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ABSTRACT

Activation of the Na*-K*-2C| ™ -cotransporter (NKCC2) and the Na*-Cl ™ -cotransporter (NCC) by vasopres-
sin includes their phosphorylation at defined, conserved N-terminal threonine and serine residues, but the
kinase pathways that mediate this action of vasopressin are not well understood. Two homologous Ste20-
like kinases, SPS-related proline/alanine-rich kinase (SPAK) and oxidative stress responsive kinase (OSR1),
can phosphorylate the cotransporters directly. In this process, a full-length SPAK variant and OSR1 interact
with a truncated SPAK variant, which has inhibitory effects. Here, we tested whether SPAK is an essential
component of the vasopressin stimulatory pathway. We administered desmopressin, a V2 receptor—
specific agonist, to wild-type mice, SPAK-deficient mice, and vasopressin-deficient rats. Desmopressin
induced regulatory changes in SPAK variants, but not in OSR1 to the same degree, and activated NKCC2
and NCC. Furthermore, desmopressin modulated both the full-length and truncated SPAK variants to
interact with and phosphorylate NKCC2, whereas only full-length SPAK promoted the activation of NCC.
In summary, these results suggest that SPAK mediates the effect of vasopressin on sodium reabsorption

along the distal nephron.

J Am Soc Nephrol 24: 407-418, 2013. doi: 10.1681/ASN.2012040404

The furosemide-sensitive Na*-K*-2Cl ™ -cotransporter
(NKCC2) of the thick ascending limb (TAL) and the
thiazide-sensitive Na™-Cl ™ -cotransporter (NCC) of
the distal convoluted tubule (DCT) are key regulators
of renal salt handling and therefore participate impor-
tantly in BP and extracellular fluid volume homeosta-
sis.! Loss-of-function mutants in the SLCI12A1/ A3
genes encoding NKCC2 and NCC cause salt-losing
hypotension and hypokalemic alkalosis in Bartter’s
and Gitelman’s syndromes,?3 whereas their overactiv-
ity may contribute to essential hypertension.*> Re-
cently, attention has been focused on the two closely
related STE20-like kinases, SPS-related proline/
alanine-rich kinase (SPAK) and oxidative stress re-
sponsive kinase 1 (OSR1), which can phosphorylate
NKCC2 and NCC at their N-terminal conserved thre-
onine or serine residues (T96, T101, and T114 of
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mouse NKCC2 and T53, T58, and S71 of mouse
NCC) and thereby activate the transporters.>® De-
spite the high homology between SPAK and OSR1
and their overlapping renal expression patterns, dis-
tinct roles along the nephron have been suggested
based on data from SPAK-deficient and kidney-
specific OSR1-deficient mice: deletion of SPAK

Received April 23, 2012. Accepted November 20, 2012.

Published online ahead of print. Publication date available at
www.jasnh.org.

Correspondence: Dr. Kerim Mutig or Dr. Sebastian Bachmann,
Department of Anatomie, Charité-Universitatsmedizin Berlin,
PhilippstraBe 12, 10115 Berlin, Germany. Email: kerim.mutig@
charite.de or sbachm@charite.de

Copyright © 2013 by the American Society of Nephrology

ISSN : 1046-6673/2403-407

407


http://www.jasn.org
mailto:kerim.mutig@charite.de
mailto:kerim.mutig@charite.de
mailto:sbachm@charite.de

BASIC RESEARCH | www.jasn.org

primarily impairs the function of NCC, whereas deletion of OSR1
negatively affects NKCC2.>-!! The complex functional properties
of a WNK-SPAK/OSR1-N(K)CC interaction cascade are cur-
rently being defined.!? Recently, arginine vasopressin (AVP), sig-
naling via the V2 receptor (V2R), has been identified as an effi-
cient activator of both cotransporters, affecting their luminal
trafficking and phosphorylation.!3-18 Because plasma AVP levels
may vary not only with the sleep-wake cycle or long-term phys-
iologic challenges, but also with pulsatile changes over the short
term, distinct, time-dependent responses may occur.!® SPAK and
OSR1 are well placed to regulate distal NaCl reabsorption in re-
sponse to AVP. Here we tested the role of SPAK in AVP-induced

SPAK-/-

activation of NKCC2 and NCC, acutely and during long-term
treatment. The results suggest that SPAK is an essential kinase
that modulates distal nephron function in response to AVP stim-
ulation.

RESULTS

Steady State Distribution of SPAK and OSR1 in
Wild-Type and SPAK—/— Mice

We first characterized the abundance and distribution of SPAK
and OSRI in wild-type (WT) and SPAK—/— mice, extending
previous work.? To characterize SPAK, we
first used an anti-C-terminal SPAK (C-

N | SPAK-

Figure 1. SPAK deficiency is associated with compensatory adaptation of OSR1. (A-L)
SPAK and OSR1 immunostaining in TAL and DCT and double-staining with segment-
specific antibodies to NKCC2 for TAL or NCC for DCT. (A-H) In WT kidneys, SPAK signal
in TAL is concentrated apically (A and B). (E and F) DCT shows also cytoplasmic SPAK
signal. (C, D, G, and H) Note the complete absence of SPAK signal in TAL and DCT in
SPAK-deficient (SPAK—/—) kidney. (I-L) OSR1 signal is concentrated apically in TAL and
DCT of WT kidneys, whereas DCT shows additional cytoplasmic signal in SPAK—/—
kidneys. Note that OSR1 signal is stronger in TAL than in DCT in WT, whereas SPAK —/—
shows the inverse. Bars show TAL/DCT transitions. (M) The distribution patterns of SPAK

and OSR1 are schematized. Original magnification, X400.
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SPAK) antibody that recognized both the
full-length and the inhibitory forms.® Im-
munohistochemistry with anti-C-SPAK an-
tibody revealed strong apical signal in the
TAL, whereas in the DCT, a particulate cyto-
plasmic signal was dominant, along with
weaker subapical staining in WT (Figure 1,
A, B, E, and F); the signal was absent in
SPAK—/— kidneys (Figure 1, C, D, G, and
H). Anti-OSR1 antibody signal was apically
strong in TAL but weak in DCT of WT (Fig-
ure 1, I and J), whereas in SPAK—/—, the
inverse distribution, with diminished TAL
but enhanced cytoplasmic and apical DCT
signals, was evident (Figure 1, K and L).
These patterns, suggesting compensatory re-
distribution of OSR1 in SPAK deficiency, are
schematized in Figure 1M.

Steady State Phosphorylation of
SPAK and OSR1 in WT and SPAK—/—
Mice

Next, we studied the phosphorylation of
SPAK and OSR1 within their catalytic do-
mains (T243 in SPAK and T185 in OSR1) as
an indicator of their activity.® The antibodies
directed against phosphorylated forms of
SPAK and OSR1 cannot distinguish between
the two, because the phosphorylation sites
are similar. Staining with anti-phospho-(p)
T243-SPAK/pT185-OSR1 antibody was ab-
sent in medullary TAL (mTAL) and weak in
cortical TAL (cTAL) of both genotypes,
whereas in DCT, moderate apical signal in
WT, but weaker staining in SPAK—/— mice
was observed (Figure 2, A, C,E, G, K, M, O,
and Q). Phosphorylation of the kinases
within their regulatory domains (S383
for SPAK and S325 for OSR1) may facilitate
their activity as well,?° so that staining with

J Am Soc Nephrol 24: 407-418, 2013



anti-pS383-SPAK/pS325-OSR1 antibody was also performed;
moderate apical TAL and apical plus cytoplasmic signal in DCT
were obtained in WT (Figure 3, A, E, I, M, and Q), whereas in
SPAK—/—, TAL and DCT were nearly negative (Figure 3, C, G, K,
O, Q). These data are in agreement with earlier data showing that
baseline phosphorylation of renal SPAK and OSR1 is low.?! They
also indicate that SPAK deficiency does not elicit compensatory
increase of OSR1 phosphorylation.

Steady State Abundance and Phosphorylation of
NKCC2 and NCC upon SPAK Disruption

As reported previously,® SPAK deficiency caused opposing
baseline phosphorylation patterns of the cotransporters with
NKCC2 showing enhanced pT96/pT101 signal without a

WT
dDAVP

vehicle vehicle

pT243/pT185

E
pT243/pT185

i

A

SPAK-/-

WT SPAK-/-
vehicle dDAVP vehicle dDAVP
mTAL 33+£13 444 +9.9 36+18 257 £12.5"
cTAL 14.0+7.4 23.0+10.7 74+82 83+47
DCT 31.9+174 | 1076+251*| 258171 59.7 £9.3*

Q

Figure 2. Short-term dDAVP induces differential phosphorylation of SPAK and OSR cat-
alytic domains; confocal microscopy. (A—P) Immunolabeling of pT243-SPAK/pT185-OSR1
(pT243/pT185) and double-staining for NKCC2 in renal medulla (A-H) and cortex (I-P) of
vehicle- and dDAVP-treated (30 minutes) WT and SPAK—/— kidneys. Bars indicate TAL/
DCT transitions. (Q) Signal intensities (units) obtained after confocal evaluation of pT243-
SPAK/pT185-OSR1 signals in medullary (mTAL) and cortical segments (cTAL, DCT) using
ZEN software. Data are the mean = SD. *P<<0.05 for intrastrain differences (vehicle versus
dDAVP). Note the more pronounced response to dDAVP in WT compared with SPAK—/—

mice.
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difference in NKCC2 abundance, whereas NCC revealed sub-
stantially decreased pT58/pS71 signal along with decreased
NCC abundance (Supplemental Figure 1).

Effects of Short-Term Desmopressin on SPAK and
OSR1 Phosphorylation in WT and SPAK—/— Mice
To test whether AVP-V2R activates SPAK and/or OSR1 acutely,
desmopressin (ADAVP) or vehicle were administered intraperi-
toneally to WT and SPAK—/— mice. Baseline endogenous AVP
was slightly lower in SPAK—/— compared with WT mice (0.7
versus 1.5 ng/ml), which led us to use an established supraphysiologic
dDAVP dose (1 pg/kg body weight) in order to reach saturation
of AVP signaling in both genotypes.!3!> Phosphorylation of
SPAK and/or OSR1 within their catalytic domains was studied
with anti-pT243-SPAK/pT185-OSR1 anti-
body. Because immunoblotting produced
unclear results, confocal evaluation was
preferred. dDAVP increased pT243-
! e SPAK/pT185-OSR1 signals in mTAL and
‘ DCTofboth WT (15-fold for mTAL and 3-
fold for DCT) and SPAK—/— mice (8-fold
for mTAL and 2-fold for DCT), whereas
significant changes were not detected in
cTAL in either genotype (Figure 2). Phos-
phorylation of the regulatory domain was
assessed with anti-pS383-SPAK/pS325-
OSR1 antibody. Here, dDAVP increased
the signal in mTAL and DCT of WT kidneys
(1.5- and 2-fold, respectively), whereas no
significant changes were recorded in
SPAK —/— kidneys (Figure 3). Correspond-
ing immunoblots showed increased signals
in WT but not in SPAK—/— kidneys (Figure
4). The abundances of SPAK and OSR1 were
unaffected by dDAVP (data not shown).
Short-term dDAVP administration thus
stimulated phosphorylation of the kinases
differentially with a focus on pSPAK in
mTAL and DCT.

dDAVP

Effects of Short-Term dDAVP on
NKCC2 and NCC in WT and
SPAK—/— Mice

Next, we studied the effects of dDAVP on
surface expression and phosphorylation
of NKCC2 and NCC. Short-term dDAVP
increased the NKCC2 surface expression in
both WT and SPAK—/— mice (+21% in
WT and +26% SPAK—/— mice; Figure 5,
A, B, E, E and I), whereas dDAVP had no
effect on NCC surface expression in either
genotype (Figure 5, C, D, G, H, and J). Im-
munoblots of NKCC2 phosphorylation at
T96/T101 revealed that dDAVP increased
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Effects of Short-Term dDAVP on
Interactions of SPAK and OSR1 with
NKCC2 and NCC

The truncated KS-SPAK isoform may limit
the kinase activities of FL-SPAKor OSR1 ina
dominant-negative fashion (9). Here we
used Brattleboro rats with central diabetes
insipidus (DI)!>15 to test whether dDAVP
alters the association of activating or inhibi-
tory SPAK and OSR1 isoforms with NKCC2
and NCC using co-immunoprecipitation
assays. Presence of KS-SPAK in the rat kid-
ney was confirmed at the RNA and protein
levels (Supplemental Figure 3). At base-
line, NKCC2 was chiefly bound to KS-
SPAK, whereas NCC was predominantly
associated with FL-SPAK. OSR1 isoforms
interacted prominently with NKCC2, but
less so with NCC (Figure 7, A and B).
Short-term dDAVP significantly reduced
binding of KS-SPAK (—30%) and in-
creased binding of FL-SPAK to NKCC2
(+62%), whereas SPAK2 and OSRI iso-
forms were not affected (Figure 7, A and
C). In contrast, binding of SPAK and OSR1
isoforms to NCC was not affected by dDAVP
(Figure 7, B and D). dDAVP thus specifically

dDAVP
pS325

modulated the interaction of NKCC2 with

activating and inhibiting SPAK forms.

WT SPAK-/-
vehicle dDAVP vehicle dDAVP
mTAL 9341139 | 1494 +14.0" 65+54 66123
cTAL 89.2+29.3 | 10591 35.1 1.5+3.7 9.0%57
DCT 56.3+15.2 | 100.0 £ 22.5* 11.0£53 75+1.0

Q

Figure 3. Short-term dDAVP induces phosphorylation of the regulatory domain of
SPAK but not of OSR1; confocal microscopy. (A—P) Immunolabeling of pS383-SPAK/
pS325-OSR1 (pS383/pS325) and double-staining for NKCC2 in renal medulla (A-H)
and cortex (I-P) of vehicle- and dDAVP-treated (30 minutes) WT and SPAK—/— kid-
neys. Bars indicate TAL/DCT transitions. Note that dDAVP induces increases in both
early and late DCT as identified by the absence or presence of intercalated cells
(arrows). (Q) Signal intensities (units) obtained after confocal evaluation of pS383-
SPAK/pS325-0OSR1 signals in mTAL, cTAL, and DCT. Data are the mean * SD.
*P<0.05 for intrastrain differences (vehicle versus dDAVP). Note nearly absent pS325-

OSR1 signal in SPAK—/— kidneys.

the abundance of pNKCC2 in WT (+55%) and more so in
SPAK —/— mice (+187%). The abundance of total NKCC2 pro-
tein was concomitantly augmented in WT, but unaffected in
SPAK—/— mice (Figure 6). dDAVP increased NCC phosphor-
ylation substantially in WT (+164% for pS71-NCC and +50%
for pT58-NCC), but less so in SPAK—/— mice (+53% for pS71-
NCC [P<0.05] and n.s. for pT58-NCC; Figure 6). These results
were confirmed and extended by confocal analysis of DCT profiles
including the use of an additional anti-pT53-NCC antibody (Sup-
plemental Figure 2). SPAK deficiency thus had no effect on
dDAVP-induced trafficking of NKCC2, facilitated its phosphory-
lation, and attenuated NCC phosphorylation.

410
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Effects of Long-Term dDAVP on
Renal Function in WT and SPAK—/—
Mice

We next evaluated whether SPAK is in-
volved in the response of the distal neph-
ron to long-term dDAVP treatment (3
days via osmotic minipumps). Physio-
logic effects, compared with vehicle,
were more marked in WT (urine volume
reduced to 25%, fraction excretion of so-
dium [FENa] to 23%, potassium [FEK] to
26%, and chloride [FECI] to 47%) than in
SPAK —/— mice (urine volume reduced to 38%, FENa to 57%;
Figure 8). NKCC2 phosphorylation was raised in WT (+87%)
but not in SPAK—/—, which conversely showed an increase in
NKCC2 abundance (+96%; Figure 9A). NCC abundance was
raised in WT (+45%) and more so in SPAK—/— mice (+201%),
and NCC phosphorylation was stimulated as well in WT
(+393% for pT58-NCC and +519% for pS71-NCC) and in
SPAK—/— (4+475% for pT58-NCC and +355% for pS71-
NCC; Figure 9A). However, due to different baseline levels
among strains, values were normalized for WT vehicle levels
(Figure 9). Thus, NKCC2, pNKCC2, and NCC abundances
had reached similar levels in either genotype, whereas

J Am Soc Nephrol 24: 407-418, 2013
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WT SPAK-/- display a Gitelman-like syndrome pointing
I- to DCT malfunction®:19; in contrast, deletion
pS383 - . : )
pS383/pS325 | pS325 of OSR1 in the kidney caused Bartter-like
: [ syndrome, indicating TAL insufficiency.!!
p-actin | .
A l In SPAK—/—, we resolved a confusing phe-
f upregulated pNKCC2 in TAL and
PAK-/- notype of upreg P
. L) , 2 J downregulated pNCC in DCT, by identify-
vehicle dDAVP vehicle dDAVP . 1 SPAK isof ith .
i . o . P ing nove isoforms with opposing ac-
pssasfgsszs 5 § == e S35 - L . tions. Whereas truncated KS-SPAK inhibited
B-aciin — ———— (-t a— p— FL-SPAK- and OSR1-dependent phosphor-
B ' C ylation of NKCC2 in TAL, FL-SPAK was crit-
o * * . ically involved in the phosphorylation of
g L NCC in DCT.?
% : g ::: This study further elucidates the role of
2 ik I E;‘gmg SPAK in the distal nephron and the poten-
0 - 0 tial of homologous OSRI1 to replace its
D PSPAK  pSPAK-OSR1 E POSRI function. In spite of the known effect of

Figure 4. Short-term dDAVP induces phosphorylation of the regulatory domain of
SPAK but not of OSR1; immunoblotting. (A-C) Representative immunoblots from WT
and SPAK—/— kidneys at steady state (A) and after 30 minutes of vehicle or dDAVP
treatment (B and C) show two pS383-SPAK/pS325-OSR1 (pS383/pS325)-immunore-
active bands between 50 and 75 kD in WT, whereas only the smaller product is clearly
detectable in SPAK—/—. The larger product probably corresponds to pSPAK and the
smaller, at least in part, to pOSR1. B-actin signals serve as the respective loading
controls. (D and E) Densitometric evaluation of the immunoreactive signals normalized
to loading controls shows increased signals in WT (+89% for the larger and +85% for
the smaller products) but not in SPAK—/— kidneys upon dDAVP. Data are the mean =

SD. *P<0.05 for intrastrain differences.

dDAVP-induced NCC phosphorylation was selectively attenu-
ated upon SPAK disruption over the long term.

Effects of Long-Term dDAVP on Relative SPAK and
OSR Isoform Abundances

We next studied whether dDAVP alters the relative abundance of
SPAK and OSRI products. Administration of dDAVP for 3 days
significantly increased the abundances of FL-SPAK (+62%) and
SPAK2 (+67%) in WT, whereas OSR1 isoforms were unaffected
in either strain (Figure 10). These data were verified in DI rats
receiving long-term dDAVP administration as well; resulting
changes were similar to those obtained in WT mice (Supplemen-
tal Figure 4). These results suggest a prominent role for SPAK
products in distal nephron adaptation at long term.

DISCUSSION

Our results add to a growing body of work documenting
substantial effects of AVP on cation chloride transporters along
the nephron. Here, we show that the serine/threonine kinases
SPAK and OSRI participate in that signaling mechanism.
Although expressed largely by the same distal nephron segments,
SPAK and OSRI1 affect TAL and DCT differentially. This was
illustrated earlier by the phenotype of SPAK—/— mice, which

J Am Soc Nephrol 24: 407-418, 2013

OSR1 on NKCC2 function,!! SPAK disrup-
tion did not trigger any compensatory in-
crease of its homolog in TAL. This may be
related with a diminished demand for an
NKCC2-activating kinase in the absence of
an inhibitory one (KS-SPAK) or with par-
allel actions of alternative kinase pathways
such as protein kinase A or AMP-activated
protein kinase.®!8 In the DCT, however,
the higher total OSR1 abundance may be
compensatory. Because NCC abundance
and phosphorylation were markedly below
control levels in the SPAK-deficient mice,
however, increased OSR1 is not capable of fully compensating
for SPAK deficiency. The phosphorylation status of the cata-
lytic and regulatory domains of SPAK/OSR revealed no com-
pensatory increase of OSR1 phosphorylation in the absence
of SPAK either; rather, decreased signals for the two OSR1
phosphoacceptor sites were detected in TAL and DCT. It there-
fore appears that SPAK is essential for NCC function, which
agrees with the physiologic deficits of this model.>1°

Renal compensatory reactions are commonly triggered by
endocrine stimuli.’® Surprisingly, plasma AVP and aldoste-
rone levels were diminished in SPAK—/— mice in spite of
extracellular volume depletion and a stimulated renin sta-
tus.®>10 Because substantial expression of SPAK has been
shown in hypothalamic brain regions and in adrenal glomer-
ulosa cells,?2=24 SPAK deletion at those sites may interfere with
AVP as well as aldosterone release. AVP release itself can also
affect aldosterone secretion, which may further contribute to
the endocrine phenotype in SPAK—/—.2526 In DI rats lacking
AVP, reduced aldosterone levels have been observed in spite
of a stimulated renin-angiotensin system as well, with the
known consequences of decreased N(K)CC abundance and
activity.26:27 Manifestations of SPAK deficiency such as
reduced baseline phosphorylation of OSR1 and NCC may
therefore be partially related with the diminished AVP and
aldosterone levels.

SPAK and Arginine Vasopressin 411
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In WT, as expected from prior reports,13-17
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dDAVP rapidly increased the abundance of
pNKCC2 and pNCC. Interestingly, the abil-
ity of dDAVP to increase pNKCC2 abun-

¢,/ #¥ dance was not only preserved in the
id SPAK—/— animals, but was enhanced. Al-
though NKCC2 phosphorylation in
SPAK—/— mice may be affected predomi-

dDAVP |

¥ o nantly by OSR1, the modest OSR1 activa-

¥ tion under these circumstances suggests
that other kinases may be involved. By con-
: trast, the weak response of NCC to desmo-
Y 4. . pressin in SPAK—/— indicates that SPAK

i plays a dominant role in signaling AVP to

NCC in the DCT.

Acute activation of the SPAK/OSRI-
substrates, NKCC2 and NCC, occurs via
their apical trafficking and, independently
of this translocation, by their phosphoryla-
tion at the luminal membrane.!3-17 Deletion
of SPAK did not affect dDAVP-induced lu-
minal trafficking of NKCC2. Apart from the
thus far unrecognized effect of OSR1, other
pathways involved in NKCC2 trafficking,

l WT SPAK-/- J WT

Figure 5. Short-term dDAVP stimulates luminal trafficking of NKCC2 in WT and
SPAK—/— but has no effect on NCC in either genotype. (A-F) Immunogold staining of
NKCC2 in cortical TAL (A, B, E, and F) and NCC in DCT (C, D, G, and H) from WT and
SPAK—/— mice after vehicle or dDAVP treatment (30 minutes). Transporters are dis-
tributed in the luminal plasma membrane (PM, arrows) and in cytoplasmic vesicles
(arrowheads); a change is visualized for NKCC2 but not NCC (I and J). Numerical
evaluations of PM NKCC2 signals (I) and NCC signals (J) per total of signals. Data are

the mean *= SD. *P<0.05 for intrastrain differences.

Rapid activation of WNK1 and the SPAK/OSRI1 kinases
upon hypertonic or hypotonic low-chloride conditions has
been reported.?82° Here, short-term dDAVP-V2R stimulation
rapidly increased the abundance of phosphorylated SPAK/
OSR1 within their homologous catalytic domain. This was
detected chiefly in mTAL and DCT by the recognition of a
common epitope (pT243-SPAK/pT185-OSR1).4 dDAVP
treatment also led to moderate increase in the abundance of
phosphorylated OSR1, in the SPAK—/— animals, in which the
SPAK deletion rendered the antibody specific to OSR1. The
heterogenous response to AVP along the distal tubule was
likely related with the distinct localization of upstream V2R
signaling components such as the WNK isoforms.3? The reg-
ulatory domain (pS383-SPAK/pS325-OSR1) was activated
only in WT mice, which underlines the functional heteroge-
neity between the kinases. Indeed, previous site-directed mu-
tagenesis has shown that phosphorylation of SPAK at S383
facilitates its activity by abolishing an autoinhibitory action
of the regulatory domain,?® whereas no such effects were de-
scribed for OSR1.4

412 Journal of the American Society of Nephrology

such as cAMP/protein kinase A signaling,
may be more relevant herein.!® Surface ex-
pression of NCC was not altered by dDAVP
in either mouse strain. This is in contrast to
our previous report of dDAVP-induced NCC
trafficking in DI rats.!> This difference, how-
ever, may have resulted from differences in
experimental model; in the former study,
we used DI rats, which lack any AVP at base-
line. Here, WT mice, with basal AVP, were
utilized.

Because KS-SPAK may limit the activities of FL-SPAK and
OSR1 in a dominant-negative fashion, the interactions of
SPAK/OSR1 isoforms with NKCC2 and NCC were studied in
DI rats supplemented with dDAVP. In agreement with previous
data on the segmental distribution of SPAK and OSRI iso-
forms,”-1! the present co-immunoprecipitation experiments
revealed prominent binding of KS-SPAK to NKCC2 and of FL-
SPAK to NCC, whereas OSR1 strongly co-immunoprecipitated
with NKCC2 but less so with NCC at baseline. Short-term
dDAVP substantially modulated SPAK isoforms in their inter-
action with NKCC2, providing in vivo evidence that indeed,
activating as well as inhibiting kinase isoforms may compete
for the RFXV/I motif.> We believe that the AVP-induced,
quantitative switch between FL- and KS-SPAK isoforms
bound to NKCC?2 facilitates the activation of the transporter.
Binding of SPAK isoforms to NCC was unaffected. Individual
adjustments of FL- and KS-SPAK therefore occur selectively in
TAL as previously suggested.! Conversely, the absence of a
response of OSR1 isoforms to dDAVP corroborated existing
data on the heterogeneity between SPAK and OSR1.420 Our

SPAK-/-
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Figure 6. SPAK disruption facilitates short-term dDAVP-induced NKCC2 phosphor-
ylation but attenuates NCC phosphorylation. Taking into account the dramatic dif-
ferences in steady state phosphorylation of NKCC2 and NCC between genotypes,
immunoblots from WT and SPAK—/— kidney extracts are run in parallel and the de-
tection conditions are adapted to obtain a linear range for adequate signal genera-
tion. (A and B) Representative immunoblots from WT (A) and SPAK—/— kidneys (B)
after 30 minutes of vehicle or dDAVP treatment showing NKCC2, pT96/pT101-
NKCC2, NCC, pS71-NCC, and pT58-NCC immunoreactive bands (all approximately
160 kD). B-actin signals serve as the respective loading controls (approximately 40 kD).
(C and D) Densitometric evaluation of immunoreactive signals normalized for the
loading controls. Data are the mean = SD. *P<0.05 for intrastrain differences.

data thus show for the first time that interactions between
SPAK isoforms and their substrates can be selectively modu-
lated in TAL and that this can be triggered by AVP.

Long-term dDAVP decreased water and electrolyte excre-
tion in WT and SPAK—/— mice consistent with earlier data.3?
The effects of dDAVP were less pronounced in SPAK—/—
mice. This difference is likely to result from the reduction in
NCC abundance and phosphorylation in these animals, at
baseline.” The weaker NCC phosphorylation in SPAK—/—
mice upon dDAVP supported this interpretation. It can be
argued that a substitution with dDAVP for only 3 days may
not have been sufficient to restore the established hypotrophy
of DCT in SPAK—/— mice®; however, NCC abundance had
reached WT levels upon dDAVP. An attenuation of NCC

J Am Soc Nephrol 24: 407-418, 2013
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SPAK-independent, stimulation of
NCC phosphorylation. This suggests
that the increased NCC phosphorylation
during chronic treatment may be an in-
direct response to physiologic changes,
because acute dDAVP has little effect in
SPAK—/— animals (see above). Given
the compensatory redistribution of
OSR1 in SPAK-deficient DCT and its
ability to respond to AVP, we believe
that OSR1 may partly mediate activation
of NCC in the absence of SPAK.

The changes in kinase abundances
upon long-term AVP substitution in
mice and rats further confirm a clear
dominance of SPAK over OSRI in the
respective nephron adaptations to AVP,
which include a rise in abundance and
activity of both cotransporters.?” Selec-
tive changes of SPAK but not OSRI1
& abundance have likewise been reported
after long-term angiotensin II adminis-
tration.>3 Although V2R-mediated ef-
fects of AVP along TAL and DCT are
well established,!3-17 we cannot rule
out potential interference of dDAVP
with the renin-angiotensin system in
our setting.?>2¢ Further studies are re-
quired to dissect between the direct
and indirect effects of AVP in the distal
nephron.

In summary, our results show an
essential role for SPAK in acute AVP
signaling to NCC in the DCT. Interest-
ingly, however, compensatory processes
occur during chronic V2R stimulation,
which can permit AVP to stimulate NCC
ina SPAK-independent manner. In contrast to the effects along
DCT, SPAK deletion, which increases basal NKCC2 phos-
phorylation along the TAL, leads to an enhanced acute dDAVP
effect on NKCC2. As shown diagrammatically in Figure 11, the
dominant inhibitory KS-SPAK and the stimulatory FL-SPAK
variants were modulated differentially in response to AVP to
selectively bind to and control the activation of NKCC2,
whereas the phosphorylation of NCC was chiefly governed
by FL-SPAK. By contrast, OSR1 appeared to exert predomi-
nantly baseline functions, mainly in TAL, where its activity
may be highly dependent on KS-SPAK abundance. Our data
thus identify SPAK as a crucial kinase that differentially regu-
lates Na* reabsorption in the renal cortex and medulla under
the endocrine control of AVP.

SPAK and Arginine Vasopressin 413



BASIC RESEARCH | www.jasn.org

NKCC2 IP control IP, IgG
vehicle  dDAVP vehicle dDAVP

NKCC2 Sl ‘

NCC IP control IP, IgG
vehicle dDAVP  vehicle dDAVP

NCC .-

FL-SPAK > - FL-SPAK >y d—
SPAK2> & 7 SPAK2 »
KS-SPAK-> ok KS-SPAK
19G -+ - - .
FL-OSR1 - g FL-OSR1+
T-OSR1* Pm— T-OSR1#
A B
co-IP product vehicle | dDAVP co-IP product vehicle = dDAVP
total SPAK, % 100£23 | 10313 total SPAK, % 100£32 92424
FL-SPAK, % 100£32  162+18* FL-SPAK, % 100£20 99427
SPAK2, % 100£34 11713 SPAK2, % n.d n.d
KS-SPAK, % 100£19  70£17* KS-SPAK, % 100£19 83138
FL:KS-SPAK ratio | 0.3%0.1 = 0.8+0.2* FL:KS-SPAK ratio | 1.330.3 = 1.6+0.5
total OSR1, % 100421 94422 total OSR1, % 100+17 = 85%9
FL-OSR1, % 100£27 9240 FL-OSR1, % 100£38 81419
T-OSR1, % 100£22 88435 T-OSR1, % 100£16 = 89+23
C D

cortical lysates
vehicle dDAVP

PSTI-NCC s .

medullary lysates
vehicle dDAVP

B-actin  sm— —

pT98/pT101-NKCC2 1§

B-actin  eom— —
E F

Figure 7. Short-term dDAVP selectively modulates interactions of SPAK variants with
NKCC2 but has no effects on OSR1. (A and B) Representative immunoblots of pre-
cipitates obtained after immunoprecipitation of NKCC2 from medullary (A) or NCC
from cortical kidney homogenates (B) of DI rats treated with vehicle or dDAVP (30
minutes). NKCC2-, NCC-, C-SPAK- (full-length SPAK, translationally truncated SPAK2,
and kidney-specific truncated splice SPAK variant), and OSR1-immunoreactive bands
(full-length and truncated OSR1 forms) are depicted. IgG bands are recognized
owing to the identical host species for antibodies to NKCC2 and SPAK. Control
immunoprecipitation with IgG is performed to exclude nonspecific binding of co-
immunoprecipitates. (C and D) Results of densitometric quantification of single SPAK-
and OSR1 isoforms normalized to NKCC2- (C) or NCC signals (D) and evaluation of
FL-SPAK/KS-SPAK ratios. Data are the mean = SD. *P<0.05 for intrastrain differences.
(E and F) Effects of dDAVP stimulation were verified by parallel increases of pNKCC2
or pNCC signals in kidney extracts obtained before immunoprecipitation. IP, immu-
noprecipitation; FL, full-length; KS, kidney specific; T, truncated; n.d., not detectable,
indicates no significant signal.

standard diet and tap water. For evaluation
of short-term AVP effects, mice and DI rats
were divided into groups (n=8 for mice [4
mice for morphologic- and 4 mice for bio-
chemical evaluation] and n=5 for rats [bio-
chemical analysis only]) receiving dDAVP
(1 ug/kg body weight) or vehicle (saline) for
30 minutes by intraperitoneal injection. A su-
praphysiologic dose was chosen in order to
reach saturation of AVP signaling, because
SPAK—/— had lower baseline AVP levels than
WT mice (0.7 versus 1.5 ng/ml; P<<0.05).
Plasma AVP levels were determined using
ELISA (Phoenix Pharmaceuticals, Burlingame,
CA); to this end, blood was collected from the
vena cava concomitantly with organ removal.
For the long-term study of AVP, WT- and
SPAK—/— mice and DI rats were divided into
groups receiving 5 ng/h dDAVP or saline as ve-
hicle (n=3 in each group of mice and n=6 in
each group of rats) for 3 days via osmotic mini-
pumps (Alzet). Rats received normal food and
tap water ad libitum. Mice received a water-
enriched food in order to keep endogenous
AVP levels low; food was prepared as de-
scribed.3* Mice received this food (21 g/animal)
for 3 days before implantation of the mini-
pumps and during treatment. After minipump
implantation, mice were individually placed in
metabolic cages and urine was collected dur-
ing the last 24 hours of the experiment. Plasma
and urine sodium, potassium, chloride, and
creatinine concentrations were determined
and the FE of electrolytes calculated. For mor-
phologic evaluation, mice were anesthetized
and perfusion-fixed retrogradely via the
aorta using 3% paraformaldehyde.!31>
For biochemical analysis, mice and rats were
sacrificed and the kidneys removed. All ex-
periments were approved by the Berlin Senate
(permission G0285/10) and Oregon Health &
Science University Institutional Animal Care
and Usage Committee (Protocol A858).

Immunohistochemistry
Antibodies against NKCC2,'* NCC,'> pNCC

(pT53, pT58,and pS71 of mouse NCC),!0:11:15
SPAK (C-terminal antibody; Cell Signaling),
OSRI1 (University of Dundee),* and phos-
phorylated SPAK-OSR1 (pT243-SPAK/

CONCISE METHODS

Animals, Tissues, and Treatments
Adult (aged 10-12 weeks) male WT and SPAK—/— mice® and Brat-

tleboro rats with central DI rats (aged 10—-12 weeks) were kept on
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pT185-OSR1; antibody recognizes pT243 of mouse SPAK and pT185
of mouse OSR1 [T-loop; University of Dundee] and pS383-SPAK/
pS325-OSR1; antibody recognizes pS383 of mouse SPAK and pS325
of mouse OSRI [S-motif; University of Dundee])* were applied as
primary antibodies. For detection of phosphorylated kinases and
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Figure 8. SPAK disruption attenuates dDAVP-induced water and
electrolyte retention at long term. (A) Water-enriched diet (food
mixed with a water-containing agar) during 3 days before dDAVP
or vehicle administration strongly decreases endogenous plasma
AVP levels in both genotypes compared with normal AVP levels in
WT mice on a regular diet. (B-E) Urine volume and FENa, FECI,
and FEK are shown. The two-tailed t test is utilized to analyze the
intrastrain differences between vehicle and dDAVP treatments
(*P<0.05), whereas the differences in strength of dDAVP effects
between WT and SPAK—/— mice are evaluated by two-way
ANOVA (**P<0.05). Data are the mean = SD. WD, water-
enriched diet; RD, regular diet.
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transporters, the antibodies were preabsorbed with corresponding non-
phosphorylated peptides in 10-fold excess before the application on
kidney sections. Cryostat sections from mouse and rat kidneys were
incubated with blocking medium (30 minutes), followed by primary
antibody diluted in blocking medium (1 hour). For multiple staining,
antibodies were sequentially applied, separated by washing step. Fluo-
rescent Cy2-, Cy3-, or Cy5-conjugated antibodies (DIANOVA) or
horseradish peroxidase—conjugated antibodies (Santa Cruz Biotechnol-
ogy) were applied for detection. Sections were evaluated in a Leica
DMRB or a Zeiss confocal microscope (LSM 5 Exciter). For confocal
evaluation of pSPAK/OSR1 and pNCC signal intensities, kidney sec-
tions were double-stained for NKCC2 or NCC to identify TAL and
DCT, respectively. At least 20 similar tubular profiles were evaluated
per individual animal. Intensities of the confocal fluorescent signals
were scored across each profile using ZEN2008 software (Zeiss), and
mean values within 2 wm distance at the apical side of each tubule were
obtained. Background fluorescence levels were determined over cell
nuclei and subtracted from the signal.

Ultrastructural Analyses
For immunogold evaluation of NKCC2 and NCC, perfusion-fixed

kidneys were embedded in LR White resin. Ultrathin sections were
incubated with primary antibodies to NKCC2 or NCC.'>15 Signal was
detected with 10-nm nanogold-coupled secondary antibodies
(Amersham) and visualized using transmission electron microscopy.
Quantification of immunogold signals in TAL and DCT profiles was
performed on micrographs according to an established protocol.>*> Gold
particles were attributed to the apical cell membrane when located near
(within 20 nm of distance) or within the bilayer; particles found below
20 nm of distance to the membrane up to a depth of 2 wm or until the
nuclear envelope were assigned to cytoplasmic localization. At least 10
profiles and 4-5 cells per profile were evaluated per individual animal.

Immunoblotting and Co-Immunoprecipitation
For immunoblotting, kidneys were homogenized in buffer containing

250 mM sucrose, 10 mM triethanolamine, protease inhibitors (Complete;
Roche Diagnostics), and phosphatase inhibitors (Phosphatase Inhibitor
Cocktail 1; Sigma) (pH 7.5) and nuclei removed by centrifugation
(1000X g for 15 minutes). Supernatants (postnuclear homogenates) were
separated in 10% polyacrylamide minigels, electrophoretically trans-
ferred to polyvinylidene fluoride membranes, and detected using primary
antibodies against NKCC2, pT96/T101-NKCC2, NCC, pT58-NCC,
pS71-NCC, SPAK, pSPAK-OSRI1,4%10:13:15 B-actin (Sigma), or glycer-
aldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology),
horseradish peroxidase—conjugated secondary antibodies, and chemi-
luminescence exposure of x-ray films. Films were evaluated densito-
metrically. Immunoprecipitation of NKCC2 from rat medullary
kidney homogenates or NCC from rat cortical homogenates was per-
formed overnight at 4°C in TBS/0.5% Tween using anti-NKCC2
(Millipore) or anti-NCC!> antibodies covalently bound to Dynabeads
M-270 Epoxy (Invitrogen). The detergent concentration was estab-
lished by testing a concentration range from 0.1% to 2% Tween. The
co-immunoprecipitated products were detected by immunoblotting as
described above. The specificity of the co-immunoprecipitation experi-
ments was confirmed by IgG controls.
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Figure 9. SPAK disruption selectively attenuates activation of
NCC upon long-term dDAVP. (A) Representative immunoblots
from WT and SPAK—/~— kidneys after 3 days of vehicle or dDAVP
treatment showing NKCC2, pT96/pT101-NKCC2, NCC, pS71-
NCC, and pT58-NCC immunoreactive bands (all approximately
160 kD). GAPDH signals serve as the respective loading controls
(approximately 40 kD). (B) Densitometric evaluation of immuno-
reactive signals normalized to loading controls and calculation of
PNCC/NCC ratios. Values obtained in WT after vehicle applica-
tion are set at 100%. Data are the mean = SD. *P<0.05 for in-
trastrain differences (vehicle versus dDAVP); $P<0.05 for baseline
interstrain differences (WT versus SPAK—/— upon vehicle); $pP<0.05
for different responses to dDAVP in WT versus SPAK—/— genotypes
as analyzed by two-way ANOVA. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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Figure 10. Long-term dDAVP increases abundances of SPAK but
not OSR1 variants. (A) Representative immunoblots showing SPAK
and OSR1 immunoreactive bands in kidneys from WT and SPAK—/—
mice after 3 days of vehicle or dDAVP treatment. GAPDH bands
below the corresponding immunoblots serve as loading controls.
(B) Densitometric evaluation of single immunoreactive bands nor-
malized to loading controls. Values obtained in WT after vehicle
application set as 100%. Data are the mean = SD. *P<0.05 for in-
trastrain differences (vehicle versus dDAVP). GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; n.d., not detectable, indicates
no significant signal.

Cloning of Rat KS-SPAK
For identification of the alternatively spliced KS.-SPAK in rat kidney

c¢DNA primers were designed based on alignment of rat intron 5 with
mouse exon 5A sequence and two primer pares were selected from
regions of aligned sequence with low homology to mouse exon 5A to
reduce the possibility of amplifying mouse cDNA (forward primer 5’
CATGTGTATGCCAGATTCATCTCGAAAGAG 3’ [putative exon
5A] + reverse primer 5° GGGCTATGTCTGGTGTTCGTGTCAGCA
3’ [exon 10], predicted PCR product size 510 bp and forward primer
5" CCCAGGCTTTGTGGCTTTGGGTAAC 3’ [putative exon 5A] +
reverse primer 5' CAGGGGCCATCCAACATGGGG 3’ [exon 6], pre-
dicted PCR product size 363 bp). RT-PCR was performed using total
RNA extracted from whole rat kidney and PCR products were cloned
into pGEMT-easy vector and verified by sequencing.
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Figure 11. Proposed model of AVP-WNK-SPAK/OSR1-NKCC2/
NCC signaling in the distal nephron. Arrows indicate the down-
stream effects of V2R activation, and the T bar indicates inhibition.
The thickness of the arrows indicates the significance of the re-
spective kinases and their actions in AVP-induced phosphorylation
of NKCC2 or NCC. Boxes shaded in gray indicate phosphoacceptor
sites activated by AVP signaling. In TAL, AVP attenuates the in-
hibitory action of KS-SPAK (cross) and facilitates the actions of
FL-SPAK and OSR1. In DCT, expression of KS-SPAK is nearly absent
and FL-SPAK plays the dominant role in AVP signaling. It is presently
unclear which WNK isoforms mediate AVP signaling upstream of
SPAK/OSR1.

Statistical Analyses
Results were evaluated using routine parametric statistics. Groups

were compared by means of the ¢ test or, if the data violated a normal
distribution, the nonparametric Mann—Whitney test. The two-way
ANOVA with Bonferroni correction was utilized to analyze the differ-
ences in effect of dDAVP between WT and SPAK—/— genotypes. A
probability level of P<<0.05 was accepted as significant. All results are
expressed as the mean = SD.
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