
















































































































































































































































































































































































Discussion

()

4.4.2 Evidence for a misregulation of NCC: Sorla""” mice suffer from

calciuria

Another evidence for mis-regulated NCC activity is the increased urinary excre-
tion of calcium (calciuria), which was observed in Sorla gene-targeted animals.

Around 60% of the urinary Ca”" are reabsorbed in the proximal tubule. Most of
the remaining portion is taken up in the distal nephron, where it mainly undergoes
transcellular transport via luminal calcium channels and basolateral Ca®"-ATPases
and Na/Ca-antiporters. In the DCT, the Na/Ca-antiport activity leads to a negative
correlation of Ca®" uptake with the uptake of Na'. Consequently, thiazide diuret-
ics, blocking the Na'/Cl-cotransporter NCC in DCT, boost the reabsorption of
Ca*" in that segment (Costanzo, 1985; Suki, 1979).

Activity of NCC is regulated by phosphorylation via the WNK-SPAK pathway
(Pacheco-Alvarez, et al., 2006; Reinhard, et al., 2005; Richardson, et al., 2008),
comparable to the related NKCCs (vide infra). The calciuria observed in Sorla"™
mice (table 12, chapter 3.2) points towards a hyperactivity of the thiazide-
sensitive cotransporter. In line with this observation, NCC is hyperphosphorylated
in these animals (figure 28, chapter 3.5).

Aldosterone has been reported to increase phosphorylation of the cotransporter
(Chiga, et al., 2008). This does not fit with the data from thirsted mice (cf. table
13 in chapter 3.2, and figure 28 in chapter 3.5): aldosterone levels are lower in
thirsted Sorla"”” mice as compared to equally treated wild types. Further investi-
gation is required to test, whether this hyper-phosphorylation of NCC is deter-
mined by mechanisms overruling the aldosterone signalling, or if SORLA is re-
quired for its proper regulation.

4.4.3 Evidence for a misregulation of NKCC2: The renal Sorla"™" phenotype
shares elements with the Bartter syndrome

The uncoupling of reabsorptive processes for salt and water in the thin descending
and thick ascending limb renders Henle’s loop a critical player in the regulated
salt uptake in the distal nephron.

Na" transport in the TAL is a multi-component system (figure 37). The basolateral
Na'/K'-ATPase transports Na™ from TAL-cells into the interstitium, creating a
Na'-gradient across the epithelium. This gradient is used by the Na'/K'/CI-
cotransporter NKCC2 to drive not only Na* but also K* and CI” transport into the
cells. Accordingly, K is transported into the TAL cells from the basolateral side
(Na'/K'-ATPase) and the apical side (NKCC2). To balance intracellular concen-
trations of this electrolyte, it is recycled by the K'-channel ROMK, mainly into
the tubular lumen. Following the electrochemical gradient created by the Na'/K'-
ATPase, CI” exits towards the interstitium mainly via the Cl'-channels CICNKB
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and, to a lesser degree, CICNKA. Both Cl-channels require the subunit Barttin for
proper function.

Na* et
NHE3 and 2 Na"/K™-ATPase
Na*t
NKCC2 K* KCC1
2CI-
CICNKA and B

ROMK 4——K" cr—p \
Barttin

Na*, CaZ*

apical basolateral

Figure 37: Na'-transporting components in TAL. Arrows mark the physiological transport di-
rection of the indicated ions; transporting components are labeled in blue. This cartoon does not
show stoichiometric transport ratios.

In humans, mutations in the genes encoding NKCC2, ROMK, CLCNKB or Bart-
tin cause Bartter-syndrome type I, II, III or IV, respectively (Birkenhager, et al.,
2001; Scheinman, et al., 1999). Patients suffering from autosomal-recessive Bart-
ter-syndromes exhibit disturbances in renal salt and volume handling. Lower than
normal reabsorption of Na' in the TAL results in hyperreninemic hyperaldostero-
nism (high blood levels of renin and aldosterone), accompanied by polyuria, en-
hanced excretion of K (hyperkaliuria) and Ca*" (hypercalciuria), as well as low
K" levels in blood (hypokalemia). In some patients, a low blood pressure can be
observed, even though renin and aldosterone are high.

Taken together, the observations made in Sor/a™” mice resemble some of the de-
fects seen in Bartter syndrome: Under basal conditions, the animals suffer from
hypercalciuria, hyperkaliuria with hypokalemia and high aldosterone (tables 12
and 13, figure 10, in chapter 3.2). The MAP of mice lacking SORLA is reduced
during their activity phase (table 14, chapter 3.2). As SORLA is expressed in TAL
these findings hint towards a possible function for the receptor in salt reabsorption
processes in this nephron segment.

Even though NKCC2 levels are normal in Sorla”” mice, the animals fail to phos-
phorylate the transporter at Thr 96 and Thr 101 (figure 26, chapter 3.5). Together
with a third threonine (Thr 114 in mice), these phospho-acceptor residues com-
prise a regulatory domain for the activation of the cotransporter. Initially identi-
fied in Squalus acanthias NKCCI1, the three sites are highly conserved in the so-
dium-driven branch of cation-coupled cotransporter protein family and their
phosphorylation has been reported to mediate activation of NKCC1/2 upon stimu-
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lation (Darman and Forbush, 2002; Gimenez and Forbush, 2003). In the case of
NKCC2 however, Giménez and Forbush could show in Xenopus laevis oocytes,
that the transporter still retains 50% of its activity in the absence of phosphoryla-
tion at these sites (Gimenez and Forbush, 2005).

4.4.4 Sorla™ mice are hypotonic

A clinical symptom of hypokalemia is high blood pressure (Krishna, et al., 1989).
However, mice deficient for SORLA show a reduced mean arterial pressure
(MAP) during their activity phase as well as a reduced heart rate (table 14, chapter
3.2).

In general, changes in Na' levels and blood pressure have greater effects on the
aldosterone secretion than do equivalent changes in K’ balance. In SORLA-
deficient mice, however, it is unlikely that the high aldosterone levels are conse-
quence of the low blood pressure because blood pressure-driven aldosterone acti-
vation is mediated by the renin-angiotensin-system (RAS), requiring high renin
levels. In fact, the low levels of circulating renin in Sor/a”~ mice suggest a low
activation of the RAS (table 13, chapter 3.2).

Renin is released from granular cells of the juxtaglomerular apparatus, which lies
between the macula densa (MD) and the renal corpuscle of a nephron. Renin re-
lease is triggered by several stimuli, including decreased blood pressure, sympa-
thetic nervous activity and decreases in tubular sodium chloride levels. SORLA is
expressed in the MD (not shown), together with NKCC2 (Lapointe, et al., 1990;
Lorenz, et al., 1991).

Concerning juxtaglomerular renin secretion, MD cells act as sensing elements for
tubular NaCl concentrations (Skett and Briggs, 1987). In contrast to TAL, MD
cells do not possess basolateral Na'/K -ATPase activity. It was proposed that Na'-
extrusion in these cells is regulated via an ouabain-sensitive apical form of H'/K"-
ATPase (Peti-Peterdi and Bell, 1999). Because of the low effectivity of this Na'-
efflux system and the absence of other alternatives, the intracellular Na" concen-
tration should reflect the luminal NaCl delivery to MD cells.

NKCC2 activity is responsible for 80 % of the NaCl-influx into MD cells, thus
being an important element in the NaCl-sensing mechanism. Absence of SORLA,
which leads to a nearly complete lack of phosphorylation of NKCC2, has no or
little impact on this mechanism in the MD, as renin-release is downregulated upon
increased NaCl levels in urine: Renin levels are only partly down-regulated under
basal conditions, under which Na'-levels are only slightly increased, and mas-
sively down after thirsting, when receptor-deficient mice waste Na" (viz. tables 12
and 13, chapter 3.2).
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An inactivity of NKCC2 in Sorla-deficient mice would lead to low intracellular
levels of NaCl and subsequent release of renin. In mice lacking SORLA, levels of
circulating renin are lower as in control animals, providing evidence for an in-
creased activity of NKCC?2 in this tissue.

4.4.5 SORLA influences SPAK activity

Mechanisms responsible for the activating phosphorylation of NKCC2 are still not
fully understood. Using a yeast two-hybrid approach, the kinases SPAK and
OSRI1 were recently identified as interaction partners of NKCC1’s NH,-terminus
through a RFQV-motif (Piechotta, et al., 2002), which is also conserved in
NKCC2. The NH,-terminus NCC harbours a RFTI motif, which could act as a
SPAK/OSRI1 consensus sequence, and it has been demonstrated, that both NKCC2
and NCC can be phosphorylated by SPAK (Moriguchi, et al., 2005). NKCC2 acti-
vation by SPAK is governed by kinases of the WNK family (Ponce-Coria, et al.,
2008; Richardson and Alessi, 2008).

In whole kidney lysates of mice lacking SORLA, SPAK is hyperphosphorylated
(figure 29, chapter 3.6). Suprisingly, increased activity of SPAK does not translate
into an increased phosphorylation rate of its downstream target NKCC2. Rather
NKCC2 is not phosphorylated at all. Mislocalization of SPAK in the TAL of
SORLA-deficient mice may provide an explanation for the apparant paradox, as
for successful phosphorylation, the kinase needs to interact with its target.

The antibody used in this study only detects murine NKCC2 residues T96 and
T101 if both are phosphorylated (Gimenez and Forbush, 2005). No statements can
be made concerning phosphorylation at T114, and other modulating phosphoryla-
tion sites in NKCC2 cannot be ruled out either (Darman and Forbush, 2002). Un-
der these circumstances, NKCC2 can be assumed to bear residual activity. This
partial reduction of NKCC2-activity in Sorla gene disrupted mice could explain
the observation of some — but not all — hallmarks of the human Bartter syndrome.

Interestingly, some aspects of the observed phenotype differ from the human Bart-
ter syndrome: The hypokalemic state is milder after thirsting; the animals are not
hyperkaliuric (as compared to control animals under the same conditions). The
animals also do not suffer from hyperreninemia. While deprived from water, the
mice actually react with a milder increase of blood renin-levels as wild type con-
trols. These observations are indicating a role of SORLA in other mechanisms as
well.
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Figure 38: Mechaninsms responsible for the activation of NKCC2 and NCC. NKCC2 and
NCC are both activated upon WNK signalling via phosphorylation by SPAK/OSR1. SPAK/OSR1
can phosphorylate the cotransporters at three conserved threonines in its N-terminal region. While
NCC is hyperphosphorylated in Sorla”" mice, phosphorylation of NKCC2 in the same animals is
dramatically decreased. The abnormal localization of SPAK in TAL, suggests a role of SORLA in
establishing proper localization of the kinase towards NKCC2-containing vesicles. On the con-
trary, lack of SORLA in DCT does not negatively influence phosphorylation of NCC. Due to the
high homology of the three transporters, some of the depicted interactions were published for
NKCCI but are proposed for NKCC2 and NCC as well (Gimenez, 2006).

4.5 Conclusion: Sorla-deficiency has an impact on regulated salt
homeostasis

In this work, I provided evidence for an involvement of SORLA in regulated salt
reabsorption pathways. As a result, Na" and K™ homeostasis is disturbed in mice
deficient for the Sor/a gene. This finding can be explained with mis-regulation of
aldosterone release in the adrenal glands of these animals. SORLA is expressed in
the zona glomerulosa, the site of aldosterone synthesis. Future work has to deter-
mine at which point the receptor is involved in the synthesis or release of aldos-
terone. The approach presented in this work — comparative analysis of adrenal

128



Discussion

transcriptomes of mice with and deficient for Sorla — did not reveal the molecular
mechanisms how the receptor influences aldosterone release.

A complicating fact is that not only adrenal glands influence kidney function by
the release of hormones such as aldosterone. Kidneys do also affect adrenal gland
function, for example by activating the renin-angiotensin-aldosterone system. A
possible concept to separate the action of SORLA in both organs could be a bilat-
eral adrenalectomy in wild type and receptor-deficient mice. Kidney functions of
animals treated in such a way could be investigated without being influenced by
differential adrenal functions. However, this concept is unidirectional: While adult
mice can survive several weeks without adrenal glands (Hoffman-Goetz, et al.,
2004) a bilateral nephrectomy would be lethal. Mice with a tissue-specific disrup-
tion of the Sorla gene in the distal nephron, e.g. using the using the CLCNKB
promoter (Kobayashi, et al., 2002), could enable investigation of adrenal gland
function depending on presence or absence of the receptor in the kidney.

The adrenal hormone aldosterone governs two functions in kidney: Secretion of
K" and retention of NaCl (Halperin, et al., 2006). In some situations however, the
kidney only needs to fulfill one of these two tasks. A recently discovered group of
kinases does play an important role in deciding which way to go: the WNK
kinases (Gamba, 2005; Kahle, et al., 2003; Subramanya, et al., 2006). Members of
this protein family have been shown to regulate downstream targets through the
proline-alanine-rich STE20-related kinase SPAK (Vitari, et al., 2005).

SPAK is hyperphosphorylated in Sorla"” mice. Recently, this kinase has been
reported to be responsible for mediating phosphorylation in order to activate
members of the sodium-driven branch of the chloride-coupled cotransporters
(coded by the Slcl2a gene family) (Moriguchi, et al., 2005; Ponce-Coria, et al.,
2008). Two members of this family, the bumetanide-sensitive apical Na'/K'/CI -
cotransporter NKCC2 and the thiazide-sensitive Na'/Cl-cotransporter NCC are
expressed within the same nephron segments as SORLA. And indeed, both
NKCC2 and NCC are mis-phosphorylated in mice lacking SORLA. Additionally,
both transporters show altered activity in these animals, finally resulting in urinary
salt wasting and hypokalemia.

This work presents evidence that SORLA is involved in the WNK-SPAK-SIc12a
pathway, regulating Na" and K™ homeostasis. Future research needs to address at
which point SORLA influences this signaling cascade.

A cue is given by the proposed function of the receptor. Due to its homology to
the yeast sorting receptor VPS10p, its intracellular localization and trafficking
motifs within its cytosolic domain, the receptor could be involved in transporting
cargo proteins (such as NKCC2 or NCC) to its proper location. SORLA fulfils a
similar function in the CNS, where it reroutes the amyloid precursor APP and af-
fects plaque-formation in Alzheimer’s disease (Andersen, et al., 2006; Schmidt, et
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al., 2007). This idea is strengthened by the identification of putative interaction
partners (ARF4, AP2 and the retromer complex, see figure 33, chapter 3.7.2),
which are involved in intracellular transport (Chang, et al., 1993; Collins, 2008;
Deretic, 2006). Due to its features, it could also act as a scaffold, bringing kinases
in close vicinity to its target, as suggested by the mis-localization of SPAK in TAL
cells lacking SORLA.

The different phosphorylation state of NKCC2 and NCC can be explained by
SORLA being involved in bringing together SPAK and NKCC2, while SPAK and
NCC meet in a SORLA-independent manner (figure 38). However, without di-
rectly measuring the phosphorylation state and activity of both transporters from
wild type and Sorla"” mice, it is difficult to prove that statement. Activity meas-
urements under defined conditions could be achieved by microperfusion experi-
ments either in intact kidneys or in isolated tubule segments, as decribed for rats
(Bank, et al., 1974).

The discovered extra-renal phenotype of mice lacking SORLA — the receptor’s
influence on the catecholamine metabolism — could also have an implication for
kidney function: Catecholamines influence renin release through B-adrenergic
receptors. This defect could be the reason for the hypotension in the activity phase
of Sorla™” mice. Additionally, epinephrine has a modulating effect on Na'/K'-
ATPases, which are the driving force of active electroclyte reabsorption along the
nephron (Brenner, 2007; Churchill, 1988). An influence of the adrenal lack of
SORLA on kidney function can clearly be hypothesized in this context. However,
future studies have to substantiate the receptor’s role in the adrenal and its sys-
temic impact.
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