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The phytoestrogen coumestrol has estrogenic actions on pe-
ripheral reproductive tissues. Yet in the brain this compound
has both estrogenic and anti-estrogenic effects. We used es-
trogen receptor a knockout mice (ERaKO) to determine wheth-
er coumestrol has estrogenic actions in mice and also If these
effects are mediated by the classic ERa. Female Wild-type (WT)
and ERaKO mice were ovariectomized and treated with estra-
diol (E2) , dietary coumestrol, both, or neither compound. Ten
days later the animals were sacrificed, blood was collected, and
brain tissues were perfused. Fixed brains were sectioned and
Immunocytochemistry was employed to quantify progesterone
receptors (PR) in the medial preoptic (POA) and ventromedial
nucleus of the hypothalamus (VMN). Plasma was assayed for
luteinizing hormone (LH). Estrogen treatment induced PR im-
munoreactivity In both regions In brains of WT females. In
EROfKO mice, lower levels of PR were Induced. The stimulatory
effects of E

2
on PR were attenuated in the POA by cotreatment

with coumestrol, and the same trend was noted in the VMN.WT
Ovariectomized females treated with E2 had low levels of LH,
While LH was high In untreated females and even higher in
Ovariectomized females treated with coumestrol. ERaKO fe-
males in all treatment groups had high levels of LH. Taken to-
gether, the results show that coumestrol has anti-estrogenlc
actions In the brain and pituitary and that ERa mediates these
effects. [Exp Bioi Mad Vol. 226(4):301-306. 20011
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Phytoestrogens are nonsteroidal, estrogen-like com-
pounds produced by plants, particularly the legumes
and soy-based foods. Coumestrol is a coumestan phy-

toestrogen found at high concentrations in clover and alfalfa
sprouts, but also at lower concentrations in sunflower seeds,
lima bean seeds, pinto bean seeds, and round split peas (I).
When consumed, these plant estrogens have various effects
on reproductive physiology including uterine proliferation
in immature female rats (2, 3) and infertility in sheep (4).
Diets rich in soy, particularly vegetarian and traditional
Asian diets, have been associated with a number of benefi-
cial effects such as the reduced risk of breast cancer, pros-
tate cancer, heart disease, and a decrease in menopausal
symptoms (5, 6). In addition, the regression of mammary
tumors in rats adhering to a soybean diet demonstrates pos-
sible chemopreventative effects of phytoestrogens (7, 8).
Although it is not fully understood how phytoestrogens ex-
ert their effects, numerous studies have demonstrated their
potential for nutritional and pharmaceutical use (9-11).

Phytoestrogens bind to both the estrogen receptor alpha
(ERa) and the newly cloned estrogen receptor beta (ER(3)
(12-14). Use of ERaKO mice has demonstrated ERa's ma-
jor role in various reproductive functions such as the induc-
tion of PR in the brain (15. 16). E2 negative feedback on LH
(17), and mating behavior (18, 19), However, ERaKO fe-
males treated with E2 do show an attenuated induction of
PR in several brain regions (16), and ER(3KO females are
subfertile (20), thus ER(3 is involved in female reproduc-
tion. Estrogen receptor (3 has been detected in the hypo-
thalamus, cerebellum, and olfactory lobe of the brain, as
well as in the prostate, uterus, ovary, and lung (21). Al-
though many differences in the distribution of ERa and
ER(3 in the brain exist, the expression of the two receptors
overlaps considerably in the preoptic area (POA), bed
nucleus of the stria terminalis (BnST), and throughout the
lower brain stem (22).

Binding studies using the purified receptor proteins
have shown that coumestrol actively competes for both re-
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ceptor subtypes, but has a 2-fold higher binding affinity for
ERI3 than ERa (12, 13). This is likely to have functional
significance given the differential distributions of the two
receptor subtypes. These same studies confirm that coumes-
trol not only binds to estrogen receptors, but also initiates
gene transcription through both subtypes.

Although these assays are helpful in determining
whether or not coumestrol and other phytoestrogens have
estrogenic properties, they cannot accurately predict the ac-
tivity of these compounds in vivo because of the obvious
absence of cellular binding proteins and the exclusion of
normal metabolism. This necessitates the use of in vivo
studies. In the few that have already been undertaken,
coumestrol has been shown to have both estrogenic and
antiestrogenic effects on reproductive physiology, gene ac-
tivation (12, 33), and behavior (3). These studies indicate
that coumestrol can cross the blood-brain barrier and affect
estrogen-dependent gene expression, but do not conclu-
sively demonstrate through which estrogen receptor subtype
it produces these effects.

To clarify which ER subtype coumestrol acts upon, this
study was conducted in knockout mice that lack functional
ERa (ERaKO). Based on a study by Patisaul and colleagues
(23), we hypothesized that coumestrol works through ERI3
and thus, ERaKO and their wild-type (WT) littermates
would display similar effects after coumestrol treatment.

Materials and Methods
Subjects. Subjects used in the following studies were

female mice of a mixed 129/J and C57BLl6J background.
Mice were generated by pairing heterozygous (HET) ani-
mals (one functional copy of the ERa gene) to produce a
I:2:I ratio of WT:HET:knock out offspring that were geno-
typed by PCR analysis of tail DNA (24). Each animal was
housed individually at weaning (21 days of age) and had ad
libitum access to water and food (Purina mouse chow No.
5001). Twenty-four WT (+/+) and 24 ERa knockout
(ERaKO; -l-; homozygous ERa-deficient) littermates were
used. All animals were kept on a 12:12 lightdark cycle
(lights off at 1300 hr).

Between 45 and 50 days of age, all mice were given
powered mouse chow in place of pellets. Two days later,
females were ovariectomized under ketamine/xylazine an-
esthesia (100 mglkg ketamine/IO mg/kg xylazine). Half of
the animals of each genotype (12 WT, 12 ERaKO) received
a Silastic implant containing E2 (5 mm, I: I 1713-
~:cholesterol, o.d. 2.125 mm, i.d. I mm). The other ani-
mals received a blank implant (same size Silastic tubing
without any hormone). This ~ implant yields a plasma
concentration equivalent to that experienced during mouse
proestrous (about 80 pg/ml) (15). The capsules were im-
planted subcutaneously in the mid-scapular region. After
ovariectomy, half of the females in each genotype and hor-
mone condition were given 0.02% coumestrol mixed in
their chow and the other half were fed powdered mouse
chow only. In this manner, eight groups were formed: WTI
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OVXlno coumestrol, WT/OVX/coumestrol, WT/OVX +
Eino coumestrol, WT/OVX + Eicoumestrol, ERaKOI
OVXlno coumestrol, ERaKOIOVXlcoumestrol, ERaKOI
OVX + E2/no coumestrol, and ERaKOIOVX + E21

coumestrol. There were six females in each group.
Ten days after surgery, animals in each group were

deeply anesthetized with sodium pentobarbital (0.1 mglkg)
prior to perfusion through the aorta. Blood was collected via
cardiac puncture. The mice were then perfused briefly with
heparinized saline, followed by 4% paraformaldehyde.
Brains were removed, cryoprotected overnight in 30% su-
crose, and frozen in cold N-methyl butane. Frozen tissue
was stored at -70°C until sectioned. Blood samples were
spun in a centrifuge and plasma was extracted, quickly fro-
zen, and stored at -70°C until assayed for LH.

Immunocytochemistry Procedures. Brains were
sectioned coronally at 30 um on a cryostat and divided into
a series of four vials containing antifreeze. Alternate sec-
tions from each brain were processed for progesterone re-
ceptor immunoreactivity (PR-ir). Sections were rinsed in
TBS and treated with sodium borohydride. Tissue was then
incubated for 48 hr at 4°C in progesterone receptor primary
antibody (DAKO, Sigma Chemical Company, St. Louis,
MO). This antibody was raised in rabbit against the human
progesterone receptor and used at a concentration 0.325
ug/ml. After 48 hr, the tissue was rinsed thoroughly in TBS
and incubated in biotinylated goat anti-rabbit IgG (I :500,
Vector Labs, Burlingame, CA) for I hr. Tissue was rinsed
and incubated in avidin-biotin-peroxidase complex (ABC,
Vector Elite Kit, Vector Labs) for I hr. Immunoreactivity
was visualized using nickel-intensified diaminobenzidine
(DAB) with hydrogen peroxide as the chromogen for 25
min.

LH Assay. The assay for LH was conducted using
radioimmunoassay (RIA) by the University of Virginia
Core Ligand and Assay Laboratory (National Institutes of
Health U54 HD-36199). All samples were run in duplicate
in a single assay to eliminate interassay variability. Plasma
LH was measured by a supersensitive two-site sandwich
immunoassay using monoclonal antibodies MAB I (no.
58187) and TMA (no. 5303, Medix Kaunianinen, Finland)
against mouse and human, respectively. This assay has a
sensitivity of 7 pg/tube and the intraassay coefficient of
variability of the controls ranged from 1.7% to 10.1%. This
assay has been previously validated for use in the mouse
(25).

Immunocytochemical Data Analysis. An ob-
server blind to the treatment of the animals counted the
numbers of PR-ir cells. Labeled neurons were counted in
the medial preoptic area (POA) and the ventral medial
nucleus of the hypothalamus (VMH). We employed an
Olympus BX60 light microscope and an Olympus U-
CMAD-2 camera to project images onto a computer screen.
We used Scion Image (a downloadable program offered to
the public for free at http://scrc.dcrt.nih.gov/imaging/index.
html#image) in order to automate counting of cells in these



areas. The images were captured and saved for each animal
from matched sections of the brain using well-defined land-
marks and a mouse brain atlas (26). For analysis of data, a
threshold was placed on the section that was two standard
deviations higher (darker) than the background. A standard-
size box was then placed around the area of interest and the
program calculated the size of the labeled area within the
box. We then divided this total labeled area by the average
cell size for individual cells in each area (determined by
measuring cell sizes from each area from six randomly cho-
sen animals and taking the average). This gave us an esti-
mate of the number of cells in the area of interest. In order
to verify this, we compared numbers produced by the com-
puter program and number of cells counted by hand and saw
no differences.

Data Analysis. The number of PR-ir cells in each
area and the plasma LH levels were analyzed using a series
of two-way analyses of variance (ANOVA) comparing hor-
mone and food treatment within each genotype. In addition,
one-way ANOVAs were performed to test for overall affect
of hormone, food, and genotype. Post hoc comparisons
Were made using a Student-Newman-Keuls test. The data
Were considered significant if P < 0.05.

Results
Coumestrol Reduces the Effects of E2 on PR-ir

In Female Brain. Estradiol treatment augmented PR-ir
cell numbers in both the POA and VMN (F[I' 48] = 24.8
and 21.5, respectively; P < 0.0001; Figs. 1,2, and 3). These
effects were more robust in WT than in ERaKO females
(F[I,21] = 27.74 [WT] versus 14.88 [ERaKO]).

As pictured in Figure 2, WT mice treated with E2 and
coumestrol had significantly fewer PR-ir cells in the POA
than E2-treated WT mice on regular chow (F[I, 21] = 3.58;
p < 0.05; Figs. IA and 2). In ERaKO females coumestrol
consumption had no impact on E2 up-regulation of PR (P >
0.05). Ovariectomized animals that did not receive E2 had
low numbers of PR-ir cells, which were not influenced by
coumestrol (P > 0.05; Fig. IB).
. In the VMN of WT females, E2 was equally effective in
Induction of PR-ir cells in females that did and did not
receive coumestrol supplement (F[I, 49] = 16.29 and
18.64, respectively; P < 0.001). Estradiol had a reduced
effect on PR-ir in ERaKO VMN. The OVX + estradiol-
treated ERaKO mice were only significantly different from
OVx ERaKOs when they did not have coumestrol (t] II] =
3.57; P < 0.05). Ovariectomized females had few PR-ir cells
and these numbers were not affected by coumestrol treat-
ment (F[I, 49] = 41.99 and 37.19, respectively; P <
0.000001; Fig. 3).

Coumestrol Elevates LH Levels in OVX WT Fe-
males. WT OVX animals had significantly higher plasma
L~ levels when they consumed coumestrol as compared
With regular food (F[I, 49] = 6.31; P < 0.05; Fig. 4A). WT
females treated with E2 had low plasma levels of LH re-
gardless of coumestrol treatment. The ERaKO females, re-

Figure 1. The mean number (± SEM) of PR-ir cells in the POA of
ovariectomized (OVX) WT (A) or ERlXKO (8) females untreated or
given estradiol and fed mouse chow with or without coumestrol
s~pplemen.tation. " Significantly different from OVX females. ", Sig-
nificantly different from OVX and from OVX + estradiol + coumestrol
females. P < 0.05. n = 6 mice per group.

gardless of hormone or coumestrol treatment, had high
plasma concentrations of LH (P > 0.05; Fig. 4B).

Discussion

The present data show that in the mouse, coumestrol
has anti-estrogenic actions on two classic neuroendocrine
responses. In the POA, and to a lesser degree in the VMN,
coumestrol antagonized the effects of E2 on PR-ir cell in-
duction. In addition, coumestrol amplified LH concentra-
tions, which result from a release from negative feedback
after ovariectomy. Since these effects were not noted in
ERaKO mice, it suggests that in both of these cases
coumestrol acts on the ERa.

Other studies conducted with coumestrol suggest that
this phytoestrogen. has .estrogenic actions on female rat pe-
ripheral reproductive tissues (2, 27). Yet in the female rat
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Figure 2. Photomicrograph of PR-ir cells in the POA of WT females
treated with E2 + coumestrol (A), WT females treated with E2 without
coumestrol (8), ERctKO females treated with E2 + coumestrol (C).
and ERctKO females treated with E2 without coumestrol (D). Scale-
bar (shown in 8) = 20 IJm.

brain, coumestrol has an antiestrogenic action on ERI3
mRNA regulation in the paraventricular nucleus (PVN). In
fact, while E2 decreased expression of ERI3 mRNA,
coumestrol treatment increased ERI3 in this region (23).
Although our data were collected in a different species and
different brain regions, and we examined a different depen-
dent variable, we reached the same conclusion. In both
cases coumestrol acts in an opposite direction as compared
with ~. However, in our present study coumestrol treat-
ment in the absence of E2 had no effect on PRo Perhaps this
is because so few cells contain PR-ir when E2 is not present
that it is not possible to assess any further reduction.

An estrogenic effect of coumestrol has also been re-
ported in immature female rat hypothalamiclPOA tissues.
Cytosolic PR binding was examined after rats consumed a
0.01% coumestrol diet for 4 days. Progesterone receptor
binding was increased by 34% in the hypothalamiclPOA
area as compared with animals fed regular chow. However,
this same treatment had a much more pronounced effect in
uterus and pituitary. Moreover, no data on estrogen re-
sponses were presented, so it is difficult to determine if this
is a weak or strong effect (2). In another report by this same
group, a stronger effect was noted in the hypothalamus (28),
but again, control data are lacking. Nevertheless, our results
are contradictory to these rats studies. Aside from the ob-
vious species difference, it should be noted that we fed our
mice twice as much coumestrol for a longer time period and
this alone could contribute to these differences.

Our LH data yield the same general conclusion, which
is that coumestrol opposes the action of E2• Several studies
have examined the effects of coumestrol on LH. High con-
centrations of coumestrol in diets of ewes lead to a decrease
in LH pulse amplitude during the breeding season (29). This
may suggest that coumestrol acts as an anti-estrogen in
breeding sheep experiencing E2-LH positive feedback. In
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Figure 3. The mean number (± SEM) of PR-ir cells in the VMN of
ovariectomized (OVX).WT (A) or ERctKO (B) females untreated or
given estradiol and fed mouse chow with or without coumestrol
supplementation.•, Significantly different from OVX females. P <
0.05. n = 6 mice per group.

other studies coumestrol has been administered during the
neonatal period and adult hypothalamic-pituitary functions
were examined. In female rats, neonatal coumestrol treat-
ment interfered with the ability of estradiol to elicit an LH
surge in adults (30). Thus, coumestrol may have an estro-
genic effect in neonates and may masculinize the LH surge
system. Neonatal males treated with coumestrol had no dis-
cernable differences in plasma LH levels as adults when
compared with the controls (31). Yet neonatal treatment
with coumestrol did affect male rat sexual behavior in a
manner consistent with coumestrol acting as an anti-
estrogen (32). However, the sexually dimorphic nucleus of
the rat POA is not affected by neonatal treatments with
coumestrol (33).

The extent to which ERa and ERI3 have dependent or
separate roles on reproduction is not yet known. The dif-
ferential distribution of the two ER subtypes suggests that
they may have independent actions. For example, in the rat



OVX OVX+ Estradiol

Figure 4. Mean (± SEM) plasma LH levels in ovariectomized (OVX)
WT (A) or ERaKO (B) females untreated or given est~adio! an.d f~~
mouse chow with or without coumestrol supplementation. ,Slgmfl-
cantly different from OVX females. ", Significantly different from
OVX + estradiol + coumestrol. P < 0.05. n= 6 mice per group.

brain both ERa and ERp are abundant in the BnST, the
POA, and the amygdala, but the PVN and the supraoptic
nucleus (SON) contain only ERP, while the VMN contains
Primarily ERa (34-36). In the mouse, ERp mRNA is pres-
ent in many of the same regions as ERa, and both genes are
found in the POA, BnST, and PVN (37). The distribution of
ERf3 seen in the rat brain is similar in rhesus monkeys and
sheep (38, 39), suggesting that it is somewhat conserved
across species. Yet sex differences, during development,
and differences in the concentrations of ERa and p in spe-
cific brain regions may reveal that ERa and f3 have different
functional roles in different species. Despite speculation
that ERa is essential for reproductive function (40), we have
found that lack of a functional ERp in mice has an impact
on several estrogen-induced neuroendocrine responses. In
addition, residual PR induction is present in estrogen-
treated ERaKO mice (16) and it is likely that ERf3 causes
this response (41).

This is the first study to examine the effects of a phy-
toestrogen in ERaKO mice and the first to examine the
effects of coumestrol on LH production in an adult mouse.
These results are particularly compelling given that phy-
toestrogens are increasingly being touted as a healthful,
natural estrogen replacement therapy for postmenopausal
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women, and are sold in caplet and powder forms in health
food and grocery stores. Although a multitude of studies
have tried to elucidate if and how these compounds are
chemoprotective (6, 10, II), the results are contradictory
and inconclusive. Part of the confusion comes from the use
of assays that do not take the potential role of both ER
subtypes into consideration. By identifying which ER sub-
types respond to coumestrol, our study helps to elucidate the
mechanism by which this phytoestrogen produces its ef-
fects, and may in turn help determine whether or not
coumestrol is truly as healthful as advertised.

We thank Dr. Dennis Lubahn for providing us with ERaKO hetero-
zygotes to set up our breeding colony. We are indebted to Xia Li, Emily
Linde, and Aileen Wills for technical assistance.
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