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1 General Introduction



Chapter 1

Adaptation is a key process for any organism to survive in a continuously changing 
environment. External stimuli have to be perceived and translated into a physiologically 
meaningful response. This is achieved by the nervous system, often in cooperation with 
the endocrine system. The resulting neuroendocrine response offers great possibilities to 
study the communication between the nervous and endocrine system, since both the 
sensory inputs to and the hormonal outputs within the organism can be monitored and 
linked to the dynamics of the neurons and endocrine cells involved. The process of 
background adaptation in the amphibian Xenopus laevis is a good example of such a 
neuroendocrine response, and will be used in this thesis to investigate how a combined 
neuronal-endocrine pathway regulates the transduction of an external stimulus into a 
physiological response.

Background adaptation in Xenopus laevis

The skin color of the South-African clawed toad Xenopus laevis is mainly determined by 
the dispersion state of melanin granules in dermal melanophores. When the granules are 
dispersed throughout the cytoplasm, the animal appears black; when they are 
aggregated around the nucleus, the animal has a white appearance. The dispersion of 
melanin granules is stimulated by a-melanophore-stimulating hormone (a-MSH), which is 
derived from the precursor protein pro-opiomelanocortin (POMC) and is released from 
the endocrine melanotrope cells in the pituitary pars intermedia. This release is stimulated 
in animals on a black background and inhibited when animals are placed on a white 
background (Waring, 1963; Bagnara and Hadley, 1973). Thus, an external stimulus 
(light intensity of the background) leads to an endocrine response (release of a-MSH). 
The pathway leading from stimulus to response is formed by the nervous system and the 
melanotrope cells. Information about the light intensity is perceived by the retina and 
transferred to the brain, which in turn regulates the biosynthesis of POMC and the release 
of a-MSH from the melanotrope cells. Various neurotransmitters that regulate the activity 
of melanotrope cells have been identified (for reviews see Roubos et al., 2001; Kolk et 
al., 2001b). Stimulatory factors include corticotropin-releasing hormone (CRH) and 
thyrotropin-releasing hormone (TRH) from the hypothalamic magnocellular nucleus, 
noradrenaline (NA) from the locus coeruleus and serotonin (5-HT) from the raphe 
nucleus. Inhibitory factors are neuropeptide Y (NPY), dopamine (DA) and y-aminobutyric 
acid (GABA) from the hypothalamic suprachiasmatic nucleus (SC). In addition, 
acetylcholine (ACh) has an autocrine action on the melanotrope cells, stimulating a-MSH 
release (Fig. 1).

In this thesis, first a detailed description of the background adaptation process in 
Xenopus and the dynamics and plasticity of the factors involved is given in Chapter 2.
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General Introduction

Then, the involvement of additional peptides and pathways in the regulation of 
background adaptation will be investigated, focussing on the development of a-MSH- 
containing cells in the retino-brain-pituitary system (Chapter 3), the functional 
organization of the SC (Chapter 4 and 5) and the role of brain-derived neurotrophic 
factor (BDNF) in the regulation of melanotrope cell activity (Chapter 6). Here, we will first 
give a brief introduction to these topics.

Fig. 1 . Schematic representation of the regulation of a-MSH release, projected on a sagittal section of the 
central nervous system of Xenopus laevis. a-MSH: a-melanophore-stimulating hormone, 
ACh: acetylcholine, CRH: corticotropin-releasing hormone, DA: dopamine, GABA: y-aminobutyric acid, 
LC: locus coeruleus, Mg: magnocellular nucleus, NA: noradrenaline, NPY: neuropeptide Y, PD: pituitary 
pars distalis, PI: pituitary pars intermedia; PN: pituitary pars nervosa, Ra: raphe nucleus, 
SC: suprachiasmatic nucleus, SMINs: suprachiasmatic melanotrope-inhibiting neurons, TRH: thyrotropin- 
releasing hormone, 5-HT: serotonin (figure courtesy of R. Tuinhof).

Development o f the brain-pituitary system

The development of the brain and pituitary has been well studied in Xenopus. These 
studies have been facilitated by the possibility of in vitro fertilization, the availability of an 
exact timetable of development (Nieuwkoop and Faber, 1967) and the easy handling 
and manipulation of the embryos. Using vital dye-labelling, Eagleson and Harris (1990) 
have constructed a fate-map of the Xenopus embryo at the neural plate stage. Ventral 
brain areas, like the hypothalamus, map to medial regions of the neural plate, while 
dorsal brain areas map to lateral regions of the plate and become located dorsally when 
the plate folds to form the neural tube. The primordium of the adenohypophysis, which 
will form the pituitary pars intermedia and pars distalis, arises from the anterior neural 
ridge (ANR). The ANR migrates ventrally and caudally to its final position adjacent to the
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Chapter 1

hypothalamic infundibulum. During migration, cells from the ANR detach and become 
incorporated into hypothalamic brain areas. Some of these cells later express POMC- 
derived peptides like adrenocorticotropic hormone (ACTH) (Eagleson et al., 1986, 1995; 
Eagleson and Harris, 1990; Kawamura and Kikuyama, 1992). Cells in the 
adenohypophyseal primordium and the hypothalamus start to express POMC mRNA 
simultaneously during migration of the ANR, and it has been hypothesized that reciprocal 
inductive events are necessary for the proper development of both structures (Hayes and 
Loh, 1990; Kawamura and Kikuyama, 1995; for review see Kawamura and Kikuyama, 
1998b). In the adenohypophyseal primordium, immunoreactivity for a-MSH can be 
detected from stage 37/38 on (Verburg-van Kemenade et al., 1984). At stage 39, when 
the primordium has reached its definite position, its cells have reorganized to form the 
pituitary pars intermedia and pars distalis (Nyholm, 1977; Nyholm and Doerr-Schott, 
1977). At stage 40, the pars intermedia receives dopaminergic innervation (Terlou and 
Van Straaten, 1973), the melanotropes become sensitive to neuronal inhibition (Verburg- 
van Kemenade et al., 1984) and the animal becomes capable of background 
adaptation. This coincides with the appearance of DA- (González et al., 1994) and NPY- 
(Tuinhof et al., 1994c) immunoreactive neurons in the SC and with the terminal 
branching of retinal fibres in the brain (Holt and Harris, 1983; Easter and Taylor, 1 989).

Retina

The development of the retina starts with the evagination of the lateral diencephalic walls, 
resulting in the bilateral formation of the optic vesicle. After contact with the ectoderm 
and the subsequent induction of the lens placode, the optic vesicle invaginates. This 
results in a bilayered optic cup. The outer layer develops into the pigmented epithelial 
layer, while the inner layer forms the retina. The retina consists of three cell layers. The 
outer cell layer is made up by photoreceptor cells. The middle cell layer consists of three 
cell types: the bipolar cells, which connect the photoreceptor cells with the retinal 
ganglion cells (RGCs) in the inner cell layer, and the horizontal and amacrine cells, which 
carry signals laterally between photoreceptor cells and retinal ganglion cells, respectively. 
The axons of the RGCs grow out to form the optic nerve. They terminate in the optic 
tectum and various retinorecipient areas in the pretectum and thalamus (Lázár and 
Székely, 1969; Lázár, 1978; Levine et al., 1980; Tóth et al., 1980). Maturana et al. 
(1960) distinguished five functional classes of RGCs. Via the cells in the middle cell layer, 
each photoreceptor cell is connected to RGCs of different functional types. Although the 
receptive fields of RGCs of the same functional type can overlap, activation of RGCs will 
roughly mimic the illumination pattern of the retina.

12



General Introduction

Investigations by Hogben and Slome (1936, see Waring 1963) on Xenopus have shown 
that the retina is differentially illuminated in animals on black and white backgrounds. 
The dorsal part of the retina is only illuminated in animals on a white background, due to 
the reflection of light from the surroundings, while the ventral part of the retina is always 
illuminated, irrespective of the light intensity of the background. The RGCs project in a 
retinotopic way to the retinorecipient areas in the optic tectum, pretectum and thalamus 
(Montgomery and Fite, 1989). A retinal projection to the SC has also been observed in 
amphibians (Vullings and Kers, 1973; Vullings and Heussen, 1975; Montgomery and 
Fite, 1989, Wye-Dvorak et al., 1992; Tuinhof et al., 1994a), but for this projection no 
retinotopy has been shown.

Suprachiasmatic nucleus

The SC in the hypothalamus is the source of all known inhibitory input to the melanotrope 
cells. Transection of the hypothalamo-hypophyseal pathway results in darkening of the 
skin, even in animals placed on a white background (Etkin, 1962a,b; Jorgensen and 
Larsen, 1963). Pharmacological evidence has suggested that this inhibition is of 
catecholaminergic nature (Dierst-Davies et al., 1966; Bower et al., 1974; De Volcanes 
and Weatherhead, 1976), and catecholaminergic fibres richly innervate the pars 
intermedia (Enemar and Falck, 1965; Pehleman, 1967; Terlou en Van Straaten, 1973). 
Extirpation of the preoptic hypothalamic area does not seem to affect paling of the skin of 
animals transferred from a black to a white background (Dierickx, 1967). However, in 
later studies preoptic centres, like the preoptic recess organ in Bufo japonicus (Kato et al., 
1992; Kouki et al., 1998), the anterior preoptic nucleus in Rana temporaria (Prasado 
Rao, 1982) and the SC in Rana catesbeiana (Carr et al., 1991) have been proposed to 
be the source of inhibitory control of melanotrope cells. Moreover, developmental studies 
in Xenopus have shown that extirpation of the presumptive SC leads to inability to adapt 
to a white background at later stages (Eagleson et al., 1998).

Superfusion studies have indicated that a-MSH-release from Xenopus melanotrope 
cells is inhibited not only by DA, but also by NPY and GABA (Verburg-van Kemenade et 
al., 1986a,c, 1987b; De Koning et al., 1991). The three neurotransmitters coexist in 
fibres that make synaptic contact with the melanotrope cells (De Rijk et al., 1990a, 1992; 
Van Strien et al., 1991) and in neuronal cell bodies in the SC (Tuinhof et al., 1994a,b; 
Ubink et al., 1998). Both NPY and NPY mRNA are upregulated in these neurons when 
animals are placed on a white background (Tuinhof et al., 1993), and the neurons can 
be retrogradely traced from the pars intermedia (Tuinhof et al., 1994a, Ubink et al., 
1998). Apparently, these suprachiasmatic melanotrope-inhibiting neurons (SMINs; Ubink
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et al., 1998) are the inhibitory control centre of the melanotrope cells in Xenopus. The 
SMINs receive innervation from the retina (Tuinhof et al., 1994a), suggesting the 
existence of a direct retino-hypothalamo-pituitary pathway. The SMINs may also receive 
NPY-innervation from within the SC, since NPY-containing varicosities were observed in 
close vicinity of SMIN somata, and the presence of a second group of NPY-containing 
neurons in the SC has been noted (Ubink et al., 1998).

Apart from regulating melanotrope cell activity, the SC might also be involved in the 
regulation of circadian rhythmicity, as electrolytic damage to the SC in Xenopus abolishes 
circadian locomotor activity (Harada et al., 1998). In mammals, the SC is the main 
pacemaker that regulates circadian rhythmicity, while in lower vertebrates the retina, 
pineal gland and, possibly, photoreceptors in the brain are also important in this process 
(Yoshikawa and Oishi, 1998).

Brain-derived neurotrophic factor

The peptide BDNF is a putative novel factor in the regulation of melanotrope cell activity. 
BDNF is part of the family of neurotrophins, which also includes nerve growth factor, 
neurotrophin-3, neurotrophin-4/5, neurotrophin-6 and the recently discovered 
neurotrophin-7. Apart from its classical role in promoting survival and differentiation of 
neurons, BDNF has recently been shown to be involved in the modification of 
neurotransmission and synaptic plasticity. In hippocampal and cortical neurons, 
expression and secretion of BDNF depend on neuronal activity, and BDNF can potentiate 
synaptic transmission, acting either pre- or postsynaptically (for reviews see Schinder and 
Poo, 2000; Thoenen, 2000). In Xenopus, BDNF potentiates neurotransmitter release in 
neuron-myocyte co-cultures (Lohof et al., 1993; Wang et al., 1995; Stoop and Poo, 
1996), and regulates dendritic and axonal arborization of Xenopus retinal ganglion cells 
(Cohen-Cory and Fraser, 1995; Lom and Cohen-Cory, 1999). The presence of BDNF 
and BDNF mRNA in the intermediate and anterior pituitary has been demonstrated in the 
rat (Kononen et al., 1995; Smith et al., 1995, Conner et al., 1996). In the anterior lobe, 
BDNF is expressed in thyroid-stimulating hormone (TSH)-producing cells (Conner et al., 
1996) and is suggested to be involved in the control of thyroid function and in the 
regulation of the hypothalamic-pituitary-adrenal axis (Kononen et al., 1995; Smith et al., 
1995). BDNF can bind to two types of receptor, the high-affinity tropomyosin kinase 
receptor TrkB and the low-affinity pan-neurotrophin receptor p75 (for review see Ibáñez, 
1998). In the General Discussion (Chapter 7) the possible intracellular signalling 
pathways in Xenopus melanotrope cells following BDNF binding will be discussed. Here, 
an introduction will be given to the various intracellular signalling mechanisms in 
melanotrope cells in relation to background adaptation.
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General Introduction

Intracellular signalling in Xenopus melanotrope cells

Stimulatory and inhibitory factors regulate the melanotrope cells via various intracellular 
pathways (for reviews see Kolk et al., 2001b; Roubos et al., 2001; Fig. 2). The two main 
intracellular messengers involved are cyclic adenosine monophosphate (cAMP) and ionic 
calcium (Ca2+). Activation of the enzyme adenylyl cyclase by CRH, NA and 5-HT 
increases the intracellular concentration of cAMP, while GABA (acting through a GABAb 
receptor), DA (through a D2-like receptor) and NPY (via a Y1 receptor) inhibit adenylyl 
cyclase, thereby lowering the intracellular cAMP concentration. Generally, the main effect 
of cAMP is activation of protein kinase A (PKA), which in turn causes phosphorylation of 
voltage-operated calcium channels (VOCC). This increases the probability of these 
VOCC to open upon depolarization, allowing influx of Ca2+. A second inhibitory action 
of GABA works via the GABAa receptor, which is a chloride channel. In the Xenopus 
melanotrope cell, opening of this channel results in an efflux of Cl-, leading to 
depolarization. The sustained depolarization ultimately leads to closing of the VOCC, 
thereby decreasing Ca2+-influx (Buzzi et al., 1997). An alternative way to increase the 
intracellular Ca2+-concentration is the release of Ca2+ from intracellular Ca2+-stores. This

Fig. 2. Schematic representation of signalling pathways involved in the regulation of a-MSH release and 
gene expression in melanotrope cells of Xenopus laevis. a-MSH: a-melanophore-stimulating hormone, 
ACh: acetylcholine, ß: ß-adrenergic receptor, Ca2+: ionic calcium, cAMP: cyclic adenosine 
monophosphate, Cl-: ionic chloride, CRH: corticotropin-releasing hormone, DAG: diacylglycerol, 
D2: dopamine type 2 receptor, GA: y-aminobutyric acid (GABA) type A receptor, GB: GABA type B receptor, 
IP3: inositol 1,4,5-triphosphate, M1: muscarinic type 1 receptor, NA: noradrenaline, PKA: protein kinase A, 
PKC: protein kinase C, PLCß: phospholipase Cß, sg: secretory granules, TRH: thyrotropin-releasing 
hormone, VOCC: voltage-operated calcium channel, Y1: neuropeptide Y type 1 receptor, 5-HT: serotonin 
(figure courtesy of B.G. Jenks).
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release is triggered by inositol 1,4,5-triphosphate (IP3), the production of which is 
catalyzed by phospholipase C (PLC). Activation of PLCß could be the way TRH and ACh 
stimulate the Xenopus melanotrope cell (Van Strien et al. 1996b; B.G. Jenks, pers. 
comm.).

Influx of Ca2+ through VOCC results in release of a-MSH from the melanotrope cells 
(Scheenen et al., 1994a). The secretory mechanism of the endocrine melanotrope cell is 
very similar or even identical to that of neurons, as judged from the presence and 
physiological regulation of many components of the exocytotic machinery, like DOC2, 
SNAP-25 and xunc-18, the Xenopus homologue of munc-18, in melanotrope cells 
(Berghs et al., 1999; Kolk et al., 2000, 2001a, 2002).

In addition to stimulating a-MSH-release, an increase in the intracellular Ca2+- 
concentration also correlates with POMC gene expression (Loeffler et al., 1989; Dotman, 
1998). The Ca2+-signal is propagated from the cytoplasm to the nucleus in the form of 
Ca2+-oscillations, sustained by Ca2+-induced Ca2+-release (CICR) from intracellular 
Ca2+-stores (Scheenen et al., 1996; Koopman et al., 1997; 2001). In general, POMC 
gene expression can be regulated via the cAMP-responsive element binding protein 
(CREB) (Boutillier et al., 1998). In addition to phosphorylation by cAMP-activated PKA, 
CREB can also be phosphorylated by Ca2+/calmodulin-dependent protein kinases (Dash 
et al., 1991), thus integrating activation of gene expression by Ca2+- and cAMP- 
activating stimuli. Whether this is the way Ca2+-oscillations regulate POMC gene 
expression in Xenopus melanotrope cells is not known.

Aim and outline of this thesis

As described above, the regulation of background adaptation in Xenopus laevis is a 
complex process, which requires close communication between the nervous and 
endocrine system. The research described in this thesis aims to further elucidate the 
organization of this neuroendocrine system by investigating novel pathways and peptides 
that are involved in background adaptation.

First, in Chapter 2, a detailed review will be given of the current state of knowledge 
about the peptidergic control centres that are involved in the retino-brain-pituitary system 
of Xenopus laevis. The dynamics and plasticity of these brain centres in relation to the 
background adaptation system will be discussed.

In Chapter 3, the immunocytochemical localization of a-MSH in the brain, cranial 
placode derivatives and retina during development is described, in relation to 
background adaptation. The early presence of a-MSH was shown in structures that are 
totally or partially derived from the anterior neural ridge (ANR) and involved in adaptation 
processes, like the SC, ventral hypothalamic nucleus, epiphysis, pars intermedia and pars
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General Introduction

distalis. In addition, a-MSH has been detected in cranial placode derivatives, which are 
thought to originate from regions adjacent to the ANR. A subpopulation of RGCs, that 
appears to be involved in background adaptation, was also characterized and found to 
contain a-MSH. Taken together, these data support the hypothesis that POMC- 
containing neurons and endocrine cells have a common embryonic origin and a 
common function.

In Chapter 4, the structural and functional organization of NPY-containing cell 
groups in the SC will be presented. The activities of these cell groups under different 
background adaptation conditions were determined by in situ hybridization with an 
mRNA-probe for the exocytosis protein DOC2, a marker for neuronal secretory activity. 
Three NPY-positive cell groups were identified in the SC: a ventrolateral group, consisting 
of the SMINs, a dorsomedial group, which may innervate the SMINs and inhibit them in 
black-adapted animals, and a caudal group, which differs from the other two groups in 
morphology and activation pattern. In addition, the expression of DOC2 in melanotrope 
cells was found to be physiologically regulated.

In Chapter 5, the SMINs and their innervation are investigated using confocal laser 
scanning microscopy (CLSM) and electron microscopy. At the light-microscopical level, 
coexistence of NPY and the exocytosis protein synaptobrevin in spots close to the SMIN 
somata was observed, indicative of an NPY-innervation of these cells. At the 
ultrastructural level, the SMIN showed a high degree of plasticity. The innervation of their 
somata also differed considerably between adaptation conditions and indicates the 
existence of an inhibitory input to the SMINs, possibly involving NPY.

In Chapter 6, the role of BDNF in the regulation of melanotrope cell activity is 
studied using a multidisciplinary approach. The presence of BDNF and BDNF mRNA in 
melanotrope cells was demonstrated by Western blotting, immunocytochemistry at the 
light- and electron-microscopical level, RT-PCR and in situ hybridization. Real-time 
quantitative RT-PCR and quantitative Western blotting showed an upregulation of BDNF 
mRNA and BDNF precursor protein, but not of mature BDNF, in melanotropes of black- 
adapted animals, suggesting a high rate of production and release of BDNF in active 
melanotropes. Superfusion and 3H-amino acid incorporation studies demonstrated that 
BDNF stimulates the release of a-MSH and the biosynthesis of its precursor, POMC. It is 
concluded that BDNF regulates the activity of Xenopus melanotrope cells in an autocrine 
fashion.

Finally, in Chapter 7, the physiological relevance of the results for the background 
adaptation system in general and for the different regulatory centres in particular will be 
discussed.
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Chapter 2

This review deals particularly with the recent literature on the structural and functional 
aspects of the retino-brain-pituitary system that controls the physiological process of 
background adaptation in the aquatic toad Xenopus laevis. Taking together the large 
amount of multidisciplinary data, a consistent picture emerges of a highly plastic system 
that efficiently responds to changes in the environmental light condition by releasing 
POMC-derived peptides, such as the peptide a-melanophore-stimulating hormone (a- 
MSH), into the circulation. This plasticity is exhibited by both the central nervous system 
and the pituitary pars intermedia, at the level of molecules, subcellular structures, 
synapses and cells. Signal transduction in the pars intermedia of the pituitary gland of 
Xenopus laevis appears to be a complex event, involving various environmental factors 
(e.g. light and temperature) that act via distinct brain centres and neuronal messengers 
converging on the melanotrope cells. In the melanotropes, these messages are translated 
by specific receptors and second messenger systems, in particular via Ca2+-oscillations, 
controlling main secretory events such as gene transcription, POMC-precursor translation 
and processing, posttranslational peptide modifications and release of a bouquet of 
POMC-derived peptides. In conclusion, the Xenopus hypothalamo-hypophyseal system 
involved in background adaptation reveals how neuronal plasticity at the molecular, 
cellular and organismal level enables an organism to respond adequately to the 
continuously changing environmental factors demanding physiological adaptation.

A major question in physiology is how the nervous system is able to integrate various 
external stimuli and translate them into a physiological meaningful response. Obviously, 
the answer to this question lies within the nervous system and the pituitary gland 
associated with it. The present review is concerned with adaptation physiological studies 
on the functioning of the brain and pituitary gland during such an integration/translation 
process, namely the adaptation of the skin color of the South-African clawed toad 
Xenopus laevis to changing light conditions of the environment ('background 
adaptation'). These studies contribute to the insight that various brain centres are involved 
in such integration processes, and that the final response is the result of a complicated 
coding/decoding of various neurotransmitter and neuropeptide signals at the level of the 
neuroendocrine pituitary cell. The response consists of various cellular actions, including 
biosynthesis, processing and, finally, secretion of a physiological meaningful signal, in the 
case of Xenopus, a-melanophore-stimulating hormone (a-MSH), which controls the state 
of skin pigmentation.

The amphibian Xenopus laevis has the ability to change the light intensity of its skin 
according to the intensity of the light of the background on which it stays. The skin color 
is the result of the migration of melanin-containing pigment granules in specialized skin 
cells, the melanophores. When the animal is on a dark background, optic input reaches
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the brain and eventually leads to the secretion of a-MSH. This peptide hormone then 
reaches the skin via the circulation and stimulates the melanophores to move the pigment 
granules to their periphery. As a result, the granules become dispersed throughout the 
cell and the animal's skin obtains a dark appearance. Placed on a white background, the 
animal turns white because optic input eventually leads to inhibition of a-MSH secretion 
(Hogben and Slome, 1931; Bagnara and Hadley, 1973; Wilson and Morgan, 1979; 
Hadley, 1988; Jenks et al., 1977, 1988, 1993c; Jenks and Verburg-Van Kemenade, 
1988; Jenks and Van Zoest, 1990; Roubos, 1992, 1997; Roubos et al., 1993, 1999; 
Vaudry and Eberle, 1993; Vaudry et al., 1998). The a-MSH peptide is derived from the 
precursor protein pro-opiomelanocortin (POMC), which gives rise to a set of peptide end 
products, including a-MSH, ß-MSH, ß-endorphin and y-MSH, which are all coreleased 
from the melanotrope cell (Loh and Gainer, 1977; Eipper and Mains, 1980; Martens et 
al., 1982; Martens, 1986; Van Strien et al., 1993a,b, 1995a, 1996a). In vitro 
superfusion studies with the intact neurointermediate pituitary lobe and with single 
melanotrope cells dissociated from the intermediate lobe, have shown that the release of 
a-MSH and related POMC peptides can be regulated by a wide variety of classical 
neurotransmitters and neuropeptides. The stimulatory brain factors are corticotropin- 
releasing hormone (CRH) (Verburg-Van Kemenade et al., 1987a), sauvagine, an 
amphibian peptide structurally related to CRH (Jenks et al., 1991), thyrotropin-releasing 
hormone (TRH) (Verburg-Van Kemenade et al., 1987d; Zoeller and Conway, 1989), 
noradrenaline (NA) (Jenks, unpubl. res.), serotonin (5-HT) (Ubink et al., 1999) and 
adenosine (Jenks, unpubl. res.), whereas dopamine (DA) (Verburg-Van Kemenade et al., 
1986a), y-aminobutyric acid (GABA) (Verburg-Van Kemenade et al., 1986a, c) and 
neuropeptide Y (NPY) (Verburg-Van Kemenade et al., 1987b) inhibit the release of the 
POMC-derived peptides. Moreover, the melanotrope cells themselves produce the 
classical neurotransmitter acetylcholine (ACh), which has an autoexcitatory action on the 
cells, stimulating a-MSH secretion (Van Strien et al., 1996b). Finally, the possibility has 
been raised that nitric oxide plays a role in the control of the Xenopus pars intermedia 
(Allaerts et al., 1997).

This regulation by brain factors not only concerns the secretion of a-MSH but also 
the expression of the early immediate gene Fos and of the genes for POMC (POMCA and 
POMCb; Martens et al., 1985; Martens, 1987; Deen et al., 1991, 1 992), the translation 
of POMC mRNA into POMC protein (Ayoubi et al., 1992), and the posttranslational 
modification of POMC into various peptide end products (e.g. Van Strien, 1996a) 
Furthermore, various proteins associated with the secretory process, including exocytosis 
proteins, are regulated in their expression. Below we will consider in some detail these 
regulatory aspects of melanotrope cell activity, in relation to the structure, neurochemical 
contents, connections and functioning of the various brain centres concerned. Also, we 
will pay attention to the plastic changes these factors induce in the melanotrope cell
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during the background adaptation process, with some emphasis on changes at the level 
of the secretory apparatus.

Role o f the brain in the control o f the amphibian pars intermedia - historical aspects

For many years, the innervation of the melanotrope cells in the amphibian intermediate 
pituitary lobe has received considerable attention (see e.g. Hopkins, 1970; Weatherhead, 
1983; Pehleman, 1967; Oshima and Gorbman, 1969; Terlou et al., 1974). 
Nevertheless, for a long time the nature of the regulatory centres remained largely 
obscure. A rough indication for the position of putative regulatory brain centres had been 
obtained from studies in which lesions were placed in the preoptic area. As such surgery 
had no effect on the capability of the animal to adapt its skin to a white background, it 
was assumed that the inhibitory centre would be situated behind the optic chiasm 
(Dierickx, 1967). Subsequently, on the basis of various techniques particularly aiming at 
the histochemical identification of this inhibitory centre, a number of hypothalamic nuclei 
were proposed (e.g. Terlou and Ploemacher, 1973) but no conclusive evidence for this 
proposition was presented.

Meanwhile, various novel techniques became available to neuroscientists to identify 
neural centres, their connectivities and their functions in physiological processes. Several 
of these techniques have been used to reveal the complex involvement of a variety of 
brain centres in the regulation of the pars intermedia of Xenopus. The main techniques 
include:

1) The use of specific antibodies against neural factors assumed to play a role in 
controlling melanotrope cell activity, which enabled a detailed immunocytochemical 
investigation of the distribution of these factors in the Xenopus brain.

2) The application of quantitative, automated image analysis to study several activity 
parameters in hypothalamic perikarya and pituitary cells in animals kept under different 
background light conditions, in combination with immunocytochemistry and in situ 
hybridization.

3) Tract tracing with retrograde and anterograde, vital and postfixation compounds, 
to identify regulatory centres.

4) Immunocytochemistry using a variety of fluorochromes permitting colocalization 
studies of neurotransmitters and neuropeptides, in the same tissue section.

5) Confocal laser scanning microscopy to study neurons and endocrine cells and 
their contents at high resolving power, in relatively thin optical sections (< 1 ^m).

Moreover, the availability of an accurate timetable for the development of Xenopus 
laevis (Nieuwkoop and Faber, 1967) enabled the study of the relationship between the 
ontogeny of NPY- and DA-immunoreactive systems and the development of the capacity 
of Xenopus to adapt to the light intensity of its background.
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In the next paragraphs we will review the identity and neurochemical make-up of the 
brain centres known to date to be involved in the control of the melanotrope cells in the 
Xenopus pars intermedia. A summary of these data is presented in Fig. 1.

Fig- 1. Schematic representation of neurochemical 
inputs to the melanotrope cell of Xenopus laevis. 
a-MSH: a-melanophore-stimulating- hormone,CRH: 
corticotropin-releasing hormone, DA: dopamine, 
GABA: y-aminobutyric acid, IN: interneurons, LC: 
locus coeruleus, Mg: magnocellular nucleus, NA: 
noradrenaline, NO: nitric oxide, NPY: neuropeptide 
Y, PI: pars intermedia, PN: pars nervosa, POMC: 
proopiomelanocortin, Ra: raphe nucleus, SC: 
suprachiasmatic nucleus, SMIN: suprachiasmatic 
melanotrope-inhibiting neuron, TRH: thyrotropin- 
releasing hormone, 5-HT: serotonin. (Modified after 
Ubink et al., 1 998.)

Functional anatomy o f the suprachiasmatic nucleus and its subpopulations o f NPY- 
containing cells

Superfusion experiments have shown that NPY has a strongly inhibitory effect on a-MSH 
release (Verburg-Van Kemenade et al., 1987b). The distribution of NPY in the Xenopus 
brain and the pituitary gland was studied in detail by Tuinhof et al. (1993, 1994c), 
extending earlier data on NPY in amphibians provided for Xenopus (Lázár et al., 1993) 
and frogs (Danger et al., 1985; Andersen et al., 1993; Lázár et al., 1993). It appears 
that NPY is present in numerous perikarya and neuronal processes throughout the brain, 
including in the perikarya of a number of distinct hypothalamic nuclei, and in a fibre 
network in the pituitary pars intermedia. By applying in situ hybridization with a Xenopus- 
specific preproNPY mRNA probe and immunocytochemistry with anti-NPY, to animals 
kept under different background light conditions, indications were obtained for a dynamic 
involvement of suprachiasmatic NPY-producing neurons in the inhibition of melanotrope 
cell activity. In black-adapted animals, NPY immunoreactivity and expression of 
(prepro)NPY mRNA in neurons in the ventral area of the suprachiasmatic nucleus (SC) are 
low or even absent, whereas in animals on a white background strong NPY 
immunoreactivity and NPY mRNA expression occur in these cells (Tuinhof et al., 1993; 
Kramer et al., 2001a). This supports the notion that NPY-containing neurons in the SC 
are involved in the inhibition of a-MSH release from the melanotrope cells.

a-M SH and other 
POMC peptides
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This assumption that the Xenopus SC controls melanotrope cell activity, finds support in a 
study on neurotransmitter coexistence. Colocated NPY, DA and GABA have been shown 
at the ultrastructural level in the synaptic contacts of the fibre network in the intermediate 
pituitary lobe, which innervates the melanotrope cells (De Rijk et al., 1990a, 1992; Van 
Strien et al., 1991). This coexistence in synapses led to a search for the cell bodies of 
these neurons in the central nervous system. By combining the results of 
immunocytochemical localization of NPY-producing neurons and of the key enzyme for 
biosynthesis of DA, tyrosine hydroxylase (TH) (González and Smeets, 1993), it can be 
concluded that only three diencephalic nuclei are candidates for having neurons that 
contain both NPY and DA: the SC, the posterior tubercle and the posterior thalamic 
nucleus. Costaining with secondary antibodies labelled with the fluorescent markers 
fluorescein isothyocyanate (FITC) and Texas Red, revealed colocalization of NPY and TH 
within the same neuronal cell body only in neurons of the SC. More recently, these data 
were extended by triple labelling and confocal laser scanning microscopy (Ubink et al., 
1998), demonstrating that these neurons also produce GABA. Furthermore, the lipophilic 
tracer dye I (Dii) was applied by microinjection into the fibre network innervating the pars 
intermedia, which resulted in retrograde labelling of these SC neurons (Artero et al., 
1994; Tuinhof et al., 1994a; Tuinhof, 1995; Ubink et al., 1998). Apparently, these 
neurons are the sites of origin of the synapses contacting the melanotrope cells, as they 
are the only neurons that contain the three inhibitory neurotransmitters and project to the 
pars intermedia.

Developmental studies also indicate that the SC is an important centre for regulation 
of the melanotrope cells. Around embryonic stage 40 the pituitary neurointermediate lobe 
primordium reaches its final position caudoventral to the infundibulum (Nyholm, 1977; 
Nyholm and Doerr-Schott, 1977; Verburg-Van Kemenade et al., 1984) and the 
melanotrope cells start to produce and secrete a-MSH (Nyholm and Doerr-Schott, 1977). 
At the same time a dopaminergic innervation of the pars intermedia is present (Terlou 
and Van Straaten, 1973), the animal becomes capable of regulating its skin color, and 
the melanotrope cells become sensitive to neural inhibition (Verburg-Van Kemenade et 
al., 1984). During ontogenetic development neurons in the SC differentiate from stage 
37/38 onwards and innervate the pars intermedia around stage 40. By marking the 
neural plate areas of Xenopus embryos or removing parts of it, the area in the plate that 
gives rise to these neurons have been identified. When this future SC area is removed in 
stage 15 tadpoles, the animals that subsequently develop appear unable to adapt to a 
different background and remain permanently dark (Eagleson et al., 1998). Apparently, 
the SC is the main inhibitory centre of the pars intermedia.

Taking all this evidence together, it can be assumed that NPY-neurons in the SC 
inhibit the melanotropes by releasing GABA, NPY and DA. Consequently, these neurons 
have been named 'SMINs': suprachiasmatic melanotrope-inhibiting neurons (Ubink et
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al., 1998). Also in the frog R. ridibunda, the SC contacts the pars intermedia synaptically 
and contains NPY, DA and GABA (Tonon et al., 1992; Artero et al., 1994; Battaglia et 
al., 1995).

In the Xenopus SC, the majority of NPY-positive neurons do not seem to produce DA, 
as they are immunocytochemically negative with a TH-antiserum. It was suggested (Ubink 
et al., 1998) that NPY-positive neurons in the SC lacking DA do not directly control the 
pars intermedia but are, nevertheless, associated with the process of background 
adaptation control, e.g. serving as interneurons that control the activity of the SMINs. This 
hypothesis was very recently confirmed by Kramer et al. (2001a) who studied the 
functioning of the SC in the process of background adaptation, using quantitative 
immunocytochemistry and in situ hybridization techniques. A ventrolateral, a dorsomedial 
and a caudal group of NPY-positive neurons were distinguished, differing in location and 
in number, size and shape of their cells. The three groups also show different degrees of 
NPY-immunoreactivity in response to different background adaptation conditions. In situ 
hybridization using a Xenopus mRNA probe for the exocytosis protein DOC2 - a reliable 
marker for neuronal secretory activity (Berghs et al., 1998; Kramer et al., 2001a) - 
revealed that in the ventrolateral group, consisting of the SMINs, more NPY-positive 
neurons express DOC2 mRNA in white-adapted than in black-adapted animals. In 
contrast, NPY-positive neurons in the dorsomedial group have a high secretory activity 
under the black adaptation condition (Fig. 2). It is proposed that in black-adapted 
animals, the NPY-positive SMINs in the ventrolateral group are inhibited by NPY- 
containing interneurons in the dorsomedial group. This hypothesis is supported by the 
observation that the axons of the dorsomedial cells project in a ventrolateral direction 
towards the SMINs (Kramer et al., 2001a). Moreover, NPY-containing varicosities were

Fig. 2. Dorsomedial (DM; right panel, and black dots in middle panel) and ventrolateral (VL; left panel, and 
white dots in middle panel) NPY-immunoreactive neurons in the Xenopus suprachiasmatic nucleus (SC). 
Bars indicate the numbers of neurons that react positively in in situ hybrisations with a nucleotide probe for 
mRNA encoding for the exocytosis protein DOC2. W, G and B: animals adapted to a white, grey or black 
background, respectively. Different characters on top of bars indicate that the means of the respective 
groups differ statistically from each other (P < 0.05). (After Kramer et al., 2001a)
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found in close vicinity of the SMINs, suggesting NPY-innervation of these cells (Ubink et 
al., 1998; Kramer et al., 2001a).

NPY-positive neurons in the caudal group have similar secretory dynamics as the 
dorsomedial NPY-neurons, indicating that they also play a role in background 
adaptation, distinct from that exerted by the ventrolateral group. Whether the caudal NPY 
neurons are interneurons or directly innervate the melanotrope cells is not known (Kramer 
et al., 2001a).

Suprachiasmatic inputs

The question arises as to the regulation of the activities of the NPY neurons in the SC. 
Special attention has been paid to the regulation of the SC by retinal input. It is known 
that the SMINs receive input from the retina. After anterograde filling of the optic nerve 
with horseradish peroxidase, labelled axons were traced in light microscopic sections to 
the ventral part of the SC where they seem to contact neurons that are positive with anti- 
NPY, anti-DA and anti-TH (González and Smeets, 1993; Tuinhof et al., 1994a). 
Therefore, a direct retino-suprachiasmatic pathway seems to control SC neurons (SMINs) 
regulating the melanotrope cells. Whether the NPY-positive cells in the dorsomedial and 
caudal group also receive optic input via this pathway is not known. Ultrastructural 
studies of the synaptic innervation of the SC cell groups combined with anterograde 
tracing from the retina may further elucidate the regulation of the subpopulations of NPY- 
producing cells in the Xenopus SC.

Other control centres in the brain

Magnocellular nucleus

In amphibians the magnocellular nucleus (Mg) is the homologue of the mammalian 
paraventricular and supraoptic nuclei and contains vasotocin- and mesotocin-positive 
cells (González and Smeets, 1992b) that project to the neural lobe. While vasotocin and 
mesotocin have no effect on a-MSH release in Xenopus (Jenks et al., 1988), the Mg also 
contains TRH-positive and CRH-positive neurons. Both these neuropeptides stimulate 
a-MSH release from superfused neurointermediate lobes (Leroux et al., 1982; Tonon et 
al., 1983; Verburg-Van Kemenade, 1987a,d). TRH was shown in the magnocellular 
nucleus (Mg) of Rana catesbeiana (Seki et al., 1983; Mimnagh et al., 1987) and of 
Xenopus laevis tadpoles (Goos, 1978), and in this nucleus also CRH-positive neurons 
occur, as shown for R. ridibunda (Verhaert et al., 1984; Tonon et al., 1985), R. 
catesbeiana (Lederis, 1 987; Gonzalez and Lederis, 1988), Triturus cristatus (Fasolo et al.,
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1984) and Xenopus laevis (Olivereau, 1987; Verburg-Van Kemenade et al., 1987a). 
CRH- and TRH-positive hypothalamo-hypophyseal tracts terminate predominantly in the 
median eminence and in the pituitary neural lobe (Iturriza, 1969). TRH innervation of the 
pars intermedia was shown in R. catesbeiana (Seki et al., 1983; Mimnagh et al., 1987) 
and CRH innervation was demonstrated in R. ridibunda (Verhaert et al., 1984; Tonon et 
al., 1992) but some reports state that this innervation is scarce (Olivereau et al., 1987) 
or even absent (R. catesbeiana; Lederis, 1987; Gonzalez and Lederis, 1988). In Xenopus 
a direct innervation of the intermediate lobe by fibres containing CRH and TRH has not 
been found (Olivereau et al., 1987) and therefore it is assumed that these neuropeptides 
are released from the neural lobe, and reach the melanotropes by diffusion (Iturriza, 
1969; Weatherhead, 1983; Jenks et al., 1993c). Both in Xenopus (Tuinhof et al., 1994a) 
and in the toad Bufo arenarium (Pasquier et al., 1980) injection of retrograde fluorescent 
markers into the neural lobe highlighted neurons in the Mg. In conclusion, it appears that 
the Mg of Xenopus, and probably of amphibians in general, is not only involved in the 
neurohormonal release of vasotocin and mesotocin, but also stimulates the secretion of 
a-MSH from the melanotrope cells through the release of CRH and TRH.

Locus coeruleus

Neurons in the locus coeruleus (LC) become retrogradely labelled after injection with DiI 
into the pars intermedia (Tuinhof et al., 1994a; Ubink et al., 1999). The same result was 
obtained in Rana and Triturus cristatus (Artero et al., 1994). Noradrenaline (NA) has 
been shown with light immunocytochemistry to be present in fibres in the Xenopus pars 
intermedia and in LC neurons (González and Smeets, 1993). While superfusion 
experiments with intact neurointermediate lobes suggest that NA has a strong inhibitory 
action on a-MSH-release via a dopamine D2 receptor (Verburg-Van Kemenade et al., 
1986d), studies with isolated melanotrope cells have shown that NA stimulates secretion 
through action on a ß-adrenergic receptor (Jenks, unpubl. res.).

The way LC neurons deliver NA to the melanotrope cells is not clear because up to 
now the demonstration of NA at the ultrastructural level in the pars intermedia has failed 
(e.g. Berghs, unpubl. res.). Since the vast majority of the synaptic profiles in the pars 
intermedia contain NPY, DA and GABA (De Rijk et al., 1 990a' 1992), it may be that the 
LC neurons release NA to the melanotrope cells in a non-synaptic, paracrine fashion.

It remains to be seen whether the LC, and possibly also other centres producing 
factors that influence the melanotrope cells, play a role in light-controlled background 
adaptation or that they are (also) involved in stress- or temperature-dependent regulation 
of the secretion of a-MSH. Recently, we have found that the a-MSH titre in the blood of 
Xenopus is raised upon lowering the ambient temperature of the animal below 8 °C; 
during this event, white-adapted animals become grey. No significant stimulating effect of
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low temperature on skin color or on a-MSH plasma contents was noted when the 
experiment was carried out with toads from which the neurointermediate lobe had been 
surgically extirpated. This indicates that low temperature stimulates a-MSH release from 
the melanotrope cells in the pars intermedia. Apparently, temperature does not stimulate 
by acting directly on the pars intermedia but acts via the brain, because lowering 
temperature in an in vitro superfusion set-up did not increase but decreased the a-MSH 
output from the isolated neurointermediate lobe. This decrease was temperature- 
dependent, with a reduction of a-MSH release by 80% at 4 °C. Possibly, NA release from 
the LC, and perhaps TRH release from the Mg, are involved in this temperature- 
dependent control of the melanotropes. The physiological significance of this control is 
not known. It may be that below 8 0C a-MSH acts as a regulator of temperature 
homeostasis, a process which, at that low temperature, is more essential for survival than 
the regulation of skin color (Tonosaki et al., 1999).

Raphe nucleus

Among bioamine neurotransmitters, not only DA and NA but also serotonin (5- 
hydroxytryptamine, 5-HT) may play a role in the control of secretion by melanotrope cells, 
as 5-HT appeared to have a dose-dependent stimulatory effect on the release of 
radiolabelled peptides in vitro (Ubink et al., 1999). In the pituitary, it has been shown that 
the neural and intermediate lobes possess 5-HT-immunoreactive nerve fibres (Ubink et 
al., 1998). In a search for the source of the regulatory serotonin, 5-HT-immunoreactive 
perikarya were found in the nucleus of the paraventricular organ, the posteroventral 
tegmental nucleus, the reticular isthmic nucleus and the raphe nucleus. Retrograde 
neuronal tract tracing experiments with the membrane probe FAST DiI applied to the pars 
intermedia showed labelled neurons in the SC, LC and raphe nucleus (Ubink et al., 
1998). It seems likely that the melanotrope cells in the Xenopus pars intermedia are 
innervated by a serotonergic network originating in neurons in the raphe nucleus.

POMC cells in the brain - the POMC hypothesis

Using in situ hybridization with a POMC mRNA probe and immunocytochemistry with 
antisera to POMC and to POMC-derived peptides, melanotrope and corticotrope cells in 
the Xenopus pituitary are found to contain POMC, a-MSH, y-MSH, acetylated 
ß-endorphins and ACTH (Tuinhof et al., 1998). In the Xenopus brain, neuronal cell 
bodies in the ventral hypothalamic nucleus express POMC, a-MSH, y-MSH, non- 
acetylated ß-endorphin and ACTH. The anterior preoptic area possesses POMC, a-MSH, 
non-acetylated ß-endorphin and ACTH, and the SC shows a-MSH, non-acetylated
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ß-endorphin and ACTH. In the isthmic area POMC and ACTH coexist, and a-MSH and 
non-acetylated ß-endorphin occur together in the nucleus accumbens, the striatum, the 
paraventricular organ, the amygdala and the posterior tubercle. POMC alone is present 
in the LC, a-MSH alone occurs in the olfactory bulb, the medial septum, the ventromedial 
and posterior thalamic nuclei, the optic tectum and the anteroventral tegmental nucleus. 
Non-acetylated ß-endorphin alone appears in the epiphysis. In the pallium, median 
eminence and ventromedial tegmental area, a-MSH and non-acetylated ß-endorphin 
occur together in immunoreactive fibres, while y-MSH appears in fibres in the pallium 
and the ventral tegmental area, and POMC in the median eminence.

It has been proposed that neurons that form POMC-derived peptides play a role in 
the regulation of POMC-producing pituitary cells and in the physiological processes these 
endocrine cells regulate (Tuinhof et al., 1998). In this respect it is worth noting that the 
SC already has an established role in the regulation of melanotrope cell activity and in 
skin color adaptation. It will be interesting to determine if the ventral hypothalamic 
nucleus, expressing POMC and various POMC-peptides, has any significance to 
melanotrope cell function.

Plasticity o f the SMIN synapses

The SMINs in the SC send their axons into the pars intermedia of the pituitary gland. 
There, the axons form an extensive fibre network with varicosities that make synaptic 
contacts on the melanotrope cells. These varicosities contain DA, GABA and NPY as the 
SMINs produce and release these factors to inhibit a-MSH release from the melanotropes 
during adaptation to a white background. Ultrastructurally, the synapses contain two 
vesicle types and contain morphologically well-defined active zones. Electron-lucent 
vesicles are mainly clustered near the active zones of the presynaptic membrane and

Active zones

Number Length

Fig. 3. Morphometry at the ultrastructural level, 
showing statistical differences (*) between 
numbers and lengths of active zones in synaptic 
contacts on melanotrope cells of black- (black 
bars) and white- (grey bars) adapted Xenopus. 
(After Berghs and Roubos, 1996.)
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contain GABA, whereas electron-dense vesicles are dispersed throughout the presynaptic 
terminal and contain DA and NPY (De Rijk et al., 1990a, 1992; Van Strien et al., 1991). 
In white-adapted animals the density of the synapse population is about twice as high as 
in black-adapted ones, and the synapses are about twice as large. Similarly, in such 
animals the extent of the active release sites is much higher than in black-adapted ones, 
as appears from morphometry on the number and size of the synaptic active zones 
(Berghs and Roubos, 1996; Berghs et al., 1998) (Fig. 3).

It appears that changing background light intensity dramatically affects the structure 
of the synaptic innervation the melanotrope cells. Adaptation to a white background likely 
increases the capacity of the synaptic contacts to release their chemical messengers. This 
increase is in line with the idea that DA, GABA and NPY contained within the vesicles 
inhibit a-MSH release during this physiological adaptation.

Dynamics and plasticity o f the melanotrope cell

From the above data on the organization of the brain centres controlling the melanotrope 
cells and the (SMIN) synapses contacting them, a picture of strong dynamics and high 
plasticity emerges. A similarly dynamic and plastic picture is revealed by the melanotropes 
themselves, when they are studied in animals taken from different background conditions, 
as will be clear from the following.

Pars intermedia

The pars intermedia of the pituitary gland of the adult Xenopus laevis contains about 
70,000 melanotrope cells (De Rijk et al., 1990b), which have an average diameter of ca.
10 ^m in white-adapted animals. This size, and hence the size of the total pars 
intermedia, strongly increase when animals are placed from a white to a black 
background. At the cellular level this increase is reflected by changes in the biosynthetic 
apparatus. In animals placed on a white background, the cells are biosynthetically 
inactive, as is clear from the small nuclei, the low extent of rough endoplasmic reticulum 
(RER), the low amount of POMC mRNA, the slow rate of translation of POMC mRNA and 
the poorly developed Golgi apparatus. In contrast, melanotropes of animals adapted to 
a dark background are highly active, showing large nuclei, an elaborate RER and Golgi 
apparatus and revealing high POMC mRNA production and POMC protein biosynthesis 
(Hopkins, 1 970; Weatherhead and Whur, 1972; Loh et al., 1985; Martens et al., 1987; 
De Rijk et al., 1990b; Ayoubi, 1991; Ayoubi et al., 1991, 1992; Maruthainar et al., 
1992; Dotman et al., 1998b). On the basis of immunocytochemistry for cFos protein 
(Ubink et al., 1997), it seems that when the animal is placed from a white to a black
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background the immediate early cFos gene becomes very strongly expressed, which 
probably precedes and induces the increased expression of both POMC genes (Deen et 
al., 1991, 1 992; Martens, 1986; Martens et al., 1987).

a-MSH is one of the cleavage products of POMC. The complex processing of POMC 
and the final POMC end products in Xenopus have been well characterized (e.g. Loh and 
Gainer, 1977; Martens et al., 1981; Verburg-Van Kemenade et al., 1987c; Rouillé et 
al., 1989; Dores et al., 1991; Van Strien et al., 1993a,b, 1995a,b; Van Strien, 1996a). 
The main endorphin is a,N-acetyl-ß-endorphin [1-8]. The N-terminal part of Xenopus 
POMC includes the so-called 18 kD N-terminal peptide, which is cleaved into a 9 kD 
peptide that is split into a 4 kD peptide and a number of other peptides, including the 
Y3MSH peptides and lys-y1MSH-NH2. Also ß-MSH, corticotropin-like intermediate peptide 
(CLIP) and the acetylated ß-endorphins [1-27] and [1-31] have been identified. All 
POMC-products are secreted from the melanotrope cell, at least under in vitro 
conditions.

The melanotrope secretory granule appears in three morphologically distinct 
subtypes, viz. with contents that are 1) electron-dense (granule diameter approximately 
130 nm), 2) moderately electron-dense (160 nm) and 3) electron-lucent (180 nm). 
Immuno-electron microscopy shows that POMC is merely present within the electron
dense granules, whereas it is almost absent from the electron-lucent granules. A decrease 
in immunoreactivity to POMC occurs in parallel with an increase in immunoreactivity to 
a-MSH during the transition of immature, electron-dense granules via moderately dense 
to mature electron-lucent granules (Roubos and Berghs, 1993; Berghs et al., 1997, 
1998).

To identify the neural messengers that are involved in the regulation of background- 
dependent POMC expression, in vitro studies involving radiolabelling of synthesized 
peptides, were carried out with the various known a-MSH-secretion-inhibiting and 
secretion-stimulating factors. Long-term inhibition of POMC protein biosynthesis is 
predominantly achieved by DA en NPY. GABA has only a transiently inhibitory effect, 
which disappears again, apparently due to desensitization or downregulation of the 
GABA receptors (Dotman et al., 1996). It seems that these differential effects of brain 
messengers on POMC gene expression are also relevant for the in vivo situation as these 
three factors are differentially located in the SMIN synapses contacting the melanotrope 
cells: DA and NPY occur in electron-dense vesicles but GABA is contained within small 
electron-lucent ones (Van Strien et al., 1991; De Rijk et al., 1990a, 1992). Possibly, 
when short-term adaptation is required (e.g. in the early phase of the background 
adaptation process) only GABA is released, whereas during prolonged adaptation (when 
the animal remains for weeks on the same background) DA and NPY are secreted.

For the proper biosynthesis and secretion of POMC-derived peptides, the 
melanotrope cell possesses, in addition to POMC, several proteins that are associated
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with its secretory function, such as factors and enzymes that assist in the translocation, 
folding, sorting, packaging, cleavage and exocytosis of POMC and its (end) products. 
The amounts of some of these proteins and their mRNAs are under background light 
control (e.g. Martens et al., 1989; Braks et al., 1992; Braks and Martens, 1994, 1995; 
Braks, 1995; Holthuis et al., 1995; Holthuis, 1996).

Exocytosis proteins

Not only POMC mRNA expression and translation are under regulatory control, but also 
secretion of POMC end products. As stated above, the secretion is either inhibited or 
stimulated by a variety of factors. More recently we have shown that not only the POMC 
products are regulated but also the molecular apparatus involved in its release. In 
Xenopus, the plastic changes of this exocytosis apparatus are being studied in relation to 
the physiological background adaptation process. In mammalian neurotransmitter 
secretion, many proteins are involved in the exocytosis process (see e.g. Hanson et al., 
1997; Jahn and Südhof, 1999). Using Western blot analysis, immunocytochemistry and 
in situ hybridization, the presence of homologues of several mammalian exocytosis 
proteins (e.g. SNAP-25, munc-18, DOC2, syntaxin and synaptobrevin) was shown in the 
Xenopus brain and pituitary gland (Berghs et al., 1999; Kolk et al., 1999, 2000, 2001a; 
Kramer et al., 2001a). This indicates the high evolutionary conservation of the exocytosis 
proteins and, moreover, suggests their involvement in both synaptic and endocrine 
secretion processes. Using a combined quantitative Western blotting, 
immunocytochemical and confocal laser scanning microscopy approach, upregulation of 
SNAP-25 in the synaptic network in the pars intermedia of white-adapted animals was 
demonstrated; in contrast, melanotropes of such animals displayed an down-regulation 
of SNAP-25 (Kolk et al., 1999, 2000) (Fig. 4). Similarly, in the melanotrope cells, the 
amounts of xunc-18 and DOC2 are upregulated in conjunction with the stimulation of 
exocytosis of a-MSH by black background adaptation) (Kolk et al., 2001a; Kramer et al., 
2001a).

Multiple control o f the melanotrope cell

When the actions of DA, GABA and NPY on a-MSH release (occurring within minutes; 
Leenders et al., 1993) and on POMC biosynthesis (occurring after hours to days; Martens 
et al., 1987; Dotman et al., 1996, 1998a) are compared, it appears that each factor has 
its own, specific inhibitory action. So, stimulation of either the GABAA-receptor or GABAb- 
receptor leads to a strong short-term but only a moderate long-term inhibition (Jenks et 
al., 1993b; Buzzi et al., 1997). Stimulation of the dopamine D2-like receptor results in a
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Fig. 4. Presence of SNAP-25 in single melanotrope cells from either black- or white-adapted Xenopus, 
studied by Western blot analysis (left panel), and by confocal laser scanning microscopy showing large cells 
in black- and small cells in white-adapted animals (middle panel, left and right, respectively) and strong 
versus weak immunofluorescence in such cells as measured by photon counting (right panel). Statistical 
difference is indicated by *. Scake bar: 10 ¡am. (Modified from Kolk et al., 1999).

strong, short-term as well as a strong, long-term inhibition. NPY has equally strong effects 
on short- and long-term activities as DA but, in contrast, the effect of NPY is long-lasting 
and persists for many hours after termination of NPY-treatment. Such differential effects 
are also apparent when the effects of CRH and TRH on POMC biosynthesis are 
examined: CRH (sauvagine) has a long-lasting stimulating effect, whereas the stimulation 
of POMC biosynthesis by TRH is only transient (Dotman et al., 1997). The fact that so 
many neural factors act differentially on the melanotrope cell, raises the question how the 
melanotrope cell is able to transduce these various signals into distinct and different 
cellular responses. To answer this question, attention has to be paid to the 
receptor/second messenger systems of the cell.

Receptors and second messengers

The receptors and second messenger systems that are involved in the transmembrane 
signalling by the melanotrope cell of neural stimuli have for a main part been elucidated 
and characterized. DA acts via a D2-like receptor (Martens et al., 1991; Verburg-Van 
Kemenade et al., 1986d), NPY via a Y1-type receptor (Blomquist et al., 1995; Scheenen 
et al., 1995), GABA via a GABAa as well as a GABAb receptor (Verburg-Van Kemenade 
et al., 1986a; de Koning et al., 1993), NA via a ß-adrenergic receptor (Jenks, unpubl. 
res.), and ACh via a muscarinic type 1 receptor (Van Strien et al., 1996b) (Fig. 5). The D2 
receptor, GABAb receptor and Yt receptor are negatively coupled to adenylyl cyclase, 
whereas CRH, serotonin and NA stimulate this cyclase (Verburg-Van Kemenade et al., 
1986b; Jenks et al., 1991; 1993a,c). The important role of intracellular Ca2+ ions in the 
control of various aspects of melanotrope cell secretory activity is well established and 
evidence has been gained that all neural factors known to act upon the Xenopus
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melanotrope cell eventually affect the intracellular Ca2+-concentration ([Ca2+]i) 
(Kongsamut et al., 1993; Van Strien et al., 1996b; Scheenen, 1995; Scheenen et al., 
1993, 1994a,b,c, 1995, 1996). The dynamics of calcium in the melanotrope cell have 
received much attention as they might be the clue for the way all the different factors act 
on specific subcellular processes in the melanotrope (e.g. Lieste et al., 1996, 1998a,b; 
Koopman et al., 1996, 1999).

Fig. 5. Immunofluorescent staining of receptors for 
acetylcholine in the pars intermedia of the pituitary 
gland of Xenopus laevis, using a monoclonal 
antiserum against the muscarinic receptor. x300.

Calcium oscillations

Melanotrope cells in Xenopus show spontaneous fluctuations of the [Ca2+]i: the calcium 
oscillations (Scheenen et al., 1994a,b,c, 1995, 1996, 1999; Scheenen, 1995; 
Koopman et al., 1996, 1999; Shibuya and Douglas, 1993a,b,c; Jenks et al., 1999). The 
oscillations depend on the opening of N-type voltage-operated Ca2+-channels in the 
plasma membrane. Such openings permit Ca2+-currents that stepwise build up the 
[Ca2+]i, forming the rise phase of a Ca2+-oscillation (Fig. 6). The mathematics of the 
Ca2+-oscillations were recently formulated in a model based on the Hodgkin-Huxley type, 
explaining their genesis on the basis of the properties of calcium, potassium and sodium 
permeabilities and channel properties in the melanotrope cell plasma membrane 
(Cornelisse et al., 2000). Dynamic video imaging of intracellular Ca2+ has revealed that 
secretoinhibitors inhibit the oscillations whereas secretostimulators increase the frequency 
of the oscillations. This observation has led to the idea that the Ca2+-oscillations are the 
driving force for secretion. Confocal laser scanning microscopy has demonstrated that 
the influx of Ca2+ ions through the N-type voltage-dependent Ca2+-channels initiates a 
calcium-induced calcium release process that propagates the Ca2+-signal as a wave
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Fig. 6. Simultaneous measurements of electrical 
activity (patch-clamping in the cell-attached mode) 
and changes in the intracellular [Ca2+] forming 
Ca2+-oscillations (microfluorimetry using the Ca2+ 
fura2/AM ratio probe). (A) Action currents, 
representing action potentials (upper trace) and 
Ca2+-oscillations (lower trace). (B) Detail, showing 
action currents (upper trace) and Ca2+-steps 
building up two Ca2+-oscillations. (Modified after 
Lieste et al., 1 998).

through the cytoplasm and into the nucleus. Applying in situ hybridization of POMC 
mRNA in single melanotrope cells, it has been shown that cells displaying Ca2+- 
oscillations have a higher level of POMC gene expression than cells that do not reveal 
such oscillations (Dotman, 1998). Thus it would appear that exocytosis events on the 
plasma membrane are coordinated with gene expression in the nucleus through the 
Ca2+-oscillations and Ca2+-waves generated by these oscillations. We furthermore 
hypothesize that the specificity of the action of a given transmitter for a specific subcellular 
process (secretion, POMC gene expression, POMC biosynthesis) is given by the specific 
coding by this neural messenger of the shape of the Ca2+-oscillation (frequency, 
amplitude, etc). This hypothesis is currently under investigation, using confocal laser 
scanning microscopy, patch-clamping and mathematical modelling of the Ca2+- 
oscillations.
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Chapter 3

The amphibian Xenopus laevis can adapt the color of its skin to the light intensity of the 
background. A key peptide in this adaptation process is a-melanophore-stimulating 
hormone (a-MSH), which is derived from pro-opiomelanocortin (POMC) and released by 
endocrine melanotrope cells in the pituitary pars intermedia. In this study, the presence of 
a-MSH in the brain, cranial placode derivatives and retina of developing Xenopus laevis 
was investigated using immunocytochemistry, to test the hypothesis that POMC peptide- 
producing neurons and endocrine cells have a common embryonic origin and a 
common function, i.e. controlling each other's activities and/or being involved in the 
process of physiological adaptation. The presence of a-MSH-positive cells in the 
suprachiasmatic nucleus, ventral hypothalamic nucleus, epiphysis and endocrine 
melanotrope and corticotrope cells, which are all involved in regulation of adaptation 
processes, has been detected from stage 37/38 onward. This is consistent with the 
presumed common origin of these cells, the anterior neural ridge (ANR) of the neural 
plate stage embryo. The olfactory epithelium and the otic and epibranchial ganglia also 
contain a-MSH, implicating that these placodal derivatives originate from a common 
placodal domain continuous with the ANR. Furthermore, we demonstrate the presence of 
a-MSH in a subpopulation of retinal ganglion cells (RGCs), which is possibly also derived 
from the ANR. Immunoreactivity for a-MSH in RGCs that are located in the dorsal part of 
the retina is dependent on the background light intensity, suggesting that these cells are 
involved in the regulation of background adaptation. Taken together, the results support 
the hypothesis that POMC peptide producing cells have a common embryonic origin and 
are involved in adaptation processes.

In tr o d u c t io n

The amphibian Xenopus laevis can adapt the color of its skin to the light intensity of the 
background. A key peptide in this adaptation process is a-melanophore-stimulating 
hormone (a-MSH), which is derived from pro-opiomelanocortin (POMC) and stimulates 
pigment dispersion in skin melanophores. Melanotrope cells in the pituitary pars 
intermedia release a-MSH, and their activity is upregulated in animals adapted to a black 
background. The melanotrope cells are regulated by the hypothalamic suprachiasmatic 
(SC) and magnocellular (Mg) nuclei and by the locus coeruleus (LC) and raphe nucleus 
(Ra) (for reviews see Kolk et al., 2001b; Kramer et al., 2001b; Roubos et al., 2001). In 
adult animals, the SC, various other hypothalamic brain centers, the LC and the 
corticotrope cells in the pituitary pars distalis produce POMC and POMC-derived 
peptides like a-MSH and adrenocorticotropic hormone (ACTH) (Tuinhof et al., 1998).

The aim of this study is to test the hypothesis that POMC peptide-producing neurons 
and endocrine cells have a common embryonic origin and a common function, i.e.
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controlling each other's activities and/or being involved in the process of physiological 
adaptation (Tuinhof et al., 1998). For this purpose, we studied the presence of a-MSH in 
the developing brain, cranial placode derivatives and retina of Xenopus laevis.

First, the distribution of a-MSH in the brain was investigated during a developmental 
period at which the background adaptation system becomes functional. The melanotrope 
cells start to produce and secrete a-MSH at embryonic stage 37/38 and from stage 40 
on, the animal is capable of background adaptation (Verburg-Van Kemenade et al., 
1984). In Xenopus and other amphibians, POMC peptide-producing cells in the 
hypothalamus and the pituitary are thought to originate from the anterior neural ridge 
(ANR), which is the most rostral part of the neural plate. During early development, the 
ANR migrates towards the hypothalamic infundibulum, where it will form the pituitary pars 
intermedia and pars distalis. During migration, cells from the ANR are incorporated into 
the preoptic and infundibular hypothalamus (Eagleson et al., 1986, 1995; Eagleson and 
Harris, 1990; Kawamura and Kikuyama, 1992). These infundibular cells are ACTH- 
immunopositive (Eagleson et al., 1986). In developing Xenopus, POMC mRNA has been 
demonstrated in these brain areas as well as in the hindbrain (Hayes and Loh, 1990). In 
Rana esculenta, a-MSH and other POMC-derived peptides were found in the preoptic 
and infundibular hypothalamus during development (D'Aniello et al., 1994). However, in 
none of these studies the brain nuclei that express POMC-peptides have been specified.

A bbreviations

a-MSH a-melanophore-stimulating hormone
ac anterior commissure
Acc nucleus accumbens
ACTH adrenocorticotropic hormone
ANR anterior neural ridge
Apl amygdala pars lateralis
Apm amygdala pars medialis
AV anteroventral tegmental nucleus
Cb cerebellum
E epiphysis
gl glomerular layer of the olfactory bulb
gV ganglion of the Vth cranial nerve
gVII/VIII fused ganglion of the VIIth and VIIIth crania

nerve
LC locus coeruleus
lmt lateral marginal tract
Mg magnocellular nucleus
ml mitral cell layer of the olfactory bulb
ms medial septum
NPv nucleus of the paraventricular organ
ob olfactory bulb
oc optic chiasm
olf olfactory epithelium
ot optic tract

P posterior thalamic nucleus
pd pituitary pars distalis
pi pituitary pars intermedia
pit developing pituitary pars intermedia +

pars distalis
POa anterior preoptic nucleus
POMC pro-opiomelanocortin
Ra raphe nucleus
RGC retinal ganglion cell
Rhom rhombencephalon
Rm medial reticular nucleus
SC suprachiasmatic nucleus
SMIN suprachiasmatic melanotrope-

inhibiting neuron
Str striatum
Tect tectum
Tegm tegmentum
Tel telencephalon
Thal thalamus
TP posterior tubercle
VH ventral hypothalamic nucleus
VIIm motonucleus of the VIIth cranial nerve
Vm motonucleus of the Vth cranial nerve
VM ventromedial thalamic nucleus
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In the present study, a detailed description will be given of the brain nuclei that contain 
a-MSH in Xenopus during development. The distribution pattern will be compared to 
data from fate mapping studies (Eagleson et al., 1986, 1995; Eagleson and Harris, 
1990; Kawamura and Kikuyama, 1992), to test whether all POMC-producing neurons in 
the brain originate from the ANR and produce POMC derived-peptides at a period 
during development that the animal becomes capable of background adaptation.

Secondly, the putative common origin of POMC peptide-containing cells is 
investigated, studying a-MSH in cranial placode derivatives. In Rana, the olfactory 
epithelium, which is derived from the olfactory placode, contains a-MSH (D'Aniello et al., 
1994). At the neural plate stage in amphibians, the presumptive olfactory placode is 
situated directly rostral of the ANR (Klein and Graziadei, 1983). In Rana, it is part of a 
common placodal thickening that surrounds the anterior neural plate and gives rise to all 
cranial placodes, except the lens placode (Knouff, 1935). Therefore, the question arises 
whether in amphibians not solely the ANR but the whole preplacodal domain gives rise to 
POMC peptide-producing cells. To answer this question, the distribution of a-MSH in 
cranial placode derivatives in developing Xenopus was investigated.

Thirdly, the hypothesis that POMC peptide-producing cells have a common origin 
and function was tested by looking at the Xenopus retina. Although the retina is thought 
to be derived from the midlateral neural ridge (Eagleson and Harris, 1990; Eagleson et 
al., 1995), labelling of the ANR also results in labelling of the optic stalk and the retina 
(Eagleson et al., 1986, 1995). This suggests that at least part of the retinal cell 
population is derived from the ANR, and therefore might contain POMC-derived 
peptides. The retina is involved in the background adaptation process, because 
information on the light intensity of the background reaches the brain via the eyes. The 
dorsal part of the retina is only illuminated in animals on a white background, due to the 
reflection of light from the surroundings, while the ventral part of the retina is illuminated 
in animals on either a white or a black background (Hogben and Slome, 1936; see 
Waring, 1963). In this study, the presence of POMC-producing cells in the retina and the 
possible involvement of these cells in the background adaptation process were 
investigated by examining the distribution of a-MSH-positive cells in the dorsal and 
ventral part of the retina in black- and white-adapted animals.

M aterials a n d  M ethods  

Animals

Larvae of Xenopus laevis were obtained by Pregnyl-induced (Organon, Oss, The Netherlands) 
breeding, and kept in tap water at 20 °C throughout their development. Once they had reached

40



a-MSH in the developing Xenopus nervous system

the feeding stage, they were fed nettle powder. To achieve background adaptation, larvae were 

raised in black or white containers and illuminated from above with a T.L. light source. Larvae 

were staged according to Nieuwkoop and Faber (1967). Experimental procedures were 

performed at 20 °C unless stated otherwise, and carried out under the guidelines of the Dutch 

law concerning animal welfare.

Tissue processing

A total of 1 85 black- and white-adapted larvae were fixed at stages 37/38, 39, 41, 42, 43, 45 

and 47, by immersion in Bouin's fixative for 2 h. For cryosectioning, larvae (n = 10-30 per stage) 

were immersed in 30% sucrose in 0.1 M sodium phosphate buffer (PB; pH 7.4) for 16 h at 4 °C, 

and subsequently frozen in Tissue-Tek (Sakura, Tokyo, Japan). Coronal sections (20 ^m) were 

mounted on poly-L-lysine-coated slides and dried at 37 °C for 16 h. Sections from each larva 

were evenly divided over 2 slides. For paraffin sectioning, larvae (n=12 per stage) were 

dehydrated in a graded ethanol series followed by xylene, and embedded in paraffin. Coronal or 

sagittal sections (7 ^m) were mounted on poly-L-lysine-coated slides, which were dried at 37 °C 

for 16 h. Sections were deparaffinated in xylene and rehydrated in a graded series of ethanol 

before further processing. Additional cryo- and paraffin-sections were stained with 

haemalum/eosin (H/E) using standard procedures.

Immunocytochemistry

Conventional fluorescent immunocytochemistry was done on cryosections. After rinsing in 0.1 M 

Tris-buffered saline (TBS) (pH 7.5) containing 0.3% Triton X-100 (Sigma, St. Louis, MO) (TBST), 

sections were incubated in 20% NGS in TBST for 20 min, to prevent aspecific binding. 

Subsequently, they were incubated in rabbit-anti-a-MSH serum (1:500; van Zoest et al., 1 989) in 

TBST for 16 h, rinsed in TBST, and incubated in rhodamine-Red-X-conjugated donkey-anti-rabbit 

IgG (1:100; Jackson Immunoresearch Laboratories, West Grove, PA) in TBST for 2 h in the dark. 

Finally, sections were rinsed in TBS and coverslipped in Citifluor (Agar Scientific Ltd., Stansedt, 

UK). Specificity of the staining was checked by omitting the first antiserum, and by preadsorption 

of the anti-a-MSH serum with 10-6 M a-MSH (Sigma). No positive staining was observed in these 

controls.

To amplify the immunoreactive signal, paraffin sections were processed for 

immunocytochemistry using Tyramide Signal Amplification (TSA; NEN Life Science Products, 

Boston, MA). Sections were first treated with 1% H2O2 in TBS for 15 min, to quench endogenous 

peroxidases. After rinsing in TBS containing 0.02% Tween-20 (Sigma) (TBSTw), sections were 

incubated in 0.5% TSA Blocking Reagent (NEN Life Science Products) in TBS (TBSB) for 20 min, to 

prevent aspecific binding. Subsequently, they were incubated in rabbit-anti-a-MSH serum (1:500) 

in TBSB for 16 h, rinsed in TBST, and incubated in HRP-conjugated donkey-anti-rabbit IgG 

(1:100, Jackson Immunoresearch Laboratories) in TBSB for 30 min. After rinsing in TBSTw, 

sections were incubated in fluorescein-conjugated Tyramide Solution (1:50; NEN Life Science 

Products) in Amplification Diluent (NEN Life Science Products) for 10 min, rinsed in TBS, and
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coverslipped in FluorSave (Calbiochem, La Jolla, CA). Specificity of the amplification reaction was 

tested by omitting the secondary antiserum. Also, alternate sections were processed for 

conventional fluorescent immunocytochemistry, as described above, to compare staining patterns. 

The TSA signal was found to be specific, and staining patterns did not differ between TSA method 

and the conventional immunofluorescence procedure.

Sections were examined with a Leitz Vario-Ortomat fluorescent microscope (Leica, Solms, 

Germany). Digital images were taken with a Coolsnap CCD camera (Roper Scientific, Tucson, 

AZ) using MetaVue software (Universal Imaging Corporation, Downington, PA), converted to 

negative images, and adjusted for brightness, contrast and intensity.

Quantification of a-MSH-positive retinal ganglion cells

Quantification of retinal ganglion cells was done on cryosections, processed for conventional 

immunocytochemistry. Per larva, both eyes were examined in all sections in which the lens was 

visible. Per eye, four or five sections were analyzed. Each eye was divided into a dorsal and a 

ventral half by drawing an imaginary line through the middle of the lens and the middle of the 

retina. Numbers of a-MSH-positive retinal ganglion cells in the dorsal and in the ventral half of 

the retina were counted in each section. The average number of a-MSH-positive retinal ganglion 

cells per eye per section was calculated. Only cells with a clearly visible nucleus were counted. 

Data, averaged per animal, were tested for homogeneity of variance (Bartlett's test, see Bliss, 

1967) and normality (Shapiro and Wilk, 1965), and then analyzed with a two-way analysis of 

variance (Bliss, 1967) followed by Duncan's multiple range test (see Steel and Torrie, 1960; a = 

5%).

The mean diameters of a-MSH-positive retinal ganglion cells was measured in 3 sections 

medially through the eye (judged by the presence of the optic nerve) of 5 black- and 5 white- 

adapted larvae of stage 45. Data were averaged per animal. In addition, in one H/E-stained 

section medially through the eye of a black-adapted larva of stage 45 the mean diameters of all 

retinal ganglion cells (n = 76) were measured using ImagePro Plus 3.0 software (Media 

Cybernetics, Silver Spring, MD). Data were tested for homogeneity of variance (Bartlett's test, see 

Bliss, 1967) and normality (Shapiro and Wilk, 1965), and then analyzed with the Mann-Whitney 

U test (a = 5%).

Nomenclature

The neuroanatomical nomenclature used for the description of brain areas was based on Neary 

and Northcutt (1983), Nikundiwe and Nieuwenhuys (1983), Gonzà lez et al. (1994) and Tuinhof 

et al. (1994c, 1998).
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Results

First the distribution of a-MSH-immunoreactive cells and fibers in the developing brain of 

Xenopus laevis will be reported. Then, the presence of a-MSH in cranial placode 

derivatives will be dealt with. Finally, the presence and distribution of a-MSH-positive 

cells in the developing retina will be described in relation to background adaptation. 

Larvae studied ranged from the late embryonic stage 37/38 to the premetamorphic 

stages 47. In larvae at stage 42, only the retina was investigated.

b

c

Fig. 1. Diagrams of coronal sections from rostral 
(a) to caudal (g) through the brain of a Xenopus 
laevis larva at stage 37/38, showing darkly (solid) 
and lightly (open) stained cell bodies and fibers. 
Some neuron groups cannot be designated 
because of the early developmental stage. Scale 
bar = 100 |0.m. For abbreviations see list.
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Brain

At stage 37/38, the most rostral a-MSH-immunoreactive neuronal cell bodies are 

situated in the lateral amygdala. Also the epiphysis is lightly stained (Fig. 1b). In the 

rostral part of the diencephalon, positive neurons are located just above the optic chiasm, 

as well as in a dorsolateral position (Fig. 1c). More caudally in the diencephalon, a 

positively stained group of neurons was observed mediolaterally, projecting to the lateral 

neuropil. Occasionally, positive neurons were seen in the ventral infundibular 

hypothalamus (Fig. 1d,e). In the ventral mesencephalon, a group of strongly 

immunoreactive neurons occurs that projects ventrolaterally to the marginal fiber tract 

(Fig. 1f). Throughout the rhombencephalon, ventral and lateral groups of positive 

neurons were observed (Fig. 1g). Immunoreactive fibers run in the olfactory glomerular 

layer, the medial amygdala, the ventral hypothalamus and the marginal fiber tract in the 

tegmentum and rhombencephalon (Fig. 1a-g). In the pituitary gland, positive cells are 

present in the developing pars intermedia and pars distalis (Fig. 1e).

At stage 39, the distribution of a-MSH-positive immunoreactive cells and fibers is 

similar to that described for stage 37/38. However, an additional feature is the 

occurrence of positive fibers in the optic tract. At stage 41, several additional groups of 

immunoreactive neurons and fibers have appeared. Positive perikarya now occur in the 

dorsal diencephalon and the tectum, and a robust staining of the optic tract is visible 

from the optic chiasm to the pretectum. Moreover, a positively stained dorsal commissure 

was observed at the mesencephalic-metencephalic border. At stage 43, most groups of 

immunoreactive neurons show increased cell numbers, but no additional positive cell 

groups were observed. In the dorsal part of the diencephalon, immunoreactive fibers run 

in the posterior commissure. The lateral forebrain bundle is immunoreactive, as is the 

lateral neuropil ventral to the ascending optic tract.

At stage 45 and 47, no additional positive cell groups or fibers were identified. At 

these stages, immunoreactive cells and fibers are grouped in discrete nuclei and fiber 

tracts (Figs. 2,3). The most rostral positive cell groups occur in the diencephalon, i.e. in 

the suprachiasmatic and ventromedial nucleus. Also the epiphysis contains 

immunoreactive cells. More caudally, neurons in the posterior thalamic nucleus and 

posterior tubercle are a-MSH-positive. In the mesencephalon, immunoreactive neurons 

were found in the developing optic tectum and the anteroventral tegmental nucleus. In 

the rhombencephalon, neurons in the locus coeruleus, the medial reticular nucleus and 

the motonuclei of the Vth and VIIth cranial nerve are immunoreactive. Two main positive 

fiber tracts were identified (Fig. 4): 1) the anterior part of the optic tract, leading from the 

optic chiasm to the thalamus and the pretectum and 2) a longitudinal marginal tract 

running from the thalamus to the spinal cord. In addition, positive fibers were observed in
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Fig. 2. Coronal sections from rostral (A) to caudal (H) through the brain of Xenopus larvae at stage 41 (A), 
43 (B, D, E, F), 45 (H) and 47 (C, G) showing immunoreactive cell bodies (arrows) and fibers. Scale bar = 
50 ^m. For abbreviations see list.
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the glomerular layer of the olfactory bulb, the medial amygdala, the lateral forebrain 

bundle and the ventral hypothalamus. Two commisures reveal immunoreactive fibers: the 

posterior commissure and a dorsal fiber bundle running just rostral to the cerebellum. In 

the pituitary gland, the melanotrope cells in the pars intermedia and the corticotrope cells 

in the pars distalis are positively stained.

No differences in distribution of a-MSH-positive cells and fibers in the brain were 

observed between black- and white-adapted animals in any of the developmental stages 

studied.

Fig. 3. Diagrams of coronal sections from rostral (a) to caudal (m) through the brain of a Xenopus larva at 
stage 45, showing darkly (solid) and lightly (solid) stained cell bodies and fibers (lines and small dots). Scale 
bar = 100 jam. For abbreviations see list.
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Fig. 4. Sagittal to slightly oblique sections (A, B)through the brain of a Xenopus larva at stage 45 showing 
immunoreactive cell bodies and fiber tracts. Note that presence of a-MSH in the optic chiasm (oc) is 
confined to the rostral edge. Arrow indicates positive fibers at the border between the mes- en 
metencephalon. Scale bar = 100 jam. For other abbreviations see list.

Cranial placode derivatives

In all developmental stages studied, a-MSH was found in perikarya in the olfactory 

epithelium (Figs. 3A,5A), the ganglion of the Vth cranial nerve (Fig. 4B,5B) and the fused 

ganglion of the VIIth and VIIIth cranial nerves (Fig. 4B,5C). No positive staining was seen 

in the lens (Fig. 6A). No differences in a-MSH-immunoreactivity were observed between 

black- and white-adapted animals in any of the developmental stages studied.
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Fig. 5. Coronal sections of Xenopus larvae at stages 
43 (A, C) and 45 (B). Immunoreactivity is present in 
the olfactory epithelium (olf, A), the ganglion of the 
Vth cranial nerve (gV, B) and the fused ganglion of 
the VIIth and VIIIth cranial nerve (gVII/VIII, C). Scale 
bar = 50 am. For other abbreviations see list.

Retina

In the retina, a-MSH-immunoreactivity was detected in somata and axons of a 

subpopulation of retinal ganglion cells (RGCs) (Fig. 6). No immunoreactivity was found in 

horizontal, amacrine, bipolar and photoreceptor cells. Positive fibers in the optic tract 

were seen to run from the eye to the pretectum (Figs. 2C-D,4,6A).
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Fig. 6. Coronal sections through eyes of Xenopus larvae at stages 43 (A) and 45 (B) showing 
immunoreactivity in perikarya and axons (arrowheads) of retinal ganglion cells. Arrow indicates the optic 
nerve. Scale bar = 50 am (A), 20 am (B).

Immunoreactivity for a-MSH was observed in a few RGCs at stage 41. The number of 

a-MSH-positive RGCs increased until stage 45, and then decreased at stage 47 (Fig. 7). 

This change in cell number was due to the number of a-MSH-positive RGCs in the dorsal 

part of the retina, since the number of a-MSH-positive RGCs in the ventral part of the 

retina did not differ between developmental stages (Fig. 8). There was a marked 

difference between black- and white-adapted animals in the number of a-MSH-positive 

RGCs in the dorsal part of the retina. At stage 43 and stage 45, this number was 

significantly higher (x1.6 and x1.7 respectively) in black- than in white-adapted animals. 

This difference had disappeared at stage 47. In the ventral part of the retina, no 

difference in the number of a-MSH-positive RGCs was observed between black- and 

white-adapted animals (Fig. 8).
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Fig. 7. Numbers of a-MSH-immunoreactive 
profiles of retinal ganglion cell bodies (RGCs) 
per section per eye in Xenopus larvae at 
stage 41-47. Values are expressed as means 
+ sem. Bars with different superscripts differ 
significantly (P < 0.05).
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Fig. 8. Numbers of a-MSH-immunoreactive profiles of retinal ganglion cell bodies (RGCs) per section per 

eye in the dorsal (A) and ventral (B) half of the retina of black- (black bars) and white- (white bars) adapted 

Xenopus larvae at stage 41-47. Values are expressed as means + sem. Bars of one color with different 

superscripts differ significantly (P < 0.05). Asterisks indicate a significant difference between black- and 

white-adapted animals (P < 0.05).

At stage 45, the mean diameter of a-MSH-positive RGCs is significantly larger (x 1.2) 

than the mean diameter of all RGCs (Fig. 9). No differences in mean diameter were 

observed between a-MSH-positive RGCs in the dorsal and the ventral part of the retina, 

or between black- and white-adapted animals. The mean diameters of a-MSH-positive 

RGCs are normally distributed, indicating that they form a homogeneous population. In 

the population of all RGCs, the distribution of mean diameters is not normal, but skewed 

towards smaller diameters (Fig. 10).

D iscussion

The aim of this study was to test the hypothesis that POMC peptide-producing neurons 

and endocrine cells have a common embryonic origin and a common function, i.e. 

controlling each other's activities and/or being involved in the process of physiological 

adaptation. For this purpose, the presence of the POMC-derived peptide a-MSH in the 

developing brain, cranial placode derivatives and retina of Xenopus laevis was studied at 

a period during development that the animal becomes capable of background 

adaptation.

Brain

The temporal and spatial order of appearance of a-MSH-immunoreactive cells in the 

brain is in line with the course of amphibian brain development in general and with the 

hypothesis of a common origin of POMC-derived peptide-producing neurons in
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A % a-MSH

Fig. 9. Diameters of retinal ganglion cells (RGCs) 
stained for a-MSH with haemalum/eosin (H/E) in 
Xenopus larvae at stage 45. Values are expressed as 
mean + sem. *P < 0.0001.

B %

Fig. 10. Frequency distributions of diameters of 
retinal ganglion cell bodies (RGCs) stained for a- 
MSH (A) and with haemalum/eosin (H/E, B) in 
Xenopus larvae at stage 45. The population of a- 
MSH-immunoreactive RGCs shows a normally 
distributed pattern (Shapiro-Wilk test, P = 0.9), while 
the total population of RGCs is not normally 
distributed (P < 0.005).
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particular. An overview of the appearance of a-MSH in the developing Xenopus brain, 

compared to the distribution in adult Xenopus (Tuinhof et al., 1998), is given in Table 1.

In the telencephalon, only the lateral amygdala stains positive during the 

developmental stages studied. In amphibians, the amygdala is one of the first 

telencephalic structures to differentiate (Clairambault, 1976), which explains why a-MSH- 

immunoreactivity in other telencephalic nuclei appears later in development. In the 

diencephalon, cell differentiation occurs in a gradient from caudoventrolateral to 

rostrodorsomedial (Tay and Straznicky, 1982). O u r study shows that the appearance of 

a-MSH-positive neurons in the diencephalon basically follows the same pattern, 

beginning with caudoventral structures like the PT, VH and VM, followed by the dorsally 

situated P, while immunoreactive cells in the medially situated nucleus of the 

periventricular organ (NPv) and the rostromedially located anterior preoptic nucleus 

(POa) do not occur until after stage 47. The SC and epiphysis, situated rostrally in the 

diencephalon, do not follow this sequence of development, as they already contain 

a-MSH-immunoreactive neurons at stage 37/38. This suggests that these cells originate 

from outside the diencephalon. In this respect, it is noteworthy that Eagleson et al. (1986,
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1995), Eagleson and Harris (1990) and Kawamura and Kikuyama (1992) found that 

cells from the migrating ANR are incorporated into the preoptic area of the hypothalamus 

and into the infundibulum, and subsequently develop into POMC-producing cells. It is 

conceivable that these cells represent the a-MSH-positive cells in the SC and also in the 

VH. Eagleson et al. (1986) also mentioned the occurrence of ANR-derived cells in the 

epiphysis. Moreover, other derivatives of the ANR, the melanotrope and corticotrope cells 

in the pituitary gland, start to produce a-MSH at stage 37/38 (Verburg-van Kemenade et 

al., 1984; this study), when cells in the SC, VH and epiphysis also contain a-MSH. In 

adult Xenopus, the epiphysis does not reveal a-MSH-immunoreactivity, but stains positive 

for another POMC-derived peptide, ß-endorphin (Tuinhof et al., 1998). The epiphysis 

plays an important role in the control of skin melanophore activity in Xenopus larvae, but 

not in adults (Charlton, 1966; Bagnara, 1976). It could be that cellular levels of a-MSH 

become too low to be detected when the role of the epiphysis in regulating skin color 

becomes less important in adult animals. We conclude that the assumed shared ANR- 

origin and the a-MSH-immunoreactivity from stage 37/38 onwards of the SC, VH, 

epiphysis, melanotropes and corticotropes supports the hypothesis that POMC-producing 

neurons and endocrine cells have a common embryonic origin, and may have related 

physiological functions such as involvement in the background adaptation process.

It is not known whether the LC, which is also involved in the regulation of 

background adaptation, shares the common embryonic origin of the SC, VH, epiphysis, 

melanotropes and corticotropes. However, the detection of a-MSH in the LC in Xenopus 

larvae, which is consistent with the observation of POMC mRNA in this nucleus during 

development (Hayes and Loh, 1990), is in line with the idea of a common function for 

POMC-peptide producing neurons and endocrine cells. In adult Xenopus, the LC is 

POMC- and ACTH-positive, but a-MSH-immunoreactivity was not detected in this 

nucleus (Tuinhof et al., 1998). Apparently, processing of POMC is different in the LC of 

larvae and adult animals, possibly reflecting a change in the importance of the LC in the 

regulation of the background adaptation process.

The presence of a-MSH-positive cells was not only detected in brain nuclei that are 

thought to be involved in adaptation processes, but also in the VM, TP, AV, the reticular 

nucleus and the motonuclei of the Vth and VIIth cranial nerve. Immunoreactivity for a-MSH 

in the VM, TP and AV has also been observed in adult Xenopus (Tuinhof et al., 1998), 

whereas presence of a-MSH in the reticular nucleus and cranial nerve motonuclei has not 

been mentioned before in amphibians. In all these nuclei, a-MSH-immunoreactive cells 

are probably not derived from the ANR, but generated from precursor cells within the 

respective nuclei.
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The a-MSH-immunoreactive neurons in the VM, TP, AV and the reticular nucleus all seem 

to contribute to the a-MSH-positive lateral marginal fiber tract, running from the 

thalamus to the spinal cord. This observation is in line with a description of descending 

supraspinal pathways in amphibians as identified by retrograde tracing (Sanchez- 

Camacho et al., 2001). Axons in these pathways terminate mainly on the somata and 

dendrites of the lateral column of motoneurons (Ten Donkelaar, 1982), suggesting a role 

for central a-MSH-neurons in the control of somatomotor activity. The presence of 

a-MSH in motonuclei of the Vth and VIIth cranial nerve may extend this role to the control 

of branchiomotor activity.

37/38 39 41 43 45 47 adult

ml
ms
Str
Acc
Apm
Api
E
VM
P
POa
SC
NPv
TP
VH
Pi
pd
Tect
AV
LC
Rm

Vm
Vllm

ß-endorphin

POMC, ACTH

Table 1. Timetable of appearance of a-MSH-positive cell groups (grey bars) from rostral to caudal in the 
brain of Xenopus laevis during development (this study), compared to the situation in adults (data from 
Tuinhof et al., 1998). In adult animals, the epiphysis (E) and the locus coeruleus (LC) are a-MSH-negative, 
but immunoreactive for POMC (LC) and other POMC-derived peptides (ß-endorphin in E, ACTH in LC). 
For other abbreviations see list.
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Cranial placode derivatives

From stage 37/38 on, a-MSH-immunoreactivity was observed in the olfactory epithelium, 

which is derived from the olfactory placode, and in the ganglia of the Vth, VIIth and VIIIth 

cranial nerve, which are derived from the epibranchial and otic placodes, respectively 

(Schlosser and Northcutt, 2000; for review see Baker and Bronner-Fraser, 2001). In the 

neural plate stage, the presumptive olfactory placode is located just anterior to the ANR, 

which gives rise to the pituitary pars intermedia and pars distalis. The fact that both the 

olfactory and hypophyseal placode give rise to POMC-expressing neuronal tissue offers 

further support for the hypothesis that POMC-expressing cells in the nervous system have 

a common embryonic origin. Such a common origin of the hypothalamic-pituitary system 

and the olfactory system has also been proposed for other amphibians (Kawamura and 

Kikuyama, 1998a,b).

Since derivatives of the otic and epibranchial placodes also express a-MSH, it is 

suggested that these placodes share a common embryonic origin with the olfactory and 

hypophyseal placode, and together form a common placodal domain in early 

embryogenesis. This idea is corroborated by the fact that genetic markers for placodal- 

derived tissue, like members of the Six homeobox gene family and E ya l, are expressed in 

a continuous band surrounding the neural plate in Xenopus (Pandur and Moody, 2000; 

David et al., 2001; Ghanbari et al., 2001).

Retina

RGCs that are positive for a-MSH are found in Xenopus from stage 41 on, the first stage 

studied at which the larvae are capable of background adaptation (Verburg-Van 

Kemenade et al., 1984). Positive fibers in the optic tract are first observed at stage 39. 

The fact that the onset of a-MSH-immunoreactivity corresponds with the onset of the 

background adaptation response raises the possibility that a-MSH-positive RGCs are 

involved in the regulation of this response. This view is corroborated by the differential 

distribution of a-MSH-positive RGCs in black- and white-adapted larvae. In the dorsal 

part of the retina, more a-MSH-positive RGCs were found in black- than in white- 

adapted larvae from stage 41 on, and this difference becomes even more pronounced at 

stages 43 and 45. The number of a-MSH-positive RGCs in the ventral retina does not 

differ between adaptation states. Hogben and Slome (1936, see Waring, 1963) have 

shown that the dorsal part of the Xenopus retina is only illuminated in animals on a white 

background, due to the reflection of light from the surroundings, while the ventral part of 

the retina is illuminated irrespective of the light intensity of the background. Thus, black- 

and white-adapted animals differ in illumination of the dorsal part of the retina. The fact 

that a differential distribution of a-MSH-positive RGCs is found exclusively in the dorsal

54



a-MSH in the developing Xenopus nervous system

part of the retina suggests that only dorsal RGCs are involved in the regulation of 

background adaptation.

A possible role of a-MSH-positive RGCs in the background adaptation process is 

also indicated by their morphological characteristics. At stage 45, the mean diameter of 

a-MSH-positive RGCs is significantly larger than the mean diameter of all RGCs. In 

addition, while the diameters of a-MSH-positive RGCs are normally distributed, 

indicating that they form a homogeneous population, the distribution curve of the 

diameters of all RGCs is skewed towards smaller diameters. This is consistent with 

findings of Straznicky and Straznicky (1988), who distinguished three major classes of 

RGCs in adult Xenopus based on soma size. Over 90% of RGCs is small, while 8% has 

an intermediate soma size and only 1% is large. In Xenopus larvae, three similar groups 

of RGCs were distinguished (Sakaguchi et al., 1984). We assume that the a-MSH- 

positive RGCs, which constitute 2.5% of all RGCs at stage 45, belong to the group of 

large RGCs. This group may be identical to class 4 or class 5 of functionally 

characterized RGCs in the frog retina, which have similar sizes (Maturana et al., 1960). 

Interestingly, the activity of RGCs of classes 1-4 is independent of background 

illumination, while RGCs of class 5 respond to changes in light intensity of the 

background, being most active in total darkness (Maturana et al., 1960). The fact that a- 

MSH-positive RGCs in our study have the morphological characteristics of class 5 RGCs 

is another indication that they are involved in the regulation of background adaptation. 

The responses of these cells in the dorsal and ventral retina will enable the animal to 

distinguish between a black background and total darkness.

At stage 47 the total number of a-MSH-positive RGCs in Xenopus has decreased 

compared to earlier stages, and the difference between black- and white-adapted 

animals in number of a-MSH-positive RGCs in the dorsal part of the retina has 

disappeared. This may indicate that the role of a-MSH-positive RGCs in the regulation of 

background adaptation is only important during the first week larvae are capable of 

background adaptation. The a-MSH-positive RGC might be involved in the development 

of the background adaptation system, and/or in the functioning of this system.

It is possible that a-MSH-positive RGCs have the same embryonic origin as the a- 

MSH producing melanotropes in the pars intermedia. Although fate-mapping studies 

have shown that the ventral retina is derived from the midlateral neural ridge, while the 

dorsal retina has a more posterior and lateral origin (Eagleson and Harris, 1990; 

Eagleson et al., 1995), labelling the ANR also results in labelling of the optic stalk and 

the retina (Eagleson et al., 1986, 1995). This suggests that at least part of the retinal cell 

population is derived from the ANR. It is conceivable that during migration of the ANR, 

some cells are incorporated into the budding eye vesicles, and eventually become RGCs. 

Interestingly, some members of the Six family of homeobox genes are expressed in cranial 

placodes and their derivatives as well as in a subpopulation of RGCs (Ghanbari et al.,
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2001). One of these genes, Six6.2, is specifically expressed in the anterior pituitary 

primordium and in a subpopulation of RGCs. This is in support of the hypothesis that 

POMC-expressing cells in the pituitary and the retina are derived from a single 

population of cells, the ANR. Furthermore, the strong likelihood that both cell types are 

involved in the regulation of the background adaptation process indicates that they not 

only have a common embryonic origin but also a common function.

How do the a-MSH-positive RGCs regulate the background adaptation process? In 

our study, a-MSH-immunoreactive fibers were observed in the anterior part of the optic 

tract, leading to the thalamus and the pretectum. No positive fibers were seen in the 

tectum, making the existence of a direct retinotectal a-MSH-containing pathway highly 

unlikely. Although we did not investigate the termination fields of the a-MSH- 

immunoreactive optic fibers, it is possible that one of the retinorecipient areas receiving 

a-MSH-innervation is the SC. The existence of a retinosuprachiasmatic pathway was 

demonstrated in adult Xenopus by Tuinhof et al. (1994a), who showed varicosities of 

optic fibers in close contact with neurons in the SC that project directly to the pituitary 

pars intermedia. These neurons were later identified as suprachiasmatic melanotrope- 

inhibiting neurons (SMINs; Ubink et al., 1998). Interestingly, a-MSH-immunoreactivity in 

the optic chiasm is confined to the rostral edge, which is consistent with innervation of 

preoptic centers, including the SC (Vullings and Kers, 1973; Levine, 1980; Montgomery 

and Fite, 1989; Wye-Dvorak et al., 1992).

Conclusions

Based on our observations on the distribution of a-MSH in the brain, retina and placode 

derivatives of Xenopus laevis during development, we conclude that the ANR and the 

adjacent placodal domain have a common fate to develop into POMC-expressing cells. 

The ANR does not only give rise to POMC-expressing cells in the pituitary and the 

hypothalamus, but possibly also to a-MSH-positive RGCs. A subpopulation of these 

RGCs seems to be involved in the regulation of the pituitary melanotropes. Thus, 

derivatives of the ANR are important components of the eye-brain-pituitary axis that is 

responsible for the physiological processes of background adaptation. Taken together, 

our data support the hypothesis that POMC-peptide containing cells have a common 

embryonic origin and are involved in adaptation processes.
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Chapter 4

The process of background adaptation in the toad Xenopus laevis is controlled by 

neurons in the suprachiasmatic nucleus (SC) that inhibit the release of a-melanophore- 

stimulating hormone from the neuroendocrine melanotrope cells in the pituitary gland. 

We have identified the structural and functional organization of different neuropeptide Y 

(NPY)-containing cell groups in the Xenopus SC in relation to background adaptation. 

A ventrolateral, a dorsomedial and a caudal group were distinguished, differing in 

location and in number, size and shape of their cells. They also show different degrees of 

NPY-immunoreactivity in response to different background adaptation conditions. In situ 

hybridization using a Xenopus mRNA probe for the exocytosis protein DOC2 revealed 

that melanotrope cells of black-adapted animals have a much higher expression of 

DOC2 mRNA than white-adapted ones. This establishes that the degree of DOC2 mRNA 

expression is a good parameter to measure cellular secretory activity in Xenopus. We 

show that in the ventrolateral SC group, more NPY-positive neurons express DOC2 

mRNA in white- than in black-adapted animals. In contrast, NPY-positive neurons in the 

dorsomedial group have a high secretory activity under the black-adaptation condition. 

We propose that in black-adapted animals, NPY-positive neurons in the ventrolateral 

group, known to synaptically inhibit the melanotrope cells in white-adapted animals, are 

inhibited by NPY-containing interneurons in the dorsomedial group. NPY-positive 

neurons in the caudal group have similar secretory dynamics as the dorsomedial NPY- 

neurons, indicating that they also play a role in background adaptation, distinct from that 

exerted by the ventrolateral and dorsomedial group.

Introduction

The South-African aquatic toad Xenopus laevis adapts its skin color to the light intensity of 

the environment, a process called background adaptation, by regulating the release of a- 

melanophore-stimulating hormone (a-MSH) from the neuroendocrine melanotrope cells 

in the pituitary pars intermedia. a-MSH causes pigment dispersion in skin melanophores, 

resulting in skin darkening (e.g. Jenks et al., 1993c; Roubos, 1997). The melanotrope 

cells are controlled by various brain centers that act either stimulatory (magnocellular 

nucleus, locus coeruleus, raphe nucleus) or inhibitory (suprachiasmatic nucleus, SC) (for 

review, see Roubos, 1997).

The present paper focusses on the structural and functional aspects of the SC in the 

background adaptation process. Up to now, it has been assumed that neuropeptide Y 

(NPY)-containing neurons in the ventrolateral part of the SC are the main components in 

the inhibitory control mechanism of melanotrope cell activity. These suprachiasmatic 

melanotrope-inhibiting neurons (SMIN; Ubink et al., 1998) produce the neurotransmitters 

NPY, dopamine (DA) and y-aminobutyric acid (GABA), which inhibit a-MSH release in
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vitro (Verburg-Van Kemenade et al., 198óa,c, 1987b) and coexist within synaptic 

contacts on the melanotropes (De Rijk et al., 1990a, 1992; Van Strien et al., 1991; 

Berghs and Roubos, 199ó). The rate of biosynthesis of NPY is related to the background 

light condition, being maximal in animals adapted to a white background (Tuinhof et al., 

1993). Recently, however, NPY-containing neurons have also been observed in the 

dorsomedial part of the SC (Ubink et al., 1998), raising the possibility that the inhibitory 

control mechanism of melanotrope cell activity is more complicated than previously 

thought.

The aim of the present study is to test this hypothesis, by (a) characterizing the 

location, morphology and organization of all NPY-containing neurons in the SC and (b) 

studying the relation between the secretory activity of these neurons and the background 

light condition. For this purpose two parameters have been used: 1. the intensity of 

immunostaining of NPY, to assess the amount of synthesized NPY and 2. the presence of 

an in situ hybridization signal using a probe for Xenopus DOC2, a protein that is part of 

the exocytotic secretory machinery (for review see Südhof, 1995) and is assumed to be a 

parameter for neuronal secretory activity in Xenopus (Berghs et al., 1999). The DOC2 

mRNA expression in the melanotrope cells and in NPY-containing neurons of the 

ventromedial thalamic nucleus (VM) (which is not involved in the background adaptation 

process) were taken as controls. We show that the SC of Xenopus contains three NPY- 

positive cell groups that each play a distinct role in the control of background adaptation.

Fig. 1. Location of NPY-positive neuron groups rostrally (A) and caudally (B) in the suprachiasmatic nucleus 
(SC) in a schematic representation of transverse sections through the Xenopus laevis diencephalon. 
C = caudal group, DM = dorsomedial group, E = epiphysis, IR = infundibular recess, OC = optic 
chiasm, Tel = telencephalon, VH = ventral hypothalamic nucleus, VL = ventrolateral group, VM = 
ventromedial thalamic nucleus, III = third ventricle.
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Materials and M ethods

Animals

Adult (aged eight months) specimens of Xenopus laevis, weighing 28-32 g, were reared in our 

laboratory under standard conditions. They were kept in filtered tap water of 22 °C under 

constant illumination and fed beef heart and trout pellets (Trouvit, Trouw, Putten, The 

Netherlands). Full background adaptation was achieved by keeping animals on a white, grey or 

black background for 3 weeks. Experimental procedures were performed at room temperature, 

unless stated otherwise. All experiments were carried out under the guidelines of the Dutch laws 

concerning animal welfare.

Tissue preparation

White (n = ó), grey (n=4) and black (n = ó) -adapted animals were anaesthetized by immersion in 

an ice-cold solution of 0.1% tricaine methane sulfonate (MS222, Sigma, St. Louis, MO) and 

transcardially perfused with ice-cold 0.ó% NaCl solution for 5 min, followed by ice-cold Bouin's 

fixative for 15 min. After dissection, brains including the pituitary gland were postfixed in Bouin's 

fixative for 2 h and cryoprotected by in 30% sucrose in 0.1 M sodium phosphate buffer (PB) 

(pH 7.4) at 4 °C for 1ó h. Brains were then frozen in Tissue-Tek (Sakura, Tokyo, Japan) and 

20 ^m thick coronal cryostat sections were made. Every third section was mounted on poly-L- 

lysine-coated slides. Slides were dried at 37 °C for 1ó h before further processing for in situ 

hybridization.

In situ hybridization

After three washes of 10 min in PBS and one wash of 1 0 min in 2x SSC (1x SSC: 0.15 M NaCl 

and 0.015 M sodium citrate), sections were prehybridized at 55 °C for 2 h in hybridization buffer 

(10% sodium dextran sulfate, 50% formamide, 4x SSC, 1x Denhardt's and 200 ag/ml yeast tRNA, 

pH 7.5). Hybridization took place at 55 °C for 1ó h in hybridization buffer with 40 ng/ml 

antisense digoxigenin (DIG)-labelled DOC2 mRNA probe generated from a Xenopus DOC2 

clone containing nucleotides 37 to 24ó of the coding sequence (acc. number AF018ó35) (Berghs 

et al., 1999). After stringency washes in 50% formamide / 2x SSC at ó5 °C for 30 min and 2x 

SSC, 0.5x SSC and 0.1x SSC for 30 min, sections were rinsed for 10 min in 0.1 M Tris-buffered 

saline (TBS) (pH 7.5), blocked in 1% bovine serum albumin (ICM Biomedicals, Costa Mesa, CA) 

and 2% normal goat serum (NGS) in TBS for 30 min, and incubated in alkaline phosphatase 

(AP)-conjugated sheep-anti-DIG Fab fragments (1:500, Boehringer Mannheim, Germany) in TBS 

at 4 °C for 1 ó h. After 3 washes of 1 0 min in TBS and one wash of 5 min in AP-buffer (100 mM 

Tris, 100 mM NaCl, pH 9.5), sections were incubated in 350 ag/ml 4-nitro blue tetrazolium 

chloride and 175 ag/ml 5-bromo-4-chloro-3-indolyl-phosphate (Boehringer Mannheim, 

Germany) in AP-buffer until color development was sufficient. Specificity was checked by 

hybridization with a sense DOC2 mRNA probe generated from the same Xenopus DOC2 clone
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as the antisense probe (Berghs et al., 1999). Sections were further processed for 

immunocytochemistry.

Immunocytochemistry

After rinsing in TBS containing 0.3% Triton X-100 (Sigma) (TBST), sections were incubated in 20% 

NGS in TBST for 20 min to prevent aspecific binding. Subsequently, they were incubated in 

rabbit-anti-NPY serum (1:1000, Incstar, Stillwater, MO) in TBST for 1ó h, rinsed in TBST and 

incubated in lissamine rhodamine B sulfonyl chloride (LRSC) -conjugated donkey-anti-rabbit IgG 

(1:100, Jackson Immunoresearch Laboratories, West Grove, PA) in TBST for 2 h in the dark. 

Finally, sections were rinsed in TBS and coverslipped in Citifluor (Agar Scientific Ltd., Stansedt, 

UK).

Quantification

Sections were examined with a Leica DM-RB/E microscope (Leica, Solms, Germany). In all 

sections containing the SC (average 13 per animal), the number of NPY-positive cell profiles was 

counted, and the largest diameter of each profile was measured with an eyepiece micrometer. 

Only neurons with a clearly visible nucleus were included. For each profile, the NPY- 

immunostaining intensity was assessed by direct microscopic examination as 'low', 'moderate' or 

'high', expressed as 1, 2 or 3, respectively. By combining light and fluorescence microscopy, for 

each profile the presence of a positive DOC2 hybridization signal was determined. In all of these 

sections containing the VM (average 8 per animal), NPY-positive cell profiles in the VM were 

counted, and checked for DOC2 mRNA hybridization. The intensity of the DOC2 mRNA 

hybridization signal in the pituitary gland was quantified using a VIDAS image analysis system 

(Kontron, München, Germany) with ImagePro Plus 3.0 software (Media Cybernetics, Silver Spring, 

MD) and expressed as optical density. The optical density of the pars intermedia was measured in 

five circular areas in each of three sections per animal. The same was done for the pars distalis. 

Data, averaged per animal, were tested for homogeneity of variance (Bartlett's test, see Bliss, 

1 9ó7) and normality (Shapiro and Wilk, 1 9ó5), and then analyzed with a one-way ANOVA (Bliss, 

19ó7) followed by a post-hoc comparison of means using Duncan's multiple range test (Steel 

and Torrie, 19ó0) (a = 5%). Neuroanatomical nomenclature was adopted from Neary and 

Northcutt (1983). Throughout the study, a random selection protocol was followed and sections 

were examined blind as to adaptation condition.

Results

First the location, morphology and organization of the NPY-positive neurons in the SC 

are described, based on observations on animals adapted to a white background. Then, 

the secretory activities of the cells in relation to the background adaptation process are 

dealt with.
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Location, morphology and organization of NPY-positive cells in the SC

NPY-immunofluorescent cells and fibers were found throughout the SC. On the basis of 

the structure of the SC and the location of the immunoreactive perikarya, three bilaterally 

paired groups of NPY-positive neurons are distinguished: a ventrolateral, a dorsomedial 

and a caudal group. In a rostral, transversal plane, the SC has a butterfly-like shape and 

shows the ventrolateral and dorsomedial groups (Fig. 1A), while in a caudal, transversal 

plane, it has a more rounded appearance and reveals the caudal group (Fig. 1B).

The ventrolateral group occupies the most ventral part of the SC. Its rostral border is 

situated about 50 am caudal from the rostral boundary of the SC. The group extends 

over about 375 am to the rostral border of the infundibular recess. The mean diameter of 

the neuronal cell body profiles is 13.4 am (Fig. 2). The cells have a round to oval shape 

and a rather thick axon hillock, and seem to be contacted by NPY-positive varicosities 

(Fig. 3A,C).

The dorsomedial group is located dorsally in the SC, close to the third ventricle. It is 

larger in length (ca. 425 am) than the ventrolateral group and extends from the rostral 

border of the SC to the rostral border of the infundibular recess. Cell body profiles in this 

group have a mean diameter of 12.5 am  which is significantly smaller than those in the 

ventrolateral group (Fig. 2). The cells have an oval appearance, with axons running in a 

ventrolateral direction (Fig. 3A).

The caudal group forms the caudal part of the SC and has a length of ca. 375 am- 

Dorsally and caudally, it lies adjacent to the third ventricle. Rostrally, it borders the 

dorsomedial group. The cell profiles have a mean diameter of 13.6 a m, which is 

significantly larger than in the dorsomedial group (Fig. 2). They are located close to the 

third ventricle, have a round appearance and a thick axon hillock (Fig. 3B).

VL DM C

Fig. 2. Diameters of cell body profiles in the 
ventrolateral (VL), dorsomedial (DM) and caudal (C) 
group of the SC. Values are expressed as mean + 
sem. Bars with a different superscript differ significantly 
(P < 0.05).
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Fig. 3. NPY-immunoreactive neurons in (A) the ventrolateral (VL) and dorsomedial (DM) and (B) the caudal 
group of the SC. Arrows indicate axons projecting from cells in the dorsomedial group towards the 
ventrolateral group. Scale bar = 15 am. (C) Detail of cell in the ventrolateral group. Asterisks indicate 
NPY-positive varicosities in close contact with the cell. III = third ventricle. Scale bar = ó.5 am.

Secretory activities in relation to background adaptation

The secretory activity of the three NPY-positive cell groups in the SC was studied by in situ 

hybridization for the exocytosis protein DOC2. The suitability of this method was tested in 

the pituitary pars intermedia. The ventromedial thalamic nucleus, which is not involved in 

the background adaptation process, was used to investigate whether the background- 

dependent cellular reactions are specific for the SC. In general, animals from the three 

background adaptation conditions (white, grey and black) showed clear hybridization 

signals in both the brain and the pituitary gland with the anti-sense mRNA probe (see SC 

in Fig. 4 as an example). With the sense mRNA probe, no positive signals were detected.

Pituitary gland

In the pars intermedia of white-adapted animals a strongly stained, extensive NPY- 

immunoreactive fiber network with numerous varicosities was observed (Fig. 5A), while in 

black-adapted animals the network is only lightly stained (Fig. 5B). In the pars nervosa,
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F¡g. 4. In situ hybridization for DOC2 mRNA in (A) the ventrolateral (VL) and dorsomedial (DM) and (B) 
the caudal (C) group of the SC. No signal is present when the sense mRNA probe is used (C). OC = optic 
chiasm, III = third ventricle. Scale bar = 100 am.

the fiber network was less extensive than in the pars intermedia, with no difference in 

immunoreactivity between black- and white-adapted animals. No immunoreactivity was 

found in the pars distalis (Fig. 5A,B). As to the DOC2 mRNA hybridization signal, 

melanotrope cells in the pars intermedia showed a positive reaction, as did some 

endocrine cells in the pars distalis. No signal was seen in the pars nervosa (Fig. 5C,D). 

The optical density of the hybridization signal in the pars intermedia was twice as high in 

black-adapted animals compared to white-adapted ones (Figs. 5,ó). Grey-adapted 

animals showed intermediate values. In the pars distalis, no difference in optical density 

was present between white-, grey- and black-adapted animals (Fig. 5C,D)

NPY-positive cell groups in the SC

DOC2 mRNA hybridization was found in neurons throughout the SC (Fig. 4). Partial 

coexistence of the hybridization signal with NPY immunoreactivity was observed in all 

three cell groups (Fig. 8).

In the ventrolateral group, the number of NPY-positive cell profiles per section was 

x14 higher in white- than in black-adapted animals, while in grey-adapted animals this 

number was intermediate (Fig. 7A). Based on these data and the size of the ventrolateral 

group, we estimate that the total numbers of NPY-positive cells in this cell group are 100, 

20 and 7 for white-, grey- and black-adapted animals, respectively. The NPY-staining
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F¡g. 5. Immunofluorescence of NPY (A, B) and in situ hybridization for DOC2 mRNA (C, D) in the pituitary 
of white- (A, C) and black- (B, D) adapted Xenopus laevis. PD = pars distalis, PI = pars intermedia, PN = 
pars nervosa. Scale bar = 75 am-

intensity of the cells was x1.5 higher in white- than in black-adapted animals, while grey- 

adapted animals showed an intermediate value (Fig. 7B). Moreover, white-adapted 

animals revealed a much higher number of NPY-positive cells with DOC2 mRNA staining 

than black- and grey-adapted animals (Fig. 7C), 52 % of NPY-cells in white-adapted 

animals being DOC2 mRNA-positive compared to only ó % in black-adapted ones.

In the dorsomedial group, the estimated total number of NPY-positive neurons is 

about 130. No effect of adaptation was observed on the number of these neurons per
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F¡g. 6. Optical density (O.D.) of DOC2 mRNA 
hybridization signal in the pars intermedia of white- (W), 
grey- (G) and black- (B) adapted animals. Values are 
expressed in arbitrary units (a.u.) as mean ± sem. Bars 
with a different superscript differ significantly (P < 0.05).
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section or on their NPY-staining intensity (Fig. 7A,B). However, substantially more NPY- 

positive cells were DOC2 mRNA-positive in black- (53 %) than in white- (33 %) adapted 

animals (Fig. 7C).

In the caudal group, the numbers of NPY-positive cells per section did not differ 

among adaptation states (Fig. 7A). The estimated total number of NPY-positive neurons 

in this area is about 50. There was no difference in staining intensity of these neurons 

between black- and white-adapted animals, and although the staining intensity was 

slightly higher (x 1.1) in grey- than in black-adapted animals, it was not significantly 

different between grey- and white-adapted animals (Fig. 7B). NPY-positive neurons 

positive for DOC2 mRNA were more numerous in black- and grey-adapted animals than 

in white-adapted animals (x2.2 and x1.7 respectively) (Fig. 7C).

F¡g. 7 Number of NPY-immunoreactive cell profiles per section (A), staining intensity of NPY- 
immunoreactive cell profiles (B) and number of NPY-immunoreactive profiles positive for DOC2 mRNA per 
section (C), in the ventrolateral (VL), dorsomedial (DM) and caudal (C) cell groups of the SC, in white- (W), 
grey- (G) and black- (B) adapted animals. Values are expressed as means + sem. Bars with a different 
superscript differ significantly (P < 0.05).
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F¡g. 8. Immunofluorescence of NPY (A, C, E) and in situ hybridization for DOC2 mRNA (B, D, F) in the 
dorsomedial (A, B), ventrolateral (C, D) and caudal (E, F) cell groups of the SC. Asterisks indicate 
coexistence of DOC2 mRNA and NPY peptide in the same neuron. Arrows indicate neurons positive for 
NPY but negative for DOC2 mRNA. Note many neurons that are positive for DOC2 mRNA but negative for 

NPY. Scale bar = 13 am-
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Ventromedial thalamic nucleus

The VM is located dorsally from the SC (Fig. 1) and contains many NPY-positive neurons, 

which have an oval shape and laterally projecting axons. DOC2 mRNA hybridization was 

found in neurons throughout the nucleus. No effect of adaptation appeared on the 

number of NPY-positive cells or on the number of these neurons reacting with the DOC2 

mRNA probe (Fig. 9).

F¡g. 9. Number of NPY-immunoreactive cell 
profiles (A) and number of NPY-immunoreactive 
cell profiles positive for DOC2 mRNA (B), per 
section, in the ventromedial thalamic nucleus of 
white- (W) and black- (B) adapted animals. 
Values are expressed as means + sem. Groups 
do not differ statistically.

D iscussion

The structural and functional characteristics of all NPY-containing neurons in the SC of 

Xenopus laevis in relation to background adaptation have been characterized.

Three NPY-positive SC groups

We distinguish three NPY-containing cell groups in the SC. They differ from each other in 

location and in the shape, number, and mean diameter of their cells. The first, 

ventrolateral group is formed by the SMIN (Ubink et al., 1998) and appears to consist of 

about 100 cells. The second, dorsomedial group was first noticed by Ubink et al. (1998), 

and is characterized here in detail. The group is distinct from the ventrolateral group as it 

is larger and its neurons are smaller. The third, caudal group has not been described 

before. It differs from the dorsomedial group as its neurons are less numerous, more 

round-shaped and considerably larger. Moreover, there are fewer cells in this group than 

in the ventrolateral group.

In other anuran amphibians (Rana ridibunda, Rana esculenta, Rana catesbeiana) 

NPY is reported to occur in a dorsolateral and a ventral population of SC neurons 

(Cailliez et al., 1987a,b; Lázár et al., 1993; Danger et al., 1995). Coexistence of NPY
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and TH is confined to neurons in the dorsolateral population (Battaglia et al., 1995), 

which project to the pars intermedia (Jansen et al., 1997). This is contrary to the situation 

in Xenopus, where NPY and TH coexist in the ventrolateral group (the SMIN), while the 

dorsomedial group does not contain TH (Ubink et al., 1998). A third, caudal group of 

NPY-containing cells, as shown in our study for Xenopus, has not been reported for Rana 

species.

DOC2 is a marker for secretory activity

In this study the expression of Xenopus DOC2 mRNA has been used as a marker for 

secretory activity. It is well-known that Xenopus melanotrope cells more actively secrete 

a-MSH in animals adapted to a black background than in white-adapted ones (e.g. 

Weatherhead and Whur, 1972; De Rijk et al., 1990b). We observed a much higher 

expression of DOC2 mRNA in melanotropes of black-adapted animals than of white- 

adapted ones. This indicates that the degree of DOC2 mRNA expression is a good 

parameter to measure secretory activity in Xenopus neuroendocrine cells. The exocytosis 

machinery of neuroendocrine cells releasing peptide hormones is very similar or even 

identical in molecular composition and functioning as that responsible for the release of 

neuropeptides and classical neurotransmitters from neurons, as shown for Xenopus (e.g. 

Berghs et al., 1998, Kolk et al., 2000). This supports the suitability of DOC2 mRNA as 

a marker for secretory activity of SC neurons.

SC activity and background adaptation

Previously, it was shown that adaptation to a white background stimulates the expression 

of preproNPY mRNA in NPY-positive cells in the ventrolateral SC area (Tuinhof et al., 

1993), the SMIN. Here we demonstrate that these cells are more numerous, contain 

more NPY and more often reveal DOC2 mRNA hybridization in white- than in black- 

adapted animals. Therefore, it can be concluded that background adaptation has 

a profound effect on the SMIN, controlling both biosynthesis and exocytosis of their 

secretory product. Whether this control concerns only NPY or also DA and GABA remains 

to be elucidated.

Since in both the dorsomedial and the caudal group more neurons showed positive 

DOC2 mRNA staining in black- than in white-adapted animals, the secretory activity of 

these neurons apparently correlates with the degree of darkness of the background. The 

fact that for all parameters studied grey-adapted animals have values intermediate 

between those of white- and black-adapted ones indicates that the differences observed 

reflect a dynamic, physiological process.
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In the VM, no difference exists between black- and white-adapted animals in the number 

of NPY-containing neurons positive for DOC2 mRNA. The absence of a reaction in 

secretory activity of the VM highlights the specific role of the NPY-containing neuron 

groups in the SC in the control of background adaptation.

An SC model for melanotrope cell regulation

On the basis of the present results we propose the following model for the role of the SC 

in melanotrope cell regulation (Fig. 10). The neurons in the ventrolateral group, the 

SMIN, are particularly active in white-adapted animals, where they synaptically inhibit the 

melanotropes. The presence of NPY-containing varicosities in close proximity to these 

cells suggests that they receive input from NPY-containing cells. The possibility exists that 

this input comes from recurrent SMIN collaterals. Most likely, however, it comes from the 

cells of the dorsomedial group that project ventrolaterally towards the SMIN. The 

dorsomedial cells are active in black-adapted animals. Assuming that their NPY has an 

inhibitory postsynaptic action, we propose that they act as interneurons that inhibit the 

SMIN under black-adaptation. As a result, the melanotropes are disinhibited and will 

secrete a-MSH, causing the animal to turn black. In white-adapted animals, the reverse 

situation exists, the dorsomedial NPY-neurons being inactive and disinhibiting the SMIN, 

which will therefore inhibit a-MSH secretion from the melanotropes.

Fig. 10. Schematic representation of the hypothesized role of the three NPY-immunoreactive neuronal cell 

groups in the SC of Xenopus laevis, representing a sagittal section through the brain. All neuronal 

projections shown are inhibitory. For the caudal group, multiple functional roles are hypothesized (see text), 

of which only one is depicted in this figure. a-MSH = a-melanophore-sttimulating hormone, C = caudal 

group, DM = dorsomedial group, PI = pars intermedia, VL = ventrolateral group.
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In this study, a third, caudal, group of NPY-positive cells has been identified in the SC. 

These cells represent a distinct cell type as they morphologically differ from the cells in the 

dorsomedial group and reveal an activity pattern in response to changing background 

light conditions that is opposite to the ventrolateral cells. Their background-dependent 

dynamics indicates that they are involved in the control of the melanotrope cells. 

Following retrograde tracing from the pars intermedia, Tuinhof et al. (1994a) found 

labelled cells not only in the ventrolateral area (the SMIN) but also in the caudal area. 

Therefore, it may well be that the caudal cells, like the SMIN, project to the pars 

intermedia and control the melanotrope cells in a synaptic way. Alternatively, there could 

be another, NPY-negative, cell group in the caudal area that projects to the pars 

intermedia and is in turn regulated by the NPY-positive cells of the caudal group.
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Chapter 5

In the amphibian Xenopus laevis, suprachiasmatic melanotrope-inhibiting neurons 

(SMINs) play an important role in the regulation of the background adaptation process.

In this study, we investigated the innervation of the SMINs at the light- and electron- 

microscopical level. Immunocytochemistry in combination with confocal laser scanning 

microscopy revealed coexistence of neuropeptide Y (NPY) and synaptobrevin in spots in 

the direct vicinity of the SMINs, suggesting the existence of NPY-containing synapses on 

these cells. At the ultrastructural level, the SMINs showed a high degree of plasticity, 

containing more electron-dense vesicles and a larger extent of RER in white- than in 

black-adapted animals. In black-adapted animals, symmetric synapses (Gray type II) 

were observed on the soma of the SMINs, suggesting an inhibitory input to these cells. 

The synaptic profiles contained electron-lucent and electron-dense vesicles, indicating the 

involvement of both a classical neurotransmitter and a neuropeptide (possibly NPY) in this 

input. In white-adapted animals, synapses were only found at some distance from the 

SMIN somata. O u r findings indicate a striking plasticity of the innervation of the SMINs in 

relation to background adaptation and support the hypothesis that the SMINs are 

innervated by NPY-containing interneurons that inhibit SMIN activity in black-adapted 

animals.

Introduction

The amphibian Xenopus laevis can adapt its skin color to the light intensity of the 

environment, a process called background adaptation. In this process, optic input is 

transferred to the brain and subsequently relayed to the endocrine melanotrope cells in 

the pituitary pars intermedia. This input regulates the release of a-melanophore- 

stimulating hormone (a-MSH) from the melanotrope cells, which causes pigment 

dispersion in skin melanophores resulting in skin darkening. The hypothalamic 

suprachiasmatic nucleus (SC) is the source of inhibitory input to the melanotrope cells. 

The inhibition of a-MSH secretion leads to pigment aggregation in the melanophores, 

giving the animal a white appearance (for reviews see Jenks et al., 1993c; Roubos, 

1997; Kramer et al., 2001b).

Suprachiasmatic melanotrope-inhibiting neurons (SMINs) in the ventrolateral part of 

the SC are responsible for this inhibition. They innervate the pituitary pars intermedia and 

produce the neurotransmitters neuropeptide Y (NPY), dopamine (DA) and y-aminobutyric 

acid (GABA) (Tuinhof et al., 1994a,b; Ubink et al., 1998). These neurotransmitters 

coexist within synaptic contacts on the melanotropes (De Rijk et al., 1990a, 1992; Van 

Strien et al., 1991; Berghs and Roubos, 1996) and inhibit a-MSH release in vitro 

(Verburg-Van Kemenade et al., 1986a,c, 1987b). In the SMINs the biosynthesis of NPY 

(Tuinhof et al., 1993) as well as the secretory activity, as measured by the expression of
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the exocytosis-related protein DOC2 (Kramer et al., 2001a), depends on the background 

light condition, being maximal in animals adapted to a white background.

The present study is concerned with the input mechanism that controls SMIN activity. 

There is some evidence that the SMINs are regulated by NPY-containing interneurons. 

NPY-positive varicosities have been found in close vicinity of the SMINs and NPY-positive 

neurons in the dorsomedial part of the SC project ventrolaterally towards these cells 

(Ubink et al., 1998; Kramer et al., 2001a). In addition, the secretory activity of the 

dorsomedial cells is opposite to that of the SMINs, being highest in black-adapted 

animals (Kramer et al., 2001a). This suggests a role of the dorsomedial cells as 

interneurons that inhibit the activity of the SMINs in black-adapted animals.

In this study we further characterized the innervation of the SMINs. For this purpose, 

we used immunocytochemistry, confocal laser scanning microscopy and electron 

microscopy to investigate the presence and nature of synapses on the SMINs, and the 

plasticity of these synapses in relation to changes in the background light condition.

Materials and  M ethods 

Animals

Adult (aged eight months) specimens of the aquatic toad Xenopus laevis, weighing 28-32 g, were 

reared in our laboratory under standard conditions. They were kept in filtered tap water of 22 °C 

under constant illumination and fed beef heart and trout pellets (Trouvit, Trouw, Putten, The 

Netherlands). Full background adaptation was achieved by keeping the animals on a white or 

black background for 3 weeks. Experimental procedures were performed at room temperature, 

unless stated otherwise. All experiments were carried out under the guidelines of the Dutch law 

concerning animal welfare.

Immunocytochemistry

White-adapted animals (n=4) were anaesthetized by immersion in 0.1% tricaine methane 

sulfonate (MS222, Sigma, St. Louis, MO) and transcardially perfused with an ice-cold 0.6% NaCl 

solution for 5 min, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB) 

(pH 7.4) for 15 min. After dissection, brains were postfixed in the same fixative for 2 h, 

cryoprotected in 30% sucrose in PB at 4 °C for 16 h, and subsequently frozen in Tissue-Tek 

(Sakura, Tokyo, Japan). Coronal cryostat sections (20 ^m) were mounted on poly-L-lysine-coated 

slides, which were dried at 37 °C for 16 h before further processing. After rinsing in 0.1 M Tris- 

buffered saline (TBS) (pH 7.5) containing 0.3% Triton X-100 (Sigma) (TBST), sections were 

incubated in 20% NGS in TBST for 20 min to prevent aspecific binding. Subsequently, they were 

incubated in a cocktail of rabbit-anti-NPY IgG (1:1000, Incstar, Stillwater, MO) and mouse-anti- 

synaptobrevin IgM (1: 100, Alomone Labs, Jerusalem, Israel) in TBST for 1 6 h, rinsed in TBST and
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incubated in rhodamine-Red-X-conjugated donkey-anti-rabbit IgG (1:100, Jackson 

Immunoresearch Laboratories, West Grove, PA) in TBST for 2 h in the dark. After rinsing in TBST, 

sections were incubated in fluorescein-conjugated donkey-anti-mouse IgG + IgM (1:50, Jackson 

Immunoresearch Laboratories). Finally, they were rinsed in TBS and coverslipped in Citifluor (Agar 

Scientific Ltd., Stansted, UK). Specificity of the staining was checked by omitting first antisera. 

Sections were examined with a confocal laser scanning microscope (Bio-Rad MRC 1000, Hemel 

Hempstead, UK). Optical sections of 0.5 ^m were obtained. To increase the signal-to-noise ratio, 

images were taken using the photon counting setup (Scheenen et al., 1996).

Electron microscopy

Black- (n = 4) and white- (n=4) adapted animals were anaesthetized and perfused as described 

above, using 1% paraformaldehyde and 1% glutaraldehyde as fixative. After dissection, brains 

were postfixed in the same fixative for 2 h, rinsed in 0.01 M sodium phosphate-buffered saline 

(pH 7.4), and embedded in 5% low-melting agarose. Vibratome sections (300 ^m) containing the 

SC were postfixed in 1% OsO4 for 2 h at 4 °C. Subsequently, sections were dehydrated in 

a graded series of ethanol and embedded in Spurr for 16 h. Ultrathin sections were collected on 

Formvar-coated grids, contrasted with 2% uranyl acetate and lead citrate, and examined with 

a Jeol JEM 100 CX II electron microscope (Jeol, Tokyo, Japan).

Results

Immunocytochemistry

Throughout the brain, NPY-positive somata, fibers and spots appeared, as well as spots 

of synaptobrevin-immunoreactivity. Some spots show coexistence of NPY and 

synaptobrevin. In the ventrolateral part of the SC, NPY-positive SMINs could clearly be 

identified (Fig. 1A) and synaptobrevin-positive spots were abundantly present (Fig. 1B), 

some of which showed coexistence with NPY. Some of the latter spots were observed in 

the direct vicinity of the SMIN somata (Fig. 1A,B). However, in spite of its high resolving 

power, confocal laser scanning microscopy did not permit us to decide whether these 

spots represent synapses contacting the SMINs or synapses contacting other neuronal or 

glial elements at a short distance from the SMINs.

Electron microscopy

In the ventrolateral part of the SC of black and white animals, SMINs containing electron

dense vesicles were observed, indicating their peptidergic nature (Fig. 2A,B). In white- 

adapted animals, the SMINs revealed a high amount of rough endoplasmic reticulum
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Fig- i.  Confocal laser scanning microcope image of (A) NPY-immunoreactive neuron (SMIN), fibers and 

spots and (B) synaptobrevin-immunoreactive spots in the ventrolateral part of the SC. Arrowheads indicate 

co-existence of NPY and synaptobrevin in spots in the surroundings of the SMIN (open arrowhead) and in 

close vicinity of the SMIN (closed arrowheads). Scale bar =  5 |im.

(RER) and numerous electron-dense vesicles (Fig. 2A). In black-adapted animals, the 

amount of RER and the number of electron-dense vesicles is much lower (Fig. 2B).

In the ventrolateral area of the SC many synaptic structures appeared. As to the 

innervation of the SMINs, in black-adapted animals, symmetric synapses (Gray type II; 

Gray 1959; Colonnier 1968) were regularly found on their somata. The synaptic profiles 

showed electron-lucent vesicles clustered near the active zone, and electron-dense 

vesicles at some distance from the active zone (Fig. 2B). In white-adapted animals, 

symmetric synapses were regularly present in the neighbourhood of SMIN somata, but 

they always occurred at least some tenths of micron from the SMIN somata and were 

never seen to contact the SMINs. They were separated from the SMIN somata by glial 

cells or contacted other, non-identified, axonal or dendritic elements (Fig. 2A).

D iscussion

As a first step to investigate the possible presence of synapses on the SMINs, the 

distribution of NPY and the exocytosis-related protein synaptobrevin - a synaptic marker

in the ventrolateral part of the SC was studied in an immunocytochemical double

labelling experiment. This was done in white-adapted animals, because in black-adapted 

animals SMINs could not readily be identified due to their low NPY-contents (Tuinhof et 

al., 1993; Kramer et al., 2001a). The coexistence of NPY and synaptobrevin in many 

spots throughout the ventrolateral area of the SC indicates that this area is richly 

innervated. The fact that coexistence of synaptobrevin and NPY was observed in spots in
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Fig. 2. Electron microscopy of a SMIN in a white- (A) and in a black-adapted animal (B). Arrows indicate 

symmetric synaptic contacts. G = glial cell, g = electron-dense vesicles, L = lysosome, M = mitochondria, 

N = nucleus, R = rough endoplasmic reticulum, S = synaptic profile. Scale bar = 500 nm.
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the direct vicinity of SMIN somata suggests the presence of NPY-containing synapses on 

the SMINs. However, in this light microscopical study the synaptic nature and exact 

localization of these spots could not be established.

To solve this issue, we studied the SMINs at the ultrastructural level. Since the SMINs 

are the only known peptide-producing cells in the ventrolateral area of the SC of Xenopus 

(Ubink et al., 1998; Kramer et al., 2001b), they can be readily identified on the basis of 

their location and the presence of electron-dense vesicles. The plasticity of the SMINs in 

relation to the background adaptation processes can also be clearly seen at the 

ultrastructural level. In white-adapted animals, the SMINs have features that are 

characteristic of active secretory cells (large extent of RER), while in black-adapted 

animals the cells appear to be inactive (small extent of RER). Also, in white-adapted 

animals the SMINs store more electron-dense vesicles than in black-adapted animals. 

Thus, earlier data on the activity and storage capacity of the SMINs under different 

background adaptation conditions (Tuinhof et al., 1993; Kramer et al., 2001a) are 

confirmed and extended here at the ultrastructural level.

As to synaptic innervation, our ultrastructural studies confirm the conclusion based on 

the light microscopical study that the ventrolateral area of the SC is rich in synaptic 

contacts and, more in particular, that synaptic contacts are frequent in the vicinity of the 

SMINs. However, there appears to be a marked difference between black- and white- 

adapted animals. In black-adapted animals, SMIN somata are clearly contacted by 

symmetric synapses. In white-adapted animals such synapses always occur at some 

distance from the SMIN somata. This observation strongly suggests that the innervation of 

the SMINs possesses a high degree of plasticity. Apparently, adaptation to a white 

background leads to a reduced innervation of the SMINs, a process in which synapse 

degeneration and/or synapse retraction may play a role. Possibly, the symmetric synapses 

found in the vicinity of the SMIN somata in white-adapted animals are synapses that have 

retracted from the SMINs. The presence of synapses on the inactive SMINs of black- 

adapted animals suggests that these synapses are inhibitory. This is supported by their 

morphology and location: symmetric synapses (Gray type II), which usually occur on the 

cell soma, are generally thought to be inhibitory (e.g. Kandel and Schwartz, 1991). The 

fact that both electron-dense and electron-lucent vesicles occur in these synaptic profiles 

indicates that both a neuropeptide and another, non-peptidergic neurotransmitter are 

involved in this inhibitory input. Possibly, the SMINs are not only innervated by synapses 

on their cell somata. Future experiments, combining electron microscopy and 

immunocytochemistry, will reveal whether synapses are also present on dendrites or axons 

of the SMINs.
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Conclusions

When the immunocytochemical and ultrastructural data are taken together, the picture 

emerges of an inhibitory innervation of the SMINs in black-adapted animals that may 

involve NPY and another, non-peptidergic neurotransmitter as main regulators. Possibly, 

in white-adapted animals this system is inactivated due to synaptic retraction. These 

findings offer more proof for the recently raised hypothesis that the SMINs are innervated 

by NPY-containing interneurons in the dorsomedial area of the SC that inhibit the activity 

of the SMINs in black-adapted animals (Kramer et al., 2001a).
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Chapter 6

We have investigated the physiological regulation and functional significance of brain- 

derived neurotrophic factor (BDNF) in the endocrine melanotrope cells of the pituitary 

pars intermedia (PI) of the amphibian Xenopus laevis, which can adapt its skin color to 

the light intensity of its environment. In black-adapted animals, melanotrope cells 

produce and release a-melanophore-stimulating hormone (a-MSH). In white-adapted 

animals, the activity of melanotrope cells is inhibited by neuronal input. Using Western 

blotting and immunocytochemistry at the light and electron microscopical level, we have 

detected both the BDNF precursor and the mature BDNF protein in Xenopus 

melanotrope cells. In situ hybridization and RT-PCR revealed the presence of BDNF 

mRNA in the PI, indicating that BDNF is synthesized in the melanotropes. Real-time 

quantitative RT-PCR showed that levels of BDNF mRNA in melanotrope cells are about 

25 times higher in black- than in white-adapted animals. While there is no difference in 

the amount of stored mature BDNF, the amount of BDNF precursor protein is 3.5 times 

higher in melanotropes of black-adapted animals than in those of white-adapted 

animals. These data indicate that BDNF mRNA expression and BDNF biosynthesis are 

upregulated in active melanotrope cells. Since immuno-electron microscopy showed that 

BDNF is located in melanotrope secretory granules, BDNF is probably coreleased with 

a-MSH via the regulated secretory pathway. Superfusion and 3H-amino acid 

incorporation studies demonstrated that BDNF stimulates the release of a-MSH and the 

biosynthesis of its precursor protein, pro-opiomelanocortin (POMC). O u r results provide 

evidence that BDNF regulates the activity of Xenopus melanotrope cells in an autocrine 

fashion.

Introduction

It is well established that brain-derived neurotrophic factor (BDNF), apart from its classical 

role in promoting survival and differentiation of neurons, is involved in the modification of 

neurotransmission and synaptic plasticity in the central and peripheral nervous system (for 

reviews see McAllister et al., 1999; Schumann, 1999; Schinder and Poo, 2000). 

However, its function in the pituitary gland is less clear. In the rat pituitary, BDNF is found 

in fibers in the posterior lobe, whereas BDNF and BDNF mRNA have been demonstrated 

in melanotrope cells of the intermediate lobe and in TSH-containing cells of the anterior 

lobe (Kononen et al., 1995; Smith et al., 1995, Conner et al., 1996). It has been 

suggested that BDNF in the anterior lobe is involved in the control of thyroid function and 

in the regulation of the hypothalamic-pituitary-adrenal axis (Kononen et al., 1995; Smith 

et al., 1995).

We have investigated the physiological regulation and functional significance of 

BDNF in the endocrine melanotrope cells of the pituitary pars intermedia of Xenopus

86



BDNF ¡in Xenopus melanotrope cells

laevis. The background adaptation process of this amphibian provides the opportunity to 

manipulate the activity of the melanotrope cells as well as their regulatory neuronal input 

in vivo in a physiological way. In animals adapted to a black background, the 

melanotrope cells produce and release a-melanophore-stimulating hormone (a-MSH), 

which causes pigment dispersion in skin melanophores, giving the animal a black 

appearance. In white-adapted animals, the activity of the melanotrope cells is inhibited by 

neurons in the hypothalamic suprachiasmatic nucleus (suprachiasmatic melanotrope- 

inhibiting neurons, SMINs), which make synaptic contacts with the melanotropes. SMINs 

contain dopamine, neuropeptide Y (NPY) and y-aminobutyric acid (GABA), are more 

active in white- than in black-adapted animals, and their inhibitory synapses are larger 

and more numerous in animals adapted to a white background (for reviews see Kolk et 

al., 2001b; Kramer et al., 2001b).

In this study, the presence and regulation of BDNF and BDNF mRNA in the pars 

intermedia have been investigated using Western blotting, immunocytochemistry at the 

light and electron microscopical level, real-time quantitative RT-PCR and in situ 

hybridization. In addition, the role of BDNF in the regulation of a-MSH release and 

biosynthesis of pro-opiomelanocortin (POMC), the precursor protein of a-MSH, was 

studied using superfusion and 3H-amino acid incorporation. We demonstrate an 

upregulation of BDNF mRNA expression and BDNF biosynthesis in melanotrope cells of 

black-adapted animals and provide evidence that BDNF has an autocrine role in 

regulating the activity of the melanotrope cells.

Materials and  M ethods

Animals

Young-adult (aged eight months) specimens of the aquatic toad Xenopus laevis, weighing 28-32 

g, were reared in our laboratory under standard conditions. They were kept in filtered tap water of

22 °C under constant illumination and fed beef heart and trout pellets (Trouvit, Trouw, Putten, 

The Netherlands). Full background adaptation was achieved by keeping the animals on a white 

or black background for 3 weeks. Experimental procedures were performed at 20 °C, unless 

stated otherwise. All experiments were carried out under the guidelines of the Dutch law 

concerning animal welfare.

Cell and tissue preparation

Animals were anaesthetized by immersion in an ice-cold solution of 0.1% tricaine methane 

sulfonate (MS222, Sigma, St. Louis, MO). For immuno-electron microscopy, RT-PCR, Western 

blotting and biosynthesis experiments, animals decapitated and brains and pituitary
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neurointermediate lobes (NILs) were rapidly dissected. Dissociated cells for Western blotting and 

superfusion experiments were obtained as described previously (De Koning et al., 1991), with 

minor modifications. In brief, animals were transcardially perfused with 10 ml Ringer's solution 

(112 mM NaCl, 2 mM KaCl, 2 mM CaCl2, 15 mM Hepes (Calbiochem, La Jolla, CA), 10 mM 

glucose and 0.025% MS222 (pH 7.4) to remove blood cells. After decapitation, NILs were 

rapidly dissected and pooled in Xenopus Leibovitz medium (XL15) consisting of 76% Leibovitz 

medium (L15, Life Technologies, Paisley, UK), 1% kanamycin, 1% antibiotic/antimyotic solution 

(Life Technologies), 2 mM CaCl2 and 10 mM glucose (pH 7.4). Subsequently, cells were 

dissociated by incubation in 1% collagenase type V (Sigma) and 2% dispase II (Roche, Basel, 

Switzerland) in XL15 for 1 h at 21 °C, followed by gentle trituration through a siliconized Pasteur's 

pipet. The suspension was filtered through nylon gauze (pore size 150 ^m) to remove 

undissociated tissue. Dissociated cells were washed three times with XL15 and collected by 

centrifugation at 50 g. For immunocytochemistry and in situ hybridization, animals were 

transcardially perfused with ice-cold 0.6% NaCl solution for 5 min, followed by ice-cold Bouin's 

fixative for 15 min. After dissection, brains including the pituitary gland were postfixed in Bouin's 

fixative for 2 h. For immunocytochemistry, brains were cryoprotected in 30% sucrose in 0.1 M 

sodium phosphate buffer (PB; pH 7.4) for 16 h at 4 °C and subsequently frozen in Tissue-Tek 

(Sakura, Tokyo, Japan). Coronal cryostat sections (20 ^m) were mounted on poly-L-lysine-coated 

slides. Slides were dried at 37 °C for 16 h before further processing. For in situ hybridization, 

brains were dehydrated in a graded series of ethanol and xylene, and embedded in paraffin. 

Coronal sections of 7 ^m were mounted on poly-L-lysine coated slides, which were dried for 16 h 

at 37 °C before further processing.

SDS-PAGE and Western blotting

Homogenates of whole brains, NILs and dissociated cells were made in sample buffer (62.5 mM 

Tris-HCl, 12.5% glycerol, 1.25% SDS, 0.0125% bromephenol blue and 2.5% ß- 

mercaptoethanol). Whole brains (not including the pituitary gland) were crushed in a glass 

homogenizer in 1 ml sample buffer each on ice and homogenized by passage through a

23 gauge syringe needle. NILs were homogenized in 50 -̂l sample buffer each by keeping them 

on ice for 3-4 h. Dissociated cells from 6 NILs were resuspended in 25 -̂l sample buffer on ice. 

All samples were lysed by boiling. Whole brain samples were diluted 1:8 in sample buffer. Equal 

volumes (25 -̂l) of samples were separated on a 12.5% SDS-polyacrylamide gel and transferred 

to a nitrocellulose membrane (0.45 ^m, Schleicher and Schuell, Dassel, Germany) using a Bio

Rad mini-protean II cell system (Bio-Rad, Hemel Hempstead, UK). Molecular weight markers 

(Benchmark™ prestained protein ladder, 10-200 kD, Life Technologies) were run alongside the 

samples to be analyzed. For immunodetection, blots were washed three times in 0.1 M Tris- 

buffered saline (TBS) (pH 7.5) containing 0.2% Tween-20 (Sigma) (TBSTw) and 1% skimmed milk 

(wash buffer). To prevent aspecific binding, blots were incubated in TBSTw and 5% skimmed milk 

(block buffer) for 1 h. Subsequently, blots were incubated in primary antiserum (rabbit polyclonal 

IgG against the 20 N-terminal amino acids of the mature BDNF protein of human origin, (Santa 

Cruz Biotechnology, Santa Cruz, CA), diluted 1:100 in blocking buffer for 16 h. After three rinses
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in wash buffer, blots were incubated in horseradish peroxidase (HRP)-conjugated goat-anti-rabbit 

IgG (1:1000, Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h. After three rinses 

in TBS, proteins were visualized by incubating blots in Lumi-LightPUJS Western blotting substrate 

(Roche), followed by exposure to X-ray film (Eastman Kodak, Rochester, NY). Signal was 

quantified with a GS 700 densitometer (Bio-Rad) using Molecular Analyst software (Bio-Rad). 

Specificity of the primary antiserum was tested on a sample of human recombinant BDNF (2 ng, 

Santa Cruz) and by preadsorption of the antiserum with antibody-specific blocking peptide (Santa 

Cruz).

Immunocytochemistry

To quench endogenous peroxidases, sections were incubated with 1% H2O2 in TBS for 15 min. 

After rinsing in TBS containing 0.02% Tween-20 (Sigma) (TBSTw), sections were incubated in 

0.5% TSA Blocking Reagent (NEN Life Science Products, Boston, MA) in TBS (TBSB) for 20 min to 

prevent aspecific binding. Subsequently, they were incubated in rabbit-anti-BDNF serum (1:50, 

Santa Cruz) in TBSB for 16 h, rinsed in TBST and incubated in HRP-conjugated donkey-anti-rabbit 

IgG (1:100, Jackson Immunoresearch Laboratories) in TBST for 30 min. After rinsing in TBST, 

sections were incubated in fluorescein-conjugated Tyramide Solution (1:50 in Amplification 

Diluent, NEN Life Science Products) for 10 min, rinsed in TBS and coverslipped in FluorSave 

(Calbiochem). Sections were examined on a Leica DM-RB/E fluorescence microscope (Leica, 

Solms, Germany). Specificity of the staining was tested by omitting the firstt antiserum and by 

preadsorption of the first antiserum with antibody-specific blocking peptide (Santa Cruz).

Immuno-electron microscopy

Dissected NILs were fixed in 1% glutaraldehyde in PB for 16 h. They were subsequently treated 

with 0.2% borohydride and 0.4% glycine in PB for 15 min and cryoprotected by immersion in 

a graded series of glycerol. Lobes were rapidly frozen in liquid propane (-180 °C) and placed in 

a precooled chamber (-90 °C) of a quick-freezing apparatus (Reichert-Jung, Vienna, Austria). The 

tissue was freeze-substituted by methanol containing 0.5% uranyl acetate and embedded in 

Lowicryl HM20 resin (Bio-Rad). Ultrathin gold sections were collected on Formvar-coated 

150 mesh nickel grids. After treatment with 50 mM glycine in 0.01 M sodium phosphate-buffered 

saline (PBS, pH 7.4) for 10 min, rinsing in 0,2% gelatin and 0.5% bovine serum albumin (BSA, 

ICM Biomedicals, Costa Mesa, CA) in PB (PBG) and incubation in 1% BSA in PBS (PBS-BSA) for 

10 min, sections were immersed in rabbit-anti-BDNF serum (1:250, Santa Cruz) in PBS-BSA for 

16 h, rinsed in PBG and incubated in 10 nm gold-conjugated goat-anti-rabbit IgG (Aurion, 

Wageningen, The Netherlands) for 2 h. Subsequently, sections were postfixed in 1% 

glutaraldehyde in PB for 10 min and contrasted in 2% uranyl acetate and lead citrate. Sections 

were examined with a Jeol TEM 1010 electron microscope (Jeol, Tokyo, Japan). Specificity of the 

staining was tested by omitting the first antiserum.
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In situ hybridization

A Xenopus-specific BDNF cDNA clone that codes for 10 amino acids (aa) of the terminal 

precursor region and 119 aa of the mature BDNF (acc. number X61477, Isackson et al., 1991), 

subcloned in the HincII site of the pBS plasmid was used to generate mRNA-probes. After 

linearization of the plasmid with HindIII or EcoRI, 11-UTP digoxygenin (DIG)-labelled antisense 

and sense probes were prepared as run-off transcripts using T7and T3 DNA polymerase (Roche). 

Sections were deparaffinated in xylene and rehydrated in a graded series of ethanol. Tissue 

penetration was enhanced by incubation in 0.1% pepsin in 0.2 M HCl for 15 min at 37°C, 

followed by fixation in 4% paraformaldehyde in PBS for 5 min and incubation in 1% HONH3Cl 

for 15 min. Sections were subsequently dehydrated in ethanol and air-dried. Hybridization took 

place for 16 h at 55 C in hybridization buffer (10% sodium dextran sulfate, 50% formamide, 

4x SSC, 1x Denhardt's and 200 ag/ml yeast tRNA; 1xSSC: 0.15 M NaCl and 0.015 M sodium 

citrate) with 500 ng/ml antisense DIG-labelled BDNF mRNA-probe. After stringency washes in 

2x SSC, 1x SSC, 0.5x SSC for 30 min and 0.1x SSC for 30 min at 37 °C, sections were rinsed for 

10 min in TBS, blocked in 1% bovine serum albumin (ICM Biomedicals, Costa Mesa, CA) and 

2% normal goat serum (NGS) in TBS (blocking solution) for 30 min, and incubated in alkaline 

phosphatase (AP)-conjugated sheep-anti-DIG Fab fragments (1:500, Roche) in blocking solution 

for 16 h at 4 °C. After 3 washes of 10 minutes in TBS and one wash of 5 min in AP-buffer 

(100 mM Tris, 100 mM NaCl; pH 9.5), sections were stained in 350 ag/ml 4-nitro blue 

tetrazolium chloride and 175 ag/ml 5-bromo-4-chloro-3-indolyl-phosphate (Roche) in AP-buffer 

until color development was sufficient. Specificity was checked by hybridization with the sense 

BDNF mRNA probe.

Real-time quantitative RT-PCR

Freshly dissected NILs were individually collected in 500 al ice-cold TRIZOL (Life Technologies) 

and homogenized by sonication. After chloroform extraction and isopropyl alcohol precipitation, 

RNA was redissolved in 15 al RNAse-free H2O. Total RNA was measured with an Eppendorf 

Biophotometer (Vaudaux-Eppendorf AG, Basel, Switzerland). First strand cDNA synthesis was 

performed using 11 al RNA and 1 al pd(N)6 (random primers, 5 mU/al, Roche) at 70 C for 

10 min, followed by double strand synthesis in 20 al strandbuffer (Life Technologies) with 10 mM 

DTT, 20 U RNAsin (Promega, Madison, WI), 0.5 mM dNTPs (Roche) and 100 U reverse 

transcriptase (RT, Superscript II, Life Technologies) at 37 °C for 60-90 min. For controls, RT was 

omitted from the reaction mixture. Samples were diluted 5 times in RNAse-free H2O and 

subjected to real-time quantitative RT-PCR on a 5700 GeneAmp PCR system (Applied Biosystems, 

Wellesley, MA) as follows: 5 al template cDNA was added to 20 al SYBR Green buffer (Applied 

Biosystems) with 3 mM MgCl2, 0.2 mM dNTPs (Applied Biosystems), 0.6 aM of each primer and 

0.625 U AmpliTaq Gold (Applied Biosystems). PCR conditions were 95 C for 10 min followed by 

40 reaction cycles of 95 °C for 15 s and 60 °C for 1 min each. Primers were designed using 

Vector NTI Suite (InforMax, Bethesda, MA) and PrimerExpress (Applied Biosystems) software based 

on the published Xenopus mRNA sequence (acc. number X61477, Isackson et al., 1991) for
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BDNF and the Xenopus cDNA sequence (acc. number U41 753) for glyceraldehyde 3-phosphate 

dehydrogenase (GADPH). The following primer pairs were used: BDNF, forward 5'- 

CGTGGAGAGCTGAGTGTGTGTGAC-3' and reverse 5'-GTTGGCCTTTGGATACTGGGACTT- 

3' (product size 127 bp); GADPH, forward 5'-GCCGTGTATGTGGT GGAATCT-3' and reverse 5'- 

AAGTTGTCGTTGATGACCTTTGC-3' (product size 230 bp). For each reaction, the cycle 

threshold (Ct) was determined, i.e. the cycle number at which fluorescence was detected above 

an arbitrary threshold (0.8). At this threshold Ct values are within the exponential phase of the 

amplification. To estimate the relative amount of BDNF mRNA in NILs from black- versus white- 

adapted animals, Ct values were normalized to those of the internal standard (GADPH) and 

compared. After PCR, the reaction products were run on a 2.5% agarose gel and visualized with 

ethidium bromide to check the length of the amplified DNA.

Superfusion

Dissociated cells from 1.5 NILs were resuspended in 50 al lysine-free XL15 with 10% dialyzed 

fetal calf serum (FCS; Life Technologies) containing 62.5 aCi 3H-lysine (80 Ci/mM; Amersham, 

Buckinghamshire, UK). The cell suspension was plated on a poly-L-lysine coated coverslip and 

allowed to attach for 1 h at 21 C, after which 50 al lysine-free XL15 with 20% dialyzed FCS was 

added and the cells were incubated for 16 h at 21 °C. Then, 2 ml lysine-free XL15 with 10% FCS 

was added and cells were incubated for another 24 h at 21 °C. Subsequently, coverslips were 

rinsed three times with Ringer's solution and placed individually in 4-well culture dishes (Nunclon, 

Roskilde, Denmark) in Ringer's solution. Cells were superfused with Ringer's solution at a rate of 

100 al/min. At specific timepoints, BDNF, sauvagine (Bachem, Bubendorf, Switzerland) and 

apomorphine (Sigma) were added to the superfusion medium, following the protocol given in the 

Results. Fractions of 2 min were collected, to which 200 al of scintillation liquid (Optiphase 

Supermix, Wallac, Loughborough, UK) was added. The amount of radiolabelled peptides in each 

fraction was determined with a scintillation counter (Wallac). The average amount of radioactivity 

in the three fractions immediately preceding the first pulse of BDNF was set at 100%, and the 

amount of radioactivity of all other fractions was expressed relative to this value. It has previously 

been shown that, following this protocol, about 30% of the radioactivity in the superfusate is 

unincorporated 3H-lysine, while approximately 65% reflects the secretion of radiolabelled a-MSH 

and other POMC-derived peptides (Scheenen et al., 1995).

POMC biosynthesis

After dissection, NILs were collected in XL15. After rinsing several times in XL15, they were 

incubated individually in 4-well culture dishes, each containing 0.5 ml incubation medium for 

3 days at 21 °C. For the control lobes, incubation medium consisted of XL15 with 10% FCS. For 

the experimental groups 10'6 M NPY was added to the incubation medium. Media were refreshed 

daily. On day 3, 100 ng/ml BDNF was added to the incubation medium of one experimental 

group for 4 h. Subsequently, all lobes were pulse-labelled for 15 min in 10 al Ringer's solution 

containing 1 mCi/ml 3H-lysine. Lobes were washed 3 times in Ringer's solution and lysed by
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boiling in sample buffer for 5 min before electrophoresis. Proteins were separated on a 12% SDS- 

polyacrylamide gel using 20% of each lobe extract. Gels were fixed in 40% methanol and 

10% acetic acid, saturated in 100% dimethylsulfoxide (DMSO) and treated with 2% 2,5- 

diphenyloxazol in 100% DMSO for visualization of radioactivity, followed by exposure to X-ray 

film (Eastman Kodak, Rochester, NY). Signal was quantified with a GS 700 densitometer using 

Molecular Analyst software.

Statistics

Data from Western blotting, real-time quantitative RT-PCR and biosynthesis experiments were 

analyzed with a one-way ANOVA (Bliss, 1967) followed by a post-hoc comparison of means 

using Duncan's multiple range test (Steel and Torrie, 1960; a = 5%).

Results

Presence of BDNF in Xenopus melanotrope cells

Using Western blotting, the primary antiserum, which recognized 14 kD human 

recombinant BDNF, revealed the presence of 14 kD and 35 kD immunoreactive bands in 

homogenates of whole brain (n =  8), NILs (n =  8) and dissociated melanotrope cells 

(n =  4) (Fig. 1). Following preadsorption of the primary antiserum with antibody-specific 

blocking peptide, no signal was observed in homogenates of either whole brain or NILs.

Fig. 1. Western blots of human recombinant BDNF (hrBDNF), Xenopus whole brain (Brain), 

neurointermediate lobe (NIL) and dissociated melanotrope cells (Cells) showing 14 kD and 35 kD BDNF- 

immunoreactive bands (arrows). Molecular weight markers are indicated on the left.
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Fig. 2. Immuno-electron microscopy of BDNF in the pars intermedia of black- (A) and white- (B) adapted 

Xenopus. A: Immunogold particles occur exclusively in the secretory granules (g) of the melanotrope cells 

(M). FS =  folliculostellate cell, N =  nucleus. Scale bar =  300 nm. Inset: immunoreactive secretory granule. 

Scale bar =  75 nm. B: Nerve terminals containing large electron-dense (v1) and small electron-lucent (v2) 

vesicles are free of immunogold particles. M =  melanotrope cell. Inset: low-contrast image of dense 

vesicles. Note presence of a few gold particles outside nerve terminal (arrow). Scale bar =  300 nm.
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Fig. 3. Immunofluorescence of BDNF (A) 

and in situ hybrization for BDNF mRNA 

(B) in black-adapted Xenopus pituitary. 

pd = pars distalis, pi =  pars intermedia, 

pn = pars nervosa. Scale bar = 50 jam.

Immunocytochemistry of the pars intermedia showed the presence of BDNF in 

melanotrope cells of the pars intermedia (n =  4, Fig. 3A). The specificity of this staining 

was confirmed by the absence of positive staining when the antibody was preabsorbed 

with antibody-specific blocking peptide. Immuno-electron microscopy revealed many gold 

particles in the secretory granules of melanotrope cells, while the rest of the cytoplasm 

and the nucleus were devoid of staining. Also, no immunoreactivity was observed in the 

glial-like folliculostellate cells, nerve fibers and varicosities (n =  3, Fig. 2).

The presence of BDNF mRNA in NIL tissue was demonstrated by RT-PCR, which 

resulted in a single PCR-fragment with the expected length of 127 bp (n=4, Fig. 4). 

Using in situ hybridization, expression of BDNF mRNA was found throughout the pars 

intermedia (Fig. 3B). With the sense mRNA probe, no positive signal was detected.

Marker PCR
400 kb -  

300 kb -

200 kb -

□
Fig. 4. Agarose gel electrophoresis of reaction product of RT- 

PCR on total RNA from NILs of black-adapted animals using 

primers for BDNF, showing one band of 127 bp. Molecular 

weight markers are indicated on the left.
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PCR cycle number

Fig. 5. Real-time quantitative RT-PCR on 

total RNA from individual NILs of black- 

(B) and white- (W) adapted animals 

using primers for BDNF. Ct = cycle 

threshold, i.e. cycle number at which 

fluorescence was detected above an 

arbitrary threshold (0.8).

Regulation of BDNF in melanotrope cells

Real-time quantitative RT-PCR showed an increase of BDNF mRNA in NILs of black- 

adapted animals (n=3) compared to white-adapted animals (n=3, Fig. 5). Ct values for 

BDNF were lower in black- than in white-adapted animals (26.2 ± 0.1 and 31.6 ± 0.6, 

respectively), while Ct values for the housekeeping gene product GADPH did not differ 

significantly (25.4 ± 0.6 and 26.1 ± 0.5). The difference between normalized Ct values 

for BDNF in black- and white-adapted animals was 4.7. Since an increase in Ct-value of 

1.0 corresponds to a two-fold increase in amount of mRNA present, this increase of 4.7 

represents an approximately 25-fold increase in the amount of BDNF mRNA in NILs of 

black- compared to white-adapted animals. Using Western blotting, the amount of BDNF 

precursor protein in NILs was found to be higher (O.D. x3.5, Figs. 6,7) in black- (n =  3) 

than in white- (n =  3) adapted animals. The amount of mature BDNF did not differ 

significantly between adaptation states.

B W

Fig. 6. Western blot of NIL from black- (B) and white- (W) adapted 

animal showing 

protein (14 kD).

1 4 k D  animal showing BDNF precursor protein (35 kD) and BDNF mature
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Fig. 7. Optical density of immuno

reactive bands of BDNF precursor 

protein (35 kD) and mature protein 

(14 kD) on Western blot of NILs of 

black- (B) and white- (W) adapted 

animals. Values are expressed in 

arbitrary units (a.u.) as means + sem. 

Asterisks indicate significant difference 

(*P < 0.002)

Effect of BDNF on a-MSH release

BDNF (10 ng/ml) had a clear stimulatory action on a-MSH release from dissociated 

melanotrope cells (n= 4) (Fig. 8). After application of BDNF, it took about 10 min for the 

a-MSH release to rise. The effect of a 10 min BDNF-pulse lasted for about 20 min. 

A second pulse of 50 ng/ml BDNF was no longer effective in stimulating a-MSH release 

Following BDNF-pulses, a pulse of the stimulatory agent sauvagine (10-8 M) stimulated 

a-MSH release, while a pulse of the dopamine agonist apomorphine (10-8 M) inhibited 

a-MSH release. This showed that the melanotropes were still viable and able to respond 

to stimulatory and inhibitory factors.
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Effect of BDNF on POMC biosynthesis

Following 3H-amino acid incorporation and SDS-PAGE, two bands of heavily 

radiolabelled protein were observed in extracts of NILs from black-adapted animals (Fig. 

9A). These bands, of 38.2 and 37.3 kD, represent the protein products of the two POMC
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Fig. 9. Autoradiography (A) and optical density (B) 

of 3H -amino acid incorporation in POMC in extracts 

of NILs of black-adapted animals (controls, CON), 

after incubation with NPY or after incubation with 

NPY +  BDNF. In A, two bands are visible, 

representing the protein products of the two POMC 

genes in Xenopus. In B, values are expressed as 

means ± SEM. Asterisks indicate significant 

differences (P < 0.02, **P < 0.0002).

genes, POMC-A and POMC-B (Martens et al., 1986). These proteins have been 

extensively characterized in Xenopus NIL extracts (Martens et al., 1982). In control lobes 

(n=5), the density of these bands was very high, reflecting a high rate of POMC 

biosynthesis in melanotropes of black-adapted animals. To be able to show a possible 

stimulatory effect of BDNF on POMC biosynthesis, the high rate of this biosynthesis was 

first inhibited by incubation of the lobes with 10-6 M NPY (Dotman et al., 1996). This 

resulted in a 60% decrease in POMC biosynthesis, compared to controls (n =  5). 

Incubation of NPY-treated lobes with 100 ng/ml BDNF resulted in a 44% increase in 

POMC biosynthesis (n =  4, Fig. 9).

D iscussion

Expression of BDNF in melanotrope cells

Using Western blotting, we observed BDNF-immunoreactive bands of 14 and 35 kD in 

Xenopus brain and pars intermedia. We conclude that these bands represent mature and 

precursor BDNF respectively, since their molecular weights match those observed for 

mature and precursor BDNF in the rat (Marcinkiewicz et al., 1998), and human 

recombinant BDNF also yields a band of 14 kD. Xenopus, rat and human mature BDNF
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all consist of approximately 120 amino acids, and show strong sequence homology. 

Comparative sequencing studies reveal that mature and precursor BDNF are strongly 

conserved among vertebrate species (Leibrock et al., 1989; Isackson et al., 1991; 

Maisonpierre et al., 1991).

The presence of BDNF in the pars intermedia was confirmed by 

immunocytochemistry. At the ultrastructural level, BDNF was shown to occur exclusively in 

the melanotrope cells and not in glial-like folliculostellate cells and nerve terminals in the 

pars intermedia. The demonstration of BDNF mRNA in melanotropes by RT-PCR and 

in situ hybridization shows that BDNF is indeed produced by these cells, and not taken up 

from neurons projecting to the pars intermedia, a phenomenon that has been shown to 

occur in the central nervous system of birds and mammals (Von Bartheld et al., 1996; 

Conner et al., 1997; Kohara et al., 2001). O u r findings on the amphibian Xenopus 

confirm earlier observations in the mammalian pituitary (Kononen et al., 1995; Smith et 

al., 1995; Conner et al., 1996), and therefore suggest that the presence of BDNF in 

melanotrope cells of the pituitary is conserved throughout evolution. Immuno-electron 

microscopy showed that BDNF occurs in the secretory granules of melanotrope cells. This 

strongly suggests that BDNF coexists in these granules with POMC and a-MSH (cf. 

De Rijk et al., 1990b; Roubos and Berghs, 1993; Berghs et al., 1997).

We observed higher levels of BDNF mRNA and BDNF precursor protein in pars 

intermedia tissue of black- than of white-adapted animals, suggesting that BDNF mRNA 

expression and biosynthesis are upregulated in active melanotrope cells. This 

phenomenon of precursor upregulation has also been observed for POMC, the precursor 

protein of a-MSH. Melanotropes of black-adapted animals, which have high levels of 

POMC mRNA and high levels of POMC biosynthesis (Martens et al., 1987; Jenks et al., 

1993c), also show higher amounts of POMC protein compared to white-adapted 

animals (Kolk et al., 2000). Remarkably, there is no difference in the level of mature 

BDNF between melanotropes of black- and white-adapted animals. Possibly, this reflects 

release of mature BDNF from melanotropes in black-adapted animals, while in white- 

adapted animals the protein would be stored.

Previously, indications for regulated release of BDNF were obtained from studies by 

others on cells kept in vitro. For example, in hippocampal and cortical neurons, as well as 

in PC12 and AtT20 neuroendocrine cells, BDNF is located in the trans-Golgi network, 

sorted into dense-cored vesicles (Haubensak et al., 1998; Moller et al.; 1998; Mowla et 

al., 1999) and released upon depolarization through the regulated secretory pathway 

(Goodman et al., 1996; Heymach et al., 1996; Griesbeck et al., 1999; Mowla et al., 

1999). On the basis of our in vivo studies, namely comparing two physiological 

conditions (black- versus white-adapted animals), we conclude that BDNF is released in 

a physiologically controlled way via the regulated secretory pathway. This conclusion is 

based on the fact that BDNF can be assumed to coexist with a-MSH in secretory granules
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in the melanotrope cells. The release of the contents of these secretory granules is under 

physiological control of various neurotransmitters and neuropeptides. Secretion is 

stimulated in black-adapted animals and inhibited in white-adapted animals (for reviews 

see Kolk et al., 2001b; Kramer et al., 2001b). This implies that the release of BDNF from 

Xenopus melanotropes would be physiologically regulated.

O u r results from Western blotting and real-time quantitative RT-PCR indicate that not 

only the release but also the production of BDNF is under physiological control. The 

melanotropes of white-adapted animals receive enhanced inhibitory input from the 

SMINs. Whether the background-induced decrease in BDNF mRNA and BDNF precursor 

protein in melanotropes of white-adapted animals is mediated by dopamine, GABA 

and/or NPY, the three transmitters released from the SMINs, remains to be investigated. 

In the rat, it has been shown that dopamine has a regulatory influence on the amount of 

BDNF present in the melanotrope cells (Höpker et al., 1997), but it is not known whether 

this control concerns the biosynthesis or secretion of BDNF.

Action of BDNF on melanotrope cells

O ur studies reveal that BDNF has a stimulatory action on the melanotrope cells, 

increasing both a-MSH release and POMC biosynthesis. The low effective concentration 

(10 ng/ml) at which BDNF stimulates the basal release of a-MSH from dissociated 

melanotrope cells indicates that BDNF acts via its high-affinity receptor TrkB 

(Kd =  1.7*1 0-11M, or 0.5 ng/ml) rather than via the low-affinity neurotrophin receptor 

p75 (Kd =  1.5*1 0-9M, or 35 ng/ml; Rodriguez-Tebar et al., 1988). This stimulatory effect 

on a-MSH release is transient, lasting for 15-20 minutes after the BDNF pulse. This is 

another indication for its binding to TrkB, as this receptor has a much slower dissociation 

rate than p75 (t,/2 =  10 minutes / 3 seconds, respectively; Meakin and Shooter, 1992). 

The presence of TrkB on melanotrope cells has been demonstrated in the adult rat 

(Aguado et al., 1998), while p75 is only detectable during development (Yan et al., 

1990; Ramaekers et al., 1997). A second pulse of BDNF proved to be no longer effective 

in stimulating a-MSH-release from Xenopus melanotropes. This might reflect a rapid 

downregulation of the TrkB receptor, as has been shown for cultured cerebellar granule 

cells and a neuronal cell line (Sommerfeld et al., 2000). Despite this downregulation, 

BDNF clearly has long-term effects on Xenopus melanotropes, indicated by the fact that 

BDNF stimulates POMC biosynthesis.

Apart from acting directly on the melanotrope cells, BDNF might also work 

presynaptically on nerve terminals innervating these cells. In the rat, TrkB 

immunoreactivity has been observed on nerve endings in the intermediate lobe (Aguado 

et al., 1998). BDNF also enhances neurite outgrowth and levels of tyrosine hydroxylase in

99



Chapter 6

hypothalamic dopaminergic neurons that project to the intermediate lobe (Loudes et al., 

1999). It would be interesting to investigate whether in Xenopus BDNF plays a role in 

regulating the plasticity of the synaptic innervation of the melanotrope cells, in addition to 

its actions on the melanotrope cells themselves.

Conclusions

In this study, the physiological regulation and functional significance of BDNF in the 

endocrine melanotrope cells of the pituitary pars intermedia of Xenopus laevis were 

investigated. We have demonstrated the presence of BDNF mRNA and protein in 

melanotrope cells. BDNF occurs in secretory granules, probably coexisting with a-MSH. 

BDNF mRNA expression and biosynthesis are upregulated in active cells, and BDNF in 

turn stimulates the biosynthesis and release of a-MSH. Based on these results, we 

propose that BDNF is an autocrine factor regulating the activity of Xenopus melanotrope 

cells.
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Chapter 7

Translation of external stimuli into physiological adaptation responses often involves 
communication between the nervous and endocrine system. The regulation of 
background adaptation in the amphibian Xenopus laevis provides a good example of 
such neuroendocrine communication. In the research described in this thesis, various 
peptides and pathways have been investigated that are involved in this regulatory 
process. Here, first the results of this research are summarized and discussed, with special 
emphasis on the development of the retino-brain-pituitary axis, the functional 
organization of the suprachiasmatic nucleus and the effects of brain-derived neurotrophic 
factor (BDNF) on the activity of melanotrope cells in the pars intermedia of the pituitary 
gland. Then, the main conclusions are drawn and some perspectives for future research 
are outlined.

Development of the brain-pituitary system

The distribution of a-melanophore-stimulating hormone (a-MSH) in the brain of Xenopus 
laevis during development was investigated to test the hypothesis raised by Tuinhof et al.
(1998) that POMC peptide-producing neurons and endocrine cells not only have a 
common embryonic origin but also a common function (Chapter 3). The presence of a- 
MSH from stage 37/38 onwards in the epiphysis (E), suprachiasmatic nucleus (SC), 
ventral hypothalamic nucleus (VH), melanotrope cells in the pars intermedia and 
corticotrope cells in the pars distalis supports this hypothesis. All these cell groups are 
derived, at least partially, from the anterior neural ridge (ANR) of the neural plate stage 
embryo (Eagleson et al., 1986, 1995; Eagleson and Harris, 1990; Kawamura and 
Kikuyama, 1992). In addition, they are all involved in adaptation processes (Tuinhof et 
al., 1998). Another brain nucleus that is involved in the regulation of background 
adaptation, the locus coeruleus (LC), also contains a-MSH-immunoreactive cells from 
stage 37/38 on. It is not clear, however, if these cells are also derived from the ANR, 
since labeling of the ANR has not been reported to result in labeling of the LC (Eagleson 
et al., 1986, 1995; Eagleson and Harris, 1990; Kawamura and Kikuyama, 1992). The 
site of origin of a-MSH-positive cells may not be confined to the ANR. The olfactory 
epithelium and the otic and epibranchial ganglia all contain a-MSH-positive cells, 
implicating that these placodal derivatives originate form a common placodal domain 
continuous with the ANR. A common origin of the hypothalamo-hypophyseal system and 
the olfactory system has also been proposed for other amphibians (Kawamura and 
Kikuyama, 1998a,b).

Probably, a-MSH-immunoreactive neurons in the brain are only indirectly involved in 
the regulation of POMC-expressing endocrine cells, since no immunoreactivity for a-MSH 
has been observed in fibers in the pars intermedia at the light- or electron microscopical
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level (e.g. De Rijk et al., 1990b; Roubos and Berghs, 1993; Tuinhof et al., 1998). In 
addition, preliminary data (B.M.R. Kramer, unpubl. res.) indicate that a-MSH does not 
coexist with tyrosine hydroxylase (TH) in neurons in the SC, suggesting that a-MSH- 
immunoreactive cells in this nucleus form a population distinct from the suprachiasmatic 
melanotrope-inhibiting neurons (SMINs) that directly innervate the melanotrope cells 
(Ubink et al., 1998). Furthermore, neurons in the SC and LC that are thought to be 
directly involved in background adaptation differentiate later than a-MSH-positive cells in 
these brain nuclei, judged from the fact that the onset of immunoreactivity for TH (SC, LC) 
and NPY (SC) is at developmental stage 40, whereas a-MSH-immunoreactivity in these 
nuclei can be already observed at stage 37/38 (González et al., 1994; Tuinhof et al., 
1994c; Chapter 3).

Another group of brain nuclei also contain a-MSH-positive cells during development. 
These cells, in the ventromedial and posterior thalamic nuclei, the anteroventral 
tegmental nucleus and the reticular nucleus, all project to the spinal cord and are 
probably involved in control of motor activity (Ten Donkelaar, 1982). In Rana, a-MSH is 
observed in nerve fibers innervating skeletal muscle (Oren et al., 1989), confirming a role 
for a-MSH in the regulation of motor activity. This role of a-MSH is not confined to the 
somatic motor system, since, in developing Xenopus, the motonuclei of the Vth and VIIth 
cranial nerve, which regulate branchiomotor activity, are also a-MSH-positive. It is not 
known whether this immunoreactivity persists into adulthood.

Retina

A subpopulation of retinal ganglion cells (RGCs) is a-MSH-immunoreactive during 
development (Chapter 3). Like other a-MSH-positive cells in the brain and the pituitary, 
these cells might be derived from the ANR, since labeling of the ANR results in labeling of 
the optic stalk and the retina (Eagleson et al., 1986, 1995). In the dorsal part of the 
retina, more RGCs are immunoreactive for a-MSH in black- than in white-adapted 
animals, indicating that these cells are involved in the regulation of background 
adaptation. This is corroborated by the fact that a-MSH-positive RGCs are 
morphologically similar to type 5 RGCs in Rana pipiens, which are responsive to changes 
in background light intensity (Maturana et al., 1960). These findings on the retina further 
support the hypothesis that POMC peptide-producing neurons and endocrine cells have 
a common embryonic origin and a common function.

The projection of the a-MSH-positive RGCs is not known, but the distribution of 
a-MSH-immunoreactive fibers in the optic tract suggests that these RGCs project to 
retinorecipient areas in the thalamus and the pretectum, but not to the tectum. In 
Xenopus, optic projections to diencephalic retinorecipient areas have been observed as
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early as stage 35 (Gaze et al., 1993). This implies that functional optic projections in 
these areas exist at the stages studied in Chapter 3 (stages 37/38 to 47). In adult 
Xenopus, optic projections to the SMINs in the SC have been demonstrated (Tuinhof et 
al., 1994a). This raises the intriguing possibility that a-MSH-positive RGCs innervate the 
SMINs, providing a direct link between three cell groups (in the retina, SC and PI) 
involved in the regulation of background adaptation.

In amphibians, in the optic tectum and in many diencephalic retinorecipient areas, 
projections from RGCs are ordered in a retinotopic fashion, with RGCs in the dorsal half 
of the retina projecting to lateral regions, and RGCs in the ventral half of the retina 
innervating medial regions. This innervation pattern corresponds to the maturation 
gradient of neurons in the brain, since neurons are generated from progenitor cells in 
periventricular regions and migrate laterally as they mature. Furthermore, neurons in 
ventral regions of the brain differentiate earlier than those in dorsal regions (e.g. 
Straznicky and Gaze, 1972; Tay and Straznicky, 1982). RGCs in the dorsal half of the 
retina innervate the ventrolateral tectum as early as at stage 37/38, while the 
dorsomedial tectum is innervated by RGCs in the ventral half of the retina at stage 40. As 
to the innervation of the SC, this nucleus has been shown to receive projections from all 
retinal quadrants (Montgomery and Fite, 1989; Wye-Dvorak et al., 1992). If the 
development of these projections follows the same spatiotemporal order as the retinal 
projections to the tectum, it is likely that the ventrolateral area of the SC, where the 
SMINs are located, is innervated by RGCs in the dorsal half of the retina, while the RGCs 
in the ventral half of the retina innervate more dorsomedially located areas in the SC. 
This would fit well with a role of dorsal RGCs in the regulation of background adaptation 
(Chapter 3) by innervating the SMINs.

Suprachiasmatic nucleus

In Chapters 4 and 5, the SMINs and other NPY-containing cell groups in the SC have 
been further characterized. The SMINs innervate the melanotrope cells and inhibit their 
activity in white-adapted animals. Previously, the SMINs have been shown to contain 
more NPY and NPY mRNA in white- than in black-adapted animals, indicating their high 
biosynthetic activity in animals adapted to a white background (Tuinhof et al., 1993). This 
has now been confirmed at the ultrastructural level (Chapter 5). In white-adapted 
animals, the SMINs contain more electron-dense vesicles and a larger extent of RER than 
in black-adapted animals. Moreover, mRNA expression of the exocytosis protein DOC2 is 
also increased in SMINs of white-adapted animals, indicating that not only biosynthesis 
but also exocytosis activity is upregulated in these cells.
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Two other NPY-containing cell groups have been identified in the Xenopus SC, namely a 
dorsomedial and a caudal group (Chapter 4). The secretory activities of these cell 
groups, as judged from the expression of DOC2 mRNA, depend on the background 
illumination condition. This indicates that both cell groups are involved in the background 
adaptation process. Cells in the dorsomedial group project ventrolaterally towards the 
SMINs and are more active in black- than in white-adapted animals. They might act as 
interneurons, innervating the SMINs and inhibiting their activity in black-adapted animals. 
Cells in the caudal group represent a distinct cell type as they morphologically differ from 
the cells in the dorsomedial group and reveal an activity pattern in response to changing 
background light conditions that is opposite to the ventrolateral cells.

The innervation of the SMINs has received special attention in Chapter 5. The 
coexistence of NPY and the exocytosis protein synaptobrevin in spots in the close vicinity 
of the SMINs strongly suggests that the SMINs receive synaptic NPY-input, possibly from 
the presumed interneurons in the dorsomedial area of the SC. At the ultrastructural level, 
symmetric (Gray type II) synapses were observed on SMIN somata in black-adapted 
animals, while in white-adapted animals synapses could only be seen at some distance 
from the SMIN somata. These observations are a further indication for the presence of an 
inhibitory innervation of the SMINs, and strongly suggest that this innervation has a high 
degree of plasticity in relation to the background adaptation condition. The somato
dendritic synapses on the SMINs contain both electron-dense and electron-lucent 
vesicles. This may mean that both a neuropeptide, possibly NPY, and another, non- 
peptidergic neurotransmitter are involved in the synaptic inhibition of the SMINs. 
Assuming that the inhibitory input comes from NPY-containing interneurons in the 
dorsomedial area of the SC, the non-peptidergic neurotransmitter will probably not be 
dopamine or y-aminobutyric acid (GABA), since these neural messengers were not found 
to coexist with NPY in cells in the dorsomedial area of the SC (Ubink et al., 1998).

Also in Rana the SC is important in the inhibitory control of the pars intermedia, but 
its functional organization is slightly different from the situation in Xenopus. As in 
Xenopus, NPY, GABA and TH coexist in axon terminals in the pars intermedia (Tonon et 
al., 1992). In the SC, one neuronal population immunopositive for GABA is present 
(Franzoni and Morino, 1989), while NPY (Cailliez et al., 1987a,b; Lázár et al., 1993; 
Danger et al., 1985) and TH/DA (Carr et al., 1991; González and Smeets, 1991) are 
found in a dorsolateral and in a ventrolateral cell group. Contrary to the situation in 
Xenopus, coexistence of NPY and TH is confined to neurons in the dorsolateral group 
(Battaglia et al., 1995). Retrograde tracing from the pars intermedia solely labels cells in 
the dorsolateral SC area, which are immunopositive for TH, NPY and GABA (Jansen et 
al., 1997). Thus, it appears that in Rana cells functionally equivalent to the SMINs are 
present in a different area than in Xenopus, namely in the dorsolateral area.
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Besides NPY and a-MSH, various other neuropeptides occur in the SC of anurans. 
Vasotocin, the equivalent of mammalian arginine-vasopressin (AVP), is present in 
numerous cell bodies in the dorsomedial part of the SC in Rana and in the caudal part of 
the SC in Xenopus (González and Smeets, 1992a,b; Smeets and González, 2001). In the 
same regions, also a few mesotocin-positive cells have been observed (González and 
Smeets, 1992a,b; Smeets and González, 2001). Immunoreactivity for vasoactive 
intestinal peptide (VIP) was not observed in the SC of Rana (Mathieu et al., 1999), but the 
structurally related pituitary-adenylate cyclase activating polypeptide (PACAP) has been 
detected in the ventromedial area of the SC in Rana (Yon et al., 1992, 2001). 
FMRFamide (Phe-Met-Arg-Phe-NH2) is present in the SC of various anurans, including 
Xenopus (Pirelli et al., 1999; Rastogi et al., 2001). Finally, adrenomedullin (AM) was 
found in the dorsomedial, ventrolateral and caudal region of the SC in Rana. In cells in 
the ventrolateral region, AM most likely coexists with NPY (González et al., 1998; Muñoz 
et al., 2001a,b). As explained above, these cells are not the equivalents of the SMINs in 
Xenopus. Taken together, there is no evidence that any of the neuropeptides mentioned 
above, except NPY, is expressed by the SMINs or by their equivalents in Rana. Therefore, 
SC neurons expressing these neuropeptides are probably not directly involved in the 
regulation of the melanotrope cells. AM has been demonstrated to exist in fibers in the 
intermediate lobe of Rana (González et al., 1998; Muñoz et al., 2001a,b), but these 
fibers most likely originate outside the SC.

When the distribution of neuropeptides and other neurotransmitters in the SC of 
amphibians is compared to the situation in mammals (for review see Ibata et al., 1999), 
some striking differences and similarities are apparent. No NPY-positive cell bodies have 
been observed in the mammalian SC, whereas virtually all cells are GABA-positive. Like 
in Xenopus, the mammalian SC contains two neuropeptide-expressing cell groups, which 
seem to be functionally related and involved in light-regulated processes. The 
ventrolateral group contains VIP and receives direct retinal innervation, while the 
dorsomedial group contains AVP and is contacted by the ventrolateral VIP-containing 
neurons. Interestingly, the VIP- and AVP-containing cell groups display opposite activity 
patterns in response to light stimuli, which is similar to the situation of the ventrolateral 
and dorsomedial NPY-containing cell groups in Xenopus (Chapter 4). In the ventrolateral 
SC cell group of mammals, light input strongly reduces levels of VIP and VIP mRNA, while 
levels of AVP mRNA in the dorsomedial cell group are lowest in the dark (for review see 
Ibata et al., 1999). Light input has also been shown to stimulate the expression of the 
immediate-early gene c-Fos in the ventrolateral VIP-neurons, while it suppresses c-Fos 
expression in the dorsomedial AVP-neurons (Beaule et al., 2001). Thus, the mammalian 
SC, which is the main regulator of circadian rhythmicity, seems to share, to some extent, 
the functional organization of the Xenopus SC, which is involved in the regulation of
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background adaptation. There are indications that in Xenopus, the SC is also involved in 
regulating circadian rhythmicity (Harada et al., 1998). It remains to be investigated 
whether the NPY-containing cell groups, and possibly also other cell groups, like the 
population of AVP-containing neurons, play a role in this process.

In lower vertebrates, circadian rhythmicity can also be regulated by the retina, pineal 
gland and, possibly, photoreceptors in the brain (Yoshikawa and Oishi, 1998). Indeed, in 
Xenopus, endogenous circadian clocks have been demonstrated in retinal photoreceptors 
and in the pineal gland (Cahill et al., 1993; Green et al., 2001b). Photoreceptors, 
containing the photo pigment melanopsin, have also been identified in the Xenopus SC 
(Provencio et al., 1998). Whether these cells are involved in the regulation of circadian 
rhythmicity is not known. Similarly, the possible coexistence of melanopsin with 
neuropeptides like NPY and a-MSH, or with other neurotransmitters like DA and GABA, 
has not been investigated. It is interesting to note that all photosensitive cells in the 
Xenopus central nervous system are located in structures that are, at least partially, 
derived from the ANR, suggesting that these cells have a common embryonic origin and 
function. This idea is corroborated by the recent observation that in Xenopus embryos 
expression of the circadian gene clock is restricted to the most anterior region of the 
neural plate, which includes the ANR (Green et al., 2001a).

Brain-derived neurotrophic factor

The role of the peptide BDNF in the regulation of Xenopus melanotrope cells has been 
described in Chapter ó. BDNF and BDNF mRNA are present in the melanotrope cells. 
Ultrastructurally, BDNF appears to be located in secretory vesicles, probably coexisting 
with a-MSH. Levels of BDNF mRNA and BDNF precursor protein are upregulated in 
melanotropes of black-adapted animals, while the amount of stored, mature protein does 
not differ between black-and white-adapted animals. This suggests that BDNF 
transcription, biosynthesis and release are stimulated in active melanotrope cells. In turn, 
BDNF stimulates the biosynthesis of POMC and the release of a-MSH, indicating that it 
works as an autocrine factor on the melanotrope cells. The kinetics of the stimulatory 
effect of BDNF on a-MSH-release (see Chapter ó) strongly suggest that BDNF works via 
the high-affinity TrkB receptor, rather than via the low-affinity neurotrophin receptor p75.

The presence of an autocrine factor that stimulates melanotrope cell activity has long 
been predicted on the basis of the observation that denervated or isolated 
neurointermediate lobes show a high and sustained a-MSH-release (e.g. Hadley and 
Bower, 197ó; Hadley and Hruby, 1977). The first autocrine factor identified in Xenopus 
melanotrope cells is acetylcholine (ACh), which works through a muscarinic M1 receptor
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and stimulates the release of a-MSH (Van Strien et al., 1996b). However, an effect of 
ACh on biosynthesis of POMC has not been demonstrated, making BDNF the first 
autocrine factor shown to influence multiple processes in the melanotrope cell.

The intracellular signalling of BDNF has not yet been investigated in melanotrope 
cells, but data on BDNF-signalling in mammalian neurons and anterior pituitary cell 
lines, in combination with our current knowledge about Xenopus melanotrope cells (see 
Chapter 1), allow us to come up with a model of how BDNF might work in this cell type 
(Fig. 1). Binding of BDNF to TrkB can activate distinct intracellular signal transduction 
pathways (for review see Kaplan and Miller, 2000). One of these pathways regulates the 
intracellular Ca2+-concentration via phosphorylation of phospholipase Cy (PLCy) and a 
subsequent increase in the level of inositol (1,4,5) triphosphate (IP3), which triggers the 
release of Ca2+ from intracellular Ca2+-stores. This pathway is involved in the BDNF- 
mediated enhancement of neurotransmitter release from cultured cortical and 
hippocampal neurons (Li et al., 1998; Takei et al., 1998). In Xenopus melanotropes, IP3 
is thought to be downstream of ACh- and thyrotropin-releasing hormone (TRH)-signalling

Fig. 1. Schematic representation of signalling pathways that might be involved in the autocrine regulation 
by BDNF of a-MSH release and POMC gene expression in melanotrope cells of Xenopus laevis. 
a-MSH: a-melanophore-stimulating hormone, BDNF: brain-derived neurotrophic factor, Ca2+: ionic 
calcium, CREB: cAMP-responsive element binding protein DAG: diacylglycerol, DNA: deoxyribonucleic 
acid; IP3: inositol 1,4,5-triphosphate, MAPK: mitogen-activated protein kinase, mRNA: messenger 
ribonucleic acid, PKC: protein kinase C, PLCy: phospholipase Cy, POMC: pro-opiomelanocortin, sg: 
secretory granules, TrkB: tropomyosin kinase receptor type B, TTX-in: tetrodoxin-insensitive sodium channel, 
VOCC: voltage-operated calcium channel (figure courtesy of B.G. Jenks; modified).
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(van Strien et al., 1996b; B.G. Jenks, pers. comm.), and therefore IP3 could well account 
for the observed effect of BDNF on a-MSH-release. BDNF has previously been reported 
to increase Ca2+-currents through voltage-operated calcium channels (VOCC) by 
activation of TrkB and mitogen-activated protein kinase (MAPK) (Jia et al., 1999; Baldelli 
et al., 2000). Apart from the mobilization of Ca2+ from intracellular stores, this might be 
a second way by which BDNF stimulates a-MSH-release from Xenopus melanotrope cells.

BDNF can also affect neurotransmitter release at the level of the exocytosis 
machinery. In BDNF knock-out mice, a decrease in the number of docked synaptic 
vesicles at the synaptic active zone has been observed (Pozzo-Miller et al., 1999; Tyler 
and Pozzo-Miller, 2001). This observation is in line with findings of Jovanovic et al. 
(1996, 2000), who showed that BDNF-binding to TrkB results in phosphorylation of 
synapsin I by MAPK and subsequent release of neurotransmitter. Phosphorylation of 
synapsin I reduces the binding of synaptic vesicles to actin filaments, making more 
vesicles available for docking and subsequent exocytosis. BDNF has also been shown to 
increase neuronal levels of various exocytosis proteins, like synaptophysin, synaptobrevin, 
synaptotagmin, SNAP-25 and Rab3A (Wang et al., 1995; Takei et al., 1997; Pozzo- 
Miller et al., 1999). Accumulating evidence indicates that the exocytosis machinery in the 
endocrine Xenopus melanotropes is very similar or even identical in molecular 
composition and functioning as that responsible for the release of neurotransmitters from 
neurons (Berghs et al., 1999; Kolk et al., 2000, 2001a, 2002; see also Chapter 4). This 
makes a similar stimulatory role of BDNF on secretion from Xenopus melanotrope cells 
seem likely.

In mammalian central neurons, BDNF-binding to TrkB was found to directly cause 
the opening of a tetrodoxin (TTX)-insensitive Na+-channel, without an intermediate 
signalling cascade (Kafitz et al., 1999, 2000). The existence of a TTX-insensitive Na+- 
channel in Xenopus melanotropes has been reported (Valentijn and Valentijn, 1997). 
BDNF could act on this channel to evoke depolarization and subsequent activation of 
VOCC, resulting in a-MSH release from melanotrope cells.

Temporary increases in the intracellular Ca2+-concentration, propagated to the 
nucleus in the form of Ca2+-oscillations, correlate with POMC gene expression in 
Xenopus melanotropes (see Chapter 1). Therefore, BDNF, which has been shown to 
potentiate spontaneous Ca2+-oscillations in hippocampal neurons (Sakai et al., 1997), 
might enhance POMC expression by stimulating Ca2+-influx through VOCC or by 
stimulating Ca2+-induced Ca2+-release (CICR). The cAMP-responsive element binding 
protein (CREB), which is also regulated by Ca2+/calmodulin-dependent protein kinases, is 
a downstream target of BDNF signalling (Finkbeiner et al., 1997). Since CREB can 
regulate POMC gene expression (Boutillier et al., 1998), it possibly forms the ultimate 
link between BDNF and POMC biosynthesis.
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Apart from exerting an autocrine action, BDNF might also work on nerve terminals 
innervating the melanotrope cells. In the rat, TrkB immunoreactivity has been observed on 
nerve endings in the intermediate lobe (Aguado et al., 1998). Prolonged incubation with 
BDNF did not influence the effect of inhibitory neurotransmitters on a-MSH release from 
Xenopus melanotropes (B.M.R. Kramer, unpubl. res.). This indicates that BDNF does not 
affect postsynaptic characteristics of the SMIN-synapses, like receptor density. However, it 
cannot be excluded that BDNF affects presynaptic characteristics of the SMIN-synapses, 
like synapse size (see Berghs and Roubos, 1996) and neurotransmitter release, or on 
processes in the perikarya of the SMINs, like gene expression and biosynthesis of 
neurotransmitter (see Tuinhof et al., 1993; Chapter 4, 5). BDNF has been shown to have 
such effects on mammalian neurons. It stimulates GABA expression and GABA-mediated 
inhibition in cortical cultures (Rutherford et al., 1997), increases the size of GABAergic 
terminals in cerebellar culture (McLean-Bolton et al., 2000) and stimulates the formation 
of GABAergic synapses in cerebellar and hippocampal cultures (Vicario-Abejon et al., 
1998; Marty et al., 2000; Seil et al., 2000). BDNF also increases the expression of NPY 
in cultured cortical neurons (Takei et al., 1996). Hypothalamic dopaminergic neurons 
that project to the mammalian pars intermedia are stimulated by BDNF, resulting in 
neurite outgrowth and increased levels of TH (Loudes et al., 1999). Thus, it might well be 
that BDNF, apart from stimulating a-MSH release and POMC biosynthesis, regulates 
inhibitory innervation of the Xenopus melanotropes. It can be speculated that the role of 
BDNF in these cells changes during development. Early in development, BDNF might 
have a neurotrophic action, promoting survival and neurite outgrowth of the SMINs, while 
later in development, the peptide might get an autocrine function. Whether at any given 
time BDNF exerts influence on the melanotrope cells or on the synapses innervating the 
melanotropes could be controlled by activity-dependent expression of the TrkB receptor, a 
phenomenon that has recently been shown to occur in mammalian central neurons 
(Meyer-Franke et al., 1998).

Conclusions and perspectives

The regulation of background adaptation in the amphibian Xenopus laevis has proved to 
be more complex than previously thought. In the research described in this thesis, two 
new pathways have been identified that are indirectly involved in the regulation of the 
melanotrope cells, and one peptide, which was not known to exist in Xenopus 
melanotrope cells, has been shown to directly regulate the activity of these cells (Fig. 2).

First, a-MSH-positive RGCs in the dorsal part of the retina were found to be involved 
in the background adaptation process, at least during development. The activation of 
these cells probably constitutes the first step in the signalling cascade leading from light
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Fig. 2. Schematic representation of the current view on the regulation of a-MSH release, projected on a 
sagittal section of the central nervous system of Xenopus laevis. Peptides and pathways investigated in this 
thesis are highlighted. a-MSH: a-melanophore-stimulating hormone, ACh: acetylcholine, 
CRH: corticotropin-releasing hormone, BDNF: brain-derived neurotrophic factor; DA: dopamine, 
GABA: y-aminobutyric acid, IN: suprachiasmatic interneurons; LC: locus coeruleus, Mg: magnocellular 
nucleus, NA: noradrenaline, NPY: neuropeptide Y, PD: pituitary pars distalis, PI: pituitary pars intermedia; 
PN: pituitary pars nervosa, Ra: raphe nucleus, RGCs: retinal ganglion cells, SC: suprachiasmatic nucleus, 
SMINs: suprachiasmatic melanotrope-inhibiting neurons, TRH: thyrotropin-releasing hormone, 
5-HT: serotonin (figure courtesy of R. Tuinhof; modified).

perception to a change in skin color. The projection area of the a-MSH-positive RGCs is 
not exactly known, but these RGCs might innervate the SMINs in the SC. Future studies, 
combining neuronal tract tracing with immunocytochemistry at the light and electron 
microscopical level may elucidate whether the optic innervation of the SMINs is indeed a- 
MSH-positive, and whether other cell groups are also innervated by the a-MSH-positive 
RGCs.

Secondly, a population of NPY-positive neurons has been identified in the 
dorsomedial area of the SC. The activity pattern of these cells, combined with their 
morphological characteristics, suggest that these cells are interneurons, projecting to the 
SMINs and inhibiting their activity in black-adapted animals. Double-labelling studies at 
the light- and electron-microscopical level could reveal whether the dorsomedial cell 
group in the SC expresses the same neurotransmitters, besides NPY, as occur in synapses 
on the SMIN somata. Furthermore, quantitative RT-PCR on SC tissue samples could 
reveal whether NPY receptors are differentially expressed in the ventrolateral area of the 
SC, containing the SMINs, in black- and white-adapted animals. Such a difference would 
support the hypothesis that the SMINs are innervated by the NPY-containing cells in the 
dorsomedial area of the SC. Finally, direct evidence for the connection between these two 
cell groups might be obtained using DiOlistic labeling (Gan et al., 2000). With this novel 
technique, particles coated with the lipophilic tracers DiI and DiO, which diffuse via the
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cell membrane of fixed cells, can be applied to distinct areas of fixed brain tissue using a 
GeneGun. In this way, multiple afferent and efferent projections of these brain areas can 
be traced simultaneously. Preliminary experiments have yielded promising results, 
showing that the technique can be applied successfully to Xenopus brain tissue (B.M.R. 
Kramer, unpubl. res.).

Thirdly, BDNF has been identified as an autocrine factor, being differentially 
expressed in melanotropes of black- and white-adapted animals and stimulating the 
activity of melanotrope cells. A first step in elucidating the signalling mechanisms of 
BDNF in these cells would be the identification of the receptor involved. Quantitative RT- 
PCR may elucidate whether TrkB and/or p75 are present and differentially expressed in 
the melanotrope cells. In addition, it would be very interesting to investigate the presence 
of these receptors on the nerve terminals innervating the melanotrope cells of black- and 
white-adapted animals.

In conclusion, the research described in this thesis has further expanded our 
knowledge about the peptides and pathways involved in the regulation of background 
adaptation in Xenopus laevis. For the first time, neurons have been characterized (the 
a-MSH-positive RGCs and the NPY-positive, putative interneurons in the SC) that might 
regulate the melanotropes in an indirect way, by innervating SC neurons (the SMINs) that 
project directly to the melanotrope cells. Thus, this neuroendocrine response is one of the 
most extensively described regulatory systems up to now, in which sensory cells, 
interneurons, effector neurons and endocrine target cells have all been characterized.
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Summary / Samenvatting

S u m m a ry

Adaptation is a key process for any organism to survive in a continuously changing 
environment. External stimuli have to be perceived and translated into a physiologically 
meaningful response. This is achieved by the nervous system, often in cooperation with 
the endocrine system. The resulting neuroendocrine response offers great possibilities to 
study the communication between the nervous and endocrine system, since both the 
sensory inputs to and the hormonal outputs within the organism can be monitored and 
linked to the dynamics of the neurons and endocrine cells involved. The process of 
background adaptation in the amphibian Xenopus laevis is a good example of such a 
neuroendocrine response, and has been used in this thesis to investigate how a combined 
neuronal-endocrine pathway regulates the transduction of an external stimulus into a 
physiological response.

Xenopus can adapt the color of its skin to the light intensity of its environment. The 
color of the skin is regulated by the release of a-melanophore-stimulating hormone (a- 
MSH) into the blood. This hormone stimulates the dispersion of melanin pigment granules 
in skin melanophores, giving the animal a black appearance. The hormone is derived 
from the precursor protein pro-opiomelanocortin (POMC) and is produced and released 
by melanotrope cells in the pituitary pars intermedia. The activity of the melanotrope cells 
is regulated by various brain centres, like the suprachiasmatic nucleus (SC) and the 
magnocellular nucleus (Mg) in the hypothalamus, and the locus coeruleus (LC) and the 
raphe nucleus (Ra), which are located in the hindbrain. In the SC, the so-called 
suprachiasmatic melanotrope-inhibiting neurons (SMINs), which produce the 
neurotransmitters neuropeptide Y (NPY), dopamine (DA) and y-aminobutyric acid 
(GABA), are responsible for the inhibitory regulation of the melanotrope cells. The SMINs 
receive innervation from the retina, suggesting the existence of a direct retino- 
hypothalamo-pituitary pathway. It is clear that the background adaptation system in 
Xenopus forms a good example of how the nervous system and the endocrine system 
cooperate to enable the organism to adapt to its environment. The research described in 
this thesis aimed to further elucidate the organization of this neuroendocrine system by 
investigating novel peptides and pathways that are involved in background adaptation.

In Chapter 2, a detailed review is given of the current state of knowledge about the 
peptidergic control centres that are involved in the retino-brain-pituitary system of 
Xenopus. Both the melanotrope cells and brain centres innervating these cells exhibit a 
high degree of plasticity, at the level of molecules, subcellular structures, synapses and 
cells. Thus, the background adaptation system in Xenopus reveals how plasticity at the 
molecular, cellular and organismal level enables an organism to respond adequately to 
changing environmental factors demanding physiological adaptation.
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In Chapter 3, the immunocytochemical localization of a-MSH in the brain, cranial 
placode derivatives and retina during development is described, in relation to 
background adaptation. The early presence of a-MSH was shown in structures that are 
totally or partially derived from the anterior neural ridge (ANR) and involved in adaptation 
processes, like the SC, ventral hypothalamic nucleus, epiphysis, pituitary pars intermedia 
and pars distalis. In addition, a-MSH has been detected in cranial placode derivatives, 
like the olfactory epithelium, and the otic and epibranchial ganglia. These structures are 
thought to originate from regions adjacent to the ANR. Finally, a subpopulation of retinal 
ganglion cells (RGCs), possibly also derived from the ANR, was characterized and found 
to contain a-MSH. Immunoreactivity for a-MSH in RGCs that are located in the dorsal 
part of the retina is dependent on the background light intensity, suggesting that these 
cells are involved in the regulation of background adaptation, possibly by innervating the 
SMINs in the SC. Taken together, these data support the hypothesis that POMC- 
containing neurons and endocrine cells have a common embryonic origin and a 
common function.

In Chapter 4, the structural and functional organization of NPY-containing cell 
groups in the SC is presented. Three NPY-positive cell groups were identified: a 
ventrolateral group, consisting of the SMINs, a dorsomedial group and a caudal group. 
The activities of these cell groups under different background adaptation conditions were 
determined by in situ hybridization with an mRNA-probe for the exocytosis protein DOC2, 
a marker for neuronal secretory activity. The expression of DOC2 in pituitary 
melanotrope cells was found to be physiologically regulated, being highest in 
melanotrope cells of black-adapted animals. In the ventrolateral SC group, more neurons 
express DOC2-mRNA in white- than in black-adapted animals. In contrast, neurons in 
the dorsomedial group have a high secretory activity under the black-adaptation 
condition. We propose that in black-adapted animals, the SMINs are inhibited by NPY- 
containing interneurons in the dorsomedial group. Neurons in the caudal group are 
morphologically similar to the SMINs, but resemble the dorsomedial NPY-neurons in their 
secretory dynamics. They may play a role in background adaptation distinct from that 
exerted by the ventrolateral and dorsomedial group.

In Chapter 5, the SMINs and their innervation are investigated using confocal laser 
scanning microscopy and electron microscopy. At the light-microscopical level, co
existence of NPY and the exocytosis protein synaptobrevin in spots close to the SMIN 
somata was observed, suggesting the existence of NPY-containing synapses on these 
cells. At the ultrastructural level, the SMIN showed a high degree of plasticity, containing 
more electron-dense vesicles and a larger extent of rough endoplasmatic reticulum in 
white- than in black-adapted animals. These features are indicative of cells that are 
actively synthesizing proteins, such as NPY. The innervation of the SMIN-somata also
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differed considerably between adaptation conditions, as synapses, containing electron
dense granules, were only observed on the soma of SMINs in black-adapted animals. 
This indicates the existence of an inhibitory input to the SMINs, possibly involving NPY.

In Chapter ó, the role of brain-derived neurotrophic factor (BDNF) in the regulation 
of melanotrope cell activity is studied using a multidisciplinary approach. The presence of 
BDNF and BDNF mRNA in melanotrope cells was demonstrated by Western blotting, 
immunocytochemistry at the light- and electron-microscopical level, RT-PCR and in situ 
hybridization. Real-time quantitative RT-PCR and quantitative Western blotting showed an 
upregulation of BDNF mRNA and BDNF precursor protein, but not of mature BDNF, in 
melanotropes of black-adapted animals, suggesting a high rate of production and 
release of BDNF in active melanotropes. Since immuno-electron microscopy revealed 
that BDNF is located in melanotrope secretory granules, BDNF is probably co-released 
with a-MSH via the regulated secretory pathway. Superfusion and 3H-amino acid 
incorporation studies demonstrated that BDNF stimulates the release of a-MSH and the 
biosynthesis of its precursor, POMC. It is concluded that BDNF regulates the activity of 
Xenopus melanotrope cells in an autocrine fashion.

In conclusion, the research described in this thesis has further elucidated the 
regulation of background adaptation in the amphibian Xenopus laevis. For the first time, 
neurons have been characterized (the a-MSH-containing RGCs and the NPY-positive, 
putative interneurons in the SC) that might regulate the melanotrope cells in an indirect 
way, by innervating SC neurons (the SMINs) that project directly to the melanotrope cells. 
In addition, a peptide (BDNF) that was not known to exist in Xenopus melanotropes has 
been demonstrated to act as an autocrine factor on these cells. These results have further 
expanded our knowledge about the neuroendocrine mechanism that regulates 
background adaptation in Xenopus laevis. In this system, sensory cells, interneurons, 
effector neurons and endocrine target cells have now all been characterized.
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Sa m en v a t t in g

Het is voor een organisme van belang zich te kunnen aanpassen aan een voortdurend 
veranderende omgeving. Stimuli van buitenaf moeten worden waargenomen en leiden 
tot een fysiologisch zinvolle reactie. Het zenuwstelsel speelt hierbij een belangrijke rol, 
vaak in samenwerking met het hormonale, ofwel endocriene, stelsel. De resulterende 
neuro-endocriene respons biedt veel mogelijkheden om de communicatie tussen het 
zenuwstelsel en het endocriene stelsel te bestuderen, omdat zowel de zintuiglijke input als 
de hormonale output van het systeem gemeten kunnen worden, en kunnen worden 
gerelateerd aan de dynamiek van de betrokken neuronen en endocriene cellen. Het 
proces van achtergrondadaptatie bij de Zuid-Afrikaanse klauwpad Xenopus laevis is een 
goed voorbeeld van een dergelijke neuro-endocriene respons, en is in dit proefschrift 
gebruikt om te onderzoeken hoe een gecombineerd neuronaal-endocrien systeem de 
omzetting regelt van een externe stimul naar een fysiologische reactie.

Xenopus kan de kleur van de huid aanpassen aan de lichtintensiteit van de 
omgeving. De kleur van de huid wordt gereguleerd door de afgifte van a-melanofoor- 
stimulerend hormoon (a-MSH) aan het bloed. Dit hormoon stimuleert de dispersie van 
het pigment melanine in cellen in de huid (de zgn. melanoforen), wat maakt dat het dier 
er zwart uitziet. Het hormoon wordt gemaakt uit het voorloper-hormoon pro- 
opiomelanocortine (POMC) en wordt geproduceerd en afgegeven door melanotrope 
cellen in het middelste deel van de hypofyse, de pars intermedia. De activiteit van de 
melanotrope cellen wordt gereguleerd door verschillende gebieden in de hersenen, zoals 
de suprachiasmatische (kern) (SC)en de magnocellulaire kern (Mg) in de hypothalamus, 
en door de locus coeruleus (LC) en de raphe kern (Ra), die beide achter in de hersenen 
liggen. In de SC zijn de zogenaamde SMINs (suprachiasmatische melanotroop- 
inhiberende neuronen), die de neurotransmitters neuropeptide Y (NPY), dopamine (DA) 
en y-aminoboterzuur (GABA) aanmaken, verantwoordelijk voor de inhiberende regulatie 
van de melanotrope cellen. De SMINs worden geïnnerveerd door cellen in de retina. Dit 
suggereert dat er een directe verbinding bestaat tussen de retina, de hypothalamus en de 
hypofyse. Het is duidelijk dat het achtergrondadaptatiesysteem in Xenopus een goed 
voorbeeld is van hoe het zenuwstelsel en het endocriene stelsel samenwerken om het 
organisme in staat te stellen zich aan te passen aan veranderingen in zijn omgeving. Het 
onderzoek dat beschreven staat in dit proefschrift had als doel om de organisatie van dit 
neuroendocriene systeem verder op te helderen, door nieuwe eiwitten ('peptides') en 
zenuwbanen ('patwhays') te onderzoeken die betrokken zijn bij achtergrondadaptatie.

In hoofdstuk 2 wordt een gedetailleerd overzicht gegeven van de huidige kennis van 
de peptiderge cellen die deel uitmaken van het retina-hersenen-hypofyse systeem in 
Xenopus. Zowel de melanotrope cellen als de hersencentra die deze cellen innerveren 
vertonen een grote mate van plasticiteit, op het niveau van moleculen, subcellulaire
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structuren, synapsen en cellen. Het achtergrondadaptatiesysteem in Xenopus laat dus zien 
hoe plasticiteit op het moleculaire, cellulaire en organismale niveau een organisme in 
staat stelt adequaat te reageren op veranderende omgevingsfactoren die fysiologische 
aanpassing nodig maken.

In hoofdstuk 3 wordt de immunocytochemische localisatie van a-MSH in de 
hersenen, de retina en de structuren die ontstaan uit de craniale placodes beschreven 
tijdens de ontwikkeling, in relatie tot achtergrondadaptatie. Al in een vroeg stadium is a- 
MSH aanwezig in structuren die geheel of gedeeltelijk afkomstig zijn van de rand van de 
neurale plaat, de zogenaamde 'anterior neural ridge' (ANR), en die betrokken zijn bij 
adaptatie-processen, zoals de SC, de ventrale hypothalame kern, de epifyse, en de pars 
intermedia en pars distalis van de hypofyse. Ook is a-MSH aangetoond in structuren die 
ontstaan uit de craniale placodes, zoals het olfactorisch epitheel en de ganglia van het 
gehoororgaan en van de kopzenuwen V en VII. Men denkt dat de craniale placodes 
afkomstig zijn uit embryonaal weefsel dat vlak naast de ANR is gelegen. Tenslotte blijkt 
een subpopulatie van retinale ganglioncellen (RGCs), die mogelijk ook ontstaan uit de 
ANR, a-MSH te bevatten. Immunoreactiviteit voor a-MSH in RGCs in het dorsale 
gedeelte van de retina is afhankelijk van de lichtintensiteit van de achtergrond. Dit 
suggereert dat deze cellen betrokken zijn bij de regulatie van achtergrondadaptatie, 
mogelijk door de SMINs te innerveren. Samen ondersteunen deze resultaten de 
hypothese dat neuronen en endocriene cellen die POMC produceren een 
gemeenschappelijke embryologische oorsprong en een gemeenschappelijke functie 
hebben.

In hoofdstuk 4 wordt de structurele en functionele organisatie van NPY-bevattende 
celgroepen in de SC bekeken. Drie NPY-positieve celgroepen worden onderscheiden: 
een ventrolaterale groep, die bestaat uit de SMINs, een dorsomediale groep en een 
caudale groep. De activiteit van deze groepen onder verschillende achtergrondadaptatie- 
condities zijn bepaald door middel van in situ hybridisatie met een RNA-probe voor het 
eiwit DOC2, dat betrokken is bij exocytose en een marker is voor neuronale activiteit. De 
expressie van DOC2 in melanotrope cellen in de hypofyse is fysiologisch gereguleerd, nl. 
hoger in zwart- dan in wit-geadapteerde dieren. In de ventrolaterale SC groep brengen 
meer neuronen DOC2 tot expressie in wit- dan in zwart-geadapteerde dieren. Neuronen 
in de dorsomediale groep daarentegen hebben een hogere secretie-activiteit in zwart- 
dan in wit-geadapteerde dieren. Onze hypothese is dat in zwart-geadapteerde dieren de 
SMINs geinhibeerd worden door NPY-bevattende interneuronen in de dorsomediale 
groep. Neuronen in de caudale groep lijken in morfologie op de SMINs, maar hebben 
dezelfde secretie-dynamiek als de dorsomediale NPY-neuronen. Mogelijk spelen ze een 
rol in achtergrondadaptatie die verschillend is van die van de ventrolaterale en 
dorsomediale groep.
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In hoofdstuk 5 zijn de SMINs en hun innervatie onderzocht door middel van confocale 
laser scanning microscopie en electronenmicroscopie. Op licht-microscopisch niveau is 
te zien dat NPY en het eiwit synaptobrevin, dat betrokken is bij exocytose, beide aanwezig 
zijn in kleine structuren die dichtbij of op het cellichaam van de SMINs voorkomen. Dit 
suggereert het bestaan van NPY-bevattende synapsen op de SMINs. Op ultrastructureel 
niveau blijken de SMINs een grote mate van plasticiteit te vertonen. In wit-geadapteerde 
dieren bevatten de SMINs meer electronen-dichte blaasjes en een uitgebreider 
endoplasmatisch reticulum dan in zwart-gedapteerde dieren. Deze structuren zijn 
kenmerkend voor cellen die actief eiwitten, zoals NPY, aanmaken. De innervatie van de 
SMINs verschilt ook aanzienlijk tussen adaptatie-condities. Synapsen zijn alleen te zien op 
de cellichamen van de SMINs in zwart-geadapteerde dieren, en deze synapsen bevatten 
electronen-dichte blaasjes. Dit is een aanwijzing voor het bestaan van inhiberende 
innervatie van de SMINs, waarbij mogelijk NPY betrokken is.

In hoofdstuk ó is de rol die het eiwit 'brain-derived neurotrophic factor' (BDNF) speelt 
in de regulatie van de activiteit van de melanotrope cellen bekeken. De aanwezigheid 
van BDNF en BDNF mRNA in melanotrope cellen is aangetoond door middel van 
Western blotting, immunocytochemie op licht- en electronen-microscopisch niveau, RT- 
PCR en in situ hybridisatie. Quantitatieve RT-PCR en quantitatieve Western blotting laten 
een toename zien van BDNF mRNA en BDNF voorloper-eiwit, maar niet van BDNF zelf, 
in melanotropen van zwart-geadapteerde dieren. Dit suggereert een hoge productie en 
afgifte van BDNF in actieve melanotrope cellen. Uit immuno-electronenmicroscopie blijkt 
dat BDNF zich, net als a-MSH, in secretieblaasjes in de melanotrope cellen bevindt. 
Hieruit volgt dat BDNF waarschijnlijk samen met a-MSH wordt afgegeven via de 
gereguleerde secretieroute. Superfusie- en 3H-aminozuur-incorporatie studies hebben 
laten zien dat BDNF de afgifte van a-MSH en de biosynthese van POMC stimuleert. We 
concluderen dat BDNF een autocriene factor is, die de activiteit van de melanotrope 
cellen reguleert.

Samenvattend kan gesteld worden dat het onderzoek dat beschreven staat in dit 
proefschrift nieuw licht werpt op de regulatie van achtergrondadaptatie in de amfibie 
Xenopus laevis. Voor het eerst zijn er neuronen gekarakteriseerd (de a-MSH-bevattende 
RGCs en de mogelijke interneuronen in de SC, die NPY bevatten) die de melanotrope 
cellen op een indirecte manier kunnen reguleren, namelijk door neuronen in de SC te 
innerveren (de SMINs) die een directe projectie hebben naar de melanotrope cellen. 
Verder is aangetoond dat een eiwit (BDNF), waarvan niet bekend was dat het aanwezig 
was in melanotrope cellen in Xenopus, functioneert als een autocriene factor in deze 
cellen. Deze resultaten hebben onze kennis vergroot van het neuro-endocriene 
mechanisme dat de achtergrondadaptatie in Xenopus laevis reguleert. In dit systeem zijn 
zintuigcellen, interneuronen, effector-neuronen en endocriene cellen nu allemaal 
gekarakteriseerd.
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Over de voorkant: ik heb me de afgelopen ¡aren vaak gevoeld als dat meisje in het 
Louvre: heel hard bezig met het tekenen van het beeld dat ze voor zich heeft; nauwkeurig 
elk detail proberen te zien. En dan blijkt er aan de achterkant nóg een detail aanwezig te 
zijn, blijkt het beeld onderdeel te zijn geweest van een veel groter geheel. Daar valt nog 
heel wat aan te ontdekken...

'Nothing has really happened until it has been described', dat mag dan gelden voor de 
resultaten van wetenschappelijk onderzoek, het geldt zeker niet voor het doen van dat 
onderzoek, en voor alle hulp die je daarbij nodig hebt en krijgt. Er zijn veel mensen die ik 
daarvoor wil bedanken.

Tijdens mijn studie hebben een paar mensen voor mij een speciale betekenis gehad, 
omdat ze me enthousiast hebben gemaakt voor verschillende aspecten van de 
wetenschap. Uiteindelijk heeft dat geresulteerd in dit boekje. Daarom wil ik deze mensen 
graag als eerste bedanken: Truus te Kronnie voor de ontwikkelingsbiologie, Rie Akster 
(postuum) voor de anatomie en het geven van onderwijs, en Ineke van der Zee voor de 
neurobiologie.

En toen kwam ik bij de afdeling Cellulaire Dierfysiologie...
Ik heb daar twee heel verschillende manieren van begeleiden meegemaakt. Eric, al onze 
vaak heftige discussies zijn uiteindelijk productief geweest. Zonder jou had dit boekje er 
niet gelegen, bedankt voor alles. Ik vraag me overigens nog steeds af wie van ons 
tweeën nu het meest kritisch is... Bruce, dank je wel voor de stimulerende discussies en 
het geven van net dat beetje zelfvertrouwen op momenten dat ik dat nodig had. Toch 
jammer dat die ruimtevlucht er niet van gekomen is.... Bedankt ook voor de leuke tijd in 
Faro en New Orleans (where the girls had their good days and their bad days...)!

Naast mijn promotor en co-promotor zijn er meer mensen aan wie ik veel te danken 
heb. Péééééter Cruijsen en Debbie Ouwens, sorry, Tilburg, hebben veel leuke proefjes 
voor me gedaan. Ook Tony Coenen en Kari Meijer dank ik voor hun technische 
ondersteuning. Zonder Ron Engels zou er geen klauwpad of larfje rondzwemmen bij ons 
(en zeker niet in een ruimte-setup), en de mensen van het GI (met name Jelle, Liesbeth en 
Huub) stonden altijd klaar voor hulp en advies, van CLSM en EM tot Gene-Gun. Ook bij 
het maken en verwerken van mooie plaatjes waren ze onmisbaar.

Dan zijn een paar mensen wiens bijdrage aan dit proefschrift niet in enkele woorden 
te omschrijven is. Ik ga het toch proberen: Rienk, eerst in dat #A$@#$-Nijmegen en 
later in het toch niet zo verre Zwitserland: dank je wel voor alle advies, hulp en ideeën. 
Bijna alles wat ik van de anatomie van kikkerhersenen weet of denk te weten heb ik van 
jou geleerd. Grussli! Else: koffiedrinken, stoom afblazen, bijkletsen, borrelen, liedjes 
instuderen (en uiteindelijk is het altijd: 'ongelijk, vals, niet te verstaan, maar wel erg
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leuk!'), boodschappen doen en heeeel erg lekker eten: dank je wel voor alle steun en 
gezelligheid! Rebecca, het is erg prettig om iemand te hebben die dichtbij genoeg staat 
om te weten waar je het over hebt, en ver weg genoeg zit om het allemaal aan te kunnen 
vertellen. Dank je wel, en: we bellen! En dan natuurlijk Sharon. We zijn vrijwel gelijk 
begonnen en ook vrijwel gelijk door alle pieken en dalen van het AIO/OIO-schap 
gegaan. We konden altijd bij elkaar terecht, en dat heeft heel veel voor me betekend. 
Het heeft zeker ook bijgedragen aan de hoeveelheid glaswerk op Rienks kamer... Dank je 
wel voor alles, en in gedachten ben je m'n derde paranimf. Ik wil jou en Vincent ook 
bedanken voor de spoedcursus 'hoe maak ik een boekje'. We zien elkaar aan de andere 
kant van de oceaan!

Als ik terugdenk aan 'het lab' van de afgelopen jaren denk ik niet alleen aan proefjes 
doen en werkbesprekingen, maar ook aan kanovaren, wijnproeven, vlotten bouwen, hout 
zagen, gospel zingen, Grieks/Mexicaans/Chinees lunchen, en natuurlijk aan Kerstmis: 
ijshockeyen, de Millennium-bug, en kerstdiners in alle soorten en maten. Ik wil dan ook 
alle 'ghosts of Christmas past and present' bedanken voor de afgelopen vijf jaar: Maartje, 
Niels, Geert, Maarten, Martine, Frouwke, Wim, Marinella, Aniko, Liung-Chang, Zhang, 
Dick en ook Ruud, Stanny, Werner, Jacco, Corinne, Hans, Manon, Maia, Tono, Jack en 
Ji-Ying. Ik kan alleen maar hopen dat ik met de 'ghosts of Christmas future' net zulke 
goeie herinneringen ga opbouwen! Ook de mensen op de oude en nieuwe derde 
verdieping en in het souterrain bedank ik voor de gezelligheid (zie boven), en ook voor 
het geven van advies en het uitlenen van stofjes ('help!') als dat nodig was. Titti Mariani 
wil ik speciaal bedanken voor het feit dat ze tijdens mijn promotie rector wil zijn.

Naast het doen van onderzoek is ook het geven van onderwijs belangrijk. "Mijn" 
studenten Thomas, Joyce (koekje?), Marjolein, Micha, Ilse, Robbert en Marc bedank ik 
voor al het werk dat ze hebben verricht, vaak in hectische tijden. Ik hoop dat ik jullie 
goed heb kunnen begeleiden. Ilse en Louise bedank ik ook voor hun gezelschap toen ze 
mijn kamer deelden na hun stages. Saro, thank you for the work you did, I hope you had 
a good time here in Nijmegen. Nicole, I think you have no idea how much you 
contributed to this thesis. It was a lot of fun having you here, and I'm sure we'll see each 
other soon! At this place, I would also like to thank Jerry Eagleson, not only for sending 
Nicole, but also for his interest in my work, and our e-mail discussions.

François, jouw naam is onlosmakelijk verbonden met het woord 'onderwijs'. Ik heb 
onze samenwerking altijd heel prettig gevonden, en ik wil je ook bedanken voor alle 
mogelijkheden die je me hebt geboden. Misschien kunnen we ooit nog eens dat eigen 
bedrijfje beginnen... Bedankt ook Wyboud en Declan voor de gezellige samenwerking en 
de koffie tijdens de practica Vertebraten (en Wyboud ook alvast voor de muziek!). Van de 
Hogeschool Arnhem Nijmegen wil ik Guido, Bert, Theo en Jeanne bedanken voor de 
samenwerking bij de cursus Proefdierkunde. Wanneer komt er weer zo'n leuke 
tentoonstelling als vorig jaar?
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Ook buiten het werk zijn er veel mensen belangrijk voor me geweest. Vrienden en 
huisgenoten hebben zich vaak met verbazing afgevraagd wat ik toch deed op m'n werk. 
Hersenen van kikkers??? Ik hoop dat dit boekje enige duidelijkheid biedt, maar ik ben 
bang dat jullie me nog steeds voor gek verklaren... Bedankt voor de afleiding, 
gezelligheid en relativering van dat rare werk. Eric, we gaan toch promoveren!!! 
En Adriaan en Marianne, misschien wordt 17 april voor jullie wel net zo'n speciale dag 
als voor mij...

Ik heb veel moeten laten schieten de afgelopen maanden, maar toch nooit 
(OK, bijna nooit) de pubquiz! Iedereen van 'My Brain Hurts' en het oude 'Trivial 
Persuasion', bedankt voor de gezellige dinsdagavonden in de kroeg. Het was en is een 
prima uitlaatklep, en binnenkort krijgen we die fles whisky, ik weet het zeker!

Ook voor mijn familie was het vaak moelijk voor te stellen wat ik nou deed. 
Maar iedereen was altijd geïnteresseerd en belangstellend, en ik heb dat erg 
gewaardeerd. Het wordt straks ook een beetje jullie dag. Mijn ouders wil ik speciaal 
bedanken voor het feit dat ze me altijd alle vrijheid en ondersteuning hebben gegeven 
om te kiezen wat ik leuk vind, zelfs als dat ver weg in Canada ligt... Hopelijk maken 
e-mail en vliegtuigen het wat minder ver. Bedankt voor alles, ik hou van jullie.

Peter, de laatste woorden zijn voor jou. Ik kan je niet genoeg bedanken voor alle 
liefde, begrip, én relativeringsvermogen. Het maakte de leuke tijden leuker, en de zware 
tijden minder zwaar. Ik ben heel blij dat je straks naast me staat, en dat we daarna 
samen het grote koude avontuur aangaan. Kom je mee?

liefs,
Bianca
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Ik wou je niet bezwaren maar verlichten 
En al die kleine feiten dan" 

Dat is waar, het wordt tijd voor vergezichten 
Dus onthoud alleen maar de gedichten 

En vergeet daar ook de woorden van

Leo Vroman
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