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1 The aim of this study was to characterize the angiotensin II receptors in isolated uterine arteries from
non pregnant and pregnant rats, since it has been reported from binding studies that ovine uterine
arteries contain AT2 receptors.

2 Uterine arterial segments were obtained from virgin, non-pregnant and late pregnant (18 ± 21 days)
Sprague-Dawley rats and mounted in small vessel myographs. Concentration-response curves were
constructed to angiotensin II (1 nM± 10 mM) in the absence and presence of various angiotensin II receptor
subtype selective compounds. These included losartan (AT1 antagonist; 1, 10 and 100 nM), PD 123319
(AT2 antagonist; 1 mM) and CGP 42112 (AT2 agonist; 1 mM). Responses to angiotensin II were measured as
increases in force (mN) and expressed as a per cent of the response to a K+ depolarizing solution.

3 Losartan (1, 10 and 100 nM) caused signi®cant concentration-dependent rightward shifts of the
angiotensin II concentration-response curve in uterine arteries from non-pregnant and pregnant rats. The
pA2 values calculated from these data were 9.8 and 9.2, respectively, although the slope of the Schild plot
in the non-pregnant group was less than unity.

4 PD 123319 (1 mM) caused signi®cant 6- and 3 fold leftward shifts of the angiotensin II concentration-
response curve in uterine arteries from non-pregnant and pregnant rats, respectively. In vessels from
pregnant rats, PD 123319 also signi®cantly increased the maximum response to angiotensin II.

5 CGP 42112 (1 mM) attenuated the response to angiotensin II of uterine arteries from non-pregnant
rats. This was re¯ected by a 14 fold rightward shift of the angiotensin II concentration-response curve
and a decrease in the maximum response. In uterine arteries from pregnant rats, CGP 42112 (1 mM)
caused a 3 fold rightward shift of the angiotensin II concentration-response curve, but had no e�ect on
the maximum response.

6 PD 123319 (1 mM) and CGP 42112 (1 mM) had no e�ect on the concentration-response curves to
phenylephrine (PE) of uterine arteries from non-pregnant or pregnant rats. In addition, CGP 42112
(1 nM± 1 mM) had no vasodilator e�ect on tissues precontracted with phenylephrine.

7 These results suggest that the contractile responses of the rat uterine artery are mediated by the AT1

receptor. Furthermore, in this vascular preparation, the AT2 receptor appears to inhibit the response
mediated by the AT1 receptor, although, this is not uniform between the non-pregnant and pregnant
states.
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Introduction

The renin-angiotensin system (RAS) is a complex system that
plays an important role in blood pressure maintenance and
volume homeostasis (Timmermans et al., 1992b). Currently,

there are two main receptor subtypes, AT1 and AT2, which
have been well described and to which angiotensin II displays
similar a�nity (de Gasparo et al., 1995).

AT1 and AT2 receptors exhibit a widespread central and
peripheral distribution, although AT1 receptors are responsible
for most of the well known cardiovascular actions of

angiotensin II (Guthrie, 1995). By contrast, the function of
the AT2 receptor is less well understood but it has been
implicated in foetal growth (Cook et al., 1991) and in healing

and repair (Timmermans et al., 1992a). However, there is
increasing evidence that the AT2 receptor may exert an
inhibitory in¯uence on AT1 receptor-mediated stimulation
(Widdop et al., 1994; Stoll et al., 1995a). For example, AT2

receptor blockade disinhibited AT1 receptor-mediated re-
sponses, including centrally-evoked drinking responses (Wid-
dop et al., 1994) and endothelial cell proliferation (Stoll et al.,

1995b), while an AT2 receptor-mediated depressor response

has also been implicated (Scheuer & Perrone, 1993;
Munzenmaier & Greene, 1996).

In this context, a recent preliminary study suggested that the

AT2 receptor may exert a modulatory role on AT1-receptor-
mediated contraction of the ovine uterine artery (McMullen et
al., 1996). These authors found that the contractile response to

a single concentration of angiotensin II (1 mM) was enhanced in
the presence of the AT2 receptor antagonist, PD 123319 (1 mM).
From these data, it was inferred that the AT2 receptor may be

inhibiting the contractile response mediated by the AT1

receptor (McMullen et al., 1996). Interestingly, the uterine
artery is one of the few vascular sites reported to contain AT2

receptors (Cox et al., 1996a,b; Burrell & Lumbers, 1997); others
include the ovine mammary artery (Cox et al., 1996a) and rat
cerebral artery (Tsutumi & Saavedra, 1991) which contrasts
with predominant AT1 receptor subtype in most other systemic

vasculature (Zhou et al., 1995; Cox et al., 1996a).
Therefore, the ®rst aim of the present study was to examine

the functional responses to angiotensin II in the rat uterine

artery to con®rm the preliminary results from studies using
ovine uterine artery which demonstrated a functional
interaction between AT2 and AT1 receptors, albeit using only

one concentration of angiotensin II (McMullen et al., 1996).2Author for correspondence.

British Journal of Pharmacology (1998) 125, 1429 ± 1436 ã 1998 Stockton Press All rights reserved 0007 ± 1188/98 $12.00

http://www.stockton-press.co.uk/bjp



During pregnancy, the uteroplacental circulation is even
more refractory to the contractile responses to angiotensin II
than the rest of the systemic circulation (Abdul-Karim &

Assali, 1961; Naden & Rosenfeld, 1981; Rosenfeld-Naden,
1989). While the mechanisms for this e�ect is not fully
understood, a recent study has shown that during pregnancy
there was a marked increase in AT2 receptor density in ovine

uterine arteries (Burrell & Lumbers, 1997). By contrast, Cox et
al. (1996a,b) reported no pregnancy-related changes in AT2

binding in uterine arteries from women and sheep, although

there was no assessment of angiotensin II reactivity in those
tissues. Therefore, given the functional interaction between
AT2 and AT1 receptors reported to occur in ovine uterine

arteries (McMullen et al., 1996), the second aim of this study
was to examine, at least in the rat uterine artery, if the
attenuation of angiotensin II-mediated contraction during

pregnancy was due, in part, to the increased inhibitory
in¯uence of the AT2 receptor.

Methods

General procedures

Female Sprague-Dawley rats (weighing 200 ± 250 g, virgin,
non-pregnant and 350 ± 400 g, late pregnant) were housed in

standard rat cages at 21+38C, with a 12 h light/dark cycle.
Food and water were available ad libitum. The late pregnant
rats were used on day 18 ± 21 of the 22 day gestation period.

Animals were killed by stunning and exsanguination. In the
case of the pregnant rats, the pups were quickly decapitated.
The uterine horns, with their attached vasculature, were
removed en bloc and placed immediately in ice-cold,

oxygenated physiological 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).
Small sections of uterine artery containing endothelium

were dissected free from surrounding connective tissue under a

binocular dissection light microscope (Olympus SZ40) and set
up in small vessel myographs as described previously
(McPherson, 1992). Brie¯y, two 40 mm wires were threaded
though the lumen of the vessel segment. One wire was attached

to a stationary support driven by a micrometer, while the other
was attached to an isometric force 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 378C and aerated continuously with

carbogen (95% O2, 5% CO2).
Following a 30 min equilibration period at 378C and under

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

equivalent transmural pressure of 100 mmHg. Using the
diameter of the vessel, calculated from the distance between
the two mounting wires, a passive diameter-tension curve was
constructed as described (Mulvany & Halpern, 1977; see

McPherson, 1992 for details). From this curve the e�ective
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 100 mmHg (D100), which has been
found previously to be optimal for active tension development
in this vessel (Davis, 1994).

The tissues were equilibrated for 30 min after normalization
before being contracted with a K+ depolarizing 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 preparations were washed 3 ± 4 times and rested for 20 min
before an experimental protocol was commenced. In addition,

a second KPSS response was performed at the completion of
CR curves to check that antagonist treatment did not a�ect
tissue reactivity in a nonspeci®c manner.

E�ects of AT1 and AT2 compounds on contractile
responses to angiotensin II

Cumulative (0.5 log unit) concentration-response (CR) curves
were constructed to angiotensin II (0.1 nM± 10 mM) in the
absence of any ligand or after 30 min equilibration with either

losartan (1, 10 and 100 nM), PD 123319 (1 mM) or CGP 42112
(1 mM). Only one CR curve was obtained per tissue, since
preliminary studies had shown marked tachyphylaxis devel-

oped if a second CR curve to II was constructed (data not
shown).

E�ects of AT2 compounds on contractile responses to
phenylephrine

Cumulative (0.5 log unit) CR curves were constructed to

phenylephrine (1 nM± 0.1 mM) in the absence of any ligand or
after 30 min equilibration with either PD 123319 (1 mM) or
CGP 42112 (1 mM). Again, only one CR curve was obtained

per tissue.

E�ect of CGP 42112 on precontracted uterine arteries

In order to test for any direct vasodilator activity of CGP
42112, vessels were precontracted to 30 ± 40% of their
maximum contraction to KPSS with titrated concentrations

of phenylephrine. When this response had plateaued, a
cumulative (0.5 log unit) CR curve to CGP 42112 (1 nM ±
1 mM) was constructed. Spontaneous relaxation was measured

in separate tissues which were similarly contracted with
phenylephrine but not exposed to CGP 42112. At the
completion of the CR curve (or at an equivalent time point),

the maximum relaxation to acetylcholine (0.1 mM) was
obtained.

Statistical analysis

Responses to contractile agents were expressed as a percentage
of the KPSS-induced contraction. Log CR curves from

individual tissues were grouped to generate mean log CR
curves to angiotensin II. The e�ects of the various ligands on
the responses to angiotensin II were analysed by comparing the

CR curves to angiotensin II in the absence and presence of
each ligand. CR curves were compared using linear regression
analyses of the linear portion of the curves. Pairs of lines were

tested for parallelism and coincidence, and the potency ratios
with the 95% con®dence limits (CL) was determined. These
statistical procedures were carried out using a computer
program based on procedures described in Documentia Geigy

(Diem, 1970). From these data, pA2 values for losartan were
determined according to the method of Arunlakshana & Schild
(1959). The e�ects of AT2 compounds on the maximum

response to angiotensin II were assessed using Student's
unpaired t-test.

Relaxation responses to CGP 42112 were expressed as a

percentage relaxation of the phenylephrine-induced pre-
contraction (100%). The CR curves to CGP 42112 were then
compared with the spontaneous relaxation of the phenyle-
phrine-induced tone (over the same time period) using a two-
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way analysis of variance (ANOVA) with repeated measures
with a post hoc Newman-Keuls pairwise comparison test
(Sigmastat, Jandel Scienti®c, U.S.A.). Data are presented as

means +s.e.mean. In all cases, statistical signi®cance was
accepted if P50.05.

Drugs

Drugs and their sources were: acetylcholine HCl (Sigma),
angiotensin II (American Peptide Co., U.S.A.), CGP 42112

(Novartis, Switzerland), losartan (DuPont Pharmaceuticals),
PD 123319 (Parke Davis, U.S.A.) and phenylephrine HCl
(Sigma). Stock solutions of all drugs were made up and diluted

in distilled water.

Results

As expected, the diameter (D100) of the uterine arteries taken
from the late pregnant rats (567+20 mm, n=15) was

signi®cantly greater than that of the vessels taken from non
pregnant rats (391+7 mm, n=12; P50.05, t-test). The KPSS-
induced contraction of vessels from gravid animals

(5.83+0.25 mN mm71 wall length, n=15) was also greater
than that of vessels from non gravid animals
(4.75+0.40 mN mm71, n=12; P50.05, t-test). When KPSS

was repeated at completion of experiment, there was a small
increase (*15%) in response compared with the ®rst exposure,
however, this e�ect was identical in tissues pretreated with

either AT1 or AT2 compounds.

E�ect of losartan on angiotensin II responses

Losartan (1, 10 and 100 nM), which did not a�ect resting
baseline, caused parallel rightward shifts of the angiotensin II
CR curves in uterine arteries from both non pregnant and

pregnant rats, with no signi®cant change in the maximum
response achieved (Figure 1). From Schild plots of these data,
the pooled pA2 values for losartan were calculated to be 9.8

and 9.2 in uterine arteries from non-pregnant and pregnant
rats, respectively. The slopes of the Schild plots obtained using
data from the pregnant and non-pregnant rats were 1.01 and
0.78, respectively. While this is indicative of a conventional

competitive antagonist in the former case, linear regression
analysis revealed that the slope of the corresponding line from
the non-pregnant group was signi®cantly di�erent (P=0.019),

which may have led to an overestimation of the pA2 value.

E�ect of PD 123319 on angiotensin II and phenylephrine
responses

In tissues from non-pregnant and pregnant rats, PD 123319

(1 mM) did not a�ect resting baseline but caused signi®cant 6.1-
(95% Con®dence Limits: 12.2, 3.5) and 3.2- (95% Con®dence
Limits: 6.6, 1.7) fold parallel leftward shifts of the angiotensin
II concentration-response curve, respectively (Figure 2). PD

123319 had no signi®cant e�ect on the maximum response to
angiotensin II of uterine arteries from non-pregnant rats
(Figure 2). In contrast, in vessels from pregnant rats, the

maximum response to angiotensin II increased signi®cantly
from 86.5% of the KPSS response in the absence of PD 123319
to 116.7+3.9% of the KPSS response in the presence of PD

123319 (P50.05, t-test; Figure 2). Phenylephrine caused
concentration-dependent contractile responses in uterine
arteries from non-pregnant (Figure 3A) and pregnant (Figure
3B) rats. PD 123319 (1 mM) had no signi®cant e�ect on the

concentration response curves to phenylephrine obtained from

either group of rats (P40.05, ANOVA).

E�ect of CGP 42112 on angiotensin II and
phenylephrine responses

In uterine arteries from both non-pregnant and pregnant rats,
CGP 42112 (1 mM) did not a�ect resting baseline but caused

signi®cant rightward shifts of the angiotensin II concentration-
response curve (Figure 4). In tissues from non-pregnant rats
CGP 42112 caused a 14.3- (95% Con®dence Limits: 7.7, 25.0)

fold rightward shift, while in preparations from pregnant rats,
a 2.9- (95% Con®dence Limits: 1.4, 5.9) fold parallel rightward
shift was observed. In the tissues from non-pregnant rats, CGP

42112 signi®cantly decreased the maximum response from
85.5+4.6% to 54.5+10.6%, of the KPSS response (P50.05,
t-test) (Figure 4A). In tissues from pregnant rats, however,
CGP 42112 had no e�ect on the maximum response (P40.05,

t-test) (Figure 4B).
CGP 42112 (1 mM) had no signi®cant e�ect on the phenyl-

ephrine concentration response curve obtained from uterine

arteries from either group (P40.05, ANOVA) (Figure 5).

Figure 1 E�ect of losartan (1, 10 and 100 nM) on the mean log
concentration-response curves for angiotensin II in uterine arteries
from (A) non-pregnant (n=6±12) and (B) late pregnant (n=7±15)
rats. Responses are expressed as a per cent of the maximum response
to KPSS; values are means and vertical lines show s.e.mean;
n=number of vessels.
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E�ects of CGP 42112 on preparations precontracted
with phenylephrine

The e�ect of CGP 42112 (1 nM± 1 mM) added to precontracted
uterine arteries from non-pregnant and late pregnant rats was
not signi®cantly di�erent from the spontaneous relaxation
which occurred in the corresponding time control vessels

(P40.05, ANOVA; Figure 6). The presence of a functional
endothelium, however, was indicated by the marked relaxant
response to ACh (0.1 mM) in the uterine arteries used as time

controls (relaxation of 91.6+5.8% (n=9) in non-pregnant and
92.8+6.3% (n=7) in pregnant rats) or those exposed to CGP
42112 (relaxation of 92.3+4.9% (n=10) in non-pregnant and

93.2+7.0% (n=7) in pregnant rats).

Discussion

The novel ®ndings of the present study were that the AT2

receptor modulates the AT1-mediated contractile e�ects of

angiotensin II in the rat isolated uterine artery, however this

modulation is not uniform between the non-pregnant and
pregnant states.

Uterine arteries from non-pregnant rats

Losartan caused a concentration-dependent rightward shift of
the CR curves to angiotensin II in uterine arteries from non-

pregnant rats. The pA2 value estimated for losartan from this
data was 9.8, which is within the range of values reported for
the AT1 receptor antagonist in other vascular preparations

and therefore suggests a similar AT1 receptor a�nity at this
vascular site (Boulanger et al., 1995; Chiu et al., 1990).
However, it must be kept in mind that, in the present study,

the slope of the Schild plot for losartan obtained from the
uterine arteries of non-pregnant rats was less than unity and
therefore the calculated pA2 must be accepted with some
caution. By contrast, the AT2 receptor antagonist, PD

123319, caused an increase in sensitivity to angiotensin II,
re¯ected in the 6 fold leftward shift of the angiotensin II CR
curve. These ®ndings concur with the preliminary study by

McMullen et al. (1996), who found that PD 123319 increased

Figure 2 E�ect of PD 123319 (1 mM) on the mean log concentration-
response curves to angiotensin II in uterine arteries from (A) non-
pregnant (n=7±12) and (B) late pregnant (n=10± 15) rats.
Responses are expressed as a per cent of the maximum response to
KPSS; values are means and vertical lines show s.e.mean; n=number
of vessels. *P50.05 for maximum response versus control.

Figure 3 E�ect of PD 123319 (1 mM) on the mean log concentra-
tion-response curves to phenylephrine (PE) in uterine arteries from
(A) non-pregnant (n=6±12) and (B) late pregnant (n=6) rats.
Responses are expressed as a per cent of the maximum response to
KPSS; values are means and vertical lines show s.e.mean; n=number
of vessels.
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the contractile response to a single concentration of
angiotensin II (1 mM) in uterine arteries from pregnant sheep,
although they did not report data from non-pregnant sheep.

These results implicate an inhibitory role of the AT2

receptor which may counteract the excitatory e�ect of AT1

receptor mediated stimulation (McMullen et al., 1996) and are
consistent with increasing evidence of opposing actions of AT1

and AT2 receptors in the context of proliferative (Stoll et al.,
1995b; Munzenmaier & Greene, 1996) and vasoactive (Scheuer
& Perone, 1993; Munzenmaier & Greene, 1996) e�ects.

CGP 42112, which is considered to be an AT2 receptor
agonist (Brechler et al, 1993; Tsuzuki et al., 1996) caused a
decreased sensitivity to angiotensin II, as seen by the 14 fold

rightward shift of the angiotensin II CR curve with a decreased
maximum response. This e�ect was, in fact, the opposite to
that observed with PD 123319 and suggests that CGP 42112
was acting as an AT2 receptor agonist to inhibit AT1-mediated

contraction of uterine arteries. Importantly, we found that
neither PD 123319 nor CGP 42112 a�ected the CR curve to
phenylephrine or potassium, indicating that these compounds

did not alter the smooth muscle contractility non-speci®cally,

and thus appear to act exclusively on AT2 receptors. To our
knowledge, there are no previous reports describing an
inhibitory e�ect of CGP 42112 on angiotensin II-mediated

contraction. Moreover, this is the ®rst demonstration of
opposing e�ects of PD 123319 and CGP 42112 in vasculature
in vitro.

Uterine arteries from pregnant rats

Pregnancy is associated with substantial remodelling of the

uteroplacental vasculature (Rosenfeld et al., 1974; Rosenfeld,
1977; Griendling et al., 1985), and this was evident in the
increase in the internal diameter (D100) of the uterine arteries

taken from the pregnant compared to the non-pregnant rats.
Moreover, these vessels also showed an increased response to
the K+ depolarizing solution, which is in agreement with
studies using ovine uterine arteries (Annibale et al., 1989).

Therefore, agonist-induced responses were expressed as a per
cent of the KPSS response.

Similar directional changes were observed using the

angiotensin II ligands in uterine arteries from pregnant rats

Figure 4 E�ect of CGP 42112 (1 mM) on the mean log concentra-
tion-response curves to angiotensin II in uterine arteries from (A)
non-pregnant (n=7±12) and (B) late pregnant (n=5±15) rats.
Responses are expressed as a per cent of the maximum response to
KPSS; values are means and vertical lines show s.e.mean; n=number
of vessels. *P50.05 for maximum response versus control.

Figure 5 E�ect of CGP 42112 (1 mM) on the mean log concentra-
tion-response curves to phenylephrine (PE) in uterine arteries from
(A) non-pregnant (n=5±6) and (B) late pregnant (n=6) rats.
Responses are expressed as a per cent of the maximum response to
KPSS; values are means and vertical lines show s.e.mean; n=number
of vessels.
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compared with non-pregnant rats, although there were subtle
di�erences between the two states. For examples, the pA2 for
losartan obtained using uterine arteries from pregnant rats

(9.2) was similar to that from the vessels from non-pregnant
rats and the slope of unity for the Schild plot was indicative of
a true competitive AT1 receptor antagonist. The small
di�erences in the pA2 values for losartan between the groups

may re¯ect an overestimation in the non-pregnant group
because the slope of the Schild plot for losartan in this group
was less than unity, for reasons which are not immediately

obvious. In addition, Cox et al. (1996a,b) found no di�erences
in AT1 binding characteristics in uterine arteries from non-
pregnant and pregnant sheep and women. Saturation binding

using uterine arteries from non-pregnant and pregnant ewes
revealed similar KD values at the AT1 receptor (Burrell &
Lumbers, 1997), although competition binding in the same
study revealed an increase in the IC50 value of losartan

associated with pregnancy in ovine uterine arteries, which
suggests a decrease in AT1 receptor a�nity (Burrell &
Lumbers, 1997). In the present study, PD 123319 and CGP

42112 caused leftward and rightward shifts, respectively, of the

CR curve to angiotensin II, similarly to in the non-pregnant
state. However, in the case of PD 123319, there was a smaller
(3 fold) leftward shift but an increased maximum response to

angiotensin II, while, for CGP 42112, there was only a small (3
fold) rightward shift in the CR curve to angiotensin II with no
depression of maximum response in uterine arteries from
pregnant rats.

The reason for the di�erence in AT2 receptor modulation
between non-pregnant and pregnant rats is not immediately
obvious, but may involve altered AT2 receptor number and/or

a�nity. In this context, Burrell & Lumbers (1997) found an
increase in AT2 receptor density and a�nity in uterine arteries
from pregnant, compared with non-pregnant, sheep. By

contrast, Cox et al. (1996a,b) found that the ratio of AT2/
AT1 receptors (*85%/15%) in uterine arteries of sheep and
women did not change during pregnancy. The reason for the

discrepancy between these two laboratories is not clear, but
may relate to di�erences in the ligand used and methodological
procedures employed (Burrell & Lumbers, 1997).

Interestingly, there is a downregulation of myometrial AT2

receptors during pregnancy (Cox et al., 1993; de Gasparo et al.,
1994). Furthermore, angiotensin II-induced myometrial con-
traction could only be demonstrated in uterine smooth muscle

obtained in the pregnant state, suggesting that there was an
association between increased AT1 receptor-mediated contrac-
tion and downregulation of myometrial AT2 receptors (Cox et

al., 1993, 1996b). In this context, Burrell & Lumbers (1997)
speculated that an up-regulation of AT2 receptors may
contribute to the reduced sensitivity of uterine vasculature to

angiotensin II during pregnancy. While our data showing PD
123319 potentiated the maximum response to angiotensin II in
uterine arteries from pregnant rats ®ts with this interpretation,
the smaller degree of the leftward shift of the angiotensin II CR

curve caused by PD 123319 does not. Furthermore, a greater
inhibitory action of AT2 receptors on AT1 receptors during
pregnancy is di�cult to reconcile with the proposed AT2

receptor agonist action of CGP 42112, particularly since it
failed to modify the maximum response to angiotensin II in
uterine arteries from pregnant rats despite having a marked

inhibitory e�ect in the non-pregnant state. Interestingly, a high
a�nity AT2 binding site was observed in uterine arteries from
pregnant, but not non-pregnant ewes (Burrell & Lumbers,
1997). Therefore, unless the pharmacodynamics of CGP 42112

changed during pregnancy, it would appear that the AT2

receptor is not directly responsible for the attenuation of
angiotensin II-mediated uterine vasoconstrictor responses

during pregnancy, at least in the rat. In any case, the present
study has clearly shown a modulatory action of AT2 ligands on
an AT1 receptor-mediated contractile response. However, the

situation is quite di�erent in myometrial smooth muscle which
also contains predominantly AT2 receptors (Cox et al., 1993,
1996a,b; de Gasparo et al., 1994; Burrell & Lumbers, 1997),

since there was no AT2/AT1 receptor interaction observed in
ovine or human myometrial strips (Cox et al., 1993, 1996b).
This conclusion was based on the fact that PD 123319 failed to
modify a near-maximal angiotensin II-evoked contraction of

myometrial strips, although it should be noted that the AT2

receptor antagonist was only incubated for 4 min prior to
angiotensin II administration.

Given that CGP 42112 reduced the contractile response to
angiotensin II, we also examined whether or not a direct
relaxant e�ect of CGP 42112 could be demonstrated in this

preparation. However, in uterine arteries from non-pregnant
and pregnant rats, we could not demonstrate a direct relaxant
e�ect of CGP 42112. This was despite an almost complete
relaxation of these vessels by acetylcholine indicating the

Figure 6 Mean log concentration response curves to CGP 42112
(1 nM± 1 mM) on precontracted uterine arteries from (A) non-
pregnant (n=9±10) and (B) late pregnant (n=7) rats. Also shown
is the spontaneous relaxation of time control tissues over the same
period but in the absence of CGP 42112. Responses are expressed as
a percentage relaxation of the phenylephrine-induced contraction;
values are means and vertical lines show s.e.mean; n=number of
vessels.
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presence of a functional endothelium. Nevertheless, it is
possible that the endothelium may be involved in the AT2

receptor modulation that we have observed since, in addition

to AT1 receptors, AT2 receptors are also found on rat
endothelial cells (Stoll et al., 1995a,b) which may be linked
to vasodilator function (Wiemer et al., 1993). Clearly, future
experiments will need to address the exact localization of AT1

and AT2 receptors in rat uterine arteries, as well as the role of
endothelium in the functional setting. Interestingly, previous
autoradiographic studies have identi®ed AT2 receptors in

medial smooth muscle of endothelium-denuded ovine uterine
arteries (Cox et al., 1996a), while pregnancy increased the
expression of AT1 receptors in the endothelium of the same

blood vessel (Bird et al., 1997).

AT1/AT2 receptor interactions

The implication from the present study of an interaction
between AT1 and AT2 receptors is a relatively new concept that
has developed from a number of in vivo studies. Widdop et al.

(1994) reported that PD 123177, an AT2 antagonist,
potentiated the AT1 receptor mediated drinking caused by an
intracerebroventricular injection of angiotensin II in rats.

These data were con®rmed by HoÈ hle et al. (1995), who also
showed that PD 123177 potentiated AT1-mediated vasopressin
release. Furthermore, in a study of pressure-natriuresis in rats,

PD 123319 increased diuresis and natriuresis by acting as an
AT2 receptor antagonist, while CGP 42112 acted as an AT2

receptor agonist to decrease urine ¯ow and natriuresis (Lo et

al., 1995). In a recent study, Munzenmaier & Greene (1996)
reported that rats co-infused with angiotensin II and PD
123319 had a greater rise in blood pressure than those infused
with angiotensin II alone, suggesting AT2 receptor activation

caused inhibition of the AT1-mediated pressor response.
Moreover, it was reported that co-infusion of losartan and
angiotensin II resulted in a greater depressor response than

losartan alone, implicating an AT2-vasodilator e�ect (Mun-

zenmaier & Greene, 1996). However, it must be noted that this
previous study reported a control dose of losartan which was
10 fold lower than the combination, which makes any

interpretation of direct AT2 receptor-mediated vasodilatation
di�cult. Nevertheless, these previous data are consistent with
our in vitro data since PD 123319 potentiated angiotensin II-
mediated contractile responses while AT2 receptor-mediated

relaxation was not evident. The fact that there was modulation
of AT1 receptor-mediated contraction by AT2 receptors in
uterine arteries (current study), but not uterine smooth muscle

(Cox et al., 1996a,b), may suggest di�erences between types of
smooth muscle or re¯ect the use of AT2 receptor antagonist
under non-equilibrium conditions in the latter case. To our

knowledge, apart from the preliminary data obtained from
pregnant ewes (McMullen et al., 1996), there are no other
similar functional studies using isolated vasculature for

comparison.
In conclusion, the present study has found that both AT1

and AT2 receptors play important functional roles in the rat
uterine artery. The AT1 receptor is responsible for the

contractile response evoked by angiotensin II, while the AT2

receptor appears to inhibit the response mediated by the AT1

receptor. However, the AT2 receptor does not uniformly

regulate these responses between non-pregnant and pregnant
rats and is not likely to mediate the insensitivity to angiotensin
II in uterine vasculature during pregnancy. Further studies are

required to elucidate the mechanism of this receptor
interaction and its role in pregnancy.
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