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Abstract

Electrogenic sodium pump (Na+-K+-ATPase) maintains intracellular ionic concentration
and controls membrane potential .   Therefore,  we analyzed the modulation of Na+-K+-
ATPase activity by the endothelium, cyclic AMP-protein kinase A (cAMP-PKA), protein kinase C (PKC)
and nitric oxide-cyclic GMP-protein kinase G (NO-cGMP-PKG) in isolated rat thoracic aortas.  The
potassium-induced relaxation in arteries incubated in K+-free solution was used as a functional indicator
of Na+-K+-ATPase activity for ouabain abolished the potassium-induced relaxation in rat aortas.
Potassium-induced relaxations after removal of the endothelium were moderately blunted in
these preparations.  In the presence of Nωωωωω-nitro-L-arginine methyl ester, but not indomethacin,
the potassium-induced relaxation was also inhibited.  Similar inhibitions of potassium-induced relaxations
were observed in aortas treated with 8-bromo-cAMP and phorbol 12-myristate 13-acetate (PMA).
Although inhibitors of PKA and PKC individually did not affect the potassium-induced relaxation,
the combination of both inhibitors significantly potentiated that relaxation.  In contrast to 8-bromo-
cAMP and PMA, 8-bromo-cGMP enhanced the potassium-induced relaxation whereas 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one attenuated that relaxation.  These results suggested that
endothelium is a functional stimulator of the Na+-K+-ATPase activity.  In addition, cAMP-PKA and PKC
pathways inhibited the sodium pump while the NO-cGMP pathway stimulated this pump in the vascular
bed.
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Introduction

Mechanisms of vasodilatation are mediated by
increased  format ion  of  cycl ic  nucleot ides ,
hyperpolarization caused by activation of K+-channels,
and/or reduction of intracellular calcium levels in the
vascular smooth muscle (6, 17, 26, 29).  In addition,
the contractile state of vascular smooth muscle is also
influenced by the activity of the electrogenical sodium
pump (Na+-K+-ATPase).  Na+-K+-ATPase plays an
important role in regulating membrane potential and

vascular tone.  Its inhibition by cardiac glycosides
(e.g. ouabain) increases the intracellular sodium
concentration.  This in turn activates the sodium-
calcium exchange mechanism, which induces
intracel lular  calcium increase and vascular
contraction.  In other words, Na+-K+-ATPase generates
the transmembranous Na+-K+ gradient, which is
essential for the contractility of muscle (3, 18, 21, 30,
31).

Recent studies have demonstrated that Na+-K+-
ATPase activity is modulated by phosphorylation/
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dephosphorylation processes.  For example, cyclic
AMP-protein kinase A (cAMP-PKA) mediates
inhibition of the Na+-K+-ATPase activity in rat
vascular smooth muscle cells (4) and in guinea pig
ventricular myocytes (13), whereas protein kinase C
(PKC) may act as a functional inhibitor of Na+-K+-
ATPase activity in piglet mesenteric arteries (25),
while it has direct stimulatory effect on this enzyme
(5, 19).  In addition, the endothelium also regulates
the Na+-K+-ATPase activity either by nitric oxide
(NO) [14] or endothelial diffusible factors (27).  Many
studies showed that NO caused vasodilatation by
inc rea s ing  t he  i n t r ace l l u l a r  cGMP l eve l ,
hyperpolarizing cell membrane by activating K+-
channels, and altering the Na+-K+-ATPase activity in
motor nerves in animals treated with endotoxin (7-9,
20, 28).  However, no studies have examined these
protein kinases in same experimental conditions at
the same time.  In addition, the functional rather than
enzymatic evidence would be more applicable to the
in vivo physiological responses.  This study showed
that Na+-K+-ATPase activity was regulated by the
endothelium and various protein kinases stimulators
and inhibitors in rat aortas.

Materials and Methods

This study was approved by the specify
Insti tutional Review Board according to the
recommendations from Helsinki and specify in the
care and the use of experimental animals.

Tissue Preparation

Ten-week-old male Wistar-Kyoto (WKY) rats,
whose stock originated from the Charles River
Breeding Laboratories in Japan, were purchased from
the Department of Laboratory Animal Science of the
National Defense Medical Center.  Rats were
anesthetized by intraperitoneal injection of urethane
(1.2 g/kg) and then killed.  After that, the thoracic
aorta was carefully isolated and the vessels were
cleared of adhering periadventitial fat and the thoracic
aorta was cut into 3 mm in length.  The endothelium
of some aortic preparations was removed by gently
rubbing the intimal surface of the vessel (11).  Later,
the lack of a relaxation to acetylcholine (1 µM) was
considered as an indicator for successful removal of
endothelium.  The tissue was incubated with warmed
(37°C), oxygenated (95% O2 - 5% CO2) physiological
salt solution (PSS, pH 7.4) consisting of (mM): NaCl
118, KCl 4.7, KH2PO4 1.2, MgCl2 1.2, CaCl2 2.5,
NaHCO3 25 and glucose 11.  BaCl2 (50 µM) was
added to inhibit the KIR, provided the latter readly
existed.  One end of the segment was fixed to the
organ bath chamber while the other end was connected

to Grass FT03 transducer (Grass Instrument Co.,
Quincy, MA, USA).  The changes of tension recording
were displayed on a MacLab recording and analysis
system (ADI Instruments Pty Ltd., Castle Hill,
Australia).

Organ Bath Experiments

The preparations had equilibrated for at least 60
min under a passive tension of 2 g.  Potassium-free
solution has the same composition of PSS, except that
KCl was omitted and 1.2 mM KH2PO4 was substituted
with 1.2 mM NaH2PO4.

In the potassium-free PSS, the contraction was
induced by EC70 phenylephrine (PE, 0.1 µM).  After
this contraction reached a steady state, the Na+-K+-
ATPase activity was evaluated by potassium (0.1 -
3.0 mM, in potassium-free solution)-induced
relaxations (30, 31).  Later, ouabain (0.1 mM and 0.3
mM), indomethacin (10 µM) or Nω-nitro-L-arginine
methyl ester (L-NAME, 0.1 mM) was used to inhibit
the Na+-K+ pump activity and the potassium-induced
relaxation was re-examined.  In addition, stimulators
or inhibitors of cAMP-PKA, PKC and NO-cGMP
pathway, e.g. 8-bromo-cAMP (0.1 mM), phorbol 12-
myristate 13-acetate (PMA, 1 µM), 8-bromo-cGMP
(0.1 mM), MDL-12330A (10 µM), Ro-31-8220 (3
µM), or 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ, 3 µM) were also used to examine the potassium-
induced relaxation.  In testing the relaxation to
potassium in aortic rings pre-contracted with PE in
the presence of inhibitors (i.e. indomethacin, L-
NAME, MDL-12330A, Ro-31-8220 and ODQ) or
stimulators (e.g. 8-bromo-cAMP, PMA and 8-bromo-
GMP), the pre-contraction was adjusted to the same
level as these without inhibitors or stimulators by
titrating the concentration of PE.  The maximal
contractile response elicited by PE (3 µM) was
regarded as 100%, and thus, the relaxation induced by
potassium (0.1 - 3.0 mM) was calculated by
comparison to PE-induced contraction.  That is, the
100% relaxation was equal to the vascular tone elicited
by PE returning to the baseline (i.e. basal tone).  The
-E was found to perform in Fig. 1B only.  In the rest
of our experiments (including Fig. 1A), we used
endothelium-intact aortas to examine the role of
protein kinases in the regulation of Na+-K+-ATPase
activity.

Statistical Analysis

All values in the figures and text are expressed
as mean ±  s.e.mean of n  observations, where n
represents the number of animals studied.  Statistical
evaluation was performed by using analysis of variance
(ANOVA) followed by a multiple comparison test
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(Bonferroni test).  A P value of less than 0.05 was
considered to be statistically significant.

Results

Potassium-Induced Relaxations Are Inhibited by Ouabain
and Attenuated by Removal of the Endothelium

Potassium (0.1 - 3.0 mM)-induced relaxation
appeared to be dose-dependent in the rat thoracic
aorta (Fig. 1).  Ouabain (0.1 mM and 0.3 mM) dose-
dependently inhibited the potassium-induced

relaxation (Fig. 1A).  In addition, the removal of
endothelium moderately blunted the relaxation
induced by potassium (Fig. 1B).

L-NAME, but not Indomethacin, Attenuates Potassium-
Induced Relaxations

In order to clarify what endothelium-derived
relaxing factors were involved in the activation of
potassium-induced relaxations, indomethacin (10 µM,
an inhibitor of prostacyclin) and L-NAME (0.1 mM,
an inhibitor of NO synthase) were used to examine the
potassium-induced relaxation.  Results in Fig. 2
showed that L-NAME, but not indomethacin, reduced

Fig. 1.  Effects of (A) ouabain and (B) the endothelium on the relaxation
induced by potassium in rat aortas.  Depicted are changes of the
relaxation induced by potassium (0.1 - 3.0 mM) in the presence
or absence (Control, n = 15) of ouabain (0.1 mM, n = 9; 0.3 mM,
n = 6) or endothelium (+E, n = 18; -E, n = 20).  Data are expressed
as mean ± s.e.mean of n preparations.  *P < 0.05 represents
significant differences when compared with the endothelium-
denuded preparations.  Ouabain (0.1 and 0.3 mM) was found to
significantly inhibit the potassium-induced relaxation in endot-
helium-intact aortas.  The PE-induced pre-contraction tones were
1.81 ± 0.11 g vs. 1.84 ± 0.09 g (without vs. with ouabain) and
1.80 ± 0.08 g vs. 1.84 ± 0.12 g (with vs. without endothelium).

Fig. 2.  Effects of (A) indomethacin (INDO) and (B) Nw-nitro-L-arginine
methyl ester (L-NAME) on the relaxation induced by potassium
in rat aortas.  Depicted are changes of the relaxation induced by
potassium (0.1 - 3.0 mM) in the presence or absence of INDO
(10 µM, n = 6) or L-NAME (0.1 mM, n = 8) in endothelium-intact
aortas.  Data are expressed as mean ± s.e.mean of n preparations.
*P < 0.05 represents significant differences when compared with
the control preparation.  The PE-induced pre-contraction tones
were 1.81 ± 0.10 g vs. 1.78 ± 0.10 g (without vs. with INDO) and
1.77 ± 0.11 g vs. 1.81 ± 0.09 g (without vs. with L-NAME).
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the potassium-induced relaxation.

cAMP-PKA and PKC Pathways Mediate the Inhibition of
Potassium-Induced Relaxation

Figures 3A and 4A show that 8-bromo-cAMP
(0.1 mM) and PMA (1 µM), stimulators of PKA and
PKC, respectively, attenuated the potassium-induced
relaxation, whereas Fig. 3B and 4B show that inhibitors
of PKA and PKC, MDL-12330A (10 µM) and Ro-31-
8220 (3 µM), respectively, had no significant effect
on the potassium-induced relaxation.  However, the
combination of both inhibitors potentiated the
relaxation induced by potassium (Fig. 5).

Fig. 3. Effects of (A) 8-bromo-cyclic AMP (8-Br-cAMP) and (B) MDL-
12330A (MDL) on the relaxation induced by potassium in rat
aortas.  Depicted are changes of the relaxation induced by
potassium (0.1 - 3.0 mM) in the presence or absence of 8-Br-
cAMP (0.1 mM, n = 8) or MDL (10 µM, n = 7) in endothelium-
intact aortas.  Data are expressed as mean ± s.e.mean of n
preparations.  *P < 0.05 represents significant differences
when compared with the  preparation in the control group.  The
PE-induced pre-contraction tones were 1.79 ± 0.11 g vs. 1.78 ±
0.08 g (without vs. with 8-Br-cAMP) and 1.81 ± 0.09 g vs. 1.82
± 0.13 g (without vs. with MDL-12330A).

Fig. 4. Effects of (A) phorbol 12-myristate 13-acetate (PMA) and (B)
Ro-31-8220 (Ro) on the relaxation induced by potassium in rat
aortas.  Depicted are changes of the relaxation induced by
potassium (0.1 - 3.0 mM) in the presence or absence of PMA
(1 µM, n = 8) or Ro (3 µM, n = 6) in endothelium-intact aortas.
Data are expressed as mean ± s.e.mean of n preparations.  *P <
0.05 represents significant differences when compared with the
control preparation.  The PE-induced pre-contraction tones were
1.78 ± 0.08 g vs. 1.82 ± 0.10 g (without vs. with PMA) and 1.80
± 0.12 g vs. 1.77 ± 0.13 g (without vs. with Ro).

NO-cGMP Contributes to the Enhancement of Potassium-
Induced Relaxation

In the presence of 8-bromo-cGMP (0.1 mM, an
analogue of cGMP), the potassium-induced relaxation
was enhanced (Fig. 6A).  In contrast, ODQ (3 µM, an
inhibitor of NO-sensitive soluble guanylate cyclase)
attenuated the potassium-induced relaxation (Fig. 6B).

Discussion

In the present study we first examined the role
of various kinases in Na+-K+-ATPase activity in the
same tissue (rat thoracic aortas), which was evaluated
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by the potassium-induced relaxation (inhibited by
ouabain, an inhibitor of Na+-K+-ATPase activity).
The regulation of electrogenical sodium pump was,
however, attenuated by cAMP-PKA and PKC
pathways and activated by the NO-cGMP pathway.
In addition, the endothelium also modulated this
enzyme activity and mainly via the NO mediator.

The vascular Na+-K+-ATPase has been reported
to maintain intracellular ionic concentration and
control membrane potential.  The relevance of the
Na+-K+-ATPase in vascular tone regulation and the
modulation of its activity by the endothelium should
be noted (22).  Previous studies show that the removal
of vascular endothelium diminishes basal (27) as well
as endothelin-stimulated Na+-K+-ATPase activity in
the aorta (15).  The treatment of an endothelium-
intact aorta with NO synthase inhibitor (15) (L-NAME
in this study) caused a similar change and this
suggested that endothelium-derived NO might have
stimulated Na+-K+-ATPase activity.  However,
Sanchez-Ferrer et al. (27) suggesting that a diffusible
factor(s),  rather than NO, prostaglandins, or
leukotrienes, is released from the endothelium and
hence contributes to the activation of Na+-K+-ATPase
activity.  Although in the present study we also
confirmed that prostaglandins were not involved in
the endothelial stimulation of sodium pump, NO
seemed to be associated with this enzyme activation
for L-NAME, but not indomethacin, inhibited the
potassium-induced relaxation in the rat aorta.

It has been proposed that activity of Na+-K+-

Fig. 5. Effects of Ro-31-8220 (Ro) plus MDL-12330A (MDL) on the
relaxation induced by potassium in rat aortas.  Depicted are
changes of the relaxation induced by potassium (0.1 - 3.0 mM) in
the presence or absence of a combination (n = 12) of Ro (3 µM)
with MDL (10 µM) in endothelium-intact aortas.  Data are
expressed as mean ± s.e.mean of n preparations.  *P < 0.05
represents significant differences when compared with the con-
trol preparation.  The PE-induced pre-contraction tones were 1.82
± 0.11 g vs. 1.78 ± 0.09 g (without vs. with Ro plus MDL-
12330A).

Fig. 6. 5Effects of (A) 8-bromo-cyclic GMP (8-Br-cGMP) and (B) 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) non the relax-
ation induced by potassium in rat aortas.  Depicted are changes of
the relaxation induced by potassium (0.1 - 3.0 mM) in the
presence or absence of 8-Br-cGMP (0.1 mM, n = 6) or ODQ
(3 µM, n = 8) in endothelium-intact aortas.  Data are expressed as
mean ± s.e.mean of n preparations.  *P < 0.05 represents signifi-
cant differences when compared with the control preparation.
The PE-induced pre-contraction tones were 1.79 ± 0.10 g vs. 1.76
± 0.12 g (without vs. with 8-Br-cGMP) and 1.81 ± 0.11 g vs. 1.85
± 0.13 g (without vs. with ODQ).

ATPase can be modulated by phosphorylation/
dephosphorylation process (1).   Usually, the
phosphorylation was carried out by protein kinases,
e.g. PKA, PKC and PKG.  Most of the previous
studies that examined Na+-K+-ATPase activity by
using 86Rb+ uptake (10, 16, 27) may not actually
reflect the functional responses.  Although the
inhibitory role of cAMP-PKA pathway is quite
consistent in the enzymatic and functional studies (4,
13), Perez-Vizcaino et al. (25) suggest that the enzyme
activity may not correlate with the functional changes.
Their studies show that endothelin-1, PMA, and
norepinephrine are functional inhibitors of Na+-K+-
ATPase activity in endothelium-denuded piglet
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mesenteric arteries, even when direct effect on the
enzyme activity was stimulatory rather than inhibitory.
This also can explain the different regulation of Na+-
K+-ATPase activity by various kinases reported by
this study and other previous studies.  For instance, in
isolated epithelial cells from mammalian kidney
treated with protein kinase C activators, protein kinase
C augments the Na+-K+ pump activity (12).  In addition,
Borin (5) has also shown that in primary cultured rat
aortic myocytes PKC activator, PMA or PDBu
stimulates the Na+-K+-ATPase activity, and this is
prevented by staurosporine, an inhibitor of PKC.
Interestingly, Betlowski et al. (2) report that PKC has
a biphasic effect on rat renal cortical Na+-K+-ATPase.
In this study, we showed functional evidence that
PMA attenuated the potassium-induced relaxation,
while inhibitors of PKC and PKA alone had no
significant effect on this relaxation.  However, in the
combination of both inhibitors, they potentiated the
potassium-induced relaxation.  These results suggested
that both PKC and PKA mediate inhibition of Na+-K+-
ATPase activity and they have synergism on the
sodium pump of the rat aorta.  Whether the  difference
between the NO-mediated stimulation of vascular
Na+-K+-ATPase activity is cGMP-independent (16)
or -dependent (in this study) could also be explained
by different assay methods.  In addition, the inhibitor
of soluble guanylate cyclase we used in this study is
more specific for NO-activated while the former uses
LY83583, which has been shown to release superoxide
quenching NO (24) and then leads to an increase of
cGMP by forming hydroxyl free radical (23).  This
may also explain the different findings manifested by
Gupta et al. (16) and us.

In summary, we have provided functional
evidence showing that Na+-K+-ATPase activity was
down-regulated by cAMP-PKA and PKC pathways,
while the NO-cGMP pathway up-regulated this
enzyme activity in the rat aorta.  In addition, we have
also confirmed that the endothelium also acts as a
functional stimulator of Na+-K+-ATPase activity (16,
27) and this is mainly mediated by NO, but not by
prostaglandins.
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