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Abstract

Although regulation of angiotensin II receptor (AT) binding in
vascular and uterine smooth muscle is similar in nonpregnant
animals, studies suggest it may differ during pregnancy. We,
therefore, examined binding characteristics of myometrial AT
receptors in nulliparous (n = 7), pregnant (n = 24, 110-139 d
of gestation), and postpartum (n = 21, 5 to 2 130 d) sheep and
compared this to vascular receptor binding. Wealso deter-
mined if changes in myometrial binding reflect alterations in
receptor subtype. By using plasma membrane preparations
from myometrium and medial layer of abdominal aorta, we de-
termined receptor density and affinity employing radioligand
binding; myometrial AT receptor subtypes were assessed by
inhibiting [I25II-ANG II binding with subtype-specific antago-
nists. Compared to nulliparous ewes, myometrial AT receptor
density fell 90% during pregnancy (1,486±167 vs. 130±16
fmol/ mg protein) and returned to nulliparous values 2 4 wk
postpartum; vascular binding was unchanged. Nulliparous
myometrium expressed predominantly AT2 receptors (AT,/
AT2 15%/85%), whereas AT, receptors predominated dur-
ing pregnancy (AT,/ AT2 80%/20%). By 5 d postpartum
AT1/AT2 40%/60%, and > 4 wk postpartum AT2 receptors
again predominated (AT1/AT2 - 15%/85%). In studies of
ANGII-induced force generation, myometrium from pregnant
ewes (n = 10) demonstrated dose-dependent increases in force
(P < 0.001), which were inhibited with an AT1 receptor antago-
nist. Postpartum myometrial responses were less at doses
2 10-9 M(P < 0.05) and unaffected by AT2 receptor antago-
nists. Vascular and myometrial AT receptor binding are differ-
entially regulated during ovine pregnancy, the latter primarily
reflecting decreases in AT2 receptor expression. This is the
first description of reversible changes in AT receptor subtype in
adult mammals. (J. Clin. Invest. 1993. 92:2240-2248.) Key
words: force generation * puerperium * uterus * vascular smooth
muscle

Introduction

Normal pregnancy is characterized by a variety of hormonal
and cardiovascular changes, including decreases in systemic
vascular resistance, increases in cardiac output, development
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of the uteroplacental vascular bed, and enhanced activation of
the renin-angiotensin system, which results in increased levels
of plasma renin activity and angiotensin II (ANG II)' ( l).
Pregnant women also develop refractoriness to the systemic
pressor effects of infused ANG11 (2-4); that is, the dose of
ANGII necessary to elicit a 20-mmHgrise in blood pressure is
greater in normotensive pregnant womenas compared to non-
pregnant women. In contrast, pregnant womendestined to de-
velop preeclampsia lose this refractoriness and become increas-
ingly sensitive to the pressor effects of infused ANGII (4);
however, the mechanism(s) responsible for these changes is
unknown. The pregnant ewe (5, 6) and several other species (7,
8) also develop attenuated pressor responses to infused ANG
II. Moreover, the dose of ANGII required to elicit a 20-mmHg
rise in mean arterial pressure in pregnant and nonpregnant
ewes is virtually identical to that required in normotensive preg-
nant and nonpregnant women, respectively (3-5). The preg-
nant ewe and womenshare other similarities in cardiovascular
adaptation (9-1 1 ); therefore, the ewe is an excellent model in
which to study the cardiovascular changes associated with nor-
mal pregnancy, including the refractoriness to infused ANGII.

In the pregnant ewe as in women, the attenuated pressor
responses to ANGII occur in association with substantial in-
creases in plasma renin activity and circulating ANGII ( 11-
13). In nonpregnant adult animals increases in circulating
ANGII result in a decrease in the density of ANGII receptors
(AT) in vascular ( 14-17) and nonvascular ( 16-20) smooth
muscle, including uterine smooth muscle (i.e., myometrium).
Thus, the attenuated pressor responses to infused ANGII seen
in pregnancy may simply reflect downregulation of the vascu-
lar smooth muscle AT receptor. This, however, is not sup-
ported by indirect studies in women (21, 22) and sheep ( 1),
as well as more recent studies of ANGII binding characteristics
in arteries from pregnant animals (12, 23). In these studies
there was no difference in either total AT receptor binding
density or affinity in the aorta, mesenteric artery, or uterine
artery of pregnant and nonpregnant ewes (12) or the mesen-
teric artery of pregnant rats (23). However, several investiga-
tors have reported a fall in total AT receptor binding density in
myometrium from pregnant sheep (24), rats (25) and rabbits
(26). These observations suggest that regulation of the AT re-
ceptor may differ between vascular and nonvascular smooth
muscle (e.g., myometrium) in response to pregnancy. This,
however, has not been studied. Therefore, the objectives of the
present studies were (a) to determine the ontogeny of binding
characteristics of ovine myometrial AT receptors prior to, dur-
ing and after pregnancy and to compare these to vascular
smooth muscle, and if the myometrial AT receptor is regulated
differently, (b) to determine whether this is associated with
changes in the expression of receptor subtypes in myometrium
and if such changes would be reflected in ANGII-induced
force generation.

1. Abbreviations used in this paper: ANGII, angiotensin II; AT, ANG
II receptor; PSS, physiologic saline solution.
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Methods

Tissue preparation. Binding characteristics of vascular and uterine
smooth muscle AT were determined in tissues obtained from pregnant
ewes at three periods late in gestation (term 145±4 d): 110-120 d (n
= 3), 121-130 d (n = 5), and 131-135 d (n = 5). Tissues also were

obtained from early postpartum ewes between 7 and 16 d after delivery
(n = 7) and late postpartum ewes from 31 to 130 d after delivery (n
= 5). Uteri from three nulliparous ewes also were studied. Studies of
myometrial AT receptor subtypes were determined in tissue obtained
from additional pregnant ewes (n = 11) between 113 and 139 d of
gestation, early postpartum sheep (n = 2; 5 d after delivery), late post-
partum ewes (n = 7; 18 to > 108 d after delivery), and nulliparous
sheep (n = 4). Animals were killed by i.v. bolus infusion of pentobarbi-
tal sodium (50 mg/kg). The abdominal aorta was rapidly removed as

was a section of uterus from the middle third of a uterine horn in an

area free of encompassing vascular arcades. The tissues were immedi-
ately placed in ice-cold 8 mMphosphate-buffered saline (pH 7.4).
After removing residual blood, 100 Ml of the protease inhibitor PMSF
(0.5 mM)was added to the buffer. Fat, connective tissue, and adventi-
tia were dissected from the aorta, and the endothelium was gently re-

moved with a cotton-tipped applicator. The aorta was examined by
light microscopy before and after swabbing to verify removal of the
endothelium. The remaining medial layer was the source of vascular
smooth muscle used in the plasma membrane preparations. The myo-
metrium was quickly dissected free of endometrium as previously re-

ported (27), and the remaining smooth muscle was used in the mem-

brane preparation. These studies were approved by the Institutional
Review Board for Animal Research.

Membrane preparation. The smooth muscle specimens (0.5-1.5 g)
were minced in 20 ml of fresh 8 mMphosphate-buffered saline to
which 100 MA of each of the protease inhibitors PMSF(0.5 mM), leu-
peptin (5 Mg/ml), and aprotinin (5 Ag/ml) were added. The minced
tissues were transferred into ice-cold 0.25 Msucrose buffer with 25 mM

Tris, pH 7.4, final volume 20 ml. Plasma membranes were prepared at
4°C using methods recently described ( 12). The tissues were homoge-
nized three times for 10 s using a Polytron (PT-20 probe, Brinkmann
Instruments, Inc., Westbury, NY), allowing the probe to cool between
homogenizations. The protease inhibitors PMSF, leupeptin, and apro-

tinin were then added to the homogenate (100 Al of each), which was

centrifuged at 10,000 g for 30 min at 4°C. The supernatant was re-

moved and filtered through two layers of gauze, and centrifuged at
45,000 g for 30 min at 4°C. The resulting pellets were resuspended in 5
ml of 0.6 MKCl, 30 mMhistidine buffer (pH 7.0) to solubilize actin
and myosin and were recentrifuged at 45,000 g for 30 min at 4°C. The
final pellets were resuspended in 25 mMTris buffer (pH 7.4) contain-
ing 10 mMMgCl2, 10 Mg/ml bacitracin, and 0.2% BSA. The final
protein concentration ranged from 22 to 98 Mg! 100 Ml for aorta and
from 58 to 200 Mg/ 100 Ml for myometrium as determined by a modifi-
cation of the methods of Lowry et al. (28).

Radioligand binding studies. Radioligand receptor binding experi-
ments were performed at the same time on aorta and myometrium
obtained from each animal; all determinations were performed in du-
plicate. Receptor binding assays were performed with 100 Ml of fresh
membrane preparation in a total volume of 150 MA of the 25 mMTris
buffer with 0.2% BSA. Tyrosyl 1251I-[5-L-isoleucine]-ANG II ([125I]-
ANGII, 2,200 Ci/mmol; New England Nuclear, Boston, MA) was

added in concentrations from 0.3 to 0.4 nM. Unlabeled ANGII was

added in increasing concentrations ranging from 10 - to 10 -8 M, and
the binding characteristics were determined from analysis of the dis-
placement of labeled ligand. ANGII at I0O- Mconcentration was used
to determine nonspecific binding. In previous studies specific binding
of [ 125I ] -ANG II reached equilibrium by 60 min of incubation for aorta
( 12 ). Equilibrium was reached by 90 min for myometrium; therefore,
90-min incubations were used in all binding studies. Linearity of spe-
cific radioligand binding versus the amount of membrane protein incu-

bated has been confirmed previously for aorta ( 12) and also was con-

firmed for myometrium.

Competitive binding studies were performed with I0-II to 10-5 M
unlabeled ANGII, ANGIII, [Sar', Val5, Ala8]-ANG II, and 10-" to
I0-4 MANGI and arginine vasopressin (AVP; Sigma Chemical Co.,
St. Louis, MO.). All incubations were performed at 18'C and were
terminated by rapid addition of 4 ml of ice-cold 25 mMTris buffer with
0.2% BSA. Bound and free ligand were separated by filtration through
Whatman GF/C filters (Whatman International Ltd, Maidstone, UK)
under vacuum followed by three rinses of the filters with the buffer.
After the filters were dry, the radioactivity was measured using a scintil-
lation counter (Packard Instruments, Inc., Downers Grove, IL) with
71% efficiency. The density (B.) of smooth muscle receptors in fem-
tomoles per milligram of protein and the dissociation constants (Kd,
nM) were calculated from the specific binding data using a modifica-
tion of the computer program LIGAND (29) adapted for microcom-
puters by McPherson (Elsevier BIOSOFT, Cambridge, UK) (30).

Receptor subtype characterization. To determine the AT receptor
subtypes, competitive binding studies were performed with 10-` to
10 -s Munlabeled [ Sar', Ile8] -ANG II and the subtype-specific antago-
nists DuP753 (Losartan; The DuPont Merck Pharmaceutical Co., Wil-
mington, DE), PD123177 (Parke-Davis Pharmaceutical, Ann Arbor,
MI), and CGP42112A (Ciba-Geigy Ltd., Basel, Switzerland). Losar-
tan displaces the AT, receptor subtype and PD123177 and
CGP42112Aare specific for the AT2 receptor subtype. Specific binding
was calculated by subtracting nonspecific binding, measured in the
presence of I0-5 M [Sar', Ile8]-ANG II, from total ['251I]-ANG II
binding. The percentages of the two receptor subtypes were extrapo-
lated from the percentage of inhibition observed when the specific bind-
ing displacement curves were compared (31). Additional plasma
membrane preparations made from pregnant and postpartum myome-
trium were preincubated with 10 -6 MLosartan or either PD123177 or
CGP42112A, respectively. This concentration is sufficient to saturate
the respective subtype without affecting the alternate subtype. With the
predominant receptor subtype blocked, competitive binding studies
were performed to confirm the presence of the alternate population of
subtype. A further estimation of the percent concentration of receptor
subtypes was determined by subtracting the binding in the presence of
10-6 M concentration of the respective subtype-selective antagonist
from specific binding (32).

Force generation studies. Samples of myometrium obtained from
the dorsal area of one uterine horn from pregnant (n = 10, 85-140 d)
and postpartum (n = 16, 5-42 d after delivery) ewes were placed in
physiologic saline solution (PSS) containing (in mM): 120.5 NaCl, 4.8
KCl, 1.2 MgSO4, 1.2 NaH2PO4, 20.4 NaHCO3, 1.6 CaCI2, 10 dextrose,
and 1 pyruvate. The endometrium was removed, and myometrial
strips of -1 X 0.2 X 0.2 cmwere cut with a double-bladed cutting tool
in the longitudinal direction with respect to the long axis of the uterine
horn. Strips were tied at both ends with 4-0 silk; the bottom tie was
hooked to a stainless steel rod attached to a mechanical drive used to
adjust muscle length and the top to a model FT.03C force transducer
(Grass Instrument Co., Chauncey, MA). Force was recorded on a
Grass model 7D polygraph. The strips were suspended in a 25-ml jack-
eted organ bath maintained at 37°C. PSSwas bubbled with 95%02 and
5% CO2 to maintain a pH of 7.4. Strips were stretched to 70-80% of
optimal length according to previously determined length-force rela-
tions (33). Tissues were stimulated with 65 mMKCI (KCG isotonically
replaced NaCl in PSS) then washed with PSSand allowed to equilibrate
for 1 h or until regular spontaneous activity was observed. One strip
from each animal was used as a control; the remaining strips were
stimulated with increasing concentrations of ANG II (Ciba Geigy,
Summit, NJ) ranging from 10-1" to 10-6 M for 10 min and then
washed with PSS and allowed to reequilibrate for 20 min. The area
under the force trace for each concentration was measured for 10 min
before and 10 min after the application of each dose of ANGII using
the JAVA program (Jandel Scientific Computer Corp., Corte Madera,
CA). Force tracings obtained for 10 min before ANGII exposure were
used as the baseline activity. These values were subtracted from the
responses to each dose of ANGII over 10 min in order to determine the
actual effect of ANGII on integrated myometrial force generation ex-
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pressed as dynes per 10 min. In selected studies of myometrial strips
from pregnant and postpartum ewes 10-6 or lI0- MLosartan was
added to the tissue bathing solution before addition of I0-7 MANGII.
In other studies i0-5 MPD123 177 was added to baths of myometrial
strips from early and late postpartum ewes 30 min after the last ANGII
concentration response, measuring the response to a repeat dose of
l0-7 MANG11 4 min later. Forces were normalized to the maximum
contractile response obtained with a mixture of stimulating agents con-
taining 65 mMKCI, 5 mMCaC12, 100 EMcarbachol, and 1 mU/ml
oxytocin.

Statistical methods. Alterations in binding characteristics across
gestation and the puerperium for aortic smooth muscle and myome-
trium were compared using analysis of variance (ANOVA) followed by
Neuman-Keuls test for multiple comparisons. This was also used to
evaluate myometrial force generation in pregnant and postpartum tis-
sues. Welch's nonparametric analysis was used, when indicated, to
compare groups with small sample size. Matched data were compared
using Student's t test. Linear correlation analysis was used to evaluate
the relationships between B. and Kd and gestational/postpartum age.
In addition, an exponential relationship (y = eb+a ') between B.
and gestational/postpartum age was also examined using nonlinear
regression analysis. All data are presented as the mean± 1 SEM. Statisti-
cal significance was accepted at P < 0.05.

Results
Angiotensin II receptors. LIGAND analysis of the displacement
of ['25I]-ANG II by unlabeled ANGII demonstrated one-site
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Figure 1. Representative Scatchard plots of [ 125I ] -ANG II binding to
plasma membrane fractions prepared from (A) myometrium and
(B) aorta from pregnant and postpartum ewes. The ratio of bound to
free [ 125I]-ANG II is plotted as a function of specifically bound
[ '25I ] -ANG II. Each point was determined in duplicate.

Figure 2. Displacement curves for ['25I]-ANG II binding to plasma
membrane fractions prepared from ovine myometrium obtained
during (A) pregnancy and the (B) puerperium. Values are the mean
of three experiments with each peptide, each performed in duplicate.
Sar represents [Sar', Val5, Ala8]-ANG II.

models for both vascular (P < 0.05, r > 0.90) and myometrial
(P < 0.05, r > 0.95) receptors, each having a single class of
high-affinity saturable binding sites. Representative Scatchard
plots of specific binding data for membrane fractions prepared
from myometrium and aorta obtained from pregnant and
postpartum ewes are illustrated in Fig. 1. The slopes for preg-
nant and postpartum aorta are similar and comparable to that
generated for pregnant myometrium. In contrast, the slope rep-
resenting postpartum myometrium is significantly greater (P
< 0.03), reflecting a lower Kd.

Specific binding at Kd for vascular and myometrial AT re-
ceptors was generally > 75%and > 85%, respectively. The ma-
jority of nonspecific binding was accounted for by binding of
the radioligand to the GF/C filters. This was not altered by
prewetting the filters with albumin-containing buffer. Hill coef-
ficients ranged from 0.96 to 1.03 and from 0.78 to 1.32 for
vascular and myometrial preparations, respectively, indicating
that cooperativity was not involved in the binding of [1251I]
ANGII to the smooth muscle receptors (34).

The ability of several ANGII analogues and the unrelated
peptide hormone AVP to displace [1251]-ANG II binding to
plasma membrane fractions prepared from ovine myometrium
obtained during pregnancy and the postpartum period are seen
in Fig. 2. The orders of potency identified in myometrium
from pregnant and postpartum ewes were: ANGII 2 SAR
> ANGIII > ANGI and ANG11 ANGIII > SAR> ANGI,
respectively. AVPdid not displace [1251] -ANG II in either preg-
nant or postpartum myometrium except at concentrations
> 10-6 M (data not shown), likely representing nonspecific
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binding or contamination with ANGII analogues which have
not been identified. These findings are characteristic of binding
to AT receptors ( 14, 17, 18, 24). Data for aorta (not shown)
were similar to those previously reported ( 12).

When we examined total AT receptor binding density in
myometrium from nulliparous ewes, animals never having
been pregnant, values averaged 1486±167 fmol/mg protein
(Fig. 3). This is significantly greater (P < 0.001 ) than that seen
in myometrium obtained between 1 10 and 135 d of pregnancy,
during which time total binding density was unchanged and
averaged 130±16 fmol/mg protein (Fig. 3 A). After parturi-
tion, binding density increased gradually and tissues obtained
> 4 wk postpartum had an average binding density 14-fold
greater than that seen at 131-135 d of pregnancy ( 1,403±321
vs. 101 ± 13 fmol/mg protein, P < 0.001, respectively), but not
different from that observed in myometrium from nulliparous
ewes. The pattern of the rise in total myometrial receptor den-
sity after parturition is best described by an exponential rela-
tionship (P < 0.001, r = 0.78). In contrast, total AT receptor
binding density in pregnant and postpartum vascular smooth
muscle did not differ (Fig. 3 B). Although the vascular and
myometrial Bm, were similar during the last third of gestation
studied, after 4 wk postpartum values were greater in myome-
trium, P < 0.001.

The dissociation constant in myometrium from nullipa-
rous ewes averaged 2.77±0.58 nM, a value nearly half that seen
in myometrium obtained before 130 d of gestation (Fig. 4 A,
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Figure 3. Total angiotensin II receptor binding density (B.) during
ovine pregnancy and the puerperium in (A) myometrium and (B)
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4.90+0.57, P = 0.06. While myometrial AT receptor Ba,, was

unchanged during the last third of gestation, the binding affin-
ity increased nearly twofold during the last 2 wk of pregnancy

(Fig. 4 A), the Kd decreasing from 4.97±0.46 nMat 121-130 d
to 2.66±0.25 nMat 131-135 d (P < 0.05). Values in myome-
trium from postpartum animals were similar to that seen in the
last 2 wk of pregnancy and in nulliparous tissues, 2.75±0.44 vs.

2.77±0.58 nM, respectively. The fall in Kd correlated with ad-
vancing gestational and postpartum age (P < 0.05, r = -0.42).
As previously reported ( 12), aortic Kd was unchanged through-
out ovine pregnancy and the puerperium (Fig. 4 B), averaging
5.00±0.73 nM. Values for aortic smooth muscle Kd are signifi-
cantly greater (P < 0.001 ) than that for myometrium after 130
d of gestation and throughout the puerperium, averaging
2.72±0.32 nM.

AT receptor subtypes. To determine if the pregnancy-re-

lated alterations in myometrial binding characteristics reflect a

change in AT receptor subtype, we examined the inhibition of
[12511 -ANG II binding by subtype specific receptor antagonists
(Table I, Fig. 5). Experiments were performed in duplicate
with each antagonist at each time period studied. IC50 values
for [Sar', Ile8] -ANG II, which has equal affinity for both re-

ceptor subtypes (35), averaged 7.0±1.5 and 7.2±1.7 nM for
pregnant and postpartum myometrium, respectively. LIGAND
analysis of the displacement of [ 1251]-ANG II by [Sar', Ile'] -

ANGII was used to determine 100% binding of myometrial
AT receptor subtypes.
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Table I. Characterization of Myometrial Angiotensin Receptor
Subtypes before, during, and after Ovine Pregnancy as
Determined by Inhibition of['25I]-ANG II Binding with Receptor
Subtype-specific Antagonists

ICS0

Sar' Iles]-ANG II Losartan PD123177 CGP42112A

nm

Nulliparous 12.6±5.7 > 100,000 18.6±3.8 NA
(n = 2) (n = 2) (n = 2)

Pregnant
112-119 d 7.7±3.4 62±11 > 100,000 > 100,000

(n= 3) (n = 3) (n = 3) (n= 2)
2 130d 4.2±1.4 103±60 > 100,000 > 100,000

(n= 5) (n= 5) (n= 5) (n= 3)
Postpartum

5 d 11.0±2.4 99±57 7.6±6.9 220
(n = 2) (n = 2) (n = 2) (n = 1)

> 18d 5.4±1.2 > 100,000 15±1.5 4.0±3.9
(n= 3) (n = 3) (n= 3) (n= 3)

Values are means±SEM. NA, not available.

In myometrium obtained from nulliparous sheep, the AT1
receptor antagonist Losartan had minimal evidence of inhibi-
tion of [2"I J-ANG II binding, whereas the AT2 antagonist
PD123177 resulted in substantial displacement (Table I).
Thus, it was estimated that the AT2 receptors accounted for

- 85% of total receptor binding. During the last third of ovine
pregnancy, there was a reversal of myometrial receptor subtype
predominance. This was evidenced by the observation that the
AT, receptor antagonist Losartan (Fig. 5 A, Table I) now
caused substantial displacement of [ 1251 ]-ANG II binding and
accounted for - 80% of the receptor population. In contrast,
the AT2 receptor antagonists PD123177 and CGP42112A re-
sulted in minimal displacement. Soon after parturition, i.e.,
. 2 wk, the displacement of ['25I]-ANG II by AT1 and AT2
receptor antagonists was nearly equivalent, accounting for

- 40%and - 60%, respectively, of the receptors present (Fig.
5 B, Table I). After the 18th day postpartum (Fig. 5 C, Table
I), the pattern of binding inhibition had reversed, again mirror-
ing that seen in myometrium from nulliparous animals. The
AT2 receptor antagonists again displaced - 85% of (125IJ1
ANGII binding versus 15% for Losartan.

To demonstrate that the 15-20% of total receptor binding
sites resistant to either Losartan or PD123177 and CGP42112A
in myometrium from pregnant, late postpartum, and nullipa-
rous sheep was a subpopulation of the alternate receptor sub-
type, we blocked the predominant AT1 or AT2 receptor sub-
type in plasma membrane preparations of myometrium ob-
tained from nulliparous (n = 2), pregnant (n = 2; 127-139 d of
gestation), and postpartum (n = 3; 31 to > 38 d after delivery)
ewes by preincubation with Losartan or either PD123177 or
CGP42112A, respectively. Wewere then able to demonstrate
[251I]-ANG II displacement by the alternative receptor sub-
type-specific antagonist when the ICm in the absence of block-
ing exceeded 100,000 nM (Fig. 6). Thus, we estimated that
AT2 and AT, receptor subtypes represented 20% and 15% of
the total myometrial AT receptor population for pregnant and
late postpartum/nulliparous myometrium, respectively.

Force generation studies. ANGII caused a significant con-
centration-dependent increase in force generation by myome-
trial strips obtained from pregnant ewes (P < 0.001), values
increasing from 0.08±0.18 x 104 dyn/10 min with 10"1 M
ANGII to 5.1±0.9 x IO0 dyn/lO min with 10-6 MANGII
(Fig. 9 A). In contrast, there was only a modest rise in force
generated in myometrial strips from postpartum ewes at IO-7
and 10-6 (P = 0.002). Furthermore, the responses in strips
from pregnant and postpartum ewes differed significantly at all
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represent three experiments performed in duplicate.

doses 2 10-9 MANGII (P < 0.05). To determine if the AT,
subtype was responsible for the ANGII-induced contraction,
we added 10-6 MLosartan to the bath of myometrial strips
from pregnant and postpartum ewes 2 min before addition of
l0-7 MANGII. This decreased ANG TI-induced contractile
responses in myometrium from pregnant and postpartum ewes

by 43% and 65%, respectively. The addition of l0-5 MLosar-
tan inhibited ANGII-induced contractile responses in strips
from early and late postpartum animals 93%and 91%, respec-

tively. To determine if the increased density of AT2 subtype in
myometrium from postpartum sheep might contribute to the
diminished contractile response to ANGII seen in these tis-
sues, we examined responses in the presence and absence of an

AT2 antagonist. The addition of l0-7 MPD123177 to the
baths of myometrial strips from early and late postpartum ewes

4 min before the addition of 10-7 MANGII had no effect on

the ANGII-induced contractile responses.
Werecently observed that myometrial strips from late post-

partum ewes generate significantly less stress to a variety of
agonists than those from pregnant animals (33). To test the
hypothesis that the small contractile responses to ANGII by
strips from postpartum ewes resulted from a nonspecific de-
pression in stress-generating capacity, we compared the inte-
grated force responses to ANGII to those in response to a

mixture of stimulating agents that elicits maximal force. As

seen in Fig. 7 B, the curve depicting the normalized responses

for myometrium from postpartum ewes lies below that for
strips from pregnant animals. Whereas normalized responses

of myometrium from pregnant ewes remained dose-dependent
(P < 0.001), ANGII had no significant effect on the normal-
ized responses in myometrial strips from postpartum sheep (P
= 0.264). When we compared the normalized maximum re-

sponses, ANGII resulted in less force in strips from postpar-
tum vs. pregnant sheep, 0.33±0.04 vs. 0.55±0.07 (P < 0.05),
respectively.

Discussion

Regulation of smooth muscle AT receptor binding has not
been thoroughly studied during pregnancy, and apparent con-

tradictions exist in the literature. For example, downregulation
of smooth muscle AT receptors has been observed during preg-
nancy in rabbit mesenteric arteries (36) and myometrium
from the rat (25) and sheep (24), whereas binding density and
affinity of the AT receptor in bladder smooth muscle from
pregnant rats (8) and arteries from several vascular beds in
pregnant sheep (12) or rats (23) are unchanged. These incon-
sistencies suggest that AT receptor regulation during pregnancy

may differ among various types of smooth muscle or that re-

ported differences in receptor regulation reflect species specific-
ity. Weperformed binding studies in tissues obtained from
nulliparous, gravid, and postpartum ewes, comparing for the
first time the binding characteristics of the AT receptor in both
vascular and nonvascular smooth muscle, i.e., myometrium.
Wehave demonstrated that AT receptor regulation differs in
these two smooth muscles during pregnancy, and that this dif-
ference primarily reflects a decrease in expression of the myo-

metrial AT2 receptor subtype during pregnancy.

In nonpregnant adult animals the binding density of vascu-

lar and nonvascular (e.g., bladder and myometrium) smooth
muscle AT receptors is similarly affected by increases in circu-
lating levels of ANG II ( 14-20), yielding decreases in Bmax
without alterations in affinity. Similar changes in binding den-
sity have been assumed to occur during pregnancy because of
the elevated levels of ANGII normally found ( 1 ); however, AT
receptor binding characteristics in vascular and nonvascular
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smooth muscle have not been compared. Westudied AT re-
ceptor regulation in sheep since plasma ANGII levels increase
fourfold in pregnancy ( 1 1-13 ), and vascular AT receptor bind-
ing is modified by salt depletion (6) or administration of con-
verting enzyme inhibitors (37). In the present study total myo-
metrial AT receptor binding capacity decreased > 90%during
the last third of ovine gestation and increased progressively
after parturition, subsequently attaining values seen in tissues
from nulliparous animals. Siddiqi et al. (24) also observed
downregulation, but only compared "nonpregnant" with preg-
nant animals. The myometrial AT receptor, therefore, may be
responsive to changes in plasma ANGII. In contrast, ATrecep-
tor binding density in aortic smooth muscle was unchanged
during pregnancy, confirming recent observations in the ewe
( 12) and rat (23). Thus, in contrast to nonpregnant animals,
AT receptor regulation in these two tissues differs during ovine
pregnancy. Furthermore, these data and those from the gravid
rat (8, 25) clearly demonstrate that alterations in AT receptor
binding in nonvascular smooth muscle during pregnancy do
not necessarily reflect similar alterations in vascular smooth
muscle.

While we were unable to determine the precise time in preg-
nancy when the density of myometrial AT receptors decreases,
it must occur during the first two-thirds of gestation, during
which time dramatic changes take place in the endocrine
milieu, placentation, and uterine growth (38). The decrease in
Bmamphowever, is unlikely to reflect only uterine growth, since
an additional twofold increase in myometrial mass occurs dur-
ing the study period (38) and receptor density remains un-
changed over that time (Fig. 3). Alternatively, changes in the
endocrine milieu might account for the alterations in receptor
binding. Placental estrogen and progesterone production is
quite high (39) and both have been reported to affect AT recep-
tor density. Estrogen upregulates or maintains AT receptor
density in rat myometrium (26) and placenta (40) despite in-
creases in plasma ANGII, while progesterone downregulates
and/or inhibits the estrogenic effects (26, 40). Mineralocorti-
coids also are elevated in pregnancy ( 1, 41 ) and appear to up-
regulate the vascular AT receptor despite elevated circulating
levels of ANG11 (42, 43). These effects have not been exten-
sively studied in pregnancy. Furthermore, it is unclear why the
vascular and myometrial receptors do not change in parallel as
seen in nonpregnant adult animals ( 16-19). This may reflect
tissue specific regulatory mechanisms or differences in expo-
sure to these hormones. For example, estrogen is rapidly sulfo-
conjugated by the ovine placenta, thus little active hormone
reaches the peripheral circulation (44). Furthermore, proges-
terone production predominates until parturition (39). Thus,
peripheral vascular tissues may be exposed to relatively low
plasma levels of either steroid as compared to mineralocorti-
coids, whereas the myometrium is exposed predominantly to
locally produced progesterone, causing receptor downregula-
tion or inhibition of the estrogenic effects. This and the role of
mineralocorticoids require additional study.

Westudied myometrium from nulliparous and postpartum
ewes, representing two distinct nonpregnant states. Since total
myometrial AT receptor binding density dramatically fell dur-
ing pregnancy and increased during the puerperium, attaining
values seen in nulliparous myometrium by 4 wk, we wondered
if this reflected a change in receptor subtype. At least two AT
receptor subtypes have been identified (45, 46). The AT1 re-
ceptor is dithiothreitol sensitive and mediates smooth muscle

contraction through calcium mobilization and hydrolysis of
inositol phospholipids (45, 47-49). The AT2 receptor is insen-
sitive to dithiothreitol, and its second messenger as well as its
function are unclear. Our observation of a predominance of
AT2 receptors in myometrium from nulliparous and postpar-
tum ewes is consistent with observations in myometrium from
nonpregnant women and primates (35, 45), but differs from
the heterogeneous populations in the nonpregnant rat and rab-
bit uterus (46, 50). Our finding of predominantly AT1 recep-
tors in myometrium during pregnancy and the gradual reap-
pearance of AT2 receptors after parturition is novel. Further-
more, this is a reversible phenomenon associated with
pregnancy. It is notable that the fall in total myometrial AT
receptor binding density in pregnancy primarily reflects a de-
crease in AT2 receptor expression, which may explain the fall
in Bm. reported in the gravid rat uterus (25). It, however, does
not explain the rise in affinity during the final 2 wk of gestation,
an observation that may deserve further investigation.

A change in AT receptor subtype also occurs during fetal
and neonatal development (51, 52). Within 72 h after delivery
the AT2 receptor is no longer expressed in several tissues of the
neonatal rat (51). Reciprocal changes also occur in aortic
smooth muscle between birth and one month of age (52), i.e.,
the density of AT2 receptor falls as that of AT, rises. The uni-
queness of our observations is that we have described for the
first time a reversible change in subtype expression in an adult
mammal that is associated with a normal physiologic event,
namely pregnancy. Furthermore, whereas the predominant
maternal myometrial receptor subtype is AT1 during preg-
nancy, in fetal-neonatal studies AT2 was predominant in mes-
enchymal and vascular tissues in the fetus. These differences
may reflect different pregnancy-related factors influencing fetal
and maternal tissues, or alternatively, tissue specific responses
to a common factor, which is no longer present after parturi-
tion.

Although total myometrial AT receptor density decreases
> 90% during pregnancy and increases following parturition,
this does not accurately characterize the changes in density of
each receptor subtype. In nulliparous animals the myometrial
AT1 receptor accounts for - 15% of binding versus - 80% in
tissues from pregnant ewes (Fig. 8 A). Thus, the estimated
density of myometrial AT1 receptors is 223±25 and 110±13
fmol/mg of protein (Fig. 8 B), respectively, demonstrating a
51% fall in binding density in pregnancy (P < 0.001). The
decrease in AT2 receptor binding density is substantially
greater, reaching 98%. After parturition the relative amount of
AT2 receptor binding increases at 2 wk to - 60%as compared
to a decrease to - 40% for AT1 receptors (Fig. 8 A). It is nota-
ble that there is no change in AT, receptor density, but a five-
fold increase AT2 receptor density (Fig. 8 B). Thus, the upregu-
lation of these two receptors occurs at different times after deliv-
ery. Beyond 4 wk postpartum the density of myometrial AT1
and AT2 receptors does not differ from that in tissues from
nulliparous animals. Therefore, although there is evidence of
downregulation of both receptor subtypes in ovine pregnancy,
the magnitude is markedly different and the fall in AT2 recep-
tor binding primarily accounts for the decrease in total AT
receptor binding observed by us and others (24). What regu-
lates the specific expression of these receptor subtypes remains
to be determined.

Since AT, receptor density fell 50% during pregnancy and
remained depressed throughout the last third of gestation, one
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tors may exert an inhibitory effect on AT, function. Weob-

served that ANGII-induced force generation was AT, recep-
tor mediated, consistent with observations in rabbit myome-
trium (47), and that this was unaffected by an AT2 antagonist.
Bottari et al. (53) examined AT2 receptor function in rat adre-
nal glomerular and PC12W cells. They suggested that effects
mediated through the AT2 receptor reflect inhibition of particu-
late guanylate cyclase stimulation via enhanced phosphotyro-
sine phosphatase activity. This should have resulted in greater
contractile forces in postpartum myometrium and attenuation
of these responses in the presence of an AT2 receptor antago-
nist. Our studies, however, clearly demonstrate markedly re-
duced contractile responses in AT2 receptor abundant myome-
trium from postpartum ewes as compared to AT1 predomi-
nance in pregnancy. Moreover, responses were not attenuated
after adding an AT2 antagonist. Thus, the diminished contrac-
tile response to ANGII is not mediated via the AT2 receptor,
but rather may reflect altered coupling with second messenger
pathways that regulate the contractile proteins or changes in
the contractile proteins themselves (33, 54). Alternatively, this
change in AT2 receptor expression may relate to the uterine
remodeling that occurs during pregnancy and again after partu-
rition. This has not been examined to the best of our knowl-
edge.

In the present study we have demonstrated differential regu-
lation of total AT receptor binding in vascular and uterine
smooth muscle during ovine pregnancy. Wehave confirmed
our prior observations ( 12) that the vascular AT receptor is not
downregulated during ovine pregnancy; therefore, this cannot
account for the attenuated pressor responses normally seen in
pregnancy (5), a conclusion consistent with others (12, 23).
Importantly, we have demonstrated that the decrease in total
myometrial AT receptor Bmax seen in pregnant sheep primarily
reflects a decrease in expression of AT2 receptors and that this
is reversed soon after parturition. Finally, although there is an
association between the increase in AT2 receptor expression
and attenuation of AT, receptor-mediated contractile re-
sponses, we were unable to demonstrate a mechanism for this.
Thus, it remains to be determined what factor(s) regulate the
expression of myometrial AT2 receptors and what role this re-
ceptor plays in myometrial remodeling and/or function during
pregnancy and the puerperium.
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