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Previously, we have demonstrated that in contrast to male rats,
female rats do not show an age-related reduction of depolariza-
tion-elicited norepinephrine (NE) release from cardiac synapto-
somes (resealed nerve terminals). These results suggest that
sex hormones such as estrogen may modulate NE release from
cardiac synaptosomes prepared from female rats. The present
study was designed to test the hypotheses that long-term es-
trogen depletion, resulting from ovariectomy, and estrogen re-
placement alters depolarization-elicited NE release from car-
diac synaptosomes. Female F344 rats were divided into two
groups, one of which underwent bilateral ovariectomy, whereas
the other underwent a sham operation. Three ovariectomized
subgroups recelved daily injections of conjugated equine es-
trogens, A8,9-dehydroestrone or 17«-dihydroequilenin, An-
other ovariectomized control subgroup and the sham-operated
animals recelved daily injections of vehicle. After 90 or 270 days
of treatment, the animals were sacrificed. Cardiac synapto-
somes were prepared from each heart, incubated with [®H]-NE,
and used to evaluate NE release capacity by exposure to 50 mM
K*. The effectiveness of the ovariectomy and the estrogenic
actions of the test compounds was confirmed by evaluating
vaginal smears, determining uterine weights, and measuring
serum luteinizing hormone (LH) concentrations. Ovariectomy
(after both 90 and 270 days) significantly increased depolariza-
tion-induced NE release compared with sham-operated rats.
Treatment with all three estrogenic preparations reduced NE
release In ovariectomized rats to values similar to those ob-
served in sham-operated animals. Interestingly, NE release
rates from rats treated with conjugated estrogens for 270 but
not 90 days were significantly below that observed in age-
matched sham animals. These results demonstrate that estro-
gen modulates depolarization-elicited NE release from cardiac
nerve terminals. Such modulation may represent a protective
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ver the past decade, clinical research has suggested

that there are age-related gender differences in the

incidences of cardiovascular disease (CD) (1, 2).
Young women experience a lower incidence of CD com-
pared with age-matched men. Whereas the incidence of CD
increases gradually with age in men, it increases suddenly
and rapidly during the climacteric in women such that in
postmenopausal women, the incidence of CD equals that
observed in age-matched men. This observation has led to
the suggestion of a cardioprotective role for estrogen. In-
deed, young women who undergo bilateral ovariectomy
have a higher incidence of heart disease than their menstru-
ating counterparts (2). Observational and clinical trials with
estrogen replacement in menopausal women have shown
cardioprotection (2-8). However, recent long-range clinical
trials such as Heart and Estrogen Replacement Study
(HERS) (9, 10), Estrogen Replacement and Arteriosclerosis
(ERA) (11), and the ongoing Woman’s Health Initiative
(WHI) (12) have produced conflicting results concerning
the long-term cardioprotective effects of combined hormone
therapy (13). Nevertheless, the clinical study of estrogen use
alone continues in the WHI long-term evaluation because
provisional data is promising (13).

Both a- and B-estrogen receptors are expressed in male
and female rodent hearts (14-16). These transcription regu-
lators may either increase or decrease the amounts of spe-
cific proteins found in the heart. For example, decreased
estrogen levels may increase the number of cardiac L-type
calcium channels (17). In contrast, 17p-estradiol enhances
the expression of estrogen receptors and other cardiac pro-
teins (15, 18). In addition to these receptor-mediated effects,
considerable evidence suggests that the cardiovascular pro-
tective effects of estrogen may also be mediated by recep-
tor-independent mechanisms (19).
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Normally, norepinephrine (NE) modulates heart rate
and contractility. However, laboratory studies have shown
that excess NE release can be responsible for hyperstimu-
lation of the heart, which clinically leads to arrhythmias and
coronary occlusion (20). Brain synaptosomes (resealed pre-
synaptic nerve terminals) are a widely used model for the
investigation of neurotransmitter release from brain nerve
terminals (21). Similarly, we have developed the cardiac
synaptosome and have demonstrated that as for brain syn-
aptosomes, depolarization-elicited NE release from cardiac
synaptosomes is a calcium-dependent process (22, 23). A
major advantage in investigating neurotransmitter release
from superfused synaptosomes compared with tissue slices
is that reuptake is eliminated (21, 24). Without the con-
founding variable of reuptake, changes in NE overflow from
brain and cardiac synaptosomes are solely due to changes in
existing NE release. Thus, cardiac synaptosomes are well
suited for the investigation of the physiological regulation
of NE release from nerves within the heart (24).

Previously, we have demonstrated that in contrast to
male rats, female rats do not show an age-related reduction
in depolarization-elicited NE release from cardiac synapto-
somes (25). Indeed, female rats exhibit a (nonsignificant)
tendency for an age-dependent increase in NE release (25).
These results suggest that sex hormones such as estrogen
modulate NE release from female cardiac synaptosomes.
The purpose of the present study was to determine the long-
term effects of estrogen depletion (produced by ovariec-
tomy) and estrogen replacement on depolarization-elicited
NE release from cardiac synaptosomes.  ~

Materials and Methods

Design. Sixty 3-month-old female F344 rats were di-
vided into two groups, one of which underwent bilateral
ovariectomy, whereas the other underwent a sham opera-
tion. Three ovariectomized subgroups received daily injec-
tions of conjugated equine estrogens (0.6 mg/kg; Premarin;
Wyeth Ayerst Pharmaceuticals, Radnor, PA), A8,9-
dehydroestrone (0.2 mg/kg), or 17a-dihydroequilenin (3
mg/kg) dissolved in vehicle (NaCl 0.9% with 1% Tween 80
at 0.1 ml/kg). The conjugated estrogen (CEE) used is the
estrogen formulation most prescribed clinically for meno-
pausal symptoms. The other estrogens used are components
of the conjugated estrogen. The doses of estrogens were

calculated from in-house rat data at the Wyeth Research
Laboratories (M. Dey, personal communication). The choice
was based on dose levels in rats that provide maximum bone
protection, are capable of maintaining uterine weight, and
retain expected body weights over the 90 and 270 days of
the experimental treatment period. Another ovariectomized
control subgroup and the sham-operated animals received
daily injections of vehicle. After 90 or 270 days of treat-
ment, the animals were sacrificed. The overall design and
the number of rats in each subgroup are shown in Table 1.
All studies were approved by the MCP/Hahnemann College
of Medicine (Drexel University) Institutional Animal Care
and Use Committee.

Estrogen Effects. Estrogenic responses of the test
compounds were monitored by evaluating vaginal smears,
determining uterine weights, and measuring serum luteiniz-
ing hormone (LH) concentrations. Vaginal smears were
taken twice weekly and before termination of the study. A
moistened wisp of cotton was used and vaginal cells were
obtained placed on slides. After being stained with a modi-
fied Papanicolau stain, they were read microscopically by a
single investigator (B.A.E.) according to the methods for
rodents described by Grollman (26). Particularly important
was the cyclicity that continued in the sham-operated rats as
opposed to the persistent estrus that occurred when estrogen
treatment was given to ovariectomized rats. Uterine weights
and blood were obtained at the time of sacrifice. Serum LH
was measured using a rat single antibody radicimmunoas-
say test at the endocrine research laboratory of the Women’s
Health Research Institute (St. David’s, PA).

Superfusion and [*H]}-NE Release from Cardiac
Synaptosomes. After 90 (Group I) and 270 days (Group
IT) of treatment, the rats were sacrificed and cardiac synap-
tosomes (resealed nerve terminals) were prepared (as de-
scribed below) from each heart to measure depolarization-
elicited NE release.

Depolarization-induced release of [*H]-NE from car-
diac synaptosomes was performed as previously described
(22-25). Briefly, synaptosomes were prepared by digesting
minced heart tissue with collagenase (class II; Worthington
Biochemical, Lakewood, NJ) followed by homogenization
in 0.32 M sucrose. The homogenate was centrifuged for 10
min at 650g at 4°C, and the resulting supernatant was cen-
trifuged for 20 min at 21,000g at 4°C to obtain the P2 frac-

Table I. Study Design

Group I
(270 days) n= 32

Group |
(90 days) n = 28

Sham-operated + vehicle
Ovariectomized + vehicle (control)
Ovariectomized + conjugated estrogen
QOvariectomized + A®

Ovariectomized + D?
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2 A = 17a-Dihydroequitenin.
bD = A8,9-Dehydroestrone.
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tion containing the functional cardiac synaptosomes (22).
To load internal NE stores, the P, fraction was incubated in
oxygenated HEPES buffer saline solution (50 mM HEPES,
144 mM NaCl, 5 mM KCl, 1.2 mM CaCl,, 1.2 mM MgCl,,
and 10 mM glucose, pH 7.4) plus 300 nM *H]-NE (42
Ci/mM; NEN, Boston, MA) for 1 hr at 37°C (24). Aliquots
of the [*H]-NE-containing synaptosomes were placed into
300-w! chambers of a Brandel 12-chamber superfusion sys-
tem (Biomedical Research and Development Laboratories,
Gaithersburg, MD) and were perfused with oxygenated
HEPES buffer saline at a rate of 250 p.l/min. After a 45-min
washout period during which unincorporated [*H]-NE was
removed, 5-min fractions were collected. Synaptosomes
were depolarized with a 2-min pulse of HEPES buffer saline
containing 50 mM KCI (the final concentration in the cham-
ber). To terminate the experiment and to release the remain-
ing [*H]-NE, the synaptosomes were lysed by perfusion
with water. The amount of [°H]-NE in each 5-min fraction
was determined by scintillation counting. As previously de-
scribed (25), the fraction of the total [*’H]-NE released into
each fraction was calculated. Furthermore, net fractional
release of [°H)-NE due to depolarization was calculated as
the fractional release induced by the high K* buffer minus
the basal fractional release.

Statistical analyses were done primarily using two-way
analysis of variance (ANOVA) and by Student ¢ tests. Post
hoc calculations used Fisher’s PLSD and Bonferroni/Dunn
tests.

Results

Estrogen Effects. The results of three different
measures (uterine weights, vaginal smears, and LH levels)
were used to confirm the loss of estrogen after ovariectomy
and to evaluate the effectiveness of the three estrogen prepa-
rations for restoring estrogen activity. These are tabulated in
Table II. The vaginal smears of sham-operated rats demon-
strated complete estrous cycles. The persistent diestrous
condition observed in the ovariectomized controls indicated
a lack of effective estrogenic activity. In contrast, persistent

estrus was observed in rats treated with each of the three
estrogenic preparations that showed that an estrogen effect
on the vaginal mucosa (estrus) was present while the rat
received the hormones.

As anticipated, uterine weights in vehicle-treated ovari-
ectomized rats were significantly less (P < 0.01) than those
from vehicle-treated sham operated controls at both 90 and
270 days of treatment (Table II). Treatment with conjugated
equine estrogens or either of the two components of this
preparation (A8,9-dehydroestrone or 17a-dihydroequilenin)
significantly increased uterine weights (P < 0.01) compared
with vehicle-treated ovariectomized rats at both 90 (P <
0.01) and 270 days (P < 0.01). There was no significant
difference in uterine weights among the three groups receiv-
ing the different estrogenic formulations after either 90 or
270 days of treatment. However, the uterine weights of rats
in each of the three subgroups receiving estrogenic formu-
lations were significantly less than those observed in the
sham rats (P < 0.01).

Elevated serum LH values indicated that in the ovari-
ectomized control group, a condition of hypoestrinism ex-
isted; LH values at 90 and 270 days were 19.67 and 23.40
ng/ml, respectively. These LH levels were significantly
greater (P < 0.01) than the values observed in all other
groups. Treatment with all three estrogenic preparations re-
duced LH levels to values below those observed in sham-
operated control rats. The large standard error observed in
the sham-operated animals is most likely due to the animals
being sacrificed at different stages of the estrous cycle. Ac-
curate techniques for measurement of equine estrogen levels
in rats are not available; however, the use of LH levels
allows for relative assessment of estrogen level.

Synaptosomes. The results of the depolarization-
induced release of [°’H]-NE from cardiac synaptosomes ob-
tained from the rats in the various treatment groups are
shown in Table III. After 90 days of treatment, depolariza-
tion-induced NE release was significantly (P < 0.05; 20%)
higher in ovariectomized rats treated with vehicle compared
with sham-operated rats. There was no significant differ-

Table ll. Estrogen Action

Uterine weights

Vaginal smears Luteinizing hormone in

in grams + SEM ng/mL = SEM
Group | Group Il Group | Group I Group | Group li
(90 days) (270 days) (90 days) (270 days) (90 days) (270 days)
Sham-operated + vehicle 0.78+0.14a 0.73+0.13a’ C Cc 461+3.39f 7.87+476f
Ovariectomized vehicle (controls) 0.12+0.01b 0.13x0.13b’ D D 19.67+£3.26g 23.40+4.09¢’
Ovariectomized conjugated 0.44+£0.02¢ 0.58+0.04c E E 1.00+011h 232+035h
estrogen 4
Ovariectomized + A? 0.47+£0.04d 0.50+0.01d’ E E 1.15+0.26i 4.18:+0.857
Ovariectomized + D° 0.47+0.07e 0.58+0.07 €’ E E 1.02+0.17j 263+025j

C, cyclic; D, diestrus persistently; E, estrus persistently; NS, not significant.

2 A, 17a-Dihydroequilenin.
5D, A8,9-Dehydroestrone.

Pvalues: a-a’, NS; b-b’, NS; ¢c-¢’, <0.01; d-d’, NS; e-e’, NS; a—b,c,d,e, < 0.01; b-a,c,d,e, < 0.01; a-b, < 0.01; a',b’,c’,d",e’, < 0.01; b’-a’,c’,d",e’,
<0.01; a"-b’, < 0.01; ', NS; g-g’, NS; h-h’, < 0.02; i-i", < 0.01; -, < 0.01; g-,h,ij, < 0.01; g'-F'.Wi"j', < 0.01.
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Table Ill. Norepinephrine Release?

Group | Group Il
(90 days) % + SEM (270 days) % + SEM
Sham-operated + vehicle 59+06a 8.17+0.54 a’
Qvariectomized + vehicle 7.1+£03b 10.24 + 0.91 b’
Ovariectomized + conjugated estrogen 6.3+03¢c 7.04 +0.42¢’
Ovariectomized + A® 6.3+03d 853+0.27d'
Ovariectomized + D¢ 6.0+03e 8.87 £0.70 ¢’

P values: a-a’ < 0.01; b-b’ < 0.01; c-¢’ < .10 NS; d-d’ < 0.01; e-e’ < 0.01; a-b < 0.05; a-c,d NS; b-c,d,e NS; b-c,d,e NS; b-e < 0.05; a'-b’ <
0.01; a'-¢’ < 0.01; a-d'e NS; ¢’-d’' < 0.05; ¢'-e’ < 0.05; b-c < 0.01; b’ d' < 0.05; b’-e’ NS.
2 Data presented are a percentage of net fractional release of NE due to K*-stimulated depolarization.

b A, 17a-Dihydroequilenin.
¢ D, A8,9-Dehydroestrone.
NS, Nonsignificant.

ence between the sham-operated group and the three ovari-
ectomized groups treated with estrogen, indicating that the
90 days of estrogen treatment prevented significant ovari-
ectomized-induced elevation in NE release.

After 270 days, K*-induced NE release in ovariecto-
mized rats treated with vehicle was significantly (P < 0.01;
25%) higher than in sham-operated controls. Treatment
with 17a-dihydroequilenin and A8,9 dehydroestrone in
ovariectomized rats showed a reduced NE release at 270
days similar to that of sham-operated rats, and NE release
from rats treated with conjugated estrogen was significantly
(P < 0.01) below the sham level. Thus, in the ovariecto-
mized rats given estrogen treatment, NE release was either
maintained or reduced as compared with the sham level. At
90 days, there was no significant difference in release
among the estrogen-treated rats, but at 270 days, a signifi-
cant difference was seen between the single estrogens and
the conjugated form. The changes seen appear to be either
related to long-term treatment or aging.

Discussion

The major finding of this study is that estrogen defi-
ciency by ovariectomy results in an increased depolariza-
tion-induced NE release from cardiac synaptosomes in
young female rats. Additionally, when compared with the
intact rat (sham), estrogen given to ovariectomized rats may
provide maintenance or reduction of NE release. Treatment
for 90 days (short-term) results in maintaining the NE re-
lease level, whereas 270 days (long-term) results in either
maintaining or significantly reducing the NE release when
compared with the sham control.

Estrogen deficiency, produced by ovariectomy, was
verified using three different modalities. The presence of
significantly decreased uterine weights, increased LH, and
persistent diestrous in our vehicle-treated ovariectomized
rats at both 90 and 270 days indicated a severely reduced
estrogen level. These were compared with the sham-
operated rats that showed normal estrogen activities and
were having regular estrous cycles.

Decreased estrogen levels significantly contributed to
an enhanced depolarization-induced NE release from car-

diac synaptosomes after ovariectomy, at both 90 and 270
days. To test our hypothesis, three separate estrogenic
preparations were given and the ability of these hormones to
normalize NE release was observed. These compounds were
conjugated equine estrogens (Premarin) and two active
components of this preparation, A8,9-dehydroestrone and
17a-dihydroequilinen. Treatment with these estrogens re-
versed the effects of ovariectomy on uterine weights and LH
levels and resulted in persistent estrus as seen by vaginal
smears. More importantly, after 270 days of treatment, con-
jugated equine estrogens and 17a-dihydroequilenin signifi-
cantly reduced depolarization-evoked NE release in ovari-
ectomized animals. Conjugated equine estrogens treatment
significantly reduced NE release below that observed in
sham-operated control rats, whereas NE release from 17a-
dihydroequilenin-treated animals was not significantly dif-
ferent from sham rats. A trend toward reduced NE release
compared with sham animals was observed after 270 days
of treatment with A8,9-dehydroestrone and after 90 days of
treatment in all three preparations; however, these values
did not reach the levels of significance. These results sug-
gest that long-term treatment with conjugated equine estro-
gens or A8,9-dehydroestrone is required to significantly re-
verse the effects of ovariectomy. Additionally, treatment
with conjugated estrogen was more effective in reversing
the effects of ovariectomy on NE release than individual
estrogen components that were used. Additional experi-
ments using several doses of each compound are needed to
establish this factor,

Interestingly, there was a significantly greater release
of NE from the cardiac synaptosomes in the sham 270-day
group compared with sham animals in the 90-day group.
This increased NE release may be due to an age-related
reduction in estrogen levels in the 270-day group (12
months of age) compared with the 90-day group (6 months
of age). Such a reduction in estrogen levels is suggested by
the trend toward higher LH concentrations in 270-day sham
rats relative to the 90-day group sham animals.

The current experiments do not address the mecha-
nism(s) by which estrogen reverses the effects of ovariec-
tomy on NE release. A cogent factor may be through spe-
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cific receptor activity. Both «- and B-estrogen receptors are
well-known transcription factors that up- or downregulate
the levels of the proteins involved in depolarization-
mediated NE release. Additional dedicated experiments will
be required to test this hypothesis.

Our findings are relevant to the results of a number of
studies that have linked NE to cardiomyopathies (25-27).
They are also consistent with studies that have linked ex-
cessive NE stimulation in the heart to arrhythmias and other
potentially damaging effects due to increased oxygen de-
mand and free radical formation (18, 28-33). In our studies,
ovariectomy resulted in a 20%-25% increase in depolariza-
tion-induced NE release when compared with the sham
groups (P < 0.05 at 90 days; P < 0.01 at 270 days), sug-
gesting that in vivo the lack of estrogen results in hyperse-
cretion of NE. This result of ovariectomy is corrected by
estrogen replacement. Persistent and increasing hypersecre-
tion of NE in the heart could account for effects seen in
those clinical studies that link coronary heart disease and
estrogen decline (2—4). Suppression of excess NE release
would appear to furnish a cardioprotective effect in women
who take estrogen replacement therapy during the meno-
pause (34, 35). Given that coronary heart disease occurs
later, women already on estrogen may continue therapy be-
cause even the HERS and ERA studies support this use (9,
10). The period of effectiveness may be limited; however,
further clinical double-blind, placebo-controlled studies are
in progress to evaluate long-term use of estrogen in cardiac
diseases (13).

The results of this study in the rat shows that estrogen
deficiency caused by ovariectomy produced a significant
increase in NE release in the heart. Dependent on the spe-
cific estrogen compound that was given to the ovariecto-
mized rats, an apparent response was the maintenance or
significant reduction of NE release over time. This suppres-
sion by estrogens of increased NE in the heart may prevent
NE-mediated pathophysiology or cardiotoxicity. Relatively
long-term endogenous estrogen was needed to effect this
moderation of NE release. Additional studies to provide a
time line and the dose-response factors involved could sup-
port this hypothesis.
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