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hannels, Carriers, and Pumps in the
athogenesis of Sodium-Sensitive Hypertension

iovambattista Capasso, Alessandra Cantone, Ciriana Evangelista, Miriam Zacchia,
rancesco Trepiccione, Daria Acone, and Maria Rizzo

Sodium-sensitive hypertension is thought to be dependent on primary alterations in renal
tubular sodium reabsorption. The major apical plasma membrane Na� transporters include
the proximal tubular Na�-H� exchanger, the thick ascending limb Na�-K�-2Cl� cotransport
system, the distal tubular Na�-Cl� cotransporter, and the collecting duct epithelial sodium
channel (ENaC). This article explores the role of each transporter in the pathogenesis of
hypertension. Although the contribution of the proximal tubule Na�-H� exchanger is not yet
defined completely, more convincing data have been generated about the importance of the
Na�-K�-2Cl�. Indeed at least 2 forms of hypertension appear to be related to the up-
regulation of the transporter: the so-called programmed hypertension induced by low-
protein diet during pregnancy and the early phase of hypertension in the Milan strain of
rats. With respect to the Na�-Cl� cotransporter this may be overactive caused by inacti-
vating mutation of WNK4 as in the Gordon syndrome, although it is the main actor for the
maintenance phase of the hypertension found in the Milan strain of rats. Finally, the
contribution of the ENaC has been established clearly; indeed, in the Liddle syndrome the
mutation of the ENaC gene leads to a longer retention of the channel on the cell surface of
collecting duct principal cells, thus inducing stronger sodium reabsorption along this
segment. All these examples clearly indicate that renal sodium transporters may be
responsible for various types of sodium-sensitive hypertension.
Semin Nephrol 25:419-424 © 2005 Elsevier Inc. All rights reserved.
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ypertension is the most frequent disorder of the human
population. Both genetic and nongenetic factors are in-

olved and high salt intake has been proposed as a major risk
actor. Because sodium metabolism largely is dependent on
he kidney, it is obvious that this organ may play an impor-
ant role in the pathogenesis of hypertension. The concept
hat the kidney participates in long-term control of arterial
ressure has been proposed by Guyton et al,1 who were the
rst to recognize that because an increase of arterial pressure
irectly increases sodium excretion, hypertension can de-
elop only when the pressure natriuretic relationship is im-
aired. Subsequent renal transplantation studies strongly
ave supported this hypothesis and indicate that some form
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f dysfunction in renal sodium reabsorption underlies the
evelopment of hypertension in human beings and experi-
ental animals.2 Finally, recent human genetic studies have

hown that mutations of genes, encoding for proteins ex-
ressed in the kidney and involved in tubular ion transport,
re associated with modifications of systemic blood pressure.
or instance, loss of function mutations of transport mole-
ules in the thick ascending limb of Henle’s loop leads to
artter’s syndrome, and defective thiazide-sensitive Na�-Cl�

otransporter, present in the distal tubule, is the cause of
itelman’s syndrome.3 The modifications of these ion-trans-
orting systems are characterized by urinary sodium loss
esulting in orthostatic hypotension. In contrast, gain-of-
unction mutations of amiloride-sensitive sodium channels
n the collecting ducts generate Liddle’s syndrome, which
henotypically is characterized by systemic hypertension.4 In
idney epithelia, sodium reabsorption proceeds via sodium
arriers, channels, and pumps. In addition to the Na�-K�,
denosine triphosphatase (ATPase), and the ubiquitous so-

ium pump, which at the level of tubular cells is localized

419
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420 G. Capasso et al
xclusively on the basal lateral membrane, there are various
uminal transporters that control the entry of sodium from
he lumen into the tubular cells. It now almost is certain that,
n the regulation of transepithelial sodium transport, the rate-
imiting step is not localized at the exit site (ie, on the basal
ateral membrane through the Na�-K�-ATPase) but on the
ntry step. Cloning of these transporters has led to the devel-
pment of complementary DNA probes and antibodies that
ow are being used for studies on the regulation of renal
ubule sodium transport.5 Thus far, the most important lu-
inal transporters are as follows: the type 3 sodium-hydro-

en exchanger (NHE3) at the level of the proximal tubule,6

he bumetanide-sensitive sodium-potassium- 2 chloride co-
ransporter (NKCC2) along the thick ascending limb of
enle’s loop (TAL),7 the thiazide-sensitive sodium-chloride

otransporter (NCC) in the distal tubule,8 and the amiloride-
ensitive sodium channel (ENaC) in the distal tubule and in
he collecting duct.9 The assessment of the role of each trans-
orter is presumed to contribute largely to our knowledge of
he pathogenesis of sodium-dependent hypertension.

a�-H� Exchanger Family
HEs extrude protons from and take up sodium ions into

ells. The secreted H� are used to reclaim the filtered bicar-
onate and therefore the Na�-H� exchanger is the most im-
ortant transporter involved in maintaining systemic acid-
ase balance. However, because the exchanger not only
ecretes H� but also absorbs Na� ions, it is involved directly
nd indirectly in the reclamation of sodium. Indeed, the ab-
orption of NaHCO3

� drives the absorption of water and
ncreases luminal chloride concentration. The transepithelial
hloride gradient in turn creates a lumen-positive transepi-
helial voltage difference that drives paracellular sodium re-
bsorption. Therefore, the Na�-H� exchanger in the apical
embrane of proximal tubule cells contributes to transcellu-

ar and paracellular absorption of Na�, Cl�, HCO3
�, and

igure 1 Proximal tubular cell showing the Na�-H� exchanger as the
ain sodium transporter localized on the apical membrane.
ater (Fig 1). Murer et al10 were the first to show the electro- m
eutral exchange of Na� against H� in brush-border mem-
rane vesicles isolated from kidney cortex. Since then, nu-
erous studies have been performed to characterize the
a�-H� exchanger that today is known as NHE-3 and it is
art of a large family composed of 8 cloned isoforms.11 An

ncrease or decrease of plasmalemma NHE-3 expression not
nly is an integral part of homeostatic compensation in con-
itions of chronic metabolic acidosis or alkalosis and chronic
ietary sodium depletion, but also is associated with several
athophysiologic states of renal disorders. A central role of
HE-3 in the genesis of essential hypertension is suggested
y observations that spontaneously hypertensive rats (SHR)
xhibit increased expression and activity of NHE-3 in the
roximal tubule.12 Internalization and inactivation of plasma
embrane NHE-3, on the other hand, seems to be in charge

or the blunted natriuretic effect seen during acute or sus-
ained hypertension in kidney from spontaneously hyperten-
ive animals or human beings.13 A decreased sensitivity of
HE-3 to dopamine may play an important pathophysio-

ogic role. Despite similar levels of DA1 receptors and Gs
roteins, dopamine and DA1-receptor antagonists inhibited
he Na�/H� exchanger in brush-border membrane vesicles
solated from SHR kidneys less efficiently than the antiporter
rom control rats. It seems that the coupling between the DA1
eceptors and Gs proteins was attenuated in SHR causing a
ess depressed (ie, higher) activity of NHE-3.14

Evidence that blood pressure can be altered by alterations
n renal tubule Na�-H� antiporter activity also comes from
ecent molecular biology studies. The NHE-3 knockout
ouse exhibits mild hypotension compared with the wild-

ype mouse.15 Finally, in a systematic analysis of Na�-H�

xchanger activity and NHE-3 expression performed in renal
ortical tubules from SHR and Wistar-Kyoto rats before and
uring the development of hypertension, LaPointe et al16

eported that Na�-H� antiporter activity and NHE-3 abun-
ance are increased in tubules from prehypertensive SHR
nd that they remain increased in the SHR after the develop-
ent of mild or severe hypertension as compared with age-
atched normotensive Wistar-Kyoto rats. These data show

hat NHE-3 protein and activity along the renal proximal
ubules from SHR antedates the development of hyperten-
ion and may contribute to its initiation. Moreover, they
how why the reabsorptive capacity for sodium and fluid in
roximal tubules (ie, inappropriate increase in NHE-3 pro-
ein expression) from SHR is not suppressed despite the de-
elopment of severe hypertension.

Experimental evidence suggests that increased proximal
HE-3 activity also may contribute to the development of
ypertension in uncontrolled diabetes mellitus. In rats the
eneration of diabetes mellitus causes an increase in renal
rush-border membrane Na�-H� exchanger activity.17 These
ndings were confirmed further by the remark that high

evels in glucose concentration increased NHE-3 activity and
HE-3 abundance in the plasma membrane of the opossum
idney cell line. Importantly, increased NHE-3 activity con-
inued after the removal of cells from the hyperglycemic me-
ia.18 Based on these results, it was postulated that NHE-3

ay be responsible for renal NaCl retention and associated
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Renal sodium transport and hypertension 421
xpanded extracellular fluid volume, which then may cause
ypertension and diabetic nephropathy.

a�-K�-2Cl� Cotransporter
he TAL reabsorbs 20% of the glomerular ultrafiltrate, regu-

ates divalent mineral excretion, and plays a key role in the
roduction and maintenance of renal medullary tonicity. The
ajor pathway for sodium reabsorption along the TAL is
KCC2, the main pharmacologic target of loop diuretics

Fig 2). Up-regulation of NKCC2 has been reported in the
arly phase of prenatally programmed hypertension induced
y a maternal low-protein diet during pregnancy.19 The fact
hat the prenatal environment can modify the adult blood
ressure profile is supported by both epidemiologic and ex-
erimental studies.20,21 These studies show that the target of
he programming is renal sodium handling by the fetus and
hey are consistent with the hypothesis that the pathogenesis
f sustained hypertension involves the kidneys because a
ormal renal pressure-natriuresis response would correct the
ypertension. It also is possible that the fault lies in the re-
uced final number of nephrons, which limits filtration of
odium and leads to expansion of extracellular fluid volume
s proposed by Brenner and Chertow.22

The strong stimulation of the Na�-K�-2Cl� cotransporter
otentially could contribute to the significant increase in
lood pressure. Several lines of evidence support this hy-
othesis. First, the thick ascending limb is an important site
f sodium transport; roughly 20% of the filtered sodium load
ormally is reabsorbed at this level. Second, apical sodium
ntry in the TAL is mediated mainly by the bumetanide-
ensitive Na�-K�-2Cl� cotransporter23 as shown by the co-
ious natriuresis associated with the use of loop diuretics, an
ffect that it is enhanced by their inhibiting action on tubu-
oglomerular feedback.24 Third, patients carrying a mutation
ith a loss of function of the NKCC2 gene (type I Bartter’s

yndrome) are characterized by orthostatic hypotension.25

inally, mice lacking the NKCC2 gene suffer from severe salt

igure 2 Major ion transporters and channels present in the thick
scending limb cell.
asting, resulting in rapid death.26 w
At the TAL level, sodium reabsorption is coupled to potas-
ium recycling through the luminal membranes by renal
uter medulla potassium channels (ROMK)27 and to chloride
xit through the basal lateral membrane by specific chloride
hannels.28 The activity of ROMK channels is critical to the
odium reabsorption along the TAL because these channels
ecycle potassium to the tubule lumen, which is necessary to
aintain a sufficient luminal concentration of potassium, a
rerequisite to reabsorb sodium via the cotransporter.23 The
ecycling of potassium through the ROMK channels is also
he primary determinant of the lumen-positive transepithe-
ial potential that drives passive reabsorption of sodium in the
AL via the paracellular pathway. Thus, the reported in-
reased expression of NKCC2, coupled with up-regulation of
OMK, would be expected to enhance both active and pas-
ive sodium chloride transport. This hypothesis is consistent
ith recent findings showing that in Dahl salt-sensitive rat
idneys there is increased NKCC2 and ROMK expression29

nd with the observation that in the TAL of the same rats the
hloride reabsorption and the lumen-positive transepithelial
otential are increased.30 With respect to chloride transport
he available data indicate that the TAL reabsorbs about 30%
f the chloride that is filtered at the glomerulus and thereby
lays an important role in the maintenance of body salt and
uid balance. The model includes a chloride luminal uptake
y the NKCC2 with potassium recycling over the apical
embrane by ROMK, an intracellular accumulation, and,
nally, an exit step at the basal lateral membrane via the
pecific ClC-Kb channels. This model puts the ClC-Kb chan-
els with the apical NKCC2 cotransporter and ROMK potas-
ium channels into a functional relationship. This interaction
s supported strongly by the genetic findings that mutations
ith loss of function of either NKCC2 or ROMK or ClC-Kb

re associated with Bartter’s syndrome,31 an autosomal-reces-
ive salt-wasting disorder characterized by reduced sodium
hloride reabsorption in the TAL.32 Recently, it was shown
hat ClC-Kb channels have a � subunit, named Barttin, that is
rucial for chloride reabsorption along the TAL;33 its func-
ional inactivation results in renal salt wasting, causing Bart-
er’s syndrome type IV.34 However, at the present time there
re no reports about the involvement of the TAL chloride
hannel in the pathogenesis of hypertension.

a�-Cl� Cotransporter
he distal convoluted tubule reabsorbs up to 7% of the glo-
erular filtrate; along this segment the major sodium reab-

orption pathway in the apical membrane is the NCC, which
s the major target for thiazide diuretics (Fig 3).35 The likeli-
ood that NCC may be involved in the pathogenesis of ge-
etic hypertension has been forwarded by Beaumont et al36

ho found that the thiazide receptors in the renal cortex in
HR increased with age together with the development of
ypertension. Evidence for a potential inference of the thia-
ide receptor in the pathogenesis of hypertension also has
een gained by studies performed on Dahl salt-sensitive rats,

n which the expected down-regulation in thiazide receptors,

hen rats were switched from low- to high-salt diets, did not
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422 G. Capasso et al
appen.37 However, Moreno et al38 recently showed that
CC transcript levels did not change in 3 models of experi-
ental hypertension (including SHR). Therefore, to explain

he reported increase in thiazide-receptor density, other NCC
unctions must be envisaged such as stability, protein trans-
ation rate, and intracellular distribution.

The possibility that NCC may be responsible for some forms
f hypertension has been supported recently by genetic studies
erformed in patients affected by Gordon syndrome. These pa-
ients suffer from hypertension that is associated with chloride-
ependent sodium retention, accompanied by increased serum
otassium levels and acidosis; therefore, clinically, this is the
pposite of Gitelman syndrome.39 Despite the clinical indi-
ation of overactivity of NCC, linkage to this gene was ex-
luded formally in favor of at least 3 other loci.40-42 Two
esponsible genes now have been identified encoding 2
embers of a novel serine/threonine kinase family named
NK (with no lysine K, ie, lacking a lysine typical of the

atalytic domain of this kinase family): WNK1 and WNK4.43

NK1 is expressed ubiquitously in many tissues and is as-
ociated particularly with chloride-transporting epithelia; in
he kidney, WNK1 is localized to the aldosterone-sensitive
istal nephron. WNK4 expression has a highly restricted ex-
ression profile: the protein is detected only along the distal
ephron of the kidney. Of particular interest is the recent
vidence that WNK4 acts as a negative regulator of NCC
unction.44,45 Disease-causing mutations relieve this inhibi-
ion, leading to NCC overactivity and therefore to sodium-
ependent hypertension.

odium Channels
n the kidney the ultimate regulation of sodium reabsorption
ccurs in the collecting duct via a process of conductive
ransport mediated by the ENaC. This channel is located on
he apical membrane of collecting duct principal cells and
epresents the rate-limiting step in sodium reabsorption in
his segment46 (Fig 4). Abnormalities of function of this chan-
el have been shown to be important in the pathogenesis of

igure 3 Na�-Cl� cotransporter is the major entry pathway for so-
ium in the distal tubule cells.
ypertension seen in patients with Liddle’s syndrome.4 This f
bservation may point to a significant impact of sodium
hannel dysregulation in volume-overload states such as so-
ium-sensitive hypertension.
The ENaC is characterized by its remarkable ion cationic

electivity, gating kinetics characterized by long closing and
pening times and a high sensitivity to amiloride. ENaC is a
eteromultimeric channel, composed of 3 homologous �, �,
nd � subunits.47 Co-expression of all 3 subunits in the Xe-
opus oocyte constitutes the channel with all the physiologic
nd pharmacologic properties of the native channel. Similar
xperiments show that the �-subunit is essential for the func-
ion of the channel, but the channel activity is enhanced by
ssociation with � and � subunits,48 a finding that has been
onfirmed by the generation of gene knockout mice for the
ndividual subunits.49 Finally, aldosterone and vasopressin
egulate ENaC-dependent sodium reabsorption by changing
he expression of the individual ENaC subunits.50,51 It has
een shown that �-ENaC is present mostly at the apical do-
ains of the principal cells, whereas � and �-ENaC are lo-

alized mainly in cytosolic vesicles.52 The significance of this
ifferent subcellular distribution of the 3 subunits has not
een ascertained.
As discussed earlier, the role of ENaC in the pathogenesis

f hypertension has been reinforced by the molecular genetic
tudies on patients affected by Liddle’s syndrome. This is an
utosomal-dominant form of salt-sensitive hypertension
haracterized by early onset of severe hypertension, hypoka-
emia, metabolic alkalosis, and low renin and aldosterone
ecretion.4 The syndrome results from specific mutations in
he proline-rich domain of either the � or � subunits of ENaC
PPXY motif), which prevents the binding of the physiologic
epressor Nedd4-2 that normally promotes the endocytic re-
rieval of the channel.53 As a consequence of this mutation
NaC is retained on the cell surface of collecting duct prin-
ipal cells. Recently, a mouse model for Liddle syndrome was
enerated.54 Under high salt intake the Liddle mice develop
ypertension, metabolic alkalosis, and hypokalemia, thus
eplicating most of the symptoms of the human patients af-

igure 4 Along the collecting duct cell the sodium conductance
ocalized on the apical membrane is the major route for sodium
ntry into the cell.
ected by Liddle’s syndrome and confirming that the specific
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Renal sodium transport and hypertension 423
ene expressed in the kidney may be responsible for a par-
icular form of salt-sensitive hypertension.

odium Transporters in
he Milan Hypertensive Rats
n useful model to study hypertension is the Milan hyper-

ensive strain of rats; it has been shown clearly that these
nimals develop hypertension because of a primary alteration
n renal tubular sodium reabsorption.55 It also has been
hown that induction of hypertension is preceded by a phase
f salt retention caused by increased tubular sodium reab-
orption.56 Subsequent experiments have also clarified that
he primary event explaining the enhanced tubular sodium
eabsorption is the increased activity and expression of Na�-
�-ATPase.57 Recent studies performed by our group have

ndicated clearly that 2 important luminal sodium carriers,
xpressed in distinct nephron segments, are involved in the
athogenesis of hypertension in this rat model: the NKCC2,

ocalized along the TAL, is up-regulated during the induction
f hypertension (young Milan rats),58 whereas the NCC, ex-
ressed in the distal tubule, is increased significantly both at
essenger RNA and protein levels during the maintenance
hase of hypertension (old Milan rats).59

With respect to ENaC in young Milan normotensive strain
f rats (MNS) there is a modest, although significant, down-
egulation of the �-ENaC. Because apical Na� entry is be-
ieved to constitute the rate-limiting step in Na� reabsorption
n the different nephron segments, it is likely that decreased
xpression of apical membrane sodium carriers reflects inhi-
ition of transepithelial Na� transport. Therefore, it is obvi-
us to postulate that in this model of sodium-dependent
ypertension, the early phase is characterized by a decreased
a� transport in the tubular segments beyond the TAL. Such
phenomenon is not unique to this model because in the pre-
atally programmed hypertension the vigorous up-regulation of
KCC2 is compensated partially by a slight reduction of
-ENaC.19 With respect to the � and � subunits, the lack of
hange is not surprising because in other experimental mod-
ls associated with changes in renal sodium handling the
egulation of the channel may be dependent from other fac-
ors such as a degradation of the � subunit.60

eferences
1. Guyton AC, Coleman TG, Cowley AW, et al: Arterial pressure regula-

tion: Overriding dominance of the kidneys in long-term regulation of
hypertension. Am J Med 52:584-594, 1972

2. Cowley AW Jr, Roman RJ: The role of the kidney in hypertension.
JAMA 275:1581-1589, 1996

3. Scheinman SJ, Guay-Woodford LM, Thakker RV, et al: Genetic disor-
ders of renal electrolyte transport. N Engl J Med 340:1177-1187, 1999

4. Shimkets RA, Warnock DG, Bositis CM, et al: Liddle’s syndrome: Her-
itable human hypertension caused by mutations in the beta subunit of
the epithelial sodium channel. Cell 79:407-414, 1994

5. Knepper MA, Brooks HL: Regulation of the sodium transporters NHE3,
NKCC2 and NCC in the kidney. Curr Opin Nephrol Hypertens 10:
655-659, 2001

6. Paillard M: Na�/H� exchanger subtypes in the renal tubule: Function
and regulation in physiology and disease. Exp Nephrol 5:277-284,

1997 3
7. Plata C, Mount DB, Rubio V, et al: Isoforms of the Na-K-2Cl cotrans-
porter in murine TAL II. Functional characterization and activation by
cAMP. Am J Physiol 276:F359-F366, 1999

8. Gamba G: Molecular biology of distal nephron sodium transport mech-
anisms (clinical conference). Kidney Int 56:1606-1622, 1999

9. Rossier B: Cum grano salis: The epithelial sodium channel and the con-
trol of blood pressure. J Am Soc Nephrol 8:980-992, 1997

0. Murer H, Hopfer U, Kinne R: Sodium/proton antiport in brush-border-
membrane vesicles isolated from rat small intestine and kidney. Bio-
chem J 154:597-604, 1976

1. Burckhardt G, Di Sole F, Helmle-Kolb C: The Na�/H� exchanger gene
family. J Nephrol 15:S3-S21: 2002 (suppl 5)

2. Kelly MP, Quinn PA, Davies JE, et al: Activity and expression of
Na(�)-H� exchanger isoforms 1 and 3 in kidney proximal tubules of
hypertensive rats. Circ Res 80:853-860, 1997

3. Yip KP, Tse CM, Mcdonough AA, et al: Redistribution of Na�/H�
exchanger isoform NHE3 in proximal tubules induced by acute and
chronic hypertension. Am J Physiol 275:F565-F575, 1998

4. Li X, Albrecht FE, Xu J, Robillard JE, et al: [Regulation of NHE3 by D1
dopamine receptor during development of spontaneously hypertensive
rats]. Zhonghua Yi Xue Za Zhi 81:549-552, 2001

5. Schultheis PJ, Clarke LL, Meneton P, et al: Renal and intestinal absorp-
tive defects in mice lacking the NHE3 Na�/H� exchanger. Nat Genet
19:282-285, 1998

6. LaPointe MS, Sodhi C, Sahai A, et al: Na�/H� exchange activity and
NHE-3 expression in renal tubules from the spontaneously hyperten-
sive rat. Kidney Int 62:157-165, 2002

7. Harris RC, Brenner BM, Seifter JL: Sodium-hydrogen exchange and
glucose transport in renal microvillus membrane vesicles from rats with
diabetes mellitus. J Clin Invest 77:724-733, 1986

8. Ambuhl P, Amemiya M, Preisig PA, et al: Chronic hyperosmolality
increases NHE3 activity in OKP cells. J Clin Invest 101:170-177, 1998

9. Manning J, Beutler K, Knepper MA, et al: Upregulation of renal BSC1
and TSC in prenatally programmed hypertension. Am J Physiol 283:
F202-F206, 2002

0. Curhan GC, Chertow GM, Willett WC, et al: Birth weight and adult
hypertension and obesity in women. Circulation 94:1310-1315, 1996

1. Manning J, Vehaskari VM: Low birth weight-associated adult hyperten-
sion in the rat. Pediatr Nephrol 16:417-422, 2001

2. Brenner BM, Chertow GM: Congenital oligonephropathy and the eti-
ology of adult hypertension and progressive renal injury. Am J Kidney
Dis 23:171-175, 1994

3. Greger R: Ion transport mechanisms in thick ascending limb of Henle’
loop of mammalian nephron. Physiol Rev 65:760-795, 1985

4. Wright FS, Schnermann J: Interference with feedback control of glo-
merular filtration rate by furosemide, triflocin and cyanide. J Clin In-
vest 53:1695-1708, 1974

5. Calo L, Davis PA, Semplicini A: Control of vascular tone in the syn-
dromes of Bartter and Gitelman. Crit Rev Clin Lab Sci 37:503-522,
2000

6. Takahashi N, Chernavvsky DR, Gomez RA, et al: Uncompensated poly-
uria in a mouse model of Bartter’s syndrome. Proc Natl Acad Sci U S A
97:5434-5439, 2000

7. Bleich M, Schlatter E, Greger R: The luminal K� channel of the thick
ascending limb of Henle’s loop. Pflugers Arch 415:449-460, 1990

8. Steinmeyer K, Jentsch TJ: Molecular physiology of renal chloride chan-
nels. Curr Opin Nephrol Hypertens 7:497-502, 1998

9. Hoagland KM, Flasch AK, Dahly-Vernon AJ, et al: Elevated BSC-1 and
ROMK Expression in Dahl Salt-Sensitive Rat Kidneys. Hypertension
43:1-6, 2004.

0. Ito O Roman RJ. Role of 20-HETE in elevating chloride transport in the
thick ascending limb of Dahl SS/Jr rats. Hypertension 33:419-423,
1999

1. Simon DB, Lifton RP: Mutations in Na(K)Cl transporters in Gitelman’s
and Bartter’s syndromes. Curr Opin Cell Biol 10:450-454, 1998

2. Bartter FC, Pronove P, Gill JR Jr, et al: Hyperplasia of the juxtaglomer-
ular complex with hyperaldosteronism and hypokalemic alkalosis. A
new syndrome. Am J Med 33:811-828, 1962
3. Estevez R, Boettger T, Stein V, et al: Barttin is a Cl- channel beta-subunit



3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

5

5

5

6

424 G. Capasso et al
crucial for renal Cl- reabsorption and inner ear K� secretion. Nature
414:558-561, 2001

4. Birkenhager R, Otto E, Schurmann MJ, et al: Mutation of BSND causes
Bartter syndrome with sensorineural deafness and kidney failure. Nat
Genet 29:310-314, 2001

5. Ellison DH, Velazquez H, Wright FS: Thiazide-sensitive sodium chlo-
ride cotransport in early distal tubule. Am J Physiol 253:F546-F554,
1987

6. Beaumont K, Vaughn DA, Casto R, et al: Thiazide diuretic receptors in
spontaneously hypertensive rats and 2-kidney 1-clip hypertensive rats.
Clin Exp Hypertens 12:215-226, 1990

7. Fanestil DD, Vaughn DA, Hyde RH, et al: Genetic control of renal
thiazide receptor response to dietary NaCl and hypertension. Am J
Physiol 276:R901-R904, 1999

8. Moreno G, Bobadilla NA, Gonzalez-Salazar J, et al: Thiazide-sensitive
cotransporter mRNA expression is not altered in three models of hy-
pertension. Kidney Blood Press Res 24:57-63, 2001

9. Gordon RD, Geddes RA, Pawsey CG, et al: Hypertension and severe
hyperkalaemia associated with suppression of renin and aldosterone
and completely reversed by dietary sodium restriction. Australas Ann
Med 19:287-294, 1970

0. Mansfield TA, Simon DB, Farfel Z, et al: Multilocus linkage of familial
hyperkalaemia and hypertension, pseudohypoaldosteronism type II, to
chromosomes 1q31-42 and 17p11-q21. Nat Genet 16:202-205, 1997

1. Disse-Nicodeme S, Achard JM, Desitter I, et al: A new locus on chro-
mosome 12p13.3 for pseudohypoaldosteronism type II, an autosomal
dominant form of hypertension. Am J Hum Genet 67:302-310, 2000

2. Kahle KT, Wilson FH, Lifton RP: Regulation of diverse ion transport
pathways by WNK4 kinase: a molecular switch. Trends Endocrinol
Metab 16(3):98-103, 2005

3. Wilson FH, Disse-Nicodeme S, Choate KA, et al: Human hypertension
caused by mutations in WNK kinases. Science 293:1107-1112, 2001

4. Yang CL, Angell J, Mitchell R, et al: WNK kinases regulate thiazide-
sensitive Na-Cl cotransport. J Clin Invest 111:1039-1045, 2003

5. Wilson FH, Kahle KT, Sabath E, et al: Molecular pathogenesis of inher-
ited hypertension with hyperkalemia: The Na-Cl cotransporter is in-
hibited by wild-type but not mutant WNK4. Proc Natl Acad Sci U S A
100:680-684, 2003

6. Canessa CM, Horisberger J, Schild L, et al: Expression cloning of the
epithelial sodium channel. Kidney Int 48:950-955, 1995
7. Canessa CM, Schild L, Buell G, et al: Amiloride-sensitive epithelial Na�
channel is made of three homologous subunits. Nature 367:463-467,
1994

8. Awayda MS, Tousson A, Benos DJ: Regulation of a cloned epithelial
Na� channel by its beta- and gamma-subunits. Am J Physiol 273:
C1889-C1899, 1997

9. Hummler E, Barker P, Gatzy J, et al: Early death due to defective
neonatal lung liquid clearance in alpha-ENaC-deficient mice. Nat
Genet 12:325-328, 1996

0. Masilamani S, Kim GH, Mitchell C, et al: Aldosterone-mediated regu-
lation of ENaC alpha, beta, and gamma subunit proteins in rat kidney.
J Clin Invest 104:R19-R23, 1999

1. Ecelbarger CA, Kim GH, Terris J, et al: Vasopressin-mediated regula-
tion of epithelial sodium channel abundance in rat kidney. Am J Physiol
279:F46-F53, 2000

2. Hager H, Kwon TH, Vinnikova AK, et al: Immunocytochemical and
immunoelectron microscopic localization of alpha- beta-, and gamma-
ENaC in rat kidney. Am J Physiol 280:F1093-F1106, 2001

3. Rossier BC: Negative regulators of sodium transport in the kidney: Key
factors in understanding salt-sensitive hypertension? J Clin Invest 111:
947-950, 2003

4. Pradervand S, Wang Q, Burnier M, et al: A mouse model for Liddle’s
syndrome. J Am Soc Nephrol 10:2527-2533, 1999

5. Bianchi G, Fox U, Di Francesco GF, et al: Blood pressure changes
produced by kidney cross-transplantation between spontaneously hy-
pertensive rats and normotensive rats. Clin Sci Mol Med 47:435-448,
1974

6. Bianchi G, Ferrari P, Salvati P, et al: A renal abnormality in the Milan
hypertensive strain of rats and in humans predisposed to essential
hypertension. J Hypertens Suppl 4:S33-S36, 1986

7. Melzi ML, Syren ML, Assael BM, et al: Increased renal tubular Na-K-
ATPase activity in Milan hypertensive rats in the prehypertensive pe-
riod. Pediatr Nephrol 5:700-703, 1991

8. Capasso G, Rizzo M, Evangelista C, et al: Altered expression of the renal
apical plasma membrane Na� transporters in the early phase of genetic
hypertension. Am J Physiol 288:F1173-F1182, 2005

9. Rizzo M, Cantone A, Ferrari P, et al: Quantification of gene expression
of the sodium transporters NHE3, NKCC2 and NCC along the tubular
nephron segments: Their role in the maintenance of genetic hyperten-
sion. Nephrol Dial Transplant 18:W150, 2003 (suppl 4)

0. Song J, Knepper MA, Verbalis JG, et al: Increased renal ENaC subunit
and sodium transporter abundances in streptozotocin-induced type 1

diabetes. Am J Physiol 285:F1125-F1137, 2003


	Channels, Carriers, and Pumps in the Pathogenesis of Sodium-Sensitive Hypertension
	Na   -H   Exchanger Family
	Na   -K   -2Cl   Cotransporter
	Na   -Cl   Cotransporter
	Sodium Channels
	Sodium Transporters in the Milan Hypertensive Rats
	References


