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Summary-In human endometria, a membrane-bound adenylate cyclase is present, which is recovered in 
high yield in a low-speed particulate fraction. Neither the specific activity of the enzyme nor the response 
to modifiers that act through the regulatory subunit of the complex, are modified during the proliferative 
or secretory phase of the cycle. Surprisingly, we found that in vitro treatment of secretory endometrial 
membranes with 17/I-estradiol stimulates 3- to 4-fold the activity of adenylate cyclase. However this 
response does not occur on proliferative membranes. The activation by estradiol is independent of the 
presence of guanylylimidodiphosphate and is additive to that of the nucleotide. Possibly, as the 
consequence of the phenomenon, the concentration of cyclic AMP is significantly higher in curretage 
samples obtained from patients during the secretory rather than in the proliferative phase of the cycle. 
To our knowledge this is the first evidence of a target-cell membrane-directed effect of sex steroids in 
humans. 

INTRODUCTION 

The action of steroid hormones on target cells de- 
pends on the interaction of the hormones with cyto- 
plasmic receptor proteins. The hormone-receptor 
complex which is formed, is further processed and 
transferred to the nucleus where it triggers the syn- 
thesis of specific proteins [l-3]. This model is based 
on a large body of evidence and is believed to be valid 
in all systems studied until now. Exceptions are 
represented by oocytes of Xenopus laevis which are 
known to undergo the second meiotic division under 
the influence of progesterone. In this system, the 
hormone acts directly at the membrane level through 
an inhibition of adenylate cyclase [4-61. The resulting 
decrease of intracellular CAMP is apparently the 
direct stimulus for the maturation of the oocyte [5]. In 
addition, reports have appeared that demonstrate the 
ability of steroid hormones, acting at the plasma 
membrane level, to influence adenylate cyclase, or to 
increase the cyclic nucleotide content of target 
cells [7-lo]. This event would be of interest because of 
the suggested role of cyclic nucleotides as mediators 
of growth promoting stimula [l 11. 

In the light of these findings we investigated the 
properties of adenylate cyclase in human endo- 
metrium, a typical target tissue of sex steroid hor- 
mones. The present report suggests that estrogens 
directly affect this enzymatic system, selectively, in 
particulate fractions prepared from secretory endo- 
metria. 

‘Correspondence to: Professor C. M. Bergamini, lstituto di 
Chimica Biologica, Universita di Ferrara, Via Borsari 
46, 44100 Ferrara, Italy. 

EXPERIMENTAL 

Materials 

Buffers, theophylline, hormones, sodium fluoride, 
enzyme substrates and creatine phosphokinase were 
obtained from Sigma (St Louis, MO). Enzyme-grade 
sucrose was purchased from B.D.H. (Poole, Eng- 
land). Other chemicals were obtained through Merck 
(Darmstadt, F.R.G). Cyclic AMP was measured via 
radiommunoassay using an 13’1 antibody-based kit 
from New England Nuclear (Boston, MA.). 

Tissue collection 

Samples of human endometria (100-300 mg each) 
were obtained by diagnostic curretage and classified 
into proliferative or secretory. The dating was per- 
formed by histological examination [ 121 and 
confirmed by determination of the serum concen- 
tration of estradiol and progesterone by radio- 
immunoassay with the use of kits by Radioisotope 
Service (Wiirenlingen, Switzerland) and by Diagnos- 
tic Products Corporation (Los Angeles, CA), re- 
spectively. Immediately upon scraping, tissues were 

immersed in liquid nitrogen and stored at -50°C 
until the time of assay, which was performed within 
3 weeks. 

Homogenization and isolation of membrane enriched 

fractions 

Homogenates of single tissue samples were pre- 
pared in 5 vol (v/w) of 0.25 Sucrose, 25 mM KCl, and 
5 mM MgCl, in 50 mM Tris-HCl buffer at pH 7.4. 

The particulate fraction was collected by sedimen- 
tation at 600~ per 10 min and washed again in the 
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same conditions. The final precipitate was re- 
suspended with homogenization buffer in 10 times the 
original weight of the tissue to give an approximate 
protein concentration of l-2.5 mg/ml. 

Adenylate cyclase assay 

Adenylate cyclase activity was assayed in a final 
volume of 370 ~1. The reaction mixture contained 

(final concentration) 2 mM ATP, 2 mM creatine 
phosphate, 6 mM theophilhne, 3 mM MgCI,, 10 mM 
NaCl, 100-200 ng of membrane proteins and 40 pg 
of creatine kinase in 50 mM Tris-HCI, pH 7.4, along 
with the additions (Gpp(NH)p, NaF, hormones) 
detailed in the single experiments. 

Steroid hormones were added from stock solutions 
in ethanol, taking care to always keep the final 
ethanol concentration lower than 0.1% (v/v). The 
reaction was started by addition of ATP and was run 
at 30°C for 20min. The reaction was stopped by 
boiling and the samples were treated as described in 
[13]. Briefly the reaction mixture was frozen and 
thawed after addition of 1.5 ml of distilled water. 
After centrifugation to remove denaturated proteins, 
the cyclic AMP produced was measured by RIA on 
a 100~1 aliquot. 

Recovery of CAMP was checked to be greater than 
95%. Results are presented as pmoles of CAMP 
produced/min/mg of membrane protein. 

Measurement of tissue content of CAMP 

For measurement of the tissular concentration 
of CAMP proliferative and secretory endometria 
were homogenized in 2.0ml of ice-cold 10% (w/v) 
TCA with a mechanically driven Teflon-glass 
Potter-Elvehjem apparatus. After removal of dena- 
turated proteins by centrifugations, the supernatant 
was neutralized with solid CaCO, [14] and used for 
the radioimmunological determination of CAMP. 
Results are referred to the protein content of the 
sample. 

Protein assay 

The concentration of protein in the membrane 
suspensions and the TCA treated pellet of the extrac- 
ted tissues was measured by the method of Lowry 
et al. [15], with bovine serum albumin as reference 
protein. 

Statistical analysis was performed by Wilcoxon test 
for unpaired and paired observations. 

RESULTS 

Identfication and subcellular distribution qf adenylate 
cyclase 

When incubated with ATP and an ATP- 
regenerating system (creatine phosphate plus creatine 
phosphokinase) sample of homogenates from human 
endometria were found to catalyze the synthesis of 
CAMP. The reaction is catalyzed by a membrane- 
bound enzyme as demonstrated by the subcellular 

distribution of activity in differential sedimentation 
experiments. 

During both phases of endometrial cycle over 95% 

of activity is recovered in a low-speed microsomal 
fraction containing 45% of nucleotidase activity of 
the original extract with a 5-fold increase of specific 
activity. 

Only marginal activity is recovered in a small 

particulate fraction obtained by centrifugation of the 
low-speed supernatant at 10,OOOg per 10 min and no 
activity is detected in the supernatant. The low-speed 
(600g) particulate fraction displays a specific activity 
6- to 8-fold higher than that of the initial homoge- 
nate. Under these assay conditions, the reaction rate 
is linear with time up to 40 min, even under condi- 
tions of maximal stimulation, and is dependent on the 
quantity of protein added, up to at least 0.5 mg/ml of 
membrane protein. Although an extensive in- 
vestigation of the affinity of the enzyme for the 
substrate, ATP, has not been carried out, it must be 
observed that the concentration employed is satur- 
ating. Indeed, the activity is not modified by raising 
the concentration of the nucleotide up to 5 mM. The 
enzyme is dependent on divalent cations for activity. 
Addition of EDTA to a concentration of 5 mM 
completely abolishes the activity. In the presence of 
5 mM MgCl, the same activity is obtained as under 
our standard conditions. MgCI, can be substituted 
for by MnCl,, with a 2- to 4-fold increase of activity 
as compared to the assay performed in the presence 
of the magnesium salt, but not by the calcium salt, 
which cannot support activity. 

Catalytic properties cf adenylate cyclase. Influence qf 
modulators 

The catalytic properties of endometrial adenylate 
cyclase are summarized in Table The basal activity, 
i.e. that displayed by the enzyme in the absence of 
effecters in the reported standard assay conditions, is 
comparable throughout the cycle, at about 4 and 
6 pmol/min/mg of membrane protein. The activity is 
very sensitive to the addition of effecters which are 
supposed to act via the regulatory G/F subunit [16]: 
sodium fluoride stimulates the activity to the same 
extent in both phases of the cycle, to a 8- to IO-fold. 
The concentration for maximal activity, 5 mM, was 
the same in both cases and the enzyme was invariably 
inhibited by higher concentrations of the salt. Also 
the addition of the non-hydrolizable GTP analog, 
guanylylimidodiphosphate, Gpp(NH)p, modulates 

Table I. Basal and stimulated adenylate cyclase actiwty of prolif- 
erative and secretory endometria 

CAMP (pmol/mm/mg) 
x i SE 

Conditions Proliferative Secretory 

Basal 6.1 * 1.4(14) 44+0.7(15) 
GPP(NWP 0.1 mM 18.0 f 3.7 (I I) 20.6k 5.1 (IO) 
NaF 5tTlM 43.9 k 7.6 (6) 45.8 k 9.8 (6) 
NaF 20 mM 32.4 + 5.1 (6) 40.5 k 2.5 (6) 

The number of endometria tested is shown m parentheses. 
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the activity, leading to a 4- to 5-fold increase in the 
rate of synthesis of the cyclic nucleotide. Both of 
these G/F effecters in any case significantly affect the 
activity to the same degree during the two phases of 
the cycle. 

Hormonal sensitivity of endometrial adenylate cyclase 

The next step was to determine the hormonal 
sensitivity of the enzyme activity. The following 
hormones were tested through a range of con- 
centrations: prolactin, LH, FSH, adrenalin and 
glucagon. We were not able to detect any influence by 
these hormones on the cyclase activity either in the 
presence or in absence of Gpp(NH)p. On the con- 
trary, we observed a significant effect of sex steroids 
on cyclase activity when estradiol and progesterone 
were tested in vitro on membranes prepared from 
proliferative and secretory endometria. The data 
presented in Table 2 demonstrate that high concen- 
trations (lo-’ M) of progesterone in the absence of 
Gpp(NH)p do not change the activity of adenylate 
cyclase. In the concomitant presence of progesterone 
and of nucleotide, the enzyme was stimulated in both 
phases to roughly the same extent, as when it was 
stimulated by Gpp(NH)p alone. A quite different 
action is shown by estradiol, which selectively stimu- 
lates 3-fold the activity of the membranes prepared 
from secretory endometrium, even when tested in the 
absence of Gpp(NH)p. In the presence of the nucleo- 
tide (10m4 M), additive effects of Gpp(NH)p and 
estradiol are evident. 

In control experiments, it was verified that the 
action of estradiol is independent of the solvent 
concentration. In fact, addition of ethanol to achieve 
a final concentration of 0.1% does not significantly 
affect the basal and the Gpp(NH)p stimulated activi- 
ties. Furthermore, the effect of estradiol appears to be 
quite selective since neither progesterone nor a semi- 
synthetic estradiol analog, ethynylestradiol (lo-’ M), 
modify the cyclase activity in membranes prepared 
from secretory endometria. 

Since the reported effects were obtained using only 
very high concentrations of estradiol (lo-’ M) we 
tried to determine the saturation plot for the stimu- 
lation of the cyclase activity by estradiol and there- 

Table 2. Effect of estradiol (EJ and progesterone (P) on 
adenylate cyclase activity of proliferative and secretory 
endometria in the presence and in absence of Gpp(NH)p 

CAMP (pmol/min/mg) 
x k SE 

Conditions Proliferative Secretory 
______~ ~.~ 

Basal 2.6 i 0.2 2.9 i 0.2 

GPPPWP 12.9 f 1.8' 10.4 f 1.38 

J% 1.5 i 0.2 8.3 k 1.1' 

E, + GPP(NH)P 10.5 f 1.8* 19.0 f 2.3* 
P 2.9 i 0.3 4.0 f 1.1 

P + GPP(NH)IJ 13.5 f 2.0’ 11.6 f 0.2* 

Statistical significance (stimulated vs basal): * < 0.05, 
Experiments were performed as paired observations 
on 6 endometria for each phase, steroids and 
Gpp(NH)p were added at concentration of 0.01 and 
0.1 mM, respectively. 

- 14- 
.E 

I I I 

0 lo+ 10-7 10-6 10-5 

C Estradiol 1 (M ) 
Fig. I. In uifro stimulation of adenylate cyclase activity in 
human endometrium (O-0, proliferative; l ---@. 
secretory) by increasing concentrations of estradiol. The 

error bars are SEM. 

fore the concentration for half-maximal stimulation. 
The results of a representative experiment, run in 
absence of Gpp(NH)p, are presented in Fig. 1. Here, 
as well as in additional experiments, we observed a 
concentration-dependent, estradiol-mediated stimu- 
lation of cyclase activity in the secretory membranes. 
The half-maximal effect is observed in the presence of 
an estradiol concentration of approx. lo-* M. 

Tissular content of cyclic AMP along the endometrial 
cycle 

To elucidate the relevance of our in vitro findings, 
to the in vivo conditions, we have decided to measure 
the tissue content of cyclic AMP during both phases 
of the cycle, i.e. under conditions where the cells are 
exposed to relatively high concentrations of estradiol 
with or without priming by progesterone. The results, 
presented in Fig. 2, document an impressive increase 
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Fig. 2. In uiuo cyclic AMP content in endometrium during 
proliferative (P) and secretory (S) phases. Values are 
mean k SEM. In the brackets are reported the number of 

cases. *, P < 0.01. 
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of CAMP in the endometria prepared from the secre- animals by a single intraperitoneal injection of 

tory phase in comparison to those obtained from cholera toxin [22], which in fact, is the most effective 

proliferative tissues. stimulator of adenylate cyclase yet identified. 

In the secretory phase we obtained values of 
37.7 k lO.Opmol/mg of protein, while the corre- 
spondent value for proliferative endometrium is only 
11.4 + 2.0 pmol/mg of protein (mean $ SEM). 
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DISCUSSION 

The results in the present report give clear evidence 
for the existence of a membrane-bound form of 
adenylate cyclase in human endometria. The activity 
of the enzyme is influenced to the same extent during 
the two phases of the cycle, by the usual stimulators, 
NaF and Gpp(NH)p, known to act through an 
interaction with the regulatory G/F subunit [16]. 
However, as the data presented in Table 2 suggest, 
steroid hormones seem to modulate the enzyme activ- 
ity through a direct action on the membrane. 
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