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General Introduction 

Role of proopiomelanocortin in cellidar communication 

Cellular communication is necessary for coordinate physiological functioning of an 

organism. To achieve this communication, cells in the nervous and endocrine system 

release signalling molecules. These first messengers bind to receptors on the target cell 

and influence cellular processes directly at the membrane or indirectly via intracellular 

second messenger systems. Cells in the nervous and endocrine system release a variety 

of structurally different neurotransmitters and hormones such as catecholamines, amino 

acids, steroids and peptides. Bioactive peptides are usually produced by specific 

enzymatic cleavage of a larger precursor protein. One of the most widely expressed and 

evolutionary well conserved precursor proteins is proopiomelanocortin (POMC), that 

is processed in a tissue-specific way to several peptide end products with important 

physiological functions like adrenocorticotropic hormone (ACTH), endorphins and 

melanotropins. POMC is abundantly expressed by corticotrope cells of the anterior 

pituitary and melanotrope cells of the intermediate pituitary, and low expression levels 

have been detected in brain, peripheral tissues (e.g. thyroid, pancreas, gastrointestinal 

tract, adrenal gland and gonads) and in the immune system (reviewed by Smith and 

Funder, 1988). The significance of POMC-derived peptides is illustrated by the high 

degree of evolutionary conservation between mammals and lower vertebrates (Martens 

et al, 1985; Hilario et al, 1990; Dores et al., 1994). POMC peptide products and 

POMC mPvNA have also been detected in invertebrates species (Duvaux-Miret et al, 

1992; Ottavianietaí., 1995). 

Background adaptation of Xenopus laevis 

To enable an animal to adapt to changed physiological conditions, the expression 

level of the POMC gene is subject to tissue-specific regulation by neuronal and 

hormonal factors (Smith and Funder, 1988; Autelitano et al, 1989). To study 

regulation of POMC gene expression in response to environmental stimuli, background 

adaptation of the South-African clawed toad Xenopus laevis is a particularly suitable 

model (Jenksetai., 1988,1993a; Roubos, 1997). Biosynthesis ofPOMC in melanotrope 

cells, the predominant cell type in the intermediate pituitary, is activated when the 

animal is placed on a black background (Martens et al, 1987b). POMC is processed by 

the prohormone convertase PC2 at pairs of basic amino acids (Benjannet et al, 1991; 

Thomas et al, 1991; Braks et al, 1992). The peptide product α-melanophore-

stimulating hormone (aMSH) is released into the blood and stimulates melanin 

pigment dispersal in skin melanophores resulting in a dark skin. On a white background 

the pigment is aggregated and the animal looks pale (Bagnara and Hadley, 1973; 

Wilson and Morgan, 1979). 
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Generai Introduction 

Because Xenopus laevis is a tetraploid animal (Bisbce et al., 1977) two POMC genes 

exist (POMC-A and POMC-B; Martens, I486; Deen et al, 1992). The two highly 

conserved genes are both expressed, resulting in two protein products with minor 

differences in their primary structure and molecular weights of 38.2 and 37.3 kDa 

(Martens et al, 1982a). Also the 5'-flanking sequences are remarkably homologous to 

the mammalian genes (Martens, 1987a). In the mammalian promoter sequence at least 

nine regulatory elements were identified that synergistically interact to activate the 

promoter (Therrien and Drouin, 1991). In the Xenopus promoter region a serum-

responsive element (SRE; Treisman, 1986), a glucocorticoid-responsive element (GRE; 

Yamamoto, 1985) and activator protein-1 (AP-1) and AP-2 binding sites are present 

(Deen et al, 1991). The AP-1 site binds the c-fos immediate early gene (Sheng and 

Greenberg, 1990a) and AP-2 has been shown to mediate a transcriptional response to 

the second messenger molecule cyclic-adenosine monophosphate (cAMP) (Bishop et 

al, 1990). A classical cAMP-responsive element (CRE; Montminy et al, 1986; Comb 

et al, 1986) is not present in mammalian or Xenopus 5' sequences but in the human 

POMC promoter a POMC-specific CRE has been identified that is regulated by the 

CRE-binding protein CREB (Kraus and Höllt, 1995). During black background 

adaptation, fos-related antigens are chronically expressed in the Xenopus intermediate 

pituitary (Ubink et al, 1997) and cAMP has a key regulatory function in melanotrope 

cells (Roubos, 1997), suggesting that these two factors are involved in regulating 

POMC gene expression. 

Regulation of «MSH release from mehnotrope ceüs 

During background adaptation in Xenopus, information about the light intensity 

reflected by the background is transduced via the eyes and higher brain centers to the 

hypothalamus Qenksetal, 1993a; Roubos, 1997).Hypothalamic neurons project to the 

pituitary and release inhibitory and stimulatory neurotransmitters and neuropeptides 

(Fig. 1). Neurons originating in the suprachiasmatic nucleus directly innervate the 

intermediate lobe of the pituitary (Tuinhof et al, 1994) and release the inhibiting 

factors dopamine, neuropeptide Y (NPY) and γ-aminobutyric acid (GABA). These 

factors coexist in nerve terminals contacting the melanotrope cell and inhibit aMSH 

release via dopamine D2-, NPY Y,-, and GABAA- and GABAB-receptors, respectively 

(Verburg-van Kemenade et al, 1986a, 1986b, 1987a, 1987b; Scheenen et al, 1995). 

The D2-, the Y,- and the GABAB-receptors regulate adenylyl cyclase-mediated cAMP 

production via an inhibitory G-protein (Martens et al, 1991; Jenks et αι., 1991; de 

Koning et al, 1993; Blomqvist et al, 1995) and the GABAA-receptor is a chloride 

channel which directly influences membrane activity (Jenks et al, 1993b; Buzzi et al, 
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1997). 

In addition to this multiple inhibitory control, melanotrope cells are also subject to 

stimulatory regulation by neuropeptides released from neurons originating in the 

magnocellular nucleus (Tuinhof et al, 1994). These neurons project to the neural lobe 

of the pituitary and release sauvagine, a corticotropin-releasing hormone (CRH)-like 

peptide, and thyrotropin-releasing hormone (TRH). These ccMSH release-stimulating 

factors probably reach the intermediate pituitary lobe by diffusion (Verburg-van 

Kemenade et al., 1987c, 1987d). The sauvagine- and TRH-receptors have not yet been 

pharmacologically characterized, but as sauvagine stimulates cAMP formation (Jenks 

et al, 1991) the receptor is presumably coupled to adenylyl cyclase via a stimulatory G-

protein. Signal transduction by TRH usually acts through activation of phospholipase 

С with production of inositol triphosphate and diacylglycerol (Desrues et al, 1990; 

Gershengorn and Osman, 1996). Evidence for a role of this signal transduction pathway 

in mediating the TRH effect has not yet been demonstrated in Xenopus melanotropes. 

SCN MCN MCN Fig. 1 Central regulation of release of 
POMC-denved peptides from the 
melanotrope cell. Inhibitory control is 
exerted by neurons originating in the 
suprachiasmatic nucleus (SCN), 
whereas stimulatory factors are 
released from neurons originating in 
the magnocellular nucleus (MCN). See 
text for detailed information. 

dopamine^Y. 
NPY 

POMC 
derived 

peptides 

In addition to adjusting cAMP production, the inhibitory and stimulatory neuronal 

factors also affect the intracellular calcium ion concentration. Xenopus melanotrope 

cells display spontaneous changes in the intracellular Ca 2 + concentration, which are 

called Ca 2 + oscillations (Shibuya and Douglas, 1993; Scheenen et al, 1994a). As the 

frequency of the oscillations relates to the secretory activity, this Ca 2 + signalling pattern 
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is thought to drive aMSH release (Scheenen et al, 1994b). The oscillations are 

dependent on Ca2+ influx through N-type voltage-dependent Ca2+ channels (Scheenen 

et al., 1994a). Ca2+ influx triggers mobilization of intracellular Ca2+, resulting in 

propagation of the Ca2+ signal through the cytoplasm and into the nucleus (Scheenen 

et al., 1996), suggesting that Ca2+ oscillations encode information that is essential to 

control intranuclear processes such as gene expression. 

Regulation of POMC gene expression in mehnotrope cells 

Regulation of POMC gene expression by Ca2+ in melanotropes is well established 

(Loeffler et al, 1986b; 1989) but the exact relationship between the Ca2+ code and 

POMC gene expression remains to be determined. POMC gene expression is also 

controlled by cAMP in Xenopus and rat melanotropes (Loh et al., 1985; Loeffler et al, 

1986b; Gagner and Drouin, 1987). As far as the role of the neuronal factors that 

regulate cAMP production is concerned, only the dopaminergic action is well 

established. Chronic treatment with dopaminergic agonists inhibits POMC gene 

expression in Xenopus and rat, at the levels of both mRNA content (Chen et al, 1983; 

Chronwall et al, 1987) and protein biosynthesis (Loh et al, 1985; Cote et al, 1986). 

Negative regulation of POMC mRNA levels by GABA has also been reported in the 

rat intermediate pituitary (Loeffler et al, 1986a). Long-term regulatory effects of NPY 

on POMC gene expression in the intermediate pituitary have not yet been described. 

The functional significance of CRH in this respect is also not clear, since both 

stimulatory (Loeffler et al, 1985; Eberwine et al, 1987) and inhibitory effects 

(Autelitano et al, 1990) have been found in the rat. With respect to neuronal factors 

that use second messengers other than cAMP, an increase of the POMC mRNA level 

by TRH treatment has been found for melanotrope cells of the amphibian Rana 

ndibunda (González de Aguilar et αϊ., 1997). 

Aim and outline of this thesis 

Many neuronal factors have been identified that exert a short-term effect on Xenopus 

melanotrope cell activity. Release of aMSH is subject to multiple inhibitory and 

stimulatory control. Much less is known about the possible effects that these 

neurotransmitters and neuropeptides have on POMC gene expression. The aim of the 

research described in this thesis was to elucidate the long-term contribution of each of 

the secreto-regulatory hypothalamic factors to melanotrope cellular functioning. To 

characterize the mechanisms of neuroendocrine control at the level of the cell nucleus, 

the effects of the neuronal factors and their second messengers were investigated at the 

levels of both POMC mRNA content and POMC protein biosynthesis. 
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In Chapter 1 a detailed analysis is presented of the dynamics of POMC biosynthesis 
and processing during long-term background adaptation. After transfer of animals from 
a white to a black background, the rate of POMC biosynthesis and the contents of 
POMC, aMSH and PC2 were determined in the pituitary pars intermedia during a 12 
weeks time course. This was done in order to obtain information concerning the in vivo 

relation between POMC protein dynamics and the adaptational state of the animal. To 
identify neuronal factors that could be responsible for regulating background-dependent 
POMC gene expression, in vitro studies have to be performed investigating the effects 
of the various factors and second messengers. In Chapter 2 the effects of dopamine, 
NPY and GABA on POMC biosynthesis are described. The long-term inhibitory 
control is mainly exerted by dopamine and NPY. The limited significance of GABA in 
this respect is due to desensitization of the GABAA- and GABAB-receptors. Chapter 
3 shows that the secreto-stimulatory factors, like the inhibitory factors, regulate POMC 
biosynthesis in a differential way. Sauvagine has a sustained, cAMP-mediated 
stimulatory effect, whereas TRH-induced stimulation is of a transient nature. In 
Chapter 4 the contributions of transcriptional and translational regulatory mechanisms 
to the long-term inhibitory control by NPY are investigated. Inhibition of POMC 
protein biosynthesis precedes the decrease in POMC mRNA level. This indicates that 
gene expression is not only regulated at the mRNA level but that there has to exist a 
second regulatory mechanism that is directed to the translational machinery. In 
Chapter 5 a possible relationship between Ca2+ oscillations and POMC gene expression 
is assessed. Melanotrope cells displaying Ca + oscillations have higher levels of POMC 
mRNA than non-oscillating cells. Moreover, a positive relationship exists between the 
amplitude of Caz+ oscillations and the POMC mRNA content in the same cell. Finally, 
in the General Discussion the physiological relevance of the results are addressed and 
a model is presented describing long-term neuroendocrine control pathways in the 
Xenopus laevis melanotrope cell, based on the combined results of the preceding 
chapters. 
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Chapter 1 

Dynamics of proopiomelanocortin and 
prohormone convertase (PC2) gene 

expression in Xenopus laevis melanotrope cells 
during long-term background adaptation 

C.H. Dotman, F. van Негр, G.J.M. Martens, B.G. Jenks, 
E.W. Roubos 

Journal of Endocrinology (in press) 



Chapter I 

Abstract 

The South-African clawed toadXenopus laevis is able to adapt its skin color to 
background light intensity. In this neuroendocrine reflex, the POMC-derived peptide 
aMSH is a key regulatory factor. In animals adapting to a black background, release of 
ocMSH from the pituitary pars intermedia causes dispersal of melanin in skin 
melanophores. To investigate the long-term in vivo dynamics of aMSH production 
during black background adaptation, the biosynthetic rate of POMC and the contents 
of POMC, aMSH and the POMC processing enzyme PC2 have been studied in the pars 
intermedia using pulse-labeling, Western blot and radioimmunoassay. In control 
animals, adapted to a white background, the rate of POMC biosynthesis and the 
POMC content were low, while high aMSH and PC2 contents were found. After 1 
week of adaptation to a black background, the rate of POMC biosynthesis and the 
POMC protein content had increased 19- and 3.7-fold, respectively. These parameters 
attained a maximum level (28- and 5.8-fold higher than control) after 3 weeks and 
remained at these elevated levels for at least 12 weeks. After 1 week, the pars 
intermedia content of aMSH was only 30% of the control level, but after 6 and 12 
weeks, the aMSH level had increased to the control level. The PC2 content decreased 
to 52% of control after 1 week and stabilized after 3 weeks at a level slightly lower than 
the control value. The results show that during long-term background adaptation a 
steady-state situation is reached, with a balance between the biosynthesis, enzymatic 
processing and release of aMSH. The in vivo dynamics of the processing enzyme PC2 
suggest a parallel storage and release ofaMSH and mature PC2 in theXenopus pituitary 
pars intermedia. 
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Introduction 

Most amphibian species possess the ability to adapt the melanin pigment distribution 

in their skin melanophores to the light intensity of the background. In white 

background-adapted animals, melanin is aggregated around the nucleus, resulting in a 

pale skin color, while black background-adapted animals have a dark skin color, caused 

by pigment dispersal (Bagnata and Hadley, 1973). This process is a neuroendocrine 

reflex, mediated by the peptide cc-melanophore stimulating hormone (ocMSH) (Wilson 

and Morgan, 1979; Jenks et al, 1988; van Zoest et al, 1989), which is produced in 

melanotrope cells of the pituitary pars intermedia from the precursor protein 

proopiomelanocortin (POMC) (Martens et al, 1985). 

Differences in the physiological demand for the amount of aMSH released into the 

circulation are accompanied by plastic changes in the activity of melanotrope cells. 

Because melanotrope cell activity can be readily influenced in a physiological way by 

changing the light intensity, amphibian background adaptation is an ideal model to 

study various structural and biochemical aspects of long-term plasticity in a secretory 

cell. In the aquatic toad Xenopus laevis some of the plastic cellular changes occurring 

in response to background adaptation have been studied in detail (for reviews see Jenks 

et al, 1993a; Roubos, 1997). The ultrastructure of melanotrope cells in white 

background-adapted animals reflects low biosynthetic activity, with the abundance of 

secretory granules indicating storage of aMSH. Transfer of animals from a white to a 

black background leads to an increase in the volume of rough endoplasmic reticulum, 

the extent of Golgi apparatus and the number of mitochondria, indicative of a high rate 

of POMC and aMSH biosynthesis, and to a decrease in the number of secretory 

granules, suggesting enhanced aMSH release (Weatherhead and Whur, 1972; de Rijk 

et al, 1990). Such plastic changes in melanotrope cell activity have been confirmed in 

biochemical in vitro studies (Whur and Weatherhead, 1971; Thornton, 1971; Jenks et 

al, 1977b; van Zoest et al, 1989). 

In mammalian melanotropes, the processing enzyme PC2 is responsible for the 

biosynthesis of aMSH from the precursor protein POMC (Smith and Funder, 1988; 

Benjannet et al, 1991; Thomas et al, 1991; Day et al, 1992; Marcinkiewicz et al, 

1993). POMC and PC2 are also coexpressed in Xenopus melanotropes. Much higher 

levels of POMC mRNA and PC2 mRNA occur in the pars intermedia of animals 

adapted to a black background compared to white background-adapted animals 

(Martens et al, 1987b; Braks et al, 1992; Holthuis et αϊ., 1995). At the subcellular level, 

PC2 has been localized in aMSH-containing secretory granules in Xenopus 

melanotropes, suggesting that also in amphibians PC2 is involved in proteolytic 
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cleavage of POMC (Berghs et al, 1997; Kurabuchi and Tanaka, 1997). Processing of 

Xenopus POMC yields the same spectra of peptide products as in mammals (Martens 

et ai, 1982a, 1982b, 1983; van Strien et al, 1995, 1996). 

Obviously, efficient functioning of the melanotrope cell during background 

adaptation requires a well-coordinated interplay between biosynthesis of POMC, 

POMC processing by PC2, and storage and release of aMSH. Up to now this interplay 

has been studied only fragmentary. POMC biosynthesis and aMSH release have been 

examined in short adaptation studies only (maximally 3-6 weeks; Maruthainar et al, 

1992; Jenks et al, 1993a; van Strien et al, 1995, 1996), whereas the dynamics of PC2 

during background adaptation are unknown. In the present study the dynamics of 

POMC biosynthesis and processing and aMSH storage and release have been 

examined in a long-term in vivo approach to monitor the physiological steady-state 

situation. To this end, the rate of POMC biosynthesis and the amounts of POMC and 

aMSH were determined in the pars intermedia of the Xenopus pituitary for up to 12 

weeks after transfer of the animals from a white to a black background. Furthermore, 

the in vivo role of PC2 in POMC processing was investigated by determining the PC2 

protein content during this period. 

Materials and Methods 

Animah 

Xenopus laevis were bred and reared under our standard laboratory conditions. Before 

the experiments, male animals of the same age and weight were kept for 3 weeks on a 

white background, and either immediately sacrificed (controls) or subsequently placed 

on a black background for 1, 3, 6 or 12 weeks, under constant illumination, at 22 °C. 

The transfer time schedule was designed in such a way that all animals could be 

sacrificed on the same day. After decapitation, neurointermediate lobes were rapidly 

dissected and immediately subjected to pulse-labeling with radioactive amino acids or 

collected on dry ice and stored at -70°C until further processing for Western blot or 

radioimmunoassay. 

Radioactive amino acid incorporation (POMC biosynthesis) 

Neurointermediate lobes were individually rinsed in Ringer's solution containing 112 

mM NaCl, 2 mM CaCl2, 2 mM KCl, 15 mM Ultral-Hepes (Calbiochem, La Jolla CA, 

USA), 0.3 mg/ml BSA and 2 mg/ml glucose (pH 7.4), and pulse-labeled for 30 min in 

10 μ.1 Ringer's solution containing 1 mCi/ml 3H-lysine (Amersham, Little Chalfont, 
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UK). Then they were washed m Ringer's solution and lysed by boiling for 5 min in 100 

μΐ sample buffer containing 62.5 mM Tris (pH 6.8), 12.5% glycerol, 1.25% SDS, 2.5% 

ß-mercapto-ethanol and 0.0125% bromephenolblue, prior to subjecting 20 μ] of the 

lobe extracts to 12.5% SDS-PAGE. 

SDS-PAGE 

SDS-polyacrylamide gel electrophoresis was performed according to Laemmli 

(Laemmli, 1970). Subsequently, the gels were fixed (40% methanol, 10% acetic acid), 

saturated with 100% dimethylsulfoxide (DMSO) and treated with 20% 2,5-

diphenyloxazol (PPO) in 100% DMSO for fluorography (Bonner and Laskey, 1974). 

For analysis of results of pulse-labeling experiments, the 38 kDa POMC protein can 

readily be identified in the clectrophoretic pattern of a lobe extract (Ayoubi et al, 

1990). Quantification of the amount of POMC protein (in arbitrary units) was 

performed with an UltroScan XL laser densitometer (Pharmacia LKB, Uppsala, 

Sweden). 

Western blot analysis (POMC and PC2 contents) 

Neurointermediate lobes were lysed by boiling in sample buffer, diluted 1:20 for 

POMC detection or 1:4 for PC2 detection, and subjected to 12.5% SDS-PAGE. For 

immunoblotting, the proteins were electrophoretically transferred to nitrocellulose 

membranes using a Mini-Protean II Cell system (Biorad, Segrate, Italy). Blots were 

incubated for 1 h in blocking buffer (5 % BSA in TBS with 0.2% Tween-20), washed 

in TBST (TBS with 0.2% Tween-20) and incubated for 16 h at 4°C in blocking buffer 

with antisera against POMC or PC2. For POMC detection 1:10,000 diluted polyclonal 

rabbit anti-Xenopus POMC was used (ST-62; see Berghs et al, 1997, for details showing 

the high specificity of the antiserum). For PC2 detection a 1:1000 diluted polyclonal 

rabbit antiserum was used, produced against recombinant human PC2. This antiserum 

exclusively recognized the precursor and mature form of PC2. Following incubation 

with antisera the blots were washed in TBST, incubated for 1 h at 20° С with 1:1000 

diluted goat anti-rabbit IgG conjugated to peroxidase (Nordic, Tilburg, The 

Netherlands) in blocking buffer, and finally washed in 0.3 M MgCl 2- Antigen was 

detected by the enhanced chemiluminescence method (Amersham). Quantification of 

the amounts of POMC and PC2 protein was performed as described above. 

Radioimmunoassay (oMSH amounts) 

Neurointermediate lobes were homogenized in 0.1 N HCl, vacuum dried, 

resuspended, and subjected to a radioimmunoassay for aMSH as described previously, 
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using an polyclonal rabbit antiserum raised in our laboratory, at a final dilution of 
1:30,000. Ant ibody-bound and free ccMSH were separated by 
polyethyleneglycol/ovalbumin precipitation (for details, see van Zoest et al., 1989). 

Statistics 

Data were analyzed by one-way analysis of variance ( a=5%) (Bliss, 1967) followed 
by Duncan's multiple range test (Steel and Torrie, 1960), to compare groups at different 
time points with each other. (These differences have been indicated by characters in 
the respective figures). The analysis was preceded by tests for the joint assessment of 
normality (Shapiro and Wilk, 1965) and for the homogeneity of variance (Bartlett's 
test) (Bliss, 1967). 

Results 

POMC biosynthesis 

The biosynthetic activity was measured by 3H-lysine labeling of POMC protein. The 
newly synthesized POMC was not detectably processed to smaller products during the 
short pulse incubation time of 30 min, and thus the rate of precursor biosynthesis could 
be accurately determined. In white background-adapted animals, a very low level of 
POMC biosynthesis was observed, which increased after 3 weeks of black background 
adaptation to a level 28 times higher than the control level (animals adapted to a white 
background; Fig. la). Up to 12 weeks, biosynthetic activity appeared to increase 
slightly, but this increase was not statistically significant. 

POMC contents 
Determination of the pars intermedia contents of the POMC precursor, excluding 

detection of POMC processing products, was possible by Western blot analysis using an 
antibody directed against the first cleavage site of Xenopus POMC. In the 3 weeks 
white background-adapted control animals, POMC precursor protein was present in a 
low amount (Fig. lb, t=0). During the first 3 weeks of black background adaptation, 
the POMC protein content increased to a maximum level. At 3 weeks, the amount of 
POMC was 5.8 times higher than that in white background-adapted animals. 
Subsequently, the content did not change significantly for up to 12 weeks (Fig. lb). 

cMSH amounts 

The pars intermedia of animals adapted to a white background contained a high 
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amount of aMSH, as determined by radioimmunoassay (Fig. lc; t=0). After 1 week of 

adaptation to a black background, the tissue content of aMSH was reduced by 70% 

compared to the control value. After 3 weeks, the aMSH amount had increased again, 

to reach control level after 6 weeks. This level did not change up to 12 weeks (Fig. lc). 
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Fig. 1 Animals were adapted to a white background for 3 weeks and either immediately sacrificed 
(t=0, controls), or subsequently adapted to a black background for 1, 3, 6 or 12 weeks. The average 
value of controls was set at 1 (A,B) or 100% (C,D). Dots represent the average value and SEM. Dots 
with a common superscript do not differ significantly (P < 0.05). (A) Amount of newly synthesized 
POMC (expressed as a fold increase relative to the control, η=5) determined by labeling with 3H-
lysine. (B) Amount of POMC (expressed as a fold increase relative to the control, η=5) determined 
by Western blot. (C) Amount of aMSH (expressed as a percentage of the control value, n=3) 
determined by radioimmunoassay. (D) Amount of PC2 (expressed as a percentage of the control 
value, n=5) determined by Western blot. 

PC2 contents 

The pars intermedia contents of the processing enzyme PC2 were measured by 

Western blot analysis (Fig. 2). The antibody used for PC2 detection is directed against 

recombinant PC2 and recognizes both the precursor and the mature form of PC2. In 

white-adapted animals, no pro-PC2 could be detected and at all stages of black-

adaptation the amount of pro-PC2 was 10-30 fold lower than the amount of mature 

PC2 (e.g. Fig. 2). In determining the dynamics of PC2 contents during background 
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adaptation we considered only the mature active form of PC2, which is available to 

process POMC (Fig. Id). In animals adapted to a white background a high level of PC2 

was present, which diminished to 52% of the control value after 1 week of black 

background adaptation and stabilized after 3 weeks at a level slightly lower than the 

control value (Fig. Id). 

Fig. 2 Example of Western blot analysis of PC2 
\лі л -\ с л? m individual neurointermediate lobes of 

animals adapting to black background. W is the 
white background control; 1, 3, 6, and 12 give 

t ^ 1 "*"*· •*—РГО-РС2 the number of weeks adaptation to black 
( H i M l M l flu β ϋ -* PC2 background. Pro-PC2 is the precursor form of 

active PC2. 

Discussion 

Dynamics of POMC biosynthesL· and oMSH release 

In this study, long-term background adaptation has been investigated in Xenopus 

laevis by determining the time course of POMC biosynthesis and processing in the 

pituitary pars intermedia. In animals that had been adapted to a white background, 

biosynthetic activity is hardly detectable and a very low amount of POMC precursor 

protein is present in the pars intermedia, whereas the POMC peptide product rxMSH 

is present in high amounts. In response to black background adaptation, the rate of 

POMC biosynthesis and the POMC content become much higher than in white 

background-adapted animals, while initially the ccMSH content is strongly reduced. 

This indicates that the end product aMSH and not the precursor POMC is the major 

storage product in animals on a white background. The initial reduction of aMSH in 

animals adapting to a black background probably reflects secretion from "mature" 

secretory granules before the biosynthetic machinery can fully compensate for this 

release. The observed difference in POMC protein contents of the pars intermedia of 

white and black background-adapted animals is in line with previous studies that 

showed a much lower POMC mRNA level in white-adapted than in black-adapted 

animals (Martens et al, 1987b). Prolonged adaptation of 12 weeks to a black 

background does not significantly change the situation at 3-6 weeks, indicating that 

steady-state levels are reached around 3 weeks of adaptation. 

The Xenopus background adaptation process offers a very good possibility to study the 

in vivo dynamics of endocrine peptide biosynthesis in response to chronical physiological 

demands. One might suppose that long-term adaptation would lead to an increased 
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effectiveness of melanotropc functioning, with a same degree of skin colour adaptation 

resulting from a lower level of biosynthetic activity. However, the present study shows 

that the high steady-state level of biosynthetic avtivity reached after 3 weeks is 

maintained for up to 12 weeks, indicating that melanotropc cell activity does not 

decrease by applying the physiological stimulus far longer than necessary to reach a 

steady-state situation. Apparently, 3 phases m Xcnopus background adaptation can be 

distinguished. The initial phase is regulated by a ß-adrenergic mechanism, acting at the 

level of the skin mclanophore (van Zoest et al, 1989) within a few hours after transfer 

of an animal from a white to a black background, pigment dispersion in skin 

melanophores is induced by (nor)adrenalin The second phase adaptational response 

is controlled by aMSH release. It starts up slowly during the first days of adaptation and 

reveals a balance between the biosynthesis, enzymatic processing and release of aMSI I 

after about 3 weeks of adaptation. In the third phase, lasting at least up to 12 weeks, 

steady-state levels of aMSH biosynthesis, processing and release maintain the state of 

adaptation. 

The role of PC2 in POMC processing m vwo 

In animals adapted to a white background, a high level of mature PC2 was found, 

while after 1 week of black background adaptation the PC2 content was reduced. This 

reduction parallels the reduction in aMSH, suggesting co-storage of aMSH and the 

mature form of PC2. The concomitant decreases of the aMSH and PC2 contents 

during early adaptation suggest a coordinate release of the two molecules in response 

to transfer of the animal to a black background. This observation is m agreement with 

the demonstrated coexistence of aMSH and PC2 in secretory granules in Xenopus 

melanotropes (Kurabuchi andTanaka, 1997). Release of PC2 from neurointermediate 

pituitary lobes was previously reported in in vitro studies (Braks and Martens, 1994). 

The present study indicates that this release also occurs in the in vivo situation and, 

therefore, has physiological relevance. This is the first time that PC2 protein dynamics 

m response to an environmental factor are demonstrated. 

The co-expression of the POMC and PC2 genes has been well documented, ι e. high 

expression in fully black adapted animals and low expression in fully white adapted 

animals (Martens et al, 1987b, Braks et αι., 1992, Holthuis et al, 1995) In the present 

study, where the relative steady-state levels of active PC2 were determined during 

background adaptation, a partial "depletion" of the enzyme was noted at 1 week 

adaptation, before its level stabilized with longer adaptations to black background. At 

1 week adaptation the level of POMC biosynthesis and the steady-state level of POMC 

were also lower than the level they ultimately achieved with long adaptations These 
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observations indicate that the genes for both POMC and PC2 are very slowly activated 
during black background adpatation. This indicates that the POMC and PC2 genes 
may be co-regulated. In the Xenopus pars intermedia, several inhibitory and stimulatory 
neuronal factors regulating ccMSH release have been identified, including dopamine, 
neuropeptide Y, GABA, sauvagine and thyrotropin-releasing hormone (Jenks et al, 

1993a). Therefore, Xenopus foevis may turn out to be a suitable system to investigate 
whether POMC and PC2 gene expressions are subject to the same complex regulation 
as the POMC peptide product ccMSH . 
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Abstract 

In the South-African clawed toad Xenopus hevis, background adaptation is regulated 
by aMSH, a POMC-derived peptide. After transfer of the animal from a black to a 
white background, secretion of aMSH from the intermediate pituitary lobe is inhibited 
by the hypothalamic neurotransmitter NPY. The neurointermediate lobe in vitro is also 
subject to inhibitory regulation by dopamine and GABA. In the nerve terminals 
contacting the intermediate lobe of the pituitary, GABA is contained in electron-lucent 
vesicles, while dopamine and NPY coexist in electron-dense vesicles. 

To study the role of these secreto-inhibitors in the regulation of POMC biosynthesis, 
the rate of incorporation of radioactive amino acids into POMC protein was 
determined after in vitro treatment of the neurointermediate pituitary with NPY, 
apomorphinc (dopamine D2-receptor agonist), isoguvacine (GABAA-receptor agonist) 
and baclofen (GABAB-receptor agonist). After 24 hours of treatment, inhibition of 
POMC biosynthesis by NPY and apomorphine was 77% and 74%, respectively. 
Isoguvacine treatment resulted in an inhibition of 59%, while no significant effect of 
baclofen was observed. When neurointermediate lobes were treated for 3 days, 
inhibition of POMC biosynthesis by NPY was maintained and inhibition by 
apomorphine was even stronger, while isoguvacine gave an inhibition of 52% and 
baclofen had still no effect. Superfusion experiments on aMSH secretion showed that 
prolonged treatment with the GABA-receptor agonists results in a desensitization of 
GABA-receptor-mediated signal transduction mechanisms, while the NPY-receptor 
does not show desensitization. 

The observations indicate differential actions of the secreto-inhibitors NPY, 
apomorphine and GABA agonists on POMC biosynthesis in the Xenopus intermediate 
pituitary, suggesting a major role for dopamine and NPY, while GABA, acting via two 
receptor types, does not seem to have a main function in long-term control of POMC 
biosynthesis. 
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Introduction 

The pituitary pars intermedia melanotrope cell functions as a neuroendocrine 

transducer cell. Melanotrope cells are controlled by a variety of factors secreted by 

hypothalamic neurons that project to the intermediate lobe of the pituitary (Tuinhof 

et al, 1994). In rats, dopaminergic inhibition of proopiomelanocortin (POMC) 

expression in the intermediate pituitary has been established, both at the levels of 

mRNA content and of de novo protein synthesis (Chen et al, 1983; Cote et al., 1986). 

Furthermore, inhibitory regulation of POMC mRNA levels by γ-aminobutyric acid 

(GABA) in the rat intermediate pituitary has been reported (Loeffler et al., 1986a). 

The involvement of dopamine and GABA has also been documented in amphibian 

species. In the frog Rana ridibunda, a-mclanophore-stimulating hormone (ccMSH) 

release from the intermediate lobe is inhibited by dopamine (Tonon et al., 1983; 

Adjeroud et al, 1986a) and GABA (Adjeroud et al, 1986b) and also by a neuropeptide 

(Danger et al, 1986; Chartrel et al, 1991), neuropeptide Y (NPY). 

In the South-African clawed toad Xenopus hevis, long-term action of secreto-

inhibitors on biosynthetic activity has only been studied for dopamine, which suppresses 

POMC biosynthesis in cultured neurointermediate lobes (Loh et al., 1985). Electron 

microscopical studies have shown coexistence of GABA, dopamine and NPY in nerve 

terminals originating from neurons in the suprachiasmatic nucleus. GABA is contained 

in electron-lucent vesicles, while dopamine and NPY co-exist within electron-dense 

vesicles (de Rijketal., 1992a). These neurotransmitters inhibit ccMSH release and their 

actions are mediated by GABAA-, GABAB-, D2- and Y^receptors, respectively 

(Verburg-vanKemenadeeta!.. 1986a,1986b, 1987a, 1987b, Scheenen et αϊ., 1995). 

In Xenopus, pigment dispersal in skin melanophores is regulated by ccMSH. Animals 

that are adapted to a black background synthesize POMC in the intermediate pituitary 

and release the peptide product ocMSH into the blood. In white background-adapted 

animals, melanotrope cells do not secrete aMSH (Wilson and Morgan, 1979; van 

Zoest et al, 1989) and their POMC mRNA level is 20- to 30-fold lower than in black 

background-adapted animals (Martens et al, 1987b). Also the biosynthetic activity in 

intermediate lobes from white background-adapted animals is lower (Whur and 

Weatherhead, 1971;Jenks, 1977a). 

In this study the differential regulatory aspects of co-existing classical and peptide 

neurotransmitters on hormone biosynthesis have been studied, using the structurally 

and functionally well defined suprachiasmatic inhibitory control of POMC biosynthesis 

in Xenopus melanotrope cells as an experimental model. For that purpose, the effects 

of NPY, apomorphine (a dopamine D2-receptor agonist), isoguvacine (a GABAA-
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receptor agonist) and baclofen (a GABAB-receptor agonist) on POMC biosynthesis and 

on ocMSH release were investigated with pulse-labeling and radioimmunoassay. 

Material and methods 

Animals 

Xenopus laevis were bred and reared under standard conditions in the aquatic facility 

of the Department of Animal Physiology, University of Nijmegen, The Netherlands. 

Prior to the experiments, they were adapted to a black background for three weeks 

under constant illumination, at 22°C. 

Tissue incubation 

After decapitation of animals, the neurointermediate lobes were rapidly taken out 

and collected on ice in 1.5 times diluted Leibovitz's L15 culture medium (Gibco, 

Renfrewshire, UK) containing 0.1 mg/ml antibiotic/antimycotic (Gibco), 0.1 mg/ml 

kanamycine (Gibco), 0.08 mg/ml CaCl 2 .H 20 and 0.2 mg/ml glucose (pH 7.4). After 

washing with culture medium, intact lobes were placed individually in 4-well culture 

dishes (Nunclon, Roskilde, Denmark) in an aerated incubator, at 20 °C. A dish 

contained 0.5 ml culture medium with 10% fetal calf serum (Gibco). To test 

neurotransmitter actions secreto-inhibitors were added (for concentrations, see results). 

The medium and secreto-inhibitors were refreshed daily. The ocMSH contents of the 

media collected during incubations of 3 days were determined by radioimmunoassay. 

Radioactive amino acid incorporation 

Following incubation the lobes were individually rinsed in Ringer's solution 

containing 112 mM NaCl, 2 mM CaCl2,2 mM KCl, 15 mM Ultral-Hepes (Calbiochem, 

La Jolla CA, USA), 0.3 mg/ml BSA and 2 mg/ml glucose (pH 7.4), and pulse-labeled 

for 15 min in 10 μ\ Ringer's solution containing 1 mCi/ml 3H-lysine (Amersham, Little 

Chalfont, UK). Then they were washed in Ringer's solution and lysed by boiling for 5 

min in 100 μΐ sample buffer containing 62.5 mM Tris buffer (pH 6.8), 12.5% glycerol, 

1.25% SDS, 2.5% ß-mercapto-ethanol and 0.0125% bromephenolblue, prior to 

electrophoresis. 

SDS-PAGE 

SDS-polyacrylamide gel electrophoresis was performed according to Laemmli 

(Laemmli, 1970) using 20% of each lobe extract. Subsequently, the gels were fixed 
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(40% methanol, 10% acetic acid), saturated with 100%dimethylsulfoxide (DMSO) and 
treated with 20% 2,5-diphenyloxazol (PPO) m 100% DMSO for fluorography (Bonner 
and Laskey, 1974). The 38 kDa POMC protein can readily be identified in a lobe 
extract because of its abundancy (Ayoubi et al., 1990). For quantification of the 
amount of POMC protein (in arbitrary units) an UltroScan XL laser densitometer 
(Pharmacia LKB, Sweden) was used. 

Superfusion 
To investigate the possibility that long-term agonist treatment will cause receptor 

desensitization, the effect of such treatment on aMSH release from the lobes was 
tested. To this end, lobes were individually placed in superfusion chambers and Ringer's 
solution was pumped through the chambers at a rate of 1.5 ml/hr at 22 °C. During a 
15 min pulse, secreto-mhibitors were added to the Ringer's solution. Fractions taken 
during 7.5 mm of superfusion were collected for aMSH detection by 
radioimmunoassay. 

Radioimmunoassay 
Radioimmunoassays for aMSH were performed as described previously, using an 

antiserum raised in our laboratory at a final dilution of 1:30,000 (for details see van 
Zoest et al, 1989). Antibody-bound and free aMSH were separated by polyethylene -
glycol/ovalbumin precipitation. 

Secreto-mhibitors 
Amidated and non-amidated Xenopus NPY were obtained from American Peptide 

Company (Sunnyvale, CA, USA), apomorphine from Lonza (Visp, Switzerland) and 
baclofen and isoguvacme from Research Biochemicals International (Natick, MA, 
USA). 

Statistics 
Data were analyzed by one-way analysis of variance ( a=5%) (Bliss, 1967) followed 

by Duncan's multiple range test (Steel and Tome, 1960), in order to compare all 
individual data groups with each other. (These differences have been indicated by 
characters on top of columns in the respective figures). The anova was preceded by 
tests for the joint assessment of normality (Shapiro and Wilk, 1965) and the 
homogeneity of variance (Bartlett's test) (Bliss, 1967). 
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Results 

To investigate regulatory neurotransmitter effects on POMC biosynthesis, intact 

neurointermediate lobes were incubated for several hours or days in presence of 

synthetic Xenopus NPY and dopamine- and GABA-receptor agonists. To study the 
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Fig. 1 Relative amounts (expressed as % of control) of newly synthesized POMC determined by 
labeling with 3H-lysine. The effect of duration of treatment was studied at 6 hours, 24 hours and 3 
days for 10'6 M NPY (A) and 10'5 M apomorphine (D). Dose-response curves were determined for 
NPY (B) and apomorphine (E) after 3 days of treatment. Absolute amounts of aMSH present in the 
incubation medium were measured by radioimmunoassay, after 1,2 and 3 days of treatment with 10'6 

M NPY (C) and 10'5 M apomorphine (F). Bars represent the average value and S.E.M. (n=4). In A, 
C, D and F, black bars represent control groups and white bars represent treated groups. For data 
from pulse-labeling experiments the average value of controls was set at 100%. Bars with a common 
superscript do not differ significantly (P < 0.05). 
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dynamics of the effect of exposure to NPY and the dopamine D 2-receptor agonist 

apomorphine, the concentration was chosen that was the lowest to cause maximal 

inhibition of POMC biosynthesis (Fig.lB, IE). After 6 h of treatment of lobes with 10'6 

M NPY, the level of POMC biosynthesis as appeared from the degree of 3H-lysine 

labeling, was not different from control lobes, which had been treated for 6 h with non-

amidated NPY, that is biologically inactive (Wahlestedt et ai, 1986) (Fig.lA). After 

24 h the biosynthetic activity of the NPY-treated group was 23% of control level, and 

after 3 d of treatment inhibition was slightly, but not significantly, increased further, 

resulting into a biosynthetic activity of only 13% of control level. Inhibition of POMC 

biosynthesis by NPY was dose-dependent (Fig.lB). The amount of otMSH present in 

the culture medium was determined after 1, 2 and 3 d. During this period, NPY 

progessively reduced the amount of oc-MSH release (Fig. 1С). 

и 
S 
О 

Fig.2 Relative amounts of newly synthesized POMC determined by labeling with 3H-Iysine. The effect 
of duration of treatment was studied at 6 hours, 24 hours and 3 days for 10'1 M isoguvacine (A) and 
10'5M baclofen (C). Absolute amounts of ccMSH present in the incubation medium were measured 
by radioimmunoassay after 1, 2 and 3 days of treatment with ΙΟ'1 M isoguvacine (В) and ΙΟ'5 M 
baclofen (D). Bars represent the average value and S.E.M. (n=4). Black bars represent control groups 
and white bars represent treated groups. For data from pulse-labeling experiments the average value 
of controls was set at 100%. Bars with a common superscript do not differ significantly (P < 0.05). 
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Apomorphine, applied in a concentration of 10 '5 M, was also effective in inhibiting 

POMC biosynthesis, in a progressive way. After 6 h of treatment, the amount of 

radiolabeled POMC was 66% of control level, after 24 h it was reduced to 26% of 

control level, and after 3 d of treatment it was only 6% of control level (Fig. ID). This 

inhibition of POMC biosynthesis by apomorphine was clearly dose-dependent (Fig. IE). 

Release of ocMSH in the incubation medium became slightly, but not significantly, 

lower after 1, 2 and 3 d of apomorphine treatment (Fig.IF). 
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Fig.3 Relative amounts of aMSH released in fractions of 7.5 min. Neurointermediate lobes were 
incubated for 3 days and pulsed for 15 mm (shaded area) with ΙΟ1 M isoguvacine (A) or ΙΟ'5 M 
baclofen (C). The same pulse was given to lobes that were incubated for 3 days in the presence of 
10 •* M isoguvacine (B) and 10'5 M baclofen (D), respectively. Curves represent the average value and 
S.E.M. (n=4). Values of maximal inhibition were statistically tested (P < 0.05). 

For treatment with isoguvacine and baclofen a concentration was chosen that is the 

lowest to cause maximal inhibition of aMSH secretion: 10'4 M isoguvacine and 10'5 M 

baclofen (Verburg-van Kemenade et αϊ., 1987a). Incubating lobes in the presence of 

ΙΟ'4 M isoguvacine for 6 h resulted in a slight but not significant inhibition of POMC 

biosynthesis (84% of control level; Fig.2A), but treatment for 24 h and 3 d caused a 
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substantial reduction of the amount of radiolabeled P O M C , viz. to 4 1 % and 4 8 % of 

control level, respectively. After the first day of isoguvacine treatment an inhibition of 

(xMSH release was observed that was reduced during the second and third day (Fig.2B). 

No inhibition of P O M C biosynthesis or ccMSH release by ΙΟ'5 M baclofen was found 

up to 3 d (Fig.2C, 2D). 

T o investigate the possibility of receptor desensitization, lobes were pretreated for 3 

d with ΙΟ'4 M isoguvacine or ΙΟ'5 M baclofen and subsequently placed in superfusion. 

Then, the effect of a 15 min pulse of receptor agonist on a M S H secretion was assessed 

Fig.4 Relative amounts of aMSH released in fractions 
of 7.5 min. Neurointermediate lobes were incubated 
for 3 days and pulsed for 15 min (shaded area) with 
10'6 M NPY (A). The same pulse was given to lobes 
that were incubated for 3 days in the presence of 10 6 

M NPY (B). Curves represent the average value and 
S.E.M. (n=4). Values of maximal inhibition were 
statistically tested (P < 0.05). 
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and compared to the effect on lobes that had not been pretreated. Both in isoguvacine-

and in baclofen-pretreated lobes the inhibition of a M S H release was clearly less 

pronounced (inhibition by 38% vs 57% and 5 5 % vs 90%, respectively) compared to 

lobes that had not been pretreated (Fig.3). In the case of isoguvacine, progression of 

desensitization was also apparent from the course of a M S H release (Fig.2B). O n the 

third day, inhibition by isoguvacine is smaller than on the preceding days. For lobes 

treated for 3 d with 10'6 M NPY, the inhibition of a M S H release by NPY was n o t 

altered compared to untreated neurointermediate lobes (Fig.4). 
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Discussion 

In this study evidence is presented for differential regulation of POMC biosynthesis 
in the Xenopus intermediate pituitary lobe by identified hypothalamic 
neurotransmitters. A strong and dose-dependent inhibition of de novo protein synthesis 
could be induced by activation of both a receptor for a neuropeptide, the NPY Y :-
receptor, and a catecholamine receptor, the dopamine D 2-receptor. Regulation of 
POMC biosynthesis by dopamine has been established in the intermediate pituitary of 
rat (Chen et al, 1983; Cote et al, 1986) and Xenopus (Loh et al, 1985) but this is the 
first report of a regulatory function for a neuropeptide, NPY, in POMC biosynthesis in 
the pars intermedia. Since it was shown by Kraicer et al (1988) that NPY does not 
inhibit ocMSH release from the rat intermediate pituitary, the possibility exists that 
regulation of POMC biosynthesis and release of its peptide products by NPY occurs 
exclusively in the pituitary pars intermedia of lower vertebrates. Tuinhof et al (1993) 
showed in the amphibian Xenopus that NPY mRNA and NPY immunorcactivity are 
expressed in the suprachiasmatic nucleus of white background-adapted animals but not 
in animals that had been adapted to a black background, thus indicating that NPY 
plays a physiological role as inhibitory factor during background adaptation. 

A dopamine D2-like receptor in the Xenopus pars intermedia has been 
pharmacologically characterized and cloned (Verburg-van Kemenade et al, 1986b; 
Martens et al, 1991). In the present study, the dopamine D2-receptor agonist 
apomorphine is more effective in inhibiting POMC biosynthesis than dopamine was in 
experiments with the Xenopus neurointermediate lobe performed by Loh et al. (1985). 
The latter authors found that 3 days of treatment with 5.10 '6 M dopamine reduced 
POMC biosynthesis to about 50% of control level, whereas in our study apomorphine 
treatment caused an inhibition of more than 90%. Although apomorphine is also an 
agonist for the D,-receptor, its effect is most likely mediated by the D 2-receptor 
exclusively because the presence of a D[-receptor has never been demonstrated in 
pharmacological receptor characterization studies in Xenopus (Verburg-van Kemenade 
et al., 1986b). 

The results from the experiments with GABA-receptor agonists show that GABA-
receptor-mediated signal transduction mechanisms probably do not play a main role in 
long-term regulation of POMC biosynthesis. The GABA B-receptor agonist baclofen 
did not change biosynthetic activity or aMSH release into the incubation medium, 
while the GABAA-receptor agonist isoguvacine caused an inhibition of both processes 
that was clearly less pronounced than the inhibitions exerted by apomorphine and 
NPY. The superfusion experiments showed that lobes pretreated for 3 days with 
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agonists were less sensitive to the inhibitory action of GABA-receptor agonists on 
secretion than lobes that had not been pre-exposed to these agonists. This indicates 
that desensitization of the GABA-receptors and/or of the signal transduction 
mechanisms utilized by these receptors occurs as result of long-term exposure to 
isoguvacine and baclofen. 

The phenomenon of differential regulation of melanotrope cell activity by 
hypothalamic neurotransmitters as shown here for POMC biosynthesis, has also been 
demonstrated in short-term experiments performed in our laboratory. In superfusion 
experiments analyzing aMSH secretion from the Xenopus neurointermediate lobe, 
inhibition of release by baclofen and isoguvacine was found to be abolished by addition 
of 8-Br-cAMP (8-bromo-cyclic adenosine monophosphate), while this is not the case 
for the inhibitory action of dopamine and NPY (Leenders et al, 1993). The inability 
of cAMP to reverse inhibition by dopamine and NPY may be physiologically relevant 
because in this way the tonic inhibition of melanotrope cells of animals on a white 
background is not abolished by extracellular input acting on the cells via a cAMP-
dependent mechanism. Such input originates from neurons m the magnocellular 
nucleus that produce corticotropin-releasing hormone (and/or sauvagine), that 
stimulates melanotrope aMSH release (Tuinhof et al, 1994, Verburg-van Kemenade 
et al, 1987c). 

When the observations of Leenders et al. (1993) on short term effects (aMSH 
release, occurring within minutes) are taken together with the present results of long-
term effects (POMC biosynthesis, occurring after hours to days), it is clear that each of 
the three neurotransmitters present in the axon terminals contacting the Xenopus 

melanotropes has its own, specific inhibitory action So, stimulation of the GABA A-
receptor with isoguvacine leads to both a strong short-term and an only moderate long-
term inhibition, while stimulation of the GABA B-receptor with baclofen has only a 
strong short-term inhibitory effect on melanotrope cells. Stimulation of the dopamine 
D2-receptor results in a strong short-term as well as a strong long-term inhibition NPY 
has equally strong effects on short- and long-term activities as dopamine, but m contrast 
to inhibition by dopamine, the effect of NPY is long-lasting, persisting for many hours 
after termination of NPY-treatment (Leenders et al, 1993). Discrimination between 
short-term and long-term functions of hypothalamic inhibitory neurotransmitters gives 
physiological relevance to the observation that, in nerve terminals, GABA is contained 
in electron-lucent vesicles, while dopamine and NPY co-exist in electron-dense vesicles 
(de Rijk et al, 1992a). In general, electron-lucent vesicles need a lower level of 
neuronal stimulation to release their contents than electron-dense vesicles (Lundberg 
etai, 1989, Verhage et al, 1991, Zucker and Fogelson, 1986). Although the existence 
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of this phenomenon has not been shown yet in synapses contacting the pars intermedia 

of Xenopus laevis, there may be an initial release of GABA, followed by a simultaneous 

release of dopamine and NPY when a certain threshold of neuronal activation is 

exceeded. GABAcrgic mechanisms would become less effective with time because of 

desensitization of receptors or a desensitization of signal transduction mechanisms 

coupled to these receptors. Since desensitization does not take place for NPY and 

dopamine (apomorphine-induced inhibition even progessively increases during the 

treatment period), a sustained long-term inhibition of melanotrope cell activities 

(biosynthesis of POMC and release of aMSH and possibly of other POMC-derived 

products) may be effectuated by NPY and dopamine, when the animal stays for longer 

periods (hours to days) on a light background. 

In conclusion, this study shows that POMC biosynthesis in the Xenopus hevis 

intermediate pituitary gland is differentially regulated by at least four secreto-inhibitory 

mechanisms, all being controlled by neurotransmitters released from one synaptic 

terminal type. Stimulation of the dopamine Ц- and the NPY Υ,-receptorhas a strong 

inhibitory effect on de novo synthesis of POMC protein as well as on aMSH release. 

Stimulation of the GABAA-receptor has only a moderate effect on POMC biosynthesis 

and on tonic secretion of aMSH, whereas stimulation of the GABAB-receptor has no 

long-term effects. This underlines not only the complexity of the release of multiple co

existing classical neurotransmitters, but also provides insight into the (possible 

physiological) differential roles of such neurotransmitters in the regulation of complex 

biosynthetic and secretory events astake place in a multiple-peptide producing cell. 
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Abstract 

In the amphibian Xenopus laevis, adaptation of the skin color to background light 
intensity is regulated by aMSH, a POMC-derived peptide. In animals adapted to a 
white background the level of POMC biosynthesis in the intermediate pituitary is 
much lower than in animals adapted to a black background. Release of aMSH from 
neurointermediate lobes of white-adapted animals is stimulated in vitro by the 
regulatory peptides sauvagine and TRH, which are produced in the magnocellular 
nucleus of the hypothalamus. 

To study the role of sauvagine, cAMP, TRH and PMA in the regulation of 
POMC biosynthesis, the degree of incorporation of radioactive amino acids into 
POMC protein was determined after treatment of the neurointermediate lobes with 
these secretagogues. When lobes of white-adapted animals are incubated in vitro, 

biosynthetic activity spontaneously increases because hypothalamic inhibitory 
control is removed by dissection. In addition to this control situation, the effects of 
secretagogues were tested on lobes with an inhibited level of biosynthesis, which is 
achieved by addition of NPY to the incubation medium. After 24 h of treatment, 
TRH stimulated POMC biosynthesis in NPY-inhibited lobes of white-adapted 
animals from 40.2% to 95.3% of control level. This stimulation could not be reduced 
by adding PMA, which indicates that PKC is not involved in stimulation of POMC 
biosynthesis by TRH. Sauvagine partially restored POMC biosynthesis from 27.2% 
to 62.5% of control level, whereas 8-Br-cAMP completely counteracted NPY 
inhibition from 27.8% to 97.5% of control level. After 3 d of treatment, stimulation 
by sauvagine and 8-Br-cAMP was maintained (sauvagine increased POMC 
biosynthesis in NPY-inhibited lobes from 7.4% to 36.2% of control level and 8-Br-
cAMP stimulated from 6.5% to 82.5% of control level). TRH had no effect on 
POMC biosynthesis after 3 d of treatment, although its receptor was still functional 
as was shown in superfusion experiments where TRH stimulated aMSH secretion. 

The observations indicate that the neuropeptides sauvagine and TRH differently 
control POMC biosynthesis in the Xenopus intermediate pituitary. This differential 
regulation is not only apparent with regard to time aspects (sauvagine has a 
sustained regulatory function, whereas TRH is only effective in the initial phase of 
POMC biosynthesis stimulation), but also an uncoupling of biosynthetic and release 
processes could be shown for TRH, which did not occur with sauvagine. 
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Introduction 

The South-African clawed toad Xenopus bevis is able to adapt the color of its 

skin to the light intensity of the background. Dispersion of pigment in skin 

melanophores is regulated by the proopiomelanocortin (POMC)-derived peptide oc-

melanophore-stimulating hormone (ccMSH), which is produced by the melanotrope 

cells of the pituitary pars intermedia. In animals that are adapted to a black 

background, melanotrope cell activity is much higher than in white-adapted 

animals, not only at the level of ccMSH release (Wilson and Morgan, 1979; van 

Zoest et al, 1989) but also with respect to POMC biosynthesis (Whur and 

Weatherhead, 1971; Loh and Gainer, 1977; Jenks, 1977a; Holthuis et al, 1995) and 

POMC gene expression (Martens et al, 1987b). 

Melanotrope cells are controlled by a variety of factors secreted by hypothalamic 

neurons projecting to the pituitary (Tuinhof et al, 1994) and transduce this 

information into an endocrine response. The secreto-inhibitory factors dopamine, 

γ-aminobutyric acid (GABA) and neuropeptide Y (NPY) (Verburg-van Kemenade 

et al, 1986a, 1986b, 1987a, 1987b) have a differential effect on POMC biosynthesis 

in the Xenopus pituitary pars intermedia. A long-term role in inhibitory control of 

POMC biosynthesis was shown for dopamine and NPY, whereas GABA has mainly 

short-term effects (Dotman et al, 1996). The present study is concerned with the 

possible stimulatory control of POMC biosynthesis by hypothalamic messengers. In 

the magnocellular nucleus of the hypothalamus, neurons containing corticotropin-

releasing hormone (CRH) and thyrotropin-releasing hormone (TRH) are present 

that project to the pituitary neural lobe (Tuinhof et al, 1994)· These peptides 

probably reach the intermediate pituitary by diffusion and stimulate ccMSH release 

in vitro (Verburg-van Kemenade et αϊ., 1987c, 1987d). 

The 41-amino-acid peptide CRH is a potent stimulator of ACTH release from 

corticotrope cells in the mammalian anterior pituitary (Vale et al, 1981, 1983). The 

functional significance of CRH for melanotrope cells in the intermediate pituitary is 

less clear. In rat pars intermedia cells, aMSH secretion and 3',5'-cycIic adenosine 

monophosphate (cAMP) accumulation are stimulated by CRH (Meunier et al, 

1982). POMC mRNA levels and gene transcription activity are raised by in vitro 

administration of CRH in primary cultures of rat anterior and neurointermediate 

lobe cells (Loeffler et al, 1985; Eberwine et al, 1987). However, although long-term 

in vivo treatment of rats with CRH resulted in an increase of POMC mRNA in the 

anterior pituitary, it reduced this mRNA in the intermediate pituitary (Autelitano 

et al, 1990). In amphibians, two members of the CRH family are expressed in the 
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brain (Stenzel-Poore et al, 1992). First, a CRH-like peptide that is highly 

homologous to mammalian CRH and second, sauvagine, a frog skin peptide that 

shares about 50% homology with the amphibian CRH-like peptide. In the bullfrog 

Rana catesbeiana, detailed immunocytochemical studies using specific antisera have 

shown the presence of sauvagine, but not of CRH, in the pars intermedia and pars 

nervosa (Gonzalez and Lederis, 1988), whereas in another study a few CRH-positive 

fibers could be visualized in the pars intermedia of Rana ridibunda (Tonon et al., 

1985). In vitro superfusion studies could not discriminate between the effects of 

CRH and sauvagine on aMSH release from the Xenopus neurointermediate lobe 

(Verburg-van Kemenade et al, 1987c). 

Sauvagine stimulates aMSH release through activation of adenylyl cyclase (Jenks 

et al, 1991). In addition, the second messenger cAMP seems to play a role in 

regulation of POMC biosynthesis in the Xenopus intermediate pituitary, as inhibition 

of POMC biosynthesis by dopamine can be counteracted by 8-Bromo-cAMP (8-Br-

cAMP) (Loh et al, 1985). 

The 3-amino-acid-peptide TRH is known to regulate the amphibian intermediate 

pituitary. It stimulates aMSH release in the frog Rana ridibunda (Tonon et al, 1983) 

and in Xenopus (Verburg-van Kemenade et al, 1987d). In the Rana pars intermedia 

TRH-evoked aMSH secretion has been coupled to breakdown of PIP2 and 

generation of the second messenger IP3 (Desrues et al, 1990). In Xenopus 

melanotropes, involvement of the inositol phospholipid metabolism in protein 

biosynthesis is feasible because of the fact that neurointermediate lobes of black-

adapted animals have a higher capacity to produce inositol phosphates than those of 

white-adapted animals (Jenks et al, 1993c). 

In this study, differential regulatory actions of sauvagine and TRH on POMC 

biosynthesis and aMSH secretion have been investigated as well as the possible 

intracellular signal transduction pathways involved in these processes. For this 

purpose, the effects of sauvagine, 8-Br-cAMP, TRH and phorbol 12-myristate 13-

acetate (PMA), which downregulates protein kinase С (PKC) activity, were studied 

using in vitro pulse labeling and radioimmunoassay. 

Material and methods 

Animais 

Xenopus laevis were bred and reared under standard conditions in the aquatic 

facility of the Department of Animal Physiology, University of Nijmegen, The 
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Netherlands. Prior to the experiments, they were adapted to a white background for 

three weeks under constant illumination, at 22 °C 

Tissue incubation 

After decapitation of animals, the neurointermediate lobes were rapidly taken out 

and collected on ice in 1 5 times diluted Leibovitz's L15 culture medium (Gibco, 

Renfrewshire, UK) containing 0.1 mg/ml antibiotic/antimycotic (Gibco), 0 1 mg/ml 

kanamyeme (Gibco), 0.08 mg/ml CaCl2 H 2 0 and 0 2 mg/ml glucose (pH 7 4). After 

washing with culture medium, intact lobes were placed individually in 4-well culture 

dishes (Nunclon, Roskilde, Denmark) in an aerated incubator, at 20 °C Each well 

contained 0 5 ml culture medium with 10% fetal calf serum (Gibco). To test 

neurotransmitter actions, secretagogues were added to the media (for 

concentrations, see Results), which were refreshed daily The aMSH contents of 

the media collected during incubations of 3 d were determined by radioimmunoassay 

(van Zoest et al, 1989). 

Radioactive amino acid incorporation 

Following incubation the lobes were individually rinsed in Ringer's solution 

containing 112 mM NaCl, 2 mM CaCl2, 2 mM KCl, 15 mM Ultral-Hcpes 

(Calbiochem, La Jolla CA, USA), 0.3 mg/ml BSA and 2 mg/ml glucose (pH 7 4), 

and pulse-labeled for 15 min in 10 μΐ Ringer's solution containing 1 mCi/ml 3H-

lysme (Amersham, Little Chalfont, UK) Then, they were washed in Ringer's 

solution and lysed by boiling for 5 min m 100 μ\ sample buffer containing 62.5 mM 

Tris buffer (pH 6 8), 12 5% glycerol, 1.25% SDS, 2 5% ß-mercapto-ethanol and 

0.0125% bromephenolblue, prior to electrophoresis. 

SDS-PAGE 

SDS-polyacrylamide gel electrophoresis was performed according to Laemmli 

(Laemmh, 1970) using 20% of each lobe extract. Subsequently, the gels were fixed 

(40% methanol, 10% acetic acid), saturated with 100% dimethylsulfoxide (DMSO) 

and treated with 20% 2,5-diphenyloxazol (PPO) m 100% DMSO for fluorography 

(Bonner and Laskey, 1974) The 38 kDa POMC protein can readily be identified in 

a lobe extract because of its abundancy (Ayoubi et al, 1990) For quantification of 

the amount of POMC protein (in arbitrary units) an UltroScan XL laser 

densitometer (Pharmacia LKB, Uppsala, Sweden) was used. 
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Superfusion 

To investigate the possibility that long-term agonist treatment will cause receptor 

desensitization, the effect of such treatment on aMSH release from the lobes was 

tested. To this end, lobes were individually placed in superfusion chambers and 

Ringer's solution was pumped through the chambers at a rate of 1.5 ml/hr at 22 °C 

and 7.5 min fractions were collected for ccMSH radioimmunoassay. During a 15 min 

period, the secretagogue was added to the Ringer's solution. 

Radioimmunoassay 

Radioimmunoassays for ccMSH were performed as described previously, using an 

antiserum raised in our laboratory at a final dilution of 1:30,000 (for details see van 

Zoest et αϊ., 1989). Antibody-bound and free aMSH were separated by polyethylene-

glycol/ovalbumin precipitation. 

SecretO'effectors 

Xenopus NPY was obtained from American Peptide Company (Sunnyvale, CA, 

USA), apomorphine was from Lonza (Visp, Switzerland), sauvagine and TRH were 

purchased from Bachern (Bubendorf, Switzerland) and 8-Br-cAMP and PMA were 

from Sigma (St. Louis, MO, USA). 

Statistics 

Data were analyzed by one-way analysis of variance ( a=5%) (Bliss, 1967) 

followed by Duncan's multiple range test (Steel and Torrie, 1960), in order to 

compare all individual data groups with each other. (Statistically different values 

have been indicated by stars or characters on top of columns in the respective 

figures). The anova was preceded by tests for the joint assessment of normality 

(Shapiro and Wilk, 1965) and the homogeneity of variance (Bartlett's test) (Bliss, 

1967). 

Results 

To investigate long-term regulation of POMC biosynthesis in relation to 

regulation of aMSH release, the effects of sauvagine, the cAMP analogue 8-Br-

cAMP and TRH were determined by pulse labeling with 3H-lysine and 

radioimmunoassay of aMSH. Because sauvagine and TRH are more effective in 

stimulating aMSH release from neurointermediate lobes of white-adapted animals 
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than from lobes of black-adapted animals (Verburg-van Kemenade et al, 1987c, 

1987d), most experiments were performed using lobes of white-adapted animals. 

Indeed, after 3 d of treatment of lobes of black-adapted animals with 10 6 M 

sauvagine, no effect on POMC biosynthesis was observed (data not shown). 

However, 106 M sauvagine, 6 mM 8-Вг-сАМР and 10 6 M TRH were also unable to 

stimulate POMC biosynthesis after 24 h or 3 d m vitro incubation of lobes of white-

adapted animals (data not shown), probably because the melanotropes become 

activated in vitro due to the absence of inhibitory hypothalamic input. Therefore, in 

most studies the secretogogues to be tested were applied in combination with 10 6 M 

NPY, which inhibits POMC biosynthesis and ocMSH release, to counteract the 

spontaneous increase in melanotrope cell activity that occurs upon in vitro 

incubation. In addition, the effect of 8-Br-cAMP was not only tested on NPY-

ìnhibited, but also on apomorphine-mhibited neurointermediate lobes. 

106 M NPY 

106 M NPY + 10 6 M sauvagine 

IO6 M NPY 
106 M NPY + 6 mM 8-Br-cAMP 

105 M apomorphine 
105 M apomorphine + 6 mM 8-Br-cAMP 

106 M NPY 
106MNPY+ 106 M TRH 
106MNPY+ 106MTRH + 10' 'M PMA 

24 hours 

27 2 ±3 .2 ' 

62.5 ±9.9*" 

27.8 ± 6.7* 
97.5 ± 8 . 1 " 

19.6 ± 1.9* 
44.3 ± 4 . 1 ' 

40.2 ± 7.3* 
95 3 ± 22 6** 
109 0 ± 7 7" 

3 days 

7.4 ± 2 8* 

36.2 ±7.6*" 

6.5 ± 1 6* 
82 5 ± 4.8" 

28 6 ±5.7* 
133.9 ±29 7" 

9.1 ± 2 6* 
10.3 ± 3.0' 

Table 1. Relative amounts (expressed as a percentage of the average control level that was set at 
100%) of newly synthesized ЮМС determined by labeling with 3H-lysme The effect of duration of 
treatment was studied at 24 h and 3 d for sauvagine, 8-Br-cAMP and TRH on neurointermediate 
lobes that were inhibited by NPY or apomorphine The effect of PMA on TRH treatment was only 
studied after 24 h. Values represent the average ± SEM (n=4) Values were considered as 
significantly different from control (*) or inhibited (**) lobes when Ρ < 0 05 

NPY treatment resulted in a decrease in POMC biosynthctic activity after 24 h of 

treatment, and this decrease was even more clear after 3 d (Table 1). Sauvagine 

stimulated POMC biosynthesis m lobes that were inhibited by NPY both after 24 h 

and 3 d, but could not restore biosynthctic activity completely to the level of 

untreated lobes, which is considered as the control level. 8-Br-cAMP completely 
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reversed NPY inhibition within 24 h and maintained this effect up to 3 d. The 

inhibition resulting from treatment with the dopamine D2-receptor agonist 

apomorphine did not become stronger when treatment was prolonged up to 3 d. 

Complete reversal of inhibition by apomorphine was observed only after 3 d of 

treatment with 8-Br-cAMP. After 24 h of treatment, TRH was able to abolish 

inhibition by NPY bringing POMC biosynthesis back to control level. TRH 

stimulation of biosynthesis was not affected by adding 10'7 M PMA to the incubation 

medium. After 3 d of treatment, no stimulatory effect of TRH was observed. 

! 
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2d 
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3d 3d В 

SS 

3d 

ь ι 
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co 

Fig. 1 Absolute amounts of ocMSH present in the incubation medium were measured by 
radioimmunoassay after 1, 2, and 3 days of treatment of neurointermediate lobes that were 
inhibited by ΙΟ'6 M NPY (A, B, D) or ΙΟ'5 M apomorphine (C) with W6 M sauvagine (A) and 6 
mM 8-Br-cAMP (B, C) and ΙΟ'6 M TRH (D). Bars represent the average value and SEM (n=4). 
Black bars represent groups that have received only the inhibitory treatment and white bars 
represent groups that received an additional stimulatory treatment. Bars with a common 
superscript do not differ significantly (P < 0.05). 

The incubation medium of lobes treated for 3 d with NPY was analyzed by 

radioimmunosassay to determine the aMSH contents after the first, the second and 

the third day of incubation. Treatment with sauvagine and 8-Br-cAMP resulted in 

an increase of the amount of aMSH present in the medium after the first, the 

second and the third day of incubation (Fig. 1A, B). After 3 d of treatment, 8-Br-

cAMP stimulated aMSH release also from lobes that were inhibited by apomorphine 
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(Fig. 1С). TRH did not show any stimulation of secretion at any of these timepoints 
investigated (Fig. ID). 

To investigate the possibility that receptor downregulation is responsible for the 
lack of stimulation of POMC biosynthesis after 3 d of TRH treatment, superfusion 
studies were performed and the ocMSH content in the superfusion medium was 
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Fig. 2 Relative amounts of otMSH 
released in fractions of 7.5 min. 
Neurointermediate lobes were 
incubated for 3 d and, after an 1.5 h 
period of washing, pulsed for 15 min 
(shaded area) with 10'6 M TRH (A). 
The same pulse was given to lobes that 
were incubated for 3 d in the presence 
of 10-6 M TRH (B). For both untreated 
and TRH-pretreated lobes, Ю6 M NPY 
was present during the 3 d incubation 
and the whole period that superfusion 
was performed. Curves represent the 
average value and SEM (n=4). Values 
of maximal stimulation were statistically 
tested (P < 0.05). 

analyzed by radioimmunoassay. Stimulation of ccMSH release from NPY-inhibited 
lobes by 10'6 M TRH after 3 days of pretreatment with the same concentration of 
TRH (Fig. 2B) was not significantly reduced compared to lobes that had not been 
pretreated with TRH (Fig. 2A). 
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Discussion 

Stimulation ofPOMC biosynthesis by sauvagine and TRH 

In this study on the melanotrope cell of the Xenopus intermediate pituitary, the 
long-term effects on POMC biosynthesis and ocMSH release of two regulatory 
neuropeptides that are produced in the magnocellular nucleus of the 
hypothalamus have been investigated. Sauvagine and TRH stimulate ocMSH 
release in vitro and are therefore expected to also stimulate biosynthesis of 
POMC, the otMSH precursor protein. Results from pulse labeling experiments 
confirm that biosynthetic activity is increased by sauvagine and TRH in 
neurointermediate lobes of white-adapted animals that are inhibited by NPY. 
Recently, it was found in Rana ridibunda that TRH increases the POMC mRNA 
level in melanotrope cells (Gozalez de Aguilar et al., 1997). Likewise, CRH has 
been shown to stimulate POMC gene expression in rat melanotrophs (Loeffler et 
al, 1985; Eberwine et al, 1987). The present study is the first to describe control 
of POMC protein biosynthesis by sauvagine and TRH. 

Differential regulation by sauvagine and TRH 

By comparing the effects of the two neuropeptides on the same model system, 
it appears that regulation by TRH is of a transient nature (lasting some hours) 
whereas sauvagine administration results in a sustained stimulation of POMC 
biosynthesis (for many days) that is also reflected by the sustained action of its 
second messenger cAMP. The different time aspects of regulation by sauvagine 
and TRH may be physiologically relevant with TRH acting fast to initiate POMC 
biosynthesis and sauvagine acting slower and sustaining biosynthesis on the long-
term. The physiological events the hypothalamic regulatory peptides participate 
in are not known. Differential actions by sauvagine and TRH also hold for their 
regulation of Ca2+ oscillations in Xenopus melanotrope cells (Scheenen et al., 

1994b). These oscillations are considered to be the driving force of secretion. In 
spontaneously oscillating cells, TRH causes a 2 min lasting transient peak in the 
intracellular Ca2+ concentration, followed by a period of 2 to 3 min during which 
all oscillating activity is absent. After this period the oscillations reappear. 
Sauvagine has a different effect, viz. increasing the frequency of spontaneous 
Ca2+ oscillations as long as it is applied to the cells. Our superfusion study shows 
that TRH does not only transiently stimulate POMC biosynthesis, but also 
stimulates aMSH release for only a short period (a few minutes). After TRH 
pretreatment, stimulation was not significantly reduced compared to untreated 
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tissue which means that the TRH receptor must still be functional. Therefore, 

the inability of TRH to stimulate POMC biosynthesis after 3 d of treatment can 

most likely not be explained by a downregulation of the TRH receptor. The 

possibility that receptor recovery has occurred during the 1.5 h washing period 

preceding the TRH pulse is not considered likely, because ligand-induced 

decreased cellular responsiveness is usually caused by receptor degradation and 

inhibition of receptor biosynthesis (Hadcock et al, 1989; Okabayashi et al, 1989; 

Fukamauchi et αϊ., 1991). It is expected that a recovery process involving de novo 

protein synthesis takes longer than 1.5 h, which is supported by our previous 

studies investigating downregulation of GABA receptors (Dotman et αϊ., 1996). 

However, the possibility that the melanotrope cell response to TRH has fully 

recovered during the washing period can not be excluded. 

Second messengers involved in regulation by sauvagine and TRH 

The prolonged effects of sauvagine and 8-Br-cAMP on POMC biosynthesis are 

consistent with results of earlier studies showing that sauvagine regulates the 

Xenopus melanotrope cell by stimulating cAMP production (Jenks et al, 1991). 

In addition, it was shown that 8-Br-cAMP can not only reverse inhibition of 

POMC biosynthesis by NPY, but is also able to reverse inhibition caused by the 

dopamine D2-receptor agonist apomorphine. The transient TRH effect, at the 

levels of both biosynthesis and secretion, indicates that TRH acts via a different 

second messenger system. In most systems studied, including the Rana 

melanotrope cell (Desrues et al, 1990), signal transduction by TRH is assumed to 

act through activation of phospholipase С with production of IP 3 and 

diacylglycerol (Gershengorn and Osman, 1996). Furthermore, PKC involvement 

in POMC gene expression was found in porcine intermediate lobe cells (Loeffler 

et αϊ., 1989). In that study, PMA reduced the POMC mRNA level after 8 h and 

24 h of treatment. In neurointermediate lobes of black-adapted Xenopus, a 24 h 

treatment with 10'7 M PMA can also reduce POMC biosynthesis (C.H. Dotman, 

unpublished results). This fact, together with the observation that black-adapted 

animals have a higher capacity to produce inositol phosphates than white-

adapted animals (Jenks et αϊ., 1993c) is indicative for PKC involvement in POMC 

biosynthesis. However, the present study does not support the idea that TRH 

stimulates POMC biosynthesis in Xenopus melanotropes via a PKC-dependent 

mechanism, because TRH-induced stimulation could not be reduced by PMA. 

The possibility remains that more PKC isotypes are present and that PMA 

downregulates another isotype than the one that mediates the TRH effect. 
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Involvement of cAMP is not likely because, on the long-term, TRH is not able to 

reverse inhibition of biosynthesis by NPY, which proceeds via inhibition of 

adenylyl cyclase (Scheenen et al, 1995). 

Uncoupling ofPOMC biosynthesis and aMSH release 

The inability of TRH to reverse NPY inhibition of POMC biosynthesis after 3 

d seems to be conflicting with the observation that TRH stimulates biosynthesis 

in NPY-inhibited lobes during the first day of incubation. However, this effect of 

TRH may take place during the first hours of incubation when NPY, acting 

rather slowly (reaching maximal inhibition only after more than 6 h (Dotman et 

al, 1996), is not yet effective. On the level of secretion, on the other hand, TRH 

is able to counteract inhibition by NPY, as is shown by the superfusion 

experiment. This would mean that different mechanisms are involved in 

regulation of secretion vs. the regulation of biosynthesis. This hypothesis is also 

supported by the fact that TRH stimulation of secretion lasted for only a few 

minutes; it is not very likely that this transient event leads to induction of 

biosynthesis 24 h later. Another indication for involvement of different 

regulatory mechanisms in biosynthesis and secretion is that although TRH 

cannot induce POMC biosynthesis in lobes treated for 3 d with the peptide, yet it 

can induce aMSH release from such lobes following a wash of only 1.5 h before 

giving the TRH stimulus. In this respect, a species difference is noticed between 

Xenopus and the frog Rana ridibunda. In Rana, NPY abolished TRH-induced 

aMSH release from neurointermediate lobes (Danger et αι., 1990a). 

Involvement of different mechanisms in regulation of secretion and 

biosynthesis would mean that the two events may be uncoupled. This has been 

shown before in rat anterior pituitary somatotrope cells (Barinaga et al, 1985), 

where growth hormone-releasing factor stimulates growth hormone (GH) gene 

transcription independently of GH release, and conversely, other agents can 

stimulate GH release without affecting transcription of the GH gene. Uncoupling 

of biosynthesis and release apparently does not occur when melanotrope cells are 

activated by sauvagine. The peptide and its second messenger cAMP 

simultaneously exert their effect on both processes. Stimulation of POMC 

biosynthesis by sauvagine was lower than by 8-Br-cAMP. Although for all 

experiments concentrations were used that are maximally effective on secretion 

(Verburg-van Kemenade et al, 1987c, 1987d, 1987e), it is possible that sauvagine 

is less effective in long-term incubations and that a higher concentration should 

be used to obtain maximal stimulation. 
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Conclusion 

In conclusion, this study shows that POMC biosynthesis in the Xenopus laevis 

intermediate pituitary gland is differentially regulated by two neuropeptides that 
are released from neurons originating in the magnocellular nucleus of the 
hypothalamus. TRH has a transient effect on POMC biosynthesis and on ccMSH 
release, mediated by an unknown non-cAMP- and probably non-PKC-dependent 
mechanism. Sauvagine has a long-lasting effect on de novo synthesis of POMC 
protein as well as on tonic secretion of ccMSH, and this effect is mediated by 
cAMP. 
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Abstract 

Neuropeptide Y (NPY) acutely inhibits α-melanophore stimulating hormone 

(ocMSH) secretion from pituitary melanotrope cells of Xenopus laevis and, in the 

long-term, also inhibits the biosynthesis of proopiomelanocortin (POMC), the 

ocMSH precursor protein. Long-term action of NPY may be due to modulation of 

transcriptional activity and/or post-transcriptional processes. We address this 

question by determining the effect of NPY on the POMC mRN A level in individual 

melanotrope cells using in situ hybridization, and comparing this to its effect on 

incorporation of radioactive amino acids into POMC protein. NPY did not 

significantly decrease the POMC mRNA level during the first 24 h of treatment but 

3 d of treatment resulted in a decrease in POMC mRNA to 51% of control value. 

Biosynthesis of radiolabeled POMC was already drastically reduced (44% of the 

control value) after 24 h NPY treatment. We conclude that NPY inhibits 

melanotrope cell activity in three ways: at the levels of ocMSH secretion (acute), 

POMC protein biosynthesis (within 24 h) and POMC mRNA content (after 24 h). 
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Introduction 

Neuropeptide Y (NPY) is a 36 amino acid peptide which is abundantly and widely 

expressed in the central and peripheral nervous system. This evolutionary highly 

conserved neuropeptide controls several important physiological functions, e.g. 

metabolic homeostasis, reproduction and cardiovascular activity (e.g. McDonald, 

1988; Danger et al, 1990b; Larhammar et al, 1993; White, 1993). In the aquatic 

toad Xenopus laevis NPY is identical to human NPY except for one amino acid (Van 

Riel et al, 1993; Larhammar et al, 1993) and has a well documented role in 

regulating adaptation of the skin colour to the light intensity of the background (for 

review see Roubos, 1997). When the animal is placed on a light background, NPY 

expression increases in a subset of neurons in the suprachiasmatic nucleus of the 

hypothalamus that synaptically contact the pituitary pars intermedia (Tuinhof et al, 

1993, 1994). NPY inhibits the release of α-melanophore-stimulating hormone 

(CiMSH) from the pars intermedia melanotrope cells via a Y, receptor (Verburg-van 

Kemenade et al, 1987b; Blomqvist et al, 1995; Scheenen et al, 1995), resulting in a 

pale skin colour. 

In the nerve endings contacting the melanotrope cells, NPY coexists with 

dopamine and γ-aminobutyric acid (GABA) (de Rijk et al, 1992a). These 

neurotransmitters inhibit aMSH release via a D2-receptor and GABAA- and 

GABAB-receptors, respectively (Verburg-van Kemenade et al, 1986a, 1986b, 

1987a). The three secreto-inhibitors have differential effects on long-term cellular 

functioning. NPY and dopamine strongly inhibit the biosynthesis of the aMSH 

precursor protein proopiomelanocortin (POMC), whereas GABA is much less 

effective in this respect (Dotman et al, 1996). This low effectiveness is due to 

desensitization of GABAA- and GABA^receptors on the melanotropes (Dotman et 

al, 1996). 

The ways dopamine inhibits the melanotrope cell on the long-term is well 

established. Dopaminergic compounds reduce both the POMC mRNA level (Chen 

et al, 1983; Chronwall et al., 1987) and POMC protein biosynthesis (Loh et al, 

1985; Cote et al, 1986; Dotman et al, 1996). In contrast, it is not known which 

cellular processes are attenuated during long-term regulation of the melanotropes by 

NPY. The decrease in the rate of POMC protein biosynthesis in the presence of 

NPY could simply be caused by a lower transcriptional activity resulting in a reduced 

availability of mRNA to be translated. Alternatively, mRNA translation could be 

directly inhibited, creating the possibility for the cell to respond to a regulatory 

signal independently of modulation of the transcriptional machinery and post-
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transcriptional mRNA degradation (Malbon et ai, 1990). The presence of 

regulation at the translational level will be apparent when, in response to an 

inhibitory signal, a decrease in POMC biosynthesis preceeds a decrease in RNA 

content. To examine the effects of NPY on transcription and translation, Xenopus 

melanotrope cells were treated with NPY and the resulting effects on the POMC 

mRNA level and on the rate of POMC protein biosynthesis were determined with 

in situ hybridization and pulse labeling with a radioactive amino acid, respectively. 

Materials and Methods 

Animals 

Xenopus laevis were bred and reared under standard conditions in the aquatic 

facility of our institute. Prior to the experiments, the animals had been adapted to a 

black background for 3 weeks under constant illumination at 22 °C. 

Cell preparation 

To prepare a suspension of isolated melanotrope cells, animals were anaesthetized 

with MS222 (1 g/1, Sigma, St. Louis, MO, USA) and perfused with Xenopus Ringer's 

solution, containing 112 mM NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM Ultral-HEPES 

(Calbiochem, La Jolla, CA, USA; pH 7.4), 2 mg/ml glucose and 0.25 mg/ml MS222 

(pH 7.4). Then, neurointermediate pituitary lobes were dissected and incubated for 

45 min in Ringer's solution without CaCl2 to which 0.25 % (w/v) trypsin (Gibco, 

Renfrewshire, UK) had been added. Cells were subsequently dispersed by trituration 

with a siliconized Pasteur's pipette. Approximately 5,000 cells were plated out per 

coverslip (Cellocate, Eppendorf, Hamburg, Germany) in 76 % (v/v) Leibovitz's L15 

medium (Gibco), 1 % (v/v) kanamycin solution (Gibco), 1 % (v/v) 

antibiotic/antimycotic solution (Gibco), 10 % fetal calf serum (Gibco), 2 mM CaCl 2 

and 10 mM glucose (pH 7.4). Coverslips were coated with poly-L-lysine (Sigma; 

MW > 300 kDa). Coverslips were placed in petri dishes containing 2 ml medium 

and kept for 3 d in an aerated incubator at 20 е C. 

NPY treatment 

Control and NPY-treated cells were incubated for 3 d. To treat cells for 24 h with 

NPY, 10'7 M Xenopus NPY (American Peptide Co., Sunnyvale, CA) was added to 

the medium after 2 d of incubation. For 3 d of treatment, NPY was added directly 

after preparation of the cell suspension. The medium and NPY were refreshed daily. 
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In situ hybridization 

A 239 base pair POMC cDNA fragment (corresponding to nt. 285-524 of the 

POMC-A sequence, Martens et ai, 1985) was EcoRI/XhoI subcloned m a bluescnpt 

II SK+ transcription vector. To prepare the antisense nboprobe, the vector was 

linearized with Bam HI restnction cndonuclease and transenbed with T7 RNA 

polymerase. The sense nboprobe was prepared by linearizing the vector with Kpnl 

restriction endonuclease and transcribing it with T3 RNA polymerase. Digoxtgemn-

UTP (Boehnnger Mannheim, Mannheim, Germany) was incorporated to label the 

probe. Prior to m situ hybridization, the cells were fixed for 15 mm at 20 °C in 4 % 

paraformaldehyde in 0.1 M PBS (pH 7.4), and treated for 10 mm at 20 °C with 0.05 

% Tnton-X (Sigma) in PBS and subsequently for 15 min at 37 °C with 5 ^g/ml 

proteinase К (Boehnnger) in PBS. The cells were hybridized for 16 h at 42 °С with 

10 ng probe m 200 μΐ hybridization buffer (50 % formamide, 5 χ SSPE, 4 % dextran 

sulphate, 5 χ Denhardt's, 0.1 % SDS, 200 /xg/ml yeast tRNA and 250 /ig/ml heat-

denatured hsDNA). Then, the cells were washed for 30 min at 20 °C with 2 χ SSC, 

for 30 min at 20 °C with 1 χ SSC, for 10 min at 42 °C with 0.5 χ SSC and for 10 

mm at 20 °C with 0.5 χ SSC. Subsequently, the endogenous alkaline phosphatase 

activity was blocked by a 1 h treatment with 10 mM levamisole (Sigma). The bound 

probe was detected immunocytochemically with anti-digoxigenin conjugated to 

alkaline phosphatase (1:500; Boehnnger) by incubating for 1 h at RT with 4.5 μΐ/ml 

nitroblue tetrazohum (Boehnnger) and 3.5 μ,Ι/ml X-phosphate (Boehnnger). 

Quantitative image analysis 

To determine relative differences m the amount of POMC mRNA in individual 

melanotropes, cells were analyzed with an automated image analysis system 

(VIDAS, Kontron, München, Germany). Samples from the same experimental set, 

which were simultaneously hybridized, were measured within the same session. For 

quantification, Image Pro software (Version 1.3, Media Cybernetics, Silver Spring, 

MD, USA) was used to determine the intensity of the m situ hybridization signal by 

mean optical density measurement with automatic selection of the whole cell. 

Quantification was followed by statistical analysis. 

Radioactive amino acid incorporation 

Cells attached to the covershps were rinsed in Ringer's solution containing 112 

mM NaCl, 2 mM CaCl2, 2 mM KCl, 15 mM Ultral-Hepes, 0.3 mg/ml BSA and 2 

mg/ml glucose (pH 7.4), and pulse-labeled for 15 mm in 200 μ\ Rmger's solution 

containing 0.2 mCi/ml 3H-lysine (Amersham, Little Chalfont, UK). Then the cells 
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were washed in Ringer's solution, resuspended in 100 μΐ sample buffer (62.5 mM Tris 

buffer, pH 6.8, 12.5% glycerol, 1.25% SDS, 2.5% ß-mercapto-ethanol and 0.0125% 

bromephenolblue), and lysed by boiling for 5 min prior to 12.5% SDS-PAGE. 

SDS-PAGE 

SDS-polyacrylamide gel electrophoresis was performed according to Laemmli 

(Laemmli, 1970) after loading of 20% of each cell extract. Subsequently, the gels 

were fixed (40% methanol, 10% acetic acid), saturated with 100% dimethylsulfoxide 

(DMSO) and treated with 20% 2,5-diphenyloxazol (PPO) in 100% DMSO for 

fluorography (Bonner and Laskey, 1974). The 38 kDa POMC protein can readily be 

identified in the electrophoretic pattern of a cell extract (Ayoubi et ц!., 1990). 

Quantification of the amount of POMC protein (in arbitrary units) was performed 

with an UltroScan XL laser densitometer (Pharmacia LKB, Sweden). Quantification 

was followed by statistical analysis. 

Statistics 

Data were analyzed by one-way analysis of variance ( α = 5 % ) (Bliss, 1967), 

followed by Duncan's multiple range test (Steel and Torrie, 1960) in order to 

compare all individual data groups with each other. (These differences have been 

indicated by characters in the respective figures). The ANOVA was preceded by 

tests for the joint assessment of normality (Shapiro and Wilk, 1965) and the 

homogeneity of variance (Bartlett's test) (Bliss, 1967). 

Results 

To study regulation of POMC gene expression and protein biosynthesis by NPY, 

suspensions of melanotrope cells from black-background adapted Xenopus were 

treated for 24 h and 3 d with 10'7 M NPY, which is the maximally effective 

concentration for inhibiting ccMSH release from isolated cells (Scheenen et al., 

1995). In untreated cells, the melanotropes showed a moderate to intense anti-

digoxigenin staining which was restricted to the cytoplasm (fig. 1A). To check the 

specificity of probe binding to POMC mRNA, cells were hybridized with a sense 

probe or treated with RNAse before hybridization. These cells were completely 

devoid of staining and therefore not shown. Cells treated with NPY for 24 h did not 

reveal an obvious difference in staining intensity compared to the controls (results 

not shown) and quantative analysis showed a small and non-significant reduction to 
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Fig. 1 (А, В) Isolated Xenopus melanotrope cells 
subjected to in situ hybridization with a 
digoxigenin-labeled POMC probe. Panel A 
shows untreated control cells incubated for 3 d 
in vitro. Panel В shows cells treated for 3 d with 
ΙΟ'7 M NPY. (С) Analysis of [3H]labeled 
melanotrope cell extracts with SDS-PAGE 
followed by fluorography. With a short exposure 
time, only the highly abundant 38 kDa POMC 
protein is visible. Lane 1-4 represent control 
cells, lane 5-8 represent cells treated with ΙΟ'7 M 
NPY for 24 h, and lane 9-12 represent cells 
treated with 10'7 M NPY for 3 d. Marker proteins 
of 46 kDa (top) and 30 kDa (bottom) are visible 
in the left lane. 

81 % of the control value (calculated from 90 cells on 3 coverslips). However, after 

3 d of NPY treatment, the signal in the melanotrope cytoplasm was markedly and 

significantly reduced (fig. IB). The average amount of POMC mRNA present in 

melanotropes had decreased to 51 % of the control level (fig. 2, solid line). Already 

after 24 h of NPY treatment POMC biosynthesis was reduced to 44 % of the control 

value. A 3 d NPY treatment resulted in an even more profound inhibition, viz. to 16 

% of the POMC biosynthetic rate present in untreated melanotropes (fig. 1С; fig. 2, 

dashed line). 

100 

80 

60 

40 

20 

100 ~ 

1 
80 8 

0 24 48 72 

NPY treatment time (hours) 

Fig. 2 Relative amounts (expressed as a percentage of the control value that was set at 100%) of ЮМС 
mRNA levels (solid line) and newly synthesized POMC protein (dashed line) in melanotrope cells. The 
effect of treatment with 10'7 M NPY was studied at 24 h and 3 d. Within a curve, points with a common 
superscript do not differ significantly (P < 0.05). Average ЮМС mRNA levels and SEMs were 
determined by quantification of in situ hybridization signals from 90 cells on 3 separate coverslips. Average 
rates and SEMs of ЮМС protein biosynthesis were determined by quantification of [3H] labeled POMC 
protein of 4 separate coverslips as shown in fig. 1С. 
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To be allowed to compare the time course of the decay in POMC mRNA level 

with the attenuation in the rate of POMC protein biosynthesis, it has to be 

shown that the 51 % value detected by in situ hybridization after 3 d of NPY 

treatment is not the background level but indeed represents a reduction by a 

factor 2 in the mRNA amount. To establish this, melanotrope cells from white 

background-adapted Xenopus, which are much smaller (de Rijk et al., 1990) and 

have a 20-30 fold lower mRNA level (Martens et al, 1987b), were isolated and, 

after a 1 h period to allow attachment to coverslips, subjected to in situ 

hybridization with the same POMC probe. Freshly isolated melanotropes from 

black background-adapted animals were included for comparison. Fig. 3 shows 

that the staining intensity in freshly isolated cells from black-adapted animals is 

similar to that of the 3 d controls, but that the signal in cells from white-adapted 

animals is much lower than in the 3 d NPY-treated cells shown in fig. IB. This 

indicates that background staining with our POMC probe is neglectable. 

Fig. 3 Isolated Xenopus melanotrope cells 
subjected to in situ hybridization with a 
digoxigenin-labeled POMC probe. (A) 
Freshly isolated cells from a black 
background-adapted animal. (B) Freshly 
islolated cells from a white background-
adapted animal. 

To obtain information about heterogeneity in the level of POMC gene 

expression by individual melanotropes within the total cell population, the in 

situ hybridization signals of 156 control cells on the same coverslip were 

quantified and compared to the same number of 3 d NPY-treated cells. In the 

control situation, the optical density values ranged from 11.4 to 39.9 (in arbitrary 

units) and had a normal distribution (test for the joint assessment of normality; 

Shapiro and Wilk, 1965). The values were fit into a frequency distribution with 8 

categories (fig. 4A). After a 3 d NPY treatment, the optical density values ranged 

from 3.1 to 23.9 and had a normal distribution with only 6 categories (fig. 4B). 

This shows that, apart from a clear shift to lower values (the mean value of 

control cells was 25.0, NPY treated cells had a mean value of 11.8) NPY 

treatment also results in a smaller range of possible values (i.e. lower 

heterogeneity) in the levels of POMC gene expression in individual 

melanotropes. 

В 
* 4 
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Fig. 4 Frequency distribution of individual 
ЮМС mRNA levels in arbitrary units (A.U.) 
represented by the optical density of the m situ 
hybridization (ISH) signal. (A) Values found in 
156 control cells (untreated cells that were 
incubated for 3 d m vitro). These values were 
classified in 8 categories of equal magnitude. (B) 
Values found in the same number of cells treated 
for 3 d with 107 M NPY. Using the same 
classification, these values appeared to be 
distributed over 6 categories. 
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Discussion 

In the present study, regulation of POMC gene expression in melanotrope cells 

by NPY was investigated at both the mRNA and the protein levels. During the 

first 24 h of exposure of isolated cells to NPY, this neuropeptide considerably 

reduces de novo POMC protein biosynthesis. This result confirms and extends 

previous studies with intact neurointermediate lobes suggesting that NPY had an 

inhibitory effect on melanotrope cells (Dotman et al, 1996). The relative 

steady-state level of POMC mRNA, taken as a measure of the relative amount of 

mRNA available for POMC production, did not reduce during the first 24 h of 

NPY treatment. After prolonged NPY treatment of 3 d a clear drop in steady-

state POMC mRNA values was observed. This is the first report of regulation of 

pituitary POMC mRNA by NPY. Up to now, only regulation of hypothalamic 

POMC mRNA has been reported: NPY reduces the POMC mRNA level in 

neurons of the rat arcuate nucleus via a Y2-receptor (de Yebenes et al, 1995). 

Furthermore, these results show that NPY inhibits melanotrope cell activity in 

three different ways: in addition to the secretory control (Verburg-van 

Kemenade et al, 1987b), this neuropeptide also regulates the levels of POMC 
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protein biosynthesis and POMC mRNA content 
The observation that the rate of POMC protein biosynthesis is already 

attenuated (within 24 h) before the mRNA level decreases (after 24 h) shows 
that NPY primarily and specifically influences the translational process. Such a 
mechanism provides the cell with the opportunity for relatively fast modulation 
of protein hormone biosynthesis in response to a changed neuronal input. Similar 
results were described for the dopaminergic regulation of POMC m the rat 
intermediate lobe (Oyarce et al, 1996). In vwo treatment of animals with the 
dopaminergic agonist bromocryptine decreased the biosynthetic rate of POMC 
before changes in POMC mRNA were detectable. Regulation of protein 
synthesis is almost always exerted at the level of polypeptide chain initiation 
which involves the binding of mRNA to the nbosome (reviewed by Morley, 
1994). Phosphorylation of initiation factors by protein kinases such as PKA and 
PKC is essential to catalyse translation initiation (Tuazon et al, 1989, Morley, 
1994). Because the cAMP-dependent protein kinase PKA is a key regulatory 
enzyme in Xenopus melanotrope cells (Lieste et al, 1996) and NPY reduces the 
cAMP level (Scheenen et al, 1995) PKA is a likely candidate to mediate the 
NPY-mduced inhibition of translational efficiency. 

The 3 d NPY treatment resulted in a concomitant decrease of the mRNA level 
with the biosynthetic rate, which indicates that during the period between 24 h 
and 3 d the reduced availability of mRNA may play a role m determining 
translational activity. The level of gene expression depends upon the 
transcriptional rate and the activity of mRNA degrading enzymes Ayoubi et al 
(1992) have reported that the POMC mRNA halflife is about 66 h m 
melanotrope cells of black-adapted animals. We have found that it takes 72 h of 
NPY treatment to reduce the amount of POMC mRNA 2-fold, which fits well 
with this earlier data. This indicates that NPY inhibits transcription almost 
immediately after which there is a slow degradation of the POMC mRNA. 

To guarantee the quantitative nature of the m situ hybridization procedure, 
additional experiments were performed with melanotropes from black and white 
adapted animals. Freshly isolated cells were used, since removal of hypothalamic 
input results in biosynthetic activation of cells derived from white background-
adapted animals (Jenks et al, 1993a, Roubos, 1997). It is known that the POMC 
mRNA level in the intermediate pituitary of black-adapted animals is 20- to 30-
fold higher than in white-adapted animals (Martens et al, 1987b), while in the 
present study only a 2-fold difference was detected between control and 3 d 
NPY-treated cells This could be due to technical limitations, with the signal 
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detected in 3 d NPY-treated cells representing the background level. 
Alternatively, when the measured in situ signals accurately represent the amount 
of mRNA, melanotropes from white-adapted animals should display a much 
lower signal than 3 d NPY treated cells, which appeared to be the case. These 
results show that a 3 d in vitro treatment with NPY does not mimiek the situation 
in white-adapted animals. Clearly a longer treatment with NPY is required to 
further reduce the mRNA level, an observation that is in agreement with the 
estimate half-life of POMC mRNA in Xenopus melanotropes (Ayoubi et al, 

1992). 

By quantifying the in situ hybridization signal in a large number of cells, marked 
differences in individual levels of POMC mRNA were observed. Heterogeneity in 
POMC gene expression has also been described in rat melanotropes (Hatfield et 
al, 1989; Dickerson et al, 1994). It has been proposed that the phenomenon of 
cellular heterogeneity in secretory activity of Xenopus melanotropes enables the 
animal to react in a fast and flexible way to changes in background light intensity 
(de Rijk et al, 1992b). In the melanotrope cell population in the pars intermedia 
two subsets of melanotrope cells have been distinguished (de Rijk et al, 1990): 
secretory inactive cells (type I) and secretory active cells (type II). In the frog 
Rana ridibunda these cell types are defined as HD (high density) and LD (low 
density) cells, respectively (Gonzalez de Aguilar et al, 1994, 1997). In black-
adapted animals, the majority of melanotrope cells are very active with respect to 
both biosynthetic and secretory activity (de Rijk et al, 1990). This situation is 
probably maintained after isolation and in vitro incubation of melanotrope cells, 
since under control conditions the POMC mRNA levels show a normal 
distribution. De Rijk et al. (1992b) also reported that moderate concentrations of 
dopamine reduces cellular heterogeneity by specifically inhibiting cells that 
release high amounts of aMSH. In contrast, the whole population of cells 
responds to high concentrations of dopamine. In the present study a high dose of 
NPY reduced POMC mRNA levels in all cells. It remains to be investigated 
whether moderate NPY concentrations affect a subset of cells. Lower 
heterogeneity with respect to individual cellular POMC mRNA levels has been 
described in rat melanotropes as a result of treatment with the dopaminergic 
compound bromocryptine (Chronwall et al, 1988). The present study describes 
for the first time regulation of cellular levels of POMC mRNA by NPY and 
points out an important role of NPY in translational regulation of POMC gene 
expression. 
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Abstract 

The Xenopus laevis intermediate pituitary melanotrope cell functions as a 
neuroendocrine transducer cell. Single melanotrope cells in vitro show a high level of 
proopiomelanocortin (POMC) gene expression and biosynthesis. They also display 
spontaneous fluctuations in the intracellular calcium concentration, calcium 
oscillations, which are thought to drive secretion of POMC-derived peptides. The 
frequency and the amplitude of calcium oscillations are regulated by neuronal 
factors. To investigate a possible relation between calcium oscillation dynamics and 
POMC gene expression, the intracellular calcium level was determined in individual 
cells by confocal laserscanning microscopy using the calcium probe Fura-red. Then, 
after fixation of these cells, quantitative in situ hybridization was perforrtied with a 
digoxigenin-labeled probe to determine the POMC mRNA level. It was found that 
cells displaying spontaneous calcium oscillations had a significantly higher POMC 
mRNA level than non-oscillating cells. Moreover, the relative amplitude of the 
oscillations was positively related to the degree of POMC gene expression. These 
results indicate that in Xenopus melanotrope cells, the calcium oscillation amplitude 
determines the rate of transcriptional activity. 
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Introduction 

Intracellular calcium (Ca +) is involved in the regulation of a broad spectrum of 

cellular functions, including gene expression and secretory processes (Berridge, 

1993; Clapham, 1995; Ghosh and Greenberg, 1995; Berridge, 1997a; Tepikin and 

Petersen, 1992). Xenopus hevis intermediate pituitary melanotrope cells display 

spontaneous changes in the intracellular Ca2"1" concentration, Ca2+ oscillations, 

which are thought to be the driving force for release of proopiomelanocortin 

(POMC)-derived peptides including α-melanophore-stimulating-hormone (ctMSH) 

(Shibuya and Douglas, 1993; Scheenenet al, 1994a, 1994b). Melanotrope cells are 

controlled by a variety of neural factors released by hypothalamic neurons that 

project to the pituitary (Tuinhofet al, 1994). The neurotransmitters dopamine and 

γ-aminobutyric acid (GABA) and neuropeptide Y (NPY) inhibit Ca2"1" oscillations 

(Scheenen et al., 1994b) and ocMSH release (Jenks et al., 1993a), while the 

neuropeptides sauvagine and TRH stimulate these processes. The C¿+ oscillations 

are dependent on Ca2+ influx through N-type voltage-dependent Ca2"1- channels 

(Scheenen et al, 1994a). Ca2+ influx triggers mobilization of intracellular Cá+, 

resulting in propagation of the C¿+ signal through the cytoplasm and into the 

nucleus (Scheenenet al, 1996). Entry of the Ca2+ wave into the nucleus is probably 

a regulated process (Scheenenet al, 1996), suggesting that Ca2+ oscillations encode 

information that is essential to control intranuclear processes such as gene 

expression. To determine a possible relationship between Ci+ oscillations and 

POMC gene expression, oscillation dynamics (frequency and amplitude) and the 

POMC mRNA level have been examined in the same isolated single Xenopus 

melanotropes, using confocal laserscanning microscopy followed by in situ 

hybridization as a preliminary setup to address this complicated issue. 

Materials and methods 

Celi preparation 

To prepare a suspension of isolated melanotrope cells, animals that had been 

adapted to a black background for three weeks were anaesthesized with MS222 (1 

g/1, Sigma, St. Louis, MO, USA) and perfused with Xenopus Ringer's solution, 

containing 112 mM NaCl, 2 mM KCl, 2 mM CaCL, 15 mM Ultral-HEPES 

(Calbiochem, La Jolla, CA, USA; pH 7.4), 2 mg/ml glucose and 0.25 mg/ml MS222 

(pH 7.4). Then, neurointermediate pituitary lobes were dissected and incubated for 

45 min in Ringer's solution without C a Q to which 0.25 % (w/v) trypsin (Gibco, 
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Renfrewshire, UK) had been added. Cells were subsequently dispersed by trituration 

with a siliconized Pasteur's pipette. Approximately 10,000 cells per petridish were 

plated out in 76 % (v/v) Leibovitz's L15 medium (Gibco), 1 % (v/v) kanamycin 

solution (Gibco), 1 % (v/v) antibiotic/antimycotic solution (Gibco), 10 % fetal calf 

serum (Gibco), 2 mM CaCl 2.2H 20 and 10 mM glucose (pH 7-4) on Cellocate 

gridded coverslips (square size 55 μηι; Eppendorf, Hamburg, Germany) coated with 

poly-L-lysine (Sigma; MW > 300 kDa). 

Ca2+ measurements 

Cells were incubated for 3 d at 20 °C before calcium measurements and then 

loaded with 6 μΜ Fura-red (Molecular Probes, Eugene, Or, USA) for 30 min in the 

presence of 1 μΜ pluronic F-127 (Molecular Probes). Then, cells were washed with 

Ringer's solution and allowed to equilibrate for 30 min. For fluorescence intensity 

measurements, coverslips were superfused with Ringer's solution and placed in a 

Leiden chamber on a Nikon Diaphot microscope (Nikon, Tokyo, Japan) equipped 

with a 40x oil-immersion objective. From each covcrslip 14 melanotrope cells were 

measured by confocal laserscanning microscopy (Scheenen et al, 1996) on a BioRad 

MRC-600 (BioRad, Hemel Hempstead, UK) using an excitation wavelength of 488 

nm.The time between individual data points was 6 s. 

In situ hybridization 

A 239 base pair POMC cDNA fragment (corresponding to nt. 285-524 of the 

POMC-A sequence (Martens et al, 1985) was EcoRI/XhoI subcloned in a bluescript 

II SK+ transcription vector. To prepare the antisense riboprobe, the vector was 

linearized with Bam HI restriction endonuclease and transcribed with T7 RNA 

polymerase. To prepare the sense riboprobe, the vector was linearized with Kpnl 

restriction endonuclease and transcribed with T3 RNA polymerase. Digoxigenin-

UTP (Boehringer Mannheim, Mannheim, Germany) was incorporated to label the 

probe. Prior to ISH, the cells were fixed for 15 min at RT in 4 % paraformaldehyde 

in 0.1 M PBS (pH 7.4) and treated for 10 min at RT with 0.05 % Triton-X (Sigma) 

in PBS and subsequently for 15 min at 37 °C with 5 μ^πιΐ proteinase К 

(Boehringer) in PBS. The cells on each coverslip were hybridized for 16 h at 42 °C 

with 10 ng probe in 200 μΐ hybridization buffer (50 % formamide, 5 χ SSPE, 4 % 

dextransulphate, 5 χ Denhardt's, 0.1 % SDS, 200 μg/ml yeast tRNA and 250 μg/ml 

heat-denatured hsDNA). Then, the cells were washed for 30 min at RT with 2 χ 

SSC, for 30 min at RT with 1 χ SSC, for 10 min at 42 °C with 0.5 χ SSC and for 10 

min at RT with 0.5 χ SSC. Subsequently, the endogenous alkaline phosphatase 
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activity was blocked by a 1 h treatment with 10 mM levamisol (Sigma). The bound 

probe was detected immunocytochemically with anti-digoxigenin conjugated to 

alkaline phosphatase (1:500; Boehringer) by incubating for 1 h at RT with 4.5 μΐ/ml 

nitroblue tetrazolium (Boehringer) and 3.5 μΙ/ml X-phosphate (Boehringer). 

Relocation and quantification ofcelh 

After Ca 2 + measurement, cells were immediately fixed and stored at -70 °C until 

use for ISH. Subsequently, the cells selected for Ca 2 + measurements were relocated 

on the confocal laserscanning microscope and an image was taken for quantification 

of the ISH signal. To facilitate the process of relocation, the visibility of the grids on 

the coverslip was enhanced by a reflection polarisation filter. For quantification, 

Image Pro software (Version 1.3, Media Cybernetics, Silver Spring, MD, USA) was 

used to determine the intensity of the ISH signal in individual cells by mean optical 

density measurement with manual selection of the whole cell. 

Results and Discussion 

To characterize Ca 2 + oscillation dynamics, the frequency and relative amplitude of 

the Ca 2 + signal were determined in a 15 min period. An example of an oscillating 

cell is shown in Fig. la. Signals with peaks lower than 10 % above basal level were 

not regarded as oscillations. Fig. lb shows an example of a cell with a non-oscillating 

Ca 2 + signal. 

The POMC mRNA level in cells that had been monitored for Ca2 + signalling, 

was determined by non-radioactive in situ hybridization (ISH). The POMC mRNA 

Fig. 1 Intracellular Ca2+ measurements 
in single Xenopus laevis mclanotropes. 
Fluorescence measurements obtained 
with the Ca2+ indicator Fura-red were 
corrected for bleaching (Koopman et al, 
1996) and expressed as fluorescence 
increase above basal level (F/F0). Ca2+ 

fluctuations higher than 10 % above 
basal level (indicated by a line) were 
regarded as oscillations. (A) Typical 
example of Ca2+ oscillations. (B) Non-
oscillating Ca2+ signal. 

lime (min) 
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represents about 80 % of all mRNAs in Xenopus melanotrope cells (Holthuis et al, 

1995). Almost all cells showed a positive staining for POMC mRNA throughout the 

cytoplasm, but not in the nucleus (Fig. 2), consistent with the subcellular 

localization of the endoplasmic reticulum (de Rijk et al, 1990). A sense probe, used 

as a control, gave completely negative results (not shown). 

Fig. 2 Non-radioactive ISH signal representing POMC 
mRNA in melanotrope cells. 

We found that cells displaying Ca 2 + oscillations had a significantly higher POMC 

mRNA level than non-oscillating cells (Fig. 3). No correlation was found between 

the frequency and the amplitude of Ca 2 + oscillations (Fig. 4a, see also Koopman et 

al, 1997). This absence suggests the possibility for independent regulation of cellular 

functions by two codes present in the same signal: frequency and amplitude. The 

Ca2 + oscillations frequency did not appear to be related to the POMC mRNA level 

(Fig. 4b), but a clear positive correlation was observed between the relative 

amplitude and the POMC mRNA level (Fig. 4c). 

4 -

Fig. 3 The level of ЮМС mRNA in relation to Ca2+ dynamics. Bars 
show the average value and SEM of the ISH signal density (in 
Arbitrary Units). The white bar represents oscillating cells (n=7) and 
the black bar represents non-oscillating cells (n=4). *P < 0.05 (one
way ANOVA). 

The results fit in a Ca 2 + oscillation signalling model that uses amplitude 

modulation (AM) to regulate long-term processes like gene transcription, whereas 

regulation of acute events like secretion is encoded by frequency modulation (FM). 

Secreto-inhibitory and -stimulatory neural factors appear to modulate oscillation 

frequency in Xenopus melanotropes (Shibuya and Douglas, 1993; Scheenen et al, 
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frequency (peaks/mm) 
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relative amplitude (% basal) 

135 
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frequency (peaks/mm) 

Fig. 4 The level of ЮМС mRNA in relation to 
Ca2+ oscillation characteristics Individual cells 
are represented by black dots (A) Lack of 
significant correlation between the frequency and 
the amplitude of Ca2 + oscillations (B) Lack of 
significant correlation between the frequency of 
Ca2+ oscillations and the 1SH signal density (m 
Arbitrary Units) (C) Correlation between the 
relative amplitude of Ca2+ oscillations and the 
1SH signal density (r=0 68, Ρ < 0 05) 

1994b). Recent evidence for amplitude regulation of gene expression was found m В 

lymphocytes (Dolmetsch et al, 1997). Different transcription factors were selectively 

activated by a large transient Ca 2 + rise or a low sustained Ca 2 + plateau. In the 

present study evidence is presented for amplitude regulation of gene expression by a 

repetitive oscillatory Ca 2 + signalling pattern in a neuroendocrine cell. This is the first 

report that implicates the amplitude of Ca 2 + oscillations m regulation of gene 

expression. Using this parameter to control cellular functions enhances the 

information-processing capability of the Ca + oscillatory signalling system (Berndge, 

1997b). The notion that amplitude but not frequency of Ca 2 + signalling is important 

in regulating POMC gene expression is in agreement with earlier findings concerning 

POMC biosynthesis in Xenopus melanotropes (Dotman et al, 1997). The neuropep

tide sauvagine, which stimulates aMSH secretion (Verburg-van Kemenade et al., 

1987c), has been shown to increase the frequency but not the amplitude of Ca 2 + 

oscillations (Scheenen et al, 1994b), but has no effect on the rate of biosynthesis of 

POMC (Dotman et αϊ, 1997) 

The question remains whether there is a direct causal relation between the 

amplitude of the Ca 2 + oscillations and gene expression. The POMC mRNA level 

detected m the ISH experiments could be the result of earlier regulatory events. The 

observed correlation between the two parameters suggests that the pattern of Ca 2 + 
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signalling remains constant over a relatively long period of time. When the Ca2+ 

signal would change rapidly, a correlation with a slow process like modulation of the 
mRNA level would not be expected. To establish causal relations between Ca2+ 

dynamics and gene expression, techniques have to be developed that can measure 
both parameters multiple times or even continuously during an extended period. 
However, with our approach an indication could be obtained that the amplitude of 
Ca2+ oscillations may be important for regulation of POMC expression, while no 
indication was found for a role of frequency modulation. Now that amplitude is 
pointed out as a possibly important feature of Ca2+ oscillations, it would be better in 
future studies to use a ratio-probe to measure the intracellular Ca2+ concentration 
instead of Fura-red. Furthermore, an increase in the amount of measured cells is 
necessary for a more accurate determination of the relation between Ca2+ 

oscillations and gene expression. 

The mechanism that generates oscillations in melanotropes, which are electrically 
excitable, is more reminiscent of neurons than of non-excitable endocrine cells. In 
neurons, oscillations are generated at the cell membrane (Tsien, 1983; Tsunoda, 
1993). In melanotrope cells oscillations are dependent on Ca2+ influx through 
voltage-operated Ca2+ channels (Scheenen et al., 1994a), as opposed to a mecha
nism involving Ca2+ release from intracellular stores (Berridge and Gallone, 1988; 
Stojilkovic and Catt, 1992). In this respect, transcriptional regulation by the 
amplitude of Ca2+ oscillations may prove to be present in neurons and other 
electrically excitable cell types. 
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Regulation of POMC gene expression 

In the research described in this thesis the neuronal regulation of POMC gene 
expression in Xenopus pituitary melanotrope cells was investigated. By analyzing the 
effects of multiple inhibitory and stimulatory hypothalamic factors and their second 
messengers, cellular pathways involved in long-term neuroendocrine control could be 
surveyed. Inhibitory control is mainly exerted by the coexisting catecholamine 
dopamine and the peptide NPY, which are released from synapses of suprachiasmatic 
neurons (Chapter 2). The CRH-like peptide sauvagine, released by magnocellular 
neurons, is important for prolonged stimulatory control (Chapter 3). The regulatory 
neuronal factors all modulate cAMP production and Ca2+ oscillations and these second 
messengers were found to have profound effects on POMC gene expression (Chapter 
3and5). 

Based on these results, a sequence of events can be formulated to occur in the 
pathways of neuroendocrine control of nuclear processes in Xenopus melanotrope cells. 
Neurotransmitters and neuropeptides bind to G-protein-coupled receptors that 
transform the first messenger signal to adenylyl cyclase activity. The intracellular level 
of cAMP subsequently determines protein kinase A activity. This cAMP-dependent 
kinase plays a pivotal role in regulating cellular processes in Xenopus melanotropes as 
it presumably phosphorylates N-type Ca2+ channels (Scheenen, 1995) thereby 
increasing influx of extracellular Ca +. In addition to modulating Ca + signalling, it has 
been shown that PKA phosphorylates and consequently activates the transcription 
factor CREB in the nucleus (reviewed by Montminy et al, 1990), thus transferring 
cAMP-dependence of cellular activity to the level of gene expression. In addition to 
phosphorylation by PKA, CREB can as well be phosphorylated by Ca2+/calmodulin-
dependent protein kinases (Dash et al., 1991 ). This makes CREB an excellent candidate 
for a key function in regulation of POMC gene expression in Xenopus melanotropes, as 
it integrates activation by cAMP- and Ca2+-generating stimuli. Regulation of POMC 
by CREB may be either direct or indirect via c-fos, since this transcription factor 
contains a CRE in its promoter sequence (Sheng et al., 1990b). A high level of fos-
related antigens has been found to be expressed in melanotrope cells of animals adapted 
to a black background (Ubink et al, 1997). Besides a cAMP-responsive element, the 
POMC promoter contains many other regulatory elements, so that the transcriptional 
activity is probably determined by a complex interplay between CREB, c-fos and other 
nuclear factors that are regulated by the closely linked cAMP and Ca2+ second 
messenger pathways (Montminy, 1997; Ginty, 1997). 

The importance of Ca2+ regulation in melanotropes is underlined by the observation 
that cells that display Ca2+ oscillations have higher POMC mRNA levels than non-
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oscillating cells (Chapter 5). Moreover, a positive relation may exist between the 
oscillation amplitude, but not the frequency, and the POMC mRNA level. A positive 
relation between the frequency of Ca"+ oscillations and aMSH secretion has been found 
in previous studies (Shibuya and Douglas, 1993;ScheenenetoI., 1994b), suggesting that 
Ca2+ oscillations have special pattern characteristics that encode not only short-term 
but also long-term cellular activity. Ca2+ regulation of POMC gene expression in 
Xenopus melanotropes fits in an oscillation signalling model that uses amplitude 
modulation (AM) to regulate long-term processes like gene transcription, whereas 
regulation of acute events like secretion is encoded by frequency modulation (FM; 
Berridge, 1997b). An oscillation is built up by discrete increases in the intracellular Ca2+ 

concentration (Koopman et al., 1997). These "steps" may play an additional rple in fine-
tuning of the cellular response to Ca2+ signalling. 

In Chapter 4 it is shown that regulation of POMC gene expression is not only exerted 
at the level of mRNA synthesis but that an additional, relatively fast-working, 
mechanism is present that is directed at the level of protein biosynthesis. Taken 
together with data obtained previously in short-term studies (Jenks et al, 1993a), it is 
proposed that neuronal factors control melanotrope cellular functioning at three 
different levels. In addition to the well-established acute regulation of secretion of 
POMC-derived peptides (1), long-term regulation of POMC gene expression occurs 
that is initially directed at POMC mRNA translation (2) followed by regulation of the 
POMC mRNA level itself (3). 

The molecular events taking place in melanotrope cells in vivo are responsible for 
regulation of background-dependent POMC gene expression. This was analyzed in 
Chapter 1 by determining biosynthesis of POMC protein and the peptide product 
aMSH in relation to background adaptation for up to 12 weeks. POMC biosynthesis 
was very low in white background-adapted animals and increased profoundly during 
black background adaptation. However, the levels of aMSH and the POMC processing 
enzyme PC2 were high in white-adapted animals and were reduced in animals adapted 
for 1 week. These results suggest that aMSH and PC2 are stored together in white 
animals and are released together when animals are transfered to a black background. 
After 3 weeks a balance is accomplished between biosynthesis, enzymatic processing and 
release of aMSH. This steady-state situation is lasting at least for up to 12 weeks, 
indicating that the regulation of the melanotrope biosynthetic machinery is not altered 
by chronical exposure of the animal to a physiological stimulus. 
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Differential effects of neuronal factors 

Both the aMSH release-inhibiting and aMSH release-stimulating factors differentially 
regulate POMC protein biosynthesis. This indicates that these various regulatory factors 
might be involved in accomplishing different functions. Up to know, only NPY has been 
shown to be relevant for Xenopus background adaptation. In white background-adapted 
animals expression of the NPY gene in the hypothalamus is stronger than in black 
background-adapted animals (Tuinhof et al, 1993). This in vivo observation points out 
a role for NPY in regulating the POMC protein dynamics in relation to duration of 
adaptation as described in Chapter 1. This function might be specific for amphibians, 
since NPY does not inhibit aMSH release from the rat pituitary pars intermedia 
(Kraicer et al., 1988). Effects of dopamine, GABA and CRH on melanotropes have 
been described in mammals, indicating that these factors might serve more general 
functions such as regulation of temperature and stress responses, possibly in addition to 
a role in background adaptation (Roubos, 1997). 

Differential actions of the neuronal factors correspond to their differential 
localization. In suprachiasmatic nerve terminals dopamine and NPY coexist in electron-
dense vesicles, whereas GABA is contained in electron-lucent vesicles (de Rijk et al, 

1992a). In general, electron-lucent vesicles need a lower level of neuronal stimulation 
to release their contents than electron-dense vesicles (Lundbcrg et al, 1989; Verhage 
et al., 1991). This creates the possibility for neurotransmitters in the same nerve 
terminal to be released differentially in response to different physiological stimuli. 
Whether this phenomenon also holds for synapses contacting Xenopus melanotrope 
cells has not been shown yet. Likely, GABA mediates short-term functions, while 
dopamine and NPY are important for long-term functions such as prolonged 
background adaptation. Since dopamine inhibits aMSH release faster than NPY 
(Leenders et al, 1993) dopamine may also be important (possibly together with GABA) 
in initiating adaptation to a white background. The limited long-term role of GABA in 
regulation of POMC biosynthesis can be caused by desensitization of receptors or 
desensitization of signal transduction mechanisms coupled to these receptor or a 
combination of both. Differences between GABAergic effects and dopamine and NPY 
effects with respect to signal transduction have been observed before. In melanotropes 
that are inhibited by a GABAB-reccptor agonist, aMSH release and Ca2+ oscillations 
are fully restored by addition of a cAMP analogue, while this is not the case in 
melanotropes inhibited by dopamine or NPY (Leenders et al., 1993; Lieste et al, 1996). 
This is due to the exclusive role of cAMP as a mediator of GABAB-receptor-controled 
regulation, while additional mechanisms, probably involving membrane 
hyperpolarization, are necessary to accomplish inhibition by dopamine and NPY (Lieste 
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et al, 1996). Cells inhibited by a GABAA-receptor agonist show intermediate sensitivity 
to cAMP (Leenders et al, 1993). This intermediate cAMP-sensitivity is in line with the 
observation that desensitization of the GABAA-receptor is less pronounced than 
desensitization of the GABAB-receptor, resulting in a small inhibitory effect on the rate 
of POMC biosynthesis by long-term activation of the GABAA-receptor (Chapter 2). 
This difference in inhibitory mechanisms is physiologically highly relevant, because in 
this way the short-term inhibition by GABA can be overcome by extracellular input 
acting on the melanotropes via a cAMP-dependent mechanism. Such extracellular 
input may be transduced via the sauvagine-producing neurons in the magnocellular 
nucleus. The tonic inhibition of cells by dopamine and NPY in animals on a white 
background, on the other hand, can not be abolished by such cAMP-dependent 
mechanisms. 

Also the stimulatory regulations of POMC gene expression reveal different 
characteristics, which is in agreement with the localization of sauvagine and TRH in 
distinct neurons of the magnocellular nucleus (Tuinhof et al, 1994). As receptor 
desensitization seems not to be involved (Chapter 3), the long-lasting effect of 
sauvagine on POMC biosynthesis versus the transient effect of TRH on this process may 
be explained by assuming an involvement of different second messenger systems. Also 
in short-term studies on secretion of aMSH sauvagine showed to cause a sustained 
stimulation of aMSH release, while stimulation by TRH is transient (Verburg-van 
Kemenadeeta!., 1987c, 1987d). 

Future directions of research 

A challenge for the future is to demonstrate the exact functions that the neuronal 
factors exert in vivo in the animal and consequently, to show whether these factors are 
released differentially in response to environmental stimuli. Furthermore, additional 
research is needed to elucidate the mechanisms involved in the three level regulation 
of melanotrope cellular functioning. Does a neurotransmitter induce or modulate a key 
regulatory factor that controls peptide release, protein biosynthesis and mRN A content 
separately or do the events occurring at the different levels influence each other? 
Finally, it will be interesting to further characterize the Ca2+ code and determine causal 
relationships between patterns of Ca + oscillations and activity of cellular processes. 
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Living organisms continuously adapt to all kinds of environmental changes. For 

coordination of these physiological adaptations, communication between the various 

cell types is essential. Cellular communication is controlled by the nervous and the 

endocrine system. Neurons and endocrine cells release a variety of neurotransmitters 

and hormones, including neuropeptides and peptidergic hormones. These bioactive 

peptides are produced by proteolytic cleavage of a larger precursor protein. One of 

these precursor proteins is proopiomelanocortin (POMC), which is expressed in the 

nervous system, the pituitary and in many periferal organs. The importance of the 

POMC-derived peptides is shown by the high degree of evolutionary conservation of 

the POMC gene, which is present in mammals, lower vertebrates and invertebrates. 

POMC expression is most abundant in the pituitary, where it is processed to 

adrenocorticotrope hormone (ACTH) in the corticotrope cells of the pars distalis 

and to melanotropines and cndorphines in the melanotrope cells of the pars 

intermedia. 

For adaptation of an organism to changing circumstances, the level of POMC gene 

expression in the pituitary is regulated by signalling molecules from the brain. To 

investigate regulation of POMC gene expression by these neuronal factors, the 

South-African clawed toad Xenopus hevis is a particular good model. This 

amphibian adapts its skin colour to the light intensity of the environment. On a 

black background POMC biosynthesis in the pituitary pars intermedia is activated. 

The POMC product α-melanophore-stimulating-hormone (aMSH) is subsequently 

released into the blood and causes dispersal of the melanin pigment in skin 

melanophores, resulting in a dark skin. In animals on a white background the 

pituitary does not release aMSH into the blood and the pigment is aggregated, 

causing a pale skin. 

Information about the light intensity reflected by the background is transduced via 

the eyes and higher brain centra to the hypothalamus. Neurons originating in the 

hypothalamus project to the pituitary and release inhibiting and stimulating factors 

(first messengers). Neurons in the suprachiasmatic nucleus release the 

catecholamine dopamine, the neuropeptide Y (NPY) and the aminoacid γ-amino-

butyric acid (GABA) in synapses on melanotrope cells. These three 

neurotransmitters all inhibit aMSH release by binding to receptors that inhibit the 

activity of the membrane-bound enzyme adenylyl cyclase. This results into a 

decrease of the production of the intracellular second messenger cyclic-adenosine-

monophosphate (cAMP), which plays a key role in regulating cellular activity. 

Neuronal factors that stimulate aMSH release are the peptides sauvagine and 

thyrotropin-releasing hormone (TRH), that are produced in neurons originating in 
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in the magnocellular nucleus. Sauvagine exerts its effect through stimulation of the 
cAMP production. The second messenger system that is used by TRH has not yet 
been identified. The neuronal messengers not only influence cAMP production, but 
also have an effect on the intracellular calcium (Ca2+) concentration. In Xenopus 

melanotrope cells the Ca2+ concentration shows spontaneous fluctuations, so-called 
Ca2+ oscillations. Because the level of aMSH release is related to the oscillations 
frequency, Ca2+ oscillations are thought to drive secretion. 

Thus, aMSH release by the Xenopus melanotrope cell is regulated by a variety of 
inhibiting and stimulating neuronal factors that exert their effects via cAMP and 
Ca2+. These effects have been previously characterized in short-term secretion 
studies. Much less is known about long-term regulation of melanotrope cellular 
activity. The aim of this thesis was to characterize the effects of the neuronal factors 
and their second messengers on POMC gene expression, at the level of both POMC 
mRNA content and the rate of POMC protein biosynthesis. 

In Chapter 1 an analysis has been made of POMC protein biosynthesis and the 
peptide product aMSH during long-term adaptation of Xenopus to a low light 
intensity. Animals were kept on a white background and subsequently put on a 
black background for 1, 3, 6 and 12 weeks. In white animals POMC biosynthesis was 
very low and increased profoundly during adaptation to a black background. Levels 
of aMSH and PC2, the POMC processing enzyme, were high in white animals but 
were reduced after 1 week of black background adaptation. This suggests that 
aMSH and PC2 are co-stored in white animals and co-released when the animal is 
transfered to a black background. After 3 weeks a balance is reached between 
biosynthesis, enzymatic cleavage and release of aMSH (steady-state). 

To identify neuronal factors that are responsible for regulation of background-
dependent POMC gene expression, in vitro studies have been performed 
investigating the effects of the various aMSH secretion-inhibiting and -stimulating 
factors and the second messengers cAMP and Ca2+. In Chapter 2 the effects of 
dopamine, NPY and GABA on POMC biosynthesis are described. This negative 
long-term regulation appears to be predominantly exerted by dopamine and NPY. 
The limited role of GABA is caused by desensitization of GABA-receptors and/or 
the signal transduction mechanisms coupled to the GABA-receptors. In vivo 

relevance of differential inhibition is suggested by the differential localization of the 
inhibitory factors in the synaps: dopamine and NPY are co-localized in electron-
dense vesicles, whereas GABA is contained in electron-lucent vesicles. In situations 
that request short-term inhibition (e.g. initial background adaptation) GABA may 
be released, while for long-term inhibition (e.g. during chronical background 
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adaptation) also dopamine and NPY are released. 

Regulation of POMC biosynthesis by stimulating neuronal factors has been 
described in Chapter 3. Also in this case differential regulation has been observed: 
sauvagine and cAMP have a prolonged effect, whereas the TRH effect is only 
transient. Differential stimulation is probably due to the use of different second 
messenger systems by the two neuropeptides. 

In Chapter 4 the contribution of transcriptional and translational regulation to 
inhibition of POMC gene expression by NPY has been investigated. Inhibition of 
POMC protein biosynthesis appears to precede the decrease of the amount of 
POMC mRNA. This suggests that gene expression is not only regulated at the 
mRNA level, but that an additional regulatory mechanism, directed at the process 
of translation of mRNA to protein, determines the level of gene expression. 

In Chapter 5 the relation between frequency and amplitude of Ca2+ oscillations 
and the amount of POMC mRNA in individual cells has been determined. 
Melanotropes that display Ca2+ oscillations have higher levels of POMC mRNA 
than non-oscillating cells. Moreover, a positive relation was found between the 
amplitude, but not the frequency, of the oscillations and the POMC mRNA level. 
This suggests that the characteristics of Ca2+ oscillations encode not only short-
term, but also long-term cellular activity. These results emphasize the important role 
of Ca2+ in cellular functioning. 

Due to the research described in this thesis the role of cAMP and Ca2+ in 
regulation of POMC gene expression has been characterized. Moreover, it has been 
found that POMC gene expression is differentially regulated by both inhibiting and 
stimulating neuronal factors and the important roles of dopamine, NPY and 
sauvagine in long-term regulation of Xenopus laevis melanotrope cells have been 
established. 
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Levende organismen vertonen voortdurende aanpassingen aan uiteenlopende 

veranderingen in hun omgeving. Om deze fysiologische aanpassingen op gecoördineerde 

wijze te laten verlopen, is communicatie tussen de verschillende soorten lichaamscellen 

noodzakelijk. Deze communicatie wordt verzorgd door het zenuwstelsel en het 

endocriene systeem. Neuronen en endocriene cellen geven een veelheid aan 

neurotransmitters en hormonen af, waaronder neuropeptiden en peptiderge hormonen. 

Deze bioactieve peptiden worden geproduceerd door proteolytische splitsing van een 

groot precursoreiwit. Eén van deze precursoreiwitten is het proopiomelanocortine 

(POMC), dat zowel in het zenuwstelsel als in de hypofyse en in vele perifere organen 

tot expressie komt. De grote betekenis van de peptiden die van POMC afkomstig zijn 

blijkt uit de hoge mate van evolutionaire conservering van het POMC-gcn, dat zowel 

in zoogdieren als in lagere vertebraten en evertebraten wordt aangetroffen. POMC 

komt verreweg het hoogst tot expressie in de hypofyse, waar het in de corticotrope 

cellen van de pars distalis wordt gesplitst tot o.a. het adrenocorticotroop hormoon 

(ACTH) en in de melanotrope cellen van de pars intermedia tot o.a. melanotropinen 

en endorfinen. 

Voor aanpassing van een organisme aan veranderende omstandigheden, wordt het 

expressieniveau van het POMC-gen in de hypofyse gereguleerd door signaalstoffen uit 

de hersenen. Voor het onderzoeken van de manier waarop deze neuronale factoren 

POMC expressie reguleren, is de Zuid-Afrikaanse klauwpad Xenopus laevis een goed 

model. Deze amfibie past de huidskleur aan aan de lichtintensiteit van de omgeving. Op 

een zwarte achtergrond wordt de biosynthese van POMC in de hypofyse pars 

intermedia geactiveerd. Het POMC-eindprodukt oc-melanoforen-stimulerend hormoon 

(ocMSH) wordt vervolgens aan het bloed afgegeven en veroorzaakt dispersie van het 

pigment melanine in huidmelanoforen, zodat de huid donker wordt. In dieren op een 

witte achtergrond geeft de hypofyse geen ccMSH af aan het bloed en is het pigment 

geaggregeerd zodat de huid licht wordt. 

Informatie over de lichtintensiteit die gereflecteerd wordt door de achtergrond wordt 

via de ogen en hogere hersencentra doorgegeven aan de hypothalamus. Neuronen 

projecteren vanuit de hypothalamus naar de hypofyse en geven remmende en 

stimulerende boodschappers af ("first messengers"). Neuronen in de nucleus 

suprachiasmaticus geven het catecholamine dopamine, het neuropeptide Y (NPY) en 

het aminozuur γ-amino-boterzuur (GABA) afin Synapsen op de melanotrope cellen. 

Deze drie neurotransmitters remmen alle de afgifte van ccMSH door te binden aan 

receptoren die de aktiviteit van het celmembraangebonden enzym adenylaatcyclase 

remmen. Dit leidt tot verlaging van de produktie van de intracellulaire "second 

messenger" cyclisch-adenosine-monofosfaat (cAMP), dat een sleutelrol speelt bij de 
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bepaling van de mate van cellulaire aktiviteit. Neuronale factoren die de aMSH afgifte 
stimuleren zijn de peptiden sauvagine en het "thyrotropin-releasing hormone" (TRH), 
die worden geproduceerd in neuronen die hun oorsprong vinden in de nucleus 
magnocellularis. Sauvagine werkt via stimulatie van de cAMP produktie. Het second 
messenger systeem dat door TRH wordt aangestuurd is nog niet geïdentificeerd. De 
neuronale boodschappers beïnvloeden niet alleen de cAMP produktie, maar hebben 
ook een effect op de intracellulaire calcium (Ca2+) concentratie. In de melanotrope 
cellen van Xenopus vertoont de Ca + concentratie spontane fluctuaties, die oscillaties 
worden genoemd. Omdat de mate van aMSH afgifte samenhangt met de frequentie 
van de oscillaties wordt aan deze oscillaties een belangrijke rol toegekend in het afgifte 
proces. 

De afgifte van aMSH door de Xenopus melanotrope cel staat dus onder controle van 
verscheidene remmende en stimulerende neurale boodschappers die hun effecten 
uitoefenen via cAMP en Ca2+. Deze effecten zijn vroeger gekarakteriseerd in korte 
termijn secretie-studies. Over de lange termijn regulatie van de melanotrope cellulaire 
aktiviteit is veel minder bekend. Het doel van dit proefschrift was om de effecten van 
de neurale boodschappers en hun second messengers op de genexpressie van POMC 
te karakteriseren, zowel op het niveau van het POMC-mRNA gehalte als op de mate 
van POMC'eiwit biosynthese. 

In Hoofdstuk 1 is een analyse gemaakt van de biosynthese van het POMC-eiwit en 
het peptide produkt aMSH tijdens langdurige adaptatie van Xenopus aan een lage 
lichtintensiteit. Dieren werden eerst op een witte achtergrond gehouden en vervolgens 
1,3,6 en 12 weken op een zwarte achtergrond gezet. In witte dieren was de biosynthese 
van POMC zeer laag en nam sterk toe gedurende adaptatie aan een zwarte achtergrond. 
De niveaus van aMSH en PC2, het POMC splitsingsenzym, waren hoog in witte dieren 
en maar waren verlaagd na 1 week zwart-adaptatie. Dit suggereert dat aMSH en PC2 
samen worden opgeslagen in witte dieren en samen worden afgegeven als het dier op 
een zwarte achtergrond wordt gezet. Vanaf 3 weken is er sprake van een balans tussen 
biosynthese, enzymatische splitsing en afgifte van aMSH ("steady state"). 

Om neurale boodschappers te identificeren die verantwoordelijk zijn voor de regulatie 
van de achtergrond-afhankelijke POMC gen-expressie, zijn in vitro studies uitgevoerd 
waarin de effecten van de diverse aMSH-secretie-remmende en secretie-stimulerende 
factoren en de second messengers cAMP en Ca2+ zijn onderzocht. In Hoofdstuk 2 
worden de effecten van dopamine, NPY en GABA op de POMC biosynthese 
beschreven. Deze negatieve lange termijn controle blijkt voornamelijk door dopamine 
en NPY te worden uitgeoefend. De beperkte invloed van GABA wordt veroorzaakt 
door desensitisatie van de GABA receptoren en/of van de daaraan gekoppelde 
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signaaltransduktie mechanismen. Dat de differentiële effecten van de remmende 
factoren ook in vivo van betekenis zijn, wordt gesuggereerd door hun differentiële 
lokalisatie in de synaps: dopamine en NPY bevinden zich gezamenlijk in electronen-
dichte blaasjes maar GABA in electronen-lichte blaasjes. Onder omstandigheden 
waarin korte termijn remming gewenst is (zoals de beginfase van de achtergrond 
adaptatie) zou GABA kunnen worden afgegeven, terwijl voor lange termijn remming 
(zoals bij langdurige achtergrond adaptatie) ook dopamine en NPY worden afgegeven. 

De regulatie van POMC biosynthese door stimulerende neurale boodschappers is 
beschreven in Hoofdstuk 3. Ook in dit geval is een differentiële regulatie geconstateerd: 
sauvagine en cAMP hebben een langdurig stimulerend effect, terwijl het TRH effect 
slechts van korte duur is. Differentiële stimulatie hangt dus waarschijnlijk samen met 
het gebruik van verschillende second messenger systemen door de twee neuropeptiden. 

In Hoofdstuk 4 is de bijdrage onderzocht van transcriptie- en translatie-regulatie aan 
de remming van POMC genexpressie door NPY. Remming van de biosynthese van 
POMC eiwit blijkt vooraf te gaan aan de vermindering van de hoeveelheid POMC 
mRNA. Dit suggereert dat er niet alleen sprake is van regulatie van genexpressie op 
mRNA niveau, maar dat er ook regulatie op het niveau van de translatie van mRNA 
naar eiwit plaatsvindt, die bepalend is voor de mate van genexpressie. 

In Hoofdstuk 5 is de relatie tussen de frequentie en amplitude van Ca2+ oscillaties en 
de hoeveelheid POMC mRNA in individuele cellen bepaald. Melanotropen die Ca2+ 

oscillaties vertonen hebben hogere POMC mRNA niveau's dan cellen die niet 
oscilleren. Bovendien werd er een positieve relatie gevonden tussen de amplitude, maar 
niet de frequentie, van de oscillaties en de hoeveelheid POMC mRNA. Dit suggereert 
dat de karakteristieken van Caz+ oscillaties cellulaire activiteit coderen, niet alleen op 
de korte termijn, maar ook op de lange termijn. Deze resultaten bevestigen de 
belangrijke rol van Ca2+ in het functioneren van de cel. 

Door het in dit proefschrift beschreven onderzoek is de rol van cAMP en Ca2+ in de 
regulatie van POMC genexpressie gekarakteriseerd. Bovendien is gevonden dat POMC 
genexpressie differentieel wordt gereguleerd door zowel remmende als stimulerende 
neurale boodschappers en is vastgesteld dat voornamelijk dopamine, NPY en sauvagine 
van belang zijn voor de lange termijn regulatie van Xenopus laevis melanotrope cellen. 
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