a crucial molecule for many cellular and physiological functions. When plasma calcium 

level is elevated, calcitriol release inhibits parathyroid hormone production, wanes down intestinal 

absorption and renal reabsorption and brings plasma calcium level to normal. Together, this 

hormonal regulation system keeps plasma calcium concentration at a physiologic range of 2.4-2.5 

mM (total calcium)179,203,204  

 

1.9  Hormonal production by the kidneys and hormones regulating the kidney  

1.9.1 Thyroid hormones and erythropoietin  

Literature supports a clear interplay between hormones and the kidneys205. Thyroid 

hormones (thyroxine and triiodothyronine) are greatly involved in the development of the kidney 

in terms of kidney weight, mitotic index and kidney size in young rats206 as well as during 

morphologic development in adults207.  

Interstitial cells in the kidneys secrete erythropoietin in the peritubular capillaries which is 

necessary to produce and mature erythrocytes in the bone marrow208. The interstitial cells are able 

to sense a subtle change in the oxygen levels and as a result, adjust erythropoietin production. In 

pathological conditions such as upon anemia, heart failure or chronic obstructive pulmonary 

disease, the interstitial cells sense a drop in oxygen levels, and increase production of 

erythropoietin. More erythropoietin signals the bone marrows to synthesize more erythrocytes to 

reinforce oxygen transport function2,208.  
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1.9.2 Hormonal regulation of the CD cells 

 The mineralocorticoid receptor (MR) expressed in the basolateral membrane of CD cells 

mediates the renin-angiotensin-aldosterone system (RAAS) response in this nephron segment. MR 

and the glucocorticoid receptor (GR) signal the kidneys to regulate volume depletion and 

potassium secretion209–211.  ENaC in the PC is activated by the mineralocorticoid aldosterone, 

which also increases paracellular transport of Cl-, H+ secretion by the H+ATPase in the intercalated 

cells and activates basolateral Na+/K+-ATPase212,213. Aldosterone is also secreted in hyperkalemic 

conditions and activates ENaC, which in turn creates an electronegative lumen favoring K+ 

secretion via the apical ROMK and calcium activated K+ channel (BK) 212. In K+ depleted diet 

condition, type A IC function increases by increasing maxi-K channel expressed in both PCs and 

ICs)214.  

 The H+ATPase abundance is increased as a result of angiotensin II secretion215. Similarly, 

aldosterone released during metabolic acidosis also increases pendrin and H+ATPase activity216,217. 

Additionally, paracrine signals promote the coordination of CD cells’ functions35. Paracrine factor  

prostaglandin-E2 (PGE2) secretion increases Na+ reabsorption and osmotic water permeability in 

rabbit CD cells218.  

The renin-angiotensin-aldosterone (RAAS) system regulates blood volume219. Decreased 

blood pressure activates the juxtaglomerular cells (JG) cells that are attached to the afferent 

arterioles and initiates cleavage of precursor prorenin to active renin. The renal sympathetic nerve 

activity regulates the production of renin in combination with renal blood pressure and Na+ 

concentration in the lumen. Reduced plasma Na+ concentration activates the renal sympathetic 

nerves and renin is produced from the stimulated JG cells. Sodium-sensitive macula densa cells 

that are located at the top of the thick ascending limb, are also activated by low luminal Na+ levels 
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and activate the adjacent JG cells to produce renin. Renin synthesis initiates the RAAS cascade: 

The renin-angiotensin-aldosterone (RAAS) system consists of the compounds renin, angiotensin 

II and aldosterone, regulates the blood volume219. Liver-produced plasma angiotensinogen is 

converted to angiotensin I by released renin. Angiotensin converting enzyme converts angiotensin 

I to angiotensin II. Angiotensin II induces arteriolar constriction and aldosterone secretion to 

regulate the blood pressure. The mechanism involves the juxtaglomerular (JG) cells residing in the 

afferent arterioles. Decreased blood pressure activates the JG cells and initiate cleavage of inactive 

prorenin to active renin and released into blood. Circulating blood carries angiotensinogen which 

is produced in the liver. Renin cleaves angiotensinogen into angiotensin I which is next catalyzed  

to angiotensinogen II, the active form of angiotensin, by the angiotensin converting enzyme 

(ACE). In the PT, angiotensinogen II increases the activity of Na+/H+-exchange, thus increasing 

Na+ absorption. An elevated concentration of plasma Na+ increases the plasma osmolarity resulting 

in an increase of blood volume and extracellular fluid (ECF) volume and high blood pressure. 

Angiotensin II also stimulate the adrenal cortex to release aldosterone. Aldosterone acts on the 

CNT/CD cells by increasing luminal sodium channel ENaC and basolateral Na+/K+-ATPase 

leading to increased Na+ reabsorption and K+ secretion. Angiotensin II also stimulates the pituitary 

gland to release antiduretic hormone (ADH), also called vasopressin, that acts on the CD to 

increase AQP-2 protein abundance, water reabsorption and the ECF volume. The interplay 

between all these hormones thus helps the body to maintain optimal sodium concentration, water 

and blood pressure219.  
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2.1 Hypotheses and Research questions 

Our general hypothesis is that altering proteins involved in either the transcellular (SLC26A7) or 

the paracellular pathway (Claudin-4) will affect electrolyte homeostasis.  

2.1.1 Hypothesis 1 

Chloride/bicarbonate exchangers SLC26A7 and kAE1 are both expressed in type-A 

intercalated cells in the CD. However, when kAE1 is unable to maintain pH homeostasis as in 

dRTA, SLC26A7 is not able to correct the acidosis. We hypothesize that SLC26A7 expression is 

downregulated in acidic condition and is therefore unable to compensate for the acidosis. .  

2.1.1.1 Research questions 

1. Is SLC26A7 a chloride/bicarbonate exchanger in renal epithelial cells at the basal state? 

2. What is the role of SLC26A7 in renal epithelial cells in relation to kAE1 in normal, 

hypertonic and acidic conditions? 

3. Why SLC26A7 is unable to compensate the loss of kAE1 in dRTA situation? 

2.1.2 Hypothesis 2 

 Total KO of murine cldn-4 results in hydronephrosis, hypocalcemia and hypercalciuria and 

elevated urinary chloride110. PC-specific cldn-4 KO mice display increased urinary volume and 

higher fractional excretion of sodium and chloride111. Together, these studies suggest that cldn-4 

plays a significant role in the collecting duct in sodium, chloride and calcium reabsorption. 

However, its role in the intercalated cells is still unknown. We hypothesize that intercalated cells 

cldn-4 plays a significant role in pH homeostasis and salt balance.  

2.1.2.1 Research questions 

1. What is the role of cldn-4 in the intercalated cells? 
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2. Are the IC specific cldn-4 KO mice able to reabsorb sodium and chloride as efficiently as 

the wild type mice? 

3. Does IC cldn-4 participate in calcium and acid/base homeostasis? 
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CHAPTER TWO 

 

 

 

SLC26A7 PROTEIN IS A CHLORIDE/BICARBONATE EXCHANGER AND ITS 

ABUNDANCE IS OSMOLARITY- AND pH-DEPENDENT IN RENAL EPITHELIAL CELLS 
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Abstract 
 

Acid-secreting intercalated cells of the CD express the chloride/bicarbonate kidney anion 

exchanger1 (kAE1) as well as SLC26A7, two proteins that colocalize in the basolateral membrane. 

The latter protein has been reported to function either as a chloride/bicarbonate exchanger or a 

chloride channel. Both kAE1 and SLC26A7 are detected in the renal medulla, an environment 

hyper-osmotic to plasma. Individuals with mutations in the SLC4A1 gene encoding kAE1 and 

mice lacking Slc26a7 develop distal renal tubular acidosis (dRTA). Here, we aimed to (i) confirm 

that SLC26A7 can function as chloride/bicarbonate exchanger in Madin-Darby canine kidney 

(MDCK) cells, and (ii) examine the behavior of SLC26A7 relative to kAE1 wild type or carrying 

the dRTA mutation R901X in iso- or hyper-osmotic conditions mimicking the renal medulla. 

Although we found that SLC26A7 abundance increases in hyper-osmotic growth medium, it is 

reduced in low pH growth conditions mimicking acidosis when expressed at high levels in MDCK 

cells. In these cells, SLC26A7 exchange activity was independent from extracellular osmolarity. 

When SLC26A7 protein was co-expressed with kAE1 WT or the R901X dRTA mutant, the 

cellular chloride/bicarbonate exchange rate was not additive compared to when proteins are 

expressed individually, possibly reflecting a decreased overall protein expression. Furthermore, 

the cellular chloride/bicarbonate exchange rate was osmolarity-independent. Together, these 

results show that (i) in MDCK cells, SLC26A7 is a chloride/bicarbonate exchanger whose 

abundance is up regulated by high osmolarity growth medium and (ii) acidic extracellular pH 

decreases the abundance of SLC26A7 protein. 
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2.1 Introduction 
 

Type-A intercalated cells in the CD of the kidney regulate the amount of acid excreted in 

urine, via the concerted action of cytosolic carbonic anhydrase II, apical v-H+-ATPase and the 

basolateral kidney anion exchanger 1 (kAE1)161. Mutations in the genes encoding these proteins 

can lead to distal renal tubular acidosis (dRTA)220, a dominantly or recessively inherited disease 

characterized by metabolic acidosis, hypokalemia, hyperchloremia and failure to thrive142. In 

addition to kAE1, SLC26A7 protein is also expressed at the basolateral membrane of the same 

cells in the hypertonic medullary CD of rat and mouse kidneys150,220. SLC26A7 is a 14 

transmembrane domain-containing protein157 with two N-linked glycosylation sites at positions 

N125 and N131, in its second extracellular loop and a cytosolic carboxyl (C)-terminal STAS 

(sulfate transporter anti-sigma factor antagonist) domain. In addition to the kidney, SLC26A7 is 

also expressed in gastric parietal cells151, mouse cochlea152 and plays an important role in enamel 

maturation221 and in thyroid hormones synthesis158,222. SLC26A7 protein behaves as an osmolality-

sensitive chloride/bicarbonate exchanger in rat kidney outer medullary CD cells and either as a 

chloride/bicarbonate exchanger or a chloride channel in Xenopus oocytes and human embryonic 

kidney (HEK) cells148,150. When heterologously expressed in Xenopus oocytes and in polarized 

MDCK cells exposed to a hypertonic extracellular environment, SLC26A7 relocated from 

endosomes to the plasma membrane in a MAP kinase dependent pathway150,223. Although a role 

of SLC26A7 in renal acid excretion was unveiled in Slc26a7 knockout animals which developed 

dRTA220, individuals carrying a mutated SLC26A7 gene have a normal acid-base status but 

develop a goitrous congenital hypothyroidism158,222. An isoform of the erythroid Band 3, kAE1 is 

a 14 transmembrane dimeric glycoprotein121. It participates in urine acidification via physical and 

functional coupling to cytosolic carbonic anhydrase II224, which produces protons and bicarbonate 
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from water and carbon dioxide, and to the apical v-H+-ATPase. Mutations within the kAE1 

transmembrane domain, or its short C-terminal domain cause dRTA164,225. It has been proposed 

that in heterozygous individuals carrying recessive mutations, the wild-type (WT) allele rescues 

trafficking or function of the mutated protein, while in dominant cases, the mutant prevents normal 

trafficking of the WT protein, thereby causing the disease172. A number of dominant dRTA 

mutations are located within the short cytosolic C-terminal domain of kAE1, which appear to cause 

mis-trafficking of the protein112,167,168,226–229. Among these, the dominant C terminally truncated 

kAE1 R901X mutant, is partially functional but mis-traffics either to the apical membrane or both 

apical and basolateral membranes of polarized Madin-Darby canine kidney (MDCK) cells112,170, 

while being partially retained intracellularly in non-polarized cells228. Although the cause of the 

mis-trafficking remains unclear, this truncation removes a potential Post-Synaptic-Density-95/ 

Discs-large/Zona-Occludens-1 (PDZ) binding site, a phosphorylatable tyrosine (Y904) and a µ1A 

adaptor protein binding site (Y904DEV907) from the protein127,135,136,144,230. Patients with 

mutations within the SLC4A1 gene and Slc26a7 knockout mice develop dRTA220,231,232, but human 

patients with mutated SLC26A7 do not158. Recent evidence supports a loss of type-A intercalated 

cells in dRTA patients' or mouse kidneys, in an un-explained mechanism173,233. Although the two 

proteins are reported to act as chloride/bicarbonate exchangers, the relative roles of SLC26A7 and 

kAE1 proteins in the medullary CD cells are unknown. While expression of SLC26A7 in human 

type-A intercalated cells remains unknown, both Human Protein Atlas 

(https://www.proteinatlas.org/ENSG00000147606-SLC26A7) and Nephroseq database 

(https://www.nephroseq.org/resource/login.html) report the presence of mRNA encoding 

SLC26A7 protein in the human kidney and the renal cortex and medulla, respectively. Therefore, 

assuming that SLC26A7 is expressed in human type-A intercalated cells, we aimed to clarify the 
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role of SLC26A7 protein in renal epithelial cells relative to kAE1 in normal, hypertonic 

(mimicking the hypertonic renal medulla) or acidic (mimicking acidosis) growth conditions. We 

examined the abundance, localization and function of SLC26A7 in control MDCK cells grown in 

normal or hypertonic conditions to mimic the extracellular environment of the outer medullary 

CD. As untreated dRTA patients are acidotic, we also investigated the behavior of SLC26A7 

expressed in cells grown at pH lower than 7.2. Finally, we assessed the abundance of SLC26A7 

protein and the level of chloride/bicarbonate exchange in MDCK cells co-expressing SLC26A7 

and kAE1 WT or the kAE1 R901X dRTA mutant. 

2.2 Methods 

2.2.1 Materials 

The following is a list of materials and their suppliers used in this study: mouse anti-myc 

antibody (Cell Signalling Technology), mouse anti-FLAG antibody (Sigma Aldrich), rabbit anti-

FLAG (Cell Signalling), mouse anti-HA antibody (hemagglutinin, Covance), rat anti-HA antibody 

(Sigma Aldrich), mouse anti-actin antibody (Sigma Aldrich), rat anti-E-cadherin (Sigma Aldrich), 

mouse anti-Na+/K+-ATPase (Santa Cruz), goat anti-mouse antibody horseradish peroxidase 

conjugated (HRP; Cell Signalling Technology), Alexa 488-conjugated goat anti-mouse antibody 

(Invitrogen Molecular Probes), Cy3-conjugated donkey anti-mouse antibody (Jackson 

Immunoresearch), X-treme GENE HP DNA transfection reagent (Roche). 

 
2.2.2 Constructs, cell lines, transfections and viral infection 
 
 MDCK (CCL-34) and HEK-293 (CRL-11268) cells were obtained from the American 

Type Culture Collection (ATCC, Manassas, USA) and grown in DMEM-F12 or DMEM, 

respectively, supplemented with 10% Fetal bovine serum (v/v), 0.5% penicillin and 0.5% 
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streptomycin under 5% CO2 at 37 °C. A pCDNA3 vector with human SLC26A7 cDNA containing 

an amino-terminal FLAG epitope was kindly provided by Dr. Reinhert Reithmeier (University of 

Toronto). Additionally, a new construct containing a hemagglutinin (HA) epitope 3′ to the N-

terminal FLAG epitope and 5′ of the first methionine of SLC26A7 cDNA was prepared to facilitate 

detection by immunofluorescence. MDCK cells stably expressing SLC26A7 with either a FLAG 

or both HA and FLAG epitopes were obtained by transfection of MDCK cells by electroporation 

using the NEON transfection system according to the manufacturer's instructions. Forty-eight 

hours later, transfected cells were selected and maintained with medium containing 1 mg/ml of 

G418. Clones originating from a single cell resistant to the drug were isolated and clones 3 and 8 

expressing SLC26A7 FLAG, and clone 4 expressing SLC26A7 HA/FLAG were selected as the 

highest expressors of SLC26A7 protein. Importantly, no difference in SLC26A7 

chloride/bicarbonate exchange was found between clone 3 expressing SLC26A7 FLAG and clone 

4 expressing SLC26A7 carrying FLAG and HA epitopes (data not shown), indicating that the 

epitopes do not alter SLC26A7 function. MDCK cells stably expressing kAE1 WT or R901X with 

a myc or HA epitope in position 557 were obtained by mouse Molony leukemia viral (MMLV) 

infection as previously described171,234. For cells co-expressing both kAE1 and SLC26A7 proteins, 

clone 3 cells stably expressing SLC26A7 FLAG were infected with MMLV enclosing pQCXIH 

viral vector (Clontech) containing kAE1 WT or R901X myc or HA cDNA and the hygromycin 

resistance gene. Cells resistant to both G418 and hygromycin co-expressed both proteins for 2 to 

3 weeks and were therefore used during this period. After the third week, kAE1 expression 

gradually declined until un-detectable, despite maintenance of the antibiotic selection pressure, as 

previously described172. MDCK cells expressing kAE1 R901X expressed the lowest amount of 

kAE1 protein for the shortest time compared to kAE1 WT expressing cells. 
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2.2.3 Treatments, lysate preparations and immunoblots 
 
 MDCK cells stably expressing SLC26A7 with an N-terminal FLAG or HA and FLAG 

epitopes were either kept under control conditions or treated for 16–18 h with growth medium 

supplemented with either 100 mM sodium chloride, sodium gluconate or 200 mM mannitol. 

Additionally, for cycloheximide experiments, cells were either maintained un-treated or incubated 

with 10 µg/ml cycloheximide in complete growth medium to block protein synthesis. For lysate 

preparations, MDCK cells expressing kAE1 and/or SLC26A7 proteins were lysed in PBS 

supplemented with 1% Triton X-100 and protease inhibitors (aprotinin 1 µg/ml, leupeptin 2 µg/ml, 

pepstatin A 1 µg/ml, PMSF 100 µg/ml). Protein content was measured by BCA protein assay using 

bovine serum albumin as a standard. Proteins diluted in 2× Laemmli sample buffer (Bio-Rad) were 

resolved on 8% SDS-PAGE gels, then transferred to PVDF membranes (Bio-Rad). The 

membranes were blocked with 3% skim milk in TBST (5 mM Tris base, 15 mM NaCl, 0.1% 

Tween-20), incubated in 1% skim milk in TBST containing mouse anti-FLAG, -HA or myc 

antibodies depending on the protein expressed, followed by HRP-coupled anti-mouse antibody. 

Probed proteins were detected with Clarity Western ECL kit (Bio-Rad) and using a Kodak Image 

station 440CF (Kodak, Rochester) or film. For relative quantification of SLC26A7 protein upon 

cycloheximide incubations, we considered both upper and lower bands detected for SLC26A7 

protein and used ImageJ software. 

 

2.2.4 Immunofluorescence imaging by confocal microscopy 

MDCK cells expressing SLC26A7 HA-FLAG protein were either grown on coverslips or 

on semi-permeable filters for 12 days to confluence and kept in control conditions or treated with 

the various hyper-osmolar growth media for 16 h. Cells were fixed with 4% paraformaldehyde 
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(Canemco Supplies) in PBS, then quenched with 100 mM glycine (pH 8.5) in PBS. After 

permeabilization with 0.2% Triton X-100 in PBS, non-specific binding sites were blocked by 

incubation with 1% BSA in PBS. Samples were then incubated with mouse anti-HA antibodies 

followed by a secondary Alexa 488 antibody. Rat anti-E-cadherin or rabbit anti- Na+/K+-ATPase 

antibodies were also used as markers for the basolateral membrane or plasma membrane, 

respectively. Nuclei were stained with DAPI. Samples were examined using an Olympus IX81 

microscope equipped with a Nipkow spinning disk optimized by Quorum Technologies (Guelph, 

ON, Canada) and a 63X oil objective. Note that in Fig. 4, we kept the same microscope settings 

between each condition to provide a comparison of the relative amount of SLC26A7 between 

conditions. For calculating the ratio of plasma membrane/total SLC26A7 protein, Volocity 

software (Quorum Technologies) was used to measure the mean fluorescence intensities of regions 

of interest corresponding to the plasma membrane (segmented using E-cadherin as a cell surface 

marker) and the cytosol (the remainder of the cell area outside the membrane E-cadherin staining). 

For each cell, we divided the mean fluorescence from plasma membrane SLC26A7 by total mean 

fluorescence intensity (=membrane + cytosol). Each dot on Fig. 4 represents the average ratio 

calculated from a field of approximately 40 cells. 

 

2.2.5 Bicarbonate transport assay 

The procedure was performed as previously described234–236. Briefly, MDCK cells 

expressing kAE1 WT, kAE1 R901X, SLC26A7 or combinations of SLC26A7 and kAE1 proteins 

grown under control or hyper-osmotic conditions for 16 h, were incubated with 10 µM BCECF-

AM (2′,7′-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl Ester, Thermo 

Scientific) for 10 min at 37 °C. Coverslips were then placed in fluorescence cuvettes and the cells 
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perfused at room temperature with Ringer's buffer (5 mM glucose, 5 mM potassium gluconate, 1 

mM calcium gluconate, 1 mM magnesium sulfate, 10 mM HEPES, 2.5 mM sodium dihydrogen 

phosphate, 25 mM sodium bicarbonate) supplemented with 140 mM sodium chloride for 5 to 10 

min. The perfusing solution was then switched to a chloride free medium containing 140 mM 

gluconate to induce intracellular alkalization. BCECF-AM intracellular fluorescence being next 

calibrated with buffers at pH 6.5, 7.0 or 7.5, supplemented with 100 µM nigericin sodium salt 

(Calbiochem, Millipore). The Ringer's buffers were continuously bubbled with an air: CO2 mixture 

(19: 1), providing 5% CO2. We used a Photon Technologies International (PTI) (London, Ontario, 

Canada) fluorimeter to record BCECF fluorescence fluctuations. Excitation wavelengths (440 and 

490 nm) and emission wavelength (510 nm) were used (calibrated to the fluorimeter). Transport 

rates of the cells were determined by linear regression of the initial fluorescence variations (over 

the first 60 s), normalized to pH calibration measurements. All measurements were done using PTI 

FelixGX software. Baseline intracellular pH values measured for 60 s prior to switching from the 

chloride-containing to a chloride-free solution in the various cell lines used in this project are: 

MDCK: 7.28 ± 0.06 (n = 14), kAE1 WT: 7.45 ± 0.06 (n = 19), SLC26A7: 7.49 ± 0.10 (n = 11), 

SLC26A7 +kAE1 WT: 7.47 ± 0.07 (n=6), SLC26A7+kAE1 R901X: 7.12 ± 0.03 (n = 4), kAE1 

R901X: 7.40 ± 0.08 (n = 7), with values indicating mean cytosolic pH ± SEM (number of 

replicates). The differences of baseline intracellular pH between the various cell lines did not reach 

statistical significance. Please refer to Figure A 1 (appendices) for detailed explanation of this 

experiment. 

2.2.6 Statistical analysis 

All the experiments were independently repeated a minimum of three times. Experimental 

results are summarized as mean ± SEM. All statistical comparisons were made using unpaired 
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Student's t-test or one-way ANOVA with a post-hoc test as indicated. A P value<0.05 was 

considered statistically significant. 

2.3 Results 

2.3.1 In MDCK cells, SLC26A7 exchanges Cl- for HCO3− in HCO3− containing buffer 

SLC26A7 has been characterized as both a chloride channel and a chloride/bicarbonate 

exchanger in HEK293 and Xenopus oocytes148,150. We compared the ability of either human 

SLC26A7 or kAE1 WT to exchange chloride for bicarbonate under normal growth conditions, 

using MDCK cells that are devoid of endogenous kAE1237 or SLC26A7 proteins (our own 

unpublished observation), but that contain endogenous carbonic anhydrase II and proton 

ATPase238,239. We prepared MDCK cells stably expressing SLC26A7 protein carrying an N-

terminal FLAG epitope to facilitate protein detection157. Immunoblot analyses showed that two 

highest expressing clones (3 and 8) had a similar migration profile displaying two main bands that 

were absent in un-transfected MDCK cells (Fig. 1A), reflecting core (white circle) and complex 

(black circle) glycosylated SLC26A7 proteins as previously described157. The subsequent 

experiments were chosen to be conducted using clone 3 (protein hereafter called SLC26A7). 

Immunostaining results confirmed that although SLC26A7 looked predominantly intracellular in 

non-polarized cells, it colocalized with the basolateral membrane marker E-cadherin in polarized 

cells, with some visible intracellular staining (Figs. 2.1B & 4B). To confirm that SLC26A7 is 

present at the plasma membrane in non-polarized cells, we performed a functional assay based on 

2′,7′-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethyl ester (BCECF-AM) pH-

sensitive fluorescence variations upon switching the bathing solution from one containing chloride 

to one chloride-free as previously described223,232,235,236,240. The rate of intracellular pH change, 

reflecting bicarbonate-chloride transport rate in the initial 60s of activity was measured. We found 
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that it reached 0.10 ± 0.02 ΔpH/min (n = 7, ± SEM) in MDCK cells expressing SLC26A7 protein, 

a value that was significantly higher than un-transfected cells, but lower than that of kAE1 WT 

transport rate 0.16 ± 0.02 ΔpH/min (n = 8, ± SEM), when the experiment is performed in buffers 

at pH ranging from 7.35 to 7.45 (Fig. 2.1C–E). These experiments support that in MDCK cells 

bathed in a buffer at physiological plasma pH, a fraction of SLC26A7 protein is present at the 

plasma membrane and behaves as a chloride/bicarbonate exchanger, in agreement with previous 

data obtained in Xenopus oocytes expressing SLC26A7 protein150,223. 
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Figure 2. 1 SLC26A7 is stably expressed in clone 3 and 8 MDCK cells. 
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SLC26A7 is stably expressed in clone 3 and 8 MDCK cells (A, B & E), and exchanges chloride 

for bicarbonate to a lower extent than kAE1 (C & D). A, Two MDCK clones (SLC26A7 FLAG 3 

& 8) that expressed the highest amount of SLC26A7 proteins were isolated and together with 

untransfected cells (“MDCK” lane), were analysed in an immunoblot using an anti-FLAG 

antibody. SLC26A7 migrates as two main bands of 72 and ~100 kDa, the upper, most abundant 

corresponding to complex glycosylated protein (black circle), and the lower molecular weight band 

corresponding to core glycosylated SLC26A7 protein (white circle) [5]. The SLC26A7 FLAG 3 

(hereafter called SLC26A7) was used for subsequent experiments. B, Immunostaining showing 

that SLC26A7 (red) is perinuclear in non-polarized cells (left image) but both intracellular and 

basolateral in polarized MDCK cells (right image). DAPI (blue) stained nuclei, NKA stands for 

the plasma membrane marker Na+/K+-ATPase, E-cadherin is a basolateral membrane marker. Bars 

correspond to 10 µm. C, Traces representing intracellular pH variations over 60 s for untransfected 

MDCK cells (blue) or MDCK cells expressing kAE1 (red) or SLC26A7 protein (orange), upon 

switching from a chloride-containing solution to a gluconate-containing solution. D, Initial rates 

of intracellular alkalinization (first 60 s) were measured in control, SLC26A7-, or kAE1-

expressing MDCK cells incubated with pH-sensitive fluorescent dye BCECF-AM upon switching 

from a chloride-containing to a chloride-free bicarbonate medium. * Indicates p < 0.05, ** 

indicates p < 0.01, **** indicates p < 0.0001, n = 7 at minimum using one-way ANOVA, error 

bars correspond to standard error of the mean. E immunoblots showing expression of kAE1 

(carrying a myc epitope) or SLC26A7 (carrying a FLAG epitope) proteins in cells used for the PTI 

assay.  
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2.3.2 The abundance of both kAE1 and SLC26A7 is upregulated in MDCK cells grown in 

hyper-osmotic medium 

SLC26A7 is expressed in acid-secreting intercalated cells of the renal medulla150. These 

cells are constantly bathed in a hyper-osmotic environment compared to plasma. We therefore 

determined what effect an extracellular hyper-osmotic environment has on SLC26A7 and kAE1 

abundance. To do so, we incubated non-polarized polyclonal MDCK cells stably expressing 

SLC26A7 (Fig. 2A–B), kAE1 WT (Fig. 2C–D) or kAE1 R901X dRTA mutant (Fig. 2E–F) in 

growth media supplemented with either 100 mM sodium chloride, sodium gluconate or 200 mM 

mannitol (to maintain the same osmolality as the other solutions) for 16 h at 37 °C, prior to analysis 

by immunoblot. All hyper-osmotic media induced a significant increase in both SLC26A7 and 

kAE1 protein abundance in MDCK cells (Fig. 2A–D). Actin abundance was unchanged in the 

hyper-osmotic conditions. Interestingly, the abundance of kAE1 R901X dRTA mutant showed a 

trend towards an increase in hyper-osmotic conditions but it did not reach statistical significance 

(Fig. 2E–F). 
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Figure 2. 2 Hyper-osmotic extracellular medium up-regulates both SLC26A7 and kAE1. 

Hyper-osmotic extracellular medium up-regulates both SLC26A7 and kAE1 abundance in MDCK 

cells. MDCK cells stably expressing SLC26A7 protein (containing a FLAG epitope) (A), kAE1 

WT (kAE1, C) or kAE1 R901X (E) (both containing a myc epitope) were incubated for 16 h at 37 

°C in either normal growth medium (NM) (DMEM-F12 supplemented with 10% FBS and 

penicillin/streptomycin), growth medium supplemented with 100 mM sodium chloride (NaCl), 

100 mM sodium gluconate (NaGluc) or 200 mM mannitol (Mann). Cells were then lysed prior to 

analysis by immunoblot with a mouse anti-FLAG antibody (A, upper blot), mouse anti-myc 

antibody (C & E, upper blots) or a mouse anti-actin antibody (A, C & E, bottom blots). Black 

circles correspond to SLC26A7 or kAE1 carrying complex oligosaccharide, white circle to 

proteins carrying high mannose. The bar graphs show quantification results by densitometry 

analysis of SLC26A7 (B), kAE1 WT (D) or kAE1 R901X (F) of a minimum of 3 independent 

experiments using ImageJ freeware (National Institute of Health). * Indicates p < 0.05, ** indicates 

p < 0.01, **** indicates p < 0.0001 versus NM, using one-way ANOVA, error bars correspond to 

standard error of the mean. There was no significant difference observed for kAE1 R901X between 

the various conditions (F).  
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2.3.3  Increased SLC26A7 abundance is due to a longer half-life in hyperosmotic medium 

The increased abundance of SL26A7 protein in hyper-osmotic medium could be due to a 

prolonged half-life. To test this hypothesis, we quantified the relative amount of SLC26A7 protein 

in cells under normal or hyper-osmotic conditions over time in the presence of the protein synthesis 

inhibitor cycloheximide (Fig. 2. 3). We observed that in cells incubated with regular growth 

medium, the half-life of SLC26A7 protein was approximately 4 h. Although a statistical difference 

was only found between NM and mannitol treatment at 6 h and 12 h, nonlinear regression fit curves 

for each treatment support that the half-life of SLC26A7 in cells grown in hyper-osmotic 

conditions was higher than in normal growth conditions, reaching approximately 12 h, 7 h and 12 

h after sodium chloride, sodium gluconate and mannitol-supplemented incubations, respectively. 

This result suggests that the higher abundance of SLC26A7 protein is due to a decreased 

degradation in some hyper-osmotic conditions, although this experiment does not exclude that 

hyper-osmolarity induces an increased synthesis as well. 
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Figure 2. 3 Incubation in hyper-osmotic medium increases the half-life of SLC26A7 protein. 

Incubation in hyper-osmotic medium increases the half-life of SLC26A7 protein. A, MDCK cells 

stably expressing SLC26A7 protein containing an N-terminal FLAG epitope were incubated for 

16 h at 37 °C in normal growth medium (NM) (DMEM-F12 supplemented with 10% FBS and 

penicillin/streptomycin), growth medium supplemented with either 100 mM sodium chloride 
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(NaCl), 100 mM sodium gluconate (NaGluc), or 200 mM mannitol. In addition to these treatments, 

10 µg/ml of cycloheximide was added to the growth medium 0, 2, 4, 6, 8 or 12 h prior to lysing 

the cells. Cells were then lysed and SLC26A7 protein content compared by immunoblot using an 

anti-FLAG antibody. The white circles correspond to SLC26A7 carrying high mannose 

oligosaccharide, and the black circles to protein carrying complex oligosaccharide. B, 

Quantification of the relative amount of SLC26A7 protein by band densitometry analysis. The 

graph shows quantification of 3 independent experiments using ImageJ freeware. Dotted lines 

indicate the half-life of SLC26A7 in each growth condition. Error bars correspond to the standard 

error of the mean. One-way ANOVA analysis of SLC26A7 percentage between conditions at each 

time point revealed a statistically significant difference between NM and Mann at 6 and 12 h (p < 

0.05) (not shown on graph to avoid overcrowding).  
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2.3.4 The proportion of cell surface SLC26A7 is unchanged in control or hyper-osmotic 

growth media 

As SLC26A7 protein abundance is increased in hyper-osmotic conditions, we aimed to 

determine whether this rise correlates with higher cell surface expression. Several attempts to 

perform cell surface biotinylation did not produce robust results and were not included in this 

manuscript. Immunofluorescence was then performed on non-polarized (Fig. 2.4 A) or polarized 

(Fig. 2.4 B) SLC26A7-expressing MDCK cells treated in control or hyper-osmotic conditions. As 

indicated with arrowheads in Fig. 2.4A, hyper-osmotic growth conditions allowed us to detect 

SLC26A7 at the plasma membrane. The protein remains however predominantly intracellular. In 

polarized cells (Fig. 2.4 B), although hyper-osmotic growth medium incubation seemed to result 

in more intense fluorescence levels at the basolateral membrane, the cells still showed a significant 

amount of intracellular staining for SLC26A7, specifically in mannitol-supplemented growth 

medium. Comparing the proportion of plasma membrane fluorescence versus total cell 

fluorescence on polarized cells showed no significant difference in the plasma membrane/ total 

abundance ratio of SLC26A7 protein in any condition compared to normal medium (Fig. 2.4 C). 

Although our immunoblot results suggest that hyper-osmotic growth media increase the overall 

abundance of SLC26A7, immunofluorescence results indicate that the protein reaches the cell 

surface in the same proportion as in cells grown in normal medium. 
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Figure 2. 4 Hyper-osmotic extracellular medium does not increase SLC26A7 cell surface/total 

expression ratio.  

Hyper-osmotic extracellular medium does not increase SLC26A7 cell surface/total expression 

ratio. Nonpolarized (A) and polarized (B) MDCK cells (clone 3) stably expressing SLC26A7 

protein carrying N-terminal FLAG epitope were incubated for 16 h at 37 °C in normal growth 

medium, growth medium containing 100 mM sodium chloride (NaCl), 100 mM sodium luconate 
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(NaGluc) or 200 mMmannitol (Mann) prior to immunofluorescence staining. After the various 

osmotic treatments, the cells were fixed, permeabilized and incubated with mouse anti-FLAG 

antibody followed by either Cy3-coupled secondary antibody (A, red) or Alexa 488-coupled 

secondary antibody (B, green). In panel A, cells were also incubated with an anti-Na+/K+-ATPase 

antibody (green) and in B panel, with an anti-E-cadherin antibody (red). DAPI (blue) stained 

nuclei. Bars correspond to 10 µm. C, Ratio of mean fluorescence intensities from plasma 

membrane SLC26A7 versus total SLC26A7 protein in each condition, measured using Volocity 

software (See Methods for experimental details) on polarized cells. Each dot represents the ratio 

calculated from a field of approximately 40 cells. Error bars correspond to standard error of the 

mean. There was no significant difference between the ratio of plasma membrane SLC26A7 in the 

various conditions. 
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2.3.5 SLC26A7 is not more functional in hyper-osmotic conditions than in control 

conditions 

Petrovic and colleagues reported that when expressed in Xenopus oocytes, SLC26A7 

protein alkalinized the intracellular environment in a more efficient way when cells were acutely 

bathed in a hyper-osmotic extracellular environment150. In agreement with these data, type-A 

intercalated cells from micro-perfused outer medullary collecting duct cells (OMCD) alkalinized 

the intracellular pH less efficiently in Slc26a7 knockout animals220. We next asked whether high 

osmolarity growth medium affects the activity of SLC26A7 in renal epithelial cells. We repeated 

the bicarbonate transport assay using SLC26A7-, kAE1 WT- (kAE1) or kAE1 R901X-expressing 

MDCK cells incubated for 16 h in normal, sodium chloride-, sodium gluconate- or mannitol-

containing growth medium (Fig. 2.5). We observed that the activity of SLC26A7 increased NaCl 

and NaGluc hyper-osmotic conditions compared with MDCK cells (Figs. 2.1D & 2.5A) but did 

not differ from the normal medium in any of the growth condition (Fig. 2.5A). The lack of apparent 

significant difference between NM or Mannitol and MDCK cells is likely due to the statistical 

analysis performed here. As this experiment is testing several hypotheses, the type-II errors would 

be very high in Fig. 2.5A compared to Fig. 2.1D. The type-II adjustment factor would also be very 

high, which makes the p-value higher and the difference between groups insignificant. Indeed, 

SLC26A7 activity was found significantly different from MDCK cells in Fig. 2.1, panel D. 

Similarly, the activity of kAE1 WT proteins did not significantly change under the various growth 

conditions except when kAE1 WT cells were grown in mannitol containing growth medium (Fig. 

2.5B), a result that will need further investigations to be fully understood. 

In dRTA patients carrying the kAE1 R901X mutation, SLC26A7 does not compensate for 

the malfunctioning kAE1 mutant164, although our data and previous results150 support that 
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SLC26A7 exchanges chloride for bicarbonate. We, therefore, next aimed to compare the 

contribution of SLC26A7 protein expressed by itself or in cells co-expressing kAE1 WT or kAE1 

R901X dRTA mutant. However, prior to this, we examined kAE1 R901X dRTA mutant activity 

when expressed in MDCK cells incubated in the three hyper-osmotic media. As shown on Fig. 

2.5C, kAE1 R901X mutant activity was significantly lower than kAE1 WT in these cells and 

similar to the MDCK cells, although the protein was expressed in these cells (Fig. 2.2E–F). We 

conclude that hyper-osmotic cell culture media neither increased SLC26A7 nor kAE1 R901X 

protein chloride/anion exchange activity compared to normal medium, despite an increase in 

protein abundance. 
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Figure 2. 5 Hyper-osmotic growth conditions do not increase SLC26A7-mediated Cl-/HCO3- 

exchange. 
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Hyper-osmotic growth conditions do not increase SLC26A7-mediated chloride/bicarbonate 

exchange. MDCK cells stably expressing SLC26A7 protein (A) containing an N-terminal FLAG 

epitope or kAE1 WT (B) or R901X (C) carrying a myc epitope were incubated for 16 h in normal 

(NM) or hyper-osmotic media prior to loading with the pH-sensitive fluorescent probe BCECF-

AM. Fluorescence variations were measured upon switching perfusing solution from a Ringer's 

buffer containing sodium chloride to one without chloride. If the exchanger is at the plasma 

membrane and functional, an alkalinization of intracellular pH is observed over time. After 

fluorescence calibration using high-potassium pH solutions supplemented with nigericin, initial 

fluorescence rates were calculated over the first 60 s. *indicates p < 0.05, ** indicates p < 0.01, 

**** indicates p < 0.0001 versus MDCK cells; # indicates p < 0.05, ## indicates p < 0.01, #### 

indicates p < 0.0001 versus kAE1 in normal medium using one-way ANOVA, n = 5 to 12. There 

was no significant difference between kAE1 R901X and MDCK cells under various growth 

conditions, and no significant difference between NM, NaCl, NaGluc and mannitol conditions for 

SLC26A7 protein. Error bars correspond to standard error of the mean.  



 
 78 

2.3.6 When SLC26A7 protein is co-expressed with kAE1, the Cl-/HCO3- exchange is not 

osmolarity-sensitive 

Intercalated cells express both SLC26A7 and kAE1 proteins150. We therefore aimed to 

mimic the physiological situation by generating MDCK cells co-expressing both kAE1 and 

SLC26A7 proteins, using viral constructs carrying different resistance genes (see Methods 

section). kAE1 WT (carrying a myc epitope) and SLC26A7 (carrying a FLAG epitope) proteins 

were co-expressed in the cells as verified by immunoblot (Fig. 2.6A) albeit kAE1 was less 

abundant than in cells expressing kAE1 only despite our best efforts to obtain equal protein 

abundance. Note that lane 3 was loaded with half the amount of protein compared with lane 2. 

kAE1 R901X was also less abundant than kAE1 WT as previously reported241 therefore, we loaded 

5 times more proteins in lane 6 than lane 2. Thus, we were unable to obtain cells expressing similar 

amounts of SLC26A7 or kAE1 proteins and therefore unable to truly compare transport activities 

between cell lines. Despite this limitation, we next performed a functional assay to assess whether 

osmolarity affects transport function in these cell lines. As shown on Fig. 2.6B, neither cells co-

expressing SLC26A7 and kAE1 WT nor SLC26A7 and kAE1 R901X displayed a significantly 

different chloride/ bicarbonate exchange function upon incubation with hyper-osmotic media. This 

data indicates that notwithstanding an increase in individual protein abundance upon incubation 

with a hyper-osmotic medium, the transport function of the proteins when individually or co-

expressed is not affected by these media. However, the low abundance and variable expression 

levels of SLC26A7 and kAE1 may have prevented us from detecting a significant effect.  
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Figure 2. 6 Co-expression of SLC26A7 with kAE1 and kAE1 R901X in various conditions 

When SLC26A7 is co-expressed with kAE1 WT or R901X dRTA mutant, the chloride/bicarbonate 

exchange is not osmolarity-sensitive. MDCK cells expressing kAE1 WT only, SLC26A7 only, 

kAE1 WT and SLC26A7 or kAE1 R901X and SLC26A7 were grown on glass coverslips and 

incubated for 16 h with various growth media prior to incubation with BCECF-AM. Cells were 
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lysed and subjected to immunoblot using anti-FLAG, anti-myc or anti-actin antibodies to verify 

the respective protein expression and loading. Black and white circles indicate proteins carrying 

complex and high mannose oligosaccharide, respectively. Note that (i) kAE1 R901X migrates 

slightly further than kAE1 WT due to the truncation of the last 11 amino acids, and (ii) this mutant 

is also less abundant than kAE1 WT as previously reported [43], therefore while 15 µg of proteins 

were loaded on each lane, only 7.5 µg were loaded for kAE1 WT and 75 µg were loaded for kAE1 

R901X. B, Fluorescence variations were recorded upon switching perfusing solution from a 

Ringer's buffer containing sodium chloride to one with sodium gluconate. After fluorescence 

calibration using high-potassium pH solutions supplemented with nigericin, initial rates of 

intracellular alkalinization were calculated over the first 60s. *** indicates p < 0.001versus MDCK 

cells using one-way ANOVA (non-parametric) followed by a Kruskal-Wallis post hoc test, n=5 to 

12; error bars correspond to standard error of the mean. 
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2.3.7 SLC26A7 protein is less abundant in cells grown in an extracellular medium below pH 

7.2 

Untreated dRTA results in systemic metabolic acidosis, characterized by low plasma 

bicarbonate concentration and abnormally low plasma pH (pH < 7.35)231. To determine what 

impact a low extracellular pH could have on SLC26A7 or kAE1, we incubated MDCK cells 

expressing either or both proteins at pH 7.0, 7.2 or 7.7 in HEPES buffered CO2-independent growth 

medium at 37 °C for 16–18 h. Immunoblot analysis and quantification data (Fig. 2.7) indicate that 

in both cell lines individually expressing SLC26A7 (panels A & B) or co-expressing it with kAE1 

(panels C & D), SLC26A7 is significantly less abundant at pH 7.0 than at a more alkaline pH. 
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Figure 2. 7 Effect of pH on kAE1 and SLC26A7 protein expression  

When individually (A & B) or co-expressed with kAE1 WT (C & D), SLC26A7 is less abundant 

when cells are incubated in acidic medium. MDCK cells expressing SLC26A7 protein (A) or co-

expressing both kAE1 WT and SLC26A7 proteins (C) were incubated in a CO2-independent 
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HEPES buffered medium for 16 h at 37 °C at pH 7.0, 7.2 or 7.7. After cell lysis, the abundance of 

SLC26A7 or kAE1 proteins was compared in the various media by immunoblotting using anti-

FLAG, anti-myc or anti-actin antibodies. The white circle corresponds to SLC26A7 carrying high 

mannose oligosaccharide, and the black circle to protein carrying complex oligosaccharide. bar 

graphs show densitometry quantification of SLC26A7 (B) or kAE1 and SLC26A7 (D) for 3 

independent experiments using ImageJ freeware. * Indicates p < 0.05, ** indicates p < 0.01 versus 

pH 7.2 using one-way ANOVA, n = 4. Error bars correspond to the standard error of the mean. 
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2.4 Discussion 

In this work, we report that in MDCK cells, SLC26A7 protein behaves like a 

chloride/bicarbonate exchanger. Although mostly detected intracellularly by immunofluorescence, 

the protein displays a choride/bicarbonate exchange activity, which indicates that at least a portion 

of this protein is at the plasma membrane. We also observed an increase in SLC26A7 protein 

abundance in cells incubated in hyper-osmotic media. However, using immunofluorescence 

staining, we show that hyper-osmotic media incubation did not increase SLC26A7 plasma 

membrane/total ratio. In agreement with this finding, the functional activity of SLC26A7 protein 

did not increase upon incubation with hyper-osmotic medium. Our results show that in cells 

expressing SLC26A7 alone or with kAE1 WT, the bicarbonate transport rate is not significantly 

affected by hyper-osmotic media incubation. Finally, we show that a low extracellular pH 

incubation decreases SLC26A7 protein's relative abundance when expressed individually or with 

kAE1 protein. Although our aim was to assess SLC26A7 and kAE1 protein transport activities 

when co-expressed, we have not been able to obtain robust results due to the low abundance (kAE1 

R901X) and variability (kAE1 WT) in protein expression in the various cell lines. Indeed, as the 

transport activity was low in cells co-expressing SLC26A7 and kAE1 WT or R901X, we are unable 

to dissect whether the lack of effect of osmolarity on function is due to low abundance of the 

proteins or to a loss of function of the proteins when co-expressed. A better expression system 

allowing equivalent SLC26A7 and kAE1 protein abundance would be necessary to definitely 

answer this question. Currently, the function of SLC26A7 is not clearly understood, with data 

supporting that SLC26A7 is a chloride channel while other evidences suggest it functions as a 

chloride/bicarbonate exchanger. When expressed in Xenopus oocytes, SLC26A7 protein behaves 

as a chloride channel148 or as a chloride/bicarbonate exchanger150, however, in acid secreting cells 
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in the outer medullary collecting duct, it exchanges chloride for bicarbonate, in an osmolarity-

dependent pathway220. It was proposed that the function of SLC26A7 is differentially regulated 

depending on the intracellular pH, whereby alkaline pH promotes bicarbonate transport as opposed 

to acidic pH which switches its function to a chloride channel152. Prior to this work, no SLC26A7 

functional data was available from model renal epithelial cells due to limited protein expression223, 

thus, leaving a doubt about the ion exchange activity of this protein. Although we have not directly 

tested whether SLC26A7 functions as a chloride channel when expressed in MDCK cells, our 

results are consistent with SLC26A7 mediating chloride/bicarbonate exchange similarly to the 

other chloride/bicarbonate exchanger expressed in intercalated cells, kAE1 protein (Fig. 1). As the 

function of SLC26A7 is reported to be regulated by intracellular pH148, we asked whether 

extracellular pH could also affect the abundance or function of this protein, as would happen in 

untreated dRTA patients. Incubation of MDCK cells expressing SLC26A7 protein in CO2-

independent, HEPES-buffered growth medium at pH 7.0, 7.2 or 7.7 for 16 h revealed a significant 

reduction in SLC26A7 abundance at pH below 7.2, indicating that this protein's stability or 

synthesis is sensitive to extracellular pH. kAE1 abundance was not significantly altered. The 

mechanisms that down-regulate SLC26A7 expression upon a change in extracellular pH is not 

known and will require further studies. As dRTA patients have metabolic acidosis, this reduction 

in SLC26A7 protein abundance provides a possible explanation for the lack of compensatory 

chloride/bicarbonate exchange activity of SLC26A7 when kAE1 is mutated and non-functional232. 

However, the loss of SLC26A7 at acidic pH seems irreversible as patients who temporarily stop 

their plasma pH-normalizing bicarbonate treatment become acidotic again. This fact emphasizes 

that at neutral extracellular pH, SLC26A7 expression cannot sustain a physiological plasma pH in 

the absence of kAE1 protein. Importantly, in RNA-seq analysis of micro-dissected rat kidney  
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tubules, the RPKM values for SLC26A7 mRNA is 5.5 in OMCD and no value was reported in 

CCD, while for kAE1 mRNA, the values reached 182 in OMCD and 103 in the CCD242. Similar 

analysis conducted in isolated mouse CCD cells showed a mean TPM of 8.08 for SLC26A7 but 

290 for kAE1 mRNA243. Thus, assuming the mRNA abundance parallels the protein abundance, 

this data suggests that SLC26A7 protein is far less abundant than kAE1 in the CD, which provides 

an alternative explanation for the inability of SLC26A7 to compensate the loss of kAE1 protein. 

However, data from micro-perfused kidneys from Slc26a7 knockout mice show approximately 

75% reduction of exchange activity in hypertonic conditions220, supporting that in this setting, 

SLC26A7 protein is the predominant exchanger, which must therefore be sufficiently abundant to 

perform this large amount of activity in mouse kidneys. Importantly, although AE1 mRNA was 

increased in Slc26a7 knockout animals220, SLC26A7 mRNA abundance was unchanged in AE1 

knockout animals232. SLC26A7 is expressed in the outer medullary collecting duct where acid-

secreting cells are expected to be bathed in an extracellular hyperosmotic environment relative to 

plasma. We then examined the abundance and function of the protein in cells grown in normal or 

growth medium supplemented with either 100 mM sodium chloride, sodium gluconate, or 200 

mM mannitol. When cells were grown under control conditions, SLC26A7 was predominantly 

located intracellularly, in agreement with previous reports157,223, but its ion-exchange activity could 

however be detected, indicating that a significant amount of protein was present at the cell surface. 

The reason for our inability to clearly detect plasma membrane SLC26A7 may originate from a 

suboptimal ability of the antibody to recognize its epitope by immunofluorescence compared to 

immunoblots. Immunofluorescence experiments used Triton X-100 to permeabilize the cell 

membrane, while immunoblots used Triton-X and SDS, which may denature the protein better and 

result in a more detectable epitope. This hypothesis is supported by our difficulties to detect 
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SLC26A7 protein at the plasma membrane by immunofluorescence (Figs. 1 & 4), despite 

detectable functional activity. Incubation in hyper-osmotic media increased the overall abundance 

of both SLC26A7 and kAE1 proteins 3 to ld (Fig. 2). Similar findings were obtained when 

SLC26A7 was expressed in Xenopus oocytes141. This increase was paralleled with a 1.5-to-3-fold 

lon longer half-life for the SLC26A7 protein (Fig. 3). The difference between the 1.5-to-3-fold 

increase in half-life and the 3-to-4-fold increase in protein abundance suggests that protein 

expression may also be up-regulated. Although in intercalated cells the endogenous promoter 

controlling the translation of SLC26A7 and SLC4aA1 genes might be regulated differently, we 

observed that under the control of the CMV promoter present in the pCDNA3 vector, SLC26A7 

protein abundance was increased in hyper-osmotic growth media. This finding indicates that the 

osmotic dependent up-regulation of SLC26A7 occurs either at the level of the transcript stability 

or the protein. Such up-regulation of proteins may not be unique to SLC26A7 protein as the 

sodium-potassium ATPase gene expression is also up-regulated in hyper-osmotic conditions in rat 

inner medullary CD cells244. 

We observed that when individually expressed in MDCK cells grown in standard growth 

medium, SLC26A7 exchanges chloride for bicarbonate at half the rate of kAE1 protein (Fig. 1B). 

With several unsuccessful attempts to obtain cells co-expressing similar amounts of both 

SLC26A7 and kAE1, we have not been able to test whether chloride/bicarbonate exchange was 

additive in cells co-expressing the two proteins. In these cells, our results show a lack of significant 

sensitivity of the transport function to hyper-osmolarity, but with such a varying protein abundance 

between SLC26A7 and kAE1 WT or R901X, we cannot conclude whether this is due to low 

protein expression or to the co-expression of one protein decreasing the transport activity of the 

other. Our expression system allows us to select cells resistant to both hygromycin and G418 
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antibiotics, however, we are not able to modulate expression levels. We and others have previously 

reported that kAE1 R901X is less abundantly expressed than kAE1 WT protein in renal epithelial 

cells112,136, and that in our constitutive expression system, despite constant selection pressure, 

kAE1 protein expression disappears after 3 weeks post-infection172. An alternative expression 

system where both proteins' expression could be induced would be better suited to assess transport 

function additivity in cells co-expressing equivalent amounts of kAE1 and SLC26A7 proteins. Our 

data support that SLC26A7 functions as a chloride/bicarbonate exchanger when expressed in 

MDCK cells, and that culture of these cells in a hyper-osmotic growth medium promotes 

SLC26A7 protein upregulation, without a significant increased plasma membrane/total abundance 

ratio or function. Although our attempts to robustly quantify plasma membrane SLC26A7 by 

immunofluorescence were not very conclusive as detailed above, the similar exchange activity in 

iso- and hyper-osmotic conditions points towards a similar abundance of plasma membrane 

SLC26A7 in these two conditions. The reason for this probable lack of increased cell surface 

abundance could be due to the overwhelming of the protein synthesis and processing machinery 

in these cells, resulting in intracellular accumulation of SLC26A7 protein. As both kAE1 and 

SLC26A7 appear to act as chloride/bicarbonate exchangers at the basolateral membrane of acid-

secreting intercalated cells, it is imaginable that the two proteins physically interact as is seen 

between SLC26A3, SLC26A6 and CFTR proteins245. However, we have been unable to observe a 

physical interaction between the two proteins by co-immunoprecipitation (data not shown), 

although it is possible that the addition of the N-terminal HA or FLAG epitopes alters their ability 

to interact. The co-existence of these two redundant chloride/bicarbonate exchangers in the same 

renal epithelial cell type is however reminiscent to the thyrocytes where both SLC26A4 (pendrin) 
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and SLC26A7 are co-expressed and necessary for proper cell function and iodide 

organification158,222. 

Overall, our results support that SLC26A7 acts as a chloride/bicarbonate exchanger in 

MDCK cells. However, it’s function is significantly lower than that of the other 

chloride/bicarbonate exchanger kAE1, which could be attributed to possible lower relative 

abundance of total protein or relatively less localization in the plasma membrane.  Its abundance 

is affected by hyperosmolarity but not its relative cell surface amount or function in MDCK cells. 

Further when incubated in an acidic extracellular medium, cells expressing SLC26A7 display a 

reduced abundance of the protein. Together, these results provide a better understanding of the 

individual and collective role of SLC26A7 and kAE1 proteins in renal epithelial cells. The finding 

that SLC26A7 protein abundance can be increased in hyper-osmotic conditions could provide a 

conceivable way to up-regulate the chloride/bicarbonate exchange in intercalated cells of dRTA 

patients.  
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LOSS OF INTERCALATED CELL CLAUDIN-4 CAUSES URINARY SODIUM WASTE 
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ABSTRACT 
 

The collecting duct is composed of several epithelial cell types that collaborate to maintain 

acid-base (through type-A and -B intercalated cells, IC) and electrolyte homeostasis (through 

principal cells, PC, and type-B IC). The aldosterone sensitive distal nephron also contributes 

paracellular reabsorption of chloride through tight junction proteins including claudin-4 (cldn-4). 

Global cldn-4 knockout (KO) mice display lethal hydronephrosis, hypocalcemia, and increased 

urinary fractional excretion of chloride and calcium. PC-specific cldn-4 KO mice also display 

elevated fractional excretion of chloride and sodium. We recently showed that type A IC-specific 

kidney anion exchanger 1 (kAE1) functionally and physically interacts with Cldn-4. To obtain a 

complete picture of the role of cldn-4 in the distal nephron, we generated IC-specific cldn-4 KO 

mice. Although they displayed normal acid-base and calcium balance, the KO mice wasted urinary 

sodium when fed a NaCl depleted diet. Elevated IC markers transporters including pendrin, kAE1 

and NDCBE was observed at baseline and when fed a NaCl-depleted diet, without a change in H+-

ATPase abundance. This study indicates that in IC, cldn-4 is not involved in pH or calcium 

homeostasis but is essential for sodium conservation. 
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3.1 Introduction  

 Fine-tuning of the urine occurs in the collecting ducts (CD). This process includes the 

combined action of proteins expressed in at least 3 different cell types. Principal cells (PC) harbor 

the apical epithelial sodium channel (ENaC), the renal outer medullary potassium channel 

(ROMK), and the water reabsorbing channel aquaporin-2 (AQP-2), which all contribute to 

maintaining salt and water homeostasis10. Apical potassium secretion is coupled to electrogenic 

sodium reabsorption through apical ENaC and basolateral Na+/K+- ATPase. The second cell type 

is the intercalated cells (IC) that are responsible for acid/base and salt homeostasis10. In type-A 

ICs, the action of apical v-H+-ATPase, cytoplasmic carbonic anhydrase II (CAII) and basolateral 

kidney anion exchanger 1 (kAE1) promote acid secretion. In type B IC, apical pendrin, a sodium-

driven chloride bicarbonate exchanger (NDCBE, also called SLC4A8), and basolateral H+-

ATPase and AE4 promote base secretion and electroneutral salt reabsorption10,29,35,47,246. Non-A, 

non-B intercalated cells and hybrid intercalated-principal cells have also been described although 

their function is unclear246. 

Contributing to ion and water reabsorption/secretion, are tight junctions (TJ) proteins108, 

including claudins (cldn). Claudins are integral membrane proteins that either form paracellular 

permeant pores or barriers to ions and water247. Claudins are composed of 4 transmembrane 

domains and intracellular N and C termini96,248,249. Twenty-seven members have been identified in 

the claudin gene family in both mice and humans108,250. In the CD, cldn-3, -4, -6, -8, -10 and -14 

are present in tight junctions108. The interplay between the paracellular and transcellular pathways 

regulates the overall permeability of the epithelium to specific ions and molecules. For example, 

heterologous expression of kAE1 in polarized Madin-Darby canine kidney (MDCK) cells results 

in an increase in epithelial monolayer permeability to apically applied fluorescent biotin112. We 
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further recently showed that heterologous expression of kAE1 in mIMCD3 cells alters tight 

junction properties, via a cldn-4 dependent pathway113. Inducible expression of kAE1 in mIMCD3 

cells resulted in a lower transepithelial electrical resistance (TEER) compared to control cells, an 

effect dependent on its chloride-bicarbonate exchange function. Immunoprecipitation and 

proximity ligation assays showed that kAE1 physically interacts with cldn-4113.  

Detectable in both principal and intercalated cells, cldn-4 acts as a paracellular pore for 

chloride, a barrier to sodium and interacts with cldn-8107. Global cldn-4 knockout mice develop 

unilateral or bilateral hydronephrosis, and urothelial hyperplasia110, causing a lower survival rate 

after 12 months of age. These mice also demonstrate hypocalcemia, hypercalciuria, and increased 

urinary chloride excretion110. PC-specific cldn-4 knockout mice display higher urine volume, 

hypotension, increased fractional excretion of sodium and chloride compared with control animals 

at a basal state and after a salt-deficient diet111. These studies showed that in PC cldn-4 plays a 

significant role in salt reabsorption. To provide a complete picture of the role of cldn-4 in the 

collecting duct, we investigated its role in intercalated cells. We generated IC-specific cldn-4 KO 

mice and characterized them at the basal state, after an acid diet, a NaCl-, or calcium-deficient 

diet. Our results show that when fed a NaCl deficient diet, they waste urinary sodium but not 

chloride, but maintain normal acid-base and calcium balance. The lack of urinary chloride loss 

may be explained by a compensatory up-regulation of IC markers involved in electroneutral 

sodium and chloride reabsorption such as pendrin, NDCBE, and surprisingly kAE1. These results 

suggest that the integrity of IC tight junctions in the collecting duct is important for salt balance 

but not for acid-base or calcium balance.  
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3.2 Materials and Methods  

3.2.1 Generation of IC cldn-4 KO mice  

All animal protocols were approved by the University of Alberta’s Animal care and use 

committee (AUP#1277) and followed the guidelines of the Canadian Council on Animal care. 

Animals were provided with standard rodent chow (Picolab® Rodent Diet 20 # 5053, LabDiet, 

ST. Louis, MO, USA) and water ad libitum unless otherwise stated and maintained a 12 hour light 

and dark cycles throughout.   

Claudin-4flox/flox mice (129SvS4 strain) were provided by Dr. Zea Borok (University of 

Southern California)251. For genotyping, DNA was extracted from ear biopsies using 

PhireThermo™ according to the manufacturer’s protocol and were genotyped by polymerase chain 

reaction using flox-specific primers (5’- CAG TAG GAA AGT TGC TGT TGA GGC- 3’ and 5’-

CTC CCG TGA GAC AAG AGA ATG AAG- 3’).  

The β1-Cre mice (C57BL6/CBA strain) were provided by Dr. John Barasch (Columbia 

University)252 and contain the Cre reporter gene under the control of the human ATP6V1B1 

promoter sequence. Mice were genotyped using Cre-specific primers (5’-GGA CAT GTT CAG 

GGA TGG CCA GGC G-3’ and 5’-GCA TAA CCA GTG AAA CAG CAT TGC TG-3’). Claudin-

4flox/flox and β1-Cre mice were bred to generate IC-specific cldn-4 KO mice that are heterozygous 

for β1-Cre gene and homozygous for Flox. Polymerase chain reaction followed by electrophoresis 

displaying a 257 bp single band detected with cldn-4 specific primers, was indicative of Cldn-

4flox/flox mice (hereafter named “WT”), whereas a 257 bp single band detected with cldn-4 specific 

primers and a 243 bp band with Cre primers was indicative of β1-Cre cldn-4flox/flox mice (hereafter 

named “KO”). 
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3.2.2 Collecting duct isolation and protein extraction  

Freshly dissected mouse kidneys were decapsulated, sliced in 0.1-0.2 mm thick sections 

and incubated with a collagenase type II solution (1.33 mg/ml H2O) containing Trypsin inhibitor 

and DNAse I (5 mM Glycine, 48 mg/l Trypsin Inhibitor; Sigma Cat# T-9253, 25 mg/l DNAse I; 

Sigma Cat# DN-25) at 37° C for a total of 20 min under sequential gentle shaking. Supernatant 

was next visualized under a dissection microscope and 50 to 100 individual collecting ducts from 

the same animal were pooled into a single Eppendorf tube prior to lysis with 5 X Laemmli buffer 

for protein detection. A protein assay (BCA) was not performed due to the small amount of sample 

collected. 

3.2.3 Diets and metabolic cage experiments  

Metabolic cage studies were done as described previously144,189. Briefly, Three-month-old 

WT and IC-cldn-4 KO mice were placed in metabolic cages for 48 hours and fed a standard 0.49% 

NaCl containing rodent chow and standard water ad libitum. Bodyweight, food and water 

consumption, urine volume, and feces mass were measured every 24 hours. To study NaCl-

restricted conditions, 3-month-old WT and KO mice were placed in metabolic cages for 48 hours 

to collect a baseline urine, feces, and physical parameters were measured. After 48 hours they were 

returned to conventional cages with free access to a sodium deficient diet (0.01-0.02% sodium, 

0.07% chloride, Takled Custom diet # TD.08290, Envigo, USA) and water. After 14 days the mice 

were returned to the metabolic cages, physical parameters were measured (see tables), and samples 

collected for another 24 hours. To acid load the animals, 3-month-old WT and KO mice were 

placed in metabolic cages with normal rodent chow and normal water for 48 hours, and samples 

were collected as before. Drinking water was then replaced with water containing 0.28M NH4Cl 

(pH 5.2) for another 24 hours. Bodyweight, food and water consumption were measured, tissue 
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and urine and feces were collected. For calcium-depleted diet experiments, WT or KO mice fed a 

standard chow diet were housed in metabolic cages for 48 hours to obtain baseline data. The mice 

were then returned to their static cages and fed a 0.01% Ca2+-containing chow (Takled custom 

diet, # TD.95027) for the next 10 days prior to returning to metabolic cages for additional 48 hours 

for samples and tissue collection. 

3.2.4 Plasma electrolytes measurements  

On the last day of the metabolic cage studies, mice were anesthetized, blood was collected, 

and electrolytes were immediately measured using i-STAT Chem8+ cartridge chip (Abott 

Laboratories, USA) and a VetScan i-STAT 1 Analyzer (Abaxis, Union City, CA, USA). Cardiac 

perfusion was next performed with 1X PBS supplemented with heparin prior to kidney collection 

for immunoblot, qRT-PCR and immunohistochemistry. 

3.2.5 Urine, serum, and feces collection and analysis, and blood pressure measurements  

Urine was collected in metabolic cages under paraffin oil for 24 hours and urine pH was 

measured immediately using a pH microelectrode (PerpHect® Ross® Micro Combination pH 

electrode, ThermoScientific, Beverly, MA, USA) attached to a Accumet AR10 pH meter, Fischer 

Scientific. Urine electrolytes were measured using ion chromatography with a Dionex Aquion Ion 

Chromatography System (Cat# 22176-60004, ThermoFischer™ Scientific Inc., Mississauga, ON, 

Canada) as done previously189. The anion eluent was composed of 4.5 mM Na2CO3 and 1.5 mM 

NaHCO3 in ddH2O as per the manufacturer’s guidelines. The cation eluent was made of 20 mM 

Methanesulfonic acid dissolved in ddH2O. For blood pressure measurements in conscious mice, 

the computerized tail-cuff measurement method was used after performing 5 consecutive days of 

training to the machine. At least 10 measurements were recorded every day. The measurements 
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started 5 days prior to the last day of specific diet, and the values from the last day were the only 

ones kept for analyses. 

3.2.6 Plasma and Urine Creatinine and plasma calcium assays  

Plasma creatinine was measured using Diazyme Creatinine liquid reagents assay (Diazyme 

Laboratories, Poway, CA, USA) as per the manufacturer’s instruction and described previously 

(Beggs et al., 2021) . Urine creatinine was measured by Parameter™Creatinine assay (CAT# 

KGE005, R&D systems [MN, USA]) according to the manufacturer’s instructions. Plasma 

calcium level was measured using a QuantiChrom calcium assay kit (DICA-500) by BioAssay 

systems (Hayward, CA, USA) according to the provided instructions. 

3.2.7 Protein extraction and Western Blot  

Freshly dissected kidneys were decapsulated, mechanically homogenized in ice-cold RIPA 

lysis buffer (5 mM NaCl, 0.5 M EDTA pH 8.0, 1 M Tris pH 8.0, 1% NP-40, 0.5% Sodium 

deoxycholate, 10% SDS dissolved in ddH2O supplemented with cOmplete™mini protease 

inhibitor cocktail and PhosSTOP™ phosphatase inhibitor from Roche), vortexed every 15 mins 

over 1 hour, and centrifuged at 4°C, 14000 rpm for 15 minutes. Protein concentration was 

measured using a BCA assay. Standard immunoblot experiments were performed with 8%, 10% 

or 12% SDS-PAGE, depending on the protein size. PVDF membranes were blocked with 5% milk 

in TBST (5mM Tris base, 15 mM NaCl, 0.1% Tween 20), incubated in primary antibody overnight 

at 4°C followed by incubation in secondary antibody conjugated to horseradish peroxidase. Mouse 

anti-AE1, mouse anti-V-H+-ATPase and mouse anti-pendrin antibodies are kind gifts from Dr. 

Sebastian Frische (Aarhus University, Denmark)253–255. Proteins of interest on the membrane were 

visualized using GE Healthcare Amersham™ ECL prime Western blotting detection reagent 

(Göteborg, Sweden) and images captured by ChemiDoc touch imaging systems (Bio-Rad, CA, 
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USA). Quantification and densitometric analysis were performed by ImageJ freeware (National 

Institutes of Health, USA).  

3.2.8 RNA isolation and Quantitative RT-PCR  

Kidney sections were stored in RNAlater (ThermoFisher Scientific) immediately upon 

dissection. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as 

previously described256,257. Total RNA was quantified using a NanoDrop (NanoDrop 2000C, 

ThermoFischer, USA) and cDNA was reverse transcribed from 5 µg of total RNA template. The 

primers used for qRT PCR are listed in Supplementary Table 1. Quantitative reverse transcriptase 

PCR was performed using TaqMan qPCR mastermix in a QuantStudio 6 Pro RT PCR system 

(ThermoFisher Scientific). Expression levels of mRNAs from specific genes were normalized to 

𝛽 -Actin, as a housekeeping gene.  

3.2.9 Statistical Analysis  

All data are presented as mean ± SEM (n). Statistical analysis was performed using an 

unpaired/paired Student’s t-test (wherever appropriate) with either Bonferroni’s or Mann-Whitney 

or Kruskal-Wallis post hoc test using GraphPad Prism software (Ver 7.0e).  

3.3 Results  

3.3.1 IC-cldn-4 KO mice generation, and KO confirmation  

To knockout the cldn-4 gene specifically in IC, we used a Cre-Lox recombination strategy. 

Heterozygous B1-Cre mice were bred with cldn-4flox/flox mice. Their offspring were bred again 

with cldn-4flox/flox mice to obtain B1-Cre-cldn-4flox/flox mice (hereafter referred to as “KO” mice). 

cldn-4flox/flox mice not carrying the ATP6V1B1 promoter-Cre transgene were used as negative 

control, hereafter referred to as “WT”. Successful gene deletion was confirmed by PCR genotyping 

and immunoblot analysis (Figure 3.1). Immunoblots from 3 independently isolated sets of 
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collecting ducts showed a 49 ± 6% reduction in cldn-4 protein in the KO compared to the WT 

mice (Figure 3.1). Both WT and cldn-4 KO animals were viable and no gross difference was noted 

between the strains. No significant difference was observed in body weight, food or water 

consumption, urine volume and feces production, plasma electrolytes, urine pH and osmolarity, or 

fractional excretion (Table 3.1 and 3.2). We conducted similar experiments on mice aged 6 and 12 

months. Please refer to Table A3 and A4 for 6 month age group and  A11 and A12 for 12 month 

age group mice in the appendices.  
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Figure 3. 1  Validation of IC cldn-4 KO mouse model 

A, Representative result of a genotyping PCR experiment showing the presence of a flox but not 

a Cre allele in Cldn-4Flox/Flox mice, hereafter called WT, and both a flox allele and a Cre allele in 

Cldn-4Flox/Flox/Cre mice, hereafter called IC-Cldn4 KO mice. B, Representative Immunoblot from a 

minimum of 60 manually isolated CD from WT or IC-Cldn-4 KO mice. Note that the protein 

amount was not measured by BCA assay prior to the immunoblot experiment due to small quantity 

of lysates. The relative amount of cldn-4 protein in both WT and KO were normalized to ß-actin 

in 3 independent experiments.   
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Table 3. 1 Plasma electrolytes levels in WT and Cldn-4 KO mice at basal state on 
normal diet 

 

 
HCT, hematocrit; BUN, Blood urea nitrogen; BEecf, Base Excess in the extracellular fluid; 

AnGap, anion gap; Hb, Hemoglobin; MAP, Mean arterial pressure; FE: Fractional Excretion (%) 

 

  

Electrolyte WT (n=16) IC-Cldn4 KO (n=19) P (T-Test) 
Na+ mmol/L 147.1 ± 1.2 147.6 ± 0.7 0.67 
K+ mmol/L 5.29 ± 0.30 5.05 ± 0.2 0.49 
Cl- mmol/L 117.1 ± 1.0 119.6 ± .9 0.09 

TCO2 23.13 ± .69 22.79 ±.65 0.70 
BUN mg/dl 26.07 ± 2.26 25.25 ± 1.43 0.95 

Glucose mg/dl 134.8 ± 6.32 126.7 ± 9.30 0.54 
HCT mg/dl 40.56 ± 0.88 41.26 ± 1.27 0.19 

pH  7.296 ± 0.03 7.3 ± 0.02 0.95 
PCO2 mmHg 45.87 ±3.31 44.69 ±2.557 0.94 

HCO3- mmol/L 21.76 ±.62 21.51 ± .59 0.91 
BEecf mmol/L -4.15 ± 0.80 -4.54 ± 0.64 0.92 
AnGap mmol/L 13.56 ± 0.86 12.0 ± 0.83 0.31 

Hb gm/dl 13.8 ± 0.30 14.02 ± 0.43 0.18 
MAP 73.97 ±3.76 (6) 85.08 ± 5.82 (6) 0.14 

Urinary pH 6.374 ± 0.04 6.213 ± 0.05 0.08 
FENa+% 0.087 ± 0.02 0.05 ± 0.01 0.15 
FECl-% 0.2 ± 0.09 0.08 ± 0.03 0.31 

FECa2+% 0.90 ± 0.4 0.31 ± 0.1 0.07 
FEK+% 4.56 ± 1.42 2.62 ± 0.79 0.40 
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3.3.2 Tight junction mRNA and protein abundance is unchanged between cldn-4 KO and 

WT mice  

  Next we assessed tight junction protein and mRNA abundance from whole kidneys (Figure 

3.2.). Although cldn-4 mRNA abundance was lower in KO animals, this did not reach statistical 

significance (Figure 3.2 C), cldn-4 protein abundance was similar in WT and KO animals (Figure 

3.2 B). This lack of difference could be attributed to the use of whole kidney homogenates as 

opposed to isolated collecting ducts as in Figure 3.1. It could also originate from: (i) cldn-4 un-

altered expression in PC in our mice, (ii) intact cldn-4 expression in the thin ascending limb of 

Henle’s loop and connecting tubule79, (iii) the low abundance of IC versus PC258 and (iv) 

incomplete KO from the Cre promoter as previously described252. As cldn-8 is required for Cldn-

4 to localize to the tight junction259, cldn-8 mRNA and protein abundance was next assessed in 

WT and cldn-4 KO mice. No significant difference was observed compared to WT mice (Figure 

3.2 A, B and C). We assessed the abundance of two other claudins expressed in the CD, cldn-7 

and -3, and no difference was observed either. These results indicate that knocking cldn-4 out of 

IC does not dramatically alter tight junction composition.  
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Figure 3. 2 Relative abundance of tight junction proteins and corresponding mRNA at basal 

state.  

A, Representative immunoblots of WT and IC-cldn-4 KO mice kidney homogenates incubated 

with the indicated antibodies. B, Quantification of immunoblot bands normalized to housekeeping 

protein actin. C, mRNA quantification of the corresponding genes normalized to housekeeping 

gene. Statistical significance was determined by Student’s t-test.  
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3.3.3 Abundance of IC-specific transcellular ion transporters is elevated in clnd-4 KO mice  

Although plasma and urine composition were similar between WT and cldn-4 KO mice, 

we assessed CD transcellular transporters mRNA and protein abundance. As shown in Figure 3.3 

A, B & C, although the abundance of the V-H+-ATPase protein is unchanged in KO animals 

compared to WT, kAE1 and pendrin proteins are both significantly increased in the cldn-4 KO 

mice. Aligned with this result, type-B IC-specific protein NDCBE encoding mRNA increased 

significantly in the cldn-4 KO mice (an NDCBE antibody was not available to us) (Figure 3.3 D). 

The lack of change in V-H+-ATPase abundance indicates that the up-regulation of these proteins 

is not reflective of an increase in type-A IC number in the KO mice compared to WT animals. PC 

marker AQP-2 protein and mRNA abundance and ENaC mRNA abundance were not significantly 

altered either despite a trend for an increased protein and mRNA abundance in KO mice, indicating 

that this increase is restricted to IC but not PC. The abundance of the thick ascending limb (TAL) 

marker sodium/potassium/chloride cotransporter (NKCC) was not significantly altered either 

between WT and KO mice (Figure 3.3 E). Together these results indicate a specific increase in 

abundance of IC proteins involved in transcellular sodium and chloride reabsorption, without a 

change in tight junction protein abundance. 
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Figure 3. 3 Relative abundance of selected intercalated cell membrane proteins and 

corresponding mRNA at basal state.  

A, Representative immunoblots of WT and IC-cldn4 KO mice kidney homogenates decorated with 

the indicated antibodies. B, Quantification of immunoblot bands normalized to housekeeping 
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protein actin. C, mRNA quantification of the corresponding genes normalized to housekeeping 

gene. D, mRNA quantification of ENaC, NDCBE, NKCC (E) and renin (F) gene expression 

normalized to housekeeping gene. Statistical significance was determined by Student’s t-test.  
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3.3.4 Cldn-4 KO mice fed a low NaCl diet are wasting urinary sodium  

The increased abundance of transcellular sodium and chloride IC transporters may reflect 

a compensatory mechanism to optimize reabsorption of these ions in the face of a defective 

paracellular pathway. To test this hypothesis, WT and cldn-4 KO mice were fed a low NaCl diet 

for 14 days and their plasma and urine composition analyzed (Table 3.2 & 3.3). We expected that 

if the KO mice have abnormal salt reabsorption, they may waste urinary sodium and chloride on a 

NaCl-depleted diet. Indeed, fractional excretion (FE%) of Na+ was significantly higher (P=0.03) 

in the IC-cldn-4 KO mice compared to the WT mice. However, neither the FE% of Cl- nor of Ca2+ 

and K+ was different between groups. WT and KO mice did not differ in their blood pressure, 

plasma electrolyte composition or urine pH and osmolality either (Table 3.2). These results are 

consistent with cldn-4 KO mice being unable to maximize sodium reabsorption when fed a NaCl 

depleted diet. 

Please refer to Table A5 and A6 for the gross anatomical and plasma electrolyte values for 

6 month old mice and Table A13 and A14 for the 12 month old mice groups (appendices).   
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Table 3. 2 Plasma electrolytes levels in WT and Cldn4 KO mice on low NaCl diet 

 

 
HCT, hematocrit; BUN, Blood urea nitrogen; BEecf, Base Excess in the extracellular fluid; 

AnGap, anion gap; Hb, Hemoglobin; MAP, Mean arterial pressure; FE: Fractional Excretion (%) 

  

Electrolyte WT (n=10) IC-Cldn4 KO (n=12) P (T -test) 

Na+ mmol/L 150 ± 1.13 146.8 ± 1.49 0.14 
K+ mmol/L 5.48 ± 0.22 6.51 ± 0.53 0.22 
Cl- mmol/L 118.9 ± 0.75 123 ± 2.01 0.23 

TCO2 25.4 ± 0.89 22 ±1.73 0.20 
BUN mg/dl 24.3 ± 1.88 24.4 ± 2.18 0.98 

Glucose mg/dl 146.1 ± 12.92 125.5 ± 10.79 0.26 
HCT mg/dl 42.8 ± 0.96 40.17 ±1.38 0.16 

pH 7.25 ± 0.03 7.24 ± 0.02 0.41 
PCO2 mmHg 55.85 ± 5.37 49.58 ± 5.23 0.63 

HCO3- mmol/L 23.71 ± 0.79 20.43 ± 1.53 0.14 
BEecf mmol/L -3.4 ± 0.79 -7.08 ± 1.51 0.05 
AnGap mmol/L 12.8 ± 1.04 12.3 ± 1.21 0.69 

Hb gm/dl 14.55 ± 0.32 13.64 ± 0.47 0.16 
MAP 77.58 ± 3.48. (6) 83.11 ± 2.98 (6) 0.25 

Urinary pH 6.44 ± 0.05 6.40 ± 0.07 0.34 
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Table 3. 3 Fractional Excretion levels in WT and KO mice on low NaCl diet 

 
 

Fractional Excretion (%) WT (n=10) IC-Cldn-4 KO (n=12) P (T -test) 

Na+ 0.001 ± 0.0002 0.01 ± 0.004 0.03* 

Cl- 0.01 ± 0.001 0.01 ± 0.003 0.68 

Ca2+ 0.23 ± 0.06 0.13 ± 0.03 0.44 

K+ 4.92 ± 1.361 15.77 ± 6.21 0.51 
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3.3.5 Abundance of kAE1 and pendrin IC markers is elevated after a NaCl-depleted diet  

To delineate the mechanism of the urinary sodium loss, we first compared cldn-4 and other 

claudins’ abundance between the two strains after the NaCl-depleted diet. cdn-4 mRNA and 

protein abundance was significantly lower in the KO mice compared to the WT, while cldn-7, -8 

and -3 protein and mRNA abundance was not significantly different (Figure 3.4 A, B & C). 

However, similar to a NaCl-replete diet, kAE1 and pendrin protein abundance was increased 

significantly in the cldn-4 KO mice compared to WT animals although the V-H+-ATPase protein 

and mRNA abundance was not different (Figure 3.5). Neither pendrin nor kAE1 mRNA abundance 

was different in the KO despite increased protein abundance. In contrast to cldn-4 KO mice that 

had a significant increase in NDCBE mRNA abundance at the basal state (Figure 3.5 D), there was 

no significant difference between WT and cldn-4 KO mice after a NaCl-depleted diet. Neither the 

PC protein AQP-2 (protein and mRNA) and ENaC mRNA abundance nor NKCC mRNA 

abundance differed between WT and KO mice (Figure 3.5 D & E).  

3.3.6 There is no difference in RAAS-triggering between cldn-4 KO and WT mice  

  Pendrin and kAE1 protein abundance are regulated by angiotensin II216,260. To assess 

whether the renin-angiotensin-aldosterone system (RAAS) contributes to elevated pendrin, kAE1 

and NDCBE abundance, we measured renin gene expression in WT and cldn-4 KO animals on 

both NaCl replete and NaCl depleted diets. No difference was observed between the two genotypes 

in both diets (Figure 3.3 F and 3.5 F), indicating that a renin-independent process is likely 

responsible for the up-regulation of these transporters.  
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Figure 3. 4 Relative abundance of tight junction proteins and corresponding mRNA after a 

low NaCl diet.  

A, Representative immunoblots of WT and IC-Cldn4 KO mice kidney homogenates decorated 

with indicated antibodies. B, Quantification of immunoblot bands normalized to housekeeping 

protein actin. C, mRNA quantification of the corresponding genes normalized to housekeeping 

gene. Statistical significance was determined by Student’s t-test.  
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Figure 3. 5 Relative abundance of selected intercalated cell membrane proteins and 

corresponding mRNA after a low NaCl diet.  

A, Representative immunoblots of WT and IC-Cldn4 KO mice kidney homogenates decorated 

with indicated antibodies. B, Quantification of immunoblot bands normalized to housekeeping 

protein actin. C, mRNA quantification of the corresponding genes normalized to housekeeping 
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gene. D, mRNA quantification of ENaC, NDCBE, NKCC (E) and renin (F) gene expression 

normalized to housekeeping gene. Statistical significance was determined by Student’s t-test.  
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3.3.7 Cldn-4 KO mice maintain a normal acid-base balance  

As cldn-4 was knocked out in both type-A IC that secrete acids and type-B IC that secrete 

bicarbonate, we asked whether cldn-4 KO impacts acid-base balance in these animals. WT or IC-

ccldn-4 KO mice were fed an acidic diet for 24 hours and plasma composition and urine pH were 

examined. Table 3.4 shows that apart from plasma glucose that was significantly decreased in 

cldn-4 KO mice, no significant difference was found between WT and cldn-4 KO mice, indicating 

that cldn-4 KO mice are able to maintain a normal acid-base balance after an acid challenge and 

that IC-cldn-4 is therefore not required for preserving a neutral plasma pH.  

Mice given similar acid load for a longer period time also did not show any significant 

differences between the WT and cldn-4 KO mice. We conducted long term acid load experiments 

on mice aged 3 month and 6 month. In both 3 month and 6 month age, both WT and KO mice 

showed a similar trend of urine acidification (Figures A2 and A4, appendices) without any 

significant difference between the WT and KO mice. There was also no significant difference in 

urine osmolarity in these 2 age group of mice (Figures A3 and A5, appendices). Please refer to 

Table A2 and A3 in the appendices for 3 month old mice’s physical parameters and plasma 

electrolytes and Table A7 and A8 for 6 month old mice respectively.  
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Table 3. 4 Plasma electrolytes levels and fractional excretion in WT and Cldn4 KO 

mice after an acid challenge (0.28 M NH4Cl H2O) 

 

Electrolyte WT (n=10) IC-Cldn4 KO (n=12) P (T -test) 
Na+ mmol/L 146.5 ± 1.28 146.1 ± 2.52 0.98 
K+ mmol/L 5.5 ± 0.26 5.76 ± 0.41 0.73 
Cl- mmol/L 124.9 ± 2.25 128.7 ± 2.10 0.15 

TCO2 19.64 ± 0.92 18.17 ± 1.25 0.25 
BUN mg/dl 22.91 ± 1.95 22.83 ± 1.01 0.75 

Glucose mg/dl 108.8 ± 8.02 82.5 ± 5.04 0.01* 
HCT mg/dl 39 ± 2.19 35.08 ± 2.67 0.30 

pH 7.255 ± 0.01 7.234 ± 0.02 0.47 
PCO2 mmHg 41.55 ± 1.68 40.38 ± 3.09 0.52 

HCO3- mmol/L 18.47 ± 0.88 16.92 ± 1.19 0.20 
BEecf mmol/L -8.72 ± 1.09 -10.75 ± 1.51 0.05 
AnGap mmol/L 12.93 ± 0.73 11.09 ± 1.87 0.08 

Hb gm/dl 13.26 ± 0.74 12.83 ± 0.81 0.37 
Urinary pH 5.72 ± 0.16 5.71 ± 0.1 0.49 

FENa+% 0.58 ± 0.2 0.62 ± 0.19 0.91 
FECl-% 2.23 ± 1.03 1.86 ± 0.62 0.82 

FECa2+% 1.15 ± 0.33 2.29 ± 0.74 0.63 
 

HCT, hematocrit; BUN, Blood urea nitrogen; BEecf, Base Excess in the extracellular fluid; 

AnGap, anion gap; Hb, Hemoglobin; FE: Fractional Excretion (%) 
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3.3.8 Cldn-4 KO mice have a normal calcium homeostasis  

As total cldn-4 KO mice displayed an increased fractional excretion of Ca2+ and 

hypocalcemia110, we compared plasma and urine composition after a control or a low calcium diet 

in WT and cldn-4 KO mice. Table 3.5 shows that a calcium-depleted diet did not result in 

alterations in physical parameters, plasma electrolytes or fractional excretion of sodium, chloride 

or calcium. This finding supports that IC-specific cldn-4 KO mice are able to conserve calcium to 

the same extent as WT littermates, and that IC-cldn-4 is not involved in calcium homeostasis.  

Six month old mice underwent the similar diet and experiments and there was no 

significant difference between the WT and KO mice in their physical parameters and plasma 

electrolytes  (Tables A9 and A10 in the appendices). 
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Table 3. 5 Plasma electrolytes levels and fractional excretion in WT and Cldn4 KO 

mice after a low Calcium diet (0.01%) 

 
Electrolyte WT (n=10) IC-Cldn4 KO (n=12) P (T -test) 
Na+ mmol/L 146.5 ± 1.28 146.1 ± 2.52 0.98 
K+ mmol/L 5.78± 0.26 5.71 ± 0.41 0.52 
Cl- mmol/L 120.8 ± 0.31 119.2 ± 0.52 0.15 

TCO2 24.5 ± 0.65 24.89 ± 0.56 0.69 
BUN mg/dl 15.75 ± 0.88 18.33 ± 1.58 0.38 

Glucose mg/dl 131.1± 9.84 136.8 ± 7.83 0.79 
HCT mg/dl 45.88 ± 0.78 44.78 ± 1.06 0.43 

pH 7.271 ± 0.02 7.31 ± 0.02 0.30 
PCO2 mmHg 41.55 ± 1.68 40.38 ± 3.09 0.52 

HCO3- mmol/L 18.47 ± 0.88 16.92 ± 1.19 0.20 
PCa2+ mmol/L 1.887± 0.19 1.87± 0.22 0.88 
Urinary pH 5.69 ± 0.09 5.74 ± 0.03 0.83 

FENa+% 0.1 ± 0.03 0.17 ± 0.04 0.20 
FECl-% 0.10 ± 0.02 0.20 ± 0.07 0.44 

FECa2+% 0.70 ± 0.27 0.5 ± 0.14 0.83 
 

HCT, hematocrit; BUN, Blood urea nitrogen; BEecf, Base Excess in the extracellular fluid; 

AnGap, anion gap; Hb, Hemoglobin; FE: Fractional Excretion (%) 

 

  



 
 118 

3.4 Discussion  

In this work, we have assessed the contribution of IC cldn-4 to electrolyte and urinary 

composition at steady state, after an acid load or after a low NaCl or low calcium diet. Our results 

indicate that although plasma parameters were normal, a low NaCl diet unveils an inability to 

conserve sodium in cldn-4 KO mice. These results show that in IC, cldn-4 loss neither affects acid-

base balance, calcium nor chloride homeostasis. However, cldn-4 is involved in sodium balance, 

in a mechanism that does not involve renin Ren gene up-regulation. This urinary sodium waste is 

synchronous with elevated protein and/or mRNA expression of IC-specific transcellular ion 

transporters such as kAE1, pendrin and NDCBE despite a similar RAAS status between WT and 

KO mice. No difference in PC-specific ion transporter ENaC or water channel AQP2 was detected.  

This work confirms the contribution of cldn-4 to the conservation of sodium via the paracellular 

reabsorption pathway in the CD and CNT. Indeed, although IC cldn-4 KO mice did not waste 

urinary sodium at the basal state, they did upon a NaCl depleted diet. Interestingly only sodium 

but not chloride urinary excretion was altered in IC cldn-4 KO mice. cldn-4 is a paracellular 

chloride pore and cation blocker107,261. Total cldn-4 KO animals displayed an increased fractional 

excretion of chloride with an insignificant trend for increased fractional excretion of sodium as 

well110. These animals showed an up-regulation of cldn-3 and a decrease in cldn-8 protein at the 

tight junction. PC-specific cldn-4 KO mice were hypotensive, hypochloremic and wasted both 

urinary sodium and chloride at steady state and upon a low NaCl diet111. The stronger phenotype 

of PC-specific cldn-4 KO mice versus IC-specific KO can be attributed to the combination of a 

higher abundance of PC versus IC in the CD with a potentially cleaner KO compared with the 

incomplete KO triggered by the B1-ATPase promoter used in our study17,252. This, however, does 

not explain the exclusive urinary waste of sodium but not of chloride. PC are involved in 
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electrogenic sodium reabsorption through apical ENaC and ROMK and basolateral Na+/K+- 

ATPase, while chloride is reabsorbed concomitantly via the transcellular and paracellular 

pathways. With the discovery that type-B intercalated cells are involved in electroneutral sodium 

and chloride reabsorption through pendrin and NDCBE on the apical side, and AE4 on the 

basolateral side35,47,262, we propose that in IC-specific cldn-4 KO mice at steady state, the up-

regulation of IC-specific transcellular transporters pendrin, NDCBE and kAE1 in cldn-4 KO mice 

reflects a successful mechanism to increase transcellular sodium and chloride reabsorption in 

compensation for defective paracellular transport. However, on a NaCl depleted diet, this 

compensatory mechanism becomes insufficient and urinary sodium is wasted. Specifically we 

speculate that when IC cldn-4 KO mice are exposed to a low NaCl diet, sodium leaks back into 

the lumen paracellularly through porous tight junctions that are lacking the sodium blocker cldn-

4. However, the tight junction is impermeable to chloride ions due to the loss of chloride pore cldn-

4, thereby preventing the leak of these anions paracellularly. However, there is an increase in the 

protein abundance of pendrin, which facilitates transcellular chloride reabsorption, hence, no 

increased chloride loss is observed in the urine. This process would translate into sodium but not 

chloride urinary wasting on a low NaCl diet.  

Our work also confirms that knocking a tight junction protein out alters the transcellular 

ion reabsorption pathway. Our recent work showed that expression of kAE1 at the basolateral 

membrane of inner medullary collecting duct cells alters tight junction properties113, illustrating 

the interplay between the two pathways. kAE1 expression in these polarized cells significantly 

lowered the transepithelial electrical resistance in a cldn-4-dependent mechanism. Such interplay 

has been demonstrated before, including between cldn-16 and TRPV5 in the mouse DCT107. 

TRPV5 apical localization is regulated by phosphorylation levels of cldn-16 in a parathyroid 
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hormone receptor-dependent pathway, a pathogenic process responsible for familial 

hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC). Our work also confirms 

that knocking out another claudin in the CD affects IC-specific ion transporters.  

Interestingly, no difference in renin gene expression was observed between WT and KO 

mice upon dietary NaCl restriction. Accordingly, no change in blood pressure was observed either 

between WT or IC-cldn-4 KO mice. Previous work showed that kAE1 protein is up regulated in 

the mouse kidney medulla by NaHCO3 and DOCA, or NaHCO3 alone216. We found that in IC-

cldn-4 KO mice, both kAE1 mRNA and protein abundances were increased compared with WT 

animals at basal state but not after a low NaCl diet. This possibly suggests that at basal state, the 

already increased protein levels cannot be further augmented upon a low NaCl diet. Regulators of 

protein expression other than the renin-angiotensin-aldosterone (RAAS) system may be 

responsible for the up-regulation of kAE1 mRNA and proteins. Luminal secretion of prostaglandin 

2 (PGE2) acts in a paracrine fashion to regulate neighbor cells in the CD35,258,263. In the CNT/CCD, 

PGE2 release is itself triggered by luminal ATP production, another paracrine molecule that 

originates from type-B IC locally and that regulates salt balance through PC ENaC and AQP2 in 

the medullary CD35,263. In addition, Cl- reabsorption is regulated by both cAMP and nitric oxide 

(NO)260,264,265. The membrane abundance of pendrin is increased after an administration of NO 

synthase inhibitor without affecting subcellular assembly of the protein in vivo262. There are 

several ways NO could contribute to pendrin abundance, i.e., directly on protein translation and/or 

turnover264 or indirectly by changes in the blood pressure and hormonal effects either in an 

endocrine or paracrine way266,267.  

Unlike kAE1 and pendrin, the V-H+-ATPase protein and mRNA abundance remained 

unchanged in IC specific cldn-4 KO mice. As this ATPase is regulated by angiotensin II, this 
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finding aligns with a RAAS-independent regulatory process in play in these mice. This finding 

also indicates that there is no increase in the number of IC in cldn-4 KO mice as other IC proteins 

are up-regulated but not the ATPase. Our results however do not exclude a relocation of the 

ATPase from intracellular vesicles to the apical membrane, resulting in enhanced proton secretion. 

 Our results also indicate a lack of contribution of IC-cldn-4 to acid-base balance. Type-A IC 

secrete urinary protons while reabsorbing bicarbonate to the interstitium, while type-B IC secrete 

bicarbonate and reabsorb protons to the interstitium. The combined activity of cytosolic carbonic 

anhydrase II, apical V-H+-ATPase and basolateral kAE1 efficiently maintains acid and base 

secretion/reabsorption depending on the transporters’ location within cells. Our results show that, 

despite the documented role of these cells in acid-base balance, tight junction cldn-4 therefore does 

not seem to be involved in acid-base balance. As PC-cldn-4 is expected to remain intact in IC cldn-

4 KO mice, it is possible that it is abundant enough to prevent back flux of bicarbonate to the 

lumen.  

  Calcium balance was also unaffected in IC-cldn-4 KO mice, in contrast with global cldn-4 

KO mice110. This finding either suggests that other cldn-4-expressing cells are involved in calcium 

balance in the global KO, or that the 49% reduction in cldn-4 observed in IC cldn-4 KO mice is 

not sufficient to unveil a calcium imbalance. Global cldn-4 KO mice displayed an upregulation of 

cldn-3 protein110, which is likely a compensatory response to the lack of cldn-4. As cldn-3 acts as 

an ion blocker268, it could contribute to the inhibition of Ca2+ reabsorption in the global cldn-4 KO. 

Our results neither indicated a change in cldn-3 protein abundance, nor at the mRNA level. This 

lack of change in Cldn-3 abundance may explain the normal calcium balance observed in IC-cldn-

4 KO mice.  
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  Overall, this work shows that IC-cldn-4 KO mice display an abnormal retention of urinary 

sodium after a NaCl depleted diet, despite a normal blood pressure, urinary chloride, urinary 

calcium, or pH. IC-cldn-4 KO mice display elevated IC-specific ion transporter mRNA and/or 

protein abundance. 
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4.1 Summary 
 

This dissertation had two distinct objectives relative to the proteins SLC26A7 and cldn-4. 

We aimed to:  

(i) characterize the SLC26A7 protein abundance and function at the basal state, in a 

medullary-mimicking hyperosmotic environment or in acidic pH growth medium mimicking 

acidosis, in the absence or presence of either kAE1 or kAE1 R901X dRTA mutant,  

(ii) investigate whether IC specific cldn-4 KO mice are able to balance plasma and urine 

pH and electrolyte homeostasis as efficiently as the WT mice at the basal state, in low NaCl, acidic 

or low calcium diet conditions.  

4.2 Characterization of SLC26A7: Summary, limitations and future directions 

4.2.1  Summary 

Four main findings were obtained from this study: 

4.2.1.1 SLC26A7 is a Cl-/HCO3- exchanger in MDCK cells  

 SLC26A7 acts either as a Cl- channel in HEK293 cells148 or a Cl-/HCO3- exchanger in 

Xenopus oocytes150 and our study confirmed that the protein is a Cl-/HCO3- exchanger in MDCK 

cells which do not endogenously express this protein. Immunofluorescence experiments detected 

SLC26A7 intracellularly however, measuring a Cl-/HCO3- exchange activity in these cells 

demonstrates SLC26A7 partial membrane localization. In contrast to SLC26A7, kAE1 showed a 

significantly higher ion exchange activity, suggesting a better membrane localization or a higher 

exchange efficiency in non-polarized MDCK cells. 

4.2.1.2 Increased abundance of SLC26A7 in hyper-osmotic medium  

We mimicked the hyper-osmotic medullary environment by increasing the cell culture 

medium osmolality and showed that the abundance of both SLC26A7 and kAE1 increases upon 
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growing them in the hyperosmotic medium compared to the normal growth medium (Figure 2 A 

& B). Cycloheximide chase experiments showed an increased SLC26A7 half-life in hyper-osmotic 

media, likely accounting for the increased overall protein abundance (Figure 2 A, B). However, 

when we examined the localization of the protein in hyper-osmotic growth medium in both 

polarized and non-polarized conditions, we did not observe a dramatic change . The abundance of 

the dRTA mutant kAE1 R901X abundance also did not change after incubating in hyperosmotic 

media.  

4.2.1.3 Hyper-osmotic conditions do not increase SLC26A7 activity 

 Our next objective was to investigate if the Cl-/HCO3- exchange activity is increased in 

hyperosmotic conditions in the cells expressing SLC26A7 or kAE1 proteins individually, or 

together. Functional assay experiments revealed that although the abundance of SLC26A7 

increases in hyperosmotic condition, its activity does not. On the other hand, the activity of kAE1 

protein increases only upon incubation in mannitol hyperosmotic media. kAE1 R901X dRTA 

mutant activity did not increase with osmolality as it remained inactive whatever osmolality of the 

growth medium. 

4.2.1.4 SLC26A7 abundance decreases in cells grown at low extracellular pH  

 In MDCK cells expressing SLC26A7 or co-expressing SLC26A7 and kAE1 WT, and 

grown in acidic pH medium mimicking dRTA, the abundance of SLC26A7 decreased at a pH 

lower than 7.2 compared to physiological pH condition, whereas the abundance of kAE1 remained 

unchanged. This simple finding suggests that during uncorrected metabolic acidosis, SLC26A7 

may be unable to compensate the loss of kAE1 function due to its decreased abundance . The 

underlying cause of this reduction is still unknown.  



 
 126 

4.2.2 Limitations of the study 

 Our in vitro study had several shortcomings. First, the proteins of interest in this study were 

investigated in MDCK cells. These are epithelial cells derived from canine kidneys and have been 

used to characterize different proteins and their various mutant versions, such as kAE1172, cldn-

4269, SLC26A7223 and WNK4270. The MDCK cell line is an excellent expression system. 

Nevertheless, the use of this cell line has two constraints: i) the cell line was established from 

whole kidney and not specifically collecting duct271, and ii) when expressed in MDCK cells vs 

mIMCD3 cells or animal models, kAE1 dRTA mutants have very distinct phenotypes172,173. For 

instance, in MDCK cells, the kAE1 R589H mutant was retained in the ER172 but in mIMCD3 cells, 

the mutant was localized at the plasma/basolateral membrane as in kAE1 R607H knockin mouse 

model173. Another limitation is that MDCK cells do not express endogenous collecting duct 

proteins such as kAE1 or H+ATPase and therefore do not fully mimic collecting duct cells. 

 A way to bypass these constraints is to use a different cell line such as mIMCD3 cells, 

derived from hyperosmotic inner medullary part of the kidney. Although this immortalized cell 

line is of collecting duct origin, it does not express endogenous kAE1 but carries the machinery 

for kAE1 membrane trafficking and function. Because most previous studies on SLC26A7 protein 

were conducted in MDCK cells, we were able to compare our findings to others and gain 

significant insight into the protein's function.  

We used the constitutive expression system pCDNA3 for SLC26A7 and retroviral 

pQCXIH plasmid for kAE1 and R901X to express the SLC26A7, kAE1 and kAE1 R901X 

proteins. The drawbacks of this stable expression system are: i) the progressive loss of kAE1 and 

kAE1 R901X mutant expression in 14-21 days of reaching confluency, requiring regular new cell 

batch preparation; ii) variable transfection efficiency between experimental batches, and iii) the 
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time required to obtain a selected batch of cells (2-3 weeks). These flaws were reduced by 

normalizing proteins of interest against housekeeping protein (β-actin) as loading controls, 

optimizing experimental time to perform as many experiments per batch as possible, and planning 

regular infections to avoid wasting time and maintain continuity of experiments.  

 An alternative strategy would be to switch to a lentiviral inducible expression system that 

we have later developed for mIMCD3 cell lines expressing kAE1113. This strategy would allow us 

to overcome the main limitation of progressive loss of protein expression overtime and would have 

the following advantages: i) same batch of cells could be used from a single lentiviral infection, 

thereby eliminating the variability between experiments, and ii) maximizing the use of same batch 

of cells by inducing protein expression 24 to 48 hours prior to the experiment day.  

An additional flaw to our expression study was the inability to adjust relative expression 

of kAE1 to SLC26A7 protein. The two expression systems (pCDNA3 and pQCXIH) had non-

inducible promoters and resulted in different relative abundance between proteins. In particular, 

kAE1 R901X dRTA mutant had a low expression level, which complicated the interpretation of 

SLC26A7/kAE1 co-expression experiments. 

4.2.3 Future Directions  

 Our results provided strong evidence that SLC26A7 is a Cl-/HCO3- exchanger in MDCK 

cells and its abundance is variable based on growth media osmolarity. We also showed that 

SLC26A7 protein abundance is decreased when the cells are incubated in an acidic medium, 

possibly explaining why it is unable to correct an acidosis in dRTA. Our findings also showed that 

although the protein is primarily intracellular, it displays a Cl-/HCO3- exchange activity, albeit at 

a lower level than kAE1. Overall, this research has improved our understanding of SLC26A7 

protein’s role in MDCK cells, alone and in combination with kAE1.  
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 One weakness of our experiments was that they were performed in vitro and in a cell line 

that modestly reproduced intercalated cells. An in vivo validation would be highly beneficial, 

although the number of SLC26A7 animal studies is still quite low. There is only one mouse model 

that demonstrates that the deletion of SLC26A7 causes dRTA and perturbs gastric acid 

secretion220. However, its role relative to kAE1 was not investigated. An approach to answer our 

remaining questions, and validate our findings in vivo, would be to examine SLC26A7 protein 

abundance and localization in a kAE1 dRTA knockin (KI) mutant mouse model, such as the 

R607H Ae1 KI mice173. This model will give us a better insight into SLC26A7 characteristics and 

interaction with kAE1. Specifically, we could examine: 

4.2.3.1 SLC26A7 protein expression and relative abundance 

 Our laboratory has recently acquired and is currently conducting experiments with R607H 

(murine equivalent of human R589H dRTA mutant) and L919X (murine equivalent of human 

R901X dRTA mutant) Ae1 KI mice (unpublished). Conducting immunoblot experiments from 

total kidney lysates would inform us about the relative abundance of the SLC26A7 protein in KI 

or WT mouse. Quantitative RT-PCR experiments from WT or KI mouse kidney mRNA would 

shed light on SLC26A7 gene expression of in WT or KI mice. Feeding the dRTA mutant or WT 

mice an acid diet would further validate whether SLC26A7 protein abundance decreases in 

acidosis. 

4.2.3.2 SLC26A7 protein localization  

 Our immunofluorescence experiments in MDCK cells showed that SLC26A7 is mostly 

intracellular. However, the localization of the murine protein at basal state or in dRTA is unknown. 

To explore this, immunohistochemistry experiments could be conducted with kidney sections from 

kAE1 dRTA mutant KI mice to detect SLC26A7 and kAE1 localization .  
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4.2.3.3 Micro-perfusion study 

 The extent of intracellular pH change in cells expressing SLC26A7, kAE1, or kAE1 R901X 

was measured in vitro in our study. This informed us about the functional characteristics of 

SLC26A7 relative to kAE1 and kAE1 R901X . These findings could be validated in vivo. To assess 

the exchanger function of SLC26A7 relative to kAE1 or kAE1 L919X or R607H mutant, micro-

perfusion studies on isolated collecting ducts from WT mice or kAE1 L919X or R607H KI mice 

could be conducted. Freshly dissected collecting ducts incubated with cell permeable, fluorescent 

pH-sensitive BCECF-AM dye could be exposed to a chloride-free bath solution to trigger 

chloride/bicarbonate exchange and intracellular alkalinisation. These experiments could also be 

conducted in the presence of pharmacological inhibitor DIDS; however, this approach would not 

definitely differentiate the individual contribution of SLC26A7 relative to kAE1148.  

4.3 Intercalated cell specific cldn-4 KO mouse model 

4.3.1 Proposed mechanism  

 We propose the following mechanism for increased FE% in the NaCl depleted diet 

condition.  

In the IC cldn-4 KO mice, since the TJ integrity is compromised because of the missing 

cldn-4 protein that normally acts as a chloride pore, less paracellular Cl- transport may occur. This 

would result in accumulation of Cl- in the lumen making this side of the membrane electronegative. 

As a result, the cells may increase transcellular Cl- reabsorption by upregulating proteins from the 

transcellular pathway such as pendrin and NDCBE. However, in the absence of the Na+ blocker 

cldn-4, Na+ ions that have accumulated in the interstitium may backflux to the luminal side to be 

excreted in the urine. This would result in increased FE of sodium but not chloride upon a low 

NaCl diet (Figure 4.1).   
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Figure 4. 1  Schematic proposed mechanism of normochloremia and hypernatriuria  
 
Schematic diagram of the proposed mechanism of unchanged FE% of Cl- and increased FE% of 

Na+ in the NaCl depleted diet condition in the IC cldn-4 KO mice. The pink numbers depict the 

successive events taking place. 1) Absence of paracellular Cl- facilitator cldn-4 increases luminal 

Cl- concentration. The cells may compensate the loss of paracellular reabsorption by increasing 

the transcellular Cl- reabsorption (2) via the upregulation of transcellular Cl- reabsorption proteins 

pendrin, NDCBE and kAE1 to maintains a normochloremia. However, in the absence of the 

paracellular Na+ barrier cldn-4, (3) Na+ may back flux from the interstitium to the luminal side and 

(4) be excreted in the urine, resulting in an increased FE% of Na+ and hypernatriuria.  
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4.3.2 Summary 

4.3.2.1 TJ protein assembly is unchanged in Cldn-4 KO mice 

 After establishing the IC specific cldn-4 KO mice, we confirmed the cldn-4 KO by 

genotyping and assessing protein abundance from isolated collecting duct (Figure 3.1). We found 

that cldn-4 KO mice are viable and have no gross anatomical difference compared to the WT mice. 

Plasma and urine analysis revealed no difference in plasma electrolytes and urine composition at 

steady state between WT and KO mice, including urine pH and osmolality. We then measured the 

tight junction proteins and mRNA abundances from whole kidneys and did not observe a 

significant difference in tight junction proteins cldn-4, -8, -7 and -3 abundance between WT and 

cldn-4 KO mice. This finding suggests that the absence of IC cldn-4 caused no change in tight 

junction protein assembly.  

4.3.2.2 IC transcellular proteins are increased in IC cldn-4 KO mice 

 Although there was no change in TJ protein abundance in the kidney of IC cldn-4 KO mice, 

we found that the type-A IC Cl-/HCO3- exchanger kAE1 and type-B IC pendrin abundances were 

both significantly increased in the cldn-4 KO mice. We also found that type-B IC NDCBE mRNA 

is increased in the KO mice. However, PC markers AQP-2 (protein and mRNA) and ENaC 

(mRNA) were unchanged. The increase in IC proteins and mRNA suggests that they may be up 

regulated to allow sufficient sodium and chloride reabsorption in an epithelium where TJ are 

defective due to the lack of cldn-4.  

4.3.2.3 Cldn-4 KO mice fed a NaCl-depleted diet waste urinary sodium  

 Given the up regulation of transcellular IC sodium and chloride transporters in the KO 

mice, we next fed them a NaCl depleted diet to assess their NaCl reabsorption ability. Our findings 

show that the cldn-4 KO mice have higher FE of Na+ than WT animals, but no significant 
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difference in FE of Cl-, Ca2+ or K+. There was no difference found in plasma electrolytes, urine 

pH and osmolality between KO and WT mice.  

 Similar to their counterparts at basal state, KO mice fed a low NaCl diet did not 

demonstrate a significant change in TJ protein of mRNA abundance compared to WT animals , 

except for the expected reduction in cldn-4 abundance. These mice also displayed increased kAE1 

and pendrin proteins abundance, but unchanged mRNA levels . Despite their Na+ loosing 

phenotype, the KO mice kidneys did not display altered Na+ channel ENaC’s mRNA abundance . 

Assessment of renin mRNA abundance in the IC cldn-4 KO mice showed no difference with WT 

mice, suggesting that the increase in Cl-/HCO3- exchangers’ abundance is independent of RAAS 

activation.  

4.3.2.4 Acid/base and calcium homeostasis are not altered in the cldn-4 KO mice 

 As type-A and -B IC are involved in acid and base secretion in the pre-urine, WT and cldn-

4 mice were given 0.28M NH4Cl H2O for 24 hours. From this experiment, we showed that the 

cldn-4 KO mice can maintain a steady acid/base balance similar to WT mice and hence, that IC 

TJs are not involved in acid/base homeostasis. 

 Based on total cldn-4 KO mice which displayed increased FE of calcium and reduced 

plasma calcium, we fed the mice a low calcium diet to assess whether IC cldn-4 plays a role in 

calcium homeostasis. The plasma electrolytes and urine composition was not different between 

WT and KO mice after the low calcium diet and therefore, we concluded that IC cldn-4 is not 

involved in calcium homeostasis.  

4.3.3 Limitations of the study 

  Generation of the IC cldn-4 KO mice was done using the Cre/LoxP strategy. Cre/LoxP 

technique is widely used to establish genetically engineered tissue/cell specific knock out animal 
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models272. Like all other systems, the Cre/LoxP systems has some drawbacks. For example, the 

tissue specificity of the KO is not always as precise as desired 273274. The H+ATPase displayed a 

50% success rate in knocking out the protein of interest in CNT cells252. Two third of the CNT/CD 

cells are PCs while this ratio decreases in the medullary CD258. As a result we detected a 49% 

reduction in cldn-4 protein abundance in the KO mice CD (Figure 3.1). However, since PC Cldn-

4 is intact in our mice, an immunohistochemistry experiment aimed at detecting a loss of IC cldn-

4 proteins in cldn-4 KO mice remained inconclusive (data not shown). The alternative approach 

to assess the KO specificity would be to breed our mice with Rosa26-loxP-stop-loxP-yellow 

fluorescent protein reporter mice, , which would generate YFP fluorescent IC where Cre is active 

and hence where Cldn-4 is knocked out275.  

 Availability of antibodies to detect proteins expressed in the CD was another limitation we 

experienced when conducting this research. In some cases, antibodies available to us failed to 

specifically detect the protein of interest (for example, ENaC or NDCBE). The alternative 

approach was to measure mRNA abundance by qRT PCR. 

4.3.4 Future directions 

4.3.4.1 Generation of CD specific KO mouse 

Previous research characterized total KO cldn-4 mice110 and PC specific cldn-4 KO 

mouse111. In our research we characterized the physiological role of IC cldn-4 . However, given 

the difference in PC and IC numbers, and the incomplete nature of IC cldn-4 KO, the overall 

physiological role of cldn-4 in the collecting duct remains unclear. To explore this, generating a 

cldn-4 KO mouse model targeted to both IC and PC could inform about the role of this protein and 

its contribution to sodium, chloride and pH homeostasis in the CD. Creating such a CD KO mouse 

model would be achieved by breeding cldn-4 Flox mice with Hoxb7-Cre transgenic mice since 



 
 134 

this gene is expressed in both PC and IC276. Alternatively, this could be achieved by breeding PC 

specific (AQP-2 Cre mouse) cldn-4 KO mice with IC specific (B1-ATPase Cre mouse) cldn-4 KO 

mice. Conducting basal, low NaCl diet and acidic diet experiments as performed in this thesis 

would explore the role of CD cldn-4 protein.  

4.3.4.2 Micro-perfusion studies on isolated CD from WT and cldn-4 KO mice 

Our findings show a change in abundance of IC proteins involved in sodium, chloride and 

bicarbonate reabsorption. We hypothesized that the urinary sodium waste is caused by a 

paracellular back flux of sodium permitted by the loss of sodium blocker cldn-4. The loss of 

paracellular chloride pore cldn-4 is proposed to be compensated by the up regulation of pendrin, 

NDCBE and kAE1 at the basal state. However, this hypothesis would need to be further tested. 

Micro-perfusion of freshly dissected collecting ducts from WT or KO mice would allow 

measurements of transepithelial fluxes of sodium and chloride as well as of transepithelial voltage. 

By using this ex vivo technique we would be able to characterize the CD epithelial permeability to 

sodium and chloride and test our hypothesis. 

4.3.4.3 Pharmacological inhibition of transport proteins 

 Despite the elevated FE of sodium in the cldn-4 KO mice, we did not measure a significant 

difference in abundance of the major sodium reabsorption protein, ENaC. Therefore, the role of 

ENaC in the IC specific cldn-4 KO mouse remains unclear, especially in the face of the sodium 

urinary waste upon a NaCl depleted diet. To further address ENaC’s role, IC cldn-4 KO mice could 

be administered the ENaC inhibitor amiloride and the FE of sodium as well as NDCBE or ENaC 

protein abundance measured after a low NaCl diet. This experiment would shed light on the role 

of ENaC and other sodium transporters in the CD of IC cldn-4 KO mice.  
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Interestingly, upon a low NaCl diet, IC cldn-4 KO mice did not display an urinary chloride 

waste. this could be due to the increased abundance of pendrin protein in the cldn-4 KO mice. To 

assess whether pendrin is playing a critical role in chloride homeostasis , WT and IC cldn-4 KO 

mice could be administered with either furosemide (50% pendrin inhibition277) or NPPB (5-Nitro-

2-[(3-phynylpropyl)amino]benzoic acid; 59% pendrin inhibition277) along with low NaCl diet. 

This experiment would inform about any interplay between pendrin and cldn-4 in chloride 

homeostasis in the CD.  

 Overall, this dissertation focused on two different proteins that are expressed in IC cells of 

the CD facilitating both transcellular and paracellular transport of ions. Our work with SLC26A7 

(focuses the transcellular transport of anions) revealed a functional interplay between two 

chloride/bicarbonate exchangers with relevance to dRTA disease and its potential treatments. Our 

work with IC specific cldn-4 KO mice (the paracellular transport of anion) provided novel 

knowledge about the role of TJ proteins in the CD, and the interplay between the TJ versus 

basolateral proteins i.e. paracellular and transcellular transporters, thereby contributing to our 

growing knowledge of this complex transepithelial regulation.  
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Figure  A  1 BCECF-AM based functional assay principle 

The cells expressing desired proteins are grown in a specially cut coverslip at about 70% 

confluency in Ringer’s buffer. The cells are perfused in Ringer’s buffer that is complemented with 

a pH sensitive fluorescent dye, BCECF-AM. Cells are first perfused with a Ringer’s solution which 

contains both chloride and bicarbonate, and the ratio of fluorescence emitted at wavelengths 490 

and 470 nm is measured. The cells are next perfused with Ringer’s buffer devoid of chloride 

(substituted by gluconate). In the presence of a functional chloride/bicarbonate exchanger, removal 

of extracellular chloride will trigger the exchanger function and result in chloride efflux in 

exchange for bicarbonate influx, resulting in alkalization in the cell and increase in cytosolic pH.  

After returning to initial cytosolic pH by reperfusing the cells with the original Ringer’s buffer, 

solutions of known pH (pH 7.5, 7.0 and 6.5) supplemented with the  H+/K+ ionophore nigericin 

are used to calibrate BCECF fluorescence to cytosolic pH. From the function of these calibration 

solutions, the rate of intracellular pH change is calculated by measuring the slope of the first 60 

seconds upon incubation with chloride-free Ringer’s solution.   
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Table A 1 List of primer and probe sequences used for qRTPCR in chapter 3 
 

Gene Primer and Probe sequences 
 

Actin 5′-GACTCATCGTACTCCTGCTTG-3′ 
5′-GATTACTGCTCTGGCTCCTAG-3′ 
5′-/56-FAM/CTGGCCTCA/ZEN/CTGTCCACCTTCC/3IABkFQ/-3′ 

Cldn 4 5′-AACACTTTCTCAGCCCTCTG-3′ 
5′-CAGGACTGCCAAGGAGATTC-3′ 
5′-/56-FAM/CATAGACGC/ZEN/CATCGCTCAGCCTC/3IABkFQ/-3′ 

Cldn 8 5′-AGCTGGATACAATTTGGGAGG-3′ 
5′-CCACTGAGGCATGATAGTCAC-3′ 
5′-/56-FAM/TGCAGCCAT/ZEN/TTGAAGAGCGTAGGT/3IABkFQ/-3′ 

Cldn 3 5′-CACCAAGATCCTCTATTCTGCG-3′ 
5′-GGTTCATCGACTGCTGGTAG-3′ 
5′-′/56-FAM/CCCCTCAGA/ZEN/CGTAGTCCTTGCG/3IABkFQ/-3 

Cldn 7 5′-GTTTTCCCAGTCACGAC-3′ 
5′-TGGCGACAAACATGGCTA-3′ 
5′-′/56-FAM/CCTTAATGG/ZEN/TGGTGTCCCTGGTGT/3IABkFQ/-3 

kAE1 5′-GTACAGGAAGATGCCGAAGAG-3′ 
5′-AAGAGGTCAAGGAACAGCG-3′ 
5′-/56-FAM/CCCACAAGC/ZEN/ACAGAGACCAGGAG/3IABkFQ/-3′ 

Pendrin 5′-CAGAAAACACTTGCAGAGACTG-3′ 
5′-TGATGGAGGCAGAGATGAATG-3′ 
5′-/56-FAM/ATGTTCAGG/ZEN/ATGAGGCCATGCGTAG/3IABkFQ/-3′ 

NDCBE 5′-ACGTGCTCTTTTGGTCCTG-3′ 
5′-ATGGTGAAGATGGTGAGGAAC-3′ 
5′-/56-FAM/AAGGTGCTG/ZEN/GAGACGATGAAGGTG/3IABkFQ/-3′ 

H+-ATPase 5′-AGTCAGATTTCGAGCAGAATGG-3′ 
5′-CTTCTCACACTGGTAGGCAAG-3′ 
5′-/56-FAM/CCGCTCAAT/ZEN/CGTAGGGTCATTGGC/3IABkFQ/-3′ 

AQP-2 5′-GAAGAGCTCCACAGTCACC-3′ 
5′-GCCATCCTCCATGAGATTACC-3′ 
5′-/56-FAM/CTCTCCACA/ZEN/ACAATGCAACAGCCG/3IABkFQ/-3′ 
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Table A 2 Physical parameters of WT and Cldn-4 KO mice with long term acid load 3 
month age 

Parameter cldn-4Flox/Flox  (n=10) cldn-4Flox/Flox/β1Cre  (n=12) Significance (P) 
Body weight, g 23.08 ± 0.51 24.47 ± 0.77 0.25 
Food consumption 14.45 ± 0.36 13.80 ± 0.72 0.54 
Water consumption 14.73 ± 0.65 14.17 ± 0.77 0.62 
Urine volume 42.39 ± 3.29 51.89 ± 4.57 0.14 
Feces mass 36.79 ± 2.63 29.97 ± 1.96 0.06 

 
 
 
 
 
Table A 3 Plasma electrolytes levels in WT and Cldn-4 KO mice with long term acid load 3 
month age 

 
Electrolyte cldn-4Flox/Flox  (10) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (12) 

Mean±SEM 
Significance (P) 

Na mmol/L 145.5 ± 0.86 147.7 ± 0.89 0.06 
K mmol/L 5.31 ± 0.26 5.77 ± 0.29 0.23 
Cl mmol/L 121.1 ± 1.59 118.7 ± 1.53 0.87 

TCO2 22.4 ± 1.11 24.92 ± 1.00 0.09 
BUN mg/dl 17.00 ± 2.02 24.42 ± 2.76 0.07 

Glucose mg/dl 118.4 ± 8.69 97.83 ± 9.009 0.16 
HCT mg/dl 37.4 ± 1.86 41.08 ± 1.93 0.13 

pH  7.307 ± 0.01 7.324 ± 0.01 0.30 
PCO2  mmHg 42.15 ± 2.35 45.68 ± 2.34 0.16 

HCO3-   mmol/L 21.03 ± 1.05 23.58 ± 0.92 0.09 
BEecf mmol/L -5.2 ± 1.17 -2.58 ± 0.95 0.09 
AnGap mmol/L 8.7 ± 1.23 11.33 ± 1.60 0.11 

Hb gm/dl 12.71 ± 0.59 13.98 ± 0.66 0.13 
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Figure  A  2 Urine pH in WT and KO mice at 3 month age 

Urine pH of WT (black line) and IC cldn-4 KO (red line) mice at 3 month age after 0.28M NH4Cl 

H2O load for 7 consecutive days. Day 0 represents urine pH before acid load and from day 1 to 

day 7 after acid load. Urine pH was significantly lower from day 1 to day 7 compared to day 0 in 

both WT (black  asterisk) and cldn-4 KO (red asterisk) mice. However, there was no significant 

difference between the WT and the KO mice on any given day.  *, P<0.05, **,P<0.001. 
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Figure  A  3 Urine osmolarity in WT and IC cldn-4 KO mice after acid load at 3 month age 

Urine osmolarity in WT (black line) and IC cldn-4 KO mice (red line) after 7 consecutive days of 

0.28M NH4Cl H2O load. Day 0 represents the initial day with normal drinking water, and from 

day 1 to day 7 represent the days with acid load. There is no statistical significance in both WT 

(black asterisk) and IC cldn-4 (red asterisk) until day 5 of acid load. However, there is no 

significant difference between the WT and IC cldn-4 KO mice in any day.  
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Table A 3 Physical parameters of WT and Cldn-4 KO mice at steady state on normal diet at 
6 months 

 
Parameter cldn-4Flox/Flox  (n=9) cldn-4Flox/Flox/β1Cre  (n=9) Significance (P) 
Body weight, g 28.07 ± 1.55 25.71 ± 1.04 0.19 
Food consumption 8.69 ± 1.65 12.78 ± 1.50 0.11 
Water consumption 17.28 ± 2.73 20.03 ± 4.81 0.99 
Urine volume 22.29 ± 4.23 32.0 ± 3.29 0.09 
Feces mass 19.37 ± 3.07 27.01 ± 2.69 0.11 
Urine pH 5.9 ± 0.11 5.89 ± 0.05 0.84 

 

 

 

Table A 4 Plasma electrolytes levels in WT and Cldn-4 KO mice at steady state on normal 
diet at 6 month age 

 
Electrolyte cldn-4Flox/Flox  (9) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (9) 

Mean±SEM 
P (T-Test) 

Na mmol/L 148.6 ± 0.60  147.8 ± 0.6 0.36 
K mmol/L 5.28 ± 0.25 5.33 ± 0.19 0.68 
Cl mmol/L 118.4 ± 1.1 117.2 ± 1.39 0.45 

TCO2 22.78 ± 0.77 23.67 ±1.82 0.50 
BUN mg/dl 19.00 ± 2.38 21.56 ± 4.27 0.94 

Glucose mg/dl 159.6 ±11.51 128.8 ± 10.08 0.06 
HCT mg/dl 42.00 ±1.06 41.44 ±0.83 0.92 

pH  7.248 ± 0.03 7.28 ±0.02 0.19 
PCO2  mmHg 49.39 ± 4.18 47.24 ± 3.18 0.99 

HCO3-   mmol/L 21.230 ± 0.69 22.37 ± 1.7 0.44 
BEecf mmol/L -5.88 ± 0.69 -4.22 ± 1.92 0.24 
AnGap mmol/L 14.11 ± 0.78 13.44 ± 0.83 0.74 

Hb gm/dl 14.27 ± 0.36 14.11 ± 0.28 0.28 
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Table A 5 Physical parameters of WT and Cldn-4 KO mice on low NaCl diet at 6 month age 

 
Parameter cldn-4Flox/Flox  (n=8) cldn-4Flox/Flox/β1Cre  (n=9) Significance (P) 
Body weight, g 27.42 ± 1.31 30.27 ± 1.38 0.71 
Food consumption 9.34 ± 1.7 13.29 ± 2.05 0.09 
Water consumption 12.64 ± 2.5 17.84 ± 4.82 0.47 
Urine volume 16.99 ± 3.01 33.69 ± 6.93 0.06 
Feces mass 17.7 ± 3.58 25.8 ± 3.87 0.19 
Urine pH 6.04 ± 0.10 6.22 ± 0.12 0.14 

 

 
 
Table A 6 Plasma electrolytes levels in WT and Cldn-4 KO mice on low NaCl diet at 6 month 
age 

 
Electrolyte cldn-4Flox/Flox  (n=8) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (n=9) 

Mean±SEM 
P (T-Test) 

Na mmol/L 147.9 ± 0.67  148.8 ± 1.17 0.81 
K mmol/L 5.91 ± 0.35 5.33 ± 0.19 0.68 
Cl mmol/L 118.4 ± 0.95 117.4 ± 0.94 0.53 

TCO2 24.89 ± 1.1 24.78 ± 0.66 0.74 
BUN mg/dl 23.22 ± 1.89 21.67 ± 1.7 0.65 

Glucose mg/dl 148.0 ± 13.4 144.9 ± 8.79 0.38 
HCT mg/dl 42.56 ± 1.00 43.00 ± 0.95 0.71 

pH  7.253 ± 0.01 7.26 ± 0.01 0.56 
PCO2  mmHg 53.04 ± 2.95 51.56 ± 2.24 0.79 

HCO3-   mmol/L 23.32 ± 1.11 23.34 ± 0.65 0.68 
BEecf mmol/L -3.778 ± 1.10 -3.66 ± 0.72 0.74 
AnGap mmol/L 11.78 ± 0.57 12.67 ± 0.74  0.34 

Hb gm/dl 14.47 ± 0.33 14.61 ± 0.31 0.71 
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Table A 7 Physical parameters of WT and Cldn-4 KO mice with long term acid load 6 
month age 

 
Parameter cldn-4Flox/Flox  (n=10) cldn-4Flox/Flox/β1Cre  (n=11) Significance (P) 
Body weight, g 25.51 ± 1.71 25.93 ± 1.06 0.79 
Food consumption 13.36 ± 0.69 13.42 ± 1.05 0.70 
Water consumption 18.32 ± 1.6 18.23 ± 1.76 0.73 
Urine volume 51.88 ± 4.85 45.37 ± 5.39 0.38 
Feces mass 29.15 ± 1.76 32.27 ± 3.98 0.70 

 
 
Table A 8 Plasma electrolytes levels in WT and Cldn-4 KO mice with long term acid load 6 
month age 

 
Electrolyte cldn-4Flox/Flox  (n=10) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (n=11) 

Mean±SEM 
P (T-Test) 

Na mmol/L 145.3 ± 1.49 145.0 ± 1.58 0.89 
K mmol/L 5.25 ± 0.39 4.9 ± 0.21 0.69 
Cl mmol/L 122.1 ± 1.7 121.8 ± 1.79 0.87 

TCO2 24.1 ± 1.12 23.64 ± 1.47 0.56 
BUN mg/dl 20.8 ± 2.615 16.36 ± 2.76 0.34 

Glucose mg/dl 124.1 ± 13.91 120.2 ± 11.67 0.90 
HCT mg/dl 37.4 ± 2.40 36.64 ± 2.53 0.82 

pH  7.269 ± 0.01 7.28 ±0.01 0.65 
PCO2  mmHg 49.46 ± 2.83 47.18 ± 2.65 0.52 

HCO3-   mmol/L 22.55 ± 1.08 22.27 ± 1.38 0.71 
BEecf mmol/L -4.5 ± 1.17 -4.45 ± 1.53 0.99 
AnGap mmol/L 6.3 ± 2.23 5.818 ± 1.74 0.63 

Hb gm/dl 12.71 ± 0.81 13.16 ± 0.49 0.95 
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Figure  A  4 Urine pH in WT and KO mice at 6 month age 

Urine pH of WT (black line) and IC cldn-4 KO (red line) mice at 6 month age after 0.28M NH4Cl 

H2O load for 9 consecutive days. Day 1 represents urine pH before acid load and from day 2 to 

day 9 after acid load. Urine pH was significantly lower on day 4 in the WT (black asterisk) and on 

day 8 in the IC cldn-4 KO mice (red asterisk) compared to day 1. However, there was no significant 

difference between the WT and the KO mice on any given day.  *, P<0.05, **,P<0.001. 
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Figure  A  5 Urine osmolarity in WT and IC cldn-4 KO mice after acid load at 6 month age 

Urine osmolarity in WT (black line) and IC cldn-4 KO mice (red line) after 7 consecutive days of 

0.28M NH4Cl H2O load. Day 0 represents the initial day with normal drinking water, and from 

day 1 to day 7 represent the days with acid load. There is no statistical significance in both WT 

(black asterisk) and IC cldn-4 (red asterisk) until day 5 of acid load. However, there is no 

significant difference between the WT and IC cldn-4 KO mice in any day.  
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Table A 9 Physical parameters of WT and Cldn-4 KO mice  with 0.01% Ca2+ diet at 6 month 
age 

 
Parameter cldn-4Flox/Flox  (n=7) cldn-4Flox/Flox/β1Cre  (n=9) Significance (P) 
Body weight, g 30.82 ± 1.55 27.42 ± 0.93 0.05 
Food consumption 7.06 ± 0.82 8.19 ± 0.90 0.46 
Water consumption 10.02 ± 1.27 11.41 ± 0.89 0.53 
Urine volume 43.63 ± 9.37 46.96 ± 13.27 0.77 
Feces mass 4.71 ± 0.46 5.13 ± 0.65 0.60 
Urine pH 5.81 ± 0.04 5.80 ± 0.04 0.99 
U Ca/Creatinine 0.0012 ± 0.00 0.0013 ± 0.00 0.42 

 
 
 
Table A 10 Plasma electrolytes levels in WT and Cldn-4 KO mice with 0.01% Ca2+ diet at 6 
month age 

 
Electrolyte cldn-4Flox/Flox  (n=7) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (n=9) 

Mean±SEM 
P (T-Test) 

Na mmol/L 147.4 ± 0.36 146.4 ± 0.50 0.25 
K mmol/L 5.28 ± 0.23 5.4 ± 0.31 0.97 
Cl mmol/L 120.3 ± 0.6 119.6 ± 0.83 0.48 

TCO2 24.14 ± 0.79 24.11 ± 0.42 0.99 
BUN mg/dl 21.86 ± 2.005 20.00 ± 1.95 0.45 

Glucose mg/dl 96.29 ± 22.35 110.3 ± 14.08 0.58 
HCT mg/dl 42.71 ± 1.64 41.67 ± 0.86 0.35 

pH  7.293 ± 0.01 7.326 ± 0.01 0.26 
PCO2  mmHg 47.09 ± 1.66 43.5 ± 1.04 0.89 

HCO3-   mmol/L 22.83 ± 0.81 22.69 ± 0.39 0.71 
BEecf mmol/L -3.71 ± 0.94 -3.33 ± 0.44 0.64 
AnGap mmol/L 9.7 ± 1.19 9.333 ± 1.18 0.54 

Hb gm/dl 14.96 ± 27 14.18 ± 0.29 0.10 
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Table A 11 Physical parameters of WT and Cldn-4 KO mice at steady state on normal diet at 
12 months 

 
Parameter cldn-4Flox/Flox  (n=7) cldn-4Flox/Flox/β1Cre  (n=8) Significance (P) 
Body weight, g 34.17 ± 2.00 35.1 ± 2.3 0.86 
Food consumption 5.26 ± 1.11 5.41 ± 1.02 0.95 
Water consumption 7.12 ± 1.08 6.94 ± 1.21 0.99 
Urine volume 21.8 ± 5.47 18.33 ± 2.76 0.77 
Feces mass 12.89 ± 2.63 11.29 ± 1.96 0.77 
Urine pH 6.16 ± 0.14 6.07 ± 0.09 0.78 

 
Table A 12 Plasma electrolytes levels in WT and Cldn-4 KO mice at steady state on normal 
diet at 12 month age 

 
Electrolyte cldn-4Flox/Flox  (7) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (8) 

Mean±SEM 
P (T-Test) 

Na mmol/L 147.3 ± 1.27  147.8 ± 0.6 0.59 
K mmol/L 5.6 ± 0.40 5.76 ± 0.27 0.55 
Cl mmol/L 120.0 ± 2.24 118.5 ± 1.19 0.84 

TCO2 20.83 ± 2.21 24.13 ± 1.00 0.20 
BUN mg/dl 20.6 ± 3.72 21.00 ± 3.12 0.99 

Glucose mg/dl 154.0 ± 16.66 142.5 ± 8.94 0.69 
HCT mg/dl 40.00 ± 1.265 37.5 ± 1.025 0.22 

pH  7.307 ± 0.02 7.29 ± 0.01 0.45 
PCO2  mmHg 37.18 ± 7.36 45.97 ± 2.88 0.35 

HCO3-   mmol/L 19.72 ± 2.03 22.75 ± 0.94 0.19 
BEecf mmol/L -8.5 ± 2.327 -4.00 ± 1.43 0.10 
AnGap mmol/L 12.5 ± 2.59 11.67 ± 1.33 0.99 

Hb gm/dl 13.6 ± 0.42 12.77 ± 0.35 0.22 
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Table A 13 Physical parameters of WT and Cldn-4 KO mice on low NaCl diet at 12 month 
age 

 
Parameter cldn-4Flox/Flox  (n=8) cldn-4Flox/Flox/β1Cre  (n=9) Significance (P) 
Body weight, g 29.44 ± 1.47 32.04 ± 2.27 0.67 
Food consumption 8.01 ± 0.52 5.84 ± 0.93 0.04* 
Water consumption 13.86 ± 3.27 10.34 ± 1.82 0.84 
Urine volume 22.34 ± 3.30 21.71 ± 4.63 0.74 
Feces mass 17.59 ± 1.08 11.37 ± 1.55 0.008* 
Urine pH 6.31 ± 0.13 6.25 ± 0.06 0.55 

 
 

 

Table A 14 Plasma electrolytes levels in WT and Cldn-4 KO mice on low NaCl diet at  12 
month age 

 
Electrolyte cldn-4Flox/Flox  (8) 

Mean±SEM  
cldn-4Flox/Flox/β1Cre   (9) 

Mean±SEM 
P (T-Test) 

Na mmol/L 148.3 ± 0.77  145.9 ± 1.38 0.68 
K mmol/L 5.15 ± 0.32 5.63 ± 0.47 0.46 
Cl mmol/L 120.3 ± 1.04 123.8 ± 1.52 0.16 

TCO2 23.25 ± 0.75 22.33 ± 1.24 0.65 
BUN mg/dl 15.67 ± 2.39 19.1 ± 2.78 0.79 

Glucose mg/dl 110.8 ± 9.36 120.8 ± 9.44 0.28 
HCT mg/dl 39.25 ± 1.278 37.22 ± 1.45 0.33 

pH  7.34 ± 0.008 7.324 ± 0.02 0.49 
PCO2  mmHg 40.4 ± 1.91 40.47 ± 2.59 0.67 

HCO3-   mmol/L 19.72 ± 2.03 22.75 ± 0.94 0.76 
BEecf mmol/L -3.87 ± 2.327 -5.00 ± 1.41 0.96 
AnGap mmol/L 11.0 ± 1.15 7.5 ± 1.72 0.15 

Hb gm/dl 13.34 ± 0.43 12.66 ± 0.49 0.33 
 

 


