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Abstract

Angiotensin (ANG) II is not only a potent vasoconstrictor
but may also be involved in the regeneration of new blood
vessels. In proliferative endometrium, ANG II-like immu-
noreactivity was detected in glandular epithelium and
stroma with negligible staining around the vascular endo-
thelium. In contrast, in secretory endometrium intense im-
munostaining was seen in the perivascular stromal cells
around the endometrial spiral arterioles with negligible
staining of the other cell types. Quantitative receptor autora-
diography using the nonselective radioligand [125I] -ANG II

and subtype selective competing compounds showed that
endometrium contained predominantly AT2 receptors, with
relatively low expression of AT1 receptors and a novel non-

AT,/non-AT2 angiotensin II recognition site that was insen-
sitive to AT1 or AT2 selective ligands. Levels of specific
['"I]-ANG II receptor binding displayed cyclic changes
during the menstrual cycle, reaching a maximum in early
secretory endometrium and then decreasing in mid to late
secretory endometrium to levels seen in early to mid prolif-
erative endometrium. In situ hybridization showed AT1 re-

ceptor mRNAexpression in the glands and in the endome-
trial blood vessels. The cyclic changes in ANG TI-like immu-
noreactivity together with expression of both the known and
the novel AT receptor subtypes imply that this octopeptide
may play a dual role both in the control of the uterine
vascular bed and also in the regeneration of the endome-
trium after endometrial shedding, acting as an angiogenic
and mitogenic mediator. (J. Clin. Invest. 1995. 96:848-857.)
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Introduction

Excessive menstrual bleeding (> 80 ml) can lead to iron defi-
ciency anemia and may necessitate hysterectomy. Menorrhagia
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can be the result of organic diseases such as polyps, fibroids,
pelvic pathology, or carcinoma, but in > 50% of cases there is
neither evidence of underlying pathology nor an imbalance of
the hypothalamic-pituitary-ovarian axis. There is increasing evi-
dence to suggest that the mechanisms controlling menstruation
and its disorders are regulated by local factors within the endo-
metrium itself (1).

The commencement of menstruation is characterized by in-
tense vasoconstriction of the spiral arterioles (2). After the
onset of menstrual bleeding, the upper functional layer of the
endometrium is shed, and cessation of bleeding is achieved by
vasoconstriction of the remaining basal arteriolar fragments and
not by the deposition of platelet-fibrin plugs (3). This vasocon-
striction is essential until blood loss is stemmed by the regenera-
tion of the vessels and surrounding tissues (4).

The precise nature of the endometrial vasoconstrictor has
not been established. Prostaglandin F2, and more recently endo-
thelins have been suggested as possible candidate endometrial
vasoconstrictors (5). However, prostaglandin F2< is usually a
relatively weak pressor agent (6). O'Reilly and co-workers (7)
reported that there were differences in the ratio of endothelin
receptors (ETA and ETB) receptor mRNAlevels in proliferative
and secretory endometrium using reverse transcription polymer-
ase chain reaction, but the functional relevance of these changes
remains unclear. Although the local factors controlling the uter-
ine vascular bed are poorly understood, it is increasingly clear
that they play an important role both in the mechanisms of
menstruation and in the preparation of a receptive endometrium
for the implantation of the developing embryo.

Historically, angiotensin II (ANG II)' has been associated
with the homeostatic regulation of fluid and electrolyte balance
and peripheral vascular resistance. More recent studies suggest
that it may act as an angiogenic growth factor involved in the
regeneration of new blood vessels (8-10). Administration of
ANGII to the rabbit cornea (9) or to chick embryo chorioallan-
tois membrane (10) induced pronounced neovascularization
and ANGII can be a direct stimulus for cell growth ( 11). As
nonpeptidergic ANG II receptor (AT) antagonists were not
effective in blocking the ANGII angiogenesis of pre- and post-
capillary vessels (10) definitive proof of this angiogenic effect
needs further investigation.

ANGII interacts with specific, high-affinity receptors on the
surface of target cells to exert its biological effects. Advances in
understanding the structure and function of AT receptors have
been facilitated by two recent findings. First, the development
of nonpeptide inhibitors of ANGII has clearly established that

1. Abbreviations used in this paper: ANGII, angiotensin II; AT, ANG
II receptor.
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there are at least two major classes of AT receptors referred to as
AT1 and AT2 ( 12). Experiments with the AT,-specific inhibitor
losartan (previously designated DuP753) indicate that this sub-
type is responsible for at least the vast majority of the hemody-
namic and cardiovascular effects of ANG11 (12). Second, sev-
eral groups have used molecular techniques to isolate cDNA
encoding AT, (13) and AT2 receptors (14). The ATI receptor
is sensitive to nanomolar concentrations of losartan (1,000-
fold selectivity over AT2 receptor) and is a Gprotein-coupled
receptor which activates a signal transduction mechanism in-
volving phosphoinositide hydrolysis and Ca2+ mobilization
(15). In contrast, the AT2 receptor is sensitive to nanomolar
concentrations of PD123177 (1,000-fold selectivity over AT,
receptor) and does not appear to be coupled to a transduction
system via a Gprotein but may promote cell growth (16). ANG
II may be a crucial local factor in the endometrium since intense
vasoconstriction of the spiral arterioles is a prerequisite for
normal menstruation and the microvascular system responds
with rapid capillary growth associated with endometrial regen-
eration after menstruation. Mapping of the tissue distribution
of AT receptors is therefore essential for a understanding of the
role of ANGH in this tissue.

Methods

Tissue collection
Endometrium was collected from womenundergoing dilatation and cu-
rettage for laporascopic sterilization. Tissues were obtained from 28
women for immunocytochemical studies, from 27 women for quantita-
tive receptor autoradiographic studies, and from 8 women for in situ
hybridization studies. Patients selected had no apparent endocrinological
problems and no local organic pathologies. All tissues were obtained
from 20-40-yr-old women with a history of regular menstrual cycles.
None of the patients has taken any hormonal medication for at least 3
mo before surgery. Specimens of endometrium were obtained from
proliferative and secretory phases of the cycle and the day of the cycle
was confirmed by independent histological assessment (17, 18). Ethical
committee approval was obtained from the South Birmingham Ethical
Committee.

The tissue was rinsed in sterile saline and immediately immersed in
10% formaldehyde and routinely processed for paraffin wax embedding.
Tissue was also rapidly frozen over dry-ice, wrapped in Parafilm to
prevent dehydration, and stored at -80'C until they were sectioned
for receptor autoradiographic or in situ hybridization studies. Frozen
endometrium and myometrial tissues were surrounded in embedding
medium (Tissue-Teck O.C.T. Compound; Agag Scientific, Stanstead,
Essex, United Kingdom) before 20-pm sections were cut using a cryo-
stat (-15 to - 19°C) and thaw mounted onto gelatin-coated glass slides
for receptor autoradiographic studies, and 10-,4m sections were cut and
thaw mounted onto poly-L-lysine (Sigma Chemical Co. Ltd., Poole,
United Kingdom) coated glass slides for in situ hybridization studies.
Sections were stored (< 2 wk) and desiccated at -80°C until used.

Immunocytochemistry
Serial 3-ttm sections of formalin-fixed, paraffin-embedded tissue were
used for immunohistochemistry as previously reported (19). Sections
were deparaffinized by incubation for 5 min with histoclear and hydrated
through methanol to water. Endogenous peroxidase activity was
quenched by 0.3% (vol/vol) hydrogen peroxide in methanol for 10
min. The primary antibody was a rabbit polyclonal antibody raised
against the human ANGII and was purchased from Peninsula Labora-
tories (Merseyside, United Kingdom). It is highly specific but cross-
reacts completely with human ANGIII and very slightly with angioten-
sin 1 (0.5%) and renin (1%). Nonimmune goat serum (10% in 0.01
mol/liter PBS, pH 7.2) was used as a dilution of the primary antibody

to reduce nonspecific binding. Amplification of the primary antibody
reaction was achieved using a goat anti-rabbit secondary antibody (di-
luted 1:200 in 0.01 mol/liter PBS, pH 7.2) for 30 min followed by a
complex of streptavidin and biotinylated peroxidase (both from Dako
Ltd., Bucks, United Kingdom). Finally, the binding was visualized by
the addition of 0.5 mg/ml diaminobenzidine (Sigma Chemical Co. Ltd.)
and 0.01% hydrogen peroxide in 0.01 mmol/liter PBS to the antigen-
antibody complex. Between each step the sections were washed in 3
x 200 ml of 0.1% (vol/vol) polyoxylene-10-oleoyl-ether in 0.01 mmol/
liter PBS, pH 7.2, over a period of 15 min. All incubations of antisera
were carried out at room temperature in a wet chamber mounted on a
rocking tray which ensures a movement of antiserum over the whole
section. The sections were counterstained with Mayer's hematoxylin,
dehydrated, and mounted.

To test the specificity of the immunocytochemical staining, the pri-
mary antibody was omitted from the sections or replaced with goat
nonimmune serum in control experiments. Controls were also performed
by preabsorbing the primary antibody with ANGII at a concentration
of 16.6 pl antibody/mg ANGII for 24 h at 40C. Finally, as ANGII is
known to be present in blood products and endometrial biopsies may
be contaminated by blood products as well as the procedure being
traumatic, endometrium was also obtained from hysterectomy specimens
as control.

Evaluation of immunostaining. An arbitrary four point scale was
used to grade the intensity and the proportion of positively stained cells.
A score of four indicated very intense staining of > 95% for stromal
cells, glandular epithelium, and blood vessels compared with a score of
zero which indicates an absence of staining. A score of one to three
indicated occasional, very weak, and moderate intensity of staining,
respectively. Both the immunohistochemistry and the scoring of posi-
tively stained cells were performed by a single individual without prior
knowledge of the phase of the menstrual cycle.

[J25I]-ANG II autoradiography
Three endometrial sections were mounted on the same slide from each
patient sample. Slide-mounted human endometrial sections were re-
moved from storage and allowed - 30 min to equilibrate to room tem-
perature. To reduce endogenous levels of ANG II in the tissue, the
sections were preincubated for 60 min in incubation buffer (mM):
sodium chloride, 150; sodium dihydrogen phosphate, 50; magnesium
chloride, 10; ethyleneglycol-bis-(,l-amino-ethyl ether)NN'-tetra-acetic
acid, 5; and 0.4% wt/vol bovine serum albumin, pH 7.4) at 25°C. The
slides were then incubated in incubation buffer which contained 0.1 nM
Iodotyrosyl '5I- [5-L-isoleucine] -ANG H (I251-ANG II, 2000 Ci/mmol;
Amersham International, Bucks, United Kingdom) in the absence (total
binding) or presence of competing compound (either 1.0 /iM unlabeled
ANGII, 1.0 jtM DuP753, 1.0 HIM PD123177, or 1.0 HtM DuP753 plus
1.0 ILM PD123177) for 60 min at 25°C. Immediately after incubation,
the tissue sections were washed in ice-cold incubation buffer for 2 min
and dipped (1 s) in ice-cold distilled water to remove buffer salts. The
sections were rapidly dried in a stream of cold dry air and exposed to
Hyperfilm- [3H] (Amersham International) in x-ray cassettes together
with ['25I]standards (Amersham International) for 40 d. Autoradio-
graphic films were developed in Kodak LX 24 developer (5 min) and
Kodak Unifix (5 min).

Evaluation of autoradiography. After the development of autoradio-
graphic film, the silver grain density was assessed using image analysis
(MCID; Imaging Research Inc., St. Catherines, Ontario, Canada) from
the three sections on each slide and a mean value was generated which
represented n = 1. The film was quantified by reference to ['25I] -
standards (femtomoles per milligram of tissue equivalent values for
intact grey matter; Amersham International). Unpaired Student's t test
or ANOVAtest followed by Dunnett's test, where appropriate, was
applied to compare the changes in the mean values of silver grain density
at different stages of cycle in the groups.

In situ hybridization
A 45-bp-long synthetic oligonucleotide probe complementary to the
bases 1821-1866 of the rat AT type IA (ATIA) receptor was synthe-
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sized and used to locate the mRNAthat encode the receptor protein
(20). This region of the ATIA gene was chosen because it was found
to be divergent from other homologous genes. It was found to be mis-
matched by three base pairs to the corresponding human AT I gene (21 ).
The incubation conditions and washing temperatures were adjusted ac-
cordingly. The oligoprobe was end labeled with ["5S-dATP] by terminal
transferase using a commercially available kit (both from Du Pont,
Stevenage, United Kingdom). The specificity of the oligonucleotides
was checked by ensuring that the probe hybridized to the correct tran-
script in poly(A)+ RNA isolated from the endometrium under study
on a Northern blot.

In situ hybridization was performed as previously reported (22).
Endometrial and myometrial sections were prepared on poly-L-lysine-
coated slides and fixed in 4% paraformaldehyde in PBS (pH 7.4) for
5 min, acetylated in 0.1 Mtriethanolamine (TEA), pH 8.0, with acetic
anhydride (0.25% wt/vol) for 10 min. Slides were dehydrated through
an ascending graded series of alcohol (70, 80, 95, and 100% vol/vol)
followed by incubation in chloroform for 5 min. The sections were then
partially rehydrated sequentially in 100% (vol/vol) and 95% (vol/vol)
ethanol and air dried. As a control for nonspecific binding, before fixa-
tion, some sections were treated with 100 jig/ml of RNAse A (Sigma
Chemical Co. Ltd.) for 1 h at 370C.

After acetylation, the air-dried slides were hybridized in a moist
chamber under coverslips in the hybridization buffer containing for-
mamide (50% vol/vol), 3 MNaCl, 0.3 M sodium citrate, 0 1 mM
EDTA, dextran sulfate (10% wt/vol), 0.5 ml Denhardt's reagent, 100
jig/ml of salmon sperm DNA, 100 jug/ml of yeast transfer RNA, 100
jig/ml of polyadenylic acid A, and 1 X 106 cpm/ml of 35S-labeled
antisense oligoprobe. Hybridization was carried out at 27°C for 16 h.
Control hybridization was performed using radiolabeled antisense oligo-
probe in the presence of 100-fold excess of unlabeled antisense strand.
After hybridization, the coverslips were removed and the slides were
then washed four times in 1 x SSC for 25 min at a wash temperature
of 56.5°C. The slides were then further washed twice in 1 x SSC at
room temperature and air dried. Autoradiography was carried out by
coating the slides in Ilford KS emulsion (Ilford Ltd., Cheshire, United
Kingdom) at 4°C for 5 wk. The sections were then stained lightly with
0.1% cresyl violet and mounted.

Results

Immunocytochemical localization of ANGII
ANGII-like immunoreactivity was detected in endometrium
through the menstrual cycle. There was a marked difference in
the pattern of staining between different phases of the menstrual
cycle. The positive control of rat adrenal sections showed in-
tense positive staining. Staining was localized in the glandular
epithelium and the stroma in the proliferative phase of the men-
strual cycle, with negligible staining around the vascular endo-
thelium (Fig. 1, A and B). In contrast, the staining intensified
around the blood vessels of the endometrium in the secretory
phase (Fig. 1, C-F). The cyclic changes in the pattern of
staining in the stroma, glands, and blood vessels through the
menstrual cycle are graphically illustrated according to an arbi-
trary grading system (Fig. 2). No difference in the staining
pattern was seen in sections of endometrium obtained by D &
C or hysterectomy. No specific staining was seen when preim-
mune serum was substituted and staining was attenuated in
control sections in which primary antibody was preincubated
with the peptide.

During the early proliferative phase, heterogeneous staining
was found in the stroma and the glandular epithelium and the
degree of staining varied from very weak to intense. Some of
the stromal and glandular cells showed the intense typical brown
granular cytoplasmic staining and no staining was seen around

the endometrial blood vessels (Fig. 1, A and B). In the mid
proliferative phase, the immunoreactivity was noted in some of
the cells in the stroma and in the glandular epithelium. These
cell types showed relatively weak to moderate staining during
the mid proliferative phase and the intensity of staining appeared
to decrease compared with the earlier phase of the cycle. Again,
no positive staining was seen around the endometrial blood
vessels. During the late proliferative phase negligible immuno-
reactivity to ANGII was observed in the stroma, the glands,
and the blood vessels.

In contrast, positive staining was localized around the endo-
metrial spiral arterioles during early secretory phase with negli-
gible staining in glandular epithelium and stroma (Fig. 1, C
and D). There was an increase in the intensity of staining which
was diffused around endometrial blood vessels during the mid
secretory phase with minimal or entirely absent staining in the
stroma. Moderate staining in the glands was observed in some
cases. During the late secretory phase the intensity of staining
was visually enhanced and localized in the perivascular stromal
cells around the endometrial blood vessels (Fig. 1, E and F).
The glandular epithelium showed weak staining and the stroma
appeared relatively negative to the primary antibody in the late
secretory phase of the cycle (Fig. 1, E and F).

[125sI]ANG II autoradiography
Levels of AT receptor subtypes in 27 endometrial specimen
from women (mean age 35.3 yr, range 18-39 yr) with normal
cyclic menstruation were quantified as described in Methods.
Of the 27 endometrial specimens, histological assessment of
the specimens resulted in the following classifications: 1 was
early proliferative, 4 were mid proliferative, 7 were late prolifer-
ative, 3 were early secretory, 6 were mid secretory, and 6 were
late secretory.

Adjacent sections incubated with [1251]-ANG II labeled a
saturable binding site in human endometrial-myometrial sec-
tions (Fig. 3). Specific binding (defined by the inclusion of
unlabeled ANG II, 1.0 jiM) was mainly associated with the
AT2 receptor since it was sensitive to the inclusion of PD123 177
(Fig. 3 C). Within the endometrium, the AT2 receptor specific
ligand competed for mean ( ±SEM) 65 ±4.3% of the total bind-
ing. In contrast, the specific losartan-sensitive binding repre-
sented only 19+4.7% of the total binding. In addition to losart-
an- and PD123177-sensitive specific [1251] -ANG II, an addi-
tional specific site was consistently detected that was insensitive
to both losartan (1 jIM) and PD 123177 (1 jiM) (Fig. 3 D)
but sensitive to 1 1LM unlabeled ANGII (Fig. 3 E). This novel
high-affinity AT recognition site represented 16±3.6% of
specific binding of the total binding.

AT receptor binding levels. The mean (±SEM) levels of
specific [1251]AT receptor binding for AT1 and AT2 receptors
showed cyclic variation. Although they paralleled each other,
the levels of AT2 receptor were significantly higher than AT,
receptor throughout the cycle. The mean levels of AT, and
AT2 receptor specific binding increased from the early and mid
proliferative endometrium to the late proliferative endometrium
(Fig. 4, A and B). Both, AT1 and AT2 receptor levels were
maximal in the early secretory endometrium and then decreased
in the mid and late secretory endometrium. The mean levels of
AT1 receptor specific binding in the early secretory phase was
0.182±0.040 fmol/mg tissue equivalent and this was signifi-
cantly higher than those in the mid proliferative (0.034±0.021
fmol/mg tissue equivalent; P < 0.05) or mid secretory
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Figure 1. ANG11-like immunoreactivity in endometrium. Serial sections of endometrium from early proliferative (A and B), early secretory (C
and D), and late secretory (E and F) phases were incubated with primary antibody (A, C, and E) or with nonimmune serum (B, D, and F).
Staining is seen in the glands (G) and stromal cells and no staining is observed around the blood vessels (BV) as indicated by the arrows. Bar,
40 J.m..

(0.048±0.022 fmol/mg tissue equivalent; P < 0.05) and late
secretory endometrium (0.051±0.020 fmol/mg tissue equiva-
lent; P < 0.05). Similarly, the mean levels of AT2 receptor
specific binding in the early secretory endometrium was
0.421±0.053 fmol/mg tissue equivalent and this too was

significantly higher than those in the mid proliferative
(0.099±0.032 fmol/mg tissue equivalent; P < 0.01) or mid
secretory (0.062±0.024 fmol/mg tissue equivalent; P < 0.001)
and late secretory endometrium (0.115±0.079 fmol/mg tissue
equivalent; P < 0.05). There were no significant differences
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Figure 2. Graphical representation of the cyclic changes in the cellular
distribution of immunostaining during the menstrual cycles. Immuno-
histological staining scores in the stroma (A), the glands (B), and
around the vessels (C) in individual samples (solid circles) of the
endometrium during the menstrual cycles. The degree of change in
intensity and numbers of cells staining were graded according to an

arbitrary four point scale. A score of four indicates intense staining of
> 95% of the glands, stroma cells, and vessels compared with a score

of one which indicates occasional or very weak staining, and score of
zero means negative. EP, early proliferative; MP, mid proliferative;
LP, late proliferative; ES, early secretory; MS, mid secretory; LS, late
secretory.

in the levels of ATI and AT2 receptor specific binding between
the late proliferative and early secretory endometrium. The lev-
els of non-ATI/non-AT2 receptor specific binding in endome-
trium were very low throughout the menstrual cycle and did
not change significantly during the menstrual cycle (Fig. 4 C).

In situ hybridization for AT, mRNA
In situ hybridization was performed to identify the site of ex-

pression of AT, receptor mRNAin endometrium. In the prolif-
erative endometrium, the level of the hybridization signal was

distributed over both the glandular epithelium and stroma (Fig.
5, A and B). The intensity of hybridization decreased in the
stromal cells in the secretory endometrium (Fig. 5, C and D),
however AT1 receptor mRNAsignal was maintained in the
endometrial glands (Fig. 5, C and D). Endometrial blood ves-

sels showed intense expression for AT1 receptor mRNAand in
situ hybridization signals were higher around the blood vessels

Figure 3. Autoradiograms of the distribution of [125I]-ANG II binding
to adjacent sections of the human endometrium. Dark regions indicate
high densities of labeled receptors. A, total binding; B, binding in the
presence of the AT, receptor selective ligand DuP753 (1.0 MM); C,
binding in the presence of the AT2 receptor selective ligand PD123177
(1.0 IsM); D, binding in the presence of DuP753 (1.0 jM) plus
PD123177 (1.0 sM); E, binding in the presence of unlabeled ANGII

(1 sM). Nota bene: the difference in density between A and B represents
AT1 receptor specific binding; difference in density between A and C
represents AT2 receptor specific binding; difference between A and D
represents specific AT, plus AT2 receptor density, and the difference
between Dand E represents the non-ATI/non-AT2 novel AT recognition
site. Bar, 30 mm.

compared with the surrounding tissue. The signal was expressed
in the arteriolar smooth muscle, which is not surprising as vas-

cular smooth muscle is a critical target organ for ANGII. There
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Figure 4. The levels of specific [125I] -ANG H binding sites in endome-
trium throughout the menstrual cycles. Data represent the mean (±SEM)
of AT, (A), AT2 (B), and non-AT1/non-AT2 (C) specific binding in
endometrial specimens from women with normal menstrual cycles. Sig-
nificantly higher levels of AT1 and AT2 specific binding in the early
secretory phase endometrium were detected compared with those in the
endometria of the mid proliferative, mid secretory, and late secretory
phase. There was no significant difference in the AT1 or AT2 specific
binding levels between the early secretory and late proliferative. EP, early
proliferative; MP, mid proliferative; LP, late proliferative; ES, early se-

_ _ _ ~~~~~cretory; MS, mid secretory; LS, late secretory. * P < 0.05; * *P < 0.0 1;
LP ES MS LS * * *P < 0.001 (one-way ANOVAfollowed by Dunnett's t test, compared
n=7 n=3 n=6 nf=6 with the level in the early secretory endometrium).

was negligible hybridization signal in RNAse pretreated sec-

tions (Fig. 5, E and F). The specificity of the signal was further
confirmed by incubating labeled probe along with 100-fold ex-

cess of unlabeled probe, which demonstrated that the hybridiza-
tion signal was significantly lower compared with hybridization
induced by the labeled probe alone (Fig. 5, Gand H). Intense
hybridization signal was seen in the basalis region of the endo-
metrium (Fig. 6, A and C) in and around the blood vessels.
Low levels of expression of AT1 receptor mRNAwere also
seen in the myometrium with strong hybridization signal in
isolated cells (Fig. 6, B and D).

Discussion

There is increasing evidence in many tissues, including human
ovaries (23) and human endometrium (24), to suggest the exis-
tence of locally active tissue renin-angiotensin systems (25).
A recent study showed that the stromal cells of human endome-
trium are capable of synthesizing a renin-like substance. Renin
production was significantly increased by progesterone and the
maximum potential to produce the angiotensin coincided with
the triggering events of menstruation (24, 26), indicating a

potential function in the control of menstruation. The present
study clearly demonstrates that ANGII-like immunoreactivity
in human endometrium undergoes cyclic changes throughout
the menstrual cycle. Although immunocytochemical technique
is not able to differentiate between the sites of synthesis of ANG
II and ANGH bound to its receptors, the intense cytoplasmic
immunostaining suggests that the immunoreactivity is largely
due to endogenous levels of ANGH within the cells. Support
for local renin-angiotensin system is also provided by the find-
ings of Raju and Lee (27) showing the presence of immunoreac-

tive renin in endometrial cells, the enzyme responsible for the
conversion of ANGto ANGI. However, immunostaining due
to ANGII bound to receptors cannot be ruled out.

In this study, staining was localized in the glandular epithe-
lium and the stroma in the proliferative phase of the menstrual
cycle, with negligible staining around the vascular endothelium.
In contrast, the staining intensified around the blood vessels of
the endometrium in the secretory phase. These findings are

in contrast to the results of Raju and Lee (27) who showed
immunocytochemical localization of renin in the stroma and the
glands of some of the sections of proliferative endometrium but
no staining in secretory endometrium; the negative reactivity in
these sections may relate to loss of antigenicity due to formalin
fixation. This is supported by our preliminary results using fro-
zen sections which show that renin immunoreactive protein is
present in both proliferative and secretory endometrium (our
unpublished data).

The cyclic changes in ANG11-like immunoreactivity imply
that this octapeptide may play a dual role in the endometrium:
(a) as a controller of the uterine vascular bed and (b) as an

angiogenic and mitogenic mediator in the regeneration of the
endometrium after endometrial shedding. During the early to
mid proliferative phase when the endometrium undergoes rapid
cell division, angiotensin-like immunoreactivity was confined
to the stroma and the glandular epithelium. The stroma and the
glandular epithelium showed typical brown granular cyto-
plasmic staining while there was no staining around the blood
vessels. In addition, in situ hybridization studies revealed that
AT1 receptor mRNAwas highly expressed both in the glands
and stromal cells in proliferative endometrium, while hybridiza-
tion signal were relatively weak in the stroma of secretory endo-
metrium.
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Figure 5. In situ localization of AT, receptor mRNAexpression in human endometrium. Bright-field (A, C, E, and G) and dark-field (B, D, F,
and H) photomicrographs of sections of endometrium after in situ hybridization with 35S-labeled oligonucleotide directed against AT, in proliferative
endometrium (A and B) and secretory endometrium (C and D). The high level of AT, mRNAexpression is seen around the glandular epithelium
(G) and the endometrial blood vessels (BV). E and F indicate RNAse-treated serial section showing no hybridization while Gand Hshow significant
reduction in hybridization signal after incubation of labeled probe along with 100-fold excess of unlabeled probe. Bar, 150 am.

As there is rapid capillary growth associated with endome-
trial regeneration after menstruation, it is possible that ANGII
may modulate cell growth and neovascularization directly or

through the expression of other growth factors or protoonco-
genes. ANGII was reported to stimulate basic fibroblast growth
factor expression in bovine luteal cells (28) which stimulates
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Figure 6. In situ localization of AT1 receptor mRNAexpression in myometrium. A shows a bright-field view of an endometrial-myometrial section
at the endometrial-myometrial junction hybridized with oligonucleotide directed against AT1; C shows a dark-field view of the same section; B
and D show bright-field view of myometrial section. Arrows indicate blood vessels at the endometrial-myometrial junction (A) and the intense
hybridization of isolated cells (B and D) within the myometrium. Bar, 150 Am.

endothelial cell proliferation (29). Also, ANGH has been
shown to stimulate the expression of platelet-derived growth
factor (30) as well as growth-related oncogenes in cultured
smooth muscle cells (31). ANGH-stimulated 42-44-kD tyro-
sine-phosphorylated proteins such as the mitogen-activated pro-
tein kinase in rat aortic smooth muscle cells (32) suggest that
ANGH may be involved in cell proliferation as this enzyme
family has been shown to play a pivotal role in the regulation
of cell division (33, 34).

As ANGH is a potent vasoconstrictor, the very intense
staining seen around the endometrial blood Yessels in the late
luteal phase suggests its possible role in the initiation of men-
struation by the vasoconstriction of the spiral arteriole before
menstruation. Although > 60% of specific ["2I] -ANG II bind-
ing was associated with the AT2 receptor, 20% was due to
AT, receptor. Using in situ hybridization studies, the expression
of AT1 receptor mRNAin secretory endometrium was demon-
strated in the endometrial glands and in the endometrial blood
vessels. Strong hybridization signal for AT1 receptor mRNA
was also seen in and around the blood vessels at the endome-
trial-myometrial junction in late secretory endometrium, which
suggests that ANGH may contribute to the vasoconstriction of
the spiral arterioles. A similar result demonstrating binding sites
for iodinated endothelins was reported in human uterus (35),

however, the effect of endothelins on uterine blood vessels is
not known. On the other hand, ANGH was reported to induce
a dose-dependent contraction of human uterine artery (36). The
apparent lack of autoradiographic sensitivity in detecting AT1
receptor may be due to lack of translation of the AT1 receptor
mRNAto receptor protein. More likely, it is due to the relatively
low density of AT1 receptors in the endometrium. Someautora-
diographic studies have failed to demonstrate ANGH binding
to preglomerular vessels in rat, rabbit, and human kidney (37)
while others have reported that there is a predominance of AT1
receptors in preglomerular vessels (38).

The function of AT receptor subtypes in the uterus is not
yet established and the demonstration of specific sites does not
necessarily imply a physiological role. As mentioned earlier,
ANGH induced a dose-dependent contraction of human uterine
artery (36), however, the study did not look at the receptor
subtype involved. The expression of AT1 receptor mRNAin
vascular smooth muscle would be consistent with a vasocon-
strictor role which has been demonstrated in the feto-placental
circulation (39), and in the ovine fetus infusion of ANGII
markedly reduces feto-placental perfusion and causes a redistri-
bution of blood flow to the heart and brain at the expense of
renal, hepatic, and gut perfusion (40). In women, most of the
functional endometrium is shed within 20 h of the onset of
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menstrual bleeding and hemostasis is achieved by vasoconstric-
tion of the remaining basal arteriolar fragments (3). Although
prostaglandin F2 and endothelins have been suggested as puta-
tive endometrial vasoconstrictor candidates (5), neither pressor
agent displays the cyclic changes in peptide or receptor to be
a possible candidate for a "dual role peptide" as proposed by
this study for the actions of ANGII in human endometrium.
The expression of AT1 receptor mRNAaround the blood vessels
and the intense localization of ANGTI-like immunoreactivity
in the perivascular stromal cells around the blood vessels in
late secretory endometrium supports a role of ANGII in provid-
ing the pressor mechanism to initiate menstruation and in the
control of bleeding from the basal arteries.

The presence of clusters of cells (possibly inflammatory
cells) among the myometrial cells, with substantially higher
signal for AT, receptor mRNAthan the surrounding cellular
elements, is of some interest. A recent study reported a similar
expression of insulin-like growth factor and its receptors in
endometrium (41 ) and suggest that these cells are inflammatory
cells, possibly monocytes and macrophages. Although the role
of macrophages in uterine tissue has not yet been determined,
it is known that cocultures of endometrial stromal cells and
macrophages stimulate stromal cell growth under serum-free
conditions (41 ).

In addition to the control of vascular tone, the degree of
menstrual bleeding is determined by endometrial regeneration
which is essential in the preparation of a receptive endometrium
for the implantation of a developing embryo. The factors con-
trolling this regeneration of the endometrium are poorly under-
stood. The AT2 receptors may promote cell growth ( 16) and are
highly expressed in human endometrium. Increasing evidence
indicates that estrogen-stimulated endometrial growth is medi-
ated by locally produced growth factors (42). Increase in the
intensity of specific [1251I]AT receptor binding from early and
mid proliferative to late proliferative and reaching maximal
levels in the early secretory endometrium implies that the AT
receptors may be upregulated by estrogen in the first half of the
menstrual cycle. The decrease in the specific [1251I] AT receptor
binding in mid and late secretory endometrium from the levels
in early secretory endometrium suggests that progesterone may
be antagonizing the effects of estrogen. The functional signifi-
cance of the high levels of specific [1251]AT receptor binding
during the late proliferative and early secretory endometrium is
not known, but may relate to the preparation of endometrium
for implantation.

In addition to losartan- and PD123177-sensitive specific
[1251] -AT receptors, an additional high-affinity binding site was
consistently detected that was insensitive to both losartan and
PD 123177 but was displaced with low concentration of unla-
beled ANGII. This novel high-affinity AT recognition site rep-
resented - 16% of specific total binding but its potential func-
tion and pharmacology remain to be elucidated. It was recently
proposed that the angiogenic action of ANGII may be mediated
via an unknown AT receptor subtype ( 10). This non-AT1 /non-
AT2 binding site in the endometrium may relate to the fact that
the endometrium undergoes extensive cyclic angiogenesis and
warrants further investigation.
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