Endocrine, vol. 15, no. 2, 187-192, July 2001 0969-711X/01/15:187-192/$11.50 © 2001 by Humana Press Inc.  All rights of any nature whatsoever reserved.

Release of Norepinephrine from Human Ovary
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We investigated the possibility that norepinephrine region and distributed through the perivascular region, the
from the human ovary is released after nerve stimula- stroma, and the follicular thecal layers (2,3). A role for
tion and that this neurotransmitter is coupled to a catecholamines in ovarian physiology in nonprimate mam-
steroidogenic response. Biologically significant levels mals has been suggested by the effects of this neurotrans-
of both norepinephrine and dopamine were found in mitter on progesterone and androgen secretion (for areview
human ovarian biopsies. [*H]norepinephrine incor- see ref. 4), acquisition of follicle-stimulating hormone
porated in vitro was readily released by electrical stim- receptor and aromatase enzyme in immature rat granulosa
ulation in a Ca%*-dependent process. Ovarian mem- cells (5), and development of polycystic ovary in the rat
brane preparations exhibited specific binding sites for (6). Nerve terminals in the human ovary are, as in other
the B-adrenergic antagonist [*Hldihydroalprenolol. mammals, in close synaptic contact with the thecal layer,
Displacement of [*Hldihydroalprenolol with zinterol but they do not appear to cross the follicular basement mem-
(aspecific B,-agonist) indicated that 72 % of these sites brane into the granulosa cell layer (for a review, see ref. 7).
were type B,-receptors. B-receptors were also present No further functional characterization of the nerves has
on granulosa cells. Stimulation of granulosa cells with been published, although there have been many studies on
luteinizing hormone or the B-agonist isoproterenol the putative role of catecholamines in ovarian physiology,
increased the release of progesterone after 4 d in cul- particularly in the contraction and relaxation of the follicu-
ture. These results suggest that the sympathetic nerves lar wall (8,9).
present in human ovary are coupled to B-adrenergic A role for catecholamines in regulation of progesterone
receptors present in endocrine cells and, as in nonpri- release from human granulosa cells has, however, been more
mate mammals, appear to participate in the regula- difficult to demonstrate. Although norepinephrine stimu-
tion of ovarian function. lates progesterone release from thecal and granulosa cells
in the nonprimate ovary (for a review, see ref. 4), there are
Key Words: Sympathetic nerves; B-receptor, human divergent opinions about the role of catecholamines in ste-
ovary. roid secretion from the primate ovary. In some studies,

norepinephrine and/or B-agonists appear to stimulate (70),
potentiate the effect of gonadotropin (77), or have no effect

Introduction (12) on progesterone secretion by granulosa cells.

The mammalian ovary has a rich sympathetic nerve A physiologic role for endogenous catecholamines in ova-
supply with norepinephrine as the major sympathetic neu- rian function would be supported by a relationship between
rotransmitter (/). Histochemical studies of catecholamine norepinephrine released at sympathetic terminals and its
fluorescence in the human ovary have revealed a network action on postsynaptic receptors present in endocrine cells.
of fluorescent fibers penetrating the ovary through the hilar Such a relationship would be distinct from the effects of

norepinephrine attributable to the action of plasma cate-
cholamines. We have employed neurochemical techniques
Received March 19, 2001; Revised May 30, 2001; Accepted May 30, 2001. to demonstrate the existence of functionally active norad-
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Results

Concentration of Norepinephrine,

Dopamine, and Epinephrine in Ovary

As we can expect from a tissue innervated by sympa-
thetic nerves, the human ovary presented a high content of
norepinephrine (1.23 = 0.07 pg/g of ovary, n = 5 mean £
SEM) and readily detected amounts of dopamine (0.36 +
0.04 pg/g of ovary, n =5 mean = SEM). Epinephrine could
not be detected (lower than 10 pg/mg).

Release of Incorporated Norepinephrine

Incubation of neural tissue with norepinephrine results
in incorporation of norepinephrine through a transmem-
brane carrier (13), specific to neural tissue (7/4). Incubation
of ovarian tissue (10 mg) with [*H]norepinephrine incor-
porated a significant fraction (4.5 + 0.5%, n = 3, mean +
SEM) of the total radioactivity of the incubation medium
(15). Transmural stimulation of the ovary (arrows in Fig. 1)
at the frequency of the normal firing rate of the peripheral
sympathetic nerves produced a 10-fold increase in the re-
lease of [*H]norepinephrine into the superfusion medium
(5.4+0.25 vs 0.55 £ 0.04% spontaneous release) (Fig. 1A,
left) and easily responded to a second period of stimulation
(Fig. 1A, right). Removal of Ca’" from the medium and
addition of 0.1 mAM EGTA abolished the release of norepi-
nephrine (Fig. 1B, right).

Binding of H|Dihydroalprenolol to Ovarian Membranes

Ovarian membranes were incubated at 37°C for 30 min
with 0.5—4.0 nM dihydroalprenolol (DHA, B-antagonist)
(Fig. 2). A maximal specific binding of 114 fmol of DHA/
mg of protein was found. Scatchard analysis revealed a sin-
gle binding site with K; = 3.3 nM. Experiments involving
competition between DHA (2 nM) and propranolol resulted
in a total displacement of the binding with an ICs, 0f 2.5 nM
(Fig. 3). When the B,-antagonist nadolol replaced propra-
nolol, the maximal displacement was 30% of that obtained
with propranolol and the IC5, was 16 nM. Zinterol (a 3,-ago-
nist) decreased DHA binding by 72% with an ICs, of 1 nM.

Because the ovarian membrane preparation principally
contains interstitial tissue, thecal interstitial cells, and stroma,
we also prepared membranes from granulosa cells after
4 d of incubation. Incubation of this preparation with a
saturating concentration of DHA (10 nM) showed specific
binding that was displaced by propranolol. The maximal
specific binding/mg of protein was 3.20 + 1.00 pmol/mg
of protein (n = 3 mean = SEM), a value higher than that
obtained with the ovarian membrane preparation. This find-
ing represents a threefold increase as compared with -
adrenergic binding after 24-h of incubation.

P-Adrenergic-Induced Secretion
of Progesterone from Granulosa Cells

As aresult of the aforementioned observations, we tested
the ability of isoproterenol to induce the secretion of pro-
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Fig. 1. Release of [*H]norepinephrine from the human ovary and
its dependence on extracellular calcium. A piece (15 mg) of an
ovarian biopsy was preincubated with [*H]norepinephrine and
then stimulated with a train of 600 pulses at 10 Hz, 2-ms length,
and 80 V for 1 min (arrows). Four minutes after the first stim-
ulation, the perifusion medium was replaced with Krebs-bicar-
bonate buffer (complete medium), without calcium and with 0.1 mM
EGTA, and the tissue was stimulated as described above. (A)
Response of the ovary when two stimulation periods were ap-
plied. (B) Response of the ovary when calcium was eliminated
during the second period of stimulation. Results are expressed as
a percentage of the fractional release and are means = SEM from
five patients.

gesterone from granulosa cells. As shown in Fig. 4, neither
luteinizing hormone (LH) nor isoproterenol increased pro-
gesterone production during a 24-h incubation of granu-
losa cells. Both human chorionic gonadotropin (hCG) and
isoproterenol, however, did stimulate progesterone produc-
tion in incubations in culture medium for 4 d.
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Fig. 2. Binding of [*H]dihydroalprenolol to human ovary mem-
branes. Membranes (70 pg protein) were incubated at 37°C for
30 min as described in the text. Values are means + SEM of five
experiments, each one performed in duplicate. The insert shows
a Scatchard plot of the data.

Discussion

Our results suggest that the human ovary has a func-
tional sympathetic innervation coupled to steroid secre-
tion. The value for the concentration of norepinephrine
in the ovary was similar to others previously reported and
10 times higher than rat ovarian tissue (2,/5—17). Data on
dopamine concentration in ovarian follicular fluid from
human follicle have been reported (/8), but no data on
dopamine concentration in the ovarian tissue from humans
have been reported. Tissue concentration of dopamine deter-
mined in the present study is, however, higher than expected
if dopamine were acting only as a precursor of norepineph-
rine. The concentration found (2.5 nM) is sufficient to acti-
vate any known dopaminergic receptors that might be pres-
ent in the ovary. Mayerhofer et al. (19) recently described
the presence of D;-dopaminergic receptor in the human
ovary. Although they did not speculate as to a role for this
putative receptor, it could participate in the ovarian physi-
ology through activation by locally released dopamine.
This may be important because one treatment for anovula-
tion resulting from an increased secretion of prolactin is the
administration of the dopaminergic agonist, bromocriptine.
Because the administration of bromocriptine to patients with
normoprolactinemic amenorrhea increases their rate of
ovulation (20), it suggests that this compound might act at
the ovarian as well as the central level. The overall concen-
trations of both catecholamines are at least 100 times higher
than those in plasma from normal subjects (21), suggesting
a neuronal origin for both norepinephrine and dopamine.
The fact that epinephrine was not detected at the ovarian
tissue, where the existence of phenylethanol amine-N-methyl
transferase (PNMT, the enzyme that catalyzes the transfor-
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Fig. 3. Displacement of [*H]dihydroalprenolol (10 nM) specifi-
cally bound to a membrane fraction obtained from the ovary.
Incubation was for 30 min at 37°C with DL-propranolol (A),

nadolol (O), and zinterol (@). Results are means + SEM of five
experiments performed in duplicate.

mation of norepinephrine to epinephrine) has not been docu-
mented, reinforces the idea that there is no contamination
with plasma catecholamines; thus, the detected levels of nor-
epinephrine and dopamine could represent catecholamines
from locally synthesized neurotransmitter from sympathe-
tic nerve terminals but not plasma catecholamines.

Are ovarian catecholamines functionally associated
with sympathetic nerves and can they be released when the
nerves are stimulated? The technique of electrical stimula-
tion of ovarian tissue containing preloaded catecholamine
has been shown to be valid in a variety of tissues and animal
species (22,23) and permits analysis of nerve activity in
tissue biopsies. Because of the participation of extracellu-
lar calcium in the neurotransmitter’s storage vesicle recruit-
ment and fusion to the cytoplasmic membrane to release
neurotransmitter by exocytosis (23), a basic criterion for
establishing the neuronal origin of released [*H]norepine-
phrine is an absolute dependence on extracellular Ca*", as
was shown in the present study for human ovary and pre-
viously for other species (15,16).

This technical approach may be useful in studies of neu-
ronal activity in the diseased ovary such as the polycystic
ovary syndrome (PCOS). Semenova (24) showed an increase
in catecholamine fluorescence in the ovaries of women
with PCOS but, because norepinephrine released to the syn-
aptic cleft is the neurotransmitter available to act on post-
synaptic receptors, an increase in the tissue concentration
of'the neurotransmitter is not enough to suggest an increased
neuronal activity of the tissue. In support of this, we have
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Fig. 4. Effect of isoproterenol and LH on progesterone secretion from human granulosa cells. After cells were obtained and isolated from
red cells, 200,000 cells per well were incubated in 1:1 Dulbecco’s modified Eagle’s medium (DMEM):Ham’s F12 (containing 10%
human serum) alone (control) or with 5 IU/liter of LH or 10°° M DL-isoproterenol for 24 h (short-term incubation, 1 d) or 4 d (change
of medium every 24 h); progesterone released into the medium was determined by radioimmunoassay (RIA). For the 4-d incubation,
results indicate progesterone released during the last 24-h period of incubation. Results are means + SEM from 10 patients.

found that a stress-induced increase in ovarian nerve activ-
ity in the rat is not accompanied by an increase in norepi-
nephrine concentration at the ovary but of a clear increase
in the release of norepinephrine (25). In other situations,
however, we have found a clear correlation between changes
in norepinephrine content and release, as the increase in nor-
epinephrine content and release of the ovary of rats treated
with estradiol valerate to induce PCO (6,25), giving further
support to the importance of the release of neurotransmitter
as an index of neuronal activity instead of only content.
The level of secretory activity of ovarian sympathetic
nerves is indicated by the substantial proportion of [°H]nor-
epinephrine released by electrical stimulation. If we assume
an even distribution of radioactive norepinephrine in the
total pool of norepinephrine in the tissue, we can calculate
that 10 ng of norepinephrine is released locally into the
synaptic cleft—a concentration of 0.01 pM for the ovary as
a whole. This value is close to the K; we found for the j3-
receptor, indicating that both norepinephrine and p-recep-
tor sites may be in close proximity within the human ovary.
We have not found data about pharmacologic characteriza-
tion of B-adrenergic binding sites in the human ovary, but
our data compared well with data described for the rat ovary
(26). The data described in the present study suggest that
human ovarian secretory cells also respond to B-adrener-
gic agonist. The difference in the response of fresh and cul-
tured granulosa cells to LH and isoproterenol may reflect
the metabolic state of the cells or a different degree of lut-
einization occurring during culture (7/0). Furthermore, be-
cause almost all in vitro fertilization procedures used similar
hormonal treatments, it could explain the discrepancy in
the literature regarding the effects of norepinephrine or
agonists and, more recently, the lack of effect of dopamine
on progesterone secretion from granulosa cells derived from
in vitro fertilization procedures (79). Our data confirmed
the previous observation (70) that granulosa cells (obtained
from in vitro fertilization procedures), only respond to

gonadotropins and B-adrenergic agonists after at least 4 d
of culture. Although both human and monkey ovary present
a well-developed network of sympathetic nerves, data show
differences between human and monkey ovary regarding
the functional response to sympathetic neurotransmitters.
The adenylate cyclase system of macaque corpus luteum
was not responsive to catecholamines (27); thus, monkey
ovary may lack a potential neural mechanism for control of
luteal function that is available to human ovary, which might
explain differential responses to catecholamines, includ-
ing the failure of dopamine to modify basal and hCG-stimu-
lated progesterone secretion from isolated luteal cells (28).

Conclusion

Our data strongly suggest that sympathetic nerves from
the human ovary release norepinephrine after stimulation
and that released norepinephrine is coupled to steroid pro-
duction from the ovary acting on 3,-adrenergic binding sites.
This suggests a physiologic role for the sympathetic inner-
vation of the human ovary and proposes a novel means for
studying the function of this innervation in health and
disease.

Materials and Methods

Ovarian Biopsies

Eight biopsy samples of human ovaries (each approx
100 mg) were obtained from women 4246 yr of age with
regular 26- to 32-d ovulatory cycles who were undergoing
surgery for unrelated conditions. Patients, registered at Hos-
pital del Salvador, Hospital San Jose, or Hospital J J Aguirre
(Santiago), and with full obstetric histories, were informed
of the study and gave their written consent according to
institutional regulation. Laparoscopic surgery accompanied
by surgical obtention of tissue was performed during the
follicular phase (d 5 and 10 of the menstrual cycle).
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Isolation of Granulosa Cells

Human granulosa cells were isolated from follicular fluid
obtained from multiple preovulatory follicles of women
undergoing assisted in vitro fertilization. The cells used in
this study were from 10 patients from the Clinica Alemana
(Santiago). The patients were treated with standard hor-
monal regimes prior to follicular puncture (stimulation with
leuprolide acetate; monitoring of follicular growth by ultra-
sound; and daily monitoring of estradiol, progesterone, and
LH). Ovulation was stimulated by hCG (10,000 IU) when
follicles reached a diameter of 20 mm. Follicular aspira-
tion (guided by sonography) was performed 32-36 h after
induction of ovulation in all women with a continuous rise
in serum estradiol.

Culture of Granulosa Cells

Granulosa cells were recovered from follicular fluid after
centrifuging at 250g for 10 min. Cells from a single patient
were suspended in 20-30 mL of phosphate-buffered saline,
filtered through a sterile nylon mesh to remove any clumps,
and separated from erythrocytes on Percoll (Pharmacia,
Uppsala, Sweden). Cell suspensions were used for short-
(1 d) or long-term (4 d) incubation in basal conditions or in
the presence of 107 M isoproterenol or 5 IU/liter of LH.
For both protocols, cells obtained from each patient were
cultured separately and placed in triplicate in wells con-
taining 200,000 cells and with a final volume of 1 mL with
1:1 DMEM and Ham’s F12 containing 10% human serum.
Serum was heat inactivated by warming at 56°C for 30 min
and sterilized by passing through a membrane filter (0.2
pum). In long-term incubations, media were changed every
24 h including LH or isoproterenol depending experimen-
tal conditions; medium was stored at —20°C. Progesterone
released to the medium was measured by RIA (29).

Measurement of Norepinephrine,
Dopamine, Epinephrine, and Protein

Samples of ovarian tissue (10 mg) were homogenized in
10 vol of 0.2 M HCIO,. Suspensions were centrifuged at
15,000g for 10 min. norepinephrine and dopamine present
in the supernates were determined by the method of Saller
and Zigmond (30), as previously described (16).

Release of Norepinephrine from Ovary

The procedure was previously described (16) with minor
modifications. Each piece of ovarian tissue (15 mg) was
preincubated for 20 min in Krebs-bicarbonate buffer (pH
7.4), gassed with 95% 0,:5% CO,, and then incubated for
30 min at 37°C with 2 uCi of [*H]norepinephrine (40.1 Ci/
mmol; Dupont/NEN, Boston, MA). Radioactivity not re-
tained by the tissue was removed by further incubation for
60 min in Krebs-bicarbonate free of [*H]norepinephrine.
To study the spontaneous and stimulated release of [*°H]nor-

epinephrine, the tissue was transferred to a thermoregu-
lated perifusion chamber (1-mL capacity) provided with
two platinum electrodes located in parallel at a distance of
7 mm from each other.

The perifusion fluid was Krebs-bicarbonate and the flow
rate was 2.5 mL/min. Fractions were collected at 1-min
intervals. After 3 min of collection, a train of 600 monopha-
sic pulses (80 V, 10 Hz, 2 ms) was applied using a Grass S-
4 stimulator; fractions were collected for 5 min. To study
the extracellular Ca*? dependence of the release of norepi-
nephrine, Krebs-bicarbonate was changed by the same
buffer but without calcium plus 0.1 mM EGTA, the peri-
fusion continued for 10 min, and the ovary was subjected
to a second stimulation period as before. At the end of the
experiment, the ovarian tissue was homogenized in 3 mL
of 0.4 N perchloric acid. The resulting suspension was cen-
trifuged at 15,000g for 10 min; the supernate contained the
[*H]-labeled catecholamines remaining in the tissue. Por-
tions (0.6 mL) from each 1-min fraction and from the tissue
homogenates were counted for radioactivity (52% effi-
ciency) in a scintillation counter. The overflow of radio-
activity was calculated as a percentage of the total fractional
release, i.e., as a percentage of the radioactivity present in
the tissue (16).

Assay of [-Adrenergic Receptors
in Ovarian or Granulosa Cell Membranes

Membranes were prepared from ovarian tissue (60 mg)
or from granulosa cells by differential centrifugation (22).
The assay contained 0.5-4.0 nM [*H]dihydroalprenolol
(92.0 Ci/mmol; Dupont/NEN) with membranes (70 pg) in
a total volume of 0.2 mL. Nonspecific binding was assessed
in tubes containing 10~* M DL-propranolol. Competition
experiments were as described above but with 2 nM DHA
with 10721073 M propranolol, nadolol (a B,-antagonist),
or zinterol (a B,-agonist). Results are expressed as femto-
moles of dihydroalprenolol bound/milligram of protein per
30 min. Samples were incubated for 30 min at 37°C. Bind-
ing was terminated by the addition of 10 vol of assay buffer
and vacuum filtration through Whatman (Clifton, NJ) GF/C
fiberglass filters as described (22). Radioactivity retained on
the filters was determined by liquid scintillation counting.

Statistical Analyses

Binding parameters (K, B,,.x) Were obtained using the
ISIS-59 and SCATFIT-59 computer programs. ICs,, values
were determined by log-logit graphic analysis. Differences
between two groups were tested by student’s #-test.
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