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Introduction

Abstract

Na,K-ATPase generates the driving force for sodium reabsorption in the kid-
ney. Na,K-ATPase functional properties are regulated by small proteins
belonging to the FXYD family. In kidney FXYD2 is the most abundant: it is
an inhibitory subunit expressed in almost every nephron segment. Its absence
should increase sodium pump activity and promote Na' retention, however,
no obvious renal phenotype was detected in mice with global deletion of
EXYD2 (Arystarkhova et al. 2013). Here, increased total cortical Na,K-ATPase
activity was documented in the Fxyd2 /= mouse, without increased o11 sub-
unit expression. We tested the hypothesis that adaptations occur in distal con-
voluted tubule (DCT), a major site of sodium adjustments. Na,K-ATPase
immunoreactivity in DCT was unchanged, and there was no DCT hypoplasia.
There was a marked activation of thiazide-sensitive sodium chloride cotrans-
porter (NCG; Slc12a3) in DCT, predicted to increase Na* reabsorption in this
segment. Specifically, NCC total increased 30% and NCC phosphorylated at
T53 and S71, associated with activation, increased 4-6 fold. The phosphoryla-
tion of the closely related thick ascending limb (TAL) apical NKCC2 (Slcl2al)
increased at least twofold. Abundance of the total and cleaved (activated)
forms of ENaC o-subunit was not different between genotypes. Nonetheless,
no elevation of blood pressure was evident despite the fact that NCC and
NKCC2 are in states permissive for Na* retention. Activation of NCC and
NKCC2 may reflect an intracellular linkage to elevated Na,K-ATPase activity
or a compensatory response to Na' loss proximal to the TAL and DCT.

(Wetzel and Sweadner 2001; Capurro et al. 1996; Lubarski
et al. 2005; Wetzel and Sweadner 2003), with FXYD2

FXYD proteins play essential roles in modulation of Na,
K-ATPase activity. The seven members of the gene family
(Sweadner and Rael 2000) exhibit tissue- and cell-specific
distribution, and when associated with the Na,K-ATPase
they differentially modulate kinetic properties of the
pump either by changing affinity for the substrates or
affecting the V.« (Geering 2006). In kidney, four differ-
ent FXYDs are expressed in a segment-specific manner
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being the most abundant. It has two splice variants,
FXYD2a and FXYD2b, which differ only in the first exon
coding for the extracellular N-terminus of the molecule
(Arystarkhova et al. 2002b; Kiister et al. 2000). In
rodents, only FXYD2a is found in proximal convoluted
tubules (PT), while only FXYD2b is expressed in DCT
and connecting tubules (CNT) (Arystarkhova et al.
2002b; Pu et al. 2001). The splice variants are coexpressed

2014 | Vol. 2 | Iss. 12 | e12226
Page 1

This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.



Renal Adaptation in Fxyd2~/~ Mice

in medullary thick ascending limb. Both splice variants
reduce Na" affinity when expressed in stable transfectants
and assayed in vitro (Arystarkhova et al. 1999, 2002a;
Therien et al. 1999; Pu et al. 2002). Assays in kidney
membranes from Fxyd2~'~ global knockout mice (either
from outer medulla or whole kidney) confirmed that
FXYD2 reduces the Na' affinity of Na,K-ATPase (Jones
et al. 2005). Induction of FXYD2a by hypertonicity mark-
edly reduced Vi, in a renal cell line (Wetzel et al. 2004).
Here, we demonstrated a corresponding increase in Na,K-
ATPase V. in the knockout mouse.

The absence of FXYD2 could potentially enhance renal
Na' reabsorption by increasing both Na™ affinity and V.
of Na,K-ATPase at the basolateral membrane, thus increas-
ing the driving force for Na* entry across the apical mem-
brane. However, the kidney is apparently well-adapted to
match Na" output to Na" intake, and a renal phenotype is
very mild (Arystarkhova et al. 2013; Jones et al. 2005).
Under resting conditions, no significant differences
between genotypes were seen in plasma concentration of
Na" or in plasma osmolality (Jones et al. 2005). We found
a higher concentration of Na® and higher osmolality in
urine from the knockout mice with 24 h collection in met-
abolic cages, however, a slight but statistically significant
reduction in urine output apparently compensated the
total excretion of Na* (Arystarkhova et al. 2013).

FXYD2 has a highly restricted distribution in the body
and was originally thought to be present only in the kid-
ney, but we and others discovered that it is also expressed
in pancreatic beta cells (Arystarkhova et al. 2013; Flamez
et al. 2010). The knockout mice have a metabolic pheno-
type of low glucose and twofold elevated fasting plasma
insulin linked to beta cell hyperplasia (Arystarkhova et al.
2013). Insulin is antinatriuretic and should further acti-
vate renal Na,K-ATPase (Tiwari et al. 2007), however,
and so the knockout’s metabolic phenotype does not sug-
gest a mechanism for the observed renal adaptation.

We hypothesized that the renal adaptation observed in
the Fxyd2 ™/~ mice may involve compensatory reductions
in luminal Na™ uptake. Here, we focused on distal convo-
luted tubule (DCT). It is the segment with the highest
level of expression of the Na,K-ATPase in kidney, and it
is known for dramatic compensatory plasticity, including
not only regulation and expression changes of transport-
ers but also cellular hyperplasia and hypoplasia (Subrama-
nya and Ellison 2014). We report that in mice with global
deletion of Fxyd2 there was evidence for marked stimula-
tion of the thiazide-sensitive NCC cotransporter. This
seems paradoxical because NCC activation is expected to
increase Na' retention and is often associated with an
increase in arterial blood pressure (Hoorn et al. 2011;
Moes et al. 2014; Gamba 2005), a symptom that was not
observed in Fxyd2 /" mice.

2014 | Vol. 2 | Iss. 12 | e12226
Page 2

E. Arystarkhova et al.

Materials and Methods

Animals

All procedures involving mice were carried out using pro-
tocols approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care and in accor-
dance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals. Fxyd2™'~ mice
(Fxyd2™'™ ") were used from the 9" to the 17 back-
cross to the C57BL/6NCrl mouse strain. Each generation
of mice for experiments was produced from heterozygote
parents that resulted from back-crosses to fresh C57Bl/6N
wild types obtained from Charles River Laboratories, Wil-
mington, MA. Offspring were genotyped by PCR amplifi-
cation of ear punch DNA taken at weaning. Mice were
given regular diet (0.3% Na'; ProLab IsoPro RMH 3000
[PMI Nutrition International, LLC, Brentwood, MO])
and had free access to water on a 12-h dark/light cycle.

Laboratory tests

Plasma electrolytes (Na*, K, and Cl~), were measured
with an Instat system blood analyzer (Abbott, Princeton,
NJ). Na" in urine was measured at IDEXX Preclinical
Research Labs with a DX Chemistry Analyzer.

Antibodies

Rabbit antisera K1 or K3 were used to detect o1 and ff1
subunits of Na,K-ATPase on blots, as described elsewhere
(Sweadner and Gilkeson 1985). The RCT-G1 polyclonal
antibody raised against the shared FXYD2 COOH-termi-
nal peptide and FXYD2b N-terminus-specific polyclonal
antibody was described previously (Arystarkhova et al.
1999, 2002b). Monoclonal antibody BSP3 (a kind gift
from Dr. C. Goridis, Centre d’Immunologie de Marseille-
Luminy, France) was employed for detection of the
pl-subunit of Na,K-ATPase on sections. Antibodies
against total and phosphorylated forms of NCC, as well
as total NHE3 exchanger, were described previously
(Nguyen et al. 2013). Total and phosphorylated species of
NKCC2 were probed with polyclonal antibodies kindly
provided by Dr. K. Mutig (Charité-Universititsmedizin
Berlin, Berlin, Germany). Detection of full length and
cleaved forms of «-ENaC, as well as phosphorylated SPAK
(pS373), were as reported previously with a LiCor Odys-
sey system (Nguyen et al. 2013).

Membrane preparations and gel analysis

Crude membrane preparations for gel electrophoresis were
obtained from superficial renal cortex by homogenization
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in a buffer containing 250 mmol/L sucrose, 1 mmol/L
EDTA, and 10 mmol/L Tris, pH 7.4, and differential
centrifugation at 3000 xg, 15 min, at 4°C (Sorvall, SS-
34), followed by centrifugation of the supernatant at
100,000 xg, 60 min, at 4°C (Beckman [Indianapolis, IN],
Ti 70.5). Final pellets were resuspended in a buffer con-
taining 250 mmol/L 1 mmol/L EDTA and
10 mmol/L Tris, pH 7.4. Proteins were resolved on
4-12% NuPage MES-SDS gels (Life Technologies, Grand
Island, NY), transferred to nitrocellulose, and incubated
with specific antibodies. Detection was with chemilumi-

SuUcCrose,

nescence using a digital imaging system, ImageQuant
LAS4000 (GE Healthcare Biosciences, Pittsburgh, PA).
Quantification was with ImageQuant TL image analysis
software.

Enzymatic assays

Total Na,K-ATPase activity was measured in media con-
taining 100 mmol/L NaCl, 20 mmol/L KCl, 3 mmol/L
Tris-ATP, 3 mmol/L MgCl,, 30 mmol/L histidine, pH
7.4, on the same crude membrane preparations, with no
additional stimulation with a detergent. All of the reac-
tions were performed at 37°C for 30 min with and with-
out 3 mmol/L ouabain, and ouabain-sensitive P; release
was measured colorimetrically by the Fiske-Subbarow
method (Arystarkhova et al. 2002a). Data were analyzed
by GraphPad Prism 6 software (GraphPad Software, La
Jolla, CA).

Immunofluorescence

Cryostat sections (5 pm thickness) of paraformaldehyde/
lysine/periodate-fixed kidneys (2% PLP) were treated
with 1% SDS in phosphate saline buffer for antigen
retrieval (Brown et al. 1996), and then dual stained
with rabbit antibodies anti-pT53 or anti-pS71, against
phosphorylated forms of NCC transporter, in combina-
tion with monoclonal antibody BSP3 against NaXK-
ATPase f1. Detection was with Alexa Fluor-conjugated
secondary antibodies (Life Technologies). Images were
collected on a Zeiss LSM Pascal 5 scanning laser confo-
cal system.

Blood pressure measurement

The CODA 4-Channel Non-Invasive Blood Pressure tail-
cuff system (Kent Scientific, Torrington, CT), was used to
measure the blood pressure in up to four mice simulta-
neously. Animals were acclimated and trained for four
consecutive days prior to recording experimental data.
The procedure was performed in accordance with the
manufacturer’s manual.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Renal Adaptation in Fxyd2~/~ Mice

Acute saline challenge

To assess the rate at which a saline load is excreted, WT
and knockout mice were injected i.p. with a volume of
0.9% saline equivalent to 10% of their body weight, and
were placed immediately in metabolic cages for urine col-
lection. Results are expressed as the fraction of the saline
load excreted over 4 h. The rate of excretion should
depend inversely on sodium transporter activation along
the nephron.

Statistical analysis

Results were analyzed with unpaired Student’s #-test and
were expressed as means of 4-6 independent experi-
ments = SEM. A two-tailed P value < 0.05 was consid-
ered significant.

Results

Na,K-ATPase in cortex

FXYD2 is an endogenous inhibitory subunit of NaK-
ATPase which is expressed abundantly in PT, MTAL,
proximal CTAL, DCT, CNT, and lightly in inner medul-
lary collecting duct. Thus, a renal phenotype was expected
in the knockout animal. However, no significant differ-
ences between wild-type and FXYD2-depleted mice were
found in plasma concentration of major electrolytes or
plasma osmolality under basal conditions (Table 1).

The first question was whether biosynthesis of the Na,
K-ATPase itself was adaptively modulated in Fxyd2 "/~
mice to compensate for loss of the inhibitory subunit.
Figure 1A demonstrates Western blot analysis of crude
membrane preparations from renal cortex of WT and
Fxyd2™"~ mice. Blots were stained with the K3 antiserum,
and both a1 and ff1 subunits of the Na,K-ATPase were

Table 1. Major electrolytes and osmolality in plasma from wild-
type and Fxyd2 ™/~ mice.

Statistical
Wild type Fxyd2~/"~ significance

Na*, mmol/L 1419 + 2.4 143.2 + 3.4 P=10.76
K*, mmol/L 5.0 £ 0.26 5.04 £ 0.3 P=0.93
Cl~, mmol/L 115.0 + 2.7 116.1 + 3.6 P =0.80
Plasma 311 =2 3.7 310 + 8.1 P=0.89
osmolality,
mOsm

Data were analyzed by unpaired t-test and presented as
means + SEM. For potassium analysis, mice were fasted over-
night. N = 6-8 for each genotype.
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Figure 1. Na, K-ATPase in renal cortex from WT and Fxyd2~'~ mice. (A). Representative Western blot shows staining with K3 antibody to
detect Na,K-ATPase o1 and 1 subunits in cortical membranes. Equal amounts of protein (5 pg) were loaded per lane, n = 6 for each
genotype. Staining with antibody against FXYD2b (RNGB) was used to verify mouse genotype. (B) Immunofluorescence staining for S1 subunit
of Na,K-ATPase. PT, proximal convoluted tubules, DCT, distal convoluted tubules, G, glomerulus. Intensity of stain was higher in DCT than in

PT, and similar for both genotypes. (C) Na,K-ATPase activity was assayed from membranes of WT (closed circles) and Fxyd2

~/~ mice (closed

squares) (n = 6 for each genotype). Ouabain-dependent ATP hydrolysis (Viax, mmol Pi/mg h) is expressed as means 4+ SEM. The asterisk

indicates statistical significance (P < 0.05).

quantified. Comparison of WT and knockout mice
showed no statistically significant difference in the abun-
dance of either subunit. Similar results were obtained
with another antibody against a1 (not shown). There was
also no change in expression of NHE3 [1.0 & 0.15 vs.
0.99 £ 0.19 (P = 0.99), not shown]. Thus, global deletion
of FXYD2 did not change total expression of Na,K-
ATPase in renal cortex. Staining with anti-FXYD2b is pre-
sented for verification of the knockout animals.

Since membrane preparations used for blots contained
a mixture of cortical nephron segments — proximal
tubules, distal convoluted tubules, connecting tubules,
cortical thick ascending limb, and cortical collecting duct
— immunocytochemistry was performed to monitor rela-
tive expression of Na,K-ATPase in Fxyd2 '~ mice. Fig-
ure 1B shows representative images of immunostaining
for 1 subunit. No significant difference in pattern and
relative intensity of staining was observed between geno-
types. Higher magnification confocal data are shown for
f1 below, and similar results were obtained with an anti-
serum against ol subunit (not shown).

While no difference in the abundance and relative dis-
tribution of Na,K-ATPase was seen in renal cortex, in
membranes we assayed a statistically significant 1.25-fold
increase in ouabain-dependent ATP hydrolysis activity of
Na,K-ATPase from knockout mice compared to WT:
26.8 £ 1.5 vs. 21.4 + 1.2 uymol P;/mg/h, respectively
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(P < 0.001, n = 6 for each genotype) (Fig. 1C). The data
are in agreement with the previously reported role of
FXYD2 as an endogenous inhibitory subunit of the Na,K-
ATPase. It should be noted that reactions were performed
in reaction medium with saturating [Na'], that is, the
difference in activity reflects changes at the V., level.

NCC in Fxyd2 '~ mice

The thiazide-sensitive Na*-Cl~ transporter, NCC, is
expressed exclusively in the DCT (Gamba 2012). It is the
principal candidate for adaptive regulation of Na* reten-
tion in the distal tubule because it is paired with the
highest level of Na,K-ATPase in the kidney. Figure 2 A
and B show representative Western blots of cortical mem-
branes from WT and Fxyd2 ™'~ mice stained for total and
phosphorylated forms of the NCC cotransporter (five
males and one female were used for each genotype). Sta-
tistical analysis revealed a 1.28 £ 0.06 fold increase in the
abundance of total NCC cotransporter in the knockout
over WT mice (P <0.05, n=06 for each genotype)
(Fig. 2C). This increase correlated well with the enhanced
activity of Na,K-ATPase in cortex from the Fxyd2 '~
mice described above. Additionally, analysis of phosphor-
ylated NCC species revealed a much greater difference:
4.8 + 1.0 and 5.6 = 1.5 fold increase in knockout over
wild-type mice for phosphorylation at T53 and S71 resi-
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Figure 2. Enhanced abundance and basal NCC phosphorylation in Fxyd2
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~/~ mice. Representative immunoblots of NCC total, NCCpT53 and

NCC pS71 in renal cortex of WT and Fxyd2~'~ mice (A and B). Equal amounts of protein were loaded per lane. Blots were scanned, and the
density values were normalized to mean density of the WT group for NCC total (C), NCC pT53 (D), NCC pS71 (E), and pSPAK (F).The data are
expressed as means + SEM. Asterisks indicate statistical significance (P < 0.01).

dues (Fig. 2D and E, respectively; P < 0.01). The phos-
phorylated form of NCC is localized exclusively at the
plasma membrane (Lee et al. 2013). To assess the locali-
zation and verify the difference in NCC phosphorylation
between WT and Fxyd2 '~ mice shown above, cryosec-
tions (5 pm) from PLP-fixed kidneys were stained for
pS71 NCC. WT mice displayed only light apical phos-
phorylation at Ser71 (Fig. 3A), whereas it was greatly
enhanced in kidney from knockout mice (Fig. 3B). Fig-
ure 3C and D show high magnification images with dual
immunostaining of DCT for 1 subunit of Na,K-ATPase
(red) and pS71 NCC (green). While staining intensity for
basolateral Na,K-ATPase was similar in WT and nyde/ -
mice, there was a significant increase in apical pS71 NCC
in DCT from Fxyd2~/~ (Fig. 3D) over WT mice
(Fig. 3C). Similar results were obtained with anti-pT53
NCC antibody (not shown). The data are in agreement
with Western blot analysis and suggest baseline activation
of NCC cotransporter in kidney from Fxyd2 ™/~ mice.

Lack of DCT morphological change

As seen in Figs. 1B, 3C and D, the cellular morphology of
the DCT cells, stained for Na,K-ATPase f1 subunit, was
not obviously altered in the knockout.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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NKCC2 in cTAL of Fxyd2 '~ mice

We analyzed whether reduced activity of NKCC2,
(SLC12A1), located upstream in thick ascending limb,
might drive a compensatory activation of NCC in DCT.
Contrary to this hypothesis, Fig. 4 demonstrates in samples
of renal cortex that there was no significant difference in
total NKCC2 between genotypes: 1.0 = 0.04 versus
1.36 + 0.23 (n = 4, mean + SEM, P = 0.18) for WT and
knockout. Furthermore, phosphorylated NKCC2 was sig-
nificantly higher in the knockouts, evidence instead for
activation: 1.0 £ 0.16 versus 2.68 + 0.43 (n = 4, mean =+
SEM, P = 0.01). The data suggest that both NCC in DCT
and NKCC2 in CTAL are activated in Fxyd2~’~ mice under
basal conditions. Phosphorylation of NCC and NKCC2 are
often mediated by the SPAK (STE-20 related proline/ala-
nine-rich kinase) pathway (Gamba 2012). Surprisingly, no
increase in phosphorylation of the SPAK kinase was
observed in knockout mice based on unpaired t-test
(Fig. 2E): 1.0 £ 0.06 versus 0.89 & 0.06 (mean + SEM,
P = 0.24). Whether the greater phosphorylation of NKCC2
and NCC in Fxyd2™/~ mice occurs via recently identified
SPAK-OSR1-independent pathways (Ponce-Coria et al.
2014), or via reduced rates of transporter dephosphoryla-
tion, remains to be determined.
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Figure 3. Immunofluorescence localization of phosphorylated forms of NCC in kidneys from WT and Fxyd2~'~ mice. (A and B). Staining with
anti-NCC pS71 antibody on sections from WT (A) and Fxyd2~'~ (B) mice. While almost no signal was detected in WT (A), a significant increase
in phosphorylation at Ser71 was seen in apical DCT membranes in kidney from knockout mice (B). Bar, 50 um. (C and D). Dual
immunofluorescent staining for f1 subunit of Na,K-ATPase (red) and anti-NCC pS71 (green) is shown at high magnification. No significant
difference was noticed in the expression level of Na,K-ATPase f1 subunit in DCT between WT and Fxyd2~'~ mice, while great enhancement
was seen in the phosphorylation level of NCC at Ser71 in the knockout mice (D) compared to WT (C). Bar, 10 pm.

ENaC in Fxyd2 '~ mice

To determine whether the activation of NKCC2 and NCC
was a compensatory response to reduced Na* reabsorption
further along the nephron in Fxyd2™/~ mice, expression of
full length as well as proteolytically cleaved (activated)
o-ENaC was determined by immunoblot. Statistical analy-
sis revealed no significant changes between genotypes:
1.0 £ 0.09 (WT) versus 0.82 + 0.07 (Fxyd2™/"), P = 0.14,
and 1.0 £ 0.1 (WT) versus 0.88 4+ 0.09 (nyde/f),
P = 0.39, for total and cleaved forms, respectively. The data
do not support the notion that depressed ENaC contrib-
uted to the phenomenon of hyperstimulation of NCC
transporter without evident Na* retention.

Blood pressure

Phosphorylation of NCC at Thr53 and Ser71 residues has
been previously associated with activation of NCC

2014 | Vol. 2 | Iss. 12 | e12226
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cotransporter and development of hypertension (Hoorn
et al. 2011). We tested whether Fxyd2’~ mice have ele-
vated blood pressure compared to WT using the tail-cuff
noninvasive technique. As shown in Fig. 5, neither male
nor female FXYD2 knockout mice exhibited blood pres-
sure elevation. Moreover, there was a slight reduction in
mean arterial pressure in knockout compared to WT mice:
males 87 & 2 versus 95 &+ 1 and females 87 £ 4 versus
98 + 4, respectively. Although statistical significance was
reached for both genders (two-tailed P wvalue < 0.05),
there was a large variation in measurements. Thus, the
conservative conclusion is that in the nyde/ ~ mice, acti-
vation of NCC, evident as increased abundance of NCC-P,
was not associated with development of hypertension.

Acute saline challenge

To assess whether the increases in NCC-P and NKCC2-
P in knockouts were associated with Na* retention, we

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 5. Increased expression and phosphorylation of NCC do not
increase arterial blood pressure in Fxyd2~~ mice under basal
conditions. Males (gray background) and females (white
background) of WT (open boxes) and knockout mice (patterned
boxes) (n = 5-6 for each genotype) were subjected to blood
pressure measurement by the tail-cuff method. At least 10-20
cycles were averaged for each measurement. Data were analyzed
by unpaired Student’s t-test producing two-tailed P values < 0.001
and < 0.05 for males and females, respectively. The data show a
slight reduction, not the predicted increase, in pressure. Data are
presented as the means + SEM.

analyzed sodium and volume excretion in the first 4 h
after an acute saline load. As shown in Fig. 6, no statis-
tical difference was noted between WT and Fxyd2 /"~
mice in the percent of load in wurine volume,
55.9 + 2.8% versus. 56.8 + 7.6% (P = 0.91), or urine
Na®, 56.5 £ 6.2% versus 44.4 & 3.4% (P = 0.14). The
data suggest that there is no increase in sodium reab-
sorption in Fxyd2 ™/~ mice despite hyperphosphorylation
of NKCC2 and NCC.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Discussion

Total Na,K-ATPase activity was elevated 1.25-fold in cor-
tical membranes from nyde/ ~ mice, which should in
principle result in enhanced sodium retention and altered
urine composition. In practice, however, the mouse was
well balanced. Analysis of plasma electrolytes (Na®, K,
and Cl") and plasma osmolality did not reveal any signif-
icant difference between genotypes (Table 1). Similarly, in
our previous work no difference was seen in urine elec-
trolytes (Na*, K, and Mg*"). Although we detected a
higher concentration of Na" and higher osmolality in
urine from KO mice, total Na*, and mOsmol excreted
per day was compensated by a slightly reduced urine vol-
ume (Arystarkhova et al. 2013). In principle, Na* reten-
tion should put the animal at risk for hypertension, but
instead the Fxyd2/~ mouse has normal blood pressure.
This along with the sodium balance implies either that
NaCl uptake is adaptively restricted, or that NaCl efflux is
facilitated in appropriate renal segments.

DCT is the segment with the highest density and activ-
ity of Na,K-ATPase. If this particular segment is involved
in compensation, luminal sodium uptake should be
reduced, that is, activity of NCC transporter should be
diminished. Instead we observed up regulation of NCC
protein expression and highly augmented phosphorylation
at Thr53 and Ser71 sites. The latter is particularly inter-
esting since phosphorylation of a cluster of Ser/Thr resi-
dues in the amino-terminal domain of NCC has been
shown to correlate with activation of this cotransporter,
and is associated with elevation of blood pressure (Gamba
2012). For example, NCC-overexpressing mice with no
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Figure 6. Acute sodium challenge did not reveal difference in Na* retention between WT and Fxyd2~'~ mice. Animals were loaded with saline
(i.p., 10% of the weight) and put in metabolic cages for urine collection for 4 h. Results are expressed as urine volume (A) or urine Na* (B) as a

percent of the load excreted in 4 h. Data are presented as means + SEM.

phospho-NCC at baseline showed no hypertension, but
phospho-activation of NCC with a synthetic mineralocor-
ticoid produced hypertension similar to WT (McCormick
et al. 2011). Thus, activity of NCC in Fxyd2 /" mice is
predicted to be significantly augmented compared to WT.
An enhancement in apical Na* entry in DCT cells, how-
ever, would not explain the compensated physiology of
the mouse and lack of hypertension (Subramanya and
Ellison 2014).

There are several physiological triggers associated with
NCC phosphorylation, such as chronic Ang II or aldoste-
rone infusion (Castaneda-Bueno et al. 2012), acute vaso-
pressin treatment (Mutig et al. 2010), insulin treatment
(Sohara et al. 2011; Gamba 2012), and low-salt diet or
hypovolemia, which activate the renin—angiotensin system
(Chiga et al. 2008; Vallon et al. 2009). Low dietary K"
also activates NCC, and high dietary K* inhibits it, possi-
bly to regulate the Na* supply for downstream K" path-
ways (Castaneda-Bueno et al. 2014; Rengarajan et al.
2014). nyd2_/ ~ mice are neither hypovolemic (based on
Echo-MRI analysis, not shown), nor hypokalemic
(Table 1). However, Fxyd2 '~ mice do have a higher level
of circulating insulin than WT (Arystarkhova et al. 2013).
Whether insulin plays a role in hyperphosphorylation of
NCC in Fxyd2~’~ under basal conditions awaits further
investigation. Nevertheless, all of the physiological states
mentioned above call for, or cause, an increase in Na"
retention, and are the opposite of an expected adaptive
response to excess Na' retention. Phosphorylation of
NCC is normally mediated by the WNK (with no lysine
kinase)-SPAK (STE-20 related proline/alanine-rich kinase)
pathways (Gamba 2012). Here, however, there was no
increase in phosphorylation of SPAK in knockout mice.
This would imply a SPAK-independent mechanism of
regulation of NCC activity.

Is phosphorylation of NCC in Fxyd2 '~ mice adaptive?
Theoretically it could be if NCC transporter operated in a
reverse mode and released Na* into the lumen. However,
this would require ion gradients between cell and lumen
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that are unlikely to be achieved physiologically. Alterna-
tively, phosphorylation of NCC in Fxyd2 /" mice could
be only locally adaptive, resulting from activation of cell-
autonomous pathways that normally match the size of
apical and basolateral transport fluxes so that transepithe-
lial transport occurs without major changes in cytoplas-
mic ion concentrations [e.g., (Wang et al. 2014)]. If so,
the adapted state of the Fxyd2™’~ mice would have to be
a consequence of effective counteradaptations in other
nephron segments.

Adaptation may entail regulation of other apical trans-
porters (Hadchouel et al. 2010; Wang et al. 2014).
Reduction in NKCC2 in TAL would be compensatory,
however, we observed twofold phosphoactivation of cor-
tical NKCC2 transporter in knockout mice. In principle,
NCC could be high in Fxyd2™/~ mice to compensate for
low ENaC activity in the late DCT (Hadchouel et al.
2010), but that also was not the case here. If ENaC
activity was low, there would be less ENaC o subunit
cleavage, and probably less ENaC total. Our data thus
also rule out late distal nephron as a site for compensa-
tion for an increase in Na,K-ATPase activity. One might
also hypothesize that hyperactivity of NCC in the DCT
of Fxyd2™~ would reduce Na' delivery to the CCD
where it drives K" secretion, thus reducing K' secretion
(McDonough and Youn 2013). This could be relevant if
plasma K" was low in Fxyd2 ', but we did not observe
significant differences between genotype in plasma elec-
trolytes (Table 1).

The increased activity of the Na,K-ATPase in the
knockout mice might be expected to increase the fraction
of the filtered sodium load absorbed in the proximal
nephron. As a result, the amount delivered to the macula
densa could be decreased. FXYD2 is also normally
expressed in macula densa (Pu et al. 2001; Wetzel and
Sweadner 2001, 2003), however, and the effects of its
absence on juxtaglomerular apparatus function, positive
or negative, are not yet known. Hypothetically, enhanced
Na,K-ATPase activity due to FXYD2 absence would

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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promote macula densa cell shrinkage and participate posi-
tively in the cascade of events that release renin. Thus,
genetic deletion of FXYD2 may also impact the macula
densa in a maladaptive way.

Finally, the increased Na' uptake caused by elevated
Na,K-ATPase activity in Fxyd2 ™~ mice in principle may
be counteracted mainly in the proximal tubule. Such reg-
ulation could be either a cause of, or a response to, the
hyperactivation of NCC and NKCC2, as follows. The goal
of PT adaption to the absence of FXYD2 would be to
bring elevated PT reabsorption of sodium back down to
65% of load, like WT. Reducing the activity of apical
NHE3, which is thought to normally be rate-limiting,
would limit reabsorption (McDonough 2010), and locally
produced dopamine might coordinate the reduction in
apical transporters and Na,K-ATPase (Aperia 2000;
Armando et al. 2011). This could be via trafficking trans-
porters out of the membrane without change in protein
abundance (McDonough 2010; Chen et al. 2009). If these
available PT adaptive mechanisms could not exactly
match the genetic Na,K-ATPase increase within PT, a net
natriuretic effect could elicit the downstream activation of
NKCC2 and NCC to bring the animal into sodium bal-
ance. Alternatively, if the activation of NCC and NKCC2
was instead due to intracell coupling of apical and baso-
lateral membrane function, producing a maladaptive
excess reabsorption, that could also in principle be coun-
teracted by more robust inhibition of uptake in proximal
tubules. The observation that acute sodium loading did
not reduce sodium excretion is consistent with both sce-
narios if adaptive mechanisms are not maxed out in the
Fxyd2™~ mouse.

Further experiments employing modulation of diet and
diuretic states might phenotypic  differences
between genotypes. If the observed activation of NCC and
NKCC2 in Fxyd2™/~ mice is adaptive to compensate Na*
wasting in proximal tubules, diuretic challenge should
reveal higher Na* excretion in knockout animals. On the

unveil

other hand, in order to avoid Na" overload under high
sodium challenge, later nephron segments would have to
switch from Na' retention to natriuresis mode. Thus,
there should be a reduction in NCC and NKCC2 phos-
phorylation even in the Fxyd2™/~ mouse.

Regardless of the mechanism of adaptation and where
it is localized in the nephron, the Fxyd2 ’~ knockout
mouse is in a desirable compensated state, and so it
potentially opens a window into a mechanism that can
compensate or override the hypertension often correlated
with NCC activation. The response of NCC to this
genetic perturbation contrasts strikingly with the downre-
gulation and dephosphorylation of NCC seen in response
to elevated dietary or infused K*, which produces natri-
uresis in rats (Rengarajan et al. 2014).
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