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Differential Effects of Hyperosmolality on Na-K-
ATPase and Vasopressin-Dependent cAMP 

Generation in the Medullary Thick Ascending 
Limb and Outer Medullary Collecting Duct

Yoriko SAKUMA, Hiroshi NONOGUCHI*, Masanobu TAKAYAMA, Tianxin YANG, 

Yoshio TERADA, Takeaki INOUE*, Yushi NAKAYAMA*, Yukimasa KOHDA*, 

Sei SASAKI, and Kimio TOMITA*

Hyperosmolality in the renal medullary interstitium is generated by the renal countercurrent multiplication

system, in which the medullary thick ascending limb (MAL) and the outer medullary collecting duct (OMCD)

primarily participate. Since arginine vasopressin (AVP) regulates Na-K-ATPase activity directly via protein

kinase A and indirectly via hyperosmolality, we investigated the acute and chronic effects of hyperosmola-

lity on Na-K-ATPase and AVP-dependent cAMP generation in the MAL and OMCD. Microdissected MAL and

OMCD from control and dehydrated rats were used for the measurement of Na-K-ATPase activity, mRNA

expression of � -1, � -1, and � -2 subunits of Na-K-ATPase, and AVP-dependent cAMP generation. Na-K-

ATPase activity in the MAL from dehydrated rats, as measured in isotonic medium, was higher than that of

control rats. Moreover, incubation of samples in hypertonic medium (490 mOsm/kg H

 

2

 

O) further increased

Na-K-ATPase activity. Dehydration increased � -1, � -1, and � -2 mRNA expression in the MAL without

changing that in the OMCD. Western blot analysis revealed that in the outer medulla, the expression of � -

1, but not that of � -1 or � -2, was stimulated by dehydration. Incubation of MAL or OMCD in hypertonic

medium increased AVP-dependent cAMP generation. Higher levels of AVP-dependent cAMP were generated

in the MAL from dehydrated rats than that of controls, although incubation in hypertonic medium did not

lead to additional increases in AVP-dependent cAMP accumulation. In contrast, AVP-dependent cAMP gen-

eration in the OMCD was stimulated by dehydration, and was further stimulated by incubation in hypertonic

medium. These findings demonstrate that Na-K-ATPase is upregulated short- and long-term hyperosmolality

in the MAL, but not in OMCD. (
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Introduction

 

Sodium reabsorption in the medullary thick ascending limb
(MAL) plays a key role in water absorption through water
channels in the collecting ducts. The MAL participates in 10

 

−

 

15% of the reabsorption of sodium, whereas the collecting
ducts only participate in 2

 

−

 

3% (

 

1

 

, 

 

2

 

). The energy for the
active transport of sodium is driven by sodium-potassium
adenosine triphosphatase (Na-K-ATPase) (

 

3

 

−

 

5

 

). Many hor-
mones and autacoids participate in the regulation of Na-K-
ATPase activity (

 

3

 

, 

 

4

 

). Since the localization of hormone
receptors differs along the nephron, the regulation of Na-K-
ATPase varies in different nephron segments (

 

4

 

). The pres-
ence of the following isoforms of Na-K-ATPase is known:
four isoforms of the 

 

α

 

-subunit, three isoforms of the 

 

β

 

-sub-
unit, and two isoforms of 

 

γ

 

-subunit (

 

6

 

−

 

13

 

). Although results
regarding the distribution of isoforms in the kidney conflict
with each other, the 

 

α

 

-1, 

 

β

 

-1, 

 

β

 

-2, 

 

γ

 

-1, and 

 

γ

 

-2 isoforms
appear to be expressed in the kidney (

 

14

 

−

 

19

 

).
Dehydration influences sodium and water transport in the

MAL and outer medullary collecting duct (OMCD) 

 

via

 

hyperosmolality in the renal medulla and increased plasma
levels of arginine vasopressin (AVP) (

 

20

 

, 

 

21

 

). Increased
plasma levels of AVP also stimulate hyperosmolality in the
renal medulla. The second messenger of AVP is cyclic ade-
nosine monophosphate (cAMP), and AVP-sensitive cAMP
generation is known to take place both in the MAL and in the
OMCD (

 

22

 

). AVP stimulates sodium reabsorption through
the Na-K-2Cl cotransporter (NKCC2) in the MAL, which
stimulates water reabsorption in the collecting ducts (

 

23

 

). We
previously reported that hyperosmolality decreases Na-K-
ATPase activity in the inner medullary collecting duct
(IMCD), where the interstitial osmolality is highest in the
body (

 
17

 
). However, it remains unknown whether Na-K-

ATPase activity in the MAL and OMCD is stimulated by
dehydration or hyperosmolality. It is also not known which
subunit of Na-K-ATPase plays a key role in the adaptation to
dehydration. AVP participates in the short- and long-term
regulation of sodium and water reabsorption, in part by the
regulation of Na-K-ATPase activity. AVP regulates Na-K-
ATPase activity in the distal nephron directly 

 

via

 

 the activa-
tion of protein kinase A, and indirectly by generating hyper-
osmolality in the renal medulla (

 

3

 

, 

 

4

 

).
It appears that Na-K-ATPase activity is upregulated by

hyperosmolality in the MAL, and that AVP action is stimu-
lated by acute hyperosmolality in the MAL and/or OMCD. To
examine the mechanisms of adaptation to acute and chronic
hyperosmolality in the renal outer medulla, the effects of
hyperosmolality on Na-K-ATPase activity, the expression of
Na-K-ATPase subunits, and vasopressin activity in the MAL
and OMCD were investigated using polymerase chain reac-
tion coupled with reverse transcription (RT-PCR), Western
blot analysis, and the measurement of AVP-dependent cAMP
generation.

 

Methods

 

Materials

 

Vasopressin was purchased from Sigma (St. Louis, USA).
Calphostin C was obtained from Kyowa Hakko (Tokyo,
Japan). The cDNA synthesis kit was obtained from Life Sci-
ences (St. Petersburg, USA), and the polymerase chain reac-
tion (PCR) master kit was purchased from Roche (Mannheim,
Germany). The cAMP biotrak enzyme immunoassay system
was obtained from Amersham (Buckinghamshire, UK).

 

Animals

 

Four-week-old pathogen-free male Sprague-Dawley rats
weighing 50

 

−

 

100 g were used. Control rats were given free
access to water. Dehydrated rats were placed under condi-
tions of water restriction for 2 days. Urine and serum osmola-
lity was measured using a micro-osmometer (Fiske,
Norwood, USA). The protocol of the present study was
checked and approved by the Experimental Animal Commit-
tee of the Kumamoto University School of Medicine (No. 13-
077, 14-019, 15-026, and 16-063). The rats were kept in the
Center for Animal Resources and Development at the Kuma-
moto University School of Medicine.

 

Microdissection of MAL and OMCD

 

Microdissection of the MAL and OMCD was performed as
described previously (

 

17

 

, 

 

24

 

). In brief, the rats were anesthe-
tized and the left kidney was perfused with 10 ml of ice-cold
dissection solution containing 1 mg/ml collagenase and 1 mg/
ml bovine serum albumin (BSA). The following segments
were microdissected: glomerulus (Glm), proximal convoluted
and straight tubules (PCT and PST, respectively), medullary
and cortical thick ascending limbs (MAL and CAL, respec-
tively), and cortical, outer medullary, and inner medullary
collecting ducts (CCD, OMCD, and IMCD, respectively). In
some experiments, short- and long-looped MALs (sMAL and
lMAL, respectively) were dissected by microdissection.
sMALs were identified by a bend in the initial portion of the
ascending limb, and lMALs were identified by the attachment
of long and straight thin limbs, as previously reported (

 

25

 

).
The dissection solution was composed of the following (in
mmol/l): 130 NaCl, 5 KCl, 1 NaH

 

2

 

PO

 

4

 

, 1 MgSO

 

4

 

, 1 Ca lac-
tate, 2 Na acetate, 5.5 glucose, 5 

 

L

 

-alanine, 2 

 

L

 

-leucine, and
10 

 

N

 

-2-hydroxyethyl-piperazine-

 

N

 

′

 

-2-ethane-sulfonic acid
(HEPES); the pH was adjusted to 7.4 by the addition of
NaOH. The microdissection of the MAL and OMCD samples
for RT-PCR was performed in a dissection solution contain-
ing 10 mmol/l vanadyl ribonucleotide complex (Life Tech-
nologies, Inc., Gaithersburg, USA).  After microdissection, a
0.5- to 5-mm length of MAL or OMCD was used for a single
determination of Na-K-ATPase activity or RT-PCR.
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Na-K-ATPase Activity

 

Na-K-ATPase activity in the MAL and OMCD was deter-
mined by coupling the hydrolysis of adenosine triphosphate
(ATP) to the production of a fluorescent nucleotide, as
described previously (

 

17

 

, 

 

26

 

, 

 

27

 

). Briefly, dissected MAL or
OMCD was stored in 10 

 

μ

 

l of solution and permeabilized by
freeze-thawing. Ten 

 

μ

 

l of incubation medium was added to
each sample. The final composition of the incubation medium
(pH 7.0) was as follows (in mmol/l): 120 NaCl, 10 KCl, 100
imidazole, 5 MgCl

 

2

 

, 1 ethylene glycol bis(2-aminoethyl
ether)-

 

N

 

,

 

N

 

,

 

N

 

′

 

,

 

N

 

′

 

-tetraacetic acid (EGTA), 10 Na

 

2

 

ATP, 20
phosphoenol-pyruvate, 2 ascorbic acid, 2 nicotinamide ade-
nine dinucleotide (NADH), 2.8 U/ml pyruvate kinase, and 4
U/ml lactate dehydrogenase. NaCl and KCl were replaced by
130 mmol/l choline Cl, and 1 mmol/l ouabain was added for
the assay of ouabain-insensitive ATPase activity. The total
ATPase activity was determined in the absence of ouabain,
and the ouabain-insensitive ATPase activity was determined
in the presence of 1 mmol/l ouabain. Na-K-ATPase activity
was determined as the ouabain-sensitive ATPase activity
(total ATPase activity minus ouabain-insensitive ATPase
activity). Na-K-ATPase activity was also measured in a
hypertonic (490 mOsm/kg H

 

2

 

O) medium. One hundred
mmol/l NaCl was added to the incubation medium. NaCl was
replaced with 230 mmol/l choline Cl for the measurement of
ouabain-insensitive ATPase activity in the hypertonic
medium.

 

RT-PCR

 

RT-PCR was performed using a cDNA synthesis kit and a
PCR master kit as described previously (

 
17

 
, 

 
24

 
). The sense

and antisense primers for the  α  -1 subunit of Na-K-ATPase
were defined by bases 1719

 
−

 
1738 (5

 
′

 
-GAACCCAAACG

CATCGGAGC-3

 

′

 

) and 2268

 

−

 

2289 (5

 

′

 

-GTACCGCAAAAT
GTCATCCAGC-3

 

′

 

), respectively (

 

11

 

). The cDNA amplifica-
tion product was predicted to be 571 bp in length. A third oli-
gonucleotide was synthesized to serve as an amplification
product-specific probe for Southern blot analysis. The oligo-
nucleotide (sense) included bases 1822

 

−

 

1842 (5

 

′

 

-CCCCTG
GACGAAGAGCTGAAG-3′) of the cDNA positioned
between the sense and antisense primers.

The sense and antisense primers for the β-1 subunit of Na-
K-ATPase were defined by bases 517−537 (5′-GAGAA
GAAGGAGTTTTTGGGC-3′) and 1209−1228 (5′-GCAGG
TACTTGGGCTGCAGG-3′), respectively (12). The cDNA
amplification product was predicted to be 711 bp in length. A
third oligonucleotide (sense) for Southern blot analysis
included bases 1049−1069 (5′-GAGACTTACCCTCTGAC
GATG -3′) of the cDNA. The sense and antisense primers for
the β-2 subunit of Na-K-ATPase were defined by bases 74−
93 (5′-TTTCCCTGCTTCTTTGCACC-3′) and 510−529 (5′-
TTCCACACGAACTCCTTCCA-3′), respectively (8). The
cDNA amplification product was predicted to be 456 bp in

length. A third oligonucleotide (sense) for Southern blot anal-
ysis included bases 1049−1069 (5′-GAGACTTACCCTCT
GACGATG -3′) of the cDNA.

RT-PCR of glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) served as a positive control. The sense and anti-
sense primers were defined by bases 506−525 (5′-TCCCT
CAAGATTGTCAGCAA-3′) and 794−813 (5′-AGATCCA
CAACGGATACATT-3′), respectively (28). The cDNA
amplification product was predicted to be 308 bp in length.

PCR was performed for 28 cycles for the analysis of the α-
1 and GAPDH mRNAs, and for 34 cycles for the analysis of
the β-1 and β-2 mRNAs.

PCR Product Analysis

After ethanol-precipitation, the PCR products were size-frac-
tionated by agarose gel electrophoresis. For the Southern blot
analysis, gels were denatured, neutralized, and blotted onto a
nitrocellulose filter (Funakoshi, Tokyo, Japan). The synthetic
oligonucleotide probes were end-labelled with digoxigenin
(DIG), as previously described. Pre-hybridization/hybridiza-
tion washes were also performed as previously described
(17).

Western Blot Analysis

The expression of the α-1, β-1, and β-2 subunits of Na-K-
ATPase was examined using the membrane fraction from the
outer medulla and Western blot analysis, as previously
described (17, 24). The antibodies against the α-1, β-1, and β-
2 subunits of Na-K-ATPase were obtained from Upstate Bio-
technology (Lake Placid, USA) and were diluted to 1:1000
with buffer.

AVP-Dependent cAMP Generation

AVP-dependent cAMP generation was measured as previ-
ously described (29, 30). Microdissected MAL or OMCD was
incubated with vasopressin (10-9 or 10-7 mol/l) or vehicle for
3 min at 37°C. To examine the acute effects of hyperosmola-
lity, MAL and OMCD samples were incubated with AVP in
isotonic (290 mOsm/kg H2O) or hypertonic (490 mOsm/kg
H2O) medium. The hypertonic medium was created by adding
100 mmol/l NaCl to the isotonic medium. To determine the
chronic effects of hyperosmolality, the MAL and OMCD
from dehydrated rats were used. In some experiments,
calphostin C, a potent protein kinase C inhibitor, was used to
examine the role of protein kinase C on AVP-dependent
cAMP generation. After 3 min, the reaction was stopped by
the addition of trichloroacetic acid (TCA). Samples were kept
at -20°C until the assay of cAMP content. TCA was
extracted by the addition of water-saturated ether for 4 times.
After the evaporation of the aqueous phase, the cAMP content
of the samples was measured. The cAMP enzymeimmunoas-
say biotrak (EIA) system (Amersham) was used for the assay,
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with a range of 2−128 fmol/well.

Statistics

Four to eight measurements were averaged in order to obtain
a single value for each experimental condition. The results are
shown as means±SEM.  Statistical analysis was carried out
by Student’s t-test or by analysis of variance with multiple
comparisons of Fisher’s Protected Least Significant Differ-
ence method. Values of p<0.05 were considered statistically
significant.

Results

The Effect of Dehydration on Urine and Serum
Osmolality

Urine and serum osmolality were measured in control and
dehydrated rats. Urine osmolality in dehydrated rats was sig-
nificantly higher than that in control rats (1,562±183 and

785±82 mOsm/kg H2O in dehydrated and control rats,
respectively, n=6, p<0.05). Serum osmolality in dehydrated
rats was also slightly higher than that in control rats (324±4
and 302±3 mOsm/kg H2O in dehydrated and control rats,
respectively, n=6, p<0.05).

The Effect of Hypertonicity on Na-K-ATPase
Activity in the MAL

Na-K-ATPase activity in the MAL from dehydrated rats, as
measured in isotonic medium, was significantly higher than
that of the controls (59.2±4.3 and 22.2±1.6 pmol/mm/min,
respectively, n=5, Fig. 1). The Na-K-ATPase activity in
MAL measured in the hypertonic medium was higher than
that in the isotonic medium, both in dehydrated and control
rats (84.0±5.2 and 34.0±1.7 pmol/mm/min measured in
hypertonic medium in dehydrated and control rats, respec-
tively, n=5, Fig. 1). Na-K-ATPase activity in the OMCD did

Fig. 1. Na-K-ATPase activity in the MAL and OMCD from
control and dehydrated rats. Na-K-ATPase activity in the
MAL and OMCD from control and dehydrated rats was mea-
sured in isotonic or hypertonic medium. Na-K-ATPase activ-
ity in the MAL from control rats was increased by incubation
in the hypertonic medium. The Na-K-ATPase activity in the
MAL from dehydrated rats was significantly higher than that
in control rats, and incubation in hypertonic medium further
increased this activity. In contrast, Na-K-ATPase activity in
the OMCD was not stimulated either by dehydration or by
acute exposure to hypertonic medium. C, control; D, dehy-
dration. The values 290 and 490 indicate the osmolality of
the incubation medium (mOsm/kg H2O). The data represent
mean±SEM from 4−6 experiments. *p<0.05 vs. control in
isotonic or hypertonic solution (290 or 490 mOsm/kg H2O,
respectively), #p<0.05 vs. control in isotonic medium,
##p<0.05 vs. dehydration in isotonic solution (290 mOsm/kg
H2O).

Fig. 2. Changes in expression of α-1 mRNA of Na-K-
ATPase in rats subjected to dehydration. The effect of dehy-
dration on the expression of mRNA encoding the α-1 subunit
of Na-K-ATPase was investigated. The upper bands show
ethidium bromide-stained agarose gel. The lower bands rep-
resent an autoradiograph of the corresponding Southern blot
analysis with a specific oligonucleotide probe. α-1 mRNA
expression in the sMAL from control rats was considered as
1.0, and the levels of other mRNAs were expressed relative to
that value (1.0). The graph indicates the results
(mean±SEM) from five experiments. α-1 mRNA expression,
both in the sMAL and lMAL was significantly stimulated by
dehydration. In contrast, the corresponding types of expres-
sion in the OMCD did not change with dehydration. C, con-
trol; D, dehydration. *p<0.05 vs. control.
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not differ in the control and dehydrated rats in isotonic
medium (8.5±0.9 and 9.2±0.9 pmol/mm/min in control and
dehydrated rats, respectively) or in hypertonic medium
(9.4±1.0 and 8.6±0.9 pmol/mm/min in control and dehy-
drated rats, respectively). Thus, dehydration or acute expo-
sure to hypertonic medium stimulated Na-K-ATPase activity
in the MAL, but not in the OMCD.

Changes in � -1, � -1, and � -2 mRNAs of Na-K-
ATPase by Dehydration

 

The effect of dehydration on mRNA expression encoding the

 

α

 

-1, 

 

β

 

-1, and 

 

β

 

-2 subunits of Na-K-ATPase was investigated.
The expression of the 

 

α

 

-1 (Fig. 2), 

 

β

 

-1 (upper panel in Fig. 3),
and 

 

β

 

-2 (lower panel in Fig. 3) mRNAs in the sMAL and

lMAL was stimulated by dehydration. In contrast, the corre-
sponding levels of expression in the OMCD did not change
with dehydration (Figs. 2, 3). Within the MAL, both the
sMAL and lMAL exhibited the same tendency with dehydra-
tion. GAPDH expression did not differ between control and
dehydration (data not shown).

 Effects of Dehydration on � -1, � -1, and � -2 Sub- 
unit Expression in the Outer Medulla

 

Next, the effect of dehydration on protein expression was
investigated. The expression of the 

 

α

 

-1, 

 

β

 

-1, and 

 

β

 

-2 subunits
was observed at 100, 50

 

−

 

60, and 62 kD, respectively, as pre-
viously reported (

 

17

 

) (Fig. 4). No expression of the 

 

α

 

-2 and

 

Fig. 3.

 

Changes in expression of 

 

β

 

-1 (upper) and 

 

β

 

-2
(lower) mRNAs of Na-K-ATPase by dehydration. The effects
of dehydration on the expression of mRNA encoding the 

 

β

 

-1
and 

 

β-2 subunits of Na-K-ATPase were investigated. The lev-
els of β-1 and β-2 mRNA expression in the sMAL from con-
trol rats were considered as 1.0, and the levels of other
subunits were expressed relative to that value. β-1 and β-2
mRNA expression, both in the sMAL and the lMAL, was stim-
ulated by dehydration, as was the case with α-1 mRNA
expression. In contrast, the expression in the OMCD were
not altered by dehydration. The data represent mean±SEM
from five experiments. C, control; D, dehydration. *p<0.05
vs. control.

Fig. 4. Effects of dehydration on the expression of α-1, β-1,
and β-2 subunits in the outer medulla. The effects of dehydra-
tion on Na-K-ATPase subunit protein expression were inves-
tigated by Western blot analysis using the membrane fraction
of the outer medulla from control and dehydrated rats. The
upper bands show typical examples of the Western blot anal-
ysis gel. The lower graph shows the results (mean±SEM) of
5 experiments. The expression of each subunit in control rats
was considered as 1.0, and the expression in dehydrated rats
was expressed relative to that value. The expression of the α-
1, β-1, and β-2 subunits was observed at 100, 50−60, and 62
kD, respectively, as previously reported (17). No expression
of α-2 or a-3 protein was observed in the membrane fraction
from the outer medulla. β-1 expression in the outer medulla
was stimulated by dehydration, whereas the levels of expres-
sion of the α-1 and β-2 subunits were not altered by dehydra-
tion. C, control; D, dehydration.
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α-3 subunits was observed in the membrane fraction from the
outer medulla. β-1 expression in the outer medulla was stim-
ulated by dehydration, whereas the levels of expression of α-
1 and β-2 did not change with dehydration

AVP-Dependent cAMP Generation in the MAL
and OMCD

In this experiment, 10-9 or 10-7 mol/l AVP was used. Levels
of AVP (10-9 or 10-7 mol/l)-dependent cAMP generation in
the MAL were significantly lower than those in the OMCD
(Fig. 5A and B). Levels of AVP-dependent cAMP generation
in the MAL from control rats in hypertonic medium (490
mOsm/kg H2O) were significantly higher than those in iso-
tonic medium (Fig. 5A). Levels of AVP-dependent cAMP
generation in the MAL from dehydrated rats were higher than
those from control rats, but incubation in hypertonic medium
did not further increase the AVP-dependent cAMP accumula-
tion. AVP-dependent cAMP generation in the OMCD was
stimulated by hypertonicity and by dehydration, as was also
observed in the MAL samples (Fig. 5B). However, AVP-

dependent cAMP generation in the OMCD from dehydrated
rats was further stimulated by incubation in hypertonic
medium.

To determine the mechanisms responsible for the differ-
ences in AVP-dependent cAMP in the MAL and OMCD, the
role of protein kinase C was investigated using calphostin C,
a potent protein kinase C inhibitor. The addition of 1.27 ×
10-7 mol/l calphostin C did not affect the generation of AVP-
dependent cAMP, either in the MAL or in the OMCD (Fig.
6A and B).

Discussion

Dehydration is known to stimulate the renin-angiotensin-
aldosterone system and to increase plasma levels of AVP,
which occurs in order to restore the decreased circulating
blood volume (1, 21). Angiotensin II stimulates sodium reab-
sorption in proximal tubules. In contrast, aldosterone and
AVP as well as dopamine, insulin, and glucocorticoid regu-
late Na-K-ATPase activity in the distal nephron (3, 4). Osmo-
lality is also a regulator of Na-K-ATPase in the renal medulla.

Fig. 5. Arginine vasopressin (AVP)-dependent cAMP generation in the MAL (A) and OMCD (B). The MAL and OMCD from
control and dehydrated rats were incubated with AVP for 3 min. In this experiment, 10-9 or 10-7 mol/l AVP was used. The results
shown here indicate mean±SEM from 4 experiments. AVP-dependent cAMP generation in the MAL was significantly lower than
that in the OMCD. The incubation of MAL from control rats in hypertonic medium (490 mOsm/kg H2O) increased the levels of
AVP-dependent cAMP generated. Higher levels of AVP-dependent cAMP were generated in the MAL from dehydrated rats than
in that of the controls, but incubation in hypertonic medium did not lead to any further increase in the accumulation of AVP-
dependent cAMP in the MAL. Incubation of the OMCD from control rats in hypertonic medium (490 mOsm/kg H2O) led to an
increase in the generation of AVP-dependent cAMP, as was also observed in the MAL. In contrast, the generation of AVP-depen-
dent cAMP in the OMCD was stimulated by dehydration, and further stimulation was observed with incubation of the samples in
hypertonic medium. The same results were observed with 10-9 or 10-7 mol/l AVP. Basal cAMP generation in the MAL and
OMCD (0.2−0.4 fmol/mm/3 min) in either isotonic or hypertonic medium was subtracted from the levels of generation of AVP-
dependent cAMP. C, control; D, dehydration. The values 290 and 490 indicate the osmolality of the incubation medium (mOsm/
kg H2O). *p<0.05 vs. isotonic (290 mOsm/kg H2O) either in control or those from rats subjected to dehydration; #p<0.05 vs.
control and isotonic, ##p<0.05 vs. control and hypertonic.
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AVP stimulates hyperosmolality in the renal medulla in dehy-
dration. Thus, AVP regulates Na-K-ATPase activity both
directly and indirectly. Therefore, we investigated the effects
of hyperosmolality on Na-K-ATPase and AVP-dependent
cAMP generation in the MAL and OMCD. Our findings
revealed that Na-K-ATPase activity is increased in the MAL,
but not in the OMCD by dehydration. Incubation in hyper-
tonic medium increased Na-K-ATPase activity in the MAL,
but not in the OMCD. It was also demonstrated that acute and
chronic hyperosmolality led to increases in Na-K-ATPase
activity in the MAL, but not in the OMCD. It was of note that
Na-K-ATPase activity in the MAL is upregulated in response
to acute increases in osmolality. Na-K-ATPase is one known
route for the release of Na from the MAL, and the activation
of Na-K-ATPase provides a driving force for NaCl reabsorp-
tion via NKCC2 (20). Therefore, Na-K-ATPase is involved in
the acute regulation of sodium transport in the MAL. Since
AVP-dependent cAMP generation increases in response to
acute increases in osmolality in the MAL, increased protein
kinase A activity is thought to stimulate Na-K-ATPase activ-
ity (4). Our findings (Fig. 6) demonstrate that protein kinase
C does not participate in the hyperosmolality-stimulated gen-
eration of AVP-dependent cAMP. Thus, AVP regulates both
short- and long-term Na-K-ATPase activity directly via acti-
vation of protein kinase A and indirectly resulting from
hyperosmolality in the MAL.

Although the expression of the α-1, β-1, and β-2 subunits
of Na-K-ATPase mRNA was stimulated, Western blot analy-
sis revealed that stimulation of the β-1 subunit of Na-K-

ATPase may participate in the stimulation of Na-K-ATPase
activity in the MAL with dehydration. The increase in expres-
sion of the α-1 subunit was reported in ouabain-hypertensive
rats (31). We did not examine the effects of hyperosmolality
on the γ-subunit of Na-K-ATPase due to difficulties in obtain-
ing an effective antibody against that subunit. The γ-subunit
of Na-K-ATPase is reported to be present in the MAL, but not
in the OMCD (18, 19). The differences in the distribution of
the γ-subunit may play some role in this context.

The MAL and OMCD are located in the outer medulla.
Therefore, the osmolality in the interstitium around the MAL
and OMCD should be almost same. However, the regulation
of Na-K-ATPase by hyperosmolality differed between the
MAL and OMCD in our experiments. We reported that Na-K-
ATPase in the IMCD is down-regulated by dehydration, pri-
marily due to the decrease in the expression of the α-1 and β-
1 subunits (17). AVP has two types of receptors in the distal
nephron segments (32). Although the main receptor responsi-
ble for the antidiuretic action of vasopressin is the V2 recep-
tor, we reported that the V1a receptor might regulate V2
activity in the collecting ducts (33). The V1a receptor is most
abundant in the collecting ducts. In contrast, few V1a recep-
tors are present in the MAL. This difference in the localiza-
tion of these two types of vasopressin receptors in the MAL
and OMCD may play some role in the differences in Na-K-
ATPase activity under conditions of dehydration.

Therefore, we investigated the effects of AVP on cAMP
generation in the MAL and OMCD. Acute exposure to a
hypertonic medium stimulated AVP-stimulated cAMP gener-

Fig. 6. Effects of calphostin C on AVP-dependent cAMP generation in the MAL (A) and OMCD (B). The role played by protein
kinase C in hyperosmolality-induced cAMP generation was investigated. MAL and OMCD from control and dehydrated rats
were incubated with AVP in either isotonic or hypertonic medium with (+) or without (-) calphostin C for 3 min. The data show
mean±SEM from 4−5 experiments. The presence of 1.27 × 10-7 mol/l calphostin C, a potent protein kinase C inhibitor, did not
affect 10-9 mol/l AVP-dependent cAMP generation either in the MAL (A) or the OMCD (B).  C, control; D, dehydration. The val-
ues 290 and 490 indicate the osmolality of the incubation medium (mOsm/kg H2O).
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ation, both in the MAL and the OMCD. However, AVP-stim-
ulated cAMP generation in the MAL from dehydrated rats
was not stimulated by acute exposure to the hypertonic
medium. Interestingly, the generation of AVP-stimulated
cAMP in the OMCD from dehydrated rats was further stimu-
lated by acute expose to the hypertonic medium. Calphostin
C, a potent inhibitor of protein kinase C, did not alter the lev-
els of AVP-stimulated cAMP generated in either the MAL or
the OMCD, thus suggesting that protein kinase C does not
participate in this difference between the MAL and OMCD.
The adaptation of the OMCD to hypertonic stress appears to
be much greater than that in the MAL. The absence and pres-
ence of water channels in the MAL and OMCD, respectively,
may play important roles in this difference in adaptation.
MAL and CAL are completely unique segments and they do
not pass water and ammonia (NH3) (34). AVP-sensitive water
channels in the collecting ducts may facilitate rapid volume
regulatory decreases in order to counter hypertonic stress.
The accumulation of organic osmolytes also participates in
this process. Since the OMCD is an important segment for
water reabsorption, the capacity for acute adaptation must be
preserved, even after a period of chronic dehydration. The
adaptation to hypertonic stress is more rapid, but lower in
capacity in the MAL than in the OMCD. The adaptive capac-
ity in the OMCD remains, even after a period of continued
chronic hypertonic stress. Since the collecting duct is the final
segment in the nephron, such an adaptive capacity must be
retained for urine concentration, even after sustained dehy-
dration.

We also examined differences between the sMAL and
lMAL in terms of the stimulation of Na-K-ATPase mRNA
expression due to hyperosmolality. The long-loop nephron
plays a more important role in the concentration of urine than
does the short-looped nephron (25, 35). Our results revealed
that there is no difference in Na-K-ATPase mRNA expression
between the sMAL and lMAL. Previously, we reported that
Na-K-ATPase activity in the lMAL is slightly higher than that
in the sMAL (25). However, the regulation of Na-K-ATPase
activity in the sMAL and lMAL appears to take place in a
similar manner.

Na-K-ATPase activity is increased in some models of
hypertension. The activation of Na-K-ATPase has been
reported in spontaneously hypertensive rats and in rats with
obesity-induced hypertension (36, 37). Since the induced sub-
unit was different from that examined here, the mechanisms
of stimulation may vary according to the subunit examined
(31). The proximal tubules are the main site of activation and
sodium retention in such hypertensive models. Such regula-
tion of sodium reabsorption by Na-K-ATPase in the proximal
tubules plays a key role in the long-term regulation of the
sodium balance. Although sodium reabsorption in the MAL is
less extensive than that in the proximal tubules, the rapid
upregulation of Na-K-ATPase activity induced by dehydra-
tion and vasopressin demonstrates the importance of Na-K-
ATPase activity in the short-term regulation of the sodium

balance.
In summary, our findings demonstrate that Na-K-ATPase

activity in the MAL, but not in the OMCD, was stimulated by
acute and chronic hyperosmolality. Although the expression
of the α-1, β-1, and β-2 mRNAs was stimulated by dehydra-
tion in the MAL but not in the OMCD, only the expression of
the β-1 subunit protein was increased in the outer medulla,
suggesting that the β-1 subunit plays a key role in the regula-
tion of Na-K-ATPase activity in the MAL. The generation of
AVP-dependent cAMP was stimulated by dehydration, both
in the MAL and the OMCD. However, the generation of
AVP-dependent cAMP was further stimulated by acute expo-
sure to a hypertonic medium in the OMCD, but not in the
MAL. These results suggest that Na-K-ATPase activity is
upregulated by hyperosmolality (and probably by AVP) in
both the short- and long-term in the MAL, but not in the
OMCD.

References

1. Masilamani S, Knepper MA, Burg MB: Urine concentration
and dilution, in Brenner BM (ed): The Kidney, 6th ed. Phil-
adelphia, WB Saunders,  2000, pp 595−635.

2. Knepper M, Burg M: Organizationof nephron function. Am
J Physiol 1983; 244: F579−F589.

3. Bertorello AM, Katz AI: Short-term regulation of renal Na-
K-ATPase activity: physiological relevance and cellular
mechanisms. Am J Physiol 1994; 265: F743−F755.

4. Feraille E, Doucet A: Sodium-potassium-adenosinetriphos-
phatase-dependent sodium transport in the kidney: hor-
monal control. Physiol Rev 2001; 81: 345−418.

5. Blanco G, Mercer RW: Isozymes of the Na-K-ATPase: het-
erogeneity in structure, diversity in function. Am J Physiol
Renal Physiol 1998; 275: F633−F650.

6. Sweadner KJ: Isozymes of the Na+-K+-ATPase. Biochim
Biophys Acta 1989; 988: 185−220.

7. Herrera VLM, Emanuel JR, Ruiz-Opazo N, Levenson N,
Nadal-Ginard B: Three differentially expressed Na,K-
ATPase a subunit isoforms: structural and functional impli-
cations. J Cell Biol 1987; 105: 1855−1865.

8. Martin-Vassallo P, Dackowski W, Emanuel JR, Levenson
R: Identification of a putative isoform of the Na,K-ATPase
β subunit. Primary structure and tissue-specific expression.
J Biol Chem 1989; 264: 4613−4618.

9. Mercer RW, Schneider JW, Savita A, Emanuel J, Benz EJ,
Levenson R: Rat brain Na,K-ATPase β-chain gene: primary
structure, tissue-specific expression, and amplification in
ouabain-resistant HeLa C+ cells. Mol Cell Biol 1986; 6:
3884−3890.

10. Orlowski J, Lingrel JB: Tissue-specific and developmental
regulation of rat Na+-K+-ATPase catalytic α-isoform and β-
subunit mRNAs. J Biol Chem 1988; 263: 10436−10442.

11. Shull GE, Greeb J, Lingrel JB: Molecular cloning of three
distinct forms of the Na+-K+-ATPase α-subunit from rat
brain. Biochemistry 1986; 25: 8125−8132.

12. Young RM, Shull GE, Lingrel JB: Multiple mRNAs from
rat kidney and brain encode a single Na+,K+-ATPase β sub-
uint protein. J Biol Chem 1987; 262: 4905−4910.



Sakuma et al: Hyperosmolality in MAL and OMCD 679

13. Mercer RW, Biemesderfer D, Bliss DP Jr, Collins JH, For-
bush B 3rd: Molecular cloning and immunological charac-
terization of the gamma polypeptide, a small protein
associated with the Na,K-ATPase. J Cell Biol 1993; 121:
579−586.

14. Ahn KY, Madsen KM, Tisher CC, Kone BC: Differential
expression and cellular distribution of mRNAs encoding α-
and β-isoforms of Na+-K+-ATPase in rat kidney. Am J Phys-
iol 1994; 265: F792−F801.

15. Farman N, Coutry N, Logvinenko N, Blot-Chabaud M,
Bourbouze R, Bonvalet JP: Adrenalectomy reduces α1 and
not β1 Na+-K+-ATPase mRNA expression in rat distal neph-
ron. Am J Physiol 1992; 263: C810−C817.

16. Tumlin JA, Hoban CA, Medford RM, Sands JM: Expres-
sion of Na-K-ATPase α- and β-subunit mRNA and protein
isoforms in the rat nephron. Am J Physiol 1994; 266: F240−
F245.

17. Takayama M, Nonoguchi H, Yang T, et al: Acute and
chronic effects of hyperosmolality on mRNA and protein
expression and the activity of Na-K-ATPase in the IMCD.
Exp Nephrol 1999; 7: 295−305.

18. Pu HX, Cluzeaud F, Goldshleger R, Karlish SJD, Farman
N, Blostein R: Functioinal role and immunocytochemical
localization of the γa and γb forms of the Na,K-ATPase γ
subunit. J Biol Chem 2001; 276: 20370−20378.

19. Arystarkhova E, Wetzel RK, Sweadner KJ: Distribution and
oligomeric association of splice forms of Na+-K+-ATPase
regulatory γ-subunit in rat kidney. Am J Physiol Renal
Physiol 2002; 282: F393−F407.

20. Greger R: Ion transport mechanisms in thick ascending limb
of Henle’s loop of mammalian nephron. Physiol Rev 1985;
65:760−797.

21. Woods RL, Johnston CI: Contribution of vasopressin to the
maintenance of blood pressure during dehydration. Am J
Physiol 1983; 245: F615−F621.

22. Imbert M, Chabardes D, Montegut M, Clique A, Morel F:
Vasopressin dependent adenylate cyclase in single seg-
ments of rabbit kidney tubule. Pflügers Arch 1975; 357:
173−186.

23. Ecelbarger CA, Kim G-H, Wade J, Knepper MA: Regula-
tion of abundance of renal sodium transporters and channels
by vasopressin. Exp Neurol 2001; 171: 227−234.

24. Imanishi K, Nonoguchi H, Nakayama Y, Machida K, Ikebe
M, Tomita K: Type 1A angiotensin II receptor is regulated
differently in proximal and distal nephron segments. Hyper-
tens Res 2003; 26: 405−411.

25. Nonoguchi H, Tomita K, Marumo F: Effects of atrial natri-

uretic peptide and vasopressin on chloride transport in long-
and short-looped medullary thick ascending limbs. J Clin
Invest 1992; 90: 349−357.

26. O’Neil RG, Dubinsky WP: Micromethodology for measur-
ing ATPase activity in renal tubules: mineralocorticiod
influence. Am J Physiol 1984; 247: C314−C320.

27. Tomita K, Owada A, Iino Y, Yoshiyama N, Shiigai T:
Effect of vasopressin on Na+-K+-ATPase activity in rat cor-
tical collecting duct. Am J Physiol 1987; 253: F874−F879.

28. Fort P, Marty L, Picchaczyk M, et al: Various rat adult tis-
sues express only one major mRNA species from the glyc-
eraldehyde-3-phosphate-dehydrogenase multigene family.
Nucl Acids Res 1985; 13: 1431−1442.

29. Owada A, Nonoguchi H, Terada Y, Marumo F, Tomita K:
Microlocalization and effects of adrenomedullin in nephron
segments and in mesangial cells of the rat. Am J Physiol
Renal Physiol 1997; 272: F691−F697.

30. Nonoguchi H, Knepper MA, Manganiello VC: Effects of
atrial natriuretic factor on cyclic guanosine monophosphate
and cyclic adenosine monophosphate accumulation in
microdissected nephron segments from rats. J Clin Invest
1987; 79: 500−507.

31. Tian G, Dang C, Lu Z: The change and significance of the
Na+-K+-ATPase alpha-subunit in ouabain-hypertensive rats.
Hypertens Res 2001; 24: 729−734.

32. Terada Y, Tomita K, Nonoguchi H, Yang T, Marumo F:
Different localization and regulation of two types of vaso-
pressin receptor messenger RNA in microdissected rat
nephron segments using reverse transcription polymerase
chain reaction. J Clin Invest 1993; 92: 2339−2345.

33. Tashima Y, Kohda Y, Nonoguchi H, et al: Intranephron
localization and regulation of the V1a vasopressin receptor
during chronic metabolic acidosis and dehydration in rats.
Pflügers Arch 2001; 442: 652−661.

34. Kikeri D, Sun A, Zeidel MK, Hebert SC: Cell membrane
impermeable to NH3. Nature 1989; 339: 478−480.

35. Bankir L, de Rouffignac C: Urinary concentrating ability:
insights from comparative anatomy. Am J Physiol 1985;
249: R643−R666.

36. Hinojos CA, Doris PA: Altered subcellular distribution of
Na+,K+-ATPase in proximal tubules in young spontaneously
hypertensive rats. Hypertension 2004; 44: 95−100.

37. Tsuchida H, Imai G, Shima Y, Satoh T, Owada S: Mecha-
nism of sodium load-induced hypertension in non-insulin
dependent diabetes mellitus model rats: defective dopamin-
ergic system to inhibit Na-K-ATPase activity in renal epi-
thelial cells. Hypertens Res 2001; 24: 127−135.


	Original Article
	Differential Effects of Hyperosmolality on Na-K-ATPase and Vasopressin-Dependent cAMP Generation in the Medullary Thick Ascending Limb and Outer Medullary Collecting Duct
	Introduction
	Methods
	Materials
	Animals
	Microdissection of MAL and OMCD
	Na-K-ATPase Activity
	RT-PCR
	PCR Product Analysis
	Western Blot Analysis
	AVP-Dependent cAMP Generation
	Statistics

	Results
	The Effect of Dehydration on Urine and Serum Osmolality
	The Effect of Hypertonicity on Na-K-ATPase Activity in the MAL
	Changes in �α-1, β-1, and β-2 mRNAs of Na-KATPase by Dehydration
	Effects of Dehydration on �α-1, β-1, and β-2 Subunit Expression in the Outer Medulla
	AVP-Dependent cAMP Generation in the MAL and OMCD

	Discussion
	References





