The renal thiazide-sensitive Na-Cl cotransporter as
mediator of the aldosterone-escape phenomenon
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The kidneys “escape” from the Na-retaining effects of aldosterone when circulating levels of aldos-
terone are inappropriately elevated in the setting of normal or expanded extracellular fluid volume,
e.g., in primary aldosteronism. Using a targeted proteomics approach, we screened renal protein
extracts with rabbit polyclonal antibodies directed to each of the major Na transporters expressed
along the nephron to determine whether escape from aldosterone-mediated Na retention is associ-
ated with decreased abundance of one or more of renal Na transporters. The analysis revealed that
the renal abundance of the thiazide-sensitive Na-Cl cotransporter (NCC) was profoundly and selec-
tively decreased. None of the other apical solute-coupled Na transporters displayed decreases in abun-
dance, nor were the total abundances of the three ENaC subunits significantly altered. Immunocy-
tochemistry showed a strong decrease in NCC labeling in distal convoluted tubules of
aldosterone-escape rats with no change in the cellular distribution of NCC. Ribonuclease protection
assays (RPAs) revealed that the decrease in NCC protein abundance was not associated with altered
NCC mRNA abundance. Thus, the thiazide-sensitive Na-Cl cotransporter of the distal convoluted
tubule appears to be the chief molecular target for regulatory processes responsible for mineralo-
corticoid escape, decreasing in abundance via a posttranscriptional mechanism.

J. Clin. Invest. 108:215-222 (2001). DOIL:10.1172/JCI200110366.

Introduction
Regulation of extracellular fluid volume and blood pres-
sure depends largely on control of Na excretion by the
kidney. One of the major regulators of Na excretion is
aldosterone. Aldosterone is an adrenocortical steroid
hormone whose actions are mediated chiefly by binding
to intracellular receptors that function as transcription
factors in the activated state (1). Aldosterone stimulates
Na retention by the kidney in part through its action to
regulate the epithelial Na channel, ENaC, which medi-
ates apical Na entry across collecting duct principal cells
(2). ENaC is a hetero-oligomeric channel made up of
three distinct subunits (3). We have recently demon-
strated that the action of aldosterone is associated with
a large increase in the protein abundance of the o sub-
unit of ENaC and a molecular weight shift of the y sub-
unit from 85 to 70 kDa, possibly owing to physiological
proteolytic cleavage (4). In addition, aldosterone stimu-
lates Na reabsorption in the distal convoluted tubule
(DCT; ref. 5), by increasing the abundance of the thi-
azide-sensitive Na-Cl cotransporter (NCC) in the DCT
(6). Thus, both NCC and ENaC appear to be primary tar-
gets for regulation of sodium excretion by aldosterone.
The effect of aldosterone to cause renal Na retention
can be overridden in some circumstances by the phe-

nomenon of aldosterone escape (7, 8). Aldosterone
escape is a manifestation of the ability of the kidney to
overcome the Na-retaining effects of aldosterone when
aldosterone levels are high despite an Na-replete state.
This phenomenon may be important clinically, for
example, in primary aldosteronism (9), in which it may
ameliorate the hypertensive effects of high circulating
levels of aldosterone.

Aldosterone escape is dependent on increased renal
vascular perfusion pressure rather than systemic factors
such as changes in circulating hormone levels or renal
nerve activity (10). Thus, the aldosterone-escape process
appears to be a manifestation of the long-term pressure
natriuresis phenomenon, which plays a central role in
long-term regulation of systemic blood pressure. The
increase in Na excretion in aldosterone escape occurs
without an increase in glomerular filtration rate, impli-
cating decreased renal tubule Na reabsorption (11, 12).
Micropuncture measurements demonstrated increased
Na delivery to the collecting duct (11, 12). However, the
specific site of decreased Na reabsorption has not been
identified, and the Na transporters involved remain
unknown. In this study, we use a “targeted-proteomics”
approach (13) in rats to look for renal Na transporters
downregulated in aldosterone escape. This approach
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uses a battery of antibodies to each of the major renal
tubule Na transporters to screen renal homogenates for
downregulated transporters.

Methods

Aldosterone-escape model. Experiments were conducted in
male Sprague-Dawley rats (180-220 g) (Taconic Farms,
Germantown, New York, USA). The aldosterone-escape
protocol is diagrammed in Figure 1. All rats were main-
tained in metabolism cages to allow quantitative urine
collections. On day -3, all rats were anesthetized with
methoxyflurane (Metofane; Pitman-Moore, Munde-
lein, Illinois, USA) and implanted subcutaneously with
osmotic minipumps (model 2ML2; Alzet, Palo Alto,
California, USA) delivering 200 ng per day of aldos-
terone (Sigma Chemical Co., St. Louis, Missouri, USA)
(6). The minipump infusion was sustained throughout
the entire time course of each experiment in all rats.
The intake of Na was initially maintained at a very low
level (0.02 mEq/d) by ration feeding of measured
amounts of a gelled mixture of low-Na food and water
(see below). On day O (see Figure 1), half the rats were
switched to a higher Na intake (2.0 mEq/d), whereas
the remaining rats were continued on the 0.02 mEq/d
Na intake. The rats given the higher Na intake must
escape from the Na-retaining effect of aldosterone to
re-establish Na balance.

Kidneys were analyzed at various time points after the
switch from 0.02 to 2.0 mEq/d Na to determine Na
transporter and Na channel abundance as described
below. The low-Na control rats were handled in a man-
ner identical to the experimental rats throughout the
time course, including matched caloric and water intake
achieved by ration feeding (see below). Rats were eutha-
nized by decapitation. Serum was collected at the time
of decapitation for the measurement of aldosterone
concentration by RIA (Coat-a-Count; Diagnostic Prod-
ucts Corp., Los Angeles, California, USA), Na concen-
tration, and creatinine concentration (Monarch 2000
autoanalyzer; Instrumentation Laboratories, Lexington,
Massachusetts, USA). Urinary samples were analyzed
for Na and creatinine (Monarch 2000 autoanalyzer).

Ration feeding protocol. The intakes of sodium, calories,
and water were carefully controlled by ration feeding of
a fixed daily amount of a gelled diet that contains all of
the nutrients, NaCl, and water that the rat receives in a
day (6). The baseline low Na intake was achieved by
feeding the rats a gelled mixture of a synthetic low-Na
diet (Formula 53140000; Ziegler Brothers, Gardner,
Pennsylvania, USA), deionized water (25 ml per 15 g of
food), and agar (0.125 g per 25 ml of water). The Na-
replete diet was the same except for addition of 2 mEq
Na per 15 g of food before gelation. All animals received
the equivalent of 15 g per 200 g of body weight (BW)
per day of rat chow determined by weighing the gelled
mixture. Analysis of the diet demonstrated that this
protocol provides approximately 0.02 mEq per 200 g of
BW per day of Na for the low-Na mixture and 2.0 mEq
per 200 of g BW per day for the Na-replete diet.

Antibodies. Rabbit polyclonal antibodies to the fol-
lowing renal sodium transporters were utilized: the
type 2 Na-phosphate cotransporter (NaPi-2) of the
proximal tubule (14), the type 3 Na-H exchanger
(NHE3) of the proximal tubule (15), the Na-K-2Cl
cotransporter (NKCC2) of the thick ascending limb
(16), the thiazide-sensitive Na-Cl cotransporter (NCC)
of the DCT (6), and all three subunits of the epithelial
Na channel (ENaC) of the collecting duct (4). The anti-
sera were affinity purified against the immunizing pep-
tides as described previously (6, 16). Specificity of the
antibodies has been demonstrated by showing unique
peptide-ablatable bands on immunoblots and a unique
distribution of labeling by immunocytochemistry. In
addition, we utilized a mouse mAb against the Na-K-
ATPase a1 subunit (product number 05-369; Upstate
Biotechnology Inc., Lake Placid, New York, USA).

Semiquantitative immunoblotting. Semiquantitative
immunoblotting was used to compare sodium trans-
porter or channel abundance between groups of rats as
described in detail previously (13, 16, 17). The left kid-
neys were homogenized intact. The right kidneys were
dissected to obtain cortex, inner stripe of outer medul-
la, and inner medulla. For each set of samples (experi-
mental and control), after solubilization in Laemmli
sample buffer, an initial gel was stained with Coomassie
Blue as described previously (18) to confirm equal load-
ing among samples. SDS-PAGE was performed on 7.5%,
10%, or 12% polyacrylamide gels (Ready Gels; Bio-Rad
Laboratories Inc., Hercules, California, USA), and the
proteins were transferred from the gel electrophoreti-
cally to nitrocellulose membranes. Membranes were
probed overnight at 4°C with the respective primary
antibodies and then exposed to secondary antibody
(goat anti-rabbit IgG conjugated with horseradish per-
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Figure 1

Diagram of aldosterone-escape protocol. All rats received aldos-
terone infusions by osmotic minipump (top). Both control and
escape rats were started at day -3 on a low-Na diet providing
approximately 0.02 mEq/d of Na. On day 0, the Na intake was
increased to 2.0 mEq/d for the escape rats, whereas control rats

continued to receive 0.02 mEq/d.
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oxidase, no. 31463, diluted to 1:5,000; or rabbit anti-
mouse IgG conjugated with horseradish peroxidase, no.
31450, diluted to 1:5,000; both from Pierce Chemical
Co., Rockford, Illinois, USA) for 1 hour at room tem-
perature. Sites of antibody-antigen reaction were visu-
alized using a luminol-based enhanced chemilumines-
cence substrate (LumiGLO; Kirkegaard and Perry
Laboratories, Gaithersburg, Maryland, USA) before
exposure to X-ray film (Kodak 165-1579; Eastman
Kodak Co., Rochester, New York, USA). The band den-
sities were quantitated by laser densitometry ( Model
PDS1-P90; Molecular Dynamics Inc., Sunnyvale, Cali-
fornia, USA). The densitometry values were normalized
to facilitate comparisons.

Immunocytochemistry. Control (n = 3) and aldosterone-
escape (n = 3) rats were prepared as described above. The
kidneys were fixed by perfusion with cold PBS (pH 7.4)
for 15 seconds via the abdominal aorta followed by cold
4% paraformaldehyde in 0.1M cacodylate buffer (pH
7.4) for 3 minutes. The kidneys were removed and post-
fixed for 1 hour, followed by three 10-minute washes
with 0.1M cacodylate buffer (pH 7.4). The tissue was
dehydrated in graded ethanol and left overnight in
xylene. The tissue was embedded in paraffin, and 2-pm
sections were cut on a rotary microtome (Leica, Herlev,
Denmark). Localization of NCC was carried out using
indirect immunofluorescence or immunoperoxidase
labeling as described elsewhere (19). The primary anti-
body was rabbit anti-rat NCC L573 (6). For confocal
microscopy, the secondary antibody was Alexa 488 con-
jugated goat anti-rabbit IgG antibody (A-11008; Mole-
cular Probes Inc., Eugene, Oregon, USA). For immuno-
peroxidase labeling, the secondary antibody was
horseradish peroxidase conjugated to goat anti-rabbit
IgG (P448; DAKO A/S, Glostrup, Denmark). For
immunoperoxidase labeling, counterstaining was done
using Mayer’s hematoxylin. Microscopy was carried out
with Leica DMRE light microscope (Leica, Herlev, Den-
mark) and a Zeiss LSM510 laser confocal microscope
(Brock & Michelsen, Birhergd, Denmark).

In some of the immunofluorescence studies, double
labeling was carried out using the mAb to the Na-K-
ATPase 0-1 subunit (see above) with a goat anti-mouse
secondary antibody conjugated to Alexa 546 (A11003;
Molecular Probes Inc.).

RNA preparation. Total kidney RNA was extracted from
the right kidneys of control and aldosterone-escape rats
treated as described previously (20) using RNAzol B (Tel-
Test Inc., Friendswood, Texas, USA). RNA purity and
concentration were assessed spectrophotometrically.
RNA integrity was confirmed by inspection of ribosomal
RNA bands on ethidium bromide-stained agarose gels.

RNA probe synthesis. The DNA template for the synthe-
sis of the NCC RPA probe was generated by PCR from rat
kidney cDNA using the following primers: NCC Forward
primer 5’-CCT GCT GTG TCA TCA CAT C-3’,and NCC
T7 Reverse primer: 5-GCG CGT AAT ACG ACT CAC
TAT AGG GAG AGG AGT TAA GGG AAC AGG AGG
AGA AAT G-3". The reverse primer (antisense primer) was

made with the T7 sequence incorporated at the 5’-end of
the PCR primer. The PCR product was used as the tem-
plate without cloning it. The DNA template for the -
actin probe was provided by the manufacturer (7794;
Ambion Inc., Austin, Texas, USA). Biotin-labeled anti-
sense RNA probes for NCC and B-actin were synthesized
from the templates with the MEGAscript kit (Ambion
Inc.). The product was excised from 10% acrylamide SDS-
PAGE gel following visualization with thin layer chro-
motography ultraviolet shadowing plates, and was elut-
ed using the manufacturer’s buffer (414; Ambion Inc.).

RPA. The RPA was carried out using an RPA assay kit
(RPA 111, 1414; Ambion Inc.) according to the protocol
recommended by the manufacturer. Solution hybridiza-
tion was performed with 10 pg total RNA samples from
control and aldosterone-escape kidneys using the
biotin-labeled antisense RNA probes for NCC (1 ng per
tube) and B-actin (10 ng per tube). The hybridization
was carried out at 56°C. After ribonuclease digestion,
the products were denatured by heating to 94°C for 4
minutes and run on a urea-TBE polyacrylamide gel (5%
polyacrylamide) and transferred to nylon membranes.
The products were visualized by incubation of the mem-
branes with an alkaline phosphatase/streptavidin probe
and incubation with a chemiluminescence reagent
(Bright-Star; Ambion Inc.) followed by exposure to
light-sensitive film (BioMax Light, double coated,;
Kodak). Band densities were assessed by densitometry
(PDS1-P90; Molecular Dynamics Inc.). Positive and neg-
ative controls were run with the probe alone (plus yeast
RNA), with and without digestion.

Presentation of data and statistical analyses. Statistical
comparisons were accomplished by unpaired ¢ test
(when variances were the same) or by Mann-Whitney
rank-sum test (when variances were significantly dif-
ferent between groups). P values less than 0.05 were
considered statistically significant.

Table 1

BW, serum aldosterone, creatinine clearance, water excretion, and

Na excretion
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Control Escape

n 5 S
BW (g), day -3 189.6+4.5 189.0+2.4
BW (g), day 0 193.8+3.6 189.4+3.9
BW (g), day 4 202.8+3.9 198.6+6.3
Serum aldosterone (nM)
Day 4 56.7+13.6 46.7 £13.9
Creatinine clearance (ml/h)
Day 4 66.2+3.4 64.6+8.7
Water excretion (ml/d)
Day 4 14.7£1.0 121+2.7
Na excretion (mEq/d)
Day 4 0.1£0.0 1.8+0.3A
Urine Na concentration (mEq/I)
Day 4 4.0+0.0 155.2 £20.54
AP <0.05.
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Figure 2

Immunoblots assessing Na transporter and Na channel abundances in homogenates from renal cortex (left) and renal outer medulla (right)
in control (aldosterone-low Na) and escape (aldosterone-high Na) rats. Each lane was loaded with a sample from a different rat. Table 2
summarizes densitometric analysis.

Results
Aldosterone escape model. Figure 1 summarizes the aldos-
terone escape protocol. The escape phenomenon was
elicited in aldosterone-infused rats by switching from a
low to a high NaCl intake. Control rats received the same
aldosterone infusion but were maintained on a low-NaCl
intake and thus did not undergo escape. Table 1 shows
data on BW, serum aldosterone concentration, creatinine
clearance, water excretion rate, Na excretion rate, and uri-
nary Na concentration in the initial set of rats studied. In
the experimental group, the Na excretion rate rose virtu-
ally to the level of the intake, indicating that these rats
successfully escaped from the Na-retaining action of
aldosterone. The rise in Na excretion in the aldosterone-
escape group occurred without a change in creatinine
clearance, indicating that the increase in excretion was
due to decreased renal tubule absorption.

Na transporter abundances in kidney. To determine
whether the increase in Na excretion in the aldosterone-

along the renal tubule, we screened renal homogenates
using an ensemble of affinity-purified rabbit polyclon-
al antibodies. Figure 2 shows the initial results for renal
cortex and outer medulla. Quantitative analysis of the
datais shown in Table 2. In renal cortex, the major find-
ing was a marked decrease in the abundance of NCC
(the thiazide-sensitive cotransporter of the DCT) in
aldosterone-escape rats. The NCC abundance fell to
17% + 5% of the mean for the control rats (Table 2). The
band densities corresponding to NHE3, NaPi-2,
NKCC2, the a subunit of ENaC, and the 3 subunit of
ENaC were not significantly changed in the aldosterone
escape group compared with the aldosterone/low Na
control rats. Although there was no change in the abun-
dance of the 85-kDa form of y-ENaC, there was a sig-
nificant decrease in the abundance of the aldosterone-
induced 70-kDa form, suggesting a partial reversal of

escape rats was associated with a decrease in the abun- Control Escape
dance of any of the major Na transporters expressed kDa:
— 209
NCC "W WS & o o .
— 120
Figure 3
Immunoblots assessing NCC and o-ENaC abundances in
. . — 101
homogenates from whole kldney in control (ald.osteron.e/low Ng) -ENaC s i oo G B0 Y .
and escape (aldosterone/high Na) rats. Densitometric analysis — 79
revealed that only NCC abundance was decreased.
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Table 2

Densitometric analysis of semiquantitative immunoblots of Na transporters and channels?

Cortex Outer medulla
Control Escape Control Escape
NHE3 100 £ 11 142 + 24 1005 91+19
NaPi2 100+ 5 137 £18 Not expressed
NKCC21 0017 77 £21 100 + 20 86+8
NCC 100 £ 18 17 + 54 Not expressed
o-ENaC 100 £12 76 £10 100 £16 83 +£17
B-ENaC 100+ 14 77 +13 100+ 13 106 + 20
Y-ENaC
85-kDa band 100 £15 79+8 100 £16 69+17
70-kDa band 100 £ 4 48 + 54 100+£9 35+114
Na-K-ATPase
a1 subunit 1009 196 +194  100+13 65+ 10

relatively uniform decrease in
NCC labeling in all DCTs can
be appreciated. Similar obser-

Whole kidney vations were made in two
Control Escape additional pairs of rats.
100£9  139£13~ Figure 5 shows similar sec-
1009  170+26*  tions labeled for NCC using
10020  79£15  ijmmunoperoxidase  tech-
100+8 25£7"  niques. The upper two panels
100221 138224 ghow high-power images
100 + 21 145 £ 25 .

demonstrating a marked
100£28 143415 decrease in NCC labeling in
100+13 604100 @aldosterone escape versus
control. There was no obvi-
10019 126 +36 ous redistribution of NCC

Values are mean + SE. AP < 0.05. All values are normalized by the mean for the control group and expressed as
a percentage. (n = 6 for both control and escape groups.)

labeling in DCT cells. Lower-
power images (bottom pan-

the effect of aldosterone on y-ENaC (see Introduction).
Interestingly, there was a significant increase in the
abundance of the o-1 subunit of the Na-K-ATPase, a
change that is unlikely to be related to the escape phe-
nomenon because it would predict an increase in renal
tubule Na absorption (see Discussion).

In outer medulla, the pattern of responses for NHE3,
NKCC2, and the three subunits of ENaC was the same
as in the cortex (Figure 2; Table 2). (Note that NCC and
NaPi-2 are not expressed in inner stripe of outer medul-
la and therefore were not examined by immunoblot-
ting in outer medullary samples.) In contrast to the cor-
tex, Na-K-ATPase 0-1 subunit abundance was not
increased in outer medulla.

Figure 3 shows immunoblots for NCC and o-ENaC in
whole-kidney samples from the same rats as shown in
Figure 2. Once more, there was a marked suppression of
the abundance of NCC (as seen in the cortical samples)
to 25% + 7% of the mean for the control rats, whereas
o-ENaC abundance was not decreased (Table 2).

Immunocytochemistry. Figure 4 shows immunofluo-
rescence labeling of NCC in the renal cortex of control
and aldosterone-escape rats. Figure 4a shows double
labeling using antibodies to the thiazide-sensitive
cotransporter NCC (green) and the Na-K-ATPase (red).
Labeling conditions and exposure settings on the con-
focal microscope were identical for the two images. As
can be seen, the anti-NCC antibody labeled exclusively
the apical membrane region of a subset of tubules rec-
ognized to be DCTs (21). The NCC labeling was
decreased in the DCT cells from aldosterone-escape
rats. The Na-K-ATPase labeling marks the basolateral
plasma membrane domains in DCTs and other seg-
ments. The Na-K-ATPase labeling dominates the basal
two thirds of the cells owing to the extensive basal
infoldings of the DCT cells. Figure 4b shows a pair of
low-power NCC immunofluorescence micrographs
from control and aldosterone-escape rats. Labeling
conditions and exposure settings on the confocal
microscope were again identical for the two images. A

els) show that the decrease

in NCC occurs generally
throughout the cortex. Similar observations were made
in three pairs of rats. Thus, we conclude that the aldos-
terone-escape process is associated with a marked
decrease in the abundance of NCC in the DCT cells,
but that there is no marked change in the cellular dis-
tribution of NCC in these cells.

Time course of aldosterone escape. To determine whether
the increase in Na excretion in aldosterone escape cor-
relates with the demonstrated decreases in the abun-
dance of NCC, we carried out time course studies
using the protocol shown in Figure 1, and sampled
rats at 1, 2, and 4 days after switching from the low-Na
to the high-Na diet. Creatinine clearances (in milli-

Control

Aldosterone Escape

Figure 4

Confocal images showing immunofluorescence labeling of NCC in rat
renal cortex. (a) Double labeling for NCC (green) and Na-K-ATPase
o-1 subunit (red). x250. (b) Low-power images of NCC labeling. x40.
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Control Aldosterone Escape

Figure 5
Immunoperoxidase NCC labeling in rat renal cortex of control and
aldosterone-escape rats. Upper panels, X625; lower panels, X75.

220

liters per minute per 200 grams of BW) for the three
time points were: day 1, control 0.83 + 0.09, escape 0.73
+0.04 (NS); day 2, control 0.84 + 0.07, escape 0.72 +
0.04 (NS); day 4, control 1.10 = 0.06, escape 1.08 + 0.14
(NS). The time course of changes in NCC in renal cor-
tex after increasing Na intake in the aldosterone escape
protocol is shown in Figure 6. NCC abundance fell sig-
nificantly in the first day after increasing Na intake,
and the increase in Na excretion correlated with the
decrease in NCC abundance.

NCC mRNA abundance. To assess whether the
decrease in NCC protein abundance in the kidneys of
aldosterone-escape rats is owing to a decrease in NCC
mRNA, we assessed mRNA abundance by RPAs. As
shown in the left panel of Figure 7, addition of
increasing amounts of renal cortical mRNA results in
a progressive increase in band density for both NCC
and B-actin, illustrating that the assay is capable of
detecting changes in mRNA abundance when loaded
with 2-18 pg per tube. The right panel shows an
absence of a difference in NCC mRNA levels between
control and aldosterone-escape rats. In three such
pairs of rats, there was no change in band densities for
NCC mRNA (normalized to B-actin): control, 0.27 +
0.02; aldosterone-escape, 0.27 = 0.05 (no significant
difference). Immunoblots using homogenates from
the opposite kidneys of these rats confirmed that
NCC protein abundance was markedly decreased
(data not shown). Thus, the decrease in NCC abun-
dance in aldosterone escape does not depend on a
decrease in NCC mRNA levels.

Discussion
Experimental strategy. The major apical Na trans-
porters responsible for Na absorption along the
nephron were originally characterized by a combina-
tion of isolated perfused tubule studies, micropunc-
ture studies, and studies of proximal tubule brush
border vesicles, chiefly in the 1970s and 1980s. The
evidence from these studies was instrumental in the
eventual cloning of cDNAs for these transporters.
These cDNA sequences have now enabled us to pro-
duce an ensemble of affinity-purified, peptide-direct-
ed rabbit polyclonal antibodies to each of the major
apical Na transporters and channels expressed along
the nephron (4, 6, 14-16, 22). The approach used
here (a so-called targeted proteomics approach; ref.
13) is to employ the entire ensemble of antibodies to
screen kidney homogenates from rats undergoing
mineralocorticoid escape versus control rats to deter-
mine whether the escape phenomenon is associated
with altered abundance of any of the major apical Na
transporters. To determine relative abundance of
each transporter (versus control), we use a semi-
quantitative immunoblotting protocol previously
developed for the study of regulation of renal aqua-
porins (17). We emphasize that this technique will
only detect regulatory processes that result in
changes in transporter protein abundance or molec-
ular weight. Detection of other modes of regulation
such as transporter trafficking and phosphorylation
will require different methods.

The experimental protocol in rats (Figure 1) was
designed to separate the primary effects of aldosterone

Time Course of Aldosterone Escape

5000 125
- *  Na Excretion @
S q T 100 O
- - Y
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Figure 6

Time course of changes in NCC abundance and Na excretion after
increase in NaCl intake in aldosterone-escape experiments. Experi-
ments were conducted following the protocol shown in Figure 1.
NCC abundance was assessed a relative band density in
immunoblots as described above. *Significant difference relative to
0 day time point (before the increase in Na intake).
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Figure 7

Assessment of NCC mRNA abundance in aldosterone-escape by
RPA. Left: A titration series with 2-18 lg of renal cortical total RNA.
NCC probe, 389 bp; B-actin probe, 127 bp. Right: Comparison of
whole-kidney NCC mRNA abundance for a control rat versus an
aldosterone-escape rat using 10 LLg total RNA. Densitometric analy-
sis of three pairs showed no significant difference in NCC mRNA
between control and aldosterone-escape (see the text).

from the escape process by initiating the aldosterone
infusion 3 days before a switch from a very low Na diet
to amoderate-Na intake (2 mEq/d). The intake of food
and water was carefully matched to avoid confounding
variables. During the initial 3-day period, the high level
of circulating aldosterone resulting from the infusion
is appropriate for the low level of NaCl intake. Only
after the NaCl intake is increased at day O is there a
stimulus for the escape process.

Aldosterone escape is associated with a marked decrease in
the abundance of the thiazide-sensitive Na-Cl cotransporter.
The most striking finding of this study was a pro-
found decrease in the amount of NCC protein, the
target for the NaCl transport-inhibiting action of thi-
azide diuretic agents. The decrease occurred with a
time course of onset that paralleled the increase in
NaCl excretion associated with the escape process,
and led to a fall in NCC protein abundance to 17-25%
of baseline levels. The marked decrease in NCC abun-
dance was confirmed by immunocytochemical obser-
vations, with no change in the distribution of NCC
protein in the DCT cells. Micropuncture studies have
revealed that the DCT, the site of NCC expression,
normally absorbs at least 1-2% of the filtered load of
Na in rats, and that the Na absorption is completely
inhibited by chlorothiazide (23). In the present stud-
ies, Na excretion increased from about 0.02% of fil-
tered load to 0.8% of filtered load during the escape
process. Thus, the amount of Na absorption normal-

ly occurring in the DCT via NCC is sufficient, if fully
inhibited, to account for the observed Na-excretion
rate during the escape process.

In addition, there were effects on the y subunit of
ENaC, which may have contributed to the increase in
Na excretion seen during the escape process. Specifical-
ly, there was a reduction in the amount of the 70-kDa
form of y-ENaC relative to the total. The formation of
the 70-kDa form of y-ENaC has been postulated to be
due to a physiological proteolytic cleavage (4) by an
extracellular serine protease called CAP1 (24). On the
basis of studies demonstrating that extracellular appli-
cation of trypsin increases the Na-transporting activity
of ENaC heterologously expressed in Xenopus oocytes
(25), we have proposed that formation of the 70-kDa
form is associated with activation of ENaC in vivo (4).
Based on the size of the product (70 kDa), the putative
cleavage would have to occur in the early portion of the
extracellular loop of y-ENaC. In the present studies,
aldosterone escape was associated with a reduction in
the amount of the 70-kDa form, consistent with a rever-
sal of the effects of aldosterone on the collecting duct
principal cell. However, the other major effect of aldos-
terone, namely an increase in o subunit abundance, was
not reversed during the escape process. Hence we believe
it is unlikely that the escape process involves a general
inhibition of aldosterone-mediated gene regulation. For
example, it appears unlikely that the escape process
could be due to a decrease in the abundance of the min-
eralocorticoid receptor. In addition, measurement of
plasma aldosterone concentration did not reveal a sig-
nificantly decreased level in the escape rats.

Based on experiments by Hall and his colleagues in
which renal perfusion pressure was prevented from ris-
ing by a servo-null system (10), the aldosterone-escape
process appears to depend on an increase in renal per-
fusion pressure. Thus, the aldosterone-escape phenom-
enon is presumably due to activation of long-term pres-
sure natriuresis mechanisms. We speculate that
pressure natriuresis may be multifactorial and may dif-
fer in character depending on the chronicity of the
increase in arterial pressure. Pressure natriuresis has
been studied most often in the context of acute increas-
es in arterial blood pressure achieved by aortic clamp-
ing. Under these circumstances, pressure natriuresis
appears to depend on inhibition of NaCl absorption in
the proximal tubule, possibly by increased backleak of
NaCl across the tight junctions (26) or as a result of
endocytosis of Na transporters in the apical and baso-
lateral plasma membranes of the proximal tubule (27).
The changes found in the present study implicate addi-
tional mechanisms after a chronic stimulus to Na reten-
tion; namely, a marked decrease in NCC abundance in
the distal convoluted tubule that could account for Na-
excretion rates up to 2% of the filtered load. The effect
on the thiazide-sensitive NaCl cotransporter is in accord
with the findings of Majid and Navar indicating that, in
contrast to findings with acute hypertension, long-term
pressure natriuresis is dependent on inhibition of Na
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transport in distal nephron segments (28). It is inter-
esting that the marked suppression of NCC protein
abundance occurred without a change in NCC mRNA
level, indicating that the regulatory process is likely to
involve changes in protein half-life or perhaps regula-
tion of translation rate.

Proximal tubule Na transporters in aldosterone escape.
These studies did not reveal changes in proximal tubule
transporter expression that could explain aldosterone
escape; in fact, the changes in proximal transporter
abundances found are compatible with increased prox-
imal NaCl absorption. Specifically, cortical Na-K-
ATPase abundance was increased, presumably owing to
an increase in the proximal tubule, the predominant
tubule segment in the cortex. Furthermore, in whole-
kidney samples, there were significant increases in the
protein abundance of two proximal Na transporters,
NHE3 and NaPi-2 (Table 2). Although these changes
would predict increased proximal NaCl absorption,
micropuncture studies have revealed that Na delivery
to the early distal tubule is not decreased during aldos-
terone escape (11, 12). These observations would sug-
gest that any increases in proximal tubule reabsorption
during aldosterone escape are compensated for by
decreases in Na absorption in the loop of Henle. Such
a notion is compatible with the findings of studies in
isolated perfused thick ascending limbs that showed
that Na absorption increases or decreases as a direct
function of the amount of Na delivered to the thick
ascending limb, lowering the luminal Na concentration
at the end of the cortical thick ascending limb to a rel-
atively fixed value (29).
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