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Abstract

Potassium depletion has been associated with altered sodi-
um reabsorption in tubule segments. We studied if the al-
tered abundance of Na* transporters and ROMK are associ-
ated with distal potassium secretion that contributes to the
development of hypokalemia in protein-deprived rats. After
weaning, Wistar rats were fed with a low-protein diet (8%,
LP) for 14 days and then recovered with a normal-protein
(NP) diet (24%, RP). An age-matched control group was fed
with an NP diet (24%, NP). We showed hypokalemia, lower
glomerular filtration rate and higher FEK" in the LP group.
Immunoblotting revealed that the type 3 Na*/H* exchanger
in the cortex was decreased in the LP group. However, the
type 2 Na*-K*-2ClI~ cotransporter was increased in the outer
stripe of the outer medulla in the LP group. The abundance
of the aldosterone-regulated Na*-Cl~ cotransporter (NCC)
and epithelial Na* channel (ENaC) was higherin the LP group
and was associated with higher plasma aldosterone level.
ROMK protein levels were increased. Na*/K*-ATPase protein
levels were the same in both groups. After the recovery pe-
riod, the expression of Na* transporters and ROMK returned
to control values. We conclude that increased expression of
NCC, ENaC subunits, and ROMK contributed to distal potas-
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sium secretion leading to enhanced potassium excretion,
which may explain the hypokalemia resulting from LP feed-
ing. A role of aldosterone may be suggested.

Copyright © 2009 S. Karger AG, Basel

Introduction

Clinical and experimental models of low-protein (LP)
feeding have confirmed important alterations in renal
hemodynamics, renal concentration capacity, and renal
acid excretion [1]. Ichikawa et al. [2] showed reduced re-
nal blood flow and glomerular filtration rate (GFR) as a
result of increased renal vascular resistance in rats. The
increased expression of renal renin mRNA, angiotensin
I-converting enzyme mRNA, and AT; mRNA with re-
duced binding density on the AT, receptor in the renal
cortex and outer medulla may ensure local angiotensin II
generation, which in the presence of low renal cortical
prostaglandin synthesis would contribute to the vaso-
constriction in an LP diet [3-5].

This study was presented in an abstract form at the 14th Congress
of the International Pediatric Nephrology Association, 31 August to
4 September, 2007, Budapest.
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Injury events caused by an LP diet - an in vivo model
of energy deprivation - include ATP depletion on epithe-
lial cells from medullary duct segments [5, 6] and renal
hemodynamic changes [4]. After administration of a 6%
protein diet, in vivo microperfusion of the loop of Henle
showed a high sodium concentration in early distal tu-
bule fluid resulting from a reduced sodium net reabsorp-
tive rate (Jy,) with decreased Na*/K"-ATPase activity in
microdissected medullary TAL (mTAL) [6]. Recently, we
provided evidence for the transient disruption of the Na*/
K*-ATPase from its cellular localization in the cytoskel-
eton anchorage and migration to the apical membrane in
the outer stripe of the outer medulla in the LP group [7].
Findings of altered plasma electrolytes in an LP diet in-
clude potassium depletion, a frequent electrolyte distur-
bance that contributes to the high morbidity and mortal-
ity in LP [8, 9].

The direction and magnitude of the potassium trans-
port in the various nephron segments depend on the site-
specific distribution of transporters in the membranes of
tubule cells [10]. The correction of deviations from nor-
mal plasma K* levels and the maintenance of external K*
balance depend on the intrinsic ability of distal nephron
segments to either secrete or reabsorb K*. Net K* secre-
tion occurs mainly in principal cells, while K* absorption
takes place in intercalated cells [11]. The small conduc-
tance channels are the most abundant K* channel type in
the apical membrane of the mammalian cortical collect-
ing ducts (CCDs) and connecting tubule [12]. These chan-
nels are encoded by the ROMK gene [13, 14], which was
confirmed by the absence of the channels in a ROMK
knockout mouse strain [15]. ROMK are the predominant
route for K secretion by the distal nephron. Enhanced
delivery of fluid and Na* to the distal tubule is one of the
most powerful and frequently activated mechanisms of
distal tubule K* secretion [16].

Adjustments of the amount of sodium available in the
distal tubule lumen and of the Nat excretion occur, in
part, through adaptive changes in the abundance of api-
cal Na* transporter proteins expressed in the various re-
nal tubule segments [17, 18].

The major apical Na* transporters that notably con-
tribute to this regulation are the type 3 Na*/H" exchang-
er (NHE3) in the proximal tubule (PT), the bumetanide-
sensitive type 2 Na™-K"-2Cl" cotransporter (NKCC-2) in
the thick ascending limb of Henle, the thiazide-sensitive
Na*-Cl" cotransporter (NCC) in the distal convoluted tu-
bule (DCT), and the amiloride-sensitive epithelial Na*
channel (ENaC) in the connecting tubules and collecting
ducts [19, 20].
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The strong dependence of potassium secretion on dis-
tal sodium supply explains that an increase in the deliv-
ery of sodium-containing fluid to the distal tubule in-
creases potassium secretion [21]. In addition, plasma
aldosterone levels, which are critically involved in con-
trolling sodium balance, are involved in the regulation of
potassium transport [22].

Our aim was to demonstrate the altered expression of
the major sodium transporters and potassium channel
ROMK in the rat kidney during an LP diet. We also ex-
amined if the changes in the protein levels of these trans-
porters contribute to increased potassium secretion lead-
ing to excretion. This excretion might explain the hypo-
kalemia resulting from an LP diet.

Material and Methods

Experimental Animals and Protocol

Female Wistar rats weighing 60-70 g were used in all the ex-
periments. During a preliminary study, we estimated that the
minimum amount of food ingested by the rats in the metabolic
cages was 10 g/day. Rats had unlimited access to water and food
consumption. The body weight of each animal was measured
daily.

The animals were divided into three dietary groups. The nor-
mal protein (NP) group (n = 12) received an isocaloric 24% pro-
tein diet during 14 days (NP;4; age-matched control group of the
LP group) or during 30 days (NP3; age-matched control group of
the recovery protein, RP, group). This group’s diet was composed
of casein (24%), cornstarch (36%), sucrose (21.3%). The LP group
(n = 12) received an isocaloric 8% protein diet for 14 days. This
group’s diet was composed of casein (8%), cornstarch (48.45%),
and sucrose (24.3%). Both diets contained cellulose fiber (10%),
choline (0.2%), mineral mix (2%), vitamin mix (0.5%), corn-oil
(6%), 0.069 mEq of Na* per gram, and 0.16 mEq of K* per gram.
The RP group (n = 12) received a readministration of 24% protein
for 14 days after being fed with 8% LP diet for 14 days.

Blood pressure was measured by tail-cuff plethysmography
(Grass model 7B Poligraph, Grass Instruments, Quincy, Mass.,
USA) in the rats on days 14 and 30 after the initiation of the ex-
perimental protocol.

Animals were deeply anaesthetized with sodium pentobarbi-
tal (60 mg/kg intraperitoneal).

Animal experimental procedures in this study have been ap-
proved by the Laboratory Animal Ethical Committee of the
School of Medicine, Cuyo University, Mendoza (32/95CD), and
were conducted in accordance with guidelines of the Ethical
Committee of Clinical Experimentation of Argentina.

Urinary and Plasma Measurements

Three days before the 24-hour urine collection, rats from each
group were placed in metabolic cages for acclimatization to the
cages. After 14 days of dietary pretreatment, urine was collected
during a 24-hour period. Under anesthesia, blood was collected
into a heparinized tube to determine creatinine, osmolarity, and
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sodium and potassium concentration. Aliquots of each urine
sample were promptly frozen at —20°C. Arterial blood samples
were also obtained from animals in each group and were collect-
ed from the aorta immediately after anesthesia. We measured the
urine and plasma electrolytes using an ion-selective electrode
(Beckman Electrolyte 2 analyzer), creatinine using a Hitachi 912-
Roche auto-analyzer. Plasma aldosterone concentrations were de-
termined with a solid-phase '?°I radioimmnunoasay kit (Coat-A-
Count Aldosterone; Diagnostic Products Corporation, Los Ange-
les, Calif., USA).

Tissue Preparation for Western Blot

To rinse all the blood, we perfused the kidneys through the
abdominal aorta with ice-cold phosphate-buffered saline (PBS)
solution. From the samples in all groups, the cortex and the outer
stripe of the outer medulla were isolated and homogenized in
chilled extraction buffer containing 20 mM Tris-HCI, 250 mM
sucrose, 5 mM EDTA, 0.5 mM PMSEF, 10 pg/ml leupeptin, and
5 pg/ml trypsin inhibitor (pH 7.4). We used a Duonce-style tis-
sue homogenizer to obtain the homogenate. The homogenate was
then centrifuged at 6,000 g for 15 min at 4°C. The pellet was dis-
carded, and the supernatant was recentrifuged at 45,800 g for 45
min at 4°C. The new pellet obtained was resuspended in 100 .l
of extraction buffer. Aliquots of each condition were stored at
-70°C.

Primary Antibodies

For semiquantitative immunoblotting and immunofluores-
cence, we used the following polyclonal antibodies: NHE3 (Chem-
icon), dilution 1:2,500; NKCC-2 (Chemicon), 1:2,000; ROMK
(Chemicon), 1:2,000; Na*/K*ATPase (Upstate), 1:1,000; NCC
(Chemicon), 1:2,000; a-ENaC (Chemicon), 1:2,500; B-ENaC
(Chemicon), 1:2,500, and y-ENaC (Chemicon), 1:2,500.

Protein Determination and Western Blot Analysis

We quantified the protein concentration from the cortex, cor-
tex/outer stripe of the outer medulla, or the outer stripe of the
outer medulla by Lowry assay. We used BSA 10 mg/ml as a stan-
dard. Protein samples were prepared in SDS sample buffer (31.25
mM Tris-HCI pH 6.8, 10% glycerol, 0.0025% bromophenol blue,
and 10 mM DTT, 1% SDS). We electrophoresed 20 g of proteins
in 0.1% SDS and 8% polyacrylamide gel with 4% stacking gel. Two
identical gels were run in parallel. One gel was subjected to Coo-
massie blue staining to assure identical loading. The other gel was
subjected to immunoblotting. Proteins were electrophoretically
transferred from gels to nitrocellulose membranes. Nonspecific
reactivity was blocked by incubation for 1 h at room temperature
with 5% nonfat dry milk dissolved in PBS (pH 7.6, 0.1% Tween 20).
Blots were incubated overnight with affinity-purified primary
antibodies at 4°C (NHE3, a-ENaC, B-ENaC, y-ENaC, NCC,
NKCC-2, ROMK, and Na*/K*-ATPase). The labeling was visual-
ized with secondary biotinylated antibodies and then with horse-
radish peroxidase-conjugated streptavidin (DAKO). The signal
was detected with an enhanced chemiluminescence system and
with X-ray film (Amersham).

Densitometric analysis was performed with the US National
Institutes of Health Image 1.66 software (National Institutes of
Health, Bethesda, Md., USA). In order to quantify the blots (West-
ern blot analysis) by densitometry, for each antibody, the amount
oftotal protein loaded was the one thatlies on the part of the curve
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where the relationship between amount loaded and pixel density
was linear. For most of the antibodies, the amount of loaded pro-
tein was 20 pg. To facilitate comparisons, the magnitude of the
immunosignal was normalized to control by defining the mean
for the control group as 100%.

Preparation of Tissue for Immunofluorescence

To rinse all the blood, we perfused the kidneys through the
abdominal aorta with ice-cold PBS solution. Then the kidneys
were fixed by retrogade perfusion with 40 ml of 4% paraformal-
dehyde in 9.4 mM Na,;B,07, 0.34 mM Na,SO;, and 0.16 M H;BO;
(pH 7.4). The kidneys were removed and placed in paraformalde-
hyde for 4 h at room temperature and overnight at 4°C. Fixed tis-
sues were cryoprotected in 0.9 M sucrose, washed in PBS several
times, frozen in isopentane, and stored at -70°C.

Indirect Immunofluorescence

Five-micrometer-thick cryosections were placed on slides pre-
treated with 3-aminopropyltriethoxysilane. Sections were incu-
bated in 50 mM CINHj for 2 h. Nonspecific staining was blocked
with 1% BSA in PBS containing 1% SDS and 1% Triton X-100
(PBS/BSA/Triton) for 1 h at room temperature. After a rinse with
PBS for 5 min, sections were incubated overnight at 4°C with anti-
NHES3 polyclonal antibody diluted 1:100 in PBS/BSA/Triton or in
anti-ROMK polyclonal antibody diluted 1:100 in PBS/BSA/Tri-
ton. Sections were then rinsed with PBS for 10 min and with PBS
high-salt (2.7% NaCl) for 5 min and covered for 1 h at room tem-
perature with secondary antibody 1:100. After a rinse with PBS,
sections were incubated for 1 h with streptavidin-FITC diluted
1:100 in PBS/BSA/Triton. Finally, the sections were rinsed with
PBS high-salt and mounted into PBS:glycerol (1:1). We used epi-
fluorescence microscopy to examine the slides.

Microdissection of Tubule Segments

The right kidneys were cut along the corticopapillary axis. We
placed 1-mm-thick slices into the dissection solution at 4°C con-
taining (in mM) 100 NaCl, 3.7 Cl,Mg, 2 CaCl,, 66.7 NH,Cl, 50 im-
idazole, and 5.5 glucose, without collagenase, and immediately
microdissected by hand with the aid of fine stainless steel needles
under a stereomicroscope (X10-40). The outer medullary proxi-
mal straight tubules (S3) were dissected by locating the beginning
of a descending thin limb of Henle in the outer medulla and dis-
secting towards the cortex. CCDs measuring 0.5-1 mm in length
were dissected from the medullary ray distal to the junction of two
renal tubules. From the outer stripe of the outer medulla, OMCD
segments were dissected deep to the corticomedullary junction
[23]. Between 8 and 10 S3, CCD and OMCD segments were dis-
sected from each animal. The length of each tubule was measured
under the stereomicroscope with an eyepiece micrometer.

Assay for Na*/K*-ATPase Activity

The Na*K"-ATPase activity was measured in the presence of
ouabain by the malachite-green colorimetric method, as de-
scribed previously [24]. The total ATPase activity was measured
by the rate of inorganic phosphate (P;). The microdissected tubule
segments were permeabilized in 4 pl permeabilization buffer
(Imidazole 100 mM, BSA 1 mg/ml), frozen for 15 min, thawed at
room temperature, and permeabilized again. Then the S3, CCD
and OMCDs were incubated for 15 min at 37°C in the presence of
10 ul ATP 1 mM with ouabain 1 mM to determine the Mg?*-
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Table 1. Body weight, kidney weight,

and blood pressure NPy L8 NP3 L
Initial body weight, g 55423  51%34 5235 54%2.9
Final body weight, g 121.3%3.6 659+22*% 152.1%£557 147.8%£4.98
Kidney weight, g 069004 033%£0.03* 072+0.07 0.69%0.09

Initial blood pressure, mm Hg 104.3+2.6 105.2%2.9 103.2+3.1 106 +3.11
Final blood pressure, mm Hg 106+2.10 107*1.69 1163%*58 117.5%5.11
Data represent the mean = SEM (n = 12); * p < 0.05.
Table 2. Functional data

NP 14and 30 LP RP

(n=12) (n=12) (n=12)
Cl¢,, ml/min-100 g 1.59+0.21 0.96 £ 0.10* 1.46+0.19
Px,, mM 4.32%0.23 3.05x0.1% 4.46*0.15
Pyap, MM 142+3 140+ 5 141+3
FEk., % 299%0.3 42.2 +0.5* 26.3%0.2
FEn.., % 1.2+0.05 1.4+0.06 12+0.16
UV, wl/min-kg 16.47 £0.27 19.23 £0.15*% 15.23+0.1
P1dosterone> Pg/ml 202x12 285.8 +37* 147 £47
Pyreay MM 78+1.9 2.31£0.9% 6.66 0.8
Uyrea MM 406 *+ 45 233.9 +36* 4462+ 52

Clc, = Creatinine clearance; Py, = plasma potassium; Py, = plasma sodium; FEy, =
potassium fractional excretion; FEy,, = sodium fractional excretion; UV = urinary vol-
ume; Pydosterone = plasma aldosterone; Py, = plasma urea; Uy, = urine urea. Data rep-
resent the mean = SEM; * p < 0.05 vs. NP4 04 30-

ATPase activity, or without ouabain to determine total ATPase
activity. Na*/K*-ATPase activity was defined as the difference be-
tween the total and the Mg?*-ATPase activities. For each animal,
the Na*/K"-ATPase activity was made in triplicate samples for
different experimental conditions. The mean value was consid-
ered as asingle point. The final result represents the mean + SEM
of 6 animals. In each experiment, blanks were also run in tripli-
cate to measure the nonenzymatic hydrolysis of P;. The Na*/K*-
ATPase activity was expressed as pmol of inorganic phosphate per
minute per millimeter of tubule length.

Statistical Analysis

The results were assessed by one-way analysis of variance to
compare the three groups. Significance of differences was esti-
mated by the Bonferroni test. A p < 0.05 was considered signifi-
cant. Values were expressed as means = SEM.

Results

For the 14-day period of pair feeding, average daily
food intakes were 14.32 *+ 0.42 g/100 gbody weight in the
NP group and 14.71 * 0.37 g/100 g body weight in the LP
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group. The body weight and the kidney weight in the LP
group were significant lower than in the NP group (ta-
ble 1; p < 0.05 for both). No differences were observed in
the blood pressure (mm Hg) among groups (table 1). The
levels of plasma urea nitrogen in the LP group were sig-
nificantly decreased (table 2; p <0.05, n = 12). Urine urea
nitrogen was also lower in the LP group than in the NP
group (table 2; p <0.05, n = 12). The creatinine clearance
was lower in the LP group than in the NP group (table 2;
p <0.05, n = 12), a result that is consistent with previous
studies using this experimental model.

Rats in the LP group developed hypokalemia, and had
lower plasma potassium levels (table 2; p < 0.05, n = 12).
The fractional excretion of potassium was higher in the
LP group than in the NP group (table 2; p <0.05, n = 12).
Along with this, the rats in the LP group had greater wa-
ter excretion than rats in the NP group. Urinary output
was significantly higher in the LP group compared with
the NP group (table 2; p < 0.05, n = 12). The higher uri-
nary output was also associated with lower urinary os-
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Fig. 1. Semiquantitative immunoblotting of membrane fractions
of the cortex. Immunoblots reacted with anti-NHE3 antibody re-
vealed a single ~90-kDa band. The intensity of the bands was
quantified by densitometry and was expressed as arbitrary units.
Densitometric analysis revealed a decrease in NHE3 abundance
in the LP group compared with the NP group (* p <0.05). No sig-
nificant differences were observed between the RP group and the
NP group. Data represent the mean = SEM (n = 12).

molarity (923 * 110 vs. 1,196 = 61 mosm/kg H,O, p <
0.05,n = 12). In contrast to the marked alteration in water
and potassium balance in the LP group, plasma sodium
levels and fractional excretion of sodium were unchanged
in both groups of rats (table 2). The LP group had higher
plasma aldosterone levels than the NP group (table 2; p <
0.05,n = 12).

Reduction in NHE3 Abundance in the Kidney Cortex

of Rats Fed an LP Diet

In renal PTs, apical Na*/H* exchange mediates most
of the transcellular NaCl transport and two thirds of the
transcellular NaHCO;™ [25],and NHE3 plays a major role
in this process [26]. The anti-NHE3 antibody recognized
a ~90-kDa band in the membrane preparations from the
kidney cortex. No other bands were identified by the an-
tibody. Densitometric analysis of membrane fractions
from the LP group revealed a significant decrease in
NHE3 levels compared with the NP group (85 £ 5vs. 100
+ 2%, p<0.05, n = 12; fig. 1). The results indicated the
recovery of NHE3 protein levels to control values during
the readministration of 24% protein diet (fig. 1). Consis-
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NHE3

Fig. 2. Effect of LP diet on NHE3 immunofluorescence. Frozen
tissues were fixed and stained with an anti-NHE3 antibody. These
data revealed that NHE3 showed a higher signal in the apical do-
mains of the PT in the LP group than in the NP group. In the RP
group, the signal showed no significant differences compared
with the NP group. Magnification X600.

tent with these results, immunofluorescence analysis
confirmed that the expression of NHE3 in the LP group
was less than in the NP group. The anti-NHE3 antibody
strongly labeled the apical domains of the PT, whereas
basolateral plasma membranes were unlabelled in kidney
sections of the NP group. In contrast, NHE3 labeling was
lower in the apical membranes of the PTs from the cortex
(fig. 2) and the PT from the outer stripe of the outer me-
dulla (OSOM; not shown) in kidney sections of the LP
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Fig. 3. Semiquantitative immunoblotting of membrane fractions
of the outer stripe of the outer medulla. Immunoblots reacted
with anti-NKCC-2 antibody revealed a single ~150-kDa band.
The intensity of the bands was quantified by densitometry and
was expressed as arbitrary units. Densitometric analysis revealed
higher NKCC-2 abundance in the LP group than in the NP group
(*** p<0.001). No significant differences were observed between
the RP group and the NP group. Data represent the mean + SEM
(n=12).

group than the NP group. After the recovery period, the
NHE3 immunoreaction in the apical domain of epithe-
lial cells from PT in the LP group was similar to the con-
trol.

Kidney Levels of Two Major Absorptive

Na*-K*-CI~ Cotransporters NKCC-2 in the TAL and

Na*-K* Cotransporter NCC in the DCT Are Higher

in the LP Group than in the NP Group

NKCC-2 is the major transporter for apical sodium re-
absorption in the mTAL and cortical TAL (cTAL). West-
ern blot analysis showed that NKCC-2 antibody recog-
nized a broad band centered at ~150 kDa (fig. 3) as re-
ported by Ecelbarger et al. [27]. No other bands were
identified by the antibody. In contrast to the significant-
ly lower kidney cortex levels of NHE3 in the LP group, we
found higher levels of NKCC-2 in OSOM in the LP group
than in the NP group (190 * 6 vs. 100 * 4%, p < 0.001,
n = 12; fig. 3). At the luminal membrane of the DCT, the
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Fig. 4. Semiquantitative immunoblotting of membrane fractions
of the cortex. Immunoblots reacted with anti-NCC antibody re-
vealed a single ~160-kDa band. The intensity of the bands was
quantified by densitometry and was expressed as arbitrary units.
Densitometric analysis revealed higher NCC abundance in the LP
group than in the NP group (*** p <0.001). No significant differ-
ences were observed between the RP group and the NP group.
Data represent the mean * SEM (n = 12).

apical thiazide-sensitive NCC is the major pathway for
salt reabsorption. In the cortex, the anti-NCC antibody
recognized a protein with a molecular mass centered at
~160 kDa. Densitometric analysis showed that NCC
abundance was significantly higher in the LP group than
in the NP group (204 * 2 vs. 100 £ 4%, p <0.001, n =
12; fig. 4). After the recovery period, the abundance of
NKCC-2 and NCC returned to control levels.

Increased Protein Expression of ENaC Subunits

We studied the abundance of ENaC subunits in the
cortex/OSOM of kidneys and found that a-ENaC, (-
ENaC, and y-ENaC were increased in the LP group. No
other bands were identified by the antibody. We found
significantly more a-ENaC in the kidney cortex/OSOM
in the LP group than in the NP group (206.3 £ 4 vs. 100
* 3%, p<0.001, n = 12; fig. 5a). In addition, the protein
abundance of the B- and y-subunits of ENaC in the kid-
ney cortex/OSOM of the LP group was also higher. Pro-
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Fig. 5. Semiquantitative immunoblotting of membrane fractions
of the cortex/outer stripe of the outer medulla. Immunoblots re-
acted with anti-a-ENaC antibody (a), anti-B-ENaC antibody (b),
and anti-y-ENaC antibody (c), and each revealed a single ~85-
kDaband. The intensity of the bands was quantified by densitom-

etry and was expressed as arbitrary units. Densitometric analysis
revealed a higher abundance of the three subunits of ENaC in the
LP than in the NP group. No significant differences were observed
between the RP group and the NP group. Data represent the mean
+ SEM (n = 12); *** p < 0.001, * p < 0.05.
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Fig. 6. Semiquantitative immunoblotting of membrane fractions
of the cortex and outer medulla. Immunoblots reacted with anti-
ROMKI antibody revealed a single ~45-kDa band. The intensity
of the bands was quantified by densitometry and was expressed
as arbitrary units. a Densitometric analysis revealed higher abun-
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dance in ROMKI1 in the LP group than in the NP group (*** p <
0.001) in the cortex. b No significant differences were observed
between the LP group and the NP group in the outer medulla and
between the RP group and the NP group. Data represent the mean
+ SEM (n = 12).
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ROMK1

Fig. 7. Effect of LP diet on ROMKI immu-
nofluorescence in the cortex and the outer
medulla. Frozen tissues were fixed and
stained with an anti-ROMKI antibody.
These data revealed that ROMKI1 showed
a higher signal in CCD segments in the
cortex (a) and in both OMCD and mTAL
segments in the outer medulla (b) from the
LP group. In the RP group, the ROMK1
signal showed no significant differences
compared with the NP group. Magnifica-
tion X600.

tein levels of B-ENaC (126 = 6vs. 100 = 5%;n=12,p<
0.05; fig. 5b) and y-ENaC (178.35 * 3.58 vs. 100 £ 4.3%,
p < 0.001, n = 12; fig. 5c) were higher in the LP group
compared with the NP group.

ROMK Protein Expression

The electrical driving force for apical Na* entry
through ENaC is maintained by the K* channel ROMK.
This channel is considered the most important to serve
this function [28].

Because we found increased protein levels of the three
ENaC subunits in cortex/OSOM membrane fractions in
the LP group, we assessed if the ROMK protein was up-
regulated in the cortex.

Antibody generated to sequences of ROMK shared by
all isoforms has demonstrated an apical pattern of chan-
nel protein expression, consistent with the ROMK chan-
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ROMK1

nel providing a K* secretory pathway in renal epithelia
[29]. The anti-ROMK antibody detected a band of ~45
kDa. No other bands were identified by the antibody.
Densitometric analysis revealed that the protein abun-
dance of ROMK was markedly higher in the cortex of the
LP group than in the cortex of the NP group (204.4 £ 9.7
vs. 100 = 5.7%, p<0.001, n = 12; fig. 6a), while the abun-
dance of ROMK in OSOM was the same in the two groups
(fig. 6b). After the recovery period, the abundance of the
ROMK in the cortex and the OSOM kidney membrane
fractions was similar to the control.

Consistent with these findings, immunofluorescence
analysis revealed higher ROMK labeling in the apical
plasma membrane domains of CCD in the LP group than
in the NP group (fig. 7a). The ROMK labeling at CCD in
both the NP and RP groups was weak. We found a high-
er apical ROMK staining in cTAL cells in the LP group
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Fig. 8. Semiquantitative immunoblotting of membrane fractions
of the cortex and outer medulla. Immunoblots reacted with anti-
Na*/K*-ATPase antibody revealed a single ~110-kDa band. The
intensity of the bands was quantified by densitometry and was
expressed as arbitrary units. a No significant differences were ob-
served between the LP group and the NP group in the cortex.

than in the NP group (tubule cross sections positive for
ROMK are not shown). We observed increased ROMK
immunoreactivity at the apical domain of OMCDs and
mTAL in the LP group (fig. 7b).

Effect of an LP Diet on Na*/K*-ATPase Expression

and on the Activity of Microdissected CCDs

The renal tubule is rich in Na*/K"-ATPase, an impor-
tant transport protein capable of coupling hydrolysis of
ATP to the active translocation of sodium and potassium
across the cell membrane and secondaryactive transport
of other solutes.

Whereas the apical Na* transporters vary among the
tubule segments, the basolateral Na*/K"-ATPase is com-
mon to each segment [30]. The a;-isoform antibody rec-
ognized a band migrating at ~110 kDa. Semiquantitative
immunoblotting of the a-subunit of the Na*/K*-ATPase
showed that the protein abundance of the kidney cortex
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b Densitometric analysis revealed higher abundance in Na*/K*-
ATPase in the outer stripe of the outer medulla in the LP group
than in the NP group (*** p < 0.001). No significant differences
were observed between the RP group and the NP group. Data rep-
resent the mean * SEM (n = 12).

of the LP group and the NP group was the same (fig. 8a).
However, the Na*/K*-ATPase o;-subunit protein levels
were lower in the kidney OSOM of the LP group than
those of the NP group (46.8 £ 3.83 vs. 100 £ 5.1%, p <
0.001, n = 12; fig. 8b).

The immunofluorescence of Na*/K*-ATPase in the
OSOM kidney sections showed less staining on the baso-
lateral tubule membrane in the LP group than in the NP
group (fig. 9).

We also analyzed the Na*/K"-ATPase activity (ex-
pressed as pmol/mm/min) in microdissected S3 PT, CCD
and OMCDs. The Na*/K*-ATPase activity was significant-
ly lower in the S3 PT and OMCD of the LP group than in
that of the NP group (53: 0.65 £ 0.10 vs. 0.05 * 0.07, p <
0.001; OMCD: 2.4 £ 0.25vs. 6.6 £ 0.42, p<0.001, n = 8).
However, there were no significant differences in the CCD
Na*/K*-ATPase activity between the LP group and the NP
group (10.36 £ 0.45vs. 11.58 £ 0.32,p >0.05,n = 8).
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Fig. 9. Effect of LP diet on Na*/K*-ATPase immunofluorescence
in the outer medulla. Frozen tissues were fixed and stained with
an anti-Na*/K"-ATPase antibody. The Na*/K*-ATPase signal at
the basolateral domain of outer medullary collecting ducts was
lower for the LP group than for the NP group in the outer me-
dulla. Na*/K*-ATPase immunoreaction showed no differences
between the NP group and the RP group. Magnification X600.

Discussion

We demonstrated that the expression of several major
renal sodium transporters (NKCC-2, NCC, and ENaC
subunits) and the potassium channel ROMK were sig-
nificantly upregulated after the rats had been given the
LP diet. These results were associated with enhanced po-
tassium secretion, which contributed to hypokalemia. In
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contrast, the protein expression of NHE3 was downregu-
lated in the PTs and the cTAL of the rat kidney.

Specifically, the increased expression of NCC, a-ENaC
subunits, and ROMK indicates that these transporters
contribute to Na* reabsorption and to potassium secre-
tion associated with higher K excretion at distal seg-
ments. We found higher plasma aldosterone levels in the
LP group. The readministration of 24% protein in the diet
recovered protein levels of sodium transporters and po-
tassium channels to control values.

Reduced Abundance of NHE3 in the PTs and
Increased Abundance of NKCC-2 in TALs in the LP
Group

Injury events caused by an LP diet, an in vivo model
of energy deprivation, include ATP depletion on epithe-
lial cells from duct segments [7]. Disruption of PT func-
tion, which ultimately results in increased distal sodium
and fluid delivery, is associated with renal hemodynamic
changes including a decrease in the GFR and renal plas-
ma flow. Moreover, micropuncture studies in LP diets
have revealed decreased single-nephron GFR as a result
of higher afferent and efferent arteriolar resistances [2].
Because NHE3 is a major sodium transport pathway in
the renal PT [26], we speculate that the altered levels of
apically expressed NHE3 [31] and basolaterally expressed
Na*/K*-ATPase in the kidney tubules [32] in response to
decreased GFR may account for the changes in PT sodi-
um in the cortex of rats given an LP diet. Consistent with
this finding, we showed a significant decrease in creati-
nine clearance in the LP group. We demonstrated that the
abundance of NHE3 in the renal cortex was severely de-
creased after an LP diet. Immunofluorescence analysis
confirmed the reduced expression of NHE3 in the apical
plasma membrane domains of the proximal convoluted
tubule in the kidney cortex of rats given an LP diet. Fur-
thermore, in the LP membrane fractions of the outer
stripe of the outer medulla, which include S3 PT seg-
ments, we found lower Nat/K"-ATPase levels and label-
ing of Na*/K*-ATPase in the basolateral domains of PTs.
Moreover, we demonstrated that Na*/K*-ATPase activity
was reduced in LP isolated microdissected S3 PT seg-
ments compared with NP.

These observations support the view that the epithe-
lial transport ability of the PT is impaired in the LP kid-
ney. This condition has been associated with a marked
compensatory upregulation of other sodium transporters
along the nephron. NKCC-2, which is located in the api-
cal plasma membrane domains of cortical and mTAL
segments, mediates apical Na*-K"-2Cl co-transport in
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these water-impermeable segments [27]. Previous studies
show that the abundance of NKCC-2 in TAL is upregu-
lated by 14 days of saline loading, which increases flow
and sodium delivery to the thick ascending limb. Con-
versely, the abundance of NKCC-2 is downregulated by
PGE, [33].

The increase in NKCC-2 protein levels in the OSOM
of the LP group may have resulted in more NaCl be-
ing delivered to the loop of Henle. In addition, the low
production of PGE,; in the medulla of rats given the LP
diet [34] may have been involved in the upregulation of
NKCC-2.

The increased expression of NKCC-2 in the apical
membranes of the mTAL may be an important factor in
the sodium retention, because the coupled activities of
the NKCC-2 and the ROMK channel drive active and
passive sodium reabsorption in this portion of the neph-
ron.

Also, K* recycling hyperpolarizes the cell membrane
potential, which is an essential factor for Cl~ diffusion
across the basolateral membrane. Moreover, K recycling
across the apical membrane coupled to Cl~ exit across ba-
solateral membranes generates the lumen-positive trans-
epithelial potential that is the main driving force for
paracellular Na* transport [35]. Patch-clamp studies have
demonstrated that the low-conductance K' channels
(ROMK) contribute to the apical K" conductance and to
K* recycling [12].

We did not find detectable differences in ROMK abun-
dance in the membrane fractions of outer stripe of the
outer medulla in the LP group. However, the higher
ROMK protein expression in the apical border of the TAL
may be linked to ROMK regulation by trafficking and
postranslational modification of the channel [36]. Thus,
the elevated protein abundance of NKCC-2 and the high-
er ROMK protein expression demonstrated in the immu-
nofluorescence analysis of the apical membrane of the
mTAL of the LP group would be expected to enhance
both active and passive NaCl transport [37].

Increased Abundance of NCC, a-, B- and y-ENaC in

Kidney from Rats Given an LP Diet

The thiazide-sensitive NCC is expressed in the DCT,
and the amiloride-sensitive ENaC is expressed in the
connecting tubule and collecting duct [20]. NCC and the
three subunits of ENaC mediate sodium reabsorption,
which is regulated by the hormones that control the so-
dium balance (e.g. the mineralocorticoid aldosterone).
Consistent with this, it has recently been suggested that
aldosterone stimulates sodium reabsorption by the kid-
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neys, in part, through increasing the abundance of NCC
in the DCTs [38] and the a-subunit ENaC in the collect-
ing duct principal cells [19]. In addition, Kim et al. [38]
showed an increased NCC abundance in the rat kidney
in response to aldosterone infusion and during vasopres-
sin escape. Moreover, the mineralocorticoid antagonist
spironolactone decreased the abundance of the NCC pro-
tein in the kidney [39]. Although direct mineralocorti-
coid receptor (MR) regulation of ENaCa gene transcrip-
tion through its canonical mineralocorticoid response
elements (MREs) is important for Na* transport activity
[40], it is not the only mechanism involved, and serum-
and glucocorticoid-regulated kinase (SGK1) might in-
deed be implicated [41]. Like the gene-encoding ENaCa
itself, SGK1 is a classically regulated MR target gene, with
MREs driving its expression in response to MRs or glu-
cocorticoid receptors. SGK1 is an immediate early gene
that responds rapidly to changes in aldosterone levels by
trafficking ENaC to the membrane and potentially sin-
gle-channel activities [42].

Specifically, in our study, there were marked increases
in NCC, a-, 3-, and y-subunits of ENaC. Simultaneously,
the increase in these subunits paralleled the higher levels
of circulating aldosterone. Upregulation of the ENaC
subunits occurred after 14 days of LP feeding. However,
we did not study the early aldosterone effects on the col-
lecting duct, including trafficking and postranslational
modification of ENaC subunits.

The renin-angiotensin-aldosterone system plays a piv-
otal role in the pathophysiology of this experimental
model of an LP diet [4]. Our results of upregulated NCC
and ENaC, previously identified as the major targets of
aldosterone-mediated regulation in the kidney [19, 38],
indicate that this hormone is involved in regulating distal
sodium reabsorption in an LP diet.

Studies of the acute and chronic effects of aldosterone
have shown that there is an increase in the turnover rate
of the basolateral Na*/K*-ATPase and in the insertion of
new Na'/K"-ATPase units [43]. Na*/K"-ATPase provides
the pathway for Na* exit from the renal tubule epithelial
cells in each segment. The transport function is mediated
by the a-subunit, whereas the 3- and y-subunits provide
regulatory and chaperone functions [44]. After an LP
diet, the abundance of the Na*/K*-ATPase o;-subunit did
not change. Although mineralocorticoids mediate regu-
lation of Na*/K*-ATPase activity in collecting ducts and
connecting tubules in an LP diet, possible changes in the
abundance of Na*/K"-ATPase a;-subunit protein in these
segments may be obscured because, in the majority of the
tubular mass (PTs and thick ascending limbs), this sub-
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unit is probably not regulated. Na*/K*-ATPase activity
slightly, but not significantly, increased in microdissect-
ed CCD from the LP group.

The levels of the a;-subunit of Na*/K*-ATPase protein
expression in the outer stripe of the outer medulla mem-
branes were lower in the LP group than in the NP group.
Na*/K*-ATPase activity was significantly lower in the
isolated microdissected OMCD segment of the LP group
than the NP group. Consistent with these findings, we
previously reported that an LP diet causes in vivo and in
vitro transient dissociation of Na*/K"-ATPase from the
membrane-cytoskeleton complex in renal outer stripe of
the outer medulla (OSOM) [7].

Increased Abundance of ROMK in an LP Diet

The CCD is the site for K" secretion and Na* reabsorp-
tion. The secretory capacity of K* diminishes sharply
with the transition of the outer medulla [28]. Apical so-
dium channels permit sodium to passively enter princi-
pal cells and to depolarize the apical membrane. The
electrical driving force for apical Na* entry through ENaC
is maintained by K* channels [10]. The ROMK renal K*
channel is the most important channel to serve this func-
tion [45].

Consistent with these previous observations, we
showed, in addition to a higher protein expression of the
three ENaC subunits, a significant increase in the relative
protein abundance of ROMK in the renal cortex mem-
brane of the LP group. Moreover, the immunofluores-
cence study confirmed that the ROMK antibody intense-
ly stained on the apical membrane of principal cells from
cortical and medullary collecting duct segments of the LP
group. Because we found increased ROMK expression in
the apical membranes from collecting duct segments, it
is possible that other mechanisms, such as trafficking of
transporters to the plasma membrane from intracellular
membrane-bound stores with higher surface density of
ROMLK, could be included in the LP study.

ROMK activity is dependent on direct PKA phosphor-
ylation [46]. All three PKA phospho-acceptor sites in
ROMK, embedded within the cytoplasmic NH, (Ser-44)
and COOH termini (Ser-219 and Ser-313), must be phos-
phorylated for full channel function. Phosphorylation of
the two COOH terminal sites is required to maintain the
channelin a high open probability state. Phosphorylation
of the NH, terminal site, on the other hand, appears to
control the number of active channels on the cell surface
[47]. Close inspection of the NH, terminal PKA site in
ROMK reveals that it also falls within a canonical SGK1
phosphorylation sequence [48], suggesting that the chan-
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nel, and serine 44 in particular, might also be a target of
SGK1 [49].

Indeed, the aldosterone-induced kinase SGK1 phos-
phorylates an N-terminal residue in ROMK, serine 44,
which shows a possible molecular mechanism for aldo-
sterone-dependent regulation of the secretory potassium
channel in the kidney CCD [50].

We confirmed that the increase in ROMK abundance
in response to an LP diet plays a significant role in the
higher potassium secretion that contributes to potassium
excretion. Aldosterone may be involved in ROMK regu-
lation in an LP diet.

Conclusion

We found that an LP diet is associated with substantial
downregulation of NHE3 in the PTs and ¢TALs of rat
kidney and of NKCC-2 in the mTALs, NCC in the DCTs,
and ENaC subunits in the connecting segments and col-
lecting ducts. Moreover, we found a marked increase in
ROMKI1 abundance in CCDs as a result of the LP diet.
The increased expression of NCC, a-ENaC subunits, and
ROMKI may increase distal sodium reabsorption and
potassium secretion. These factors may explain the hypo-
kalemia resulting from an LP diet because of an increase
in fractional potassium excretion. It is likely that increas-
es in NCC, ENaC subunits, and ROMK may be regulated
by aldosterone in an LP diet. Readministration of 24%
protein in diet recovered protein levels of sodium trans-
porters and potassium channels to control values.
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