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Endothelial nitric oxide attenuates Naþ/Ca2þ

exchanger-mediated vasoconstriction in rat aorta

J Zhao and H Majewski

School of Medical Sciences, RMIT University, Melbourne, Victoria, Australia

Background and purpose: The Naþ /Ca2þ exchanger (NCX) may be an important modulator of Ca2þ entry and exit. The
present study investigated whether NCX was affected by prostacyclin and nitric oxide (NO) released from the vascular
endothelium, as NCX contains phosphorylation sites for PKA and PKG.
Experimental approach: Rat aortic rings were set up in organ baths. Tension was measured across the ring with a force
transducer.
Key results: Lowering extracellular [Naþ ] ([Naþ ]o) to 1.18 mM induced vasoconstriction in rat endothelium-denuded aortic
rings. This effect was blocked by the NCX inhibitor KB-R7943 (2-2-[4-(4-nitrobenzyloxy)phenyl] ethyl isothiourea
methanesulphonate; 1 mM). In endothelium-intact aortic rings, decreasing [Naþ ]o did not constrict the aortic rings
significantly, but after treatment with the guanylate cyclase inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one;
1 mM) or the NOS inhibitor L-NAME (No-nitro-L-arginine methyl ester; 50mM), a vasoconstriction that was similar in size to that
in endothelium-denuded preparations was evident. The vasorelaxation induced by the NO donor sodium nitroprusside sodium
nitroprusside dihydrate (30 nM) was the same in the endothelium-denuded aortic rings preconstricted with either low Naþ

(1.18 mM), the thromboxane A2 agonist U46619 (9,11-dideoxy-9a, 11a-methanoepoxy prostaglandin F2a; 0.1mM) or high Kþ

(80 mM).
Conclusions and implications: The results suggest that the endothelium inhibits NCX operation via guanylate cyclase/NO.
This is stronger than for other constrictors such as phenylephrine and may relate to concomitant NCX-stimulated NO release
from the endothelium. This finding may be important where NCX operates in reverse mode, such as during ischaemia, and
highlights a new mechanism whereby the endothelium modulates Ca2þ homoeostasis in vascular smooth muscle.
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Introduction

The Naþ /Ca2þ exchanger (NCX) is an integral membrane

protein responsible for the counter-transport of Naþ and

Ca2þ across the plasma membrane of virtually all animal

cells. Three genes belonging to NCX family that code for

NCX have been identified in mammals, namely NCX1

(Nicoll et al., 1990), NCX2 (Li et al., 1994) and NCX3 (Nicoll

et al., 1996). NCX1 is widely expressed in diverse tissues

including the heart, brain, skeletal muscle, smooth muscle,

kidney, spleen and lung. The cloned cardiac NCX1 has been

elucidated in rat aorta (Nakasaki et al., 1993). The present

study focuses on NCX1 in rat aorta.

The energy and direction for net Ca2þ movement across

NCX depends on the electrochemical gradient of Naþ , Ca2þ

and Kþ , the membrane potential and the transport stoichio-

metry (for review, see Philipson, 2002). NCX is only partially

active at the normal resting [Ca2þ ]i (B100 nM) in most cells;

micromolar [Ca2þ ]i above resting level is required for NCX

to function fully. The exchanger is fully activated when

intracellular [Ca2þ ] is in the low micromolar range (that is,

at about the [Ca2þ ]i expected during peak activity in many

types of excitable and secretory cells). The intracellular

Ca2þ -dependent activation might be a protective mechanism

that only allows NCX to be turned on when [Ca2þ ]i is high

and off when [Ca2þ ]i is low (DiPolo and Beauge, 2002).

The primary function of NCX is to remove the Ca2þ out of

the cells (operating in forward mode), although it also

mediates Ca2þ influx (operating in reverse mode) in some

circumstances, for example, when intracellular Naþ is

increased or extracellular Naþ decreased (Linck et al.,

1998). These conditions occur during ischaemia due to

overstimulation of excitatory receptors promoting Naþ

influx or the shutdown of the NaþKþ ATPase pump
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preventing Naþ extrusion, and reverse mode operations

for NCX have been described for both neural and cardiac

tissue (see Jeffs et al., 2007; Iwamoto et al., 2007). Reverse

mode can be simulated experimentally by reducing extra-

cellular Naþ .

Naþ /Ca2þ exchanger may also be modulated through PKs.

Thus, Yamanaka et al. (2003) showed that the cAMP/PKA

system stimulated NCX activity in porcine coronary artery

smooth muscle cells. This is consistent with the upregulatory

effect of cAMP/PKA system on NCX in rat neurons (He et al.,

1998). However, both PKA and PKG have been shown to

inhibit the activity of NCX in human cultured mesangial

cells (Mene et al., 1993). Hence, the modulation of NCX by

cyclic nucleotides clearly depends on the tissue and the

experimental conditions. Little is known about the role of

NCX in vascular smooth muscle, and this may be important

given that both nitric oxide (NO) and prostacyclin activate

PKG and PKA, respectively, and are important modulators of

vascular function (see Mombouli and Vanhoutte, 1999).

The release of NO from the vascular endothelium activates

the guanylate cyclase/cyclic GMP/PKG system in the smooth

muscle and causes vasorelaxation. A number of mechanisms

for this relaxation have been proposed and include inhibi-

tion of Ca2þ entry through L-type Ca2þ channels, facilita-

tion of Ca2þ removal via Ca2þ -ATPase or uptake into

intracellular stores, and decreased sensitivity of the contrac-

tile apparatus to Ca2þ by the activation of myosin light

chain phosphatase (Sauzeau et al., 2000; Chitaley and Webb,

2002; Nishimura, 2006; see also review by Hirano, 2007).

However, the potential for endothelial NO to modulate NCX

has not been elucidated and this could be important given

the emerging role of NCX in Ca2þ homoeostasis. Also,

endothelial-derived prostacyclin has been shown to inhibit

similar Ca2þ signalling events to cause vasorelaxation

through an effect on the cyclic AMP/PKA pathways (see

Mombouli and Vanhoutte, 1999).

Hence, the aim of the present study was to determine

whether the operation of the NCX could be modulated by

the endothelium and, if so, whether the NO and prostacyclin

pathways are involved. The model used was that of a rat

aorta, which has been shown previously to contain NCX and

to display vasoconstriction in response to low extracellular

Naþ , owing to NCX operating in reverse mode.

Methods

Tissue preparation for functional studies

Male Sprague–Dawley rats (5- to 7-weeks old, weighing

200–350g, 87 rats in total) were anaesthetized with thiopentone

sodium (100 mg kg�1 i.p.) and then killed by decapitation.

The thoracic aorta was removed, placed in a cold physiolo-

gical salt solution (PSSA), cleaned of surrounding fat and

connective tissue and cut into equal-sized ring segments

(4 mm in length). In some cases, the endothelium was

removed by gentle rubbing of the luminal surface with a

plastic rod. Each ring was suspended in an organ bath

containing 2 mL of PSSA. Tissues were washed thoroughly by

replacing the PSS repeatedly and were then allowed to

equilibrate for a period of 60 min under 2 g of resting

tension. Tissues that failed to produce a 0.5 g increase in

tension to phenylephrine (1 mM) were rejected. The success-

ful removal of endothelial cells was confirmed by the

inability of ACh (1 mM) to induce relaxation in the presence

of phenylephrine.

For the study of NCX operating in reverse mode, the

extracellular [Naþ ] was reduced from 144.18 to 1.18 mM.

Low Naþ PSS (PSSB) was obtained by substituting

choline chloride for NaCl, and was bubbled with 100% O2

and the pH adjusted to 7.4 with KOH. In the control

group, the normal PSS (PSSA) was bubbled with 100% O2 and

the pH was adjusted to 7.4 with NaOH (Horiguchi et al.,

2001).

Composition of PSS

Normal physiological salt solution (PSSA) (in mM): NaCl 143;

KCl 4.7;. NaH2PO4 1.18; MgSO4 � 7H2O 1.17; CaCl2 � 2H2O

2.5; glucose 11 and HEPES 5.

Low Naþ physiological salt solution (PSSB) (in mM):

choline chloride 143; KCl 4.7; NaH2PO4 1.18; MgSO4 � 7H2O

1.17; CaCl2 �2H2O 2.5; glucose 11; and HEPES 5.

Drugs and materials

The following drugs were used: L-phenylephrine hydrochlo-

ride, ACh chloride, 9-(2-tetrahydrofuryl) adenine (SQ

22536), indomethacin, guanethidine monosulphate, sodium

nitroprusside dihydrate (SNP), No-nitro-L-arginine methyl

ester (L-NAME) and thiopentone sodium from Sigma (St

Louis, USA), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one

(ODQ) from Cayman Chemical (MI, USA), KB-R7943 (2-2-

[4-(4-nitrobenzyloxy)phenyl] ethyl isothiourea methanesul-

phonate) from TOCRIS (Ellisville, MI, USA) and 9,11-

dideoxy-9a, 11a-methanoepoxy prostaglandin F2a (U46619)

from BIOMOL (Plymouth Meeting, PA, USA). Phenylephrine

and ACh were dissolved in distilled water, and the remaining

drugs were dissolved in dimethyl sulfoxide. The final

concentration of vehicle was no more than 0.1% (v/v).

Buffer salts and chemicals were obtained from Sigma (St

Louis, MO, USA) unless otherwise stated.

Drug/molecular target nomenclature conforms with the

British Journal of Pharmacology Guide to Receptors and Channels

(Alexander et al., 2007).

Data analysis

Results are expressed as mean±s.e.mean and were consi-

dered different when Po0.05. Multiple comparisons were

determined using ANOVA in GbStat package (version 7.0,

Dynamic Microsystems Inc., Silver Spring, MD, USA).

Results

Constriction in rat aortic rings induced by low Naþ

In rat endothelium-denuded aortic rings, lowering [Naþ ]o to

1.18 mM induced immediate constriction and phase vasomo-

tion (Figures 1a and b). The adrenergic neuron blocker

guanethidine (3 mM), which was present for 30 min before
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testing, showed no effect on low Naþ -induced constriction

in these endothelium-denuded aortic rings (Figure 1a),

indicating that sympathetic nerves were not involved.

Guanethidine was found to be an effective adrenergic

neuron transmission blocker in rat aorta at a concentration

of 3 mM (Berry et al., 1992; Toma et al., 1995). The NCX

inhibitor KB-R7943 (1mM) significantly attenuated this effect

of lowering [Naþ ]o (Figure 2a). In endothelium-intact

vessels, lowering [Naþ ]o did not constrict the aortic rings

significantly (Figure 2b).

The effect of ODQ on constriction in rat aortic rings induced by

low Naþ

The soluble guanylate cyclase inhibitor ODQ was used to

determine whether NO-linked processes might be involved

in the modulation of NCX. In endothelium-intact aortic

rings, ODQ (1 mM) greatly amplified the vasoconstrictor

response to lowering [Naþ ]o but had no effect on the low

Naþ -induced constriction when the endothelium was

removed (Figure 3a).

The effect of L-NAME on constriction in rat aortic rings induced by

low Naþ

The NOS inhibitor L-NAME was also used to determine

whether NO-linked processes might be involved in the

Figure 2 Effect of KB-R7943 (1mM) in endothelium-denuded and
intact aortic rings. Rat aortic rings were bathed in normal
physiological salt solution (PSS) (144.18 mM Naþ , CON). This was
replaced with low Naþ PSS (1.18 mM, low Naþ ). (a) Constrictor
responses after the addition of low Naþ in the absence and presence
of KB-R7943 (1mM). (b) The effect of low Naþ in endothelium-
denuded and intact aortic rings. The columns represent means±
s.e.mean, n¼5–7 for each group. The y axis represents the response
in grams (g). *Significant difference from the respective control
(CON) Po0.05, Student’s t-test. #Significant inhibition by KB-R7943
(2-2-[4-(4-nitrobenzyloxy)phenyl] ethyl isothiourea methanesulpho-
nate; 1 mM), Po0.05, two-way ANOVA.

Figure 1 The effect of low Naþ in rat endothelium-denuded aortic
rings. Rat aortic rings were bathed in normal physiological salt
solution (PSS) (144.18 mM Naþ , CON). This was replaced with low
Naþ PSS (1.18 mM, low Naþ ). (a) Constriction after low Naþ in the
absence and presence of guanethidine (3mM); means±s.e.mean are
shown and n¼5–7 for each group. The y axis represents the
response in grams (g). *Significant difference from the respective
control (CON) Po0.05, Student’s t-test. #Guanethidine had no
significant effect on the low Naþ -induced constriction, P40.05,
two-way ANOVA. (b) An original trace of the effect of low Naþ .
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endothelial modulation of NCX. In endothelium-intact

aortic rings, L-NAME (50 mM) greatly amplified the vasocon-

striction induced by lowering extracellular Naþ but had no

effect in endothelium-denuded aortic rings (Figure 4a).

The effect of SQ 22536 on constriction in rat aortic rings induced

by low Naþ

The involvement of the cAMP pathway was investigated. In

both endothelium-denuded and intact vessels, the aortic

rings were incubated with the adenylyl cyclase blocker SQ

22536. SQ 22536 (100 mM) showed no significant effect on

the low Naþ -induced vasoconstriction in either endothe-

lium-denuded or intact aortic rings (Figure 3b).

The effect of indomethacin on constriction in rat aortic rings

induced by low Naþ

To ascertain if there is any alternative pathway of endothelial

modulation of NCX apart from NO, the production of

prostacyclin was inhibited using the COX inhibitor indo-

methacin. Indomethacin (10 mM) had no effect on low

Naþ -induced vasoconstriction in endothelium-intact aortic

rings (Figure 4b).

Figure 3 Effect of 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) and 9-(2-tetrahydrofuryl) adenine (SQ 22536) on constriction
induced by lowering [Naþ ]o in endothelium-denuded and intact aortic rings. Rat aortic rings were bathed in normal PSS (144.18 mM Naþ ,
CON). This was replaced with low Naþ physiological salt solution (PSS) (1.18 mM, low Naþ ). (a) Constrictor responses after the addition of
low Naþ in the absence and presence of ODQ (1mM). (b) Constrictor responses after the addition of low Naþ in the absence and presence of
SQ 22536 (100mM). The columns represent means±s.e.mean, n¼5–7 for each group. The y axis represents the response in grams (g).
*Significant difference from the respective control (CON) Po0.05, Student’s t-test.
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The effect of SNP in rat aortic rings after preconstriction with low

Naþ or U46619

In an attempt to obtain direct evidence for the involvement

of NO in the operation of NCX, the NO donor SNP was

studied. Endothelium-denuded aortic rings were precon-

stricted to the same extent by different means: low Naþ

(1.18 mM), or the thromboxane A2 agonist U46619 (0.1 mM).

The absolute values of maximum constriction are shown in

Table 1. SNP (30 nM) was added after each of these treatments

and produced a vasorelaxation. The vasorelaxation to SNP

after preconstriction with low Naþ was not significantly

different from that after preconstriction with U46619

(Figure 5a).

The effect of SNP in rat aortic rings after preconstriction with low

Naþ or high Kþ

In another series of experiments, endothelium-denuded

aortic rings were preconstricted to the same extent with

either low Naþ (1.18 mM) or high Kþ (80 mM). The absolute

values of maximum constriction are shown in Table 2. SNP

(30 nM) was added after each of these treatments and

produced a vasorelaxation. This concentration of SNP was

used, as it was on the slope of the concentration–response

Figure 4 Effect of No-nitro-L-arginine methyl ester (L-NAME) and
indomethacin on constriction induced by lowering [Naþ ]o in
endothelium-intact aortic rings. Rat aortic rings were bathed in
normal physiological salt solution (PSS) (144.18 mM Naþ , CON). This
was replaced with low Naþ PSS (1.18mM, low Naþ ). (a) Constrictor
responses after the addition of low Naþ in the absence and presence
of L-NAME (50mM). (b) Constrictor responses after the addition of low
Naþ in the absence and presence of indomethacin (10mM). The
columns represent mean±s.e.mean, n¼5–9 for each group. The
y axis represent the response in grams (g). *Significant difference from
the respective control (CON) Po0.05, Student’s t-test.

Table 1 The maximum constriction induced by low Naþ or U46619 in
rat aortic rings

Name of vasoconstrictor Constriction (g)

Low Naþ (1.18 mM) 1.45±0.23
U46619 (0.1 mM) 1.30±0.22

Abbreviation: U46619, 9,11-dideoxy-9a, 11a-methanoepoxy prostaglandin F2a.

Figure 5 Effect of sodium nitroprusside dihydrate (SNP) (30 nM) in
endothelium-denuded aortic rings preconstricted by different
means. Rat aortic rings were bathed in normal physiological salt
solution (PSS) (144.18 mM Naþ ) and preconstricted by different
means. SNP (30 nM) was added after the constriction had reached a
plateau. (a) SNP induced vasorelaxation after preconstriction by
either low Naþ (1.18 mM) or U46619 (9,11-dideoxy-9a, 11a-
methanoepoxy prostaglandin F2a; 0.1mM); CON (0.1% DMSO).
(b) SNP induced vasorelaxation after preconstriction by either low
Naþ (1.18 mM) or high Kþ (80 mM); CON (0.1% ethanol). The
columns represent mean±s.e.mean, n¼5–6 for each group.
*Significant difference from the respective time control (CON)
Po0.05, Student’s t-test. DMSO, dimethyl sulfoxide.

Table 2 The maximum constriction induced by low Naþ or high Kþ in
rat aortic rings

Name of vasoconstrictor Constriction (g)

Low Naþ (1.18 mM) 0.83±0.12
High Kþ (80 mM) 1.09±0.10

Naþ/Ca2þ exchanger in rat aorta
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curve for SNP. The vasorelaxation to SNP after preconstriction

with low Naþ was not significantly different from that after

preconstriction with high Kþ (Figure 5b).

Discussion

In the present study, the role of the vascular endothelium in

modulating vasoconstriction mediated through the NCX

was investigated. In endothelium-denuded aortae, lowering

extracellular [Naþ ] (144.18–1.18 mM) induced an immediate

constriction. Other studies have also shown a constriction

induced by lowering Naþ in vascular tissue (Reuter et al.,

1973; Ashida and Blaustein, 1987; Bova et al., 1988; Maseki

et al., 1990; Kim et al., 1999; Horiguchi et al., 2001; Rebolledo

et al., 2006). The constriction is most likely due to the inflow

of Ca2þ through NCX, as reducing the Naþ gradient across

the membrane makes the exchanger operate in reverse mode

(Horiguchi et al., 2001; Schweda et al., 2001; Takai et al.,

2004). Indeed, in the present study, the constriction was

blocked by the NCX inhibitor KB-R7943 (1 mM). Other studies

have also shown that low Naþ -induced vasoconstriction is

blocked by NCX inhibitors (Kim et al., 1999; Schweda et al.,

2001; Takai et al., 2004; Rebolledo et al., 2006). It should be

noted that we used KB-R7943 at 1 mM, as higher concentra-

tions have been shown to have nonspecific effects (Watano

et al., 1996; Pintado et al., 2000; Matsuda et al., 2001; Reuter

et al., 2002; Tanaka et al., 2002).

As NCX is also present in neurons, other workers have

suggested alternate mechanisms to explain low Naþ -induced

constriction, such as the stimulation of sympathetic nerve

endings in rabbit aorta (Karaki and Urakawa, 1977). How-

ever, in the present study, this possibility was excluded, as

the adrenergic neuron blocking drug guanethidine had no

effect on low Naþ -induced constriction in rat aorta. This

agrees with the observations of Ashida and Blaustein (1987)

that low Naþ -induced vasoconstriction was maintained in

the presence of the a-adrenoceptor blocker phentolamine in

rat aorta.

A key question is: What role does the vascular endothe-

lium play in this low Naþ -induced constriction? It is well

established that the vascular endothelium, by releasing NO,

has an important buffering effect on vasoconstrictor agents

(Bredt and Snyder, 1994; Gryglewski, 2005). In the present

study in rat aortic rings, in endothelium-intact vessels,

lowering [Naþ ]o did not constrict the aortic rings signifi-

cantly, which was in contrast to the marked constriction

seen when the endothelium was removed. To the best of our

knowledge, this is the first time Naþ removal has been

shown to induce a different vasoconstrictor effect in

endothelium-denuded vessels from that in intact vessels.

The vascular endothelium exerts its regulatory effect on

vessel contractility through the release of a variety of

substances. One of these is prostacyclin (Bredt and Snyder,

1994; Denninger and Marletta, 1999). Prostacyclin activates

G-protein linked prostacyclin receptors (Wedel and Garbers,

1997) on vascular smooth muscle, and these receptors

stimulate adenylyl cyclase to produce cAMP, which in turn

activates PKA (McAdam et al., 1999; Cheng et al., 2002). Sites

have been identified (on the intracellular loop) for PKA

phosphorylation of NCX, but there are conflicting results

regarding the modulation of NCX by the cAMP/PKA path-

way; both upregulation (He et al., 1998; Perchenet et al.,

2000; Yamanaka et al., 2003) and downregulation (Mene

et al., 1993) have been demonstrated. However, in the

present study, the adenylyl cyclase inhibitor SQ 22536 did

not affect the low Naþ -induced vasoconstriction in

endothelium-intact aortae. At the concentration of 100 mM,

SQ 22536 has been shown to be an effective inhibitor of

adenylyl cyclase in rat aorta (Lo et al., 2005; Wu et al., 2005;

Morello et al., 2006). Others have also shown that PKA has

no effect on NCX operations in cardiac myocytes (Ginsburg

and Bers, 2005; Lin et al., 2006). Furthermore, in the present

study, blocking prostacyclin synthesis with the non-selective

COX inhibitor indomethacin (Vane and Botting, 1987;

Perez-Vizcaino et al., 1999) also had no effect on low Naþ -

induced constriction in endothelium-intact aortae. At the

concentration used (10 mM), indomethacin has been shown

to be an effective inhibitor of COX in rat aorta (Rapoport

et al., 2000; Sofola et al., 2003; Ashraf et al., 2004; Molin and

Bendhack, 2004). These results rule out the involvement of

prostacyclin in the endothelial modulation of low Naþ -

induced vasoconstriction.

The most prominent endothelium-dependent vasodilator

is NO, which is formed by NOS and released by the vascular

endothelium to activate soluble guanylate cyclase in the

vascular smooth muscle (Bredt and Snyder, 1994; Denninger

and Marletta, 1999). The synthesis and release of NO from

the endothelium is due to the activation of NOS, stimulated

by an increase in intracellular calcium (Binko et al., 1998;

Molin and Bendhack, 2004). In the present study, two sets of

results confirmed NO inhibition of low Naþ -induced

vasoconstriction when the endothelium was present. Firstly,

ODQ, a soluble guanylate cyclase inhibitor (Shelkovnikov

et al., 2004), potentiated the low Naþ -induced constriction

in aortae with intact endothelium to a level similar to that

observed in endothelium-denuded aortae. In the absence of

endothelium, the low Naþ -induced constriction was not

affected by ODQ. This indicates that soluble guanylate

cyclase was involved in the response and suggests that NO

release was involved. This was confirmed by the finding that

the NOS inhibitor L-NAME also enhanced the low

Naþ -induced constriction in aortae with intact endothe-

lium. Both ODQ (Feelisch et al., 1999; Chalupsky et al., 2004;

Shelkovnikov et al., 2004) and L-NAME (Feelisch et al., 1999;

Yang et al., 1999) at the concentrations used in the present

study have been shown to be effective in rat aorta. To our

knowledge, this is the first time NO has been shown to

inhibit vasoconstriction mediated by NCX.

In the present study, we could not demonstrate a low

Naþ -induced constriction in the rat endothelium-intact

aorta and wondered why this has not been observed in

other studies. Previous studies fall into several categories:

those using isolated smooth muscle cells (Karaki and

Urakawa, 1977; Linck et al., 1998; Kim et al., 1999; Takai

et al., 2004; Rebolledo et al., 2006), those using strips of

vessels where endothelial damage is probable due to physical

handling (Bova et al., 1988; Maseki et al., 1990). Indeed,

differences in the physical handling of vessels were respon-

sible for the initial discovery of endothelium-derived

Naþ/Ca2þ exchanger in rat aorta
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relaxing factor (Furchgott and Zawadzki, 1980), now known

to be NO. In some other studies, the endothelium was

removed (Motley et al., 1993). In each of these categories, it

would be unlikely that an inhibitory effect of the endothe-

lium would be observed. However, in some studies, a

substantial constriction to low Naþ has been observed in

the presence of an intact endothelium, and these all involve

small resistance vessels, such as in the rat isolated perfused

kidney (Schweda et al., 2001) and rat arterioles (Horiguchi

et al., 2001) and in our own study in rat cremaster arterioles

(Zhao et al., 2004). It is unclear why endothelial dampening

was not as evident in these tissues, but it is noteworthy that

NO forms only a component of the endothelial response in

those tissues that have a substantial input from endothelium

derived hyperpolarising factor (EDHF): rat arterioles (Hilgers

and Webb, 2007) and rat perfused kidney (Vargas and Osuna,

1996).

In the present study, the role of the endothelium appears

to be more prominent in the vasoconstriction mediated by

low Naþ constriction than in that mediated by other means,

as in the presence of a functional endothelium hardly any

constriction to low Naþ was evident, whereas endothelium

removal revealed a substantial effect. However, in a previous

study, the a-adrenoceptor agonist phenylephrine was found

to constrict rat aortic rings markedly in the presence of the

endothelium, and endothelium removal had only a small

enhancing effect on the vasoconstriction (van der Zypp et al.,

2000). Similar results were seen with other vasoconstrictors,

for example, U46619 (Hahnenkamp et al., 2004). This

suggests that low Naþ constriction is inhibited more in the

presence of the endothelium than in other constrictor

mechanisms. This could be due to NO/cyclic GMP modula-

tion of NCX, as NCX is inhibited by PKG human mesangial

cells (Mene et al., 1993). To test this hypothesis, the

endothelium was removed and NO added to the system in

the form of sodium nitroprusside; three different forms of

preconstriction were used U46619, a thromboxane A2

mimetic, which operates through the phospholipase C/IP3

signalling pathway (Streefkerk et al., 2002); high Kþ ,which

depolarizes smooth muscle and opens voltage-dependent

Ca2þ channels (O’Donnell and Wanstall, 1987; Mendizabal

et al., 2000); and the low Naþ , which acts via the NCX

mechanism. SNP did not produce a more significant

vasorelaxation of the low Naþ -induced constriction com-

pared with that induced by other agents. This suggests that

the activity of the NCX is not uniquely sensitive and

indicates that it is unlikely that the exceptional sensitivity

of NCX to inhibition by the endothelium occurs at the level

of the smooth muscle cell.

The most likely explanation for the exceptional inhibitory

effect of the endothelium on low Naþ constriction is that

low Naþ induces the release of NO from the endothelium. It

is well established that there is a basal release of NO from the

endothelium (Bredt and Snyder, 1994; Li and Forstermann,

2000; Maxwell, 2002), and this may be simply inhibiting the

activity of NCX. Additionally, NCX has been shown to

modulate calcium homoeostasis in vascular endothelial cells

(Sedova and Blatter, 1999; Paltauf-Doburzynska et al., 2000;

Moccia et al., 2002; Wang et al., 2002; Liang et al., 2004).

Therefore, lowering Naþ may release NO from the endothe-

lium by inducing the inflow of Ca2þ through endothelial

NCX. Indeed, NCX has been implicated in the production

and release of NO in endothelial cells, such as rat aortic

endothelial cells (Schneider et al., 2002; Ogura et al., 2004),

porcine aortic endothelial cells (Teubl et al., 1999) and

cardiac microvascular endothelial cells (Kaye and Kelly,

1999). Also, NO release due to intracellular Naþ loading

has been shown to be blocked by the NCX inhibitor

KB-R7943 (Schneider et al., 2002). Thus, the attenuation of

low Naþ vasoconstriction induced by the endothelium,

observed in the present study, may be due to a simultaneous

enhancement of NO release from the endothelium.

In summary, the present results indicate that

NCX-mediated vasoconstriction is regulated by the endothe-

lium via guanylate cyclase/NO in the rat aorta. The under-

lying mechanisms probably involve the enhancement of NO

release from the endothelium and do not involve a direct

effect of NO on NCX in the smooth muscle, as the relaxation

response to SNP in aortae constricted by the addition of low

Naþ was similar to that induced in preparations precon-

stricted by other agents. This finding may be important

under pathological conditions where NCX operates in

reverse mode, such as during ischaemia. In ischaemia, NO

release from the endothelium is diminished (Schulz et al.,

2004) and this would unmask the effects of NCX, which

under ischaemic conditions operates in reverse mode and

therefore mediates vasoconstriction (Wei et al., 2007).

Hence, NCX may exacerbate overall vasoconstriction in

ischaemic conditions.
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