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Abstract. Adenosine 3'5'-cyclic monophosphate (CAMP) has been repeatedly shown 
to mimic some actions of estrogen in the rat uterus. However, the relationship 
between estrogens and uterine cAMP remains controversial. The effect of chronic 
exposure (3 days) to a biologically potent, long-acting estrogen, estradiol benzoate 
(EB), or the xenoestrogen chlordecone (Kepone), which has a long half-life in the 
circulation, was examined in ovariectomized immature rats. Both compounds, when 
administered in doses that provided equal increases in uterine weight, produced 
equivalent decreases in uterine cAMP content. Although the decrease in cAMP was 
apparent within 48 hr, it was more pronounced at 72 hr. There was no reduction 
in cAMP produced in response to direct stimulation of uterine adenylyl cyclase 
by forskolin, indicating that loss of the enzyme was not a factor in the lowering of 
cAMP content. The pure anti-estrogen ICI-l82,780, in a dose-dependent fashion, 
prevented the action the estradiol benzoate and chlordecone, suggesting that the 
lowering of cAMP was dependent on an estrogen receptor. The physiological signif- 
icance of reduced uterine cAMP with chronic estrogen treatment remains to be 
determined. [P.S.E.B.M. 1995, Vol 2101 

teroids are thought to produce their effects in 
target organs by binding to nuclear receptors S that act as transcription-activating factors, 

which bind to response elements in the promotor re- 
gion of the specific genes (1). Although introduced 
several years ago (2) and recently revived (3, 4), the 
concept of additional steroid receptors, including 
those on the plasma membrane, that function via tra- 
ditional second messengers remains controversial (re- 
viewed in Ref. 5).  Early studies, extensively reviewed 
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by Singhal (6) ,  indicated that administration of estro- 
gen to ovariectomized rats resulted in a prompt but 
brief increase in uterine adenylyl cyclase activity and 
adenosine 3'5'-cyclic monophosphate (CAMP) con- 
tent. Therefore interest in cAMP as a second messen- 
ger for estrogen action was initiated. However, a study 
that compared changes in cAMP and guanine 3'5'- 
cyclic monophosphate (cGMP) over a period of sev- 
eral hours in the uteri and vaginas of ovariectomized 
rats injected with estrogen indicated a reciprocal 
change in the nucleotides of the two tissues (7). That 
is, estrogen caused an increase in uterine cGMP but a 
decrease in CAMP, while the reverse was true for the 
vagina. These findings were consistent with the view 
that increased cAMP is associated with cellular differ- 
entiation but is a negative regulator of cell proliferation 
(reviewed in Refs. 8 and 9). In contrast to the latter 
idea, exogenous cAMP and cholera toxin, a known 
stimulator of adenylyl cyclase, have been shown to 
mimic at least some of the actions of estrogen upon the 
uterus (10-12). 
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A recent study (13) found that estradiol and ta- 
moxifen, an antiestrogen with estrogenic activity, 
when administered for 3 days decreased mouse uterine 
cAMP content, presumably because of increased 
phosphodiesterase activity. These findings prompted a 
reevaluation of cAMP in the rat uterus chronically ex- 
posed to estrogen. The present study compares the 
effects of uterine weight and cAMP content of a bio- 
logically potent conjugated and long-acting estrogen 
(estradiol benzoate) with that of chlordecone (Ke- 
pone), an oragnochlorine pesticide that has been 
shown to have a low affinity (0.04% that of estradiol) 
for the nuclear estrogen receptor and thus weak uter- 
ine estrogenic activity (14, 15). In an attempt to deter- 
mine whether the effects were mediated via an estro- 
gen receptor, the effect of a pure antiestrogen (ICI- 
182,780), which has an affinity for the nuclear estrogen 
receptor only 12% less than that for estradiol (16), on 
these responses was also examined. Doses of the es- 
trogens that increased uterine wet weight also reduced 
cAMP content, and these effects could be prevented in 
a dose-dependent fashion by the anti-estrogen. 

Materials and Methods 
Chemicals. Estradiol benzoate (EB), benzyl ben- 

zoate, sesame seed oil, TRIS, EDTA, ATP, 3-iso- 
butyl-1-methylxanthine (IB-MIX), and forskolin (7p 
acetoxy, la,6p,9a-trihydroxy-8,13-epoxy-labd- 14 en- 
11 one) were purchased from Sigma Chemical Co. 
(St. Louis, MO). Chlordecone, 99% pure (Kepone; de- 
cachlorooctahydro- 1,3,4-metheno-2H-cyclobuta- 
[cd]pentalen-2-one) was purchased from Radian Cor- 
poration (Austin, TX). ICI 182,780 was a gift from ICI 
Pharmaceutical Co. (Macclesfields, United Kingdom). 
Chlordecone, EB, and ICI-182,780 were dissolved in 
benzyl benzoate before dilution with sesame seed oil 
to produce a 40:60 (v/v) ratio. Trichloracetic acid was 
purchased from Fisher Scientific (St. Louis, MO). The 
kit for CAMP [1251] radioimmunoassay was purchased 
from Biomedical Technologies Inc. (Stoughton, MA) 
and used according to the directions provided. 

Animals. All procedures using animals were re- 
viewed and approved by the University of Kansas 
Medical Center committee for the care and use of an- 
imals using the guidelines set forth by the U.S. Public 
Health Service. 

Anesthetized immature female rats, 22-24 days 
old (Holtzman strain; Harlan Laboratory Animals, 
Madison, WI), were ovariectomized through a mid 
dorsal skin incision and dorso-lateral incisions in the 
body wall. The animals were maintained in tempera- 
ture-controlled (22 & 1°C) quarters on a daily cycle of 
14 hr of light and 10 hr of darkness. Laboratory Rodent 
Chow #5001 (PMI Feeds Inc., St. Louis, MO) and tap 
water were constantly available. 

Four days after surgery, the animals were divided 

into groups of at least five rats each and injected (sub- 
cutaneous) with estradiol benzoate (EB), chlordecone, 
or one of these compounds plus ICI-182,780, each dis- 
solved in 0.1 ml of oil; combination treatments were 
given at different sites at least 5 cm apart. Control rats 
were injected at the same time with oil vehicle. The 
animals were injected daily for 3 days with autopsy 24 
hr after the last dose. In one study, animals were sac- 
rificed 24, 48, or 72 hr after the first dose. The uteri 
were quickly removed, trimmed of connective tissue 
and fat, weighed, frozen on dry ice, and stored at 
-70°C until assayed for CAMP. 

cAMP Assay. Two homogenization methods 
were used depending upon whether adenylyl cyclase 
activity was also to be measured. In the first method, 
uteri were homogenized in 1 ml of 6% trichloracetic 
acid in a glass-teflon homogenizer. The homogenate 
was centrifuged at 2000g for 30 min (4°C). Tritiated 
cAMP was added to the supernatant fluid to monitor 
recovery and then extracted four times with 2 ml di- 
ethyl ether that was saturated with acidified water. 
The aqueous phase was lyophilized and dissolved in 
0.15 M sodium acetate buffer (pH 6.2) for determina- 
tion of cAMP by radioimmunoassay. All assays were 
performed in duplicate and expressed as pmole/mg of 
uterus. In the second method, the uteri were cut, after 
weighing, into 5-mm pieces and placed in 50 mM Tris 
(pH 7.4) containing 4 mM EDTA and 0.5 mM IB-MIX 
before freezing. The tissue was thawed and homoge- 
nized in a glass-teflon homogenizer before being cen- 
trifuged at 2000g for 30 min. The supernatant fluid was 
collected, assayed for cAMP content, and also tested 
for adenylyl cyclase activity. For the latter, 25 pl of 
the homogenate was incubated for 15 min at 25°C in a 
total volume of 1 ml of Tris buffer containing 1 mM 
ATP, 3 mM MgS04, 10 mM theophylline, and 10 p M  
forskolin. The reaction was stopped by placing the 
tubes in boiling water for 5 min. After centrifugation 
the cAMP content of the supernatant fluid was mea- 
sured by RIA. The intra- and interassay coefficients of 
variation did not exceed 10%. 

Statistics. Results were compared by one-way 
analysis of variance followed by Newman-Keuls mul- 
tiple comparison test; P values less than 0.05 were 
considered significant. 

Results 
The mean body weight at autopsy for all animals 

was 117.1 2 1.7 g, and none of the treatments had any 
effect on this weight. Figure 1 summarizes uterine 
weights obtained in various assays using daily admin- 
istration of EB or chlordecone. The smallest dose of 
EB to produce a significant weight increase was 0.25 
pg/kg, while 15 mg/kg chlordecone was required. 
However, a linear increase in weight was seen with 
doses of chlordecone between 7.5 and 30 mg/kg. 
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Larger doses of this compound were not tested to 
avoid acute toxic effects. Although larger doses of EB 
produced larger uteri (i.e., 5 pg/kg EB produced a 60% 
increase over those found with 1 kg [196.1 5 0.4 vs 
120.6 k 0.3 mg/100 g]), the smaller dose was used for 
all other studies. 

Uterine cAMP content measured at 72 hr is shown 
in Figure 2. A dose of 0.5 pg/kg, EB reduced cAMP 
content significantly, but 15 mg/kg of chlordecone was 
needed to obtain a significant reduction. The reduc- 
tions obtained with 1 pg/kg EB and 30 mg/kg chlorde- 
cone were similar, as were the uterine weights pro- 
duced, and this formed the basis for the rationale of 
using these two doses for other studies. Changes in 
uterine cAMP content with time after initial exposure 
to the compounds are shown in Figure 3. Although 
chlordecone significantly reduced cAMP content 
within 48 hr, 72 hr was required to obtain the same 
reduction using EB. In these groups, uterine weight 
was significantly increased at 24 hr in animals given 
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Figure 1. Uterine weight of ovariecto- 
mized immature rats injected (sc) daily 
for 3 days with various doses of estra- 
diol benzoate (EB) (dark bars) or chlo- 
rdecone: animals were autopsied 24 
hr after the last injection. The results 
of several assays are combined and 
expressed as a percentage of uterine 
weight of control animals in each as- 
say that were treated with oil vehicle. 
SEM for groups of 6-15 animals is 
shown by vertical line. The asterisk in- 
dicates significant (P < 0.05) differ- 
ence from control calculated on non- 
transformed data. 

Figure 2. The uterine cAMP content at 
72 hr after the first of three doses of 
estradiol benzoate (dark bars) or chlo- 
rdecone. The cAMP content of uteri of 
animals exposed to 0.5 mg/kg of the 
anti-estrogen lCl-182,780 (ICI) is 
shown on the right. SEM for groups of 
at least five animals is shown by verti- 
cal lines. Values with an asterisk are 
significantly (P < 0.05) different from 
those of control animals treated with 
oil vehicle. 

Chloro 

0 24 48 72 

Time (h) after first injection 
Figure 3. Uterine cAMP content, determined after the first (24 
hr), second (48 hr), or third (72 hr) dose of 1 pg/kg estradiol 
benzoate or 30 mg/kg chlordecone, compared with that of ani- 
mals injected with oil vehicle. Vertical lines indicate SEM for 
groups of at least five animals. Asterisks indicate values signif- 
icantly different from those of control animals. 
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chlordecone, but not until 48 hr in those receiving 
EB (Fig. 4). However, there were no significant dif- 
ferences in uterine weights obtained with EB com- 
pared with those with chlordecone at any of the times 
examined. 

The pure anti-estrogen ICI- 182,780 inhibited the 
uterotropic effect of both EB and chlordecone (Fig. 5). 
A dose of 0.1 mg/kg/day reduced the effect of 1 pg 
EB/kg by 83% and with 0.5 mg/kg/day uterine weight 
was slightly, but not significantly, below that of con- 
trol animals injected with oil vehicle. The anti- 
estrogen was somewhat less effective against chlorde- 
cone than against EB, and even with a dose of 0.4 
mg/kg/day uterine weight was significantly higher than 
that of control animals treated with vehicle. However, 
a dose of 0.5 mg/kg of ICI-182,780 reduced uterine 
weight to that of control animals. 

Similar to its effect on uterine weight increases, 
ICI-182,780 prevented, in a dose-dependent fashion, 
the decrease in uterine cAMP seen with 1 pg/kg EB or 
30 mg/kg chlordecone (Fig. 6). As was the case with 
uterine weight reduction, ICI-182,780 was more effec- 
tive at counteracting the effect of EB on uterine cAMP 
than that of chlordecone. With 0.2 mg/kg of ICI- 
182,780 the effect of 1 pg/kg EB was completely pre- 
vented but even with 0.4 mg/kg of the anti-estrogen 
cAMP was lower (P < 0.01) in animals treated with 
chlordecone than in control animals treated with oil. 
However, the same cAMP levels found in controls 
were obtained with 0.5 mg/kg/day of ICI-182,780. The 
basal level of uterine cAMP was not significantly de- 
pressed by treatment of the animals with oil plus 0.5 
mg/kg ICI-182,780 (Fig. 2). 

In an attempt to determine whether estrogens re- 
duced cAMP by lowering adenylyl cyclase, we used 
forskolin to stimulate directly the enzyme in uterine 
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Figure 4. Uterine weight changes after the first (24 hr), second 
(48 hr), or third (72 hr) injection of EB or chlordecone. Vertical 
lines indicate SEM for groups of five animals, and asterisks in- 
dicate significant increases over values obtained in control 
animals. 
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Figure 5. Inhibition of uterine weight increased by 1 pg/kg es- 
tradiol benzoate (solid line) or 30 mg/kg chlordecone (dashed 
line) injected (sc) daily for 3 days at a site different from that for 
the injection of anti-estrogen (ICI-l82,780). The bottom dotted 
line represents uterine weight of animals given the anti-estrogen 
plus 0.1 ml of oil vehicle. Vertical lines indicate SEM for groups 
of at least five animals. Significant differences from control val- 
ues are indicated by an asterisk. 
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Figure 6. lmmunoassayable cAMP extracted from uteri of ovari- 
ectomized immature rats injected daily with 1 pg/kg estradiol 
benzoate (solid line) or 30 mg/kg chlordecone (dashed line) plus 
the indicated dose of anti-estrogen (lCl-182,780). The cAMP con- 
tent of control animals injected with 0.1 ml oil is indicated by the 
top horizontal line. Vertical lines indicate SEM for groups of at 
least five animals. Significant differences from control values 
are indicated by an asterisk. 

homogenates. Forskolin has been shown to activate all 
six mammalian forms of adenylyl cyclase (17). As 
shown in Figure 7, the adenylyl cyclase activity in 
uterine membranes was retained in animals treated 
with EB or chlordecone. The simultaneous exposure 
to antiestrogen EB or chlordecone restored the cAMP 
content but had little effect upon the inherent cyclase 
enzyme activity. 

Discussion 
In the adult rat, only the uterine liminal epithelial 

cells show mitogenic activity in response to  estrogen, 
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Figure 7. Cyclic AMP produced by 
uterine homogenates incubated with 
10 KM forskolin for 15 min at 25°C. The 
darker bars indicate the cAMP pro- 
duced by homogenates obtained 72 hr 
after exposure to either oil, 1 pg/kg es- 
tradiol benzoate (EB), or 30 mg/kg 
chlordecone (CHL). Values for animals 
treated with IC1-182,780 plus the estro- 
gen (+)  are indicated by the lighter 
bars. SEM for groups of five animals is 
shown by vertical line. 

whereas in immature rats all uterine cells respond (18). 
Furthermore, a cardinal estrogenic response, upregu- 
lation of the progesterone receptor, is not produced by 
chlordecone in adult, but only immature rat uteri (19). 
Therefore, in the present study we chose to use uteri 
of ovariectomized immature animals 4 days after 
ovary removal. We believe this a sufficient time for 
full recovery from the stress of the surgery and for the 
complete disappearance of the already low levels of 
endogenous estrogens in these animals. 

Clearly, exposure to estradiol or chlordecone for 
at least 48 hr produced a significant reduction in uter- 
ine content of CAMP. Furthermore, there was a rough 
correlation with doses of these estrogens that in- 
creased uterine weight and those that lowered cAMP 
content (Fig. 1 and 2). Lowering of cAMP by estrogen 
has been reported by Flandroy and Galand (7), who 
found that 1 pg of 17P-estradiol slightly, but signifi- 
cantly, reduced immature rat uterine cAMP when 
measured 24 hr later; the acute effect was an increase 
in cAMP within 8 min. We did not find a decrease in 
cAMP within 24 hr, even though uterine weight was 
significantly elevated by chlordecone, but not estra- 
diol, at this time. Exposure to the estrogens for 48 hr, 
and especially 72 hr, however, resulted in more than a 
50% decrease in CAMP. Fanidi et al. (13) reported that 
1 pg/kg of estradiol reduced cAMP content of the 
mouse uterus by 74%, while increasing uterine phos- 
phodiesterase (PDE) activity by 50%. They also found 
that an increase in dose to 5 pg/kg doubled uterine 
weight over that seen with 1 pg/kg but increased PDE 
only another 13%, and was without further effect upon 
uterine cAMP content. These authors concluded that 
estrogen lowered cAMP by upregulating PDE activity 
but did not provide evidence that PDE was quantita- 
tively increased (i.e., only activating factors may be 
involved). Although we did not measure PDE activity, 
the lowered uterine cAMP found in the present study, 

coupled with the fact that adenylyl cyclase stimulated 
directly by forskolin was not altered, is also consistent 
with such a conclusion. The fact that a potent anti- 
estrogen, which binds the nuclear estrogen receptor 
with an affinity only 12% less than that of estradiol 
(16), prevented the loss of CAMP, also without altering 
adenylyl cyclase activity, indicates that the mecha- 
nism(s) responsible for cAMP reduction involve an es- 
trogen receptor-mediated response. 

The role of cAMP in uterine physiology is unre- 
solved. Administration of exogenous cAMP or cholera 
toxin, which increases endogenous CAMP, can pro- 
duce estrogenic effects in the uterus (10-12). A recent 
study has shown that CAMP, but not cGMP, incre.ased 
progesterone receptor content of cultured rat uterine 
cells to the same extent as estradiol or insulin-like 
growth factor-I (12). Furthermore, this study found 
that the antiestrogen ICI-164,384, which has a similar 
structure but a lower affinity for the estrogen receptor 
than ICI-182,780, inhibited this action of CAMP. But if 
cAMP can mimic the actions of estrogen, what could 
be the physiological significance of lowering uterine 
cAMP with longer exposure to estradiol? We believe 
that logic requires an examination of the functions that 
involve both genomic estrogen responses and cAMP 
actions (i.e., phase I and phase I1 responses) (20). A 
possible example of this is provided by the cystic fi- 
brosis transmembrane regulator (CFTR) gene which 
codes for synthesis of a chloride channel and whose 
expression in the uterus has been shown to be con- 
trolled by estrogen (21). CFTR is functionally acti- 
vated by CAMP, and thus increased levels of the nu- 
cleotide would be expected to be an important factor 
in uterine water imbibition seen after initial exposure 
to estrogen (20). The latter is only a transient re- 
sponse, and continued elevated levels of the CFTR 
activator (CAMP) that would provide fluid transfer into 
the uterine lumen would not appear appropriate for 
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delayed responses to estrogen, particularly those as- 
sociated with pregnancy. 

The estrogenicity of chlordecone, a polychlori- 
nated hydrocarbon, has been established by several 
experimental studies (14, 15, 22). The compound has 
been shown to induce uterine growth, increase synthe- 
sis of progesterone receptors in immature uteri and 
initiate embryo implantation and maintain pregnancy 
in hypophysectomized rats treated with progesterone 
(14, 15, 22). Although the compound has only a low 
affinity for the estrogen receptor M) its estro- 
genic activity in vivo may be related to its long biologic 
half-life (initially 8.5 days) (23), which allows long- 
term interaction with the estrogen receptor. The re- 
sults of the present study using ICI-182,780 support 
the conclusion that chlordecone estrogenicity proba- 
bly involves an estrogen receptor. However, the 
amount of anti-estrogen needed to inhibit completely 
the activity of such a weak estrogen was somewhat 
surprising. With the low affinity of chlordecone for 
the estrogen receptor, one might expect a higher 
efficiency of the anti-estrogen on the action of chlor- 
decone. However, until the pharmokinetics of chlor- 
decone and ICI- 182,780 have been resolved predic- 
tions regarding competitive receptor inhibition are 
unreliable. 

In conclusion, exposure to a potent estrogen, es- 
tradiol, or a weak xenoestrogen, chlordecone, has a 
reciprocal effect upon uterine weight and cAMP con- 
tent. Response of the uterine membranes to direct 
stimulation forskolin indicates that the loss of cAMP is 
not due to a loss adenylyl cyclase. Because the de- 
crease in cAMP and the increase in uterine weight 
were prevented by simultaneous exposure to a potent 
pure antiestrogen suggests that the mechanism(s) in- 
volved in both responses is a result of estrogen recep- 
tor function. The consequences, or the significance of 
the reduction in cAMP requires further study into in- 
teractions between nuclear and membrane receptor 
functions. 
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