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Mineralocorticoid excess and dietary potassium (K+) depletion cause hypokalemia, 

metabolic alkalosis, and hypertension. These effects are thought to arise from urinary 

K+ and acid/proton (H+) loss and enhanced urinary sodium (Na+) retention. Hypokalemia 

activates H+,K+-ATPase-mediated K+ reabsorption and H+ secretion in the renal 

collecting duct. Studies have also shown that H+,K+-ATPases (in the colon) are required 

for maximal ENaC-mediated Na+ transport. Therefore, we hypothesized that 

H+,K+-ATPases and ENaC in the collecting duct functionally associate and cause the 

alkalosis and Na+-retaining effects of both mineralocorticoids and dietary K+ depletion. 

To test this hypothesis, we examined the stimulation of renal H+,K+-ATPase expression 

by the long-acting mineralocorticoid, desoxycorticosterone pivalate (DOCP). We also 

compared the systemic and renal response of wild type (WT), HKα1
-/- and HKα1,2

-/- mice 

to DOCP. Secondly, we compared the systemic and renal response of WT, HKα1
-/- and 

HKα1,2
-/- mice to dietary K+ depletion. Finally, we examined ENaC subunit expression, 

the effect of dietary Na+ depletion, and food restriction in the WT and knockout mice. 

We observed that DOCP stimulated renal medullary HKα2 expression in a K+ dependent 

manner. In contrast to WT and HKα1
-/- mice, DOCP did not cause metabolic alkalosis 
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and urinary Na+ retention in HKα1,2
-/- mice. However, the double knockouts exhibited no 

significant defects in urinary K+ or Na+ retention during dietary K+ depletion. Finally, we 

observed that renal medullar αENaC subunit protein expression was less in HKα1,2
-/- 

mice. The double knockouts also had a higher hematocrit during dietary Na+ depletion 

and displayed greater aldosterone excretion with food restriction, suggesting fluid 

volume loss and salt wasting. Overall, we conclude that renal H+,K+-ATPases, most 

likely HKα2-containing, are required for mineralocorticoid-induced alkalosis and renal 

Na+ retention. The mechanism more than likely involves dysregulation of ENaC in the 

collecting duct. Our results are important for understanding mechanisms of renal salt 

transport and suggest that renal HKα2-containing H+,K+-ATPases may have an 

important role in blood pressure regulation.   
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CHAPTER 1 
INTRODUCTION 

Renal Physiology 

Organs of the urinary (or excretory) system include the kidneys, ureters, and 

urinary bladder.1 These organs produce and eliminate urine in order to excrete excess 

metabolic products, toxins, electrolytes, fluid and more from the body. In contrast to the 

ureters and bladder which are responsible for urine elimination, the kidneys are 

responsible for urine production, filtration of blood, regulation of electrolyte, acid-base 

and fluid balance, and adjustment of blood pressure. The kidneys also generate and are 

influenced by hormones that control many of these functions.    

Basic Structure of the Kidney 

The kidneys are bilateral, bean shaped organs located in the retroperitoneal 

space.1 A capsule covers and visceral fat surrounds each kidney. The hilus, a slit in the 

capsule, serves as the entry and exit site for the renal artery, vein, nerves and the 

ureter. The functional unit of the kidney is termed the nephron, which consists of the 

renal corpuscle followed by several tubular structures in this order: the proximal 

convoluted tubule, proximal straight tubule, thin descending and thin ascending limbs of 

Henle’s loop, thick ascending limb of Henle’s loop, and the distal convoluted tubule. All 

nephrons converge into the collecting duct system, which consists of the connecting 

segment, initial collecting tubule, followed by the cortical, outer medullary and inner 

medullary collecting ducts. The renal corpuscle is the filtering unit whereas the nephron 

and collecting duct systems facilitate ion and fluid reabsorption and secretion to produce 

urine.  
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Kidneys have three distinct divisions called the cortex (the outer portion), outer 

medulla (the middle portion) and inner medulla (the inner portion) classified by the 

presence or absence of particular tubular structures. 1  The cortex contains the renal 

corpuscles and most of the tubular segments except for the thin descending and 

ascending limbs of Henle’s loop and the outer and inner medullary collecting ducts. The 

cortex also contains several structures that compose the juxtaglomerular apparatus 

including the extraglomerular mesangial cells, macula densa cells adjacent to the thick 

ascending limb, granular cells in the afferent arteriole, and both the afferent and efferent 

arterioles. All of these structures participate in renal autoregulation and a 

tubuloglomerular feedback system to stabilize renal blood flow and glomerular filtration. 

The outer medulla contains proximal straight tubules, thin descending limbs, medullary 

thick ascending limbs, and outer medullary collecting ducts. The outer medulla is further 

divided into the outer and inner stripe based on the confinement of proximal straight 

tubules only in the outer stripe. The inner medulla contains only thin descending and 

ascending limbs and inner medullary collecting ducts.    

Filtration 

Arterial blood reaches the renal corpuscle through a series of arteries that begin 

with the renal artery followed by the segmental, interlobar, arcuate, and interlobular 

arteries.1 The interlobular arteries, also called the cortical radial arteries, split into 

individual afferent arterioles which provide systemic blood to individual renal corpuscles. 

The renal corpuscles consist of the glomerulus, Bowman’s capsule, and Bowman’s 

space which function together to filter incoming blood.2 The differences in glomerular 

capillary and interstitial hydrostatic and oncotic pressures determine the net force of 

glomerular filtration. The glomerular capillary hydrostatic pressure and oncotic pressure 
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in Bowman’s space promote filtration whereas the glomerular capillary oncotic pressure 

and hydrostatic pressure in Bowman’s space resist filtration. Filtrate passes through the 

glomerular filtration barrier which includes the glycocalyx-covered endothelial cells, 

epithelial podocytes, and the glomerular basement membrane. This filtration barrier 

prevents filtration of most plasma proteins and other large macromolecules. This 

restriction of plasma protein filtration increases glomerular capillary oncotic pressure 

and reduces filtration by the end of the glomerular capillaries. The filtered blood next 

enters the efferent arteriole where the arteriolar resistance decreases intravascular 

hydrostatic pressure. This generation of low intravascular hydrostatic pressure creates 

favorable conditions for fluid and solute reabsorption by the peritubular capillaries and 

vasa recta that provide nutrients to surrounding tubules. The interlobular, arcuate, 

interlobar, and segmental veins return the filtered blood to the renal vein for 

recirculation.  

The glomerular filtration rate (GFR) is regulated by afferent and efferent arteriolar 

resistances and  is ~125 mL/min in normal adult humans 2 and 360 to 1,700 µL/min/g 

kidney weight in the mouse. 3   Constriction of the afferent arteriole decreases GFR 

whereas efferent arteriolar constriction increases GFR. 2 GFR autoregulation, which 

occurs in the afferent arteriole, sustains renal blood flow and GFR over a very small 

range. Constriction or relaxation of the afferent arteriole occurs in response to altered 

systemic blood pressure or renal perfusion pressure and change glomerular capillary 

hydrostatic pressure to affect glomerular filtration. Inherent myogenic, Ca2+ dependent 

responses of the arteriolar smooth muscle cells and a tubuloglomerular feedback 

system are responsible for vasoconstriction or vasodilation of the afferent arteriole. In 
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the feedback system, macula densa cells detect changes in salt and fluid composition in 

the thick ascending limb tubular fluid. In response, the cells secrete paracrine molecules 

that stimulate afferent arteriole contraction or relaxation.  

Several other factors adjust renal blood flow and GFR including sympathetic nerve 

activity, the renin-angiotensin-aldosterone system (RAAS), arginine vasopressin (AVP), 

and atrial natriuetic peptide (ANP).2  Renal sympathetic nerve activity increases in 

response to stressful situations including decreased plasma volume. The stimulated 

renal sympathetic nerves release norepinephrine which increases afferent and efferent 

arteriole resistances decreasing GFR.  RAAS, ANP, and AVP action will be discussed 

latter in this chapter.             

Ion and Water (H2O) Transport 

The renal tubules are primarily responsible for reabsorption of the filtered load 

including ions and H2O.1 However, the tubules also participate in ion secretion. The 

tubular fluid remaining at the end of the collecting duct is essentially the final urine 

composition because the ureters and bladder modify the filtrate very little. This section 

discusses the known mechanisms for sodium (Na+), H2O, potassium (K+), and acid-

base transport within the nephron and collecting duct.    

Na+ and H2O 

Na+ is the most abundant cation in extracellular fluid with a concentration ranging 

from 142-145 mM in humans.4  The total body content of Na+ determines extracellular 

fluid volume. Changes in extracellular fluid volume will affect circulating blood volume 

and, in turn, blood pressure.  

The kidney is the major organ that regulates total body Na+ content.5 The proximal 

tubule isosmotically reabsorbs ~ 67% of filtered Na+ through paracellular transport and 
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both passive and active intracellular transport. The Na+ and hydrogen (H+) exchanger 

named NHE3 and other Na+-coupled cotransporters are responsible for passive 

intracellular Na+ uptake at the apical plasma membrane. The Na+,K+-adenosine 

triphosphatase (ATPase) and electrogenic Na+ and bicarbonate (HCO3
-) cotransporter 

(NBCe1) on the basolateral plasma membrane facilitate Na+ exit into the interstitium. 

Na+ transport in the thin limbs is primarily passive and presumed to be through 

paracellular mechanisms. In the thick ascending limb, an Na+,K+,2Cl- cotransporter 

named NKCC2 and NHE3 on the apical plasma membrane mediate passive luminal 

Na+ uptake with extrusion into the interstitium through a basolateral Na+,K+-ATPase. 

Paracellular transport of Na+ also occurs within this segment. Overall, the loop of Henle 

reabsorbs approximately 25% of the filtered Na+ load. Within the distal convoluted 

tubule, the apical Na+ and Cl- cotransporter (NCC) and basolateral Na+,K+-ATPase 

facilitate Na+ reabsorption. The connecting segment, initial collecting tubule, and cortical 

collecting ducts possess an apical epithelial Na+ channel (ENaC) that facilitates 

electrogenic Na+ reabsorption with a basolateral Na+,K+-ATPase. The distal convoluted 

tubule, connecting segment, initial collecting tubule, and cortical collecting ducts absorb 

~ 5% of the filtered Na+ load. The final segments involved in Na+ transport are the 

medullary collecting ducts where it appears ENaC and Na+,K+-ATPase reabsorb the 

remaining Na+ (~3%) left in the filtered load. The amount of Na+ left in the urine filtrate 

largely depends on the dietary Na+ load.  

In contrast to Na+ transport, cellular H2O transport always occurs passively 

through channels called aquaporins.4, 5  Dissociation of Na+ and H2O reabsorption in the 

thick ascending limb is used to create an osmotic gradient in the kidney.5  The 
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osmolality of interstitial fluid increases from the cortex to the medulla and this is 

necessary for concentration of the urine filtrate. Urine concentration and dilution are 

regulated by the hormonal actions of vasopressin in the collecting duct.   

The proximal tubule has a large capacity for isosmotic Na+ and H2O reabsorption. 

Aquaporin 1 (AQP1), constitutively present on both the apical and basolateral plasma 

membrane of proximal tubule cells, is responsible for H2O transport in this segment. The 

thick ascending limb and distal convoluted tubule are relatively impermeable to H2O 

leading to H2O-free Na+ reabsorption in these segments. The accumulated interstitial 

Na+ is greatest in the medulla and progressively decreases by the end of the distal 

convoluted tubule. The H2O-free Na+ reabsorption generates an osmotic gradient that is 

highest in the inner medulla and causes the distal tubular luminal fluid to be hyposmotic. 

The connecting segment, initial collecting tubule, and collecting duct receive the 

hyposmotic filtrate and, in the presence of AVP, these segments reabsorb the majority 

of the remaining H2O in the filtrate. AVP increases H2O reabsorption through the apical 

plasma membrane AQP2 channel.  AVP release from the posterior pituitary inversely 

correlates with H2O intake such that H2O restriction increases and H2O loading 

decreases circulating AVP levels. These conditions produce a maximally concentrated 

urine or diluted urine, respectively.  

K+ 

Unlike Na+, K+ is the most abundant intracellular cation with a concentration of 

~120 mM.4  In contrast, extracellular fluid has a [K+] of 3.5 to 5.0 mM.  The 

Na+,K+-ATPase generates this plasma membrane [K+] gradient and thereby maintains 

cellular membrane potential. The membrane potential is especially important for the 

development of an action potential in excitable cells such as those found in the heart, 
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muscle, and brain. The body regulates K+ homeostasis through modulation of excretion 

and extracellular to intracellular redistribution.7, 8  

The kidneys are the organs with the major responsibility to maintain K+ balance.7, 8  

The proximal tubule reabsorbs ~ 80% of filtered K+ through solvent drag and 

electrodiffusion. In the thin descending limb, K+ secretion occurs passively and 

paracellularly because of a high medullary [K+] gradient. High medullary [K+] is 

maintained by paracellular K+ reabsorption in the thin and thick ascending limbs. 

Paracellular K+ reabsorption in thin ascending limb is driven by the high tubular [K+] and 

decreasing interstitial [K+] gradient upon approach to the cortex. In the thick ascending 

limb, about half of K+ reabsorption occurs through passive diffusion driven by a lumen 

positive voltage. The thick ascending limb also reabsorbs K+ through NKCC2 on the 

apical plasma membrane and K+ channels on the basolateral membrane. A K+ channel 

called ROMK (renal outer medullary K+) is also present in the apical membrane to 

provide for K+ recycling within the thick ascending limb. Overall, the loop of Henle 

reabsorbs ~10% of the filtered K+.  

Cells of the connecting segment, initial collecting tubule and cortical and outer 

medullary collecting ducts secrete K+ into the tubule lumen primarily through two apical 

K+ channels, ROMK and BK (big-conductance K+),6 and possibly through a K+ and Cl- 

cotransporter (KCC).7, 8 Electrogenic Na+ reabsorption through ENaC and the 

Na+,K+-ATPase generates a net negative luminal charge that drives K+ secretion 

through ROMK and possibly other apical K+ channels.7  In contrast, BK channels 

primarily respond to luminal flow rate.9, 10  K+ reabsorption occurs within intercalated 

cells (ICs) of the collecting duct system through coupling of apical H+,K+-ATPases and 
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basolateral K+ channels.11 H+,K+-ATPases also mediate K+ recycling in cooperation with 

apical K+ channels.12 The renal H+,K+-ATPases will be described in more detail in a later 

section. 

Dietary K+ intake regulates urinary K+ excretion through modulation of K+ transport 

in the collecting tubules.6, 13  A high K+ diet favors K+ secretion so that the kidney 

excretes 10 to 150% of the filtered K+ load. A low K+ diet favors K+ reabsorption so that 

the kidney excretes only 2 to 3% of the filtered load.       

Acids and bases 

The kidneys are important regulators of acid-base balance and ensure that the 

body maintains blood pH around 7.4.14  In humans, a typical diet and normal 

metabolism create an acid load of ~70mmols acid or protons (H+) per day. The kidney 

responds to this acid load by increased urinary acid excretion and renal reabsorption of 

all the filtered bicarbonate (HCO3
-). 

The proximal tubule reabsorbs ~ 80% of filtered HCO3
-.14 In early parts of this 

segment, both the apical NHE3 and proton translocating (H+)-ATPase secrete H+ that 

titrate luminal HCO3
-. Extracellular carbonic anhydrase 4 (CAIV) catalyzes the 

conversion of H+ and HCO3
- to H2O and carbon dioxide (CO2). CO2 then diffuses across 

the cell membrane and intracellular carbonic anhydrase 2 (CAII), present in all tubule 

cells, converts it back to H+ and HCO3
-. The apical NHE3 recycles the H+ for further 

HCO3
- reclamation and a basolateral NBCe1 transports the intracellular HCO3

- into the 

interstitium.  In the late proximal tubule, NHE3 and H+-ATPase secrete net H+.  

The proximal tubule also produces new HCO3
-.14, 15 Glutaminase in the proximal 

tubule converts glutamine to ammonium (NH4
+) and α-ketoglutarate. Gluconeogenesis 

indirectly generates HCO3
- from α-ketogluturate in a 1:1 ratio with the NH4

+. Apical 
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NHE3 and H+-ATPases secrete the newly formed NH4
+ into the tubule lumen and 

basolateral NBCe1 transports the newly formed HCO3
- into the interstitium. In the thick 

ascending limb, apical NHE3 and H+-ATPases participate in net H+ secretion and the 

basolateral Cl- and HCO3
- exchanger, anion exchanger 2 (AE2), reabsorbs the 

remaining intracellular HCO3
-.  

The collecting duct is necessary for maximal urinary acidification.16 Net H+, HCO3
- 

and ammonia (NH3) secretion are important in urinary acidification by the collecting 

duct. These transport processes depend upon the plasma membrane localization of H+, 

HCO3
- and NH3

 secreting transporters. Apical H+-ATPases or H+,K+-ATPases and 

basolateral Cl-, HCO3
- exchangers mediate net H+ secretion in some cells whereas 

apical Cl-, HCO3
-  exchangers and basolateral H+-ATPase mediate net HCO3

- secretion 

in other cells of the collecting duct. The mechanism of acid-base transport in the 

collecting duct will be described in more detail in a later section.       

Hormonal Regulation  

Glomerular filtration and renal ion and H2O transport are highly regulated 

processes. Hormones are central to regulation of these processes and act in an 

endocrine, paracrine, and autocrine fashion to modulate renal filtration and transport. 

Several of these hormones and their actions in the kidney are described below.   

RAAS 

The RAAS system functions to modulate renal blood flow, glomerular filtration, and 

renal Na+ transport.2, 5 Low intravascular volume activates central and renal 

baroreceptors which increase renal sympathetic nerve activity leading to renin secretion 

by granular cells of the afferent arteriole.17  Less sodium chloride (NaCl) delivery to the 

macula densa cells also increases granular cell renin release. The released renin 
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enzymatically converts circulating angiotensinogen into angiotensin I. Angiotensin 

converting enzyme then cleaves plasma angiotensin I into the biologically active 

peptide, angiotensin II (Ang II). Ang II stimulates adrenal aldosterone and pituitary AVP 

release, vasoconstriction, and increased proximal tubule NHE3-mediated Na+ 

reabsorption. The adrenal glomerulosa cells produce the mineralocorticoid, aldosterone, 

in response to Ang II or low circulating [K+].18, 19 Aldosterone acts on the distal 

convoluted tubule and collecting duct to facilitate Na+ reabsorption through NCC20 and 

ENaC.21  It has also been shown to activate NHE3-mediated Na+ reabsorption. 22-24 

Combined, RAAS modulates filtration and corrects circulating volume to maintain blood 

pressure and tissue perfusion.    

In addition to increasing blood pressure, aldosterone excess results in 

hypokalemic metabolic alkalosis.25-27  Aldosterone and other mineralocorticoids have 

pronounced effects on K+ homeostasis. Mineralocorticoids activate K+ secretion in the 

cortical collecting duct 28, 29 and proximal colon. 30 The hormones also modulate 

transcellular K+ redistribution.31  Mineralocorticoid-induced K+ secretion is only observed 

with chronic mineralocorticoid exposure not acute.32  Mineralocorticoids also have not 

consistently been shown to increase urinary K+ excretion. 28, 33 

The effect of mineralocorticoids to promote K+ secretion is thought to be 

secondary to electrogenic Na+ reabsorption. Consistent with this concept, urinary K+ 

excretion in animals on a normal diet is primarily amiloride sensitive (ENaC inhibitor) 

and Na+-dependent.34  However, with high K+ intake and thus greater plasma 

aldosterone levels, the proportion of amiloride insensitive and Na+-independent K+ 
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excretion increases. The evidence suggests that dietary K+ intake has a greater impact 

on renal K+ transport than aldosterone alone.  

The effect of aldosterone to cause metabolic alkalosis is thought to result from 

enhanced urinary acid excretion. Aldosterone stimulates ammoniagenesis in the 

proximal tubule.35  The hormone also increases acidification by the distal nephron and 

collecting duct.36, 37 Several studies have shown aldosterone-mediated stimulation of 

NHE3- and H+-ATPase-mediated H+ secretion in these segments.38-41   

AVP 

The posterior pituitary releases AVP, also known as antidiuretic hormone, in 

response to increased plasma osmolality or low intravascular volume.17, 42, 43 In the 

collecting duct, AVP stimulates H2O reabsorption through AQP2  44and can also 

increase ENaC-mediated Na+ reabsorption.45 Thus, AVP corrects high plasma 

osmolality and low extracellular fluid volume.17 These actions also maintain or correct 

blood pressure.   

ANP 

Atrial myocytes synthesize and release ANP in response to increased stretch or 

filling pressure within the atrium.17  Thus, greater circulating fluid volume and blood 

pressure will stimulate ANP release. ANP acts in the kidney to promote Na+ excretion 

by increasing GFR and renal blood flow, decreasing renin and AVP, and inhibiting 

ENaC-mediated Na+ reabsorption in the collecting duct. These actions stimulate 

natriuresis and diuresis to eliminate the extra circulating volume.  

Endothelin 

Endothelin 1 (ET-1) is a peptide hormone produced primarily in the renal 

medulla.46 ET-1 action is unique because the hormone promotes systemic 
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vasoconstriction 47 and natriuresis.46 These two actions occur because of the differential 

localization and function of two endothelin receptors, A (ETAR) and B (ETBR). ETARs 

are expressed in vascular smooth muscle cells and, upon binding ET-1, cause 

vasoconstriction.48 ET-1 through ETBRs reduces medullary Na+ reabsorption, causing 

natriuresis.49, 50  

Several studies now show that ET-1 enhances acidification by the proximal tubule 

and collecting duct.51, 52 ET-1 appears to be important in urinary acidification during acid 

challenges such as high protein intake. Dietary acid loading increases ET-1 mRNA and 

protein expression in the kidney.53, 54  The dietary acid-induced ET-1 activates proximal 

tubule NHE3 54, 55 and collecting duct H+-ATPase-mediated H+ secretion. 56 

The Renal Collecting Duct 

Fine regulation of the final urine content occurs in the collecting duct.1  The 

collecting duct is a highly heterogeneous structure with many different cell types that 

perform distinct functions. Hormones such as those described above regulate transport 

within the collecting duct.  Many renal diseases result from dysregulation of collecting 

duct transport.  

Structure and Function 

Cells within the collecting duct system are quite heterogeneous. In the cortical and 

outer medullary collecting duct and initial portion of the inner medullary collecting duct, 

the majority cell type is called the principal cell (PC) and the minority cell type, an 

intercalated cell (IC). The cells in the terminal portion of the inner medullary collecting 

duct (IMCD) are called inner medullary collecting duct cells. The PCs, ICs, and IMCD 

cells possess distinct ultrastructural and functional characteristics. The collecting duct 

ultrastructure has been most extensively examined in the rat and rabbit.  
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PCs of the cortical, outer medullary, initial portion of the inner medullary collecting 

ducts are structurally quite similar and possess a mostly flat apical plasma membrane 

and many infoldings on the basolateral plasma membrane but there are slight structural 

differences between the PCs of these segments.57 IMCD cells are very different than 

PCs in that the apical projections increase in number, the cell height increases, and the 

basolateral plasma membrane infoldings decrease. PCs and IMCD cells are also 

distinguished by the expression and location of ENaC and AQP2 in the apical plasma 

membrane. Functionally, the PCs and IMCD cells primarily participate in Na+ and H2O 

reabsorption. PCs in the cortical and outer medullar collecting duct also participate in K+ 

secretion. Figure 1-1 depicts the known transporters present in cortical collecting duct 

PCs.  

ICs in the cortical, outer medullary, and inner medullary collecting ducts have 

greater mitochondrial density than PCs and possess numerous tubulovesicles, 

microplicae, and microvilli at the apical plasma membrane.57 There are three types of 

ICs that have been described in the mouse cortical collecting duct using 

immunohistochemistry and electron microscopy: the A-type, B-type, and non A-, non 

B-type.16 The A-type and non  A-, non B- type ICs possess many apical plasma 

membrane microprojections and apically localized cytoplasmic tubulovesicles. 57 The 

A-type ICs also display subapical and apical plasma membrane H+-ATPase 

localization.16  In contrast to the A-type ICs, the non A-, non B- cells do not express 

basolateral AE1, but have an subapical and apical plasma membrane localization of the 

Cl- and HCO3
- exchanger named pendrin.  A-type ICs are present in the cortical, outer 

and initial portion of the inner medullary collecting duct. The non A-, non B- type ICs do 



 

33 

not extend farther than the cortical collecting duct.  In contrast, B-type ICs have a flatter 

apical membrane with fewer apical plasma membrane microprojections. 57 H+-ATPase 

localizes to the subbasolateral vesicles and basolateral plasma membrane and pendrin 

to the subapical vesicles and apical plasma membrane.16 B-type ICs only appear in the 

cortical collecting duct and exhibit decreased abundance at distal portions of the cortical 

collecting duct with eventual disappearance by the outer medullary collecting duct. The 

A-type IC is believed to participate in H+ secretion, the B-type HCO3
- secretion, and the 

non A-, non B-type may participate in both local H+ and HCO3
- secretion, based on 

acid-base transporter localization. Figures 1-2, 1-3, and 1-4 depict transporters present 

in A-, B-, and non A-, non B- type ICs, respectively.       

Mechanisms and Regulation of Ion and H2O Transport 

Dietary and hormonal influence of ion and H2O transport in the collecting duct is 

quite important for maintenance of Na+, H2O, K+, and acid-base homeostasis. 

Dysfunction and dysregulation of these transporters have many pathophysiological 

consequences, especially regarding blood pressure.      

Na+ 

PCs are the primary cell types thought to be involved in Na+ transport in the 

collecting duct.5  ENaC is present in the apical plasma membrane of these cells and in a 

concerted action with the basolateral Na+,K+-ATPase electrogenically reabsorbs Na+ 

from the luminal filtrate. ENaC is heteromultimeric and composed of an α, β, and γ 

subunit.21, 58 While the αENaC subunit is constitutively present at the apical plasma 

membrane, βENaC and γENaC traffic to the apical plasma membrane in response to 

certain stimuli, including the mineralocorticoid, aldosterone. The latter two subunits 
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primarily regulate assembly and plasma membrane trafficking of functional ENaC 

channels.  

Under normal conditions, ENaC-mediated Na+ reabsorption in the collecting duct 

is low and sometimes undetectable. 59 Aldosterone greatly stimulates PC mRNA and 

protein expression of αENaC, Na+,K+-ATPase α1 subunit (NaKα1), and serum and 

glucocorticoid regulated kinase 1(SGK-1).60-63 To increase transcription of these genes, 

aldosterone binds the mineralocorticoid receptor (MR), causing the complex to 

translocate to the nucleus.21, 26 In the nucleus, the aldosterone-MR complex binds to 

hormone response elements (HREs) in a target gene’s promoter altering transcription.64  

Aldosterone also causes decreased retrieval of ENaC channels from the apical plasma 

membrane through SGK-1 mediated shutdown of retrieval/degradation mechanisms.21, 

58 Aldosterone rapidly stimulates activity of ENaC channels already in the apical plasma 

membrane through a phosphoinositide dependent mechanism.65 A low Na+ diet, which 

produces secondary hyperaldosteronism, also increases ENaC subunit expression and 

apical plasma membrane abundance and stimulates Na+ reabsorption through ENaC.59  

The importance of ENaC to urinary Na+ retention is highlighted by two different 

genetic diseases, pseudohypoaldosteronism type 1 and Liddle’s syndrome.58 In 

pseudohypoaldosteronism type 1, patients exhibit symptoms of low plasma aldosterone 

which include low blood pressure and urinary salt wasting. In reality, the patients display 

hyperaldosteronism. The salt wasting phenotype results from genetic mutations in MR 

or ENaC subunits, which decrease channel activity and Na+ reabsorption.  The 

converse is true in Liddle’s syndrome in which mutations in β- or γENaC constitutively 
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activate ENaC- mediated Na+ reabsorption. The excessive Na+ retention leads to 

hypertension.   

Interestingly, collecting duct specific knockout (Hoxb7 promoter) of the αENaC in 

mice does not appear to significantly impair urinary Na+ retention under normal or Na+ 

restricted conditions.66 This is in contrast to data showing that whole body disruption of 

βENaC in mice causes salt wasting during Na+ restricted conditions.67  The differences 

between collecting duct specific knockout of the αENaC and total body βENaC knockout 

may be a consequence of the presence of ENaC channels in the connecting segment, 

in addition to the collecting duct. Indeed, a recent study showed that connecting 

segment and collecting duct specific (AQP2 promoter) knockout of αENaC in mice 

caused increased urinary Na+ excretion, polyuria, and greater plasma aldosterone 

levels than control mice under normal or Na+ restricted conditions.68  Taken together, 

the studies suggest particular importance of ENaC channels in the connecting segment 

for maintenance of Na+ balance.   

Under normal conditions, a large majority of Na+ transport in the collecting duct is 

insensitive to amiloride. 69  However, it is sensitive to thiazide diuretics (NCC inhibitor) 

and this thiazide sensitivity is present despite the lack of evidence for NCC in collecting 

duct cells. In fact, the electroneutral Na+ dependent Cl-, HCO3
- exchanger (NDCBE) 

expressed in the collecting duct was recently found to be thiazide sensitive and to 

mediate electroneutral Na+ reabsorption in ICs. This transporter also displayed 

increased activity during dietary Na+ restriction. These data indicate that ENaC is not 

the only Na+ reabsorptive mechanism present in the collecting duct.    



 

36 

H2O 

PCs express an AVP regulated apical AQP2 channel that facilitates luminal H2O 

reabsorption.44 AVP release increases in response to decreased H2O intake, increased 

plasma osmolality, and decreased effective circulating volume.  In the collecting duct, 

AVP stimulates translocation and insertion of intracellular AQP2-containing 

tubulovesicles into the apical plasma membrane of PCs, increasing H2O reabsorption. 

This effect occurs through binding of AVP to basolateral AVP V2 receptors (V2R) in 

PCs, which subsequently increase cyclic adenosine monophosphate (cAMP) levels.70  

The cAMP-activated protein kinase A (PKA) phosphorylates AQP2 causing membrane 

translocation and insertion of the H2O channels.  

The V1aR AVP receptor is also expressed in the collecting duct.71 V1aR localizes 

to both PCs and ICs of the cortical collecting duct and exclusively in A-type ICs in 

medullary collecting ducts.72 However, the exact role of V1aR in H2O transport is not 

entirely clear. V1aR appears to antagonize V2R action in collecting duct cells.73 The 

physiological effect of V1aR- mediated antagonism of V2R to alter H2O homeostasis 

has not yet been investigated.  

Dysregulation of AQP2 results in altered urinary H2O excretion and disturbs H2O 

homeostasis.44 An example of AQP2 malfunction is congenital nephrogenic diabetes 

insipidus, where mutations in AQP2 or V2R disrupt trafficking of AQP2 channels to the 

apical plasma membrane. Thus, patients with this disease display decreased urinary 

concentrating ability, polyuria, and polydipsia.  Conditions of hypokalemia have also 

been shown to decrease AQP2 expression leading to acquired nephrogenic diabetes 

insipidus. 74 
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AQP3 and AQP4 are present in the basolateral plasma membrane of PCs, where 

they facilitate H2O exit into the interstitium.44 AVP regulates AQP3 trafficking to the 

basolateral plasma membrane and knockout of AQP3 in mice produces nephrogenic 

diabetes insipidus.75 In contrast, AVP has not been shown to regulate AQP4 and 

knockout of AQP4 in mice produces a much less severe H2O handling phenotype.76        

K+ 

The collecting duct participates in both K+ secretion and K+ reabsorption.6, 13, 77 K+ 

secretion occurs in both PCs and ICs through two distinct K+ channels, ROMK and BK, 

respectively.78-82 ROMK is present and active in the apical plasma membrane of PCs 

under normal conditions.81 BK localizes to the apical plasma membrane of ICs.82 

Although quiescent under normal conditions, increased luminal flow rate and high 

dietary K+ intake stimulate K+ secretion through BK.83, 84 As mentioned previously, there 

is a large component of K+ secretion in the collecting duct that is Cl- dependent and 

potentially mediated by KCCs.8, 85  The identity of the KCC has not been determined.  

The only identified transporter for K+ reabsorption in the collecting duct is the 

H+,K+-ATPase.86, 87 H+,K+-ATPases are expressed and active in A- and B- type ICs.88, 89 

These transporters are composed of an α and β subunit and two different α subunits are 

expressed in the kidney.87 The H+,K+-ATPase α 2 (HKα2) subunit also localizes to the 

apical plasma membrane of PCs in the cortical and outer medullary collecting duct of 

rabbit.90  The role of H+,K+-ATPases in K+ reabsorption by the collecting duct will be 

discussed later in this chapter. 

Dietary K+ intake and hormones influence K+ transport in the collecting duct.77  

High dietary K+ intake stimulates expression and activity of ROMK and BK whereas a 

low K+ diet shuts down K+ secretion through these channels. The with-no-lysine kinase  
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(WNK) system has also been shown to control ROMK activity in the collecting duct.91 

High dietary K+ increases expression of a cleavage product of WNK1, called kidney 

specific WNK1, which inhibits long WNK1 and prevents WNK1-mediated inactivation of 

ROMK channels.92  High dietary K+ intake also increases circulating aldosterone 

levels.77 Some studies suggest that aldosterone is required for collecting duct K+ 

secretion 28, 93 whereas many others do not.29, 32, 78, 94, 95 Overall, the data indicate a 

complicated interplay between dietary K+ load and aldosterone to modify K+ transport in 

the collecting duct.  

A low K+ diet decreases K+ secretion by ROMK and BK in the collecting duct.77 

One potential mechanism involves repression of kidney specific WNK1 expression 

relieving inhibition of long WNK1.92  Long WNK1 can then inactivate ROMK and shut 

down K+ secretion. Furthermore, low dietary K+ stimulates mitogen-activated protein 

kinase (MAPK) pathways, at least partially through AngII, which inhibit ROMK and BK 

channel activity.96, 97        

In contrast to the regulation of apical K+ channels, a high dietary K+ intake 

decreases and a low dietary K+ intake increases K+ reabsorptive activity and expression 

of H+,K+-ATPases of the collecting duct.86, 87 This is described in more detail in a later 

section.   

Acid-base 

Acid-base transport primarily occurs within ICs of the collecting duct and involves 

complicated interplays between H+, HCO3
- and NH3 secretion.36 Acid-base transporters 

localize to specific membranes of each differentiated IC subtype (A-, B-, and non A-,non 

B- type; Figure 1-2, 1-3, and 1-4, respectively).16 The plasma membrane distribution of 

these transporters is such that the connecting segment and cortical collecting tubule 
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can secrete net H+ or HCO3
- as needed whereas the medullary collecting duct secretes 

net H+ into the tubular fluid. The expression and activity of these transporters depends 

upon dietary acid-base intake, systemic acid-base balance and hormonal status of the 

animal.  

H+ secretion and reabsorption. In A-type and non A-, non B- type ICs, an apical 

vacuolar(V)-type H+-ATPase mediates electrogenic H+ secretion into the tubule lumen.16 

In B-type ICs, H+-ATPases localize to the basolateral plasma membrane where they 

reabsorb H+ into the interstitium. In the A- and B-type ICs, the H+-ATPases coordinate 

net H+ secretion or reabsorption with a Cl-,HCO3
- exchanger on the opposite membrane. 

These Cl-,HCO3
- exchangers are discussed below. A- and B- type ICs also express 

apical H+,K+-ATPases that mediate H+ secretion throughout the collecting duct.86, 87 

Involvement of H+,K+-ATPases in normal and stimulated H+ secretion by the collecting 

duct will be discussed later.    

V-type H+-ATPases are multisubunit complexes that have many different isoforms 

for each subunit.36  The B1 and a4 subunits specifically localize to ICs. 98, 99 States of 

metabolic acidosis activate the apical H+-ATPase and increase apical plasma 

membrane insertion of H+-ATPase-containing vesicular pools in A-type ICs to achieve 

greater net H+ secretion.100-105 Conditions of metabolic alkalosis activate the basolateral 

H+-ATPase and increase basolateral plasma membrane insertion of intracellular 

H+-ATPase-containing vesicular pools in B-type ICs to mediate greater net H+ 

reabsorption.101, 106-108 Humans with null mutations in the B1 H
+-ATPase subunit display 

distal renal tubular acidosis with an inability to acidify their urine despite the presence of 

metabolic acidosis.99 In mice, knockout of the B1 H
+-ATPase subunit produces alkaline 
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urine but no systemic acid-base disturbances unless the mice are challenged by a 

dietary acid load. 109 

The RAAS system is quite important for the regulation of H+-ATPase-mediated H+ 

secretion. Both Ang II and aldosterone increase H+-ATPase mediated H+ secretion in 

A-type ICs.38, 110, 111 Aldosterone has been shown to stimulate H+-ATPase activity 

rapidly (<15 min) through a non-genomic mechanism in isolated outer medullary 

collecting ducts. 38 The hormone also appears to activate H+-ATPases within 24 hr via 

an MR-dependent mechanism using an in vitro renal cell line.39 Patients with 

pseudohypoaldosteronism quite often present with symptoms of distal renal tubular 

acidosis, assumed to result from decreased apical H+-ATPase-mediated H+ secretion in 

A-type ICs.58, 112  

HCO3
- secretion and reabsorption.  Cl-,HCO3

- exchangers present on the 

opposite side of the plasma membrane from the H+-ATPase complement the net H+ 

secretory or reabsorptive actions of the H+-ATPase in A- and B-type ICs. In A-type ICs, 

basolateral AE1 mediates HCO3
- reabsorption and, similar to the apical H+-ATPase, 

dietary acid loading stimulates AE1 activity, expression, and basolateral plasma 

membrane trafficking. 103, 106, 107Thus, AE1 knockout mice and humans with AE1 

mutations exhibit a distal renal tubular acidosis.113, 114 Conversely, in B-type ICs, the 

apical Cl-,HCO3
-  exchanger, pendrin, mediates net HCO3

- secretion.16, 115  Metabolic 

alkalosis, dietary base loading, dietary Na+ and Cl- restriction, and mineralocorticoids 

increase expression and apical localization of pendrin.116-120 

 Mineralocorticoids stimulate net H+ secretion by the collecting duct. However, the 

long-acting mineralocorticoid, desoxycorticosterone pivalate (DOCP), accompanied with 
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a greater NaCl intake, has been shown to increase pendrin-mediated HCO3
- secretion 

and density at the apical plasma membrane of B-type ICs.118 Pendrin activity appears to 

be required for maximal ENaC- mediated Na+ reabsorption, potentially through a luminal 

HCO3
- dependent mechanism.121, 122 In contrast to WT mice, pendrin null mice did not 

exhibit increased blood pressure with DOCP treatment.118, 122 Several lines of evidence 

indicate that acid-base transporters, like pendrin and NDCBE, are not only involved in 

regulation of acid-base balance but also are required for Na+ reabsorption and blood 

pressure regulation.       

NH3 secretion. The collecting duct has a large capacity for NH4
+ secretion, 

mediated by simultaneous secretion of ammonia (NH3) and H+.15  Rhesus associated 

glycoproteins, Rhbg and Rhcg, are transporters that facilitate NH3 secretion and both 

localize to the collecting duct. Rhbg is present in the basolateral plasma membrane of 

cells in the distal tubule and collecting duct, whereas Rhcg localizes to both the apical 

and basolateral plasma membrane of these segments.123, 124 In the collecting duct, 

Rhbg and Rhcg staining is greatest in A- and non A-, non B- type ICs but also present in 

PCs. In non A-, non B-type ICs, Rhcg only localizes to the apical plasma membrane. 

B-type ICs do not appear to express Rhbg or Rhcg. In the inner medullary collecting 

duct, Rhbg and Rhcg are only localized to ICs present in the initial portion of this 

collecting duct segment.  

Metabolic acidosis appears to stimulate both Rhbg and Rhcg expression and 

membrane localization.125-127 Recently, investigators showed that HCl-induced 

metabolic acidosis stimulated Rhbg expression in the kidney.125 IC specific Rhbg 

knockout mice also displayed reduced urinary NH3 excretion with acid loading. Similarly, 
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the same group showed that Rhcg protein expression and apical localization increase 

with metabolic acidosis and that IC specific Rhcg knockout mice exhibit less urinary NH3 

excretion than control mice with HCl loading.126, 128 These data demonstrate that both 

Rhbg and Rhcg are essential for acidosis-induced NH3 excretion. 

The Renal H+,K+-ATPases 

As described above, transporters within the renal collecting duct are quite 

important for the regulation of Na+, H2O, K+, and acid-base balance. Several lines of 

evidence indicate that H+,K+-ATPases in the collecting duct are important in K+ and 

acid-base transport. Some data suggest that the H+,K+-ATPases may also directly or 

indirectly participate in Na+ transport. This section discusses the history and 

characteristics of H+,K+-ATPases and their role in renal solute transport.   

Discovery of H+,K+-ATPases 

In the 1970s, it was first recognized that gastric acid secretion was dependent on a 

K+-stimulated ATPase, an activity discovered to be a H+,K+-ATPase in the apical plasma 

membrane of gastric parietal cells.129, 130  This discovery sparked interest in whether the 

H+,K+-ATPase represented the mechanism of K+ absorption in the colon and kidney.  

Distal colon plasma membranes from rabbits were found to possess a K+-stimulated 

ATPase and K+-dependent H+ secretion inhibited by Schering (SCH)- 28080, similar to 

the gastric H+,K+-ATPase.131, 132  K+-ATPase activities in the distal nephron and 

collecting duct of rats and rabbits were also found to be sensitive to the gastric 

H+,K+-ATPase inhibitors, omeprazole and SCH-28080; and dietary K+ restriction 

increased pump activity.133, 134 These data only suggested the presence of an 

H+,K+-ATPase in the collecting duct. In 1989, Charles Wingo reported that active net H+ 

secretion and K+ absorption were both sensitive to omeprazole in the rabbit outer 
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medullary collecting duct.135 That study confirmed the presence and activity of 

H+,K+-ATPases in the collecting duct.  All these observations fueled many years 

research into the physiological function and regulation of gastric, colonic and renal 

H+,K+-ATPases.       

Structure and Transport Characteristics  

H+,K+-ATPases are part of the type II class of phosphorylated (P)-type ATPases 

which include the Na+,K+-ATPase, and calcium (Ca2+)-ATPase.4 P-type ATPases are 

named as such because of the phosphorylated intermediate produced during their 

enzymatic cycle. The P-type ATPase enzymatic cycle involves conversion from an E1 

(adenosine triphosphate (ATP) bound) to E2 (phosphorylated) state. In the E1 

conformation, ATP is bound to the pump and intracellular cations (H+ in the case of 

H+,K+-ATPases) enter the intracellular ion binding sites. The γ phosphate of ATP is 

used to phosphorylate the pump inducing a conformational change that occludes the 

bound cations from the intracellular and extracellular fluid.  Another conformational 

change causes a shift into the E2 state where the occluded cations become exposed to 

the extracellular fluid. The conformational change also reduces the ion affinity for the 

pump releasing the H+ into the extracellular fluid. At the same time, extracellular cations 

(K+ in the case of the H+,K+-ATPases) bind to the pump and dephosphorylation causes 

occlusion of these ions. Dephosphorylation allows ATP to rebind the enzyme, shifting 

the pump into an E1 conformation. This conformation exposes the occluded cations to 

the intracellular fluid and reduces their affinity for the pump. Ion dissociation places the 

enzyme back in the starting E1-ATP bound conformation. H+,K+-ATPases use the 

E1-E2 ATPase cycle to secrete H+ from the cell and absorb K+ into the cell across their 

concentration gradients in an approximate 2H+:2K+ ratio per hydrolyzed ATP.136  
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P-type ATPases are primarily composed of an α and β subunit.4  However, some 

accessory γ subunits have been identified for the Na+,K+-ATPase.137 The 10 

transmembrane spanning α subunit catalyzes ion translocation and contains the ATP 

binding and phosphorylation sites.138 The single transmembrane spanning β subunit 

regulates membrane trafficking, assembly, and degradation of the α subunit.139-141  

Two distinct H+,K+-ATPase α subunits have been described and two distinct genes 

encode these subunits.86, 87 The murine Atp4a gene encodes the H+,K+-ATPase α 1 

(HKα1) subunit and murine Atp12a gene encodes the H+,K+-ATPase α 2 (HKα2) subunit. 

In the mouse, the two H+,K+-ATPase α (HKα) subunits have 63% peptide sequence 

homology as determined by sequence comparison on the National Center for 

Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov). The Atp4b gene 

encodes the only known H+,K+-ATPase specific β subunit (HKβ). Several studies have 

shown that HKβ pairs with HKα1 and Na+,K+-ATPase β 1 (NaKβ1) and/or HKβ subunits 

pair with HKα2.
140-146   In the kidney, most data suggests that NaKβ1 is the partner for 

HKα2. 

H+,K+-ATPase specific activity has classically been studied using inhibitors. Based 

on tissue expression of HKα subunit, the gastric H+,K+-ATPase is assumed to only 

contain HKα1 subunits. The gastric enzyme is sensitive to omeprazole and SCH-28080 

but insensitive to ouabain.147 That study also showed that amiloride inhibits the gastric 

HKα1-containing H+,K+-ATPase. The colonic H+,K+-ATPase is assumed to only contain 

HKα2 subunits. In contrast, this enzyme may or may not be sensitive to SCH-28080 and 

is partially sensitive to ouabain, the canonical Na+,K+-ATPase inhibitor.132, 134, 142, 143, 148-

151  

http://www.ncbi.nlm.nih.gov/
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The crystal structures for the E2-phosphorylated state and SCH-28080 bound 

gastric H+,K+-ATPase have recently been resolved.152-154  It is apparent from those 

studies that, in addition to its other responsibilities, the HKβ subunit is important for 

promotion of the catalytic cycle. Its N-terminal tail interacts with the HKα1 subunit and 

prevents cycle reversal.154 A crystal structure for the colonic H+,K+-ATPase has not 

been published. Homology modeling of rabbit HKα2 to the known Ca2+-ATPase 

structure has shown that the two P-type ATPases share significant structural 

homology.138 The crystal structure for the HKα2-containing H+,K+-ATPases may prove 

useful to further define the diverse inhibitor profiles and cation specificities (as described 

below) of HKα1- and HKα2-containing H+,K+-ATPases. 

H+,K+-ATPases were originally thought to secrete only H+ and reabsorb only K+. 

However, several studies now suggest that the both the HKα1- and HKα2-containing 

H+,K+-ATPases transport other cations. The first such studies observed that, in addition 

to K+ flux, SCH-28080 inhibited Na+ flux in microperfused cortical collecting ducts from 

dietary K+ and Na+ restricted rabbits.155, 156 This SCH-28080 sensitive Na+ flux was also 

inversely correlated with luminal [K+].  It has also been found that Na+ stimulates type III 

K+-ATPase activity in microdissected collecting ducts from dietary K+ depleted rats.148 

This type III activity, defined as sensitivity to ouabain and low sensitivity to SCH-28080, 

was only present in K+ restricted animals and the inhibitor profile of type III activity is 

consistent with an HKα2-containing H+,K+-ATPase. In vitro analysis of HKα2-containing 

H+,K+-ATPase cation specificity in heterologous expression systems has also shown 

that both the rat and human enzymes can transport Na+ on the K+ binding site.157 It was 

also observed that the gastric HKα1-containing H+,K+-ATPase transported Na+ on the K+ 
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binding site.158  However, the binding affinity of H+,K+-ATPases for Na+ is much less 

than for K+. To achieve a similar K+-ATPase activity in in vitro expression systems or 

microdissected tubule, it requires as much as 14 times more Na+ than K+.  

K+ and NH4
+ have very similar biophysical properties.15 Therefore, it is not 

surprising that studies have also shown the H+,K+-ATPases to transport NH4
+ on the K+ 

binding site. This transport was first reported in the rat distal colon where NH4
+ aptly 

substituted for K+ in K+-ATPase assays.159 In a heterologous expression system, NH4
+ 

and K+  have been found to possess similar affinity for the HKα2-containing 

H+,K+-ATPase with NH4
+ actually having greater efficacy for the pump.157, 160 Overall, 

these data suggest that H+,K+-ATPases have the ability to reabsorb Na+ and NH4
+ in 

addition to K+.  

Genomic Organization 

The cDNAs encoding for HKα1, HKβ, and HKα2 have been cloned.161-163  In the 

mouse, the mRNA nucleotide sequences for Atp4a, which encodes HKα1, and Atp12a, 

which encodes HKα2, are ~ 60% homologous. Atp4a localizes to chromosome 7 and 

has 22 exons. The human ATP4A gene localizes to chromosome 19 and also has 22 

exons. Promoter analysis of the mouse Atp4a gene has not been published. However, 

promoter analyses for this gene in other species have been reported.164, 165  Those 

studies identified putative cAMP response elements. HKα1 regulation by cAMP and its 

associated signaling molecules will be discussed later.  

The mouse Atp12a gene is located on chromosome 14 and has 23 exons.  The 

human gene ATP12A localizes to chromosome 13 and also has 23 exons. Promoter 

analysis of mouse Atp12a has demonstrated putative cAMP response elements, 

specificity protein 1(Sp1) sites, HREs, and nuclear factor kappa-light-chain-enhancer of 
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activated B cells (NF-κB) sites.166 The regulation of HKα2 by these pathways will also be 

discussed later. A putative cytosine-phosphate-guanine (CpG) island was detected in 5’ 

flanking region of the human HKα2 gene (ATP12A or ATP1AL1).167 The methylation of 

CpG sites within the 5’ promoter of a gene causes repression of gene expression.168 

However, a similar CpG island has not been detected in the proximal 5’ region of the 

mouse Atp12a gene.166  

The gene Atp4b localizes to chromosome 8 and has 7 exons encoding the mouse 

HKβ subunit. The human gene ATP4B localizes to chromosome 13, similar to ATP12A. 

HKβ genes from several species have been cloned and characterized.162, 169-171 The 

promoter region of rat gastric HKβ gene has many potential transcription factor binding 

sites including a potential HRE.171 

Tissue Localization 

The stomach and colon were the first places where expression and activity of 

HKα1-/HKβ- and HKα2-containing H+,K+-ATPases were detected, respectively. 

Expression or activity of HKα1- containing H+,K+-ATPases has since been observed in 

the kidney, cochlea, adrenal gland, and brain.88, 89, 172, 173 HKβ mRNA and protein 

expression have been detected in the kidney and colon.144, 174, 175  HKα2-containing 

H+,K+-ATPases have been detected in the kidney, prostate, uterus, skin, and brain.176-

179  

The localization of these transporters in the kidney has been examined using 

pharmacology, expression analysis, and in situ hybridization, and immunolocalization.  

Expression or activity of renal HKα1- and HKα2-containing H+,K+-ATPases have been  

detected in the macula densa, proximal tubule, thick ascending limb, connecting 

segment, and the entire collecting duct.88-90, 180-186  By in situ hybridization, HKβ 
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transcripts have been localized to the proximal tubule, thick ascending limb, connecting 

segment, and entire collecting duct also.175  

The activity and expression of H+,K+-ATPases in the collecting duct has been the 

most well studied. H+,K+-ATPase activity (omeprazole and SCH-28080 sensitive) was 

originally detected in the outer medullary collecting ducts of rabbits fed a low K+ diet.135 

Subsequent studies found HKα1 mRNA and protein expression in the cortex and 

medulla of rabbit, rat, and mouse.180, 182, 186 Renal HKα2 mRNA and protein expression 

and activity (ouabain sensitive) in the rat, rabbit, and mouse are low under normal 

conditions but have been more readily detected in K+ deplete animals. 90, 181, 184, 185, 187, 

188  

Two studies of H+,K+-ATPase activity more closely defined the enzymatic 

characteristics and localization of HKα1- and HKα2-containing H+,K+-ATPases in the 

proximal tubule, thick ascending limb, and collecting duct. The first study examined 

pharmacological inhibition of K+-ATPase activity in microdissected cortical and outer 

medullary collecting ducts, proximal tubules and thick ascending limbs from rats fed a 

normal or low K+ diet.148  Type I K+-ATPase activity, defined as high sensitivity to 

SCH-28080 and insensitivity to ouabain, was observed in both segments of the 

collecting duct under normal conditions. Type II activity which was relatively insensitive 

to SCH-28080 and sensitive to ouabain was detected in the proximal tubule and thick 

ascending limb of normal rats. Type III activity which was sensitive to high ouabain and 

SCH-28080 was detected in the collecting duct of K+ depleted rats. Type I and II activity 

significantly decreased in rats fed a low K+ diet. The second study used HKα knockout 

mice to decipher the identities of type I and type III K+-ATPase activity.151 Under normal 



 

49 

conditions, type I activity was absent in HKα1 null (HKα1
-/-) mice but still present in HKα2 

null (HKα2
-/-) mice. Under low K+ conditions, type III activity was present in HKα1

-/- mice 

but absent in HKα2
-/- mice. This study did not address type II activity. It is important to 

note that these two studies were performed in different species. However, similar 

H+,K+-ATPase enzyme characteristics were observed. The two studies are consistent 

with only HKα1- containing H+,K+-ATPases being active in the collecting duct of normal 

animals and only HKα2-containing H+,K+-ATPases being active in the collecting duct of 

K+ depleted animals.  

The close homology of HKα and Na+,K+-ATPase α subunit peptide sequences 

have made it difficult to generate antibodies specific for the different HKα subunits.  

However, a few studies have examined HKα subunit protein localization by 

immunohistochemistry. Immunolocalization experiments have detected unpolarized 

HKα1 expression in ICs of the cortical and outer medullary collecting duct in rat, rabbit, 

and human.185, 186 One study reported similar distribution of HKα1 and the H+-ATPase, 

with basolateral detection in B-type ICs.182 However, analysis of HKα1-like 

(SCH-28080-sensitive) H+,K+-ATPase-mediated K+ flux and HCO3
- reabsorption 

(equamolar with H+ secretion) in the cortical and outer medullary collecting duct of 

rabbits suggests that HKα1-containing H+,K+-ATPases reside predominately on the IC 

apical plasma membrane.12, 155, 189 HKα2 immunoreactivity has been detected in the 

apical membrane of connecting segment cells and ICs of the rabbit collecting duct.90, 183  

Immunostaining appears to be greatest in the connecting segment. Qualitatively less 

apical plasma membrane staining in cortical collecting duct PCs and light staining in the 

thick ascending limb and macula densa have also been observed for HKα2.
90   
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Physiological Function and Dietary Regulation 

Many years research has shown that H+,K+-ATPase activity in the collecting duct 

selectively increases with dietary K+ depletion.86, 87 This activity includes greater K+ flux 

and H+ secretion. In particular, HKα2 mRNA and protein expression are dramatically 

up-regulated in animals fed a low K+ diet, especially in the medulla.181, 187 One study has 

shown that HKα1 mRNA expression increased in the cortex of K+ depleted rats.190 No 

reports of HKα1 protein expression in K+ depleted animals have been published.  

Under normal conditions, H+,K+-ATPases coupled with an apical K+ channel in the 

collecting duct appear to facilitate net HCO3
- reabsorption via apical K+ recycling.  Data 

supporting this model came from the examination of H+,K+-ATPase-mediated HCO3
- 

and K+ flux in cortical collecting ducts from rabbits.12  It was observed that apical 

application of the K+ channel inhibitor, barium, decreased SCH-28080 sensitive HCO3
- 

flux. In a separate study, basolateral barium application inhibited SCH-28080 sensitive 

H+,K+-ATPase activity (HCO3
- and K+ flux) in the cortical collecting duct of dietary K+ 

restricted rabbits.11 The latter study suggested that renal H+,K+-ATPases mediate net K+ 

reabsorption under dietary K+ restricted conditions.    

As described in earlier sections, both HKα1- and HKα2-containing H+,K+-ATPases 

exhibit Na+ transport on the K+ binding site and inhibition of H+,K+-ATPases by 

SCH-28080 reduces Na+ flux in the collecting duct.  A low NaCl diet has also been 

shown to increase ouabain-sensitive H+ secretion, indicative of HKα2-containing 

H+,K+-ATPases, in ICs of the rat cortical collecting duct.191  A subsequent study that 

examined HKα2 mRNA and protein expression in the kidneys from Na+ restricted rats 

observed no change in HKα2 expression.192 It is possible that dietary Na+ restriction 
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augments HKα2-containing H+,K+-ATPase activity in the collecting duct via alterations of 

membrane trafficking or activity without changes in expression. 

The H+,K+-ATPase inhibitors, omeprazole and SCH-28080, both inhibit HCO3
- 

reabsorption and H+ secretion in the cortical, outer medullary, and inner medullary 

collecting duct.135, 155, 193, 194  Using HKα1
-/-, HKα2

-/-, and HKα1 and HKα2 double null 

(HKα1,2
-/-) mice, our lab has more recently demonstrated that both A- and B- type ICs in 

the cortical collecting duct possess substantial H+,K+-ATPase-mediated H+ secretion via 

both HKα1- and HKα2-containing H+,K+-ATPases.89 Some studies have observed 

increased H+,K+-ATPase activity in the collecting duct or greater HKα subunit 

expression in kidneys from acidotic animals. Increased H+,K+-ATPase activity has been 

detected in collecting ducts from rats with chronic metabolic acidosis derived from 

dietary NH4Cl loading, lithium treatment, and during respiratory acidosis.193, 195-198 All of 

those studies observed stimulation of SCH-28080-sensitive H+,K+-ATPase activity, 

suggesting stimulation of HKα1-containing H+,K+-ATPases. Other investigators have 

observed increased HKα2 mRNA expression in the medulla of NH4Cl loaded animals.199  

NH3 can activate SCH-28080 and ouabain-sensitive H+,K+-ATPase H+ secretion in ICs 

of the rabbit cortical collecting duct, suggesting that both H+,K+-ATPase isoforms are 

involved.200, 201  A more recent study also indicates that dietary acid-induced acidosis 

stimulates both HKα1- and HKα2-containing H+,K+-ATPases expression in the kidney. 

Differences in mRNA expression of many different acid-base transporters were 

measured in isolated outer medullary collecting ducts from normal and NH4Cl -loaded 

animals.100 Within 3 days of an acid-loaded diet, there was a ~15 and 2 fold stimulation 

of HKα1 and HKα2 mRNA expression, respectively, in the mouse outer medullary 
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collecting duct. With 2 weeks on an acid-loaded diet, only HKα2 expression remained 

elevated (~3 fold). The accumulated evidence indicates that both the HKα1- and 

HKα2-containing H+,K+-ATPases participate in acidosis-induced H+ secretion by the 

collecting duct in a time-dependent manner.  The studies suggest that HKα1-containing 

H+,K+-ATPases exhibit a more acute (earlier) response to acidosis whereas 

HKα2-containing H+,K+-ATPases exhibit a more prolonged response.         

Hormonal Regulation 

Aldosterone stimulates luminal acidification by the distal nephron and collecting 

duct and only a few studies have examined the role of renal H+,K+-ATPases in this 

effect. Early studies suggested that aldosterone activated H+,K+-ATPases in the 

collecting duct.134, 202  However, subsequent analyses of H+,K+-ATPase activity in 

response to aldosterone produced negative results. Most of the studies focused on 

early aldosterone effects (1–2 days) and used SCH-28080 inhibition to measure 

H+,K+-ATPase activity.39, 41, 203 In one such study, H+,K+-ATPase-mediated 

(SCH-28080-sensitive) ATPase activity was measured in microdissected cortical and 

medullary collecting ducts from adrenalectomized rats given zero, normal, or 

supraphysiological doses of aldosterone and a low, normal, or high dietary K+ intake for 

a week.41 The activity of SCH-28080-sensitive H+,K+-ATPases did not correlate with 

aldosterone levels but inversely correlated with dietary K+ intake. Also, a low NaCl diet 

has been found to increase SCH-28080 and ouabain-sensitive H+,K+-ATPase-mediated 

H+ secretion in rat collecting duct ICs.191 Since low NaCl diets increase plasma 

aldosterone, it seemed plausible that this was a mineralocorticoid effect. However, 

aldosterone replacement (at the levels induced by 2 weeks of dietary NaCl deficiency) 

in adrenalectomized rats did not increase SCH-28080- or ouabain- sensitive 
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H+,K+-ATPase-mediated H+ secretion. The results suggest that chronic dietary NaCl 

depletion-induced H+,K+-ATPase activity is mineralocorticoid independent.     

Ang II has direct effects on the collecting duct to stimulate H+ secretion. More 

specifically, Ang II appears to stimulate H+-ATPase mediated H+ secretion in A-type ICs 

of the cortical collecting duct.110, 111 However, no effect of Ang II on SCH-28080-

sensitive H+,K+-ATPase activity in the collecting duct has been observed.204 Likewise, 

ET-1 induces distal nephron acidification through augmented apical H+-ATPase 

mediated H+ secretion.56 However, H+,K+-ATPase-mediated H+ secretion 

(SCH-28080-sensitive) does not appear to be sensitive to the non-selective ET-1 

receptor antagonist, bosentan. The data suggest that ET-1 does not regulate 

H+,K+-ATPase activity in the collecting duct. However, the effect of Ang II and ET-1 on 

specifically HKα2-containing H+,K+-ATPase activity and expression has not been 

investigated.   

Recent data demonstrate that tissue kallikrein and the sex hormone, 

progesterone, regulate HKα2-containing H+,K+-ATPases in the kidney.  Circulating 

tissue kallikrein levels were shown to directly correlate with dietary K+ intake.205  In this 

same study, tissue kallikrein null mice became hyperkalemic when given a large dietary 

K+ load, suggesting maladaptive renal K+ excretion. The data showed abnormal 

activation of H+,K+-ATPase activity and HKα2 mRNA expression in the cortical collecting 

duct of the knockout mice. Thus, tissue kallikrein appears to negatively regulate 

HKα2-containing H+,K+-ATPases.  Therefore, the knockout of tissue kallikrein in mice 

appears to cause excessive urinary K+ retention through renal HKα2-containing 

H+,K+-ATPases.  
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In contrast to tissue kallikrein, recent evidence showed that plasma progesterone 

increased with dietary K+ restriction and that progesterone directly stimulated urinary K+ 

retention in mice.206 Progesterone also stimulated HKα2 mRNA expression in an in vitro 

cell line and HKα2
-/- mice did not exhibit progesterone-induced urinary K+ retention. 

Although previously unrecognized, these studies support important roles for hormones 

other than aldosterone to modify K+ balance, specifically through renal HKα2-containing 

H+,K+-ATPase-mediated K+ reabsorption.     

Molecular Regulation 

As mentioned earlier, cAMP response elements have been detected in promoters 

of both the HKα1 and HKα2 genes in many species. This suggested that cAMP and its 

associated pathways are important to the regulation of H+,K+-ATPases. A few studies 

have examined cAMP and Ca2+ dependent regulation of renal HKα1 and HKα2 gene 

expression or activity. cAMP generating agents such as isoproterenol, calcitonin, and 

AVP have been shown to activate renal H+,K+-ATPase K+-stimulated ATPase activity.207  

In that study, cAMP through a PKA-dependent mechanism increased type I H+,K+-

ATPase activity in the cortical collecting duct of rats fed a normal K+ diet. AVP-mediated 

PKA activation was also shown to stimulate type III H+,K+-ATPase activity in collecting 

ducts from K+ depleted rats. This same group later reported that cAMP also regulated 

SCH-28080 sensitive H+,K+-ATPase activity through the extracellular-signal regulated 

kinase cascade in addition to PKA.208, 209  cAMP response element binding protein has 

also been shown to bind to the HKα2 promoter and induce HKα2 gene expression in the 

mouse inner medullary collecting duct cell line (IMCD3).210          

Putative Sp1 and NF-κB response elements were also detected in the mouse 

Atp12a promoter. In IMCD3 cells, both Sp1 and NF-κB have been shown to bind to their 
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proposed putative elements within the HKα2 gene promoter.211, 212 However, Sp1 

increased and NF-κB inhibited HKα2 gene expression. The physiological implications of 

Sp1 and NF-κB regulation of HKα2 have not been explored.     

Physiology of H+,K+-ATPase Null Mice 

Gene targeting strategies have been used to create HKα and HKβ subunit null 

mice. The genetic disruption of mouse Atp4a gene involved insertion of a neomycin 

resistance gene into exon 8 with replacement of codons 360-390.213 The removed 

nucleotide sequences encode for part of the fourth transmembrane and a conserved 

phosphorylation site (asparagine 385) essential for activity. HKα1
-/- mice exhibited 

normal plasma [K+] and [HCO3
-]. The knockouts displayed reduced gastric acidification 

or achloryhydria and increased gastric HKβ expression. HKα1
-/- also had gastrinemia, 

abnormal parietal cell structure, and gastric metaplasia.  

HKβ-/- mice were generated by disruption of exon 1 in the Atp4b gene and 

replacement of 35 bp with the phosphoglycerate kinase I-neomycin gene.214, 215  

Expression of HKβ mRNA and protein were not detected in stomachs from HKβ-/- mice. 

Similar to HKα1
-/- mice, HKβ-/- mice exhibited achloryhydria, gastrinemia, and altered 

parietal cell ultrastructure. The renal physiology of HKα1
-/- and HKβ-/- mice was not 

investigated in those studies.  

Mice with a HKβ transgene linked to the cytomegaolovirus promoter have been 

generated.216, 217 The transgene has a mutation of tyrosine 20 to an alanine in the HKβ 

cytoplasmic tail peptide sequence. Replacement of tyrosine 20 with alanine caused 

constitutive expression of HKα1/HKβ in the apical plasma membrane of gastric parietal 

cells. It was also shown that the HKβ transgenic mice displayed excessive gastric acid 

secretion and developed ulcers.216 Furthermore, the transgenic mice had a slight 
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hyperkalemia and reduced urinary K+ excretion, suggesting that renal 

HKα/HKβ-containing H+,K+-ATPases are physiologically important to the regulation of 

K+ homeostasis.217  

HKα2
-/- mice were generated by disruption of exon 20 of the Atp12a gene which 

encodes for important transmembrane segments.218 The knockout mice still exhibited 

mRNA expression of the mutated HKα2 transcript in the colon but not in the kidney. 

HKα2
-/- mice developed more severe hypokalemia and had excessive fecal K+ wasting 

when fed a K+ depleted diet, consistent with the loss of colonic (HKα2) 

H+,K+-ATPase-mediated K+ reabsorption. However, HKα2
-/- mice did not exhibit urinary 

K+ loss or altered systemic acid-base parameters on a normal or K+ restricted diet.  

Interestingly, HKα2
-/- mice also exhibited significant fecal K+ loss with dietary Na+ 

restriction.219 Additionally, the knockout mice showed fecal Na+ loss and reduced 

amiloride-sensitive short circuit current in their colons, suggesting that HKα2-containing 

H+,K+-ATPases are required for maximal ENaC activity.  

Summary and Hypothesis 

Much research over the past 30 years has examined the physiological function of 

renal H+,K+-ATPases in K+ and H+ transport by the collecting duct. Although 

controversial, some evidence suggests that mineralocorticoids activate renal 

H+,K+-ATPases. In contrast, it is well established that dietary K+ depletion induces 

H+,K+-ATPase activity and expression in the collecting duct. Interestingly, both 

mineralocorticoids and dietary K+ depletion cause hypokalemia, metabolic alkalosis, and 

stimulate urinary Na+ retention resulting in increased blood pressure.220, 221 Since many 

studies suggest that the renal H+,K+-ATPases participate either directly or indirectly in 

Na+ reabsorption, we hypothesize that, in addition to K+ reabsorption and H+ secretion, 
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either or both of the renal H+,K+-ATPases are required for Na+ reabsorption during 

mineralocorticoid excess and dietary K+ depletion.  
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Figure 1-1.  Model of collecting duct PC. An apical ENaC channel reabsorbs Na+ from 
the tubular fluid and the basolateral Na+,K+-ATPase extrudes the Na+ into the 
interstitium. An apical ROMK channel mediates K+ secretion and an apical 
HKα2- containing H+, K+-ATPase reabsorbs K+ and secretes H+. The apical 
AQP2 and basolateral AQP3 or AQP4 channels reabsorb H2O into the 
interstitium in response to V2R activation by vasopressin. V1aR inhibits the 
action of V2R and AVP.  
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Figure 1-2.  Model of collecting duct A-type IC. This IC subtype primarily participates in 
net acid secretion. An apical H+-ATPase (B1 and a4) secretes H+ into the 
luminal fluid. The basolateral Cl-,HCO3

- exchanger, AE1, reabsorbs the 
remaining intracellular HCO3

- into the interstitium. Apical HKα1- and 
HKα2-containing H+,K+-ATPases reabsorb K+ from and secrete H+ into the 
lumen. The apical BK channel secretes K+ in response to increased luminal 
flow.  Rhcg, apical and basolateral, and basolateral Rhbg secrete NH3 into 
the tubular fluid.  
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Figure 1-3.  Model of collecting duct B-type IC. This IC subtype primarily participates in 
net base secretion. The apical Cl-,HCO3

- exchanger, Pendrin, secretes  
HCO3

- into luminal fluid. A basolateral H+-ATPase (B1 and a4) reabsorbs the 
remaining intracellular H+ into the interstitium. Apical HKα1- and 
HKα2-containing H+,K+-ATPases reabsorb K+ from and secrete H+ into the 
lumen. The apical BK channel secretes K+ in response to increased luminal 
flow.   
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Figure 1-4.  Model of collecting duct non A-, non B-type IC. This IC subtype can mediate 
net acid or base secretion. The apical Cl-,HCO3

- exchanger, Pendrin, secretes  
HCO3

- into luminal fluid. The apical H+-ATPase (B1 and a4) secretes H+ into 
the lumen. Apical HKα1- and HKα2-containing H+,K+-ATPases reabsorb K+ 
from and secrete H+ into the lumen as well. The apical BK channel secretes 
K+ in response to increased luminal flow. An apical Rhcg and basolateral 
Rhbg facilitate NH3 secretion into the tubular fluid.   
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CHAPTER 2 
MATERIALS AND METHODS 

Animals 

All animal use was approved by the Institutional Animal Care and Use Committee 

at the North Florida/South Georgia Veteran’s Administration Medical Center in 

Gainesville, Florida and performed in accordance with the National Institute of Health’s 

Guide for the Care and Use of Laboratory Animals. WT mice (C57BL/6J) were 

purchased from the Jackson Laboratory (Bar Harbor, Maine) or bred in house. HKα1
-/- 

and HKα1,2
-/- mice, originally acquired from Dr. Gary Shull (University of Cincinnati), 

were bred in house. HKα1
-/- and HKα2

-/- mice were bred and backcrossed onto the 

C57BL/6J background strain to create HKα1,2
-/- mice. Both male and female mice (2-4 

months old) from each genotype were used in experimental studies as designated 

below.        

Genotyping 

Tail snips (~ 0.25 cm) were taken from individual mice under isoflurane anesthesia 

and digested in a lysis buffer (0.2% sodium dodecyl sulfate or SDS, 0.2 M NaCl, 0.1 M 

Tris pH 7.5, 5 mM ethylenediaminetetraacetic acid or EDTA pH 8.0, 100 µg/ml 

proteinase K) at 55°C overnight.  The sample was centrifuged at 13,000 rpm for 5 min 

and supernatant removed. An equal volume of isopropanol was added to the 

supernatant and the sample was incubated on ice for 30 min. The genomic 

deoxyribonucleic acid (DNA) was pelleted at 4°C for 30 min at 13,000 rpm, supernatant 

removed, and washed in equal volume of 75% ethanol.  DNA was again pelleted at 

room temperature for 10 min at 13,000 rpm, supernatant removed, and allowed to air 

dry overnight. The DNA pellet was dissolved in sterile H2O. Two separate triplex 
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polymerase chain reactions (PCR) were used to amplify genomic DNA from the Atp4a 

and Atp12a genes. Primer sequences are shown in Table 2-1. The HKα1F, HKα1R, and 

Neo primers were used to amplify genomic DNA from Atp4a and HKα2F, HKα2R, and 

Neo primers to amplify genomic DNA from Atp12a.  HotStart Taq-polymerase (Qiagen, 

Valencia, CA) was used for DNA amplification. The kit supplied a 10X PCR buffer, 25 

mM magnesium chloride (MgCl2) , and 10 mM deoxynucleotide triphosphates (dNTPs) 

mixture. The reaction sample contained 1X buffer, 0.5mM MgCl2, 0.2 mM dNTPs, 200 

nM of each primer, and 1 unit of polymerase. The reaction cycle was as follows: 1 cycle 

at 94°C for 10 min; 40 cycles of 94°C for 30 s, 56°C for 30 s for Atp4a or 60°C for 1 min 

for Atp12a, 72°C for 1 min for Atp4a and 30 s for Atp12a; final 1 min extension at 72°C. 

PCR products were separated on a 2% agarose gel containing 0.1% ethidium bromide. 

Photographs were taken on Kodak Image Station 4000M using ultraviolet illumination 

(excitation 535nm and emission 600nm).  As shown in Figure 2-1, WT mice displayed a 

189 bp band for the Atp4a reaction whereas HKα1
-/- and HKα1,2

-/- mice displayed a 310 

bp band due to the insertion of the neomycin gene. For the Atp12a reaction, WT and 

HKα1
-/- mice displayed a 117 bp band whereas HKα1,2

-/- mice displayed a 307 bp band 

indicative of neomycin insertion.   

Diets, Treatments, and Metabolic Studies 

Mice were housed in either their normal cage with bedding or in a metabolic cage 

(Nalgene) as designated in each individual experiment.  The animals either received a 

normal pelleted diet supplied by the housing facility (Harlan Laboratories, Teklad (TD) 

2016S/2018, 0.25% Na+ and 0.53% K+) or a gel diet consisting of 45% powered food 

(see experiments below for details), 1% agar, and 54% deoinized H2O. Food intake and 

body weight were measured daily. For metabolic cage experiments, 24 hr urine and 
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fecal collections were performed. Urine was accumulated under H2O-equilibrated 

mineral oil over the 24 hr period. At the end of the experiments, mice were anesthetized 

with 3-4% isoflurane and arterial blood was quickly and anaerobically collected through 

aortic cannulation. Blood [Na+], [K+], [Cl-], pH, pCO2, and hematocrit (Hct) were 

measured on a Stat Profile pHOx Plus C analyzer (Nova Biomedical; Waltham, MA) 

immediately after collection. Blood [HCO3
-] was calculated on the instrument using the 

Henderson–Hasselbalch equation (pH = 6.1 + log([HCO3
-]/[0.03*pCO2]). Kidneys were 

removed, weighed, and immediately frozen in liquid nitrogen and stored at -80°C.  

DOCP experiments 

Female mice between 8-16 weeks were used for DOCP experiments. For DOCP 

time course experiments and normal blood analysis, mice were fed normal lab chow 

and given free access to H2O. One half the mice were given an intramuscular injection 

of 1.7 mg DOCP (Percorten V, Novartis Pharmaceuticals) under isoflurane anesthesia. 

For microperfusion and expression studies, another group of animals was treated with 

DOCP for eight days and sacrificed via Na+ pentobarbital (i.p. 120 mg/kg) and cervical 

dislocation. One kidney was used for perfusion and the other for mRNA expression 

studies for day 8 of DOCP treatment.  

For the high K+ experiments, WT mice were fed a powdered diet (TD 99131; 0.2% 

Na+ and 0.6% K+) supplemented with potassium chloride (KCl) to total 5% K+ for 11 

days in normal cages. The diet was made as a gel and mice were given free access to 

a H2O bottle. On the third day, half of the mice were injected with DOCP.  

In the last experiment, WT, HKα1
-/-, and HKα1,2

-/- mice were housed in metabolic 

cages for 13 days and fed a powdered diet (TD 99131; 0.2% Na+ and 0.6% K+) made as 

a gel with free access to a H2O bottle.  HKα1
-/- and HKα1,2

-/- mice were pair fed with WT 
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mice of a similar body weight. Mice were injected with DOCP on day 5 of the 

experiment. In addition to food intake and body weight, H2O intake was measured daily.  

K+ depletion experiments 

Male mice between 12-16 weeks were used for K+ depletion experiments. WT and 

HKα1,2
-/- mice were housed in metabolic cages for 8 days and fed a normal gel diet (TD 

99131) or a K+ depleted gel diet (TD 99134, 0.2% Na+ and  ~ 0% K+). Both KCl and 

KHCO3 were removed to create the K+-depleted diet. In an alternate experiment, mice 

were pair fed a normal gel diet for 4 days then switched to a K+ depleted gel diet for 4 

days. H2O intake was from gel diet alone. In a separate experiment, WT, HKα1
-/-, and 

HKα1,2
-/- mice were housed in normal cages and fed a K+ depleted gel diet with free 

access to H2O for 11 days. After 3 days on the diet, one half the animals were injected 

with DOCP (1.7 mg).  

Na+ depletion experiments 

Male WT and HKα1,2
-/- mice between 12-16 weeks were fed a normal gel diet (TD 

99131) ad libitum for 7 days in regular cages. The mice were then placed in metabolic 

cages and pair fed the normal gel diet for 7 days and then switched to a Na+ depleted 

gel diet (TD 03582, ~0% Na+ and 0.6% K+) for 7 days. Both NaCl and NaHCO3 were 

removed to create the Na+-depleted diet. H2O intake was from gel diet alone.   

NH4Cl loading experiments 

Male WT and HKα1
-/- mice between 12-16 weeks were pair fed a normal gel diet 

(TD 99131) for 4 days then switched to the same gel diet supplemented with 0.28 M 

NH4Cl for 6 days. H2O intake was from gel diet alone. Mice were housed in normal 

cages for the first 2 days then placed in metabolic cages for the remainder of the 

experiment.    
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Urinalysis  

Collected urine was centrifuged at 1000 x g for 5 min to remove debris and 

separate urine and oil. Urine pH was determined with an Accumet Model 25 pH meter 

(Fisher Scientific). Urine electrolytes ([Na+], [K+], and [Cl-]) were measured using ion-

sensitive electrodes on a Nova 16 clinical analyzer (Nova Biomedical, Waltham, MA). If 

concentration was too low for detection with Nova 16 instrument then urine Na+ and K+ 

were measured by spectrophotometric analysis on a digital flame photometer (Cole 

Parmer, Model 2655-00; see protocol in fecal analysis). Aliquoted urine samples were 

frozen at -80°C for later use.  

The Ammonia Reagent Set (Pointe Scientific Inc., Canton, MI) was used to 

determine [NH4
+] in urine samples. This kit utilizes the enzymatic conversion of NH4

+, 

α-ketoglutarate, and reduced nicotinamide adenine dinucleotide phosphate to 

L-glutamate, nicotinamide adenine dinucleotide phosphate, and H2O catalyzed by 

glutamate dehydrogenase. The enzymatic conversion results in a decrease in 

absorbance at 340 nm. Thawed urine samples were diluted in deionized H2O and [NH4
+] 

standards were made from 50 to 250 µM. The two reaction solutions provided with the 

kit were diluted in H2O according to the manufacturer’s protocol. Blank (H2O), 

standards, and samples (40 µL) were pipetted in duplicate or triplicate onto a standard 

96 well ultraviolet plate. For the first reaction, 200 µL of solution 1 was quickly mixed 

with each well and incubated for 7 min.  The absorbance was read at 340 nm in a 

SpectraMax M5 plate reader (Molecular Devices). For the next reaction, 10 µL of 

solution 2 was added to each well, incubated for 7 min, and read at 340 nm. The 

reading of the first reaction (R1) was multiplied by 0.96 to correct for volume changes. 

The second reading (R2) was subtracted from the corrected R1 to calculate the change 
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in absorbance (R1-R2). A standard curve was generated for the change of 

absorbencies of each standard and used to calculate the [NH4
+] in the samples.  

To determine titratable acidity, equal volumes of 0.1M HCl and urine or blank 

(H2O) were boiled for 2 minutes then cooled to 37 ºC. Titratable acidity (µmol/day) was 

calculated as the difference between the moles of standardized 0.1 M sodium hydroxide 

(NaOH) used to titrate the sample and the blank to pH 7.4. Potassium hydrogen 

phthalate (KHP) was used to standardize 0.1 M NaOH using the indicator, 

phenolphthalein (2%).  KHP (0.8 g) was dissolved in 50 ml deionized H2O and 4 drops 

of indicator were added. A measured volume of 0.1 M NaOH was used to titrate the 

KHP solution until the appearance of pink. At titration, the moles of KHP in the solution 

equals the moles of NaOH added. The moles and volume of NaOH added to the KHP 

solution were used to calculate the real molar concentration of prepared NaOH.    

Urine [Ca2+] was determined by modification of the Calcium (Arsenazo) Reagent 

Set (Pointe Scientific, Canton, MI). The kit utilizes the reaction of Ca2+ and Arsenazo III 

reagent in an alkaline solution to form a purple complex with absorbance at 650 nm.  

Standards were diluted in a range from 1 to 5 mM. Standards and samples (5 µL) were 

diluted and pipetted into a 96 well clear plate. The Arsenazo reagent (500 µL) was 

added to each well and incubated with sample for 10 min. The absorbance was read at 

650 nm. A standard curve was generated and sample concentrations calculated.  

Fecal analysis 

Feces were weighed, baked overnight at 200°C in covered container, and weighed 

again. Dried fecal material was digested in 3 mL of 0.75 M nitric acid overnight at 37°C 

in a shaker. The digested material was homogenized using a mortar and pestle and 
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centrifuged at 1000 x g for 5 to 10 min to remove sediment. The supernatant was 

removed and stored at -20°C.  

[Na+] and [K+] in digested fecal samples (and some urine samples) were 

determined by analysis on a digital flame photometer (Model 2655-00, Cole Parmer 

Instrument Company). Standards (1000 ppm Na+ or K+) and samples were diluted in 

diluent provided by Cole Parmer. The standards were diluted to a range of 0 to 40 ppm 

for K+ and 0 to 20 ppm for Na+. The flame photometer was allowed to equilibrate with a 

constant flow of diluent for 20-30 min before use. The appropriate spectrophotometric 

filter (Na+ or K+) was selected on front of photometer. The blank (diluent) was set to 

zero and the highest standard was set to a desired reading. Standards and samples 

were aspirated and a read in duplicate or triplicate. Standards were always rerun at the 

end of the experiment to correct for instrument drift.  A standard curve was generated 

and the [Na+] or [K+] calculated for each sample.  

Cell Culture 

The immortal cell line, outer medullary collecting duct 1 (OMCD1), was used for 

cell culture experiments. Guntupalli and colleagues generated the OMCD1 cell line from 

the inner stripe of the outer medullary collecting duct of transgenic mice expressing the 

simian virus 40 T and large T antigens.222  The cells exhibited phenotypic characteristics 

of outer medullary collecting duct ICs with microprojections and tubulovesicles near the 

plasma membrane and exhibited SCH-28080 sensitive K+ flux and H+ secretion, 

indicative of H+,K+-ATPases.88, 222 In our studies, OMCD1 cells were grown at 37°C on 

Costar transwell dishes to induce polarization. The cells were supplied with 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered Dulbecco’s modified eagle 

medium: nutrient mixture F-12 supplemented (Invitrogen) with 10% fetal bovine serum 
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(Invitrogen) and 50 µg/ml gentamycin (Sigma). Once the cells reached 100% 

confluency, the cells were incubated in the same media without phenol red and 

supplemented with 10% cesium stripped fetal bovine serum for 24 hr. The cells were 

then treated with vehicle (ethanol) or 1 µM aldosterone replaced daily for 7 days. On the 

last day, cells were washed with phosphate buffered saline (PBS) and RNA was 

collected as described below.  

RNA 

RNA Extraction 

TRIzol® reagent (Invitrogen) was used to extract RNA from tissues and cells. 

Tissues were homogenized using a glass dounce in TRIzol® reagent. Cells in 

transwells were incubated with TRIzol™ reagent for a few minutes, then detached using 

a cell scraper, and pipetted into a microcentrifuge tube. The homogenized tissue or cells 

were incubated at room temperature for 5 min. After the addition of an appropriate 

amount of chloroform, the sample was gently mixed three times and allowed to incubate 

for 2-3 min at room temperature. The sample was then centrifuged at 12,000 x g for 15 

min at 4°C to separate the organic and aqueous phases. The aqueous phase (top clear 

phase containing RNA) was placed in a new tube and the organic phase (bottom phenol 

layer containing protein) was stored at 4°C for protein extraction. Isopropanol was 

added to the aqueous phase to precipitate RNA and stored at -80°C overnight. The 

following day, the sample was thawed and centrifuged at 12,000 x g for 10 min at 4°C. 

The supernatant was removed and the pelleted RNA washed with 75% ethanol. The 

sample was centrifuged at 7500 x g for 5 min, supernatant removed, and the pellet 

allowed to air dry for 5-10 min. The RNA pellet was dissolved in ribonuclease 

(RNase)-free H2O and stored at -80°C. The RNA concentration was determined by 
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analysis on a spectrophotometer. RNA samples were treated with deoxyribonuclease 

(DNase) to remove DNA contaminants (DNA Free, Ambion). Approximately 10 µg RNA 

was diluted with a provided buffer to 50 µL total volume and 1 µL DNase 1 was added. 

The sample was incubated at 37°C for 20-30 min and then 5 µL inactivating reagent 

was added. The sample was incubated at room temperature for ~ 2 min and mixed 

often by flicking the tube. The inactivating reagent was separated from the RNA by 

centrifugation at 12,000 x g for 2 min. The supernatant containing RNA was removed 

and stored at -80°C. The RNA concentration and quality were determined by 

spectrophotometric analysis (absorbance 260 nm/ 280 nm from 1.9-2.0). RNA (1 or 2 

µg) was converted to complementary DNA (cDNA) using SuperScript® III First Strand 

Synthesis SuperMix for quantitative reverse transcriptase (RT)-PCR (Invitrogen). RNA 

was mixed with a 2X reaction mixture and 6X enzyme mixture. The mixture was 

incubated at 25°C for 10 min, 50°C for 30 min, 85°C for 5 min, then held at 4°C. The 

cDNA was incubated in RNase H at 37°C for 20 min to degrade any remaining RNA. 

The cDNA was diluted to 4 ng/µL and stored at -20°C.  

The TaqMan® MicroRNA RT Kit and TaqMan® MicroRNA Assays (Applied 

Biosystems) were used to convert microRNA into cDNA. Each 15 µL reaction included 1 

mM dNTP, 3 units RT, RT buffer, 0.25 units RNase inhibitor, 3 µL primer, and 10 ng 

RNA. The primers were supplied with the specific TaqMan® MicroRNA Assay used 

(mmu-mir-505, assay # 001655; snoRNA-202, assay # 001232). The reaction mixture 

was incubated on ice for 5 min. The samples were then amplified using the following 

cycle parameters: 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and held at 4°C. 
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RT-PCR 

HotStartTaq® DNA polymerase (Qiagen) was used for RT-PCR. Primers (MMG15 

to 18 and GAPDHF/R) used for the reactions are shown in Table 1-1. The reaction 

mixture is the same as for genotyping except no additional magnesium chloride was 

added and 100 ng template DNA was used. The reaction cycle included: 1 cycle of 

95°C for 15 min; 30-37 (30 for GAPDH, 37 for HKα1 and HKα2) cycles of 94°C for 30 s, 

55°C for 1 min (65°C for GAPDHF/R primers), and 72°C for 1 min; 1 cycle of 72°C for 

10 min then held at 4°C indefinitely. The PCR products were separated on a 2% 

agarose gel containing ethidium bromide. Photographs were taken on Kodak Image 

Station 4000M using ultraviolet illumination (excitation 535nm and emission 600nm).   

Quantitative Real Time PCR (qPCR) 

TaqMan® Gene Expression Assays (Applied Biosystems) were used for qPCR 

experiments. The primer/probe sets used include Atp4a (Mm00444423_m1), Atp12a 

(Mm0131809_m1), Atp6v1b1 (Mm00460320_g1), Atp6v0a4 (Mm00459882_m1), 

Slc4a1 (Mm00441492_m1), Slc26a4 (Mm00442308_m1), Rhbg (Mm00491234_m1), 

Rhcg (Mm00451199_m1), Slc9a3 (Mm01352473_m1), Slc9a2 (Mm01237129_m1), 

Scnn1a (Mm00803386_m1), Scnn1b (Mm00441215_m1), Scnn1g (Mm00441228_m1), 

and Actb (Mm00607939_s1). The 2X TaqMan® Universal PCR Mix- No AmpErase® 

Ung, a 20X primer/probe set (see above), and 20 ng cDNA were used in a 25 µL real 

time PCR reaction. The reaction was run in an Applied Biosystems 7500 Real Time 

PCR machine using the following cycle parameters: 1 cycle of 95°C for 10 min and 40 

cycles of 95°C for 15 s and 60°C for 1 min. Each probe for every sample was run in 

duplicate. For qPCR of microRNA, the TaqMan® MicroRNA Assays (Applied 

Biosystems) were used (as described previously). The 20X probe/primer set for 



 

72 

mmu-mir-505 or snoRNA-202, 2X TaqMan® Universal PCR Mix-No AmpErase® Ung, 

and 1:15 dilution of microRNA cDNA product were mixed and run in duplicate. The ΔΔ 

cycle threshold (Ct) method was used to determine relative expression. Ct values were 

normalized to the endogenous control gene, Actb, for gene expression assays or 

snoRNA-202 for microRNA assays. The ΔΔCt was calculated by subtraction of each 

individual ΔCt (experimental gene Ct – endogenous gene Ct of each sample) from the 

average ΔCt of the control samples. Relative fold change in expression was calculated 

using 2-ΔΔCt. The fold change for control samples (control, cortex, or WT) is expressed 

as 1 or 100%. 

Protein 

Total Protein Extraction 

Ethanol was added to the organic layer reserved from RNA extraction to 

precipitate DNA. The sample was gently mixed and incubated at room temperature for 3 

min. The sample was centrifuged at 2000 x g for 5 min at 4°C and the supernatant 

placed in a fresh tube. Protein was precipitated by the addition of isopropanol and 

incubation at room temperature for 10 min. The protein was pelleted by centrifugation at 

12,000 x g for 10 min at 4°C. After removal of the supernatant, the protein pellet was 

washed in 0.3 M guanidine HCl in 95% ethanol. The pellet was sonicated at 50% 

amplitude for < 10 s and incubated at room temperature for 20 min. The protein was 

repelleted by centrifugation at 7500 x g for 5 min at 4°C. The supernatant was removed 

and the pellet was washed 4 more times. After the last guanidine wash, the pellet was 

washed and sonicated twice in 95% ethanol. At the end of the washes, the pellet was 

allowed to air dry for 5-10 min. The protein was dissolved in 5% SDS and sonicated at 

10% amplitude for 5 s. The sample was frozen overnight. After thawing, the sample was 



 

73 

boiled for 5 min and centrifuged at 10,000 x g for 10 min to remove insoluble material. 

The supernatant was aliquoted and frozen at -80°C.     

Membrane Protein Extraction 

For membrane protein, frozen tissue was dissected and immediately dounced in a 

glass homogenizer in solution A (10 mM Tris pH 7.4, 1 mM EDTA, 50 mM sucrose with 

0.1 mg/ml Sigma protease inhibitor cocktail). After homogenization, an equal volume of 

solution B (10 mM Tris pH 7.4, 1 mM EDTA, 250 mM sucrose with 0.1 mg/ml Sigma 

protease inhibitor cocktail) was added and gently mixed with homogenate. The sample 

was centrifuged at 1000 x g for 5 min at 4°C to remove nuclei. The supernatant was 

centrifuged twice more at 10,000 x g for 20 min at 4°C to remove organelles. The 

remaining supernatant was centrifuged at 37,000 rpm overnight at 4°C in the Ti70.1 

rotor of a Beckman ultracentrifuge.  The membrane pellet was gently dissolved in 

solution B without protease inhibitors and subsequently stored at -80°C.  

Bicinchoninic acid (BCA) Assay 

Both total protein and membrane protein concentration were determined by BCA 

assay (Thermo Scientific Pierce). Bovine serum albumin standard (2 mg/ml) was diluted 

over a range of 0.1 to 1.6 mg/mL. Samples were diluted as appropriate. The standards 

and samples (10 µL) were run in triplicate. The standards and samples were pipetted 

into a 96 well clear plate and 200 µL of the reaction solution (50 parts solution A to 1 

part solution B) were added to each well. The plate was covered with foil to protect from 

the light and incubated at 37°C for ~ 10 min. The absorbance at 540 nm was read on a 

plate reader (SpectraMax M5, Molecular Devices). A standard curve was generated 

from the absorbance of the bovine serum albumin standards and used to calculate the 

sample protein concentration. 
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Western Blot Analysis 

Proteins (25 to 50 µg) were denatured at 95°C for 10 min in lithium dodecyl sulfate 

sample buffer (NuPage® LDS Sample Buffer, Invitrogen) with 5% 2-mercaptoethanol. 

The protein samples and protein ladder (Dual Color Precision Plus Protein Standard, 

Bio-Rad) were loaded onto a 4-20% gradient or 7.5% Tris-HCl polyacrilamide gel 

(Ready Gel, Bio-Rad) in Tris-glycine SDS buffer. The gels were run at 50 V until the 

ladder cleared the stacking gel then at 100-120 V until dye front reached the bottom of 

the gel. The proteins were transferred to polyvinylidene fluoride membranes in 

tris-glycine-methanol at 50 V for 3 hr at 4°C. The transferred proteins were washed in 

tris-buffered saline (TBS) for 5 min then blocked in 2% Rodeo® blocker (USB) in TBS 

with 0.05% Saddle Soap® (USB) (TBS-S) for 1 hr at room temperature. The membrane 

was incubated overnight in primary antibody (Table 2-2) diluted in blocking buffer. The 

membrane was washed twice in TBS-S for 10 min each and incubated in secondary 

antibody (Table 2-2) for 1 hr at room temperature. The membrane was washed again in 

TBS-S three times for 10 min each and rinsed in TBS. The membrane was incubated in 

Rodeo® electrochemiluminescence reagent (USB) for 5 min. For detection, two 

methods were employed. The membrane was exposed to x-ray film which was 

developed in a x-ray developer or chemiluminescent light on the membrane was 

detected by a digital camera (Kodak 4000M). The detection time was dependent upon 

the protein amount and primary antibody used. To reprobe the same blot with a different 

primary antibody, the blot was incubated in stripping solution (2% SDS, 100 mM 

2-mercaptoethanol, 62.5 mM Tris (pH 6.7)) for 30 min at 70°C. The blots were washed 

in TBS twice for 5 min and then reblocked and probed as per above protocol. 
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To compare expression between genotypes, densitometric values for each band 

detected with each primary antibody were measured using the Un-Scan-It Gel Analysis 

software (Silk Scientific). The densitometric values obtained for a band detected with an 

experimental primary antibody (anti-αENaC and anti-γENaC) were divided by the values 

obtained for the loading control primary antibody (anti-β-actin) to correct for protein 

loading differences between samples. The percent differences in the corrected values 

were compared between WT (set at 100%) and knockout mice.  

Enzyme Immunoassay (EIA) 

The Aldosterone and AVP EIA Kits (Cayman Chemical) were used to determine 

urine concentrations of aldosterone and AVP. These kits utilize competitive binding of 

the hormone in a sample (or standard) and a hormone conjugated to 

acetylcholinesterase (tracer) to a hormone-specific primary antibody. The bound 

antibody and hormone will bind to secondary antibody bound to the provided 96 well 

plate. Ellman’s reagent (acetylcholinesterase substrate) is used to develop the wells 

and the absorbance (yellow) is read at 410 nm. The concentration of hormone in the 

sample is therefore inversely proportional to the detected tracer. For aldosterone, the 

standards are diluted over a range of 7.8 to 1000 pg/ml and, for vasopressin, 23.4 to 

1500 pg/ml. The standards and samples are diluted in a provided EIA buffer and run in 

duplicate or triplicate. Several other controls include blank, non-specific binding (NSB, 

EIA buffer only), binding maximum (Bo, tracer and antibody), and total activity (tracer at 

development). The controls, standards, and samples (50 µL) were pipetted onto the 

provided 96 well plate. Tracer and then antibody (50 µL) were added to all standards 

and samples and to the Bo wells. The plate was covered with film and incubated at 4°C 

overnight. The plate was washed 5 times with EIA wash buffer and Ellman’s reagent 
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(200 µL) was added to each well. The plate was covered with plastic film and developed 

in the dark for 1.5 hr with shaking at 200 rpm. The absorbance at 410 nm was read on a 

plate reader (SpectraMax M5, Molecular Devices). The NSB absorbance was 

subtracted from Bo to correct the Bo absorbance values. The % binding (B) of samples 

and standards is determined by B/Bo and used to create the standard curve. The 

equation, logit(B/Bo)=ln[B/Bo/(1- B/Bo)], was first used to linearize the data. The resultant 

logit values were plotted versus log concentration and a linear regression was 

performed. The standard curve is used to calculate concentration of each sample.  

In Silico Sequence Analyses 

Promoter Analysis 

The proximal 2000 bp promoter region of Atp4a and Atp12a were downloaded 

from the NCBI website (www.ncbi.nlm.nih.gov). The mRNA and genomic DNA 

sequences for each gene were aligned using NCBI basic local alignment search tool 

(BLAST). The alignment provided the exact position of the transcription start site in the 

genomic DNA for each gene. This information was used to extract 2000 bp upstream of 

the transcription start site within the genomic DNA sequence. The promoter sequence 

was then run through two online software programs, Transcription Element Search 

Software (TESS, www.cbil.upenn.edu/cgi-bin/tess/tess) and Transcription Factor (TF) 

Search (www.cbrc.jp/research/db/TFSEARCH.html) that detect putative transcription 

factor binding sites by two different algorithms.  Percent match was set at 75%.  

MicroRNA Target Analysis 

Putative microRNA binding sites were determined in the 3’ untranslated region 

(UTR) of Atp4a and Atp12a. The sequences were extracted and binding sites 

determined by the software program, TargetScanMouse, www.targetscan.org. Only 

http://www.ncbi.nlm.nih.gov/
http://www.cbil.upenn.edu/cgi-bin/tess/tess
http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.targetscan.org/
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conserved sites and those with high context score percentiles were considered as 

potential binding sites.  

Statistical Analyses 

Origin 8 and SigmaPlot 11 were used for statistical analyses. Origin 8, Adobe 

Photoshop, and Paint.Net were used to create graphs and figures. All data are 

represented as mean ± standard error of the mean (SEM). Two-tailed Student’s t-Test 

was used to compare two different groups. A one-way analysis of variance (ANOVA) 

with or without repeated measures was used to compare three or more groups with one 

effect. Two-way ANOVA with or without repeated measures was performed to compare 

two effects such as genotype, diet, treatment, and time. If significance was found, then 

an appropriate post-hoc test was performed. P values less than 0.05 were considered 

significant. 

  



 

78 

Table 2-1. Primer sequences 

Primer name Sequence (5’ to 3’) Tm (°C) Use 

HKα1F GCCTGTCACTGACAGCAAAGAGG 64 Genotyping 
HKα1R GGTCTTCTGTGGTGTCCGCC 64 Genotyping 
HKα2F CTGGAATGGACAGGCTCAACG 64 Genotyping 
HKα2R GTACCTGAAGAGCCCCTGCTG 63 Genotyping 
Neo CTGACTAGGGGAGGAGTAGAAGG 58 Genotyping 
MMG15 GTTCCTGATGCTGTGCTCAA 59 RT-PCR 
MMG16 TCGAGCAAACACCATCTCAG 59 RT-PCR 
MMG17 GCCATACTTGTCCTGGTCGT 59 RT-PCR 
MMG18 CTGAAGCCAAGGAGGCTATG 59 RT-PCR 
GAPDHF AGACACGATGGTGAAGGTCGGAGTGAAC 71 RT-PCR 
GAPDHR GTGGCACTGTTGAAGTCGCAGGAG 68 RT-PCR 

Tm denotes melting temperature. 

 

Table 2-2. Antibodies 

Antibody name Supplier Dilution  

Rabbit polyclonal anti-αENaC Ecelbarger 1:1000  
Rabbit polyclonal anti-γENaC Ecelbarger 1:1000  
Rabbit polyclonal anti-H+-ATPase B1/B2 Santa Cruz, sc-20943 1:250  
Goat polyclonal anti-β-actin Santa Cruz, sc-1616 1:500  
Anti-rabbit IgG HRP conjugate USB, Rodeo® ECL kit 1:5000  
Donkey anti-goat HRP conjugate Santa Cruz, sc-2020 1:5000  
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Figure 2-1. Representative genotyping PCR gel. Triplex PCR was used to amplify 
genomic DNA for HKα1 (Atp4a) and HKα2 (Atp12a) from tail snips of WT, 
HKα1

-/-, and HKα1,2
-/- mice. The WT band for HKα1 runs at 189 bp and for 

HKα2 runs at 117 bp. The knockout band for HKα1 runs at 310 bp and for 
HKα2 runs at 307 bp. NT denotes no template control. 
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CHAPTER 3 
EFFECT OF MINERALOCORTICOIDS ON RENAL H+,K+-ATPASES 

Chronic mineralocorticoid excess* causes hypokalemia and metabolic alkalosis.25, 

27, 223 The mechanism responsible for mineralocorticoid-induced metabolic alkalosis is 

through increased urinary acidification, particularly by the renal collecting duct. 36 It is 

known that mineralocorticoids stimulate H+ secretion by A-type ICs of the renal 

collecting duct in part through apical H+-ATPases. 38, 224 Although there is not significant 

evidence that mineralocorticoids directly regulate renal H+,K+-ATPases, it is possible 

that mineralocorticoid-induced hypokalemia secondarily activates renal H+,K+-ATPases. 

Since a study has shown that H+,K+-ATPases are required for ENaC-mediated Na+ 

reabsorption in the colon,219 it is also possible that the renal H+,K+-ATPases are 

required for the mineralocorticoid stimulation of renal ENaC-mediated Na+ retention.    

In this study, the chronic effects of mineralocorticoids on renal H+,K+-ATPases 

were investigated in cell culture and animal models. To induce chronic mineralocorticoid 

excess, we treated mice with a one-time i.m. injection of DOCP, an ester analog of the 

mineralocorticoid, desoxycorticosterone. DOCP has long-lasting (~25-30 days) action 

resulting from esterase cleavage in muscle to desoxycorticosterone. This drug is 

clinically used for treatment of canine Addison’s disease.225-227 One week past DOCP 

treatment, mice have been shown to display increased blood pressure and hypokalemia 

with slight metabolic alkalosis. 118  

In the present study, the timings of DOCP-induced disturbances in body weight, 

Na+, K+, and acid-base homeostasis in mice were determined and correlated with renal 

                                            
*
 The data contained within this chapter have been previously published. Greenlee MM, Lynch IJ, Gumz 
ML, Cain BD, Wingo CS: Mineralocorticoids stimulate the activity and expression of renal H

+
,K

+
-ATPases. 

J Am Soc Nephrol, 2011 
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HKα subunit expression. In a separate experiment, we examined the effect of a high K+ 

diet to abolish the effect of DOCP on blood [K+] and HKα subunit expression. The effect 

of chronic aldosterone exposure (7 days) on HKα subunit expression was also 

investigated using the in vitro OMCD1 cell line that is known to possess H+,K+-ATPase 

activity.222 Finally, our study compared the physiological (systemic, renal, and 

gastrointestinal) responses of WT, HKα1
-/-, and HKα1,2

-/- to DOCP treatment.  

Results 

Mineralocorticoid Excess in WT Mice 

The first goal of these studies was to characterize the temporal changes in body 

weight, Na+, K+, and acid-base homeostasis during chronic mineralocorticoid excess in 

WT mice and to relate these changes to mRNA expression of renal H+,K+-ATPases. 

The second goal was to evaluate whether a high K+ diet abolished the physiological 

effect of mineralocorticoids in WT mice and suppressed changes in renal H+,K+-ATPase 

expression.   

Body weight and blood chemistries were measured over an 8 days in control and 

DOCP-treated female WT mice. DOCP treatment caused a considerable increase in 

body weight apparent by day 4 but control mice exhibited no significant change in body 

weight over this time period (Table 3-1). The minor body weight gain observed in control 

mice is consistent with normal growth in these young animals. The extra body weight 

gain in DOCP-treated mice is consistent with the known effect of DOCP to enhance Na+ 

and fluid volume retention.  

By day 4, DOCP treatment caused a slight, but statistically significant increase in 

blood [Na+] and this effect started to decline by day 8 (Table 3-2). Moreover, DOCP 

treatment caused a considerable reduction in blood [K+] that was statistically significant 
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at day 6 after treatment. Blood [HCO3
-] was significantly increased by day 8 after DOCP 

treatment. The timing and magnitude of increased blood [HCO3
-] were reflected in a 

reciprocal decrease in blood [Cl-] by approximately 7mM.  

To examine the contribution of hypokalemia to the physiological effects of DOCP, 

body weight change and blood chemistries were compared in control and DOCP-treated 

WT mice fed a high K+ diet. A high K+ diet abrogated the effect of DOCP on body weight 

gain (Table 3-3). The high K+ fed mice did not display a reduction in blood [K+] with 

DOCP treatment. Greater blood [HCO3
-] and a reciprocal lower blood [Cl-] were also not 

apparent in DOCP-treated mice fed a high K+ diet.     

Induction of Renal HKα2 Expression 

It is possible that up-regulation of HKα subunit mRNA occurs as a secondary 

response to DOCP-induced hypokalemia. Therefore, the next experiments evaluated 

the effect of DOCP treatment (8 days) on renal HKα1 and HKα2 mRNA expression in 

mice fed a normal diet and whether these effects were altered by a high K+ diet or by 

time.  

RT- and real time qPCR were used to investigate changes in steady state mRNA 

levels of H+,K+-ATPase α subunits, HKα1 and HKα2, in cortex, outer medulla, and inner 

medulla of control and DOCP-treated (8 days) mice fed a normal diet. In control mice, 

the relative expression of HKα1 and HKα2 differed between the three kidney segments 

(Figure 3-1). Expression for both α subunits was greatest in the cortex followed by the 

outer then inner medulla (Figure 3-1 A and B). HKα1 was more highly expressed than 

HKα2 in each segment (Figure 3-1 C).  

Figures 3-2 and 3-3 depict HKα subunit mRNA expression in kidneys from control 

and DOCP-treated mice as detected by RT-PCR and real time PCR, respectively. 
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Neither HKα1 nor HKα2 mRNA expression in the renal cortex were significantly changed 

in DOCP-treated mice compared to control (Figure 3-3 A and B). In the outer medulla, 

DOCP did not affect HKα1 mRNA expression but increased HKα2 expression ~ 2-fold. 

DOCP also did not significantly affect HKα1 mRNA expression in the inner medulla 

(Figure 3-2 and 3-3 A). In contrast, DOCP dramatically stimulated HKα2 mRNA levels in 

the inner medulla by ~ 5 fold compared to control levels (Figure 3-2 and 3-3 B). DOCP’s 

main effect was to increase HKα2 mRNA expression in the medulla.  

To determine if the changes in HKα2 expression were secondary to 

DOCP-induced hypokalemia, HKα1 and HKα2 mRNA expression levels were compared 

in control and DOCP-treated (8 days) mice fed a high K+ diet (Figure 3-3 C and D, 

respectively). The DOCP-induced stimulation of HKα2 mRNA expression in the renal 

medulla was absent in mice fed a high K+ diet (Figure 3-3 D).These results demonstrate 

that the stimulation of medullary H+,K+-ATPase α subunit mRNA expression with DOCP 

treatment is dependent on dietary K+ intake and possibly DOCP-induced hypokalemia.    

Since blood [HCO3
-] was not significantly increased by day 6 after DOCP (Table 

3-1), we hypothesized that the increased HKα2 subunit mRNA expression observed by 

DOCP day 8 would be absent at day 6 after treatment. Figure 3-4 shows relative mRNA 

expression for HKα1 and HKα2 in cortex, outer medulla, and inner medulla of control and 

DOCP-treated mice (day 6). Medullary HKα1 mRNA expression was significantly 

increased ~1.5 fold by day 6 after DOCP treatment (Figure 3-4 A).  In contrast, DOCP 

did not increase medullary HKα2 mRNA expression by this time point and there was 

actually less cortical expression than in control mice (Figure 3-4B). These results are 

consistent with our hypothesis that renal HKα2 expression would not be increased by 
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day 6 after DOCP treatment. Our results did show that DOCP induces HKα1 mRNA 

expression at earlier time points and suggests that both the HKα1- and HKα2-containing 

H+,K+-ATPases may be involved in the physiological effects of DOCP, just at different 

times.   

Aldosterone Treatment in OMCD1 Cells 

The next experiments sought to determine if an in vitro collecting duct cell model 

replicated the effect of chronic mineralocorticoids on HKα2 expression. If so, then this 

model could be used to study the molecular mechanism(s) by which mineralocorticoids 

increase H+,K+-ATPase α subunit expression and activity. OMCD1 cells, which are an 

immortal cell line derived from cells in the outer medullary collecting duct, have 

previously been shown to possess SCH-28080 sensitive H+ secretion indicative of an 

H+,K+-ATPase 88. PCR analysis of HKα1 mRNA expression demonstrated no significant 

difference between OMCD1 cells treated with vehicle (ethanol) or 1µM aldosterone for 

seven days (Figure 3-5).  HKα2 mRNA was undetectable in OMCD1 cells. The lack of 

HKα2 expression in these cells does not make them a good model to study the effect of 

mineralocorticoids on renal H+,K+-ATPases.  

Mineralocorticoid Excess in HKα Null Mice 

The final set of experiments considered the physiological function of renal 

H+,K+-ATPases in the response to chronic mineralocorticoid excess and specifically 

characterized the effect of DOCP treatment on the electrolyte and acid-base 

homeostasis of HKα1
-/- and HKα1,2

-/- mice.  

Body weight change and blood chemistries were first compared in untreated WT 

and knockout mice. No significant change in body weight was observed in untreated 

mice of any genotype over eight days (Figure 3-6). Blood [K+] was paradoxically greater 
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in the HKα1,2
-/- compared to WT or the HKα1

-/- mice (Table 3-4). Blood [Cl-] was less in 

the HKα1
-/- compared to either the WT or HKα1,2

-/- mice. Blood [Na+] and [HCO3
-] were 

similar between the genotypes.  

DOCP-induced body weight gain over 8 days was comparable in WT and HKα1,2
-/- 

mice (Figure 3-7 A). In contrast, HKα1
-/- mice exhibited nearly twice the body weight gain 

of WT mice with DOCP treatment. By day 8 after DOCP treatment, blood [Na+] was 

similar between the genotypes (Figure 3-7 B). Although DOCP reduced blood [K+] ~1 

mM in mice from all the genotypes, HKα1,2
-/- mice still exhibited greater blood [K+] than 

WT or HKα1
-/- mice (Figure 3-7 C). The effect of DOCP to decrease blood [Cl-] (Figure 

3-7 D) and increase blood [HCO3
-] (Figure 3-7 E) in WT mice was eliminated in HKα1,2

-/- 

mice but not in HKα1
-/- mice.  

In order to more fully understand the mechanism for the observed differences in 

body weight gain and blood electrolytes between WT and the HKα knockout mice, urine 

volume, H2O intake, urinary Na+, and urinary K+ retention were compared over the time 

course (8 days) of DOCP treatment. Urine electrolyte (Na+ or K+) retention was 

calculated as dietary intake minus urinary excretion of that electrolyte.  

Urine volume doubled by the end of DOCP treatment in both WT and HKα1,2
-/- 

mice (Figure 3-8 A). However, urine volume did not increase in DOCP-treated HKα1
-/- 

mice. Urine volume was significantly reduced from day 7 to day 8 after DOCP treatment 

in HKα1
-/- mice.   However, H2O intake was quite similar between the genotypes over 

most of the time course (Figure 3-8 B). Nevertheless, on DOCP day 8, HKα1
-/- mice 

exhibited a considerable reduction in H2O intake that correlates with their decreased 

urine volume.   
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Over the course of DOCP treatment, HKα1,2
-/- retained significantly less urinary 

Na+  than WT or HKα1
-/- mice (Figure 3-8 C). In the comparison of day 8 of DOCP 

treatment to control urinary Na+ retention, HKα1
-/- mice exhibited a greater stimulation of 

urinary Na+ retention than WT mice (Figure 3-8 D). The greater urinary Na+ retention of 

HKα1
-/- mice on DOCP day 8 is consistent with their decreased urine volume on that 

day. No significant differences in urinary K+ retention between the genotypes were 

observed over the time course of DOCP treatment except at day 8 (Figure 3-8 E). At 

DOCP day 8, urinary K+, like Na+, retention was greater in HKα1
-/- mice than either WT 

or HKα1,2
-/- mice (Figure 3-8 F). 

Although the mice were pair fed, analysis of stool samples from WT, HKα1
-/-, and 

HKα1,2
-/- mice revealed that HKα1

-/- mice excreted 50% more dry stool weight than either 

the WT or HKα1,2
-/- mice on day 8 of DOCP treatment (Figure 3-9 A). Fecal Na+ 

excretion significantly decreased in DOCP-treated WT and HKα1,2
-/- mice (Figure 3-9 B). 

In contrast, DOCP-treated HKα1
-/- mice exhibited greater fecal Na+ excretion than WT or 

HKα1,2
-/- mice. Interestingly, fecal K+ loss was evident in both HKα1

-/- and HKα1,2
-/- mice 

under control conditions (Figure 3-9 C). Fecal K+ excretion decreased in WT mice 

treated with DOCP but increased ~50% in DOCP-treated HKα1
-/- and HKα1,2

-/- mice 

(Figure 3-9 C).  

In the context of whole animal physiology, it is important to examine the overall 

electrolyte balance as the sum of urinary and fecal excretion subtracted from the intake 

of that electrolyte. Overall Na+ and K+ balance were compared under control conditions 

and on day 8 of DOCP treatment. Na+ balance was not significantly different between 

the genotypes under control conditions (Figure 3-10 A). As expected, Na+ balance was 
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greater in WT mice with DOCP treatment compared to control conditions. A similar 

effect was observed in HKα1
-/- mice.  In contrast, Na+ balance was significantly less in 

DOCP-treated HKα1,2
-/- mice than either WT or HKα1

-/- mice. Under control conditions, 

WT, HKα1
-/- and mice HKα1,2

-/- mice had similar K+ balance (Figure 3-10 B). 

DOCP-treatment caused HKα1
-/- mice to exhibit greater K+ balance than WT. HKα1,2

-/- 

mice exhibited lower K+ balance (~40% less) than WT mice with DOCP treatment 

(Figure 3-10 B).  

Discussion 

These studies revealed that the long-acting mineralocorticoid, DOCP, caused 

hypokalemia and metabolic alkalosis ~ 8 days after administration to mice. 

DOCP-induced metabolic alkalosis correlated with increased renal medullary HKα2 

mRNA expression and a high K+ diet abrogated this effect. The overall deficit in K+ 

retention and resistance to metabolic alkalosis of DOCP-treated HKα1,2
-/- mice and the 

lack of this deficit in HKα1
-/- mice suggests the importance of HKα2-containing 

H+,K+-ATPases to mediate greater K+ reabsorption and H+ secretion with 

mineralocorticoid excess. Notably, the elimination of DOCP-induced urinary Na+ 

retention in HKα1,2
-/- mice also implies that the renal HKα2-containing H+,K+-ATPases 

are important for mineralocorticoid-induced Na+ retention.  

Previous transcription factor analysis of mouse Atp12a (HKα2) promoter detected 

one potential HRE within 1500 bp of the transcription start site, indicating that at least 

the HKα2-containing H+,K+-ATPases were potential MR targets.166 In contrast, a putative 

HRE was not detected in the rabbit Atp12a promoter.228  Figure 3-11 depicts our own 

analysis of putative HREs in Atp4a (HKα1) and Atp12a (HKα2) promoters. The criteria 

for identification of putative HREs included detection by both TESS and TF Search 
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software programs. Both algorithms detected two putative HRE half sites (75% match) 

in the Atp4a and Atp12a promoters and the position, direction, and sequence of these 

prospective sites are shown in Figure 3-11. The two sites in the Atp12a promoter most 

closely resemble the HRE half site consensus sequence (AGAACA). These sites do not 

possess a clear, canonical inverted palindrome (AGAACAnnnTGTTCT) that is expected 

for HREs. Therefore, the HKα subunit genes, Atp4a and Atp12a, are likely not early, 

genomic targets of mineralocorticoid action. Consistent with this conclusion, our results 

have shown that DOCP requires 8 days to induce metabolic alkalosis and an increase 

in medullary HKα2 mRNA expression in mice.  

The effect of long term mineralocorticoid excess to change renal H+,K+-ATPase 

activity has been previously examined.41  Although no effect of the mineralocorticoid, 

aldosterone, was observed within that study, H+,K+-ATPase activity was measured as 

SCH-28080 sensitive. This inhibitor primarily targets HKα1-containing H+,K+-ATPases 

and has little, if any, effect on HKα2-containing H+,K+-ATPases.229 Thus, the effect of 

mineralocorticoids on HKα2-containing H+,K+-ATPases was not investigated in that 

study. Our observations that DOCP treatment dramatically augments HKα2 mRNA 

expression in the renal medulla of mice in a dietary K+ dependent manner suggests that 

mineralocorticoids stimulate HKα2-containing H+,K+-ATPases primarily as a secondary 

response to alterations of blood [K+]. In contrast to in vivo studies, chronic 

mineralocorticoid treatment of in vitro cell models would not affect extracellular [K+]. This 

may be the reason why chronic aldosterone treatment of OMCD1 cells did not affect 

HKα2 mRNA expression. Overall, these results substantiate the conclusion that 
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mineralocorticoids secondarily activate HKα2-containing H+,K+-ATPases to mediate K+ 

reabsorption/conservation. 

The increase in renal medullary HKα2 subunit expression in the kidney coincided 

with an increase in blood [HCO3
-] in DOCP-treated WT mice. The similar time course of 

these two events suggests that H+,K+-ATPase-mediated H+ secretion is responsible for 

a significant portion of the increase in blood [HCO3
-] with mineralocorticoid excess. Most 

importantly, in contrast to WT and HKα1
-/- mice, DOCP treatment did not significantly 

increase blood [HCO3
-] in HKα1,2

-/- mice. These data strongly support the hypothesis 

that HKα2-containing H+,K+-ATPases mediate the development of 

mineralocorticoid-induced alkalosis.        

 Excessive body weight gain and urinary Na+ retention in DOCP-treated HKα1
-/- 

mice and its elimination in HKα1,2
-/- mice suggests that the mineralocorticoid sensitive 

component of urinary Na+ and fluid reabsorption depends on the HKα2-containing 

H+,K+-ATPases. Precedent for such a conclusion is supported by evidence from Spicer 

et al. 219 showing that colonic ENaC activity is dependent on HKα2-containing 

H+,K+-ATPases. In that study, the colons of HKα2
-/- mice exhibited reduced colonic 

amiloride-sensitive (ENaC-mediated) short circuit current compared to WT mice on a 

normal and dietary Na+ restricted diet. Therefore, it is possible that urinary Na+ loss in 

DOCP-treated HKα1,2
-/- mice results from insufficient mineralocorticoid stimulation of 

renal ENaC-mediated Na+ reabsorption.  

Also, the excessive urinary K+ and Na+ retention observed in DOCP-treated HKα1
-/- 

mice and its elimination in the HKα1,2
-/- mice is consistent with a compensatory 

up-regulation of HKα2-containing H+,K+-ATPases in HKα1
-/- mice. This compensatory 
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increase would cause greater Na+ and fluid retention with mineralocorticoid excess. This 

effect may have deleterious consequences for blood pressure regulation in HKα1
-/- mice.  

The results of these studies provide evidence for an important role of the 

H+,K+-ATPases in mineralocorticoid-mediated effects on K+, acid-base, and Na+ 

balance. Future investigation into the mechanism(s) by which the renal H+,K+-ATPases 

contribute to Na+ and fluid balance promises to shed important light on the 

pathogenesis of mineralocorticoid hypertension. 
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Table 3-1. Body weight change (%) in control and DOCP-treated WT mice 

 Day 0 Day 2  Day 4 Day 6 Day 8 

Control (N=7) 0 ± 0 1.2 ± 0.68 1.1 ± 1.5  3.2 ± 1.4  3.0 ± 1.8  
DOCP  (N=7) 0 ± 0 0.1 ± 1.20 2.0 ± 1.2  5.4 ± 1.4 a,b  6.1 ± 1.2 a,b  

Data were analyzed by two-way ANOVA with repeated measures. a denotes P<0.05 
versus Day 2 and b  versus Day 4 within the same treatment group.  
 
Table 3-2. Blood analysis of DOCP treatment in WT mice 

 
Control 

(N=13-14) 
Day 2 

(N=3-4) 
Day 4 
(N=4) 

 Day 6 
(N=3) 

 Day 8 
(N=3) 

 

[Na
+
] (mM) 148.0 ± 0.41 150.0 ± 1.30 153.0 ± 1.80  

a
 153.0 ± 0.80  

a
 150.0 ± 0.41  

[K
+
] (mM)  3.9 ± 0.08 3.5 ± 0.12 3.5 ± 0.17  2.9 ± 0.21  

a
 2.8 ± 0.07  

a,b
 

[Cl
-
] (mM) 118.0 ± 0.51 120.0 ± 1.80 116.0 ± 0.95  117.0 ± 0.35   111.0 ± 0.82  

a,b,c,d
 

[HCO3
-
] (mM) 18.0 ± 0.51 19.0 ± 0.87 20.0 ± 1.20  20.0 ± 0.53  23.0 ± 2.00 

a
 

Data were analyzed by one-way ANOVA. Day indicates number of days after DOCP 
treatment. a denotes P<0.05 versus Control, b  versus Day 2, c versus Day 4 and d 
versus Day 6.  
 
Table 3-3. Physiological response to high K+ (5%) diet and DOCP (day 8) in WT mice  

 Control (N=4) DOCP (N=4) 

Body weight change (%) -2.0 ± 0.42 -0.9 ± 1.38 
Blood [Na+] (mM) 149.0 ± 0.99 151.0 ± 0.88 
Blood [K+] (mM)  4.3 ± 0.06 4.3 ± 0.18 
Blood [Cl-] (mM) 119.0 ± 0.45 121.0 ± 1.30 
Blood [HCO3

-] (mM) 17.3 ± 0.64 18.2 ± 1.01 

Data were analyzed by unpaired Student’s t-test.  
 
Table 3-4. Differences in blood chemistry of WT and HKα null mice on a normal diet 

 WT 
(N=13-14) 

HKα1
-/- 

(N=5) 
 HKα1,2

-/- 
(N=9) 

 

Blood [Na+] (mM) 148.0 ± 0.41 149.0 ± 1.1  148.0 ± 0.58  
Blood [K+] (mM) 3.9 ± 0.08 3.9 ± 0.1  4.4 ± 0.17 † 
Blood [Cl-] (mM) 118.0 ± 0.51 114.0 ± 1.3 † 116.0 ± 0.91  
Blood [HCO3

-] (mM) 18.0 ± 0.51 21.0 ± 1.2  19.0 ± 0.69  

Data were analyzed by one-way ANOVA. † denotes P<0.05 versus WT. 
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Figure 3-1. Relative mRNA expression of HKα1 and HKα2 differs in mouse kidney.  Real 
time PCR was performed to quantify relative mRNA expression for A) HKα1 
and B) HKα2 in cortex, outer medulla, and inner medulla of mice on a normal 
diet. C) HKα2 expression was compared to HKα1 expression in each kidney 
segment. Expression was set relative to β-actin. Fold changes (2-ΔΔCt) in 
expression were calculated and set to %, with cortical (A and B) or HKα1 (C) 
expression set at 100%. Data are presented as mean ± SEM and analyzed by 
one-way ANOVA.* P<0.05 compared to cortex or HKα1 and ** compared to 
outer medulla; N=6. 
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Figure 3-2. DOCP stimulated medullary HKα subunit mRNA expression in mice. 
Reverse transcriptase PCR (37 cycles) was used to amplify cDNA transcripts 
of HKα1 (282 bp) and HKα2 (471 bp) subunits in cortex, outer medulla, and 
inner medulla of control and DOCP-treated mice. PCR amplification of 
GAPDH (871 bp; 30 cycles) was used as loading control. 
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Figure 3-3. DOCP induced medullary HKα2 expression in a K+ dependent manner. Real 
time PCR was performed to quantify relative mRNA expression for A) HKα1 
and B) HKα2 in cortex, outer medulla, and inner medulla of control mice and 
those treated with DOCP for eight days on a normal diet.  Relative mRNA 
expression was also determined for C) HKα1 and D) HKα2 in cortex, outer 
medulla, and inner medulla of control and DOCP-treated mice on a high K+ 
(5%) diet. Expression was set relative to β-actin. Fold changes (2-ΔΔCt) in 
expression were calculated and set to %, with control set at 100%. Data are 
presented as mean ± SEM and expression with DOCP treatment was 
compared to control levels by Student’s t-test. * P<0.05 compared to control; 
N=7-10 for normal diet and N=4 for high K+ diet. 
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Figure 3-4. The effect of DOCP to alter HKα subunit mRNA expression is 
time-dependent. Real time PCR was performed to quantify relative mRNA 
expression for A) HKα1 and B) HKα2 in cortex, outer medulla, and inner 
medulla of control and DOCP-treated (day 6) mice fed a normal diet. 
Expression was set relative to β-actin. Fold changes (2-ΔΔCt) in expression 
were calculated and set to %, with control set at 100%. Data are presented as 
mean ± SEM and expression with DOCP treatment was compared to control 
levels by Student’s t-test. * P<0.05 compared to control; N=4. 
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Figure 3-5. Chronic aldosterone treatment did not affect HKα subunit expression in 
OMCD1 cells. Reverse transcriptase PCR was used to amplify cDNA 
transcripts of HKα1 (282 bp) and HKα2 (471 bp) subunits in OMCD1 cells 
treated with vehicle (ethanol) or aldosterone (Aldo, 1µM) daily for 7 days. * 
designates genomic amplification. 
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Figure 3-6. WT, HKα1
-/-, and HKα1,2

-/- mice had similar body weight gain over eight days 
on a normal diet. Body weight change (%) is shown as the difference from 
starting body weight (day zero). Data are shown as mean ± SEM and were 
analyzed by one-way repeated measure ANOVA. N=5-7. 
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Figure 3-7. Body weight and blood chemistries differ in DOCP-treated WT, HKα1
-/-and 

HKα1,2
-/-mice. All data shown are from the eighth day of DOCP treatment. A) 

Body weight change (%) is shown as the percent change in body weight from 
day zero.  Arterial blood samples were collected from the aorta and B) blood 
[Na+], C) [K+], D) [HCO3

-] and E) [Cl-],were measured on a clinical blood gas 
analyzer. Data are presented as mean ± SEM and were analyzed by one-way 
ANOVA followed by post-hoc Student-Newman-Keuls test. † P<0.05 
compared to WT and ‡ compared to HKα1

-/- mice. N=10-11 WT and N=5 
HKα1

-/- and HKα1,2
-/- mice. 
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Figure 3-8. DOCP treatment differentially altered urinary Na+ and K+ retention in WT 
and HKα null mice.  A) Urinary volume, B) H2O intake, and C-D) urinary Na+ 
and E-F) K+ retention were measured in WT, HKα1

-/- and HKα1,2
-/- mice from 

the day preceding treatment (Con) and over an eight day period of DOCP 
treatment. Urinary electrolyte retention (µEq) was calculated as the urinary 
excretion per day subtracted from dietary intake on that day. All data were 
analyzed by a two-way repeated measure ANOVA with post hoc 
Student-Newman-Keuls test and are shown as mean ± SEM. a denotes 
P<0.05 versus WT and b versus HKα1

-/- mice on the same day. c denotes 
P<0.05 versus WT and d versus HKα1

-/- mice over the entire time course. e 
denotes P<0.05 versus control. WT, N=10; HKα1

-/-, N=5; HKα1,2
-/-, N=5.  
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Figure 3-8.  Continued 
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Figure 3-9. Control and DOCP-treated WT and HKα null mice exhibited altered fecal 
electrolyte excretion. A) Fecal output, B) Na+, and C) K+ excretion were 
measured in WT, HKα1

-/-, and HKα1,2
-/- mice on the day preceding treatment 

(control) and on day eight of DOCP treatment. Data are shown as mean ± 
SEM. and were analyzed by two-way repeated measure ANOVA with post 
hoc Student-Newman-Keuls test. a denotes P<0.05 versus WT and b versus 
HKα1

-/- mice on the same day. e denotes P<0.05 versus control in the same 
genotype. WT, N=11; HKα1

-/-, N=4; HKα1,2
-/-, N=5-6. 
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Figure 3-10. HKα null mice display disturbances in overall electrolyte balance with 
DOCP treatment. Overall A) Na+ and B) K+ balance (µEq) are shown for WT, 
HKα1

-/-, and HKα1,2
-/- mice on the day preceding treatment (control) and on 

day eight of DOCP treatment. Overall electrolyte balance was calculated as 
the sum of urinary and fecal excretion subtracted from dietary intake. Data 
are shown as mean ± SEM and were analyzed by two-way repeated measure 
ANOVA with post hoc Student-Newman-Keuls test or one-way repeated 
measure ANOVA with post-hoc Tukey test. a denotes P<0.05 versus WT and 
b versus HKα1

-/- mice on the same day. e denotes P<0.05 versus control in the 
same genotype.. WT, N=10; HKα1

-/-, N=4; HKα1,2
-/-, N=5. 
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Figure 3-11. Putative HRE half sites are present in Atp4a and Atp12a promoters. Two 
separate transcription factor binding algorithms (TESS and TF Search) were 
used to detect prospective HRE half sites in the Atp4a and Atp12a promoters. 
Zero bp indicates the transcription start site. Blue arrows represent potential 
binding direction.  
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CHAPTER 4 
DIETARY POTASSIUM DEPLETION IN HKΑ NULL MICE  

Our previous study demonstrated that the mineralocorticoid, DOCP, chronically 

stimulates renal HKα2 expression and a high K+ diet abolishes this effect. Our 

observations also suggest that HKα2-containing H+,K+-ATPases mediate the effects of 

DOCP to cause metabolic alkalosis and urinary Na+ retention.  Similar to the effect of 

DOCP, chronic low dietary K+ intake causes hypokalemia and metabolic alkalosis.230 

Low dietary K+ is known to stimulate the activity of renal and colonic H+,K+-ATPases, 

suggesting their importance in K+ conservation during this dietary challenge.133, 135, 231 

HKα2 mRNA and protein expression are specifically and dramatically increased with 

dietary K+ depletion in both the kidney and colon. 181, 187, 232, 233  One study has reported 

that renal cortical HKα1 mRNA expression also increases with dietary K+ depletion.190 

HKα2
-/- mice exhibit severe hypokalemia with dietary K+ restriction, indicating that 

HKα2-containing H+,K+-ATPases are physiologically important for K+ conservation. 218 

However, this effect of dietary K+ depletion in HKα2
-/- mice is a result of fecal, not 

urinary, K+ loss.    

Chronic low dietary K+ intake also causes urinary Na+ retention similar to 

mineralocorticoids. 221, 234 It is plausible then that the renal H+,K+-ATPases are 

responsible for K+ depletion-induced urinary Na+ retention. However, HKα2
-/- mice do not 

exhibit altered urinary or fecal Na+ excretion when fed a K+ depleted diet.218 

Nevertheless, the marked increase in urinary Na+ retention observed with dietary K+ 

depletion may well involve both the HKα1- and HKα2-containing H+,K+-ATPases. The 

single knockout may not be insufficient to elicit a significant renal phenotype.  
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With dietary K+ depletion, the increased H+,K+-ATPase activity would not only 

result in K+ reabsorption but also H+ secretion. Therefore, the renal H+,K+-ATPases may 

be the mechanism responsible for greater distal nephron H+ secretion 235 and resultant 

metabolic alkalosis of dietary K+ depletion. 230 Renal H+,K+-ATPases may also be the 

mechanism responsible for the exacerbated urinary acidification and dramatic metabolic 

alkalosis of dietary K+ restriction combined with mineralocorticoid excess. 236, 237 

Nonetheless, HKα2
-/- mice do not display any abnormality in plasma acid-base 

parameters when fed a low K+ diet.218  

Experiments performed in HKα2
-/- mice suggest that renal HKα2-containing 

H+,K+-ATPases are not alone required for urinary K+ conservation, the development of 

metabolic alkalosis, or the stimulation of urinary Na+ retention observed with dietary K+ 

depletion. The remaining HKα1 subunit in the HKα2
-/- mice may maintain normal renal 

K+, Na+, and H+ handling. For that reason, we investigated whether HKα1
-/- or HKα1,2

-/- 

mice displayed dysfunctional urinary K+, Na+, and acid-base handling with dietary K+ 

depletion. We also examined whether HKα1
-/- or HKα1,2

-/- mice displayed altered 

systemic Na+, K+, and acid-base balance with combined dietary K+ depletion and DOCP 

treatment.  

Results 

Dietary K+ Depletion in HKα Null Mice 

Previous studies have demonstrated a dramatic loss of body weight in the dietary 

K+ depleted HKα2
-/- mice. 218 If HKα1 partially compensated for loss of HKα2, then 

HKα1,2
-/- mice would be expected to display exacerbated body weight loss with dietary 

K+ depletion. Changes in body weight in WT and HKα1,2 
-/- fed either a normal or K+ 

depleted diet were followed for 8 days (Figure 4-1). No significant differences in body 
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weight change were observed between WT and HKα1,2 
-/- mice on a normal gel diet for 8 

days. Food intake was not significantly different between WT and HKα1,2
-/- mice fed the 

normal gel diet (10.2 ± 0.69 g versus 12.3 ± 0.66 g, respectively). Dietary K+ depletion 

caused an ~ 5% loss in body weight in WT mice. Body weight loss was two-fold greater 

in HKα1,2 
-/- mice. The differences in body weight loss are comparable to previous 

observations in HKα2
-/- mice. 218 Decreased food intake did not account for this drop in 

body weight as WT and HKα1,2
-/- mice displayed similar food intake (11.5 ± 0.82 g and 

10.9 ± 0.68 g, respectively). 

To assess the effect of H+,K+-ATPase knockout on K+ homeostasis, blood [K+] was 

measured in WT and HKα1,2 
-/- mice fed either a normal or K+ depleted diet for 8 days. 

Blood [K+] was similar in WT and HKα1,2 
-/- mice fed a normal diet (Figure 4-2 A).  

Although dietary K+ depletion led to hypokalemia in both WT and the double knockout 

mice, the reduction in blood [K+] was an additional 1mM in HKα1,2 
-/- mice.  In a separate 

experiment, we examined the effect of dietary K+ depletion on blood [K+] in HKα1
-/- mice. 

In contrast to the results from HKα1,2 
-/- mice, the drop in blood [K+] in HKα1

-/- mice was 

not significantly different from that of WT mice (Table 4-1).  

We next determined if the reduced blood [K+] observed in HKα1,2
-/- mice resulted 

from urinary or fecal K+ loss. Urinary K+ retention was calculated as daily dietary K+ 

intake minus the daily urinary K+ excretion. Urinary K+ retention was identical in WT and 

HKα1,2 
-/- mice provided a normal diet (Figure 4-2 B). By day 8 of dietary K+ depletion, 

both the WT and HKα1,2 
-/- mice reduced urinary K+ excretion to almost undetectable 

levels when measured with ion-sensitive electrodes. Therefore, we also measured urine 
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[K+] by flame photometer. Surprisingly, HKα1,2 
-/- mice exhibited slightly greater urinary 

K+ retention than WT mice on day 8 of dietary K+ depletion (Figure 4-2 C).  

Fecal K+ wasting was quite apparent in HKα1,2
-/- mice (Figure 4-2 D). HKα1,2 

-/- mice 

excreted nearly 4 times more fecal K+ than WT mice on a normal diet. Fecal K+ output 

decreased with dietary K+ depletion in both genotypes (Figure 4-2 D) but was still as 

much as 7 times greater in HKα1,2 
-/- mice than WT mice by day 8 of K+ depletion.  

To determine whether H+,K+-ATPases are required for increased Na+ and fluid 

retention with dietary K+ depletion, urinary Na+ retention and urine volume were 

compared between WT and HKα1,2
-/- mice on day 8 of a normal or K+ depleted diet. 

Urinary Na+ retention was calculated as dietary Na+ intake minus urinary Na+ excretion. 

Dietary K+ depletion stimulated urinary Na+ retention to a similar extent in both WT and 

HKα1,2 
-/- mice (Figure 4-3 A). However, urine volume was significantly more in HKα1,2 

-/- 

mice than in WT mice fed a normal or K+ depleted diet (Figure 4-3B).  

To determine if HKα1,2
-/- mice displayed excess urinary K+ or Na+ loss during the 

earlier stages of dietary K+ depletion, urine K+ and Na+ retention were compared in pair 

fed WT and  HKα1,2
-/- mice given a normal diet for 4 days then switched to a K+ depleted 

diet for 4 days. Urinary K+ retention was similar in WT and HKα1,2
-/- mice over the time 

course (Figure 4-4 A). Urinary Na+ retention was also similar between the genotypes 

(Figure 4-4 B).   

To test the hypothesis that renal H+,K+-ATPases mediate K+ depletion-induced 

metabolic alkalosis, acid-base homeostasis was compared in WT and HKα1,2 
-/- mice 

during dietary K+ depletion. Blood [HCO3
-] and net urinary acid excretion were 

measured in WT and HKα1,2 
-/- mice fed either a normal or K+ deplete diet for 8 days. 
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Blood [HCO3
-] was similar in WT and HKα1,2 

-/- mice when fed a normal diet (Figure 4-5 

A). Under normal dietary conditions, HKα1,2 
-/- mice displayed a surprisingly more acidic 

urine pH than WT mice (Figure 4-5 B). Consistent with urine pH results, HKα1,2 
-/- mice 

excreted nearly twice the urinary NH4
+ and 60 times more urinary titratable acid than 

WT mice (Figure 4-5 C and D, respectively). Net urinary acid excretion, calculated as 

the sum of urinary NH4
+ and titratable acid excretion, was nearly 3-fold greater in HKα1,2 

-/- mice compared to WT mice fed a normal diet (Figure 4-5 E).  

Dietary K+ depletion did not significantly affect blood [HCO3
-] in WT or HKα1,2 

-/- 

mice (Figure 4-5 A). Urine alkalinized with dietary K+ depletion in HKα1,2 
-/- mice but not 

in WT mice (Figure 4-5 B). Urine NH4
+ excretion increased and titratable acidity 

decreased in mice from both genotypes fed a K+ depleted diet (Figure 4-5 C and D, 

respectively). However, titratable acidity was still significantly greater in HKα1,2 
-/- mice 

compared to WT. Overall, net urinary acid excretion was not significantly different 

between K+ depleted WT and double knockout mice (Figure 4-5 E).  

 To determine if the more acidic urine pH of HKα1,2 
-/- mice under normal 

conditions was a result of knockout of HKα1 or HKα2, urine pH was measured in HKα1
-/- 

mice fed a normal gel diet. Similar to HKα1,2 
-/- mice, HKα1

-/- mice exhibited a more acidic 

urine pH than WT mice (Figure 4-6).  These data indicate that knockout of HKα1 in mice 

results in enhanced urine acidification.  

Expression of Renal Acid-Base Transporters in HKα Null Mice 

 The paradoxical augmentation of urinary acid excretion in HKα1,2 
-/- mice 

warranted further examination of compensatory changes in acid-base transport in the 

kidney. Therefore, we examined the mRNA expression levels of several renal acid-base 

transporters using real time PCR. Expression levels of the majority of acid-base 
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transporters examined were unaltered in HKα1,2 
-/- mice compared to WT mice (Table 

4-2). However, medullary mRNA expression of AE1 was ~30% greater in HKα1,2 
-/- mice. 

Also, cortical expression of NHE3 was roughly 40% less in HKα1,2 
-/- mice compared to 

WT.  

We assume that increased AE1 expression corresponds to greater AE1-mediated 

HCO3
- reabsorption in HKα1,2 

-/- mice and increased H+-ATPase activity would be 

expected to accompany the stimulation of AE1 activity. However, we did not observe 

significantly increased H+-ATPase B1 or a4 subunit mRNA expression levels in HKα1,2 
-/- 

mice (Table 4-2). Stimulation of H+-ATPase activity appears to primarily occur via post-

translational mechanisms, including trafficking to the plasma membrane. Therefore, we 

also examined plasma membrane protein expression of H+-ATPase B1/B2 in cortex and 

medulla from WT, HKα1
-/- and HKα1,2 

-/- mice fed normal lab chow (Figure 4-7). Although 

it is only an N of 2, striking qualitative differences between the genotypes were not 

obvious. 

Dietary K+ Depletion and Mineralocorticoid Excess in HKα Null Mice  

 The next experiments investigated whether either or both of the renal HKα1- and 

HKα2-containing H+,K+-ATPases were responsible for the exacerbation of metabolic 

alkalosis with combined dietary K+ depletion and mineralocorticoid excess.  WT, HKα1
-/- 

and HKα1,2 
-/- mice were fed a normal gel diet for three days then switched to a K+ 

depleted gel diet for eight days. Half the animals in each genotype were also treated 

with DOCP at the start of the K+ depleted diet. Body weight and food intake were 

compared over the entire time course. Total kidney weight and blood chemistries were 

measured on the last day of the experiment. 
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Our previous results showed that HKα1,2 
-/- mice lost more body weight with dietary 

K+ depletion than WT mice. Dietary K+ depletion combined with DOCP treatment 

caused a substantially greater loss of body weight in HKα1,2
-/- mice compared to dietary 

K+ depletion alone (Figure 4-8 A). This effect was not observed in WT or HKα1
-/- mice. 

Despite the body weight loss of HKα1,2
-/- mice, food intake was similar in WT and HKα1,2

-

/- mice on a K+ depleted diet  (Figure 4-8 B). However, DOCP-treated HKα1
-/- mice 

exhibited significantly greater food intake than DOCP-treated WT mice over the entire 

time course. Significant renal hypertrophy was observed in HKα1,2 
-/- mice fed a K+ 

depleted diet (Figure 4-8 C). This effect was exacerbated with DOCP treatment.   

DOCP treatment and dietary K+ depletion reduced blood [K+] an additional 1mM 

compared to dietary K+ depletion alone  in each genotype (Figure 4-9 A). Eight days of 

dietary K+ depletion did not increase blood [HCO3
-] in mice from any genotype (Figure 

4-9 B). However, dietary K+ depletion and DOCP treatment caused an ~5mM increase 

in blood [HCO3
-] in WT mice. Surprisingly, DOCP treatment in K+ depleted HKα1,2 

-/- 

mice caused an even more severe increase in blood [HCO3
-] of ~15mM. The HKα1,2 

-/- 

mice exhibited a reciprocal decrease in blood [Cl-] (Figure 4-9 C). HKα1,2 
-/- mice also 

displayed greater blood [Na+] than WT or HKα1
-/- mice on a K+ depleted diet (Figure 4-9 

D), indicating fluid volume loss and dehydration. Hematocrit was greater in both HKα1
-/- 

and HKα1,2
-/- mice compared to WT with dietary K+ depletion alone (Figure 4-9 E), also 

indicating dehydration.    

Discussion 

In this study, we investigated the effect of dietary K+ depletion in WT, HKα1 
-/- and 

HKα1,2
-/- mice. Dietary K+ depletion caused worse hypokalemia in HKα1,2 

-/- mice than 

WT or HKα1
-/- mice, indicating that HKα2-containing H+,K+-ATPases are required for K+ 
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conservation. However, significant urinary K+ loss did not occur in HKα1,2
-/- mice. Fecal 

K+ loss was apparent in the double knockouts under normal and dietary K+ depleted 

conditions, similar to observations in HKα2
-/- mice.218, 219 The data indicate that only the 

colonic HKα2-containing H+,K+-ATPases are required for K+ conservation with dietary K+ 

depletion. Renal HKα2-containing H+,K+-ATPases are also not required for K+ 

depletion-induced urinary Na+ retention. The observation that HKα1
-/- and HKα1,2

-/- mice 

have a more acidic urine pH suggests that knockout of HKα1-containing H+,K+-ATPases, 

either in the kidney or other tissues, affects urinary acid excretion. The mechanism for 

this is still unclear. In contrast to our expectations, DOCP-treated HKα1,2
-/- mice fed a K+ 

depleted diet displayed a remarkably severe metabolic alkalosis. The data suggest that 

renal H+,K+-ATPases play completely different roles during mineralocorticoid excess in 

the presence and absence of dietary K+. The hypernatremia observed in DOCP-treated 

HKα1,2
-/- mice fed a K+ depleted diet also suggests that the renal H+,K+-ATPases are 

important in fluid volume homeostasis under this condition. 

 Considerable evidence has suggested that H+,K+-ATPases and, more 

specifically, HKα2- containing H+,K+-ATPases mediate K+ reabsorption in the collecting 

duct and the colon.86, 87 Therefore, we expected that HKα1,2 
-/- mice would display a 

more severe hypokalemia than WT or HKα1 
-/- mice when fed a K+ depleted diet. The 

excessive fecal K+ wasting of HKα1,2 
-/- mice indicates that colonic HKα2-containing 

H+,K+-ATPases facilitate K+ conservation under K+ depleted conditions. Our observation 

that urinary K+ conservation is intact in HKα1,2 
-/- mice suggests that other mechanisms 

in the kidney, such as shutdown of K+ secretion, compensate for the lack of 
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H+,K+-ATPase-mediated K+ reabsorption or that renal H+,K+-ATPases do not contribute 

to net K+ reabsorption in vivo under normal physiological conditions. 

Our previous studies show that mineralocorticoids do not cause urinary Na+ 

retention in HKα1,2 
-/- mice. We hypothesized that the urinary Na+ retention of dietary K+ 

depletion would also be dependent on the renal H+,K+-ATPases. However, dietary K+ 

depletion-induced Na+ retention was intact in HKα1,2 
-/- mice. The differences in the 

urinary Na retention of HKα1,2 
-/- mice during mineralocorticoid excess and dietary K+ 

depletion are possibly related to differences in mineralocorticoid status and the 

activation of ENaC-mediated Na+ reabsorption. In contrast to mineralocorticoid excess 

which is accepted to stimulate urinary Na+ reabsorption through ENaC, dietary K+ 

depletion-induced urinary Na+ retention may be independent of ENaC.  First, dietary K+ 

depletion is known to be low mineralocorticoid state. 238  Second, ENaC subunit plasma 

membrane protein abundance in the cortical collecting duct has been shown to change 

in proportion to dietary K+ intake.239 In particular, a low K+ diet decreases plasma 

membrane abundance of ENaC subunits. Therefore, it is plausible that the low 

mineralocorticoid state of low dietary K+ intake shuts down H+,K+-ATPase-dependent 

(ENaC-mediated) Na+ reabsorption by the collecting duct and dissociates Na+ retention 

from the renal H+,K+-ATPases.  

Contrary to dietary K+ depletion alone, dietary K+ depletion combined with DOCP 

treatment would be expected to increase ENaC expression and activity in the collecting 

duct. The hypernatremia, greater blood hematocrit, and body weight loss of 

DOCP-treated HKα1,2
-/- mice fed a K+ depleted diet indicates an inability to retain Na+ or 
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H2O. Whether this relates to altered ENaC activity and urinary Na+ or H2O retention 

needs to be addressed.   

The striking metabolic alkalosis observed in HKα1,2 
-/- mice fed a K+ depleted diet 

and treated with DOCP is yet unexplained. Whether this effect stems from a 

gastrointestinal or renal H+ loss in the HKα1,2 
-/- mice should be investigated. The 

metabolic alkalosis possibly results from inactivation of pendrin-mediated Cl- 

reabsorption and HCO3
- secretion. 121, 122 Additional experiments are needed to clarify 

the involvement of renal H+,K+-ATPases in the effects of dietary K+ depletion with 

mineralocorticoid excess.   

Many other acid secreting mechanisms are present in the nephron and collecting 

duct (reviewed by Wagner et al. 36) that may compensate for knockout of renal 

H+,K+-ATPases. Our examination of mRNA expression levels for several acid-base 

transporters in kidneys from HKα1,2 
-/- mice revealed the anion exchanger 1 (AE1) as the 

only likely candidate. However, the change in expression of this transporter (30%) was 

not dramatic. Excessive activity of medullary AE1 in conjunction with an apical H+ 

secretion mechanism could help explain, at least in part, the more acidic urine of HKα1 

null mice. One study has shown that outer medullary collecting ducts of HKα1
-/- mice 

possessed greater H+-ATPase-mediated H+ secretion and apical polarity of this 

transporter than WT mice. 240  Using immunogold localization, we have not observed 

increased H+-ATPase localization to the apical plasma membrane of ICs in HKα1
-/- 

compared to WT mice fed a normal diet (Verlander et al. Unpublished observations).  

Nevertheless, one expects compensatory stimulation of the H+-ATPase in HKα1 

null mice to only maintain normal urinary acidification. The greater net urinary acid 
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excretion observed in HKα1 null mice is surprising. The potential of reduced gastric acid 

secretion in the HKα1 null mice to affect urinary acid excretion cannot be ignored. 

Pancreatic HCO3
- secretion buffers gastric acid secretion in response to an acidic 

environment (for a review of gastrointestinal acid-base transporters see reference 241). 

However, acid-independent release of pancreatic HCO3
- can occur in response to 

gastrin-releasing peptide. 242 Interestingly, HKα1
-/- mice displayed significantly elevated 

levels of gastric and serum gastrin 213, suggesting that gastrin-releasing peptide levels 

maybe elevated. Increased levels of gastrin-releasing peptide in HKα1
-/- mice, if present, 

would be expected to cause excessive pancreatic HCO3
- secretion with subsequent 

stool HCO3
- loss. This net alkali deficit would lead to metabolic acidosis. However, there 

are other renal mechanisms for excretion of the remaining acid load. Therefore, this 

may be one mechanism for the acidic urine of HKα1
-/- mice.   

In conclusion, the role of the renal H+,K+-ATPases in urinary K+ conservation and 

acidification with dietary K+ depletion remains unclear. Tissue-specific knockout mice 

are needed to more fully understand the role of the renal H+,K+-ATPases independent 

from the role of the gastrointestinal H+,K+-ATPases. This is especially important to 

decipher the role of renal H+,K+-ATPases in urinary acid excretion under normal and K+ 

depleted dietary conditions. 
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Table 4-1. Blood chemistries for WT and HKα1
-/- mice on a K+ depleted diet. 

 WT (N=4) HKα1
-/- (N=4)  

[Na+], mM  147.0 ± 0.48 148.0 ± 0.47  
[K+], mM  3.9 ± 0.10 3.8 ± 0.18  
[Cl-], mM 114.0 ± 0.96 109.0 ± 0.89 † 
Calculated [HCO3

-], mM  19.7 ± 0.95 22.1 ± 0.74  

Data are shown for day 8 of the diet and were analyzed by Student’s t-test. † denotes 
P<0.05 versus WT. 
 
Table 4-2. Quantitative analysis of renal acid – base transporter mRNA expression 

profile in WT and HKα1,2
-/- mice fed a normal diet.  

 

 Tissue 

Gene 
Common 

name 
Function Cortex Medulla 

   WT 
(N=6) 

HKα1,2
-/-

 
(N=8) 

 WT 
(N=6) 

HKα1,2
-/-

 
(N=8) 

 

Atp6v0a4 H
+
-ATPase 

a4  
H

+
 

secretion 
1.0 ± 0.07 1.20 ± 0.07  1.0 ± 0.17 1.00 ± 0.13  

Atp6v1b1 H
+
-ATPase 

B1  
H

+
 

secretion 
1.0 ± 0.21 0.76 ± 0.10  1.0 ± 0.23 1.30 ± 0.11  

Slc4a1 AE1 Cl
-
/HCO3

-
 

exchange 
1.0 ± 0.22 1.10 ± 0.30  1.0 ± 0.06 1.30 ± 0.12  † 

Slc26a4 Pendrin  Cl
-
/HCO3

-
 

exchange 
1.0 ± 0.08 0.73 ± 0.10  NT NT  

Rhbg  Rhbg NH3 
transport 

1.0 ± 0.16 0.69 ± 0.12  1.0 ± 0.09 0.94 ± 0.09  

Rhcg  Rhcg NH3 
transport 

1.0 ± 0.07 0.81 ± 0.07  1.0 ± 0.09 0.95 ± 0.05  

Slc9a2 NHE2 Na
+
/H

+
 

exchange  
1.0 ± 0.10 0.93 ± 0.11  1.0 ± 0.15 1.00 ± 0.14  

Slc9a3 NHE3 Na
+
/H

+
 

exchange  
1.0 ± 0.11 0.62 ± 0.08  † 1.0 ± 0.12 0.70 ± 0.12  

Data were analyzed by Student’s t-test. † denotes P<0.05 versus WT. NT means not 
tested. 
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Figure 4-1. HKα1,2
-/- mice lost substantial body weight with dietary K+ depletion. Body 

weight change (%) is shown as the percent change from day 0 to day 8. Data 
are presented as mean ± SEM and were analyzed by two-way ANOVA 
followed by a post hoc Student-Newman-Keuls test, if appropriate. * denotes 
P<0.05 versus normal diet, † versus WT, and § versus WT on same diet. 
N=6-8.   
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Figure 4-2. Dietary K+ depletion caused excessive fecal (not urinary) K+ excretion in 
HKα1,2

-/- mice.  A) Blood [K+] is shown for WT and HKα1,2
-/- mice fed a normal 

or K+ depleted diet ad libitum for 8 days. B) Urinary K+ retention (day 8) is 
shown and was calculated as the daily K+ intake minus daily urinary K+ 
excretion. C) Urinary K+ retention on day 8 of a K+ depleted diet was 
measured by flame photometer also. D) Fecal K+ excretion (µEq / g stool) is 
shown for day 4 of the normal diet and day 4 and 8 of the K+ depleted diet. 
Data are presented as mean ± SEM and were analyzed by two-way ANOVA 
followed by a post hoc Student-Newman-Keuls test, if appropriate. * denotes 
P<0.05 versus normal diet, † versus WT, and § versus WT on same diet. 
N=6-8 
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Figure 4-3. Dietary K+ depletion caused urinary Na+ retention in WT and HKα1,2
-/- mice. 

A) Urinary Na+ retention (day 8) and B) urine volume are shown for WT and 
HKα1,2

-/- mice fed a normal or K+ depleted gel diet ad libitum for 8 days. 
Urinary Na+ retention was calculated as the daily Na+ intake minus daily 
urinary Na+ excretion. Data are presented as mean ± SEM and were 
analyzed by two-way ANOVA followed by a post hoc Student-Newman-Keuls 
test, if appropriate. * denotes P<0.05 versus normal diet and † versus WT.  
N=6-8 
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Figure 4-4. HKα1,2
-/- mice do not lose urinary K+ or Na+ at an earlier time point on a K+ 

depleted diet. A) Urinary K+ retention and B) Na+ retention are shown in pair 
fed WT and HKα1,2

-/- mice who were given a normal diet for 4 days then 
switched to a K+ depleted diet for 4 days.  Data are shown as mean ± SEM 
and were analyzed by two-way repeated measure ANOVA.  N=4-5. 
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Figure 4-5. Urinary acid excretion is abnormal in HKα1,2
-/- mice. A) Blood [HCO3

-] 
(calculated), B) urine pH, C) NH4

+ excretion, D) titratable acidity, and E) net 
acid excretion (day 8) were assessed in WT and HKα1,2

-/- mice fed a normal 
or K+ deplete gel diet ad libitum for 8 days. Data are presented as mean ± 
SEM and were analyzed by two-way ANOVA followed by a post hoc 
Student-Newman-Keuls or Tukey test, if appropriate. * denotes P<0.05 versus 
normal diet, † versus WT, ¥ versus normal diet in same genotype, and § 
versus WT on the same diet. N=6-8. 
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Figure 4-6. HKα1
-/- mice exhibit more acidic urine than WT mice. Urine pH was 

measured in WT and HKα1
-/- mice fed a normal gel diet for 4 days. Data are 

presented as mean ± SEM and were analyzed by Student’s t-test. † denotes 
P<0.05 versus WT. N=3 

 

 

 
Figure 4-7. H+-ATPase plasma membrane protein expression does not appear altered 
in HKα1

-/- or HKα1,2
-/- mice. Levels of H+-ATPase B1/B2 (~55kDa) protein were detected 

by Western blot analysis of plasma membrane protein fractions (25-50µg) from renal 
medulla of WT and HKα1,2

-/- mice. β-actin protein (~42kDa) levels served as a loading 
control. N=2.  
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Figure 4-8. Dietary K+ depletion with DOCP treatment caused body weight loss and 

renal hypertrophy in HKα1,2
-/- mice. A) Body weight (% change from day 0), B) 

food consumption, and C) kidney weight are shown for WT, HKα1
-/-, and 

HKα1,2
-/- mice fed a K+ depleted diet for 8 days with or without DOCP 

treatment at day zero. Data are shown as mean ± SEM and were analyzed by 
two-way ANOVA with or without repeated measures followed by post-hoc 
Holm-Sidak test, where appropriate. a denotes P<0.05 versus WT, b versus 
HKα1

-/- mice and e versus K+ depleted diet on the same day. † denotes 
P<0.05 versus WT and * versus K+ depleted diet. N=3-4.   
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Figure 4-9. Combined dietary K+ depletion and DOCP treatment caused metabolic 
alkalosis and hypernatremia in HKα1,2

-/- mice. A) Blood [K+], B) [HCO3
-] 

(calculated), C) [Cl-], D) [Na+], and E) hematocrit were compared in WT, 
HKα1

-/- and HKα1,2
-/- mice fed a K+ depleted diet for 8 days. Half of the mice 

were also treated with DOCP. Data are shown as mean ± SEM and were 
analyzed by two-way ANOVA followed by post-hoc Holm-Sidak test, where 
appropriate. † denotes P<0.05 versus WT and ‡ versus HKα1

-/- mice 
regardless of treatment. § denotes P<0.05 versus WT and ¥ versus HKα1

-/- 
within the same treatment group. N=3-4.  
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CHAPTER 5 
MECHANISMS OF H+,K+-ATPASE-MEDIATED NA+ TRANSPORT 

Our previous results revealed that mineralocorticoid-induced urinary Na+ retention 

requires the presence of H+,K+-ATPases. In contrast, renal H+,K+-ATPases are not 

required for dietary K+ depletion-induced Na+ retention. Several lines of evidence 

indicate a similar association between Na+ transport and renal or colonic 

H+,K+-ATPases. A low Na+ diet, which induces secondary hyperaldosteronism, has 

been shown to double ouabain-sensitive H+,K+-ATPase-mediated H+ secretion in rat ICs 

after ~ two weeks.191 The ouabain sensitivity suggests activation of HKα2-containing 

H+,K+-ATPases. In this same study, Silver and colleagues also examined H+,K+-ATPase 

activity in collecting ducts from adrenalectomized rats replaced with aldosterone levels 

similar to Na+ depleted rats. H+,K+-ATPase-mediated H+ secretion in ICs was not 

increased by aldosterone loading alone. Those results suggest that low dietary Na+ 

stimulates renal HKα2-containing H+,K+-ATPases independently of mineralocorticoids. 

Another study examiningHKα2 protein expression in the colon and kidney of Na+ 

depleted rats reported that dietary Na+ depletion stimulated HKα2 protein expression 

only within the distal colon and not in the kidney. 192 The latter study demonstrates that 

dietary Na+ restriction increases renal HKα2-containing H+,K+-ATPase activity 

independently of changes in expression.  

The physiological response of HKα2
-/- mice to dietary Na+ restriction has been 

investigated. 219 Under dietary Na+ restricted conditions, HKα2
-/- mice exhibited greater 

fecal K+ and Na+ loss than WT mice. αENaC mRNA expression, detected by Northern 

blot, appeared decreased in both the colon and kidney of Na+ restricted HKα2
-/- mice 

compared to WT mice. It was also found that HKα2
-/- mice fed either a normal or Na+ 
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restricted diet exhibited significantly reduced amiloride-sensitive, electrogenic Na+ 

current within the colon compared to WT mice. Spicer and colleagues speculated that 

colonic H+,K+-ATPase-mediated K+ recycling was required for ENaC-mediated Na+ 

reabsorption.  Their model proposed that K+ secretion via apical K+ channels and K+ 

recycling and H+ secretion via H+,K+-ATPases maintain electrochemical gradients 

necessary for electrogenic Na+ reabsorption through ENaC and the Na+,K+-ATPase.  

In that same study, no significant differences in urinary Na+ excretion were 

observed between Na+ restricted WT and HKα2
-/- mice.219  However, renal ENaC activity 

was not examined. Interestingly, urinary K+ excretion was reduced in Na+ restricted 

HKα2
-/- mice compared to WT, suggesting activation of other K+ reabsorptive 

mechanisms. It is possible that the unaltered renal Na+ conservation of HKα2
-/- mice 

results from coupling of the remaining HKα1-containing H+,K+-ATPase and ENaC.  

For our study, we hypothesized that HKα1,2
-/- mice would display reduced renal 

ENaC expression and exhibit significant urinary Na+ loss with dietary Na+ depletion due 

to the reduction in ENaC-mediated Na+ reabsorption. Therefore, we examined renal 

ENaC mRNA and protein expression in WT and HKα1,2
-/- mice under normal conditions. 

We next compared the physiological response of WT and HKα1,2
-/- mice to dietary Na+ 

depletion. Since we previously observed that HKα1,2
-/- mice consume slightly more food 

than WT mice under normal conditions, we also hypothesized the HKα1,2
-/- mice lack 

enough of some nutrient like Na+ in their diet. Therefore, we more closely examined 

food and H2O intake in HKα1,2
-/- mice. We also measured urinary aldosterone excretion 

in WT and HKα1,2
-/- mice fed ad libitum and pair fed to WT mice (food restriction).  
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Results 

ENaC Subunit Expression in HKα Null Mice  

Real time PCR was performed to determine relative mRNA expression of α -, β -, 

and γENaC in renal cortex and medulla from male WT and HKα1,2
-/- mice on a normal 

gel diet. mRNA expression of α -, β -, and γENaC subunits were not significantly 

different in the cortex and medulla of HKα1,2
-/- mice compared to WT mice (Figure 5-1). 

Using samples from the same mice used in the mRNA experiment, ENaC total protein 

expression was also determined in renal medulla of WT and HKα1,2
-/- mice by Western 

blot analysis.  A representative Western blot is shown in Figure 5-2 A.  Using antibodies 

from Carolyn Ecelbarger, a band was detected at the expected size for full length α- and 

γENaC protein (~85kDa). Medullary αENaC protein expression was clearly reduced in 

HKα1,2
-/- mice compared to WT. Band densitometry revealed that HKα1,2

-/- mice had 

~45% less αENaC protein expression than WT mice (Figure 5-2 B).  

Dietary Na+ Depletion in HKα Null Mice 

In the next set of experiments, we investigated the physiological responses of WT 

and HKα1,2
-/- mice to dietary Na+ depletion. We hypothesized that dietary Na+ depletion 

would cause fluid volume loss and urinary Na+ wasting in HKα1,2
-/- mice. Body weight 

and blood chemistries were measured in WT and HKα1,2
-/- mice pair fed a Na+ depleted 

gel diet for one week. WT and HKα1,2
-/- mice did not display significant differences in 

body weight gain by day 7 of dietary Na+ depletion (Figure 5-3 A). Interestingly, Na+ 

depleted HKα1,2
-/- mice displayed greater blood hematocrit than WT mice (Figure 5-3 B), 

suggesting volume depletion in the double knockout mice. Blood [Na+] and [K+] were 

similar between WT (151 ± 0.97 mM and 5.1 ± 0.091 mM, respectively) and HKα1,2
-/- 

mice (151 ± 0.43 mM and 5.3 ± 0.30 mM, respectively). Technical difficulties with urine 
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collection throughout this experiment precludes the assessment of urinary Na+ and K+ 

excretion in WT and HKα1,2
-/- mice over the time course of dietary Na+ depletion.   

Food Intake and Urinary Aldosterone Levels in HKα null mice 

Our previous studies showed that HKα1,2
-/- mice have a tendency to consume 

more food than WT when fed ad libitum. Therefore, we measured food and H2O intake 

in WT and HKα1,2
-/- mice fed a normal gel diet ad libitum for one week. Urine volume 

and osmolality were also measured in WT and HKα1,2
-/- mice. On an ad libitum diet, 

HKα1,2
-/- mice consumed significantly more food per body weight (g) than WT mice 

(Figure 5-4 A). H2O intake was not significantly different between WT and HKα1,2
-/- mice 

(Figure 5-4 B). However, the double knockouts excreted a greater urine volume than 

WT mice (Figure 5-4 C). Since the double knockouts consume more gel food than WT 

mice, this probably results from greater H2O intake through the gel food. Urine 

osmolality was the same between the two genotypes (Figure 5-4 D), indicating no 

difference in urine concentrating ability.       

We also examined the ability of WT and HKα1,2
-/- mice to maintain normal body 

weight under ad libitum and pair fed (food/Na+ restricted) conditions.  WT and HKα1,2
-/- 

mice were pair fed a normal gel diet or fed ad libitum with free access to H2O for one 

week. Feeding HKα1,2
-/- mice the same amount of food as WT mice caused a 

considerable loss of body weight in the knockout mice, suggesting fluid volume loss 

(Figure 5-5). In contrast, both WT and HKα1,2
-/- mice gained a similar amount of body 

weight when fed ad libitum (Figure 5-5).  

Dietary Na+ deficiency is known to increase plasma and urinary aldosterone 

levels.243 Therefore, we expected greater urinary aldosterone levels in HKα1,2
-/- mice 

pair fed to WT mice due to a restriction in dietary Na+ intake. We measured urinary 
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aldosterone levels in male WT and HKα1,2
-/- mice fed ad libitum and in HKα1,2

-/- mice pair 

fed to WT mice. Urinary aldosterone excretion was similar between the genotypes 

during ad libitum intake (Figure 5-6 A). However, pair feeding caused a pronounced 

increase in urinary aldosterone in HKα1,2
-/- mice. Although not significant, pair fed female 

HKα1,2
-/- mice also exhibited a tendency for increased urinary aldosterone excretion 

compared to either WT or HKα1
-/- mice (Figure 5-7 B). More studies are needed to 

determine if both male and female HKα1,2
-/- mice respond similarly to dietary Na+ 

restriction.       

Discussion 

In this study, we investigated the mechanism and further defined the role of renal 

H+,K+-ATPases in urinary Na+ conservation. Total protein expression of αENaC was 

considerably reduced in the renal medulla of HKα1,2
-/- mice, suggesting that renal 

H+,K+-ATPases are required for normal ENaC expression. Dietary Na+ depletion caused 

increased blood hematocrit in HKα1,2
-/- mice, indicating fluid volume loss. Restricting 

food intake of HKα1,2
-/- mice caused loss of body weight and greatly increased urinary 

aldosterone excretion in the double knockouts as well. Taken together, our results 

further signify that renal H+,K+-ATPases play an essential part in urinary Na+ 

conservation, at least in part through a mechanism involving ENaC.   

The decreased total protein abundance of αENaC in the medulla of HKα1,2
-/- mice  

would be expected to provide less reserve for ENaC translocation to the plasma 

membrane during states of Na+ deprivation. Our data suggest that HKα1,2
-/- mice 

consume more food in order to increase dietary Na+ consumption and maintain salt 

balance. This hypothesis will need to be confirmed. However, the body weight loss and 
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increased urinary aldosterone excretion of food restricted HKα1,2
-/- mice is consistent 

with this hypothesis.    

The reduced protein expression of αENaC in the medulla of HKα1,2
-/- mice may 

represent a mechanism for the urinary Na+ loss observed in DOCP-treated HKα1,2
-/- 

mice. It is possible that fewer ENaC channels are available for apical plasma membrane 

insertion and activation during DOCP treatment in the HKα1,2
-/- mice. Several lines of 

evidence also suggest that both the HKα1- and HKα2-containing H+,K+-ATPases directly 

reabsorb Na+ on the K+ binding site.148, 156-158 Therefore, the disruption of direct Na+ 

reabsorption by the renal H+,K+-ATPases in HKα1,2
-/- mice may also be a mechanism for 

the observed urinary Na+ loss in these knockouts. The lack of a similar phenotype in 

HKα1
-/- mice also implies that the requirement of renal H+,K+-ATPases  for Na+ 

reabsorption is specific to HKα2-containing H+,K+-ATPases. The unavailability of specific  

HKα2-containing H+,K+-ATPase inhibitors has hindered investigation into direct 

HKα2-mediated Na+ reabsorption. However, the most immediate studies should focus 

on determining whether knockout of HKα2-containing H+,K+-ATPases produces a similar 

urinary Na+ handling defect as in the HKα1,2
-/- mice. From that point, the mechanism, be 

it direct or indirect, can be more fully studied.  

HKα1,2
-/- mice displayed reduced ability to maintain Na+ balance during DOCP 

treatment and dietary Na+ restriction. Whether these effects in the HKα1,2
-/- mice are 

related to reduced ENaC-mediated Na+ reabsorption or elimination of direct 

H+,K+-ATPase-mediated Na+ reabsorption  in the connecting segment and renal 

collecting duct remains to be determined. Nonetheless, the results of these studies and 
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our previous ones support the hypothesis that renal H+,K+-ATPases (probably 

HKα2-containing) are required to maintain Na+ balance.            
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Figure 5-1. ENaC subunit mRNA expression is similar in WT and HKα1,2
-/- mice. Real 

time PCR was used to assess α-, β-, and γ-ENaC mRNA expression in kidney 
cortex (Ctx) and medulla (Med) from WT and HKα1,2

-/- mice fed a normal diet. 
Expression was set relative to β-actin. Fold changes (2-ΔΔCt) in expression 
were calculated, with WT set at 1. Data are presented as mean ± SEM and 
analyzed by Student’s t-test. N=6-8. 
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Figure 5-2. Medullary αENaC protein expression is reduced in HKα1,2
-/- mice. Western 

blot analysis was used to assess α- and γENaC protein expression in total 
protein fractions from renal medulla of WT and HKα1,2

-/- mice fed a normal gel 
diet ad libitum. A) A representative blot is shown for α- and γENaC protein 
(~85kDa) expression with β-actin (~42kDa) used a loading control. B) 
Densitometry analysis of blots for α- and γENaC protein expression, corrected 
for β-actin levels, with WT expression set to 100%. Data are shown as mean 
± SEM and were analyzed by Student’s t-test. † denotes P<0.05 versus WT. 
N=5 for αENaC and N=3 for γENaC. 

  



 

133 

 

 

 

Figure 5-3. Dietary Na+ depletion increased blood hematocrit in HKα1,2
-/- mice. A) Body 

weight, shown as percent change from day 0 to day 7, and B) blood 
hematocrit (%, day 7) were compared in WT and HKα1,2

-/- mice pair fed a Na+ 
depleted gel diet for 7 days. Data for body weight are shown in box chart with 
individual data points shown. Data are shown as mean ± SEM for hematocrit. 
All data were analyzed by Student’s t-test. † denotes P<0.05 versus WT. 
N=4. 
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Figure 5-4. HKα1,2
-/- mice display altered appetite, H2O intake, and urine volume on a 

normal diet. A) Food consumption, B) H2O intake, C) urine volume, and D) 
urine osmolality were measured in WT and HKα1,2

-/- mice fed a normal gel diet 
ad libitum for one week. Data are an average of 3 days (day 5 to 7) shown as 
mean ± SEM and were analyzed by Student’s t-test. † denotes P<0.05 versus 
WT. N=3. 
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Figure 5-5. HKα1,2
-/- mice lost considerable body weight when pair fed. Body weight, 

shown as percent change from day 0, was measured in WT and HKα1,2
-/- mice 

fed ad libitum or pair fed a normal gel diet for one week. Data are shown as 
mean ± SEM and were analyzed by Student’s t-test. * denotes P<0.05 versus 
WT. N=4.    
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Figure 5-6. Food restriction (pair feeding) caused HKα1,2
-/- mice to exhibit augmented 

urinary aldosterone excretion. A) Urine aldosterone, shown as ng excreted 
per day, was measured in male WT and HKα1,2

-/- mice fed ad libitum or pair 
fed a normal gel diet. B) Urine aldosterone levels were also measured in 
female WT, HKα1

-/-, and HKα1,2
-/- mice pair fed a normal gel diet. Data are 

shown as mean ± SEM and were analyzed by Student’s t-test or one-way 
ANOVA with post hoc Tukey test. † denotes P<0.05 versus WT on the same 
diet. N=3-4. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Our studies establish the importance of renal H+,K+-ATPases to mineralocorticoid- 

and Na+ depletion-induced Na+ retention in addition to their formerly recognized K+ 

reabsorptive and H+ secretory action. Conclusions and future directions will be 

discussed concerning the study of the renal H+,K+-ATPases’ involvement in Na+, K+, 

and acid-base homeostasis. Hypotheses will be made concerning vasopressin and 

molecular regulation of renal H+,K+-ATPases. Finally, the prospective functions of 

H+,K+-ATPases outside the kidney will be discussed.   

H+,K+-ATPase-mediated Na+ Retention 

The most remarkable observation within our studies is the influence of renal 

H+,K+-ATPases on renal Na+ handling. Specifically, our results demonstrate that renal 

H+,K+-ATPases are essential for mineralocorticoid-induced urinary Na+ retention. Since 

DOCP-treated HKα1,2
-/- mice displayed significant urinary Na+ loss compared to WT and 

HKα1
-/- mice, it is probable that renal HKα2-containing H+,K+-ATPases are the isoform 

important to  mineralocorticoid-induced urinary Na+ retention. The mechanism(s) 

responsible for coupling of Na+ reabsorption to the H+,K+-ATPases remains unknown. 

Coupling to ENaC-dependent Na+ reabsorption appears particularly promising. This 

section discusses and proposes investigation into prospective H+,K+-ATPase-requiring 

Na+ reabsorptive mechanisms and conditions. This section also discusses the plausible 

role of H+,K+-ATPases in blood pressure regulation.   

Potential Mechanism(s) of H+,K+-ATPase-mediated Na+ Transport 

In future experiments, it will first be necessary to determine whether both 

HKα1-and HKα2-containing H+,K+-ATPases or HKα2-containing H+,K+-ATPases alone 
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are required for mineralocorticoid-induced urinary Na+ retention and to maintain Na+ 

balance with dietary Na+ restriction. Examination of the physiological response of HKα2
-/- 

mice to DOCP treatment and dietary Na+ depletion should answer this question.  

Two lines of evidence indicate that H+,K+-ATPases are important for 

ENaC-mediated Na+ reabsorption. 1) Other investigators have observed a reduction in 

colonic ENaC activity in HKα2
-/- mice.219 2) We found that medullary αENaC subunit 

protein expression is dramatically reduced in HKα1,2
-/- mice. In the colon, ENaC and 

HKα2-containing H+,K+-ATPases reside in the same cell type. However, in the collecting 

duct, ENaC and H+,K+-ATPases are primarily present in the neighboring PCs and ICs, 

respectively.90, 185, 244  The location of ENaC and H+,K+-ATPases in separate cell types 

suggests an extracellular mechanism for altered ENaC expression in kidneys from 

HKα1,2
-/- mice. Although HKα2-containing H+,K+-ATPases primarily localize to ICs, 

studies have shown apical plasma membrane localization in PCs.90, 185 The expression 

of ENaC and HKα2-containing H+,K+-ATPases in the same cell type implies that either 

an intracellular or autocrine mechanism of reduced ENaC protein expression may also 

exist in HKα1,2
-/- mice. Indeed, both paracrine and autocrine mechanisms may be 

involved.    

Although the signaling mechanisms have not been identified, recent studies have 

demonstrated that extracellular [HCO3
-] can stimulate ENaC protein expression and 

activity.121 Those studies showed that pendrin null mice displayed more acidic urine 

than WT and had reduced renal ENaC expression.122  Acetazolamide, which increases 

HCO3
- delivery to the collecting duct, corrected ENaC expression and activity in pendrin 

null mice.121  An analogous mechanism may be present in HKα1,2
-/- mice. Similar to 
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pendrin null mice, HKα1,2
-/- mice exhibited more acidic urine than WT mice in our 

studies. An equivalent examination of ENaC expression and ENaC-mediated (amiloride 

sensitive) Na+ reabsorption in HKα1,2
-/- mice under normal conditions and in response to 

acetazolamide should be performed.  

However, urine acidity is unlikely to be the primary basis for decreased ENaC 

expression in HKα1,2
-/- mice because a similar urine acidity is observed in HKα1

-/- mice. 

In distinction to HKα1,2
-/- mice, HKα1

-/- mice exhibited exacerbated Na+ retention with 

mineralocorticoid excess, suggesting that ENaC function would be intact in the single 

knockouts.   

The discussion above is speculative. Experiments are first needed to determine 

whether and under what conditions (such as mineralocorticoid excess) ENaC activity is 

reduced in collecting ducts from HKα1,2
-/- mice. The next objectives should involve 

investigation of whether ENaC requires HKα1- or HKα2-containing H+,K+-ATPases by 

examination of ENaC activity in collecting ducts from single HKα knockouts. Finally, it 

should be determined if the lack of mineralocorticoid-induced Na+ retention in HKα1,2
-/- 

mice results from reduced ENaC activity, expression, and plasma membrane 

localization. The results of these proposed experiments will address the question of 

whether ENaC represents the mechanism for H+,K+-ATPase-mediated Na+ retention. 

It is possible that renal HKα2-containing H+,K+-ATPases are required for the 

Na+-retaining effects of other hormonal and dietary conditions of increased Na+ 

retention.  In support of this hypothesis, chronic (two weeks) dietary NaCl restriction, a 

diet known to stimulate ENaC expression and Na+ reabsorptive activity, also activates 

SCH-28080 sensitive H+,K+-ATPase-mediated H+ secretion in ICs.191 In addition, our 
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own data demonstrating that HKα1,2
-/- mice show signs of fluid loss with dietary Na+ 

depletion support the hypothesis that conditions of enhanced ENaC-mediated urinary 

Na+ retention required augmented H+,K+-ATPase activity. Examination of urinary Na+ 

excretion and ENaC activity in collecting ducts from Na+ restricted HKα1
-/-, HKα2

-/-, and 

HKα1,2
-/- mice is necessary to fully resolve the function of renal H+,K+-ATPases in urinary 

Na+ retention during dietary Na+ depletion. 

If it is found that reduced ENaC-mediated Na+ reabsorption is not the mechanism 

for urinary Na+ loss in HKα1,2
-/- mice subjected to DOCP or dietary Na+ depletion, then 

other studies are needed to determine whether H+,K+-ATPases directly reabsorb Na+. 

H+,K+-ATPase-mediated Na+ reabsorption could be measured as amiloride- and 

hydrochlorothiazide-insensitive Na+ flux. This relative H+,K+-ATPase-mediated Na+ flux 

should be measured and compared in collecting ducts from WT and HKα null mice 

under normal, mineralocorticoid-stimulated, and Na+ deplete conditions. If direct Na+ 

transport occurs via H+,K+-ATPases, one would expect amiloride- and 

hydrochlorothiazide-insensitive Na+ flux to increase with DOCP and dietary Na+ deplete 

conditions in collecting ducts from WT mice and that this activity would be absent in 

HKα1,2
-/- mice under any condition. Finally, measurement of amiloride- and 

hydrochlorothiazide-insensitive Na+ flux in HKα single null mice should allow for 

determination of the H+,K+-ATPase isoform responsible for direct Na+ reabsorption.     

Blood Pressure Phenotypes in HKα Null Mice  

Based on the reduced renal medullary ENaC abundance in HKα1,2
-/- mice and 

potential for reduction in ENaC-mediated Na+ retention, one might expect the double 

knockouts to exhibit lower blood pressure than WT mice under normal conditions.  

Recently completed experiments performed by Jeanette Lynch in our laboratory 



 

141 

compared blood pressure phenotypes in male WT, HKα1
-/- and HKα1,2

-/- mice under 

normal conditions. Despite less medullary αENaC protein expression, HKα1,2
-/- mice 

showed similar blood pressure as WT and HKα1
-/- mice (WT, 115 ± 2.2 mmHg; HKα1

-/-, 

112 ± 3.3 mmHg; HKα1,2
-/-, 114 ± 3.0 mmHg). Under normal conditions, urinary Na+ 

retention, like blood pressure, is also similar in the three genotypes. These results may 

suggest similar ENaC activity in WT, HKα1
-/- and HKα1,2

-/- mice under normal conditions.  

Although blood pressure is normal in HKα1,2
-/- mice under normal conditions, the 

differences in urinary Na+ excretion observed in DOCP-treated knockout mice suggests 

blood pressure differences may exist with DOCP treatment. We found that DOCP 

induced greater urinary Na+ retention in HKα1
-/- mice and less urinary Na+ retention in 

HKα1,2
-/- mice. These two results would be expected to cause a greater increase in 

blood pressure in HKα1
-/- mice and smaller increase in blood pressure in HKα1,2

-/- mice 

relative to WT mice.  Preliminary examination of the blood pressure response of WT, 

HKα1
-/-, and HKα1,2

-/- mice to DOCP treatment has not demonstrated significant 

phenotypic differences. However, DOCP only increased blood pressure slightly 

(<10mmHg). The mild increase in blood pressure of DOCP-treated mice may reflect the 

fact that our background mouse strain, C57BL/6J, is somewhat resistant to 

desoxycorticosterone-mediated hypertension.245  Also, the hypertensive actions of 

desoxycorticosterone-induced renal Na+ retention have classically been studied under 

conditions of high dietary Na+ intake, which was not used in our studies 

Characterization of the role of renal H+,K+-ATPases in blood pressure regulation 

requires a more thorough examination of blood pressure responses in HKα null mice, 

particularly in response to increased or decreased dietary Na+ intake and also in the 
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absence or presence of mineralocorticoid excess. These experiments may need to be 

performed in a different, more desoxycorticosterone-sensitive, background mouse 

strain.  

H+,K+-ATPase-mediated K+ Retention and Recycling 

This section discusses observed and proposed roles of renal H+,K+-ATPases in K+ 

homeostasis. To our knowledge, our studies are the first to demonstrate that HKα null 

mice exhibit insufficient renal K+ retention. However, there are stark differences 

between the response of HKα null mice to mineralocorticoids and dietary K+ depletion. 

Since both conditions cause hypokalemia, the results indicate that renal H+,K+-ATPases 

do not respond only to decreased plasma [K+]. Our studies also imply that 

HKα2-containing H+,K+-ATPases primarily facilitate K+ recycling in the collecting duct. 

This has been suggested for H+,K+-ATPases present in other tissues. Finally, our 

observation that female, not male, HKα1,2
-/- mice have greater blood [K+] than WT mice 

under normal conditions indicate that H+,K+-ATPases regulate K+ homeostasis in a 

sex-dependent manner.  

Role of H+,K+-ATPases in Mineralocorticoid and Dietary K+-dependent Control of 
K+ Homeostasis  

With the use of HKα null mice, we showed that mineralocorticoids activate renal 

HKα2-containing H+,K+-ATPases limiting urinary K+ loss. Interestingly, our results 

suggest that loss of HKα1 up-regulates mineralocorticoid-induced K+ reabsorption 

through HKα2-containing H+,K+-ATPases since the excessive urinary K+ retention 

observed in DOCP-treated HKα1
-/- mice is absent in HKα1,2

-/- mice. Examination of 

H+,K+-ATPase-mediated K+ flux in collecting ducts from DOCP-treated WT and HKα1
-/- 
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mice should clarify whether HKα2-containing H+,K+-ATPases are indeed the mechanism 

for greater K+ retention in HKα1
-/- mice.  

Our results also indicate that mineralocorticoids induce HKα2-containing 

H+,K+-ATPases in a K+ dependent manner. High dietary K+ intake prevents the effect of 

mineralocorticoids to decrease plasma [K+] and to stimulate medullary HKα2 subunit 

expression. Experiments are necessary 1) to examine whether the effects of a high K+ 

diet indeed correspond to inhibition of mineralocorticoid-induced H+,K+-ATPase K+ 

reabsorption in the collecting duct; and 2) whether HKα1,2
-/- mice, fed a high K+ diet, no 

longer exhibit greater urinary K+ loss than WT mice with mineralocorticoid excess.   

In contrast to the role of renal H+,K+-ATPases during mineralocorticoid excess, 

neither the renal HKα1- nor HKα2-containing H+,K+-ATPases appear to be required for 

maximal urinary K+ conservation during dietary K+ depletion. However, as evidenced by 

fecal K+ loss in both HKα2
-/- and HKα1,2

-/- mice, the colonic HKα2-containing 

H+,K+-ATPases do mediate significant K+ reabsorption during K+ depletion. Importantly, 

the absence of H+,K+-ATPases in the gastrointestinal system complicates interpretation 

of these data because mice null for HKα1 or HKα2 exhibit excessive fecal K+ loss even 

under normal circumstances. In effect, the knockout mice are likely primed for urinary K+ 

conservation, probably through other transporters proximal to the collecting duct. 

Ultimately, the generation and study of kidney-specific knockouts for HKα subunits is 

desirable for understanding the role of renal H+,K+-ATPases in urinary K+ reabsorption.   

K+ Recycling by H+,K+-ATPases  

The magnitude of urinary K+ loss in DOCP-treated HKα1,2
-/- mice was small, 

especially compared to the magnitude of urinary Na+ loss. This relatively mild 

phenotype and the lack of renal K+ loss in K+ depleted HKα1,2
-/- mice suggests that the 
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primary function of renal HKα2-containing H+,K+-ATPases is not K+ reabsorption. 

Evidence from the kidney 12 and stomach 246 indicate that H+,K+-ATPases in 

coordination with an apical K+ channel can function to recycle K+. 

Coimmunoprecipitation and immunolocalization experiments are needed to identify 

potential K+ channels associated with renal HKα2-containing H+,K+-ATPases. Finally, 

studies should address whether K+ recycling through the associated K+ channel is 

indeed the primary function of HKα2-containing H+,K+-ATPases. Specifically, 

H+,K+-ATPase-mediated H+ secretion in ICs of the collecting duct should be measured  

in the presence and absence of pharmacological blockade of the identified K+ channel 

using both WT and HKα2
-/- mice.  

This mode of K+ recycling has been proposed as the reason why HKα2-containing 

H+,K+-ATPases are required for ENaC-mediated Na+ reabsorption in the colon.219 A 

model for this coordinated transport mechanism within the kidney is shown in Figure 

6-1. Specifically, this model proposes that H+,K+-ATPase-mediated K+ recycling 

provides the driving force (efflux of K+ from PCs) to facilitate electrogenic Na+ 

reabsorption through ENaC. Investigation of ENaC-mediated Na+ flux in collecting ducts 

from WT and HKα2
-/- mice in the presence and absence of inhibitors for the associated 

K+ channel should address whether this proposed model is indeed accurate.           

Role of H+,K+-ATPases in Sex Hormone Control of K+ Homeostasis 

Until recently, sex hormones have not been recognized to have significant 

influence on K+ homeostasis. New evidence from Crambert and colleagues shows that 

low dietary K+ increased adrenal progesterone production. 206  The study also showed 

that progesterone causes urinary K+ retention. The mechanism appears to be through 

activation of renal HKα2-containing H+,K+-ATPases.  Our studies showed that female 
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HKα1,2
-/- mice, in contrast to males, display a slight hyperkalemia compared to WT and 

HKα1
-/- mice. The results indicate that HKα2-containing H+,K+-ATPases, present in the 

kidney or other tissues, play a yet undetermined part in the effect of sex hormones on 

K+ homeostasis. A very informative experiment may be to assess plasma [K+] and K+ 

excretion in response to ovariectomy and adrenalectomy in female WT and HKα1,2
-/- 

mice. The proposed studies will address whether sex hormones produce the slight 

hyperkalemia present in female HKα1,2
-/- mice.    

Experiments should also be conducted to understand the regulation of renal K+ 

handling by other sex hormones and the potential involvement of renal H+,K+-ATPases. 

Specifically, urinary K+ excretion could be examined in males, females, and 

ovariectomized females in response to progesterone, estrogen, and testosterone. Also, 

the effects of these hormones and pregnancy on H+,K+-ATPase-mediated K+ flux and 

HKα subunit expression in the collecting duct could be studied. The results of these 

studies should clarify whether progesterone is the only sex hormone that modifies K+ 

homeostasis. It should also address whether other sex hormones and pregnancy 

influence K+ reabsorption through renal HKα2-containing H+,K+-ATPases. 

H+,K+-ATPase-mediated H+ Secretion 

The importance of H+,K+-ATPases in the regulation of acid-base homeostasis has 

been debated for many years. Nevertheless, our studies show for the first time that 

HKα2-containing H+,K+-ATPases mediate the majority of mineralocorticoid-induced 

metabolic alkalosis. The role of H+,K+-ATPases to affect acid-base balance during 

normal and dietary K+ depleted conditions is not clear. The following section will 

summarize and propose studies concerning the importance of H+,K+-ATPases in the 

kidney and gastrointestinal system to acid-base homeostasis.    
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Effects of Mineralocorticoids and Dietary K+ Depletion on Acid-Base Balance 

Our data showing that DOCP treatment did not cause increased plasma [HCO3
-] in 

HKα1,2
-/- mice indicate that HKα2-containing H+,K+-ATPases mediate all of the effect of 

mineralocorticoids to cause metabolic alkalosis. Nevertheless, our studies did not 

address whether the metabolic alkalosis results from renal or colonic HKα2-containing 

H+,K+-ATPases. Increased medullary HKα2 mRNA expression in DOCP-treated mice 

suggests a renal mechanism. An important contribution of the colonic HKα2-containing 

H+,K+-ATPase cannot be ignored. Whether the renal, colonic, or both HKα2-containing 

H+,K+-ATPases facilitate mineralocorticoid- induced H+ secretion and the resultant 

metabolic alkalosis needs to be investigated. Measurements of urinary acid excretion 

and colonic H+,K+-ATPase-mediated H+ secretion in DOCP-treated WT and HKα2
-/- mice 

should address this question.  

In our studies, we did not observe increased plasma [HCO3
-] in WT mice after 

eight days on a K+ depleted diet. Similar results have been observed in mice and 

dogs.206, 218, 237 It is possible that a longer period of dietary K+ depletion is needed to 

achieve metabolic alkalosis in mice. Whether this relates to stimulation of 

H+,K+-ATPase-mediated H+ secretion in the kidney or colon could be studied using HKα 

null mice. However, it is unlikely that loss of colonic H+,K+-ATPase-mediated H+ 

secretion significantly affects acid-base balance because neither HKα2
-/-  218 nor HKα1,2

-/- 

mice exhibited disturbances in blood [HCO3
-] despite excessive fecal K+ loss on a 

normal and K+ depleted diet. Overall, we conclude that, despite their activation, renal 

and colonic H+,K+-ATPases do not significantly affect acid-base homeostasis during low 

dietary K+ intake alone.    
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Gastrointestinal Effects on Urinary Acid Excretion 

One completely surprising observation in our studies is that mice null for HKα1 

exhibit more acidic urine than WT mice. These results are surprising because 

HKα1-containing H+,K+-ATPases are supposed to reside on the apical membrane of 

both the gastric mucosa and ICs of the collecting duct where they would secrete H+.185, 

247  One expects the loss of these H+ secreting transporters in the kidney to cause urine 

alkalinization, not acidification. Compensatory stimulation of other H+ secretion 

mechanisms in the kidneys of HKα1 null mice may represent one potential mechanism 

for the greater urinary acidification observed in these knockout mice. However, this 

compensation should only maintain normal net urine acid excretion in the knockouts, 

not stimulate more acid excretion than WT mice.  

   It has always been assumed that loss of gastric acid secretion would not affect 

acid-base balance because the secreted acid later stimulates pancreatic HCO3
- 

secretion for its neutralization.248  However, evidence indicates that the gastric peptide 

hormone, gastrin-releasing peptide, can activate pancreatic HCO3
- secretion in the 

absence of gastric acid.242 Gastrin-releasing peptide stimulates gastric acid secretion 

and is the hormone responsible for the release of gastrin in the stomach.248 The fact 

that HKα1
-/- mice exhibit dramatically augmented levels of circulating and gastric gastrin 

suggests that gastrin – releasing peptide levels are also increased in these knockout 

mice.213  First, serum and gastric levels of gastrin-releasing peptide could be compared 

in WT and HKα1
-/- mice. If greater in the knockouts, then pancreatic HCO3

- secretion 

could be measured. It will also need to be determined whether inhibition of pancreatic 

HCO3
- secretion corrects net urine acid excretion in HKα1

-/- mice. Really, tissue-specific 
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HKα knockout mice are needed to define the separate roles of H+,K+-ATPases in the 

gastrointestinal system and the kidney to affect acid-base homeostasis.   

Dietary Acid-Dependent Regulation of Renal H+,K+-ATPases 

Several lines of evidence suggest that dietary acid loading stimulates renal 

H+,K+-ATPase-mediated H+ secretion. 100, 193, 197, 198  Dietary acid loading stimulates the 

expression of HKα1 and HKα2 mRNA expression in a time-dependent manner.100 

Studies are needed to assess the role of each separate renal H+,K+-ATPase isoform in 

the acid secretory response to dietary acid loading. In a preliminary study, we found that 

urine pH decreased in WT mice fed a 0.28 M NH4Cl loaded diet for 6 days (Figure 6-2). 

A similar effect was not observed in HKα1
-/- mice. These preliminary data suggest that 

renal HKα1-containing H+,K+-ATPases participate in the dietary acid-induced urinary 

acidification.  

However, significant metabolic acidosis was not observed in NH4Cl loaded WT 

mice. Also, no differences in blood [HCO3
-] (19.9 ± 1.3 mM in WT versus 20.5 ± 0.082 

mM in HKα1
-/- mice, N=3) were observed between NH4Cl loaded WT and HKα1

-/- mice. 

Future studies need to use an acid loading model that produces significant acidosis. 

This will be essential to understanding the role of renal H+,K+-ATPases in the response 

to dietary acid challenges. HCl acid loading produces metabolic acidosis in mice. 128 

The time-dependent renal and systemic response of kidney specific HKα1
-/- and HKα2

-/- 

mice to HCl acid loading should be investigated. The results of these proposed studies 

will more completely define the function of renal H+,K+-ATPases in dietary acid 

elimination and acid-base homeostasis. 
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MicroRNA Regulation of H+,K+-ATPases 

New evidence indicates that microRNA regulation of gene expression is quite 

important to normal kidney function and pathophysiology.249  Much investigation of 

microRNAs in the kidney has focused on cancer. However, a recent study has shown 

that miR-192 regulates WNK1, an important modulator of distal tubular NCC.250 This 

report suggests that microRNAs are important regulatory mechanisms of electrolyte 

transport.  

MicroRNAs bind to the 3’ UTR of a target gene’s mRNA transcript and either 

cause mRNA degradation or inhibit translation through a variety of mechanisms.249  Our 

own observation that renal HKα2 mRNA expression is quite low or even undetectable at 

times sparked examination of potential microRNA binding sites within the 3’ UTR of 

HKα2 mRNA using an online software program called TargetScanMouse 

(www.targetscan.org). The program algorithm detected a potential mmu-miR-505 

binding site conserved within other species, including human, rat, and rabbit (Figure 

6-3). However, analysis of miR-505 expression in the cortex and medulla of mouse 

kidney revealed very low expression of this microRNA (Ct greater than or equal to 36). 

These data suggest that microRNAs are probably not a primary mechanism to control 

HKα2 expression. With the discovery of more microRNAs and better understanding of 

microRNA mechanisms, it may be important to reevaluate microRNA regulation of HKα2 

mRNA expression.  

Interaction between Vasopressin and Renal H+,K+-ATPases  

One of the most striking observations of our studies was the dramatic decline in 

urine volume of DOCP-treated HKα1
-/- mice. Two other lines of data suggest 

involvement of H+,K+-ATPases in H2O balance. 1) HKα1,2
-/- mice exhibited polyuria 

http://www.targetscan.org/
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under normal conditions. 2) HKα1,2
-/- mice displayed hypernatremia with combined 

dietary K+ depletion and DOCP treatment. Indeed, the anti-diuretic hormone, 

vasopressin has been shown to activate HCO3
- reabsorption (or H+ secretion) and alter 

acid-base transporter expression in the collecting duct.251, 252 Other studies have shown 

that vasopressin increases ATPase activity of the H+-ATPase through V1R-dependent 

mechanism.39 In the same study, vasopressin was not shown to stimulate 

vanadate-sensitive H+,K+-ATPase activity. However, the presence of ouabain to inhibit 

the Na+,K+-ATPase makes the data difficult to interpret because HKα2-containing 

H+,K+-ATPases are also sensitive to ouabain.  

In future studies, H+,K+-ATPase-mediated H+ secretion could be measured in ICs 

of control and vasopressin-treated collecting ducts from WT and HKα null mice. V1R 

and V2R antagonists could be used to define the mechanism of vasopressin action.  It 

is quite possible that the response of H+,K+-ATPases to vasopressin is more delayed 

than that of H+-ATPases. H+-ATPases respond earlier to mineralocorticoid stimulation 

than H+,K+-ATPases.39  Studies should be conducted to examine time-dependent 

changes in acid-base homeostasis of vasopressin-treated mice. These changes could 

then be correlated to renal HKα subunit expression and activity in the collecting duct. 

More experiments are needed to clarify whether the HKα1- or HKα2-containing 

H+,K+-ATPases participate in vasopressin-stimulated H+ secretion in ICs.  

Our own preliminary evidence is consistent with an interaction between 

vasopressin and H+,K+-ATPases. We found that urine osmolality and vasopressin levels 

were greater in HKα1
-/- mice than either WT or HKα1,2

-/- mice (Figure 6-4). To completely 

understand whether vasopressin-induced H2O reabsorption requires renal 
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H+,K+-ATPases, separate measurements of the renal response of HKα null mice to 

vasopressin and H2O deprivation are required.  

Function of H+,K+-ATPases in Other Organ Systems 

H+,K+-ATPases localize to several different tissues in addition to the kidney. In the 

stomach, the H+,K+-ATPase is most well known for its role in gastric acid secretion, and, 

in the colon, for its roles in K+ reabsorption. However, the function of H+,K+-ATPases 

within other organ systems remains mostly unresolved. Based on our own observations 

and the literature, two areas of particular interest include the role of gastric 

H+,K+-ATPases in obesity and K= reabsorption and the role of HKα1-containing 

H+,K+-ATPases in bone resorption.   

Role of Gastric H+,K+-ATPases in Obesity and K+ Reabsorption 

Relatively recent evidence has demonstrated that the gastric mucosa releases a 

peptide hormone named ghrelin which in addition to activation of gastric acid secretion 

also regulates energy balance.253 Through its effects on the hypothalamic neuropeptide 

Y system, ghrelin stimulates food intake and gastric emptying and can contribute to 

certain obesity phenotypes. 

This connection between food intake and gastric acid secretion may be quite 

important for our own studies since we have observed greater food consumption in 

HKα1,2
-/- than WT mice. Also, longitudinal assessment of body weight change in male 

and female WT and HKα1
-/- mice from age 7 to 16 weeks has shown that HKα1

-/- mice 

gain weight at a faster rate than WT mice (Figure 6-5). Our previous data and the 

preliminary data described herein suggest that knockout of gastric acid secretion results 

in slight hyperphagia and obesity. We hypothesize that HKα1 null mice will exhibit 

greater gastric ghrelin production as a compensatory mechanism to activate gastric acid 
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secretion. This excess ghrelin may cause an orexigenic and obesity phenotype in the 

knockout mice. To study this, food intake, fat versus lean mean ratio, and ghrelin levels 

need to be compared in WT and HKα1
-/- mice.  

Either way, the observation that HKα1
-/- mice are obese and exhibit excess 

adiposity, as determined by our own visual inspection, is concerning with respect to 

long-term use of proton pump inhibitors in human patients. Our results convey the 

importance of studying whether chronic proton pump inhibitor therapy increases gastric 

ghrelin secretion.  

One interesting observation of our studies is that HKα1
-/- mice, similar to HKα2

-/-  218 

and HKα1,2
-/- mice, exhibit significant fecal K+ loss under normal conditions. Traditionally, 

the stomach has not been recognized as an important site for K+ reabsorption. The 

gastric H+,K+-ATPases and apical K+ channels have principally been thought to 

participate in K+ recycling to achieve a large H+ gradient contributing to a very low 

luminal pH. However, our data suggest that gastric HKα1-containing H+,K+-ATPases 

also participate in net K+ reabsorption. Measurement of luminal K+ content in the small 

intestine of WT and HKα1
-/- mice should answer whether the phenotype of HKα1

-/- mice 

reflects reduced gastric K+ reabsorption.  

In our studies, we also observed that both HKα1
-/- and HKα1,2

-/- mice display 

significant gastric hypertrophy compared to WT mice under K+ depleted conditions 

(Figure 6-6). To our surprise, the HKα1,2
-/- mice exhibited an even more severe gastric 

hypertrophy than HKα1
-/- mice. As determined by Northern blot, HKα2 mRNA expression 

has not previously been detected in the stomach.161 However, under normal conditions 

and with the aid of a much more sensitive method (real time PCR), HKα2 mRNA 



 

153 

expression is also scarcely detectable in the kidney. Future studies should determine 

whether and under what conditions the stomach expresses HKα2. The presence of 

HKα2 in the stomach may explain the greater gastric hypertrophy of HKα1,2
-/- mice.  

Role of H+,K+-ATPases in Bone Resorption and Ca2+ Homeostasis 

Several lines of evidence suggest that HKα1-containing H+,K+-ATPases are 

present in bone and more specifically, osteoclasts. The H+,K+-ATPases may be involved 

in the acidification required for osteoclast-mediated bone resorption. Some of the 

earliest evidence for H+,K+-ATPases in bone showed that omeprazole, a gastric 

H+,K+-ATPase inhibitor, can inhibit bone resorption in an in vitro cell model of 

osteoclasts.254 Later, physicians began to recognize that long term proton pump 

inhibitor therapy in humans produced a greater risk of hip fracture and decreased Ca2+ 

absorption by the gut.255, 256 New studies have now shown that omeprazole inhibits 

bone resorption in Ca2+ phosphate cement in an in vivo model.257 These studies all 

suggest that H+,K+-ATPases are present in osteoclasts and mediate osteoclast-induced 

acidification and resorption of bone.  

Nevertheless, a definitive examination of H+,K+-ATPase subunit expression and 

activity within osteoclasts has not been performed. Our own preliminary assessment of 

HKα subunit mRNA expression by real time PCR in femoral bone homogenates from 

WT mice demonstrated a very low expression level of HKα1 (Ct equal to 35). However, 

measurement of HKα1 expression in isolated osteoclasts is needed to fully confirm 

localization to osteoclasts. These experiments are in progress in collaboration with 

Shannon Holliday (University of Florida). In future experiments, H+,K+-ATPase-mediated 

H+ secretion should be measured in isolated osteoclasts from WT and HKα1
-/- mice and 

bone density measurements should be compared between the two genotypes. These 
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studies will address whether HKα1-containing H+,K+-ATPases are required for 

appropriate bone resorption. 

The proposed studies in HKα1
-/- mice may be complicated by the requirement of 

gastric acid secretion for gut Ca2+ absorption. In fact, it has been observed that 

omeprazole decreases gut Ca2+ absorption in human paitients.255  In a preliminary 

study, we observed that urinary Ca2+ excretion was considerably less in HKα1,2
-/- than 

WT mice (Figure 6-7). Taken together, these data suggest either that gastric 

H+,K+-ATPases are required for Ca2+ absorption or that loss of osteoclast 

H+,K+-ATPase-mediated bone resorption affects Ca2+ balance. Tissue-specific knockout 

mice of HKα1 in the bone, if present, and stomach will be a useful tool to determine if 

disrupted Ca2+ excretion in HKα1 null mice results from a bone or gastric mechanism.         

Final Conclusions  

Our studies support further exploration of the mechanisms by which renal 

H+,K+-ATPases modulate Na+ balance and of their potential involvement in blood 

pressure control. The role of sex hormones to regulate H+,K+-ATPase-mediated K+ 

transport is another area of particular interest. Finally, it appears that H+,K+-ATPases 

may play hereto unforeseen but important parts in vasopressin-mediated H2O 

reabsorption, obesity, and bone resorption. Much investigation is needed to understand 

the full importance of H+,K+-ATPases to renal physiology and in other tissues 

throughout the body.     
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Figure 6-1. Proposed model of coupled ENaC-mediated Na+ reabsorption and 
H+,K+-ATPase-mediated K+ recycling in the collecting duct. In PCs, K+ 
secretion is, in part, dependent on electrogenic Na+ reabsorption through 
ENaC. HKα2-containing H+,K+-ATPases in PCs or ICs reabsorb the secreted 
K+. The reabsorbed K+ exits the basolateral membrane of these cells via 
unknown K+ channels or cotransporters. The basolateral Na+,K+-ATPase of 
PCs uses the recycled K+ to reabsorb intracellular Na+ and maintain 
electrogenic Na+ reabsorption through ENaC. 
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Figure 6-2. An acid-loaded diet did not further acidify urine from HKα1
-/- mice. Urine pH 

was measured in WT and HKα1
-/- mice pair fed a normal gel diet then 

switched to a 0.28M NH4Cl- loaded diet for 6 days. Data are shown as mean 
± SEM and were analyzed by two-way repeated measure ANOVA. † denotes 
P<0.05 versus WT. § denotes P<0.05 versus normal diet in same genotype. 
N=3. 

 

 

 

Figure 6-3. Mmu-miR-505 potentially targets at a distal site in the 3’ UTR of the mouse 
Atp12a (HKα2) gene. TargetScanMouse (www.targetscan.org) was used to 
identify conserved microRNA binding sites in the 3’ untranslated region of 
Atp12a. The transcription stop site is shown in red lettering and the putative 
binding site for mmu-miR-505 is shown in blue lettering. 

 

http://www.targetscan.org/
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Figure 6-4. HKα1
-/- mice exhibit more concentrated urine and enhanced vasopressin 

excretion. A) Urine osmolality and B) AVP levels were measured in urine 
samples from female WT, HKα1

-/-, and HKα1,2
-/- mice pair fed a normal gel 

diet. Data are shown as mean ± SEM and were analyzed by one-way ANOVA 
with post hoc Holm-Sidak test. † denotes P<0.05 versus WT and ‡ versus 
HKα1

-/- mice. N=3-8.   
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Figure 6-5. HKα1
-/- gain significantly more weight than WT over eight weeks. Body 

weight, shown as % change from the age of 7 weeks, was measured each 
week over eight weeks in A) male and B) female WT and HKα1

-/- mice. Data 
are shown as mean ± SEM and were analyzed by two-way repeated measure 
ANOVA. c denotes P<0.05 versus WT over the time course. N=5-8. 
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Figure 6-6. HKα1,2
-/- mice exhibited more severe gastric hypertrophy than HKα1

-/- mice. 
Stomach weights were measured in WT, HKα1

-/-, and HKα1,2
-/- mice that were 

fed a K+ depleted diet for 8 days. One half the mice were also treated with 
DOCP. Data are shown as mean ± SEM and were analyzed by two-way 
ANOVA with or without repeated measures followed by post-hoc Holm-Sidak 
test, where appropriate. † denotes P<0.05 versus WT and ‡ versus HKα1

-/- 
mice regardless of DOCP treatment. N=3-4.   
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Figure 6-7. HKα1,2
-/- mice excrete less urinary Ca2+ than WT mice. Urine [Ca2+] was 

measured in WT and HKα1,2
-/- mice pair fed a normal gel diet. Data are shown 

as mean ± SEM and were analyzed by Student’s t-test. † denotes P<0.05 
versus WT. N=4. 
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