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Paracellular transport in the collecting duct
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Abstract

Purpose of review—The paracellular pathway through the tight junction provides an important
route for chloride reabsorption in the collecting duct of the kidney. This review describes recent
findings of how defects in paracellular chloride permeation pathway may cause kidney diseases
and how such a pathway may be regulated to maintain normal chloride homeostasis.

Recent findings—The tight junction in the collecting duct expresses two important claudin
genes — claudin-4 and claudin-8. Transgenic knockout of either claudin gene causes hypotension,
hypochloremia, and metabolic alkalosis in experimental animals. The claudin-4 mediated chloride
permeability can be regulated by a protease endogenously expressed by the collecting duct cell —
Capl. Capl regulates the intercellular interaction of claudin-4 and its membrane stability. KLHL3,
previously identified as a causal gene for Gordon’s syndrome, also known as
pseudohypoaldosteronism 11 (PHA-II), directly interacts with claudin-8 and regulates its
ubiquitination and degradation. The dominant PHA-1I mutation (R528H) in KLHL3 abolishes
claudin-8 binding, ubiquitination, and degradation.

Summary—The paracellular chloride permeation pathway in the kidney is an important but
understudied area in nephrology. It plays vital roles in renal salt handling and regulation of
extracellular fluid volume and blood pressure. Two claudin proteins — claudin-4 and claudin-8
contribute to the function of this paracellular pathway. Deletion of either claudin protein from the
collecting duct causes renal chloride reabsorption defects and low blood pressure. Claudins can be
regulated on post-translational levels by several mechanisms involving protease and ubiquitin
ligase. Deregulation of claudins may cause human hypertension as exemplified in the Gordon’s
syndrome.
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Introduction

The tight junction (TJ) is composed of a series of direct membrane contacts of adjacent
cells in polarized epithelia [1]. Freeze-fracture electron microscopy has revealed the tight
junction as a branching and anastomosing reticulum of “fibrils” or “strands” on the P
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fracture face [2]. These fibrils have been demonstrated to comprise integral membrane
proteins that not only mediate cell-cell interactions but also create an ionic pathway between
the cells, known as the parachellular pathway [3]. The known integral membrane proteins of
the tight junction include occludin [4], the Junctional Adhesion Molecules (JAMs) [5], and
the claudins [6,7]. Among them, the claudins selectively regulate the TJ permeability,
presumably through electrostatic interaction of permeating ions with the charged residues
located in the extracellular domains of claudins [8].

The physiologic role of paracellular CI~ permeability in the collecting duct

The renal collecting duct is different from many other NaCl absorbing epithelia in that its
Na* transport process is separated from its CI~ transport process. The Na* reabsorption
occurs in the principal cell via the epithelial sodium channel (ENaC), while the CI~
reabsorption is mediated predominantly (~70%) through the paracellular pathway and to a
lesser extent through the p-type intercalated cell via the CI"/HCO™ exchanger — pendrin [9].
The driving force for paracellular CI~ reabsorption is the lumen-negative transepithelial
potential (Vi ~ —25mV; Figure 1). Vi is generated by the unidirectional transepithelial Na*
current (lumen to bath) and is sufficient to overcome the transepithelial CI~ concentration
gradient that would otherwise favor CI~ secretion. The paracellular CI~ conductance in the
collecting duct has been recorded primarily by ex-vivo studies using microdissected and
perfused renal tubules from rodents [9-12]. Its conductance level is between 1.1-1.2
mS/cm? [12]. The ENaC mediated Na* conductance, on the other hand, is around 0.6
mS/cm? under basal condition [13]. In theory, the paracellular pathway has provided an
efficient route for coupling CI™ reabsorption with Na* reabsorption so as to maintain luminal
fluid electroneutrality.

The molecular component of the paracellular pathway in the collecting duct

Several claudins, including claudin-3, -4, -7, and -8, have been found expressed in the
collecting duct of rodent kidneys [14,15]. They have been extensively studied for many
extrarenal roles [16-19]. Hou and colleagues used a systematic RNA interference approach
to functionally investigate these four claudins in two native collecting duct cell lines, M-1
and mIMCD3 [20]. Knockdown of claudin-4 or claudin-8 significantly decreased the
paracellular CI~ permeability (P¢;) without affecting the Na*™ permeability (Pps).
Knockdown of claudin-3 was without any noticeable effect on either Pg) or Py, While
knockdown of claudin-7 led to a global loss of barrier function against both Na* and CI~.
Consistent with the non-selective barrier function, claudin-7 knockout mice developed
severe renal wasting of Na*, K*, CI~, and water, and died within 12 days after birth [21].
Mutagenesis has identified a protruding amino acid locus (K65) in the extracellular domain
of claudin-4 protein, which is critical for its CI~ permeability [20]. Claudin-4 was found
interacting with claudin-8, in vitro in biochemical solution, in yeast membrane and in
epithelial cell membrane [20]. Without claudin-8, claudin-4 intracellular trafficking to tight
junction is interrupted, which may provide a molecular explanation for claudin-8’s effects on
Pci [20].
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The lesson learned from claudin-4 knockout animal

The global claudin-4 knockout (KO) mice developed a wide spectrum of renal and urologic
defects, which included urinary loss of Ca** and CI~, hydronephrosis, urinary tract
obstruction, and urothelial hyperplasia [22]. While blood pressure was not measured for
these animals, their urinary volume and osmolality appeared unchanged. By co-localization
with known molecular markers for different nephron segments, Gong and colleagues have
determined the cellular localization of claudin-4 in the kidney [23]. Their data indicate that
claudin-4 is expressed by the thin limb (TL) of the Henle’s loop, the late portion of the distal
convoluted tubule (DCT?2), the connecting tubule (CNT) and the collecting duct (CD). Using
the Cre-loxP recombination strategy, Gong and colleagues have generated the CD specific
KO mouse model of claudin-4 [23]. These animals developed hypotension, hypochloremia,
and metabolic alkalosis due to renal loss of CI~ under regular condition of dietary salt intake.
Natriuretic diuresis was also evident, compatible with decreased extracellular fluid volume
in the KO mice. Dietary salt restriction further exacerbated hypotension and renal loss of salt
and volume in these animals [23]. Notably, the fold of increase in the salt excretion level was
much higher when the KO was given low salt diet instead of regular salt diet. This data may
suggest that claudin-4 is physiologically regulated in response to dietary salt variation as a
feedback mechanism to adjust the renal excretion of CI™ accordingly.

The lesson learned from claudin-8 knockout animal

The renal localization pattern of claudin-8 is remarkably similar to that of claudin-4, with
predominant expression in the DCT through CNT to CD [14,24]. Using the same Cre-loxP
recombination strategy developed for claudin-4, Gong and colleagues have generated the CD
specific KO mouse model of claudin-8 [24]. These KO animals phenocopied claudin-4 KO
in many ways. For example, they developed hypotension, hypochloremia, and metabolic
alkalosis. In addition to salt and volume deregulation as observed in claudin-4 KO, claudin-8
KO developed hypokalemia due to increased urinary excretion of K*. Notably, the
hypotension is more severe in claudin-8 KO (reduced by 17.6 mmHg) than in claudin-4 KO
animals (reduced by 6.5 mmHg), which may suggest a more complete blockade of
paracellular CI™ transport in absence of claudin-8 than claudin-4. Mechanistically, deletion
of claudin-8 in the collecting duct rendered nearly complete delocalization of claudin-4 from
the TJ, while deletion of claudin-4 had no effect on claudin-8 localization in the TJ [24].
Claudin-7, previously shown to form a nonselective barrier to ionic movement [21], was not
affected by the loss of neither claudin-4 nor claudin-8 [24]. These in vivo data are
remarkably compatible with the concept derived from the in vitro assays of claudin
interactions that claudin-4 and -8 form a CI™ transport channel due to their c/s-interaction
[20]. Deletion of claudin-8 has created a double KO on the level of tight junction because it
is the exclusive interaction partner for claudin-4 [20].

Channel-activating protease 1 (Capl) as a key regulator to adjust sodium and chloride
permeability ratio in the collecting duct
Cap1l was the first of several membrane-tethered serine proteases that augment the ENaC

channel conductivity by direct proteolytic cleavage of its target in the collecting duct
[25,26]. The paracellular channel permeability appeared to be regulated by serine proteases
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too in the collecting duct. Liu and colleagues first noticed that trypsin, when added to the
apical side of the mouse CD M-1 cells, increased not only the amiloride-sensitive Na*
current (leg) but also the transepithelial resistance (TER), an inverse indicator for
paracellular channel conductance [27]. Gong and colleagues further confirmed this effect
using a different mouse CD cell line — mIMCD3 [23]. Serendipitously, they found that
recombinant Capl protein exerted a similar effect to trypsin by reducing paracellular CI~
permeability in both M-1 and mIMCD3 cells. Knockdown of claudin-4 completely
abrogated the Capl effect in these cells, which may suggest that claudin-4 was a functional
target of Capl. Gong and colleagues addressed this possibility by developing a series of
elegant biochemical assays [23]. They showed that Capl directly acted upon the
extracellular domain of claudin-4 to disrupt its frans-interaction presumably by proteolytic
cleavage at the R158 site of claudin-4 protein. The physiologic role of Capl now becomes
particularly interesting considering its dual regulation of ENaC and claudin-4. It may fine-
tune the CD function in response to hyperkalemia-triggered hyperaldosteronism. Because
aldosterone increases Capl gene expression in the collecting duct [28], a gain of Capl
function would increase the luminal CI~ level while at the same time transport more Na* to
the basolateral space, which inevitably lowers the already negative V. to favor K* secretion
into the urine (Figure 1).

CI™ transport in Gordon’s syndrome

Gordon’s syndrome, also known as pseudohypoaldosteronism Il (PHA-I11) or familial
hyperkalemic hypertension (FHHt), features hypertension, hyperkalemia, and
hyperchloremic metabolic acidosis [29]. There are four genetic loci with significant linkage
to Gordon’s syndrome, which encode with no lysine kinase 1 (WNK1), WNK4, Kelch-like 3
(KLHL3) and Cullin 3 (CUL3) [30,31]. There has been a long-standing interest in how
paracellular CI™ transport is deregulated in Gordon’s syndrome. Yamauchi et al and Kahle et
al independently discovered that the PHA-II causing mutation (D561A) in WNK4 increased
paracellular CI~ permeability in vitro in cultured MDCK cells by hyperphosphorylating
claudins [32,33]. However, in vivo in a WNK4 knockin mouse model harboring the D561A
mutation, there was no detectable change of paracellular CI~ permeability in microdissected
and perfused collecting duct tubules [34]. Gong and colleagues turned their attention to how
KLHL3 may regulate claudin-8 in the collecting duct, knowing that the CD specific
claudin-8 KO mice developed the phenotypes exactly opposite to PHA-II [24]. Using a
cultured CD cell model (M-1), they found that transfection of wildtype KLHL3 decreased
while the PHA-II causing mutation (R528H) increased paracellular CI~ permeability [24].
Both wildtype and mutant KLHL3 effects depended upon the presence of claudin-8. The
authors further elucidated the biochemical mechanism of claudin-8 regulation by KLHL3
[24]. They showed that KLHL3 was directly bound to claudin-8, and this binding led to
ubiquitination and degradation of claudin-8. The PHA-II mutation (R528H) in KLHL3
played a dominant negative role by abolishing its binding, ubiquitination and degradation of
claudin-8.
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Open guestions

A fundamental understanding of how paracellular CI~ permeability is regulated
physiologically will be crucial for establishing blood pressure disease models that may
originate from deregulation in normal physiologic feedback mechanisms. It is clear from
Gong and colleagues’ data that low salt-triggered hypovolemia may induce positive
regulation of paracellular CI~ permeability and exacerbate the salt wasting defect and the
hypotension in claudin-4 KO animals [23]. Hypovolemia will activate the renin—
angiotensin—aldosterone (RAA) system. Aldosterone has been found to upregulate the
transcription of claudin-8 in the distal colon [35], a known aldosterone sensitive site similar
to the collecting duct. The claudin-4 protein is hyper-phosphorylated by aldosterone in the
rat collecting duct RCCD2 cells [36]. Therefore, an increase in paracellular CI~ permeability
will favor salt retention under hypovolemic condition. Tubular angiotensin-11 signaling has
long been suspected to play a vital part to adjust the collecting duct function in the face of
hypovolemia versus hyperkalemia. Stimulation with angiotensin-I1 increases amiloride-
sensitive Na* transport while decreases luminal membrane K* channel activity [37,38].
Although there is no direct evidence that angiotensin-11 regulates paracellular CI~
permeability, Gong and colleagues have revealed a novel signaling cascade from KLHL3 to
claudin-8 [24]. KLHL3, as a component of the E3 ubiquitinase mutated in PHA-II, is itself
phosphorylated and activated by angiotensin-11 via PKC [39]. Finally, it is important to
recognize that PHA-II is a multifaceted disease altering the functions of both DCT and CD.
Despite recent advances establishing the role of NCC channel phosphorylation as a key
underlying mechanism for PHA-11 [34,40-42], it is not known whether changes in
paracellular CI~ permeability may also contribute to the pathogenesis of PHA-1I. A technical
challenge to consider is that such changes in the CD may be obscured by abnormalities in
the DCT. The global KO strategy as in the case of Cul3 may generate perplexing phenotypes
[43]. Because KLHL3 is the only recessive allele causing PHA-II, a CD-specific KO mouse
model will allow delineating the transport defects through both transcellular and paracellular
pathways in the collecting duct.

Conclusion

The role of tight junction permeability in causing human diseases is an important but
understudied area. In the kidney, the paracellular CI~ permeability has long been suspected
to play a vital role in blood pressure regulation. A series of molecular, cellular, and
transgenic knockout animal studies have revealed the molecular components of the
paracellular CI~ pathway and how its defect may alter the kidney’s electrolyte-handling
ability, thereby causing extracellular fluid volume and systemic blood pressure deregulation.
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Bullet points

. Paracellular reabsorption of CI™ is driven by a lumen negative potential
through the tight junction in the collecting duct of the kidney.

. Two claudin proteins — claudin-4 and claudin-8 make the paracellular
pathway for CI~ permeation.

. Loss of function in either claudin-4 or claudin-8 increases urinary
excretion of salt and causes hypotension in transgenic animals.

. Capl regulates paracellular CI~ permeability by disrupting claudin-4
trans-interaction.

. KLHL3 regulates paracellular CI~ permeability by ubiquitinating and
degrading claudin-8.
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Figure 1.

lon transport mechanism in the collecting duct. The membrane voltage (V) trace depicts
the virtual measurement by an electrode that is pushed from the basolateral side through the
cell to the luminal side. In this example, the basolateral membrane voltage is =70 mV and
the luminal membrane voltage is =45 mV, resulting in a transepithelial V¢ of =25 mV with
respect to the basolateral side. Vi drives CI~ permeation through the tight junction.
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