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Calcium oscillations in melanotrope 
cells of Xenopus laevis are different­
ially regulated by cAMP-dependent 
and cAMP-independent mechanisms
J.R. Lieste1, W.J.J.M. Scheenen3, P.H.G.M. Willems2, B.G. Jenks1, 
E.W. Roubos1
department of Cellular Animal Physiology, Nijmegen Institute for Neurosciences, University of Nijmegen, Nijmegen, 
The Netherlands
department of Biochemistry, Institute of Cellular Signalling, University of Nijmegen, Nijmegen, The Netherlands 
department of Biomedical Sciences, University of Padova, Padova, Italy

Summary Intracellular Ca2+ oscillations play an important role in the induction of a-MSH release from pituitary 
melanotrope cells of Xenopus laevis. Oscillatory, secretory and adenylyl cyclase activities are all inhibited by dopamine, 
neuropeptide Y (NPY) and baclofen (a GABAb receptor agonist) and stimulated by sauvagine. In this study, we test the 
hypothesis that these neural messengers regulate the Ca2+ oscillations via a cAMP/protein kinase A (PKA)-dependent 
mechanism. To this end, video-imaging microscopy was applied to single Xenopus melanotropes loaded with the Ca2+ 
indicator Fura-2. The cAMP-dependent PKA inhibitor H89 blocked Ca2+ oscillations as well as the stimulatory actions 
of 8-Br-cAMP and sauvagine. Treatment of cells inhibited by baclofen with either 8-Br-cAMP or sauvagine led to a 
reappearance of Ca2+ oscillations. A similar result was found for ceils inhibited by NPY. Neither 8-Br-cAMP nor 
sauvagine induced Ca2+ oscillations in cells inhibited by dopamine. Depolarizing dopamine-inhibited cells with high 
potassium also failed to induce oscillations, but combining 8-Br-cAMP with membrane depolarization induced 
oscillations. It is concluded that sauvagine, baclofen and NPY work primarily through a cAMP/PKA-pathway while 
dopamine inhibits Ca2+ oscillations in a dual fashion, namely via both a cAMP-dependent and a cAMP-independent 
mechanism, the latter probably involving membrane hyperpolarization.

INTRODUCTION

In lower vertebrates, melanophore-stimulatlng hormone 
(a-MSH) controls the adaptation of skin colour to the 
light intensity of the background [1-3]. This adaptation 
process is being used as a model to study neural and 
endocrine information processing mechanisms [4], a-
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MSH is produced by the neuroendocrine melanotrope 
cells in the pars intermedia of the pituitary gland. The 
hormone causes pigment dispersion in skin melano- 
phores and thereby skin darkening. In the clawed toad 
Xenopus laevis, the release of a-MSH is under control of 
several neural factors. Dopamine, neuropeptide Y (NPY) 
and Y-aminobutyric acid (GABA) inhibit secretion [5-9] 
whereas thyrotropin-releasing hormone (TRH) [5,10], 
corticotropin-releasing hormone (CRH) and sauvagine, 
an amphibian peptide related to CRH, stimulate secre­
tion [5,11]. The inhibitory factors occur in nerve termi­
nals that make synaptic contacts with the melanotrope 
cells [12]. CRH and TRH have been demonstrated 
immunocytochemically to be present in nerve terminals 
in the pars nervosa [11] and presumably diffuse to the 
pars intermedia to act on the melanotrope cells.
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It is established that calcium plays an important role in Ringer's solution (see below) to remove blood, cells. After
the regulation of a variety of cellular activities, including decapitation, neurointermediate lobes of the pituitary
the process of hormone secretion. Xenopus melanotropes gland were rapidly dissected and rinsed 4 times in cul-
display spontaneous Ca2+ oscillations [13-15], While elec- ture medium (see below). Subsequently, the lobes were
trophysiologically we have shown the presence of both N- transferred to 1 ml dissociation medium composed of
and L-type voltage-operated Ca2+ channels on Xenopus Xenopus Ringer's solution without CaCl2 and with 0.25%
melanotropes [16], the oscillations are completely depen- (w/v) trypsin (Gibco, Renfrewshire, UK) and incubated for
dent on calcium influx through the co-conotoxin GVTA- 
sensitive N-type Ca2+ channels [14]. Confocal laser 
scanning microscopy has shown that this Ca2+ entry trig­
gers mobilization of intracellular Ca2+ so that the oscilla­
tion is propagated to the nucleus [17]. The oscillations 
most likely trigger a-MSH secretion because, as in the 
case of the oscillations, secretion depends on calcium 
influx through co-conotoxin GVLA-sensitive N-type chan­
nels [16] and secreto-inhibitors block Ca2+ oscillations, 
whereas the secreto-stimulators induce or enhance oscil­
latory activity [13,15]. The mechanisms through which 
these neural messengers control oscillatory activity in 
Xenopus melanotropes are largely unknown. Possibly,

45 min at 20°C At the end of the incubation period, the 
lobes were triturated with a siliconized Pasteur pipette 
and 9 ml culture medium was added. The resulting cell 
suspension was filtered, followed by centrifugation for 10 
min at 500 rpm. After removal of the supernatant, the 
cell pellet was resuspended in an adequate volume of 
culture medium (100 jal/lobe equivalent). Then, cells 
were plated on cover slips coated with poly-L-lysine 
(Sigma; MW > 300  kDa), in aliquots equivalent to 1 lobe 
per cover slip, yielding approximately 10,000 cells/cover 
slip. Cell attachment was allowed for 16 h  in an incuba­
tor, at 20°C. Then 2 ml culture medium was added to 
each culture dish and cells were incubated for another 3

adenosine 3',5'-cyclic monophosphate (cAMP) is invol- days, at 20°C. Melanotrope cells were readily identified
ved, as this second messenger stimulates a-MSH se ere- on the basis of their characteristic round shape, 
tion from Xenopus melanotropes [18-20]. Furthermore, 
activation of the dopamine D2 receptor [8,21], the NPY Y, 
receptor [7,8] or the GABAb receptor [20,21] decreases
cAMP production by inhibiting adenylyl cyclase in this Xenopus Ringer's solution contained 112 mM NaCl, 15
cell type, whereas sauvagine stimulates cAMP production mM IJltral HEPES (Calbiochem, La Jolla, CA, USA; pH =

Solutions and chemicals

[20,21]. On the basis of these data, we hypothesize that 
the regulatory neural factors control a-MSH secretion by 
controlling oscillatory activity via a cAMP-dependent 
mechanism. To test this hypothesis, video-imaging micro­
scopy was used to visualize the cytosolic Ca2+ dynamics medium (Gibco), 1% (v/v) kanamycin solution (Gibco), 
in single melanotropes, loaded with the fluorescent Ca2+ 1% (v/v) antibiotic/antimycotic solution (Gibco), 10%

7.4), 2 mM KCl and 2 mM CaCl2, and was gassed with car- 
bogen (95% 0 2, 5% C 02). Then the pH was adjusted to 
7.4 with NaOH.

The culture medium consisted of 76% (v/v) LI 5

indicator Fura-2/AM, that were treated with dopamine, 
NPY, baclofen (a GABAb receptor agonist), sauvagine, 8-

fetal calf serum (Gibco), 2 mM CaCl2.2H20  and 10 mM 
glucose (pH = 7.4). Before use the culture medium was

Br-cAMP, the protein kinase A (PICA) inhibitor H89 sterilized by ultrafiltration using a 0.2 jam filter (Schleicher 
[22,23] or 20 mM K+ as a depolarizing stimulus. Hie & Schuell, Dassel, Germany).
results obtained in this study show that the melanotrope 
cell of Xenopus laevis possesses both cAMP-dependent 
and cAMP-independent mechanisms for the regulation of 
Ca2+ oscillatory activity

Solutions of baclofen (RBI, Natick, MA, USA), NPY 
(American Peptides, Sunnyvale, CA, USA), dopamine

8-Br-cAMP

MATERIALS AND METHODS

Animals

Young-adult Xenopus laevis, bred in our department 
according to standard procedures, were adapted, under 
continuous illumination at 22°C, to a dark background 
for at least 3 weeks prior to the experiments.

sauvagine (Bacliem, 
Bubendorf, Switzerland), H89 (Calbiochem), co-conotoxin 
GVIA (Peninsula, Belmont, CA, USA) or nifedipine (Sigma) 
were prepared with Xenopus Ringer's solution and admin­
istered to cell preparations (see below) using a perifusion 
pump. Concentrations used are stated in the Results.

Cell preparation

Fluorescence measurements of intracellular Ca2+

For fluorescence measurements, cells were loaded with 
2 pM Fura-2/AM (Molecular Probes, Eugene, OR, USA) 
in Xenopus Ringer's solution containing 1 jiM Pluronic 
FI27 (Molecular Probes) [24], for 20 min at 20°C, In pre-

After anaesthetization with 1% MS222 (Sigma, St Louis, vious experiments it had been found that Pluronic F127 
MO, USA), the animals were perfused with Xenopus greatly enhances the trapping of the dye into the melan-

Cell Calcium (1996) 20(4), 329-337 © Pearson Professional Ltd 1996
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Fig. 1 Effect of the PKA inhibitor H89 on spontaneous Ca2+ 
oscillations in Xenopus melanotropes. H89 initially has a 
stimulatory effect on spontaneous Ca2+ oscillations but after 5-10 
min the oscillations become suppressed. Ca2+ oscillations 
reappeared after returning to normal Xenopus Ringer’s solution. 
The indicated waiting period corresponds to the time scale.

Effects of H89 on spontaneous and 8-Br-cAMP- or 
sauvagine-enhanced Ca2+ oscillations

In order to investigate the role of cAMP and PKA in the 
regulation of Ca2+ oscillations, the effects of the selective 
PKA inhibitor H89, 8-Br-cAMP and sauvagine were stud­
ied. Upon addition of 10 |uM H89 to the melanotropes an 
initial stimulatory effect on Ca2+ oscillations was observed 
which lasted 5-10 min. Subsequently Ca2+ oscillations 
disappeared (Fig. 1, n = 17). Returning to normal Xenopus 
Ringer's solution slowly reintroduced oscillatory activity 
showing that the cells were still viable and responsive.

Under suppression of oscillatory activity by H89, 10 
nM sauvagine (Fig. 2A, n =  10) or 1 mM 8-Br-cAMP (Fig. 
2B, n — 14) alone or in combination with a depolarizing 
K+ pulse (20 mM KCl) did not induce Ca2+ oscillations. 
Also in cells in which the frequency of the Ca2+ oscilla­
tions was increased, H89 completely blocked the oscilla­
tory activity In the presence of H89, 20 mM KCl together 
with 10 nM sauvagine (Fig. 2C, n — 14) or with 1 mM 8- 
Br-cAMP (Fig. 2D, n = 8) did not induce Ca2* oscillations.

otrope cytoplasm without affecting the Ca2'1' oscillations 
[24]. After loading, cells were washed with Xenopus 
Ringer's solution in a Leiden perifusion chamber (volume 
800 pi) [25], at a flow rate of 1 nil/min, for 25 min, to 
remove excess of non-hydrolysed Fura-2/AM. 
Unattached cells were sucked off. The perifusion cham­
ber was placed on the stage of an inverted microscope 
(Nikon Diaphot, Tokyo, Japan) and the cells were studied 
using an epifluorescent 40x magnification oil immersion

Effects of 8-Br-cAMP and sauvagine, alone and in 
combination with H89, on [Ca2i ,  in baclofen-, 
dopamine- and NPY-inhibited melanotropes

Baclofen
In order to investigate whether a cAMP-dependent 
mechanism is involved in the inhibition of Ca2+ oscilla-

objective. The light from a 100 W xenon lamp was tions by baclofen, the effects of 8-Br-cAMP and 
directed through a quartz neutral density filter (ND 2, sauvagine were studied in cells treated with baclofen.

H89 was used to test the possibility of PKA being
involved in the mechanism of action of baclofen.

Ealing Electro-Optics, Holliston, MA, USA) to reduce 
bleaching of the intracellularly trapped dye, Video-imag­
ing microscopy was carried out as described previously 
[26] using the MagiCal hardware and TARDIS software of 
Joyce Loebl (Dukesway, Team Valley, Gateshead, Tyne 
and Wear, UK). The fluorescence emission ratio at 492 
nm (average of 16 images) was monitored as a measure 
of the concentration of intracellular free calcium ions 
([Ca2+].) after excitation at 340 and 380 nm [27]. The 
interframe interval between two successive ratio frames 
was 6.4 s, yielding a maximal sampling time of 32 min.

Within a few seconds following the addition of 3,3 pM 
baclofen, spontaneous Ca2+ oscillations were blocked in 
all cells (Fig. 3, n — 36). Subsequent addition of 1 mM 8- 
Br~cAMP led to reappearance of Ca2+ oscillations in most 
cells (Fig. 3A, n =  23 out of 24), and in some cases (n = 7 
out of 24) the frequency of the oscillations was even 
higher than before baclofen treatment. The same experi­
ment with addition of 10 nM sauvagine instead of 8-Br-
cAMP showed a similar result (Fig. 3B, n 12); the

RESULTS

frequency of the reappeared Ca2+ oscillations in Figure 
3B is clearly higher than the frequency of the sponta­
neous Ca2* oscillations before inhibition by baclofen.

All data were obtained from single Xenopus melanotrope In cells treated with baclofen, the selective PKA 
cells loaded with Fura-2/AM, of which about 80% spon- inhibitor H89 (10 pM) prevented induction of Ca2+ oscil- 
taneously showed Ca24' oscillations. The n values in the lations by 1 mM 8-Br-cAMP (Fig. 3C, 16).
results indicate the total number of single oscillating
cells observed under the experimental paradigm. Each Dopamine
experiment was repeated at least 3 times. Non-oscillating Dopamine (10 nM) blocked Ca2+ oscillations within a few
cells were excluded from consideration. Unless indicated seconds in all cells (Fig. 4, n ~  42). Neither 1 mM 8-Br-
otherwise, all cells behaved in an identical manner. cAMP (Fig. 4A, n = 12) nor 10 nM sauvagine (Fig. 4B, n —

© Pearson Professional Ltd 1996 Cell Calcium (1996) 20(4), 329-337
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30), nor 20 mM K+ (Fig. 4C, n =  28) restored Ca2+ oscilla­
tory activity in such cells. On the other hand, in all cells, 
20 mM K+ caused an increase in basal [Ca2+]F often start­
ing with a transient peak increase (n =  14 out of 28). A
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Fig. 2 Effect of the PKA inhibitor H89 on Ca2+ oscillations and on 
treatments of sauvagine or 8-Br-cAMP with 20 mM K+. (A) H89 
initially has a stimulatory effect on spontaneous Ca2+ oscillations 
but 5-10 min after addition the Ca2+ oscillations become 
suppressed. Under H89 Inhibition sauvagine alone or together with 
20 mM K+ is not able to restore Ca2+ oscillations. (B) As in A but 
with 8-Br-cAMP instead of sauvagine. (C) H89 suppresses Ca2+ 
oscillations with an increased frequency enhanced by sauvagine. 
Under this condition 20 mM K* has no effect on [Ca2*],. (D) As in C 
but with 8-Br-cAMP instead of sauvagine.
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Fig. 3 Effect of 8-Br-cAMP or sauvagine under baclofen inhibition.
(A) 8-Br-cAMP restores Ca2+ oscillations under baclofen inhibition.
(B) Sauvagine also restores Ca2+ oscillations under baclofen 
inhibition. (C) H89 prevents the reappearance of Ca2+ oscillations 
induced by 8-Br-cAMP under baclofen inhibition.

combination of 20 mM K+ and 1 mM 8-Br-cAMP effec­
tively reintroduced Ca2+ oscillations in cells inhibited by 
dopamine (Fig. 4C, n =  18 out of 28). Giving first 8-Br- 
cAMP and then 20 mM K+ led to a similar response (Fig. 
4D, n = 23). The N-type channel blocker co-conotoxin 
GVIA prevented the reappearance of Ca2+ oscillations 
(Fig. 5A, n =  34), whereas the L-type channel blocker 
nifedipine did not (Fig. 5B, n =19). However, nifedipine 
blocked the increase in basal [Ca2+]j (Fig. 5B). In cells 
treated with dopamine, H89 prevented 20 mM K+ from 
increasing basal [Ca2*]., and it also prevented 20 mM K+ 
in combination with 1 mM 8-Br-cAMP from restoring 
Ca2+ oscillations (Fig. 5C, n — 22).

NPY
After addition of 2 nM NPY, Ca2+ oscillations were sup­
pressed within a minute in all cells (Fig. 6, n = 49). The

Cell Calcium (1996) 20(4), 329-337 © Pearson Professional Ltd 1996
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Fig. 5 Effect of oconotoxin GVIA, nifedipine and H89 on the 
responses of 8Br-cAMP under dopamine inhibition. (A) As in 
Figure 4D but with in addition co-conotoxin GVIA. co-conotoxin GVIA 
prevents reappearance of Ca2+ oscillations whereas basal [Ca2+], is 
still increased. (B) As in A but with nifedipine instead of co- 
conotoxin GVIA. Ca2+ oscillations are induced by 8-Br-cAMP and 
20 mM K+ in the presence of nifedipine but the increase in basal 
[Ca2f]j is blocked by nifedipine. (C) Under dopamine inhibition H89 
prevents the reappearance of Ca2+ oscillations and the increase in 
basal [Ca2̂  induced by 8-Br-cAMP and 20 mM K+.

Fig. 4 Effect of 8-Br-cAMP and sauvagine under dopamine 
Inhibition. (A) 8-Br-cAMP fails to restore Ca2* oscillations under 
dopamine inhibition. (B) Sauvagine fails to restore Ca2+ oscillations 
under dopamine inhibition, (C) 20 mM K+ alone fails to induce Ca2* 
oscillations under dopamine inhibition but causes an increase in 
basal [Ca2*],. A combination of 20 mM K+ and 8-Br-cAMP restores 
Ca2+ oscillations under dopamine inhibition. (D) As in C but with 20 
mM K+ and 8Br-cAMP reversed.

\iM H89, 1 mM 8-Br-cAMP did not restore oscillatory 
activity (Fig. 6C, n — 23).

DISCUSSION

cAMP and PKA are necessary for Ca2+ oscillations

majority of cells inhibited by NPY displayed Ca2h oscilla­
tions again when 1 mM 8-Br-cAMP (Fig. 6A, n — 26 out of

In this study, it is shown that, in Xenopus melanotropes, 
the selective PKA inhibitor H89 reversibly abolishes

33) or 10 nM sauvagine (Fig. 6B, n =  12 out of 16) were spontaneous Ca2+ oscillations. This result supports an 
added. When cells inhibited by NPY were treated with 10 earlier H89 study on Xenopus melanotropes [28]. H89 is

©Pearson Professionai Ltd 1996 Ceil Calcium (1996) 20(4), 329-337
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Fig. 6 Effect of 8-Br-cAMP or sauvagine under NPY inhibition. (A) 
8-Br-cAMP restores Ca2+ oscillations under NPY inhibition in a 
majority of the cells. (B) As in A with sauvagine instead of 8-Br- 
cAMP. (C) H89 prevents the reappearance of Ca2' oscillations 
induced by 8-Br-cAMP under NPY inhibition.

reported to be a highly selective PKA inhibitor [22,23] 
and thus these results indicate that the spontaneous Ca2+ 
oscillations are dependent on protein phosphorylation 
through a cAMP/PKA-dependent mechanism. We have 
no definite explanation for the initial stimulatory effect 
on Ca2+ oscillations during H89 treatment, but possibly, 
this transitory effect is a response to a temporary distur­
bance of the balance between phosphatase and kinase 
activities. Since voltage-operated Ca2+ channels are 
known to possess several serine and threonine phospho­
rylation sites [29], the N-type Ca2+ channel may be the 
substrate for PKA [30]. Phosphorylation of these sites by 
PKA increases channel activity, whereas dephosphoryla-

Sauvagine activates through a cAMP/PKA-dependent 
mechanism

Under H89 inhibition neither sauvagine, a peptide which 
stimulates intracellular cAMP production [20,21] and a- 
MSH secretion [11 J, nor 8-Br-cAMP were able to induce 
Ca2+ oscillations. This demonstrates that 8-Br-cAMP and 
sauvagine stimulate Ca3+ oscillations by activating PKA 
and, therefore, that sauvagine activates Ca2+ oscillatory 
activity through a cAMP/PKA-dependent mechanism. 
Even a combination of 8-Br-cAMP (or sauvagine) with a 
20 mM K+ pulse, which normally causes Ca2+ entry 
through the voltage-operated Ca2+ channels [28], failed 
to induce Ca2+ oscillations in melanotropes treated with 
H89, indicating that, in Xenopus melanotrope cells, PKA 
activity is a prerequisite for Ca2+ channel opening.

Baclofen inhibits through a cAMP/PKA-dependent 
mechanism

In Xenopus melanotropes, it is established that GABAÜ 
receptor activation decreases intracellular cAMP produc­
tion through inhibition of adenylyl cyclase [20,21]. The 
results show that Ca2+ oscillations are inhibited by 
baclofen and that sauvagine and 8-Br-cAMP are both 
able to induce Ca2* oscillations under baclofen inhibition. 
It is also shown that inhibition of PKA by H89 prevents 
the reappearance of these oscillations. From these results 
we conclude that baclofen inhibits spontaneous Ca2+ 
oscillations by the inhibition of adenylyl cyclase with the 
consequent inhibition of PKA activity leading to inhibi­
tion of Ca2+ channels. Recently, it was found that PKA par­
ticipates in desensitization of a rat GABAD receptor 
expressed in Xenopus oocytes [31]. The GABAb receptor- 
mediated response was suppressed by dibutyric-cAMP 
through activation of PKA. In view of the importance of 
the adenylyl cyclase system in the maintenance of Ca2+ 
oscillations in Xenopus melanotropes, it would seem 
unlikely that such a desensitization mechanism would be 
functioning in this cell type.

Dopamine inhibits through cAMP/PKA-dependent and 
cAMP/PKA-independent mechanisms

Several D2-receptor mechanisms have been described. 
Some act through inliibition of cAMP production [8,21], 
some act through a direct modulation of Ca2+ channels 
[32,33], whereas other mechanisms involve D2-receptor 
activation of voltage-operated K+ channels [34-38] 
and/or D2-receptor inhibition of voltage-operated sodium 

tion reduces channel activity. The fact that oscillations channels [39,40] causing closure of voltage-operated Ca2+ 
reappear after exposing cells to normal Xenopus Ringer's channels through membrane hyperpolarization. Because 
solution indicates that the cells remain viable during H89 dopamine D2-receptor activation in Xenopus melan- 
treatment. otropes is known to inhibit adenylyl cyclase activity

Cell Calcium (1996) 20(4), 329-337 © Pearson Professional Ltd 1996
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[8,21], we first tested the hypothesis that dopamine 
inhibits Ca2+ oscillations exclusively through a cAMP/PKA- 
dependent pathway. When cells were inhibited by 
dopamine, the addition of 8-Br-cAMP or sauvagine did not 
reintroduce Ca2+ oscillations, thus indicating that dop­
amine is not inhibiting simply through its action on 
adenylyl cyclase. However, combining 8-Br-cAMP with a 
depolarizing pulse of 20 mM K+, which alone also could 
not reintroduce Ca2+ oscillations, restored Ca2+ oscillations 
in such cells. The possibility that application of 8-Br-cAMP 
simply depolarizes the membrane further above that 
elicited by 20 mM K+ is ruled out by the fact that even 60 
mM K+, while increasing basal [Ca2+]., fails to elicit oscilla­
tions in cells inhibited by dopamine (unpublished obser­
vations). Therefore, it can be concluded that dopamine 
inhibits Ca2+ oscillations via both a cAMP/PKA-dependent 
and a cAMP/PKA-independent mechanism, the latter 
probably involving a membrane hyperpolarization step.

In view of the complex responses found in the dop­
amine experiments, in which 20 mM K+ pulses were given 
(apparent changes in both oscillatory behaviour and basal 
[Ca2̂ ), additional experiments with specific channel 
blockers were conducted. These showed that oconotoxin 
GVIA prevents reappearance of Ca2+ oscillations during 
cAMP/K+ treatment whereas nifedipine prevents the 
increase in basal [Ca2+]r This indicates that the N-type 
Ca2+ channel is involved in generating oscillations and, 
furthermore, establishes the participation of L-type Ca2+ 
channels in setting basal [Ca2+],. Both induction of Ca2+ 
oscillations and increase in basal [Ca2+]j appeal- to be pre­
vented by inhibition of PKA by H89, giving rise to the 
idea that phosphorylation of both N- and L-type Ca2+ 
channels is essential for their opening.

NPY inhibits through a cAMP/PKA-dependent 
mechanism

As in the case of inhibition by baclofen, 8-Br-cAMP and 
sauvagine were able to induce Ca2* oscillations in 
melanotropes inhibited by NPY. Activation of the NPY 
Yj-receptor in Xenopus melanotropes inhibits adenylyl 
cyclase activity [7,8]. Apparently, NPY inhibits Ca2+ oscil­
lations through a cAMP/PKA-dependent mechanism. 
This conclusion is supported by the fact that in NPY- 
inhibited cells, 8-Br-cAMP cannot induce Ca2+ oscilla­
tions when PKA is blocked by H89. A subpopulation of 
NPY-treated cells did not respond with oscillatory activ­
ity to 8-Br-cAMP treatment. Therefore, in some cells, 
NPY may act via an other mechanism, for example via 
inhibition of the N-type Ca2+-channels directly through 
a G-protein [41,42] or via activation of a hyperpolarizing 
potassium current [43]. These possibilities are currently 
being studied in electrophysiological experiments on 
Xenopus melanotrope cells.

CONCLUSIONS

Physiological implications

The present data reveal that sauvagine, baclofen, NPY 
and dopamine differentially control Ca2+ oscillatory activ­
ity in Xenopus melanotropes. Sauvagine apparently stim­
ulates Ca2+ oscillations through a cAMP/PKA-dependent 
mechanism, possibly involving phosphorylation of N- 
type Ca2+ channels, whereas the main mechanism by 
which baclofen and NPY inhibit oscillations is by inhibit­
ing this mechanism. Dopamine inhibition not only 
involves a cAMP/PKA-dependent mechanism but also a 
mechanism independent of cAMP and PKA, probably 
involving a membrane hyperpolarization step. Physio­
logically, these differential actions may be important in 
determining the circumstances under which a-MSH is 
released from melanotropes. The secreto-inhibitors 
GABA, dopamine and NPY coexist in nerve terminals 
making synaptic contacts on the Xenopus melanotropes 
[12], GABA is stored within electron-lucent vesicles and 
dopamine and NPY are costored within electron-dense 
vesicles [12]. The cell bodies of the neurons that form the 
inhibitory synapses on the melanotropes are located in 
the suprachiasmatic nucleus [44]. The present studies 
demonstrate that a melanotrope cell which is inhibited 
through GABAb receptors can be easily stimulated if 
there is activation of sauvagine receptors. However, if the 
inhibitory synapses release dopamine from the dense 
core vesicles the melanotrope cell would be inhibited by 
dual intracellular pathways and thus be insensitive to 
sauvagine stimulation. W hether they are able to release 
electron-lucent and electron-dense vesicles in a differen­
tial way, for instance in response to changing environ­
mental conditions the animal lives in, remains to be 
investigated. If so, the melanotrope cells of the pars inter­
media would be able to respond in a flexible way to 
hypothalamic regulatory factors, which in turn, are 
under the control of external conditions such as back­
ground light intensity, temperature and stressors.

ACKNOWLEDGEMENTS

We wish to thank Mr RJC Engels for animal care and Mr 
PMJM Cruijsen for technical assistance. This research was 
supported by a grant from the Foundation for Life 
Sciences (SLW), which is subsidized by the Netherlands 
Organization for Scientific Research (NWQ), by grants 
from EU HCM (ERBCHRXCT920017 and CHRXCT 
940500), a NWO/MW-INSERM exchange grant, and a fel­
lowship from the Royal Netherlands Academy of Arts and 
Sciences (to PHGMW).

© Pearson Professional Ltd 1996 Ceil Calcium (1996) 20(4), 329-337



336 J R Lleste, W J J M  Scheenen, P H G M Willems, B G Jenks, E W Roubos

REFERENCES

1. Bagnara J.T., Hadley M.E. Chromatophores and Colour Change: 
The Comparative Physiology o f Animal Pigmentation, Englewood 
Cliffs, NJ; Prentice-Hall, 1973.

2. Hopkins C.R. Studies on secretory activity in the pars 
intermedia of Xenopus laevis. I. Fine structural changes related 
to the onset of secretory activity in vivo. Tissue Cell 1970; 2: 
59-70.

3. Eberle A.N. The Melanotrophins. Chemistry, Physiology and 
Mechanisms o f Action. Basel: Karger, 1988.

4. Jackson IJ. Colour-coded switches. Nature 1993; 362: 587-588.
5. Jenks B.G., Verburg-van Kemenade B.M.L., Martens G.J.M. Pro­

opiomelanocortin in the amphibian pars intermedia: a 
neuroendocrine model system. In: Hadley M,E. ed. The 
Melanotropic Peptides, Vol. 1. Boca Raton: CRC Press, 1988;
103-126.

6. Verburg-van Kemenade B.M.L,, Jenks B.G., Driessen A.GJ. GABA 
and dopamine act directly on melanotropes of Xenopus to 
inhibit MSH secretion. Brain Res Bull 1986; 17: 697-704.

7. Verburg-van Kemenade B.M.L., Jenks B.G., Danger J.M., Vaudry 
H., Pelletier G,, Saint Pierre S. A NPY-like peptide may function 
as MSH-release inhibiting factor in Xenopus laevis. Peptides 
1987; 8:61-67.

8. Scheenen WJ.J.M., Yntema H.G., Willems P.H.G.M., Roubos E.W., 
Lieste J.R., Jenks B.G. Neuropeptide Y inhibits Ca2+ oscillations, 
cyclic AMP and secretion of melanotrope cells of Xenopus laevis 
via a Yj receptor. Peptides 1995; 5: 889-895,

9. Verburg-van Kemenade B.M.L, Tappaz M., Paut L., Jenks B.G. 
GABAergic regulation of melanocyte-stimulating hormone 
secretion from pars intermedia of Xenopus laevis-. 
immunocytochemical and physiological evidence.
Endocrinology 1986; 118: 260-267.

10. Verburg-van Kemenade B.M.L., Jenks B.G., Visser ThJ., Tonon 
M.C.k, Vaudry H. Assessment of TRH as a potential MSH- 
release stimulating factor in Xenopus laevis, Peptides 1987; 8: 
69-76.

11. Verburg-van Kemenade B.M.L., Jenks B.G., Cruysen P.M.J.M., 
Dings Av Tonon M.C,, Vaudry H, Regulation of MSH-release 
from the neurointermediate lobe of Xenopus laevis by CRF-like 
peptides. Peptides 1987; 8: 1093-1100.

12. De Rijk E.P.T.C., van Strien FJ.C., Roubos E.W., Demonstration of 
coexisting catecholamine (dopamine), aminoacid (GABA) and 
peptide (NPY) involved in inhibition of melanotrope cell 
activity in Xenopus laevis, JNeurosci 1992; 12: 864-871.

13. Shibuya I., Douglas W.W. Spontaneous cytosolic calcium 
pulsing detected in melanotrophs: modulation by 
secreto-inhibitory and stimulant ligands. Endocrinology 1993; 
132:2166-2175.

14. Scheenen WJ.J.M., Jenks B.G., Roubos E.W., Willems P.H.G.M. 
Spontaneous calcium oscillations in Xenopus laevis melanotrope 
cells are mediated by co-cono toxin sensitive calcium channels. 
Cell Calcium 1994; 15: 36-44.

15. Scheenen WJ.J.M., Jenks B.G., Willems P.H.G.M., Roubos E.W. 
Action of stimulatory and inhibitory a-MSH secretagogues on 
spontaneous calcium oscillations in melanotrope cells of 
Xenopus laevis; PflUgers Arch 1994; 427: 244-251.

16. Scheenen W.JJ.M,, De Koning H.P., Jenks B.G., Vaudry H., 
Roubos E.W. The secretion of a-MSH from Xenopus 
melanotropes involves calcium influx through a>conotoxin- 
sensitive volt age-operated calcium channels. J Neuroendocrinol 
1994; 6: 457-464.

17. Scheenen W.J.J.M., Jenks B.G., van Dinter RJ.A.M., Roubos E.W. 
Spatial and temporal aspects of Ca2+ oscillations in Xenopus 
melanotrope cells. Cell Calcium 1996; 19: 219-227

18. Jenks B.G, Control of MSH synthesis and release in the aquatic 
toad, Xenopus laevis. In: van Wimersma Greidanus Tj. ed. 
Frontiers in Hormone Research vol. 4. Basel: Karger, 1977; 63-65.

19. Verburg-van Kemenade B.M.L., Jenks B.G., van Overbeeke A.P. 
Regulation of melanotropin release from the pars intermedia of 
the amphibian Xenopus laevis; evaluation of the involvement of 
serotonergic or adrenergic receptor mechanisms. Gen Comp 
Endocrinol 1986; 65:471-481.

20. Jenks B.G,, van Zoest I.D., De Koning H.P., Leenders HJ.f Roubos 
E.W. The CRF-related peptide sauvagine stimulates and the 
GABAB receptor agonist baclofen inhibits cyclic-AMP 
production in melanotrope cells of Xenopus laevis. Life Sci 1991; 
48: 1633-1637.

21. De Koning HJP., Jenks B.G,, Huchedé B,, Roubos E.W, Dynamics 
of cyclic-AMP efflux in relation to a-MSH secretion from 
melanotrope cells of Xenopus laevis. Life Sci 1992; 51: 
1667-1673.

22. Geilen C.C., Wieprecht M., Wieder T., Reuter W. A selective 
inhibitor of cyclic-AMP dependent protein kinase, N-[2- 
bromocinnamyl (amino) ethyl]-5~isoquinoline-sulfonamide 
(H89), inhibits phosphatidylcholine biosynthesis in HeLa cells. 
FEBS Lett 1992; 309:381-384.

23. Chijiwa T., Mishima A., Hagiwara M. et al. Inhibition of 
forskolin-induced neurite outgrowth and protein 
phosphorylation by a newly synthesized selective inhibitor of 
cyclic AMP-dependent protein kinase N-[2-(p- 
bromocinnamylamino)ethyl]-5-isoquinoline-sulfonamide (H89) 
of PCI 2D pheochromocytoma cells. J Biol Chem 1990; 265: 
5267-5272,

24. Poenie M., Alderton J., Steinhardt R., Tsien R.Y. Calcium rises 
abruptly and briefly throughout the cell at the onset of 
anaphase, Science 1986; 233: 886-889.

25. Ince C.} van Dissei J.T., Diesselhof M.C. A teflon culture dish for 
high-magnification microscopy and measurements in single 
cells. Pfliigers Arch 1985; 403: 240-244.

26. Neylon C.B., Hoyland J., Mason W.T., Irvine R.F. Spatial 
dynamics of intracellular calcium in agonist-stimulated 
vascular smooth muscle cells. Am J Physiol 1990; 259: 
C675-C686.

27. Nitschke R., Probe IL, Greger R. Antidiuretic hormone acts via 
VI-receptors on intracellular calcium in the isolated perfused 
rabbit cortical thick ascending limb. Pfliigers Arch 1991; 417: 
622-632.

28. Shibuya I., Douglas W.W. Measurements of cytosolic free 
calcium in melanotrophs of Xenopus laevis: indications that c- 
AMP-dependent protein phosphorylation maintains the 
spontaneous activity of calcium channels responsible for 
cytosolic calcium pulsing but does not mediate the channel- 
closing effects of dopamine and other secretoinliibitory 
neurotransmitters. Ann NY Acad Sci 1993; 680: 606-608.

29. Miller RJ. Voltage-sensitive Ca2+ channels. J  Biol Chem 1992; 
267: 1403-1406.

30. Ahlijanian M.K., Striessingj., Catterall W.A. Phosphorylation of 
an alpha 1-like subunit of an omega-conotoxin-sensitive brain 
calcium channel by cAMP-dependent protein kinase and 
protein kinase, ƒ Biol Chem 1991; 266: 20192-20197.

31. Yoshimura M., Yoshida S., Taniyama K. Desensitization by cyclic 
AMP-dependent protein kinase of GABAb receptor expressed in 
Xenopus oocytes. Life Sci 1995; 57: 2397-2401.

32. Swandulla D., Carbone E., Lux H.D. Do calcium channel 
classifications account for neuronal calcium channel diversity? 
Trends Neurosci 19 91 ; 14: 46 -  51.

33. Valentijn J.A., Vaudry H., Cazin L. Multiple control of calcium 
channel gating by dopamine D2 receptors in frog pituitary 
melanotrophs. Ann NY Acad Sa 1993; 680: 211-228.

Cell Calcium (1996) 20(4), 329-337 © Pearson Professional Ltd 1996



cAMP & regulation of Ca oscillations in melanotrope cells 337

34. Freedman J.E., Weight F.F. Single K+ channels activated by D2 
dopamine receptors in acutely dissociated neurons from rat 
corpus striatum. Proc Natl Acad Sci USA 1988; 85:
3618-3622.

35. lie do P.M., Legendre P., Israel J.M., Vincent J.D. Effect of 
dopamine on voltage-dependent potassium currents in 
identified rat lactotroph cells. Neuroendocrinology 1990; 52: 
545-555.

36. Williams P.J., MacVicar B.A., Pittman QJ. A dopaminergic 
inhibitory postsynaptic potential mediated by an increased 
potassium conductance. Neuroscience 1989; 31: 673-681.

37. Einhom L.C., Oxford G.S. Guanine nucleotide binding proteins 
mediate D2 dopamine receptor activation of a potassium 
channel in rat lactotrophs. J Physiol (Lond) 1993; 462: 563-578.

38. Valentijn J. A., Louiset E., Vaudry H., Cazin L. Dopamine 
regulates the electrical activity of frog melanotrohs through a G 
protein-mediated mechanism. Neuroscience 1991; 44: 85-95.

39. Marchetti C., Carbone E., Lux H.D. Effects of dopamine and 
noradrenaline on Ca channels of cultured sensory and 
sympathetic neurons of chick. Pflilgers Arch 1986; 406:
104-111.

40. Valentijn J.A., Louiset E., Vaudry H., Cazin L. Dopamine-induced 
inhibition of action potentials in cultured frog pituitaiy 
melanotrophs is mediated through activation of potassium 
channels and inhibition of calcium and sodium channels. 
Neuroscience 1991; 42: 29-39.

41. Hille B. Modulation of ion-channel function by G-protein- 
coupled receptors. Trends Neurosci 1994; 17: 531-536.

42. Colmers W.A., Bleakman D. Effects of neuropeptide Y on the 
electrical properties of neurons. Trends Neurosci 1994; 17: 
373-379.

43. Valentijn J. A., Vaudry H., Kloas W, Cazin L. Melanostatin (NPY) 
inhibits electrical a ctivity in frog melanotrophs through 
modulation of K+, Na+ and Ca2+ currents. J  Physiol (Lond) 1994; 
475: 185-195.

44. Tuinhof Rv Artero C, Fasolo A. et al. Involvement of 
retinohypothalamic input, suprachiasmatic nucleus, 
magnocellular nucleus and locus coeruleus in control of 
melanotrope cells of Xenopus laevis. Neuroscience 1994; 61: 
411-420,

t

Pearson Professional Ltd 1996 Cell Calcium (1996) 20(4), 329-337


