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1 The aim of the present study was to explore the mechanisms underlying angiotensin II AT2

receptor modulation of AT1 receptor-mediated vasoconstriction in the rat isolated uterine artery, since
previous studies have suggested that AT2 receptors may oppose AT1 receptor-mediated effects.

2 Segments of uterine artery were obtained from Sprague–Dawley rats and mounted in small vessel
myographs. Concentration–response (CR) curves to angiotensin II (0.1 nM–0.1mM) were constructed
in the absence and presence of PD 123319 (AT2 antagonist; 1 mM), HOE 140 (bradykinin B2

antagonist; 0.1mM), No-nitro-L-arginine (NOLA) (NOS inhibitor; 30mM), as well as combinations of
these inhibitors. Contractile responses to angiotensin II were expressed as a percent of the response to
a Kþ depolarizing solution.

3 PD 123319 (1 mM) potentiated angiotensin II-induced contractions; reflected by a significant four-
fold leftward shift of the angiotensin II CR curve.

4 HOE 140 (0.1 mM) significantly increased the pEC50 of the angiotensin II CR curve. The
combination of HOE 140 plus PD 123319 did not produce additive potentiation.

5 NOLA (30 mM) significantly enhanced sensitivity to angiotensin II, seen as a five-fold leftward shift
of the curve, and an augmented maximum contractile response. Combinations of PD 123319 (1 mM)
plus NOLA, and of HOE 140 (0.1 mM) plus NOLA, both induced a similar magnitude of potentiation.
6 Cyclic GMP measurements confirmed angiotensin II-induced activation of the nitric oxide (NO)
pathway.

7 In conclusion, AT2 receptor-mediated inhibition of angiotensin II-induced contraction of the rat
uterine artery involves NO production; a component of which occurs through a bradykinin B2

receptor pathway.
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Introduction

The renin–angiotensin system (RAS) plays an integral role in

blood pressure regulation and electrolyte balance (Timmer-

mans et al., 1993; Griendling et al., 1996). To date, two

pharmacologically distinct angiotensin II receptor subtypes,

termed AT1 and AT2, have been characterized (Chiu et al.,

1989; Whitebread et al., 1989).

It is through activation of the AT1 receptor that angiotensin

II, the main effector peptide of the RAS, exerts many of its

well-established cardiovascular effects. By contrast, the phy-

siological role of the AT2 receptor remains incompletely

defined. This may be due, in part, to the relatively low levels

of AT2 receptor expression in the vasculature (Tsutsumi et al.,

1999), and the localization of AT2 receptors in comparatively

fewer tissues of cardiovascular relevance than the ubiquitous

AT1 receptor (Griendling et al., 1996). However, there has

been an increasing body of evidence in the past 10 years, to

suggest that AT2 receptors may serve to oppose a range of

actions mediated by the AT1 receptor (de Gasparo & Siragy,

1999; Gallinat et al., 2000).

In terms of blood pressure regulation, selective stimulation

of unopposed AT2 receptors by circulating angiotensin II has

been implicated in the blood pressure-lowering effect of AT1

receptor antagonists in both salt-restricted rats (Siragy et al.,

2000) and renal wrap models of hypertension (Siragy & Carey,

1999) Moreover, AT2 receptor stimulation using CGP 42112

has been reported to lower blood pressure in conscious rats

(Barber et al., 1999; Carey et al., 2001), and to induce

vasodilation in its own right in the perfused rat mesenteric

artery (Widdop et al., 2002). It has recently been demonstrated

by Widdop et al. (2002) that AT2 receptor-mediated relaxa-

tion, in contrast to AT1 receptor-mediated vasoconstriction, is

a highly reproducible response, which is maintained even in the

presence of chronic AT1 receptor blockade (when circulating

angiotensin II levels are elevated). This preservation of AT2
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receptor function is critical when considering its potential role

in the antihypertensive effect of AT1 receptor antagonists

(Siragy & Carey, 1999; Siragy et al., 2000).

A functional interaction between AT1 and AT2 receptors

in modulating vascular tone in vitro has been demonstrated

previously in our laboratory (Zwart et al., 1998). In isolated

uterine arteries from nonpregnant rats, the selective

AT2 receptor antagonist PD 123319 potentiated the contractile

response to increasing concentrations of angiotensin II,

and conversely, the AT2 receptor agonist CGP 42112 inhibited

the angiotensin II concentration–response (CR) curve.

It is worth noting that the uterine artery is one of few

blood vessels reported to contain a predominance of

AT2 receptors (Cox et al., 1996); other vascular preparations

in which the presence of AT2 receptor mRNA and protein

has been established include the rat mesenteric artery

(Matrougui et al., 1999) and human renal arteries (Zhuo

et al., 1996).

In a number of different experimental models, it has been

proposed that the mechanisms underlying AT2 receptor

regulation of AT1 receptor-mediated effects may involve the

release of the endothelial-derived vasodilators, nitric oxide

(NO) and bradykinin (Wiemer et al., 1993; Gohlke et al., 1998;

Tsutsumi et al., 1999). Initial studies performed in bovine

aortic endothelial cells found that the stimulatory effect

of angiotensin II on cellular cyclic GMP content, a measure

of NO production, was abolished by both the bradykinin

B2 receptor antagonist, HOE 140, and also by the nitric

oxide synthase (NOS) inhibitor, L-NNA (Wiemer et al., 1993).

In vivo, Siragy and Carey’s group have consistently demon-

strated, with the use of a renal microdialysis technique,

that both endogenous and exogenous angiotensin II-induced

increases in cyclic GMP content in renal interstitial fluid of

conscious rats is mediated by AT2 receptors (Siragy & Carey,

1996), NO (Siragy & Carey, 1997; 1999) and bradykinin

(Siragy & Carey, 1999; Siragy et al., 2000).

The primary aim of the present study was to establish

whether an enhanced vasoconstrictor effect of angiotensin II

could be unmasked by blocking AT2 receptors, in the rat

isolated uterine artery. Given that previous studies have linked

AT2 receptor activation with bradykinin and NO release, the

second aim of this study was to examine the influence of a

bradykinin B2 receptor antagonist and NOS inhibitor on both

angiotensin II-induced contractions, and the potentiating

effect of PD 123319. We also measured uterine artery cyclic

GMP content to determine whether angiotensin II stimulates

the NO-cyclic GMP cascade directly in this system. Addition-

ally, we measured phenylephrine-induced, a1-adrenoceptor
mediated contractions to determine whether these endothe-

lial-derived vasodilators are associated specifically with

angiotensin II responses, or if their modulation of vascular

tone extends to other constrictor agents as well.

Methods

General procedures

Female Sprague–Dawley rats (weighing 200–260 g, virgin,

nonpregnant) were housed in standard rat cages at 21731C,

with a 12 h light : dark cycle. Food and water were provided

ad libitum.

Animals were killed by stunning and exsanguination.

The uterine horns, together with their vasculature, were

removed en bloc and placed immediately in ice-cold physiolo-

gical salt solution (PSS; composition in mM: NaCl 119,

KCl 4.7, CaCl2.2H2O 2.5, MgSO4.7H2O 1.17, NaHCO3

25, KH2PO4 1.18, ethylene-diaminetetracetic acid (EDTA)

0.027 and glucose 5.5) gassed with carbogen (95%

O2 : 5% CO2).

Small sections of uterine artery (449.074.9 mm internal

diameter, n¼ 59), with the endothelium intact, were dissected

free from surrounding connective tissue under a binocular

dissection light microscope (Olympus SZ40) and mounted

in small vessel myographs as described previously (McPher-

son, 1992; Zwart et al., 1998). Briefly, two 40 mm wires were

threaded through the lumen of the vessel. One wire

was attached to a stationary support connected to a micro-

meter, while the other was attached to an isometric

force (DSC6 strain gauge) transducer. Data was recorded

on a printer (Panasonic KX-P1180) and captured by the use

of a data acquisition system (CVMS Version 2.0, World

Precision Instruments, U.S.A.). The vessel segments were

maintained in PSS at 371C and aerated continuously with

carbogen.

Following a 30min equilibration period at 371C and under

zero force, the diameter of each vessel was normalized to an

equivalent transmural pressure of 100mmHg. Using the

diameter of the vessel, calculated from the distance between

the two mounting wires, a passive diameter–tension curve was

constructed as described previously (Mulvany & Halpern,

1977; see McPherson, 1992 for details). From this curve the

effective transmural pressure was calculated. The vessels were

then set at tension equivalent to that generated at 0.7 times the

diameter of the vessel at 100mmHg (D100), which has been

found previously to be optimal for active tension development

in this vessel (Davis, 1994).

After normalization, the tissues were equilibrated for 30min

before being contracted with 124mM Kþ solution (KPSS;

composition in mM: KCl 123.7, CaCl2.2H2O 2.5, MgSO4.7H2O

1.17, NaHCO3 25, KH2PO4 1.18, EDTA 0.027 and glucose

5.5). Once the response to KPSS had plateaued, the prepara-

tions were washed three to four times and rested for 30min

before an experimental protocol was commenced. In addition,

a second KPSS response was performed at the completion of

the CR curves to ensure that antagonist treatment did not

affect tissue reactivity in a nonspecific manner.

Test for the presence of functional endothelium

Prior to treating the tissues with a given inhibitor or

antagonist, phenylephrine was added cumulatively in increas-

ing doses to produce a submaximal response equivalent to

approximately 40–50% of the KPSS-induced contraction.

Acetylcholine (10 mM) was then added to test for the presence

of functional endothelium. Preconstricted tissues in which

acetylcholine produced less than 50% relaxation were con-

sidered to be endothelium-denuded, and were not included in

this report.

Contractile responses to angiotensin II

Cumulative (0.5. log unit) CR curves to angiotensin II

(0.1 nM–0.1mM) were constructed after 30min equilibration
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with PD 123319 (1 mM) (n¼ 5). Control curves were obtained

similarly but without the addition of PD 123319 (n¼ 7). Only

one CR curve was obtained per tissue, since preliminary

studies had shown the development of marked tachyphylaxis if

a second CR curve to angiotensin II was constructed (data not

shown).

Angiotensin II CR curves were also constructed after 30min

equilibration with either HOE 140 (0.1 mM) (n¼ 7) or No-
nitro-L-arginine (NOLA) (30 mM) (n¼ 5), both alone and in

combination with PD 123319 (1 mM) (n¼ 3), to determine

whether or not any effects of bradykinin B2 receptor blockade

or NOS inhibition, respectively, were enhanced by simulta-

neous AT2 receptor antagonism.

In addition, a subgroup of tissues were pretreated with

NOLA (30 mM) plus HOE 140 (0.1 mM) (n¼ 4) prior to the

addition of angiotensin II, to observe whether the combination

produced any additive potentiation relative to the effect of

each inhibitor given alone.

All concentrations of antagonists were based on previous

studies. PD 123319, at a concentration of 1 mM, has previously
been reported to selectively inhibit AT2 receptors in vitro

without affecting responses to other contractile agents (Zwart

et al., 1998). Moreover, 100-fold higher concentrations of PD

123319 are required before the compound develops an AT1

receptor antagonist profile (Macari et al., 1993). The

concentration of HOE 140 (0.1 mM) was chosen on the basis

that this same dose exhibits effective and selective inhibition of

bradykinin-induced relaxation in isolated carotid (Bergaya

et al., 2001) and coronary arteries (Mombouli & Vanhoutte,

1992). Concentrations of NOS inhibitors in the 10–100mM
range have been used in numerous isolated vascular prepara-

tions to demonstrate the role of NO in modulating arterial

tone (Endlich et al., 1999). Furthermore, previous experiments

conducted in our laboratory have revealed that NOLA, at

30 mM, is sufficient to abolish endothelium-dependent relaxa-

tion to ACh in the rat isolated uterine artery (Hannan et al.,

2001). Therefore the same concentration was chosen for the

present study.

Effect of ACE inhibition on contractile responses

In a subgroup of experiments, we examined further the

involvement of bradykinin in modulating contractile responses

to angiotensin II. The ACE inhibitor enalaprilat (10 mM) was
added to the PSS, in which tissues were incubated for 30min

prior to the construction of angiotensin II CR curves (n¼ 7–

8). In separate tissues, angiotensin I (1 nM–30mM) CR curves

were performed in the absence and presence of enalaprilat-

treated PSS; these were used as positive controls (n¼ 6).

Contractile responses to phenylephrine

Cumulative CR curves to phenylephrine (0.1–100 mM) were
obtained in the absence of any ligand (n¼ 10), or after 30min

incubation with either PD 123319 (1 mM) (n¼ 5), HOE 140

(0.1 mM) (n¼ 7), NOLA (30 mM) (n¼ 10), or combinations of

these three inhibitors.

Uterine artery cyclic GMP content

Segments of uterine artery not used in wire myograph studies

were incubated in Eppendorf vials containing carbogenated

PSS, at 371C, for an equilibration period of 30min. Tissues

were left untreated (n¼ 8), or were incubated with a single

concentration of either angiotensin II (10 nM) (n¼ 5) or the

selective AT2 receptor agonist CGP 42112 (1 mM) (n¼ 7) for

4min, on the basis of previous functional studies from our

laboratory (Zwart et al., 1998). At the conclusion of the

treatment period, tissues were snap-frozen in liquid nitrogen

and stored at �801C until cyclic GMP content was determined.

Segments of uterine artery from different rats were pooled so

as to yield at least 5mg of tissue frozen weight, the minimum

tissue sample weight required for cyclic GMP detection. Thus,

the small amount of rat uterine artery harvested precluded full

CR analysis.

Frozen samples of pooled tissue (E5–10mg) were

weighed and homogenized in ice-cold 6% trichloroacetic

acid. Following centrifugation, the samples were processed

according to published methods (Caputo et al., 1995). Cyclic

GMP content was determined using an RIA kit (NEN-Life

Science, NEX I-33), and expressed as fmol/mg tissue frozen

weight.

Statistical analysis

Responses to contractile agents were measured as increases in

force (mN) and expressed as a percent of the initial KPSS-

induced contraction. Log CR curves from individual tissues

were grouped to generate mean log CR curves to angiotensin

II and phenylephrine. CR curves obtained in the absence and

presence of the given antagonist and inhibitor combinations

were analysed using nonlinear regression (Graphpad Prism

3.0, Graphpad Software, San Diego, CA, U.S.A.), and pEC50

values and maximum responses were obtained. At least three

to four preparations were obtained from each rat, but only one

vessel from each rat received a particular treatment;

n¼ number of vessels. The pEC50 (�log EC50) was defined as

the concentration of agonist required to produce 50% of the

maximum response.

When comparing treatment groups, in relation to either

EC50 values, maximum contractile responses, or cyclic

GMP content, statistical significance was determined using

either Student’s unpaired t-test, or where more than

two groups were being compared, a one-way analysis of

variance (ANOVA) with a post hoc Bonferroni’s multiple

comparison test was employed (Graphpad Software, San

Diego, CA, U.S.A.). Values shown are expressed as mean7
s.e.m. In all cases, statistical significance was accepted where

Po0.05.

Drugs

Drugs and their sources were: acetylcholine HCl (Sigma),

angiotensin I, angiotensin II (American Peptide Co.,

U.S.A.), CGP 42112 (Bachem, Switzerland), enalaprilat

(Merck Sharp & Dohme, U.S.A.), HOE 140 (Sigma),

NOLA(Sigma), PD 123319 (Parke Davis, U.S.A.)

and phenylephrine HCl (Sigma). Stock solutions of all

drugs were made up in distilled water, with the exception

of NOLA, which was made up in 10% NaHCO3, and

phenylephrine, which was made up in catecholamine diluent.

All drugs were diluted in distilled water on the day of

experimentation.
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Results

KPSS responses were obtained before and after the completion

of angiotensin II CR curves. None of the treatments used in

the study significantly altered the contraction evoked by KPSS

(17.170.5mN, n¼ 59), indicating that tissue reactivity had not

been affected in a nonspecific manner (data not shown).

Presence of functional endothelium

Acetylcholine (10 mM) relaxed phenylephrine-preconstricted

tissues by 79.571. 8% (n¼ 59), and these were categorized

as endothelium-intact. A similar relaxation response was

obtained when acetylcholine was readded at the completion

of the angiotensin II CR curves (72.471.4%, n¼ 10). There

was no significant difference in the extent of acetylcholine-

induced relaxation in any of the groups prior to treatment. As

expected, treatment of the vessels with NOLA (30 mM)
abolished endothelium-dependent relaxation to acetylcholine

(2.576.0% relaxation) (n¼ 7).

Effect of PD 123319 on contractile responses to
angiotensin II

In control tissues, angiotensin II produced concentration-

dependent contractions, with a pEC50 value of 8.470.1 and a

maximum contractile response of 81.078.1% of the KPSS

response (Figure 1).

PD 123319 (1mM) did not affect baseline tension, but

enhanced the potency of angiotensin II in the uterine artery,

which was seen as a significant increase in pEC50 (8.870.1,

Po0.01; Figure 1). This amounted to an approximate four-fold

leftward shift of the angiotensin II CR curve. PD 123319 had no

effect on the maximum contractile response to angiotensin II.

Effect of HOE 140, alone and in combination with PD
123319, on contractile responses to angiotensin II

HOE 140 (0.1 mM) did not affect baseline tension, but

produced a significant four-fold leftward shift of the angio-

tensin II CR curve (pEC50¼ 8.870.1, Po0.05; Figure 2a),

while having no effect on the maximum contractile response.

The combination of HOE 140 (0.1 mM) and PD 123319 (1 mM)
also potentiated the angiotensin II CR curve

(pEC50¼ 8.970.2, Po0.05; Figure 2b). However, this degree

of potentiation was not significantly greater than that seen in

response to either antagonist alone (P40.05, ANOVA).

Effect of enalaprilat (10 mM) on contractile responses to
angiotensin I and II

In control tissues, angiotensin I produced concentration-

dependent contractions, with a pEC50 value of 7.770.1

(Figure 3a). Thus, in this subgroup of experiments, angiotensin

I was almost 10 times less potent than angiotensin II

(pEC50¼ 8.670.1, Po0.001, Figure 3b), however, the max-

imum contractile responses to the two agonists were not

significantly different (angiotensin I: 105.876.2% KPSS

versus angiotensin II: 106.776.0% KPSS). Enalaprilat

(10mM) did not affect baseline tension, but significantly

decreased the angiotensin I pEC50 (6.170.2, Po0.001;

Figure 3a), which amounted to an approximate 30-fold

rightward shift of the angiotensin I CR curve. However, this

shift was not parallel, as the Emax of the angiotensin I CR curve

Figure 1 Effect of PD 123319 (1 mM) on the mean log CR curves to
angiotensin II in uterine arteries from nonpregnant rats (n¼ 5–7).
Responses are expressed as a % of the maximum response to KPSS;
values are means and vertical lines represent s.e.m.; **Po0.01 versus
control EC50.

Figure 2 Effect of HOE 140 (0.1 mM) on the mean log CR curves to
angiotensin II in uterine arteries from nonpregnant rats: (a) alone
(n¼ 7) and (b) in combination with PD 123319 (1 mM) (n¼ 3–7).
Responses are expressed as a % of the maximum response to KPSS;
values are means and vertical lines represent s.e.m.; *Po0.05 versus
control EC50.
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was also significantly reduced by enalaprilat (69.3710.6%

KPSS, Po0.05, Figure 3a).

Given the potentiating effect of HOE 140 on the angiotensin

II CR curve, we examined whether the ACE inhibitor

enalaprilat, through increasing endogenous bradykinin avail-

ability, could reduce angiotensin II-induced contractions.

Enalaprilat (10 mM) tended to cause a rightward shift of the

angiotensin II CR curve (pEC50¼ 8.470.1, Figure 3b), though

this trend was not significant. However, the maximum

angiotensin II contractile response was significantly impaired

by enalaprilat (74.578.5% of the KPSS response, Po0.01,

Figure 3b).

Effect of NOLA (30 mM) alone, and in the presence of PD
123319, on contractile responses to angiotensin II

Baseline tension remained unaffected by treatment with

NOLA (30 mM), however the NOS inhibitor significantly

increased the angiotensin II pEC50 (8.970.1, Po0.05;

Figure 4a), which resulted in an approximate five-fold leftward

shift of the angiotensin II CR curve. In addition, NOLA

significantly enhanced angiotensin II-induced maximum con-

tractions (98.877.2 versus 69.677.5% of the KPSS response,

Po0.05, Figure 4a).

The combinations of PD 123319 (1 mM) plus NOLA (30 mM)
(pEC50¼ 9.070.1, Po0.01; Figure 4b), and of HOE 140

(0.1 mM) plus NOLA (30 mM) (pEC50¼ 9.270.1, Po0.001;

Figure 4c) significantly potentiated the angiotensin II CR

curve, as evidenced by the significant increase in pEC50,

without affecting the maximum response. In both cases, the

magnitude of potentiation seen was similar to that induced by

NOLA (30mM) alone (Figure 4a). Furthermore, the leftward

shift caused by PD 123319 (1 mM) plus NOLA (30 mM) was not
significantly different to that seen in response to PD 123319

Figure 3 Effect of enalaprilat (10mM) on the mean log CR curves
to (a) angiotensin I (n¼ 6) and (b) angiotensin II (n¼ 7–8) in uterine
arteries from nonpregnant rats. Responses are expressed as a % of
the maximum response to KPSS; values are means and vertical lines
represent s.e.m.; ***Po0.001 versus control EC50.

#Po0.05,
##Po0.01 versus control maximum response.

Figure 4 Effect of NOLA (30 mM) on the mean log CR curves to
angiotensin II in uterine arteries from nonpregnant rats: (a) alone
(n¼ 5), (b) in combination with PD 123319 (1 mM) (n¼ 3–7), and (c)
in combination with HOE 140 (0.1 mM) (n¼ 4–7). Responses are
expressed as a % of the maximum response to KPSS; values are
means and vertical lines represent s.e.m.; *Po0.05, **Po0.01,
***Po0.001 versus control EC50.

#Po0.05 versus control maximum
response.
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alone (P40.05, ANOVA; Figures 1, 4b). However, the degree

of potentiation caused by the combination of HOE 140

(0.1 mM) plus NOLA (30 mM) was significantly greater than

that induced by HOE 140 alone (Po0.01, ANOVA; Figures

2a, 4c). Maximum angiotensin II contractile responses were

not significantly different to control values in the presence of

these treatment combinations.

Uterine artery cyclic GMP content

Angiotensin II (10 nM) stimulated an approximate two-fold

increase in uterine artery cyclic GMP content relative to basal

levels (from 3.870.9 to 7.571.8 fmol/mg, Figure 5), although

this trend was not statistically significant. However, CGP

42112 (1 mM) significantly augmented cyclic GMP content

(9.271.6 fmol/mg, Po0.05, Figure 5), which amounted to a

2.4-fold increase above basal levels.

Effect of PD 123319, HOE 140 and NOLA on contractile
responses to phenylephrine

In control tissues, phenylephrine elicited concentration-depen-

dent contractions, with a pEC50 of 5.970.1 and a maximum

contractile response of 122.374.9% of the KPSS response

(Figure 6).

Neither PD 123319 (1 mM) (Figure 6a) nor HOE 140 (0.1 mM)
(Figure 6b) affected CR curves to phenylephrine. In contrast,

NOLA (30mM) significantly augmented the contractile re-

sponse to phenylephrine, which was reflected by an increased

pEC50 (6.570.2, Po0.05; Figure 6c), to a similar extent as

seen with angiotensin II. This effect was unaltered by

cotreatment with either the AT2 receptor or B2 receptor

antagonist (data not shown).

Discussion

The main finding of the present study was that, in the uterine

artery of nonpregnant rats, AT2 receptor activation selectively

opposes angiotensin II-induced contractions. In this prepara-

tion, the angiotensin II-mediated responses occur via AT1

receptor stimulation since these are markedly reduced by AT1

receptor blockade (Zwart et al., 1998). Moreover, this

modulatory effect involves endogenous NO production; a

component of which may occur via a bradykinin B2 receptor

pathway.

PD 123319, at a concentration known to selectively

antagonize AT2 receptors (Macari et al., 1993), demonstrated

the exaggerated vasoconstrictor effect of angiotensin II

unmasked by blocking AT2 receptors. Indeed, it was found

that PD 123319 potentiated the angiotensin II-induced

contractile response by an equivalent magnitude to that

reported previously in this vascular preparation under these

conditions (Zwart et al., 1998). A similar functional interaction

between AT1 and AT2 receptors in modulating tone in the

uterine vasculature has also been demonstrated by others in

sheep (McMullen et al., 1999; Lambers et al., 2000) and rats

(St-Louis et al., 2001).

Figure 5 Mean cylic GMP levels in uterine arteries from non-
pregnant rats, under control conditions (n¼ 8) and following
treatment with either angiotensin II (10 nM) (n¼ 5) or CGP 42112
(1 mM) (n¼ 7). *Po0.05 versus basal levels.
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Figure 6 Mean log CR curves to phenylephrine in uterine arteries
from nonpregnant rats, under control conditions (n¼ 10), and in the
presence of (a) PD 123319 (1 mM) (n¼ 5), (b) HOE 140 (0.1mM)
(n¼ 7), and (c) NOLA (30 mM) (n¼ 10). *Po0.05 versus control
EC50.
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Previously, we have reported, using this wire myograph

system, the lack of direct AT2 receptor-mediated relaxation in

precontracted rat uterine arteries (Zwart et al., 1998). Those

results contrast with the demonstration of AT2 receptor-

mediated relaxation in cannulated, pressurised vessel prepara-

tions (Matrougui et al., 1999; Widdop et al., 2002) and point to

a lack of sensitivity of the wire myograph to demonstrate

modest AT2 receptor-vasodilation directly. In any event, the

sensitivity of the wire myograph is obviously sufficient to

demonstrate significant counter-regulatory vasodilator effects

which were unmasked by AT2 receptor blockade; a phenom-

enon that has been studied widely, in both in vitro (McMullen

et al., 1999; St-Louis et al., 2001) and in vivo (Lambers et al.,

2000) settings. Another potential mechanism that may be

considered when studying AT1 and AT2 receptor interaction is

the fact that these receptors may exist as heterodimers whereby

an increased AT2 receptor expression can directly inhibit AT1

receptor signalling (AbdAlla et al., 2001). While this mechan-

ism is unlikely to be involved in the present study, since

AbdAlla et al. (2001) found that the AT2 receptor affected AT1

receptors independently of either angiotensin II or PD 123319,

it underscores the complex interplay that can occur between

angiotensin II receptor subtypes.

To explore the putative link between AT2 receptors,

endothelial-derived bradykinin and NO release, we assessed

the effects of HOE 140 and NOLA, respectively, on

angiotensin II-induced contractions, in the absence and

presence of AT2 receptor blockade. HOE 140 alone produced

a significant leftward shift of the angiotensin II CR curve, the

magnitude of which was equivalent to that seen in the presence

of PD 123319. Moreover, the combination of HOE 140 plus

PD 123319 did not cause a greater degree of potentiation,

relative to that induced by either antagonist alone. This lack of

further enhancement suggests that both AT2 receptors and

bradykinin B2 receptors activate similar, if not the same

intracellular pathways in order to attenuate angiotensin II-

induced vasoconstriction.

An involvement of endogenous bradykinin in modulating

angiotensin II-induced contractions was supported further by

the marked inhibition of angiotensin II-mediated contraction

by the ACE inhibitor enalaprilat, although a reduction in

angiotensin II-mediated contraction by ACE inhibition was

not seen in human vasculature (Chalon et al., 1999;

MaassenVanDenBrink et al., 1999) when the effect of

bradykinin was potentiated (Chalon et al., 1999). This

discrepancy between the present and previous studies may

relate to differential counter regulatory influences of AT2

receptors in the vascular preparations studied. While the

precise nature of the AT2–bradykinin interaction is not fully

understood, it has been proposed that angiotensin II, in

reducing intracellular pH levels in endothelial cells, may

subsequently activate acid-optimum kininogenases to cleave

bradykinin from intracellularly stored kininogens (Wiemer

et al., 1993; Tsutsumi et al., 1999). We suggest that a similar

interaction may occur in the isolated, endothelium-intact

uterine artery preparation.

In agreement with the many studies implicating NO in the

regulation of vasomotor tone, NOLA induced a significant

leftward shift of the angiotensin II CR curve, together with a

potentiated maximum response. In addition, combinations of

PD 123319 plus NOLA, and of HOE 140 plus NOLA, both

produced a similar degree of enhanced tissue sensitivity to

exogenously applied angiotensin II, relative to that caused by

NOLA alone. While the HOE 140 plus NOLA combination

caused a slightly greater potentiation than NOLA alone

(seven- and five-fold, respectively), it would be difficult to

argue on this basis alone that bradykinin was activating an

additional pathway other than NO. Rather, the relatively

similar potentiation seen with the various NOLA combina-

tions would suggest that the counter-regulatory effects of AT2

and bradykinin B2 receptor activation predominantly involve

NO production.

Consistent with this interpretation, the leftward shift caused

by PD 123319 plus NOLA was not significantly different to

that seen in response to PD 123319 alone, which suggests

further that, in this preparation, the counter-regulatory

vasodilator mechanisms evoked in response to angiotensin II

involved AT2 receptor stimulation and NO production.

However, the degree of potentiation caused by the combina-

tion of HOE 140 plus NOLA was greater than that induced by

HOE 140 alone. This could indicate that local kinins, via the

activation of B2 receptors, mediate a component of, but not all,

the NO produced in response to AT2 receptor stimulation.

Similarly, it has been reported that AT2 receptor stimulation is

linked to NO production directly, and does not necessarily rely

on intermediate bradykinin synthesis in order to activate the

NO-cyclic GMP pathway (Siragy et al., 2000).

Our data are consistent with a large body of evidence

obtained in a number of diverse experimental settings. In

canine coronary arteries, angiotensin II-induced NO release is

caused by activation of local kinin production in the vessel

wall (Seyedi et al., 1995). Furthermore, the stimulatory effect

of angiotensin II on cyclic GMP levels in renal interstitial fluid

of conscious rats (Siragy & Carey, 1999; Siragy et al., 2000), in

aortic explants from stroke-prone spontaneously hypertensive

rats (Gohlke et al., 1998), and in mice overexpressing vascular

AT2 receptors (Tsutsumi et al., 1999), is mediated by the AT2

receptor, and occurs via bradykinin- and NO-dependent

pathways.

Similarly, in the present study, both angiotensin II and the

selective AT2 receptor agonist CGP 42112 increased cyclic

GMP production by approximately two-fold in rat isolated

uterine artery, and while the effect of angiotensin II did not

reach statistical significance, the concentration chosen was

submaximal on the basis of functional experiments (Hannan

et al., unpublished data). Thus, these results provide evidence

that stimulation of AT2 receptors directly activates the cyclic

GMP vasodilator cascade in this system, lending support to

the results obtained with functional AT2 receptor blockade.

However, the possibility that other, non-AT2 receptor mechan-

isms are involved in activation of the NO-cyclic GMP pathway

that serves to modulate angiotensin II-mediated contraction

cannot be excluded altogether. Indeed, AT1 receptor activation

has itself been associated with endothelial NO synthesis, in rat

isolated carotid arteries (Caputo et al., 1995). In any case, the

extent of any AT1 receptor-mediated NO release is obviously

not sufficient to overcome the overriding contractile response

mediated by the same receptor (Zwart et al., 1998).

In a subset of experiments, CR curves to phenylephrine were

obtained, to determine on a functional level whether brady-

kinin and NO are released specifically in response to

angiotensin II, or if their modulation of vascular reactivity

extends to other constrictor agents. PD 123319 had no effect

on the contractile response to the a1-adrenoceptor agonist,
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which is consistent with previous studies in isolated blood

vessels (Maeso et al., 1996; Zwart et al., 1998). Similarly, HOE

140 did not affect phenylephrine CR curves, which suggests

that AT2 and B2 receptors are specifically involved in

modulating angiotensin II but not other vasoconstrictor

responses. By contrast, NOLA caused a significant leftward

shift of the phenylephrine CR curve, which was of similar

magnitude to its potentiation of angiotensin II-induced

vasoconstriction. Thus it appears that endogenous NO plays

an important role in modulating uterine arterial responses to

various contractile agents, as has also been observed in other

vascular preparations (Muller et al., 1997), and is therefore not

coupled exclusively to AT2 receptors.

In conclusion, the present study has demonstrated that in

the rat isolated uterine artery, AT2 receptor stimulation

selectively inhibits AT1 receptor-mediated contraction. This

counter-regulatory mechanism appears to involve the activa-

tion of the endothelial-derived vasodilator, NO, and subse-

quent cyclic GMP production; a pathway that may involve, in

part, the intermediate synthesis of local kinins and B2 receptor

activation. A greater understanding of this AT2 vasodilator

cascade, and the signaling mechanisms of its components,

under both normal and pathophysiological conditions is of

importance. In this context, there are an increasing number of

studies implicating AT2 receptor function in some cardiopro-

tective effects of AT1 receptor blockade (Gallinat et al., 2000).

Moreover, it has also been suggested that pregnancy is

associated with increased AT2 receptor expression (Burrell &

Lumbers, 1997) and cyclic GMP production (Magness et al.,

1996) in the uterine artery. Whether or not similar counter-

regulatory vasodilator mechanisms are operative against

angiotensin II in the pregnant state remains to be seen.

This work was supported in part by the National Health and Medical
Research Council of Australia.
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