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SODIUM AND CHLORIDE TRANSPORT

Daily sodium (Na') intake for adults in the United States
is approximately 180 mmol (4.2 g) for men and 150 mmol
(3.5 g) for women (https://www.cdc.gov/nchs/nhanes/
wweia.htm). As Na® is the principal osmole in extracellular
fluid, the total body content of Na* and chloride (CI'), its
primary anion, determine the extracellular fluid volume.
Renal excretion or retention of salt (Na™Cl") is thus the
major determinant of the extracellular fluid volume, such
that genetic loss- or gain-offunction in renal Na™Cl" transport
can be associated with relative hypotension or hyperten-
sion, respectively. On a quantitative level, at a glomerular
filtration rate (GFR) of 180 L/day and serum Na* of about
140 mmol/L, the kidney filters some 25,000 mmol/day of
Na'; this is equivalent to about 1.5 kg of salt, which would
occupy roughly 10 times the extracellular space." Minute
changes in renal Na™-Cl™ excretion can thus have massive
effects on the extracellular fluid volume. In addition, 99.6%
of filtered Na™-Cl- must be reabsorbed to excrete 140 mmol/L
per day. Energetically, this renal absorption of Na* consumes 1
molecule of adenosine triphosphate (ATP) per five molecules
of Na*.! This is gratifyingly economical, given that the absorp-
tion of Na*Cl” is primarily, but not exclusively, driven by
basolateral Na*-K*-ATPase, which has a stoichiometry of three
molecules of transported Na' per molecule of ATP.”> This
estimate reflects a net expenditure, however, because the
cost of transepithelial Na™ClI” transport varies considerably
along the nephron, from a predominance of passive trans-
port by thin ascending limbs to the purely active transport
mediated by the “aldosterone-sensitive distal nephron” (distal
convoluted tubule [DCT], connecting tubule [CNT], and
collecting duct).

As much as 60% to 70% of filtered Na*-Cl™ is reabsorbed
along the proximal tubule (PT), and approximately 25% along
the thick ascending limb (TAL; Fig. 6.1). Whereas the PT
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can theoretically absorb as much as nine Na” molecules for
each hydrolyzed ATP, paracellular Na* transport by the TAL
doubles the efficiency of transepithelial Na™-CI™ transport (six
Na" molecules per ATP)."” By the time filtered fluid reaches
the macula densa, more than 90% of filtered Na* has been
reabsorbed," a percentage that varies only slightly, when dietary
NaCl intake ranges from very low to very high.” Thus the
terminal segments of the nephron, while reabsorbing only
5% to 10% of filtered Na*, are a primary site of transport
regulation. Here, renal Na*-Cl™ absorption occurs at full cost
(3 Na' per ATP) in the aldosterone-sensitive distal nephron
while affording the generation of considerable transepithelial
gradients.'

The nephron thus constitutes a serial arrangement of
tubule segments with considerable heterogeneity in the
physiologic consequences, mechanisms, and regulation of
transepithelial Na™-Cl” transport. These issues will be reviewed
in this section in anatomic order.

PROXIMAL TUBULE

A primary function of the renal PT is the near-isosmotic
reabsorption of two-thirds to three-quarters of the glomerular
ultrafiltrate. This encompasses the reabsorption of at least
60% of filtered Na* with accompanying anions (Fig. 6.1),
such that this nephron segment plays a critical role in the
maintenance of extracellular fluid volume. Although all
segments of the PT share the ability to transport a variety
of inorganic and organic solutes, there are considerable
differences in the transport characteristics and capacity of
early, mid, and late segments of the PT. There is thus a
gradual reduction in the volume of transported fluid and
solutes as one proceeds along the proximal nephron. This
corresponds to distinct ultrastructural characteristics in the
tubular epithelium, moving from the S1 segment (early
proximal convoluted tubule [PCT]) to the S2 segment (late
PCT and beginning of the proximal straight tubule) and the
S3 segment (remainder of the proximal straight tubule).
Cells of the S1 segment are thus characterized by a tall brush
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Fig. 6.1 Percentage reabsorption of filtered Na*-Cl~ along the

euvolemic nephron. ALH, Thin ascending limb of the loop of Henle;
CCD, cortical collecting duct; DCT, distal convoluted tubule; DLH,
descending thin limb of the loop of Henle; IMCD, inner medullary
collecting duct; OMCD, outer medullary collecting duct; PCT, proximal
convoluted tubule; PST, proximal straight tubule; TALH, thick ascending
limb of the loop of Henle. (From Moe OW, Baum M, Berry CA, Rector
Jr FC. Renal transport of glucose, amino acids, sodium, chloride, and
water. In: Brenner BM, ed. Brenner and Rector’s the Kidney. Philadelphia:
WB Saunders; 2004:413-452.)

border, with extensive lateral invaginations of the basolateral
membrane.” Numerous elongated mitochondria are located
in lateral cell processes, with a proximity to the plasma
membrane that is characteristic of epithelial cells involved
in active transport. Ultrastructure of the S2 segment is similar,
albeit with a shorter brush border, fewer lateral invaginations,
and less prominent mitochondria. In epithelial cells of the
S3 segment, lateral cell processes and invaginations are
essentially absent, with small mitochondria that are randomly
distributed within the cell.” The extensive brush border of
proximal tubular cells serves to amplify the apical cell surface
that is available for reabsorption; again, this amplification
is axially distributed, increasing the apical area 36-fold in
S1 and 15-fold in S3.” At the functional level, bicarbonate
reabsorption rates decline by at least 80% between the first and
last portions of the PT, whereas CI” reabsorption declines by
approximately 50%."

There is also considerable axial heterogeneity in the
quantitative capacity of the proximal nephron for organic
solutes such as glucose and amino acids, with predominant
reabsorption of these substrates in S1 segments.” The Na'-
dependent reabsorption of glucose, amino acids, and other
solutes in S1 segments results in a transepithelial potential
difference (PD) that is initially lumen negative due to elec-
trogenic removal of Na* from the lumen (Fig. 6.2)." This is
classically considered the first phase of volume reabsorption
by the PT."" The lumen-negative PD serves to drive both
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Fig. 6.2 Reabsorption of solutes along the proximal tubule in relation
to the transepithelial potential difference (PD). Osm, Osmolality; TF/P,
ratio of tubule fluid to plasma concentration. (From Rector Jr FC.
Sodium, bicarbonate, and chloride absorption by the proximal tubule.
Am J Physiol. 1983;244:F461-F471.)

paracellular CI™ absorption and a backleak of Na* from the
peritubular space to the lumen. Paracellular CI™ absorption
in this setting accomplishes the net transepithelial absorp-
tion of a solute such as glucose, along with equal amounts
of Na* and CI; by contrast, backleak of Na* leads only to
reabsorption of the organic solute, with no net transepithelial
transport of Na* or CI". The amount of CI” reabsorption
that is driven by this lumen-negative PD thus depends on
the relative permeability of the paracellular pathway to
Na® and CI'. There appears to be considerable heteroge-
neity in the relative paracellular permeability to Na™ and
CI; for example, whereas superficial PCTs and proximal
straight tubules in the rabbit are Cl” selective, juxtamed-
ullary PTs in this species are reportedly Na" selective.'*"
Regardless, the component of paracellular CI” transport
that is driven by this lumen-negative PD is restricted to the
very early PT.

The second phase of volume reabsorption by the PT is
dominated by Na'™-Cl™ reabsorption via paracellular and
transcellular pathways.'' In addition to the Na'-dependent
reabsorption of organic solutes, the early PT has a much
higher capacity for HCO;~ absorption via the coupling of
apical Na™-H" exchange, carbonic anhydrase, and basolateral
Na*~-HCO;~ cotransport."’ As the luminal concentrations of
HCOs;™ and other solutes begin to drop, the concentration
of Na'™-Cl rises to a value greater than that of the peritubular
space." This is accompanied by a reversal of the lumen-
negative PD to a lumen-positive value generated by passive
Cl™ diffusion (Fig. 6.2)." This lumen-positive PD serves
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to drive paracellular Na™ transport, whereas the chemical
gradient between the lumen and peritubular space provides
the driving force for paracellular reabsorption of CI". This
passive paracellular pathway is thought to mediate about
40% of transepithelial Na™CI” reabsorption by the mid to late
PT."? Of note, however, there may be heterogeneity in the
relative importance of this paracellular pathway, with evidence
that active (i.e., transcellular) reabsorption predominates
in PCTs from juxtamedullary versus superficial nephrons.'®
Regardless, the combination of passive and active transport
of Na™Cl™ explains how the PT is able to reabsorb about
60% of filtered Na'-Cl", despite Na'-K"-ATPase activity that is
considerably lower than that of distal segments of the nephron
(Fig. 6.3)."

The transcellular component of Na™-Cl™ reabsorption
initially emerged from studies of the effect of cyanide,
ouabain, luminal anion transport inhibitors, cooling, and
luminal-peritubular K* removal.'' For example, the luminal
addition of SITS (4-acetamido-4-isothiocyanostilbene-2,2"-
disulfonic acid), an inhibitor of anion transporters, reduces
volume reabsorption of PCTs perfused with a high CI", low
HCOj; solution that mimics the luminal composition of the
late PT; this occurs in the absence of an effect on carbonic
anhydrase." This transcellular component of Na*-CI” reabsorp-
tion is clearly electroneutral. For example, in the absence of
anion gradients across the perfused PT, there is no change in
transepithelial PD after the inhibition of active transport by
ouabain, despite a marked reduction in volume reabsorption.'®

Transcellular Na™Cl™ reabsorption is accomplished by the
coupling of luminal Na™-H* exchange or Na"-SO,* cotransport
with a heterogeneous population of anion exchangers, as
reviewed later.

PARACELLULAR NA*-CL- TRANSPORT

A number of factors serve to optimize the conditions for
paracellular Na™CI™ transport by the mid to late PT. First,
the PT is a low-resistance, so-called leaky epithelium, with
tight junctions that are highly permeable to both Na* and
CI"."*" Second, these tight junctions are preferentially perme-
able to CI" over HCOy, a feature that helps generate the
lumen-positive PD in the mid to late PT." Third, the increase
in luminal Na™Cl™ concentrations in the mid to late PT
generates a chemical driving force for paracellular reabsorp-
tion of CI"."" This increase in luminal Na™-Cl" is the direct
result of the robust reabsorption of HCO;™ and other solutes
by the early S1 segment, combined with the isosmotic reab-
sorption of filtered water.”"

A highly permeable paracellular pathway is a consistent
feature of epithelia that function in the near-isosmolar
reabsorption of Na*-ClI', including the small intestine, PT,
and gallbladder. Morphologically, the apical tight junction
of proximal tubular cells and other leaky epithelia is consider-
ably less complex than that of tight epithelia. Freeze-fracture
microscopy thus reveals that the tight junction of proximal
tubular cells is comparatively shallow, with as few as one
junctional strand (Fig. 6.4); by contrast, high-resistance
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Fig. 6.3 Distribution of Na'™-K*-ATPase activity along the nephron. CCD, Cortical collecting duct; cTAL, cortical thick ascending limb; DCT,
distal convoluted tubule; MCD, medullary collecting duct; mTAL, medullary thick ascending limb; PCT, proximal convoluted tubule; PST, proximal
straight tubule; tAL, thin ascending limb of the loop of Henle; tDL, descending thin limb of the loop of Henle. (From Katz Al, Doucet A, Morel
F. Na-K-ATPase activity along the rabbit, rat, and mouse nephron. Am J Physiol. 1979;237:F114-F120.)
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Fig. 6.4 Freeze-fracture electron microscopy images of tight junctions
in mouse proximal and distal nephron. (A) Proximal convoluted tubule,
a “leaky” epithelium; the tight junction contains only one junctional
strand, seen as a groove in the fracture face (arrows). (B) Distal
convoluted tubule, a “tight” epithelium. The tight junction is deeper
and contains several anastamosing strands, seen as grooves in the
fracture face. (From Claude P, Goodenough DA. Fracture faces of zonulae
occludentes from “tight” and “leaky” epithelia. J Cell Biol. 1973;58:
390-400.)

epithelia have deeper tight junctions, with a complex and
extensive network of junctional strands.”’ At the functional
level, tight junctions of epithelia function as charge- and
size-selective paracellular tight junction channels, physiologic
characteristics that are thought to be conferred by integral
membrane proteins that cluster together at the tight junction.
Changes in the expression of these proteins can have marked
effects on permeability without affecting the number of
junctional strands.'**"** In particular, the charge and size
selectivity of tight junctions appears to be conferred in large
part by the claudins, a large (>20) gene family of tetraspan
transmembrane proteins,” > one of which was recently
crystallized.” The repertoire of claudins expressed by proximal
tubular epithelial cells may thus determine the high paracel-
lular permeability of this nephron segment. At a minimum,
proximal tubular cells coexpress claudin-2, claudin-10, and
claudin-17."+%7%

The robust expression of claudin-2 in the PT is of particular
interest because this claudin can dramatically decrease the
resistance of transfected epithelial cells.”” Overexpression of
claudin-2, but not claudin-10, also increases Na*-dependent
water flux in epithelial cell lines, suggesting that claudin-2
directly modulates paracellular water permeability.”’ Consistent
with this cellular phenotype, targeted deletion of claudin-2
in mice generates a tight epithelium in the PT, with a reduc-
tion in Na*, CI, and fluid absorption.”” Loss of claudin-2
expression does not affect the ultrastructure of tight junctions,
but leads to a reduction in paracellular cation permeability
and secondary reduction in transepithelial CI” transport.”

This action enhances the energy efficiency of proximal solute
reabsorption. Although reabsorption is lower in claudin-2
knockout mice, overall sodium handling is normal because
solute transport is increased along more distal segments.
This requirement for more transcellular solute transport
along the loop of Henle contributes to lower medullary oxygen
tension, and increased susceptibility to renal ischemia.”
Terminal differentiation of proximal tubular claudin-2 expres-
sion requires the integrin B;-subunit, such that deletion of
this protein in mice converts the PT to a tight epithelium
expressing low levels of claudin-2.”

The molecular identification of anion-selective claudins
in the PT has lagged, but claudin-17 has been shown to
generate a predominantly anion-selective paracellular con-
ductance in Madin-Darby canine kidney (MDCK) C7 cells,
whereas knockdown of the protein was able to reverse a
predominantly cation-selective LLC-PK(1) epithelial cell line
to an anion-selective cell line.” Claudin-17 is expressed along
the PT, suggesting a significant role in paracellular chloride
absorption by this nephron segment. Recently, it has been
suggested that a form of claudin-10, claudin-10a, is another
anion-selective paracellular pathway along the PT.”

The reabsorption of HCO;™ and other solutes from the
glomerular ultrafiltrate would be expected to generate an
osmotic gradient across the epithelium, resulting in a hypo-
tonic lumen. This appears to be the case, although the
absolute difference in osmolality between the lumen and
peritubular space has been a source of considerable contro-
versy."” Another controversial issue has been the relative
importance of paracellular versus transcellular water transport
from this hypotonic lumen. These issues have been elegantly
addressed through characterization of knockout mice with
a targeted deletion of aquaporin-1, a water channel protein
expressed at the apical and basolateral membranes of the
PT. Mice deficient in aquaporin-1 have an 80% reduction
in water permeability in perfused S2 segments, with a 50%
reduction in transepithelial fluid transport.” Aquaporin-1
deficiency also results in a marked increase in luminal
hypotonicity, providing definitive proof that near-isosmotic
reabsorption by the PT requires transepithelial water transport
via aquaporin-1." The residual water transport in the PTs of
aquaporin-1 knockout mice is mediated in part by aquaporin-7
and/or by claudin-2-dependent paracellular water trans-
port.””” Combined knockout of aquaporin-1 and claudin-2
in mice demonstrates sustained PT water reabsorption (25%
of wild type), suggestive of compensation from other path-
ways.” Alternative pathways for water reabsorption may include
cotransport of HyO via the multiple Na*-dependent solute
transporters in the early PT; this novel hypothesis is, however,
a source of considerable controversy.”” A related issue is
the relative importance of diffusional versus convective
(solvent drag) transport of Na'-Cl™ across the paracellular
tight junction; convective transport of Na'-Cl~ with water
would seem to play a lesser role than diffusion, given the
evidence that the transcellular pathway is the dominant
transepithelial pathway for water in the PT.'*'%**%

TRANSCELLULAR NA*-CL~ TRANSPORT
Apical Mechanisms

Apical Na™-H" exchange plays a critical role in the transcellular
and paracellular reabsorption of Na*-Cl” by the PT. In addition
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to providing an entry site in the transcellular transport of
Na’, Na™-H" exchange plays a dominant role in the functional
“absorption” of HCO;™ by the early PT (HCO; does not
actually move across the apical membrane, but rather is
generated within cells together with H*); as the movement
of Na* and HCOys™ drives osmotic water movement, it also
acts to increase the luminal concentration of CI°, which in
turn increases the driving forces for the passive paracellular
transport of CI".* Increases in luminal CI™ also help drive
the apical uptake of CI” during transcellular transport. Not
surprisingly, there is a considerable reduction in fluid
transport of perfused PTs exposed to concentrations of
amiloride that are sufficient to inhibit proximal tubular Na™-H"
exchange.]4

Na'"-H" exchange is predominantly mediated by the NHE
proteins, encoded by the nine members of the SLC9 gene
family; NHE3 in particular plays an important role in proximal
tubular physiology." The NHE3 protein is expressed at the
apical membrane of S1, S2, and S3 segments."' The apical
membrane of the PT also expresses alternative Na*-dependent
H" transporters, including NHE8.*** NHE8 predominates
over NHE3 in the neonatal PT, with subsequent induction
of NHE3 and downregulation of NHES8 in mature, adult
nephrons.”’ The primacy of NHE3 in mature PTs is illustrated

4

by the renal phenotype of NHE3 knockout mice, which have
a 62% reduction in proximal fluid absorption and a 54%
reduction in baseline chloride absorption.*”* A recent
study in which Nhe3 was disrupted specifically in the kidney
showed that it plays a role in maintaining blood pressure
at baseline, and plasma Na® in response to increased or
reduced dietary Na™-CI", with compensatory upregulation of
Na™CI” cotransporter (NCC) and epithelial Na® channel
(ENaC) occurring.43 The severe salt-wasting phenotype seen
in global Nhe3 knockout mice occurs due to its deletion in
intestine.

Much as amiloride and other inhibitors of Na™-H*
exchange have revealed an important role for this trans-
porter in transepithelial salt transport by the PT, evidence
for the involvement of an apical anion exchanger first
came from the use of anion transport inhibitors; DIDS
(4,4'-diisothiocyanostilbene-2,2’-disulfonic acid), furosemide,
and SITS all reduce fluid absorption from the lumen of PT
segments perfused with solutions containing Na*-Cl"."" In the
simplest arrangement for the coupling of Na*-H* exchange
to CI” exchange, CI” would be exchanged with the OH™ ion
during Na™-CI” transport (Fig. 6.5). Evidence for such a
CI'-OH™ exchanger was reported by a number of groups in
the early 1980s that used membrane vesicles isolated from
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Fig. 6.5 Transepithelial Na'-ClI~ transport in the proximal tubule. (A) In the simplest scheme, CI- enters the apical membrane via a ClI"-OH"~
exchanger, coupled to Na* entry via NHE3. (B) Alternative apical anion exchange activities that couple to Na*-H* exchange and Na*-SO,*" cotransport.

See text for details.
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the PT.*° These findings could not, however, be replicated in
similar studies from other groups."m’” Moreover, experimental
evidence was provided for the existence of a dominant CI-
formate exchange activity in brush border vesicles in the
absence of significant CI-OH™ exchange." It was postulated
that recycling of formate by the back diffusion of formic acid
would sustain the net transport of Na™Cl™ across the apical
membrane. Vesicle formate transport stimulated by a pH
gradient (H'-formate cotransport or formate-OH™ exchange)
is saturable, consistent with a carrier-mediated process rather
than diffusion of formic acid across the apical membrane
of the PT." Transport studies using brush border vesicles
have also detected the presence of Cl-oxalate exchange
mechanisms in the apical membrane of the PT, in addition
to SO, -oxalate exchange.”* Based on differences in the
affinities and inhibitor sensitivity of the Cl-oxalate and CI'-
formate exchange activities, it was suggested that there are
two separate apical exchangers in the proximal nephron, a
Cl-formate exchanger and a ClI"-formate-oxalate exchanger
capable of transporting both formate and oxalate (Fig. 6.5).
The physiological relevance of apical Cl-formate and
Cl-oxalate exchange has been addressed by perfusing
individual PT segments with solutions containing Na™Cl™ and
formate or oxalate. Both formate and oxalate significantly
increased fluid transport under these conditions in rabbit,
rat, and mouse PTs.* This increase in fluid transport was
inhibited by DIDS, suggesting involvement of the DIDS-
sensitive anion exchanger(s) detected in brush border vesicle
studies. A similar mechanism for Na™-Cl™ transport in the
DCT has also been detected, independent of thiazide-sensitive
Na*-Cl cotransport.”’ Further experiments have indicated
that the oxalate- and formate-dependent anion transporters
in the PT are coupled to distinct Na* entry pathways, to
Na'-SO,* cotransport and Na*-H" exchange, respectively.”
The coupling of Cl-oxalate transport to Na-SO,*" cotransport
requires the additional presence of SO,*-oxalate exchange,
which has been demonstrated in brush border membrane
vesicle studies.”” The obligatory role for NHE3 in formate-
stimulated CI” transport was illustrated using Nhe3 null mice,
in which the formate effect is abolished; as expected, oxalate
stimulation of CI” transport is preserved in the Nhe3 null
mice." Finally, tubular perfusion data from superficial and
juxtamedullary PCTs have suggested that there is heterogeneity
in the dominant mode of anion exchange along the PT, such
that ClI'-formate exchange is absent in juxtamedullary PCT,
in which CI-OH™ exchange may instead be dominant."*
The molecular identity of the apical anion exchanger(s)
involved in transepithelial Na™-Cl™ reabsorption by the PT
has been the object of almost 3 decades of investigation. A
key breakthrough was the observation that the SLC26A4
anion exchanger, also known as pendrin, is capable of CI-
formate exchange when expressed in Xenopus laevis oocytes.”
However, expression of SLC26A4 in the PT is minimal or
absent in several species, and formate-stimulated Na*™-Cl
transport in this nephron segment is unimpaired in Sle26a4
null mice.'* There is, however, robust expression of SLC26A4
in distal type B intercalated cells; the role of this exchanger
in CI” transport by the distal nephron is reviewed elsewhere
in this chapter (see the “Connecting Tubules and the Cortical
Collecting Duct: CI” Transport” section).™ Regardless, these
data for SLLC26A4 led to the identification and characterization
of SLC26A6, a widely expressed member of the SLC26 family

that is expressed at the apical membrane of proximal tubular
cells. Murine SLC26A6, when expressed in Xenopus oocytes,
mediates the multiple modes of anion exchange that have
been implicated in transepithelial Na*-Cl” by the PT, including
Cl-formate, CI-OH", CI-SO,*, and SO,*-oxalate exchange.”
However, tubule perfusion experiments in mice deficient in
SLC26A6 did not reveal a reduction in baseline CI™ or fluid
transport, indicative of considerable heterogeneity in apical
CI” transport by the PT.”® Candidates for the residual CI”
transport in SLC26A6-deficient mice include SLC26A7 and
SLC26A9, which are expressed at the apical membrane of
PTs; however, these members of the SLC26 family appear to
function as CI” channels rather than as exchangers.”
SLC26A2 may also contribute to apical anion exchange in
the PT.” It does, however, appear that SLC26A6 is the
dominant CI-oxalate exchanger of the proximal brush border;
the usual increase in tubular fluid transport induced by oxalate
is abolished in Slc26a6 knockout mice, with an attendant
loss of Cl-oxalate exchange in brush border membrane
vesicles.”™"!

Somewhat surprisingly, SLC26A6 mediates electrogenic
CI'-OH™ and CI'-HCOs™ exchange, and most if not all the
members of this family are electrogenic in at least one mode
of anion transport.'*****%>% This begs the question of how
the electroneutrality of transcellular Na™CI™ transport is
preserved. Notably, however, the stoichiometry and electro-
physiology of Cl™-base exchange differ for individual members
of the family; for example, SLC26A6 exchanges one CI” for
two HCOs™ anions, whereas SLC26A3 exchanges two Cl™ anions
for one HCO; anion.'*” Coexpression of two or more
electrogenic SLC26 exchangers in the same membrane may
thus yield a net electroneutrality of apical CI” exchange.
Alternatively, apical K channels in the PT may function to
stabilize membrane potential during Na™-Cl™ absorption.”*

Another puzzle is why Clformate exchange preferentially
couples to Na™-H" exchange mediated by NHE3 (Fig. 6.5),
without evident coupling of Cl™-oxalate exchange to Na™H"
exchange or Clformate exchange to Na*SO.2 cotransport;
it is evident that SLC26A6 is capable of mediating SO,
formate exchange, which would be necessary to support
coupling between Na™-SO,* cotransport and formate.**”
Scaffolding proteins may serve to cluster these different
transporters together in separate microdomains, leading to
preferential coupling. Notably, whereas both SLC26A6 and
NHE have been reported to bind to the scaffolding protein
PDZKI, distribution of SLC26A6 is selectively impaired in
Pdzk1 knockout mice.” Petrovic and colleagues have also
reported a novel activation of proximal Na*-H" exchange by
luminal formate, suggesting a direct effect of formate per
se on NHE3; this may in part explain the preferential coupling
of CI'formate exchange to NHE3."” Despite these intriguing
observations, the relative importance of transcellular versus
passive paracellular CI” reabsorption in the PT remains to
be established with certainty.

Basolateral Mechanisms

As in other absorptive epithelia, basolateral Na'-K"-ATPase
activity establishes the Na* gradient for transcellular Na'*-
CI” transport by the PT and provides a major exit pathway
for Na'. To preserve the electroneutrality of transcellular
Na™CI” transport, this exit of Na® across the basolateral
membrane must be balanced by an equal exit of CI"."* Several
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exit pathways for CI” have been identified in proximal tubular
cells, including K™-CI” cotransport, CI” channels, and various
modalities of CI-HCOj~ exchange (Fig. 6.5).

Several lines of evidence support the existence of a
swelling-activated basolateral K*-CI™ cotransporter (KCC) in
the PT."” The KCC proteins are encoded by four members
of the cation-chloride cotransporter gene family; Kccl, Kee3,
and Kce4 are all expressed in the kidney. In particular,
there is very heavy coexpression of KCC3 and KCC4 at the
basolateral membrane of the PT, from S1 to S3.°® At the
functional level, basolateral membrane vesicles from the
renal cortex reportedly contain K*-CI cotransport activity.””
The use of ion-sensitive microelectrodes, combined with
luminal charge injection and manipulation of bath K" and
CI', suggest the presence of an electroneutral KCC at the
basolateral membrane of proximal straight tubules. Increases
or decreases in basolateral K" increase or decrease intracellular
CI” activity, respectively, with reciprocal effects of basolateral
CI” on K" activity; these data are consistent with coupled
K*-CI” transport.ﬁ(”'m Notably, a 1-mmol/L concentration of
furosemide, sufficient to inhibit all four of the KCCs, does
not inhibit this K*-CI” cotransport under baseline conditions.”
However, only 10% of baseline K" efflux in the PT is mediated
by furosemide-sensitive K*-CI~ cotransport, which is likely
quiescent in the absence of cell swelling. Thus the activation of
apical Na™glucose transport in proximal tubular cells strongly
activates a barium-resistant (Ba®) K" efflux pathway that is 75%
inhibited by 1-mmol/L furosemide.”" In addition, a volume
regulatory decrease (VRD) in Ba**-blocked PTs swollen by
hypotonic conditions is blocked by 1-mmol/L furosemide.’
Cell swelling in response to apical Na* absorption is postu-
lated to activate a volume-sensitive basolateral KCC, which
participates in transepithelial absorption of Na*-CI".* Notably,
targeted deletion of Kcc3 and Kec4 in the respective knockout
mice reduces VRD in the PT.”” Furthermore, perfused PTs
from KCC3-deficient mice have a considerable reduction
in transepithelial fluid transport, suggesting an important
role for basolateral K™-CI” cotransport in transcellular Na™-CI”
reabsorption.”

The basolateral chloride conductance of mammalian
proximal tubular cells is relatively low, suggesting a lesser
role for CI” channels in transepithelial Na™Cl~ transport.
Basolateral anion substitutions have minimal effect on the
membrane potential, despite considerable effects on intracel-
lular CI” activity, nor for that matter do changes in basolateral
membrane potential affect intracellular CI".**""”* However,
as with basolateral K*-CI” cotransport, basolateral CI” channels
in the PT may be relatively inactive in the absence of cell
swelling. Cell swelling thus activates both K" and CI” channels
at the basolateral membranes of proximal tubular cells."*"
Seki and associates have reported the presence of a basolateral
CI” channel in S3 segments of the rabbit nephron, wherein
they did not see an effect of the KCC inhibitor H74 on
intracellular CI~ activity.77 The molecular identity of these
and other basolateral CI” channels in the proximal nephron
is not known with certainty, although S3 segments have
been shown to express messenger RNA (mRNA) exclusively
for the swelling-activated CLC-2 CI" channel; the role of
this channel in transcellular Na*Cl~ reabsorption is not as
yet clear.”

Finally, there is functional evidence for Na'-dependent
and Na*independent CI-HCO;~ exchange at the basolateral

membrane of proximal tubular cells."””*” The impact of
Na™independent CI'-HCO;~ exchange on basolateral exit is
thought to be minimal.” First, this exchanger is expected
to mediate CI” entry under physiologic conditions.” Second,
there is only a modest difference between the rate of decrease
in intracellular CI” activity and the combined removal of Na*
and CI” versus CI" and HCOjs', suggesting that pure CI-HCO;~
exchange does not contribute significantly to CI” exit. By
contrast, there is a 75% reduction in the rate of decrease in
intracellular CI” activity after the removal of basolateral Na*.”
The Na'-dependent CI-HCOj;~ exchanger may thus play a
considerable role in basolateral CI” exit, with recycled exit
of Na" and HCOjs™ via the basolateral Na™-HCOs~ cotransporter
NBC1 (Fig. 6.5). The molecular identity of this proximal
tubular Na*-dependent CI'-HCO;~ exchanger is not as yet
known.

REGULATION OF PROXIMAL TUBULAR
NA*-CL™ TRANSPORT

Glomerulotubular Balance

A fundamental property of the kidney is the phenomenon
of glomerulotubular balance, wherein changes in the GFR
are offset by changes in tubular reabsorption, thus maintaining
a constant fractional reabsorption of fluid and Na™-Cl™ (Fig.
6.6). Although the distal nephron is capable of adjusting
reabsorption in response to changes in tubular flow, the
impact of GFR on Na'™-CI" reabsorption by the PT is particularly
pronounced (Fig. 6.7).*” Glomerulotubular balance is inde-
pendent of direct neuronal and systemic hormonal control,
and is thought to be mediated by the additive effects of
luminal and peritubular factors.”

Until recently, there was some controversy regarding the
role of luminal factors in glomerulotubular balance because
experiments performed using isolated rabbit PTs failed to
demonstrate a significant effect of tubular flow on fluid
absorption.” This issue has largely been resolved, however,
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Fig. 6.6 Glomerulotubular balance. The tubular fluid-to-plasma ratio
of the nonreabsorbable marker, inulin (TF/P inulin), at the end of the
proximal tubule, which is used as a measure of fractional water
absorption by the proximal tubule, does not change as a function of
single-nephron glomerular filtration rate. Measurements were done
during antidiuresis (triangles) and water diuresis (circles). (From
Schnermann J, Wahl M, Liebau G, Fischbach H. Balance between tubular
flow rate and net fluid reabsorption in the proximal convolution of the
rat kidney. I. Dependency of reabsorptive net fluid flux upon proximal
tubular surface area at spontaneous variations of filtration rate. Pflugers
Arch. 1968;304:90-103.)
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with clear evidence that fluid shear stress (FSS) increases
solute and water absorption.”” Du and coworkers reported
linear flow dependence of fluid and HCO;™ transport in
isolated perfused murine PTs (Fig. 6.8),"% mediated by NHE3
and the H*-ATPase, as discussed later. These data were
analyzed using a mathematical model that estimated microvil-
lus torque as a function of tubular flow; accounting for
increases in tubular diameter, which reduce torque, there is
a linear relationship between calculated torque and fluid
and HCOjy™ absorption.”"* Consistent with an effect of torque
rather than flow per se, increasing viscosity of the perfusate
by the addition of dextran increases the effect on fluid
transport; the extra viscosity increases the hydrodynamic
effect of flow and thus increases torque. The mathematical
analysis of Du and associates provides an excellent explanation
of the discrepancy between their results and those of Burg
and Orloff.*” Whereas Burg and Orloff performed their
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Fig. 6.7 Glomerulotubular balance. Shown is the linear increase in
absolute fluid reabsorption by the late proximal tubule as a function
of single-nephron glomerular filtration rate (SNGFR). (From Spitzer A,
Brandis M. Functional and morphologic maturation of the superficial
nephrons. Relationship to total kidney function. J Clin Invest. 1974;53:
279-287.)
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experiments in rabbits, the more recent report used mice;
other studies that had found an effect of flow used perfusion
of rat PTs, presumably more similar to mouse than rabbit.****
Increased flow has a considerably greater effect on tubular
diameter in the rabbit PT, thus reducing the increase in
torque. Mathematical analysis of the rabbit data thus predicts
a 43% increase in torque due to a 41% increase in tubule
diameter at a threefold increase in flow; this corresponds to
the statistically insignificant 36% increase in volume reabsorp-
tion reported by Burg and Orloff.”

Pharmacologic inhibition reveals that tubular flow activates
proximal HCO;™ reabsorption mediated by NHE3 and apical
H*-ATPase.” The flow-dependent increase in proximal fluid
and HCOj reabsorption is also attenuated in NHE3-deficient
knockout mice.** Inhibition of the actin cytoskeleton with
cytochalasin D reduces the effect of flow on fluid and HCO5~
transport. This maneuver blocked the effects of flow on NHE3
and Na*/K"-ATPase, but not on H-ATPase. It also blocks the
effects of FSS on movement of these transporters to the
plasma membranes, suggesting that flow-dependent movement
of microvilli activates these transport proteins via their linkage
to the cytoskeleton (see Fig. 6.12 for NHE3).* FSS induces
densely distributed peripheral actin bands and increases the
formation of tight junctions and adherens junctions in
cultured tubule cells; this junctional buttressing is hypoth-
esized to maximize flow-activated transcellular salt and water
absorption.*

The roles of dopamine, angiotensin II (Ang II), and calcium
on FSS-induced sodium and bicarbonate transport have been
examined. Luminal dopamine completely inhibited the
flow-induced increase in Na* transport,sz with the major effects
being mediated through the D, receptor. Deletion of AT,
receptors in mice also abrogated flow-induced increments
in Na* transport,”” but these effects may be related to the
profound basal reductions in NHE3 activity. When AT,
receptor blockers are employed, flow-induced Na* transport
remained.””* Intracellular activation of IP3 through a local
calcium signal may mediate the effects of flow on NHE3
activity, although increased calcium influx does not appear
to play a role.” Flow and torque were not found to have any
effects on chloride absorption, suggesting no convective flow
of chloride through the paracellular pathway.
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Fig. 6.8 Glomerulotubular balance; flow-dependent increases in fluid (J,) and HCOj;™ (Jucos) absorption by perfused mouse proximal tubules.
Absorption also increases when bath albumin concentration increases from 2.5 to 5 g/dL. (From Du Z, Yan Q, Duan Y, et al. Axial flow modulates
proximal tubule NHE3 and H-ATPase activities by changing microvillus bending moments. Am J Physiol Renal Physiol. 2006;290:F289-F296.)
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Another mechanism for glomerulotubular balance operat-
ing from the luminal side involves limiting solute concentra-
tion. Solutes, such as bicarbonate, amino acids, and glucose,
that are reabsorbed coupled to sodium will be depleted earlier
along the PT when flow is low, thereby limiting reabsorption
rates along the segment as a whole.”

Peritubular factors also play an important additive role in
glomerulotubular balance, perhaps accounting for the dif-
ficulties in documenting flow-induced alterations using
isolated rabbit PTs. Specifically, increases in GFR result in
an increase in filtration fraction and an attendant increase
in postglomerular protein and peritubular oncotic pressure.
It has long been appreciated that changes in peritubular
protein concentration have important effects on proximal
tubular Na'-Cl™ reabsorption; these effects are also seen in
combined capillary and tubular perfusion experiments.*"”'
Peritubular protein also has an effect in isolated perfused
PT segments, where the effect of hydrostatic pressure is
abolished.” Increases in peritubular protein concentration
have an additive effect on the flow-dependent activation of
proximal fluid and HCOs™ absorption (Fig. 6.8). The effect
of peritubular protein on HCO; absorption, which is a
predominantly transcellular phenomenon, suggests that
changes in peritubular oncotic pressure do not affect transport
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via the paracellular pathway.]4 However, the mechanism of
the stimulatory effect of peritubular protein on transcellular
transport is still not completely clear.”' There are also changes
in absorption that correlate with changes in peritubular
hydrostatic pressure, as occurs during expansion or contrac-
tion of the extracellular fluid volume.”

Neurohumoral Influences

Fluid and Na™-Cl™ reabsorption by the PT are affected by
a number of hormones and neurotransmitters. The major
hormonal influences on renal Na*-Cl™ transport are shown in
Fig. 6.9. Renal sympathetic tone exerts a particularly important
stimulatory influence, as does Ang II; dopamine is a major
inhibitor of proximal tubular Na*-Cl™ reabsorption.
Unilateral denervation of the rat kidney causes a marked
natriuresis and a 40% reduction in proximal Na'-Cl™ reabsorp-
tion, without effects on single-nephron GFR or on the
contralateral innervated kidney.” By contrast, low-frequency
electrical stimulation of renal sympathetic nerves increases
proximal tubular fluid absorption, with a 32% drop in
natriuresis and no change in GFR.” Basolateral epinephrine
and/or norepinephrine stimulate proximal Na*-Cl” reabsorp-
tion via both o- and B-adrenergic receptors. Several lines
of evidence suggest that oy-adrenergic receptors exert a

Cortex

-AVP CCD
-PTH
- B adr.
- Calcitonin - Insulin
- IG|UC|?90” - AVP
- Insulin
-GC <] ~MC

L WY - BK
- PGE, - o adr.
-ET - Dopamine
-BK -ET
- ANP/Urod. -PGE,
-PAF _ O} b ool
- Dopamine
- Ca2* - OMCD

—+— IMCD

Fig. 6.9 Neurohumoral influences on Na*-ClI~ absorption by the proximal tubule, thick ascending limb, and collecting duct. Factors that stimulate
(—) and inhibit (-) sodium reabsorption are as follows: ANG /I, Angiotensin Il (low and high referring to picomolar and micromolar concentrations,
respectively); ANP/Urod, atrial natriuretic peptide and urodilatin; AVP, arginine vasopressin; BK, bradykinin; CCD, cortical collecting duct; cTAL,
cortical thick ascending limb; ET, endothelin; GC, glucocorticoids; IMCD, inner medullary collecting duct; MC, mineralocorticoids; mTAL,
medullary thick ascending limb of the loop of Henle; OMCD, outer medullary collecting duct; PAF, platelet-activating factor; PCT, proximal
convoluted tubule; PGE,, prostaglandin E,; PST, proximal straight tubule; PTH, parathyroid hormone; a7 adr, o4-adrenergic agonist; § adr,
B-adrenergic agonist. (From Feraille E, Doucet A. Sodium-potassium-adenosine triphosphatase-dependent sodium transport in the kidney: hormonal

control. Physiol Rev. 2001;81:345-418.)
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stimulatory effect on proximal Na*CI™ transport via activation
of basolateral Na"-K*-ATPase and apical Na"-H" exchange;
the role of oy-adrenergic receptors is more controversial.”
Ligand-dependent recruitment of the scaffolding protein
NHE regulatory factor-1 (NHERF-1) by Bs-adrenergic receptors
results in direct activation of apical NHE3, bypassing the
otherwise negative effect of downstream cyclic adenosine
monophosphate (cAMP; see later).”” Ang II has potent
effects on proximal Na™-Cl™ reabsorption and therefore on
blood pressure. Genetic deletion of AT, receptors from PT
cells reduced proximal fluid reabsorption, lowered basal
blood pressure, shifted the pressure natriuresis, and attenuated
the hypertensive response to Ang II infused chronically.”
Although basal abundances of NHE3 and NaPi2 were similar
in PTs from control and knockout mice, the abundance of
NHE3 and NaPi2 was lower following Ang II infusion in mice
lacking AT}, suggesting that these effects are mediated, at
least in part, through these two prominent Na' transport
pathways.

Despite this clear stimulatory effect, it has also been
appreciated for 3 decades that Ang II has a bimodal (some-
times called “biphasic”) effect on the PT Na' transport in
rats, rabbits, and mice; stimulation of Na*-Cl~ reabsorption
occurs at 1072 to 107! M, whereas inhibition of Na*-Cl” reab-
sorption occurs at concentrations greater than 10”7 M (Fig.
6.10).°” Note, however, that plasma Ang II concentrations
typically do not exceed 10 M, even during pathological
states, such as 2 kidney/1 clip Goldblatt hypertension.™
Furthermore, this biphasic role of Ang II may not hold true
for all species, and in human PT samples, obtained during
nephrectomy, concentrations up to 10°M Ang II stimulate
Na™CI” reabsorption, primarily owing to a stimulatory effect
of the nitric oxide (NO)-cyclic guanosine monophosphate

16

i /I\
8

Change in ACna (mmol « kg—1)
o &
*\
.I

—12-1,
10-13

10-11 10-9 107 10-5
Angiotensin concentration (M)

Fig. 6.10 Biphasic effect of angiotensin Il (Ang Il) on Na* reabsorption
in microperfused proximal tubules. The steady-state transepithelial
Na* concentration gradient (peritubular-luminal), ACy,, that developed
in a stationary split droplet is used as an indication of the rate of
active Na* reabsorption. This is plotted as a function of peritubular
Ang Il concentration; low concentrations activate Na* absorption by
the proximal tubule, whereas higher concentrations inhibit it. (From
Harris PJ, Navar LG. Tubular transport responses to angiotensin. Am J
Physiol. 1985;248:F621-F630)

(cGMP) pathway on extracellular signal-regulated kinase
(ERK) phosphorylation.Em Although the plasma Ang II
concentration is typically below the inhibitory concentration,
it should be noted, as discussed further later, that the con-
centration of Ang Il in the lumen of the PT frequently exceeds
that in plasma, and thus plasma concentrations may not be
the sole determining factor. Given the substantial effects of
proximal AT, receptor deletion to reduce blood pressure
and shift the pressure natriuresis,” it seems likely that the
predominant effect of Ang II is stimulatory along the PT
under most physiological conditions.

Further complexity of Ang II signaling arises from the
presence of AT, receptors at both the luminal and basolateral
membranes in the PT.'" Ang II application to the luminal
or peritubular side of perfused tubules has a similar bimodal
effect on fluid transport, albeit with more potent effects at
the luminal side.'”' Traditionally, experiments using receptor
antagonists and knockout mice have indicated that the
stimulatory and inhibitory effects of Ang II are both mediated
via AT, receptors due to signaling at the luminal and baso-
lateral membranes.'”” However, other work has identified
that AT, receptors working through NO-cGMP pathway are
able to downregulate NHE3 and Na™-K™-ATPase, leading to
natriuresis and reduced blood pressure.'” Finally, Ang II is
also synthesized and secreted by the PT, exerting a potent
autocrine effect on proximal tubular Na*-Cl” reabsorption.'”*
Proximal tubular cells thus express mRNA for angiotensino-
gen, renin, and angiotensin-converting enzyme (ACE),”
allowing for the autocrine generation of Ang II. Indeed,
luminal concentrations of Ang II can be 100- to 1000-fold
higher than circulating levels of the hormone.”* Proximal
tubular and systemic synthesis of Ang II may be subject to
different control. In fact, intrarenal Ang II appears to stimulate
proximal Na*-CI” and fluid reabsorption even when dietary
salt intake is high, thereby helping to prevent rises in glo-
merular filtration from increasing late proximal flow.' Tt
should be recalled, however, that in this, as in many salt
loading studies in rodents, animals received 1% saline as
drinking solution. Thus the high salt load was accompanied
by free water deprivation, a circumstance shown recently to
lead to stress and inflammation.'"

The PT is also a target for natriuretic hormones; in par-
ticular, dopamine synthesized in the PT has negative autocrine
effects on proximal Na™CI” reabsorpt_ion.94 Proximal tubular
cells have the requisite enzymatic machinery for the synthesis
of dopamine, using L-dopa reabsorbed from the glomerular
ultrafiltrate. Dopamine synthesis by proximal tubular cells
and release into the tubular lumen are increased after volume
expansion or a high-salt diet, resulting in a considerable
natriuresis.'””'” Luminal dopamine antagonizes the stimula-
tory effect of epinephrine on volume absorption in perfused
PCTs, consistent with an autocrine effect of dopamine released
into the tubular lumen."””'"” Dopamine primarily exerts its
natriuretic effect via Dy-like dopamine receptors (D, and D;
in humans); as is the case for the AT, receptors for Ang II,
D, receptors are expressed at the apical and luminal mem-
branes of PTs.'""'"" Targeted deletion of the Dy, and Dj
receptors in mice leads to hypertension by mechanisms that
include reduced proximal tubular natriuresis."""'"* The
proximal tubular-specific deletion of aromatic amino acid
decarboxylase, which produces dopamine, generates mice
that are a vivid demonstration of the role of intrarenal
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dopamine. This intrarenal dopamine deficiency leads to
upregulation of sodium transporters along the nephron,
upregulation of the intrarenal renin-angiotensin axis,
decreased natriuresis in response to L-dopa, and reduced
medullary cyclooxygenase-2 (COX-2) expression, with reduced
urinary prostaglandin levels. These mice also exhibit salt-
sensitive hypertension and ultimately a significantly shorter
life span compared with wild type mice.'"”

The natriuretic effect of dopamine in the PT is modulated
by atrial natriuretic peptide (ANP), which inhibits apical
Na*™-H" exchange via a dopamine-dependent mechanism."*
ANP appears to induce recruitment of the D, dopamine
receptor to the plasma membrane of proximal tubular cells,
thus sensitizing the tubule to the effect of dopamine.'"" The
inhibitory effect of ANP on basolateral Na*-K*-ATPase occurs
via a D;-dependent mechanism, with a synergistic inhibition
of Na™-K*-ATPase by the two hormones.""" Furthermore,
dopamine and D, receptors appear to play critical permissive
roles in the in vivo natriuretic effect of ANP."

Finally, there is considerable crosstalk between the major
antinatriuretic and natriuretic influences on the PT. For
example, ANP inhibits Ang II-dependent stimulation of
proximal tubular fluid absorption, presumably via the
dopamine-dependent mechanisms discussed earlier."*'"”
Dopamine also decreases the expression of AT, receptors
for Ang Il in cultured proximal tubular cells.''® Furthermore,
the provision of 1-dopa in the drinking water of rats decreases
AT, receptor expression in the PT, suggesting that dopamine
synthesis in the PT resets the sensitivity to Ang I1.""° Ang II
signaling through AT, receptors decreases expression of the
D; dopamine receptor, whereas renal cortical expression of
AT, receptors is in turn increased in knockout mice deficient
in the Dy receptor.117 Similar interactions have been found
between proximal tubular AT, receptors and the Dylike Dy
receptor.'"®

Vehicle
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Regulation of Proximal Tubular Transporters

The apical Na™H" exchanger NHE3 and the basolateral
Na™-K"-ATPase are primary targets for signaling pathways
elicited by the various antinatriuretic and natriuretic stimuli
discussed earlier; NHE3 mediates the rate-limiting step in
transepithelial Na™CI” absorption and, as such, is the dominant
target for regulatory pathways.” NHES3 is regulated by the
combined effects of direct phosphorylation and dynamic,
carboxyl-terminal interaction with scaffolding proteins and
signal transduction proteins, which primarily regulate trans-
port via changes in trafficking of the exchanger protein to
and from the brush border membrane (Fig. 6.11).""""" Basal
activity of the exchanger is also dependent on carboxyl-terminal
binding of casein kinase 2 (CK2); phosphorylation of serine
719 by CK2 contributes significantly to the transport activity
of NHE3 by modulating membrane trafficking of the transport
protein.'”

Increases in cAMP have a profound inhibitory effect on
apical Na™-H" exchange in the PT. Intracellular cAMP is
increased in response to dopamine signaling via D;-like
receptors and/or parathyroid hormone (PTH)-dependent
signaling via the PTH receptor, whereas Ang II-dependent
activation of NHE3 is associated with a reduction in cAMP."”!
PTH is a potent inhibitor of NHE3, presumably so as to
promote the distal delivery of Na*-HCO;™ and an attendant
stimulation of distal calcium reabsorption.'*” The activation
of protein kinase A (PKA) by increased cAMP results in
direct phosphorylation of NHE3; although several sites in
NHE3 are phosphorylated by PKA, the phosphorylation of
serine 552 (SH52) and 605 (S605) has been specifically
implicated in the inhibitory effect of cAMP on Na™-H'
exchange.'” So-called phospho-specific antibodies, which
specifically recognize the phosphorylated forms of S552 and
5605, have demonstrated dopamine-dependent increases in
the phosphorylation of both these serines."”* Moreover,

Bath DA, 10-5 mol/L

Fig. 6.11

Effect of dopamine on trafficking of the Na*-H* exchanger NHES in the proximal tubule. Microdissected proximal convoluted tubules

were perfused for 30 minutes with 10> mol/L dopamine (DA), in the lumen or the bath, inducing a retraction of immunoreactive NHE3 protein
from the apical membrane. (From Bacic D, Kaissling B, McLeroy P, et al. Dopamine acutely decreases apical membrane Na/H exchanger NHE3

protein in mouse renal proximal tubule. Kidney Int. 2003;64:2133-2141.)
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immunostaining of rat kidney has revealed that S552-
phosphorylated NHE3 localizes at the coated pit region of
the brush border membrane, where the oligomerized inactive
form of NHE3 predominates."”*'* The cAMP-stimulated
phosphorylation of NHE3 by PKA thus results in a redistribu-
tion of the transporter from the microvillar membrane to
an inactive submicrovillar population (Fig. 6.11). Notably,
however, phosphorylation of these residues appears to be
necessary but not sufficient for regulation of NHE3.* A
number of regulators of NHE3, including gastrin and uro-
guanylin, have been found to exert a functional effect through
phosphorylation of S552 and/or S605."'*

The regulation of NHE3 by cAMP also requires the par-
ticipation of a family of homologous scaffolding proteins
that contain protein—protein interaction motifs known as
PDZ domains (named for the PSD95, Drosophila disc large,
and ZO-1 proteins in which these domains were first dis-
covered; Fig. 6.12). The first of these proteins, NHERF-1,
was purified as a cellular factor required for the inhibition
of NHE3 by PKA." NHERF-2 was in turn cloned by yeast
two-hybrid screens as a protein that interacts with the
carboxyl-terminus of NHE3; NHERF-1 and NHERF-2 have
very similar effects on the regulation of NHE3 in cultured
cells. The related protein PDZKI interacts with NHE3 and a
number of other epithelial transporters and is required for
expression of the anion exchanger SLC26A6 at brush border
membranes of the PT.®

NHERF-1 and NHERF-2 are both expressed in human
and mouse PT cells; NHERF-1 colocalizes with NHE3 in
microvilli of the brush border, whereas NHERF-2 is predomi-
nantly expressed at the base of microvilli in the vesicle-rich
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Fig. 6.12 Scaffolding protein NHERF (Na*-H" exchanger regulatory
factor) links the Na*-H* exchanger NHES3 to the cytoskeleton and
signaling proteins. NHERF binds to ezrin, which in turn links to protein
kinase A (PKA) and the actin cytoskeleton. NHERF also binds to SGK1
(serum- and glucocorticoid-regulated kinase 1), which activates NHES.
C, Catalytic; PDZ, domain named for the PSD95, Drosophila disc large
(Drosophila), and ZO-1 proteins; R, regulatory.

domain." The NHERFs assemble a multiprotein, dynamically
regulated signaling complex that includes NHE3 and several
other transport proteins. In addition to NHE3, they bind to
the actin-associated protein, ezrin, thus linking NHE3 to the
cytoskeleton; this linkage to the cytoskeleton may be particu-
larly important for the mechanical activation of NHE3 by
microvillar bending, as has been implicated in glomerulo-
tubular balance (see earlier discussion).*"**'*® Ezrin also
interacts directly with NHE3, binding to a separate binding
site within the carboxyl-terminus of the transport protein.'"”
Ezrin functions as an anchoring protein for PKA, bringing
PKA into close proximity with NHE3 and facilitating its
phosphorylation (Fig. 6.12)."* Analysis of knockout mice
for Nherf-1 has revealed that it is not required for baseline
activity of NHE3; as expected, however, it is required for
cAMP-dependent regulation of the exchanger by PTH.'*
One long-standing paradox has been that B-adrenergic
receptors, which increase cAMP in the PT, cause an activation
of apical Na*-H" exchange.”' This was resolved by the observa-
tion that the first PDZ domain of NHERF-1 interacts with
the Byadrenergic receptor in an agonist-dependent fashion;
this interaction serves to disrupt the interaction between the
second PDZ domain and NHE3, resulting in a stimulation
of the exchanger, despite the catecholamine-dependent
increase in cAMP.'*

As discussed earlier, at concentrations higher than 107 M
(Fig. 6.10), Ang II has an inhibitory effect on proximal tubular
Na*-Cl” absorption.”” This inhibition is dependent on the
activation of brush border phospholipase A, (PLA,), which
results in the liberation of arachidonic acid.'”’ Metabolism
of arachidonic acid by cytochrome P450 monooxygenases,
in turn, generates 20-hydroxyeicosatetraenoic acid (20-HETE)
and epoxyeicosatrienoic acids (EETS), compounds that inhibit
NHE3 and the basolateral Na*-K*ATPase.”"'* EETs and
20-HETE have also been implicated in the reduction in
proximal Na'™-Cl™ absorption that occurs during pressure
natriuresis, inhibiting Na™-K*-ATPase and retracting NHE3
from the brush border membrane.'”’

Antinatriuretic stimuli such as Ang II acutely increase the
expression of NHE3 at the apical membrane, at least in part
by inhibiting the generation of cAMP."”' Low-dose Ang II
0.1 nmol/L (107'* M) also increases exocytic insertion of
NHES3 into the plasma membrane via a mechanism that is
dependent on phosphatidylinositol-3-kinase (PI3K)."' Treat-
ment of rats with captopril thus results in a retraction of
NHE3 and associated proteins from the brush border of PT
cells."” Glucocorticoids also increase NHES activity due to
transcriptional induction of the Nhe3 gene and an acute
stimulation of exocytosis of the exchanger to the plasma
membrane.”’ Glucocorticoid-dependent exocytosis of NHE3
appears to require NHERF-2, which acts in this context as a
scaffolding protein for the glucocorticoid-induced serine-
threonine kinase SGKI1 (see the “Regulation of Na™Cl™ Trans-
portin the Connecting Tubule and Cortical Collecting Duct:
Aldosterone” section).'® The acute effect of dexamethasone
has thus been shown to require direct phosphorylation of
serine 663 in the NHE3 protein by SGK1.""*

Finally, many of the natriuretic and antinatriuretic pathways
that influence NHE3 have parallel effects on the basolateral
Na"-K*ATPase (see Feraille and Doucet’ for a detailed review).
The molecular mechanisms underlying inhibition of Na*K"-
ATPase by dopamine have been particularly well characterized.




168 SECTION | — NORMAL STRUCTURE AND FUNCTION

Inhibition by dopamine is associated with removal of active
Na'-K"-ATPase units from the basolateral membrane, somewhat
analogous to the effect on NHE3 expression at the apical
membrane.'” This inhibitory effect is primarily mediated by
protein kinase C (PKC), which directly phosphorylates the
oy-subunit of Na™-K™-ATPase, the predominant o-subunit in
the kidney.” The effect of dopamine requires phosphorylation
of serine 18 of the o;-subunit by PKC; this phosphorylation
does not affect enzymatic activity of the Na*-K*-ATPase, but
rather induces a conformational change that enhances the
binding of PI3K to an adjacent, proline-rich domain. The
PI3K recruited by this phosphorylated oy-subunit then
stimulates the dynamin-dependent endocytosis of the Na'*-
K*-ATPase complex via clathrin-coated pits.'”

LOOP OF HENLE

The loop of Henle encompasses the thin descending limb,
thin ascending limb, and TAL. The descending and ascending
thin limbs function in passive absorption of water and Na™CI",
respectively, whereas the TAL reabsorbs about 30% of filtered
Na'-Cl via active transport.'**"”” There is considerable cellular
and functional heterogeneity along the entire length of the
loop of Henle, with consequences for the transport of water,
Na™CI’, and other solutes. The thin descending limb begins
in the outer medulla after an abrupt transition from S3
segments of the PT, marking the boundary between the outer
and inner stripes of the outer medulla. Thin descending
limbs end at a hairpin turn at the end of the loop of Henle.
Short-looped nephrons that originate from superficial and
midcortical nephrons have a short descending limb within
the inner stripe of the outer medulla; these tubules merge
abruptly into the TAL close to the hairpin turn of the loop
(see also discussion later). Long-looped nephrons originating
from juxtamedullary glomeruli have a long ascending thin
limb that then merges with the TAL. The TALs of long-looped
nephrons begin at the boundary between the inner and
outer medulla, whereas the TALs of shortlooped nephrons
may be entirely cortical. The ratio of medullary to cortical
TAL for a given nephron is a function of the depth of its
origin, such that superficial nephrons are primarily composed
of cortical TALSs, whereas juxtamedullary nephrons primarily
possess medullary TALs.

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 extends into
the renal cortex, where it meets its parent glomerulus at the
vascular pole; the plaque of cells at this junction form the
macula densa, which function as the tubular sensor for
tubuloglomerular feedback (TGF) and tubular regulation
of renin release by the juxtaglomerular apparatus. Cells in
the medullary TAL are 7 to 8 um in height, with extensive
invaginations of the basolateral plasma membrane and
interdigitations between adjacent cells.’ As in the PT, these
lateral cell processes contain numerous elongated mitochon-
dria, perpendicular to the basement membrane. Cells in the
cortical TAL are considerably shorter, 2 im in height at the
end of the cortical TAL in rabbits, with fewer mitochondria
and a simpler basolateral membrane.’” Macula densa cells
also lack the lateral cell processes and interdigitations
characteristic of medullary TAL cells.” However, scanning
electron microscopy has revealed that the TAL of rat and

hamster contains two morphologic 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.”'™'*" In the hamster TAL, cells can also
be separated into those with high apical and low basolateral
K* conductance and weak basolateral CI” conductance (LBC
cells) versus a second population with low apical and high
basolateral K™ conductance combined with high basolateral
CI” conductance (HBC)."*"'** 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 to R cells.'*

TRANSPORT CHARACTERISTICS OF THE DESCENDING
THIN LIMB

It has long been appreciated that the osmolality of tubular
fluid increases progressively between the corticomedullary
junction and papillary tip due to active secretion of solutes
or passive absorption of water along the descending thin
limb."” Subsequent reports have revealed a very high water
permeability of perfused outer medullary thin descending
limbs in the absence of significant permeability to Na'-Cl™.'**
Notably, however, the permeability properties of descending
thin limbs vary as a function of depth in the inner medulla
and inclusion in short- versus long-looped nephrons.'*'*°
Descending thin limbs from short-looped nephrons contain
type I cells, very flat, endothelial-like cells, with intermediate-
depth tight junctions suggesting a relative tight epithe-
lium.'*'" The epithelium of descending limbs from
long-looped nephrons is initially more complex, with taller
type II cells possessing more elaborate apical microvilli and
more prominent mitochondria. In the lower medullary
portion of long-looped nephrons, these cells change into a
type III morphology, endothelial-like cells similar to the type
I cells from shortlooped nephrons.'” The permeability
properties appear to change as a function of cell type, with
a progressive axial drop in water permeability of long-looped
descending limbs; the water permeability of descending thin
limbs in the middle part of the inner medulla is thus about
42% that of outer medullary thin descending limbs."*” Fur-
thermore, the distal 20% of descending thin limbs have a
very low water permeability."”” These changes in water perme-
ability along the descending thin limb are accompanied by
a progressive increase in Na™-Cl™ permeability, although the
ionic permeability remains considerably less than that of the
ascending thin limb."*

Consistent with a primary role in passive water and solute
absorption, Na™-K"-ATPase activity in the descending thin
limb is almost undetectable,'” suggesting that these cells do
not actively transport Na™Cl7; those ion transport pathways
that have been identified in descending thin limb cells are
thought to contribute primarily to cellular volume regula-
tion."® In contrast to the relative lack of Na™-ClI™ transport,
transcellular water reabsorption by the thin descending limb
is a critical component of the renal countercurrent concentrat-
ing mechanism (see Chapter 10)."%'*

NA*-CL~ TRANSPORT BY THE THIN ASCENDING LIMB

Fluid entering the thin ascending limb has a very high
concentration of Na™-Cl™ due to osmotic equilibration by the
water-permeable descending limbs. The passive reabsorption
of this delivered Na™-Cl™ by the thin ascending limb is a
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critical component of the passive equilibration model of the
renal countercurrent multiplication system (see Chapter 10).
Consistent with this role, the permeability properties of the
thin ascending limb are dramatically different from those
of the descending thin limb, with a much higher permeability
to Na*-CI” and vanishingly low water permeability."**'* Passive
Na™CI™ reabsorption by thin ascending limbs occurs via a
combination of paracellular Na* transport and transcellular
CI” transport.'”**1% The inhibition of paracellular con-
ductance by protamine thus selectively inhibits Na* transport
across perfused thin ascending limbs, consistent with paracel-
lular transport of Na*.'”” As in the descending limb, thin
ascending limbs have a modest Na™-K"-ATPase activity (Fig.
6.3); however, the active transport of Na* across thin ascending
limbs accounts for only an estimated 2% of Na* reabsorption
by this nephron segment.'” Chloride channel blockers reduce
CI” permeability of the thin ascending limb, consistent with
passive transcellular Cl” transport.'” Direct measurement of
the membrane potential of impaled hamster thin ascending
limbs has also yielded evidence for apical and basolateral
CI” channel activity.'** This transepithelial transport of CI’,
but not Na*, is activated by vasopressin, with a pharmacologic
profile that is consistent with direct activation of thin ascend-
ing limb CI” channels."”

Both apical and basolateral CI” transport in the thin
ascending limb appear to be mediated by the CLC-K1 CI”
channel in cooperation with the Barttin subunit (see also
the “Na’-ClI” Transport by the Thick Ascending Limb:
Basolateral Mechanisms” section). Immunofluorescence and
in situ hybridization indicate a selective expression of CLC-K1
(homologous to the human chloride channel Kb, CLC-NKB)
in thin ascending limbs, although single-tubule, reverse
transcriptase-polymerase chain reaction (RT-PCR) studies
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have suggested additional expression in the TAL, DCT, and
cortical collecting duct (CCD)."""""* Notably, immunofluo-
rescence and immunogold labeling indicate that CLC-K1 is
expressed exclusively at both the apical and basolateral
membranes of thin ascending limbs, such that both the
luminal and basolateral CI” channels of this nephron segment
are encoded by the same gene."*"”* Homozygous knockout
mice with a targeted deletion of Cle-kl have a vasopressin-
resistant nephrogenic diabetes insipidus, reminiscent of the
phenotype of aquaporin-1 knockout mice."”*" Given that
CLC-K1 is potentially expressed in the TAL, dysfunction of
this nephron segment might also contribute to the renal
phenotype of Cle-k1 knockout mice; however, the closely
homologous channel CLC-K2 (CLC-NKB) is clearly expressed
in the TAL, where it can likely substitute for CLC-K1.""
Furthermore, loss-of-function mutations in CLC-NKB cause
Bartter syndrome, which is phenocopied in Cle-k2 knockout
mice, indicating that CLC-K2, rather than CLC-K1, is critical
for transport function of the TAL.'"~"**

Detailed characterization of Cle-kl knockout mice has
revealed a selective impairment in CI” transport by the thin
ascending limb."” Whereas CI” absorption is profoundly
reduced, Na® absorption by thin ascending limbs is not sig-
nificantly impaired (Fig. 6.13). The diffusion voltage induced
by a transepithelial Na™Cl" gradient is reversed by the absence
of CLCKI, from +15.5 mV in homozygous wild type controls
(+/4) to =7.6 mV in homozygous knockout mice (—/—). This
change in diffusion voltage is due to the dominance of paracel-
lular Na* transport in the CLC-K1-deficient —/— mice, leading
to a lumen-negative potential; this corresponds to a marked
reduction in the relative permeability of CI” to that of Na* (Pq/
P\.), from 4.02 to 0.63 (Fig. 6.13). Protamine, an inhibitor
of paracellular Na® transport, has a comparable effect on
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Fig. 6.13 Role of the CLC-K1 chloride channel in Na* and Cl- transport by the thin ascending limbs. Homozygous knockout mice (CLC-K17)
are compared with their littermate controls (CLC-K1*). (A) Efflux coefficients for *Cl- and 2Na* in the thin ascending limbs. CI- absorption is
essentially abolished in the knockout mice, whereas there is no significant effect of CLC-K1 deficiency on Na' transport. (B) The diffusion
voltage (VD), induced by a transepithelial Na*-ClI~ gradient, is reversed by the absence of CLC-K1, from +15.5 mV in controls to —=7.6 mV in
homozygous knockout mice. This change in diffusion voltage is due to the dominance of paracellular Na* transport in the CLC-K1-deficient
—/— mice, leading to a lumen-negative potential; this corresponds to a marked reduction in the relative permeability of CI- to that of Na* (Pg/
Pna), from 4.02 to 0.63. (From Liu W, Morimoto T, Kondo Y, et al. Analysis of NaCl transport in thin ascending limb of the loop of Henle in CLC-K1

null mice. Am J Physiol Renal Physiol. 2002;282:F451-F457.)
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the diffusion voltage in —/— mice versus +/— and +/+ mice
that have been treated with 5-nitro-2-(3-phenylpropylamino)-
benzoate (NPPB) to inhibit CLC-KI; the respective diffusion
voltages are 7.9 mV (—/— plus protamine), 8.6 mV (+/— plus
protamine and NPPB), and 9.8 (+/+ plus protamine and
NPPB). Therefore the paracellular Na® conductance is
unimpaired and essentially the same in Cle-kI knockout
mice when compared with littermate controls. This study
thus provided elegant proof for the relative independence
of paracellular and transcellular conductances for Na" and
CI', respectively, in thin ascending limbs."””

CLGC-KI associates with Barttin, an accessory subunit identi-
fied via positional cloning of the gene for Bartter syndrome
with sensorineural deafness (see the “Na™CI” Transport by the
Thick Ascending Limb: Basolateral Mechanisms” section).'”?
Barttin is expressed with CLC-KI in thin ascending limbs,
in addition to the TAL, DCT, and o-intercalated cells.'**!%*
Rat CLCK1 is unique among the CLC-K orthologs and
paralogs (CLC-K1/2 in rodents, CLC-NKB/NKA in humans)
in that it can generate CI” channel activity in the absence
of coexpression with Barttin; however, its human ortholog
CLC-NKA is nonfunctional in the absence of Barttin.'**!%%1%*
Regardless, Barttin coimmunoprecipitates with CLC-KI1
and increases expression of the channel protein at the cell
membrane.”'™ This so-called chaperone function seems to
involve the transmembrane core of Barttin, whereas domains
within the cytoplasmic carboxy terminus modulate channel
properties (open probability and unitary conductance).'™

With respect to regulation in this nephron segment,
vasopressin has stimulatory effects on CI” transport by
the thin ascending limb, acting as in principal cells and
TAL through V2 receptors and cAMP."” Water deprivation
induces a fourfold increase in CLC-KI mRNA, indicating
transcriptional effects of vasopressin or medullary tonicity.'”
Basolateral calcium in turn inhibits CI” and Na* transport in
the thin ascending limb via activation of the calcium-sensing
receptor (CaSR).'"

NA*-CL~ TRANSPORT BY THE THICK ASCENDING LIMB
Apical Na*-CI- Transport

The TAL reabsorbs about 30% of filtered Na*-Cl™ (Fig. 6.1).
In addition to an important role in the defense of the
extracellular fluid volume, Na*™-Cl reabsorption by the water-
impermeable TAL is a critical component of the renal
countercurrent multiplication system. The separation of
Na™Cl™ and water by the TAL is thus responsible for the
capability of the kidney to dilute or concentrate the urine.
In concert with the countercurrent mechanism, Na*-Cl™ reab-
sorption by the thin ascending limb and TAL increases
medullary tonicity, facilitating water absorption by the col-
lecting duct.

Notwithstanding the morphological heterogeneity described
earlier, the cells of the medullary TAL, cortical TAL, and
macula densa share the same basic transport mechanisms
(Fig. 6.14). Na*-CI” reabsorption by the TAL is thus a sec-
ondarily active process, driven by the favorable electrochemical
gradient for Na' established by the basolateral Na"-K'*-
ATPase.'*'"” Na*, K, and CI” are cotransported across the
apical membrane by an electroneutral Na™-K"-2CI™ cotrans-
porter, which generally requires the simultaneous presence
of all three ions." Of note, under certain circumstances,
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Fig. 6.14 Transepithelial Na*-ClI~ transport pathways in the thick
ascending limb. CLC-K2, CI” channel, Barttin; KCC4, K*-CI~ cotransporter-
4; NKCC2, Na*-K*-2CI- cotransporter-2; ROMK, renal outer medullary
K* channel.

apical Na*™-Cl™ transport in the TAL appears to be K" inde-
pendent; this issue is reviewed later (see the “Regulation of
Na™CI” Transport by the Thick Ascending Limb” section).
Apical Na"-K"-2Cl™ cotransport is mediated by the cation-
chloride cotransporter NKCC2, encoded by SLC12A1." This
is a member of the cation chloride cotransporter family of
proteins that includes the thiazide-sensitive transporter NCC,
and the potassium chloride cotransporters. Functional expres-
sion of NKCC2 in Xenopus oocytes yields CI- and Na'™-
dependent uptake of Rb" (a radioactive substitute for K*)
and CI'-and K*-dependent uptake of *Na*.””'*"'"’ As expected,
NKCC2 is sensitive to micromolar concentrations of furose-
mide, bumetanide, and other loop diuretics.'”

Immunofluorescence indicates expression of NKCC2
protein along the entire length of the TAL.'” In particular,
immunoelectron microscopy reveals expression in both rough
(R) and smooth (S) cells of the TAL (see earlier discussion).'"!
NKCC2 expression in subapical vesicles is particularly promi-
nent in smooth cells, suggesting a role for vesicular trafficking
in the regulation of NKCC2 (see the “Regulation of Na'-
CI” Transport by the Thick Ascending Limb” section).'"!
NKCC2 is also expressed in macula densa cells, which have
been shown to possess apical Na'-K-2Cl™ cotransport activ-
ity."""'""! This latter observation is of considerable significance,
given the role of the macula densa in TGF and renal renin
secretion; luminal loop diuretics block TGF and the sup-
pression of renin release by luminal CI"."*

Alternative splicing of exon 4 of the SLCI12A1 gene yields
NKCC2 proteins that differ within transmembrane domain
2 and the adjacent intracellular loop; the functional signifi-
cance of these variants appears primarily related to differences
in binding to chloride.'”” There are thus three different
variants of exon 4, denoted “A,” “B,” and “F”; the variable
inclusion of these cassette exons yields NKCC2-A, NKCC2-B,
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and NKCC2-F proteins.'®'” Kinetic characterization reveals
that these isoforms differ dramatically in ion affinities.'**'”
In particular, NKCC2-F has a very low affinity for CI" (K,, =
113 mmol/L) and NKCC2-B has a very high affinity (K,, =
8.9 mmol/L); NKCC2-A has an intermediate affinity for
ClI" (K,, = 44.7 mmol/L)." These isoforms differ in axial
distribution along the tubule, with the F cassette expressed
in the inner stripe of the outer medulla, the A cassette in
the outer stripe, and the B cassette in cortical TAL." There
is thus an axial distribution of the anion affinity of NKCC2
along the TAL, from a low-affinity, high-capacity transporter
(NKCC2-F) to a high-affinity, low-capacity transporter
(NKCC2-B). Although technically compromised by the
considerable homology between the 3" end of these 96-base
pair exons, in situ hybridization has suggested that rabbit
macula densa exclusively expresses the NKCC2-B isoform."
Notably, however, selective knockout of the B cassette exon
4 does not eliminate NKCC2 expression in the murine macula
densa, which also seems to express NKCC2-A by in situ
hybridization.'” The comparative phenotypes of NKCC2-A
and NKCC2-B knockout mice are consistent with the relative
CI” affinity of each isoform, with NKCC2-B functioning as a
high-affinity, low-capacity isoform and NKCC2-A functioning
as a low-affinity, high-capacity isoform. Thus targeted deletion
of NKCC2-A selectively reduces TGF responses at the higher
range of tubular flow rates (a low-affinity, high-capacity situ-
ation), whereas NKCC2-B deletion reduces responses at low
flow rates.'” Loss of NKCC2-A almost abolishes the suppres-
sion of plasma renin activity by isotonic saline infusion, which
is, if anything, more robust in NKCC2-B knockout mice than
wild type littermates.'™

It should be mentioned in this context that the Na*H"
exchanger NHE3 functions as an alternative mechanism for
apical Na" absorption by the TAL. There is also evidence in
mouse cortical TAL for Na*-CI™ transport via parallel Na"™-H*
and CI'-HCO;™ exchange, although the role of this mechanism
in transepithelial Na™Cl” transport seems less prominent than
in the PT."* Indeed, apical Na*H" exchange mediated by
NHE3 appears to function primarily in HCOs™ absorption
by the TAL.'” There is thus a considerable upregulation of
both apical Na™-H" exchange and NHE3 protein in the TAL
of acidotic animals, paired with an induction of AE2, a
basolateral CI-HCO;~ exchanger.'”*'”” NHES in the TAL is
also upregulated by increased flow. However, this is not via
shear stress, as demonstrated in the PT, but by the production
of endogenous Oy and activation of PKC, a potential pathway
for flow-stimulated bicarbonate reabsorption.'”

Apical K* Channels

Microperfused TALs develop a lumen-positive PD during
perfusion with Na*-CI".'"""'*" This lumen-positive PD plays a
critical role in the physiology of the TAL, driving the paracel-
lular transport of Na', Ca*, and Mg*" (Fig. 6.14). Originally
attributed to electrogenic CI” transport, the lumen-positive
transepithelial PD in the TAL is generated by the combination
of apical K" channels and basolateral CI” channels.'*107180
The conductivity of the apical membrane of TAL cells is
predominantly, if not exclusively, K" selective. Luminal
recycling of K" via Na™-K"-2Cl™ cotransport and apical K*
channels, along with basolateral depolarization due to CI” exit
through CI” channels, results in the lumen-positive trans-
epithelial PD.'*1%7

Several lines of evidence have indicated that apical K
channels are required for transepithelial Na™Cl™ transport
by the TAL."*'"" First, the removal of K* from luminal perfusate
results in a marked decrease in Na™-Cl™ reabsorption by the
TAL, as measured electrophysiologically; the residual Na'-
CI” transport in the absence of luminal K" is sustained by K
movement into the luminal fluid apical K" channels, because
the combination of K" removal and a luminal K" channel
inhibitor (barium) almost abolishes the equivalent short
circuit current.'* Apical K* channels are thus required for
continued functioning of NKCC2, the apical Na™-K"-2Cl
cotransporter; the low luminal concentration of K" in this
nephron segment would otherwise become limiting for
transepithelial Na*-Cl” transport.

Second, the net transport of K" across perfused TAL is
less than 10% that of Na' and CI7; about 90% of the K*
transported by NKCC2 is recycled across the apical membrane
via K" channels, resulting in minimal net K" absorption by
the TAL.'"'®!

Third, the intracellular K" activity of perfused TAL cells
is about 15 to 20 mV above equilibrium due to furosemide-
sensitive entry of K" via NKCC2.""” Given an estimated apical
K" conductivity of about 12 mS/cm? this intracellular K
activity yields a calculated K current of about 200 uA/cm?,
which corresponds quantitatively to the uptake of K* by the
apical Na™-K"-2Cl" cotransporter.'”’

Fourth, the observation that Bartter syndrome can be
caused by mutations in renal outer medullary potassium
(ROMK, encoded by KCNJI) provides genetic proof for the
importance of K" channels in Na™-Cl™ absorption by the TAL
(see later)."™ Finally, a novel ROMK inhibitor functions as
a potent diuretic in vivo, primarily due to inhibition of TAL
Na"-Cl" transport.'™

Three types of apical K" channels have been identified in
the TAL, a channel with a conductance of 30 picosiemen
(30 pS), a channel with a conductance of 70 pS, and a high-
conductance, calcium-activated maxi-K* channel (Fig.
6.14)."""" The higher P, and greater density of the 30-pS
and 70-pS channels versus the maxi-K* channel suggest that
these are the primary routes for K' recycling across the apical
membrane; the 70-pS channel in turn appears to mediate
about 80% of the apical K" conductance of TAL cells."® The
low-conductance, 30-pS channel shares several electrophysi-
ologic and regulatory characteristics with ROMK, the cardinal
inward-rectifying K" channel that was initially cloned from
renal outer medulla.'* In humans, three isoforms of ROMK
(ROMKI, 2, and 3) are generated by alternative splicing of
the KCNJI gene; ROMK3 has not been detected in rat or
mouse.'™ ROMK?2 has the shortest amino terminus, ROMKI1
has an additional 16 residues, and ROMK3 an additional 22
residues (compared with ROMK2). ROMKI mRNA is
expressed in the mid and late distal tubule and the CCD,
and in the outer medullary collecting duct (OMCD), but
not along the TAL (see later). ROMK2 mRNA is expressed
from the medullary TAL through the CCD, but is absent
from the OMCD.'™ ROMKS3 is expressed from the medullary
TAL through the DCT. ROMK protein has been identified
at the apical membrane of medullary TAL, cortical TAL, and
macula densa."” Furthermore, the 30-pS channel is also absent
from the apical membrane of mice with homozygous deletion
of the gene encoding ROMK."" Notably, not all cells in the
TAL are labeled with ROMK antibody, suggesting that ROMK
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might be absent in the so-called HBC cells with HBC and
low apical K* conductance (also see earlier discussion).'*"'*
HBC cells are thought to correspond to the smooth-surfaced
morphologic subtype of TAL cells (S cells)'*’; however, dis-
tribution of ROMK protein by immunoelectron microscopy
has not as yet been reported.

ROMK clearly plays a critical role in Na™Cl™ absorption
by the TAL, given that loss-of-function mutations in this gene
are associated with Bartter syndrome.'® The role of ROMK
in Bartter syndrome was initially discordant with the data,
suggesting that the 70-pS K' channel is the dominant con-
ductance at the apical membrane of TAL cells; heterologous
expression of the ROMK protein in Xenopus oocytes had
yielded a channel with a conductance of about 30 pS, sug-
gesting that the 70-pS channel was distinct from ROMK."*'*
This paradox has been 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.””” A recent study specifically examined the
effects of ROMKI disruption in mice, and consistent with
its absence along the TAL, discussed earlier, these mice did
not display a Bartter syndrome phenotype.'”

ROMK activity in the TAL is clearly modulated by associa-
tion with other proteins, such that coassociation with other
subunits to generate the 70-pS channel is perfectly compatible
with the known physiology of this protein. ROMK thus
associates with scaffolding proteins NHERF-1 and NHERF-2
(see the “Regulation of Proximal Tubular Na*-Cl™ Transport:
Neurohumoral Influences” section) via the carboxyl-terminal
PDZ-binding motif of ROMK; NHERF-2 is coexpressed with
ROMK in the TAL." The association of ROMK with NHERFs
serves to bring ROMK into closer proximity to the cystic
fibrosis transmembrane regulator protein (CFTR).'""* This
ROMK-CFTR interaction is, in turn, required for the native
ATP and glibenclamide sensitivity of apical K" channels in
the TAL.'"”

Paracellular Transport

TALs perfused with Na*-Cl” develop a lumen-positive, tran-
sepithelial PD generated by the combination of apical K
secretion and basolateral ClI™ efflux.'*!*"17180.182 Thig Jumen-
positive PD plays a critical role in the paracellular reabsorption
of Na*, Ca®*", and Mg2+ by the TAL (Fig. 6.14). In the trans-
epithelial transport of Na', the stoichiometry of NKCC2
(INa":1K":2CI") is such that other mechanisms are necessary
to balance the exit of CI” at the basolateral membrane;
consistent with this requirement, data from mouse TAL have
indicated that about 50% of transepithelial Na* transport
occurs via the paracellular pathway.”'*® For example, the
ratio of net CI” transepithelial absorption to net Na* absorption
through the paracellular pathway is 2.4 + 0.3 in microperfused
mouse medullary TAL segments, and the expected ratio of
50% of Na* transport occurs via the paracellular pathway. In
the absence of vasopressin, apical Na™-Cl™ cotransport is not
K" dependent (see the “Regulation of Na™-Cl™ Transport by
the Thick Ascending Limb” section), reducing the lumen-
positive PD; switching to K*-dependent Na™-K*-2CI™ cotransport
in the presence of vasopressin results in a doubling of
Na'-Cl” reabsorption, without an effect on oxygen consump-
tion.”'”" Therefore, the combination of a cation-permeable
paracellular pathway and an “active transport,” lumen-positive
PD,'”" generated indirectly by the basolateral Na*-K*-ATPase,

results in a doubling of active Na*™-CI" transport for a given
level of oxygen consumption.”"”

Unlike in the PT, the voltage-positive PD in the TAL is
generated almost entirely by transcellular transport, rather
than by diffusion across the lateral tight junction.'” Mouse
TAL segments primarily express claudin-14, -16, -19, and
10,4192 Iy vasopressin-stimulated mouse TAL segments,
with a lumen-positive PD of 10 mV, the maximal increase in
Na'™-ClI” in the lateral interspace is about 10 mmol/L.""" Tight
junctions in the TAL are cation selective, with Py,/P¢ ratios
of 2 to 5.7 Notably, however, Py,/Pg ratios can be highly
variable in individual tubules, ranging from 2 to 5 in a single
study of perfused mouse TAL.'" Recently, it has been sug-
gested that the claudin profile of cells along the TAL rep-
resents a mosaic, with some cell interfaces expressing the
Na'-selective claudin-10, whereas others express claudin-3,
-16, or -19. It was suggested that this mosaic pattern reveals
the existence of spatially separated paracellular routes for
Na* and Ca*/Mg*".*"' Regardless, assuming a net Py,/Pq
ratio of about 3, the maximal dilution potential in the mouse
TAL is between 0.7 and 1.1 mV, consistent with a dominant
effect of transcellular processes on the lumen-positive PD.'"

The reported transepithelial resistance in the TAL is
between 10 and 50 Q-cm?; although this resistance is higher
than that of the PT, the TAL is not considered a tight epi-
thelium. "% Notably, however, water permeability of the TAL
is extremely low, less than 1% that of the PT.'""” These hybrid
characteristics—relatively low resistance and very low water
permeability—allow the TAL to generate and sustain Na'-
CI” gradients of up to 120 mmol/L."*'"” Not unexpectedly,
given its lack of water permeability, the TAL does not express
aquaporin water channels; as in the PT, the particular rep-
ertoire of claudins expressed in the TAL determines the
resistance and ion selectivity of this nephron segment.

Mutations in human claudin-16 (previously called
paracellin-1) and claudin-19 are associated with hereditary
hypomagnesemia, suggesting that these claudins are particu-
larly critical for the cation selectivity of TAL tight junctions. """
Heterologous expression of claudin-16 (paracellin-1) in the
anion-selective LLC-PK1 cell line markedly increases Na*
permeability without affecting CI” permeability; this generates
a significant increase in the Py,/Pq ratio (Fig. 6.15).%”
LLC-PKI1 cells expressing claudin-16 also have increased
permeability to other monovalent cations. There is, however,
only a modest increase in Mg*" permeability, suggesting that
claudin-16 does not form an Mg*-specific pathway in the
tight junction; rather, it may serve to increase the overall
cation selectivity of the tight junction. Claudin-19 appears
in turn to reduce P¢ in LLC-PK1 cells, without having much
effect on Mg® or Na* permeability.”” The claudin-16 and
claudin-19 proteins interact in multiple systems, and coexpres-
sion of claudin-16 and claudin-19 synergistically increases
the Pn./Pq ratio in LLC-PK1 cells.?”®** Knockdown of
claudin-16 in transgenic mice increases Na* absorption in
the downstream collecting duct, with the development of
hypovolemic hyponatremia after treatment with amiloride;
claudin-19 knockdown mice exhibit an increase in fractional
excretion of Na“ and a doubling in serum aldosterone
levels.””**” In summary, therefore, claudin-16 and claudin-19
interact to confer the cation selectivity of tight junctions in
the TAL, contributing significantly to the transepithelial
absorption of Na* in this nephron segment.
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Fig. 6.15 Effect of claudin-16 (formerly called paracellin-1) overexpression in LLC-PK1 cells. (A) Effects of claudin-16 on the permeability of
Na" and CI” in LLC-PK1 cells. (B) Ratio of Py, to Pg and diffusion potential (bottom) across an LLC-PK1 cell monolayer. (C) Transepithelial
resistance across an LLC-PK1 cell monolayer over a period of 12 days in cells expressing claudin-16 and control cells. (D) Summary of the
effects of claudin-16 on permeability of various cations in LLC-PK1 cells. (From Hou J, Paul DL, Goodenough DA. Paracellin-1 and the modulation

of ion selectivity of tight junctions. J Cell Sci. 2005;118:5109-5118.)

Other claudins expressed in the TAL modulate the function
of claudin-16—claudin-19 heterodimers or have independent
effects. Claudin-14 interacts with claudin-16, disrupting cation
selectivity of the paracellular barrier in cells that also coexpress
claudin-19.* Claudin-14 expression in the TAL is calcium
dependent via the CaSR, providing a novel axis for calcium-
dependent regulation of paracellular calcium transport (see
later).”"*” Claudin-10 appears to modulate paracellular Na*
permeability specifically, with impaired paracellular Na*
transport in claudin-10 knockout mice and a salt-wasting
nephropathy in humans bearing compound heterozygous
claudin-10 mutations.”*"

Basolateral Mechanisms

The basolateral Na™-K*-ATPase is the primary exit pathway
for Na® at the basolateral membrane of TAL cells. The Na*
gradient generated by Na"-K*-ATPase activity is also thought
to drive the apical entry of Na', K, and CI” via NKCC2, the
furosemide-sensitive Na*-K"-2Cl~ cotransporter."* Inhibition
of Na™-K"-ATPase with ouabain thus collapses the lumen-
positive PD and abolishes transepithelial Na*-CI™ transport
in the TAL."""*""" Basolateral exit of Cl” from TAL cells is
primarily but not exclusively electrogenic, mediated by an
approximately 10-pS CI" channel."*'"*"" Reductions in
basolateral Cl” depolarize the basolateral membrane, whereas
decreases in intracellular CI” induced by luminal furosemide
have a hyperpolarizing effect."’ Intracellular CI” activity during
transepithelial Na™CI™ transport is above its electrochemical
equilibrium," with an intracellular negative voltage of —40
to =70 mV that drives basolateral Cl™ exit.'*'"”

At least two CLC chloride channels, CLC-K1 and CLC-K2
(CLC-NKA and CLC-NKB in humans), are coexpressed in
this nephron segment."”®'”” However, an increasing body of
evidence has indicated that the dominant CI” channel in the
TAL is encoded by CLC-K2. First, CLC-K1 is heavily expressed

at the apical and basolateral membranes of the thin ascending
limb, and the phenotype of the corresponding knockout
mouse is consistent with primary dysfunction of thin ascending
limbs, rather than the TAL (see Na™CI™ transport by the thin
ascending limb).*""""%1% Second, loss-of-function mutations
in CLC-NKB are associated with Bartter syndrome, providing
genetic evidence for a dominant role of this channel in
Na™-CI” transport in the TAL.'"” More recently, a very common
T481S polymorphism in human CLC-NKB was shown to
increase channel activity by a factor of 20; preliminary data
have indicated an association with hypertension, suggesting
that this gain-of-function in CLC-NKB increases Na*-Cl” trans-
port by the TAL and/or other segments of the distal
nephron.”'*" Finally, CLC-K2 protein is heavily expressed
at the basolateral membrane of the mouse TAL, with addi-
tional expression in the DCT, CNT, and orintercalated cells.”
Recently, Cle-k2was deleted from mice, leading to salt wasting,
resembling Bartter syndrome, and to a loss of the around
10-pS chloride channel in TAL cells.'” Deletion of this gene
also abrogated the response to furosemide, indicating the
central role that this channel plays in transepithelial NaCl
transport. This approach also permitted conclusions to be
drawn regarding the location of CIC-K1 and CIC-K2 in the
kidney, even though antibodies cross-react against the two
related chloride channels. In the Clc-k2 knockout mice, the
reaction product could be seen to extend beyond the thin
ascending limb into the medullary TAL, suggesting that
CIGK1 plays a role there.

A key advance was the characterization of the Barttin
subunit of CLCG-K channels, which is coexpressed with CLC-K1
and CLGK2 in several nephron segments, including TAL."”*'*?
Unlike rat CLC-K1, the rat CLC-K2, human CLC-NKA, and
human CLC-NKB paralogs are not functional in the absence
of Barttin coexpression.'”'*" CLC-NKB coexpressed with
Barttin is highly selective for CI”, with a permeability series
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of CI" > Br =NO; > I".!*1%%10 CL,C-NKB/Barttin channels
are activated by increases in extracellular Ca® and are pH
sensitive, with activation at an alkaline extracellular pH and
marked inhibition at an acidic pH."” CLC-NKA/Barttin
channels have similar pH and calcium sensitivities, but exhibit
higher permeability to Br™.'” Strikingly, despite the consider-
able homology between the CLC-NKA/NKB proteins, these
channels also differ considerably in pharmacologic sensitivity
to various CI” channel blockers, potential lead compounds
for the development of paralog-specific inhibitors.*"”
Correlation between functional characteristics of CLC-K
proteins with native CI” channels in TAL has been problematic,
but the recent knockout work discussed earlier has begun
to provide clarity. Wide variation in single-channel conduc-
tance has been reported for basolateral Cl channels in the
TAL.”"° This is perhaps due to the use of collagenase and
other conditions for the preparation of tubule fragments
and/or basolateral vesicles, manipulations that potentially
affect channel characteristics.”’® Notably, single-channel
conductance has not been reported for CLC-NKB/Barttin
channels because of the difficulty in expressing the channel
in heterologous systems; this complicates the comparison of
CLC-NKB/Barttin with native CI” channels. Single-channel
conductance has, however, been reported for the V166E
mutant of rat CLC-KI1, which alters gating of the channel
without expected effects on single-channel amplitude —
coexpression with Barttin increases the single-channel
conductance of VI66E CLGKI from about 7 to 20 pS.'™
Therefore, part of the reported variability in native single-
channel conductance may reflect heterogeneity in the
interaction between CLC-NKB and/or CLC-NKA with Barttin.
Regardless, a study using whole-cell recording techniques
has suggested that CLC-K2 (CLC-NKB in humans) is the
dominant CI" channel in TAL and other segments of the
distal nephron.”'® Like CLG-NKB/Barttin, this native channel
is highly CI” selective, with considerably weaker conductance
for Br and I"; CLC-NKA/Barttin channels exhibit higher
permeability to By 14198163216 TAT, cells from wild type mice
exhibited a dominant basolateral chloride conductance of
8 pS, which was entirely absent in Clc-k2 knockout mice.
Coupled with the strong Bartter syndrome phenotype, these
results support the key role of this chloride channel in driving
transepithelial NaCl transport along the TAL.
Electroneutral K*-CI” cotransport has also been implicated
in transepithelial Na™-Cl™ transport in the TAL (Fig. 6.14),
functioning in K'-dependent CI” exit at the basolateral
membrane.'* The KCC KCC4 is thus expressed at the baso-
lateral membrane of medullary and cortical TAL, in addition
to the macula densa.”’”?'"® There is also functional evidence
for K*-CI” cotransport at the basolateral membrane of this
section of the nephron. First, TAL cells contain a CI-
dependent NH," transport mechanism that is sensitive to
1.5-mmol/L furosemide and 10-mmol/L barium (Ba*").?"?
NH," ions have the same ionic radius as K" and are transported
by KCC4 and other KCCs; KCC4 is also sensitive to Ba’f and
millimolar furosemide, consistent with the pharmacology of
NH,"-CI” cotransport in the TAL.”*""**' Second, to account
for the effects on the transmembrane PD of basolateral Ba*"
and/or increased K, it has been suggested that the basolateral
membrane of TAL contains a Ba**-sensitive K-CI- transporter;
this is also consistent with the known expression of Ba’*-
sensitive KCC4 at the basolateral membrane.'**'7?'%22! Third,

increases in basolateral K" cause Cl'-dependent cell swelling
in Amphiuma early distal tubule, an analog of the mammalian
TAL; in Amphiuma LBC cells with low basolateral conductance,
analogous to mammalian LBC cells (see the “Na'-CI” Transport
by the Thick Ascending Limb: Apical Na*Cl™ Transport”
section), this cell swelling was not accompanied by changes
in basolateral membrane voltage or resistance, consistent
with K*-CI™ transport.'*"'**%*

There is thus considerable evidence for basolateral K'-
CI” cotransport in the TAL, mediated by KCC4.”'"*"* However,
direct confirmation of a role for basolateral K*-CI” cotransport
in transepithelial Na™Cl" transport is lacking. Indeed, KCC4-
deficient mice do not have a prominent defect in function
of the TAL, but exhibit instead a renal tubular acidosis.?"”
The renal tubular acidosis in these mice has been attributed
to defects in acid extrusion by H*-ATPase in o-intercalated
cells; however, this phenotype is conceivably the result of a
reduction in medullary NH," reabsorption by the TAL due
to the loss of basolateral NH," exit mediated by KCC4.*'"#

Finally, there is also evidence for the existence of Ba®*-
sensitive K channel activity at the basolateral membrane
of the TAL, providing an alternative exit pathway for K
to that mediated by KCC4.”*"**° Such channel activity may
help stabilize the basolateral membrane potential above the
equilibrium potential for CI', thus maintaining a continuous
driving force for CI” exit via CLC-NKB/Barttin CI” chan-
nels.” Patch-clamp experiments have identified two types
of K* channels in the basolateral membrane of the TAL: a
40-pS inwardly rectifying K* channel and an Na* and CI”
-activated, 80- to 150-pS K channel (Kca4.1 or slo2.2).*”*" The
40-pS K channel was absent in the TAL of Kenjl0 knockout
mice, suggesting that the 40-pS K" channel is a KIR4.1 and
KIR4.5 heterotetramer.””’ Although KIR4.1 is also detected
in human TAL, loss-of-function KCNJ10 mutations do not
show the phenotype of Bartter syndrome, suggesting that the
disruption of KIR4.1 has no significant effect on transport
function in the TAL.”® This may reflect secondary activation
of alternative K" channels along TAL, as Kenjl0 knockout mice
demonstrate vasopressin-induced stimulation of the 80- to
150-pS K channel. Basolateral K* channels may also attenuate
the increases in intracellular K that are generated by the
basolateral Na™-K™-ATPase, thus maintaining transepithelial
Na*-CI™ transport.”****

REGULATION OF NA*-CL™ TRANSPORT BY THE THICK
ASCENDING LIMB

Activating Influences

Transepithelial Na™Cl™ transport by the TAL is regulated by
a complex blend of competing neurohumoral influences,
which are required to maintain the urinary concentrating
capacity, and modulate salt balance. In particular, increases
in intracellular cAMP tonically stimulate ion transport in the
TAL; the stimulatory hormones and mediators that increase
cAMP in this nephron segment include vasopressin, PTH,
glucagon, calcitonin, and B-adrenergic activation (Fig. 6.9).
These overlapping cAMP-dependent stimuli are thought to
result in maximal baseline stimulation of transepithelial
Na*-ClI” transport.” For example, characterization of the in
vivo effect of these hormones requires the prior simultaneous
suppression or absence of circulating vasopressin, PTH,
calcitonin, and glucagonfH This baseline activation is, in turn,
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modulated by a number of negative influences, most promi-
nently prostaglandin E, (PGE,) and extracellular Ca? (Fig.
6.9). Other hormones and autocoids working through
cGMP-dependent signaling, including NO, have potent
negative effects on Na*-Cl~ transport within the TAL.* By
contrast, Ang II has a stimulatory effect on Na™-CI™ transport
within the TAL.*

Vasopressin is perhaps the most extensively studied positive
modulator of transepithelial Na*-Cl” transport in the TAL. The
TAL, with the exception of macula densa cells,”” expresses type
2 vasopressin receptors (VoRs) at both the mRNA and protein
levels, and microdissected TALs respond to the hormone with
an increase in intracellular cAMP.*** Vasopressin activates
apical Na™-K*2CI™ cotransport within minutes in perfused
mouse TAL segments and also exerts a longer-term influence
on NKCC2 expression and function. The acute activation of
apical Na™-K"-2ClI cotransport is achieved at least in part by
the stimulated exocytosis of NKCC2 proteins, from subapical
vesicles to the plasma membrane.” This trafficking-dependent
activation is abrogated by treatment of perfused tubules with
tetanus toxin, which cleaves the vesicle-associated membrane
proteins VAMP-2 and VAMP-3.*** As V,Rs are prominently
expressed along the collecting duct, as well as along the
TAL and DCT, it has been difficult to separate the roles of
vasopressin signaling in the two sites. This limitation was
recently overcome by introducing a dominant-negative VoR
mutant into TAL cells of rat. The rats demonstrated polyuria
and defective urinary concentration, as well as hypercalciuria,
reminiscent of mild Bartter syndrome.*” The absence of VoR
expression by macula densa cells was suggested to maintain
TGF independent of vasopressin signaling.

Activation of NKCC2 by vasopressin is also associated with
the phosphorylation of a cluster of amino-terminal threonines
in the transporter protein; treatment of rats with the V, agonist
desmopressin (DDAVP) induces phosphorylation of these
residues in vivo, as measured with a phosphospecific anti-
body.”* These threonine residues are substrates for SPAK
(STE20/SPSl1-related proline/alanine-rich kinase) and OSR1
(oxidative stress-responsive kinase 1), first identified by
Gagnon and colleagues as key regulatory kinases for NKCC1
and other cation-chloride cotransporters.””” SPAK and OSR1
are in turn activated by upstream WNK (with no lysine [K]
kinases), such that SPAK or OSR1 requires coexpression with
WNKA4 to activate NKCC1 fully, at least in in vitro systems.*”
By contrast, two reports of Wnk4 knockout mice suggested
that WNK4 does not regulate NKCC2 in vivo.”**” Regardless,
expression of WNKS3 in Xenopus oocytes results in activatory
phosphorylation of the amino-terminal threonines in NKCC2
that are phosphorylated in TAL cells after treatment with
DDAVP.‘!H,‘_)?W

The amino-terminal phosphorylation of NKCC2 by SPAK
and/or OSR1 kinases appears to be important for activity of
the transporter in the native TAL. The amino-terminus of
NKCC2 contains a predicted binding site for SPAK,*” proximal
to the sites of regulatory phosphorylation; the analogous
binding site is required for activation of the NKCC1 cotrans-
porter.”’ SPAK also requires the sorting receptor SORLA
(sorting protein-related receptor with A-type repeats) for
proper trafficking within TAL cells, such that targeted deletion
of Sorla results in a marked reduction in amino-terminal
NKCC2 phosphorylation.”"' The role of the upstream WNK
kinases is illustrated by the phenotype of a “knock-in” mouse

strain, in which the knocked-in mutant SPAK cannot be
activated by upstream WNK kinases; these mice have a marked
reduction in amino-terminal phosphorylation of both NKCC2
and the thiazide-sensitive NCC, with associated salt-sensitive
hypotension.””” The upstream WNK kinases appear to regulate
SPAK and NKCC2 in a chloride-dependent fashion, phos-
phorylating and activating SPAK and the transporter in
response to a reduction in intracellular chloride concentration
(see the “Integrated Na™-Cl™ and K' Transport in the Distal
Nephron” section).”*

Of the two kinases, SPAK and OSRI, OSRI is perhaps
more critical for NKCC2 function in the TAL, because pan-
renal epithelial-specific deletion of Osrl leads to decreased
amino-terminal phosphorylation of NKCC2, and a Bartter
syndrome-like phenotype.”™ Several groups reported an
increase in NKCC2 amino-terminal phosphorylation and an
increased response to furosemide in Spak knockout mice,
suggesting overcompensation by OSR1.**"" By contrast, it
was reported that baseline Na™ absorption by isolated perfused
TAL segments is profoundly impaired in SPAK-deficient mice,
though this may reflect an absence of activating factors present
in vivo.”® Truncated species of SPAK protein have also been
detected in kidney due to generation of alternative mRNA
species that lack the amino-terminal kinase domain and to
proteolytic degradation; both forms of SPAK function as
dominant-negative inhibitors of the full-length kinase, abrogat-
ing the usual stimulatory effect on coexpressed NKCC2 or
NKCC1.27** A Tack of these species in SPAK knockout mice
may also contribute to the increased amino-terminal NKCC2
phosphorylation observed, due to the removal of a dominant-
negative effect on OSRI. Further complexity arises from the
influence of the adaptor protein calcium-binding protein
39 (CAB39, also called mouse protein-25, MO25”"), which
can both increase SPAK/OSRI-driven phosphorylation of
NKCC2 and also activate SPAK/OSR1 directly, without the
need for upstream phosphorylation by WNK kinases, by
promoting dimerization of the kinases.””*' WNK4 is also
capable of direct interaction with CAB39, promoting activation
of NKCC2 in the absence of SPAK or OSRI expression.””
In support of SPAK/OSR1-independent activation of NKCC2,
in mice in which both SPAK and OSRI were disrupted in
the kidney, significant amino-terminal phosphorylation of
NKCC2 was still detected. However, although this could reflect
a direct effect of WNK4 on NKCC2, it could also result from
phosphorylation by an as-yet unidentified kinase. Therefore,
there appear to be at least three potential pathways for NKCC2
activation—a WNK4-dependent SPAK/OSR1 pathway, a
WNK4-independent SPAK/OSR1 pathway, and a SPAK/
OSRl-independent WNK4 pathway.”” It should be noted,
however, that amino-terminal phosphorylation has a smaller
effect on NKCC2 activity than it does on NKCC1 and NCC.*"
Thus changes in NKCC2 phosphorylation may not always
reflect changes in NKCC2 activity.””’

Vasopressin has also been shown to alter the stoichiometry
of furosemide-sensitive apical CI” transport in the TAL, from
a K*-independent Na*-Cl” mode to the classic Na"-K-2Cl
cotransport stoichiometry.” In the absence of vasopressin,
*Na’ uptake by mouse medullary TAL cells is not dependent
on the presence of extracellular K*, whereas the addition of
the hormone induces a switch to K*-dependent *Na* uptake.
Underscoring the metabolic advantages of paracellular Na*
transport, which is critically dependent on the apical entry
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of K* via Na™-K™-2CI" cotransport (see previously), vasopressin
accomplishes a doubling of transepithelial Na*-Cl™ transport
without affecting ZNa* uptake (an indicator of transcellular
Na'™-CI” transport); this doubling in transepithelial absorption
occurs without an increase in O, consumption, highlighting
the energy efficiency of ion transport by the TAL.” The
mechanism of this shift in the apparent stoichiometry of
NKCC2 is not completely clear. However, splice variants of
mouse NKCC2 with a novel, shorter carboxyl-terminus have
been found to confer sensitivity to cAMP when coexpressed
with fulllength NKCC2.”" Notably, these shorter splice variants
appear to encode furosemide-sensitive, K-independent NCCs
when expressed alone in Xenopus oocytes.” The in vivo
relevance of these phenomena is not clear, however, nor is
it known whether similar splice variants exist in species other
than mouse.

In addition to its acute effects on NKCC2, the apical
Na'™-K"-2CI” cotransporter, vasopressin increases transepithelial
Na™CI" transport by activating apical K" channels and baso-
lateral CI” channels in the TAL.”**" Details have vet to emerge
of the regulation of the basolateral CLC-K2/Barttin CI”
channel complex by vasopressin, cAMP, and related pathways.
However, the apical K" channel ROMK is directly phosphory-
lated by PKA on three serine residues (525, S200, and S294
in the ROMK?2 isoform). Phosphorylation of at least two of
these three serines is required for detectable K" channel
activity in Xenopus oocytes; mutation of all three serines to
alanine abolishes phosphorylation and transport activity, and
all three serines are required for full channel activity.” These
three phospho acceptor sites have distinct effects on ROMK
activity and expression.”” Phosphorylation of the amino-
terminal S25 residue appears to regulate trafficking of the
channel to the cell membrane, without effects on channel
gating; this serine is also a substrate for the SGKI kinase,
which activates the channel via an increase in expression at
the membrane.”’ By contrast, phosphorylation of the two
carboxyl-terminal serines modulates open channel probability
via effects on pH-dependent gating and on activation by the
binding of phosphatidylinositol 4,5-bisphosphate (PIP2) to
the carboxyl-terminal domain of the channel.”**?

Vasopressin also has considerable long-term effects on
transepithelial Na™Cl™ transport by the TAL. Sustained
increases in circulating vasopressin result in marked hyper-
trophy of medullary TAL cells, accompanied by a doubling
in baseline active Na™Cl™ transport.”” Water restriction or
treatment with DDAVP also results in an increase in abundance
of the NKCC2 protein in rat TAL cells. Consistent with a
direct effect of vasopressin-dependent signaling, expression
of NKCC2 is reduced in mice with a heterozygous deletion
of the G, stimulatory G protein, through which the V,R
activates cAMP generation.”” Increases in cAMP are thought
to induce transcription of the SlcI2al gene that encodes
NKCC2 directly, given the presence of a cAMP-response
negative effect of PGE, on cAMP generation with indometha-
cin also results in a considerable increase in abundance of
the NKCC2 protein.” Finally, in addition to these effects
on NKCC2 expression, water restriction or DDAVP treatment
increases abundance of the ROMK protein at the apical
membrane of TAL cells.””

Recently, a role for B3-adrenergic receptors in activation
of NKCC2 was proposed, with administration of the selective

agonist BRL37344 increasing NKCC2 phosphorylation ex
vivo in wild type but not f3-adrenergic receptor knockout
mice, which also displayed a mild Na™- and K'-wasting
phenotype.”

Inhibitory Influences

The stimulation of transepithelial Na™Cl transport by cAMP-
generating hormones (e.g., vasopressin, PTH) is modulated
by a number of negative neurohumoral influences (Fig. 6.9).”
In particular, extracellular Ca? and PGE, exert dramatic
inhibitory effects on ion transport by this and other segments
of the distal nephron through a plethora of synergistic
mechanisms. Extracellular Ca®* and PGE, both activate the
G; inhibitory G protein in TAL cells, opposing the stimulatory,
Gydependent effects of vasopressin on intracellular levels of
cAMP.*** Extracellular Ca®* exerts its effect through the
CaSR, which is heavily expressed at the basolateral membrane
of TAL cells; PGE, primarily signals through EP; prostaglandin
receptors.”**** The increases in intracellular Ca** due to
the activation of the CaSR and other receptors directly inhibit
cAMP generation by a Ca*-inhibitable adenylate cyclase that
is expressed in the TAL, accompanied by an increase in
phosphodiesterase-dependent degradation of cAMP (Fig.
6.16)."*" These negative stimuli likely inhibit baseline
transport in the TAL; abrogation of the negative effect of
PGE, with indomethacin results in a considerable increase
in abundance of the NKCC2 protein, whereas targeted dele-
tion of the CaSR in mouse TAL activates NKCC2 via increased
amino-terminal phosphorylation.'**"

Activation of the CaSR and other receptors in the TAL
also results in the downstream generation of arachidonic acid
metabolites, with potent negative effects on Na*-Cl transport
(Fig. 6.16). Extracellular Ca*" thus activates PLA, in TAL
cells, leading to the liberation of arachidonic acid. This
arachidonic acid is in turn metabolized by cytochrome P450
w-hydroxylase to 20-HETE or by COX-2 to PGE,; cytochrome
P450 o-hydroxylation generally predominates in response
to activation of the CaSR in TAL.* 20-HETE has very
potent negative effects on apical Na-K*-2Cl™ cotransport,
apical K channels, and the basolateral Na*-K"-ATPase.”**"’
PLAy,-dependent generation of 20-HETE also underlies
in part the negative effect of bradykinin and Ang II on
Na*-CI” transport.”**" Activation of the CaSR also induces
tumor necrosis factor-o. expression in the TAL, which
activates COX-2 and thus generation of PGE, (Fig. 6.16);
this PGE, in turn results in additional inhibition of Na*-CI~
transport.””

The relative importance of the CaSR in the regulation of
Na™CI" transport by the TAL is dramatically illustrated by
the phenotype of a handful of patients with gain-of-function
mutations in this receptor. In addition to suppressed PTH
and hypocalcemia, the usual phenotype caused by gain-of-
function mutations in the CaSR (autosomal dominant
hypoparathyroidism), these patients manifest a hypokalemic
alkalosis, polyuria, and increases in circulating renin and
aldosterone.”*” Therefore, the persistent inhibition of
Na'™-Cl” transport in the TAL by these overactive mutants of
the CaSR causes a rare subtype of Bartter syndrome, type V,
in the genetic classification of this disease.””

Activation of the CaSR also affects claudin expression in
TAL cells via downregulation of microRNAs, leading to
PTH-independent hypercalciuria (see Chapter 7) .25
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Inhibitory effects of the calcium-sensing receptor (CaSR) on transepithelial Na*-ClI~ transport in the thick ascending limb. (A) Activation

of the basolateral CaSR inhibits the generation of cAMP in response to vasopressin and other hormones (see text for details). (B) Stimulation
of phospholipase A, by the CaSR leads to liberation of arachidonic acid, which is in turn metabolized by cytochrome P450 w-hydroxylase to
20-HETE (20-hydroxyeicosatetraenoic acid), or by cyclooxygenase-2 (COX-2) to prostaglandin E, (PGE,). 20-HETE is a potent natriuretic factor,
inhibiting apical Na*-K*-2ClI~ cotransport, apical K* channels, and the basolateral Na*-K*-ATPase. Activation of the CaSR also induces tumor
necrosis factor-o. (TNF-o) expression in the TAL, which activates COX-2 and thus generation of PGE,, leading to additional inhibition of Na*-
CI” transport. (From Hebert SC. Calcium and salinity sensing by the thick ascending limb: a journey from mammals to fish and back again. Kidney

Int Suppl. 2004;91:528-833.)

Uromodulin

TAL cells are unique in expressing the membrane-bound,
glycosylphosphatidylinositol (GPI)-anchored protein, uro-
modulin (Tamm-Horsfall glycoprotein), which is not expressed
by macula densa cells or the downstream DCT. Uromodulin
is released by proteolytic cleavage at the apical membrane
and is secreted as the most abundant protein in normal
human urine (20 to 100 mg/day).”” Uromodulin has a host
of emerging roles in the physiology and biology of the TAL.
A high-salt diet increases uromodulin expression, suggesting
arole in ion transport.”” In this regard, uromodulin facilitates
membrane trafficking and function of the NKCC2 protein,
with similar effects on apical ROMK protein.m’271
Autosomal dominant mutations in the UMOD gene encod-
ing uromodulin are associated with medullary cystic disease
type 2 and familial juvenile hyperuricemic nephropathy.
Now referred to as uromodulin-associated kidney disease,
this syndrome includes progressive tubulointerstitial damage
and chronic kidney disease (CKD), variably penetrant hyper-
uricemia and gout, and variably penetrant renal cysts that
are typically confined to the corticomedullary junction.””
The causative mutations tend to affect conserved cysteine
residues within the amino-terminal half of the protein, leading
to protein misfolding and retention within the endoplasmic
reticulum.””*”? More common genetic variants in the UMOD
promoter have recently been linked in genomewide associa-
tion studies with a risk of CKD and hypertension.”® These
susceptibility variants have a high frequency (=0.8) and confer
an approximately 20% higher risk for CKD and a 15% risk
for hypertension.””” These polymorphisms are associated
with more abundant renal uromodulin transcript and higher
urinary uromodulin excretion due to activating effects on
the UMOD promoter.””*”* Overexpression of uromodulin in

transgenic mice leads to distal tubular injury, with segmental
dilation and an increased tubular cast area relative to wild
type mice; similar lesions are increased in frequency in older
adults homozygous for susceptibility variants in UMOD when
compared with those homozygous for protective variants.*”

Uromodulin-transgenic mice also manifest salt-sensitive
hypertension due to activation of the SPAK kinase and activat-
ing amino-terminal phosphorylation of NKCC2. Human
hypertensive individuals homozygous for susceptibility variants
in UMOD appear to have an analogous phenotype, with
exaggerated natriuresis in response to furosemide compared
with those who are homozygous for protective variants.””
These findings are compatible with the stimulatory effects
of uromodulin on NKCC2 and ROMK—that is, a net gain
of function in TAL transport.””"*"" Uromodulin excretion
also appears to parallel transport activity of the TAL, with
common polymorphisms in the KCNJI gene encoding ROMK
and two genes involved in regulating SPAK and OSR1 kinase
activity (SORLI and CAB39).”"

ANATOMY OF THE DISTAL NEPHRON

The distal nephron that extends beyond the TAL is the final
arbiter of urinary Na™-Cl™ excretion and a critical target for
natriuretic and antinatriuretic stimuli. The understanding
of the cellular organization and molecular phenotype of the
distal nephron continues to evolve and merits a brief review
in this context. The DCT begins at a variable distance after
the macula densa, with an abrupt transition between NKCC2-
positive cortical TAL cells and DCT cells that express the
thiazide-sensitive NCC. Considerable progress has been made
in the phenotypic classification of cell types in the DCT and
adjacent nephron segments, based on the expression of an
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expanding list of transport proteins and other markers.””
This analysis has revealed considerable differences in the
organization of the DCT, CNT, and CCD in rodent, rabbit,
and human kidneys. In general, rabbit kidneys are unique
in the axial demarcation of DCT, CNT, and CCD segments,
at both a molecular and morphologic level; the organization
of the DCT to CCD is considerably more complex in other
species, with boundaries that are much less absolute.””
Notably, however, the overall repertoire of transport proteins
expressed does not vary among these species; what differs is
the specific cellular and molecular organization of this
segment of the nephron.

The early DCT (DCT1) of mouse kidney expresses NCC
and a specific marker, parvalbumin, which also distinguishes
the DCT1 from the adjacent cortical TAL (Fig. 6.17).%"
Targeted deletion of parvalbumin in mice reveals that this
intracellular Ca**-binding protein is required for full activity
of NCC in the DCT.?” Cells of the late DCT (DCT2) in mice
coexpress NCC with proteins involved in transcellular Ca?
transport, including the apical calcium channel, TRPV)
(previously ECaCl), the cytosolic calcium-binding protein
calbindin Dyg, and the basolateral Na*-Ca*" exchanger
NCX1.””” NCC is coexpressed with ENaC in the late DCT2
of mouse, where the two proteins physically and may function-
ally interact,””® with robust expression of ENaC continuing
in the downstream CNT and CCD.”” By contrast, rabbit kidney
does not have a DCT1 or DCT2 and exhibits abrupt transitions
between NCC- and ENaC-positive DCT and CNT segments,
respectively.””” Human kidneys that have been studied thus
far exhibit expression of calbindin Dyg all along the DCT
and CNT, extending into the CCD; however, the intensity of
expression varies at these sites. Approximately 30% of cells
in the distal convolution of human kidney express NCC, with
70% expressing ENaC (CNT cells); ENaC and NCC overlap
in expression at the end of the human DCT segment. Finally,
cells of the early CNT of human kidneys express ENaC in
the absence of aquaporin-2, the apical vasopressin-sensitive
water channel.””

DCT1 DCT2 CNT | CCD |
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Fig. 6.17 Schematic representation of the segmentation of the mouse
distal nephron and distribution and abundance of Na*-, Ca*-, and
Mg?*-transporting proteins. CBP-D28K, calbindin-D28K; CCD, cortical
collecting duct; CNT, connecting tubule; DCT7 and DCT 2, distal
convoluted tubules 1 and 2, respectively; ENaC, epithelial Na* channel;
NCC, thiazide-sensitive Na‘*-Cl~ cotransporter; NCX7, Na*-Ca*
exchanger; PMCA, plasma membrane Ca*-ATPase; PV, parvalbumin;
TRPMS6, apical Mg** entry channel; TRPV5 and TRPV6, apical Ca?
entry channels.?’¢61461°

Although primarily contiguous with the DCT, CNT cells
share several traits with principal cells of the CCD, including
apical expression of ENaC and ROMK, the K' secretory
channel; the capacity for Na*-Cl” reabsorption and K' secretion
in this nephron segment is as much as 10 times higher than
that of the CCD.”” Intercalated cells are the minority cell
type in the distal nephron, emerging within the DCT and
CNT and extending into the early inner medullary collecting
duct (IMCD).” Three subtypes of intercalated cells have
been defined, based on differences in the subcellular distribu-
tion of the H-ATPase and the presence or absence of the
basolateral AE1 CI"-HCOj™ exchanger. Type A intercalated
cells extrude protons via an apical H-ATPase in series with
basolateral AE1; type B intercalated cells secrete HCO5™ and
OH via an apical anion exchanger (SLC26A4 or pendrin)
in series with basolateral H-ATPase.” In rodents, the most
prevalent subtype of intercalated cells in the CNT is the
non-A, non-B intercalated cell, which possesses an apical
CI-HCO;™ exchanger (SLC26A4 or pendrin) along with apical
H*ATPase.” Although intercalated cells play a dominant
role in acid-base homeostasis, Cl” transport by type B inter-
calated cells performs an increasingly appreciated role in
distal nephron Na*™Cl” transport (see the “Connecting Tubules
and the Cortical Collecting Duct: CI” Transport” section).

The OMCD encompasses two separate subsegments cor-
responding to the outer and inner stripes of the outer
medulla, OMCDo and OMCDi, respectively. OMCDo and
OMCD:i contain principal cells with apical amiloride-sensitive
Na® channels (ENaCs); however, the primary role of this
nephron segment is renal acidification, with a particular
dominance of type A intercalated cells in OMCDi.***' The
OMCD may also play a role in K* reabsorption via the activity
of apical H-K"-ATPase pumps,”**** although deletion of this
transport protein does not alter the ability to conserve 