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Abstract

Claudins are tight junction transmembrane proteins that act as paracellular ion channels.
The proximal renal tubule reabsorbs 70% of glomerulus-filtered Na*. Of this Na*, up to 1/3 is
reabsorbed passively via the paracellular pathway. Claudin-2 has been shown to mediate
paracellular sodium reabsorption in the proximal tubule of the kidney. Claudin-2 null mice are
reported to have markedly decreased proximal tubule Na*, CI" and fluid reabsorption, but they

have no apparent disturbance in overall Na* balance.

We investigated whether we can uncover the salt-wasting phenotype of claudin-2 knockout
mice by challenging them with Na* depletion. Even during profound dietary sodium depletion,
claudin-2 null mice demonstrated the ability to conserve sodium to the same extent as wild-type
mice. We investigated how the Na* wasted from the proximal tubule was compensated in other
segments of the renal tubule. We performed immunoblot on transcellular Na* transporters Na-H
antiporter 3, Na-K-2Cl cotransporter, NaCl cotransporter and epithelial Na* channel. We found no
upregulation of the protein abundance of any of these transcellular transporters. To test whether
there was functional upregulation of transcellular Na* transport distally, diuretic challenge tests
were performed. The natriuresis 4 hours after intraperitoneal furosemide (but not after
hydrochlorothiazide or benzamil) was 40% higher in claudin-2 null mice than in WT mice,
indicating that the site of compensation was the thick ascending limb. We concluded that claudin-
2 null mice are able to conserve sodium to the same extent as wild-type mice, even under extreme
conditions, due to upregulation of transcellular Na-K-2ClI transport activity in the thick ascending

limb of Henle.

We therefore hypothesized that the shifting of sodium transport to transcellular pathways
would lead to increased whole kidney oxygen consumption. Indeed we found that the kidneys of
claudin-2 null mice have markedly increased oxygen consumption despite normal sodium

reabsorption, and consequently have medullary hypoxia. Furthermore, when subjected to bilateral



renal ischemia-reperfusion injury, kidneys of claudin-2 null mice exhibited more severe tubular
injury.

In summary, our findings suggest a more important reason for the existence of the
paracellular transport pathway, namely that it evolved to enhance the efficiency of energy and
oxygen utilization by the renal tubule epithelium. Our research demonstrates that claudin-2 is a
key paracellular pathway for passive Na* absorption in the proximal tubule that reduces the overall
energy expenditure by the kidneys. This dissertation sheds light on a fundamental metabolic
process and thereby provides insight on the process that may have broader significance for

epithelial tissues.
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Chapter | Introduction




1.1 Claudins mediate epithelial paracellular transport

1.1.1 Paracellular transport through tight junctions between epithelial cells

Epithelia are sheets of cells that separate body compartments of different compositions and
function as physical and chemical barriers. Epithelia have two functions: 1) to protect the tissues
underneath from physical trauma, toxins and invasion by pathogens; and 2) to absorb nutrients
and excrete waste by transporting molecules through the epithelia (Lommel 2003).

For almost a century, it was believed that epithelial cells were attached to each other by an
impermeable seal that was referred to as the "terminal bar." The understanding of how ions
selectively cross epithelia originates with Hans Ussingd s wldssing addressed the question of
how sodium ions were moved in a directional fashion across the epithelium of frog skin, resulting
in a steady-state electrical potential across the epithelium (Ussing and Zerahn 1951, Koefoed-
Johnsen and Ussing 1958). As a first conceptual breakthrough, the "two membrane model" was
first used to explain transepithelial transport. This model demonstrated that the apical and basal
membrane surfaces had different conductance properties, namely, that Na* enters the cell across
the apical membrane down its concentration gradient (later shown to occur through Na* channels)
but was transported in an energy-dependent fashion out the basolateral surface (later shown to
occur via the Na*™-K*-ATPase). When transcellular transport was inhibited, they observed that
there was still directional transport of ions through the epithelium. This led to the conclusion that
CI' ions must be following Na* in a passive fashion through the tight junction coupled to the
electrical gradient generated by active Na* transport (Ussing & Windhager, 1964). This was the
beginning of the understanding of how transcellular and paracellular transport are physiologically

coupled (Fig.1.1).

1.1.2. Claudins in tight junctions regulate paracellular permeability

After measuring permeability and permselectivity of various epithelia from different organs
(Crone and Christensen 1981, Powell 1981), it turned out that transepithelial resistance differs by

2



several orders of magnitude betweeniit i ght 0 and .#bérexaniple dhe gapsepittel@al i a

resistance of the epithelium of the toad urinary bladder is 3 0 0, 0 0 (? coppgarednwith the
mammalian proximal tubule witho n 1 y a b o &(Powéll 1984 ¥an Itallie, Rogan et al. 2006).
The leakiness of the epithelia is believed to be determined by the tight junctions which are
believed to have ionic charge selectivity. The introduction of electron microscopy in the 1950s led
to the description of the intercellular junctional complex and the tight junctions (Farquhar and
Palade 1963). Shortly thereafter it became apparent (particularly in leaky epithelia) that the so-
called "tight" junctions actually constitute a paracellular pathway that exhibits passive permeability
to small ions (Whittembury and Rawlins 1971).

Tight junctions form the continuous intercellular barrier between epithelial cells, which is
required to separate tissue spaces and regulate selective movement of solutes across the
epithelium. The tight junction has a surprisingly complex protein composition compared to other
cell junctions and is composed of more than 40 proteins. These proteins that constitute the multi-
molecular tight junction complex can be divided into three groups: 1) integral tight junction
proteins that bridge the apical intercellular space and form a regulated permeability barrier; 2)
tight junction plague proteins that serve as links between the integral tight junction proteins and
the actin cytoskeleton and as adapters for the recruitment of cytosolic molecules that are involved
in cell signaling; 3) a variety of cytosolic and nuclear proteins, including regulatory proteins, tumor
suppressors, and transcriptional and posttranscriptional factors that interact either directly or
indirectly with tight junction plaque proteins to coordinate various functions such as the regulation
of paracellular solute permeability, cell proliferation, cell polarity, and tumor suppression
(Schneeberger and Lynch 2004). Among these proteins, the claudin family is reportedly critical in
regulating paracellular permeability by influencing pore size, electrical resistance, and ion
permeability preference. Claudins are encoded by a family of 28 genes in mammals (Mineta,
Yamamoto et al. 2011). They range from 20 to 27 kDa and have four transmembrane helices: a
short internal amino-terminal sequence (2i 6 residues), two extracellular domains (loop 1 is 49i

3



52 residues and loop 2 is 1671 33 residues), and a longer and more variable cytoplasmic tail (2171
63 residues) (Suzuki, Nishizawa et al. 2014). Permeability and selectivity are influenced by the
number and position of charged amino acid residues on the first extracellular loop of claudins
(Colegio, Van ltallie et al. 2002). Amino acid mutations on the first extracellular loop lead to
changes in both transepithelial electrical resistance (Uhlen, Oksvold et al. 2010) and charge
selectivity (Colegio, Van ltallie et al. 2002).

Knocking out claudins in mice can induce either barrier function or pore function defects.
Knocking out claudin-1 (Ladwein, Pape et al. 2005), claudin-5 (Nitta, Hata et al. 2003) or claudin-
15 (Tamura, Kitano et al. 2008) caused defects in barrier function of the tight junctions. However,
deleting claudin-16 (Himmerkus, Shan et al. 2008) and claudin-19 (Hou, Renigunta et al. 2008)
genes led to impaired ion permeability of the renal tubule epithelium.

The majority of claudin family members are expressed in the kidney, and most are localized
to renal epithelial cells (Kiuchi-Saishin, Gotoh et al. 2002). The locations of each claudin isoform
are diverse. Figure 1.2 illustrates the distribution of several claudins in a nephron. Claudin-2 is

expressed in the proximal tubule and the early thin descending limb (Enck, Berger et al. 2001).

1.2 Renal Proximal Tubules affect the metabolic balance of the human body

1.2.1 Physiological role of renal proximal tubule

Proximal tubules reabsorb all glomerulus-filtered glucose, amino acids and about 60% of
Na*, K*, and CI. Proximal tubules are important because various serious inherited or acquired
kidney disorders such as Fanconi disease, renal tubular acidosis, and phosphate wasting
syndromes are associated with the disruption of the function of transporters in proximal tubule
cells (Nakhoul and Batuman 2011). Approximately 3% to 7% of hospitalized patients and 25% to
30% of ICU patients develop acute kidney injury. Although all the nephron segments may be
injured during acute kidney injury, the most common renal segment susceptible to acute kidney
injury from ischemia, sepsis, or other nephrotoxins is the proximal tubule, especially the S3

4



segment of the proximal tubule located in the outer stripe of the medulla. Understanding the exact
mechanism of solute and water transport in proximal tubules can assist in the development of

appropriate therapeutics for these inherited and acquired renal diseases.

1.2.2 Paracellular transport is important in handling Na*, Cl", and water in renal proximal

tubules.

In early proximal tubules, Na* is reabsorbed transcellularly with HCO3" (Kokko 1973), and
isosmotic water reabsorption follows. These phenomena generate a lumen-negative electrical
potential across the tubule. Meanwhile, the lumen-to-plasma concentration gradient in late
proximal tubules is high in CI and low in HCO3" as fluid flows down to the later proximal tubule
(Bomsztyk 1986). Paracellular tight junctions in the early proximal tubules are permeable to CI-.
This negative lumen potential drives paracellular CI- reabsorption (Andreoli, Schafer et al. 1979).
Enhanced CI reabsorption generates a slightly lumen-positive transepithelial potential in mid to
late proximal tubules. Thus, Na* is reabsorbed in mid-to-late proximal tubules, driven by the

positive electrical gradient (Barratt, Rector et al. 1974) (Fig. 1.3).

1.2.3 The paracellular permeability of proximal tubules is believed to be determined by

claudins in tight junctions

Tight junctions form intercellular barriers that selectively regulate solute movement. Among
the various protein components that were discovered in tight junctions, the claudin family plays a
key role in regulating paracellular permeability. Permeability and selectivity are influenced by the
number and position of charged amino acid residues on the first extracellular loop of claudins
(Colegio, Van ltallie et al. 2002, Yamazaki, Okawa et al. 2008).

The claudin isoforms are expressed in various organs in the body, such as the kidneys, the
intestines and brain ventricles. The majority of the claudin family members are expressed in the
kidney, and most are localized to the renal epithelial cells (Kiuchi-Saishin, Gotoh et al. 2002).
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Claudin isoforms have diverse locations. Figure 1.2 illustrates the distribution of several claudins
in a nephron. The pattern of claudin expression in different segments of the renal tubule is
important for the particular ion permeability of each tubular segment. For example, in vitro studies
show that claudin-7, which is expressed in the distal convoluted tubule and the collecting duct,
mediates CI permeability (Tatum, Zhang et al. 2007).Claudin-7 knockout mice exhibited renal salt
wasting and chronic dehydration (Tatum, Zhang et al. 2010). Claudin-16 and claudin-19
expressed in the thin and thick ascending limb were found to work synergistically to mediate
cation permeability (Konrad, Schaller et al. 2006, Angelow, El-Husseini et al. 2007, Hou,
Renigunta et al. 2008). It was observed that mutations of claudin-16 and/or claudin-19 in both
human and mice resulted in Mg?* and Ca?* wasting (Weber, Schneider et al. 2001, Himmerkus,

Shan et al. 2008).

1.3 Investigation of the functional role of claudin-2

1.3.1 Characterization of the function of claudin-2 in vitro

The hallmark discovery of claudin-2 function occurred when researchers found that the
transepithelial resistance of Madini Darby canine kidney type | (MDCKI) cells, a high-resistance
cell line, when transfected with claudin-2, dropped to the level of Madini Darby canine kidney type
Il (MDCKII) cells, a leaky cell line that shares the same components with the MDCKI cell line,
except that MDCKII endogenously expresses claudin-2 (Furuse, Furuse et al. 2001). Later studies
showed that the transfection of claudin-2 into high-resistance Madini Darby canine kidney type
C7 (MDCK-C7) cells induces paracellular channels with a permeability preference for cations
such as K" and Na* over anions such as CI and Br(Amasheh, Meiri et al. 2002); these results

indicate that claudin-2 forms leaky and cation-selective pores.

1.3.2 Characterization of the function of claudin-2 in vivo

The first claudin-2 null mice were characterized by Muto et al (Muto, Hata et al. 2010). In
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isolated perfused proximal tubule S2 segments from these mice, there was a 2.5-fold increase in
transepithelial resistance, a decrease in Na*/Cl permeability ratio (pNa/pCl), and a 37% decrease
in net Na* reabsorption, demonstrating that claudin-2 plays a major role in paracellular Na*
transport in the proximal tubule (Muto, Hata et al. 2010). Schnermann et al subsequently
confirmed that these mice have a 23% reduction in proximal fluid reabsorption (Schnermann,
Huang et al. 2013). Although it was predicted that these mice would exhibit urinary NaCl wasting,
this was not observed in metabolic balance studies on a normal diet, raising the question of what

role, if any, claudin-2 plays in normal physiology.

1.4 Paracellular transport saves energy

Why is paracellular transport necessary for renal transepithelial transport? Can transcellular
transport by itself accommodate all solutes and water? These questions led us to consider one
key difference between paracellular transport and transcellular transport: the consumption of
energy. All transcellular transport processes in nephrons are driven by the potential energy
generated by the Na-K-ATPase on the basolateral membrane of renal tubule cells. Each cycle of
the pump hydrolyzes 1 ATP molecule while transporting 3Na* out of the cell and 2K* into the cell.
Therefore, consumption of 1 ATP molecule can transport 3Na* from the lumen to the blood
(Horisberger 2004, Skou 2004). In the 1960s, researchers measured the energy cost of tubular
reabsorption in mammals, and the kidney was calculated to reabsorb 25Na* to 29Na* per O;
molecule consumed(Kiil, Aukland et al. 1961, Torelli, Milla et al. 1966) If we assume that the
mitochondria generate 6 ATP molecules from 1 O, molecule, the kidney must therefore reabsorb
4 Na*to 5 Na* per ATP molecule, which is more than 3 Na* per 1 ATP molecule that we predicted.
One possible reason for the lower-than-expected energy consumption of Na* transport is the
existence of paracellular transport. A portion of the solute is believed to be transported driven by
electrical and chemical gradients created by transcellular transport. The ratio of O, consumed per
Na* reabsorbed reportedly increases during carbonic anhydrase inhibition (Mathisen, Monclair et
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al. 1980, Weinstein, Klose et al. 1984). These findings suggest that when HCO3" reabsorption was
inhibited in the proximal tubule, water was also not reabsorbed. Thus, the concentration gradient
for ClI- could not be generated in the early proximal tubule, and this led to impaired paracellular CI
and Na' reabsorption. As a result, more Na* was reabsorbed through the transcellular pathway

and in turn more Oz was consumed.

Based on this hypothesis, depletion of paracellular transport in the kidney may increase the
workload of transcellular transporters. The kidney would consume more energy and consequently
more O; than normal kidneys. To the best of our knowledge, evidence is lacking on the effect of
the direct inhibition of paracellular transport in the proximal tubule on oxygen consumption
efficiency. This idea has not been tested yet in vivo. Moreover, no study has reported on the
extent of effect on total kidney O, consumption if the paracellular pathway in the proximal tubule
is knocked out and whether it has any physiological significance. Thus, we will explore these
issues by studying claudin-2 KO mice. The ability to ablate paracellular Na* transport in the
proximal tubule by gene targeting of claudin-2 in mice afforded us a unique opportunity to test this

directly.

1.5 Significance and purpose of this dissertation

Researchers have found a variety of in vitro evidence showing that claudins play a critical
role in reabsorption of ions (Coyne, Gambling et al. 2003, Alexandre, Lu et al. 2005, Hou,
Renigunta et al. 2008, Amasheh, Milatz et al. 2009, Borovac, Barker et al. 2012, Krug, Gunzel et
al. 2012). However, the in vivo characterization is not thoroughly-studied, especially for the
claudins that mediate Na* or CI" reabsorption, such as claudin-2, claudin-7 and claudin-10a. The
salt wasting phenotypes of these claudin knockout mice are usually absent or mild (Muto, Hata et

al. 2010, Tatum, Zhang et al. 2010). One important factor that needs to be taken into consideration



is that there are so many Na* transporters along the renal tubule. Some examples are: Na-H
antiporter 3 (NHE3) in the proximal tubules, Na-K-2Cl cotransporter (NKCC2) in the thick
ascending limb, NaCl cotransporter in the distal convoluted tubules, and epithelial Na* channel
(ENaC) in the cortical collecting duct. Na*/K*-ATPase, which is present in the basolateral
membrane, creates a concentration gradient for sodium to flow into the cell through apical
transporters. As apical transporter activity increases, so too does Na*/K*-ATPase activity in order
to maintain the low intracellular Na* environment. These transporters play a significant role in the
regulation of Na* reabsorption in renal tubules. It has been shown that when one transporter is
dysfunctional, other transporters will compensate for it (Brooks, Sorensen et al. 2001). Whether
there is any compensation by other Na* transporters in claudin-null mice has never been
investigated. In this dissertation, we performed a series of experiments to uncover the mystery
behind the absence of the salt-wasting phenotype in claudin-2 null mice. We studied whether
other Na* transporters could compensate and prevent the salt wasting phenotype in claudin-2 null
mice. In addition we further investigated the fundamental significance of paracellular transport.
We are the first to prove that paracellular transport evolved to make ion transport more energy-
efficient. It utilizes the gradient that was created by transcellular transport and mediates ion
transport without directly consuming oxygen. Without paracellular transport, the tissue will be

more susceptible to ischemic insult.



1.6 Figures

Transcellular Mucosa Paracellular
pathway pathway
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Figure 1.1 Electrical circuit model of paracellular resistances across transcellular and paracellular
pathways of an epithelial cell monolayer. Transcellular transport is controlled by transporters in
the apical and basolateral surfaces. The resistance of these series elements is typically much
higher than that of the parallel elements of the paracellular pathway. Thus, the overall resistance
of an epithelium is defined by Rr;, which is defined by the composition of claudins in the tight
junctions (Anderson and Van ltallie 2009). Ryy: resistance of tight junction; Rg.: basolateral cell
membrane resistance; Rys: Resistance of Lateral Intercellular Space; Ra: apical cell membrane

resistance.

Reprint with permission of Cold Spring Harbor Laboratory Press. All rights reserved. Cold Spring

Harb Perspect Biol 2009; 1:a002584
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Figure 1.2 Distribution and putative function of claudin proteins in mouse nephron segments.
Summary of the segment-specific expression patterns of claudins in mouse nephrons. In the thin
descending limb of Henle, some, but not all, aquaporin 1-positive tubules were positive for
claudin-2 (CLDN-2). Similarly, from the thin ascending limb of Henle to the collecting duct, claudin-
3 was detected in some, but not all, marker-positive tubules. These findings may be consistent
with previous reports that the distal tubules, as well as the collecting tubules, are composed of
several functionally distinct segments. In other cases, claudins were detected in all of the

respective marker-positive tubules (Angelow, Ahlstrom et al. 2008).

Reprint with permission of American Physiological Society and American Journal of Renal

Physiology. All rights reserved.
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Figure 1.3 Transepithelial Na*i CI transport in the

Na* is actively transported into proximal tubule cells by the Na*i H® antiporter and then exits the
basolateral membrane through the Na*i HCO3" cotransporter. This phenomenon leads to
increased CI gradient and thus drives paracellular ClI reabsorption through claudin-10a pores.

The CI reabsorption generates a positive lumen potential and drives paracellular Na* and K*

reabsorption through cation-selective claudin-2.
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Chapter Il General characterization of claudin-2 null mice model
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2.1 Introduction

After we purchased claudin-2 null mice, we bred them with C57BL/6J mice to generate
different genotypes. We then performed a Southern blot to confirm the absence of the claudin-2
gene in the knockout mouse genome. Also, we used RT-PCR, western blot and
immunofluorescence to confirm the absence of claudin-2 mRNA and protein expression. We
characterized the claudin-2 expression and localization in heterozygous mice to see whether
there was any lyonization. Muto et al reported that although isolated claudin-2 null proximal
tubules revealed less permeability to Na*, there was no change in urinary Na* excretion unless
they challenged the mice with a high salt saline infusion (Muto, Hata et al. 2010). We performed

a similar experiment to confirm this result.

2.2 Methods and Materials

Animal source and breeding scheme

Mice - in which the single coding exon of claudin-2 on the X chromosome was replaced by
a Geo/Puro cassette by homologous recombination (Fig. 2.1) and maintained on a B6;129F2
segregating background (B6;129S5-Cldn2tml1Lex/Mmcd) - were purchased from Mutant Mouse
Regional Resource Centers. These chimeric mice were bred with C57BL/6J mice to generate F1
heterozygous animals. Their progeny were then intercrossed to generate F2 heterozygous mice
Cldn2 [+/-]. Given that the resulting F2 Cldn2 [+/-] mice have a mixed background, we bred the
Cldn2 [+/-] mice with Cldn2[+/Y] mice containing a pure C57BL/6 background in order to generate
hemizygous Cldn2[-/Y] and WT [+/Y]. Then we bred claudin-2 heterozygous mice Cldn2 [+/-] with
claudin-2 hemizygous mice Cldn2[-/Y] to generate claudin-2 homozygous mice Cldn2[-/-]. Figure
2.2 shows the schematic of our breeding strategy that produced the generation of hemizygous

male KO mice, homozygous female KO mice, and heterozygous female mice.
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Southern Blotting

Genomic DNA from claudin-2 WT and KO kidney was extracted using phenol and
chloroform and purified with 70% ethanol. The extracted genomic DNA was digested with EcoR1
at 37° overnight. We separated the digested DNA samples in a 0.5X Tris/Borate/EDTA (TBE) gel
at 20 volts for 8 hours in 1X TBE buffer. The targeted DNA was transferred to a nitrocellulose
membrane (Boehringer-Mannheim cat#:1417240) via electrophoretic transfer (Genie Blotter),
denatured by NaOH and fixed by UV crosslinker. A3 éxternalprobeanda5 6 e xt erweeel pr obe
| abel e d®PCTFhusifglhe High Prime DNA labeling kit (Roche 11585584001). The
membr ane was hy ¥R labdlédzDNA probeé at B2JQJovernight. We washed the
membrane with 2X SSC/ 0.1% SDS for 15 minutes at room temperature twice, and then switched
the washing buffer to 0.5X SSC/ 0.1% SDS for 15 minutes at 65€ once. The radioactive signal
from the membrane was absorbed for 24 hours by a storage phosphor screen and then scanned
by a typhoon scanner. A56 external pr obe wa scegenomit DNAeudingv i a P CH

the primers:

For wa rGAGTAGT&ETGTAAGGTACAYG-3 0

Re v er sCATAGBGETAAGAATGCAG-3 6

A30 external probe wa scepganamiDNAeudingthe primé@s<CR o f mi
Forward: 5-CATCTGGATGAGCAGATTTG-3 6

Re v er sGAACTGACCTGAGAGTCTTG-3 6

Immunoblotting
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The preparation of the whole kidney lysates was described in previous studies (Nguyen,
Yang et al. 2012). Briefly, one whole kidney of each mouse was minced and suspended in 2 ml

isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, and 5 mM histidine-imidazole buffer, pH =

7.5, with the addition of 167 mM PMSF, 9 eg/ ml

cocktail [Sigma]). Each sample was homogenized for 5 min at a low-speed setting with an Ultra-
Turrax T25 (IKA-Labortechnik) and then centrifuged at 2,000 g for 10 min. Supernatants were
retained, and the pellets were rehomogenized in another 2 ml of isolation buffer, recentrifuged,

and the resulting supernatants were pooled with the first supernatants.

Equal amounts of the supernatant proteins from the kidney lysateswereb o i | e dCfa
20 minutes and loaded to 10% acrylamide gels (Bio-Rad) for electrophoresis. After that, the
proteins were transferred to polyvinyl di-fluoride (PVDF) membranes. Non-specific binding was
blocked by gently agitating the membranes in 5% non-fat milk and 0.1% Tween in PBS (PBST)
for 1 hour at room temperature. Blots were subsequently incubated in 5% bovine serum albumin
(BSA) containing 0.1% Tween with the designated primary antibody (Table 2.1) overnight at 4T
with gentle agitation. After PBST washes, the blot was then incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature with
gentle agitation. After PBST washes, the blots wereincubate d  wi t h EL WesterrBbottif

Substrate (Thermoscientific).

Equal loading of WT and KO kidney protein lysates represented the same percentage of a
whole kidney since there was no difference in kidney weight between WT and KO mice (Fig. 2.3).
The immunoblot signals were quantitated with the Odyssey Infrared Imaging System (Li-COR).

All comparisons were performed on samples run on the same membrane.
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Immunofluorescence staining

In a separate set of WT and claudin-2 KO mice, kidneys were perfusion-fixed via the heart
with 4% paraformaldehyde in PBS. The fixed tissues were cryoprotected by overnight incubation
with 30% sucrose in 1X Phosphate-buffered saline (PBS), embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek, Torrance, CA),and frozen on dry ice. Cryosec
and KO animals were sliced and transferred to the same Superfrost Plus-charged glass slide
(Fisher) for direct side-by-side processing and viewing. For immunofluorescent labeling, the
sections were rehydrated and antigen-retrieved via immersing the slides in 1X antigen decloaker
solution and steaming the slides in a pressure cooker for 5 minutes. After that, the slides were
washed and blocked with 1% BSA/5% goat serum/PBS for 1 hour at room temperature before
antibody incubation. All antibodies (see Table 2.2) were diluted in 1% BSA/5% goat serum/PBS.
The blocked kidney sections were incubated with primary and secondary antibodies at room
temperature for 1 hour each. Between each incubation, the sections were washed with 1XPBS 5
minutes for 3 times. After that, the sections were mounted in Prolong Anti-fade containing DAPI

(Invitrogen) and air dried overnight.

RNA extraction and quantitative real-time PCR

RNA was extracted from tissue homogenate with TRI Reagent (Sigma-Aldrich) and purified
using an RNeasy mini kit (Qiagen). First-strand cDNA was synthesized using iScript Reverse
Transcription Supermix for RT-PCR (Bio-rad). Quantitative real-time PCR was performed using a
CFX96 ToucfTE mKRe®ICR Detection System and i TaqkE
Supermix (Bio-rad) with the primers indicated in Table 2.3. Expression levels were normalized to

pb-actin levels.

Blood and urine studies
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Mouse whole blood was collected through cardiac puncture. The blood was left undisturbed
at room temperature for 30 minutes to allow it to clot and the clot was removed by centrifuging at
1,000 x g for 10 minutes in a refrigerated centrifuge. Serum potassium was measured via flame
photometer (BWB Technologies). Na* concentration was measured with a sodium ion-sensitive

microelectrode and urine volume was measured by urine weight.

NaCl hypertonic saline challenge experiment

Mice were given 40 mL/kg bodyweight of a 2% (weight/volume) sterile NaCl solution via
intraperitoneal injection. After the injection, the mice were housed in metabolic cages individually
for 4 hours to collect urine. Urine Na* excretionwasc al cul at e d *corenfiatian X urine
v o | u ra’.cancentration was measured with a Na* ion-sensitive microelectrode and urine

volume was measured by urine weight.

Low potassium diet metabolic study

Mice were placed in metabolic cages for 10 days and fed custom purified rodent diets
(Teklad, Harlan Laboratories). A control diet containing 0.8% potassium (TD.120258) was
provided for the first 5 days and then switched to a potassium-deficient diet containing 0.006%
potassium (TD.120260) for the next 5 days. Urine was collected daily except on the first day after
the switch to the potassium-deficient diet, when urine was collected every 8 hours. This was done

to capture transient changes in urine K* excretion rate prior to attainment of a new steady state.

Study approval
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All animal experiments were performed in accordance with NIH guidelines on the use of
laboratory animals as well as by the Institutional Animal Care and Use Committee at the University

of Kansas Medical Center.

Data analysis

Data are expressed as means +standard error of the means (SEM). To compare means
between two groups we used two-way, unpaired St u d e ntests,switht p-values of <0.05

considered significant.

2.3 Results

In order to produce claudin-2 null mice with a pure C57BL/6J background, first generation
claudin-2 heterozygous mice were bred to C57BL/6J mice for more than 10 generations. Their
growth rate, appearance, activity and behavior were normal. Because the claudin-2 gene is on
the X chromosome, we used male hemizygous mice Cldn2[-/Y] as the KO mice and compared
them to their male wild-type littermates Cldn2[+/Y] for matched controls (WT). Southern blot
confirmed the disruption of the claudin-2 gene in claudin-2 KO mice (Fig. 2.4). Quantitative RT-
PCR and Western blotting confirmed the absence of claudin-2 in hemizygous KO Cldn2[-/Y] mice
(Fig. 2.5 A and B). There was an intermediate level of expression of claudin-2 in heterozygous
female Cldn2[+/-] mice. Immunofluorescence confirmed that claudin-2 was expressed and
localized in tight junctions in WT mouse kidney proximal tubules in a continuous distribution but
were absent from the KO kidneys. Heterozygous kidneys showed a discontinuous distribution of

claudin-2 in only some of the proximal tubule cells, presumably due to lyonization (Fig. 2.5C).
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The intraperitoneal injection of mice with a hypertonic (2%) saline solution resulted in a
higher urine Na* excretion in claudin-2 KO mice (Fig. 2.6). To investigate whether other
paracellular transport pathways were upregulated to compensate for the lack of claudin-2, we
performed quantitative real-time PCR for other claudins expressed in the proximal tubule (claudin-
10a, -17), the thick ascending limb (claudin-10b, -16 and -19) and the distal tubule (claudin-4, -8).
We found no difference in the expression (Figure 2.7 and 2.8B) or localization (Fig. 2.8A) of any
of these claudins between KO and WT mice. To investigate whether claudin-2 depletion has any
influence on renal potassium handling, we performed a 10-day metabolic study to measure serum
K* levels at the baseline and during a low potassium diet. No difference was detected in serum
K* levels between the claudin-2 WT and KO mice (Fig. 2.9). Age-matched adult (8 weeks old)
claudin-2 WT and KO mice were placed in metabolic cages and were fed a control diet with normal
sodium content (0.3% sodium, 0.8% potassium) for 5 days. Urine collected daily showed no
significant difference in the urine potassium/creatinine (K/Cr) concentration ratio between the WT
and KO mice (Fig. 2.10). After the 5-day acclimatization period, the mice were switched to a
matched potassium-deficient diet (0.006% potassium) and urine K* was monitored 8 hourly for
the first 24 hours, and daily thereafter. Any inability of the KO mice to maximally conserve K*
would have manifested itself as a transiently higher K* excretion rate as compared to WT mice,
in which K* excretion rate returns to a steady-state within a few days. We did not find any

difference in urine K* excretion rates between WT and KO mice.

2.4 Discussion

Claudin-2 null mice were born with expected Mendelian ratios. There was no overt
phenotype of claudin-2 null mice at the baseline; they grew and bred normally. This observation
was consistent with what has been previously reported (Muto, Hata et al. 2010). We confirmed
that the claudin-2 gene was disrupted in the claudin-2 null mice genome. We also confirmed the
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absence of claudin-2 mRNA and protein expression in KO and intermediate claudin-2 expression
in heterozygous mice. Claudin-2 is also known to mediate K* permeability in vitro (Amasheh, Meiri
et al. 2002). Around 60% of the K* is believed to be transported via claudin-2 between proximal
tubule cells. Therefore we expected to see an increased urinary potassium excretion in claudin-2
null mice. However, we found no change in the serum or urine K* levels of claudin-2 null mice.
One possibility for our finding is that the increased expression and/or activity of K* transporters -
such as H*-K*-ATPase (Kone and Higham 1998) - or the decreased expression and/or activity of
K* channels - such as Maxi-K* channel (Najjar, Zhou et al. 2005, Rieg, Vallon et al. 2007) -
compensated for the impaired K* reabsorption from the proximal tubule. This hypothesis can be

further explored in future studies.

Consistent with what Muto et al. found, hypertonic saline injection led to more natriuresis in
claudin-2 null mice. Saline loading is known to decrease proximal tubule Na* and fluid
reabsorption by affecting peritubular oncotic and hydrostatic pressure and hence the balance of
Starling forces in the proximal tubule (Ichikawa and Brenner 1979). If this is mediated in part by
claudin-2, then claudin-2 KO mice should have decreased and not increased saline-induced

natriuresis.

Our interpretation of this experiment, however, differs from that of Muto et al. The finding
that saline-induced natriuresis was greater in claudin-2 KO than WT mice suggests that
natriuresis was not mediated by changes in paracellular Na* transport. Brenner, Troy and
Daugharty showed that saline-induced volume expansion reduced peritubular oncotic pressure
thus shifting the balance of Starling forces to inhibit proximal tubule fluid reabsorption (Brenner,
Troy et al. 1971). To the extent that proximal tubule water reabsorption is primarily transcellular
and mediated by aquaporins, we predicted that saline expansion should inhibit primarily
transcellular transport in the proximal tubule, which should be similar in claudin-2 KO and WT

mice. How then to explain the observation that natriuresis is paradoxically increased in KO mice?
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Saline loading, by decreasing proximal tubule Na* reabsorption, increases Na* delivery to the
loop of Henle, where absolute and fractional Na*® reabsorption are increased. This is likely
mediated by increased flow. In addition, because in this experiment hypertonic saline was used,
the vasopressin release may also contribute to increased salt reabsorption by stimulating the
activities of distal transcellular transporters such as the Na-K-CI cotransporter (NKCC2) on the
ascending limb of loop of Henle (TALH). Claudin-2 null mice exhibited no salt wasting phenotype
at the baseline because the defect in proximal tubule Na* reabsorption was compensated by the
increased activity of distal transporters such as NKCC2. If that is the case, we postulate that, in
claudin-2 null mice, the activity of NKCC2 was already maximally stimulated. Thus, KO mice are
unable to further increase Na* transport in the thick ascending limb of loop of Henle in order to
mitigate an even greater Na* load delivered from the proximal tubule with hypertonic saline
expansion. Hence KO mice exhibit greater diuresis to saline than WT mice. In the future studies,
we need to further investigate whether there is any upregulation of expression and/or activity of

distal renal transcellular transporters.
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2.6 Figures and tables
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Figure 2.1 Generation of claudin-2 knockout mice: Diagram of targeting strategy. The grey bar

indicates the single coding exon of the mouse claudin-2 gene. The targeting vector contains a
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+/Y +/-

Figure 2.2 Two breeding strategies used to generate the matched WT [+/Y] and KO [-/Y]
littermates (red labels) used for the experiments described. Genotypes refer to alleles at the
claudin-2 locus on the X chromosome. Fully shaded symbols are mice that are claudin-2

knockouts, partially shaded symbols represent heterozygotes.
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Figure 2.3 Kidney weight of claudin-2 WT and KO mice. Kidney weight is represented as the ratio

between left or right kidney weight and body weight.
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Figure 2.4 Southern blot of EcoR1-digested genomic DNA from wild-type (+/Y) and hemizygous
(-/Y) mice indicated correct targeting. Bl ot t i ng u s i n grobe indicatesl i Aeskiouled r n a |
yield a 12.5 kb or a 3.6 kb band from the wild-type and targeted allele, respectively. Blotting with
t he 30 proke should deld a 12.5 kb or a 10.9 kb band from the wild-type and targeted

allele, respectively.
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Figure 2.5 mRNA and protein expression of claudin-2 in claudin-2 KO mice. A. Quantification of
whole kidney mRNA levels of claudin-2 r e | a t-dctinen clauadin-2bhemizygous KO [-/Y],
heterozygous [+/-] and WT [+/Y] mice (n = 6 per group). B. Western blot of the whole kidney
lysates probed with mouse anti-claudin-2 antibody showing bands at the expected size for
claudin-2 in heterozygous [+/-] and WT [+/Y] mice. The lower panels hows an i mmunobl ot
actin as a loading control. C. Immunolocalization of claudin-2. Mouse kidney frozen sections were
double-stained with claudin-2 antibody (Zhang, Gillihan et al. 2013)and antibody to ZO-1 (Simon,
Lu et al. 1999) a marker of the tight junction. Note localization of claudin-2 in WT to the tight
junctions of proximal tubules (P) but not to distal tubules (D), as well as faint basolateral staining.
In heterozygous mice, proximal tubule staining is heterogeneous with claudin-2 absent from some

cells (arrows) but present in others due to lyonization. Magnification of the microscope: 40X.
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Figure 2.6 Hypertonic saline challenge test in claudin-2 WT and KO mice. Mice were given 40
mL/kg bw of 2% (w/v) NaCl intraperitoneally and urine collected over the subsequent 4 hours.
Urine Na* excretion (UNaV) was greater in KO mice than WT. *p < 0.01 bw: body weight; w/v:

weight/volume.
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Figure 2.7 Claudin mRNA expression in claudin-2 WT and KO mouse kidneys, quantitated by
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Figure 2.8 Localization and protein expression of claudin isoforms in the Cldn2[+/Y] and Cldn2]-
/Y] mice. A. Immunolocalization of claudin isoforms. Mouse kidney frozen sections were stained
with claudin-10, claudin-7, claudin-8, and claudin-19 antibodies. B. Western blot of whole kidney
lysates probed with rabbitanti-claudin-10, claudin-7, claudin-8 and claudin-19 antibodies showing
bands at the expected sizes. The lower panel shows an immunoblot for villin as a loading control.

Magnification of the images: claudin-10 staining: 20X; claudin-7, claudin-8 and claudin-19: 40X.
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Figure 2.9 Serum potassium (K) concentration in claudin-2 WT and KO mice. In mEqg/L (n=6 mice

per group, p=ns)
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Figure 2.10 Effect of dietary potassium depletion on claudin-2 potassium handling. Urine
potassium excretion rate, expressed as the ratio of potassium to creatinine concentration (mean
+ S.E.M., n = 6 per group), is shown in mice on a normal (0.8%) potassium diet (Day 1 to Day 5)
followed by a potassium-deficient (0.01%) diet (Day 6 to Day 10). *p < 0.05 by paired t-test (n =

7-9 per group). bw, body weight.
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Apparent Primary Ref
Antibody Protein Primary antibody | Primary Incubation
Mobility antibody
Target (wg/lane)* supplier (cat. no.) | antibody host time
(kDa) dilution
ThermoFisher 1:2000
Claudin-2 | 23 10 Scientific  (cat# | Mu O/N
5600)
ThermoFisher 1:1000
Claudin-7 | 23 15 Scientific  (cat# | Rb O/N
9100)
ThermoFisher 1:500
Claudin-8 | 23 15 Scientific  (cat# | Rb O/N
2600)
ThermoFisher 1:250
Claudin-
21 15 Scientific  (cat# | Rb O/N
10
8400)
1:1000 (Angelow, El-
Alan Yu (Univ. of
Claudin19 | 23 15 Rb O/N Husseini et al.
Kansas)
2007)
Sigma-Aldrich
b-actin 42 15 Rb 1:1000 O/N
(#A2066)
Santa Cruz
Villin 90 15 Rb 1:500 O/N
(#28283)
AnaSpec 1:500
Renin 37 30 Rb O/N
(#54373)

Table 2.1: Primary antibodies used for immunoblotting. O/N: Overnight; Mu: mouse; Rb: Rabbit.
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Primary Primary Ref
Antibody Primary antibody supplier (cat. Incubatio
antibody | antibody
Target no.) n time
host dilution
Claudin-2 ThermoFisher Scientific (#585600) Mu 1:500 O/N
ThermoFisher Scientific, anti-ZO-1
Z0-1 Alexa Fluor® 594 conjugate (# | Mu 1:1000 O/N
339194)
Claudin-7 ThermoFisher Scientific (#599100) Rb 1:500 OIN
Claudin-8 | ThermoFisher Scientific (#602600) | Rb 1:200 OIN
Claudin-10 | ThermoFisher Scientific (#618400) Rb 1:100 OIN
1:1000 (Angelow,
Claudin-19 Alan Yu (Univ. of Kansas) Rb O/N El-Husseini
et al. 2007)

Table 2.2: Primary antibodies used for immunofluorescence. O/N: Overnight; Mu: mouse; Rb:

Rabbit.
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b-Actin Forward

5'-CTA AGG CCA ACC GTG AAA AG-3'

b-Actin Reverse

5'-ACC AGA GGC ATA CAG GGACA-3'

Claudin 2 Forward

5-TGGCGTCCAACTGGTGGGCT-3'

Claudin 2 Reverse

5'-ACCGCCGTCACAATGCTGGC-3'

Claudin 2 genotype WT Forward

5 €AGGCTCCGAAGATACTTC-3'

Claudin 2 genotype WT Reverse

5 GTAGAAGTCCCGAAGGATG-3'

Claudin 2 genotype KO Reverse

5 €CCTAGGAATGCTCGTCAAGA-3'

Claudin 4 Forward

5'-TGGGGACAGGCAAACCCGGA-3'

Claudin 4 Reverse

5-CTTGCCGGCCGTAAGGAGCC-3'

Claudin 8 Forward

5-TCCCTGTCAGCTGGGTTGCCA-3'

Claudin 8 Reverse

5'-GCTCGCGCTTTAGGGCCACA-3'

Claudin 10b Forward

5'-GAT CTG CGT TAC CGA TTC CA-3'

Claudin 10b Reverse

5'-GCA GCG ATC ATT AGT CCT CTA C-3'

Claudin 16 Forward

5'-GCA AGA GGG ATG TGA GGA AA-3'

Claudin 16 Reverse

5-CTATGG GCC TCT GTT GCT ATT-3'

Claudin 17 Forward

5-GAC TCC TACACATTC TGC ATCT-3'

Claudin 17 Reverse

5-CCA GCG ATC TGT AAG GGA TAAA-3'

Claudin 19 Forward

5'-GAA GGA AGA GTG TGG GAG AAAC-3'

Claudin 19 Reverse

5-GAG CCT TCA GCC TTG AGA TTAG-3'

Table 2.3: Oligonucleotide primers that were used for genomic DNA or quantitative RT-PCR.
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Chapter llI Claudin-2 and Salt and Water Balance
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3.1 Abstract

Claudin-2 null mice were reported to exhibit markedly decreased renal proximal tubule Na*,
CI and fluid reabsorption. Yet they have no apparent disturbance in overall Na* balance. We
hypothesize that the in vivo role of claudin-2 might be to maximally conserve urinary Na* under
conditions of extreme Na* depletion. To test this idea, claudin-2 null mice were placed on a very
low sodium (0.01%) diet, and Na® excretion rate was monitored at eight-hour intervals.
Surprisingly, claudin-2 null mice were able to maximally conserve Na* to the same extent as their
wild-type littermates, pointing to the existence of a very effective compensatory mechanism.
Quantitative RT-PCR analysis showed no compensatory changes in other claudin isoforms.
Immunoblotting for a panel of transcellular Na* transporters showed a 23% decrease in the
abundance of Na-H antiporter 3, only borderline increases in phosphorylated NaCl cotransporter
and the gsubunit of the epithelial Na® channel, and no change in total or phosphorylated Na-K-
2CI cotransporter. To test whether there was compensatory functional upregulation of
transcellular Na* transport activity distally, diuretic challenge tests were performed. The
natriuresis of the mice 4 hours after intraperitoneal injection of furosemide (but not after

hydrochlorothiazide or benzamil) was 40% higher in claudin-2 null mice than WT.

3.2 Introduction

Muto et al. reported that claudin-2 KO renal proximal tubules exhibited much lower
permeability to Na* than those of WT mice (Muto, Hata et al. 2010). It was expected that claudin-
2 KO mice would exhibit salt wasting phenotypes such as increased urinary Na*® excretion,
dehydration and hypotension. However, no salt wasting phenotype was observed at the baseline.
One of the most likely explanations for this observation is that the impaired Na* reabsorption is
compensated by paracellular or transcellular transporters in distal tubules. Two kinds of
transporters are likely to play a role in this compensation process. First, many other claudin

isoforms are expressed along the renal tubules. Some of them, such as claudin-10 (Van ltallie,
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Rogan et al. 2006), claudin-7 (Tatum, Zhang et al. 2010) and claudin-4 (Van Itallie, Rahner et al.
2001) have been reported to be involved in NaCl transport in renal tubules. It is possible that other
claudin isoforms compensated for the impaired Na* reabsorption mediated by claudin-2. Second,
several transcellular transporters from the renal tubule were reported to play an important role in
the regulation of Na* reabsorption in renal tubules. The major transcellular Na* transporters in the
renal tubules are: Na-H antiporter 3 (NHE3) in the proximal tubules, Na-K-2Cl cotransporter
(NKCC2) in the thick ascending limb (Fig. 3.1A), NaCl cotransporter in the distal convoluted
tubules (Fig. 3.1B), and epithelial Na* channel (ENaC) in the cortical collecting duct (Fig. 3.1C).
Also, each Na* that is actively transported into the renal tubular cell is pumped back to the blood
via Na-K-ATPase across the basolateral membrane (Fig. 3.1). As described in Chapter II, we
discovered that there was no compensation from other claudin isoforms (Fig. 2.7, 2.8). Therefore
the question is whether the transcellular transporters were upregulated, thereby compensating
for the defect of salt reabsorption in the proximal tubule. We approached this problem in two ways.
First, we aimed to unmask the salt wasting phenotype by challenging the mice with salt depletion.
Our rationale was that, under extreme conditions, the compensation effect is not enough to
obscure the salt wasting phenotype in claudin-2 null mice. As a result, we should see increased
urinary Na* excretion. Second, we aimed to investigate whether the expression or activity of the
transcellular transporters was upregulated. We measured the protein expression of transcellular
transporters in claudin-2 null mice using immunoblots with antibodies against total and
phosphoryl ated NHE3, Md@GR of ENQC, @nd ¢ha Na*/KJ ATPase We
also performed a diuretic challenge test to investigate whether there was any functional
upregulation of these transcellular transporters. The rationale behind the diuretic challenge test
was to determine whether the activity of these transcellular transporters was increased without
upregulating the actual amount of the protein. By inhibiting specific transcellular Na* transporters

through specific diuretics, we were able to find out which transporter had higher activity in claudin-
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2 null mice by comparing the sodium excretion in the urine of WT and KO mice (Madala

Halagappa, Tiwari et al. 2008, Tiwari, Li et al. 2009).

3.3 Methods and Materials
Immunoblotting
The preparation of the whole-kidney lysates has been described in previous studies (Nguyen,
Yang et al. 2012). Briefly, one whole kidney of each mouse was diced and suspended in 2 ml of
isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, and 5 mM histidine-imidazole buffer, pH =
7.5, with the addition of 167 mM PMSF, 9bitoe g / ml a
cocktail [Sigma]). Each sample was homogenized for 5 min at a low-speed setting with an Ultra-
Turrax T25 (IKA-Labortechnik) and then centrifuged at 2,000 g for 10 min. Supernatants were
retained, and the pellets were rehomogenized in another 2 ml of isolation buffer, recentrifuged,

and the resulting supernatants were pooled with the first supernatants.

Equal amounts of the supernatant proteins from the protein lysateswereb oi | edCfart 60 o
20 minutes and loaded to 10% acrylamide gels (Bio-Rad) for electrophoresis. After that, the
proteins were transferred to polyvinyl di-fluoride (PVDF) membranes. Non-specific binding was
blocked by gently agitating the membranes in 5% non-fat milk and 0.1% Tween in PBS (PBST)
for 1 hour at room temperature. Blots were subsequently incubated in 5% bovine serum albumin
(BSA) containing 0.1% Tween with the designated primary antibody (Table 3.2) overnight at 4T
with gentle agitation. After PBST washes, the blot was then incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature with
gentle agitation.Af t er PBST washes, the bl ot GLWestanalottingc ubat e

Substrate (Thermoscientific).

Equal loading of WT and KO kidney protein lysates represented the same percentage of a

whole kidney since there is no difference in kidney weight between WT and KO mice (Fig. 2.3).

40



The immunoblot signals were quantitated with the Odyssey Infrared Imaging System (Li-COR).

All comparisons were performed on samples run on the same membrane.

Diuretic challenge experiment

The protocol was modified from that described by the group of Ecelbarger (Madala
Halagappa, Tiwari et al. 2008, Tiwari, Li et al. 2009). As shown in Figure 3.2, 10 weeks old mice
were acclimatized for five days in metabolic cages, then administered single intraperitoneal
injections of the following three diuretics and their matching vehicle according to the following
schedule: 25 mg/kg bodyweight furosemide (day 2), 1.4 mg/kg bodyweight benzamil (day 9) and
25 mg/kg bodyweight hydrochlorothiazide (day 16). Immediately after each injection of diuretic or
vehicle, a 4-hour collection of urine was performed. Urine Na* concentration was measured as
before. Furosemide (Sigma), benzamil (Sigma), hydrochlorothiazide (HCTZ, from Sigma were

dissolved in 10% DMSO/1XPBS and had been filter sterilized before use.

Low sodium diet study

Eight week-old mice were placed in metabolic cages for 9 days and placed on custom
purified rodent diets (Teklad, Harlan Laboratories). A control diet containing 0.3% sodium
(TD.120258) was provided for the first five days and then switched to a sodium-deficient diet
containing 0.01% sodium (TD.120259) for the next four days. Urine was collected daily except on
the first day after switching to the sodium-deficient diet, when urine was collected every eight
hours. This was done to capture transient changes in urine Na* excretion rate prior to attainment

of a new steady state.

Blood and urine studies
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Mouse whole blood was collected through cardiac puncture. The blood was left undisturbed
at room temperature for 30 minutes to allow it to clot and the clot was removed by centrifuging at
1,000 x g for 10 minutes in a refrigerated centrifuge. Aldosterone was measured via aldosterone
EIA Kit i Monoclonal kit (Cayman Chemical Company). Na* concentration was measured with a

sodium ion-sensitive microelectrode and urine volume was measured by urine weight.

Study approval
All animal experiments were performed in accordance with NIH guidelines on the use of
laboratory animals and were approved by the Institutional Animal Care and Use Committees at

the University of Kansas Medical Center.

Data analysis

Data are expressed as means + standard error of the means (SEM). To compare means
between two groups we used two-way, unpaired St u d e ntests,switht p-values of <0.05
considered significant. ANOVA was used to test for differences in the diuretic challenge

experiment.

3.4 Results

3.4.1 Absence of salt wasting phenotype when claudin-2 null mice were treated with a low

salt diet.

Age-matched adult claudin-2 WT and KO mice were placed in metabolic cages and were
fed a control diet with normal sodium content (0.3% sodium, 0.8% potassium) for five days. Urine
collected daily showed no significant difference in the urine Na*/creatinine concentration ratio
between the WT and KO mice (Fig. 3.3). After the five-day acclimatization period, the mice were
switched to a matched sodium-deficient diet (<0.01% sodium). Then urine Na® was monitored

every 8 hours for the first 24 hours and daily thereafter. If the KO mice had a defect in their ability
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to maximally conserve Na*, this should have manifested as a transiently higher Na* excretion rate
compared to WT, which would return to a steady-state within a few days. To our surprise, we
found no difference whatsoever (Fig. 3.3). Like WT mice, claudin-2 KO mice were able to fully
suppress urinary Na* excretion by more than 90%. There was also no difference in the blood
pressure (BP), as measured by tail-cuff using volume-pressure recording, or in body weights (Fig.
3.4). This suggests that salt wasting in the proximal tubule was completely compensated by

increased Na* reabsorption elsewhere in the tubule.

3.4.2 Compensatory increase in Na* reabsorption in the thick ascending limb of claudin-2

KO mice

To investigate whether there was upregulation in the expression of transcellular Na*
transporters, we immunoblotted whole-kidney lysates for major renal tubule transcellular Na*
transport proteins. The protein abundance of total and activated (phosphorylated or cleaved, as
appropriate) forms of Na*-K*-ATPase, NCC, NKCC2, and ENaC U, b and 9 subunits and Na*-/K*-
ATPase was not different between WT and KO mice. Total NHE3 showed a 23% reduction, and
phosphorylated NHE3 showed a 27% reduction in claudin-2 KO kidneys (Fig. 3.5). But no
difference in protein abundance was detected through immunofluorescence staining (Fig. 3.6).

To confirm whether there was a functional increase in the activity of NKCC2 in claudin-2 KO
mice, and to test for increased activity of transcellular Na* transporters in other nephron segments,
we performed a diuretic challenge experiment. Mice were given single intraperitoneal injections
of vehicle or diuretic on consecutive days and urine was collected for 4 hours after each injection
to determine Na* excretion rate. This was repeated weekly in the same set of mice with three
different diuretics: furosemide, a NKCC2 blocker; hydrochlorothiazide (HCTZ), a NCC blocker;
and benzamil, an ENaC blocker. WT mice responded to all three diuretics with a brisk natriuresis,
compared to vehicle injection. KO mice had a 40% greater natriuresis in response to furosemide
than WT mice (Fig. 3.7), indicating that increased activity of the Na-K-2Cl cotransporter, NKCC2,
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in the thick ascending limb of Henle was the primary mechanism for compensation. The diuretic
response to HCTZ and benzamil was also modestly increased but the difference was not

statistically significant (Fig. 3.8).

3.5 Discussion

Our results show that claudin-2 KO mice compensate for loss of paracellular Na*
reabsorption in the proximal tubule by upregulating thick ascending limb transcellular transport.
The mechanism of upregulated NKCC2 activity remains to be determined. Because there was no
change in expression of the major paracellular and transcellular transport proteins in claudin-2
KO mice, but there was increased natriuresis in response to furosemide, we attribute the
compensatory increase in Na* reabsorption to a change in the functional activity of NKCC2.

Studies done more than 40 years ago either by free flow micropuncture with saline
expansion (Landwehr, Klose et al. 1967), or by tubule microperfusion at varying flow rates
(Morgan and Berliner 1969), clearly showed that the loop of Henle increases Na* reabsorption in
response to the delivered load. More recently, the Cowley and Garvin labs have shown that
increase in flow to the thick ascending limb increases generation of superoxide and secondarily
reduces bioavailability of nitric oxide, both of which can stimulate NKCC2 activity (Ortiz and Garvin
2002, Juncos and Garvin 2005, Abe, O'Connor et al. 2006, Cabral and Garvin 2011, Hong and
Garvin 2012).

An alternative mechanism can be postulated by which high tubular flow rates could increase
thick ascending limb Na* reabsorption, even in the absence of any change in the surface density
and activity of NKCC2. Burg proposed a model in which, if the capacity for Na* reabsorption in
the thick ascending limb is sufficiently large that it is not rate-limiting, luminal Na* concentration
will be lowered until it reaches a limiting concentration or "static head" (Burg 1982). In this scenario,
increases in tubular flow rate would simply shift the point at which the static head is attained
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distally along the thick ascending limb, so that the rate of Na* reabsorption in the thick ascending
limb will always be equal to the difference between the product of the flow rate and the Na*
concentration difference between plasma and the lumen at the static head (i.e., Na* reabsorption
will be proportional to the flow rate).

We also found a small decrease in the protein abundance of NHE3 in the claudin-2 KO kidney.
Schnermann et al. reported that claudin-2 KO mice had an approximate 23% reduction in single-
nephron GFR, which was attributed to tubuloglomerular feedback (Schnermann, Huang et al.
2013). It is conceivable that the reduced delivery of Na* to the proximal tubule might signal to
downregulate NHE3, as a mechanism to maintain glomerulotubular balance. However, our data
(Table 4.1) and that of Muto et al. (Muto, Hata et al. 2010) show no difference in the whole kidney
GFR between claudin-2 KO and WT, so at this point we are not able to explain this finding.
Alternatively, the increased delivery of salt from the proximal tubule to the macula densa could
suppress renin secretion from the juxtaglomerular apparatus, and reduce angiotensin Il levels,
thereby reducing NHE3 expression. Our analysis of the renin-angiotensin-aldosterone axis
revealed that claudin-2 KO mice have a slight reduction in tissue renin expression in the kidney,
but normal serum aldosterone levels (Fig. 3.9), so it is unclear whether this is the cause.

The finding that NKCC2 activity was increased in claudin-2 null mice also provided evidence
as to why natriuresis was paradoxically increased in KO mice (Fig. 2.6) after a 2% NacCl challenge.
Saline loading, by decreasing proximal tubule Na* reabsorption, increases Na* delivery to the
loop of Henle, where absolute and fractional Na* reabsorption are increased, likely mediated by
increased flow. In addition, because in this experiment hypertonic saline was used, vasopressin
release may also contribute by stimulating NKCC2 activity. As we have shown, our claudin-2 KO
mice are already compensating for decreased proximal tubule Na* reabsorption at baseline by
increased NKCC2 activity. We postulate that this is already maximally stimulated. Thus, KO mice

are unable to further increase thick ascending limb Na* transport to mitigate an even greater Na*
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load delivered from the proximal tubule with hypertonic saline expansion. Hence KO mice exhibit

greater diuresis to hypertonic saline than WT mice.
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3.6 Figures and tables

Figure 3.1 Transport pathway for Na*-ClI- in the distal nephron. A. Thick ascending limb of Henle
cells (TALH). NKCC: Na-K-2Cl cotransporter. B. Distal convoluted tubule (DCT) cells. NCC,
thiazide-sensitive Na*-Cl- cotransporter. C. Cortical collecting duct (CCD) cells. BK: Maxi K*

channel; ROMK: renal outer medullary potassium channel.
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