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C H  A P T E R

 TUBULAR POTASSIUM TRANSPORT 
Potassium (K  ) functions in a diversity of physiologic pro-
cesses. Changes in intracellular K   affect cell volume, in-
tracellular pH, enzymatic function, protein synthesis, DNA 
synthesis, and apoptosis. Changes in the ratio of intracellular 
to extracellular K   affect the cellular resting membrane po-
tential, causing depolarization in hyperkalemia and hyper-
polarization in hypokalemia; as a consequence, potassium 
disorders primarily affect excitable tissues, chie  y heart and 
muscle. Hypokalemia and hyperkalemia also have a variety 
of renal and cardiovascular consequences. A large body of 
experimental and epidemiologic evidence thus implicates 
hypokalemia or reduced K   intake in the pathogenesis of 
hypertension, heart failure, and stroke. 1 Hypokalemia also 
causes a host of structural and functional changes in the kid-
ney, whereas hyperkalemia in turn has a signi  cant effect on 
the ability to excrete an acid urine due to interference with 
the urinary excretion of ammonium (NH 4 ).

Potassium is almost exclusively an intracellular cation, 
with only 2% of total body K   contained within the extracel-
lular   uid. Extracellular K   is maintained within a very nar-
row range by three major mechanisms. First, the distribution 
of K   between the intracellular and extracellular space is de-
termined by the activity of a number of widely expressed 
and/or ubiquitous transport pathways. A net increase in cel-
lular uptake can thus cause transient hypokalemia, whereas 
impairment of cellular uptake can lead to hyperkalemia. Sec-
ond, the colon has the ability to absorb and secrete K  , with 
signi  cant mechanistic and regulatory similarities to renal 
K  transport. However, the colon has a relatively limited ca-
pacity for K   excretion, and a third mechanism, changes in 
renal K   excretion, plays the dominant role in responding to 
changes in K   intake. Regulated increases in K   secretion by 
the connecting tubule (CNT) and the cortical collecting duct 
(CCD) play a critical role in the response to hyperkalemia 
and K   loading, whereas inhibition of K   secretion and in-
creases in the  reabsorption of K   by the CCD and the outer 
medullary collecting duct (OMCD) function in the response 
to hypokalemia or K   deprivation. 

This chapter reviews the renal and extrarenal mecha-
nisms of K   homeostasis, with primary emphasis on the 
physiology of renal K   transport. 

 Extrarenal Potassium Homeostasis 
The intracellular accumulation of K   against its electro-
chemical gradient is an energy-consuming process, mediat-
ed by the ubiquitous Na  /K –ATPase. The Na  /K –ATPase 
functions as an electrogenic pump, with a transport stoichi-
ometry of three intracellular Na   ions to two extracellular 
K  ions. The enzyme complex is made up of a tissue-speci  c 
combination of multiple  ,  , and   subunits, which are fur-
ther subject to tissue-speci  c patterns of regulation. Cardiac 
glycosides (i.e., digoxin and ouabain) bind to the   subunits 
of Na  /K –ATPase at an exposed extracellular hairpin loop 
that also contains the major binding sites for extracellular 
K .2 The binding of digoxin and K   to the Na  /K –ATPase 
complex is thus mutually antagonistic, explaining in part the 
potentiation of digoxin toxicity by hypokalemia. 3 Although 
the four   subunits have equivalent af  nity for ouabain, they 
differ signi  cantly in the intrinsic K  /ouabain antagonism. 4
Ouabain binding to isozymes containing the ubiquitous  1
subunit is relatively insensitive to K   concentrations within 
the physiologic range, such that this isozyme is protected 
from digoxin under conditions wherein cardiac   2 and  3
subunits, the therapeutic targets of digoxin, are inhibited. 4
Notably, the digoxin/ouabain binding site of    subunits is 
highly conserved, suggesting a potential role in the physi-
ologic response to endogenous ouabain/digoxinlike com-
pounds. Consistent with this hypothesis, a mouse strain that 
expresses   2 subunits with engineered resistance to ouabain 
is strikingly resistant to ouabain-induced hypertension and 
to adrenocorticotrophic hormone-dependent hypertension, 5
the latter of which is known to involve an increase in circu-
lating ouabainlike glycosides.

Potassium can also accumulate in cells by coupling to 
the gradient for Na   entry, entering via the electroneutral 
Na -K -2Cl  cotransporters NKCC1 and NKCC2. The 
NKCC2 protein is found only at the apical membrane of 
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K  by the liver and muscles is stimulated via   2 receptors. 
This hypokalemic effect of catecholamines is independent of 
changes in circulating insulin and has been reported in ne-
phrectomized animals. 17 The cellular mechanisms whereby 
catecholamines induce K   uptake in muscles include an ac-
tivation of the Na  /K –ATPase, likely via increases in cyclic-
AMP (cAMP). 18 Skeletal muscle   -adrenergic receptors also 
activate NKCC1, which may account for as much as one 
third of the uptake response. 7 In contrast to   -adrenergic 
stimulation,  -adrenergic agonists impair the ability to buf-
fer increases in K   induced via intravenous loading or by ex-
ercise 19; the transport mechanisms whereby this occurs are 
not known.  -adrenergic stimulation increases K   uptake 
during exercise to lessen exercise-induced hyperkalemia, 
whereas   -adrenergic mechanisms help blunt the ensuing 
postexercise nadir. 19

The ef  ux of K   out of cells is primarily mediated by 
K  channels, which comprise the largest group of ion chan-
nels in the human genome. There are three major subclasses 
of mammalian K   channels: the six-transmembrane domain 
(TMD) family, which encompasses both the voltage-sensitive 
and Ca 2 -activated K   channels; the two-pore, four TMD 
family; and the two TMD family of inward rectifying K   (Kir) 
channels. There is tremendous genomic variety in human 
K  channels. Further complexity is generated by the pres-
ence of multiple accessory subunits and alternative patterns 
of mRNA splicing. Not surprisingly, an increasing number 
and variety of K   channels have been implicated in the con-
trol of K   homeostasis and the membrane potential of excit-
able cells such as muscle and heart, with important, evolving 
roles in the pathophysiology of potassium disorders. Adrenal 
K  channels have also been implicated in the adrenal release 
of aldosterone induced by hyperkalemia. 20,21 The emphasis 
in this chapter is on renal K   channels, particularly those in 
the distal nephron that mediate K   secretion. 

 Potassium Transport in the Proximal Tubule 
The proximal tubule reabsorbs 50% to 70% of   ltered K  
(Fig. 6.1). Proximal tubules generate minimal transepithelial 
K  gradients, and the fractional reabsorption of K   by this 
nephron segment is similar to that of Na  .22 K   absorption 
thus follows that of   uid, Na  , and other solutes, 23 such that 
proximal tubules do not play a direct role in regulated renal 
K  excretion. However, changes in Na  -Cl  reabsorption by 
the proximal tubule have considerable effects on distal tubu-
lar   ow and distal tubular Na   delivery, with attendant effects 
on the excretory capacity for K  . In addition, K   loading has 
signi  cant effects on proximal tubular Na  -Cl  reabsorption. 
Thus, the intravenous infusion of K  -Cl  or increases in the 
peritubular K   concentration causes an inhibition of proxi-
mal tubular Na  -Cl  reabsorption 24; this serves to increase 
both distal tubular   ow and distal tubular Na   delivery, thus 
increasing distal K   secretion after K   loading. 

The mechanisms involved in transepithelial K   transport 
by the proximal tubule are not completely clear,  although

the thick ascending limb (TAL) and the macula densa cells, 
where it functions in transepithelial salt transport and tubu-
lar regulation of renin release (see Potassium Transport in 
the Thick Ascending Limb). 6 NKCC1 is widely expressed in 
multiple tissues, 6 including muscle, where it modulates ex-
trarenal K   homeostasis. 7 The cotransport of K  -Cl  by the 
four K  -Cl  cotransporters (KCC1 to 4) can also function 
in the transfer of K   across membranes; although the KCCs 
typically function as ef  ux pathways, they can mediate in-
  ux when extracellular K   increases. 6

Skeletal muscle contains approximately 75% of the 
body’s potassium and exerts considerable in  uence on extra-
cellular K  . Skeletal muscle Na  /K –ATPase activity in par-
ticular is a major determinant of the capacity for extrarenal 
K  homeostasis. Hypokalemia induces a marked decrease in 
muscle K   content and Na  /K –ATPase activity, an  altruis-
tic8 mechanism to regulate plasma K  . This adaptation is pri-
marily mediated by dramatic decreases in the protein abun-
dance of the  -2 subunit of Na  /K –ATPase. In contrast, 
hyperkalemia due to potassium loading is associated with 
adaptive increases in muscle K   content and Na  /K –ATPase 
activity. 9 These interactions are re  ected in the relationship 
between physical activity and the ability to regulate extra-
cellular K   during exercise 10; exercise training is associated 
with increases in muscle Na  /K –ATPase concentration and 
activity, with reduced interstitial K   in trained muscles and 
an enhanced recovery of plasma K   after de  ned amounts 
of exercise. 10

Several hormones have been implicated in the control of 
extrarenal K   homeostasis. In particular, increases in plasma 
K  have a stimulatory effect on insulin levels, 11 which in turn 
stimulates the uptake of K   by muscles, the liver, and other 
tissues. In contrast, insulin-stimulated K   uptake is rapidly 
reduced by 2 days of K   depletion, prior to a modest drop 
in plasma K  ,12 and in the absence of a change in plasma K  
in rats subject to a lesser K   restriction for 14 days. 13 Insulin 
activates muscle Na  /K –ATPase, inducing the translocation 
of the Na  /K –ATPase   -2 subunit to the plasma membrane 
with a lesser effect on the   1 subunit. 14 This translocation 
is dependent on the activity of phosphoinositide-3 (PI-3) 
kinase,14 which itself also binds to a proline-rich motif in 
the N-terminus of the   subunit; the activation of PI3-ki-
nase by insulin induces phosphatase enzymes to dephos-
phorylate a speci  c serine residue adjacent to the PI3-kinase 
binding domain. Traf  cking of Na  /K –ATPase to the cell 
surface also requires phosphorylation of an adjacent tyro-
sine residue, perhaps catalyzed by the tyrosine kinase activ-
ity of the insulin receptor itself. 15 In addition, the serum and 
glucocorticoid-induced kinase 1 (SGK1) plays a critical role 
in insulin-stimulated K   uptake via stimulatory effects on 
Na /K –ATPase activity and/or the Na  -K –2Cl  cotrans-
port.16 The hypokalemic effect of insulin plus glucose is thus 
blunted in SGK1 knockout mice, with a marked reduction 
in hepatic insulin-stimulated K   uptake. 16

The sympathetic nervous system also affects the balance 
between extracellular and intracellular K  . The uptake of 
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apical and basolateral membrane. Therefore, the apparent 
convective transport of K   would have to constitute pseu-
dosolvent drag, with uncharacterized, coordinating interac-
tions between water traversing the transcellular route and 
the diffusion of K   along the claudin-dependent paracellular 
pathway. 29

 The Loop of Henle and Medullary 
Potassium Recycling 
Transport by the loop of Henle functions in medullary K  
recycling (Fig. 6.2). A considerable fraction of K   secreted by 
the CCD is reabsorbed by the medullary collecting ducts and is 
then secreted into the late proximal tubule and/or the  descending 
thin limbs of long-looped nephrons. 30 In  potassium-loaded 
rats there is thus a doubling of luminal K   in terminal thin 
descending limbs, with a sharp drop after the inhibition of 
CCD K   secretion by amiloride. 31 Enhancement of CCD K  
secretion with the treatment of 1- desamino-8-D-arginine 
vasopressin (dDAVP) also results in an increase in luminal K  
in descending thin limbs. 32 This recycling  pathway (i.e., secre-
tion in CCD, absorption in the OMCD and the inner medullary 
collecting duct (IMCD), secretion in the descending thin limb) 

active transport does not appear to play a major role. 23,25

Luminal barium has modest effects on transepithelial K  
transport, suggesting a component of transcellular transport 
via barium-sensitive K   channels. 26 However, the bulk of 
K  transport is thought to occur via the paracellular path-
way, 26,27 driven by the lumen-positive potential  difference in 
the mid-to-late proximal tubule. The total K   permeability 
of the proximal tubule is thus quite high due to the high per-
meability of the paracellular pathway. 26, 27 The combination 
of luminal K   concentrations that are  10% higher than that 
of plasma, a lumen-positive potential difference of  2 mV, 
and high paracellular permeability leads to  considerable
paracellular absorption in the proximal tubule. The tight 
junction protein claudin-2 plays a key role in paracellular 
cation transport by the proximal tubule; targeted deletion in 
knockout mice generates a “tight” epithelium in the proxi-
mal tubule, with a reduction in Na  , Cl  , and   uid absorp-
tion.28 The loss of claudin-2 expression does not  affect the 
ultrastructure of tight junctions, but does lead to a reduction 
in paracellular cation permeability. 28

The absorption of K   across the paracellular pathway 
is thought to occur via convective transport—solvent drag 
due to frictional interactions between water and K  —rather
than diffusional transport. 29 Notably, however, the primary 
pathway for water movement in the proximal tubule is 
quite conclusively transcellular, via water channels in the 

FIGURE 6.1 Potassium transport along the nephron. Approxi-
mately 90% of   ltered K  is reabsorbed by the proximal tubule 
and the loop of Henle. K  is secreted in the connecting tubule 
and the cortical collecting duct; net reabsorption occurs in 
response to K  depletion, primarily within the medullary collect-
ing duct. PCT, proximal tubule; TAL, thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CCD, cortical 
collecting duct; S, secretion; R, reabsorption; ALDO, aldosterone; 
ADH, antidiuretic hormone; MCD, medullary collecting duct.

FIGURE 6.2 A schematic representation of medullary K  recy-
cling. Medullary interstitial K  increases considerably after di-
etary K  loading due to the combined effects of secretion in the 
cortical collecting duct (CCD), absorption in the outer medullary 
collecting duct (OMCD), the thick ascending limb (TAL), and the 
inner medullary collecting duct (IMCD), and secretion in the 
descending thin limb (see text for details). (From Stokes JB. Con-
sequences of potassium recycling in the renal medulla. Effects of 
ion transport by the medullary thick ascending limb of Henle’s 
loop. J Clin Invest. 1982;70:219–229.)
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logic  subtypes, a rough-surfaced cell type (R cells) with 
prominent apical microvilli and a smooth-surfaced cell type 
(S cells) with an abundance of subapical vesicles. 37,40 In the 
hamster TAL, cells can also be separated into those with 
high apical and low basolateral K   conductance and a low 
basolateral Cl   conductance (LBC cells), versus a second 
population with low apical and high basolateral K   con-
ductance, combined with high basolateral Cl   conductance 
(HBC) cells. 39,41 The relative frequency of the morphologic 
and functional subtypes in the cortical and medullary TAL 
suggests that HBC cells correspond to S cells and LBC cells 
correspond to R cells. 39

Morphologic and functional heterogeneity notwith-
standing, the cells of the medullary TAL, the cortical TAL, 
and the macula densa are presumed to share the same basic 
or at least composite transport mechanisms (see Fig. 6.3). 
Na -Cl  reabsorption by the TAL is a secondarily active 
process, driven by the favorable electrochemical gradient for 
Na  established by the basolateral Na  /K –ATPase. 42 The 
Na , K  , and Cl   ions are cotransported across by the api-
cal membrane by an electroneutral Na  -K -2Cl  cotrans-
porter; this transporter generally requires the simultaneous 
presence of all three ions, such that the transport of Na  
and Cl   across the epithelium is mutually codependent 
and dependent on the luminal presence of K  . An api-
cal Na  -K -2Cl  cotransport is mediated by the cation–
chloride cotransporter NKCC2, encoded by the SLC12A1
gene.6 Functional expression of NKCC2 in  Xenopus laevis
oocytes yields Cl  -dependent and Na  -dependent uptake of 
86Rb  (a radioactive substitute for K  ) and Cl  -dependent
and K  -dependent uptake of 22Na .6 NKCC2 is sensitive to 

is associated with a marked increase in medullary interstitial K  
concentration. Passive transepithelial K   absorption by the thin 
ascending limb and active absorption by the thick ascending 
limb (TAL) 33 also contribute to this increase in interstitial K  
(Fig. 6.2). Speci  cally, the absorption of K   by the ascending 
thin limb, TAL, and OMCD exceeds the secretion by  descending 
thin limbs, thus concentrating K   within the interstitium. 

K  is secreted into descending thin limbs by passive 
diffusion, driven by the high medullary interstitial K   con-
centration. Descending thin limbs thus have a very high K  
permeability, without evidence for active transepithelial K  
transport.34 Transepithelial K   transport by ascending thin 
limbs has not been measured; however, as is the case for 
Na -Cl  transport, 35 the absorption of K   by thin ascending 
limbs is presumably passive, via the paracellular pathway. 

The physiologic signi  cance of medullary K   recycling 
is not completely clear. However, an increase in interstitial 
K  from 5 to 25 mM dramatically inhibits Cl   transport by 
perfused thick ascending limbs. 33 By inhibiting Na  -Cl 
absorption by the TAL, increases in interstitial K   would 
increase Na   delivery to the CNT and CCD, thus  enhancing
the lumen-negative potential difference (PD) in these  tubules
and increasing K   secretion. 33 A high K   diet also reduces 
the absorption of K   by the TAL 36 (i.e., there are direct  effects 
on K   secretion by the TAL). The marked increase in medul-
lary interstitial K   after dietary K   loading is also postulated 
to limit the difference between luminal and peritubular K  
in the collecting duct, thus minimizing passive K   loss from 
the collecting duct. 

 Potassium Transport in the Thick 
Ascending Limb 
Active transepithelial K   transport across the TAL includes 
both a transcellular component, via the apical Na  -K -2Cl 
cotransporter NKCC2, and a paracellular pathway (Fig. 6.3). 
Potassium transport appears to differ in the major morpho-
logic subtypes of TAL cells (i.e., rough- and smooth-sur-
faced cells). Morphologically, the TAL begins abruptly after 
the thin ascending limb of long-looped nephrons and after 
the aquaporin-negative segment of short-limbed nephrons. 
The TAL then extends into the renal cortex, where it meets 
its parent glomerulus at the vascular pole; the plaque of cells 
at this junction forms the macula densa, which functions as 
the tubular sensor for both tubuloglomerular feedback and 
the tubular regulation of renin release by the juxtaglomeru-
lar apparatus. Cells in the medullary TAL are 7 to 8   m in 
height, with extensive invaginations of the basolateral plasma 
membrane and interdigitations between adjacent cells 37;
cells in the cortical TAL are considerably shorter, about 
2  m in height at the end of the cortical TAL in rabbits, with 
less mitochondria and a simpler basolateral membrane. 37

Macula densa cells also lack the lateral cell processes and in-
terdigitations that are characteristic of medullary TAL cells. 37

Scanning electron microscopy has revealed that the 
TAL of both rats 38 and hamsters 39 contains two morpho-

FIGURE 6.3 The potassium transport pathways in the thick 
ascending limb (TAL); see text for details. NKCC2, Na -K -2Cl–
cotransporter 2; ROMK, renal outer medullary K  channel; 
CLC-NKB, human Cl– channel; Barttin, Cl– channel subunit; 
KCC4, K -Cl– cotransporter 4.
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K channels in Na  -Cl  absorption by the TAL. Clearance 
studies in ROMK-de  cient mice also indicate that  80% of 
NKCC2 activity is dependent on expression of the ROMK 
K  channel with the TAL. 47

Three types of apical K   channels have been identi-
  ed in the TAL, a 30 pS channel, a 70 pS channel, and a 
high-conductance, calcium-activated maxi K   channel. 48–50

The higher open probability and greater density of the 30 
pS and 70 pS channels, versus the maxi K   channel, sug-
gest that these are the primary routes for K   recycling across 
the apical membrane; the 70 pS channel in turn appears to 
mediate  80% of the apical K   conductance of TAL cells. 51

The low conductance 30 pS channel shares  several electro-
physiologic and regulatory characteristics with ROMK, the 
cardinal inward-rectifying K   channel (KIR 1.1) that was 
initially cloned from the renal outer medulla. 52,53 ROMK 
protein has been identi  ed at the apical membrane of the 
medullary TAL, the cortical TAL, and the macula densa. 54

Furthermore, the 30 pS channel is also absent from the api-
cal membrane of knockout mice with a homozygous deletion
of the gene encoding ROMK. 55 Notably, not all cells in the 
TAL are labeled with anti-ROMK antibodies, 54,56 suggesting 
that ROMK might be absent in the HBC cells with high baso-
lateral Cl   conductance and low apical/high basolateral K  
conductance (see also previous). 39,41 HBC cells are thought 
to correspond to the smooth-surfaced morphologic subtype 
of TAL cells (S cells) 39; however, distribution of the ROMK 
protein by immunoelectron microscopy has not as yet been 
published, hence correlation cannot be made as of yet be-
tween morphology and ROMK expression. 

Alternative splicing and alternative promoter use of the 
KCNJ1 gene encoding ROMK/KIR1.1 generates three differ-
ent protein isoforms, differing in the extreme aminotermi-
nal amino acid sequence: ROMK1, ROMK2, and ROMK3. 57

Although the functional signi  cance of this variation is not 
clear, these isoforms are differentially distributed along 
the nephron. ROMK1 is exclusive to the CNT, CCD, and 
OMCD; ROMK2 is expressed from the TAL to the CCD; and 
ROMK3 is expressed in the TAL and the distal convoluted 
tubule (DCT). 57 Apical ROMK channels in the TAL are thus 
a mixture of ROMK2 and ROMK3 proteins. 

ROMK clearly plays a critical role in Na  -Cl  absorp-
tion by the TAL, given that loss-of-function mutations in 
this gene are associated with Bartter syndrome. 46 The role of 
ROMK in Bartter syndrome was initially discordant with the 
data indicating that the 70 pS K   channel is the dominant 
conductance at the apical membrane of TAL cells 51; heterolo-
gous expression of the ROMK protein in  Xenopus oocytes had 
yielded a channel with a conductance of  30 pS, suggesting
that the 70 pS channel was distinct from ROMK. This para-
dox was resolved by the observation that the 70 pS channel 
is absent from the TAL of ROMK knockout mice, indicating 
that ROMK proteins form a subunit of the 70 pS channel. 58

ROMK activity in the TAL is clearly modulated by association 
with other proteins. That coassociation with other subunits 
generates the 70 pS channel and is perfectly compatible with 

micromolar concentrations of furosemide, bumetanide, and 
other loop diuretics. 6

Immuno  uorescence indicates the expression of the 
NKCC2 protein along the entire length of the TAL. 6 In par-
ticular, immunoelectron microscopy reveals the expression 
in both rough (R; see previous) and smooth (S) cells of the 
TAL (see previous). 40 NKCC2 expression in subapical vesi-
cles is particularly prominent in smooth cells, 40 suggesting 
a role for vesicular traf  cking in the regulation of NKCC2. 
NKCC2 is also expressed in macula densa cells, 40 which 
have been shown to possess apical Na  -K -2Cl  cotrans-
port activity. Both tubuloglomerular feedback (TGF) and re-
nal renin secretion are controlled by NKCC2 in the macula 
densa; luminal loop diuretics block both TGF and the sup-
pression of renin release by the luminal Cl  .6

Microperfused TALs develop a lumen-positive PD  during
perfusion with Na  -Cl .43 This lumen-positive PD plays a 
critical role in the physiology of the TAL, driving the para-
cellular transport of Na  , K  , Ca 2 , and Mg 2  (see Fig. 6.3). 
Originally attributed to electrogenic Cl   transport, 43 the 
lumen-positive, transepithelial PD in the TAL is generated by 
the combination of apical K   channels and basolateral Cl  
channels.42 The conductivity of the apical membrane of TAL 
cells is predominantly, if not exclusively, K   selective. Lumi-
nal recycling of K   via Na  -K -2Cl  cotransport and apical 
K  channels, along with basolateral depolarization due to 
Cl  exit through Cl   channels, results in the lumen-positive 
transepithelial PD. 42

Several lines of evidence indicate that apical K   chan-
nels are required for transepithelial Na  -Cl  transport by 
the TAL. 42 First, the removal of K   from luminal perfusates 
results in a marked decrease in Na  -Cl  reabsorption by 
the TAL, as measured by a short circuit current; the residual 
Na -Cl  transport in the absence of luminal K   is sustained 
by the exit of K   via apical K   channels, because the com-
bination of K   removal and a luminal K   channel inhibitor 
(barium) almost abolishes the short-circuit current. 44 Apical 
K  channels are thus required for the activity of NKCC2, the 
apical Na  -K -2Cl  cotransporter; the low luminal concen-
tration of K   in this nephron segment would otherwise be-
come limiting for transepithelial Na  -Cl  transport. Second, 
the net transport of K   across perfused TAL is   10% that of 
Na  and Cl  33;  90% of the K   transported by NKCC2 is 
recycled across the apical membrane via K   channels, result-
ing in minimal net K   absorption by the TAL. 42 Third, the in-
tracellular K   activity of perfused TAL cells is  15 to 20 mV 
above equilibrium, due to furosemide-sensitive entry of K  
via NKCC2. 45 Given an estimated apical K   conductivity of 
 12 m per square centimeter, this intracellular K   activ-
ity yields a calculated K   current of  200  A per square 
centimeter; this corresponds quantitatively to the uptake of 
K  by the apical Na  -K -2Cl  cotransporter. Finally, the 
observation that Bartter syndrome can be caused by mu-
tations in ROMK ( renal outer medullary  K  channel), 46 a 
critical component of apical K   channels in the TAL (see 
the following), provides genetic proof for the importance of 
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permeability of the CNT is considerably lower than that of 
the CCD, 66 with a signi  cant number of early (CNT1) CNT 
cells that do not express aquaporin-2 in the absence of vaso-
pressin. Aquaporin-2 expression is also low or undetectable 
in CNT1 cells on a high K   diet, 56 further optimizing these 
early CNT segments for K   secretion. 

The apical membrane of CNT cells and principal cells 
contain prominent Na   and K   conductances, 63,65,67 without 
a measurable apical conductance for Cl  .68 The entry of Na  
occurs via the highly selective ENaC, which is sensitive to mi-
cromolar concentrations of amiloride (Fig. 6.4). This selective 
absorption of a positive charge generates a lumen-negative 
PD, the magnitude of which varies considerably as a function 
of mineralocorticoid status and other factors. This lumen-
negative PD serves to drive the following critical processes: 
(1) K   secretion via apical K   channels, (2) paracellular Cl  
transport through the adjacent tight junctions, and (3) elec-
trogenic H   secretion via adjacent type A intercalated cells. 

The three ENaC subunits are detectable at the api-
cal membrane of CNT cells and principal cells within the 
CCD, OMCD, and IMCD. Notably, however, several lines of 
evidence support the hypothesis that the CNT makes the 

the known physiology of this channel protein. ROMK thus 
associates with scaffolding proteins NHERF-1 and NHERF-2 
via the C-terminal PDZ-binding motif of ROMK; NHERF-2 
is coexpressed with ROMK in the TAL. 59 The association of 
ROMK with NHERFs brings ROMK into closer proximity 
to the cystic   brosis transmembrane regulator (CFTR) pro-
tein.59 This ROMK-CFTR interaction is in turn required for 
reconstitution of the native ATP and glibenclamide sensitiv-
ity of apical K   channels in the TAL. 60

TAL cells are phenotypically de  ned by the apical ex-
pression of uromodulin or Tamm-Horsfall glycoprotein 
(THP), a TAL-speci  c, GPI-linked membrane protein that is 
shed into the tubular lumen as the most abundant protein 
in normal human urine. THP interacts with ROMK protein 
in yeast two-hybrid screens and activates the channel in 
coexpression experiments. 61 THP also exhibits functional 
interactions with NKCC2, activating the cotransporter in 
coexpression experiments. 62 Membrane traf  cking of both 
ROMK and NKCC2 proteins is affected in THP knockout 
mice, with greater accumulation of both transport proteins 
in subapical vesicles. THP knockout mice also exhibit a 
blunted natriuretic and kaliuretic response to furosemide, 
which is consistent with a partial de  ciency in TAL func-
tion.62 Mutations of the THP gene cause the allelic disorders 
familial juvenile hyperuricemic nephropathy, medullary cys-
tic kidney disease type II, and glomerulocystic kidney dis-
ease. All three disorders share reduced expression of THP at 
the apical membrane with retention in the endoplasmic re-
ticulum. The associated defects in NKCC2 and ROMK may 
explain the renal salt wasting and hyperuricemia that can be 
associated with these genetic disorders. 61,62

 Potassium Secretion by the Distal 
Convoluted Tubule, Connecting Tubule, 
and Cortical Collecting Duct 
Approximately 90% of   ltered K   is reabsorbed by the prox-
imal tubule and the loop of Henle (Fig. 6.1); the   nal adjust-
ments in renal K   excretion occur in the downstream distal 
nephron. The bulk of regulated secretion occurs in the CNT 
and CCD, whereas K   reabsorption primarily occurs in the 
OMCD (see the following). K   secretion is initially detect-
able in the early DCT, wherein cells expressing the thiazide-
sensitive Na  -Cl  cotransporter (NCC) express ROMK, the 
apical K   secretory channel (see the following). 54 More re-
cent studies in rat kidneys have localized the protein to both 
DCT1 and DCT2 segments. 56 Classically, the CCD is con-
sidered the primary site for distal K   secretion, largely due 
to the greater ease with which this segment can be perfused 
and studied. However, as in Na   absorption (see below), 63,64

the bulk of distal K   secretion appears to occur prior to the 
CCD,22 within the CNT. 65 In addition to a lesser endowment 
with absorptive apical epithelial Na   channels (ENaC) and 
secretory K   channels, water absorption in the vasopressin-
responsive CCD limits K   secretion by allowing the concen-
tration of luminal K   to rise toward equilibrium. 66 Water 

FIGURE 6.4 The transport pathways for potassium in principal/
connecting tubule (CNT) cells and intercalated cells. Potassium 
secretion occurs in CNT and principal cells, driven by the lumen-
negative potential difference generated by the epithelial Na 

channel (ENaC). In intercalated cells, potassium reabsorbed by 
apical H /K -ATPase recycles across the apical membrane via K 

channels; alternatively, in the setting of hypokalemia or potassium 
deprivation, it exits the cell via basolateral K  channels. Potassium 
that is secreted across intercalated cells enters at the basolateral 
membrane via NKCC1 and exits via apical BK and Kv1.3 K  chan-
nels. BK, BK K  channel; ROMK, renal outer medullary K  channel; 
Kv1.3, Kv1.3 K  channel; NKCC1, Na -K -2Cl  cotransporter 1.
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BK channels (see the following). 77 Loss-of-function muta-
tions in human KCNJ1 are associated with Bartter syndrome; 
ROMK expression is critical for the 30 pS and 70 pS chan-
nels that generate the lumen-positive PD in the TAL (see Fig. 
6.3).55,58 These patients typically have slightly higher serum 
K  than the other genetic forms of Bartter syndrome, 46 and 
affected patients with severe neonatal hyperkalemia have 
also been described; this neonatal hyperkalemia is presum-
ably the result of a transient developmental de  cit in apical 
BK channel activity (see the following). 

The apical Ca 2 -activated BK channel plays a critical 
role in    ow-dependent K   secretion by the CNT and CCD. 75

BK channels have a heteromeric structure, with   -subunits 
that form the ion channel pore and modulatory   -subunits 
that affect the biophysical, regulatory, and pharmacologic 
characteristics of the channel complex. 75 BK   -subunit tran-
scripts are expressed in multiple nephron segments, and chan-
nel protein is detectable at the apical membrane of principal 
and intercalated cells in the CCD and CNT. 75 The    subunits 
are differentially expressed within the distal nephron. Thus 
 1 subunits are restricted to the CNT, 75 with no expression 
in intercalated cells, 78 whereas   4 subunits are detectable at 
the apical membranes of TAL, DCT, and intercalated cells. 78

Increased distal   ow has a well-established stimulatory 
effect on K   secretion, due in part to both the enhanced 
delivery and absorption of Na   and to the increased removal 
of secreted K  .73 The pharmacology of   ow-dependent K  
secretion in the CCD is consistent with BK channels, 79 and 
  ow-dependent K   secretion is reduced in mice with targeted 
deletion of the  1 and  1 subunits. 75,80,81 Both mice strains 
develop hyperaldosteronism that is exacerbated by high-K  
diet,81 leading to hypertension in the  1 subunit knockout. 81

One enigma has been the greater density of BK channels 
in intercalated cells, in both the CCD 82 and the CNT. 83 This 
has suggested a major role for intercalated cells in K   secre-
tion; however, the much lower density of Na  /K –ATPase 
activity in intercalated cells has been considered inadequate 
to support K   secretion across the apical membrane. 84 More 
recent evidence reveals a major role for the basolateral 
Na -K -2Cl  cotransporter NKCC1 in K   secretion medi-
ated by apical BK channels (see also Fig. 6.4) 85; NKCC1 is 
expressed almost exclusively at the basolateral membrane of 
intercalated cells, 86 providing an alternative entry pathway 
for basolateral K   secreted at the apical membrane. This still 
begs the question of how basolateral Na   recycles across the 
basolateral membrane, in the absence of signi  cant Na  /K –
ATPase activity; one possibility is an alternative  basolateral
Na  pump, the ouabain-insensitive  furosemide-sensitive 
Na –ATPase, a transport activity that has been detected in 
cell culture models of intercalated cells. 85 At the  apical mem-
brane, BK-mediated K   secretion is only partially  dependent
on luminal Na  87; K   secretion would  eventually hyper-
polarize the membrane in the absence of apical Na   entry, 
which is mediated by ENaC in principal cells. An intriguing 
possibility is that apical Cl   channels 88 allow for a parallel 
secretion of K   and Cl   in intercalated cells (see Fig. 6.4). 

dominant contribution to amiloride-sensitive Na   reabsorp-
tion by the distal nephron. First, amiloride-sensitive Na  
currents in the CNT are two- to fourfold higher than in the 
CCD; the maximal capacity of the CNT for Na   reabsorption 
is estimated to be  10 times higher than that of the CCD. 63

Second, targeted deletion of   -ENaC in the collecting duct 
abolishes amiloride-sensitive currents in CCD principal 
cells, but does not affect Na   or K   homeostasis. Thus, the 
residual ENaC expression in the late DCT and CNT of these 
knockout mice easily compensates for the loss of the chan-
nel in CCD. 69 In contrast, the more extensive deletion of 
 -ENaC in all aquaporin-2–positive cells in both CNT and 
CCD causes a profound impairment in Na   and K   homeo-
stasis.64 Third, Na  /K –ATPase activity in the CCD is con-
siderably less than that of the DCT 70; this speaks to a greater 
capacity for transepithelial Na  -Cl  absorption by the DCT 
and CNT. Fourth, the apical recruitment of ENaC subunits 
in response to dietary Na   restriction begins in the CNT, 
with progressive recruitment of subunits in the downstream 
CCD at lower levels of dietary Na  71; under conditions of 
high Na  -Cl  and low K   intake, the bulk of aldosterone-
stimulated Na   transport likely occurs prior to the entry of 
tubular   uid into the CCD. 

In principal cells and CNT cells, the lumen-negative po-
tential difference generated by Na   entry via ENaC drives 
passive K   exit through apical K   channels. Although there 
is evolving evidence for ENaC   and Na  -independent se-
cretion (see also the following), 72 distal K   secretion is criti-
cally dependent on delivery of adequate luminal Na   to the 
CNT and CCD, 73 essentially ceasing when luminal Na  
drops below 8 mmol/L. 74 Dietary Na   intake also in  uences 
K  excretion, such that excretion is enhanced by excess Na  
intake and reduced by Na   restriction. 73 Secreted K   enters 
principal cells via the basolateral Na  /K –ATPase, which 
also generates the gradient that drives apical Na   entry via 
ENaC (Fig. 6.4). 

Two major subtypes of apical K   channels function in se-
cretion by the CNT and CCD,   /– DCT; a small- conductance
(SK) 30 pS channel 55,65 and a large- conductance, Ca 2 -
activated 150 pS (“maxi-K” or BK) channel. 65,75 The den-
sity and high open probability of the SK channel indicates 
that this pathway alone is suf  cient to mediate the bulk of 
K  secretion in the CCD under baseline conditions, 76 hence 
its designation as the “secretory” K   channel. Notably, SK 
channel density is considerably higher in the CNT than 
in the CCD, 65 consistent with the greater capacity for Na  
absorption63 and K   secretion in the CNT. The character-
istics of the SK channel are similar to those of the ROMK 
K  channel, 53 and ROMK protein has been localized at the 
apical membrane of principal cells. 54 SK channel activity is 
absent from apical membranes of the CCD in homozygous 
ROMK knockout mice, de  nitive proof that ROMK is the 
SK channel.55 The observation that these knockout mice are 
normokalemic with an increased excretion of K   illustrates 
the considerable redundancy in distal K   secretory path-
ways55; distal K   secretion in these mice is mediated by apical 
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the apical membrane, the latter via K   recycling at the baso-
lateral membrane to maintain activity of the Na  /K –ATPase. 
A variety of different K   channels have been  described in the 
electrophysiologic characterization of the basolateral mem-
brane of principal cells, which has a number of technical 
barriers (reviewed by Gray et al. 94). However, a single pre-
dominant activity can be identi  ed in principal cells from 
the rat CCD, using whole-cell recording techniques under 
conditions in which ROMK is inhibited (low intracellular pH 
or the presence of the ROMK inhibitor tertiapin-Q). 94 This 
basolateral current is tetraethylammonium (TEA) insensitive, 
barium sensitive, and acid sensitive (pKa  6.5), with a con-
ductance of  17 pS and weak inward recti  cation. These 
properties do not correspond exactly to speci  c characterized 
K  channels, or combinations thereof. However, candidate 
inward-rectifying K   channel subunits that have been local-
ized at the basolateral membrane of the CCD include KIR4.1, 
KIR5.1, KIR7.1, and KIR2.3. 94 A more recent report suggests 
that KIR4.1/KIR5.1 channels generate a predominant 40 pS 
basolateral K   channel in murine principal cells. 95 Notably, 
basolateral K   channel activity increases on a high K   diet, 
suggesting a role in transepithelial K   secretion. 94

Similar K   channels are found at the basolateral mem-
brane of DCT cells. Cell-attached patches in the basolateral 
membranes of microdissected DCTs detect an inward recti-
fying K   channel with characteristics similar to heteromeric 
KIR4.1/KIR5.1 and KIR4.2/KIR5.1 channels. 96 Basolateral 
membranes of the DCT express immunoreactive KIR4.1 97 and 
KIR5.198 proteins, and DCT cells express KIR4.2 mRNA. 96

Patients with loss-of-function mutations in the KCNJ10 gene 
that encodes KIR4.1 develop a syndrome of epilepsy, ataxia, 
sensorineural deafness, and renal tubulopathy. 97,99 The tu-
bulopathy phenotype encompasses hypokalemia, metabolic 
alkalosis, hypocalciuria, and hypomagnesemia 97,99; KIR4.1 
knockout mice demonstrate a greater natriuresis than lit-
termate controls, in addition to hypocalciuria. 97 As in prin-
cipal cells, KIR4.1/KIR5.1 and KIR4.2/KIR5.1 channels at 
the basolateral membrane of DCT cells are hypothesized to 
function in basolateral K   recycling, maintaining adequate 
Na /K –ATPase activity for Na  -Cl  absorption and other 
aspects of DCT function. 

In addition to apical K   channels, considerable evi-
dence implicates apical K  -Cl  cotransport (or functionally 
equivalent pathways) 100 in distal K   secretion. 101 In per-
fused rat distal tubules, a reduction in luminal Cl   mark-
edly increases K   secretion 102; the replacement of luminal 
Cl  with SO 4  or gluconate has an equivalent stimulatory 
effect on K   secretion. This anion-dependent component 
of K   secretion is not in  uenced by luminal Ba 2 ,102 sug-
gesting that it does not involve apical K   channel activity. 
Perfused surface distal tubules are a mixture of the DCT, the 
connecting segment, and the initial collecting duct; how-
ever, Cl  -coupled K   secretion is detectable in both the 
DCT and in the early CNT. 103 In addition, similar pathways 
are detectable in rabbit CCD, where a decrease in luminal 
Cl  from 112 mmol per liter to 5 mmol per liter increases 

BK channels also play a critical role in cell volume reg-
ulation by intercalated cells, with indirect,   ow-mediated 
in  uences on distal K   secretion. MDCK-C11 cells have an 
intercalated cell phenotype and express BK    and   4 sub-
units, as do intercalated cells 78; shear stress activates BK 
channels in these cells, leading to a loss of K   and cell shrink-
age.89 Mice with a targeted deletion of the   4 subunit exhibit 
normal K   excretion on a normal diet. 84 However, when fed 
a high K   diet, which increases urinary and tubular   ow 
rates and tubular shear stress, the   4-knockout mice develop 
hyperkalemia with a blunted increase in both K   excretion 
and urinary   ow rates. Intercalated cells from   4 knockout 
may fail to signi  cantly decrease cell volume in response 
to a high K   diet. Intercalated cells thus function as “speed 
bumps” that protrude into the lumen of distal tubules;   ow-
activated BK channels reduce the cell volume of intercalated 
cells after K   loading, reducing tubular resistance, increasing 
tubular   ow rates, and increasing distal K   secretion. 84

The physiologic rationale for the presence of two apical 
secretory K   channels—ROMK/SK and BK channels—is not 
completely clear. However, the high density and higher open 
probability of SK/ROMK channels is perhaps better suited 
for a role in basal K   secretion, with additional recruitment 
of the higher capacity,   ow-activated BK channels when ad-
ditional K   secretion is required. 75 The evolving evidence 
also indicates that BK channels function in partially Na  -
independent K   secretion by intercalated cells, with ROMK 
functioning in ENaC- and Na  -dependent K   excretion by 
DCT, CNT, and CCD cells. Regardless, at the whole organ 
level, the two K   channels can substitute for one another, 
with BK-dependent K   secretion in ROMK knockout mice 77

and an upregulation of ROMK in the distal nephron of   1
subunit BK knockout mice. 80

Other K   channels reportedly expressed at the luminal 
membranes of the CNT and CCD include voltage-sensitive 
channels such as Kv1.3, 90 double-pore K   channels such as 
TWIK-1,91 and KCNQ1. 92 KCNQ1 mediates K   secretion in 
the inner ear and is expressed at the apical membrane of 
principal cells in the CCD, 92 whereas TWIK-1 is expressed 
at the apical membrane of intercalated cells. 91 The roles of 
these channels in renal K   secretion or absorption are not 
fully characterized. However, Kv1.3 may play a role in distal 
K  secretion by intercalated cells (see Fig. 6.4) in that lumi-
nal margatoxin, a speci  c blocker of this channel, reduces 
K  secretion in CCDs of rat kidneys from animals on a high 
K  diet (see also previous). 90 Other apical K   channels in 
the distal nephron subserve other physiologic functions. 
For example, the apical Kv1.1 channel is critically involved 
in Mg 2  transport by the DCT, likely by hyperpolarizing 
the apical membrane and increasing the driving force for 
Mg2  in  ux via transient receptor potential cation channel 
6 (TRPM6); missense mutations in Kv1.1 are a cause of ge-
netic hypomagnesemia. 93

K  channels present at the  basolateral membrane of prin-
cipal cells set the resting potential of the basolateral mem-
brane and function in K   secretion and Na  absorption at 
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subunit is usually sensitive to ouabain and resistant to 
SCH-28080.110 Within the kidney, the HK  -1 subunit is ex-
pressed at the apical membrane of at least a subset of type A 
intercalated cells in the distal nephron. 111 HK  -2 distribu-
tion in the distal nephron is more diffuse, with robust ex-
pression at the apical membrane of type A and B intercalated 
cells and connecting segment cells, and a lesser expression 
in principal cells. 112

HK -1 and HK  -2 are both constitutively expressed in 
the distal nephron. However, tubule perfusion of K  -replete 
animals suggests a functional dominance of omeprazole/SCH-
28080-sensitive, ouabain-resistant H  -K –ATPase activity 
that is consistent with holoenzymes containing HK  -1.113 K  
deprivation increases the overall activity of H  -K –ATPase 
in the collecting duct, with the emergence of a ouabain-
sensitive H  -K –ATPase activity. 114 This is consistent with 
a relative dominance of HK  -2 during K  -restricted condi-
tions. Consistent with this pharmacology, K  -restriction also 
induces a dramatic upregulation of HK  -2 transcript and 
protein in the outer and inner medulla during K   depletion; 
HK -1 expression is unaffected. 115,116 Mice with a targeted 
deletion of HK  -2 exhibit lower plasma and muscle K   than 
wild-type littermates when maintained on a K  -de  cient 
diet. However, this appears to be due to a marked loss of K  
in the colon rather than the kidney, because renal K   excre-
tion is appropriately reduced in the K  -depleted knockout 
mice.110 Presumably, the lack of an obvious renal phenotype 
in either HK  -1110 or HK  -2110 knockout mice re  ects the 
marked redundancy in the expression of HK   subunits in 
the distal nephron. Indeed, collecting ducts from the HK  -
1 knockout mice have signi  cant residual ouabain-resistant 
and SCH-28080-sensitive H  -K –ATPase activities, consis-
tent with the expression of other HK   subunits that con-
fer characteristics similar to the “gastric” H  -K –ATPase. 110

However, data from HK  -1 and HK  -2 knockout mice sug-
gest that compensatory mechanisms in these mice are not 
accounted for by ATPase-type mechanisms. 117

The importance of K   reabsorption mediated by the 
collecting duct is dramatically illustrated by the pheno-
type of transgenic mice with generalized overexpression 
of a gain-of-function mutation in H  -K –ATPase; this 
effectively bypasses the redundancy and complexity of 
this reabsorptive pathway. This mutant HK   subunit has 
a tyrosine-to-alanine mutation within the C-terminal tail 
that abrogates regulated endocytosis from the plasma mem-
brane; these mice have higher plasma K   than their wild-
type littermates, with approximately half the fractional 
excretion of K  .118

Finally, it should be noted that considerable evidence 
implicates the H  -K –ATPases in renal acid secretion. 110 In 
particular, acid extrusion from intercalated cells is  markedly
reduced in doubly de  cient HK  -1/HK -2 knockout 
mice.110 In addition, the H  -K –ATPases may function di-
rectly in Na   balance, collaborating, for example, with api-
cal Cl  :HCO3

  exchangers in the CCD in apical Na  -Cl 
uptake.110

K secretion by 48%. 104 A reduction in  basolateral Cl   also 
decreases K   secretion without an effect on transepithelial 
voltage or Na   transport, and the direction of K     ux can 
be reversed by a lumen-to-bath Cl   gradient, resulting in 
K  absorption. 104 In perfused CCDs from rats treated with 
a mineralocorticoid, vasopressin  increases K   secretion. 105

Because this increase in K   secretion is resistant to lumi-
nal Ba 2  (2 mmol per liter), vasopressin may  stimulate
Cl -dependent K   secretion. 106 Recent pharmacologic 
studies of perfused tubules are consistent with K  -Cl  co-
transport mediated by the KCCs 101; however, of the three 
renal KCCs, only KCC1 is apically expressed in the distal 
nephron.  Other functional possibilities for Cl  -dependent
K  secretion include the parallel operation of apical H  -K -
exchange and Cl  -HCO3

  exchange in type B intercalated 
cells100 and parallel K   and Cl   channels in type A interca-
lated cells (see Fig. 6.4). 88

A provocative study by Frindt and Palmer 72 under-
scores the importance of ENaC-independent K   excretion, 
be it mediated by apical K  -Cl  cotransport and/or by 
other mechanisms (see also Integrated Regulation of Distal 
Sodium and Potassium Transport). Rats were infused with 
amiloride via osmotic minipumps, generating urinary con-
centrations considered suf  cient to inhibit   98% of ENaC 
activity. Whereas amiloride almost abolished K   excretion 
in rats on a normal K   intake, acute and long-term high K  
diets led to an increasing fraction of K   excretion that was 
independent of ENaC activity ( 50% after 7 to 9 days on a 
high K   diet). 

 Potassium Reabsorption by the 
Collecting Duct 
In addition to K   secretion, the distal nephron is capable of 
considerable K   reabsorption, primarily during the restric-
tion of dietary K  .22,107,108 This reabsorption is accomplished 
in large part by intercalated cells in the OMCD, via the ac-
tivity of apical H  /K –ATPase pumps. Under K  -replete 
conditions, apical H  /K –ATPase activity recycles K   with 
an apical K   channel, without effect on transepithelial K  
absorption (see Figure 6.4). Under K  -restricted conditions, 
K  absorbed via apical H  /K –ATPase appears to exit inter-
calated cells via a basolateral K   channel, thus achieving the 
transepithelial transport of K  .109

H -K –ATPase holoenzymes are members of the P-type 
family of ion transport ATPases, which also includes subunits 
of the basolateral Na  -K –ATPase. 110 HK  -1 and HK  -2 are 
also referred to as the gastric and colonic  subunits, respec-
tively. A speci  c HK   subunit interacts with the HK   sub-
units to ensure delivery to the cell surface and a complete 
expression of H  -K –ATPase activity; HK  -2 subunits are 
also capable of interaction with Na  -K –ATPase   subunits.
The pharmacology of H  -K –ATPase holoenzymes  differs 
considerably, such that the gastric HK  -1 is classically 
sensitive to the H  -K –ATPase inhibitors SCH-28080 and 
omeprazole and is resistant to ouabain; the colonic HK  -2
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Aldosterone also has clinically relevant effects on K  
homeostasis, with a clear relationship at all levels of serum 
K between circulating levels of the hormone and the ability 
to excrete K  .

Renin released from the kidney stimulates aldosterone 
release from the adrenal via angiotensin-II (AT-II). Renin 
secretion by juxtaglomerular cells within the afferent ar-
teriole is initiated in response to a signal from the macula 
densa, speci  cally a decrease in luminal chloride transported 
through the Na  -K -2Cl  cotransporter (NKCC2) at the 
apical membrane of macula densa cells. 6 In addition to this 
macula densa signal, decreased renal perfusion pressure and 
renal sympathetic tone stimulate renal renin secretion. 

Hyperkalemia is also an independent and synergistic 
stimulus for aldosterone release from the adrenal gland, 129 al-
though dietary K   loading is less potent than dietary Na  -Cl 
restriction in increasing circulating aldosterone. 130 The rest-
ing membrane potential of adrenal glomerulosa cells is hy-
perpolarized due to the activity of the “leak” K   channels 
TASK-1 and TASK-3; the combined deletion of genes encod-
ing these channels leads to baseline depolarization of adre-
nal glomerulosa cells and an increase in plasma aldosterone 
that is resistant to dietary sodium loading. 20 The KCNJ5 K  
channel also plays a role, in that mutations that produce a 
depolarizing acquisition of KCNJ5-mediated Na  conduc-
tance are associated with adrenal adenomas. 21 AT-II and K  
both activate Ca 2  entry in glomerulosa cells via voltage-
sensitive T-type Ca 2  channels, primarily Cav3.2. 131 Eleva-
tions in extracellular K   thus depolarize glomerulosa cells 
and activate these Ca 2  channels, which are independently 
and synergistically activated by AT-II. The calcium-depen-
dent activation of calcium-calmodulin (CaM)-dependent 
protein kinase, in turn, activates the synthesis and release 
of aldosterone via the induction of aldosterone synthase. K  
and AT-II also enhance the transcription of the Cav3.2 Ca 2 

channel by abrogating repression of this gene by the neuron 
restrictive silencing factor (NRS); this ultimately ampli  es 
the induction of aldosterone synthase. 131

The adrenal release of aldosterone due to increased K  
is dependent on an intact adrenal renin–angiotensin system, 
particularly during Na  -Cl  restriction. Angiotensin con-
verting enzyme (ACE) inhibitors and angiotensin–receptor 
blockers (ARBs) completely abrogate the effect of high K   on 
salt-restricted adrenals. 132 Direct, G protein–dependent acti-
vation of the TASK-1 and/or TASK-3 K   channels by AT 1A
or AT 1B receptors is thought to underlie the effect of AT-II on 
adrenal aldosterone release, 20 with abrogation of this effect by 
ARBs or ACE inhibitors. Other clinically relevant activators 
of adrenal aldosterone release include prostaglandins and cat-
echolamines via increases in cAMP. 133 Finally, atrial natriuretic 
peptide (ANP) exerts a potent negative effect on aldosterone 
release induced by K   and other stimuli, 134 at least in part by 
inhibiting early events in aldosterone synthesis. 135 ANP inhib-
its both renal renin release and adrenal aldosterone release, 
functions that may be central to the roles of this hormone in 
the pathophysiology of hyporeninemic hypoaldosteronism. 134

 The Regulation of Distal Tubular 
Potassium Transport 
 Modulation of ROMK Activity 
ROMK and other KIR channels are inward rectifying (i.e., K  
  ows inward more readily than outward). Even though out-
ward conductance is usually less than inward conductance, 
K  ef  ux through ROMK predominates in the CNT and 
CCD because the membrane potential is more positive than 
the equilibrium potential for K  . Intracellular magnesium 
(Mg2 )119 and polyamines 120 play key roles in inward recti-
  cation, binding and blocking the pore of the channel from 
the cytoplasmic side. 121 A single transmembrane residue, as-
paragine-171 in ROMK1, controls the af  nity and the block-
ing effect of both Mg 2  and polyamines. 119,120 Intracellular 
Mg2  in TAL, DCT, CNT, and principal cells is thought to 
have a signi  cant effect on ROMK activity, because it inhib-
its outward ROMK-dependent currents in principal cells. 122

The blocking af  nity of Mg 2  is enhanced at lower extracel-
lular K   concentrations, 122 which should aid in reducing K  
secretion during hypokalemia and K   de  ciency. A reduc-
tion of this intracellular Mg 2  block may also explain the hy-
pokalemia associated with hypomagnesemia, wherein distal 
K  secretion is enhanced. 121

In addition to inward recti  cation, the endogenous 
ROMK channels in the TAL and principal cells exhibit a very 
high channel open probability (P o). The high P o of ROMK 
is maintained by the combined effects of the binding of 
phosphatidylinositol-4,5-bisphosphate (PIP 2) to the channel 
protein, direct channel phosphorylation by protein kinase 
A (PKA), ATP binding to the ROMK-CFTR complex, and 
cytoplasmic pH. PIP2 binding to ROMK is thus required to 
maintain the channel in an open state, 123 whereas cytoplas-
mic acidi  cation inhibits the channel. PKA phosphorylates 
ROMK protein at one N-terminal serine and two C-terminal 
serines124: S25, S200, and S294 in the ROMK2 isoform. 
Phosphorylation of all three sites is required for full channel 
function. The phosphorylation of the N-terminal site over-
rides the effect of a carboxy-terminal endoplasmic reticulum 
retention signal, thus increasing the expression of the chan-
nel protein at the cell membrane. 125 The phosphorylation of 
S200 and S294 maintains the channel in a high P o state, in 
part by modulating the effects of PIP 2,126 ATP, 60 and pH. 127

Because ROMK channels exhibit such a high P o, the 
physiologic regulation of the channel is primarily achieved 
by regulated changes in the number of active channels on 
the plasma membrane. The associated mechanisms are dis-
cussed in the context of the adaptation to K   loading/hyper-
kalemia and K   deprivation/hypokalemia. 

 Aldosterone and Potassium Secretion 
Aldosterone has a potent kaliuretic effect, 128 with impor-
tant interrelationships between circulating K   and aldoste-
rone. Aldosterone release by the adrenal is thus induced by 
hyperkalemia and/or a high K   diet, 129 suggesting an im-
portant feedback effect of aldosterone on K  homeostasis.130
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SGK1 modulates membrane expression of ENaC by in-
terfering with regulated endocytosis of its channel subunits. 
Speci  cally, the kinase interferes with interactions between 
ENaC subunits and the ubiquitin-ligase Nedd4-2. 142 PPxY 
domains in the C-termini of all three ENaC subunits bind to 
WW domains of Nedd4-2. Coexpression of  Nedd4-2 with 
a wild-type ENaC channel results in a marked inhibition of 
channel activity due to retrieval from the cell membrane; 
Nedd4-2 is thought to ubiquitinate ENaC subunits, result-
ing in the removal of channel subunits from the cell mem-
brane and degradation in lysosomes and the proteosome. 142

A PPxY domain in SGK1 also binds to Nedd4-2, which 
is a phosphorylation substrate for the kinase; the phos-
phorylation of Nedd4-2 by SGK1 abrogates its inhibitory 
effect on ENaC subunits. 145,146 Aldosterone also stimulates 
Nedd4-2 phosphorylation in vivo 147 and Nedd4-2 phos-
phorylation, in turn, results in the ubiquitin-mediated deg-
radation of SGK1. 148

Finally, aldosterone indirectly activates ENaC channels 
through the induction of channel activating proteases, which 
increase open channel probability by the cleavage of the extra-
cellular domain of  - and  -ENaC. Proteases that have been 
implicated in the processing of ENaC include furin, elastase, 
plasmin, kallikrein, and three novel,  membrane-associated
proteases called channel activating proteases 1, 2, and 
3(CAP1, 2, and 3). 149–151 Proteolytic cleavage of ENaC ap-
pears to activate the channel by removing the  self-inhibitory 
effect of external Na  150; in furin-mediated proteolysis of 
 ENaC, this appears to involve the removal of an inhibi-
tory domain from within the extracellular loop. 152 The struc-
tures of the extracellular domains of ENaC and the related 
channels resemble an outstretched hand holding a ball, with 
de  ned subdomains termed the wrist,   nger, thumb, palm, 
 -ball, and knuckle; functionally relevant proteolytic events 
target the   nger domains of ENaC subunits. 151 Unprocessed 
channels at the plasma membrane are thought to function 
as a reserve pool, capable of rapid activation by membrane-
associated luminal proteases. 150

 Adaptation to High Potassium Intake 
Much of the renal adaptation to high K   intake is aldoste-
rone independent. For example, a high K   diet increases 
apical Na   reabsorption and K   secretion in the CCD in 
adrenalectomized animals that lack aldosterone. 153 At the 
tubular level, when basolateral K   is increased, there is a sig-
ni  cant activation of the Na  /K –ATPase, accompanied by 
a secondary activation of apical Na   and K   channels. 154 In-
creased dietary K   also markedly increases the density of SK 
channels in the CCD (Fig. 6.5), along with a modest increase 
in ENaC density. 136 This is associated with changes in the 
subcellular distribution of the ROMK protein, with an in-
crease in apical expression. 155 Notably, this increase in ENaC 
and SK density in the CCD occurs within hours of assuming 
a high K   diet, with a minimal associated increase in cir-
culating aldosterone. 156 In contrast, a week of low Na  -Cl 
intake, with almost a 1000-fold increase in aldosterone, has 

Within the kidney, aldosterone has no effect on the den-
sity of apical SK channels in the CCD 136; it does however in-
duce a marked increase in the density of apical Na   channels 
in the CNT and CCD. 136 Aldosterone activates ENaC via in-
terrelated effects on the transcription, synthesis, traf  cking, 
and membrane-associated activity of the subunits encoding 
the channel. Aldosterone is thus induced by a high K   diet 
and strongly stimulates apical ENaC activity, which gener-
ates the lumen-negative PD that stimulates K   secretion by 
principal cells. The hormone also has signi  cant effects on 
the basolateral membrane of principal cells, with dramatic 
changes in cellular morphology and the length of basolateral 
membranes.137 This is accompanied by an increase in baso-
lateral Na  -K –ATPase activity, although it has been dif  -
cult to determine how much of these cellular and functional 
changes are due to enhanced Na   entry via apical ENaC. It 
is, however, known that aldosterone increases the expression 
of the Na  -K –ATPase   1 and  1 subunits in the CCD 138;
these effects are evidently independent of ENaC activity. 139

Transcriptional effects of aldosterone also include the 
induction of the  -ENaC subunit via a glucocorticoid- 
response element in the promoter of the  SCNN1A gene. Al-
dosterone also relieves a tonic inhibition of the  SCNN1A gene 
by a complex that includes the Dot1a (disruptor of telomere 
silencing splicing variant a) and the AF9 and AF17 tran-
scription factors. 140 This transcriptional activation results 
in an increased abundance of   -ENaC protein in response 
to either exogenous aldosterone or dietary Na  -Cl  restric-
tion141; the response to Na  -Cl  restriction is blunted by 
spironolactone, indicating involvement of the mineralocorti-
coid receptor. At the baseline,   -ENaC transcripts in the kid-
ney are less abundant than those encoding   - and  -ENaC.
All three subunits are required for the ef  cient processing 
of heteromeric channels in the endoplasmic reticulum and 
traf  cking to the plasma membrane, such that the induction 
of  -ENaC is thought to relieve a major bottleneck in the 
processing and traf  cking of active ENaC complexes. 142

Aldosterone also plays an indirect role in the regulated 
traf  cking of ENaC subunits to the plasma membrane via 
the regulation of accessory proteins that interact with pre-
existing ENaC subunits. Aldosterone rapidly induces the 
expression of a serine-threonine kinase denoted SGK1. 143

The coexpression of SGK1 with ENaC subunits in  Xenopus
oocytes results in a dramatic activation of the channel due to 
increased expression at the plasma membrane. 141 Analogous 
in vivo redistribution of ENaC subunits occurs in the CNT 
and early CCD from a largely cytoplasmic location during 
dietary Na  -Cl  excess to a purely apical distribution after 
aldosterone or Na  -Cl  restriction. 71,141 Furthermore, there 
is a temporal correlation between the appearance of induced 
SGK1 protein in the CNT and the redistribution of ENaC 
protein to the plasma membrane. 141 The amiloride-sensitive, 
lumen-negative potential difference generated by ENaC is 
reduced in SGK1 knockout mice, 144 resulting in a decreased 
driving force for distal K   secretion and marked susceptibil-
ity to hyperkalemia. 
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these channels are also activated by dietary K   loading. 
Flow-stimulated K   secretion by the CCD of both mice 77

and rats 158 is enhanced on a high-K   diet, with an absence 
of   ow- dependent K   secretion in rats on a low K   diet. 158

This is accompanied by commensurate changes in transcript 
levels for  - and  2–4-subunits of the BK channel proteins 
in microdissected CCDs (  1 subunits are restricted to the 
CNT75). Traf  cking of BK subunits is also affected by di-
etary K  , with largely intracellular distribution of   -subunits
in  K -restricted rats and prominent apical expression in 
K -loaded rats. 158 Aldosterone does not contribute to the 
regulation of BK  channel activity or expression in response 
to a high K   diet. 159

Regulatory information is notably more extensive for 
ROMK/SK channels than for BK channels. ROMK channels 
exhibit a high P o; physiologic regulation of SK channels is 
primarily achieved by regulated changes in the number of 
active channels on the plasma membrane. The changes in 
traf  cking and/or activity of the ROMK channel that are in-
duced by dietary K   restriction appear to involve tyrosine 
phosphorylation of the ROMK protein (see the following); 
K  loading reverses this tyrosine phosphorylation. The for-
ward traf  cking of ROMK channels to the apical membrane 
of CNT and principal cells after K   loading is also phosphory-
lation dependent. PKA phosphorylates ROMK protein at 
one N-terminal serine and two C-terminal serines. 124 Phos-
phorylation of the N-terminal serine overrides the effect of 
a carboxy-terminal endoplasmic reticulum retention signal, 
thus inducing exit from the Golgi apparatus and expression 
of the channel protein at the cell membrane. 125 This explains 
in large part the induction of SK channel density by vaso-
pressin 160 and cAMP. 76 Notably, this N-terminal serine is also 
a substrate for SGK1, the aldosterone-induced kinase that 
activates ENaC, which then activates ROMK by increasing 
membrane expression. 161 Thus, although aldosterone does 
not appear to have signi  cant effects on SK density, 156 SGK1 
is conceivably involved; alternatively, other antagonistic 
effects of SGK1 on ROMK 162 traf  cking abrogate the effect 
mediated by N-terminal phosphorylation. 

A recent series of reports have linked changes in the ex-
pression of WNK1 kinase subunits in the response to high K  
diet. WNK1 and WNK4 were initially identi  ed as causative 
genes for familial hypertension with hyperkalemia (FHHt), 
also known as Gordon syndrome or pseudohypoaldosteron-
ism type II. 163 The regulation of NCC, the thiazide-sensitive 
Na -Cl  cotransporter in the DCT, is a major role of the 
WNK kinases. 164–166 NCC activity is a major determinant of 
Na  delivery to the downstream CNT, with potent effects 
on the ability to secrete K  (see also Integrated  Regulation
of Distal Sodium and Potassium Transport). However, the 
WNK kinases also directly regulate traf  cking and activity of 
both ROMK and BK channels. 

ROMK expression at the membrane of  Xenopus oocytes
is dramatically reduced by the coexpression of WNK4; 
FHHt-associated mutations dramatically increase this effect, 
suggesting a direct inhibition of SK channels in FHHt. 167

no effect on SK channel density, nor for that matter does 
2 days of aldosterone infusion, despite the development 
of hypokalemia (Table 6.1). 156 Of note, unlike the marked 
increase seen in the CCD, 136,156 the density of SK channels 
in the CNT is not increased by high dietary K  .65 This ap-
pears to be due to dif  culties in estimating channel densities 
in small membrane patches, because the measurement of 
whole cell currents indicates an upregulation of ROMK ac-
tivity in the CNT of animals maintained on a high K   diet. 157

BK channels in the CNT and CCD play an important 
role in the   ow-activated component of distal K  excretion 75;

FIGURE 6.5 A high K  diet rapidly activates small  conductance 
(SK) channels in the cortical collecting duct (CCD), which is 
 mediated by the renal outer medullary K  channel (ROMK) 
(Kir 1.1) K  channel. Histograms of N (channels/patch) are shown 
for rats on a control diet (A), on a high K diet for 6 hours (B), and 
on a high K diet for 48 hours (C). Each determination of N repre-
sents a single cell-attached patch. The high K  diet results in a 
progressive recruitment of SK channels at the apical membrane. 
(From Palmer LG, Frindt G. Regulation of apical K channels in rat 
cortical collecting tubule during changes in dietary K intake. 
Am J Physiol. 1999;277:F805–812.)
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The coexpression of WNK4 also inhibits BK channels in 
a heterologous expression system, apparently by  inducing 
 lysosomal degradation. 168  In the case of WNK1, the  analysis 
is complicated dramatically by the transcriptional complex-
ity of its gene, which has at least three separate promoters 
and a number of alternative isoforms. In particular, the pre-
dominant intrarenal WNK1 isoform is generated by a distal 
nephron transcriptional site that bypasses the  N-terminal 
exons that encode the kinase domain, thus yielding a 
 kinase-de  cient short form of the protein  (“WNK1-S”). 169

Full-length WNK1 (WNK1-L) inhibits ROMK activity by 
 inducing endocytosis of the channel protein 170–172 ; kinase ac-
tivity and/or the  N-terminal kinase domain of WNK1 appear 
to be required for this effect, 171,172  although Cope et al. 170

have reported that a kinase-dead mutant of WNK1 is un-
impaired. WNK1 and WNK4 induce endocytosis of ROMK 
via an interaction with intersectin, a multimodular endocytic 
scaffold protein. 173  The additional binding of ROMK to the 
clathrin adaptor protein autosomal recessive hypercholester-
olemia (ARH) is required for basal and WNK1-stimulated 
endocytosis of the channel protein. 174  The ubiquitination of 
the ROMK protein is also involved in clathrin-dependent en-
docytosis,  requiring an interaction between the channel and 
the U3 ubiquitin ligase POSH (plenty of SH domains). 175  

 The shorter WNK1-S isoform, which lacks the kinase 
domain, appears to inhibit the effect of WNK1-L. 171,172  The 
ratio of WNK1-S to WNK1-L transcripts is reduced by K  
restriction (greater endocytosis of ROMK) 172,176  and is in-
creased by K    loading (reduced endocytosis of ROMK), 171,176

thus suggesting that this ratio between WNK1-S and WNK1-
L functions as a “switch” to regulate distal K     secretion 
(Fig. 6.6). The inhibitory effect of WNK1-S tracks to the   rst 
253 amino acids of the protein, encompassing the initial 30 

FIGURE 6.6 The balance between the major short (WNK1-S) 
and long (WNK1-L) isoforms of the WNK1 kinases affects K  
secretion. The WNK1-S isoform lacks a kinase domain and in-
hibits the effects of the long isoform. Potassium loading causes 
a reduction in the ratio of WNK1-L to WNK1-S, resulting in an 
increased expression of the renal outer medullary K  channel 
(ROMK) at the plasma membrane of connecting tubule (CNT) 
cells and principal cells, with a concomitant reduction in the api-
cal expression of the thiazide-sensitive Na -Cl  cotransporter 
(NCC) in the distal convoluted tubule (DCT) and the furosemide-
sensitive Na -K -2Cl  cotransporter NKCC2 in the thick ascend-
ing limb (TAL). The net result is increased Na  delivery to the 
CNT and principal cells with enhanced apical secretory K  chan-
nel activity, resulting in an enhanced K  secretion.

The Effect of a High K  Diet, Aldosterone, and/or Na -Cl  Restriction on 
Small Conductance Channel Density in the Rat Cortical Collecting Duct

Condition
K Channel 
Density/ m2

Plasma Aldo
(ng/dL)  Plasma K (mM)

Control 0.41    15  3.68

High K diet, 6 h  1.51    36  NM

High K diet, 48 h  2.13    98  4.37

Low Na diet, 7 d  0.48  1260  NM

Aldo infusion, 48 h  0.44   550  2.44

Aldo   high K diet 0.32   521  3.80

K, potassium; h, hour; Na, sodium; d, day; Aldo, aldosterone; NM, not measured. 
Modi  ed from Palmer LG, Frindt G. Regulation of apical K channels in rat cortical collecting tubule during changes in 
dietary K intake. Am J Physiol. 1999;277:F805–F812.

TA B L EB
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reducing the distal tubular K   secretion. 189 IGF-1 is produced 
in the kidney and upregulated by dietary K   restriction 190.
The downstream activation of PI3-kinase by insulin and IGF-
1 results in the Akt1- or SGK1-dependent phosphorylation of 
WNK1, leading to endocytosis of ROMK. 162

Reports of transient postprandial kaliuresis in sheep, in-
dependent of changes in plasma K   or aldosterone, suggest 
that an enteric or hepatoportal K   sensor controls kaliure-
sis via a sympathetic re  ex 191; tissue kallikrein has  recently 
emerged as a candidate mediator for this postprandial kaliure-
sis (see the following). Regardless of the  signaling involved, 
changes in dietary K   absorption have a direct “anticipatory” 
effect on K   homeostasis in the absence of changes in plasma 
K . Such a feed-forward control has the theoretical advan-
tage of greater stability, because it operates prior to changes 
in plasma K  .192 Notably, changes in ROMK phosphoryla-
tion status and insulin-sensitive muscle uptake can be seen 
in K  -de  cient animals in the absence of a change in plasma 
K ,13 suggesting that the upstream activation of the major 
mechanisms that serve to reduce K   excretion (reduced K  
secretion in the CNT/CCD, decreased peripheral uptake, and 
increased K   reabsorption in the OMCD) does not require 
changes in the plasma K  . Consistent with this hypothesis, 
moderate K   restriction—without an associated drop in 
plasma K  —is suf  cient to induce AT-II-dependent superox-
ide generation and c-src activation, leading to the inhibition 
of ROMK channel activity. 189

 Vasopressin 
Vasopressin has a stimulatory effect on K   secretion by the 
distal nephron. 32 This serves to preserve K   secretion during 
dehydration and extracellular volume depletion, when cir-
culating levels of vasopressin are high and tubular  delivery 
of Na   and   uid is reduced. The stimulation of basolateral 
V2 receptors results in the activation of ENaC, which in-
creases the driving force for K   secretion by CNT cells and 
principal cells. 193 In addition, vasopressin activates SK chan-
nels directly in the CCD, 160 as does cAMP. 76 The ROMK 
protein is directly phosphorylated by PKA on three serine 
residues (S25, S200, and S294 in the ROMK2 isoform), with 
phosphorylation of all three sites required for full activity 
(see also the previous discussion). Finally, the stimulation of 
luminal V1 receptors also increases K   secretion in the CCD, 
apparently via the activation of BK channels. 194

 Tissue Kallikrein 
The serine protease tissue kallikrein (TK) is involved in 
the generation of kinins, which ultimately stimulates the 
formation of bradykinin. 195 Within the kidney, TK is synthe-
sized within CNT cells and is released into the tubular  lumen
and the peritubular interstitium. Although TK- induced bra-
dykinin has a number of effects on distal tubular physiol-
ogy, 195 more recent data have revealed a provocative role in 
postprandial kaliuresis. Thus, oral K  -Cl  loading leads to 
a spike in urinary K   and TK excretion in rats, mice, and 

amino acids unique to this isoform and an adjacent auto-
inhibitory domain. 177 Transgenic mice that overexpress this 
inhibitory domain of WNK1-S have lower serum K   con-
centrations, higher fractional excretion of K  , and increased 
expression of the ROMK protein at the apical membrane of 
CNT and CCD cells, all of which are consistent with an im-
portant inhibitory effect of WNK1-S. 177

 Potassium Deprivation 
A reduction in dietary K   leads, within 24 hours, to a dramatic 
drop in urinary K   excretion. 176,178 This drop in excretion 
is due to both an induction of reabsorption by intercalated 
cells in the OMCD 107,108 and to a reduction in SK channel 
activity in principal cells. 179 The mechanisms involved in K  
reabsorption by intercalated cells were previously discussed. 
Notably, H  /K –ATPase activity in the collecting duct does 
not appear to be regulated by aldosterone 180; stimulatory 
effects of mineralocorticoid on H  /K –ATPase activity are 
abrogated by K   loading, indicating a primary role for 
hypokalemia.181

Dietary K   intake modulates traf  cking of the ROMK 
channel protein to the plasma membrane of principal cells, 
with a marked increase in the relative proportion of  intracel-
lular channel protein in K  -depleted animals 155 and clearly 
de  ned expression at the plasma membrane of CCD cells 
from animals on a high K   diet. 155 The membrane  insertion
and activity of ROMK is modulated by tyrosine phosphory-
lation of the channel protein, such that the phosphoryla-
tion of tyrosine residue 337 stimulates endocytosis and 
dephosphorylation induces exocytosis. 182,183 This tyrosine 
phosphorylation appears to play a key role in the regula-
tion of ROMK by dietary K  .184 Whereas the levels of pro-
tein tyrosine phosphatase-1D do not vary with K   intake, 
intrarenal activity of the cytoplasmic tyrosine kinases c-src 
and c-yes are inversely related to dietary K   intake, with a 
decrease under high K   conditions and a marked increase 
after several days of K   restriction. 179,185 Immunolocaliza-
tion indicates coexpression of c-src with ROMK in the TAL 
and the principal cells of the CCD. 155 The inhibition of pro-
tein tyrosine phosphatase activity, leading to a dominance of 
tyrosine phosphorylation, dramatically increases the propor-
tion of intracellular ROMK in the CCD of animals on a high 
K  diet. 155

The neurohumoral factors that induce the K  -dependent 
traf  cking and expression of apical ROMK 155 and BK chan-
nels158 have only recently been identi  ed. Several studies have 
implicated the intrarenal generation of superoxide anions 
in the activation of cytoplasmic tyrosine kinases and in the 
downstream phosphorylation of the ROMK channel protein 
by K   depletion. 186,187 Candidates for the upstream  kaliuretic 
factor include AT-II and growth factors such as  insulin-like 
growth factor-1 (IGF-1). 162 AT-II inhibits ROMK activity in 
K -restricted rats, but not in rats on a normal K   diet. 188 This 
inhibition involves the downstream activation of superoxide 
production and c-src activity, such that the well-known induc-
tion of AT-II by a low K   diet  appears to play a major role in 
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in certain circumstances associated with a marked induction 
of aldosterone, such as dietary sodium restriction, sodium 
balance is maintained without affecting K   homeostasis. 
This aldosterone paradox—the independent regulation of 
Na -Cl  and K   handling by the aldosterone-sensitive distal 
nephron—is only recently beginning to yield to investiga-
tive efforts. The major factors in the integrated control of 
Na -Cl  and K   transport appear to include electroneutral, 
NCC-independent, and thiazide-sensitive Na  -Cl  transport 
within the CCD 196,197,199; K  -dependent changes in NCC 
activity within the DCT; ENaC-independent K   excretion 
within the distal nephron 72; and the differential regulation 
of various transport and signaling pathways by aldosterone, 
AT-II, TK, and dietary K  .195,200,201

Thiazide-sensitive electroneutral Na  -Cl  transport 
within the CCD is mediated by parallel activity of the Na  -
driven SLC4A8 Cl  -HCO3

  exchanger and the SLC26A4 
Cl -HCO3

  exchanger, 196 expressed in intercalated cells. 
The molecular identity of this transport mechanism has only 
recently emerged 196; hence, regulatory in  uences are not ful-
ly characterized. However, electroneutral Na  -Cl  transport 
within the CCD is evidently induced by both volume deple-
tion and mineralocorticoid treatment. 196,197,199 This mecha-
nism mediates  50% of Na   reabsorption in the CCD under 
these conditions, all without affecting the lumen potential 
difference and thus without in  uencing K  excretion. A high 
K  diet also increases the fraction of ENaC-independent, 
amiloride-resistant K   excretion to  50%; again, this elec-
troneutral, aldosterone-independent pathway for K   excre-
tion uncouples distal tubular Na   and K   excretion. 72

In a landmark study, Kahle et al. 167 established in 2003 
that the WNK4 kinase, encoded by a disease gene for FHHt, 
inhibits ROMK activity in Xenopus oocytes. This identi  ed 
WNK-dependent signaling as a major pathway for integrat-
ing Na  -Cl  and K   transport within the distal nephron. 
Details of the relevant effects of WNK kinases on NCC and 
ROMK are discussed earlier and elsewhere. 202–204 However, 
key   ndings include the differential in  uence of K   intake 
on circulating AT-II, ROMK activity (i.e., K   secretory capac-
ity), the ratio of WNK1 isoforms, and the activity of NCC 
in the DCT. AT-II  activates NCC via WNK4 and the down-
stream SPAK kinase, 202–204 thus reducing delivery of Na   to 
the CNT and limiting K   secretion. AT-II also  inhibits ROMK 
activity via several mechanisms, including the downstream 
activation of c-src tyrosine kinases. 187–189 Whereas K   re-
striction induces renin and circulating AT-II, increases in 
dietary K   suppress AT-II levels. 189,205 A decrease in circulat-
ing and local AT-II explains why NCC phosphorylation and 
activity is downregulated by a high K   diet (Fig. 6.7). 56,206

Teleologically, this serves to  increase the delivery of Na   to 
the CNT, thus increasing K   secretion. Finally, within CNT 
cells and principal cells, increases in aldosterone induce the 
SGK1 kinase, which phosphorylates WNK4 and attenuates 
the effect of WNK4 on ROMK, 207 while activating ENaC via 
Nedd4-2-dependent effects. However, when dietary K   in-
take is reduced, c-src tyrosine kinase activity increases under 

humans.195 The increase in urinary TK after K   loading is 
not accompanied by changes in urinary aldosterone and can 
be detected in aldosterone synthase knockout mice. 149 Mice 
de  cient in TK demonstrate postprandial hyperkalemia, in-
dicating a role for the protease in postprandial kaliuresis. 
This transient hyperkalemia is accompanied by a marked 
increase in K   reabsorption by perfused CCDs due to an 
upregulation of H  /K –ATPase activity and an increase in 
HK -2 transcript. The addition of luminal but not basolat-
eral TK inhibits the activated CCD H  /K –ATPase activity 
in TK knockout mice, which is consistent with direct pro-
teolytic activation. There is also a marked increase in Na  
reabsorption by perfused CCDs from TK knockout mice, 
without the development of a lumen-negative PD. This is 
consistent with an increased activity of the electroneutral 
Na -Cl  cotransport mediated by the Na  -driven SLC4A8 
Cl -HCO3

  exchanger and the SLC26A4 Cl  -HCO3
  ex-

changer (see also the following text). 196 This electroneu-
tral transport pathway had previously been shown to be 
inhibited by bradykinin 197; hence, the activation by TK 
deletion presumably re  ected a loss of tonic inhibition by 
TK-generated bradykinin. Prior data had indicated that TK 
mediates proteolytic cleavage of the   subunit of ENaC, with 
reduced ENaC activity in  TK-de  cient mice 198; net Na   bal-
ance is thus neutral in these mice. 

In summary, TK secretion from CNT cells is induced 
by oral K  -Cl  loading, causing proteolytic activation of 
ENaC198 and thus an increase in ENaC-driven K   secre-
tion and the bradykinin-dependent inhibition of electroneu-
tral Na  -Cl  cotransport in the CCD. 196,197 Thus, a further 
augmentation of electrogenic Na   transport (favoring K  
secretion) and a direct luminal inhibition of H  /K –ATPase 
activity causes a decrease or tonic inhibition of K   reabsorp-
tion. TK may very well be the postprandial factor 191 that 
functions in the feed-forward control of plasma K  .192

 The Integrated Regulation of Distal Sodium 
and Potassium Transport 
In CNT and principal cells, the lumen-negative potential dif-
ference generated by Na   entry via ENaC induces the exit 
of K   via apical K  -selective channels. This arrangement
explains much of the known physiology and pathophysiol-
ogy of renal K   secretion, yet has several key consequences 
that bear emphasis. First, enhanced Na  -Cl reabsorption 
upstream of the CNT and CCD will reduce the  delivery of 
luminal Na   to the CNT and CCD, 73 decrease the lumen- 
negative potential difference, and thus decrease K  secretion; 
K  secretion by the CCD essentially stops when luminal Na  
drops below 8 mmol per liter. 74 In this respect, the increas-
ingly re  ned phenotypic understanding of FHHt, caused by 
kinase-induced gain-of-function of the DCT, has served to 
underline that a variation in NCC-dependent Na  -Cl  ab-
sorption, just upstream of the CNT, has major effects on 
the ability to excrete dietary K  .166 Second, aldosterone is 
a kaliuretic hormone, induced by hyperkalemia. However, 
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and hypotension due to marked suppression of membrane-
associated total and phosphorylated NCC in the DCT and 
NKCC2 in the TAL. 209 In contrast, selective knockout of the 
WNK1-S exons leads to a major gain in function for NCC 
and NKCC2. 209 Therefore, K   loading will lead to an increase 
in the ratio of WNK1-S to WNK1-L, reduced endocytosis of 
ROMK, and enhanced endocytosis of NCC; this will have 
the effect of reducing Na   absorption in the DCT and thus 
increasing Na   delivery and tubular   ow rate in the CNT, 
where ROMK   /– BK channel activity is maximized (see also 
Fig. 6.6). The converse cascade occurs in K   restriction. 
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the in  uence of increased AT-II, causing direction inhibition 
of ROMK activity via tyrosine phosphorylation of the chan-
nel.182–184 The increase in c-src tyrosine kinase activity also 
abrogates the effect of SGK1 on WNK4 201; this latter mecha-
nism can also be induced by AT-II. 208

The ratio of WNK1 isoforms is also a critical determinant 
in the balance between distal Na   and K   transport. The 
shorter WNK1-S isoform, which lacks the kinase domain,
appears to inhibit the effect of WNK1-L. 171,172 The ratio of 
WNK1-S to WNK1-L transcripts is reduced by K   restriction 
(greater endocytosis of ROMK) 172,176 and is increased by K  
loading (reduced endocytosis of ROMK). 171,176 This suggests 
that the ratio between WNK1-S and WNK1-L functions as 
a switch to regulate distal K   secretion (see also Fig. 6.6). 
Transgenic mice that overexpress this inhibitory domain 
of WNK1-S have lower serum K   concentrations, a higher 
fractional excretion of K  , and an increased expression of 
ROMK protein at the apical membrane of CNT and CCD 
cells, all of which are consistent with an important inhibitory 
effect of WNK1-S. 177 In contrast, WNK1-L activates NCC 
by enhancing expression at the cell membrane; this acti-
vation is blocked by WNK1-S. Again, transgenic WNK1-S 
mice have the expected phenotype, with renal salt wasting 
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B

FIGURE 6.7 The differential effects of a high 
and low K  diet on the membrane expres-
sion of Na -Cl  cotransporter (NCC) and 
renal outer medullary K  channel (ROMK) in 
late distal convoluted tubule (DCT) and the 
connecting tubule (CNT). A: Whereas NCC 
expression at the plasma membrane of DCT2 
cells is enhanced in rats treated with a low 
K  diet and is reduced by a high K  diet, the 
opposite occurs for ROMK protein. B: This 
dichotomy persists at the junction between 
DCT2 and the early CNT (CNT1: the juncture 
is denoted by a dashed white line). However, 
within CNT2 segments, which lack NCC, apical 
labeling of ROMK under high K  conditions is 
less striking. (From Wade JB, et al. Differential 
regulation of ROMK (Kir1.1) in distal nephron 
segments by dietary potassium. Am J Physiol.
2011;300(6):F1385–1393.)

 1. Coca SG, Perazella MA, Buller GK. The cardiovascular implications o   
hypokalemia. Am J Kidney Dis. 2005;45(2):233–247. 
http://www.ncbi.nlm.nih.gov/pubmed/15685500
 2. Lingrel JB, Croyle ML, Woo AL, Arguello JM. Ligand binding sites o  Na, 
K-ATPase. Acta Physiol Scand Suppl. 1998;643:69–77. 
http://www.ncbi.nlm.nih.gov/pubmed/9789548
 3. McDonough AA, Wang J, Farley RA. Signif cance o  sodium pump iso orms 
in digitalis therapy. J Mol Cell Cardiol. 1995;27(4):1001–1009.
 4. Crambert G, Hasler U, Beggah AT, et al. Transport and pharmacological 
 properties o  nine di  erent human Na, K-ATPase isozymes. J Biol Chem. 
2000;275(3):1976–1986.

209



210 SECTION I  STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

 34. Tabei K, Imai M. K transport in upper portion of descending limbs of long-
loop nephron from hamster.  Am J Physiol. 1987;252(3 Pt 2):F387–392. 
 35. Liu W, Morimoto T, Kondo Y, et al. Analysis of NaCl transport in thin 
ascending limb of Henle’s loop in CLC-K1 null mice.  Am J Physiol Renal Physiol.
2002;282(3):F451–457.
 36. Unwin R, Capasso G, Giebisch G. Potassium and sodium transport 
along the loop of Henle: effects of altered dietary potassium intake.  Kidney Int.
1994;46(4):1092–1099.
 37. Madsen KM, Tishler CC. Anatomy of the kidney. In: Brenner BM, ed.  Brenner 
and Rector’s The Kidney. 7th ed. Philadelphia, PA: W. B. Saunders Co.; 2004:3–72. 
 38. Allen F, Tisher CC. Morphology of the ascending thick limb of Henle. 
Kidney Int. 1976;9(1):8–22. 
 39. Tsuruoka S, Koseki C, Muto S, Tabei K, Imai M. Axial heterogeneity of 
potassium transport across hamster thick ascending limb of Henle’s loop.  Am J 
Physiol. 1994;267(1 Pt 2):F121–129. 
 40. Nielsen S, Maunsbach AB, Ecelbarger CA, Knepper MA. Ultrastructural 
localization of Na-K-2Cl cotransporter in thick ascending limb and macula densa 
of rat kidney.  Am J Physiol. 1998;275(6 Pt 2):F885–893. 
 41. Yoshitomi K, Kondo Y, Imai M. Evidence for conductive Cl- pathways 
across the cell membranes of the thin ascending limb of Henle’s loop.  J Clin 
Invest. 1988;82(3):866–871. 
 42. Hebert SC, Andreoli TE. Control of NaCl transport in the thick ascending 
limb. Am J Physiol. 1984;246(6 Pt 2):F745–756. 
 43. Rocha AS, Kokko JP. Sodium chloride and water transport in the medul-
lary thick ascending limb of Henle. Evidence for active chloride transport.  J Clin 
Invest. 1973;52(3):612–623. 
 44. Greger R, Schlatter E. Presence of luminal K  , a prerequisite for active 
NaCl transport in the cortical thick ascending limb of Henle’s loop of rabbit 
kidney.  P  ugers Arch. 1981;392(1):92–94. 
 45. Greger R, Weidtke C, Schlatter E, Wittner M, Gebler B. Potassium activ-
ity in cells of isolated perfused cortical thick ascending limbs of rabbit kidney. 
P  ugers Arch. 1984;401(1):52–57. 
 46. Simon DB, Karet FE, Rodriquez-Soriano J, et al. Genetic heterogeneity 
of Bartter’s syndrome revealed by mutations in the K   channel, ROMK.  Nature 
 Genetics. 1996;14:152–156. 
 47. Cantone A, Yang X, Yan Q, et al. Mouse model of type II Bartter’s syn-
drome. I. Upregulation of thiazide-sensitive Na-Cl cotransport activity.  Am J 
Physiol Renal Physiol. 2008;294(6):F1366–1372. 
 48. Taniguchi J, Guggino WB. Membrane stretch: a physiological stimulator 
of Ca2  -activated K   channels in thick ascending limb.  Am J Physiol. 1989;
257(3 Pt 2):F347–352. 
 49. Bleich M, Schlatter E, Greger R. The luminal K   channel of the thick 
ascending limb of Henle’s loop.  P  ugers Arch. 1990;415(4):449–460. 
 50. Wang WH. Two types of K   channel in thick ascending limb of rat kidney. 
Am J Physiol. 1994;267(4 Pt 2):F599–605. 
 51. Wang W, Lu M. Effect of arachidonic acid on activity of the apical K   channel 
in the thick ascending limb of the rat kidney.  J Gen Physiol. 1995;106(4):727–743. 
 52. Ho K, Nichols CG, Lederer WJ, et al. Cloning and expression of an inwardly 
rectifying ATP-regulated potassium channel.  Nature. 1993;362(6415):31–38. 
 53. Palmer LG, Choe H, Frindt G. Is the secretory K channel in the rat CCT 
ROMK? Am J Physiol. 1997;273(3 Pt 2):F404–410. 
 54. Xu JZ, Hall AE, Peterson LN, et al. Localization of the ROMK protein on apical 
membranes of rat kidney nephron segments.  Am J Physiol. 1997(273):F739–F748. 
 55. Lu M, Wang T, Yan Q, et al. Absence of small conductance K   channel (SK) 
activity in apical membranes of thick ascending limb and cortical collecting duct 
in ROMK (Bartter’s) knockout mice.  J Biol Chem. 2002;277(40):37881–37887. 
 56. Wade JB, Fang L, Coleman RA, et al. Differential regulation of ROMK 
(Kir1.1) in distal nephron segments by dietary potassium.  Am J Physiol Renal 
Physiol. 2011;300(6):F1385–1393. 
 57. Boim MA, Ho K, Shuck ME, et al. ROMK inwardly rectifying  ATP-sensitive 
K  channel. II. Cloning and distribution of alternative forms.  Am J Physiol.
1995;268(6 Pt 2):F1132–1140. 
 58. Lu M, Wang T, Yan Q, et al. ROMK is required for expression of the 
70-pS K channel in the thick ascending limb. Am J Physiol Renal Physiol.
2004;286(3):F490–495.
 59. Yoo D, Flagg TP, Olsen O, et al. Assembly and traf  cking of a multi-
protein ROMK (Kir 1.1) channel complex by PDZ interactions.  J Biol Chem.
2004;279(8):6863–6873.
 60. Lu M, Leng Q, Egan ME, et al. CFTR is required for PKA-regulated 
ATP sensitivity of Kir1.1 potassium channels in mouse kidney.  J Clin Invest.
2006;116(3):797–807.
 61. Renigunta A, Renigunta V, Saritas T, et al. Tamm-Horsfall glycoprotein in-
teracts with renal outer medullary potassium channel ROMK2 and regulates its 
function. J Biol Chem. 2011;286(3):2224–2235. 

 6. Hebert SC, Mount DB, Gamba G. Molecular physiology of cation-coupled 
Cl- cotransport: the SLC12 family.  P  ugers Arch. 2004;447(5):580–593. 
 7. Gosmanov AR, Wong JA, Thomason DB. Duality of G protein-coupled 
mechanisms for beta-adrenergic activation of NKCC activity in skeletal muscle. 
Am J Physiol Cell Physiol. 2002;283(4):C1025–1032. 
 8. McDonough AA, Thompson CB, Youn JH. Skeletal muscle regulates extra-
cellular potassium. Am J Physiol Renal Physiol. 2002;282(6):F967–974. 
 9. Bundgaard H, Schmidt TA, Larsen JS, Kjeldsen K. K   supplementation 
increases muscle [Na  -K -ATPase] and improves extrarenal K   homeostasis 
in rats. J Appl Physiol. 1997;82(4):1136–1144. 
 10. McKenna MJ. Effects of training on potassium homeostasis during  exercise. 
J Mol Cell Cardiol. 1995;27(4):941–949. 
 11. Dluhy RG, Axelrod L, Williams GH. Serum immunoreactive insulin and 
growth hormone response to potassium infusion in normal man.  J Appl Physiol.
1972;33(1):22–26.
 12. Choi CS, Thompson CB, Leong PK, McDonough AA, Youn JH. Short-term 
K( ) deprivation provokes insulin resistance of cellular K(  ) uptake revealed 
with the K(  ) clamp. Am J Physiol Renal Physiol. 2001;280(1):F95–F102. 
 13. Chen P, Guzman JP, Leong PK, et al. Modest dietary K   restriction 
provokes insulin resistance of cellular K   uptake and phosphorylation of renal 
outer medulla K   channel without fall in plasma K   concentration.  Am J Physiol 
Cell Physiol. 2006;290(5):C1355–1363. 
 14. Al-Khalili L, Yu M, Chibalin AV. Na(  ),K( )-ATPase traf  cking in skeletal 
muscle: insulin stimulates translocation of both alpha(1)- and alpha(2)-subunit 
isoforms. FEBS Lett. 2003;536(1–3):198–202. 
 15. Feraille E, Carranza ML, Gonin S, et al. Insulin-induced stimulation of 
Na ,K( )-ATPase activity in kidney proximal tubule cells depends on phos-
phorylation of the alpha-subunit at Tyr-10.  Mol Biol Cell. 1999;10(9):2847–2859. 
 16. Boini KM, Graf D, Kuhl D, Haussinger D, Lang F. SGK1 dependence of 
insulin induced hypokalemia. P  ugers Arch. 2009;457(4):955–961. 
 17. Olsson AM, Persson S, Schoder R. Effects of terbutaline and isoproterenol on 
hyperkalemia in nephrectomized rabbits.  Scand J Urol Nephrol. 1978;12(1):35–38. 
 18. Scheid CR, Fay FS. Beta-adrenergic stimulation of 42K in  ux in isolated 
smooth muscle cells. Am J Physiol. 1984;246(5 Pt 1):C415–421. 
 19. Williams ME, Gervino EV, Rosa RM, et al. Catecholamine modulation of 
rapid potassium shifts during exercise.  N Engl J Med. 1985;312(13):823–827. 
 20. Davies LA, Hu C, Guagliardo NA, et al. TASK channel deletion in mice causes 
primary hyperaldosteronism.  Proc Natl Acad Sci USA. 2008;105(6):2203–2208. 
 21. Choi M, Scholl UI, Yue P, et al. K   channel mutations in adrenal 
aldosterone-producing adenomas and hereditary hypertension.  Science. 2011;
331(6018):768–772.
 22. Malnic G, Klose RM, Giebisch G. Micropuncture study of renal potassium 
excretion in the rat.  Am J Physiol. 1964;206(4):674–686. 
 23. Kaufman JS, Hamburger RJ. Passive potassium transport in the proximal 
convoluted tubule. Am J Physiol. 1985;248(2 Pt 2):F228–232. 
 24. Brandis M, Keyes J, Windhager EE. Potassium-induced inhibition of proxi-
mal tubular   uid reabsorption in rats.  Am J Physiol. 1972;222(2):421–427. 
 25. Wilson RW, Wareing M, Green R. The role of active transport in potassium 
reabsorption in the proximal convoluted tubule of the anaesthetized rat.  J Physiol.
1997;500 (Pt 1):155–164. 
 26. Kibble JD, Wareing M, Wilson RW, Green R. Effect of barium on potassium 
diffusion across the proximal convoluted tubule of the anesthetized rat.  Am J 
Physiol. 1995;268(4 Pt 2):F778–783. 
 27. Wilson RW, Wareing M, Kibble J, Green R. Potassium permeability in the 
absence of   uid reabsorption in proximal tubule of the anesthetized rat.  Am J 
Physiol. 1998;274(6 Pt 2):F1109–1112. 
 28. Muto S, Hata M, Taniguchi J, et al. Claudin-2-de  cient mice are defective 
in the leaky and cation-selective paracellular permeability properties of renal 
proximal tubules.  Proc Natl Acad Sci USA. 2010;107(17):8011–8016. 
 29. Wareing M, Wilson RW, Kibble JD, Green R. Estimated potassium re  ec-
tion coef  cient in perfused proximal convoluted tubules of the anaesthetized rat 
in vivo. J Physiol. 1995;488 (Pt 1):153–161. 
 30. Johnston PA, Battilana CA, Lacy FB, Jamison RL. Evidence for a concentra-
tion gradient favoring outward movement of sodium from the thin loop of Henle. 
J Clin Invest. 1977;59(2):234–240. 
 31. Battilana CA, Dobyan DC, Lacy FB, et al. Effect of chronic potassium 
loading on potassium secretion by the pars recta or descending limb of the 
juxtamedullary nephron in the rat.  J Clin Invest. 1978;62(5):1093–1103. 
 32. Elalouf JM, Roinel N, de Rouf  gnac C. Effects of dDAVP on rat juxta-
medullary nephrons: stimulation of medullary K recycling.  Am J Physiol. 1985;
249(2 Pt 2):F291–298. 
 33. Stokes JB. Consequences of potassium recycling in the renal medulla. 
Effects of ion transport by the medullary thick ascending limb of Henle’s loop. 
J Clin Invest. 1982;70(2):219–229. 

 5. Lorenz JN, Loreaux EL, Dostanic-Larson I, et al. ACTH-induced hyperten-
sion is dependent on the ouabain-binding site o  the alpha2-Na+-K+-ATPase 
subunit. Am J Physiol Heart Circ Physiol. 2008;295(1):H273–280.
 6. Hebert SC, Mount DB, Gamba G. Molecular physiology o  cation-coupled 
Cl- cotransport: the SLC12  amily Pf ugers Arch. 2004;447(5):580–593. 
http://www.ncbi.nlm.nih.gov/pubmed/12739168
 7. Gosmanov AR, Wong JA, Thomason DB. Duality o  G protein-coupled 
mechanisms  or beta-adrenergic activation o  NKCC activity in skeletal muscle. 
Am J Physiol Cell Physiol. 2002;283(4):C1025–1032.
 8. McDonough AA, Thompson CB, Youn JH. Skeletal muscle regulates extra-
cellular potassium. Am J Physiol Renal Physiol. 2002;282(6):F967–974.
 9. Bundgaard H, Schmidt TA, Larsen JS, Kjeldsen K. K+ supplementation in-
creases muscle [Na+ -K+-ATPase] and improves extrarenal K+ homeostasis in rats. 
J Appl Physiol. 1997;82(4):1136–1144.
http://www.ncbi.nlm.nih.gov/pubmed/9104850
 10. McKenna MJ. E  ects o  training on potassium homeostasis during exercise. 
J Mol Cell Cardiol. 1995;27(4):941–949.
http://www.ncbi.nlm.nih.gov/pubmed/7563106
 11. Dluhy RG, Axelrod L, Williams GH. Serum immunoreactive insulin and 
growth hormone response to potassium in usion in normal man. J Appl Physiol. 
1972;33(1):22–26.
 12. Choi CS, Thompson CB, Leong PK, McDonough AA, Youn JH. Short-term 
K(+) deprivation provokes insulin resistance o  cellular K(+) uptake revealed with 
the K(+) clamp. Am J Physiol Renal Physiol. 2001;280(1):F95–F102.
 13. Chen P, Guzman JP, Leong PK, et al. Modest dietary K+ restriction  
provokes insulin resistance o  cellular K+ uptake and phosphorylation o  renal 
outer medulla K+ channel without  all in plasma K+ concentration. Am J Physiol 
Cell Physiol. 2006;290(5):C1355–1363.
 14. Al-Khalili L, Yu M, Chibalin AV Na(+),K(+)-ATPase tra  cking in skeletal 
muscle: insulin stimulates translocation o  both alpha(1)- and alpha(2)-subunit 
iso orms. FEBS Lett. 2003;536(1–3):198–202.
http://www.ncbi.nlm.nih.gov/pubmed/12586363
 15. Feraille E, Carranza ML, Gonin S, et al. Insulin-induced stimulation o  
Na +,K(+)-ATPase activity in kidney proximal tubule cells depends on phos-
phorylation o  the alpha-subunit at Tyr-10. Mol Biol Cell. 1999;10(9):2847–2859.
 16. Boini KM, Gra  D, Kuhl D, Haussinger D, Lang F. SGK1 dependence o  
insulin induced hypokalemia. Pf ugers Arch. 2009;457(4):955–961.
http://www.ncbi.nlm.nih.gov/pubmed/18665390
 17. Olsson AM, Persson S, Schoder R. E  ects o  terbutaline and isoproterenol on 
hyperkalemia in nephrectomized rabbits. Scand J Urol Nephrol. 1978;12(1):35–38.
http://www.ncbi.nlm.nih.gov/pubmed/635484
 18. Scheid CR, Fay FS. Beta-adrenergic stimulation o  42K inf ux in isolated 
smooth muscle cells. Am J Physiol. 1984;246(5 Pt 1):C415–421.
 19. Williams ME, Gervino EV, Rosa RM, et al. Catecholamine modulation o  
rapid potassium shi ts during exercise. N Engl J Med. 1985;312(13):823–827.
http://www.ncbi.nlm.nih.gov/pubmed/2858053
 20. Davies LA, Hu C, Guagliardo NA, et al. TASK channel deletion in mice 
causes primary hyperaldosteronism. Proc Natl Acad Sci USA. 2008;105(6): 
2203–2208.
 21. Choi M, Scholl UI, Yue P, et al. K+ channel mutations in adrenal  
aldosterone-producing adenomas and hereditary hypertension. Science. 2011; 331 
(6018):768–772.
http://www.ncbi.nlm.nih.gov/pubmed/21311022
 22. Malnic G, Klose RM, Giebisch G. Micropuncture study o  renal potassium 
excretion in the rat. Am J Physiol. 1964;206(4):674–686.
http://www.ncbi.nlm.nih.gov/pubmed/14166157
 23. Kau man JS, Hamburger RJ. Passive potassium transport in the proximal 
convoluted tubule. Am J Physiol. 1985;248(2 Pt 2):F228–232.
 24. Brandis M, Keyes J, Windhager EE. Potassium-induced inhibition o  proxi-
mal tubular f uid reabsorption in rats. Am J Physiol. 1972;222(2):421–427.
http://www.ncbi.nlm.nih.gov/pubmed/5058384
 25. Wilson RW, Wareing M, Green R. The role o  active transport in potassium 
reabsorption in the proximal convoluted tubule o  the anaesthetized rat. J Physiol. 
1997;500 (Pt 1):155–164.
 26. Kibble JD, Wareing M, Wilson RW, Green R. E  ect o  barium on potas-
sium di  usion across the proximal convoluted tubule o  the anesthetized rat. Am 
J Physiol. 1995;268(4 Pt 2):F778–783.
 27. Wilson RW, Wareing M, Kibble J, Green R. Potassium permeability in the 
absence o  f uid reabsorption in proximal tubule o  the anesthetized rat. Am J 
Physiol. 1998;274(6 Pt 2):F1109–1112.
 28. Muto S, Hata M, Taniguchi J, et al. Claudin-2-de cient mice are de ective in 
the leaky and cation-selective paracellular permeability properties o  renal proxi-
mal tubules. Proc Natl Acad Sci USA. 2010;107(17):8011–8016.

 29. Wareing M, Wilson RW, Kibble JD, Green R. Estimated potassium ref ec tion 
coe  cient in per used proximal convoluted tubules o  the anaesthetized rat in 
vivo. J Physiol. 1995;488 (Pt 1):153–161.
http://www.ncbi.nlm.nih.gov/pubmed/8568651
 30. Johnston PA, Battilana CA, Lacy FB, Jamison RL. Evidence  or a concentra-
tion gradient  avoring outward movement o  sodium  rom the thin loop o  Henle. 
J Clin Invest. 1977;59(2):234–240.
http://www.ncbi.nlm.nih.gov/pubmed/833272
 31. Battilana CA, Dobyan DC, Lacy FB, et al. E  ect o  chronic potassium load-
ing on potassium secretion by the pars recta or descending limb o  the juxtamed-
ullary nephron in the rat. J Clin Invest. 1978;62(5):1093–1103.
 32. Elalou  JM, Roinel N, de Rou  gnac C. E  ects o  dDAVP on rat juxta-
medullary nephrons: stimulation o  medullary K recycling. Am J Physiol. 1985; 
249(2 Pt 2):F291–298.
 33. Stokes JB. Consequences o  potassium recycling in the renal medulla. E -
 ects o  ion transport by the medullary thick ascending limb o  Henle’s loop. J Clin 
Invest. 1982;70(2):219–229.
http://www.ncbi.nlm.nih.gov/pubmed/6284797
 34. Tabei K, Imai M. K transport in upper portion o  descending limbs o  long-
loop nephron  rom hamster. Am J Physiol. 1987;252(3 Pt 2):F387–392.
 35. Liu W, Morimoto T, Kondo Y, et al. Analysis o  NaCl transport in thin as-
cending limb o  Henle’s loop in CLC-K1 null mice. Am J Physiol Renal Physiol. 
2002;282(3):F451–457.
 36. Unwin R, Capasso G, Giebisch G. Potassium and sodium transport 
along the loop o  Henle: e  ects o  altered dietary potassium intake. Kidney Int. 
1994;46(4):1092–1099.
http://www.ncbi.nlm.nih.gov/pubmed/7861703
 37. Madsen KM, Tishler CC. Anatomy o  the kidney In: Brenner BM, ed. Brenner 
and Rector ’ s The Kidney. 7th ed. Philadelphia, PA: W. B. Saunders Co.; 2004:3–72.
http://www.ncbi.nlm.nih.gov/pubmed/15548171
 38. Allen F, Tisher CC. Morphology o  the ascending thick limb o  Henle. Kid-
ney Int. 1976;9(1):8–22.
 39. Tsuruoka S, Koseki C, Muto S, Tabei K, Imai M. Axial heterogeneity o  
potassium transport across hamster thick ascending limb o  Henle’s loop. Am J 
Physiol. 1994;267(1 Pt 2):F121–129.
 40. Nielsen S, Maunsbach AB, Ecelbarger CA, Knepper MA. Ultrastructural lo-
calization o  Na-K-2Cl cotransporter in thick ascending limb and macula densa o  
rat kidney Am J Physiol. 1998;275(6 Pt 2):F885–893.
 41. Yoshitomi K, Kondo Y, Imai M. Evidence  or conductive Cl- pathways 
across the cell membranes o  the thin ascending limb o  Henle’s loop. J Clin Invest. 
1988;82(3):866–871.
 42. Hebert SC, Andreoli TE. Control o  NaCl transport in the thick ascending 
limb. Am J Physiol. 1984;246(6 Pt 2):F745–756.
 43. Rocha AS, Kokko JP Sodium chloride and water transport in the medul lary 
thick ascending limb o  Henle. Evidence  or active chloride transport. J Clin Invest. 
1973;52(3):612–623.
 44. Greger R, Schlatter E. Presence o  luminal K +, a prerequisite  or active 
NaCl transport in the cortical thick ascending limb o  Henle’s loop o  rabbit kid-
ney Pf ugers Arch. 1981;392(1):92–94.
 45. Greger R, Weidtke C, Schlatter E, Wittner M, Gebler B. Potassium activ-
ity in cells o  isolated per used cortical thick ascending limbs o  rabbit kidney. 
Pf ugers Arch. 1984;401(1):52–57.
 46. Simon DB, Karet FE, Rodriquez-Soriano J, et al. Genetic heterogeneity o  
Bartter’s syndrome revealed by mutations in the K+ channel, ROMK. Nature Genet-
ics. 1996;14:152–156.
http://www.ncbi.nlm.nih.gov/pubmed/8841184
 47. Cantone A, Yang X, Yan Q, et al. Mouse model o  type II Bartter’s syn drome. 
I. Upregulation o  thiazide-sensitive Na-Cl cotransport activity Am J Physiol Renal 
Physiol. 2008;294(6):F1366–1372.
 48. Taniguchi J, Guggino WB. Membrane stretch: a physiological stimulator o  
Ca2 +-activated K+ channels in thick ascending limb. Am J Physiol. 1989; 257(3 
Pt 2):F347–352.
 49. Bleich M, Schlatter E, Greger R. The luminal K+ channel o  the thick as-
cending limb o  Henle’s loop. Pf ugers Arch. 1990;415(4):449–460.
http://www.ncbi.nlm.nih.gov/pubmed/2315005
 50. Wang WH. Two types o  K+ channel in thick ascending limb o  rat kidney. 
Am J Physiol. 1994;267(4 Pt 2):F599–605.
 51. Wang W, Lu M. E  ect o  arachidonic acid on activity o  the apical K+channel 
in the thick ascending limb o  the rat kidney J Gen Physiol. 1995;106(4):727–743.
http://www.ncbi.nlm.nih.gov/pubmed/8576704
 52. Ho K, Nichols CG, Lederer WJ, et al. Cloning and expression o  an inwardly 
recti ying ATP-regulated potassium channel. Nature. 1993;362(6415):31–38.
http://www.ncbi.nlm.nih.gov/pubmed/7680431
 53. Palmer LG, Choe H, Frindt G. Is the secretory K channel in the rat CCT 
ROMK? Am J Physiol. 1997;273(3 Pt 2):F404–410.

210



CHAPTER 6  TUBULAR POTASSIUM TRANSPORT 211

 90. Carrisoza-Gaytan R, Salvador C, Satlin LM, et al. Potassium secretion by 
voltage-gated potassium channel Kv1.3 in the rat kidney.  Am J Physiol Renal 
Physiol. 2010;299(1):F255–264. 
 91. Lesage F, Lazdunski M. Molecular and functional properties of two-pore-
domain potassium channels. Am J Physiol Renal Physiol. 2000;279(5):F793–801. 
 92. Zheng W, Verlander JW, Lynch IJ, et al. Cellular distribution of the po-
tassium channel KCNQ1 in normal mouse kidney.  Am J Physiol Renal Physiol.
2007;292(1):F456–466.
 93. Glaudemans B, van der Wijst J, Scola RH, et al. A missense mutation in the 
Kv1.1 voltage-gated potassium channel-encoding gene KCNA1 is linked to hu-
man autosomal dominant hypomagnesemia. J Clin Invest. 2009;119(4):936–942. 
 94. Gray DA, Frindt G, Zhang YY, Palmer LG. Basolateral K   conductance in 
principal cells of rat CCD. Am J Physiol Renal Physiol. 2005;288(3):F493–504. 
 95. Lachheb S, Cluzeaud F, Bens M, et al. Kir4.1/Kir5.1 channel forms the 
major K   channel in the basolateral membrane of mouse renal collecting duct 
principal cells. Am J Physiol Renal Physiol. 2008;294(6):F1398–1407. 
 96. Lourdel S, Paulais M, Cluzeaud F, et al. An inward recti  er K(  ) channel 
at the basolateral membrane of the mouse distal convoluted tubule: similarities 
with Kir4-Kir5.1 heteromeric channels.  J Physiol. 2002;538(Pt 2):391–404. 
 97. Bockenhauer D, Feather S, Stanescu HC, et al. Epilepsy, ataxia, sen-
sorineural deafness, tubulopathy, and KCNJ10 mutations.  N Engl J Med.
2009;360(19):1960–1970.
 98. Tanemoto M, Abe T, Onogawa T, Ito S. PDZ binding motif-dependent lo-
calization of K   channel on the basolateral side in distal tubules.  Am J Physiol 
Renal Physiol. 2004;287(6):F1148–1153. 
 99. Scholl UI, Choi M, Liu T, et al. Seizures, sensorineural deafness, ataxia, 
mental retardation, and electrolyte imbalance (SeSAME syndrome) caused by 
mutations in KCNJ10. Proc Natl Acad Sci USA. 2009;106(14):5842–5847. 
100. Zhou X, Xia SL, Wingo CS. Chloride transport by the rabbit cortical 
collecting duct: dependence on H,K-ATPase.  J Am Soc Nephrol. 1998;9(12):
2194–2202.
101. Amorim JB, Bailey MA, Musa-Aziz R, Giebisch G, Malnic G. Role of lumi-
nal anion and pH in distal tubule potassium secretion.  Am J Physiol Renal Physiol.
2003;284(2):F381–388.
102. Ellison DH, Velazquez H, Wright FS. Unidirectional potassium   uxes in 
renal distal tubule: effects of chloride and barium.  Am J Physiol. 1986;250(5 Pt 2):
F885–894.
103. Velazquez H, Ellison DH, Wright FS. Chloride-dependent potassium 
secretion in early and late renal distal tubules.  Am J Physiol. 1987;253(3 Pt 2): 
F555–F562.
104. Wingo CS. Potassium secretion by the cortical collecting tubule: effect of 
C1 gradients and ouabain. Am J Physiol. 1989;256(2 Pt 2):F306–313. 
105. Schafer JA, Troutman SL. Potassium transport in cortical collecting tubules 
from mineralocorticoid-treated rat.  Am J Physiol. 1987;253(1 Pt 2):F76–88. 
106. Wingo CS. Reversible chloride-dependent potassium   ux across the rabbit 
cortical collecting tubule. Am J Physiol. 1989;256(4 Pt 2):F697–704. 
107. Wingo CS, Armitage FE. Rubidium absorption and proton secretion by 
rabbit outer medullary collecting duct via H-K-ATPase.  Am J Physiol. 1992;
263(5 Pt 2):F849–857. 
 108. Okusa MD, Unwin RJ, Velazquez H, Giebisch G, Wright FS. Active potassi-
um absorption by the renal distal tubule.  Am J Physiol. 1992;262(3 Pt 2):F488–493. 
109. Zhou X, Lynch IJ, Xia SL, Wingo CS. Activation of H(  )-K( )-ATPase 
by CO(2) requires a basolateral Ba(2  )-sensitive pathway during K restriction. 
Am J Physiol Renal Physiol. 2000;279(1):F153–160. 
110. Gumz ML, Lynch IJ, Greenlee MM, Cain BD, Wingo CS. The renal H  -
K -ATPases: physiology, regulation, and structure.  Am J Physiol Renal Physiol.
2010;298(1):F12–21.
111. Kraut JA, Helander KG, Helander HF, et al. Detection and localiza-
tion of H  -K -ATPase isoforms in human kidney.  Am J Physiol Renal Physiol.
2001;281(4):F763–768.
112. Fejes-Toth G, Naray-Fejes-Toth A. Immunohistochemical localization of 
colonic H-K-ATPase to the apical membrane of connecting tubule cells.  Am J 
Physiol Renal Physiol. 2001;281(2):F318–325. 
113. Silver RB, Soleimani M. H  -K -ATPases: regulation and role in patho-
physiological states. Am J Physiol. 1999;276(6 Pt 2):F799–811. 
114. Nakamura S, Wang Z, Galla JH, Soleimani M. K   depletion increases 
HCO3- reabsorption in OMCD by activation of colonic H(  )-K( )-ATPase.  Am
J Physiol. 1998;274(4 Pt 2):F687–692. 
115. Kraut JA, Hiura J, Besancon M, et al. Effect of hypokalemia on the abun-
dance of HK alpha 1 and HK alpha 2 protein in the rat kidney.  Am J Physiol.
1997;272(6 Pt 2):F744–750. 
116. Codina J, Delmas-Mata JT, DuBose TD Jr. The alpha-subunit of the colonic 
H ,K -ATPase assembles with beta1-Na  ,K -ATPase in kidney and distal 
colon. J Biol Chem. 1998;273(14):7894–7899. 

 62. Mutig K, Kahl T, Saritas T, et al. Activation of the bumetanide-sensitive 
Na ,K ,2Cl- cotransporter (NKCC2) is facilitated by Tamm-Horsfall protein in 
a chloride-sensitive manner.  J Biol Chem. 2011;286(34):30200–30210. 
 63. Frindt G, Palmer LG. Na channels in the rat connecting tubule. Am J 
 Physiol Renal Physiol. 2004;286(4):F669–674. 
 64. Christensen BM, Perrier R, Wang Q, et al. Sodium and potassium bal-
ance depends on alphaENaC expression in connecting tubule.  J Am Soc Nephrol.
2010;21(11):1942–1951.
 65. Frindt G, Palmer LG. Apical potassium channels in the rat connecting 
tubule. Am J Physiol Renal Physiol. 2004;287(5):F1030–1037. 
 66. Weinstein AM. A mathematical model of rat distal convoluted tubule. 
II. Potassium secretion along the connecting segment.  Am J Physiol Renal Physiol.
2005;289(4):F721–741.
 67. Frindt G, Palmer LG. Low-conductance K channels in apical membrane of 
rat cortical collecting tubule. Am J Physiol. 1989;256(1 Pt 2):F143–151. 
 68. Palmer LG, Frindt G. Cl- channels of the distal nephron.  Am J Physiol Renal 
Physiol. 2006;291(6):F1157–F1168. 
 69. Rubera I, Lof  ng J, Palmer LG, et al. Collecting duct-speci  c gene inactiva-
tion of alphaENaC in the mouse kidney does not impair sodium and potassium 
balance. J Clin Invest. 2003;112(4):554–565. 
 70. Katz AI, Doucet A, Morel F. Na-K-ATPase activity along the rabbit, rat, and 
mouse nephron.  Am J Physiol. 1979;237(2):F114–120. 
 71. Lof  ng J, Pietri L, Aregger F, et al. Differential subcellular localization of 
ENaC subunits in mouse kidney in response to high- and low-Na diets.  Am J 
Physiol Renal Physiol. 2000;279(2):F252–258. 
 72. Frindt G, Palmer LG. K   secretion in the rat kidney: Na   channel- 
dependent and -independent mechanisms. Am J Physiol Renal Physiol.
2009;297(2):F389–396.
 73. Muto S. Potassium transport in the mammalian collecting duct. Physiol Rev.
2001;81(1):85–116.
 74. Stokes JB. Potassium secretion by cortical collecting tubule: relation to 
sodium absorption, luminal sodium concentration, and transepithelial voltage. 
Am J Physiol. 1981;241(4):F395–402. 
 75. Pluznick JL, Sansom SC. BK channels in the kidney: role in K(  ) se-
cretion and localization of molecular components.  Am J Physiol Renal Physiol.
2006;291(3):F517–529.
 76. Gray DA, Frindt G, Palmer LG. Quanti  cation of K   secretion through 
apical low-conductance K channels in the CCD. Am J Physiol Renal Physiol.
2005;289(1):F117–126.
 77. Bailey MA, Cantone A, Yan Q, et al. Maxi-K channels contribute to urinary 
potassium excretion in the ROMK-de  cient mouse model of Type II Bartter’s 
syndrome and in adaptation to a high-K diet.  Kidney Int. 2006;70(1):51–59. 
 78. Grimm PR, Foutz RM, Brenner R, Sansom SC. Identi  cation and localiza-
tion of BK-beta subunits in the distal nephron of the mouse kidney.  Am J Physiol 
Renal Physiol. 2007;293(1):F350–359. 
 79. Woda CB, Bragin A, Kleyman TR, Satlin LM. Flow-dependent K   secre-
tion in the cortical collecting duct is mediated by a maxi-K channel. Am J Physiol 
Renal Physiol. 2001;280(5):F786–793. 
 80. Rieg T, Vallon V, Sausbier M, et al. The role of the BK channel in potas-
sium homeostasis and   ow-induced renal potassium excretion.  Kidney Int.
2007;72(5):566–573.
 81. Grimm PR, Irsik DL, Settles DC, Holtzclaw JD, Sansom SC. Hypertension 
of Kcnmb1-/- is linked to de  cient K secretion and aldosteronism.  Proc Natl Acad 
Sci USA. 2009;106(28):11800–11805. 
 82. Pacha J, Frindt G, Sackin H, Palmer LG. Apical maxi K channels in inter-
calated cells of CCT.  Am J Physiol. 1991;261(4 Pt 2):F696–705. 
 83. Palmer LG, Frindt G. High-conductance K channels in intercalated cells of 
the rat distal nephron.  Am J Physiol Renal Physiol. 2007;292(3):F966–973. 
 84. Holtzclaw JD, Grimm PR, Sansom SC. Intercalated cell BK-alpha/beta4 
channels modulate sodium and potassium handling during potassium adapta-
tion. J Am Soc Nephrol. 2010;21(4):634–645. 
 85. Liu W, Schreck C, Coleman RA, et al. Role of NKCC in BK channel-mediated 
net K secretion in the CCD.  Am J Physiol Renal Physiol. 2011;301(5):F1088–1097. 
 86. Ginns SM, Knepper MA, Ecelbarger CA, et al. Immunolocalization of the 
secretory isoform of Na-K-Cl cotransporter in rat renal intercalated cells.  J Am Soc 
Nephrol. 1996;7(12):2533–2542. 
 87. Muto S, Tsuruoka S, Miyata Y, et al. Basolateral Na  /H  exchange main-
tains potassium secretion during diminished sodium transport in the rabbit cor-
tical collecting duct. Kidney Int. 2009;75(1):25–30. 
 88. Fernandez R, Bosqueiro JR, Cassola AC, Malnic G. Role of Cl- in electro-
genic H   secretion by cortical distal tubule.  J Membr Biol. 1997;157(2):193–201. 
 89. Holtzclaw JD, Liu L, Grimm PR, Sansom SC. Shear stress-induced vol-
ume decrease in C11-MDCK cells by BK-alpha/beta4.  Am J Physiol Renal Physiol.
2010;299(3):F507–516.

 54. Xu JZ, Hall AE, Peterson LN, et al. Localization o  the ROMK protein on  
apical membranes o  rat kidney nephron segments. Am J Physiol. 1997(273): 
F739–F748.
 55. Lu M, Wang T, Yan Q, et al. Absence o  small conductance K+ channel (SK) 
activity in apical membranes o  thick ascending limb and cortical collecting duct 
in ROMK (Bartter’s) knockout mice. J Biol Chem. 2002;277(40):37881–37887.
http://www.ncbi.nlm.nih.gov/pubmed/12130653
 56. Wade JB, Fang L, Coleman RA, et al. Di  erential regulation o  ROMK 
(Kir1.1) in distal nephron segments by dietary potassium. Am J Physiol Renal 
Physiol. 2011;300(6):F1385–1393.
 57. Boim MA, Ho K, Shuck ME, et al. ROMK inwardly recti ying ATP-sensi-
tive K+ channel. II. Cloning and distribution o  alternative  orms. Am J Physiol. 
1995;268(6 Pt 2):F1132–1140.
 58. Lu M, Wang T, Yan Q, et al. ROMK is required  or expression o  the 70-pS 
K channel in the thick ascending limb. Am J Physiol Renal Physiol. 2004;286(3): 
F490–495.
 59. Yoo D, Flagg TP, Olsen O, et al. Assembly and tra  cking o  a multi-
protein ROMK (Kir 1.1) channel complex by PDZ interactions. J Biol Chem. 
2004;279(8):6863–6873.
http://www.ncbi.nlm.nih.gov/pubmed/14604981
 60. Lu M, Leng Q, Egan ME, et al. CFTR is required  or PKA-regulated 
ATP sensitivity o  Kir1.1 potassium channels in mouse kidney J Clin Invest. 
2006;116(3):797–807.
 61. Renigunta A, Renigunta V, Saritas T, et al. Tamm-Hors all glycoprotein in-
teracts with renal outer medullary potassium channel ROMK2 and regulates its 
 unction. J Biol Chem. 2011;286(3):2224–2235.
 62. Mutig K, Kahl T, Saritas T, et al. Activation o  the bumetanide-sensitive 
Na+, K+, 2Cl- cotransporter (NKCC2) is  acilitated by Tamm-Hors all protein in a 
chloride-sensitive manner. J Biol Chem. 2011;286(34):30200–30210.
 63. Frindt G, Palmer LG. Na channels in the rat connecting tubule. Am J Physiol 
Renal Physiol. 2004;286(4):F669–674.
 64. Christensen BM, Perrier R, Wang Q, et al. Sodium and potassium bal-
ance depends on alphaENaC expression in connecting tubule. J Am Soc Nephrol. 
2010;21(11):1942–1951.
http://www.ncbi.nlm.nih.gov/pubmed/20947633
 65. Frindt G, Palmer LG. Apical potassium channels in the rat connecting tu-
bule. Am J Physiol Renal Physiol. 2004;287(5):F1030–1037.
 66. Weinstein AM. A mathematical model o  rat distal convoluted tubule. II. 
Potassium secretion along the connecting segment. Am J Physiol Renal Physiol. 
2005;289(4):F721–741.
 67. Frindt G, Palmer LG. Low-conductance K channels in apical membrane o  
rat cortical collecting tubule. Am J Physiol. 1989;256(1 Pt 2):F143–151.
 68. Palmer LG, Frindt G. Cl- channels o  the distal nephron. Am J Physiol Renal 
Physiol. 2006;291(6):F1157–F1168.
 69. Rubera I, Lo  ng J, Palmer LG, et al. Collecting duct-speci c gene inactiva-
tion o  alphaENaC in the mouse kidney does not impair sodium and potassium 
balance. J Clin Invest. 2003;112(4):554–565.
http://www.ncbi.nlm.nih.gov/pubmed/12925696
 70. Katz AI, Doucet A, Morel F. Na-K-ATPase activity along the rabbit, rat, and 
mouse nephron. Am J Physiol. 1979;237(2):F114–120.
 71. Lo  ng J, Pietri L, Aregger F, et al. Di  erential subcellular localization o  
ENaC subunits in mouse kidney in response to high- and low-Na diets. Am J 
Physiol Renal Physiol. 2000;279(2):F252–258.
 72. Frindt G, Palmer LG. K+ secretion in the rat kidney: Na+ channel dependent 
and -independent mechanisms. Am J Physiol Renal Physiol. 2009;297(2):F389–396.
 73. Muto S. Potassium transport in the mammalian collecting duct. Physiol Rev. 
2001;81(1):85–116.
 74. Stokes JB. Potassium secretion by cortical collecting tubule: relation to so-
dium absorption, luminal sodium concentration, and transepithelial voltage. Am J 
Physiol. 1981;241(4):F395–402.
 75. Pluznick JL, Sansom SC. BK channels in the kidney: role in K(+) se-
cretion and localization o  molecular components. Am J Physiol Renal Physiol. 
2006;291(3):F517–529.
 76. Gray DA, Frindt G, Palmer LG. Quanti cation o  K+ secretion through 
apical low-conductance K channels in the CCD. Am J Physiol Renal Physiol. 
2005;289(1):F117–126.
 77. Bailey MA, Cantone A, Yan Q, et al. Maxi-K channels contribute to urinary 
potassium excretion in the ROMK-de cient mouse model o  Type II Bartter’s syn-
drome and in adaptation to a high-K diet. Kidney Int. 2006;70(1):51–59.
 78. Grimm PR, Foutz RM, Brenner R, Sansom SC. Identi cation and localiza-
tion o  BK-beta subunits in the distal nephron o  the mouse kidney. Am J Physiol 
Renal Physiol. 2007;293(1):F350–359.
 79. Woda CB, Bragin A, Kleyman TR, Satlin LM. Flow-dependent K+ secre tion 
in the cortical collecting duct is mediated by a maxi-K channel. Am J Physiol Renal 
Physiol. 2001;280(5):F786–793.

 80. Rieg T, Vallon V, Sausbier M, et al. The role o  the BK channel in potas-
sium homeostasis and f ow-induced renal potassium excretion. Kidney Int. 
2007;72(5):566–573.
http://www.ncbi.nlm.nih.gov/pubmed/17579662
 81. Grimm PR, Irsik DL, Settles DC, Holtzclaw JD, Sansom SC. Hypertension 
o  Kcnmb1-/- is linked to de cient K secretion and aldosteronism. Proc Natl Acad 
Sci USA. 2009;106(28):11800–11805.
http://www.ncbi.nlm.nih.gov/pubmed/19556540
 82. Pacha J, Frindt G, Sackin H, Palmer LG. Apical maxi K channels in inter-
calated cells o  CCT. Am J Physiol. 1991;261(4 Pt 2):F696–705.
 83. Palmer LG, Frindt G. High-conductance K channels in intercalated cells o  
the rat distal nephron. Am J Physiol Renal Physiol. 2007;292(3):F966–973.
 84. Holtzclaw JD, Grimm PR, Sansom SC. Intercalated cell BK-alpha/beta4 
channels modulate sodium and potassium handling during potassium adapta-
tion. J Am Soc Nephrol. 2010;21(4):634–645.
 85. Liu W, Schreck C, Coleman RA, et al. Role o  NKCC in BK channel-medi-
ated net K secretion in the CCD. Am J Physiol Renal Physiol. 2011;301(5):F1088–
1097.
 86. Ginns SM, Knepper MA, Ecelbarger CA, et al. Immunolocalization o  the 
secretory iso orm o  Na-K-Cl cotransporter in rat renal intercalated cells. J Am Soc 
Nephrol. 1996;7(12):2533–2542.
 87. Muto S, Tsuruoka S, Miyata Y, et al. Basolateral Na+/H+ exchange main tains 
potassium secretion during diminished sodium transport in the rabbit cor tical 
collecting duct. Kidney Int. 2009;75(1):25–30.
 88. Fernandez R, Bosqueiro JR, Cassola AC, Malnic G. Role o  Cl- in electro-
genic H+ secretion by cortical distal tubule. J Membr Biol. 1997;157(2):193–201.
http://www.ncbi.nlm.nih.gov/pubmed/9151660
 89. Holtzclaw JD, Liu L, Grimm PR, Sansom SC. Shear stress-induced vol-
ume decrease in C11-MDCK cells by BK-alpha/beta4. Am J Physiol Renal Physiol. 
2010;299(3):F507–516.
 90. Carrisoza-Gaytan R, Salvador C, Satlin LM, et al. Potassium secretion by 
voltage-gated potassium channel Kv1.3 in the rat kidney. Am J Physiol Renal Phys-
iol. 2010;299(1):F255–264.
 91. Lesage F, Lazdunski M. Molecular and  unctional properties o  two-pore-
domain potassium channels. Am J Physiol Renal Physiol. 2000;279(5):F793–801.
 92. Zheng W, Verlander JW, Lynch IJ, et al. Cellular distribution o  the po-
tassium channel KCNQ1 in normal mouse kidney. Am J Physiol Renal Physiol. 
2007;292(1):F456–466.
 93. Glaudemans B, van der Wijst J, Scola RH, et al. A missense mutation in the 
Kv1.1 voltage-gated potassium channel-encoding gene KCNA1 is linked to hu-
man autosomal dominant hypomagnesemia. J Clin Invest. 2009;119(4):936–942.
http://www.ncbi.nlm.nih.gov/pubmed/19307729
 94. Gray DA, Frindt G, Zhang YY, Palmer LG. Basolateral K+ conductance in 
principal cells o  rat CCD. Am J Physiol Renal Physiol. 2005;288(3):F493–504.
 95. Lachheb S, Cluzeaud F, Bens M, et al. Kir4.1/Kir5.1 channel  orms the ma-
jor K+ channel in the basolateral membrane o  mouse renal collecting duct prin-
cipal cells. Am J Physiol Renal Physiol. 2008;294(6):F1398–1407.
 96. Lourdel S, Paulais M, Cluzeaud F, et al. An inward recti er K(+) channel at 
the basolateral membrane o  the mouse distal convoluted tubule: similarities with 
Kir4-Kir5.1 heteromeric channels. J Physiol. 2002;538(Pt 2):391–404.
 97. Bockenhauer D, Feather S, Stanescu HC, et al. Epilepsy, ataxia, sen sorineural 
dea ness, tubulopathy and KCNJ10 mutations. N Engl J Med. 2009;360(19): 
1960–1970.
http://www.ncbi.nlm.nih.gov/pubmed/19420365
 98. Tanemoto M, Abe T, Onogawa T, Ito S. PDZ binding moti -dependent lo-
calization o  K+ channel on the basolateral side in distal tubules. Am J Physiol Renal 
Physiol. 2004;287(6):F1148–1153.
 99. Scholl UI, Choi M, Liu T, et al. Seizures, sensorineural dea ness, ataxia, 
mental retardation, and electrolyte imbalance (SeSAME syndrome) caused by mu-
tations in KCNJ10. Proc Natl Acad Sci USA. 2009;106(14):5842–5847.
http://www.ncbi.nlm.nih.gov/pubmed/19289823
 100. Zhou X, Xia SL, Wingo CS. Chloride transport by the rabbit cortical collect-
ing duct: dependence on H,K-ATPase. J Am Soc Nephrol. 1998;9(12): 2194–2202.
 101. Amorim JB, Bailey MA, Musa-Aziz R, Giebisch G, Malnic G. Role o  lumi-
nal anion and pH in distal tubule potassium secretion. Am J Physiol Renal Physiol. 
2003;284(2):F381–388.
 102. Ellison DH, Velazquez H, Wright FS. Unidirectional potassium f uxes in 
renal distal tubule: e  ects o  chloride and barium. Am J Physiol. 1986;250(5 Pt 2): 
F885–894.
 103. Velazquez H, Ellison DH, Wright FS. Chloride-dependent potassium se-
cretion in early and late renal distal tubules. Am J Physiol. 1987;253(3 Pt 2): 
F555–F562.
104. Wingo CS. Potassium secretion by the cortical collecting tubule: e  ect o  
C1 gradients and ouabain. Am J Physiol. 1989;256(2 Pt 2):F306–313.

211



212 SECTION I  STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

143. Chen SY, Bhargava A, Mastroberardino L, et al. Epithelial sodium chan-
nel regulated by aldosterone-induced protein sgk.  Proc Natl Acad Sci USA.
1999;96(5):2514–2519.
144. Huang DY, Wulff P, Volkl H, et al. Impaired regulation of renal K   elimina-
tion in the sgk1-knockout mouse. J Am Soc Nephrol. 2004;15(4):885–891. 
145. Snyder PM, Olson DR, Thomas BC. Serum and glucocorticoid-regulated 
kinase modulates Nedd4-2-mediated inhibition of the epithelial Na   channel. 
J Biol Chem. 2002;277(1):5–8. 
146. Debonneville C, Flores SY, Kamynina E, et al. Phosphorylation of  Nedd4-2
by Sgk1 regulates epithelial Na(  ) channel cell surface expression.  Embo J.
2001;20(24):7052–7059.
147. Flores SY, Lof  ng-Cueni D, Kamynina E, et al. Aldosterone-induced serum 
and glucocorticoid-induced kinase 1 expression is accompanied by Nedd4-2 
phosphorylation and increased Na   transport in cortical collecting duct cells. 
J Am Soc Nephrol. 2005;16(8):2279–2287. 
148. Zhou R, Snyder PM. Nedd4-2 phosphorylation induces serum and gluco-
corticoid-regulated kinase (SGK) ubiquitination and degradation.  J Biol Chem.
2005;280(6):4518–4523.
 149. El Moghrabi S, Houillier P, Picard N, et al. Tissue kallikrein permits early renal 
adaptation to potassium load. Proc Natl Acad Sci USA. 2010;107(30):13526–13531. 
150. Kleyman TR, Myerburg MM, Hughey RP. Regulation of ENaCs by prote-
ases: An increasingly complex story.  Kidney Int. 2006;70(8):1391–1392. 
151. Kleyman TR, Carattino MD, Hughey RP. ENaC at the cutting edge: regu-
lation of epithelial sodium channels by proteases.  J Biol Chem. 2009;284(31):
20447–20451.
152. Carattino MD, Sheng S, Bruns JB, et al. The epithelial Na   channel is 
inhibited by a peptide derived from proteolytic processing of its alpha subunit. 
J Biol Chem. 2006;281(27):18901–18907. 
153. Muto S, Sansom S, Giebisch G. Effects of a high potassium diet on electri-
cal properties of cortical collecting ducts from adrenalectomized rabbits.  J Clin 
Invest. 1988;81(2):376–380. 
154. Muto S, Asano Y, Seldin D, Giebisch G. Basolateral Na   pump modu-
lates apical Na   and K   conductances in rabbit cortical collecting ducts.  Am J 
Physiol. 1999;276(1 Pt 2):F143–158. 
155. Lin DH, Sterling H, Yang B, et al. Protein tyrosine kinase is expressed and 
regulates ROMK1 location in the cortical collecting duct.  Am J Physiol Renal 
Physiol. 2004;286(5):F881–892. 
 156. Palmer LG, Frindt G. Regulation of apical K channels in rat cortical collecting 
tubule during changes in dietary K intake.  Am J Physiol. 1999;277(5 Pt 2):F805–812. 
157. Frindt G, Shah A, Edvinsson J, Palmer LG. Dietary K regulates ROMK 
channels in connecting tubule and cortical collecting duct of rat kidney.  Am J 
Physiol Renal Physiol. 2009;296(2):F347–354. 
158. Najjar F, Zhou H, Morimoto T, et al. Dietary K   regulates apical membrane 
expression of maxi-K channels in rabbit cortical collecting duct.  Am J Physiol 
Renal Physiol. 2005;289(4):F922–932. 
159. Estilo G, Liu W, Pastor-Soler N, et al. Effect of aldosterone on BK chan-
nel expression in mammalian cortical collecting duct.  Am J Physiol Renal Physiol.
2008;295(3):F780–788.
 160. Cassola AC, Giebisch G, Wang W. Vasopressin increases density of apical low-
conductance K   channels in rat CCD. Am J Physiol. 1993;264(3 Pt 2):F502–509. 
161. Yoo D, Kim BY, Campo C, et al. Cell surface expression of the ROMK 
(Kir 1.1) channel is regulated by the aldosterone-induced kinase, SGK1, and 
protein kinase A.  J Biol Chem. 2003;278(25):23066–23075. 
162. Cheng CJ, Huang CL. Activation of PI3-kinase stimulates endocytosis of 
ROMK via Akt1/SGK1-dependent phosphorylation of WNK1.  J Am Soc Nephrol.
2011;22(3):460–471.
163. Wilson FH, Disse-Nicodeme S, Choate KA, et al. Human hypertension 
caused by mutations in WNK kinases. Science. 2001;293(5532):1107–1112. 
164. Ko B, Hoover RS. Molecular physiology of the thiazide-sensitive sodium-
chloride cotransporter.  Curr Opin Nephrol Hypertens. 2009;18(5):421–427. 
165. Gamba G. The thiazide-sensitive Na  -Cl- cotransporter: molecular biol-
ogy, functional properties, and regulation by WNKs.  Am J Physiol Renal Physiol.
2009;297(4):F838–848.
166. Lalioti MD, Zhang J, Volkman HM, et al. Wnk4 controls blood pressure 
and potassium homeostasis via regulation of mass and activity of the distal con-
voluted tubule. Nat Genet. 2006;38(10):1124–1132. 
167. Kahle KT, Wilson FH, Leng Q, et al. WNK4 regulates the balance between 
renal NaCl reabsorption and K   secretion.  Nat Genet. 2003;35(4):372–376. 
168. Zhuang J, Zhang X, Wang D, et al. WNK4 kinase inhibits Maxi K chan-
nel activity by a kinase-dependent mechanism. Am J Physiol Renal Physiol.
2011;301(2):F410–419.
169. Delaloy C, Lu J, Houot AM, et al. Multiple promoters in the WNK1 gene: 
one controls expression of a kidney-speci  c kinase-defective isoform.  Mol Cell 
Biol. 2003;23(24):9208–9221. 

117. Dherbecourt O, Cheval L, Bloch-Faure M, Meneton P, Doucet A. Molecular 
identi  cation of Sch28080-sensitive K-ATPase activities in the mouse kidney. 
P  ugers Arch. 2006;451(6):769–775. 
118. Abuladze N, Lee I, Newman D, et al. Axial heterogeneity of sodium- 
bicarbonate cotransporter expression in the rabbit proximal tubule.  Am J Physiol.
1998;274(3 Pt 2):F628–633. 
119. Lu Z, MacKinnon R. Electrostatic tuning of Mg2   af  nity in an inward-
recti  er K   channel. Nature. 1994;371(6494):243–246. 
120. Lopatin AN, Makhina EN, Nichols CG. Potassium channel block by 
cytoplasmic polyamines as the mechanism of intrinsic recti  cation.  Nature.
1994;372(6504):366–369.
121. Huang CL, Kuo E. Mechanism of hypokalemia in magnesium de  ciency. 
J Am Soc Nephrol. 2007;18(10):2649–2652. 
122. Yang L, Frindt G, Palmer LG. Magnesium modulates ROMK channel- 
mediated potassium secretion.  J Am Soc Nephrol. 2010;21(12):2109–2116. 
123. Huang CL, Feng S, Hilgemann DW. Direct activation of inward recti  er 
potassium channels by PIP2 and its stabilization by G beta gamma. Nature.
1998;391(6669):803–806.
124. Xu ZC, Yang Y, Hebert SC. Phosphorylation of the ATP-sensitive, inwardly 
rectifying K   channel, ROMK, by cyclic AMP-dependent protein kinase.  J Biol 
Chem. 1996;271(16):9313–9319. 
125. O’Connell AD, Leng Q, Dong K, et al. Phosphorylation-regulated endo-
plasmic reticulum retention signal in the renal outer-medullary K   channel 
(ROMK). Proc Natl Acad Sci USA. 2005;102(28):9954–9959. 
126. Liou HH, Zhou SS, Huang CL. Regulation of ROMK1 channel by protein 
kinase A via a phosphatidylinositol 4,5-bisphosphate-dependent mechanism. 
Proc Natl Acad Sci USA. 1999;96(10):5820–5825. 
127. Leipziger J, MacGregor GG, Cooper GJ, et al. PKA site mutations of 
ROMK2 channels shift the pH dependence to more alkaline values.  Am J Physiol 
Renal Physiol. 2000;279(5):F919–926. 
128. August JT, Nelson DH, Thorn GW. Response of normal subjects to large 
amounts of aldosterone.  J Clin Invest. 1958;37(11):1549–1555. 
129. Dluhy RG, Axelrod L, Underwood RH, Williams GH. Studies of the 
control of plasma aldosterone concentration in normal man. II. Effect of 
dietary potassium and acute potassium infusion.  J Clin Invest. 1972;51(8):
1950–1957. 
130. Palmer LG, Frindt G. Aldosterone and potassium secretion by the cortical 
collecting duct. Kidney Int. 2000;57(4):1324–1328. 
131. Somekawa S, Imagawa K, Naya N, et al. Regulation of aldosterone and 
cortisol production by the transcriptional repressor neuron restrictive silencer 
factor.  Endocrinology. 2009;150(7):3110–3117. 
132. Mazzocchi G, Malendowicz LK, Markowska A, Albertin G,  Nussdorfer
GG. Role of adrenal renin-angiotensin system in the control of aldosterone 
secretion in sodium-restricted rats.  Am J Physiol Endocrinol Metab. 2000;278(6):
E1027–1030.
133. Csukas S, Hanke CJ, Rewolinski D, Campbell WB. Prostaglandin E2-
induced aldosterone release is mediated by an EP2 receptor.  Hypertension.
1998;31(2):575–581.
134. Clark BA, Brown RS, Epstein FH. Effect of atrial natriuretic peptide on 
potassium-stimulated aldosterone secretion: potential relevance to hypoaldoste-
ronism in man.  J Clin Endocrinol Metab. 1992;75(2):399–403. 
135. Cherradi N, Brandenburger Y, Rossier MF, et al. Atrial natriuretic peptide 
inhibits calcium-induced steroidogenic acute regulatory protein gene transcrip-
tion in adrenal glomerulosa cells.  Mol Endocrinol. 1998;12(7):962–972. 
136. Palmer LG, Antonian L, Frindt G. Regulation of apical K and Na channels 
and Na/K pumps in rat cortical collecting tubule by dietary K.  J Gen Physiol.
1994;104(4):693–710.
137. Stanton B, Janzen A, Klein-Robbenhaar G, et al. Ultrastructure of rat ini-
tial collecting tubule. Effect of adrenal corticosteroid treatment.  J Clin Invest.
1985;75(4):1327–1334.
138. Welling PA, Caplan M, Sutters M, Giebisch G. Aldosterone-mediated Na/
K-ATPase expression is alpha 1 isoform speci  c in the renal cortical collecting 
duct. J Biol Chem. 1993;268(31):23469–23476. 
139. Summa V, Mordasini D, Roger F, et al. Short term effect of aldosterone on 
Na,K-ATPase cell surface expression in kidney collecting duct cells.  J Biol Chem.
2001;276(50):47087–47093.
140. Reisenauer MR, Anderson M, Huang L, et al. AF17 competes with AF9 for 
binding to Dot1a to up-regulate transcription of epithelial Na   channel alpha. 
J Biol Chem. 2009;284(51):35659–35669. 
141. Lof  ng J, Zecevic M, Feraille E, et al. Aldosterone induces rapid apical 
translocation of ENaC in early portion of renal collecting system: possible role of 
SGK. Am J Physiol Renal Physiol. 2001;280:F675–682. 
142. Snyder PM. Minireview: regulation of epithelial Na   channel traf  cking. 
Endocrinology. 2005;146(12):5079–5085. 

105. Scha er JA, Troutman SL. Potassium transport in cortical collecting tubules 
 rom mineralocorticoid-treated rat. Am J Physiol. 1987;253(1 Pt 2):F76–88.
106. Wingo CS. Reversible chloride-dependent potassium f ux across the rabbit 
cortical collecting tubule. Am J Physiol. 1989;256(4 Pt 2):F697–704.
107. Wingo CS, Armitage FE. Rubidium absorption and proton secretion by rab-
bit outer medullary collecting duct via H-K-ATPase. Am J Physiol. 1992; 263(5 Pt 2): 
F849–857.
108. Okusa MD, Unwin RJ, Velazquez H, Giebisch G, Wright FS. Active potassi um 
absorption by the renal distal tubule. Am J Physiol. 1992;262(3 Pt 2):F488–493.
109. Zhou X, Lynch IJ, Xia SL, Wingo CS. Activation o  H(+)-K(+)-ATPase by 
CO(2) requires a basolateral Ba(2+)-sensitive pathway during K restriction. Am J 
Physiol Renal Physiol. 2000;279(1):F153–160.
110. Gumz ML, Lynch IJ, Greenlee MM, Cain BD, Wingo CS. The renal H+-
K+-ATPases: physiology, regulation, and structure. Am J Physiol Renal Physiol. 
2010;298(1):F12–21.
111. Kraut JA, Helander KG, Helander HF, et al. Detection and localiza-
tion o  H+-K+-ATPase iso orms in human kidney. Am J Physiol Renal Physiol. 
2001;281(4):F763–768.
112. Fejes-Toth G, Naray-Fejes-Toth A. Immunohistochemical localization o  
colonic H-K-ATPase to the apical membrane o  connecting tubule cells. Am J 
Physiol Renal Physiol. 2001;281(2):F318–325.
113. Silver RB, Soleimani M. H+-K+-ATPases: regulation and role in patho-
physiological states. Am J Physiol. 1999;276(6 Pt 2):F799–811.
114. Nakamura S, Wang Z, Galla JH, Soleimani M. K+ depletion increases 
HCO3- reabsorption in OMCD by activation o  colonic H(+)-K(+)-ATPase. Am J 
Physiol. 1998;274(4 Pt 2):F687–692.
115. Kraut JA, Hiura J, Besancon M, et al. E  ect o  hypokalemia on the abun-
dance o  HK alpha 1 and HK alpha 2 protein in the rat kidney. Am J Physiol. 
1997;272(6 Pt 2):F744–750.
116. Codina J, Delmas-Mata JT, DuBose TD Jr. The alpha-subunit o  the colonic 
H +, K+-ATPase assembles with beta1-Na +,K+-ATPase in kidney and distal colon. 
J Biol Chem. 1998;273(14):7894–7899.
117. Dherbecourt O, Cheval L, Bloch-Faure M, Meneton P, Doucet A. Molecu-
lar identi cation o  Sch28080-sensitive K-ATPase activities in the mouse kidney. 
Pf ugers Arch. 2006;451(6):769–775.
http://www.ncbi.nlm.nih.gov/pubmed/16208521
118. Abuladze N, Lee I, Newman D, et al. Axial heterogeneity o  sodium- 
bicarbonate cotransporter expression in the rabbit proximal tubule. Am J Physiol. 
1998;274(3 Pt 2):F628–633.
119. Lu Z, MacKinnon R. Electrostatic tuning o  Mg2+ a  nity in an inward-
recti er K+ channel. Nature. 1994;371(6494):243–246.
http://www.ncbi.nlm.nih.gov/pubmed/7915826
120. Lopatin AN, Makhina EN, Nichols CG. Potassium channel block by 
cytoplasmic polyamines as the mechanism o  intrinsic recti cation. Nature. 
1994;372(6504):366–369.
http://www.ncbi.nlm.nih.gov/pubmed/7969496
121. Huang CL, Kuo E. Mechanism o  hypokalemia in magnesium de ciency.  
J Am Soc Nephrol. 2007;18(10):2649–2652.
122. Yang L, Frindt G, Palmer LG. Magnesium modulates ROMK channel-medi-
ated potassium secretion. J Am Soc Nephrol. 2010;21(12):2109–2116.
123. Huang CL, Feng S, Hilgemann DW Direct activation o  inward recti-
 er potassium channels by PIP2 and its stabilization by G beta gamma. Nature. 
1998;391(6669):803–806.
http://www.ncbi.nlm.nih.gov/pubmed/9486652
124. Xu ZC, Yang Y, Hebert SC. Phosphorylation o  the ATP-sensitive, inwardly 
recti ying K+ channel, ROMK, by cyclic AMP-dependent protein kinase. J Biol 
Chem. 1996;271(16):9313–9319.
http://www.ncbi.nlm.nih.gov/pubmed/8621594
125. O’Connell AD, Leng Q, Dong K, et al. Phosphorylation-regulated endo-
plasmic reticulum retention signal in the renal outer-medullary K+ channel 
(ROMK). Proc Natl Acad Sci USA. 2005;102(28):9954–9959.
http://www.ncbi.nlm.nih.gov/pubmed/15987778
126. Liou HH, Zhou SS, Huang CL. Regulation o  ROMK1 channel by protein 
kinase A via a phosphatidylinositol 4,5-bisphosphate-dependent mechanism. Proc 
Natl Acad Sci USA. 1999;96(10):5820–5825.
127. Leipziger J, MacGregor GG, Cooper GJ, et al. PKA site mutations o  ROMK2 
channels shi t the pH dependence to more alkaline values. Am J Physiol Renal 
Physiol. 2000;279(5):F919–926.
128. August JT, Nelson DH, Thorn GW Response o  normal subjects to large 
amounts o  aldosterone. J Clin Invest. 1958;37(11):1549–1555.
http://www.ncbi.nlm.nih.gov/pubmed/13587664
129. Dluhy RG, Axelrod L, Underwood RH, Williams GH. Studies o  the control 
o  plasma aldosterone concentration in normal man. II. E  ect o  dietary potassium 
and acute potassium in usion. J Clin Invest. 1972;51(8): 1950–1957.
http://www.ncbi.nlm.nih.gov/pubmed/5054456

130. Palmer LG, Frindt G. Aldosterone and potassium secretion by the cortical 
collecting duct. Kidney Int. 2000;57(4):1324–1328.
131. Somekawa S, Imagawa K, Naya N, et al. Regulation o  aldosterone and cor-
tisol production by the transcriptional repressor neuron restrictive silencer  actor. 
Endocrinology. 2009;150(7):3110–3117.
132. Mazzocchi G, Malendowicz LK, Markowska A, Albertin G, Nussdor er GG. 
Role o  adrenal renin-angiotensin system in the control o  aldosterone secretion in 
sodium-restricted rats. Am J Physiol Endocrinol Metab. 2000;278(6): E1027–1030.
133. Csukas S, Hanke CJ, Rewolinski D, Campbell WB. Prostaglandin E2-
induced aldosterone release is mediated by an EP2 receptor. Hypertension. 
1998;31(2):575–581.
http://www.ncbi.nlm.nih.gov/pubmed/9461224
134. Clark BA, Brown RS, Epstein FH. E  ect o  atrial natriuretic peptide on 
potassium-stimulated aldosterone secretion: potential relevance to hypoaldoste-
ronism in man. J Clin Endocrinol Metab. 1992;75(2):399–403.
http://www.ncbi.nlm.nih.gov/pubmed/1386372
135. Cherradi N, Brandenburger Y, Rossier MF, et al. Atrial natriuretic peptide 
inhibits calcium-induced steroidogenic acute regulatory protein gene transcrip-
tion in adrenal glomerulosa cells. Mol Endocrinol. 1998;12(7):962–972.
http://www.ncbi.nlm.nih.gov/pubmed/9658401
136. Palmer LG, Antonian L, Frindt G. Regulation o  apical K and Na chan-
nels and Na/K pumps in rat cortical collecting tubule by dietary K. J Gen Physiol. 
1994;104(4):693–710.
http://www.ncbi.nlm.nih.gov/pubmed/7836937
137. Stanton B, Janzen A, Klein-Robbenhaar G, et al. Ultrastructure o  rat ini-
tial collecting tubule. E  ect o  adrenal corticosteroid treatment. J Clin Invest. 
1985;75(4):1327–1334.
138. Welling PA, Caplan M, Sutters M, Giebisch G. Aldosterone-mediated Na/ K-
ATPase expression is alpha 1 iso orm speci c in the renal cortical collecting duct. 
J Biol Chem. 1993;268(31):23469–23476.
139. Summa V, Mordasini D, Roger F, et al. Short term e  ect o  aldosterone on 
Na,K-ATPase cell sur ace expression in kidney collecting duct cells. J Biol Chem. 
2001;276(50):47087–47093.
http://www.ncbi.nlm.nih.gov/pubmed/11598118
140. Reisenauer MR, Anderson M, Huang L, et al. AF17 competes with AF9  or 
binding to Dot1a to up-regulate transcription o  epithelial Na+ channel alpha. J 
Biol Chem. 2009;284(51):35659–35669.
http://www.ncbi.nlm.nih.gov/pubmed/19864429
141. Lo  ng J, Zecevic M, Feraille E, et al. Aldosterone induces rapid apical 
translocation o  ENaC in early portion o  renal collecting system: possible role o  
SGK. Am J Physiol Renal Physiol. 2001;280:F675–682.
142. Snyder PM. Minireview: regulation o  epithelial Na+ channel tra  cking. 
Endocrinology. 2005;146(12):5079–5085.
143. Chen SY, Bhargava A, Mastroberardino L, et al. Epithelial sodium chan-
nel regulated by aldosterone-induced protein sgk. Proc Natl Acad Sci USA. 
1999;96(5):2514–2519.
144. Huang DY, Wul   P, Volkl H, et al. Impaired regulation o  renal K+ elimina-
tion in the sgk1-knockout mouse. J Am Soc Nephrol. 2004;15(4):885–891.
145. Snyder PM, Olson DR, Thomas BC. Serum and glucocorticoid-regulated 
kinase modulates Nedd4-2-mediated inhibition o  the epithelial Na+ channel. J 
Biol Chem. 2002;277(1):5–8.
146. Debonneville C, Flores SY, Kamynina E, et al. Phosphorylation o  Nedd4-
2 by Sgk1 regulates epithelial Na(+) channel cell sur ace expression. Embo J. 
2001;20(24):7052–7059.
147. Flores SY, Lo  ng-Cueni D, Kamynina E, et al. Aldosterone-induced se-
rum and glucocorticoid-induced kinase 1 expression is accompanied by Nedd4-2 
phosphorylation and increased Na+ transport in cortical collecting duct cells. J Am 
Soc Nephrol. 2005;16(8):2279–2287.
148. Zhou R, Snyder PM. Nedd4-2 phosphorylation induces serum and gluco-
corticoid-regulated kinase (SGK) ubiquitination and degradation. J Biol Chem. 
2005;280(6):4518–4523.
http://www.ncbi.nlm.nih.gov/pubmed/15576372
149. El Moghrabi S, Houillier P, Picard N, et al. Tissue kallikrein permits ear-
ly renal adaptation to potassium load. Proc Natl Acad Sci USA. 2010;107(30): 
13526–13531.
http://www.ncbi.nlm.nih.gov/pubmed/20624970
150. Kleyman TR, Myerburg MM, Hughey RP Regulation o  ENaCs by prote ases: 
An increasingly complex story. Kidney Int. 2006;70(8):1391–1392.
151. Kleyman TR, Carattino MD, Hughey RP ENaC at the cutting edge: regu-
lation o  epithelial sodium channels by proteases. J Biol Chem. 2009;284(31): 
20447–20451.
152. Carattino MD, Sheng S, Bruns JB, et al. The epithelial Na+ channel is inhib-
ited by a peptide derived  rom proteolytic processing o  its alpha subunit. J Biol 
Chem. 2006;281(27):18901–18907.

212



CHAPTER 6  TUBULAR POTASSIUM TRANSPORT 213

190. Flyvbjerg A, Marshall SM, Frystyk J, et al. Insulin-like growth factor 
I in initial renal hypertrophy in potassium-depleted rats.  Am J Physiol. 1992;
262(6 Pt 2):F1023–1031. 
191. Rabinowitz L. Aldosterone and potassium homeostasis.  Kidney Int.
1996;49(6):1738–1742.
192. McDonough AA, Youn JH. Role of muscle in regulating extracellular [K  ].
Semin Nephrol. 2005;25(5):335–342. 
193. Bugaj V, Pochynyuk O, Stockand JD. Activation of the epithelial Na  
channel in the collecting duct by vasopressin contributes to water reabsorption. 
Am J Physiol Renal Physiol. 2009;297(5):F1411–1418. 
194. Amorim JB, Musa-Aziz R, Mello-Aires M, Malnic G. Signaling path of the 
action of AVP on distal K   secretion.  Kidney Int. 2004;66(2):696–704. 
195. Chambrey R, Picard N. Role of tissue kallikrein in regulation of tubule 
function. Curr Opin Nephrol Hypertens. 2011;20(5):523–528. 
196. Leviel F, Hubner CA, Houillier P, et al. The Na  -dependent chloride- 
bicarbonate exchanger SLC4A8 mediates an electroneutral Na   reabsorp-
tion process in the renal cortical collecting ducts of mice.  J Clin Invest.
2010;120(5):1627–1635.
197. Tomita K, Pisano JJ, Burg MB, Knepper MA. Effects of vasopressin and bra-
dykinin on anion transport by the rat cortical collecting duct. Evidence for an elec-
troneutral sodium chloride transport pathway.  J Clin Invest. 1986;77(1):136–141. 
 198. Picard N, Eladari D, El Moghrabi S, et al. Defective ENaC processing and 
function in tissue kallikrein-de  cient mice.  J Biol Chem. 2008;283(8):4602–4611. 
199. Terada Y, Knepper MA. Thiazide-sensitive NaCl absorption in rat cortical 
collecting duct. Am J Physiol. 1990;259(3 Pt 2):F519–528. 
200. Welling PA, Chang YP, Delpire E, Wade JB. Multigene kinase network, 
kidney transport, and salt in essential hypertension. Kidney Int. 2010;77(12):
1063–1069.
201. Yue P, Lin DH, Pan CY, et al. Src family protein tyrosine kinase (PTK) 
modulates the effect of SGK1 and WNK4 on ROMK channels.  Proc Natl Acad Sci 
USA. 2009;106(35):15061–15066. 
202. San-Cristobal P, Pacheco-Alvarez D, Richardson C, et al. Angiotensin II 
signaling increases activity of the renal Na-Cl cotransporter through a WNK4-
SPAK-dependent pathway.  Proc Natl Acad Sci USA. 2009;106(11):4384–4389. 
 203. Sandberg MB, Riquier AD, Pihakaski-Maunsbach K, McDonough AA, Mauns-
bach AB. ANG II provokes acute traf  cking of distal tubule Na  -Cl(-) cotransporter 
to apical membrane. Am J Physiol Renal Physiol. 2007;293(3):F662–669. 
204. Yang LE, Sandberg MB, Can AD, Pihakaski-Maunsbach K, McDonough 
AA. Effects of dietary salt on renal Na   transporter subcellular distribution, 
abundance, and phosphorylation status.  Am J Physiol Renal Physiol. 2008;295(4):
F1003–1016.
205. Sealey JE, Clark I, Bull MB, Laragh JH. Potassium balance and the control 
of renin secretion.  J Clin Invest. 1970;49(11):2119–2127. 
206. Vallon V, Schroth J, Lang F, Kuhl D, Uchida S. Expression and phosphory-
lation of the Na  -Cl- cotransporter NCC in vivo is regulated by dietary salt, 
potassium, and SGK1. Am J Physiol Renal Physiol. 2009;297(3):F704–712. 
207. Ring AM, Leng Q, Rinehart J, et al. An SGK1 site in WNK4 regulates Na  
channel and K   channel activity and has implications for aldosterone signaling 
and K   homeostasis. Proc Natl Acad Sci USA. 2007;104(10):4025–4029. 
208. Yue P, Sun P, Lin DH, et al. Angiotensin II diminishes the effect of 
SGK1 on the WNK4-mediated inhibition of ROMK1 channels. Kidney Int.
2011;79(4):423–431.
 209. Liu Z, Xie J, Wu T, et al. Downregulation of NCC and NKCC2  cotransporters 
by kidney-speci  c WNK1 revealed by gene disruption and transgenic mouse 
models. Hum Mol Genet. 2011;20(5):855–866. 

170. Cope G, Murthy M, Golbang AP, et al. WNK1 affects surface expression 
of the ROMK potassium channel independent of WNK4. J Am Soc Nephrol.
2006;17(7):1867–1874.
171. Wade JB, Fang L, Liu J, et al. WNK1 kinase isoform switch regulates renal 
potassium excretion.  Proc Natl Acad Sci USA. 2006;103(22):8558–8563. 
172. Lazrak A, Liu Z, Huang CL. Antagonistic regulation of ROMK by long and 
kidney-speci  c WNK1 isoforms.  Proc Natl Acad Sci USA. 2006;103(5):1615–1620. 
173. He G, Wang HR, Huang SK, Huang CL. Intersectin links WNK kinases to 
endocytosis of ROMK1. J Clin Invest. 2007;117(4):1078–1087. 
174. Fang L, Garuti R, Kim BY, Wade JB, Welling PA. The ARH adaptor  protein 
regulates endocytosis of the ROMK potassium secretory channel in mouse 
kidney.  J Clin Invest. 2009;119(11):3278–3289. 
175. Lin DH, Yue P, Pan CY, et al. POSH stimulates the ubiquitination and 
the clathrin-independent endocytosis of ROMK1 channels. J Biol Chem.
2009;284(43):29614–29624.
176. O’Reilly M, Marshall E, Macgillivray T, et al. Dietary electrolyte- driven
responses in the renal WNK kinase pathway in vivo.  J Am Soc Nephrol.
2006;17(9):2402–2413.
177. Liu Z, Wang HR, Huang CL. Regulation of ROMK channel and K   homeo-
stasis by kidney-speci  c WNK1 kinase.  J Biol Chem. 2009;284(18):12198–12206. 
178. Ornt DB, Tannen RL. Demonstration of an intrinsic renal adaptation for K  
conservation in short-term K   depletion. Am J Physiol. 1983;245(3):F329–338. 
179. Wang W, Lerea KM, Chan M, Giebisch G. Protein tyrosine kinase regu-
lates the number of renal secretory K channels.  Am J Physiol Renal Physiol.
2000;278(1):F165–171.
180. Eiam-Ong S, Kurtzman NA, Sabatini S. Regulation of collecting tubule
adenosine triphosphatases by aldosterone and potassium.  J Clin Invest. 1993;91(6):
2385–2392.
181. Greenlee MM, Lynch IJ, Gumz ML, Cain BD, Wingo CS. Mineralocorti-
coids stimulate the activity and expression of renal H  ,K -ATPases.  J Am Soc 
Nephrol. 2011;22(1):49–58. 
182. Lin DH, Sterling H, Lerea KM, et al. K depletion increases protein tyro-
sine kinase-mediated phosphorylation of ROMK.  Am J Physiol Renal Physiol.
2002;283(4):F671–677.
183. Sterling H, Lin DH, Gu RM, et al. Inhibition of protein-tyrosine phos-
phatase stimulates the dynamin-dependent endocytosis of ROMK1. J Biol Chem.
2002;277(6):4317–4323.
184. Lin DH, Sterling H, Wang WH. The protein tyrosine  kinase-dependent
pathway mediates the effect of K intake on renal K secretion.  Physiology
 (Bethesda). 2005;20:140–146. 
185. Wei Y, Bloom P, Lin D, Gu R, Wang WH. Effect of dietary K intake on api-
cal small-conductance K channel in CCD: role of protein tyrosine kinase.  Am J 
Physiol Renal Physiol. 2001;281(2):F206–212. 
186. Babilonia E, Lin D, Zhang Y, et al. Role of gp91phox-containing NADPH 
oxidase in mediating the effect of K restriction on ROMK channels and renal K 
excretion.  J Am Soc Nephrol. 2007;18(7):2037–2045. 
187. Wang ZJ, Sun P, Xing W, et al. Decrease in dietary K intake stimulates the 
generation of superoxide anions in the kidney and inhibits K secretory channels 
in the CCD. Am J Physiol Renal Physiol. 2010;298(6):F1515–1522. 
188. Wei Y, Zavilowitz B, Satlin LM, Wang WH. Angiotensin II inhibits the 
ROMK-like small conductance K channel in renal cortical collecting duct during 
dietary potassium restriction.  J Biol Chem. 2007;282(9):6455–6462. 
189. Jin Y, Wang Y, Wang ZJ, Lin DH, Wang WH. Inhibition of angiotensin 
type 1 receptor impairs renal ability of K conservation in response to K restric-
tion. Am J Physiol Renal Physiol. 2009;296(5):F1179–1184. 

153. Muto S, Sansom S, Giebisch G. E  ects o  a high potassium diet on electri cal 
properties o  cortical collecting ducts  rom adrenalectomized rabbits. J Clin Invest. 
1988;81(2):376–380.
154. Muto S, Asano Y, Seldin D, Giebisch G. Basolateral Na+ pump modu lates 
apical Na+ and K+ conductances in rabbit cortical collecting ducts. Am J Physiol. 
1999;276(1 Pt 2):F143–158.
155. Lin DH, Sterling H, Yang B, et al. Protein tyrosine kinase is expressed and 
regulates ROMK1 location in the cortical collecting duct. Am J Physiol Renal Phys-
iol. 2004;286(5):F881–892.
156. Palmer LG, Frindt G. Regulation o  apical K channels in rat cortical col-
lecting tubule during changes in dietary K intake. Am J Physiol. 1999;277(5  
Pt 2):F805–812.
157. Frindt G, Shah A, Edvinsson J, Palmer LG. Dietary K regulates ROMK chan-
nels in connecting tubule and cortical collecting duct o  rat kidney Am J Physiol 
Renal Physiol. 2009;296(2):F347–354.
158. Najjar F, Zhou H, Morimoto T, et al. Dietary K+ regulates apical membrane 
expression o  maxi-K channels in rabbit cortical collecting duct. Am J Physiol Renal 
Physiol. 2005;289(4):F922–932.
159. Estilo G, Liu W, Pastor-Soler N, et al. E  ect o  aldosterone on BK chan-
nel expression in mammalian cortical collecting duct. Am J Physiol Renal Physiol. 
2008;295(3):F780–788.
160. Cassola AC, Giebisch G, Wang W Vasopressin increases density o  apical low-
conductance K+ channels in rat CCD. Am J Physiol. 1993;264(3 Pt 2):F502–509.
161. Yoo D, Kim BY, Campo C, et al. Cell sur ace expression o  the ROMK (Kir 
1.1) channel is regulated by the aldosterone-induced kinase, SGK1, and protein 
kinase A. J Biol Chem. 2003;278(25):23066–23075.
162. Cheng CJ, Huang CL. Activation o  PI3-kinase stimulates endocytosis o  
ROMK via Akt1/SGK1-dependent phosphorylation o  WNK1. J Am Soc Nephrol. 
2011;22(3):460–471.
http://www.ncbi.nlm.nih.gov/pubmed/21355052
163. Wilson FH, Disse-Nicodeme S, Choate KA, et al. Human hypertension 
caused by mutations in WNK kinases. Science. 2001;293(5532):1107–1112.
http://www.ncbi.nlm.nih.gov/pubmed/11498583
164. Ko B, Hoover RS. Molecular physiology o  the thiazide-sensitive sodium-
chloride cotransporter. Curr Opin Nephrol Hypertens. 2009;18(5):421–427.
165. Gamba G. The thiazide-sensitive Na+-Cl- cotransporter: molecular biol-
ogy,  unctional properties, and regulation by WNKs. Am J Physiol Renal Physiol. 
2009;297(4):F838–848.
166. Lalioti MD, Zhang J, Volkman HM, et al. Wnk4 controls blood pressure and 
potassium homeostasis via regulation o  mass and activity o  the distal con voluted 
tubule. Nat Genet. 2006;38(10):1124–1132.
167. Kahle KT, Wilson FH, Leng Q, et al. WNK4 regulates the balance between 
renal NaCl reabsorption and K+ secretion. Nat Genet. 2003;35(4):372–376.
http://www.ncbi.nlm.nih.gov/pubmed/14608358
168. Zhuang J, Zhang X, Wang D, et al. WNK4 kinase inhibits Maxi K chan-
nel activity by a kinase-dependent mechanism. Am J Physiol Renal Physiol. 
2011;301(2):F410–419.
169. Delaloy C, Lu J, Houot AM, et al. Multiple promoters in the WNK1 gene: 
one controls expression o  a kidney-specif c kinase-de ective iso orm. Mol Cell 
Biol. 2003;23(24):9208–9221.
http://www.ncbi.nlm.nih.gov/pubmed/14645531
170. Cope G, Murthy M, Golbang AP, et al. WNK1 a  ects sur ace expression 
o  the ROMK potassium channel independent o  WNK4. J Am Soc Nephrol. 
2006;17(7):1867–1874.
http://www.ncbi.nlm.nih.gov/pubmed/16775035
171. Wade JB, Fang L, Liu J, et al. WNK1 kinase iso orm switch regulates renal 
potassium excretion. Proc Natl Acad Sci USA. 2006;103(22):8558–8563.
172. Lazrak A, Liu Z, Huang CL. Antagonistic regulation o  ROMK by long and 
kidney-specif c WNK1 iso orms. Proc Natl Acad Sci USA. 2006;103(5):1615–
1620.
173. He G, Wang HR, Huang SK, Huang CL. Intersectin links WNK kinases to 
endocytosis o  ROMK1. J Clin Invest. 2007;117(4):1078–1087.
174. Fang L, Garuti R, Kim BY, Wade JB, Welling PA. The ARH adaptor protein 
regulates endocytosis o  the ROMK potassium secretory channel in mouse kidney. 
J Clin Invest. 2009;119(11):3278–3289.
175. Lin DH, Yue P, Pan CY, et al. POSH stimulates the ubiquitination and 
the clathrin-independent endocytosis o  ROMK1 channels. J Biol Chem. 
2009;284(43):29614–29624.
http://www.ncbi.nlm.nih.gov/pubmed/19710010
176. O’Reilly M, Marshall E, Macgillivray T, et al. Dietary electrolyte- driv-
en responses in the renal WNK kinase pathway in vivo. J Am Soc Nephrol. 
2006;17(9):2402–2413.
http://www.ncbi.nlm.nih.gov/pubmed/16899520
177. Liu Z, Wang HR, Huang CL. Regulation o  ROMK channel and K+homeo-
stasis by kidney-specif c WNK1 kinase. J Biol Chem. 2009;284(18):12198–12206.

http://www.ncbi.nlm.nih.gov/pubmed/19244242
178. Ornt DB, Tannen RL. Demonstration o  an intrinsic renal adaptation  or 
K+conservation in short-term K+ depletion. Am J Physiol. 1983;245(3):F329–338.
179. Wang W, Lerea KM, Chan M, Giebisch G. Protein tyrosine kinase regu-
lates the number o  renal secretory K channels. Am J Physiol Renal Physiol. 
2000;278(1):F165–171.
180. Eiam-Ong S, Kurtzman NA, Sabatini S. Regulation o  collecting tubule 
adenosine triphosphatases by aldosterone and potassium. J Clin Invest. 1993;91(6): 
2385–2392.
http://www.ncbi.nlm.nih.gov/pubmed/8390478
181. Greenlee MM, Lynch IJ, Gumz ML, Cain BD, Wingo CS. Mineralocorti-
coids stimulate the activity and expression o  renal H +, K+-ATPases. J Am Soc 
Nephrol. 2011;22(1):49–58.
http://www.ncbi.nlm.nih.gov/pubmed/21164026
182. Lin DH, Sterling H, Lerea KM, et al. K depletion increases protein tyro-
sine kinase-mediated phosphorylation o  ROMK. Am J Physiol Renal Physiol. 
2002;283(4):F671–677.
183. Sterling H, Lin DH, Gu RM, et al. Inhibition o  protein-tyrosine phos-
phatase stimulates the dynamin-dependent endocytosis o  ROMK1. J Biol Chem. 
2002;277(6):4317–4323.
184. Lin DH, Sterling H, Wang WH. The protein tyrosine kinase-dependent 
pathway mediates the e  ect o  K intake on renal K secretion. Physiology (Bethesda). 
2005;20:140–146.
185. Wei Y, Bloom P, Lin D, Gu R, Wang WH. E  ect o  dietary K intake on api cal 
small-conductance K channel in CCD: role o  protein tyrosine kinase. Am J Physiol 
Renal Physiol. 2001;281(2):F206–212.
186. Babilonia E, Lin D, Zhang Y, et al. Role o  gp91phox-containing NADPH 
oxidase in mediating the e  ect o  K restriction on ROMK channels and renal K 
excretion. J Am Soc Nephrol. 2007;18(7):2037–2045.
187. Wang ZJ, Sun P, Xing W, et al. Decrease in dietary K intake stimulates the 
generation o  superoxide anions in the kidney and inhibits K secretory channels 
in the CCD. Am J Physiol Renal Physiol. 2010;298(6):F1515–1522.
188. Wei Y, Zavilowitz B, Satlin LM, Wang WH. Angiotensin II inhibits the 
ROMK-like small conductance K channel in renal cortical collecting duct during 
dietary potassium restriction. J Biol Chem. 2007;282(9):6455–6462.
189. Jin Y, Wang Y, Wang ZJ, Lin DH, Wang WH. Inhibition o  angiotensin type 
1 receptor impairs renal ability o  K conservation in response to K restric tion. Am 
J Physiol Renal Physiol. 2009;296(5):F1179–1184.
190. Flyvbjerg A, Marshall SM, Frystyk J, et al. Insulin-like growth  actor I in 
initial renal hypertrophy in potassium-depleted rats. Am J Physiol. 1992; 262(6 Pt 
2):F1023–1031.
191. Rabinowitz L. Aldosterone and potassium homeostasis. Kidney Int. 
1996;49(6):1738–1742.
http://www.ncbi.nlm.nih.gov/pubmed/8743488
192. McDonough AA, Youn JH. Role o  muscle in regulating extracellular [K+]. 
Semin Nephrol. 2005;25(5):335–342.
http://www.ncbi.nlm.nih.gov/pubmed/16139689
193. Bugaj V, Pochynyuk O, Stockand JD. Activation o  the epithelial Na+channel 
in the collecting duct by vasopressin contributes to water reabsorption. Am J Phys-
iol Renal Physiol. 2009;297(5):F1411–1418.
194. Amorim JB, Musa-Aziz R, Mello-Aires M, Malnic G. Signaling path o  the 
action o  AVP on distal K+ secretion. Kidney Int. 2004;66(2):696–704.
http://www.ncbi.nlm.nih.gov/pubmed/15253724
195. Chambrey R, Picard N. Role o  tissue kallikrein in regulation o  tubule  unc-
tion. Curr Opin Nephrol Hypertens. 2011;20(5):523–528.
196. Leviel F, Hubner CA, Houillier P, et al. The Na+-dependent chloride-bicar-
bonate exchanger SLC4A8 mediates an electroneutral Na+reabsorp tion process in 
the renal cortical collecting ducts o  mice. J Clin Invest. 2010;120(5):1627–1635.
197. Tomita K, Pisano JJ, Burg MB, Knepper MA. E  ects o  vasopressin and bra-
dykinin on anion transport by the rat cortical collecting duct. Evidence  or an 
elec-troneutral sodium chloride transport pathway. J Clin Invest. 1986;77(1):136–
141.
198. Picard N, Eladari D, El Moghrabi S, et al. De ective ENaC processing and 
 unction in tissue kallikrein-def cient mice. J Biol Chem. 2008;283(8):4602–4611.
http://www.ncbi.nlm.nih.gov/pubmed/18086683
199. Terada Y, Knepper MA. Thiazide-sensitive NaCl absorption in rat cortical 
collecting duct. Am J Physiol. 1990;259(3 Pt 2):F519–528.
200. Welling PA, Chang YP, Delpire E, Wade JB. Multigene kinase network, kidney 
transport, and salt in essential hypertension. Kidney Int. 2010;77(12): 1063–1069.
http://www.ncbi.nlm.nih.gov/pubmed/20375989
201. Yue P, Lin DH, Pan CY, et al. Src  amily protein tyrosine kinase (PTK)  
modulates the e  ect o  SGK1 and WNK4 on ROMK channels. Proc Natl Acad Sci 
USA. 2009;106(35):15061–15066.
202. San-Cristobal P, Pacheco-Alvarez D, Richardson C, et al. Angiotensin  
II signaling increases activity o  the renal Na-Cl cotransporter through a  

213



212 SECTION I  STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

143. Chen SY, Bhargava A, Mastroberardino L, et al. Epithelial sodium chan-
nel regulated by aldosterone-induced protein sgk.  Proc Natl Acad Sci USA.
1999;96(5):2514–2519.
144. Huang DY, Wulff P, Volkl H, et al. Impaired regulation of renal K   elimina-
tion in the sgk1-knockout mouse. J Am Soc Nephrol. 2004;15(4):885–891. 
145. Snyder PM, Olson DR, Thomas BC. Serum and glucocorticoid-regulated 
kinase modulates Nedd4-2-mediated inhibition of the epithelial Na   channel. 
J Biol Chem. 2002;277(1):5–8. 
146. Debonneville C, Flores SY, Kamynina E, et al. Phosphorylation of  Nedd4-2
by Sgk1 regulates epithelial Na(  ) channel cell surface expression.  Embo J.
2001;20(24):7052–7059.
147. Flores SY, Lof  ng-Cueni D, Kamynina E, et al. Aldosterone-induced serum 
and glucocorticoid-induced kinase 1 expression is accompanied by Nedd4-2 
phosphorylation and increased Na   transport in cortical collecting duct cells. 
J Am Soc Nephrol. 2005;16(8):2279–2287. 
148. Zhou R, Snyder PM. Nedd4-2 phosphorylation induces serum and gluco-
corticoid-regulated kinase (SGK) ubiquitination and degradation.  J Biol Chem.
2005;280(6):4518–4523.
 149. El Moghrabi S, Houillier P, Picard N, et al. Tissue kallikrein permits early renal 
adaptation to potassium load. Proc Natl Acad Sci USA. 2010;107(30):13526–13531. 
150. Kleyman TR, Myerburg MM, Hughey RP. Regulation of ENaCs by prote-
ases: An increasingly complex story.  Kidney Int. 2006;70(8):1391–1392. 
151. Kleyman TR, Carattino MD, Hughey RP. ENaC at the cutting edge: regu-
lation of epithelial sodium channels by proteases.  J Biol Chem. 2009;284(31):
20447–20451.
152. Carattino MD, Sheng S, Bruns JB, et al. The epithelial Na   channel is 
inhibited by a peptide derived from proteolytic processing of its alpha subunit. 
J Biol Chem. 2006;281(27):18901–18907. 
153. Muto S, Sansom S, Giebisch G. Effects of a high potassium diet on electri-
cal properties of cortical collecting ducts from adrenalectomized rabbits.  J Clin 
Invest. 1988;81(2):376–380. 
154. Muto S, Asano Y, Seldin D, Giebisch G. Basolateral Na   pump modu-
lates apical Na   and K   conductances in rabbit cortical collecting ducts.  Am J 
Physiol. 1999;276(1 Pt 2):F143–158. 
155. Lin DH, Sterling H, Yang B, et al. Protein tyrosine kinase is expressed and 
regulates ROMK1 location in the cortical collecting duct.  Am J Physiol Renal 
Physiol. 2004;286(5):F881–892. 
 156. Palmer LG, Frindt G. Regulation of apical K channels in rat cortical collecting 
tubule during changes in dietary K intake.  Am J Physiol. 1999;277(5 Pt 2):F805–812. 
157. Frindt G, Shah A, Edvinsson J, Palmer LG. Dietary K regulates ROMK 
channels in connecting tubule and cortical collecting duct of rat kidney.  Am J 
Physiol Renal Physiol. 2009;296(2):F347–354. 
158. Najjar F, Zhou H, Morimoto T, et al. Dietary K   regulates apical membrane 
expression of maxi-K channels in rabbit cortical collecting duct.  Am J Physiol 
Renal Physiol. 2005;289(4):F922–932. 
159. Estilo G, Liu W, Pastor-Soler N, et al. Effect of aldosterone on BK chan-
nel expression in mammalian cortical collecting duct.  Am J Physiol Renal Physiol.
2008;295(3):F780–788.
 160. Cassola AC, Giebisch G, Wang W. Vasopressin increases density of apical low-
conductance K   channels in rat CCD. Am J Physiol. 1993;264(3 Pt 2):F502–509. 
161. Yoo D, Kim BY, Campo C, et al. Cell surface expression of the ROMK 
(Kir 1.1) channel is regulated by the aldosterone-induced kinase, SGK1, and 
protein kinase A.  J Biol Chem. 2003;278(25):23066–23075. 
162. Cheng CJ, Huang CL. Activation of PI3-kinase stimulates endocytosis of 
ROMK via Akt1/SGK1-dependent phosphorylation of WNK1.  J Am Soc Nephrol.
2011;22(3):460–471.
163. Wilson FH, Disse-Nicodeme S, Choate KA, et al. Human hypertension 
caused by mutations in WNK kinases. Science. 2001;293(5532):1107–1112. 
164. Ko B, Hoover RS. Molecular physiology of the thiazide-sensitive sodium-
chloride cotransporter.  Curr Opin Nephrol Hypertens. 2009;18(5):421–427. 
165. Gamba G. The thiazide-sensitive Na  -Cl- cotransporter: molecular biol-
ogy, functional properties, and regulation by WNKs.  Am J Physiol Renal Physiol.
2009;297(4):F838–848.
166. Lalioti MD, Zhang J, Volkman HM, et al. Wnk4 controls blood pressure 
and potassium homeostasis via regulation of mass and activity of the distal con-
voluted tubule. Nat Genet. 2006;38(10):1124–1132. 
167. Kahle KT, Wilson FH, Leng Q, et al. WNK4 regulates the balance between 
renal NaCl reabsorption and K   secretion.  Nat Genet. 2003;35(4):372–376. 
168. Zhuang J, Zhang X, Wang D, et al. WNK4 kinase inhibits Maxi K chan-
nel activity by a kinase-dependent mechanism. Am J Physiol Renal Physiol.
2011;301(2):F410–419.
169. Delaloy C, Lu J, Houot AM, et al. Multiple promoters in the WNK1 gene: 
one controls expression of a kidney-speci  c kinase-defective isoform.  Mol Cell 
Biol. 2003;23(24):9208–9221. 

117. Dherbecourt O, Cheval L, Bloch-Faure M, Meneton P, Doucet A. Molecular 
identi  cation of Sch28080-sensitive K-ATPase activities in the mouse kidney. 
P  ugers Arch. 2006;451(6):769–775. 
118. Abuladze N, Lee I, Newman D, et al. Axial heterogeneity of sodium- 
bicarbonate cotransporter expression in the rabbit proximal tubule.  Am J Physiol.
1998;274(3 Pt 2):F628–633. 
119. Lu Z, MacKinnon R. Electrostatic tuning of Mg2   af  nity in an inward-
recti  er K   channel. Nature. 1994;371(6494):243–246. 
120. Lopatin AN, Makhina EN, Nichols CG. Potassium channel block by 
cytoplasmic polyamines as the mechanism of intrinsic recti  cation.  Nature.
1994;372(6504):366–369.
121. Huang CL, Kuo E. Mechanism of hypokalemia in magnesium de  ciency. 
J Am Soc Nephrol. 2007;18(10):2649–2652. 
122. Yang L, Frindt G, Palmer LG. Magnesium modulates ROMK channel- 
mediated potassium secretion.  J Am Soc Nephrol. 2010;21(12):2109–2116. 
123. Huang CL, Feng S, Hilgemann DW. Direct activation of inward recti  er 
potassium channels by PIP2 and its stabilization by G beta gamma. Nature.
1998;391(6669):803–806.
124. Xu ZC, Yang Y, Hebert SC. Phosphorylation of the ATP-sensitive, inwardly 
rectifying K   channel, ROMK, by cyclic AMP-dependent protein kinase.  J Biol 
Chem. 1996;271(16):9313–9319. 
125. O’Connell AD, Leng Q, Dong K, et al. Phosphorylation-regulated endo-
plasmic reticulum retention signal in the renal outer-medullary K   channel 
(ROMK). Proc Natl Acad Sci USA. 2005;102(28):9954–9959. 
126. Liou HH, Zhou SS, Huang CL. Regulation of ROMK1 channel by protein 
kinase A via a phosphatidylinositol 4,5-bisphosphate-dependent mechanism. 
Proc Natl Acad Sci USA. 1999;96(10):5820–5825. 
127. Leipziger J, MacGregor GG, Cooper GJ, et al. PKA site mutations of 
ROMK2 channels shift the pH dependence to more alkaline values.  Am J Physiol 
Renal Physiol. 2000;279(5):F919–926. 
128. August JT, Nelson DH, Thorn GW. Response of normal subjects to large 
amounts of aldosterone.  J Clin Invest. 1958;37(11):1549–1555. 
129. Dluhy RG, Axelrod L, Underwood RH, Williams GH. Studies of the 
control of plasma aldosterone concentration in normal man. II. Effect of 
dietary potassium and acute potassium infusion.  J Clin Invest. 1972;51(8):
1950–1957. 
130. Palmer LG, Frindt G. Aldosterone and potassium secretion by the cortical 
collecting duct. Kidney Int. 2000;57(4):1324–1328. 
131. Somekawa S, Imagawa K, Naya N, et al. Regulation of aldosterone and 
cortisol production by the transcriptional repressor neuron restrictive silencer 
factor.  Endocrinology. 2009;150(7):3110–3117. 
132. Mazzocchi G, Malendowicz LK, Markowska A, Albertin G,  Nussdorfer
GG. Role of adrenal renin-angiotensin system in the control of aldosterone 
secretion in sodium-restricted rats.  Am J Physiol Endocrinol Metab. 2000;278(6):
E1027–1030.
133. Csukas S, Hanke CJ, Rewolinski D, Campbell WB. Prostaglandin E2-
induced aldosterone release is mediated by an EP2 receptor.  Hypertension.
1998;31(2):575–581.
134. Clark BA, Brown RS, Epstein FH. Effect of atrial natriuretic peptide on 
potassium-stimulated aldosterone secretion: potential relevance to hypoaldoste-
ronism in man.  J Clin Endocrinol Metab. 1992;75(2):399–403. 
135. Cherradi N, Brandenburger Y, Rossier MF, et al. Atrial natriuretic peptide 
inhibits calcium-induced steroidogenic acute regulatory protein gene transcrip-
tion in adrenal glomerulosa cells.  Mol Endocrinol. 1998;12(7):962–972. 
136. Palmer LG, Antonian L, Frindt G. Regulation of apical K and Na channels 
and Na/K pumps in rat cortical collecting tubule by dietary K.  J Gen Physiol.
1994;104(4):693–710.
137. Stanton B, Janzen A, Klein-Robbenhaar G, et al. Ultrastructure of rat ini-
tial collecting tubule. Effect of adrenal corticosteroid treatment.  J Clin Invest.
1985;75(4):1327–1334.
138. Welling PA, Caplan M, Sutters M, Giebisch G. Aldosterone-mediated Na/
K-ATPase expression is alpha 1 isoform speci  c in the renal cortical collecting 
duct. J Biol Chem. 1993;268(31):23469–23476. 
139. Summa V, Mordasini D, Roger F, et al. Short term effect of aldosterone on 
Na,K-ATPase cell surface expression in kidney collecting duct cells.  J Biol Chem.
2001;276(50):47087–47093.
140. Reisenauer MR, Anderson M, Huang L, et al. AF17 competes with AF9 for 
binding to Dot1a to up-regulate transcription of epithelial Na   channel alpha. 
J Biol Chem. 2009;284(51):35659–35669. 
141. Lof  ng J, Zecevic M, Feraille E, et al. Aldosterone induces rapid apical 
translocation of ENaC in early portion of renal collecting system: possible role of 
SGK. Am J Physiol Renal Physiol. 2001;280:F675–682. 
142. Snyder PM. Minireview: regulation of epithelial Na   channel traf  cking. 
Endocrinology. 2005;146(12):5079–5085. 

WNK4-SPAK-dependent pathway. Proc Natl Acad Sci USA. 2009;106(11): 
4384–4389.
203. Sandberg MB, Riquier AD, Pihakaski-Maunsbach K, McDonough AA, 
Mauns-bach AB. ANG II provokes acute tra f cking o  distal tubule Na+-Cl(–) 
cotransporter to apical membrane. Am J Physiol Renal Physiol. 2007;293(3): 
F662–669.
204. Yang LE, Sandberg MB, Can AD, Pihakaski-Maunsbach K, McDonough 
AA. E  ects o  dietary salt on renal Na+ transporter subcellular distribution, 
abundance, and phosphorylation status. Am J Physiol Renal Physiol. 2008;295(4): 
F1003–1016.
205. Sealey JE, Clark I, Bull MB, Laragh JH. Potassium balance and the control 
o  renin secretion. J Clin Invest. 1970;49(11):2119–2127.
http://www.ncbi.nlm.nih.gov/pubmed/4319969

206. Vallon V, Schroth J, Lang F, Kuhl D, Uchida S. Expression and phosphory-
lation o  the Na+-Cl– cotransporter NCC in vivo is regulated by dietary salt,  
potassium, and SGK1. Am J Physiol Renal Physiol. 2009;297(3):F704–712.
207. Ring AM, Leng Q, Rinehart J, et al. An SGK1 site in WNK4 regulates 
Na+channel and K+ channel activity and has implications  or aldosterone  
signaling and K+ homeostasis. Proc Natl Acad Sci USA. 2007;104(10):4025–4029.
http://www.ncbi.nlm.nih.gov/pubmed/17360471
208. Yue P, Sun P, Lin DH, et al. Angiotensin II diminishes the e  ect o  SGK1 on the 
WNK4-mediated inhibition o  ROMK1 channels. Kidney Int. 2011;79(4):423–431.
209. Liu Z, Xie J, Wu T, et al. Downregulation o  NCC and NKCC2 cotransport-
ers by kidney-specif c WNK1 revealed by gene disruption and transgenic mouse 
models. Hum Mol Genet. 2011;20(5):855–866.
http://www.ncbi.nlm.nih.gov/pubmed/21131289

(contd.)
213


