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Summary

1. Summary

The thick ascending limb of Henle's loop (TAL) is one of the key places in the nephron for the
reabsorption of divalent cations. This reabsorption occurs entirely through the cation selective
paracellular pathway, driven by the lumen-positive transepithelial voltage present in this renal
tubule. The transepithelial voltage is indirectly created by the active transcellular transport. It is
known that the transcellular transport is regulated at several points, but the regulation at the
paracellular pathway hasn't been widely studied. It is not until recently with the discovery of the
claudin family of proteins and their properties that regulation in the paracellular pathway has

come into focus.

To functionally study how the reabsorption of divalent cations can be regulated, TALs were
dissected and microperfused ex vivo. The recording of transepithelial voltages (Vi),
transepithelial resistances (R.), and diffusion voltages allowed the calculation of equivalent
short circuit currents (/), permeability ratios, and absolute paracellular permeabilities to ions

(P,) in the TAL.

TALs from mice on high dietary calcium intake reached lower values of Vi, Pv; and Pc, than TALs
from the control group, indicating clearly that a regulatory process has taken place. Low calcium
intake for 8 days had no verifiable effects in the TAL of those mice. The same experiments with
low and high magnesium daily intake did not produce any effect in the TAL, even though the

animals had altered their metabolic parameters.

To further characterize the mechanisms of regulation of TAL tight-junction properties, mice were
treated with suberanilohydroxamic acid (SAHA). SAHA inhibits histone deacetylase, causing in
the TAL a reduction in claudin 14 membrane expression. TALs from treated mice had lower R

and higher Py, than TALs from control animals.

Another possible regulatory pathway was studied by inducing a systemic increase in arginine

vasopressin (AVP) via water restriction or by directly stimulating isolated TALs with AVP. TALs
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Summary

from water-restricted mice had lower R, with higher Vi, I, and Py, than tubules from water-
loaded mice. Acute ex vivo stimulation of TALs with AVP, showed that AVP could increase Vi,
and the paracellular selectivity for cations. Therefore, water restriction and AVP increase

paracellular selectivity and permeability for cations in the TAL.

TALs from a high aldosterone mouse model were also studied. The TAL theoretically could be
enlisted in the compensatory actions of the nephron when the collecting duct is not responding
to aldosterone. However, no effects were observed in TAL of those mice in the

electrophysiological parameters analyzed.

Transgenic knock-out mouse models were used to characterize the functionality of the tight-
junction in the TAL when claudin 10, claudin 16, or both claudins simultaneously were absent.
The results suggest that both claudins are complementary, and their deficiency largely affects

the paracellular permeability to cations.

Using another transgenic mouse model, deficient for the intracellular sortilin-related receptor
(SORLA), it was functionally observed that calcineurin AB (CnAB) might be involved in the
deactivation of NKCC2 cotransporter. Inhibitors of CnAB increase the activity of NKCC2 in TAL

from wild-type mice, but not in TAL from SORLA knock-out mice.

In summary, the data presented here are a further step in characterizing the paracellular
pathway in the TAL and its regulation as a physiologically relevant mechanism in ion

homeostasis.

11



Zusammenfassung

2. Zusammenfassung

Der dicke aufsteigende Ast der Henle-Schleife (TAL) spielt eine Schlisselrolle fir die
Reabsorption divalenter Kationen im Nephron. Diese Reabsorption erfolgt ausschlielRlich iber
den Kationen-selektiven parazellularen Weg und wird durch die in der TAL vorherrschende
Lumen-positive transepitheliale Potentialdifferenz getrieben. Diese Potentialdifferenz wird
indirekt durch den aktiven transzelluldren Transport generiert. Es ist bekannt, dass der
transzelluldare Transport auf unterschiedliche Arten reguliert wird. Im Gegensatz dazu ist die
Regulation des parazellularen Weges weitgehend unerforscht. Erst in den letzten Jahren ist die
Regulation des parazellularen Weges in den Fokus gerlickt, gemeinsam mit der Entdeckung und

zunehmenden Erforschung der Claudin-Familie.

Um die Regulation der Reabsorption divalenter Kationen funktionell zu untersuchen, wurden
TAL-Segmente disseziert und ex vivo mikroperfundiert. Die Messung des transepithelialen
Potentials (Vi), des transepithelialen Widerstdndes (R.) und von Diffusionspotentialen
ermoglichte die Berechnung des dquivalenten Kurzschlussstroms (/i) sowie von Permeabilitats-

Quotienten und absoluten parazellularen lonen-Permeabilitaten (P,) in der TAL.

TAL-Segmente von Mausen mit hoher diatetischer Kalzium-Aufnahme zeigten niedrigere Werte
fur Vi, Pwg und Pc als TAL von Madusen der Kontrollgruppe. Dies deutete klar auf einen
regulatorischen Prozess hin. Im Gegensatz dazu hatte die Aufnahme von wenig Kalzium lber
acht Tage keinen Effekt auf die TAL der Mause. Analoge Experimente mit niedriger oder hoher
taglicher Magnesium-Aufnahme zeigten ebenfalls keinerlei Effekte in der TAL, obwohl die

metabolischen Parameter durch die Didt verandert waren.

Um die Regulationsmechanismen der Tight junction-Eigenschaften in der TAL naher zu
analysieren, wurden Mause mit SAHA (Vorinostat, N-Hydroxy-N'-phenyloctandiamid) behandelt.

SAHA inhibiert die Histon-Deacetylase und verursachte so eine Reduktion der Membran-

12



Zusammenfassung

Expression von Claudin-14 in der TAL. TAL-Segmente von entsprechend behandelten Mausen

wiesen geringere R.- und hohere Py,-Werte auf als TAL aus Kontrolltieren.

Um einen weiteren regulatorischen Weg zu untersuchen, wurde ein systemischer Anstieg von
Arginin-Vasopressin (AVP) entweder durch didtische Wasser-Restriktion oder durch direkte
Stimulation isolierter TAL mit AVP induziert. TAL-Segmente von Wasser-restringierten Mausen
zeigten geringere R, mit Anstieg in Vi, I und Py, als TAL von Mausen mit hoher Wasser-
Aufnahme. Die direkte Stimulation von TAL mit AVP flihrte zu einer Erh6hung von V.. und der
parazellularen lonenselektivitat. Insgesamt erhohten Wasser-Restriktion und AVP-Anstieg die

parazellulare Selektivitat und Permeabilitat fir Kationen in der TAL.

Weiterhin wurden TAL-Segmente von einem Hoch-Aldosteron-Mausmodell untersucht. Hierbei
sollte analysiert werden, inwieweit die TAL an einer Kompensation des Nephrons beteiligt ist,
wenn das Sammelrohr nicht auf Aldosteron reagiert. Im Hinblick auf die analysierten

elektrophysiologischen Parameter konnten keine Effekte in der TAL beobachtet werden.

In einem weiteren Ansatz wurden transgene Mausmodelle benutzt, um die Funktion der TAL bei
Abwesenheit von entweder Claudin-10 oder Claudin-16 oder bei kombinierter Abwesenheit
beider Claudine zu charakterisieren. Die Ergebnisse legen nahe, dass beide Claudine sich
komplementar verhalten und dass ihre Abwesenheit die parazellulare Permeabilitat gegeniber

Kationen in hohem Mafl beeinflusst.

In einem weiteren Mausmodell, defizient flr den intrazelluldaren Sortilin-ahnlichen Rezeptor
(SORLA), zeigte sich, dass Calcineurin AR (CnAB) an der Deaktivierung des Cotransporters NKCC2
beteiligt ist. Inhibitoren von CnAp steigerten die Aktivitdt von NKCC2 in der TAL von Wildtyp-

Mausen, nicht aber von SORLA Knock-out-Mausen.

Zusammenfassend stellen die hier prdsentierten Daten einen weiteren Schritt in der
Charakterisierung des parazelluldaren Weges in der TAL sowie seiner Regulation als physiologisch

relevanten Mechanismus in der lonenhomoostase dar.
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Introduction

3. Introduction

The kidney is responsible among other multiple functions for the maintenance of the body's
extracellular liquid composition. But it does not do it alone; it is actually a full interplay with
other organs like bones, intestine, and skin, where hormones and sensing receptors have control
on the fine tuning. Keeping a tight control in the extracellular liquid composition is vital, since
our cells need this constant surrounding medium to function at their best. The kidney's
structural unit, the nephron, filtrates blood in the glomerulus allowing around a 50% of virtually
protein free plasma to pass, carrying with it waste products but also important small soluble
substances like electrolytes, glucose or amino acids. Along the nephron this tubular fluid
changes its composition. The tubules reabsorb most of the glucose and amino acids filtered, and
the precise amounts of electrolytes needed at each moment. They also secrete substances like
NH,*, urea, uric acid, creatinine, H*, K*, or drugs into the lumen. At the same time, the urine
needs to be concentrated, as no non-aquatic animal can afford to waste the huge amounts of
liquid filtered through the glomerulus. This way, during the process of urine formation from the
first filtrate, the nephron has not only to reabsorb all the electrolytes and nutrients needed, but

it also has to reabsorb water to concentrate the urine.

In terms of composition the process can plainly be summarized as:
Urinary excretion = Glomerular filtration — Tubular reabsorption + Tubular secretion

The present dissertation will focus on the reabsorption of ions in the thick ascending limb of
Henle's loop, more particularly on the reabsorption of divalent cations throughout the tight
junction in this tubular segment. In the following sections | give a brief overview over the

nephron functionality and its regulation to place in context the goals of this work.
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3.1. The nephron

The nephron is formed by the glomerulus and a sequence of tubules that begin right after the
glomerulus and finish by joining with other nephrons in the collecting duct (Figure 1). These
tubules have very different properties and are organized functionally and spatially to maximize
the efficiency of those processes of reabsorption, secretion, and concentration of the urine. The
reabsorption in these tubules takes place either using the transcellular or the paracellular
pathways. The transcellular pathway uses actively the cell machinery of transporters, co-
transporters, ion channels, and pumps to move ions, other solutes, and water across the cells in
the tubular wall. The paracellular transport takes place through the tight junctions, and makes

use of osmotic forces and electrochemical gradients to move water and ions.

The first tubular segment is the proximal tubule (PT). Almost all filtered organic solutes, and
around two-thirds of all the salts are reabsorbed in the PT. About one-third of the reabsorbed
salts and water go transcellular, and the other two-thirds paracellular. Particularly, about 65 %
of the Ca*, and 25 % of the Mg?* is reabsorbed paracellularly here. The very high transcellular
transport activity in the PT is supported by a very active metabolism, a high number of
mitochondria and the presence of a brush border. The tubule is at first convoluted, which makes
its cortical part longer, and then it turns straight as it runs into the kidney medulla, beginning

this way the loop of Henle.

The loop of Henle consists of four different segments: the straight section of the PT, the
descending thin limb (dTL), the ascending thin limb (aTL) and the thick ascending limb (TAL),
forming a highly specialized structure. Making its way down into the medulla, the dTL goes after
the straight section of the PT, and is after a loop followed by the aTL. The thin tubules, in
contrast to the PT, exhibit considerably less metabolic activity and almost no active transport.
The descending segment is highly permeable to water (20% of all the water reabsorbed in the
nephron is due to this segment) but has very low permeability to ions like Na* or CI'. In contrast,
both ascending segments of the loop, the aTL and the TAL, are virtually impermeable to water.

These properties are critical for the concentration of urine. The TAL is again characterized by a
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very active metabolism. It actively transports around 25% of the filtered amounts of Na“, CI', and
K*. The TAL is a very important segment for the reabsorption of Ca? and Mg?. Under standard
conditions, 25% of the filtered Ca** and up to 70% of the Mg”" are reabsorbed paracellularly in
this segment. After the TAL touches the glomerulus in the macula densa, the nephron structure
is again at the same spatial level of the convoluted part of its PT. Here, starting at the macula

densa, the distal convoluted tubule (DCT), the connecting tubule (CNT), and later the collecting
ducts are the subsequent structures.

E’,_ Superficial
il nephron
Juxtamedullary
PT nephron
/ \
= Oufcer
S stripe
el
w ..........
. & T S ¥ S
§ Inner
>
(o]

JE—— ——
—— —_—
—— ——

Figure 1: Nephron structure, showing a superficial and a juxtamedullary nephron and the kidney regions.
The kidney schematic cross sectional view is divided in four regions: cortex, outer and inner stripes of
outer medulla, and inner medulla (IM). Depicted nephron structures are denoted as: G, glomerulus; PT,

proximal tubule; dTL, descending thin limb; aTL, ascending thin limb; TAL, thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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The fine tuning for ion and water reabsorption takes place tightly controlled by hormones in the
late portion of the nephron. The DCT has very similar properties to the TAL, meaning that both
are virtually impermeable to water and urea, and actively transport Na“®, and Cl" from the lumen
to renal interstitial fluid. Immediately after the DCT is the CNT, which connects with the cortical
CD. These distal segments have very similar functionality and are characterized by their cell
heterogeneity. The connecting tubules are formed by connecting tubule cells and intercalated
cells; while the cortical collecting ducts are formed by principal cells and intercalated cells. Two
subtypes of intercalated cells have been identified: a-intercalated cells and B-intercalated cells.
Alpha-intercalated cells secrete H" and reabsorb K*, whereas B-intercalated cells secrete HCOs'".
In general, principal cells reabsorb water, Na*, CI" from the lumen and secrete K". In the initial
collecting duct, the principal cells represent about two thirds of the cells. That ratio increases
further down into the medulla, reaching almost 100% of principal cells in the inner medullary
collecting duct. However, the segment is still involved in the transport of electrolytes and water,
tightly controlled by hormones. The connecting tubules and the collecting ducts are virtually

impermeable to water without the presence of arginine vasopressin (AVP).

There are two kinds of nephrons: superficial nephrons and juxtamedullary nephrons (Figure 1).
Superficial nephrons have short loops of Henle, which penetrate only the most external part of
the medulla, dividing it into two clearly distinct regions: outer medulla and inner medulla. It has
been estimated that 85% of the nephrons belong to this type. In contrast, the juxtamedullary
nephrons have long loops that reach deep into the inner medulla, and their glomeruli are
located in the cortex next to the onset of the outer medulla. These nephrons are very important
for urine concentration; together with the vasa recta vascular system they perform a
countercurrent multiplier mechanism that creates a longitudinal concentration gradient in the

kidney's medullary interstitium.

It is this gradient, actively sustained by the TAL's reabsorption of NaCl, that provides the osmotic
force to concentrate the urine via the water reabsorption, first in the dTLs and finally in the

collecting ducts.
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The combination of the properties of the nephron segments and their spatial organization is
fundamental to the kidneys' ability to excrete wastes, reabsorb nutrients, keep the acid-base
balance, and maintain the extracellular liquid composition and the plasma volume at very
controlled levels. This system can be challenged by many factors. Physiological stimuli such as
blood pressure, dietary intake of salts, nutrients, and amount of water consumption trigger the
system's readjustment via direct sensing or hormonal display. Likewise, some genetic defects

affect the correct functioning of these highly regulated mechanisms.

3.2. The thick ascending limb of the Henle's loop

The watertight thick ascending limb of the Henle's loop (TAL) is relevant for the reabsorption of
divalent cations, sodium, chloride, and potassium. Its active transport is responsible for
providing the substrate to induce the osmotic gradient in the kidney medulla, which is used for
the concentration of urine and for the movement of other ions and urea, and has a critical role
in the extracellular fluid volume homeostasis. This makes it an interesting target for the study of
potential regulatory mechanisms responding to different stimulations. In the last years the
number of data supporting the understanding of the molecular physiology of the TAL increased.
Examples of this are the presence in its basolateral side of the calcium sensing receptor and the
signaling cascades it triggers; the TAL's proven capability to react to hormones like AVP to
increase its transcellular transport capability; or the recent data on the complex net of proteins
that build the TAL's tight junctions, where modifications or regulation can change the

paracellular properties.

In the present dissertation | am going to focus on the TAL properties, and for that account the

following section is dedicated to the key elements that are necessary to understand this work.
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3.2.1. TAL properties: active transcellular transport and a lumen
positive potential

Anatomy

The TAL is a uniform tubule which reaches from the bottom of the outer medulla to the cortex.
TAL of juxtamedullary nephrons barely enter in the kidney cortex, whereas TAL of superficial
nephrons can reach deep into the cortex. The TAL, in general, is impermeable to water, has a
high metabolic activity to reabsorb Na* and CI" transcellularly, and provides a paracellular
pathway highly selective to cations. Medullary TAL (mTAL) or cortical TAL (cTAL) are the
segments of TAL that are clearly located in those regions. The basic molecular machinery and
the type of cells in mTAL and cTAL are so far described as the same, but their properties show
some variation. The different environments that those segments face might result in regulatory
adjustments that change the paracellular permeabilities or the ability to generate the diving

forces for reabsorption.

Transcellular transport and the generation of the lumen positive potential

TAL cells are highly polarized to ensure the conduction of transport. Located on the basolateral
membrane, the sodium-potassium pump (Na'-K* ATPase) creates a Na* gradient between the
inside of the cell and the lumen (Figure 2). This is the motor for the transport of Na“, CI', and K*
from the lumen to the cell. For this movement of ions essentially only one cotransporter is used
in the TAL: the renal NKCC2 cotransporter. The transport via NKCC2 is a non-electrogenic process
with a stoichiometry of 1 K" and 2 CI" for each Na*. CI-channels of the CIC family (CIC-Kb) located
in the basolateral membrane guarantee the continuous transport of Cl" to the interstitium. In
contrast, K* can be transported in two directions: towards the basolateral side of the membrane
via the K*-ClI" cotransporter KCC4, or reversely to the luminal side using ROMK channels. In this
way, the return of K* to the TAL lumen assures the adequate functioning of the NKCC2
cotransporter, but also creates a charge unbalance, causing in part the typical lumen-positive
potential in this tubular segment. This lumen-positive potential is the driving force for the

reabsorption of divalent cations via the paracellular pathway. At the same time, the highly cation
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selective property of the TAL's paracellular pathway relies on the particular composition of

proteins from the claudin family present in the TAL tight junction.

luminal basolateral luminal basolateral
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Figure 2: Transport of ions in the TAL and generation of the lumen positive potential.

NKCC2 and ROMK are depicted in the luminal cellular membrane. The Na*-K* ATPase, ClI'-channel, and K-
Cl cotransporter can be seen in the basolateral cellular membrane. The active transport in the early TAL
(left) generates a lumen positive potential of around 5 mV due to the return of K* to the luminal side via
ROMK. The difference in NaCl-concentration between luminal and basolateral sides of the membrane in
the late TAL (right) induce a Na"* diffusion potential that increase the lumen positive potential to values in
the proximity of 30 mV. The lumen positive potential favors the paracellular reabsorption of divalent
cations.

The lumen-positive potential in the TAL can be canceled by the presence of loop diuretics, such
as furosemide, ethacrynic acid, and bumetanide. The presence of furosemide disrupts the NaCl
transport by blocking NKCC2 functionality. If this happens an immediate drop from around 8 mV
to almost 0 is observed in the transepithelial voltage, reducing also the paracellular driving

forces.
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3.2.2. Paracellular transport
Whereas the entire CI reabsorption in the TAL takes place transcellularly, only about half of the
Na* reabsorption takes place this way. Nevertheless, in total the reabsorption of both ions has a
ratio of 1. Due to the stoichiometry of 1 Na*/1 K*/2 CI" of the NKCC2 luminal cotransporter, the

remaining Na* has to be transported via the paracellular pathway.

The pathway through the tight junctions of the TAL is cation-selective. The ratio between the
permeability to Na* and the permeability to Cl" (Py./Pq) as an indicator of selectivity exceeds 1,
usually with values between 2 and 5. The paracellular resistance in the TAL is higher than in the
proximal tubules, but it is still relatively low. Nevertheless, one of the most distinctive
characteristics of the TAL is its very low water permeability. In total, its capacity of ion transport
and its extremely low water permeability permit the TAL not only to generate, but also to sustain

high NaCl gradients of up to 120 mM between the lumen and the interstitium.

The driving forces for the substantial paracellular reabsorption of divalent cations that takes
place in the TAL are the lumen-positive potential and the high osmolality gradients sustained by
the tubular membrane. At the beginning of the TAL, the osmolalities are high and similar to each
other at both sides of the membrane. At this point lumen-positive potentials of around 8 mV are
generated by the transcellular mechanisms previously described. Downstream, at the distal
portion of the TAL, the situation is completely different: here the active transport and the water
tightness of the wall have reduced the luminal fluid osmolality extensively. Under these
conditions, the lumen-positive potential is mainly generated as a diffusion voltage by the 'back-
leak' of Na* ions into the lumen, reaching values of around 30 mV. Because of this, the electrical
component of the electrochemical gradient for Mg* and Ca®' is increased and enhances their

paracellular reabsorption at this portion of the tubule (Bleich et al., 2012).

Claudins in the TAL

The protein composition of the tight junctions varies along the nephron, resulting in completely

different paracellular properties in the different segments. Many proteins interact in a very
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complex cluster of membrane proteins, and together with the cytoskeleton, they define the
amount of tight junction stripes, conferring tightness and stiffness to the tight junction (Figure
3). Among those, the claudin family of proteins modulates the tight junction's permeability
(Glinzel & Fromm, 2012; Glinzel & Yu, 2013). Around 27 different claudins have been identified,
but not all are expressed simultaneously in every epithelial tissue. Each segment of the nephron
is characterized by a specific set of claudins. Regulation or modification of the claudin
composition can change the properties of a tubular segment. In the mouse TAL, claudins 3, 10b,
11, 14, 16, and 19 are co-expressed, with claudin 16 (Cld16) and claudin 19 (Cld19) being

exclusively expressed in the TAL.

Mutations of some claudin genes have been linked to kidney diseases. Namely, mutations in
human Cld16 and Cld19 have been associated with the Familial Hypomagnesemia with
Hypercalciuria and Nephrocalcinosis (FHHNC) (Simon et al., 1999; Konrad et al., 2006; Hou &
Goodenoughb, 2010). When expressed individually in the anion selective LLC-PK1 cell line, Cld16
and also Cld19 change the cell line properties to almost non-selective: Cld16 appears to increase
Na* permeability without affecting the permeability to CI, while conversely Cld19 decreases CI
permeability without affecting the permeability to cations (Gong et al., 2012). However, when
co-expressed, they physically interact and endow the tight junction with a high selectivity for
cations. It has been shown that claudin 14 (Cld14) interacts with Cld16, but not with Cld19,
strongly reducing the cation selectivity of Cld16, and of Cld16-Cld19-complex (Gong et al., 2012).
Cld14 promoter activity was found in the mouse kidney exclusively in the TAL, but only very little
expression of Cld14 is present in wild-type mice under normal dietary conditions. Cld14
expression is suppressed constitutively by microRNA (miR-9 and miR-374) in the TAL (Gong et al.,
2012, 2014), and is up-regulated in high extracellular Ca** conditions, sensed by the calcium-
sensing-receptor (CaSR) (see below) (Gong et al., 2012, 2014; Dimke et al., 2013). Thus, Cld14
functions as a modulator of the cation selectivity in the TAL's tight junction. Mimicking the

human FHHNC, both Cld16 knock-down and Cld19 knock-out mice presented hypermagnesuria,

22



Introduction

hypercalciuria, with hypomagnesemia, although no signs of nephrocalcinosis. Taken together,

these three claudins play an essential role in the reabsorption of divalent cations by the TAL.
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Figure 3: Tight junction proteome.
The figure illustrates the complexity of the tight-junction. Modified from Giinzel&Fromm, 2012.

Claudin 10 (Cld10), on the other hand, plays a different role. There are two main isoforms of
Cld10: Cld10a and Cld10b. In the mouse kidney Cld10a is preferentially expressed in the cortex
while Cld10b appears to be more common in the medulla (Van Itallie et al., 2006; Giinzel et al.,
2009). Cld10b is highly expressed in the TAL with very little to no presence of Cld10a
(Breiderhoff et al., 2012). Experiments with Cld10b knock-out mice have demonstrated that

Cld10 determines in part the paracellular permeability to Na* (Py.) in the TAL: a reduction in Py,
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was shown in isolated perfused TAL from Cld10b knock-out mice, together with an increase in

permeability to Ca** and Mg** (Breiderhoff et al., 2012).

3.3. Regulation of the ion transport in the TAL

The main goal of the present work is to challenge the different regulatory pathways that control
the water and ion reabsorption in the kidney, looking for new insights in the regulation of the
TAL transport of ions. In the following sections, | give a brief introduction to some key points

fundamental to the presented research.

In the TAL, it is known that the transepithelial transport of NaCl is regulated by multiple
hormones. An increase of NaCl transport via increase of intracellular cAMP is the common
signaling pathway for hormones like vasopressin, parathyroid hormone (PTH), glucagon,
calcitonin, as well as B-adrenergic stimulation. Conversely, extracellular Ca** and prostaglandin E,
have a negative effect on the NaCl transport in the TAL. Little is known about how the
paracellular pathway of this segment is regulated, but phosphorylation, membrane trafficking

and protein expression might be involved.

3.3.1. Na' reabsorption
Water and sodium reabsorption in the kidney are link together in many aspects, and the
watertight TAL plays a key role. The loop diuretics effect serves here as an example: Loop
diuretics block the capability of the TAL to reabsorb NaCl (indirectly preventing reabsorption of
divalent cations due to the loss of driving force), and thereby reduce the osmotic gradient
between the tubular lumen and the interstitium. Under these circumstances, the hormone-
controlled water reabsorption in the collecting duct will be impaired, thus resulting in water loss.
Under normal conditions (in the absence of loop diuretics), some of the hormones involved in

water-salt control also have an effect on the TAL; for example vasopressin (Mutig et al., 2007),
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atrial natriuretic pep tide (Ares et al., 2011), and angiotensin Il (Lerolle, 2004). In this study, | will

focus on the general effects of arginine vasopressin and aldosterone in the TAL.

Arginine vasopressin

One of the most studied activators of the TAL's transepithelial transport is the hormone arginine
vasopressin (AVP), also known as anti diuretic hormone. Its secretion is increased in the
hypothalamus when plasma osmolality increases or when blood pressure or blood volume
decreases. AVP acts in the kidney via the V, basolateral membrane receptor mainly to promote
water reabsorption. In the principal cells of the CNT and the CD, AVP induces incorporation of
aquaporin 2 in the apical membrane by promoting exocytosis of intracellular vesicles. Aquaporin
2 is a water channel that raises the water permeability of those tubules. In contrast, in the TAL,
AVP leads to increase of the NaCl transport by stimulating the Na*-K* ATPase and the net NKCC2
and ROMK activities (Giebisch, 2001; Rieg et al., 2013; Mount, 2014).

AVP up-regulates NKCC2 by influencing its protein expression and its membrane trafficking, as
well as affecting directly its activity by phosphorylation (Giménez & Forbush, 2003; Mutig et al.,
2007; Rieg et al., 2013). AVP also increases the number of NKCC2 proteins in the membrane by
promoting exocytosis of intracellular vesicles via intracellular signaling cascades activating
adenylyl-cyclase VI, leading to a higher transport rate (Rieg et al., 2013; Mount, 2014). These
cascades also stimulate the transport activity of the already present membrane-bound NKCC2 by
phosphorylating some N-terminal threonines and serines residues, involving SPAK/OSR1 kinases
(see below). This activity strongly depends on the chloride concentration, with saturation

concentrations that adjusts to Michaelis-Menten kinetics (Greger et al., 1983b).

Based on the fact that AVP activates the transcellular transport in the TAL, and the importance
of the paracellular pathway for the reabsorption of Na* and divalent cations, | hypothesize that
the tight junctions in the TAL are regulated by AVP to increase paracellular permeabilities to
cations. In the present work, | will present results that strongly indicate the existence of

regulatory effects of AVP in the TAL's paracellular pathway.
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Aldosterone

The Na' and water reabsorption in the kidney have another key modulator: aldosterone.
Aldosterone is secreted in the zona glomerulosa of the adrenal gland as a response to multiple
stimuli, controlled by the renin-angiotensin-aldosterone-system (RAAS). Low Na® intake causes
an increase in aldosterone and angiotensin Il levels. This stimulates the reabsorption of Na*
between the DCT and the CD. On the contrary, high Na* intake reduces their secretion, resulting
in the waste of large amounts of Na* by the kidneys. Nevertheless, due to the interplay with AVP
the kidney is able to either excrete highly concentrated urine with almost no waste of Na“, or to

excrete large amounts of dilute urine without altering Na* excretion.

Aldosterone binds to the nuclear mineralocorticoid receptor (MR). It activates the Na* transport
by stimulating the sodium-chloride cotransporter (NCC) in the DCT, and causes membrane
expression of the amiloride-sensitive epithelial sodium channel (ENaC) in the distal portion of
the DCT, in the CNT and CD (Figure 4) (Guyton & Hall, 2005; Ronzaud et al., 2007). At the same
time, it also activates and up-regulates the basolateral Na*-K* pump (Salyer et al., 2013). This

way, aldosterone stimulates Na* and water reabsorption.

The MR can be also stimulated by glucocorticoids such as cortisol. In the aldosterone target
tissue, the presence of the enzyme 11B-hydroxysteroid dehydrogenase type 2 (11B-HSD2)
catalyzes the interconversion of cortisol to the inactive form of cortisone, protecting the MR. So
far, any activity of aldosterone in the TAL is unknown, but messenger RNA for MR have been
reported to be expressed in mouse TAL (Ackermann et al., 2010). Even thought the TAL has not
been classically considered to be a target for aldosterone, other studies report the presence of
some 11B-HSD2 in the TAL (Farman & Bocchi, 2000), indicating a possible co-expression. Taking
also into account that aldosterone has functions in other kind of cells and tissues (like
intercalated cells of the cortical collecting tubules, in the gut, or in salivary and sweat glands),
and that in the TAL transcellular and paracellular transport of Na* is used to create the driving
forces for the reabsorption of divalent cations, systemic high aldosterone may affect the

paracellular reabsorption to cations in the TAL.
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Figure 4: Expression pattern of the mineralicorticoid receptor (MR), aquaporin 2 (AQP2), and the
epithelial sodium channel (ENaC) in DCT, CNT, and CD.

3.3.2. Control of Ca** and Mg* homeostasis
The regulation of calcium, magnesium, and phosphate plasma levels is tightly bound together
and involves the interaction between gastrointestinal tract, bone, and kidney. About 99% of all
calcium present in the body is stored in bones and can act as a source of calcium when
extracellular calcium decreases. Ca** has to be controlled at a low but stable concentration in the
extracellular fluids, and even lower in the cytoplasm, given its crucial role in intracellular
signalling. The extracellular calcium homeostasis is controlled by an elaborated hormonal system
with parathyroid hormone (PTH) as the main player (Figure 5), and additionally involving vitamin
D3, calcitonin, and FGF23. Decrease in plasma Ca* stimulates the secretion of the PTH;
conversely, an increase in the concentration of plasma Ca?* inhibits the parathyroid gland via the
calcium-sensing receptor (CaSR). With regards to magnesium, more than half of the total
amount of the body is also stored in the bones, and the rest in intracellular compartments, with
less than 1% present in the extracellular fluids. The concentration of cytosolic Mg** is very similar

to the concentration in the extracellular space. The plasma values of Mg®" highly depend on the
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renal tubular reabsorption, yet bone and intestine influx and efflux have an important role. In
general, glomeruli filter 50% of the plasma Ca*" and Mg?". However, only 5 to 10% of the filtered
Mg”" is excreted in urine in normal conditions, and only around 1% of the filtered Ca* is found in
the final urine. The regulatory mechanisms of Mg*" excretion are not yet fully understood. It
might mimic that of Ca%, as extracellular Mg* is also able to activate CaSR, although to a lesser
extent than Ca*" (Riccardi & Brown, 2010). Further, loss of function mutations in CaSR, some
claudins, or NKCC2 affect in high scale not only Ca®* but also Mg balance (Giinzel & Yu, 2009;
Hou & Goodenoughb, 2010; Li et al., 2011).
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Figure 5: PTH action over small intestine, kidney and bone.
PTH, parathyroid hormone. 1,25(0H),VitD: 1,25-dihydroxycholecalciferol.

In the TAL, CaSR is present in the basolateral membrane. It couples with an inhibitory G protein
that has an effect opposite to the stimulation induced by vasopressin. Increases in intracellular
Ca™, due to the activation of CaSR, regulate the production of cAMP, either directly by inhibiting
the adenylyl cyclase VI, or indirectly by activation of protein kinase C, or by other means like
calmodulin or the generation of AA metabolites with a negative effect in the transport of NaCl

(Halls et al., 2010; Mount, 2014).

Transgenic mouse models as well as cell culture models have proven helpful for elucidating

claudin function and regulation. However, the physiological responses of the tubular segments
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to dietary changes are not yet fully understood. Here | present two studies analysing the effects
of low and high Ca*, as well as Mg?* dietary intake on driving force, permeability, and selectivity

for paracellular Ca** and Mg** absorption.

3.3.3.  NKCC2 phosphorylation and dephosphorylation
The NKCC2 cotransporter is an integral plasma membrane protein with 12 transmembrane
segments. C-terminus and N-terminus are located at the cytoplasmic side of the plasma
membrane. Phosphorylation in conserved serine and threonine sites in the N-terminus increases
the transport activity of NKCC2 (Giménez & Forbush, 2003, 2005; Ponce-Coria et al., 2008;
Richardson et al., 2011). Phosphorylation of threonine residues T96 and T101 has been linked to
SPAK (Ste20/SPS1-related proline-alanine rich kinase) and OSR1 (oxidative stress-responsive
kinase). The sortilin-related receptor, L(DLR class) A repeats containing (SORLA), an intracellular
receptor involved in sorting and trafficking of proteins, is essential for SPAK activity (Reiche et
al., 2010; Borschewski et al., 2015). Several studies propose kinase cascades as a mechanism for
enhancing NKCC2 activity, but little is known about the corresponding phosphatases that might
reverse this process. The protein phosphatase calcineurin, a calcium-dependent serine-
threonine phosphatase, is known to be active in the kidney and it has been recently proposed as
possible phosphatase acting on NKCC2. Calcineurin inhibitors like cyclosporin or tacrolimus are
widely used as immunosuppressants to prevent acute transplant rejection, but they cause
hypertension, related to water and salt retention. Treatments with calcineurin inhibitors in mice
have been linked to an increase in the phosphorylation and activity of the renal thiazide-

sensitive Na*-Cl cotransporter (NCC) in DCT.

Calcineurin AB (CnAB), which is locally expressed in the TAL but not present in the DCT, was
recently shown to interact with NKCC2 (Borschewski et al., 2015). Furthermore, they presented
that CnAB from rat kidney lysate interacts with conserved threonine residuals in the NKCC2
when they are phosphorylated, but not in the trials mimicking dephosphorylation. In the same
work it was shown that CnAB inhibitor cyclosporin A (CsA) increased substantially the

phosphorylation of NKCC2 at the SPAK/OSR1-dependent threonines T96, and T101, with no
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significant changes in the phosphorylation activity of SPAK/OSR1-kinases induced by CsA. Those
results, strongly suggest that CnAB may be involved in NKCC2 dephosphorylation. In addition,
CnAp was seen to interact with SORLA's intracellular tail, an indication that cellular trafficking of
CnAP could also depend on the referred receptor. Taking all these into account, inhibitors of
calcineurin in the TAL could raise as well the abundance in phospho-NKCC2 (pNKCC2) and

therefore its activity.

In summary, phosphorylation of NKCC2 by SPAK/OSR1 increments the cotransporter activity; the
protein phosphatase CnAB appears to interact with pNKCC2; and SORLA might be, at least partly,
involved in the trafficking of the enzymes involved in both processes, very likely favoring SPAK
actions and inhibiting CnAB. The absence of this receptor caused by selective mutation would
therefore result in decreased levels of NKCC2 phosphorylation, partly in the absence of SPAK in

its right place, and partly in an increased calcineurin abundance and activity.

3.3.4. Inhibition of histone deacetylase with
suberanilohydroxamic acid (SAHA) affects Cld14 expression

As previously mentioned recent data have evidenced an epigenetic regulatory path for the Cld14
expression, and Cld14 is known as a modulator of the paracellular permeability in the TAL (Gong
et al., 2012, 2014). The interaction of Cld14 with Cld16 and the Cld16-Cld19 complex reduces

the selectivity for cations of the paracellular pathway in the TAL.

Extracellular Ca** down-regulates the expression of two micro RNAs (miR), miR-9 and miR-374,
via the CaSR. When these micro RNAs are present, they target the 3'-UTR of CLD14 mRNA and
repress its stability and translation, causing Cld14's very low normal expression. The regulatory
mechanism of these miR partly involves histone deacetylase (HDAC). Active HDAC, which is
stimulated by the CaSR, causes histones to wrap the DNA more tightly by deacetylation, thus
impeding the transcription of nearby genes. In line with this, the expression of miR9 and miR374
was shown to be up regulated in the presence of the HDAC inhibitor suberanilohydroxamic acid

(SAHA). It was also observed that the administration of SAHA affects the Ca** and Mg** excretion
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in mice: reduced fractional excretions compared to vehicle treated animals together with
increased plasma levels of Mg?" indicated that SAHA induced an increase of reabsorption of

divalent cations in the kidney.

In other words: extracellular Ca** triggers CaSR to stimulate HDAC. HDAC tightens to the DNA
histones that are located near the genes coding for miR9 and miR374, therefore reducing their
expression. This results in a reduction or lack of miR9 and miR374, causing a stabilization of
MRNA from the CLD14 gene which then is again free to move and be translated into a Cld14
protein. Therefore, the presence of Cld14 is increased in the tight junction where it interacts
with Cld16 and the Cld16-Cld19 complex reducing the cation selectivity of this tight junction. As

a result, the excretion of Ca** and Mg?* increases. SAHA inhibits HDAC.
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4. Aims of the thesis

4.1. Establishment of a simplified equation for the calculation of
absolute permeabilities

The calculation of the absolute permeability to an ion across the TAL was not clearly established
in literature. Before presenting the experimental results, | will address this problem in the first
result chapter and introduce a simplified equation based on Kimizuka & Koketsu (1964) that will

allow for an easy calculation of the absolute paracellular permeabilities to Na*, CI, Mg*" and Ca*.

4.2. Optimization of enzyme assisted tubule dissection for
measurements in isolated perfused TAL from old mice

Mechanical dissection and sorting of TAL or any other nephron segment present two major
problems: first, it is a very difficult task, if not almost impossible, to collect enough material for
protein or RNA studies; and second, with age the connective tissue in the kidney increases,
making the mechanical dissecting method impracticable in kidneys from mice older than 12
weeks. In this result section, | will introduce an enzymatic technique that not only allows a fast
and efficient way of collecting hundreds of almost any of the nephron's tubular segments for
protein and RNA analysis, but also to perfuse and measure the transport properties of TAL from

old mice.

The availability of this technique allows us to test the hypothesis that age affects the ability of
reabsorbing cations in the TAL. Here, | present results of the analyses of TAL properties from

mice that are a few weeks old, mice of around half a year, and mice older than one year.

4.3. Measurements of the effects of calcium modified diets

The TAL plays an important role in calcium homeostasis. Here | study how the paracellular
pathway is regulated in the TAL when physiological conditions are challenged. Mice received low

and high Ca*-diets to study the transport properties of freshly enzymatically isolated TAL. |
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hypothesize that systemic regulatory mechanisms triggered in those mice by the changes in the
Ca®* dietary intake include regulatory modifications in the paracellular pathway for Ca*'

reabsorption in the TAL.

4.4. Measurements of the effects of magnesium modified diets

Taking into account that the TAL is the main site for reabsorption of Mg* in the kidney, and
according to the arguments outlined above, mice received low and high magnesium diets,
followed by measurements of transepithelial transport, ion selectivity, and paracellular
permeabilities in freshly enzymatically isolated TAL. Here | propose that variations in the Mg?-

intake affect the driving forces and the permeabilities to Mg** in the TAL tight junction.

4.5. Assessment of epigenetic regulation of Cld14 expression

As mentioned, the reabsorption of Ca®* and Mg* through the paracellular pathway in the TAL is
negatively modulated, in part by the expression of Cld14. The Cld14 expression is regulated by
inhibitory miR, and it has been shown that the presence of HDAC inhibitor SAHA up-regulates
the expression of those miR. Because acute inoculation with SAHA reduces Ca** and Mg*
fractional excretions, the transport properties of mechanically dissected TAL from mice exposed
to SAHA were measured to corroborate that the paracellular pathway for divalent cations has

been up-regulated.
This work is part of a scientific paper published in collaboration with Prof. Dr. Jianghui Hou's

group (Gong et al., 2014).

4.6. Measurement of the tight junction permeability regulation in the
TAL by AVP

AVP increases water intake in the CNT and CD, and also stimulates Na* reabsorption in the TAL,
the CNT and the CD. Based on this, | hypothesize that AVP might also have an effect in the

paracellular reabsoptive properties for divalent cations in the TAL. This would reduce the
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chances of precipitation of calcium and magnesium salts in the lumen during the subsequent

extreme concentration of urine.

4.7. Measurement of the influence of high plasma aldosterone on
TAL ion transport

Considering the potential co-expression of MR and 11B-HSD2 in the TAL and the importance of
aldosterone for water and volume balance, | postulate that aldosterone has some effect on the
regulation of ion reabsorption in the TAL. To evaluate this hypothesis | measured transcellular
and paracellular transport properties of TAL from old mice with systemic high aldosterone.
These genetically modified mouse model (MR"¥*) |ack the MR selectively in those cells that

express aquaporin 2 and therefore show extremely elevated aldosterone concentrations.

4.8. Inhibition of the deactivation of NKCC2 by treatment with the
calcineurin (CnAp) inhibitor cyclosporin A

The SORLA intracellular receptor is known to play an important role in trafficking of the kinases
involved in NKCC2-activation. Further, it might also play a role in the intracellular migration of
CnApB, which in turn might act as a phosphatase on NKCC2. Considering these premises, | studied
the transcellular transport of TAL from wild-type mice and SORLA knock-out mice (SOLRA” mice)
stimulated with cyclosporin A, with the intention to functionally evaluate the proposed role of

CnApB as a phosphatase involved in the dephosphorylation of NKCC2.

This work is part of a scientific paper published in collaboration with Dr. Kerim Mutig

(Borschewski et al., 2015)

4.9. Characterization of the TAL transport properties in Cld10/Cld16
double knock-out mice

With the intention to add further insights into the observed phenotypical differences in Cld16-
KO and Cld10-KO mice, | studied the transport properties of TAL from a Cld16/Cld10 double

knock-out mouse model in collaboration with Dr. Tilman Breiderhoff. We hypothesize that
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conditional Cld10 deletion in Cld16-KO mice can rescue the hypermagnesuria and hypercalciuria.
On the other hand, we do not expect the hypermagnesemia present in the Cld10KO model to

break out in the dKO because of the absence of Cld16.
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5. Materials and Methods

5.1. Tubule isolation techniques

Enzymatically assisted kidney tubule isolation

A 1 mg/ml solution of collagenase type Il (PAN 10-0141, PAN-Biotech, Germany) was used to
disrupt the kidney connecting tissue to easily isolate kidney tubules by sorting. The mice were
placed in a surgery setup under inhalational anaesthesia (3-5% isoflurane). At this point, 0.6-1 ml
of collagenase solution was infused fast and carefully into the renal artery. This enzyme solution
was previously heated to 41°C, so that the solution was around 37°C while perfusing the mouse.

Immediately after, both kidneys were collected and decapsulated.

Mouse kidney

Kidney slice

Figure 6: Graphic representation of a mouse kidney and a kidney slice.
The cortex, outer and inner stripe of outer medulla (OSOM and ISOM), inner medulla (IM), and papilla
are depicted in the kidney slice.

4-6 thin transversal slices of less than 0.5 mm were cut out of each kidney (Figure 6) and placed
in a 2ml Eppendorf vial in 1-1.4 ml preheated at 37°C collagenase Il solution. Using a
Thermomixer comfort (22331, Eppendorf AG, Hamburg, Germany) at 850 rpm the sample was

shaken at 37°C for 10 minutes initially. The supernatant, around 1ml of solution with hundreds
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of dispersed tubules, was then transferred to an ice-cold 1 ml sorting solution (see below for the
composition of the sorting solution). The original vial was refilled with 1 ml of incubation
solution (see below for the composition of the incubation solution) preheated at 37°C and
placed again into the thermomixer for another 5 minutes. The procedure was repeated every 5

minutes to collect 3 to 4 more batches.

Mechanical kidney tubule isolation

Mice were euthanized by cervical dislocation and quickly beheaded, to led let blood flow out.
Kidneys taken from beheaded mice were decapsulated and sliced as thin as possible in a similar
way as described before. The slices were kept in ice-cold sorting solution. The dissection of the
tubule of interest was made mechanically under a stereo-microscope using customized forceps
for the task (Figure 7). This technique allows an accurate spatial location of the isolated tubule

along the corticomedullary axis (Figure 6).

sharp side

\
grip side

Figure 7: Graphic representation of the customized forceps.
The sharp side is used for cutting the tissue, while the grip side is used for grab and pull the tubules. Two
of them were used at a time.

5.2. Blood and urine collection and analysis

Up to 1ml of blood was taken directly from vena cava inferior with the syringe needle coated

internally with Na-heparine (Heparin-Natrium-25000-ratiopharm, Ratiopharm® GmbH, Ulm,
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Deutschland). The puncture was performed with a 22G x % needle (Henke Sass Wolf GmbH,
Tuttlingen, Deutschland). Blood was then centrifuged at 13000 rpm in a Heraeus Biofuge"'™
laboratory centrifuge for 3 minutes and serum was then carefully collected. Spot urine was
collected with a 27G x 1% needle (Henke Sass Wolf GmbH, Tuttlingen, Deutschland) directly from
bladder. Serum and urine samples were analysed for electrolytes and creatinine concentrations

at the Institute of Clinical Chemistry, UKSH Kiel, Germany.

The fractional excretion of electrolyte x was calculated as the percentage of the clearance of
electrolyte with respect to the glomerular filtration rate, which was estimated by the clearance

of creatinine:

C
FE =—=—-100 (1), where clearance (C) is

Crea

— Ux. Uﬂow
* PI

X

C (2)

where U, and PI, are the urine and plasma concentrations of x, and U is the urine flow rate.
This way, the fractional excretion of electrolyte x was calculated using the equation:

Ux.PlCrea
E,=——9%.100 (3)
Plx'UCrea

5.3. Experimental solutions

Incubation solution

The incubation solution was made adding 35.5 mg of glycine (3908.2, Carl Roth GmbH +Co,
Karlsruhe, Germany), 4.8 mg of trypsin inhibitor (1001702226, SIGMA-ALDRICH Chemie GmbH,
USA), and 2.5 mg of DNAse | (1128432001, Roch Diagnostics GmbH, Mannhein, Germany) to 100

ml of a glucose free physiological Ringer-like solution (Table 1 A).
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Sorting solution
The sorting solution was made adding 25 mg of albumin to 50 ml of incubation solution.

Albumin would stick to the surface of the container avoiding the loss of tubules on it.

The solutions used for the electrophysiological experiments (Table 1 C, D, E, F) were
modifications of the control solution (Table 1 B). They were designed to have the same
osmolality but different concentrations of ions to allow the calculation of paracellular
permeability ratios and absolute permeabilities to Na*, CI, Mg*, and Ca®". The control solution
was used to record transepithelial voltages and calculate the transepithelial resistance and

equivalent short circuit current as transepithelial transport parameters.

Table 1: Modified physiological Ringer-like solutions

Molar mass A B C D E F

(g/mol) (mM) (mM) (mM) (mM) (mM) (mM)
NaCl 58.44 140.0 145.0 30.0 - - 28.0
Na,SO, 142.04 - - - - - 62.0
KClI 74.56 - - - 3.6 3.6 -
HEPES 238.3 - - - 3.0 3.0 -
KH,PO, 136.09 0.4 0.4 0.4 - - 0.4
K,HPO, x 3H,0 228.23 1.6 1.6 1.6 - - 1.6
MgS0, x 7 H,0 246.48 1.0 - - - - -
MgCl, x 6 H,0 203.3 - 1.0 1.0 72.5 - 1.0
CaCl, x2 H,0 147.02 - - - - 72.5 -
Na-Acetate x 3 H,O 136.08 10.0 - - - - -
o-Ketoglutarate 146.1 1.0 - - - - -
Ca-Gluconatex 1 H,0O 448.4 1.3 1.3 1.3 1.3 - 1.6
Glucose 180.16 - 5.0 5.0 5.0 5.0 5.0
Manitol 182.17 - - 230.0 71.0 75.0 230.0

A, basal buffer solution. B, control solution. C, low sodium-chloride solution. D, high magnesium solution
with no sodium. E, high calcium solution with no sodium. F, low chloride solution.
HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
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5.4. Tubule perfusion

Freshly isolated TAL were microperfused to measure transepithelial voltages using a system of
concentric pipettes designed for in vitro perfusion of isolated renal tubules (Greger & Hampel,
1981). The experimental setup (Figure 8) permits to hold both extremes of the tubule with a
holding and a constriction pipette. Both were carefully made by heating and pulling glass
capillaries (Sodalime glasscapillaries, Hilgenberg, 1409679). The perfusion was performed with
an elongated double barreled glass capillary (Theta-Bo-glasscapillaries, Hilgenberg, 1402401) as
perfusion pipette. One barrel was used for fluid exchange and transepithelial voltage
measurement. The inside of this barrel was connected via an agar bridge (1 M KCL, 5% AGAR) to
a 1 M KCl reservoir where a silver-chloride electrode, Ag/AgCl (RC-3, World Precision
Instruments, Inc., USA) served as measurement electrode. On the other side, as reference
electrode, another silver-chloride electrode was connected to the bath through another 1M KClI
reservoir/ KCl-Agar bridge construction (Figure 8). Both electrodes were connected to an
amplifier, and this one to a Flatbed Recorder Type BD12 (Kipp&Zonen B.V., Delft, Neederland),
through which the voltage across the TAL membrane was recorded on paper. The other barrel of
the perfusion pipette was use to inject a current of 13.0 nA for 1 second every 8 seconds (Figure
9). Given the solutions conductance, the tubule length and the tubule inner diameter, the
voltage deflection in the chart trace induced by this current injection was used to calculate the
transepithelial resistance using the cable equation (Greger, 1981). The perfusion flow was
controlled by a constant pressure supplied by a pressure unit build in the electric workshop of
our institute. The tubules were continuously superfused on the bath side driven by gravity. The
solution running in the bath could be changed according to the needs of the experiment as well
as the luminal solution via the fluid exchange pipette. All the voltages measured were corrected

for liquid junction potentials.
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measurement

reference electrode

electrode 1M KCI

1M KCI
/| AGAR

1M KCI

1M KCI/AGAR Potfision

pipette

Fluid-ex/change pipette
E e AT

|
Holding

pipette

/
Renal tubule —Silver wire

B
Constriction
pipette

Pulse
generator M 150 MQ

Figure 8: Experimental setup to measure transepithelial voltages.
The injection of a known current allows the calculation of transepithelial resistance. The system is formed
by several glass pipettes shaped to hold and perfuse renal tubules, and to permit fluid exchange.

5.5. Equations for the calculation of transepithelial and paracellular
parameters
Transepithelial resistance

The transepithelial resistance (R.) was calculated using the cable equation as previously

described (Greger, 1981):

AV
Rte=2\/ngk31—‘etanh( ) (4)

o

>t

o is the resistivity of the used solution (Q-cm). AV, is the induced voltage deflection near the

perfusion side due to the current injection (/,). L is the tubule length, and A is the length
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constant. For this calculation, A was estimated using the mathematical expression presented by

Greger (1981) for when the tubule segment is at least 3 times longer than A:

2
_AV,nr,

A
I.o

(5)

This way A became also a selection criterium, the TAL had to be 3 times longer than their

calculated value for the length constant for being considered in the analysis.

Equivalent short circuit current

The equivalent short circuit current is the highest current that can exist in an electrical system
under short-circuit conditions. In the transepithelial electrical system it implies the current
needed to sustain the transepithelial voltage registered, and is a direct indicator of the
transepithelial transport across the membrane. It was calculated by the expression:

V te
R

I,=—= (6)

te

Sodium-chloride permeability ratio
The Goldman-Hodgkin-Katz (GHK) voltage equation for monovalent positive (C*) and negative
(A’) ion species (Goldman, 1943; Hodgkin & Katz, 1949) was the starting point for the calculation

of the sodium-chloride permeability ratio:

P.[C'] +) P,[A]
_RT Z Cl.[ ]out 4 A.[ ]m

E =""In|Z!
F " .
ZPCI[C ]in+
i=1

X J

where R is the gas constant, F Faraday constant, and T the absolute temperature in Kelvin.
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The diffusion voltage generated by basolateral application of low sodium-chloride solution, after
luminal furosemide then has the following form, since the activity of other ions apart from Na*

and CI is negligible:

PNa[Na+]bI+PCl[Cl_]a

p

PNa[Na+]ap+PCI[CI _]bl

_RT

Em
F

In

(8)

Equation (8) can be transformed to calculate the sodium-chloride permeability ratio out of the
direct measurement of the transepithelial potential (E,) generated by diffusion of Na* and CI’

(diffusion voltage):

PNa_ [Cl-]ap_eu[Cl _]bl . U_FE

PCI eul:Na+]ap+[Na+]bl

RTm ©)

All the measurements were performed at ~37°C (~310 K).

Divalent cation-sodium permeability ratio

The use of high calcium and high magnesium solutions on the basolateral side, with control
solution plus furosemide running in the TAL lumen, generates a bi-ionic diffusion voltage that
permitts calculation of the calcium and magnesium paracellular permeability ratio with sodium.
The GHK voltage equation cannot be use here as it is a particular solution for monovalent ion

species. Therefore we used the ion fluxes approach.

In steady state the sum of the currents of all ions through a membrane is equal to O:

O:i I, (10)

The experimental solutions were made in a way that only the activity of Na*, Cl', and Ca** or Mg**

(X) was appreciable (more than 3 ions is not helpful with this approach):

0=I,,+I,4+I, (11)
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The individual current of an ion x is defined by the GHK flux equation (Goldman, 1943; Hodgkin

& Katz, 1949), were Z is its valence, and P its absolute permeability:

21x] —[Xx] e “" FE
L=P2E A ]ml[ et y=Pe; g =F,-E, (2)
_e X

Given x as a divalent cation (i.e Ca** or Mg?* for the interest of this dissertation), it is possible to

substitute equation (12) in (11) for Na*, CI, and X**, and isolate Py/Py.:

PNa
PCI

He"+1)([cl),—€'[Cl],)—(e"+1)(e'[ Na"],,—[Na'],)
4(e2u[X2+]ap_[X2+]b1)

(13)

For this calculation is necessary to have done first a diffusion voltage step to calculate Py./Pq.

Absolute paracellular permeabilities for Na*, CI, Mg*, and Ca*

As presented in results (see 4.1) it is possible to calculate the absolute paracellular permeability
to Na® in the TAL using the “simplified Kimizuka-Koketsu equation” (Van ltallie et al., 2001;
Glinzel et al., 2009):

PNa:GrR—’I; 1 (14)

F [NaCl]ctrI(1+P—C1)

Na

The absolute permeability to ClI" was obtained multiplying the result of equation (14) by the
reverse of the result of equation (9):

Po=Py, P
ol

PNa )_1
- | (15)

Likewise, absolute permeabilities for Ca* and Mg** were calculated multiplying the results of
equation (13) for Ca** and Mg? by Py.:
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5.6. Western blot

Gels

The separation of proteins by electrophoresis was performed using continuous polyacrylamide
gels loaded with sodium dodecyl sulfate (SDS-PAGE) to maintain polypeptides in a denatured
state. The gel have two different portions: the resolution gel, to separate the proteins by size,
and the stacking gel built on top of the resolution gel to concentrate the proteins. The stacking
gels were made using 6.5% polyacrylamide for Cld10 and Cld19, and 4% polyacrylamide for
Cld16 and NKCC2 (Table 2). The resolving gels were made using 15% polyacrylamide for Cld10
and Cld19, and 8% for Cld16 and NKCC2 (Table 2).

Collection of samples

The samples for Western blotting were collected from enzymatically assisted isolated TAL.
Approximately 50 TALs were sorted for every sample and stored at -80°C in 15-20 ul sorting
solution + 5 pl of 5x Laemmli (Table 3). The amount of material in each sample was controlled by
number of tubules and by visual estimation of total volume. A picture taken of the first sample
containing exactly 50 TALs of an average of 350-400 um of length was used as standard, and all
subsequent samples were compared to it. This was done as a way to have a similar amount of
material per sample, as with those little amounts of tissue a total protein determination was

unrealizable.

Immunoblotting and bands detection

All the aliquots were incubated at 56°C for 30 minutes in an Eppendorf Thermostat 5320 dry
block heater, and later centrifuged briefly (3 consecutive spin down shocks) in a bench
centrifuge (SPROUT™, HEATROW Scientific® LLC, lllinois, USA), before being loaded into the
wells of an electrophoresis gel aside with 5ul of protein marker (Page Ruler Prestained Protein
Ladder, #26619, Thermo-Scientific, Germany). The electrophoresis and the posterior transfer
step were executed in a Bio-Rad Mini PROTEAN® Tetra System (Bio-Rad Laboratories GmbH,

Munich, Germany). The gel was already positioned in the holder and placed into the chamber

45



Material and Methods

containing 1L of electrophoresis buffer (Table 3). The electrophoresis was then run at 100 V for

approximately 1h.

Table 2: Composition of the two parts of the SDS-PAGE.

Resolving gel (2 gels) Stacking gel (2 gels)

8% 15% 4% 6.5%
Acrylamid (40%) 4.0 ml 7.5 ml 1.0ml 1.63 ml
Resolving gel buffer 4x (Table 3) 5.0 ml 5.0 ml - -
Stacking gel buffer 4x (Table 3) - - 2.5ml 2.5ml
Deionised H,0 6.0 ml 7.30 ml 6.4 ml 5.77 ml
Ammonium persulfate (APS) 150.0 ul 150.0 ul 75.0 ul 75.0 ul
Tetramethylethylendiamine (TEMED) 60.0 pl 60.0 ul 30.0 pl 30.0 pul

The proteins were transferred to a Bio-Rad nitrocellulose membrane (0.45 um pore size). The
nitrocellulose membrane and 4 pieces of paper filter were first cut to a similar size of the gel and
soaked in transfer buffer (Table 3) for 15 minutes. The gel was carefully recovered and the
stacking gel discarded. To transfer the proteins, the resolving gel was place next to the
nitrocellulose membrane, covered at both sides with 2 paper filters, in a Bio-Rad transfer holder
and put back into the chamber with 1L of transfer buffer and a cool-pack stored previously at
-80°C. A voltage of 100 V was applied across the sandwich for 1h, with the anode on the side of
the nitrocellulose membrane. For the transfer the Bio-Rad system was placed on ice to avoid

overheating.

The nitrocellulose membrane was then placed in 5% (w/v) skimmed powdered milk in TBS-
Tween on a horizontal shaker at 30 rpm for 1h to block the remaining protein binding sites of the
membrane. It was washed subsequently 3 times with TBS-Tween (Table 3) for 10 minutes. After
this procedure, the primary antibody (Table 4) was added and incubated overnight at 4°C on a

horizontal shaker at 30 rpm.
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Table 3: Solutions related to the Western blotting procedure.

) Resolving . Electro-
Laemmli | buff Stacking gel h . Tansfer TBS-T
el buffer oresis -Tween
(5x) & buffer (4x) © buffer
(4x) buffer

Tris 300 mM 15M 0.5 M 30 mM 20 mM 80 mM
NacCl - - - - - 150 mM
DTT 500 mM - - - - -
SDS 10% (w/v)  0.4% (w/v) 0.4% (w/v) 0.1% (w/v) - -

Until it is
Bromophenol blue - - - - -

colored
Glycerol (100%) 50% (v/v) - - - - -
Glycine - - - 200 mM 192 mM -
Methanol (100%) - - - - 20% (v/v) -
Tween 20 - - - - - 0.05% (v/v)
pH 6.8 8.8 6.8 - - 7.6

TBS, Tris-buffered saline; DTT, dithiothreitol; SDS, sodium dodecyl sulfate; Tween 20, polysorbate 20.

The next day the nitrocellulose membrane was washed again 3 times in TBS-Tween for 10
minutes before adding the secondary antibody (Table 4). The membrane was incubated for 1h
with the secondary antibody, always shaking at 30 rpm. After washing 4 times with TBS-Tween

for 10 minutes the membrane was ready for detection.

The detection was done in a Bio-Rad ChemiDoc MP system. The membrane was carefully
covered with the Amersham ECL Select™ Western Blotting reagent for sensitive band detection.
Images of the membrane were taken using the chemiluminescent and the colorimetric protocols
of acquisition of the Image Lab 5.0 (Bio-Rad Laboratories), to have the protein bands and the

marker respectively.

After detection of the bands of the protein of interest (Cld10, Cld16, Cld19, and NKCC2) the
nitrocellulose membrane was recovered, washed for three more times in TBS-Tween and

incubated overnight with the anti-B-Actin primary antibody. The entire procedure was then
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repeated to obtain B-Actin bands as loading control. The bands were analyzed with Image Lab
5.0 (Bio-Rad Laboratories). Each band intensity from the protein of interest normalized to the

corresponding B-Actin band in the same sample.

Table 4: Primary and secondary antibodies used in the Western blots.

. . . Concentration
Primary antibody Origin i . Producer
(in 1% (w/v) BSA in TBS-T)

Thermo Scientific GmbH,

ti-Claudin 10 M 1:1000

anti-Liaudin ouse Schwerte, Germany, #415100

anti-Claudin 16 Rabbit 1:2000 gift from Dr Jianghui Hou,
Washington University, St. Louis

anti-Claudin 19 Rabbit 1:2000 gift from Dr Jianghui Hou,
Washington University, St. Louis

anti-NKCC2 Guinea Pig  1:10000 gift from Dr Kerim Mutig,
Charité, Berlin

anti-B-Actin Rabbit 1:1000 Cell Signaling Technology Inc.,

Danvers, USA, # 4967

Secondary antibody

GE Healthcare Europe GmbH,

anti-Mouse 1gG HRP Sheep 1:10000 Freiburg, Germany, NA 931

DIANOVA GmbH, Hamburg,

Anti-Guinea Pig IgG HRP  Donkey 1:10000 Germany, 706-035-148

DIANOVA GmbH, Hamburg,

anti-Rabbit 1IgG HRP Goat 1:50000 Germany, 111-035-144

HRP, Horseradish Peroxidase-Conjugated Antibody.

5.7. Food for the diets

Mineral adjusted diets were bought from SSNIFF (SSNIFF Spezialdidten GmbH, Germany) for the
calcium and magnesium diets. The food, coming in pellet form, contained 0.90% of calcium and
0.23% of magnesium for the control diet. The high calcium and high magnesium diets were 5
times higher in calcium and magnesium respectively, with the low diets having less than 0.06%

of calcium and less than 0.03% magnesium (Table 5).
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Table 5: Calcium and magnesium diets composition

Diet: Control High calcium Low calcium High magnesium Low magnesium
Calcium 0.90% 5.00% <0.06% 0.90% 0.90%
Phosphates 0.60% 0.60% 0.60% 0.60% 0.60%
Magnesium 0.23% 0.23% 0.23% 1.10% <0.03%

Sodium 0.20% 0.20% 0.20% 0.20% 0.20%

Chloride 0.35% 0.35% 0.35% 1.10% 0.35%

SSNIFF pulverized control food was used for the water-load and water restricted diets. The diets
were designed using as basis the daily food and water intake preferences for the C57BL/6J
mouse strain of approximately 5g of food and 7.8 ml of water per 30g body weight (Bachmanov
et al., 2002). Water containing 1% of Agar and pulverized food were mixed to make a jelly food.
For the water-load diet 3 times the preferred water intake was used. The water-restricted diet

was made to fit the daily requirement proportion of water and food.

5.8. Animals and experimental design used for the studies
performed in this thesis

5.8.1. Calcium and magnesium diets
The divalent cations diet experiments were completed on 5 to 8-week-old young female
C57BL/6J mice breed in the Viktor-Hensen animal house of the University of Kiel. The animals
were fed ad libitum with the required diets and housed under a 12 hours light cycle at room
temperature and standard humidity. After 8 days, non-recovery experiments were performed
and both kidneys were then taken for micro-dissection, using the enzymatically assisted
procedure described before. The calcium diet experiments with control, low, and high-calcium
diets extended for a term of 3 weeks, where 8 to 11 mice per diet group were randomly used.
Later, the magnesium diet experiments including control, low, and high-magnesium diets were

carried out in a lapse time of 2 weeks, using 8 animals per diet group.
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From each animal weight and length from nose to the beginning of the tail was recorded at the
final day, and blood serum sample, spot urine, tail tip, and kidney portions were collected and
stored at -80°C. Kidney portions were deep frozen in liquid nitrogen before storage at -80°C.
Serum and urine were analyzed for electrolytes and creatinine concentrations, and fractional
excretions were calculated. Tail tip and kidney portions were kept for any possible further

examination.

Experimental protocol

Enzymatically suspended TAL were microperfused with control solution in a running bath of
control solution. Once steady, and if the tubule fulfilled the quality criteria for the experiment
(see bellow), the luminal fluid was exchanged by control solution containing furosemide (50
uUM). After the transepithelial voltage stabilized at almost 0 mV the bath solution was changed to
low sodium-chloride solution to measure the respective diffusion voltage. The interest here is
the biophysical response of the intercellular junction to evaluate the paracellular properties of
the TAL, and not the possible readjustment of the cell membrane to the new situation. Later,
after a recovery step with control solution, the tubules were challenged with high-magnesium
solution followed by high-calcium solution for about 2 minutes each, before restoring to control

solution and rinse out of furosemide. Figure 9 shows an original trace made with this protocol.

5.8.2. AVP stimulation

Water-restricted, and water-loaded mice

8 to 10-week-old C57BL/6J mice breed in the Viktor-Hensen animal house of the University of
Kiel were fed for 5 days with water-restricted diet or with water-loaded diet. The animals were
weighed every day to control they were growing normally, and the corresponding amount of
jelly-food plus 5-10% was added to the cage. 12 animals from each group were used for
electrophysiological measurements of transepithelial transport and paracellular properties.
Mechanically dissected TALs were microperfused using the same protocol as described before

for the calcium and magnesium diets (Figure 9). Another 12 animals per diet were used to
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collect TALs for Western blot as described before. Urine osmolality was determined by the

freezing-point method in a cryoscopic osmometer OSMOMAT 30 (Gonotec GmbH, Germany).
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Figure 9: Original recording of the transepithelial voltage in a TAL for a mouse on high calcium diet.

The figure illustrates the operational protocol during the experiment. C, control solution; N, low sodium-
chloride solution; Mg, high magnesium solution; Ca, high calcium solution; furosemide, 50uM
furosemide in control solution. The arrow heads indicate luminal fluid exchange. The dashed line is the
zero line following a slightly negative baseline shift.

Acute AVP stimulation

TALs from SV129/BL6 mixed background mice of 5 to 10 weeks old were mechanically dissected
for microperfusion and acute stimulation with AVP. These experiments were performed in
Aarhus, Denmark, as a collaboration with Prof. Dr. Jens Leipziger from the Department of
Biomedicine, Physiology and Biophysics of the Aarhus University. The animals were breed in the

animal facility of the department in Aarhus.
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Microperfused TALs were equilibrated under control conditions for approximately 6 minutes
before luminal fluid was exchanged from control to furosemide (50 puM) solution. A diffusion
voltage was then generated by basolateral change of control to low sodium-chloride solution.
After that, the conditions were step wise recovered to the starting point: low sodium-chloride
was first rinsed with control solution in the basolateral side, and then furosemide was rinsed
with control solution from the luminal side. The tubules were let to recover for 5 to 6 minutes
and then a new solution containing 10 nM AVP (94836, SIGMA-ALDRICH Co. LLC, USA) in control
solution was run at the basolateral side for 12 minutes. Only those tubules that were steady
were stimulated with AVP. After the stimulation time, the tubules were again perfused with
furosemide solution and a diffusion voltage induction was performed to compare pre and post-

stimulation effect. Figure 10 shows an original record of one of these experiments.

stimulation with AVP

basolatéral C C | v : . ‘ AVP ' Bl ‘ N ’ C
luminal C | furosemide | C | furosemide |
A A A A

Figure 10: Original paired AVP stimulation trace record.

C, control solution; N, low sodium-chloride solution; AVP, 10 nM AVP in control solution; furosemide,
50uM furosemide in control solution. Arrow heads indicate luminal fluid exchange. The dashed line is the
zero line.

5.8.3. Cld10 KO, Cld16 KO, and Cld10/16 double KO

The Cld10/16 double KO mouse model was generated by Dr. Tilman Breiderhoff crossbreeding
the Cld16KO mouse model and the Cld10 kidney specific conditional knock-out mouse model

previously described (Will et al., 2010; Breiderhoff et al., 2012). C57BL/6J mice homozygous for
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the floxed Cldn10 allele and ksp-Cre positive (Cldn10"" Cre*, here CId10KO) were bred with
C57BL/6J mice homozygous for the deleted Cld16 allele (Cld167, here CId16KO). The resulting

double heterozygous mice were then inbred to generate Cld167° Cldn10"" Cre* animals (dKO).

TALs from 7 to 9-week-old mice were dissected mechanically for microperfusion. The
experiments were performed following the same protocol as with the calcium and magnesium

diets (Figure 9) for the calculation of the transepithelial and paracellular properties.

5.8.4. Treatment with suberanilohydroxamic acid (SAHA)
Young 7 to 10-week-old C57BL/6)J mice of were treated by gavage with a 0.05% (w/v)
preparation of suberanilohydroxamic acid (SAHA) (sc-220139, Santa Cruz Biotechnology®, Inc.)
in 0.9% saline solution. The animals received 0.1 mg of SAHA per 20g body weight (5mg/kg-
200ul). Four hours later, no-recovery experiments were performed. TALs were mechanically
dissected for microperfusion. The experimental protocol used to estimate the transepithelial
and paracellular properties of microperfused TALs was the same as the one described before for

the calcium and magnesium diets (Figure 9).

5.8.5. Sorting-protein-related receptor knock-out mice
Sorting-protein-related receptor knock-out BALB/c mice (SORLA”) (Reiche et al., 2010) were
provided by Dr. Mutig. Age and sex matched wild-type Balb/c mice were ordered from Charles
River for being used as control. Freshly mecanically isolated TALs were microperfused (time 0Oh).
Additionally enymatically isolated TAL were measured after incubation for 1 hour in incubation

solution with cyclosporin A (5 nM) or vehicle (0.006% DMSO).

The tubules were first perfused with control solution in a control solution running bath. Then
basolateral solution was changed to low chloride solution (Table 1, F), and finally luminal

solution was also exchanged to low chloride solution (Figure 11).
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Lumen: Control solution Low chloride solution | Control solution
+10
=
E
Q
=
Bath:
Control solution Low chloride solution Control solution
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Figure 11: Schematic experimental protocol with low chloride perfusion and bath.

5.8.6. Mineralocorticoid receptor-deficient mice
Ronzaud et al. (2007) generated the mineralocorticoid receptor (MR) deficient mouse model
with a mixed genetic background of FVB/N and C57BI/6. Those animals were engineered to have
a conditional MR allele (MR"), and Cre recombinase knock-in under the control of the AQP2
promotor. MR/ AQP2Cre (MR"®*“*) mice were deficient for MR in those cells that expressed

AQP2.

Males MR¥/flox AQP2Ce/WT (MRA®Xr) gnd females MR/ AQP2YWT mice (control mice) were
mate in the Viktor-Hensen animal facility to produce new MR"®*“® and control mice. Mice were
tailed at birth and genotyping was performed to identify the MR"%®® mice. TAL from old 52 to
58-week-old mice were obtained enzymatically for microperfusion. The experiments were
preformed following the same protocol as the one mentioned before for calcium and

magnesium diets (Figure 9).

5.8.7. Quality criteria

The electrophysiological measurements in a perfused isolated TAL were conducted only when:
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- there were no obvious leaks in the tubule. At least, not close to the perfusion pipette
extreme. In case of an observable leak in the tubule, the length was measured from the tip of

the perfusion pipette until the leak.

- the tubules were completely open at the free end.

- the perfused tubule was not deformed by pressure during perfusion.

- the transepithelial voltage was steady.

If the previous criteria were fulfilled, the results where considered for the analysis when:

- the tubular length was longer than 3 times A (shorter tubules would compromise the

accuracy of the measurements).

- there were no drastic changes in diameter during the experiment nor over-perfusion

(diameters around 10 um were usually the common values).

the calculated transepithelial resistance was in between 2.5 and 40 Q-cm”.

- the initial transepithelial voltage was higher than 5 mV (lower V,. would be an indication

of a damaged tubule).
- the absolute value of the diffusion voltage was lower than 35 mV.

- the tubule responded to furosemide treatment: an obvious reduction in Vi, and /..

5.9. Ethical approval

All experiments were performed in accordance with the German law on animal protection and

approved by the local authorities.

5.10. Statistics

The Shapiro-Wilk's normality test was used to assess whether normality premise could be

rejected from our data. Homoscedasticity was evaluated using Levene's test.
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When comparing directly two samples for the null hypothesis that both come from the same
population, Student’s t-test of mean comparison was used if normality and homogeneity of
variance could be assumed. When normality or homoscedasticity premises were rejected, and
transformation of the data proved useless, the nonparametric Mann-Whitney-Wilcoxon rank-
sum test was used instead. Paired t-test or paired Wilcoxon test were performed when analyzing

the AVP paired experiments.

Kruskal-Wallis method or ANOVA were used when normality and homoscedasticity were not
rejected, for testing differences between three or more samples. As post-hoc when differences
were revealed Dunn’s test and paired-wise Student’s test were used, respectively. For both

alternatives post-hoc the Holm-Bonferroni correction for multiple comparisons was used.

Student’s t-test for directly comparing two samples was done in Microsoft Excel 2010. All the
other methods here described were executed in R, version 3.1.0, using the interface RStudio

0.98.1103.
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6. Results

6.1. Simplified equation for the calculation of absolute paracellular
permeabilities

In the present dissertation the calculation of electrophysiological variables is the main tool to
evaluate the transport of ions across the TAL membrane. To calculate absolute ion permeabilities
we used the so-called “simplified Kimizuka-Koketzu equation”. This equation, although already
cited in the literature, was impossible to be tracked back to its development. It is not explicitly
documented in Kimizuka-Koketsu’s original paper (Kimizuka & Koketsu, 1964). Cross-citations or
at most citations of Kimizuka-Koketsu (1964) are all citations available in the literature applying
the equation (Van ltallie et al., 2001; Kahle et al., 2004; Hou et al., 2005, 2008; Giinzel & Yu,
2009; Yu et al., 2009; Glinzel et al., 2009; Engelund et al., 2012; Gong et al., 2012; Dimke et al.,
2013). For that reason, | redeveloped the “simplified Kimizuka-Koketsu equation” based on the

formulations presented in Kimizuka-Koketsu (1964).

Kimizuka-Koketsu (1964) make use of the definitions of ion flux and chemical potential based on
the thermodynamics of irreversible processes to establish the basis of their development. They
attempt in that work to obtain simple mathematical statements for the calculation of the ion
flux, membrane potential and membrane conductance in cell membranes. It is not my intention
to repeat here their formalisms, were they obtain equations similar to those previously
presented by Goldman, Hodgkin, Katz, and Ussing among others. It is important to mention that
their solutions cannot be applied directly to the transepithelial movement of ions for the
estimation of the absolute permeability, if precalculated ion fluxes values are not available.
Nevertheless, Kimizuka-Koketsu (1964) obtained an interesting solution for the membrane
conductance. They define membrane conductance in resting state as the geometrical mean of

the in and outflow conductance, a definition differing from the constant field theory:

G,=(G, *G_, )" (17)
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In this equation r refers to the resting state, and + and — refer to the outward and inward

currents respectively.

In general, their solutions for G. and G. obtained by deriving the total current with G=(G,*G.)"?,

and assuming ions valences of 1 for simplicity, were:

2 Tei Tai
G+:% (PCCC,.eZRT+PaCaOe2RT) (18)

nci nai

2
G_:%z(PCCCOeZRT+PaCm.e2RT) (19)

c,a

where c and a refer to the cations and the anions, and o and i to outside and inside, respectively.
Na (aincluding all ion species) is the energy of interaction, P,, the membrane permeability to ion
o, C, the concentration, R, the gas constant, F, Faraday constant, and T the absolute

temperature in Kelvin.

Under the assumption that for all free ions ny = 0 in equations (18) and (19) (i.e., specific
interactions will only occur in the membrane) the voltage equation presented by Kimizuka &
Koketsu (1964) would be reduced to the same equation presented by Goldman (1943) and by
Hodgkin & Katz (1949) (see Materials and methods). On this conditions, G« and G, in steady

state equal:
FZ
G, =—= (PcCci+Pa Cao) (20)
RT
F2
G—r:— (PCCCO+PGCQi) (21)
RT =

By creating experimental conditions where only Na* and CI are relevant at both sides of the

membrane, equations (20) and (21) can be written as:
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G,= (P [Na'J+ Po[CTL) (22)

CF o e .
G—r_ RT (PNa[Na ]0+PC1[C1 ]1) (23)

Replacing equation (22) and (23) in (17) and isolating Px. leads to:

-

2

E' 1 (p,.[Na'|+ Po[CI,) (Py[Na' |+ Py(CT])

RT

2 . P ) o Pe .
Gr=PNalf—T\/ ([Na"J+ 5= [CT],) ([Na')+ 5= CT])
PNa:Gr% 1 (24)

J (Vg + 22 {Cr,) ([N 5o [T

If the same NaCl solution is present at both sides of the membrane while calculating G.:

[Na'];=[Na'],=[Na'],,
[crl=[Cr],=[CT ]

Equation (6) can be reduced to:

Finally, taking in account that in this solution sodium and chloride activities are very similar to

each other, it is possible simplify equation (25) even more:

[Na+]ctr1:[ Cl— ]ctrl: [NaCl]ctrl
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Na:Gr_ (26)
NaCl]Ctrl ( ]' +P_CI)

Equation (26) is the “simplified Kimizuka-Koketsu equation” applied to the calculation of

absolute permeability to Na* in this work.

Methodological note: all the ion “concentrations” represented in this section should be

considered as ion activities; which is consistent with the no interaction assumption.

6.2. Electrophysiological properties of enzymatically prepared TAL
from mice of different ages

The properties of freshly enzymatically dissected TAL at different groups of age were analyzed in
a pilot study. Three groups were formed using C57BL/6J mice: a young group representing ages
between 6 and 13 weeks old, a second group including mice being 20 to 34 weeks old, and a
third group including older mice born 66 to 77 weeks before the experiments. The
electrophysiological properties of 24, 13, and 17 TAL from these animals, respectively, were
studied by micro-perfusion. A fourth group with data obtained from additional experiments in
which TALs were mechanically dissected from C57BL/6J mice (n = 38) was included for
comparison. Measurements were done following the same protocol as outlined above. The
animals from the mechanically dissected group are in the same age range than those included in

the young group.

Interestingly, the transepithelial voltage (Vi) generated by the TAL cells, our primary direct
measurement and one of the components that drive the paracellular reabsorption, was higher
in the TAL from the middle-aged group than V. in tubules from younger and older mice (Figure
12). Not differences among age groups concerning the transepithelial resistance (R.) or the

calculated equivalent short circuit current (/) were observed (Figure 13).
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Figure 12: Transepithelial voltage (V) of mechanically and enzymatically dissected TAL.
The figure shows data from enzymatically dissected TAL from young (young, n = 24), adult (middle-aged,
n =13), and old mice (old, n = 17), or mechanically dissected tubules (n = 38) from young mice. *, p < 0.05

The paracellular properties also appear not to change with age in this trial. No obvious
differences were observed among the age groups in terms of TAL ion selectivity, expressed as
the ratio of the permeability to Na* and the permeability to CI" (Px./Pq), or absolute paracellular

permeabilities to Na* (Py.) or Cl" (Pq) (Figure 14).
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Figure 13: Transepithelial resistance (R.) and equivalent short circuit current (l,) of mechanically and
enzymatically dissected TAL.

The figure shows data from enzymatically dissected TAL from young (young, n = 24), adults (middle-aged,
n=13), and old mice (old, n = 17), or mechanically dissected tubules (n = 38) from young mice. p < 0.05
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Figure 14: Paracellular properties of mechanically and enzymatically dissected TAL.
The figure shows data from enzymatically dissected TAL from young (young, n = 24), adults (middle-aged,
n=13), and old mice (old, n = 17), or mechanically dissected tubules (n = 38) from young mice. p < 0.05

6.3. Effects of high and low divalent cation diets on the TAL

In two different approaches groups of young C57BL/6J mice received calcium or magnesium
diets to test the physiological effect of changes in the daily intake of divalent cations on the
paracellular reabsorption in the TAL. The electrophysiological data from the calcium-diet study
are published in Pfliigers Archiv — European Journal of Physiology, together with qPCR and

immunohistochemical data obtained in parallel in our research group.
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6.3.1.

Control of Ca** and Mg* reabsorption in thick ascending

limb of Henle’s loop in consequence of dietary Ca?*

Elevated plasma Ca?* concentration during high-Ca®* diet

All diets were tolerated well. After 8 days on diet, weight and length of mice were registered and

the body mass index was calculated. No significant differences were found regarding any of

these indicators among the different groups (Table 6).

Table 6: Metabolic parameters of mice on the calcium diets.

low-Ca* diet control diet high-Ca** diet
body parameters
body weight, g 17.4+0.3 17.8+0.3 18.2+0.6
body length, cm 8.6+0.1 8.8+0.1 8.9+0.1
body mass index, kg/m? 2.33+0.03 2.31+0.04 2.32+0.03
blood parameters
Na*, mM 15514 1531 1511
K*, mM 44+0.1 42+0.1 45+0.1
Cl, mM 113+2 109.6 £ 0.7 107.1+04*
Ca*, mM 2.22+£0.02 2.20£0.02 2.41+0.04"
Mg*, mM 1.01 £ 0.06 0.97 £0.02 0.99 +0.03
phosphate, mM 2.4+0.2 2.7+0.2 29+0.3
urea, mM 9.6+0.8 11.1+09 9.7+0.6
creatinine, uM 9.4+04 9.5+0.5 9.4+05
hematocrit, % 44 +1 44 + 2 46+ 1
urine parameters
FEnay % 0.7+0.2 04+0.1 0.36 £ 0.06
FEx, % 203 27 %6 171
FEq, % 0.6+0.2 0.5+0.1 0.40 £ 0.05
FEc,, % 0.34+0.02 0.6+0.2 20+04"
FEmg, % 19+2 19+2 15+1
FE phosphate, %0 365~ 19+4 61~
FEurea) % 49+4 506 46+ 2

n=5-8; * p<0.05
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The low-Ca* diet did not affect blood parameters and the mice managed to maintain a normal
Ca®* concentration in plasma (Table 6). The renal function parameters reflected the physiological
reaction on Ca*" depletion. During low-Ca*" diet fractional P; excretion was markedly increased

and Ca®" excretion tended to be lower compared to control group (Table 6).

Compared to Ca**-restricted animals, mice on high-Ca®* diet exhibited a contrary response with
respect to renal Ca** and P; excretion. Fractional Ca?* excretion increased more than threefold
and P; excretion was reduced to one third (Table 6, Figure 15). Still, the plasma Ca* level was
clearly elevated (Table 6), and a slight decrease in plasma Cl" was observed. Renal handling of

Na®, CI"and K* was not affected as shown by the fractional excretion values.

OFE Ca?* (%) OFE Pi (%)
2.5 - —*l - 50
2.0 1 T
1.5 1

- 25
1.0 1
0.5 1
0.0 I—__ . r _L| 0

low Ca ctrl high Ca

Figure 15: Renal fractional excretion of calcium (left axis) and phosphates (right axis) of mice from low-
Ca*, control, and high-Ca** diet groups. n = 5-8; *, p < 0.05

High-Ca2+ diet decreased transepithelial voltage and permeabilities to Ca?* and Mg2+ in
perfused TAL

TAL isolated from all groups revealed distinct lumen-positive transepithelial voltages. Tubules of
the low-Ca*" diet group did not show significantly different voltages compared to the control
group. On the contrary, high dietary Ca®* led to a considerable reduction of the transepithelial
voltage (Figure 16 A), indicating a reduction in the forces that drive the paracellular reabsorption
of cations in the TAL. Equivalent short circuit current (/y), that mainly reflects the net NaCl

transport, and transepithelial resistance (R.) did not significantly differ among dietary groups,
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but a tendency to decrease with increasing calcium intake is appreciable for the /. (Figure 16 B,

C).
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Figure 16: Transepithelial electrical properties determined on isolated and microperfused TAL of mice at
low-Ca?, control or high-Ca** diet.

A) Transepithelial voltage (Vi). B) Transepithelial resistance (R.). C) Equivalent short circuit current (/). n
=17-23;* p<0.05

Subsequently, the paracellular ion permeabilities of perfused TAL were determined through
measurements of diffusion potentials after inhibiting the NKCC2 activity by luminal exposure to
furosemide (Figure 17). TAL obtained from all dietary groups proved to be strongly cation-
selective, with permeability ratios of Na* and CI" (Py./Pa) exceeding a mean value of 4. No
significant differences between TAL from mice from the low-Ca®* diet and controls were
observed. Conversely, TAL from mice on high-Ca*" diet reacted also by regulating the paracellular
properties. In those tubules a slight but yet significant reduction in the NaCl dilution potential
(Figure 17 A) was observed, reflecting a reduced Py./Pq value (Figure 17 B). The high-Ca*
conditions revealed no effect on TAL's absolute paracellular permeabilities to Na* or CI;, albeit
Pyx. tended to be slightly decreased. In contrast, high dietary intake of Ca® led to strongly
reduced paracellular permeabilities to Mg* and Ca®* compared to the control group (Figure 17
C). Other results obtained in parallel studies conducted by our research group showed that in

the high-Ca** diet group the expression of Cld10b and Cld14 increased in the TAL tight junctions.
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Figure 17: Ex vivo paracellular transport properties of microperfused TAL form the calcium diet groups
after inhibition of NKCC2.

A) Diffusion potentials after replacement of the peritubular fluid with low-NaCl (Na 30), high-Mg*" (Mg
72.5), and high-Ca** (Ca 72.5) solutions. B) Sodium-chloride permeability ratio as an indicator of the

cation selectivity. C) Absolute paracellular permeabilities to Cl,, Na*, Mg* and Ca®* (P,). n = 10-23; *, p <
0.05

6.3.2. Dietary Mg* does not trigger regulation in the paracellular
transport properties of the TAL

Mice were fed low and high magnesium diet to evaluate the possible physiological effect of

magnesium on the paracellular pathway of cation reabsorption in the TAL.
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Low and high-Mg** diets affected divalent cation metabolism

The mice tolerated the low-Mg** and control diets well. The animals on high-Mg?* diet had soft

stool, and were smaller and slimmer than the animals in the control group or in the low-Mg

diet group (Table 7).

Table 7: Metabolic parameters of mice on the magnesium diets

2+

low Mg** diet (n)

control diet (n)

high Mg** diet (n)

body parameters
body weight, g
body length, cm

body mass index, kg/m?

blood parameters
Na*, mM
K, mM
Cl, mm
Ca*, mM
Mg, mM
phosphates, mM
urea, mM
creatinine, uM
hematocrit, %
fractional excretion
FEna, %
FEy, %
FEq, %
FEc., %
FEwg, %
FEphosphate, %0

FEurea; %

17.6 £ 0.4 (8)
8.8+0.1(8)
2.28 +0.04 (8)

152+ 1 (8)
43+0.1(8)
110+ 1 (8)
2.30 £ 0.02%(8)
0.53 + 0,03*(8)
2.4+0.1(8)
10.9 + 0.2*(8)
9.1+0.3(8)
46.5 + 0.4 (8)

0.3+0.1(8)
25+3(8)
0.5+0.2 (8)
0.05 + 0.01*(8)
1.1+ 0.2%(8)
24+ 4 (8)

42 4 (8)

16.8£0,4 (8)
8.7+0.1(8)
2.20+0.01 (8)

151+ 1 (7)
43+0.2(7)
109 + 1 (7)
2.37£0.03 (6)
0.96 + 0.03 (7)
2.50 £ 0.08 (7)
9.0+ 0.6 (7)
8.5+0.4 (7)
46.5+0.7 (7)

0.3 +0.08 (4)
17.3£5.2 (5)
0.3+0.1(4)
0.7 £0.2 (5)
17 £2(5)

13 +4(5)
4216 (5)

15.1 £ 0.5%(8)
8.4+ 0.7%(8)
2.13+0.04 (8)

150 + 1 (8)
4.6+0.1(8)
106 + 1 (8)
2.12 +0.03*(8)
2.20 + 0.06*(8)
2.2+0.2 (8)
9.82+ 0.4 (8)
9.0+ 0.5 (8)
44.5+0.7 (7)

0.2 +0.03 (3)
21.9 5.4 (5)
0.8+0.1(5)
2.1 +0.3%(5)
28 + 4%(4)
2.2 (1)
3445 (5)

? Four of the urine phosphate concentrations were below detection limit (<9.6 mM). *, p < 0.05

Mg?* and Ca®* levels in the plasma were highly influenced by the diets (Table 7). The low-Mg

2+

diet reduced the plasma concentration of both ions and increased plasma urea. As a result, the

kidney reacted with a strong reduction of fractional excretion of Ca®* and Mg®. In the high-Mg**

67



Results

diet group, the plasma concentration for Mg** increased more than two folds, whereas a
significant reduction in plasma Ca®** was observed. Interestingly, the fractional excretion for

these ions was augmented three times for calcium and around one and a half for magnesium.

Mg?* diets caused no alterations in transepithelial transport and permeabilities of ex-vivo
perfused TAL

Perfused TAL, enzymatically isolated from mice from the different diet groups, did not show any
significant difference concerning the transport parameters transepithelial voltage,
transepithelial resistance, and equivalent short circuit current (Figure 18). At the same time,
inhibition with furosemide of the NKCC2 luminal co-transporter and subsequent dilution
voltages did not lead to any differences in the extension of the diffusion voltages of Na“, or in
the bi-ionic dilution voltages Mg*-Na*, and Ca*-Na* compared to the control group (Figure 19,
A). The tubules remain strongly cation-selective, with Py./P¢ values higher than 4 (Figure 19, B).
No differences were observed between the permeability ratios or absolute permeabilities to
Na*, CI, Mg**, and Ca** among TAL obtained from different diet groups (Figure 19, C); no matter

that the kidney appear to be strongly working against the diets.
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Figure 18: Transepithelial electrical properties determined on isolated and microperfused TAL of mice at
control, low-Mg*, or high-Mg** diet.

A) Transepithelial voltage (V..). B) Transepithelial resistance (R.). C) Equivalent short circuit current (/). n
=17-23; p <0.05
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Figure 19: Ex vivo paracellular transport properties of microperfused TAL from the magnesium diet
groups, dfter inhibition of NKCC2.

A) Diffusion potentials after replacement of the peritubular fluid with low-NaCl (Na 30), high-Mg** (Mg
72.5), and high-Ca** (Ca 72.5) solutions. B) Sodium-chloride permeability ratios (Py./Pa). C) Absolute
permeabilities to CI-, Na*, Mg**, and Ca* (P,). n = 11-13; p<0.05

6.4. Inhibition of histone deacetylase with suberanilohydroxamic acid
(SAHA) increases the paracellular cation conductance in the TAL

The calcium diet experiments showed an increase in Cld14 expression in the TAL as one of the
physiological responses to high calcium intake under the chosen experimental conditions.
Succeeding those experiments, and in collaboration with Professor Hou, electrophysiological
measurements in freshly mechanically isolated TAL were performed to bring direct data to a

novel regulatory pathway for Cld14 expression.
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As previously mentioned Cld14 is a modulator of the paracellular permeability to cations in the
TAL (see Introduction). Recent data revealed evidence for the existence of an epigenetic
regulatory path for its expression (Gong et al., 2012, 2014). It was shown that an increased
expression of the micro RNA miR9 and miR374 reduced the expression of Cld14. This would
result in an increased paracellular reabsorption to Ca®* and Mg?*, as Cld14 lowers the cation
selectivity of the TAL tight junction due to its interaction with Cld16 (Gong et al., 2012). On the
other hand, the expression of miR9 and miR374 was up regulated in the presence of the HDAC
inhibitor suberanilohydroxamic acid (SAHA). Furthermore, Gong et al. (2012) observed that
SAHA affects the Ca** and Mg?* excretion of mice: reduced fractional excretions compared to
vehicle treated animals, together with increased plasma levels of Mg?, indicated that SAHA

induced an increase in the reabsorption of divalent cations in the kidney.

To test the possible effect of SAHA on the TAL's paracellular permeability, the transport
properties of TAL from wild-type C57BL6/) mice were studied after 4 hours of treatment with
this inhibitor of the HDAC or vehicle. The transepithelial voltage was at the same magnitude in
both, TAL from SAHA treated and vehicle treated animals, with values surrounding 14 mV (Figure
20). Equivalent short circuit current was also not significantly different between treatments, but
a significant reduction of the transepithelial resistance (R.) was a result of the SAHA treatment.
Those results, in combination with the fact that Vi was completely suppressed by luminal
furosemide, suggest that the transcellular transport was not affected by the treatments. R
remained lower after the treatment with furosemide, and during the whole duration of the
experiments, a clear indication that SAHA could have affected the TAL's paracellular properties.
As a matter of fact, the paracellular permeability to Na* was highly increased in the tubules. No

changes were detected regarding Pc, Pyg, and Pc, (Figure 20).
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Figure 20: Properties of ex vivo perfused TAL tubules from wild-type mice after a four hour treatment
with vehicle (left column) or SAHA (right column).

A) Transepithelial voltage (V). B) Transepithelial resistance (R:). C) Equivalent short circuit current (/). D)
Paracellular permeabilities to CI', Na*, Mg*, and Ca* (P,, D). n = 10-12; *, p < 0.05

6.5. Regulation by arginine vasopressin of the tight junction's
permeability in the TAL

In vivo model of high systemic arginine vasopressin (long-term)

To study a possible regulatory effect of arginine vasopressin (AVP) on the paracellular
reabsorption of divalent cations in the TAL, young 8 to 10-weeks-old mice were fed with a water-
restricted diet (WR) to induce high systemic AVP expression. A second group of mice was fed at

the same time with a water-loaded diet (WL), as a reference for low AVP.

Mice receiving WR or WL treatments behaved and grew normally. The direct response to the
treatments can clearly be illustrated by urine osmolality (Figure 21). Urine osmolality from WR

animals was several times larger than of WL mice.
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Figure 21: Urine osmolality of mice kept on water-loaded (WL) or water-restricted (WR) conditions for
5days. n=11-13; *, p < 0.05

Freshly mechanically isolated mTAL from the WR group (n=20) displayed more active transport
compared to the WL group tubules (n=15). They showed higher transepithelial voltage (Vi) and
higher equivalent short circuit current (/.), whereas the transepithelial resistance (R..) was lower
(Figure 22). Diffusion voltages were also higher in the WR group, indicating a higher sodium-
chloride permeability ratio (Pya./Pa). Furthermore, a higher absolute permeability to sodium (Py,)

was observed in the TAL from WR compared to WL group (Figure 24).

No differences in the protein expression of Cldn10, Cldn16, Cldn19 or NKCC2 were observed by
Western-blot (Figure 23).
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Figure 22: Transepithelial transport properties of mTAL from mice kept on water-loaded (WL) or water-
restricted (WR) conditions.

A) Transepithelial voltage (V,). B) Transepithelial resistance R.. C) Equivalent short circuit current (/). n =
15-20; *, p < 0.05
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Figure 23: Expression of Cldn10, Cldn16, Cldn19, and NKCC2 in TAL from mice under water-loaded (WL) or
water-restricted (WR) conditions.
Samples from 2 mice are shown from each group, together with their correspondent B-actin expression
as loading control.
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Figure 24: Paracellular transport properties of mTAL of mice on water-restricted (WR) and water-loaded
(WL) conditions.

A) Diffusion potentials after replacement of the peritubular fluid with low-NaCl (V), sodium-chloride
permeability ratio (Pn./Pa), and absolute permeability to Na*. B) Absolute permeabilities to CI, Mg, and
Ca*.n=15-20; *, p<0.05

Ex vivo stimulation of mTAL with AVP (short-term)
In order to test if short term stimulation with AVP in mTAL would affect the paracellular

selectivity and the sodium permeability, a set of paired experiments was designed. In those
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experiments, transepithelial transport and diffusion voltages from perfused freshly mechanically
dissected mTAL were measured before and after stimulation with AVP (Figure 10). Time control

experiments were conducted in parallel.

This ex vivo acute stimulation of mTAL (n=6) with AVP for 12 minutes increased the
transepithelial transport and the selectivity for cations. /. and Vi increased when TAL were
stimulated, whereas in the time control group /. and V.. decreased instead (Figure 25). At the
same time, AVP induced more pronounced diffusion voltages leading to an increase in Py,/Pq
(Figure 26). This did not happen in the time control experiments. The absolute permeabilities to

Na*"and CI showed a tendency to decrease with time.
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Figure 25: Transepithelial transport increases in presence of AVP.

A) Transepithelial voltage (V). B) Transepithelial resistance R.. C) Equivalent short circuit current ().
Individual data pairs are represented by dots linked with dashed lines. n = 6; *: pre- and post-stimulation
comparison (paired), §: comparison with time control (unpaired), p < 0.05
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Figure 26: Selectivity for cations in freshly isolated mTAL after stimulation with AVP.

A) Diffusion voltage variation for time control and AVP stimulated TAL. B) Sodium-chloride permeability
ratio (Pn./Pq) in the tubules stimulated with AVP. n = 6; §: comparison with time control (unpaired), *: pre-
and post-stimulation comparison (paired) , p < 0.05
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6.6. A constitutive high plasma aldosterone mouse model, had
unaltered transport rates in the TAL compared to wild-type
animals.

The transepithelial properties of a high-aldosterone mouse model were studied. This mouse
model lacks the mineralocorticoid receptor in the principal cells of the collecting tubules

(MR"¥%%)  thus creating a continuous stimulus for aldosterone production (Ronzaud et al.,

2007).

Enzymatically isolated mTAL from old MR*®?“® mice (n = 15) and their wild-type littermates (WT,
n = 14) were microperfused in order to measure transepithelial and paracellular properties. No
differences regarding the transport properties of the tubules were observed. The equivalent
short circuit current (/) as an indicator of the transepithelial transport was slightly but not
significantly smaller in the TAL derived from the knock-out mice (Figure 27), which showed very
similar transepithelial voltages and resistances. This implies that the transcellular transport
machinery, the generator of the driving forces for the paracellular reabsorption of cations in
these tubules, was not affected. In the same way, the paracellular permeabilities to Na*, CI,
Mg?**, and Ca*" were not altered in the knock-out mice compared to the WT animals (Figure 28).
Apparently, aldosterone does not interfere with the TAL reabsorptive properties under the

studied conditions.
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Figure 27: Transepithelial transport parameters in the TAL of wild-type (WT) mice and mineralocorticoid
receptor-deficient (MR*¥*“®) mice.

A) Transepithelial voltage (V,). B) Transepithelial resistance R.. C) Equivalent short circuit current (/). n =
15-14; p < 0.05
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Figure 28: Paracellular permeabilities to Na®, CI, Mg*, and Ca* (P,) in TAL of mineralocorticoid receptor-
deficient mice (MR*¥*®) and litter-mate wild-type animals (WT). n = 15-14; p < 0.05

6.7. Inhibition of the deactivation of NKCC2 by treatment with the
calcineurin inhibitor cyclosporin A

The transcellular pathway was challenged on a separated experimental line in collaboration with
Dr. Kerim Mutig. Transcellular transport in the TAL depends on the activity of the NKCC2
cotransporter, whose activity is controlled in part by phosphorylation. In general, we propose
that a regulatory mechanism exists that involves the sortilin-related receptor, L(DLR class) A
repeats containing (SORLA) and calcineurin, for the control of NKCC2 function (Borschewski et

al., 2015).

It was shown that calcineurin AB (CnAp) interacts with NKCC2, and that the calcineurin inhibitor
cyclosporine A (CsA) increases phospho-NKCC2 (pNKCC2) abundance, suggesting that CnAB may
be involved in NKCC2 dephosphorylation. Likewise, CnAB was seen to interact with the SORLA's
cytoplasmic tail. However, in SORLA knock-out mice (SORLA7) an increase in CnAB abundance
was observed, together with a reduction in the levels of pNKCC2. Therefore SORLA appears to
interfere with the cellular trafficking and turnover of CnAB. Here | show that inhibition of CnAB
activity with CsA ex vivo partly prevented the decrease in activity of NKCC2 in wild-type mice but

fails to do so in SORLA” mice.

To test the effect of CsA in the TAL's transcellular activity, tubules from SORLA” mice and wild-

type Balb/c mice were isolated for microperfusion. We measured transepithelial voltage (Vi)
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and transepithelial resistance (R.), and calculated the equivalent short circuit current (/) as an
indicator of NKCC2 activity (Greger et al., 1983b; Greger, 1985). Measurements were performed
on freshly isolated TAL (time Oh) and on tubules incubated for one hour with CsA or vehicle
(Figure 29, A). As CI affinity is the critical limitation for NKCC2 activity, and phosphorylation of
NKCC2 at the SPAK/OSR1-dependent threonine (T96, T101) sites might have an effect on the
NKCC2 affinity for CI, measurements at low CI° concentration (30 mM CI, luminal and
basolateral) were performed in the same tubules in addition to measurements at a chloride
concentration of 145 mM (Figure 29, B). At the high CI" concentration changes in /. were
observed over time, treatment, and mouse strand (Figure 29, A). Those changes were caused by
variations in R, whereas V,. remained the same. The transepithelial transport (/) in tubules of
WT mice was substantially reduced after one hour incubation with vehicle. After one hour of
CsA-treatment, /. values in these tubules showed clearly a lower reduction in NKCC2 activity
compared to vehicle. At the same time, transepithelial transport of freshly isolated TAL from
SORLA” mice (time Oh) were as low as almost half of the transport of TAL from WT mice in the
same conditions. No changes were observed in tubules from SORLA”" mice after the one hour
treatments, vehicle or CsA (Figure 29, A). Low CI" transcellular measurements in those tubules
allowed us to set some information about CI" affinity. As expected V.. and I respectively, of
freshly isolated WT TAL was reduced to around 50% under the low CI" concentration used (Figure
29, B), corroborating it to be near the K, value known from literature (Greger et al., 1983b). 1h
incubation led to a decrease in I, under low Cl" to only 20% of the respective /. under high CI.
This decrease was partly prevented by CsA incubation, with 30% remaining /. under low CI
condition. In SORLA” TAL I, under low Cl" was always low, at around 20% of the respective value
under high CI, and did not change over time or by CsA. Thus, CsA prevents the natural
deactivation of NKCC2 in TAL from WT animals under the studied conditions, but failed to do so

in TAL isolated from SORLA” mice.
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Figure 29: Response to one hour incubation with vehicle (Veh) or cyclosporin A (CsA) in TAL from wild-type
mice (WT) or SOLRA” mice.

I, equivalent short circuit current. V., transepithelial voltage. R.., transepithelial resistance.

A) and B) Measurements conducted with NKCC2 working under high CI" (145 mM, V,...) and under low CI’
(30 mM), respectively.

n =10, 8, and 7 for SORLA” mice TAL. n = 26, 16, and 13 for WT mice TAL. p < 0.05

$: comparison between SORLA” and WT at the same time.

#: observed differences among treatments and time 0 (Oh).

*: significant differences between one hour of vehicle treatment (1h+Veh) and one hour of CsA treatment
(1h+CsA).

6.8. Characterization of the TAL transport properties in Cld10/Cld16
double knock-out mice

A final approach to the regulation of the reabsorption of cations in the TAL to be presented in
this dissertation, is the measurement of the transcellular transport and the paracellular

properties of TAL from Cld10/Cld16 double knock-out mice (dKO), Cld16 knock-out (Cld16KO),
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and Cld10 conditional knock-out animals (CId10KO). This project was an attempt to elucidate the
phenotypical differences observed in Cld10 and Cld16 knock-out mice models (Will et al., 2010;
Breiderhoff et al., 2012), and to evaluate the functional interdependency between this two

important claudins for the reabsorption of divalent cations in the kidney.

The animals were viable and grew well, without any obvious morphological deviation, but they
showed metabolic impairment (Himmerkus et al., manuscript in preparation). The dKO mice
were polyuric and polydipsic. They showed a mild hypokalemia and a significantly larger urinary
potassium excretion, accompanied with a reduced excretion of sodium compared to WT and
single KO animals. Magnesium serum levels of dKO mice remained unchanged compared to the
control group. Cld16KO mice were hypomagnesemic and Cld10KO mice hypermagnesemic in
correspondence with previous results (Will et al., 2010; Breiderhoff et al., 2012). Importantly,
calcium excretion in the dKO group was similar to the control group, whereas it was significantly

higher in the Cld16KO group. Only the Cld10KO mice showed signs of nephrocalcinosis.

The mutations affected the electrophysiological properties of cortical and medullary TAL (cTAL
and mTAL). Transepithelial voltages were higher in cTAL from CId10KO animals compared to
other groups including the control group; no significant differences were observed among
measurements in mTALs (Figure 30). Transepithelial resistances (R.) displayed different results:
The R in the cTAL from dKO mice was almost twice as high as in the other groups, whereas in
the mTAL all studied groups displayed larger resistances than the control group. This was
accompained by a lower transport rate (/i) in mTAL for all groups compared to control (Figure
30). In the cortical TAL the picture was completely different. In this case, /s in Cld10KO and
Cld16KO were superior to the values obtained for the control group, indicating more net

transport in those tubules.
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Figure 30: Transepithelial transport of cortical and medullary TAL in CLd10, Cld16, and Cld10/Cld16
knock-out mouse models (c10KO, c16KO, and dKO).

A) and B) Transepithelial voltage (V.), transepithelial resistance (R:), and equivalent short circuit current
(Is) of cortical and medullary TAL, respectively. n =9-22; *, p = 0.05
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Figure 31: Sodium-chloride permeability ratios of cortical and medullary TAL from Cld10 and Cld16 knock-
out, and double knock-out mice. n=9-22. *, p < 0,05.

The analysis of the paracellular properties revealed that the selectivity for cations in the TAL was
critically compromised in Cld10KO and in dKO mice in both, cortical and medullary tubules
(Figure 31). Tubules from these two groups show hardly any selectivity, particularly in the TAL

from dKO animals, where the Py./Pq was always very close to one. This effect was due to a
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decrease in Py, with no observed changes regarding P (Figure 32). The absolute permeabilities
to Ca** and Mg?*" were in some extension also altered. None of the investigated groups showed
differences in Py, compared to the control group, but cTAL from Cld10KO mice displayed a
higher permeability than cTAL from the other two knock-out models (Figure 32, A Pyy).

Concerning Pc, only TALs from dKO mice were affected (Figure 32, A-B Pc,).
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Figure 32: Absolute permeabilities to sodium, chloride, magnesium, and calcium of cortical and
medullary TALs from Cld10 and Cld16 knock-out, and double knock-out mice. n = 9-22. *, p < 0,05.
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7. Discussion

In the present dissertation | am particularly interested in possible regulatory pathways that
affect the paracellular reabsorption of divalent cations in the TAL. To accomplish a variety of
particular goals, wild-type mice were put on controlled diets aiming for a physiological response,
or given a drug, like in the SAHA experiments. In other experiments isolated TALs were
stimulated ex vivo, or specific knock-out mouse models were used to analyze their

electrophysiological properties for reabsorption of ions.

7.1. Methodological discussion

Tubule isolation techniques

The mechanical dissection of renal tubules is the standard technique established for
microperfusion or tubular isolation in general. But it has 2 main problems: first, as connective
tissue grows with age among the kidney structures it is really difficult to dissect single tubules in
mice older than 10-12 weeks; and second, it is not suitable in order to collect enough material

for Western blot, PCR or any other molecular biology techniques.

The preparation of kidney slices with collagenase Il as described in materials and methods
solved in part both problems. It provided enough material from particular segments for
molecular biology techniques. All of the nephron segments, from glomeruli to medullary
collecting ducts, could be distinguished and were observed in abundance. Thin limbs, which
were present, were more difficult to distinguish. TALs were present in a very high number, and at
high quality. They were transporting actively and responded to solution exchanges and
treatments like furosemide in the very same way as the mechanically dissected tubules. At
times, due to partial digestion of the basement membrane collagen, enzymatically dissected TAL
were softer and easier to blow up by over perfusion than the mechanically dissected ones. Care

was taken to keep a working standard of low pressure for perfusion of enzymatically dissected
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TALs. Even though, this method permitted the collection of good quality tubules form mice at
any age. A disadvantage was that it was not possible to correctly determine the region in the
kidney from where the perfused TAL came from. Most of the tubules obtained with this
technique came from the cortex and outer stripe of the outer medulla, taking in account the
residuals in the vial after the enzymatic procedure and the high amount of connective tissue in
the papilla region. Some were also from the inner stripe of the outer medulla, as very long TALs

still attached to a thin limb portion were visible.

In general, for TAL perfusion, the mechanical procedure was preferred over the enzymatic

assisted, whenever possible, to meet the highest standards in localization and quality.

TAL perfusion

A modified version of the previously described perfusion system for in vitro perfusion of renal
tubules (Burg, 1972; Greger & Hampel, 1981) was used. | did not make use of a pipette
containing Sylgard 184 (a silicone oil) for sealing electrically the perfusion extreme as they
describe. Instead, the electrical sealing was accomplished by the narrow construction of the
constriction pipette. The constriction pipette was build to have internally the diameter of a TAL.
When catching the tubule it was hold in the constriction and then the perfusion was performed.
This way, the walls of the tubule sealed against the constriction pipette, and most of the times it
worked perfectly. In other cases, moving the perfusion pipette and sucking a bit more the tubule

made it work.

For calculation of the absolute permeabilities the reverse of the TAL's transepithelial resistance
(Rie) was used as equivalent to G. The resistance in the TAL has two main components: the
transcellular component and the paracellular component. For an accurate estimation of the
absolute paracellular permeabilities | used the resistance of the tubules calculated after blocking
NKCC2 with furosemide, and with the same NaCl solution (control solution) present at the
luminal and at the basolateral side of the membrane. This way, the main contribution to the

tubule's transepithelial conductance is paracellular, since the conductance of the basolateral

83



Discussion

membrane and thereby the transcellular component decreases as a consequence of the drop in
cytosolic CI in the presence of furosemide (Greger et al., 1983a). Nevertheless, the effect of
furosemide on R, has several components which partially balance each other. On the one hand,
the conductivity of Cl" in the basolateral membrane goes down because of the decrease in
intracellular CI" concentration. On the other hand, furosemide increases intracellular pH (de
Bruijn et al., 2015), a strong activator of the luminal K* channel (Bleich et al., 1990), which

increases the luminal conductivity. In summary, these effects could result in no change in R.

Western Blot

The Western blots resulted in clear bands easy to analyze, but | would like to discuss at this point
a particularity related to the method and not to the results. As described in the materials and
methods section, the samples were homogenized by counting the tubules included in each
aliquot and by comparing the total amount with a defined guide, with the intention of having
the same amount of tubules in the same volume in every sample. No protein determination was
done for the difficulties of having not enough material. Sorted TALs, and not homogenized
kidney tissue, were used for the electrophoresis run. Interestingly, the method of tubule
counting was very precise and resulted in almost identical protein loads as visible from the B-
actin band intensity. The advantage of using this method was the maximal background reduction
by using only a single species of tubules instead of whole kidneys. In trials made before
simultaneously with kidney homogenate and sorted tubules protein determination was done to
guarantee the same amount of proteins in the homogenate samples. Those trials were

performed to test the antibodies and the technique.

7.2. Influence of dietary intake of divalent cations on the TAL

Calcium diets
The study on the response to increased or reduced dietary intake of Ca®* in young, female mice

evidenced a regulation of the reabsorption of divalent cations in the TAL: High-Ca** diet caused a
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reduction in both, the driving force and the permeabilities to Ca* and Mg*, and therefore

reduced the capability for reabsorption of divalent cations in isolated TALs.

The calcium diets were well tolerated and the animals responded to the diets with adequate
adaptation in their calcium and phosphate metabolism, like observed in similar studies (Brink et
al., 1992; Gorgels et al., 2010; Dimke et al., 2013). The animals put on the low-calcium diet
displayed normal values for all measured blood parameters compared to the control group, but
the 100% increase in the observed fractional excretion of phosphates reflects a response to the
calcium reduction. It is clearly established that a reduction of calcium in the plasma leads to an
increase of the secretion of the parathyroid hormone (PTH) controlling the intestinal absorption
of Ca®*, the renal reabsorption, and the release of Ca?* from bones (Guyton & Hall, 2005; Boron
& Boulpaep, 2009). PTH also increases renal vitamin D; production. In a similar diet experiment
no permanent increase in PTH was observed for low-calcium diet mice, but a significantly larger
abundance of plasma vitamin D; was detected (Dimke et al., 2013). However, this could be the
integrated signal of oscillationg PTH concentrations, which in total have been higher than under
control diet. Secretion of PTH by the parathyroids oscillates in a reversed function of the
concentration of Ca** in plasma. The high excretion of phosphates in our study indicates that Ca**
(together with phosphates) has been extracted from bones to sustain the normal calcium
concentration in the plasma, as observed in these animals (Favus et al., 2006; Renkema et al.,
2008). This is the expected effect of PTH. In kidney, PTH is described to increase renal Ca*
reabsorption in the TAL and in the distal tubules (Tyler Miller, 2013; Houillier, 2014).
Independent of PTH CaSR in the TAL has been shown to react to inhibitors increasing calcium
reabsorption (Loupy et al., 2012). This indicates that CaSR is a direct determinant of the calcium
concentration in plasma. After 8 days of low calcium diet no clear effect was observed regarding
the TAL's transport properties, but a tendency to a reduction of the fractional excretion of Ca?®,

indicating that there might be a reaction in the distal convoluted tubule.

The high-calcium diet, on the other side, proved to be a real challenge to mice by affecting their

Ca®* and phosphate values in the plasma, the fractional excretions of these ions, and their
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reabsorption in the TAL. The increase of Ca* in the plasma inhibited the PTH secretion (data not
shown), consequently vitamin Ds is reduced (Dimke et al., 2013). The small but yet significant
increase of Ca?* observed in the plasma is not sufficient to be considered as hypercalcemia and
did not induce any appreciable symptom in mice, apart from the observed regulatory increase of
calcium excretion and reduction of phosphate excretion. It is remarkable that the balance of
NaCl transport and excretion in the kidney was not affected during the excretion of excess

dietary Ca*.

The measurements of the TAL's transepithelial transport of ions and its paracellular
permeabilities to sodium, chloride, magnesium, and calcium showed that the TAL reacts
differently to low and high calcium intake. It was not significantly involved in the physiological
response to Ca® shortage for 8 days, but it changed its reabsorptive properties when mice
received high dietary Ca*. First of all, the transepithelial voltage generated by the active
transepithelial transport of the TAL cells was lower in TALs from high-calcium diet mice in
comparison to TALs from animals on control diet. Magnesium and calcium are exclusively
reabsorbed in the TAL via the paracellular pathway and the tubule uses the generation of a
transepithelial lumen positive voltage to favor their reabsorption. Therefore, the observed lower
transepithelial voltage in tubules from high-calcium diet mice implies a reduction in the driving
force that normally facilitates the reabsorption of divalent cations in the TAL. Additionally,
extracellular basolateral calcium reduces the transcellular active transport of NaCl in the TAL,
which is in complete concordance with this result. The interaction between Ca* and CaSR in the
TAL has been previously proposed to reduce ROMK activity, and indirectly also NKCC2 activity by
reducing the availability of K* in the lumen (Riccardi & Brown, 2010; Tyler Miller, 2013).
However, there is controversy about this mechanism (Houillier, 2014) and the discussion has its

focus on the prevention of kidney stone formation by diuretic effects of CaSR activation.

The data presented in this dissertation shows that a high-calcium diet for 8 days significantly
reduced the paracellular permeabilities for Ca** and Mg** in the TAL, along with a reduction of

the selectivity for cations. High-calcium diet has been shown to increase the renal expression of

86



Discussion

Cld14 (Gong et al., 2012; Dimke et al., 2013). Over-expression of this claudin reduces the
paracellular Ca®* flux in cell cultures (Dimke et al., 2013). Combined, these data show that it is
possible to observe the effect of regulation in the paracellular pathway in ex vivo TALs under
physiological stimulation. Furthermore, in parallel to the data presented here, our research
group was able to show that the high-calcium diet mice displayed an increased mRNA
expression for CLD10 and CLD14 genes, accompanied by an increase their protein expression in
the TAL compared to the control group. Cld10 expression, determined by
immunohistochemistry, was observed to be elevated in the TAL's tight-junction in the inner
stripe of the outer medulla portion (ISOM). In the control animals the expression of Cld10 in the
ISOM was rather low, allowing the comparison. On the other hand, the high expression of Cld10
observed within the cytoplasm and in the tight junctions in control and treated groups in the
outer stripe of the outer medulla (OSOM) and the cortex, made it difficult to evaluate with this
method if there were differences in the expression in those kidney portions among the groups.
Cld14, which is generally expressed on very low levels in the kidney , was seen to be upregulated
in the OSOM and in the cortex. The significant increase of the excretion of calcium observed for
high-calcium diet mice can therefore be partly explained by the reduction of Ca®* reabsorption in
the TAL. This mechanism is probably controlled by a CaSR-independent response in the TAL and
the expected reduction of PHT in the plasma due to the high Ca* concentration. Interestingly,

the fractional excretion of Mg®* did not change.

In conclusion, high-calcium diets induced a physiological response in the TAL. The TAL reduced
the reabsorption of divalent cations by: reducing the driving forces that move them out of the
tubular lumen; reducing the cation selectivity of the TAL's paracellular pathway; and effectively
diminishing their paracellular permeability. These effects were in part a result of the increased

expression of Cld14 and ClId10b in the TAL.

Magnesium diets
The high magnesium diet used in the magnesium experiments caused secondary effects in mice.

The young female mice on high magnesium diet developed soft stool; and at the end of the 8
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days on diet, they did not grow in body length nor gained weight in the same extension as the

animals in control or low magnesium diet groups.

The animals in both, the low and the high magnesium diet groups, reflected the effects of their
diets in their plasma composition and in their renal excretion compared to the mice of the
control group. However, their TALs showed no alterations regarding any of the measured
electrophysiological parameters. There are not many other studies on mice involving magnesium
diet, but the fact that the animals on high magnesium diet had gastrointestinal side effects is a
contradiction to a former study claiming that a high magnesium diet would aid a mouse model
for B-thalassemia by correcting its hypomagnesemia and improving from anemia (De Franceschi
et al., 1997). Their control animals were 4 to 6 month old C57BL/6 mice that did not show any
change in body weight during their 14 and 28 days of treatment. A noticeable difference, apart
from the age, is that the additional Mg* was administered by gavage as a water solution of
magnesium hydroxide (an additional 600 mg Mg?*'/kg body weight/day to the 400 mg present in
their standard diet), whereas in the present study the additional Mg* was part of the food and
was administered ad libitum, which resulted in a Mg uptake of 1,8 g Mg?/kg body weight/day in
average. Our standard diet had instead 383 mg Mg?®'/kg body weight. In a more recent set of
experiments, designed to study how to prevent vascular calcification in a mouse model for
pseudoxanthoma elasticum, mice were fed using a similar procedure and with comparable
amounts of magnesium in the diets as in this study (LaRusso et al., 2009; Gorgels et al., 2010).
Again no soft stool or other affection was mentioned. Nevertheless, the occurring soft stool was
somehow compensated as there was no disturbance concerning any other electrolyte but Ca*'

and Mg*.

The kidneys of animals on low magnesium diet reacted with a very low fractional excretion of
Mg?**, but this was not sufficient to balance out the reduced magnesium concentration in the
plasma. Plasma magnesium values remained at about 50% of the value observed in control
animals. Together with Mg?, the excretion of Ca®* was affected approximately in the same

extension, each of them being 15 and 14 times smaller than in the control group. This is clearly
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different from the results of the calcium diet experiment, in which no differences regarding
magnesium excretion were observed between low and high calcium diets. Interestingly, the
calcium level in the plasma was also affected by the low magnesium diet showing a mild, but yet
significant reduction. This particular result appears to be contradictory, as calcium in the diet
was at the same level as in the control diet group, and if calcium excretion was reduced as
discussed before it would be logical to expect an increased concentration in plasma. Therefore,
although evidence is lacking, magnesium might be important for calcium absorption and
assimilation. It has been described that low magnesium serum correlates with low vitamin D in
humans, leading to problems with the intestinal absorption of calcium (Rude et al., 1985; Deng

et al., 2013; Zittermann, 2013).

To this point it seems that kidneys, preventing Mg** from being excreted, affected Ca®* excretion
as well, indicating that those mechanisms might not be independent. This leads to the question

what happens when dietary magnesium intake is increased?

The kidneys reacted with a very high fractional excretion of Mg?* to the high magnesium diet.
Again, this was not sufficient to balance the magnesium level in the plasma, which was still more
than twice as high as the values observed in the control group. The high magnesium diet also
affected the calcium homeostasis in a great extension. A very high calcium excretion was
observed in those animals, three times the amount in control animals. The calcium fractional
excretion of the mice on high magnesium diet was actually of the same extension as it was the
fractional excretion of calcium in the mice on the high calcium diet compared to their controls.
On the other hand, the plasma values for calcium on those animals were strongly diminished by
the diet, when compared to controls. Ca®* is going out of the extracellular liquids while the
system works for controlling the increase in Mg?*, with no extra calcium intake, resulting in
plasma calcium reduction, and probably causing the growing problems observed in those mice.
Turning now to the phosphates, only one value for fractional excretion of these ions is reported
on the results section: a very low one. Another 4 analyzed urine samples had so low phosphate

values that were below detection limit of the measurement procedure, so no fractional
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excretion could be calculated. Then, considering these as very low excretion of phosphates, and
taking in account that the presence of phosphates in those animals plasma did not differ from
control, albeit it was slightly lower, it is possible to assume that likewise in the high-calcium diet
phosphates and calcium have been recruited from serum to be stored at bones. The high plasma
magnesium can activate the CaSR reducing the secretion of PTH in the parathyroid, which would

result in bone formation and an increase excretion of Ca* and Mg** by the kidneys.

The kidneys, as seen, strongly reacted to both, low and high magnesium diets. | wanted to know
whether the TAL's tight junction was subject of regulation or not, as it was observed in the high
calcium diet. For this account | measured as before the TAL's transepithelial transport properties
and the paracellular permeabilities for chloride, sodium, calcium and magnesium. The results in
transepithelial resistance, transepithelial voltage, and the calculated equivalent short circuit
current showed no differences between TAL from mice under control diet and the ones from
mice under any of the magnesium diets. Surprisingly, there were also no differences in the
paracellular permeabilities to Mg*, indicating that there were no changes in the magnesium
reabsorption in those TAL. Conversely, Houillier (2014) refers that peritubular increase in
magnesium concentration reduces the magnesium reabsorption in the TAL (Houillier, 2014),

most likely as a response of CaSR.

As up to 70% of the filtered magnesium is reabsorbed in the TAL, an increase in reabsorption
here during low magnesium diet might not be as effective as an increase in the reabsorption
rates of Mg”" in the distal convoluted tubules, since it might already be in saturation. In contrast,
this would have been an expected point for regulation in response to high magnesium intake to
favor the high excretion of Mg”* that takes place in this conditions. It might be that the reduced
Ca®* in the extracellular liquids is a more prominent regulatory driver in the TAL than high Mg?*";

further experiments would be needed to support this idea, or contribute with more information.

In conclusion, no matter that the kidneys and the mouse metabolism in general appear to be
fighting against the diets, neither high nor low magnesium intake induced appreciable changes

in the TAL electrogenic transepithelial translocation of ions.
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7.3. Regulation by hormones and second messengers
Epigenetic down regulation of Cld14 expression by the HDAC inhibitor SAHA reduces
cation selectivity in the TAL
Cld14 expression was one of the key points in the observed regulation in the TAL during the high
calcium diet. The proposed epigenetic regulatory mechanism (Gong et al., 2014) for Cld14 in the
TAL involving the CaSR (Figure 33) added new insights to how high calcium could reduce cation
reabsorption in the TAL. Furthermore, it contributed with a novel approach to the general

understanding and possible handling of the calcium excretion.

SAHA administration in young male mice resulted in a reduction in the transepithelial resistance
in the TAL and a clear increment in the TAL's paracellular permeability to Na*. Increases in the
Na* paracellular permeability would lead to an increase in the driving forces for reabsorption of
Ca®* and Mg* in the TAL. Taking into account that SAHA reduced the expression of Cld14 in the
TAL (Gong et al., 2014), this effect of SAHA favoring the cation selectivity in the TAL was then in
consistence with Cld14 acting as a modulator of Cld16, and Cld16-Cld19 (Gong et al., 2012).

The present data show a tendency to increase paracellular permeabilities to Ca*" and Mg®, but
with a higher scatter. It might be that due to the variation presented in this results a bigger
sample size would be require to make it clearer. On the other hand, it might well not be the case
that Cld14 action on Cld16 directly affects the permeabilities to Ca?* or Mg?. Since the discovery
of the link between Cld16, and later also Cld19, and FHHNC, the role of Cld16 in divalent cations
reabsorption has been under study (Simon et al., 1999; Hou et al., 2005, 2008; Himmerkus et al.,
2008; Hou & Goodenoughb, 2010; Will et al., 2010; Houillier, 2014), but no clear conclusions
have been make yet. Cld16 appears to form heterodimers together with Cld19 that confer
cation selectivity to the TAL's tight junction. The observed increase in permeability to Na* when
Cld16 was over-expressed and its almost exclusive expression in the cortical TAL in the kidney,
led to the new theory that it might affect the divalent cation reabsorption by not directly

influencing their permeabilities but by increasing the driving force (Houillier, 2014). The
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discovery of Cld14 modulatory effects on Cld16 and now the regulatory pathway of Cld14

expression via sensing peritubular Ca?* help to a better understanding of this mechanism.

Another important aspect to consider is that SAHA is not a specific inhibitor of a particular
HDAC, and HDAC are considered global regulators. Nevertheless, inhibition of HDAC is described
to silence only a 2% of transcribed genes (Van Lint et al., 1996), and used in the very low
concentrations that were used for the present study, adverse effects can be reduced (Gong et
al., 2014). In the kidney, inhibition of HDAC affected only the proposed miR-Cld14 regulatory
pathway, with no other obvious interference in the electrolyte control by the kidney (Gong et al.,

2014).
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Figure 33: Epigenetic regulation of CLD14 expression.

The activation-deactivation of the genes coding for microRNA 9 (miR9) and microRNA 374 (miR374)
controls the viability of mRNA CLD14 to be translated. Suberanilohydroxamic acid (SAHA) is a histone
deacetylase inhibitor administrated externally to test the model.

AVP
Vasopressin via interaction with the V2 receptor is known to increase cytoplasmic cAMP. In the
TAL it increases the transcellular transport of NaCl and the activity of ROMK, causing a rise in the

transepithelial voltage. The elevated transepithelial voltage implies an increase in the force that
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drives the divalent cations to be reabsorbed through the tight junctions in the TAL. The present
work presents a regulatory effect by AVP on the paracellular properties of the TAL that favors

cation reabsorption.

Effect of water restriction in mouse TAL
Restriction in water intake triggers the secretion of AVP, raising urine's osmolality by increasing
the water reabsorption in the kidneys. Conversely, excess in the water intake prevents the

secretion of AVP, allowing the kidneys to waste water.

The urine osmolality of mice on water restricted and water loaded diets was used as a
parameter of the efficiency of the method. Only one mouse from the water loaded group was
not included in the analysis. This mouse urine osmolality value was comparable to the urine
osmolality of the water restricted animals, and too high compared to the others in its group; so

that, it was not considered to be “water loaded”.

The observed higher values in transepithelial voltage and in the transcellular transport (/) in the
freshly mechanically isolated mTAL from mice on water restricted conditions compared to the
water loaded animals is in consistence previous reports of AVP activity in this tubular segment.
Moderate water restriction has been described to increase NKCC2 abundance in rat mTAL after a
7-day treatment (Kim et al., 1999). The stimulatory effect of AVP in the TAL has been linked to
adenylyl cyclase IV, which enhance the protein expression and the phosphorylation of NKCC2
(Rieg et al., 2013). They found the activation of NKCC2 via phosphorylation to be more sensible
in the medullary portion, while its abundance increased in the entire segment. This is partly in
correspondence to the finding that the AVP V, receptor is present vividly in the mTAL and in a
weaker manner in the cTAL, except for the macula densa region (Mutig et al.,, 2007).
Nevertheless, no distinction in NKCC2 was found in the diets by Western Blot. The increase in
membrane abundance of NKCC2 in presence of the AVP mimetic 1-desamino-8-D-Arg-
vasopressin was described to be “moderate” compared to the more marked increases found in

phospho-NKCC2 in single cTAL and mTAL (Mutig et al., 2007). The lack of increase in the NKCC2
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total expression in enzymatic isolated TAL, and the higher transepithelial transport rates in TAL

from the WR group could speak in favor of the phosphorylation.

The effect of water restricted conditions on the paracellular properties of the TAL compared to
the water loaded group suggests a regulation in this pathway by AVP. The increased selectivity
for cations observed in mTAL from the WR group, at the expense of a raise in the permeability to
Na*, balanced the overall raise in sodium-chloride reabsorption in this segment. Remember that
approximately 50% of the Na* reabsorbed goes through the paracellular pathway, whereas the
100% of CI" is reabsorbed transcellularly. Under these circumstances, the kidney's medullary
hypertonicity is increased, enhancing the water reabsorption and urine concentration in the
medullary CD. The increased paracellular permeability to Na* in the tight junctions of mTAL can
also enhance the reabsorption of divalent cations by increasing the driving force downstream in
CTAL: the more the permeability to Na* in the mTAL, the less is the active concentration of Na* in
the luminal fluid when it reaches the cortex in the cTAL. This situation would increase the
chemical gradient for sodium, causing a higher diffusion of Na* back into the lumen, resulting in
an enhanced lumen positive potential. Microperfusion of isolated cTAL would not add
information to this particular, as it depends on the differential reabsorption that has taken place
before. An increment in the transepithelial lumen positive potential could lead to a better
reabsorption of divalent cations, even when the absolute paracellular permeabilities to these
ions were not affected. Data from micropuncture studies would be needed to corroborate this
idea. To this point, long-term treatment with DDAVP in DI rats was discussed not to have an
effect in the Ca** or Mg” delivery to the TAL or in the percentage of fractional reabsorption of
these ions in loops of Henle from medullary or superficial nephrons, but in reabsorption of Na*

and CI (Rouffignac et al., 1991).

To try to find what could have been the change in the composition of the tight junction that
favors the increase in Py,, Western blots of the main claudins described to take part in cation
permeability and selectivity of the TAL were performed. The total expression of Cld10, CId16, or

Cld19 was not changed. Increases in Cld10 abundance in the membrane are known to reduce
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Na® permeability, and make the tight junctions tighter. Cld16 and Cld19 interaction confers a
high permeability to Na* to the juncion which is modulated by Cld14. Cld14 expression is too low
to be nicely seen by Western blotting. In immunohistochemical observations (unpublished data)
Cld10 have been seen to be highly present in intracellular compartments, very plausible in
cytoplasmic vesicles. Cld10 membrane abundance could be changed by moving the cytoplasmic
pool without needs of increase in the total expression, which is what was observed by Western
blot. Even though, the abundance of Cld10 in the membrane observed by immunostaining in
kidney from rats under similar conditions did not differ with the conditions. Further
observations are needed, and possible post-transcriptional modifications (like phosphorylation)

need to be evaluated.

Stimulation of freshly mechanically isolated mTAL with AVP

In order to examine the direct effect of acute stimulation with AVP on the paracellular properties
of mTAL, paired experiments were performed. These experiments allowed the comparison
between pre and post-stimulation with AVP of the transcellular and paracellular properties of
TAL, but also with a time control series of experiments. | wanted to test the hypothesis that AVP
not only activated the transepithelial transport, but also the paracellular permeability in the TAL.
Therefore, only those tubules which showed an increase in Vi, were included for the analysis, as
they were considered to be successfully stimulated by AVP. The approximate 12 minutes time of
stimulation after microperfusion and recovery from low sodium step was selected taking into
account the dynamics of the transcellular transport simulation. At this time in most of the cases
the increase in Vi had stabilized. AVP stimulation in those tubules increased the transepithelial
transport or avoided decay. In contrast, the non-stimulated tubules had their transport rates

reduced with time (Figure 25 C).

The changes observed in these acute experiments on the paracellular properties match the long-
term experiments previously discussed with an increase in the cation selectivity of the tight

junctions. Higher diffusion voltages after stimulation reflected an increased sodium-chloride
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permeability ratio. This did not happen on the time control group, were diffusion voltages and

permeability ratio were of the same magnitude. In this case an increase in Py, was not observed.

Taken together, it is to this point not clear what the mechanism of action of AVP concerning the
paracellular properties is. The long-term high systemic AVP induction reflected higher cation
selectivity due to a higher Py,, compared to control group. Nevertheless, no variations in total
protein expression for the analyzed claudins were observed. In comparison, the ex vivo acute
stimulation with AVP resulted also in an increase in cation selectivity, but due to variations in
both Na* and CI" permeabilities, rather than a clear increase in Py.. It is possible to conclude that
long term in vivo, and acute ex vivo AVP stimulation modulate paracellular selectivity and
permeability to cations in the mTAL. Further experiments are needed to explain the molecular

nature of these effects.

7.4. Knock-out models

SORLA knock-out mouse model (SORLA”)

As discussed in the previous section, NKCC2 regulation defines the transcellular transport in the
TAL, and the transcellular transport generates the transepithelial lumen-positive voltage typical
for this tubular segment. It was shown that V. was one of the key regulatory steps in the TAL: V.
was reduced as response to the high calcium diet and it was up regulated during stimulation
with AVP or in a diet that was water restricted. V. reflects the driving force for the paracellular

reabsorption of divalent cations in the TAL.

Phosphorylation in the N-terminus of NKCC2 enhances its activity, thus increasing indirectly the
V. As mentioned before, the processes that might reverse this mechanism are still under study.
In our experiments with SORLA” mice and the calcineurin AR (CnAB) inhibitor cyclosporin A
(CsA) we observed that there might be a regulatory pathway involving SORLA and CnAp for this

particular dephosphorylation.
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CsA partially prevents TAL from the loss of activity under control conditions. While after one
hour incubation with vehicle the tubular transport rate declined, the extent of this phenomenon
after one hour incubation with CsA was significantly smaller. The calcineurin inhibitor tacrolimus
has been shown to increase the activity of the renal sodium-chloride cotransporter (NCC) in DCT
by an increase in abundance of phospho-NCC (Hoorn et al., 2011b). A different isoform,
calcineurin Aa, is important in the CD for the correct cellular trafficking of AQP2 (Gooch et al.,
2006; Fenton & Knepper, 2007). In the same line, the data presented here indicate that in the
TAL CnAB is in part responsible for the deactivation of NKCC2.

When SORLA was not present, NKCC2 activity was considerably reduced. NKCC2 was probably
working already at a minimum as transport did not decay with time. The normal
phosphorylation pattern of NKCC2 might have been strongly affected. The same transport rates
between TAL from SORLA” mice after CsA incubation or after incubation with vehicle support
this idea: if there is no correct phosphorylation, the inhibition of the phosphatase has no o little
effect. Indeed, SORLA”" animals have very low baseline of pNKCC2 in comparison to WT animals
(Borschewski et al., 2015). There are two things to be considered here, first, the kinase activity
that phosphorylates NKCC2 in SORLA” mice could be affected. Previous descriptions show that
SORLA is involved in the intracellular trafficking of OSR1/SPAK kinases. These kinases are
involved in the activation of NKCC2, with WNK kinases as activator of SPAK (Reiche et al., 2010;
Hoorn et al., 2011a; Gagnon & Delpire, 2012; Mount, 2014). So that, incorrect traffickind of the
kinase could explain in part the reduced NKCC2 phosphorylation in SORLA” mice. And second,
we showed that in SORLA deficient mice the total abundance of the phosphatase CnAB was
markedly higher than in WT mice, with a very high abundance near the apical membrane
(Borschewski et al., 2015). We also showed that there is an interaction between CnAB and
NKCC2, and between CnAB and SORLA (Borschewski et al., 2015). These indicate that CnAB
might be the phosphatase responsible for the dephosphorylation of pNKCC2, and that SORLA
could be involved in the normal intracellular trafficking of CnAB. Therefore, SORLA could be part

in TAL cells internal control of the abundance of pNKCC2.
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We propose an endogenous mechanism of control of the activation-deactivation of NKCC2 that
involves SORLA (Figure 34). SORLA carries SPAK to the apical membrane were it can, when
active, interact with NKCC2 (Reiche et al., 2010; Ares et al., 2011; Gagnon & Delpire, 2012). In
parallel, SORLA might target CnAPB to lysosomes, reducing its total abundance and presence in
the proximity to the apical membrane when higher NKCC2 activity is needed, for example in the
presence of AVP. This needs to be confirmed, but is in concordance with the mechanism of
action of the Vps10p-domain receptor family, to which SORLA belongs (Hermey, 2009), and with
the described action of SORLA and Sortilin in regulating the abundance of neuronal membrane
factors related to Alzheimer disease (Hermey, 2009; Nykjaer & Willnow, 2012). According to
those mechanisms (Hermey, 2009), SORLA is capable of targeting internalized ligands from the

membrane to lysosomes or convey a trans-Golgi network-to-endosome transport (Figure 34).
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Figure 34: Proposed endogenous mechanism of SORLA as inhibitor of calcineurin A (CnApR).

The figure shows the described membrane-to-lysosome and the network-to-endosome mecanisms of
action of SORLA. CnApB can be inhibited by adition of cyclosporin A (CsA) in the presence of the cytosolic
proteins cyclophylin A and B (CypA/B).

In addition, the results here presented indicate that the phosphorylation state of NKCC2 changes
its affinity of NKCC2 to Cl. When the experiments at high and low Cl" concentration are analyzed

together, it is possible to observe that the activity of NKCC2 (using /i as an indicator) was
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reduced to near 50% in WT animals at time Oh, a sign that the low Cl" concentration was closed
to the Km. After one hour of incubation with vehicle, the tubule transport decreased to only
20% under low CI" conditions. Examining this two situations, and assuming that NKCC2 follows
the kinetics described (Greger et al., 1983b), we can interpret that the concentration of Cl" at
which NKCC2 reaches half of its activity has increased after one hour incubation ex vivo. After
one hour incubation in the presence of CsA it was observed that /. under low Cl" condition was
only reduced to 30% of I at high CI". The affinity of NKCC2 for CI" after incubation with the CnAB
inhibitor has to be therefore higher than the affinity of NKCC2 for CI"in TALs incubated in vehicle,

and closer to its affinity at time 0.

The transport rates of TALs isolated from SORLA” mice showed similar maximal activity at time
0, incubation in vehicle, or incubation with CsA. When the conditions were changed to low ClI,
the activity was reduced to around 20% of the maximal value under all conditions, indicating a
similar CI affinity, comparable to that of NKCC2 in TALs from WT when incubated under vehicle

conditions.

These results suggest that phosphorylation of NKCC2 influence its affinity for CI".

M RA QP2Cre

Although TAL is no classical aldosterone sensitive segment, there is literature on aldosterone and
downstream targets that supported the hypothesis that hight levels of Aldosterone might
interfere with the segment. mRNA for MR was found in TAL of mouse and rats (Ackermann et al.,
2010), and the serum- and glucocorticoid-induced kinase-1 (sgkl) was also found in TAL from
rats (Alvarez de la Rosa et al., 2003). In parallel, some 11B-hydroxysteroid dehydrogenase (11B-
HSD2), needed of aldosterone to act independently from cortisol, was reported to be present in
the TAL (Farman & Bocchi, 2000). Aldosterone was found to have high stimulatory effect on TAL
Na* transport (Work & Jamison, 1987), but this data is controversial and contrast to others which
found no effect of aldosterone on the expression or activity of Na*-K*-ATPase (Tsuruoka et al.,

1995). There are reports in cell culture that aldosterone might interfere with TAL function by
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potentiating the action of vitamin D3 or by regulating the epithelial exchange of Na* and H*
(Good et al., 2003; Watts et al., 2006). Even though, TAL from the high aldosterone mouse
model (MR*¥*¢) did not show any difference in the transepithelial transport of ions compared
to littermates under the conditions here used. A hypothetical function of MR in the TAL

therefore remains unknown.

CIld10/Cld16 double knock-out mice

To better understand the paracellular properties of the TAL, knock-out mouse models of claudins
have been developed. Claudin 16 (Cld16) and claudin 10 (Cld10) appear to be particularly
important in the tight junction of the TAL, and their knock-out models have been well described

in recent years.

Punctual mutations in Cld16, together with others in Cld19, have been identified as the genetic
origins of the familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC). The
Cld16 knock-out mouse model (Cld16-KO) mimics part of the symptomatology of FHHNC,
presenting high calcium excretion and low plasma magnesium, but no nephrocalcinosis (Will et
al., 2010). The Cld16-KO mice used in the present work have the same genetic background as
those of Will et al. (2010), and accordingly the same symptoms. The higher transepithelial
resistance and lower transport activity observed in mTAL from these animals, seemed to be a
compensatory reaction, but no differences in the paracellular properties were found between
this animals' TAL and TAL from wild-type mice (WT). In cTAL, while the transport rate was slightly
but significantly higher, also neither the selectivity, nor the absolute permeabilities were
affected compared with WT. This is in concordance with Will et al. (2010), were they also
showed no differences in selectivity. Interestingly, in previous reports, with a Cld16 knock-down
mouse model (Cld16-KD), the selectivity was found to be reduced in TAL from Cld16-KD
(Himmerkus et al., 2008; Hou & Goodenoughb, 2010). On the other hand, over-expression of
Cld16 in LLC-PK1 cell cultures (a cell line with anion paracellular selectivity and no endogenous
expression of Cld16, 14, or 19) reduces the transepithelial resistance and increased the

selectivity for cations (Hou et al., 2005; Gong et al., 2012). In addition, all FHHNC disease
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mutants of Cld16 strongly diminished Py,, suggesting an additional function in the control of Na*

permeability rather than directly in Ca®* or Mg** (Hou et al., 2005, 2013).

Cld10b is the splice variant expressed in the TAL. When expressed in MDCK or LLC-PK1 cell lines
it provokes a substantial reduction in the transepithelial resistance, with an increased
permeability to cations (Van ltallie et al., 2006; Glinzel et al., 2009). Cld10 is thought to
determine the paracellular permeability to sodium in the TAL tight-junction (Breiderhoff et al.,
2012). The kidney specific Cld10-KO mouse model was somewhat polyuric, hypermagnesemic,
with acidic urine, and presented with nephrocalcinosis, as described by Breiderhoff et al. (2012).
The imbalance created by the absence of Cld10 in those animals triggered the up and down-
regulation of many other renal genes, involving calcium and potassium channels, calbindins,
kinases, and interestingly up-regulation of Cld16, Cld14, and Cld19 (Breiderhoff et al., 2012).
Increases in the expression of Cld16 and Cld19 would increase the cation selectivity, but the
simultaneous increment in Cld14 negatively modulates this effect (Gong et al., 2012). Even
though, the high plasma magnesium in these mice indicates a hyper-reabsorption of Mg?*in the
kidneys. In both, cTAL and mTAL, the selectivity was dramatically reduced compared to WT,
together with a lower permeability to Na* in the mTAL. However, no differences in paracellular

permeabilities to Ca®* or Mg** where verified in those tubules.

In total, in the cTAL, the mayor side for reabsorption of Ca** and Mg%, it was possible to observe
higher values for transepithelial voltage with a correspondent enlarged transport rate in the
Cld10-KO animals compared to WT, while in mTAL a higher transepithelial resistance resulted in
lower transepithelial transport. Then, this might affect the generation of the high osmolality

gradient in the renal interstitium that helps to concentrate urine and reabsorb water.

Taken until this point, the data presented is consistent to the previous reports on this animal,
and it is not yet clear what are the exact roles of Cld16 and Cld10. The total system is obviously
affected and is not recovered by the genetic regulation of other claudins or transporters, neither
in the TAL nor in other segments. The almost opposite symptomatology of Cld16-KO and Cld10-

KO in terms of magnesemia, calcium excretion or presence of nephrocalcinosis apparently
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indicates, at least indirectly, opposite effects of those claudins in the paracellular reabsorption of
divalent cations. The simultaneous double knock-out of renal Cld16 and TAL-specific Cld10 (dKO)

were expected to add information to this particular.

Those dKO animals are polyuric and polydipsic, with somewhat low urinary pH, but in contrast to
Cld10-KO or Cld16-KO they show a normal magnesemia, no nephrocalcinosis, and normal
excretion of Mg?* and Ca?. Nevertheless, they are not healthy: they do not grow normally, they
have low Na® excretion, and high excretion with low plasma values of K* (Himmerkus et al.,
manuscript in preparation). This symptomatology was in part due to the high resistance of the
TAL from these animals, with very low, close to 0, paracellular permeabilities to Na* and Ca’,
compared to the values observed in the WT TAL. At TAL level, the dKO was more similar to the
Cld10-KO, but for the particularity of the very low Pc. As a matter of fact, the Cld10-KO had a
tendency to have higher paracellular permeabilities to divalent cations (Ca?* and Mg*') in the

CTAL than all the other groups studied.

It is surprising that the urinary excretion of Ca®* in the dKO mice have values similar to WT mice.
Our collaborators observed that several genes expressed in distal tubules were differentially
regulated (data not published), suggesting further compensatory mechanisms in the distal
nephron. The dKO seems to be impeded in paracellular reabsorption, hence compensatory
mechanisms are necessary to balance the divalent cation reabsorption, probably at the expense

of K" and Na*, and H*. The water regime is not balanced in those animals.

Taken all together, the absence of Cld16 and Cld10 at once, strongly affected the cation specific
paracellular pathway in the TAL. This situation reversed the symptoms described for the single
knock-out mouse models, but led to hypokalemia, polydipsia, polyuria, and problems with
growth. Our results show a complementary function of Cld10 and Cld16 in the TAL regarding Ca*'
and Mg* paracellular reabsorption, and the importance of the TAL's paracellular pathway for the

reabsorption of cations in the homeostasis of water and ions.

102



Conclusions

8. Conclusions

In the present study | introduced in detail a method for the calculation of the absolute
paracellular permeabilities in the TAL. The accommodation of the experimental conditions
permit us the use of this method to evaluate the regulation on the paracellular permeabilities of
the TAL to Na*, ClI, Mg®*, and Ca®*. This method, together with the methodology for
enzymatically and mechanically isolated renal tubules, and the other methods described, give us

in our laboratory the tools to study the transepithelial and the paracellular properties of the TAL.

The study with calcium diets shows that the TAL adapts to high Ca®* loads by reducing the driving
force for Ca** and Mg*" uptake and simultaneously reduces their paracellular permeability. This is
supposed to be of high relevance for the maintenance of intact Ca** and Mg* metabolism and
overall body function. Upregulation of Cld10b and Cld14 expression under high calcium diet
might be involved in this response of the TAL. At the same time, the study shows that low
calcium diet in mice for 8 days does not induce physiological responses in the transport of

cations in the TAL.

Similarly, the overall metabolic response of mice to the Mg* diets suggests that magnesium
might be important for calcium absorption and assimilation. Nevertheless, no matters that the
kidneys and the organism in general appear to be fighting against the diet, neither high nor low

magnesium intake induced appreciable changes in the TAL transepithelial translocation of ions.

When treated with SAHA, an inhibitor of HDAC the paracellular permeability to Na* is increased
in the TAL and the transepithelial resistance reduced. These physiological responses to SAHA are
supported by the previous observations that SAHA reduces Cld14 membrane expression in the
TAL. It indicates that physiological activation and inhibition of HDAC can act as a regulator of the
paracellular pathway in the TAL via epigenetic regulation of Cld14, an already known negative

modulator of Cld16's Na* permeability.
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In order to elucidate the effects of hormonal stimulation on TAL tight junction a high aldosterone
mouse model and AVP were tested. AVP was tested via water restriction and acute stimulation.
The high aldosterone mouse model (MR*®%") did not affect the transepithelial transport in the

TAL. Apparently aldosterone has no chronic effect in TAL.

Water restriction and AVP increase paracellular selectivity and permeability for cations in the
TAL. Freshly isolated mTAL from the water restricted (WR) group maintain higher rates of
transepithelial transport compared to tubules from the water loaded (WL) group. Diffusion
voltages were larger in the WR group, resulting in higher Py./Pq, and higher Py, compared to the
WL group. As for the acute mTAL stimulation ex vivo with AVP, it increased transepithelial
transport, with /. and V.. increased when stimulated; while in contrast, the time control group /.
and V.. decreased over time. Besides, after AVP stimulation larger diffusion voltages took place
and Py./Pq was increased. In conclusion, long term in vivo, and acute ex vivo AVP stimulation

regulates paracellular selectivity and permeability for cations in the mTAL.

The paracellular reabsorption of divalent cations depends largely on the activity of the NKCC2.
Inhibition of CnAP activity with CsA prevents partially the loss of activity of NKCC2 that normally
takes place after one hour incubation, but no differences where observed in TALs from SORLA™
mice with this treatment. Changing from high ClI" to low ClI° conditions differences in the
transport kinetics were observed in TAL from WT mice, but not in those from SORLA” mice.
These data indicate that CnAB is in part responsible in the TAL for the deactivation of NKCC2,
and suggest that phosphorylation of NKCC2 influence its affinity for ClI". SORLA might be involved
in the intracellular trafficking of CnAB, and it could be partly used by TAL cells to control the
abundance of pNKCC2.

The importance of the paracellular pathway for the reabsorption of divalent cations was
evidenced with the characterization of the dKO mouse model. Our results show a
complementary function of Cld10 and Cld16 in the TAL regarding Ca* and Mg?*" paracellular
reabsorption: the absence of Cld16 and Cld10 at once, strongly affects the cation specific

paracellular pathway in the TAL and the water and ion balance in general, but at the same time
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dKO mice did not have the characteristic problems of any of the two single KO. In brief, both
claudins are needed to be present in the tight-junctions of a healthy TAL to guarantee a proper
homeostasis. When not present, the TAL's paracellular permeabilities to cations are extremely

reduced, in particular in cTAL.

In summary, the tight junction in the TAL is an active and complex system that reacts to stimuli,
and plays a key role in divalent cation homeostasis. This tight junction is involved in regulatory
processes that respond to AVP or extracellular Ca®*, and rely on the claudin expression to
properly allow the transport of ions. Defects in claudin expression can be the cause of diseases.
The data presented here are a further step in characterizing the paracellular pathway in the TAL
and its regulation as a physiologically relevant mechanism in ion homeostasis. This opens new

perspectives for research and disease treatment.
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