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ABSTRACT

Recent observations indicate that the rat ovary
receives not only adrenergic but also peptidergic
innervation. In ruminants, there are few data
available on the extent of a possible direct regu-
lation of the peptidergic innervation of the ovary
including the corpus luteum (CL). The direct effects
of neuropeptide Y (NPY), substance P (SP) and
vasoactive intestinal polypeptide (VIP) on the
release of progesterone and oxytocin from mid-
luteal phase CL (days 8-12) were examined in vitro.
A possible direct neural influence might provide a
sensitive short-term control. Long-term as well as
short-term effects were assessed using both a serum-
reduced luteal cell culture and a microdialysis
system (MDS) of luteal tissue. In the long-term
experiments, luteal cells were preincubated from the
start of the culture for 48 h with NPY, SP and VIP
(10 pmol/I-100 nmol/l). During the following 4 h the
neuropeptides showed a dose-dependent stimulation
of progesterone release, but there was no effect on
oxytocin release. LH showed a synergistic effect
with NPY, SP and VIP on progesterone release. In

the short-term experiments, the neuropeptides were
added 48 h after the start of the culture. All three
peptides were most stimulatory to LH-supported
progesterone release 30 min after addition, and
the effect decreased greatly thereafter to the con-
trol level from 60 to 120 min. In contrast, LH
alone induced the maximal progesterone stimulation
at 120 min. In the MDS, a 30-min perfusion
with NPY, SP or VIP (10 nmol/l, 100 nmol/l and
1 pmol/l) induced significant acute effects on pro-
gesterone and oxytocin release. At 10 and 100 nmol/l
the neuropeptides slightly inhibited progesterone
release, but stimulated oxytocin release. At 1 pmol/l,
however, both progesterone and oxytocin release were
stimulated.

We conclude that neuropeptides NPY, SP and VIP
act directly on progesterone and oxytocin release
from bovine CL in vitro. The results suggest that the
hormonal function of bovine CL may be partly
influenced by peptidergic as well as adrenergic inner-
vation.
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INTRODUCTION

The sympathetic innervation of the mammalian ovary
has received increased attention during the last two
decades (Capps et al. 1978, Moshin & Pennefather,
1979; Lawrence & Burden, 1980). Although the rela-
tive importance of ovarian innervation to endocrine
or paracrine/autocrine control remains to be eluci-
dated, the possibility that the bovine corpus luteum
(CL) may be partly regulated by adrenergic inner-
vation has been indicated (Condon & Black, 1976;
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Battista & Condon, 1986; Battista et al. 1987, 1989;
Luck & Jungclas, 1987; Denning-Kendall et al. 1991;
Kotwica et al. 1991). Using immunohistofluorescence
in rats, it has been revealed that the ovary - in
addition to adrenergic innervation — also receives
peptidergic innervation (Ojeda & Urbanski, 1988).
Neuropeptide Y (NPY) (Stjernquist et al. 1983; Papka
et al. 1985; McDonald et al. 1987), substance P (SP)
(Dees et al. 1985; Ojeda et al. 1985) and vaso-
active intestinal polypeptide (VIP) (Dees et al. 1986;
Klein & Burden 1988) have been located. These
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immunoreactive fibres were observed in tissue sur-
rounding blood vessels and in interstitial tissue, and
associated with the thecal layers of developing follicles
(Ahmed et al. 1986; Dees et al. 1986; McDonald et al.
1987). Moreover, VIP was shown to stimulate ovarian
steroidogenesis (Davoren & Hsueh, 1985; Ahmed et
al. 1986; Trzeciak et al. 1987), while NPY (Ojeda &
Urbanski, 1988) and SP (Ojeda er al. 1985) had no
effect. Therefore, the main function of NPY and SP in
the ovary may be to regulate blood flow (Ojeda et al.
1988), although VIP may have a function in ovarian
hormone secretion in rats. In ruminants, there are
few data available relating to the possibility that
the ovary may be directly regulated by peptidergic
innervation.

We have therefore examined the direct effects of the
neuropeptides NPY, SP and VIP on the release of
progesterone and oxytocin from bovine CL in vitro.
Because the infusion of NPY into the stalk-median
eminence in vivo induces rapid release of luteinizing
hormone-releasing hormone (LHRH), as shown in
monkeys (Woller & Terasawa, 1991), a possible direct
neural influence might provide a fine ‘minute-to-
minute’ control (Ojeda & Urbanski, 1988). Thus
short-term as well as long-term effects were assessed
using both a luteal cell culture and a microdialysis
system (MDS) of luteal tissue. The MDS has been
assumed to be a valid addition to cell culture tech-
niques in cases where cell-to-cell contact may be of
importance (Miyamoto & Schams, 1991; Miyamoto
et al. 1992; Sauerwein et al. 1992). Luteinizing hor-
mone (LH) was also involved in the study with
neuropeptides as it is an essential luteotrophic hor-
mone (Hoffmann ef al. 1974). We describe here the
multiple effects of neuropeptides in the two in-vitro
systems.

MATERIALS AND METHODS

Collection of CL

CL from German Fleckvieh (Simmental) cows were
collected at a local slaughterhouse within 10-20 min
of slaughter. The stage of the oestrous cycle was
defined by macroscopic observation of the ovaries and
the uterus (Miyamoto & Schams, 1991). Mid-luteal
phase CL (days 8-12) were collected and washed
several times with saline and processed for cell culture
immediately. For in-vitro microdialysis, they were
transported to the laboratory in Medium 199 (Sigma,
Deisenhofen, F.R.G.) at 38 °C containing 10 mmol
NaHCO,/l, Earle’s salts, 365mg L-glutamine/l,
25 mmol Hepes/l, 5 g bovine serum albumin (BSA)Y/],
60 mg penicillin/l, 100 mg streptomycin/l, 2 mg
amphotericin/l and 56 mg ascorbic acid/l at pH 7-5
(M199).
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Tissue dissociation and cell preparation

A two-step perfusion procedure was used for the
dissociation of the CL as described earlier (Miyamoto
et al. 1992; Okuda et al. 1992). Briefly, Teflon micro-
capillaries (internal diameter 03 mm) (Bohlender,
Lauda, Germany) were inserted into the ovarian ar-
teries (A. ovarica) immediately after slaughter and the
ovaries were perfused with an ice-cold EGTA buffer
(0:1 mmol EGTA/l, 10 mmol Hepes/l, 140 mmol
NaCl/l, 7-1 mmol KCV1, pH 7-4) to remove blood and
loosen endothelial cells. The ovaries were transported
to the laboratory submerged in ice-cold EGTA buffer.
The ovaries were then perfused first with EGTA
buffer for 15 min, followed by a wash buffer (10 mmol
Hepes/l, 140 mmol NaCl/l, 7-1 mmol KCV1, 5-0 mmol
CaCly/l) for 15 min. Finally, dissociation was ob-
tained by perfusion with the wash buffer containing
0-05% collagenase (type I from Clostridium hystolyti-
cum) and (-1% BSA fraction V radioimmunoassay
grade for up to 30 min. EGTA, Hepes and colla-
genase were purchased from Sigma, and NaCl, KCl
and CaCl, were from Merck, Darmstadt, Germany.
All perfusion buffers were maintained at 38 °C and
were gassed with 5% CO, in 95% O,. The CL were
transferred to a Petri dish containing M199 (with
Earle’s salts and 25 mmol Hepes/l). Luteal cells were
dispersed with combs from the CL matrix. Luteal cells
from three CL were pooled and stirred for 10 min in
M199 containing 0-05% collagenase and 0-005%
DNase I (deoxyribonuclease I from bovine pancreas,
type IV) (Sigma). After filtration through 250 um,
150 um and 105 um polyester gauze, the cells were
washed three times by centrifugation for 5 min at
50 g with culture medium (1:1 with Dulbecco’s
Modified Eagle’s Medium and Ham’s F-12 medium,
supplemented with 0-1% BSA, 0-5mg insulin/l,
60 mg penicillin/l, 100 mg streptomycin/l, 2 mg am-
photericin-B/l, 2 mmol L-glutamine/l, 5mg trans-
ferrin/l, and 5 pg sodium selenite/l). The luteal cells
were counted in a haemocytometer and assessed for
viability by exclusion of trypan blue (>85%). Con-
tamination with endothelial cells and erythrocytes was
<20%.

Cell culture

The luteal cells (2-5 % 10%/0-5 ml) were incubated in
48-well culture plates (Costar, Cambridge, MA,
U.S.A)) for up to 52 h in a humidified incubator in
an atmosphere of 95% air and 5% CO, at 38°C
(Miyamoto et al. 1992). The culture plates were
coated with culture medium supplemented with 10%
calf serum (1-2 h) and then washed with twice the
volume of the serum-free culture medium. The
medium was changed every 24 h. For long-term



Effects of NPY, SP and VIP in bovine CL

A. MIYAMOTO and others

effects, the medium was always supplemented with
human NPY (SP Peninsula Laboratories, London,
U.K.) or porcine VIP (Sigma) with or without 10 ng
bovine LH/ml (NIH-BS8; potency 1-03 NIH-LH-SI
U/mg). The neuropeptides were dissolved in acetic
acid (10 mmol/) at concentrations of 1 mmol/l.
They were diluted with culture medium to a final
concentration of at least 100 nmol/l. For control
culture, acetic acid (1 pumol/l} was always added to
the medium. The culture medium from the last 4 h
after the second change of medium (between 48 and
52 h after the start of culture) was collected. For
short-term effects, the neuropeptides and/or LH
were added after 48 h of culture, and the medium
was collected 30, 60 and 120 min thereafter. The
collected medium was stored at —20°C until
assayed for progesterone and oxytocin.

Microdialysis system in vitro

The MDS for bovine CL irn vitro has been described in
detail previously (Miyamoto & Schams, 1991). In
brief, each CL was trimmed to a 10-12 mm cube,
divided into four pieces through the face of the apex
for three different doses and control groups, and
penetrated by an 8-10mm long dialysis capillary
(Fresenius SPS 900 Hollow Fibres, Fresenius AG, St
Wendel, Germany; cut off M, 1000 kDa). The capil-
lary was glued at each end to a piece of silicone
elastomer tubing (internal diameter 0-3 mm) which
was attached and fixed onto the surface of the pieces
of CL. For perfusion, one end of the tube was con-
nected to a peristaltic pump, and the other was joined
to the fraction collector. The prepared luteal pieces
were then maintained in organ culture chambers
{modified 2070 Tube; Falcon, Lincoln Park, NJ,
U.S.A) filled with 50 ml M199 in a water bath at
38 °C. M199 was continuously renewed at a flow rate
of 15 ml/h. During the incubation, the luteal pieces
were perfused with Ringer’s solution at a flow rate of
1 ml/10 min for up to 8 h. These conditions were
required for obtaining a constant release of pro-
gesterone and an LH stimulation response (Miyamoto
& Schams, 1991). After 3 h of preincubation, a frac-
tion of the perfusate was collected every 10 min for up
to 5 h. After 1 h of basal release, NPY, SP or VIP were
applied. To exclude the possibility that the pH of the
infusate may affect hormone release, acetic acid
(10 pmol/l) in Ringer’s solution (equivalent to the
highest dose of neuropeptides) was always run as a
control; in no case was an effect observed. Effluent
fractions after perfusion were stored at — 20 °C until
assayed for progesterone and oxytocin. The diffusion
capacity of the membrane was about 1-3% of the
infused concentration in the case of progesterone and
oxytocin, and about 0-1% for larger proteins like LH.

Determination of progesterone and oxytocin

Concentrations of progesterone and oxytocin were
determined directly in the fractions from the MDS or
in the media from cell culture with an enzyme immu-
noassay (Sauerwein et al. 1992) and a radioimmu-
noassay (Schams, 1983) respectively. The progester-
one standard curve ranged from 1-27 to 318 nmol/l
and the effective dose for 50% inhibition (EDs) of the
assay was 31-8 nmol/l. The oxytocin standard curve
ranged from 0-625 to 80 pmol/l and the EDy, of the
assay was 14-2 pmol/l. The intra- and interassay
variations were 4-0 and 8-8% for progesterone and 5-8
and 9-6% for oxytocin.

Statistical analysis

The data from the cell cultures are shown as the
mean + S.E.M. of values obtained in three separate
experiments in triplicate. The statistical significance of
differences between control and treated groups was
assessed by Student’s r-test.

For the analysis of the MDS experiments, the
concentrations of progesterone and oxytocin in the
first six fractions (1 h perfusion with Ringer’s solution
only) from each experimental group were pooled
to obtain baseline values (basal release of different
CL: progesterone, 5-4-54:1 nmol/l; oxytocin, 1-2-
46-9 pmol/l). All hormone concentrations in the frac-
tions collected from each piece of CL were expressed
as a percentage of the individual baseline (100%}). The
absolute progesterone and oxytocin concentrations
(mean + S.EM.) are given in Fig. 3 legend. The
maximal stimulation or inhibition of progesterone
and oxytocin release by neuropeptides at different
doses was tested at individual time-points throughout
perfusion compared with the pooled baseline. Means
were analysed by analysis of variance followed by
Duncan’s multiple range test.

RESULTS

Dose-dependent long-term effects of neuropeptides on
progesterone release from luteal cells in culture

To investigate the long-term effects, neuropeptides
(10 pmol/1-100 nmol/l) and/or LH (10 ng/ml) were
added at the start of the culture (Fig. 1). NPY, SP
(>100 pmol/l) and VIP (>1 nmol/l) showed a dose-
dependent stimulation on progesterone release from
luteal cells obtained at the mid-luteal stage between 48
and 52 h after the start of cell culture. There were
significant synergistic effects of NPY and VIP with
LH on progesterone release. SP showed an additive
stimulation in the presence of LH. In contrast, LH
alone or with neuropeptides had no effect on oxytocin
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FIGURE 1. Dose-dependent long-term affects of (a) neuropeptide Y (triangles), (b) substance P (circles) and (c) vasoactive
intestinal polypeptide (squares) on progesterone release from cultured bovine luteal cells. The cells were cultured with
each neuropeptide in the absence (open symbols) or the presence of LH (10 ng/ml) (solid symbols) for 52 h. The culture
medium was changed every 24 h. The medium from the last 4 h after the second change of medium (between 48 and 52 h
after the start of the culture) was collected for hormone determination. Values are the mean + s.E.M. of three separate
experiments in triplicate (three corpora lutea for each experiment were pooled). Absolute progesterone concentrations in
controls were 117 &+ 11 nmol/l for basal release and 198 £ 11 nmol/l for LH-stimulated release respectively. * P<0-05,
**Pp<(0-01, ***P<0-001 compared with respective control (C) (Student’s ¢-test).

secretion in the cell culture in the long term (data not
shown).

Short-term effects of neuropeptides on progesterone
and oxytocin release from luteal cells in culture

To investigate the short-term effects, neuropeptides
(1 nmol/l) and/or LH (10 ng/ml) were added after 48 h
of culture, and the medium was collected 30, 60 and
120 min thereafter (Fig. 2). Only VIP stimulated basal
progesterone release during the whole period; NPY
and SP were almost ineffective (Fig. 2a). Contrary to
the basal progesterone release, the three neuropep-
tides were most stimulatory to LH-supported pro-
gesterone release at 30 min after addition and the
effect decreased thereafter to control levels (Fig. 25).
The neuropeptides did not show any short-term effect
on oxytocin release (Fig. 2¢ and d).

LH induced a different time-course of response
to that of the neuropeptides; maximal progesterone
stimulation by LH was observed 120 min after addi-
tion (Fig. 2b). LH had no effect on the release of
oxytocin (Fig. 2d).

Short-term effects of various doses of neuropeptides
on progesterone and oxytocin release from
microdialysed mid-luteal CL

A 30-min perfusion with NPY, SP or VIP (10 nmol/i,
100 nmol/l and 1 umol/l) induced significant acute
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effects on progesterone and oxytocin release from
microdialysed CL (Fig. 3).

At doses of 10 and 100 nmol/l, the neuropeptides
slightly inhibited progesterone release (P<0-05), but
stimulated oxytocin release (P<0-05 for SP and
VIP). There was considerable variation of oxytocin
response between pieces of CL with these doses
(not shown). At a higher dose of 1 pmol/l, the neuro-
peptides acutely stimulated both progesterone and
oxytocin release (P<0-05).

DISCUSSION

The present results provide the first evidence that the
neuropeptides NPY, SP and VIP act directly — both
acutely and chronically — on the release of pro-
gesterone and oxytocin from bovine CL in vitro. In
serum-reduced cell culture, the neuropeptides were
stimulatory to progesterone release, but not to oxy-
tocin release. The long-term effects of VIP on pro-
gesterone release were comparable with those of rat
granulosa cells (Ahmed et al. 1986) and ovaries
(Davoren & Hsueh, 1985). Contrary to these and our
own data, NPY and SP have been shown to inhibit
progesterone and androstenedione release in porcine
granulosa and luteal cells (Pitzel ez al. 1991), in which
a 48h preincubation with 15% porcine serum-
supplemented culture medium was used. Thus the
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FIGURE 2. Short-term effects of neuropeptide Y (hatched bars), substance P (shaded bars) and vasoactive intestinal
polypeptide (solid bars) on progesterone and oxytocin release from luteal cells in culture. (@ and ¢) Neuropeptides

(1 nmol/l) alone or (b and d) in combination with LH (10 ng/ml) were added after 48 h of culture, and the medium was
collected after 30, 60 and 120 min. Absolute progesterone and oxytocin concentrations of the 30-min controls (baseline)
were 73-4 £ 9 nmol/l and 52:2 £ 8-1 pmol/l. Values are the mean + s.E.M. of three separate experiments in triplicates
(three corpora lutea for each experiment were pooled). * P<0-05, **P<0-01, ***P<0-001 compared with respective

controls (open bars) at the same time-point (Student’s z-test).

opposite effects of NPY and SP may be attributed to
different culture systems, i.e. a 2-day preincubation
with serum or serum-coated cell culture plates. Alter-
natively, the opposite effects may reflect the different
role of the peptides in different species, since NPY
(Ojeda & Urbanski, 1988) and SP (Ojeda et al. 1985)
using serum-free culture systems had no effects on
ovarian steroidogenesis in rats. The fact that NPY, SP
and VIP are more effective together with LH on
progesterone release than NPY or VIP alone, suggests
that these neuropeptides may act synergistically with
LH on progesterone release.

In the short-term experiments, the most effective
progesterone release to neuropeptides occurred within
30 min after addition of the peptide. It was apparent
that the progesterone response to NPY, SP and VIP
in the presence of LH was much higher than the
response in the absence of LH. At this time, LH alone
stimulated progesterone release by a mere 120%.
Maximum progesterone release of 300% occurred 120
min after the addition of LH. Neuropeptides may
amplify and synchronize the effect of LH.

The responses of CL to neuropeptides in the MDS
revealed another profile. Neuropeptides at doses of 10
and 100 nmol/l partly suppressed progesterone release
during peptide infusion, while oxytocin release was
already acutely stimulated. The reason for the lower
sensitivity of progesterone release is unclear. The
higher dose of 1 umoV/1 had acute stimulatory effects
on both progesterone and oxytocin release. The CL
response of oxytocin release to the neuropeptides was

more variable at low doses. In monkeys, a similar
tendency was observed for the release of LHRH after
infusion of NPY into the hypothalamus (Woller &
Terasawa, 1991). The doses in the present study
(10 nmol/1-1 pmol/l) are consistent with those doses
of NPY used for studies of LHRH release from the
hypothalamus of rats in vitro (Crowley & Kalra, 1987,
Sabatino et al. 1989) and in monkeys in vivo (Woller
& Terasawa, 1991).

The major difference in the response of CL to
neuropeptides between the two different systems ap-
pears to be a stimulation of oxytocin release observed
only in the MDS with intact tissue but not in cell
culture. Since oxytocin is mainly localized in and
secreted by the large luteal cells (Rodgers et al. 19835;
Kruip et al. 1985; Fehr et al. 1987), one might
speculate that the small luteal cells predominantly
possess receptors for the neuropeptides and, there-
fore, isolated large luteal cells cannot respond to
neuropeptides with oxytocin release. In general, small
luteal cells gave a better progesterone release to
hormones than large luteal cells, as shown for LH
(Fitz et al. 1982; Rodgers et al. 1983a; Alila et al.
1988). In comparison with cell culture, intact cell-to-
cell contact still exists in the MDS. Thus, small luteal
cells may communicate the neuropeptide signal to
large luteal cells by some intercellular transmitter
stimulating the release of oxytocin.

In the cow, direct ovarian actions of catechola-
mines have been demonstrated in vitro using luteal
tissues (Condon & Black, 1976; Godkin et al. 1977,
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FIGURE 3. Short-term effects of (a) neuropeptide Y, (b) substance P and (c) vasoactive intestinal polypeptide on
progesterone (rectangles) and oxytocin (triangles) release from microdialysed luteal tissue of the mid-luteal stage. All
values are shown as a percentage of the respective baselines (means + S.E.M.; n=6 corpora lutea/group) which were
calculated from the first six fractions (perfused with Ringer’s solution only). The solid symbols indicate a significant
change (P<0-05) in progesterone and oxytocin secretion. The baseline absolute concentrations of progesterone and

oxytocin were 23-5 &+ 1-3 nmol/l and 11 £+ 1 pmol/l respectively (n=72, mean + S.EM.).

Jordan et al. 1978; Battista & Condon, 1986) and
granulosa cells (Luck & Jungclas, 1987, 1988). Bovine
granulosa cells are stimulated by cholinergic neu-
rotransmitters (Luck, 1990), as human granulosa cells
are stimulated by the neurotransmitter serotonin (Bo-
dis et al. 1992). The results found in the literature and
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from our study of NPY, SP and VIP suggest that the
different ovarian compartments are under the direct
control of neurotransmitters which are supplied
by the ovary, or are influenced by locally circulat-
ing neurotransmitters. Neurotransmitters may act
together, potentiate and/or prolong the effects of
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other neurotransmitters or hormones (like LH as
shown in our cell culture experiments). Thus, external
factors, such as stress or environmental change, may
influence the ovary.

Luck (1990) proposed medium and long-acting
persistent neurotransmitter receptor types in bovine
granulosa cells and may be in luteal cells of the early
luteal phase. Our data on both long- and short-term
effects on hormone release may represent, in part,
the multiple functions of neuropeptides in the ovary;
they could act in a ‘minute-to-minute’ fashion and, at
the same time, they would stimulate steroidogenesis in
a ‘day-to-day’ fashion. The former may support a
classical response of nerves, while the latter may
support a possible intraovarian synthesis of neu-
ropeptides as shown for VIP in rats (Gozes & Tsaftriri,
1986) and for SP in swine (Pitzel ez al. 1991).

In conclusion, the bovine CL responds to neuro-
peptides NPY, SP and VIP with the release of pro-
gesterone and oxytocin in vitro. The overall results
suggest that the hormonal function of the bovine
ovary may receive not only adrenergic innervation
but also peptidergic innervation. To support this
hypothesis, further biochemical and histochemical
studies are needed as well as receptor-binding evi-
dence in the bovine ovary and CL which must be
collected in future investigations.
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