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Abstract The Milan hypertensive strain of rats (MHS)
develops hypertension as a consequence of the increased
tubular Na+ reabsorption sustained by enhanced expression
and activity of the renal tubular Na–K–ATPase. To verify
whether the Na–K–2Cl cotransporter (NKCC2) is involved
in the maintenance of hypertension in MHS rats, we have
analysed the phosphorylation state and the activation of
NKCC2 in Milan rats. Western blotting and immunofluo-
rescence experiments were performed using specific anti-
bodies against the regulatory phospho-threonines in the
NKCC2 N terminus (R5 antibody). The phosphorylation
levels of NKCC2 were significantly increased in the kidney
of MHS rats. Moreover, the administration of furosemide in
vivo decreased the blood pressure and increased the urine
output and natriuresis in MHS rats demonstrating the actual
involvement of NKCC2 activity in the pathogenesis of
hypertension in this strain of rats. The up-regulation of
NKCC2 activity is most probably mediated by a STE20/
SPS1-related proline/alanine-rich kinase (SPAK) phosphor-
ylation at serine-325 since it was significantly increased in
MHS rats. Interestingly, aldosterone treatment caused an
increase in NKCC2 phosphorylation in NKCC2-expressing
MDCK cells. In conclusion, we demonstrated an increase in

the activity of NKCC2 along the TAL that significantly
contributes to the increase in systemic blood pressure in
MHS rats. The elevated plasma levels of aldosterone, found
in MHS rats, may influence Na+ balance through a SPAK-
dependent regulation of NKCC2 accounting for the
maintenance of the hypertensive state in MHS rats.
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Introduction

Hypertension affects 1.5 billion people worldwide and
causes 7.1 million deaths per year, making it the third cause
of death in the world [46]. Regulation of arterial blood
pressure is a complex phenomenon with many interacting
genetic and environmental factors. Blood pressure is a
function of cardiac output and peripheral resistance, which
is influenced by extracellular fluid volume, and the kidneys
play a major role in the long-term control of this volume by
matching urinary Na+ and water output to dietary intake. A
variety of approaches have demonstrated that the inability
to excrete Na+ leads to increased blood pressure in humans
and experimental animals. On intravenous infusion of
75 mEq/h saline, renal Na+ excretion is markedly blunted
in patients with essential hypertension [25]. Numerous
studies also point to a causal link between a chronically
high salt intake and the development of hypertension when
the kidneys have a reduced ability to excrete salt [27].
Moreover, the cross-transplantation of kidneys between
normotensives and hypertensives has provided strong
evidence that the kidney plays a key role in primary
hypertension both in humans and rats [4, 21].
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One model of genetic hypertension is represented by the
Milan hypertensive rat strain (MHS) that develops hyper-
tension because of a primary alteration in renal tubular Na+

reabsorption [3], linked to increased activity and expression
of Na–K–ATPase [16, 26] associated with a point mutation
of adducin [43], a cytoskeletal protein involved in actin
polymerization and cell signal transduction [22]. This
mutation causes a deficient endocytosis of the sodium
pump that, by affecting the time that this molecule resides
in the plasma membrane, may be an important contributing
factor for the increased capacity of the renal tubule cells to
reabsorb sodium [13, 42]. Na+ reabsorption across the
nephron is controlled by the driving force of the Na–K–
ATPase, which is coupled with the Na+ entry across the
apical membrane. Therefore, any change in the quantity
and/or activity of the proteins mediating apical Na+ entry
should affect the reabsorption rate. The expression levels of
the most important apical membrane transporters expressed
in the kidney of Milan rats have been analysed. It has been
demonstrated that Na+ entry is increased during the
induction phase of hypertension in young MHS rats,
paralleled by an up-regulation of the Na–K–2Cl cotrans-
porter (NKCC2) at the level of the thick ascending limb
(TAL) suggesting a key role of this cotransporter in the
genesis of hypertension in this rat model [5]. In contrast,
the expression of the NKCC2 in the TAL of adult Milan
rats with established hypertension resulted unchanged
compared to the age-matched control rats [6]. Moreover,
in the adult MHS animals, the apical Na–Cl transporter
(NCC) expressed in distal convoluted tubuli (DCT) is up-
regulated, thus identifying this segment of the nephron as
the possible site responsible for the maintenance phase of
hypertension in this strain of rats [6]. While the authors
suggested that the up-regulation of NCC could potentially
contribute to the significant rise in blood pressure observed
in MHS, they did not exclude the implication of other Na+

transporters in this process. Among them, here, we focused
our attention on the phosphorylated form of NKCC2, which
represents the active form of this crucial cotransporter.
Interestingly, previous data indicated that the NKCC2-
mediated 86Rb+ flux is functionally up-regulated in adult
hypertensive MHS as compared with age-matched MNS
controls [15]. Therefore, despite NKCC2 protein and
mRNA expression not being increased in adult MHS, it
appears relevant to investigate the phosphorylation and the
functional activation of this cotransporter in this strain of
rats. The central role of the NKCC2 activity in the vectorial
transepithelial salt reabsorption along the loop of Henle is
evidenced by the effects of loop diuretics, the pharmaco-
logical inhibitors of NKCC2, that are among the most
powerful antihypertensive drugs available to date. More-
over, loss-of-function genetic mutations of the NKCC2
encoding gene resulted in a severe phenotype known as

type I Bartter’s syndrome, characterized by a severe volume
depletion, hypokalemia, and metabolic alkalosis with high
prenatal mortality [36]. In this work, we investigated for the
first time the phosphorylation levels of NKCC2 in the
Milan rats to evaluate its possible functional involvement in
the maintenance of the hypertensive state in this strain of
rats. Intracellular chloride depletion activates NKCC2 by
promoting the phosphorylation of three highly conserved
threonines (96, 101, and 111) in the amino terminus. The
chloride-sensitive activation of NKCC2 requires its inter-
action with two serine–threonine kinases, with-no-lysine
kinase (WNK3) and a STE20/SPS1-related proline/alanine-
rich kinase (SPAK). SPAK appears to be the chloride-
sensitive kinase downstream of WKN3 and the direct
activator of NKCC2 [31]. We analysed the phosphorylation
state and the activity of the cotransporter in Milan rats and
the possible elements of the regulatory machinery involved
in this process.

Methods

Antibodies

NKCC2 was detected with a T4 monoclonal antibody
(Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA). The phosphorylated form of NKCC2
was detected using rabbit R5 polyclonal antibody raised
against a diphosphopeptide containing Thr (212) and Thr
(217) of human NKCC (kindly provided by Dr. B. Forbush,
Yale University, New Haven, CT). The sheep anti-mouse
SPAK and the sheep anti-human SPAK phospho-serine-373
(corresponding to phospho-serine-325 in rats) antibodies
were from the Division of Signal Transduction Therapy,
University of Dundee, Scotland.

Animal care

The care and husbandry of rats complied with European
Directive no. 86/609 and with the Italian Law (DL116;
January 27, 1992). The authorization for animal use in
Prassis Sigma Tau laboratories was obtained from the
Italian Health Authority. Rats had free access to tap
water and food and were maintained under controlled
conditions of air temperature (22±2°C), relative humid-
ity (50±5%) and day/night cycle (12 h). Rats were
sacrificed by cervical dislocation after inducing ether
anaesthesia.

Immunofluorescence

Kidneys from Milan rats were fixed in 4% paraformal-
dehyde in PBS and then cryoprotected by incubation
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overnight in 30% sucrose in PBS. Sections of 5 μm
were cut and mounted on Superfrost Plus Glass. After
three washes in PBS, sections were blocked in satura-
tion buffer (1% bovine serum albumin in PBS) for
20 min at room temperature (RT) and incubated with
the primary antibodies for 2 h at RT (R5, 1:1,000;
SPAK, 1:100; phosphorylated (p)-SPAK, 1:100) in
saturation buffer. After three washes in PBS, sections
were incubated with the appropriate Alexa Fluor conju-
gated secondary antibodies for 1 h at RT. Confocal images
were obtained with a laser scanning fluorescence micro-
scope Leica TSC-SP2.

Tissue homogenization and fractionation

Whole rat kidneys were homogenized in ice-cold anti-
phosphatase buffer (150 mM NaCl, 30 mM NaF, 5 mM
EDTA, 15 mM Na2HPO4, 15 mM pyrophosphate, and
20 mM HEPES, pH 7.2, containing 1% Triton X-100 and
0.5 μM calyculin A) using 25 strokes at 25,000 rpm with a
Polytron tissue homogenizer and centrifuged for 10 min at
4,000×g at 4°C to pellet debris. The supernatant was
centrifuged for 40 min at 20,000×g at 4°C, and the resulting
membrane-containing pellet was resuspended in anti-
phosphatase buffer. Membranes were then used for Western
blotting experiments using R5 and T4 antibodies.

SPAK immunoprecipitation experiments

Kidneys of Milan rats were homogenized in ice-cold
anti-phosphatase buffer with 1% Triton X-100 and
0.5 μM calyculin A using 25 strokes at 25,000 rpm with
a Polytron tissue homogenizer. After 30 min of lysis on
ice, the lysates were clarified by centrifugation at
13,000×g for 30 min at 4°C. The lysates (500 μg) were
pre-cleared with 100 μl of protein A-Sepharose suspen-
sion (Sigma) for 1 h at 4°C and then incubated with 2.5 μg
of sheep polyclonal antibody to SPAK overnight at 4°C
under rotation. Immunocomplexes were bound using
100 μl of protein A-Sepharose suspension for 2 h at 4°C
under rotation and then washed five times with anti-
phosphatase buffer. Immunocomplexes were dissociated in
NuPAGE LDS sample buffer (Invitrogen) with 100 mM
DTT, heated at 95°C for 10 min and resolved on gel. After
transfer to the Immobilon P membrane, lanes were probed
with antibodies against either SPAK (1:1,000) or p-SPAK
(1:1,000).

Chronic furosemide administration and blood pressure
measurements

Four-week-old MHS rats, weighting 110–120 g, were orally
treated for 6 weeks with 20 mg/kg/day furosemide

dissolved in 0.5% Methocel (n=7), while MHS controls
(n=7) received only a vehicle (0.5% Methocel).

Systolic blood pressure (SBP) and heart rate (HR)
were recorded weekly at the tail by plethysmography (BP
recorder, U. Basile, Varese, Italy) in conscious rats.
Before each measurement, the rats were trained to be
manipulated by the same operator. The rats were pre-
warmed at 37°C for 15 min in thermostatic boxes;
afterwards, they were gently wrapped for SBP and HR
measurements. Eight to ten consecutive inflation–deflation
cycles were performed on each rat, and the mean of the
last five recordings was taken as the final value of SBP
and HR.

Acute furosemide treatment and urinary parameters

The rats were acclimatized in individual metabolic cages
for 2 days and had free access to tap water and food. On the
third day, the rats received one single dose of furosemide
(60 mg/kg, dissolved in 0.5% Methocel) by oral gavage,
and control rats received only the vehicle (Methocel). The
rats have been previously demonstrated to be responsive to
this dose of furosemide [23].

Urine samples were collected 6 and 24 h after drug
treatment. Urine samples were centrifuged at 3,000 rpm for
20 min, and the supernatants were used for the determina-
tion of Na+ concentration (flame photometry: IL943,
Instrumental Laboratories, Milan, Italy) and urinary creat-
inine (enzymatic measurement, the kit from Sentinel
Diagnostics, Milan, Italy). Urinary aldosterone concentra-
tions were determined using a commercially available
radioimmunoassay kit (ALDOCTK-2 dia Sorin cod.
P2714, Italy).

Plasma aldosterone measurements

The rats were anaesthetized by ether, the abdomen was
opened, and blood was drawn from the abdominal aorta.
Blood collection was interrupted as soon as dyspnoea
appeared. Plasma aldosterone concentrations were deter-
mined using a commercially available radioimmunoassay
kit (ALDOCTK-2 dia Sorin cod. P2714, Italy).

Aldosterone treatment of MDCK cells in culture

Madin Darby canine kidney (MDCK) cells, stably trans-
fected with a functional NKCC2 construct [7], were treated
with 100 nM aldosterone (Sigma), in the presence or
absence of 100 nM spironolactone (Sigma), in a culture
medium for either 2 or 4 h. The cells were then lysed in
anti-phosphatase buffer, and the lysates were assessed by
Western blotting for p-NKCC2 expression using the R5
antibody.
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Results

Expression of p-NKCC2 in adult Milan rats

As shown in Fig. 1a, the R5 antibody raised against two
conserved phospho-threonines in the NKCC2 N terminus
[19] recognized in kidney membranes from adult Milan rats a
broad band centred at about 160 kDa corresponding to the
fully glycosylated form of NKCC2. The signal corresponding
to phosphorylated NKCC2 was clearly increased in MHS rats
compared to age-matched normotensive MNS rats (Fig. 1a,
p-NKCC2). We then verified the expression of total NKCC2
using T4 antibody, which recognizes both the fully glycosy-
lated (gly) and unglycosylated forms (un-gly) of NKCC2
(Fig. 1a, total (t)-NKCC2). Interestingly, Western blotting
using this antibody revealed that the abundance of total
NKCC2 in MHS rats was unchanged compared to that in
MNS rats in agreement with a previous report [6]. The

densitometric analysis of the p-NKCC2 band, normalized to
the corresponding glycosylated form of the t-NKCC2 band,
showed that the phosphorylation of NKCC2 increased by
about 58% in MHS rats (Fig. 1a densitometry).

Kidneys from the same rats were used for immunoflu-
orescence experiments. Figure 1b shows p-NKCC2 immu-
nofluorescence staining of tissue sections. Both the number
of stained tubules and the signal intensity of single tubules
were much higher in the renal cortex of MHS than in MNS
rats. These results confirm and reinforce the Western blot
data, indicating that the phosphorylation of NKCC2 is up-
regulated in adult MHS rats.

Effects of chronic administration of furosemide on blood
pressure in adult MHS rats

It has been demonstrated that the reactivity of the R5
antibody with NKCC directly mirrors their functional

Fig. 1 a Western blotting analysis of phosphorylated NKCC2 (p-NKCC2)
and total NKCC2 (t-NKCC2) in Milan rat kidney medullae. The p-
NKCC2 immunoreactivity significantly increased in hypertensive MHS
rats compared to that of age-matched MNS rats. In contrast, the total
amount of NKCC2 was unchanged in both strains of rats. The
densitometric analysis of the p-NKCC2 band normalized to t-NKCC2

showed an increase of about 58% in NKCC2 phosphorylation in MHS
(densitometry). These data are representative of three independent
experiments. Student’s t test, *P<0.0001. b Immunofluorescence analysis
of p-NKCC2 in Milan rat kidney sections. Both the number of stained
tubules and the signal intensity of single tubules were much higher in the
renal cortex of MHS than in MNS rats

Pflugers Arch - Eur J Physiol



activation as assayed by 86Rb+ fluxes in different cell lines
[19]. Thus, we can conclude that the increase in the extent
of NKCC2 phosphorylation observed in MHS rats coin-
cides with an increase in NKCC2 activation that in turn
might be implicated in the maintenance of hypertension in
this strain of rats. To verify this possibility, two groups of
MHS rats have been treated with either 20 mg/kg/day of
furosemide, a specific NKCC2 inhibitor, or the vehicle
alone for 6 weeks by oral administration starting at the first
month of life. After 6 weeks of treatment, the blood
pressure of furosemide-treated MHS rats was significantly
lower than that of the vehicle-treated MHS controls clearly
demonstrating that NKCC2 contributes to the maintenance
of hypertension in this strain of rats (Table 1).

Effects of acute administration of furosemide on urinary
parameters in adult MHS rats

Milan rats were treated with a single oral dose of 60 mg/Kg
of furosemide, and urinary volume and natriuresis were
measured. MHS rats had a slightly but significantly higher
diuresis compared to MNS rats, in agreement with a
previous report [3]. However, furosemide treatment resulted
in a stronger increase in urinary volume in MHS rats
compared to MNS rats (Fig. 2a). In addition, the 24-h Na+

excretion normalized to creatininuria was significantly
higher after furosemide treatment in MHS rats compared
to MNS rats (Fig. 2b). The greater sensitivity to furosemide
suggests that NKCC2 activity is up-regulated in MHS rats.

Expression of p-SPAK in adult Milan rats

The activation of NKCC2 requires its interaction with the
two serine–threonine kinases, WNK3 and SPAK. SPAK
appears to be the kinase downstream of WKN3 and the
direct activator of NKCC2 [31]. We then analysed the
expression and activation state of SPAK kinase in MHS and
MNS rats to tentatively identify elements of the intracellu-
lar machinery involved in the activation of NKCC2
observed in the MHS strain.

To test for SPAK expression and function, we immuno-
precipitated the kinase from renal extracts and performed
Western blotting using antisera specific for total or for
phosphorylated (active) variants of the kinase. Specifically,
we followed the phosphorylation state of the serine-325 in the
C-terminal tail of SPAK, corresponding to the critical serine-

Fig. 2 Urine output and sodium excretion before (contr) and after
(+Furo) acute furosemide administration in both MNS and MHS rats.
Furosemide treatment resulted in a stronger increase in urinary volume
and natriuresis in MHS compared to MNS rats. n=10; Student’s t test,
*P<0.0001

Table 1 Blood pressure measurement in MHS rats before (ctr) and after (+ furo) the chronic administration of furosemide. Furosemide prevented
the increase in blood pressure in MHS rats

Sixth week of treatment

BW (g) SBP (mmHg) HR (beats/min)

MHS ctr n=7 300±11 161±2 350±6

MHS + furo 20 mg/kg n=7 282±7 148±4* 333±7

P<0.01 n.s.

*The difference is statistically significant, P<0.01

n.s. means not significant
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373 in human SPAK. Intriguingly, a clear increase in p-SPAK,
but not in total SPAK (t-SPAK) was seen in MHS rats (Fig. 3).

Densitometric analysis of the p-SPAK Western blot band
normalized to the t-SPAK band showed a significant increase
of about 50% of p-SPAK in MHS versus MNS rats (Fig. 3,
densitometry). Elevated levels of p-SPAK in MHS were
further substantiated by immunohistological analysis (Fig. 4).
p-SPAK immunoreactivity (green) is clearly stronger in the
kidney of MHS rats. Moreover, colocalization experiment
with p-NKCC2 (red) clearly demonstrated that the p-SPAK is

mainly localized in the TAL in both strains of rats (yellow).
Few tubules resulted positive only for p-SPAK in both rat
strains likely corresponding to distal convoluted tubuli.

Measurement of aldosterone in the plasma and urine
of Milan rats

Aldosterone levels in both the plasma and urine of the Milan
rats used in our study are reported in Table 2. The plasma level
of aldosterone was found to be significantly higher in MHS

Fig. 3 Western blotting analysis of phosphorylated SPAK kinase at
serine-325 (p-SPAK) and total SPAK kinase (t-SPAK) immunoprecipi-
tated from Milan rat kidney lysates. A significant increase in p-SPAK
but not in t-SPAK was seen in MHS rats. Densitometric scanning of

the p-SPAK Western blot band normalized to the total SPAK band
showed an increase in SPAK phosphorylation of about 50% in MHS
rats (densitometry). These data are representative of three independent
experiments. Student’s t test, *P<0.0001

Fig. 4 Immunofluorescence analysis of p-SPAK and p-NKCC2 in Milan rat kidney sections. Both the p-SPAK staining (green) and p-NKCC2
staining (red) were higher in the renal cortex of MHS than in MNS rats. Moreover, both signals overlap in the TAL (merge, yellow)
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rats compared to MNS rats. These data confirmed previous
reports [6]. Accordingly, the urinary level of aldosterone in the
24-h urine sample was significantly increased in MHS rats
compared to the age-matched control rats. This finding may
suggest that the elevated level of aldosterone in MHS rats may
be responsible for the up-regulation of NKCC2.

Effect of aldosterone on NKCC2 phosphorylation in intact cells

To verify whether aldosterone treatment causes an
increase in NKCC2 phosphorylation, we performed in

vitro experiments using MDCK cells stably transfected
with a functional and characterized construct of NKCC2
[7, 8].

Interestingly, strong mineralocorticoid receptor (MR)
mRNA and protein expression in the TAL have been
previously reported [1, 14] suggesting that NKCC2 in the
TAL cells can actually be the target of aldosterone.

MDCK cells were incubated for either 2 or 4 h with
100 nM aldosterone in a culture medium and then lysed
in anti-phosphatase buffer. The lysates were assessed for
the expression of p-NKCC2 by Western blotting. As
shown in Fig. 5 A, the signal relative to p-NKCC2
significantly increased after either 2 or 4 h of aldosterone
treatment, compared to control conditions. Moreover, the
expression level of t-NKCC2 was unchanged in all the
experimental conditions demonstrating that the effect of
aldosterone was not related to an increase in NKCC2 protein
synthesis. The densitometric analysis of the p-NKCC2
band normalized to the t-NKCC2 band showed that
NKCC2 phosphorylation increased by about 50% in
aldosterone-treated cells (Fig. 5 A′).

Table 2 Measurement of plasma and urinary levels of aldosterone in
Milan rats

Plasma level of
aldosterone (ng/dl)

Urinary level of
aldosterone (ng/24 h)

MNS 4±1 (n=6) 12±1 (n=8)

MHS 11±2* (n=6) 28±4* (n=8)

Both values resulted significantly higher in MHS than in MNS rats

*P<0.01

Fig. 5 A Western blotting analysis of phosphorylated NKCC2 (p-
NKCC2) and total NKCC2 (t-NKCC2) in NKCC2-transfected MDCK
cells treated with 100 nM aldosterone. The immunoreactivity of p-
NKCC2 was significantly higher in aldosterone-treated MDCK cells.
In contrast, the expression level of t-NKCC2 was unchanged in all the
experimental conditions. A′ The densitometric analysis of p-NKCC2
normalized to t-NKCC2 showed that p-NKCC2 increased by about

50% higher after either 2 or 4 h of aldosterone treatment. B Western
blotting analysis of phosphorylated NKCC2 (p-NKCC2) and total
NKCC2 (t-NKCC2) in NKCC2-transfected MDCK cells treated with
100 nM aldosterone+100 nM spironolactone for 2 h. In this
experimental condition, the increase in NKCC2 phosphorylation was
prevented. B′ The densitometric analysis of p-NKCC2 normalized to t-
NKCC2. P>0.001
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To verify the specificity of aldosterone in MDCK cells,
2 h of aldosterone treatment was performed in the presence
of 100 nM spironolactone, a specific antagonist of
aldosterone. Interestingly, under this experimental condi-
tion, the increase in NKCC2 phosphorylation was pre-
vented demonstrating that aldosterone actually acts through
mineralocorticoid receptors in MDCK cells (Fig. 5 B, B′).

Discussion

In this work, we analysed for the first time the phosphor-
ylation and activation state of NKCC2 in adult MHS rats.
Our results established that the NKCC2 activity is
significantly up-regulated in the TAL of adult MHS rats
identifying NKCC2 as a crucial player in the maintenance
of this form of salt-sensitive hypertension. We found that
the mechanism does not rely on the increases in NKCC2
mRNA and protein levels, in agreement with previous data
[6] but is mediated by NKCC2 phosphorylation and
consequent cotransporter activation.

Using the R5 antibody, selectively raised against the
regulatory phospho-threonines in the N-terminal tail of
NKCC2, we demonstrated that the phosphorylation state of
the cotransporter was increased by about twofold in
hypertensive MHS rats compared to age-matched normo-
tensive MNS rats. Moreover, the chronic administration of
furosemide in vivo revealed that the increase in blood
pressure in MHS rats was prevented suggesting a possible
involvement of NKCC2 in the maintenance of the hyper-
tension in this strain of rats. Of note, the larger natriuresis
and diuresis observed in MHS rats after acute furosemide
administration convincingly demonstrated that NKCC2 is
implicated in the pathogenesis of salt-sensitive hyperten-
sion in MHS rats.

Our data on the overactivity of NKCC2 in MHS rats are
in agreement with the observation that in microsomes from
adult MHS rats, the rate of NKCC2-mediated 86Rb+ flux
appeared to be significantly greater than in MNS control
rats [15]. Moreover, this effect reflects an increased 86Rb+

affinity of the cotransporter rather than an increased
cotransporter density, consistent with the cotransporter
activation by phosphorylation.

Previous reports in other animal models of hypertension
showed that NKCC2 activity might be increased by post-
translation modifications rather than by an increase of gene
expression. For instance, progression from pre-hypertensive
to hypertensive state in spontaneously hypertensive rats
(SHR) is accompanied by an increase in steady-state
protein levels of NKCC2 and its distribution to plasma
membrane compared to control rats [37, 38]. Interestingly,
the same amount of NKCC2 mRNA has been found in both
SHR and control rats suggesting that the NKCC2 over-

expression was due to a greater translational efficiency or
an enhanced membrane stability of the cotransporter in
SHR rats.

In addition, TAL tubules from Dahl salt-sensitive (DS)
rats, a model of salt-dependent hypertension, exhibited a
significantly higher NKCC2 activity than the Dahl salt-
resistant strain. Western blot analysis revealed that NKCC2
displayed a different pattern of glycosylation in DS rats,
suggesting that NKCC2 might accumulate at different
stages of its biosynthesis or degradation in these rats [2].

In this work, we also tried to identify the elements of the
cellular machinery involved in the up-regulation of NKCC2
activity observed in Milan rats. Since the discovery that
mutations within human WNK1 and WNK4 genes cause a
form of hypertension and hyperkalemia termed Gordon’s
syndrome (pseudohypoaldosteronism type II, PHAII) [18],
these enzymes have taken centre stage in research aimed at
understanding signal transduction networks that regulate
ion homeostasis and blood pressure.

The best characterized WNK substrates comprise SPAK
kinase and the oxidative stress-responsive kinase 1 (OSR1),
which are activated following their phosphorylation by
WNK1 or WNK4 [11, 33].

These WNK isoforms interact directly with SPAK, as
well as OSR1, and phosphorylate these enzymes at two
conserved residues, namely the T-loop thr residue and the
ser residue in the S-motif (ser-373 in humans and ser-325 in
rats). For review, see [33].

Using yeast two-hybrid screens, SPAK was found to
interact with the amino terminal domain of NKCCs [11,
30]. The ability of SPAK to act as NKCC kinase was
further demonstrated in cell culture studies [12, 28, 33].
Recently, the relevance of SPAK for phosphorylation of
several cation–chloride cotransporters was confirmed in
mice lacking SPAK [20] or expressing a mutant variant of
SPAK that cannot be activated [32]. Specifically, NKCC2
revealed a significant decrease in phosphorylation in SPAK
mutant transgenic mice compared to wild-type mice [32].

On the other hand, recent reports showed a decrease in
p-NCC and an increase in p-NKCC2 in SPAK knockout
mice suggesting NCC as a unique target of SPAK kinase in
the kidney. However, in these mice, the amount of both
total NKCC2 and p-OSR1 are up-regulated, thus account-
ing for the increase in p-NKCC2 [47].

Here, we demonstrate that the phosphorylation of
NKCC2 at the N-terminal threonines in the TAL of MHS
rats is paralleled by an increase in the phosphorylation of
SPAK at its critical serine-325 suggesting this kinase as
possibly responsible for NKCC2 activation in these rats.
Since the total amount of SPAK is unchanged in both
hypertensive and normotensive Milan rats, an increase in
SPAK gene transcription does not account for the increased
level of SPAK phosphorylation.
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MHS rats are characterized by a significant increase in
aldosterone plasma level [6], due to mutations in the
aldosterone synthase gene [24], which may contribute to
blood pressure control in this strain of rats. We measured
the plasma and urinary levels of aldosterone in the Milan
rats used in this work confirming that they are up-regulated
in MHS rats (Table 2). Accordingly, we previously
demonstrated that the chronic treatment of MHS rats with
carnenone, a specific aldosterone antagonist, induced a
significant decrease in the blood pressure in MHS rats [17].

Aldosterone may act by up-regulating the SPAK-NKCC2
axis. Although the analysis of NKCC2 phosphorylation in
MHS treated with the aldosterone antagonist spironolactone
could better address the relationship between aldosterone and
NKCC2 phosphorylation, many pieces of evidence support
our hypothesis.

First, it has been demonstrated that the phosphorylation
states of the critical SPAK serine (serine-325) was increased
by low-salt diets and decreased by high-salt diets, and the
increased SPAK phosphorylation was reproduced by the
administration of exogenous aldosterone [10]. Second, in
rats that underwent adrenalectomy and then received either
aldosterone or a vehicle, it has been observed that
aldosterone increased 6.1-fold the phosphorylation of
SPAK at serine-325 compared to the control [44]. Together,
these studies suggest that the cascade mediated by SPAK
phosphorylation at serine-325/373 may be a novel effector
system of aldosterone action in the kidney, which in turn
might regulate NKCC2 activity.

Interestingly, strong mineralocorticoid receptor (MR)
mRNA and protein expression in the TAL has been
previously reported [1, 14] suggesting that NKCC2 in the
TAL cells can actually be the target of aldosterone.

Moreover, several lines of evidence support this hypoth-
esis. For instance, it has been previously reported that
adrenalectomy reduces Na+ reabsorption in the medullary
thick ascending limb of rats, and chronic aldosterone
treatment restores transport to normal [40, 45].

Then, aldosterone administration to adrenalectomized
animals increases their ability to concentrate urine maxi-
mally, an action consistent with an effect on the thick
ascending limb of Henle [34].

Of note, we demonstrated an increase in NKCC2
phosphorylation but not in NKCC2 expression in
NKCC2-expressing MDCK cells stimulated with aldoste-
rone, confirming that aldosterone can directly induce
NKCC2 phosphorylation without changing the expression
level of the cotransporter. The effects of aldosterone were
independent of the transcription of new NKCC2 transporter
units because, in the system used in this study, the
transcription of NKCC2 was under control of the cytomeg-
alovirus promoter that does not respond to steroids. On the
other hand, NKCC2-transfected MDCK cells are sensitive

to mineralocorticoids since MDCK cells express endoge-
nous levels of functional mineralocorticoid receptors [29],
which, therefore, can activate the pathways that lead to
modification of the pre-existing NKCC2 units. According-
ly, we demonstrate that the effect of aldosterone in MDCK
cells was specific since it was prevented by spironolactone,
a selective aldosterone antagonist on mineralocorticoid
receptors.

Our findings are in agreement with previous observa-
tions on the regulation of Na+ transporters by aldosterone in
its early phase of action in which it does not affect the
synthesis of new Na+ transporter units. The early, short-
term action of aldosterone (lasting 2–4 h after the lag
period) is considered to be largely mediated by induced
regulatory proteins or transcription factors that are thought
to act on the pre-existing Na+ transport machinery [9, 39].
Three hours of aldosterone treatment increase the maximal
activity of the Na–K–ATPase in mammalian cortical
collecting-duct cells by increasing its cell surface expres-
sion of pre-existing Na+ pumps [41]. Moreover, it has been
found that aldosterone can significantly increase the
phosphorylation of ENaC β and γ subunits during the
early response period (3 h) without affecting their synthesis
suggesting that phosphorylation could mediate the activa-
tion of pre-existing channels [35].

Finally, it has been found that the phosphorylation states of
both NCC and SPAK, but not their expression levels, are
increased by low-salt diets and by the administration of
exogenous aldosterone in mouse DCTs [10]. These studies
suggest the SPAK–NCC cascade as a target of aldosterone
action in the kidney in which both the Na+ transporter and the
involved kinase are up-regulated in a post-translation phase.

In agreement with these findings, we suggest that
SPAK–NKCC2 is a novel effector system of aldosterone
in hypertensive MHS rats, which, by stimulating the
phosphorylation but not the synthesis of both NKCC2 and
SPAK kinase, may account for the maintenance of the
hypertensive state in this strain of rats.
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