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1 The contribution of the local vascular production of angiotensin-(1-7) [Ang-(1-7)] to the control
of a-adrenergic-induced contractions in the aorta of Sprague-Dawley (SD) and TGR(mRen-2)27
[mRen-2] rats was studied.

2 In mRen-2 rats, contractile responses to phenylephrine were diminished as compared to control
SD rats in endothelium containing but not in endothelium-denuded vessels. L-NAME increased
contractile responses to phenylephrine in mRen-2 rats and, after nitric oxide synthase blockade,
responses to phenylephrine became comparable in both strains.

3 Inhibition of angiotensin-converting enzyme (ACE) by captopril potentiated contractile responses
in mRen-2 rats and diminished contractile responses in SD rats, both e�ects being dependent on the
presence of a functional endothelium. The e�ect of captopril in mRen-2 rats was abolished in vessels
pre-incubated with Ang-(1-7).

4 Blockade of Ang-(1-7) and bradykinin (BK) receptors by A-779 and HOE 140 respectively,
increased phenylephrine-induced contraction in mRen-2, but not in SD rats. This e�ect was seen
only in endothelium-containing vessels.

5 Angiotensin II AT1 and AT2 receptor blockade by CV 11974 and PD 123319 did not a�ect the
contractile responses to phenylephrine in aortas of transgenic animals but diminished the response in
SD rats. This e�ect was only seen in the presence of a functional endothelium.

6 It is concluded that the decreased contractile responses to phenylephrine in aortas of mRen-2 rats
was dependent on an intact endothelium, the local release and action of Ang-(1-7) and bradykinin.
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Introduction

The recent development of a transgenic rat expressing the
mouse Ren-2 gene (Mullins et al., 1990) has provided an
interesting model of experimental hypertension, which has the

advantage that the genetic basis of the disease is known, and,
in addition, wild-type control animals are available. The
severe hypertension developed at a young age in these

animals respond to treatment with angiotensin-converting
enzyme (ACE) inhibitors as well as AT1 receptor antagonists
indicating that angiotensin II (Ang II) is involved in this

monogenic form of hypertension (Gross et al., 1995; Zhuo et
al., 1999).
Because kidney and plasma renin activity is suppressed in

mRen-2 rats (Mullins et al., 1990), the development and

maintenance of hypertension in these animals have been

attributed to the high activity of the renin ± angiotensin
system in extrarenal tissues, as adrenal glands, heart, brain
and blood vessels (Bader et al., 1992; Campbell et al., 1995).

It has been proposed that localized vascular production of
components of the renin ± angiotensin system could contri-
bute to hypertension in transgenic rats. In support of this

possibility, mRen-2 mRNA expression has been shown to be
increased in the aorta and in the mesenteric vasculature
(Hilgers et al., 1992). Furthermore, Ang II production was

increased in the hindquarters vasculature and aorta of
transgenic rats (Hilgers et al., 1992; Arribas et al., 1994;
Campbell et al., 1995). However, in consequence of the high
expression of the renin ± angiotensin system in the aorta of

mRen-2 rats, Ang II receptors are down-regulated (Nickenig
et al., 1997).
Angiotensin-(1-7) [Ang-(1-7)] is a bioactive component of

the renin ± angiotensin system originated from Ang I and Ang
II by the action of peptidases (for review see Santos et al.,
2000). Under certain circumstances Ang-(1-7) opposes the
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actions of Ang II. In mRen-2 rats, cerebroventricular
administration of antibodies to Ang-(1-7) produced signi®-
cant elevation of blood pressure, whereas administration of a

monoclonal antibody to Ang II decreased blood pressure
(Moriguchi et al., 1995). Hypotensive responses to Ang-(1-7)
have been reported in spontaneously hypertensive rats and
dogs with renovascular hypertension (Benter et al., 1995;

Nakamoto et al., 1995). Ang-(1-7) induces vasorelaxation
through the release of endothelium-derived factors such as
nitric oxide (NO) and prostaglandin (Nakamoto et al., 1995;

Brosnihan et al., 1996; Muthalif et al., 1998; Heitsch et al.,
2001) via stimulation of a speci®c receptor (Tallant et al.,
1997) or by potentiating the vasorelaxant e�ect of bradykinin

(BK) (Abbas et al., 1997; Gorelik et al., 1998; Fernandes et
al., 2001).
In the aorta of mRen-2 rats the contractile responses to

several agonists are decreased as compared to Sprague-
Dawley (SD) control animals (Arnet et al., 1999). Because
local production of Ang-(1-7) in the vasculature has been
demonstrated (Santos et al., 1992; Chappell et al., 1994), and

because it has potential for conveying cardioprotective e�ects
by opposing the actions of Ang II, we designed this study to
evaluate the role of local production of Ang-(1-7) in

modulating contractile responses in the aorta of mRen-2
animals. In the present work we describe the participation of
Ang-(1-7) and its interaction with BK in the endothelium-

and NO-dependent reduction of contractions induced by
phenylephrine in aortic rings of mRen-2.

Methods

Animals

We used 7 ± 9-month-old male rats heterozygous for the
mouse Ren-2 gene (TGR (mRen2)27; 431+20 g) and age-

matched Hanover Sprague-Dawley (SD; 432.5+19 g) control
rats. Animals were originally imported from the Max-
DelbruÈ ck-Center for Molecular Medicine (Berlin-Buch,

Germany) and bred in our animal facilities at the Department
of Physiology and Biophysics, of the Federal University of
Minas Gerais. Mean blood pressure performed by tail
plethysmography was 177+7 and 111+4 mmHg for mRen-

2 and SD rats, respectively. Rats were killed by a blow on the
head and tissues were rapidly removed.

Rat aortic rings preparation and mounting

Rings (4 ± 5 mm) from the descending thoracic aorta, free of

fat and connective tissue, were set up in gassed (95% O2 and
5% CO2) Krebs-Henseleit solution (mmoll71): NaCl 110.8,
KCl 5.9, NaHCO3 25.0, MgSO4 1.07, CaCl2 2.49, NaH2PO4

2.33 and glucose 11.51, at 378C, under a tension of 1 g, for
1 h equilibration period. After this time, two contractile
responses were evoked by submaximal concentrations of
phenylephrine (0.3 mM) to elicit reproducible responses. When

necessary, the endothelium was removed by rubbing the
intimal surface with a wooden stick. The presence of a
functional endothelium was assessed by the ability of

acetylcholine (1 mM) to induce more than 70% relaxation of
vessels pre-contracted with phenylephrine (0.3 mM). Mechan-
ical activity recorded isometrically by a force transducer

(World Precision Instruments, Inc., Sarasota, FL, U.S.A.)
was fed to an ampli®er ± recorder (Model TMB-4; World
Precision Instruments, Inc.) and to a personal computer

equipped with an analogue-to-digital converter board
(AD16JR; World Precision Instruments, Inc.), using CVMS
data acquisition/recording software (World Precision Instru-
ments, Inc.).

Cumulative concentration ± response curves to phenylephr-
ine (0.001 ± 30 mM) were obtained in vessels with or without a
functional endothelium. When necessary, after 45 min

washing, the vessels were incubated for 20 min with di�erent
drugs or vehicle, as indicated, and a second cumulative
concentration ± response curve for phenylephrine was con-

structed and compared with the ®rst one. Ang-(1-7) was
incubated at the same time as captopril, 20 min before the
construction of the second curve. In control experiments

(with vehicle), no di�erence was found between concentra-
tion ± response curves (data not shown).

Drugs

Acetylcholine, captopril, NG-nitro-L-arginine-methyl-ester (L-
NAME) and phenylephrine were purchased from Sigma.

Angiotensin-(1-7) and A-779 (Bachem), HOE 140 (Hoechst).
All drugs were dissolved in distilled water at a concentration
of 10 mM and diluted to the desired concentration with

Krebs-Henseleit solution just before use.

Statistical analysis

Results are expressed as means+s.e.mean. Matched two-way
analysis of variance (ANOVA) was used to analyse the data,
and results were considered signi®cant when P50.05.

Results

a-Adrenergic contractile responses in mRen-2 and SD rats

As shown in Figure 1A, contractile responses to phenyle-
phrine in endothelium containing aorta were much smaller

Figure 1 Phenylephrine-induced contractions in isolated aortic rings
from control SD and mRen-2 transgenic rats. (A) Vessels containing
functional endothelium. (B) Endothelium-denuded vessels. Each
point represent mean+s.e.mean generated from ten separate
experiments. ***P50.001.
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in transgenic animals as compared to age-matched SD rats.
In endothelium denuded vessels, no di�erence was observed
in contractile responses between the two strains (Figure 1B).

Inhibition of nitric oxide synthase with L-NAME (1 mM)
increased contractile responses to phenylephrine in hyperten-
sive mRen-2 (Figure 2A) and, after NO synthase blockade,
contraction to phenylephrine became comparable in both

strains (Figure 2B).
Inhibition of ACE by captopril (10 mM) potentiated

contractile responses induced by a-adrenergic stimulation in

mRen-2 rats (Figure 3A), an e�ect dependent on the presence
of a functional endothelium (Figure 3B). In SD rats by
contrast, captopril induced an endothelium-dependent di-

minution of the contractile response (Figure 3C,D).

Effect of captopril in contractile responses to
phenylephrine in vessels pre-treated with Ang-(1-7)

The potentiating e�ect of ACE inhibition by captopril
(10 mM) in contractile responses to phenylephrine (Figure

4A) was abolished when the endothelium-containing aorta of
mRen-2 rats was incubated with 1 nM Ang-(1-7) (Figure 4B).
Pre-treatment of vessels with Ang-(1-7) did not modify the

e�ect of captopril in SD rats (not shown).

Effect of Ang-(1-7) and BK receptors blockade in
contractile responses to phenylephrine in the rat aorta

Blockade of Ang-(1-7) and BK B2 receptors by the respective

selective antagonists A-779 (0.1 mM) and HOE 140 (1 mM)
restored phenylephrine-induced contraction (Figure 5A,C) in
the aorta of mRen-2 rats. This e�ect was seen only in vessels
containing a functional endothelium (Figure 5B,D). The

e�ect of blocking both receptors was not additive (not
shown). A-779 and HOE 140 had no e�ect in contractile
responses to phenylephrine in control SD rats (not shown).

In another series of experiments, Ang-(1-7) (0.1 nM±
0.3 mM) directly relaxed aorta from mRen-2 animals pre-
contracted with 1 mM phenylephrine (Emax=29.59+11.15%

relaxation; n=5).

Effect of AT1 and AT2 Angiotensin II receptors blockade
in the contractile response to phenylephrine

Incubation of mRen-2 aortic rings with the Ang II AT1 and
AT2 receptor antagonists CV 11974 (10 nM) and PD 123319
(1 mM), respectively, did not change the concentration ±
response curves to phenylephrine (Figure 6). In control SD

rats, blockade of AT1 and AT2 receptors diminished
contractile responses to phenylephrine in endothelium intact
(Figure 7A,C), but not in endothelium-denuded vessels

(Figure 7B,D).

Figure 2 E�ect of L-NAME on endothelium-containing aortic rings
from mRen-2 (A) and SD rats (B). Each point represents mean+
s.e.mean generated from at least four separate experiments.
**P50.01.

Figure 3 E�ect of captopril (10 mM) on phenylephrine-induced
contractions in aortic rings from mRen-2 (A, endothelium intact;
B, endothelium denuded vessels) and SD rats (C, endothelium intact;
D, endothelium denuded vessels). Each point represents mean+
s.e.mean generated from at least three separate experiments.
**P50.01 and ***P50.001.

Figure 4 E�ect of captopril (10 mM) on phenylephrine-induced
contractions in endothelium-containing aortic rings from mRen-2
rats in the absence (A) and in the presence (B) of 1 nM Ang-(1-7).
Each point represents mean+s.e.mean data generated from at least
®ve separate experiments. **P50.01.
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Discussion

There is strong evidence to suggest that, besides the
circulating renin ± angiotensin system of renal origin, the

vascular expression of this system also contributes to the
control of the cardiovascular homeostasis by autocrine and/
or paracrine regulation (Unger et al., 1991; Weishaar et al.,

1991; Dzau, 1993; Ganten, 1993).
The transgenic mRen-2 rat represents a monogenic model

of hypertension for the study of the functional signi®cance of

local renin ± angiotensin system. The high activity of the

renin ± angiotensin system in extrarenal tissues, including
from vascular origin, promotes the development of hyperten-
sion in these animals and provides strong evidence for the

importance of tissue angiotensin in the pathogenesis of
hypertension (Bader et al., 1992; Hilgers et al., 1992; Arribas
et al., 1994; Campbell et al., 1995; Lee et al., 1995). Here we

present evidence for a functional endothelium-dependent role
for Ang-(1-7), a bioactive peptide derived from the renin ±
angiotensin system, in the control of a-adrenergic receptors

stimulation and vascular tone in the aorta of mRen-2 rats.
Contractile responses to phenylephrine in endothelium-

containing aorta were reduced in mRen-2 rats as compared
to SD rats. However, the reactivity of smooth muscle cells of

the transgenic rats for phenylephrine was not altered since
phenylephrine evoked similar contractions in both strains
after removal of endothelium. Thus, it appears that the

supra-expression of an endothelium-derived relaxant factor in
basal conditions is accounting for the reduction in the
contractile response to phenylephrine in mRen-2 rats. Our

results are in accordance with previous reports in the
literature showing that, although contractile properties of
smooth muscle of the rat aorta are not altered, contractions

to norepinephrine are diminished in endothelium-containing
aortic rings from mRen-2 rats (Arnet et al., 1999).

Low concentration of L-NAME, an inhibitor of NO
synthesis, which did not change contractile responses to

phenylephrine in SD rats, potently increased phenylephrine-
induced contractions in mRen-2 rats. After NO synthase
blockade responses to phenylephrine became comparable in

both strains. These results suggest that an increased basal
release of NO in transgenic rats reduces contractions to
phenylephrine. Another possible explanation is that smooth

Figure 5 E�ect of blockade of Ang-(1-7) (A,B) and BK (C,D)
receptors by A-779 (0.1 mM) and HOE 140 (1 mM) on phenylephrine-
induced contraction, in endothelium-containing (A,C) and -denuded
(B,D) vessels from mRen-2 rats. Each point represents mean s.e.mean
data generated from at least ®ve separate experiments. *P50.05 and
**P50.01.

Figure 6 E�ect of 10 nM CV 11974 (A) and 1 mM PD 123319 (B) on
phenylephrine-induced contractions in endothelium-containing aortic
rings from mRen-2 rats. Each point represents mean+s.e.mean
generated from at least four separate experiments.

Figure 7 E�ect of angiotensin II AT1 (A,B) and AT2 (C,D)
receptors blockade by CV 11974 (10 nM) and PD 123319 (1 mM)
respectively, on phenylephrine-induced contractions in endothelium-
containing (A,C) or -denuded (B,D) aortic rings from Sprague-
Dawley rats. Each point represents mean+s.e.mean generated from
at least four separate experiments. *P50.05 and **P50.01.
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muscle cells of mRen-2 rats are more sensitive to NO. Very
recently, vascular soluble guanylyl cyclase has been reported
to be less sensitive to NO in mRen-2 rats compared to SD

rats (Jacke et al., 2000). Thus, it is unlikely that similar basal
release of NO is reducing contraction to phenylephrine to a
greater extent in transgenic than in control rats.
Inhibition of ACE by captopril also restored contractile

responses to phenylephrine in mRen-2 rats. This e�ect was
dependent on the presence of a functional endothelium.
These results strongly suggest that a local overactive renin-

angiotesin system is contributing to diminish contraction to
phenylephrine in mRen-2 aorta, via a NO-dependent
mechanism.

In contrast, captopril reduced contractile responses to
phenylephrine in control SD rats. Thus, as pointed out
above, a functional renin-angiotesin system seems to

potentiate contractions to phenylephrine in the aorta of SD
rats. This is in accordance with several reports in the
literature showing that Ang II increases vascular reactivity
to a-adrenergic stimulation (Purdy & Weber, 1988; Arribas et

al., 1994). The question then arose as to how inhibition of the
renin ± angiotensin system up-regulates a-adrenergic contrac-
tions in SD animals and down-regulates the same e�ect in

mRen-2 transgenic rats. Blockade of Ang II AT1 receptors in
SD rats diminished maximal contractile responses to
phenylephrine. Surprisingly, blockade of AT2 receptors

provoked a much stronger inhibition of phenylephrine-
induced contractions in the aorta of SD rats. Both e�ects
were dependent on the presence of a functional endothelium.

Together, our results provide evidence to suggest that tissue
formation of Ang II is potentiating a-adrenergic contractile
responses in the aorta of SD rats via the release of an
endothelium contractile factor. More importantly, they

strongly suggest a functional role for endothelial Ang II
AT2 receptors in the control of vascular tonus by potentiat-
ing a-adrenergic contractions in the rat aorta. Accordingly,

vascular endothelial Ang II AT1 and AT2 receptors are
already described (Pueyo & Michel, 1997) and an endothe-
lium-dependent role for AT2 receptors has been attributed in

rat renal vasculature for the potentiation of Ang II-induced
constriction by NO blockade (Muller et al., 1998).
In mRen-2 rats, blockade of AT1 and AT2 angiotensin

receptors had no e�ect on the contractile responses to

phenylephrine. Thus, these results suggest that, in addition
to the already proposed down regulation of AT1 receptors in
the rat aorta of mRen-2 rats (Nickenig et al., 1997; Arnet et

al., 1999), AT2 receptors may also be down regulated. The
results also partially explain the di�erences found between
strains in the modulation of a-adrenergic contraction by the

vascular renin ± angiotensin system. Because Ang II AT1 and
AT2 receptors are down-regulated in the rat aorta of mRen-2
rats, the endothelium-dependent e�ect of other derivatives of

the renin ± angiotensin system should predominate.
BK and Ang-(1-7) are described in the literature as

putative regulators of vascular tonus via an NO-dependent
mechanism (Mombouli & Vanhoutte, 1999; Santos et al.,

2000). Here, we found that endothelium-dependent contrac-
tion to phenylephrine was increased in the aorta of mRen-2
rats after blockade of Ang-(1-7) and BK receptors.

Interesting, treatment of mRen-2 aorta with Ang-(1-7)

abolished the endothelium-dependent potentiation of pheny-
lephrine contractile responses induced by captopril. In
addition, Ang-(1-7) had a direct relaxing e�ect on the aorta

of mRen-2 animals pre-contracted with phenylephrine.
Therefore, our results point to a participation of Ang-(1-
7), in the modulation of a-adrenergic-induced contractions.
The observation that blockade of BK B2 receptors also

produced potentiation of a-adrenergic-induced contraction
and the absence of additive e�ects of simultaneous blockade
of Ang-(1-7) and BK B2 receptors suggest that Ang-(1-7)

exerts its modulator e�ect also through receptor-mediated
release and/or potentiation of BK. Evidence for the
involvement of kinins in vascular action of Ang-(1-7) has

been provided by several studies (Brosnihan et al., 1996;
Abbas et al., 1997; Heitsch et al., 2001). However, kinins are
not always mediators of the vascular action of Ang-(1-7), as

demonstrated in rat mesenteric microvessels (Oliveira et al.,
1999).
Ang-(1-7) is formed directly from Angiotensin I by

peptidases neprilysin, thimet oligopeptidase and prolyl-

endopeptidase, as well as by hydrolysis of the Pro-Phe bound
in Ang II by enzymes such as prolyl-endopeptidase and
prolyl-carboxypeptidases (Santos et al., 2000). In addition,

Ang-(1-7) can be formed from Ang I or Ang II by a pathway
including ACE2 (Donoghue et al., 2000). Our observation
that captopril enhanced the vasoconstriction produced by

phenylephrine, and that this potentiating e�ect was abolished
in the presence of Ang-(1-7), suggests that in rat aorta of
mRen-2 rats, Ang-(1-7) might be formed mainly from Ang II

by an ACE-dependent pathway. Signi®cant contribution of
Ang II for Ang-(1-7) formation has been previously described
in the isolated rat heart (Neves et al., 1995). In addition, in
the presence of losartan production of Ang-(1-7) via Ang II is

increased (Yamada et al., 1999). Therefore, the accumulation
of Ang II in the aorta of mRen-2 rats in consequence of
down-regulation of its receptors (Nickenig et al., 1997) would

contribute to the increased formation of Ang-(1-7) through
Ang II.
Captopril was less e�ective, as compared to L-NAME, to

potentiate the e�ects of phenylephrine. Among other
possibilities, this could be a consequence of decreased
degradation of BK by ACE inhibition or alternatively due
to Ang-(1-7) derived from other pathways (Santos et al.,

2000), which could induce NO release. By contrast, L-NAME
would block all NO derived from the activation of Ang-(1-7)
and BK receptors and, thus, be more e�ective.

In conclusion, our results support the participation of Ang-
(1-7) as the active component of the renin ± angiotensin
system in the endothelial modulation of a-adrenergic-induced
tonus in aortic rings of mRen-2 rats. The interaction of Ang-
(1-7) with BK is also pointed-out. Finally, our results also
suggest that the local production of Ang-(1-7) plays an

important role in the control of the vascular reactivity in
mRen-2 rats.
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