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Vasopressin and hyperosmolality regulate NKCC1
expression in rat OMCD

Shiho Wakamatsu1, Hiroshi Nonoguchi2, Mika Ikebe1, Kenji Machida1, Yuichiro Izumi1, Hasiyet Memetimin1,
Yushi Nakayama1, Takeshi Nakanishi2, Yukimasa Kohda1 and Kimio Tomita1

Secretory-type Na-K-2Cl cotransporter (NKCC1) is known to play roles in both acid and sodium excretion, and is more abundant

in dehydration. To determine the mechanisms by which dehydration stimulates NKCC1 expression, the effects of vasopressin,

oxytocin and hyperosmolality on NKCC1 mRNA and protein expressions in the outer medullary collecting duct (OMCD) of rats

were investigated using RT-competitive PCR and western blot analysis. Microdissected OMCD was incubated in isotonic or

hypertonic solution, or with AVP or oxytocin for 60min at 371C. Hyperosmolality induced by NaCl, mannitol or raffinose

increased NKCC1 mRNA expression in OMCD by 130–240% in vitro. The stimulation of NKCC1 mRNA expression by NaCl was

highest at 690mosmol kg�1 H2O and gradually decreased at higher osmolalities. The incubation of OMCD with AVP (10�7
M) for

60min increased NKCC1 mRNA expression by 100%. The administration of AVP to rats for 4 days using an osmotic mini-pump

also increased NKCC1 mRNA and protein expressions in OMCD by 130%. In contrast, oxytocin (10�7
M) did not stimulate the

NKCC1 mRNA expression in OMCD in vitro. Chronic injection of oxytocin increased the NKCC1 mRNA expression by 36%.

These data showed that hyperosmolality and vasopressin stimulate NKCC1 mRNA and protein expressions in rat OMCD. It is

concluded that NKCC1 expression is regulated directly and indirectly by vasopressin.
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INTRODUCTION

The main role of the kidney is to maintain body fluid homeostasis
by excreting or reabsorbing water and electrolytes. The Na-K-2Cl
cotransporters are electrically neutral transporters with a stoichiome-
try of 1 Na, 1K and 2 Cl, and are known to play key roles in
maintaining sodium balance.1 Two types of Na-K-2Cl cotransporters
have been cloned.2–4 NKCC2 (bumetanide-sensitive cotransporter 1;
BSC1) is localized only in the thick ascending limbs of the kidney and
participates in sodium reabsorption.2 The blockade of NKCC2 by
furosemide causes potent diuresis and natriuresis. In contrast, NKCC1
(BSC2) is widely distributed throughout the body, and is especially
abundant in the salivary glands, colon and kidney.3–7 NKCC1 parti-
cipates in sodium secretion in the salivary glands and in ammonium
secretion in the kidney.5,8 NKCC1 protein is mainly located in the
basolateral membrane of the a-intercalated cells of the outer medul-
lary collecting duct (OMCD).7 We have reported that NKCC1
expression was stimulated by a 2-day dehydration and by chronic
metabolic acidosis.9

Vasopressin is one of the most important hormones that regulate
body fluid homeostasis. V2 vasopressin receptors are localized in the
distal nephron segments.10 In dehydration, the plasma concentration

of vasopressin and plasma osmolality are known to increase. Lack
of either V2 receptors or aquaporin 2 causes nephrogenic diabetes
insipidus.11 NKCC2 activity and expression is regulated by vasopres-
sin.12 It has also been reported that NKCC1 activity, measured by
bumetanide-sensitive 86Rb uptake, was stimulated by vasopressin in
cultured vascular endothelial cells and in cultured fibroblasts.13,14

However, the precise mechanisms of regulation of NKCC1 expression
by vasopressin are not known.
NKCC1 is also activated by hypertonicity-induced cell shrinkage in

Ehrlich ascitis cells and in duck red blood cells.15–17 Lytle and
Forbush18 reported that reduced intracellular chloride concentration
([Cl]i) is the signal for NKCC1 activity in shark rectal glands.18 Under
normal circumstances, OMCD exists in a hypertonic condition. The
osmolality in the medullary interstitium varies dramatically depending
on water intake and excretion. But it is not known whether hypo- or
hyperosmolality activates acutely the NKCC1 expression in OMCD.
To determine the mechanisms by which dehydration stimulates

NKCC1 expression, we investigated the acute and chronic effects of
vasopressin and hyperosmolality on NKCC1 mRNA and protein
expressions in OMCD using RT-competitive PCR and western blot
analysis.
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MATERIALS AND METHODS

Materials
[Arg8]-vasopressin (AVP), oxytocin and collagenase were obtained from Sigma

(St Louis, MO, USA). The competitive DNA construction kit was obtained

from Takara (Shiga, Japan) and cDNA synthesis and PCR master were

purchased from Roche Molecular Biochemicals (Mannheim, Germany).

Pathogen-free male Sprague–Dawley rats weighing 80–100 g were obtained

from Seac (Fukuoka, Japan). All rats were given free access to tap water or a

5% glucose solution (infusion study) and fed a standard pellet diet. The

protocol of our experiments was reviewed and approved by the committee

of the Kumamoto University Institute of Resource Development and Analysis

(no. 16–63, 17–13, 18–127 and 19–63). Urine osmolality was measured using

an osmometer (Fiske, Norwood, MA, USA). Serum sodium and chloride

concentrations were measured using an autoanalyzer (Hitachi, Tokyo,

Japan). The plasma AVP concentration was measured by radioimmunoassay

(SRL laboratory, Tokyo, Japan).

Vasopressin or oxytocin infusion study
A long-term subcutaneous infusion study of [Arg8]-vasopressin or oxytocin

was carried out for 4 days. Under pentobarbital anesthesia, the rats were

implanted subcutaneously with osmotic mini-pumps (model 2002; Alzet, Palo

Alto, CA, USA) that delivered 1.67 and 111 ng h�1 per 100 g body weight of

vasopressin and oxytocin, respectively. In the case of control rats, the mini-

pumps delivered saline. After 4 days, the kidneys from the vasopressin or

oxytocin-infused and control rats were removed after the anesthesia that was

used in the experiments described below.

Blood pressure during vasopressin and oxytocin infusion was measured

using the tail-cuff method. BP-98A and THC-31 (recorder and cuff,

respectively, Softron, Tokyo, Japan) were used for the blood pressure measure-

ments. The average of three consecutive measurements was used as a single

value of measured blood pressure.

Microdissection
Microdissection of OMCD was carried out as described earlier.9,19–21 In brief,

after anesthetizing the rats by intraperitoneal administration of pentobarbital

(5mg per 100 g body weight), the left kidney was perfused with 10ml of

solution A (in mM: 130 NaCl, 5 KCl, 1 NaH2PO4, 1 MgSO4, 1 calcium lactate, 2

sodium acetate, 5.5 glucose and 10 Hepes; 290mosmol kg�1 H2O; pH 7.4). The

kidney was then excised and sliced coronally, and the slices were placed into

solution A containing 1mgml�1 type I collagenase and 10mM VRC (New

England Bio labs, Beverly, MA, USA) as an RNase inhibitor. After incubation at

371C for 30min, the slices were washed in solution A containing 10mM VRC,

and microdissected under a stereomicroscope. The OMCD was isolated and

measured by a calibrated eyepiece micrometer. OMCD of 2mm and of

15–25mm in length were used for reverse transcriptase-competitive PCR

(RT-competitive PCR) and western blotting, respectively. After micro-

dissection, the samples were briefly washed in solution A.

Incubation study
In the incubation study, the microdissected OMCD was placed in Eppendorf

tubes. An experiment using a hypertonic solution was carried out as described

earlier.20,21 To determine the time course of the stimulation of the NKCC1

mRNA expression by hyperosmolality, a solution of 690mosmol kg�1 H2O

(solution A plus NaCl) was added and the samples were incubated at 371C for

30 to 240min. Next, to determine the maximal effect of hyperosmolality, the

samples were incubated at 371C for 60min in solutions having various

osmolalities, which were established by adding NaCl or water (145, 290

(control), 490, 690, 890 and 1090mosmol kg�1 H2O). To achieve osmolalities

of 690mosmol kg�1 H2O, mannitol and raffinose were also added.

Next, the direct effect of vasopressin on NKCC1 mRNA expression was

investigated by incubation of OMCD for 60min at 371C in solution A

containing vasopressin. Vasopressin was diluted with solution A to various

concentrations (10�10, 10�9, 10–8 and 10–7M). Finally, the direct effect of

oxytocin on NKCC1 mRNA expression was examined; oxytocin was also

diluted with solution A.

Preparation of oligonucleotide primers and competitors
Specific PCR primers were designed as follows: The primer sequence for

NKCC1 corresponded to 5¢-GGT TCT CCA AAC TCA CGG CC-3¢ (sense;
bases 2486–2505) and 5¢-GTC TTG CCA TCC TCT TCC TC-3¢ (antisense;
bases 3032–3051).22 The final PCR product was 566 bp in size. Sense and

antisense primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

were defined as 5¢-TCCCTCAAGATTGTCAGCAA-3¢ (bases 506–525) and

5¢-AGATCCACAACGGATACATT-3¢ (bases 794–813). The predicted length of

amplified cDNA was 308bp in length.23

The DNA competitor for NKCC1 was prepared using a cDNA construction

kit (Takara). The primer sequence for the NKCC1 competitor corresponded to

5¢-GGT TCT CCA AAC TCA CGG CCG TAC GGT CAT CAT CTG ACA C-3¢
(sense) and 5¢-GTC TTG CCATCC TCT TCC TCC AAA ACT CAA CGAGCA

GCG T-3¢ (antisense). The length of the competitor was 456 bp. The DNA

competitor for GAPDH was directly prepared (100 bp: from bases 506–555 and

764–813; 5¢-TCC CTC AAG ATT GTC AGC AAT GCA TCC TGC ACC ACC

AAC TGC TTA GCC CCC CTG GCA TGG CCT TCC GTG TTC CTA CCC

CCA ATG TAT CCG TTG TGG ATC T-3¢).

RT-competitive PCR
RT-competitive PCR was carried out as described earlier.9,19–21 In brief, sample

tubes were centrifuged for 5min at 41C after incubation. After aspiration of the

supernatant, an RT master mix containing 20U reverse transcriptase, AMV,

16U RNase inhibitor (cDNA synthesis kit) and triton-X100 (Sigma) were

added. RT was carried out at 421C for 60min, and stopped by incubation at

901C for 5min. PCR reaction mixes were added to each sample, and the

NKCC1 and GAPDH cDNAs were amplified. PCR consisted of

29 cycles of denaturing at 941C for 1min, annealing at 601C for 1min and

extension at 721C for 1.5min, and the reaction mixture was stored at 41C after

a final extension at 721C for 7min.

An appropriate concentration of the NKCC1 or GAPDH competitor was

added to each sample. A standard curve was produced by coamplification of

the competitor with a series of dilutions of known amounts of NKCC1 or

GAPDH cDNA.

After ethanol precipitation, the PCR products were resuspended with TAE,

and electrophoretically size fractionated on a 2% agarose gel in a TAE buffer.

After electrophoresis and ethidium bromide staining, signals of PCR products

were visualized with a UV transilluminator. The intensity of the bands was

measured using a densitometer (Atto, Tokyo, Japan). The ratio of the size of the

competitor to cDNAwas corrected for differences in molecular weight. In some

experiments, the GAPDH expression was examined by RT-competitive PCR as

an internal standard. If the expression of GAPDH mRNA was more than

10% different than that in control, the expression of NKCC1 was corrected

according to the GAPDH mRNA expression.

Western blotting
Western blot analysis was carried out as described earlier.9,19,20 Microdissected

OMCDs from vasopressin or oxytocin-infused and control rats were added to

Eppendorf tubes containing a lysis buffer (0.5mM Na3VO4, 1mM EDTA, 5mM

EGTA, 2mM DTT, 1mM phenylmethyl sulufonylfluoride, 5mM glyceropho-

sphatase, 20mM HEPES, 10mgml�1 aprotinine and 10mgml�1 leupeptine, pH

7.4). The samples were mixed with a 2�sample buffer (final concentration 10%

glycerol, 3% SDS, 5% 2–mercaptoethanol, 65mM DTT, 0.005% bromophenol

blue and 62.5mM Tris-HCl, pH 6.8) and a running buffer (25mM Tris, 192mM

glycine and 0.1% SDS), and denatured for 5min at 951C. The samples were

electrophoresed on polyacrylamide gels (4–20% gradation; Daiichi Pure

Chemicals, Tokyo, Japan). Dr James Turner kindly provided the rat NKCC1-

specific antibody.22 After electrophoresis, the proteins were transferred electro-

phoretically onto a nitrocellulose membrane (Immobilon; Millipore, Bedford,

MA, USA). The membrane was blocked with a 5% TBS-T buffer (154mM

NaCl, 20mM Tris-HCl, 0.1% Tween 20). The rat NKCC1-specific antibody was

diluted 1:500 with a TBS-T solution containing 5% skimmed milk and

incubated overnight at 41C. After washing with the TBS-T solution, the

proteins were detected using an ECL system (ECL western blot kit; Amersham,

Arlington Heights, IL, USA).
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Statistical analysis
Results are expressed as mean±s.e.m. Statistical analysis was carried out using

Student’s t-test or analysis of variance (ANOVA) with a Dunnett type multiple

compairson, as appropriate. A Po0.05 was considered statistically significant.

Dr SPSS-II (SPSS, Tokyo, Japan) was used for the analysis.

RESULTS

Physiological data on vasopressin-infused and control rats
After vasopressin infusion for 4 days, the body weights of the
experimental animals were not significantly different from those
of saline-infused controls (Table 1) (99.1±4.3 vs. 80.2±13.0 g,

respectively; P40.05). Urinary pH was slightly but significantly lower
in vasopressin-infused rats (7.2±0.3) than in controls (7.7±0.1;
Po0.05). Urine osmolality was significantly higher in vasopressin-
infused rats than in controls (1655±222 and 1031±109mosmol kg�1

H2O in vasopressin-infused and control rats, respectively. n¼6,
Po0.01).
Plasma concentrations of sodium and chloride were significantly

lower in AVP-treated rats than those in vehicle-treated rats (Na,
115±12 and 133±8; Cl, 74±9 and 98±3 in vasopressin-treated
and control rats, respectively; Po0.05). The plasma concentration of
vasopressin was significantly higher in vasopressin-infused rats than
that in controls (1280±311 and 350±88pgml�1 in vasopressin-
treated and controls rats, respectively, Po0.01). Blood pressure was
not changed by the infusion of vasopressin or oxytocin (control:
114±2/86±3, 109±3/80±4 and 115±3/85±4mmHg, P40.05 for
both systolic and diastolic blood pressure for 3 days; vasopressin:
110±3/81±3, 108±3/86±4 and 108±3/87±3mmHg, P40.05;
oxytocin: 113±3/84±3, 116±3/86±4 and 116±4/88±4mmHg,
P40.05 on days 0, 2 and 4 after the infusion, respectively; n¼4–7
for each measurement).

Effect of hyperosmolality on NKCC1 mRNA expression in OMCD
To determine the time course of the stimulation of NKCC1 mRNA
expression by hyperosmolality, the microdissected OMCD samples
were incubated in 690mosmol kg�1 H2O solution for different
periods. The expression of NKCC1 mRNA in OMCD was stimulated
by hyperosmolality and reached a plateau after 60min incubation

Table 1 Physiological data

Control rats (n) AVP-treated rats (n)

Body weight (g) 99.1±4.3 (10) 80.2±13.0 (5)

Urine pH 7.7±0.1 (10) 7.2±0.3* (5)

Urine osmolality (mosmol kg�1 H2O) 1031±109 (12) 1655±222* (8)

Serum Na (mEq l�1) 133±8 (5) 115±12* (5)

Serum Cl (mEq l�1) 98±3 (5) 74±9* (5)

Plasma AVP (pgml�1) 350±88 (8) 1280±311* (6)

Urine osmolality was measured with an osmometer. Serum sodium and chloride concentrations
were measured by autoanalyzer. Plasma concentration of AVP was measured by radio-
immunoassay. AVP-treated rats showed lower serum Na and Cl concentrations, lower urine pH
and higher plasma AVP level and urine osmolality than control rats. *P40.05 vs. control rats.
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(Figure 1). Accordingly, 60min was used as the incubation time for
the following experiments.
Next, to determine the osmolality resulting in maximal stimulation

of NKCC1 mRNA expression, microdissected OMCD samples were
incubated in solutions with different osmolalities, which were achieved
by adding NaCl. The NKCC1 mRNA expression was highest at
690mosmol kg�1 H2O (9.5±5.1, 11.1±3.8, 18.5±4.8, 36.5±7.0,
18.8±4.6 and 10.0±2.3 fgmm�1 in 145, 290, 490, 690, 890 and
1090mosmol kg�1 H2O, respectively; n¼6–9; Po0.05, Figure 2). It is
noteworthy that the NKCC1 mRNA expression at 1,090mosmol kg�1

H2O did not differ from that at 290mosmol kg�1 H2O. Thereafter, to
determine whether the stimulation of NKCC1 mRNA expression was
caused by NaCl or by hyperosmolality; a hypertonic solution was
prepared by the addition of mannitol and raffinose. Hyperosmolality
by mannitol and raffinose also increased the NKCC1 mRNA expres-
sion, suggesting that hyperosmolality itself stimulated NKCC1
mRNA expression (NKCC1 mRNA expression: 14.0±2.8, 44.2*±9.2,
33.6*±3.8 and 40.9*±8.9 in the control, NaCl, mannitol and
raffinose groups, respectively; *Po0.05 vs. control; Figure 3).

Effect of vasopressin on NKCC1 mRNA expression in OMCD
in vitro
Microdissected OMCD was incubated for 60min in solution with
different concentrations of AVP. AVP in concentrations from 10–10 to
10–7M increased the NKCC1 mRNA expression by 70–90% (Figure 4).
In contrast, the incubation of microdissected OMCD with oxytocin

did not result in any change in the NKCC1 mRNA expression
(Figure 5).

Effect of vasopressin on NKCC1 mRNA expression in OMCD
in vivo
Administration of AVP to rats in vivo increased the NKCC1
mRNA expression by 80% (27.5±3.9 and 46.5 ± 8.9 fgmm�1

in vehicle and AVP-treated rats, respectively; n¼12; Po0.05;
Figure 6).

Effect of oxytocin on NKCC1 mRNA expression in OMCD in vivo
Oxytocin injected into rats in vivo caused a stimulation of the
NKCC1 mRNA expression by 36% (11.4±1.3 and 15.5±2.9 fgmm�1

in vehicle and oxytocin-injected rats, respectively; n¼8; Po0.05;
Figure 7).

Effect of AVP on NKCC1 protein expression in vivo
The NKCC1 protein was detected at 170 kDa by western blotting.
Administration of AVP in vivo increased the NKCC1 protein expres-
sion in OMCD by 135% (Figure 8).

DISCUSSION

The purpose of this study was to determine the mechanisms by which
dehydration activates NKCC1 expression. We focused on AVP and
hyperosmolality, as dehydration causes increases in plasma AVP levels
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and in the osmolality of plasma and the renal medullary interstitium.
To determine the effect of AVP and hyperosmolality on NKCC1
expression, microdissected OMCD was incubated with AVP, oxytocin
or in hyperosmotic solutions. Vasopressin was also administrated to
rats in vivo. NKCC1 mRNA and protein expressions were stimulated
by vasopressin (in vitro and in vivo) and hyperosmolality in our study,
suggesting that both play an important role in the activation of
NKCC1 by dehydration.
The findings that urine osmolality and plasma vasopressin con-

centration were higher in vasopressin-infused rats than in controls
indicated that an appropriate concentration of vasopressin was given
in our study. Urinary pH was significantly lower in vasopressin-
infused rats than in controls, suggesting the stimulation of proton
secretion, at least in the collecting ducts, by vasopressin. Vasopressin is
known to inhibit bicarbonate absorption (proton secretion) in the
thick ascending limb of Henle’s loop, and to stimulate such absorption
in the collecting ducts.12,24 Chronic administration of vasopressin has
also been shown to stimulate NKCC2 expression in the thick ascend-
ing limbs of Henle’s loop,12 in NH4

+ absorption through NKCC2 and
in the accumulation of NH4

+ in the medullary interstitium. Low
luminal pH caused by vasopressin-induced proton secretion stimu-
lates the NH3 trap by non-ionic diffusion in the collecting ducts.
NKCC1 is known to secrete NH4

+.8,25 Under normal conditions, the
secretion of NH4

+ or sodium by NKCC1 is low.25 But the amount of
NH4

+ secretion by NKCC1 in dehydration or in metabolic acidosis is
not known. The finding that NKCC1 is activated by dehydration and

metabolic acidosis suggests that NH4
+ secretion could be increased

through NKCC1 in dehydration and metabolic acidosis.9

The NKCC1 mRNA expression was stimulated by incubation in a
hyperosmotic solution. In dehydration or under a high concentration
of plasma AVP, a large axial osmolality gradient in the medullary
interstitium induces high urine osmolality. The high interstitial
osmolality causes epithelial cells to shrink, which may in turn
stimulate NKCC1 activity and expression to recover cell volume. It
has been reported that hypertonic cell shrinkage increases electrolyte
influx by NKCC1 in duck RBC,17 in Ehrlich ascites cells15 and in
cultured kidney cells (IMCD-3) 26 for regulatory volume increase. In
contrast, an isolated tubule perfusion technique showed cell swelling
of collecting ducts by exposure to vasopressin.27 A larger increase in
water permeability of the luminal membrane than that of the
basolateral membrane has been speculated for the mechanism of cell
swelling. Chou et al.27 reported that AVP-induced cell height increase
is dependent on solute uptake by NKCC1, but is not dependent on
apical water entry into an isolated perfused rat inner medullary
collecting duct (IMCD). Although our data show that hyperosmolality
by mannitol and raffinose also increased the NKCC1 mRNA expres-
sion, mannitol-induced hyperosmolality did not cause cell swelling by
NKCC1 in their study.27 They observed a very acute effect of NaCl or
hyperosmolality on NKCC1 in isolated perfused IMCD. In contrast,
we incubated OMCD for 60min. An increase in water flux through a
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water channel causes a decrease in intracellular NaCl concentration,
which subsequently stimulates NKCC1 expression. These data clearly
indicate that NKCC1 participates in acute regulatory volume increase,
particularly in the presence of AVP. Renal medullary cells are also
known to increase intracellular osmolytes in defense against chronic
outer cellular hyperosmolality. The roles of these osmolytes in the
chronic activation of NKCC1 must be examined further.
The NaCl-induced expression of NKCC1 mRNA was most abun-

dant at 690mosmol kg�1 H2O, and a further increase of osmolality
did not further increase the expression. 690mosmol kg�1 H2O might
be a reasonable estimate of the osmolality of the luminal fluid of
OMCD under normal conditions. If the same experiments were
carried out using IMCD, the maximal stimulation may be observed
at a much higher osmolality. Incubation of trabecular meshwork cells
in a hypotonic solution is reported to introduce the intracellular
chloride concentration ([Cl]i) decrease resulting from osmotic
dilution of intracellular solutes, plus perhaps a volume regulatory
loss of KCl from the cells.28 In that study, the decrease of [Cl]i
stimulated NKCC1 cotransporter activity measured as bumetanide-
sensitive K influx. However, this stimulating effect of the decrease in
[Cl]i was additive with the hyperosmolality-induced activation of
NKCC1 activity. Thus, the role of [Cl]i may be different between
isotonic and hypertonic conditions. The volume-sensitive phos-
phorylation of NKCC1 by c-Jun NH2-terminal kinase and the
phosphorylation of the myosin light chains may play some
roles in hyperosmolality-induced upregulation of NKCC1.29,30

The AVP-stimulated cAMP generation in OMCD from dehydrated
rats was increased by incubation in the hypertonic medium,

although such an increase was not observed in the medullary thick
ascending limbs.31 The lack of a water channel in the medullary thick
ascending limbs may be responsible for such a difference between
OMCD and the medullary thick ascending limbs.
NKCC1 was activated by vasopressin in vivo and in vitro in our

study. These data suggest that AVP directly stimulated the NKCC1
expression. AVP may also stimulate NKCC1 expression indirectly
by increasing the osmolality of the plasma and medullary interstitium.
In contrast, oxytocin increased the NKCC1 mRNA expression in
OMCD in vivo but not in vitro. Oxytocin is known to increase
osmotic water permeability in collecting ducts by binding to both
oxytocin and V2 receptors, because the structure of oxytocin is
very similar to vasopressin. The concentration of oxytocin in normal
well-hydrated SD rats is B5 pM.32 The plasma concentration of
oxytocin used in this study is estimated to be more than 20pM. If
AVP stimulates NKCC1 expression through V2 receptors,33 we might
speculate that oxytocin would also increase NKCC1 expression. In this
study, however, the NKCC1 expression was not significantly increased
by the incubation of OMCD with oxytocin. The stimulation of
NKCC1 mRNA by oxytocin in vivo could be caused by an indirect
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Figure 7 The effect of oxytocin on NKCC1 mRNA expression in OMCD

in vivo. OMCD from controls or oxytocin-infused (4 days) rats was used.
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(Bottom) The effect of AVP on NKCC1 expression in OMCD in vitro. AVP

in vivo stimulated NKCC1 protein expression in OMCD. The NKCC1 protein

expression was expressed as a ratio to the control (n¼6). *Po0.05 vs. control.

NKCC1 in rat OMCD
S Wakamatsu et al

486

Hypertension Research



effect on oxytocin, probably through the action of the V2 receptor as
reported recently.34

NKCC1-deficient mice have been generated and analyzed. These
mice exhibit deafness and loss of their sense of balance because of
impaired transepitherial K+ movement of the inner ear.35,36 Those
mice who were completely lacking in NKCC1 also seemed to show
hypotension and retarded growth. NKCC1 deficiency is reported to be
associated with greater blood pressure increase during high salt intake
at night and greater blood pressure decrease during low salt intake
during the day.37 Although hypereninemic hyperaldosteronism was
reported, the precise mechanism of altered salt sensitivity in NKCC1-
deficient mice is not known. Although the participation of NKCC1 in
sodium transport is negligible, its participation in the renin–angio-
tensin–aldosterone system has been speculated. Further investigations
will, therefore, be needed to determine the function of NKCC1 in the
kidneys of these mutant mice.
In summary, our data suggest that AVP and hyperosmolality

stimulate the NKCC1 expression in OMCD. AVP stimulates NKCC1
activity directly and indirectly through an increase in plasma and
medullary interstitial osmolality. It is concluded that the increase of
plasma AVP level in dehydration may play a crucial role in the
activation of NKCC1 in the kidneys.
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