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Summary — Collagenase-dispersed carp pituitary cells in a perifusion system were used to study
the role of caicium ions in the mechanism of GnRH action on the release of maturationat gonadotro-
pin (GtH) in fish. The specific calcium chelator EGTA and the calcium antagonist manganese (Mn?+)
caused a 40% inhibition in the basal GtH release and completely blocked GnRH-stimulated GtH re-
lease. Short-term application of graded doses of calcium ionophore A23187 caused a dose-
dependent increase in GtH secretion. A23187 failed to stimulate GtH secretion in the presence of
EGTA. Depolarization of the membrane by K+ caused a strong stimulation of GtH release similar to
the action of GnRH. Stimulatory action of K+ was inhibited by EGTA. These data suggest a roie for
extracellular calcium as an intracellular mediator in GnRH-stimulated, as well as in basal, GtH re-
lease in carp. The stimulation of GtH release by K+ also indicates that voltage-dependent processes
could be involved in this phenomenon.
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Résumé — Role des ions calcium dans la médiation de I'action du GnRH sur la stimulation de
la sécrétion de gonadotropine chez la carpe commune (Cyprinus carplo L). Le réle du calcium
dans le mécanisme d'action du GnRH sur la stimulation de la sécrétion de gonadotropine maturante
(GtH) a été étudié dans un systéme de périfusion de cellules dispersées d'hypophyses de carpe.
L'EGTA, chélateur spécifique des ions calcium, et I'ion manganése (Mn?*), un antagoniste du cal-
cium, diminuent de 40% la sécrétion basale de GtH et inhibent complétement 'action du GnRH. L'io-
nophore du calcium, A23187 induit une stimulation de la sécrétion de GtH dont l'intensité dépend de
la dose, cetta action est inhibée en présence d'EGTA. La dépolarisation des membranes par le po-
tassium (K*) induit une trés importante stimulation de la sécrétion de GtH, comparable & celle en-
gendrée par le GnRH. Ces résultats suggerent que le calcium extracellulaire serait un médiateur in-
tracellulaire dans la régulation des sécrétions tonique (sous I'action du GnRH) et basale de GtH. La
stimulation de la sécrétion de GtH par K* indique également que des processus dépendant du vol-
tage pourraient étre mis en jeu dans ces phénoménes.
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INTRODUCTION

Gonadotropin-releasing hormone (GnRH)
and its analogues stimulate the in vivo
gonadotropin (GtH) release in teleost fish
such as goldfish (Peter et al, 1985), brook
trout (Crim and Cluet, 1974), common
carp (Breton and Weil, 1973, Sokolowska,
1982), coho salmon (Van Der Kraak et al,
1983) and many other species. In vitro
studies have also shown that GnRH is
able to release GtH from perifused pitui-
tary fragments and dispersed pituitary
cells of goldfish (MacKenzie et al, 1984),
and from cultured dispersed pituitary celis
of carp (Ribeiro et al, 1983) and rainbow
trout (Weil et al, 1986).

Numerous studies on the mechanism of
GnRH action have been carried out in
mammals (Hopkins and Walker, 1978; Ad-
ams et al, 1979; Benoist et al, 1981; Conn
et al, 1981; Borges et al, 1983), and it is
now well established that Ca2+, which is
an important signal transducer in numer-
ous tissues and cell types (Rasmussen
and Barret, 1984), plays the role of second
messenger in GnRH action on LH release
(Conn et al, 1987).

To our knowledge there are only 2 pa-
pers concerning the mechanism of GnRH
action in fish: Levavi-Sivan and Yaron
(1989) using perifused tilapia pituitary frag-
ments and Jamaluddin et al (1989) work-
ing on murrel pituitary cells in static culture
proposed a role for Ca2* in the action of
GnRH on GtH release in fish.

The aim of the present study was to find
out it Ca2+ in the common carp (cyprini-
dae) acts as a second messenger in the
action of GnRH on GtH release. To do
this, we applied a perfusion of dispersed
pituitary cells which permitted us to moni-
tor the changes in GtH secretion in a much
more dynamic manner than in static cell
culture. In contrast with a perfusion of pi-
tuitary fragments, our system allowed us

to detemine the level and the site of action
of the drugs.

MATERIALS AND METHODS

Animals

Sexually mature male and female carp (mean
body weight 5.3 kg) obtained from the Heyman
Fish Farm were kept in a natural pond and then
transported to the laboratory. They were placed
in a thermoregulated recirculating water system
and acclimated at 18 °C for at least 10 d before
being used in the experiments.

Cell preparation

For each experiment 2 pituitaries (male + fe-
male) were used; the cells were prepared ac-
cording to the technique previously described
for trout (Weil et al, 1986) and adapted for carp.
Pituitary glands were excised after decapitation
and quickly placed in a sterile ice-cold medium
(MEM-Eagle, GIBCO) buffered with 15 mmol/
Hepes (P-L Biochemicals inc) and 9 mmol/l so-
dium bicarbonate. The medium had an osmotic
pressure of 245 mOsm/kg and a pH of 7.7, the
characteristic values of common carp blood
plasma. The glands were rinsed several times
with the medium and chopped into small pieces
with surgical blades. The tissue fragments were
transferred for dispersion to a siliconized glass-
stoppered flask with 30 m! of the medium con-
taining 0.1% (wt/vol) collagenase (Boehringer
Mannheim) and 1% BSA (RIA grade, SIGMA).
The mixture was incubated at 18 °C for 6 h. Dis-
sociation was then completed mechanically by
aspirating the fragments 4-5 times into a 10 mi
syringe using a metal needle (0.6 x 10 cm). The
cells were harvested by centrifugation at 200 g
for 10 min at 18 °C and washed twice with the
pre-incubation perifusion medium which con-
tained 2% of a serum substitute (Ultroser-G:
IBF), 100 U/ml of penicillin and 10 pg/mi of
streptomycin (GIBCO). After final centrifugation
the cells were resuspended in 350 pl of the me-
dium and randomly distributed into 4 or 5§ tubes
containing 1 mi of the medium and 0.3 g of pre-
swollen Bio-Gel P-2 (BIORAD). The cell suspen-
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sion was then introduced into the perifusion col-
umns (108 £ 1.5 x 105 live cells/column).

Perifusion system

The perifusion system has been previously de-
scribed in detail by Gonnet et al (1988). The per-
ifusion chambers (volume 1 ml) consisted of sili-
conized glass tubes, 0.9 cm in diameter,
delimited by teflon plungers. Column tempera-
ture was maintained at 18 °C by thermoregulat-
ed water circulating in the jackets surrounding
the columns. They were perifused with the medi-
um which was constantly aerated with a mixture
of O, (96%) and CO, (4%). The fractions were
collected with a fraction collector. A maximum of
5 columns were perifused simultaneously.

Perifusion protocol

A mixture of the gel and cells was placed into
each column and covered with 0.1 g of pre-
swollen gel. The cells were perifused at a low
flow rate (5 ml/h) with the pre-incubation — peri-
fusion medium for 16 h. The medium was then
replaced with medium containing no ultroser
and antibiotics. In the experiment where K+ was
used, perifusion was performed with a mineral
medium prepared according to Jalabert et a/
(1973). For 1 h the flow rate was gradually in-
creased to 15 mi/h. After an additional h of peri-
fusion at this rate, fractions were collected every
7.5 min before and between pulses of drugs or
chemicals, and every 2.5 min during and 15 min
after their administration. The duration of drug
administration varied from 10 to 50 min. Details
concerning each perifusion are given in the fig-
ure legends.

Tested drugs and chemicals

Synthetic salmon GnRH (sGnRH) synthesized
by Breton et al (1984), Ethyleneglycol-bis-(-
aminoethyl ether)N, N, N’ N'tetraacetic acid
(EGTA; Sigma), and MnCl, were dissolved di-
rectly in the perifusion medium just prior to use.
Calcium ionophore A23187 (Sigma) was diluted
from 1 mmol/ stock solution in dimethyl sulphox-
ide (DMSO) and was shielded from light

throughout use. The amount of DMSO never ex-
ceeded 0.04% (v/iv). The same amount of
DMSO was present in the perifusion medium
passing through the control column and had no
measurable effect on GtH release. In the experi-
ment in which the effect of K* depolarization
was tested, the amount of NaCl in the test medi-
um was reduced accordingly so that the total
concentrations of KCI and NaCl remained con-
stant.

GtH determination and statistics

GtH levels were determined using a specific ra-
dioimmunoassay developed by Breton et al
(1971). Profiles of GtH levels from both experi-
mental and control columns are presented as a
mean percentage + SEM of the basal GtH se-
cretion level (bl). Basal level of GtH release was
estimated as the mean of the 4 points (fractions)
which directly preceded drug application. The
basal GtH levels of all the columns considered
in this work varied from 19.35 to 40.13 ng/ml.
During the application of secretagogues, GtH
levels in control and in experimental columns
were compared using Student's t-test for varia-
tion analysis.

RESULTS

Effect of different doses of synthetic
sGnRH on GtH release (fig 1)

Three 15-min pulses of sGnRH at concen-
trations of 108, 10-7 and 10-% mol/ signifi-
cantly increased the basal GtH secretion
level by 80, 177 and 65%, respectively.
The cells began to respond to sGnRH with-
in 2.5 min after the beginning of the
sGnRH pulse. Maximal GtH levels were
reached within 5-7.5 min, but GtH release
began to decline while the peptide was still
present in the perifusion chamber. Basal
GtH levels recovered soon after sGnRH
withdrawal. In the following experiments,
sGnRH was used at a concentration of 10~
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Fig 1. Effect of graded doses of sGnRH on GtH
release. Ten columns (data from 3 separate ex-
periments) received three 15-min pulses of
sGnRH in concentrations 10-8, 10~7 and 106
mol/, as indicated. Mean basal level (bl) = 34 +
9 ng/ml. Basal GtH level was calculated as a
mean of 6 points (fractions) which directly pre-
ceded first drug application. Profiles of GtH le-
vels are presented as a mean percentage *
SEM of the basal GtH secretion level. Signifi-
cant differences in GtH secretion are indicated
(P<0.05-* P<0.01-""; P<0.0001 - ***).

7 mol/l as the most potent stimulator of
GtH release in our perifusion system.

-

Effect of EGTA on basal and
sGnRH-stimulated GtH release (fig 2)

In the control column three 15 min pulses
of sGnRH (10~7 mol/l) caused a significant
(P < 0.01) increase in GtH secretion (70—
90% bl). In the presence of 0.5 mmol/l
EGTA, sGnRH evoked an increase in GtH
secretion which was twice that of the con-
trol. At a higher concentration (5 mmol/l)
EGTA caused a significant (P < 0.05), de-
crease (40% bi) of the basal GtH secretion
and completely blocked sGnRH action (P
< 0.05 and P < 0.01 respectively). A dra-
matic surge of GtH was observed 5 min af-
ter the removal of the EGTA from the peri-
fusion medium.

Effect of duration of EGTA application
on basal and sGnRH-stimulated
GtH release (fig 3)

In the control column, three 15 min appli-
cations of sGnRH (107 mol/l) caused a
significant (P < 0.01) increase in GtH se-
cretion similar to that observed in the earli-
er experiment. In the experimental col-
umns EGTA was applied (5 mmol/l) before
sGnRH infusion. The first pulse of sGnRH
was given after 9 min presence of EGTA in
the perifusion chamber, the second after
20 min and the final one after 60 min of
EGTA administration. In all cases EGTA
caused a 40% decrease in basal GtH se-
cretion (P < 0.05) and completely blocked
the effect of sGnRH (P < 0.01). A dramatic
surge of GtH was observed 2.5-5 min after
EGTA withdrawal. The longer EGTA was
present in the perifusion chamber, the
stronger was the stimulation of GtH re-

100
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Time (min)
Fig 2. Effect of graded doses of EGTA on basal
and sGnRH-stimulated GtH release. Control co-
lumns (@) (n = 4) received three 15-min pulses
of sGnRH (RH; 10-7 moll). Mean bl = 21 £ 5
ng/ml. Experimental columns (B) (n = 6) were
exposed to sGnRH as above but in the pre-
sence of EGTA as indicated. EGTA was present
in the perifusion chamber 45 min before sGnRH
application. Mean bl of experimental columns
was 28 + 4 ng/ml. Significant differences in GtH
secretion between contro! and experimental co-
lumns during stimulation period are indicated
(fig 1). Data from 2 separate experiments.
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Flg 3. Effect of duration of exposure to EGTA on
basal and GnRH - stimulated GtH release.
Control colomns (@) (n = 4) received three 15-
min pulses of sGnRH (RH; 10~7 mol/). In experi-
mental columns (M) (n = 6) sGnRH was applied
in the presence of EGTA in concentration of 5
mmol/l. EGTA was administered 9 min before
pulse of sGnRH (A}, 20 min (B) and 60 min (C)
before application of sGnRH, as indicated.
Mean bl of control and experimental columns
was 32 £ 10 and 29 + 10 ng/m! respectively.
Data from 2 separate experiments. For other de-
tails see figure 1.

lease after EGTA withdrawal: 140, 160 and
249% of the baseline, respectively.

Effect of Mn2+, a Ca2+ antagonist,
on basal and sGnRH-stimulated
GtH secretion (fig 4)

Repeated administraton of MnCl, (2
mmol/l of Mn2+) for 35 min (first pulse) and
40 min (second pulse) caused a 40% de-
crease in basal GtH secretion (P < 0.05).
The action of 10-7 mol/l sGnRH (pulse giv-
en during the second application of Mn2+)
was completely inhibited. To compensate
for a difference of osmotic pressure, the
control columns received a pulse of NaCl
(2 mmol/l of Na*) at the same time as the
experimental columns received MnCls.
This had no significant effect on basal and
sGnRH-stimulated GtH release.

240 280 320
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Fig 4. Effect of Mn2* on basal and sGnRH - sti-
mulated GtH release. Control columns (@) (n =
4) received a 15-min pulse of sGnRH (RH) at a
dose of 10-7 molA. In experimental columns (M)
(n = 6) MnCl, was applied in a concentration of
2 mmol/l for 35 and 40 min. During the second
application of MnCl, a pulse of sGnRH was ad-
ministered, as indicated. Mean bl of control and
experimental columns was 39+ 8 and 30 £ 8
ng/ml respectively. Data from 2 separate experi-
ments. See figure 1 for details.

Effect of calcium ionophore A23187
on GtH secretion when used alone
or in combination with EGTA (fig 5)

Three 10 min pulses of A23187 at concen-
trations of 1, 5 and 10 pmol/l caused an in-
crease of 0, 110 and 350% respectively, in
the basal GtH secretion level. Similar puls-
es of A23187 given in the presence of
EGTA (5 mmol/l) were strongly inhibited
(P < 0.001) in comparison with the control
columns. As in the previous experiments
with EGTA, a dramatic surge of GtH was
observed 5 min after the removal of EGTA.

Effect of elevated K+ on GtH release
(fig 6)

A 15 min pulse of KCI (60 mM of K*)
caused a significant (P < 0.001) increase



488 T Mikolajczyk et al

420

300
00 380 - kt (60 mM)
4 *rk*
’_‘m AMOj
e ™ E
) & 307
S -
2 0 2 260
g L
500 -4
s 5 20
400
5;» 38 180
T T A
& % 140
100 100 4 LA%
o — T y T T T
T ] 0 20 0 80
Time (min) Time {min)

Fig 5. Effect of A23187 and EGTA on GtH re- Fig 6. Effect of elevated K+ on GtH release. Ex-
lease. Control columns (@) (n = 6) received perimental columns (M) (n = 6) received a 15-
three 10-min pulses of A23187 (A1, A5, A10}) in min pulse of KCl in a concentration of 60 mmoV/
concentrations of 1, 5 and 10 uM, respectively. I. Six other columns (@) served as controls.
Experimentai columns (M) (n = 6) received simi- Mean bl was 20 + 6 ng/mi for control columns
lar pulses of A23187 in the presence of EGTA and 19 + 3 ng/ml for experimental columns.
at a dose of 5 mmol/, as indicated. EGTA was Data from 3 separate experiments. See figure 1
present in the perifusion chamber 20 min before for other details.
A23187 application. Mean bl of control and ex-
perimental columns was 24 + 6 and 3t + 11 ng/
ml respectively. Data from 3 separate experi-
ments. See figure 1 for other details.

DISCUSSION

In our perifusion system the cells started to
respond to sGnRH 2.5-5 min after its ad-
ministration, with maximal GtH release oc-
curring within the next 2.5 min. GtH levels
started to decrease in the presence of
sGnRH reaching the basal level by the end
of the pulse. A concentration of 10~7 mol/l
sGnRH was shown to be the most effec-
tive in stimulating GtH release (fig 1). A
higher concentration of this peptide (106
mol/l) was less potent, indicating a possi-
ble rapid desensitization of the carp pitui-
A 12.5-min pulse of KCI (60 mmal/l of K*)  tary cells to high doses of sGnRH. These
caused a 180% increase in GtH secretion  results as well as other results from our la-
in the control columns. In the experimental  boratory show that GtH is probably not re-
columns 5 mmol/l EGTA caused a signifi-  leased in carp in a biphasic manner as in
cant (P < 0.05) decrease in GtH release mammals (Bremner and Paulsen, 1974;
and strongly inhibited K+ action (P < 0.01). Blake, 1978). Similar results have been re-
A surge of GtH occurred 5 min after EGTA  ported for the goldfish (Chang et al, 1984;
withdrawal as observed in earlier experi- MacKenzie et al, 1984). The resuits pre-
ments (figs 2, 3 and 5). sented in figures 2 and 3 (3 pulses of

(315%) in GtH secretion. Maximal GtH lev-
el was reached within 7.5 min but GtH re-
lease started to decline while K+ was still
present in the perifusion chamber. Basal
GtH release level was recovered 10 min
after K+ withdrawal.

Effect of EGTA on K*-stimulated
GtH release (fig 7)
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Fig 7. Effect of EGTA on K*—stimulated GtH re-
lease. Control columns (@) (n = 4) received a
12.5-min pulse of KC| (60 mmol/l K*). Experi-
mental columns (M) (n = 5) received similar
pulse of K+ but in the presence of 5 mmoli
EGTA. EGTA was present in the perifusion
chamber 30 min before K+ application, as indica-
ted. Mean bl of control and experimental co-
lumns was 14 + 3 and 17 + 2 ng/ml respectively.
See figure 1 for other details.

sGnRH in the control columns) show that
the cells could respond to repeated admin-
istration of this peptide in the same man-
ner throughout the experiment.

To demonstrate that Ca2+ played a role
in the action of GnRH, we used a specific
Ca2+ chelator EGTA to chelate Ca2+ from
the perifusion medium and also an inor-
ganic Ca2+ antagonist, Mn2+, antagonistic
to calcium in processes independent of the
voltage (Rubin, 1982). Both EGTA and
Mn2+  completely inhibited sGnRH-
stimulated GtH release and reduced basal
GtH secretion by 40%. This showed that
not only GnRH stimulated GtH release, but
also that basal GtH secretion was Ca2+ de-
pendent. In the first experiment with EGTA
(fig 2), we demonstrated the total inhibition
of sGnRH action on GtH release caused
by EGTA when present in the perifusion
chamber for 45 min before and during
stimulation with sGnRH. It has been shown
that such an exposure in mammals could

provoke a depletion of the Ca2+ from the
intracellular stores (Limor et al, 1987). In
our experiments, to reveal the role of the
duration of EGTA presence in its effect on
GnRH action, sGnRH was applied during
administration of EGTA starting 9, 20 and
60 min before addition of sGnRH. We have
shown that even the shortest presence of
EGTA (9 min) was able to totally inhibit
sGnRH action on GtH release, indicating
an extracellular origin of Ca2+ in the action
of sGnRH. Each time a dose of 5 mmol/l of
EGTA was used, a dramatic surge of GtH
occurred 5 min after the removal of the
drug. This could be provoked by increased
Ca2+ permeability of the cells caused by
EGTA, causing an influx of Ca2+ when the
medium was changed. Such a situation
was not observed when 2 mmol/l Ca2+ was
added to the normal medium (data not
shown). Increased Ca2+ permeability
caused by EGTA could also be the reason
why in exp 2 (fig 2) a low dose of EGTA
potentiated the action of sGnRH. A dose of
0.5 mmol/l of EGTA is considered as insuf-
ficient to chelate all the Ca2+ from the me-
dium (+ 1.8 mmol/l of Ca2+), so sGnRH-
provoked Ca2+ influx was potentiated
when the cells were exposed to EGTA. In
the second experiment with EGTA (fig 3)
we have also shown that the longer EGTA
is present, the greater the increase in GtH
secretion occurred when a Ca2+ containing
medium is introduced. This probably
means that the longer the EGTA was
present, the greater was the increase in
Ca2+ permeability, so when Ca2+ was intro-
duced, there was a greater influx of Ca2+
and an increase in GtH secretion.

A23187 is a potent stimulating factor of
LH release in mammals, mimicking the ac-
tion of GnRH (Conn et al, 1979, 1980; Har-
ris et al, 1985). In carp, A23187 induced
GtH release in a dose-dependent manner
(fig 5). To determine whether this stimula-
tory action was caused by calcium ions
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transported by A23187, this drug was also
administered together with EGTA. EGTA
decreased the basal GtH secretion, as ob-
served in the earlier experiments (figs 2-3)
and strongly inhibited the action of
A23187. A significant GtH release was ob-
served 5 min after the removal of the
EGTA.

Intracellular Ca2+ may rise due to the
entry of extracellular Ca2+ via voltage—
dependent channels (Reuter, 1983; Ovi-
chinnikov, 1985). To reveal the possible in-
volvement of this type of channel, the
membrane can be depolarized by raising
extracellular K+. In carp, raised K+ caused
a strong stimulation of GtH release (315%
bl) (fig 6). The profile of GtH release under
K+ stimulation was very similar to that ob-
tained with sGnRH. GtH levels began to
decline when K+ was still present in the
perifusion chamber, recovering the basal
release level soon after K+ withdrawal. K+
stimulation was inhibited by EGTA (fig 7),
indicating the Ca2+ dependence of this
process. It can be supposed that the ac-
tion of the depolarizing pulse of K+ resem-
bles the action of GnRH and indicates the
possible  participation of  voltage—
dependent Ca2+ channels in the mecha-
nism of GnRH action on GtH release in
carp. Our findings are in general agree-
ment with those obtained in mammals as
well as in fish. In murrel, Jamaluddin et a/
(1989) found that GnRH-stimulated GtH
release requires the influx of extracellular
Ca2+ through voltage-dependent chan-
nels. However, there are some differences
between our results and those obtained by
other authors. Such phenomena as an in-
hibition of basal GtH release by EGTA and
Mn2+ and the strong GtH release, pro-
voked by replacing the medium containing
EGTA with normal medium, have never
been observed in experiments conducted
in mammals (Hopkins and Walker, 1978;

Stern and Conn, 1981; Gorospe and Conn,
1987) and in fish (Jamaluddin et al, 1989).
These differences could be a result of the
different experimental system used, ie stat-
ic culture versus perifusion and pituitary
fragments versus dispersed cells.

Marian and Conn (1979) proposed 3
conditions necessary for a role of Ca* as
the second messenger in GnRH action:

— the removal of calcium from its site of ac-
tion would block the effect of GnRH on LH
release;

— LH release would occur as a conse-
quence of inserting Ca2* into the gonado-
trophs in the absence of GnRH,;

— GnRH would stimulate the movement of
Ca2* into specific sites; this is a requisite of
LH release. Our results fulfil the first 2 con-
ditions only. The third condition still has to
be examined in carp; however in murrel
(Jamaluddin et al, 1989) it was shown that
under GnRH stimulation there was an in- -
flux of extracellular Ca2* from the culture
medium into the gonadotrophs.

All together, our results suggest a role
for extracellular Ca2* in basal and GnRH-
stimulated GtH release in carp. Since the
lack of Ca2* in the perifusion medium and
the replacement of Ca2* by Mn2*+ caused
total inhibition of GnRH action, we suggest
that in carp, Ca2* probably serves as the
sole second messenger in GnRH action,
while in other groups of vertebrates Ca2* is
one of several mediators acting in synergy,
to give the complete biological response.
Further studies are needed to verify this
hypothesis since recent findings demon-
strate that arachidonic acid metabolism
participates in mediating GnRH-stimulated
GtH release in the goldfish (Chang et al,
1989). The participation of different types
of calcium channels in this process is cur-
rently under investigation.
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