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ABSTRACT

The effects of catecholamines and ascorbic acid on
cultured bovine granulosa cells have been examined to
assess their possible role in the initiation and maintenance of luteal oxytocin secretion. The actions of these
agents have also been compared with the previously
reported ability of follicular theca tissue to enhance
oxytocin secretion.
Using granulosa cells cultured in serum-supplemented medium, we observed a highly significant
enhancement of oxytocin secretion in the presence of
adrenaline and noradrenaline, particularly over the
concentration range 1\p=n-\10\g=m\mol/l. This effect was
accompanied by smaller and less consistent changes in
progesterone secretion and did not involve any change
in the time-course of oxytocin secretion. Acetylcholine was without effect. Ascorbic acid stimulated
oxytocin secretion when used alone over a range of
concentrations, but was also able to synergize with

adrenaline. Lactic acid was ineffective. The stimulation of oxytocin secretion by adrenaline could be
blocked by equimolar propranolol, but the stimulation of progesterone was not blocked. Propranolol
had a variable effect on the ability of theca tissue to
stimulate oxytocin secretion by granulosa cells but the
results also suggested the presence of some \g=b\-agonistic
activity in the culture medium.
We conclude, first, that catecholamines may be
involved in the regulation of ovarian oxytocin
secretion, secondly, that ascorbate may regulate
oxytocin secretion through its involvement in the biosynthesis of oxytocin but also through interaction
with catecholamines and, thirdly, that the stimulatory
action of theca tissue probably does not involve the
action of \g=b\-agonists.
J. Endocr. (1987) 114, 423\p=n-\430

INTRODUCTION

exhibited two of the important endocrine changes
associated with the transition from follicular to large
luteal cell activity (Koos & Hansel, 1981; Guldenaar,
Wathes & Pickering, 1984). It was found that follicu¬
lar theca tissue added to the culture enhanced oxyto¬
cin secretion, suggesting that intermixing of theca
and granulosa cells during luteinization (Priedkalns,
Weber & Zemjanis, 1968) might provide a mechanism
for the initiation of secretion. In examining other
tissues for stimulatory activity, a highly significant
enhancement of secretion was seen when adrenal tis¬
sue was added to the granulosa cell culture. The
nature of the theca product responsible for the
enhancement of oxytocin secretion has yet to be estab¬
lished. However, in view of the stimulatory effects of
adrenal tissue, the presence of adrenergic sympathetic
nerves within the ovary (Burden & Lawrence, 1980;

Oxytocin is a substantial secretory product of the
ruminant early corpus luteum (Ivell, 1986). Ovarian
secretion before ovulation is minimal (Wathes,
Swann, Porter & Pickering, 1986/?) with major biosyn¬
thesis

being

initiated

during

or soon

after follicular

rupture (Ivell, Brackett, Fields & Richter, 1985;

Wathes, Guldenaar, Swann et al. 1986 ). There is
disagreement as to whether gonadotrophins stimu¬
late oxytocin production (Hirst, Rice, Jenkin &
Thorburn, 1986; Schams & Roll, 1986), and the exact
mechanisms through which secretion is induced and
maintained remain unclear.
We have recently described in-vitro studies in which
granulosa cells, taken from healthy preovulatory fol¬
licles and cultured in the presence of serum, secreted
oxytocin as well as large quantities of progesterone
(Jungclas & Luck, 1986). These cells therefore

Guraya, 1985), particularly that of the ruminant
(Stefenson, Owman, Sjöberg et al. 1981), and the

of ß-agonists to stimulate luteal progesterone
secretion (Condon & Black, 1976; Battista & Condon,
1986a,b) we have now investigated the effects of
catecholamines on oxytocin secretion. A cholinergic
system is also present in the ovary, but is less well

ability

developed (Stefenson et al. 1981).

Ascorbic acid is involved in catecholamine biosyn¬
thesis (Levine, Morita, Heldman & Pollard, 1985) in
both adrenal and central nervous tissue and is released
during catecholamine secretion (Levine, Asher, Pollard
& Zinder, 1983). Furthermore, it is frequently used
in in-vitro studies of catecholamine action to reduce
oxidation during the course of an experiment. We
have adopted this procedure but in doing so we
observed a stimulation of oxytocin secretion using
ascorbic acid alone. This effect has been investigated
and considered in relation to the possible intracellular
mechanisms of ovarian oxytocin secretion.

Assays
Progesterone

concentrations

were

assayed using

a

direct, 125I-labelled RIA kit (RSL, Carson, CA,
U.S.A.), with a working range of 0-6-65 nmol/1 and

intra- and interassay coefficients of variation of 7-6
and 13% respectively. This assay was previously vali¬
dated for use with our cell culture samples by adding
known amounts of progesterone to samples of serumsupplemented culture medium, over the range of the
standard curve; these samples showed >90% recov¬
ery and parallelism over the entire working range.
Oxytocin concentrations were assayed by a direct,
125I-labelled RIA as described previously (Jungclas &
Luck, 1986), employing delayed addition of tracer
and polyethylene glycol 6000 (Merck, Darmstadt,
F.R.G.)-assisted, second antibody precipitation. This
assay has a working range of 9—400 pmol/1 and intraand interassay coefficients of variation of 9 and 11 %

respectively.

MATERIALS AND METHODS

procedures used for preovulatory follicle selec¬
tion, granulosa cell preparation, flat plate culture
and radioimmunoassay (RIA) of progesterone and
oxytocin have been given in detail previously
(Jungclas & Luck, 1986) and may be summarized as
follows.

The

Granulosa cell

preparation and culture
phase bovine ovaries were

obtained from
Non-luteal
the slaughterhouse and those with a single, large,
mature, healthy preovulatory follicle (diameter
0-8—1 -4 cm, fluid volume 0-8—1-8 ml) selected for cell
preparation. Retrospective assays of progesterone
and oestradiol in the follicular fluid of these follicles
showed oestradiol concentrations of > 50 nmol/1 and
an oestradiol : progesterone ratio of > 1 ; oxytocin was
not detectable. Cells were prepared after gentle
agitation of the inner follicle surface into a lavage of
culture medium (a bicarbonate-buffered 1:1 mixture
of Ham's F12 and Dulbecco's Modification of Eagle's
Medium; Flow Laboratories, Meckenheim, F.R.G.)
and washed three times in medium. The resulting cell
suspension was assayed for DNA (Labarca & Paigen,
1980) as an index of cell number (Jungclas & Luck,
1986), and used for culture in 1 ml aliquots at concen¬
trations of between 5 and 15 10s cells/ml. The
medium for culture was supplemented to 10% (v/v)
with fetal calf serum (Gibco, Karlsruhe, F.R.G.).
Cultures were performed in flat, multiwell plates
(Nunclon, Wiesbaden, F.R.G.) and continued for 5
days in a humidified incubator (37 °C, 5% C02/95%
air) with daily renewal of medium. Samples of
medium were frozen at
80 °C to await hormone
—

assay.

Experiments
The results from seven culture experiments are
reported, with six or four replicate wells per treat¬
ment, and controls consisting of granulosa cells and
serum-supplemented culture medium alone. In some
experiments one treatment consisted of a small piece
of theca interna tissue, prepared from the same follicle
as the granulosa cells (Jungclas & Luck, 1986) and
added at the time of granulosa cell inoculation. Pro¬
gesterone secretion under these conditions was cor¬
rected for the small

quantity

secreted

by equivalent

pieces of theca tissue incubated separately. Theca
tissue secreted no detectable oxytocin.
Treatment chemicals (ascorbic acid (Na salt), lactic
acid (Na salt), adrenaline bitartrate, noradrenaline
hydrochloride, acetylcholine chloride and proprano¬
lol) were obtained from Sigma, Diesenhofen, F.R.G.
and diluted in medium at the start of each experiment.
Where necessary, these preparations were sterilized
using a 0-2 pm membrane filter (Schleicher &
Schuell, Dassel, F.R.G.). In all experiments, chemi¬
cal treatments were renewed daily; the concen¬
trations used are described in the Results. In certain
experiments medium pH was ascertained by elec¬
trode, as soon after removal from the controlled
environment incubator as possible, following 24 h of
incubation.
Statistics

Student's /-test was used to compare the hormone
concentrations in medium from treated and control
cells; multiple comparisons between treatments were
not made, except where the effects of treatment were
examined in the presence and absence of ascorbic
acid.

RESULTS

In all

experiments, cells secreted oxytocin

progesterone according

to the

and

patterns observed pre¬

viously (Jungclas & Luck, 1986), with no detectable
oxytocin secretion on day 1, minimal secretion on day
2 and maximum secretion on day 3 or days 3 and 4 of
culture. Progesterone was detectable in all samples,
indicating cellular viability for at least the duration of
these experiments; similarly cultured granulosa cells
have been observed to secrete high quantities of pro¬
gesterone for at least 2 weeks (M. R. Luck, unpub¬
lished observations). Table 1 shows typical values for
hormone secretion over 5 days of culture. There was
variation between experiments in the absolute quanti¬
ties secreted, but within an experiment the time-course
of secretion was unaltered by treatment. In view of
this consistency, the results from some experiments
(Figs 1-3 and Table 2) have been simplified by
showing hormone concentrations on day 3 of culture
only.
The experiments described in Table 1 and Fig. 1
represent preliminary studies. Table 1 shows the
effects of theca tissue and catecholamines on oxytocin
and progesterone secretion respectively. Adrenaline
and noradrenaline both stimulated oxytocin secretion
to an extent similar to that achieved by the addition of
theca tissue. Progesterone secretion was reduced sig¬
nificantly but inconsistently by the catecholamines. As
previously observed (Jungclas & Luck, 1986), progest¬
erone secretion was reduced by theca tissue. Similar

concentrations of catecholamines in the presence of
ascorbate (0-5 mmol/1; 0-01%) produced a highly sig¬
nificant increase (4-4- to 6-fold) in oxytocin secretion
compared with the control (Fig. 1). Ascorbate alone
table

1.

produced a smaller stimulation (2-6-fold). In contrast
to the catecholamines, acetylcholine had no effect be¬
yond that achieved using ascorbate alone. Progester¬
one secretion was increased slightly (1-3- to 1-7-fold)
by ascorbate treatment but no further increase was
apparent in the presence of catecholamines or acetyl¬
choline.

Figure 2 shows the effects of increasing amounts of
ascorbic acid; dose-dependent stimulations of both
oxytocin and progesterone are evident. There was a
plateau in the dose-response curve at 0-94 mmol/1;
concentrations above this substantially reduced the
pH ofthe culture medium and led to inhibition of pro¬
gesterone secretion with degenerative changes in cell
morphology (data not shown). As a result, the ascor¬
bate concentration used in the preliminary experiment
(0-5 mmol/1) was retained in further experiments in
order to provide a trustworthy, maximally effective
concentration. In a parallel experiment (data not
shown), lactic acid over the same dose-range as that
of ascorbic acid was without significant effect on oxy¬
tocin or progesterone. The cells in this experiment
were capable of stimulation (oxytocin: 6-7-fold,
< 0001;

0-5 mmol

progesterone:

1-6-fold,

ascorbate/1.

<

0001) by

Figure 3 shows the effects of increasing doses of
adrenaline in the presence and absence of ascorbate.
There were dose-dependent increases in the secretion
of both oxytocin and progesterone. In the absence of
ascorbate, adrenaline was maximally effective at a
concentration of 10 pmol/1. In the presence of ascor¬
bate, the response of both hormones was increased
but also sensitized, resulting in a large stimulation at
1 pmol/1. In the case of oxytocin secretion, the effects
of adrenaline at 1 pmol/1 and above were clearly

Oxytocin and progesterone concentrations in medium from bovine granulosa cells cultured for 5 days, alone
/ ) or noradrenaline (10 µ / ). Values are means ± s.e.m. for

(control) or in the presence of theca tissue, adrenaline (10 µ
six replicate wells

Oxytocin concentration (pmol/1 per 105 cells per day)
Treatment
Control
Theca
Adrenaline
Noradrenaline

Dayl

Day 2

Day 3

Day 4

Day 5

ND
ND
ND
ND

2-20±0-07

3-78±0-14

308 + 006**
2-80 ±0-07*
2-85 + 0-07*

6-88 + 0-30***
5-73 + 0-60**

ND
3-25 ±0-30
2-58 + 0-15
2-80 + 0-18

ND
ND
ND
ND

5-91+0-50***

Progesterone concentration (nmol/1 per 105 cells per day)
Control
Theca
Adrenaline
Noradrenaline
*

8-81+0-01

44-9 + 0-5

65-3 + 0-4

44-6 + 0-3

5-73±0-52**
6-36±0-31***

38-6±l-9*

55-3±5-5

40-7±l-l*

44-2 ±1-5
40-5 + 2-1

49-8 + 3-2
52-1 + 1-3**

53-3 + 2-9**

55-0±l-3***

45-7 + 1-4
45-1 + 15

41-3 + 2-0

6-30 + 0-48**
***

45-6±2-l

*/> < 005, */> < 001,
/· < 0001 compared with control (Student's i-test).
ND, not detectable ( < 1 -97 pmol oxytocin/l per 105 cells per day).
Progesterone values for theca treatment calculated as mean concentration in the presence of theca minus the amount secreted by an equivalent piece of theca tissue
incubated alone over the same period. Theca alone secreted no detectable oxytocin.
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1. Oxytocin and progesterone concentrations (mean
+ s.e.m., six replicate wells) on day 3 of culture in medium

figure

from bovine granulosa cells cultured alone (control) or in
the presence of theca tissue, ascorbic acid (0-5 mmol/1) or
ascorbic acid plus adrenaline, noradrenaline (5 or 10 pmol/1)
or acetylcholine (10 pmol/1). Progesterone values for theca
treatment calculated as mean concentration in the presence
of theca minus the amount of progesterone secreted by an
equivalent piece of theca incubated alone over the same
period. Theca alone secreted no detectable oxytocin.
*P<005, **P<0-01, ***P<0-001 compared with control

(Student's i-test).

synergistic with
experiment with

those of ascorbate. In a parallel
cells showing a similar response to
ascorbate, doses of acetylcholine between 001 and
100 pmol/1 were without significant effect on either
oxytocin or progesterone secretion (not shown).
Table 2 shows the effects of propranolol, a ßadrenergic receptor blocker, on the stimulation of
granulosa cells by theca tissue, ascorbate and adrena¬
line. Propranolol appeared to reduce the stimulatory

/

(mmol/1)

2. Concentrations (means + s.e.m., four replicate
wells) of oxytocin and progesterone secreted on day 3 of
culture by bovine granulosa cells in the presence of various
doses of ascorbic acid. */><0-05, **P<001, ***P<0001
compared with control (Student's i-test).
figure

action of theca tissue on oxytocin secretion but this
associated with some increase in variability; there
was also a small but highly significant suppression of
oxytocin secretion by cells cultured alone. The oxytocin-stimulating effect of 10 pmol adrenaline/1 was
largely blocked by equimolar propranolol although a
significant stimulation remained. Propranolol had no
effect on the stimulation due to ascorbate and only
partially reduced the large synergistic stimulation
due to combined adrenaline and ascorbate. The
stimulating actions of theca tissue, adrenaline and
ascorbate on progesterone secretion were not signi¬
ficantly altered by propranolol but it did prevent
stimulation by adrenaline in the presence of
ascorbate.
was

DISCUSSION

These experiments provide evidence of a potential role
for ascorbate and catecholamines in the regulation of
bovine ovarian oxytocin secretion. The high levels of
stimulation observed suggest that these agents could
have important physiological actions within the
ovary.
The oxytocin-stimulating activity of ascorbate is of
interest for a number of reasons. The ovary, in com¬
mon with other steroidogenic organs, is known to be a
rich source of ascorbate, a fact which provided the
basis for a gonadotrophin bioassay (Parlow, 1958;
Karg, 1974) even though the physiological basis of
the response employed was unclear. More recently,
studies on the biosynthesis of neuropeptides in the
neurohypophysis have shown that ascorbate is an
essential cofactor in the intragranular processing of
the precursor molecule, involved in the amidation of
the active peptide after cleavage from its neurophysin during the secretion process (Eipper, Mains &
Glembotski, 1983). There is as yet no directly compar¬
able evidence on the mechanism of oxytocin biosyn¬
thesis within the ovary, but the precursor molecule is
thought to be located in intracellular granules in the
same manner (Guldenaar et al. 1984; Rice, Jenkin &
Thorburn, 1986) and presumably requires similar
enzymic processes for its release. Consistent with this
requirement for ascorbate is a preliminary report that
its concentration in ovine luteal tissue fluctuates
during the period of oxytocin secretion (Sheldrick &
Flint, 1986). It is not clear how the reported tissue

3. Concentrations (means + s.e.m., four replicate
wells) of oxytocin and progesterone secreted on day 3 of
culture by bovine granulosa cells treated with various doses
of adrenaline in the presence (stippled bars) or absence
(open bars) of ascorbic acid (0-5 mmol/1). *P<005,
**P<001, ***/><0-001 compared with control without
ascorbic acid; \P < 005, ftfP < 0001 compared with
control in the presence of ascorbic acid (Student's i-test).
figure

2. Concentrations of oxytocin and progesterone secreted by bovine granulosa cells on day 3 of culture in the presence of
theca tissue, adrenaline (Ad; 10 µ / ), propranolol (Pr; 10 µ / ), ascorbic acid (AA; 0-5 mmol/1), or various combinations
of these. Values are means ± s.e.m. for four replicate wells
table

Progesterone
(nmol/1 per 105 cells per day)

Oxytocin
(pmol/1 per 105 cells per day)

Probability
Mean +

S.E.M.

vs

Control

Probability
vs

AA

3-90 + 0-07
4-97 + 0-20

< 0-001

< 0-001

2-79±0-10

< 0-001

< 0-001

NS

< 0-001

<0001
< 0-001
< 0-001
< 0-001
< 0-001
< 0-001

NS
< 0-001

4-01+0-46
9-43 ±0-29
4-67 + 0-11
9-11+0-23
21-98 + 0-86
8-30 + 0-28
13-86 + 0-14

< 0-001

< 0-001
NS
<0-001

Mean +

s.e.m.

vs

Control

vs

AA

14-45 ±0-86
18-45±0-98
1602 ±0-45
1809 ±3-36
22-53±l-82

<005

< 0-001

NS
NS
<0-01

24-25 + 1-17
67-31 ±210
96-18 ±5-42
65-41+3-99
70-21 ±3-80

<0001
<0001
<0001
< 0-001
< 0-001

<0001
<0001
<0001
<0001

< 0-001

<0001
NS
NS

Progesterone values for theca treatment calculated as mean concentration in the presence of theca minus the amount secreted by an equivalent piece of theca tissue
incubated alone over the same period. Theca tissue incubated alone produced no detectable oxytocin.
Probability calculated using Student's i-test; NS, not significant.

concentrations compare with the molar concen¬
trations used in our experiments, nor whether a
change in tissue content over several days can be
directly related to the utilization of ascorbate during
enzyme activation. Nevertheless, our observation of a
dose-response relationship suggests that the avail¬
ability of ascorbate in the tissue may have a direct
influence on the quantity of oxytocin available for
secretion.
The lack of effect of lactate in stimulating oxytocin
secretion indicates that the ascorbate effect is a
specific one. Lactate was used in these studies since it
is known to be present in the ovary as a component of
follicular fluid. It appears to be involved directly in
granulosa cell metabolism, its concentration increas¬
ing towards the time of ovulation (Zeilmaker &
Verhamme, 1977), probably as a result of increas¬
ing gonadotrophin stimulation (Hillier, Purohit &
Reichert, 1985). The present results suggest that its
importance to granulosa metabolism may be confined
to the follicle.
In the preliminary experiments, the catecholamines
adrenaline and noradrenaline were equally effective in
increasing the quantity of oxytocin secreted. Whilst
we do not yet know whether this holds true over the
entire effective dose-range, such equipotency is fully
consistent with that reported for the stimulation of
progesterone secretion by bovine luteal tissue in vitro
(Battista & Condon, 19860). As in the case of ascor¬
bate, the relevance of the effective doses used here to
those pertaining in the luteal environment is not
known. However, the relatively limited concentration
range over which greatly enhanced secretion occurred
(Fig. 3) suggests that the ovary may respond to acute
changes in catecholamine concentration. A prelimi¬
nary report (Heap, Fleet, Flint et al. 1986) has shown
that noradrenaline can stimulate oxytocin and pro¬
gesterone secretion in the sheep, when infused during
the mid-luteal phase. However, in contrast to our
results, this report also described a stimulatory
response to acetylcholine. Further in-vivo and in-vitro
studies are required to clarify the picture, but our
results suggest that whilst the catecholamine effect
may be a direct one on the granulosa-derived luteal
cells, the cholinergic effect is likely to be indirectly
mediated. No effect of acetylcholine on steroidogene¬
sis was observed using bovine luteal tissue (Battista &

Condon, 1986a).

The most effective doses of catecholamine which
observed (1-10 pmol/1) are similar to those used
in studies of bovine corpus luteum function in
vitro (Condon & Black, 1976; Jordan, Caffrey &
Niswender, 1978; Milvae, Alila & Hansel, 1983) and
found to be stimulatory to progesterone secretion
over a 2-h incubation period. However, the literature
is divided as to whether ß-agonists in general are
we

stimulatory to the ruminant corpus luteum (Godkin,
Black & Duby, 1977; Rhodes & Randel, 1982;
Battista & Condon, 1986a,b) and there appears to be
no information in the literature concerning directly
the effects of catecholamines or ß-agonists on rumi¬
nant granulosa cells. In the sheep, progesterone
secretion by large luteal cells, which are thought to be
of granulosa origin (Priedkalns et al. 1968), appears to
be stimulatable by ß-agonists (Rodgers, O'Shea &
Findlay, 1985); the small (theca-derived) cells were

unaffected. We observed some stimulation of progest¬
erone by granulosa cells, but the effects were less con¬
sistent and of a lower order than those on oxytocin
secretion. This result supports the view (Hirst et al.
1986; Jungclas & Luck, 1986) that ovarian secretion
of oxytocin and progesterone are regulated by dif¬
ferent processes. Further evidence for this is provided
by the variable effects of theca tissue on progesterone
secretion (Tables 1 and 2) and the inability of pro¬
pranolol to prevent stimulation of progesterone by
adrenaline in the absence of ascorbate. This latter
observation is particularly intriguing since it suggests
that one part of the action of adrenaline may not be
mediated through ß-receptors.
Two mechanisms are apparent to explain the syner¬
gism observed between adrenaline and ascorbate.
First, in keeping with its intragranular role as an
enzymic cofactor, ascorbate may have increased the
quantity of oxytocin available for release from the
cell. Secondly, ascorbate may have enhanced the
effectiveness of the catecholamine by preventing its
oxidation over 24 h. An interaction between these two
effects may explain the inability of propranolol to
block the synergism completely (Table 2). Although
the adrenaline and propranolol treatments were
designed to be equimolar, a minor difference in con¬
centration may have permitted the residual adrenaline
stimulation seen in the absence of ascorbate, this
being amplified several times in the presence of
ascorbate.
The small and variable effect of propranolol on the
stimulatory action of theca tissue provides no evi¬
dence that theca tissue acts through ß-receptors to
enhance oxytocin secretion and other explanations for
this phenomenon must now be sought. Indeed, the
slight suppressive effect of propranolol on granulosa
cells alone suggests that there may already be ßagonistic agents present in the culture medium, per¬
haps derived from the serum component. Such effects
of medium origin may also have been responsible for
the incomplete blockade of adrenaline activity by

propranolol.

In conclusion, we have obtained preliminary evi¬
dence for the involvement of ascorbate and cate¬
cholamines in the regulation of ovarian oxytocin
secretion. The effect of ascorbate is consistent with its

known role in the biosynthesis of oxytocin, although
evidence suggests that it may also interact with
catecholamines. The magnitude of the catecholamine
effect strongly suggests a neuroendocrine involvement
in the regulation of ovarian peptide secretion,
although whether this may be through circulating
catecholamines or through those derived from the
sympathetic nerves which directly supply the ovary is
not yet clear. Nervous tissue is absent from the granu¬
losa side of the follicle wall but adrenergic nerve
endings are known to be located in the follicular
theca layers, the interstitium and in association
with blood vessels (Burden & Lawrence, 1980;
Morimoto, Okamura, Kanzaki et al. 1981; Stefenson
et al. 1981) and could therefore be involved in
the initiation or subsequent regulation of oxytocin
secretion in the luteinizing follicle. The corpus
luteum may not be directly innervated but it has
abundant blood vessels and luteal tissue is apparently
supplied with ß-receptors (Battista & Condon, 1986 ).
our
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