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General introduction 

Cell communication 

In all multicellular organisms communication between the cells is essential for regulating 
the development and functioning of tissues, organs and the organism as a whole. Two 
important mechanisms are involved in this regulation: the nervous system and the 
endocrine system. The physiological significances of these systems are similar, i.e. the 
transduction of messages to effector systems (e.g., muscles and glands). However, the 
pathway and duration of the messages and the chemical structure of the messengers are 
not identical. 

The nervous system contains many neurons, which consist of a cell body, 
dendrites, an axon and axon terminals. According to the classical view a neuron 
synthesizes one chemical messenger (Dale, 1935), such as acetylcholine, a biogenic 
amine (e.g., noradrenalin, dopamine and serotonin) or an amino acid like gamma-
aminobutyric acid (GABA), glutamate or glycine. Messengers are transported through 
the axons to the axon terminals which form specialized junctions as a releasing site: the 
synapses. This synaptic communication, which is the most common form of 
communication between nerve cells and their targets, can be morphologically identified 
by the presence of a pre- and postsynaptic membrane enclosing a widened intercellular 
space. Here, the messengers are stored within secretory vesicles; upon an appropriate 
stimulus (membrane depolarization) the vesicles release the messengers into the synaptic 
space by the process of exocytosis. The messengers act on specific receptors that are 
present on the surface of the target cells. This type of communication is fast and lasts 
very shortly. 

The other regulatory system, the endocrine system, consists of endocrine cells 
which produce another type of messenger, viz. hormones, such as (poly)peptides and 
steroids (e.g., insulin and testosterone). Endocrine cells do not form specialized contacts 
with their, distantly located, targets. They communicate with these targets by releasing 
their hormone into the circulation. As a consequence, this process of passing messages 
proceeds more slowly and lasts much longer than synaptic communication. Endocrine 
regulation is in particular responsible for the control of long-term physiological processes 
such as growth, development, reproduction and adaptation. 

More recent investigations dealing with the mechanisms of nervous and endocrine 
communication, have revealed that the picture described above is far too simple. 
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General introduction 

1) There is a vast amount of morphological and physiological evidence that the 
nervous and endocrine system strongly influence and control each other's activities. 
Communication between these systems occurs in various ways. Firstly, some neurons, 
particularly located in the hypothalamus, control the activity of the main endocrine 
control system, the pituitary gland, by releasing messengers (especially peptides) that act 
via synapses (neurosecretomotor control; Bargmann et al., 1967) or via the blood 
("neurosecretion"; Speidel, 1919; Scharrer et al., 1928). Secondly, the peripheral 
endocrine targets exert feedback control on the nervous system by sending hormones via 
the blood to the central nervous system. 

2) It has been found that communication between neurons within the nervous 
system is not only accomplished via direct, synaptic connections but also in a hormone-
like way: non-synaptic or paracrine communication (e.g., Beaudetand Descarriers, 1978; 
Bumaand Roubos, 1986; van Heumen and Roubos, 1990). In this type of communication 
messengers are released from morphologically non-specialized release sites into the 
intercellular space. Via diffusion they reach their specific receptors on the target neurons. 

3) In contrast to Dale's Law (1935) most if not all neurons and endocrine cells 
appear to produce not one type but different types of messenger (e.g., Hökfelt et al., 
1986). Probably, all of these messengers are involved in the regulation of aspects of the 
animal's physiology. At present, particularly interest is being given to the mechanisms 
that are responsible for the biosynthesis, storage and release of these coexisting 
messengers (e.g., table 1; for review see Hökfelt et al., 1983, 1986). 

4) Since it has been demonstrated that more than one messenger may coexist in 
the same terminal and, moreover, in some cases even costorage in one secretory vesicle 
occurs, much attention is focussed at the mechanisms controlling the release of such 
coexisting messengers. Some examples of either corelease or differential release have 
been reported (e.g., Lundberg and Hökfelt, 1983; Viveros et al., 1983; Lundberg et al., 
1988). 

5) Recently, evidence has been presented for the existence of indirect 
communication mechanisms between neurons and endocrine cells. For instance, the star-
shaped folliculo-stellate cells in the pituitary appear to be mediators between axon 
terminals and endocrine cells, transducing a neuronal message to the endocrine cell (Baes 
et al., 1987). 
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General introduction 

Table 1 
Overview of coexisting classical transmitters and peptides in the central nervous system* 

classical transmitter 

dopamine 

adrenaline 

serotonin 

acetylcholine 

GABA 

peptide 

CCK 

neurotensin 

enkephalin 

NPY 

vasopressin 

neurotensin 

NPY 

substance Ρ 

CCK 

substance Ρ 

TRH 

substance Ρ + TRH 

CCK 

enkephalin 

enkephalin 

substance Ρ 

VIP 

g alanin 

CGRP 

somatostatin 

CCK 

brain region (species) 

ventral mesencephalon (rat,cat,monkey,man) 

ventral mesencephalon (rat), 

hypothalamic arcuate nucleus (rat) 

locus coeruleus (cat) 

medulla oblongata (man.rat) 

locus coeruleus (rat) 

locus coeruleus (rat) 

medulla oblongata, solitary tract (rat) 

medulla oblongata (rat) 

medulla oblongata (rat) 

solatory tract (rat) 

medulla oblongata (rat.cat) 

medulla oblongata (rat) 

medulla oblongata (rat) 

medulla oblongata (rat) 

medulla oblongata, pons (cat), 

area postrema (rat) 

superior olive (guinea pig), spinal cord (rat) 

pons (rat) 

cortex (rat) 

basal forebrain (rat) 

medullary motor nuclei (rat) 

thalamus (cat), cortex, hippocampus 

(rat,cat,monkey) 

cortex (cat.monkey) 

*For references see Hökfelt et al., 1986 13 



General introduction 

It seems feasible that the above mentioned different communication mechanisms act 
together in establishing the coordinated nervous and endocrine control of important 
physiological processes, such as growth, reproduction and adaptation. However, no clear 
insight into the structural and functional aspects of such 'concerting' mechanisms is 
available. This thesis aims to contribute to such insight. For this purpose a detailed 
multidisciplinary study has been carried out on the nervous control of endocrine pituitary 
cells of the South African clawed toad Xenopus laevis. 

The pars intermedia of Xenopus as a model 

Physiology 
For a thorough study of the role of the nervous system in the control of the endocrine 
cell activity, an endocrine system should be examined of which input and output are well 
known, and moreover, accurately measurable. The endocrine cells in the pars intermedia 
of Xenopus laevis, the melanotrope cells, comply with these terms. Neurons in the 
hypothalamus are triggered to synthesize and release their messengers by changes in 
background colour (reflected light), resulting in a response of the melanotrope cells. 
When these cells are activated, (i.e. when the animal is placed on a black background), 
they release the melanophore stimulating hormone (aMSH) into the circulation. The 
aMSH causes pigment dispersion in the dermal melanophores, giving the animals a dark 
skin. When animals are placed on a white background, aMSH-release is inhibited by the 
hypothalamic messengers and the pigment in the melanophores stays aggregated, 
resulting in a light skin. Thus the circulating level of aMSH determines the degree of 
pigment dispersion in the pigment cells of the skin (Jenks, 1977; Wilson and Morgan, 
1979; van Zoest et al., 1989). This level can readily be measured by a radio
immunoassay. The physiological response can be measured quantitatively using the 
melanophore index according to Hogben and Slome (1931). 

It has well been established, by measurements of aMSH-release in in vitro 
superfusion experiments with explanted neurointermediate lobes, that at least five neural 
messengers are involved in the regulation of the production and release of aMSH. The 
neuropeptides thyrotropin releasing hormone (TRH) and corticotropin releasing factor 
(CRF) have a stimulatory effect on the aMSH-release (Verburg-van Kemenade et al., 
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1987a,e), whereas dopamine (DA), GABA and neuropeptide Y (NPY) inhibit this release 
(Verburg-van Kemenade et al., 1986a,b,c, 1987b,c). The involvement of these various 
messengers in the regulation of Xenopus melanotrope cells raises the question as to the 
mechanisms by which they communicate with the melanotrope cells. 

Morphology 
Light microscopical studies have revealed that the neurointermediate lobe of the pituitary 
of Xenopus laevis consists of two parts, the pars nervosa and the pars intermedia, which 
are separated by a large blood vessel. In contrast to the pars nervosa, the pars intermedia 
is hardly vascularized (Wingstrand, 1966). Ultrastructural studies have shown that the 
melanotrope cells form the main component of the pars intermedia of Xenopus laevis. 
They can be identified by their typical secretory granules and by their elaborate Golgi 
apparatus and rough endoplasmic reticulum (Hopkins, 1970; Weatherhead and Whur, 
1972). In the rat pituitary it has been found that morphologically different melanotrope 
cells are present and that the numbers of these cells can be changed by treatment with 
an inhibitory factor such as bromocriptine (Back, 1989). These results indicate that 
different states of biosynthetically active cells are present in the pars intermedia of rat 
and that the degree of this heterogeneity may be regulated by neuronal messengers. 
Heterogeneity in cell activity has also been described for other endocrine cells (Lucque 
et al., 1986; Neill et al., 1986; Arila et al., 1991). Thus, it might well be that such 
heterogeneity is an important physiological phenomenon of endocrine cells in general. 

On the basis of immunocytochemistry at the light microscopic level, it has been 
suggested that neuronal messengers reach the pars intermedia in different ways. The 
stimulatory messengers TRH and CRF seem to act via neurohaemal communication, i.e. 
they apparently reach the melanotrope cells by diffusion from the pars nervosa via the 
blood (Verburg-van Kemenade et al., 1987a,d). In contrast, GABA and NPY seem to 
be released within the pars intermedia (synaptic communication). Immunostaining was 
found in the pars intermedia with antisera raised to the GABA synthesizing enzyme anti-
glutamic acid decarboxylase (Verburg-van Kemenade et al., 1986b) and to NPY 
(Verburg-van Kemenade et al., 1987b). The precise mechanism(s) through which these 
messengers act on the melanotropes are unknown. As to dopamine, investigations 
involving the Falck method to localize bioamines, have indicated that a 
catecholaminergic, possibly dopaminergic, system innervates the pars intermedia of 
Xenopus larvae (Goos and Terlou, 1977), but the communication pathway between 
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dopamine and the melanotropes of adult Xenopus is unclear. 
Indications that synaptic communication is at least one of the ways of 

communication between neurons and melanotrope cells was also obtained by 
ultrastructural studies. The pars intermedia of amphibians contains various axon profiles 
and terminals (Iturriza, 1964; Pehlemann, 1967; Saland, 1968). These structures are in 
particular present in the neighbourhood of the melanotrope cells, and therefore it is very 
likely that they are involved in the regulation of these cells. The nature of these 
messengers is not known. 

Besides melanotrope cells and nervous elements, endothelial cells and muscle 
cells, which constitute the walls of blood vessels, are also found in the pars intermedia. 
Furthermore, there are star-shaped glial-like folliculo-stellate cells, in close contact with 
the melanotrope cells (Ferryman, 1989). Evidence has been presented that folliculo-
stellate cells in rat are involved in regulation of endocrine cells in the pituitary (Baes et 
al., 1987; Lutz-Bucher et al., 1989, Ferryman et al., 1989). It might well be that such 
mechanism is a general feature of signal transduction in the pituitary, and therefore also 
holds for the transduction of neural messages to the melanotrope cells. 

Methodological approach in this thesis 
As outlined above, there are many potential ways for communication between neuronal 
messengers and melanotrope cells (e.g. neurosecretomotor and neurosecretory; non-
synaptic or paracrine; indirect via folliculo-stellate cells; synaptic) in the complex 
mechanisms of regulation of melanotrope cells of Xenopus laevis. To unravel this 
complexity a multidisciplinary approach has been followed involving various techniques. 
This approach includes investigations of: 1) the nature of messengers that are released 
in the pars intermedia with light and electron microscopy, peroxidase-anti-peroxidase 
techniques, and immunogold labeling procedures; 2) a possible coexistence of these 
messengers with freeze-substitution, immuno-electron microscopy (double immunogold 
and triple immunogold labeling) and morphometry; 3) a possible regulatory role for non-
secretory cells (e.g. folliculo-stellate cells) with immunocytochemistry and 
autoradiography; and 4) the response of the pars intermedia and individual melanotrope 
cells to background adaptation and messengers by radio-immunoassays, electron 
microscopy, morphometry, immuno-blotting and image analysis. 
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Outline of the thesis 

In view of the various types of observed communication mechanisms in nervous and 
endocrine systems of various animals and the physiological complexity of the control of 
the melanotrope cell system in Xenopus, the following questions arise: 

1) How does the pars intermedia of Xenopus and the melanotrope cells respond to 
physiologically induced changes in activity (background adaptation)? 

2) Where are the messengers located that are involved in the regulation of the pars 
intermedia activity of Xenopus laevis and how is their cellular and subcellular 
distribution (coexisting in terminals, axons and secretory vesicles)? 

3) By what mechanism do these messengers communicate with the melanotrope 

cells? 

4) How do individual melanotrope cells respond to these messengers? 

This thesis aims to give answers to these questions. The answer to question 1 is given 
in the first chapter. Here a light microscopic morphometrical and electron microscopical 
study is presented on intermediate lobes that had been physiologically challenged, by 
adapting Xenopus to different backgrounds (white, light grey, dark grey and black). The 
state of activity of the pars intermedia was verified by measuring the aMSH-levels in the 
blood with radio-immunoassay and by determining the melanophore index in the pigment 
cells of the skin. The results demonstrate that activation causes: a) an increase in pars 
intermedia volume, b) hypertrophy of the melanotrope cells, c) a shift from a 
homogeneous to a heterogeneous melanotrope cell population consisting of at least two 
cell types (activity stages), viz. small cells with storage function and larger cells that are 
secreting. 

Question 2 is answered in the chapters 2, 3 and 4. These chapters are concerned 
with the detailed ultrastructure of the pars intermedia and present immunocytochemical 
data on the location of neuronal regulatory messengers. In chapter 2 the neural elements 
present in the pars intermedia are described: axons and axon varicosities abutting 
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melanotrope cells and folliculo-stellate cells. These varicosities contain small electron-
lucent vesicles and larger electron-dense vesicles. Postembedding immunogold labeling 
shows that GABA and NPY occur in these elements, GABA in the electron-lucent 
vesicles, NPY in the electron-dense ones. Double immunogold labeling procedures 
demonstrate the coexistence of both factors in the same axon terminals. A third 
messenger, dopamine (DA), is studied in chapter 3, using anti-DA on the light 
(peroxidase-anti-peroxidase staining) and electron microscopic level (preembedding). In 
the same chapter a modification of the immunogold labeling (postembedding) technique 
on freeze-substituted material is reported which enables the precize subcellular 
localization of DA. The results show that DA is present, like GABA and NPY, in almost 
all of the varicosities in the pars intermedia. Immunoreactivity exclusively occurs in 
electron-dense vesicles. Chapter 4 deals with colocalization studies of GABA, DA and 
NPY. Double and triple immunogold labeling procedures and antisera against the 
respective antigens were used. Triple labeling reveals that all three messengers coexist 
within the same axon terminals. GABA is present in the small electron-lucent vesicles 
whereas DA and NPY occur, at least partly, in the same electron-dense vesicles. Chapter 
4 also proposes a possible role for the differential occurrence of messenger-containing 
vesicles in synaptic contacts with melanotrope cells and folliculo-stellate cells. 

In chapter S a combined immunocytochcmical and autoradiographical technique 
is reported demonstrating NPY-binding sites on target cells. A radiolabeled specific 
NPY-ligand (125I-Bolton-Hunter NPY) and an antiserum against aMSH were used. The 
results show that the number of NPY binding sites on melanotrope cells is very low, 
whereas on folliculo-stellate cells NPY-binding sites are abundant. 

Melanotrope cell responses to messengers (question 4) is addressed in chapter 6. 
Here a hormone immuno-blotting technique is used to study the release of aMSH from 
individual cells. Relative amounts of aMSH were analysed using an image analyzing 
system. This technique has been used for analyzing the response of individual 
melanotrope cells to an inhibitory neuronal messenger (dopamine). Dopamine appears 
to be able to inhibit aMSH-release from individual cells in a dose-dependent manner, 
resulting in a change of the degree of heterogeneity in aMSH-release. 
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CHAPTER 1 

Morphology of the pars intermedia and the melanophore 
stimulating cells in Xenopus laevis in relation 

to background adaptation 

with B.G. J eras and S.E. Wendelaar Bongo 
in: General and Comparative Endocrinology 79, 74-82 (1990) 



Chapter 1 

Abstract. The melanotrope cells of the amphibian pars intermedia secrete the peptide melanophore 
stimulating hormone (aMSH), which induces pigment dispersion in dermal melanophores. The 
purpose of the present study was to determine: (1) whether prolonged activation of the secretory 
activity of the pars intermedia is associated with hypertrophy, hyperplasia or both and (2) whether 
the melanotrope cells function as a homogeneous or heterogeneous population in meeting the 
physiological demand for aMSH. The demand for aMSH was manipulated by adapting animals for 
at least 3 weeks to white, two shades of grey or black backgrounds. Morphometric analysis showed 
that the intermediate lobe volume was positively correlated with the degree of pigment dispersion in 
the melanophores. The number of melanotrope cells per lobe did not change as a result of 
background adaptation. Therefore, we conclude that enlargement of the pars intermedia (as found 
after adaptation to darker backgrounds) involves hypertrophy rather than hyperplasia of the 
melanotropes. Ultrastructural examination indicated that the majority of melanotrope cells in 
black-adapted animals are biosynthetically active, whereas the cells of white-adapted animals are 
relatively inactive and show secretory granule storage. The pars intermedia of grey-adapted toads 
contained both active and inactive cells, indicating that melanotrope cells respond as a heterogeneous 
cell population in meeting the endocrine demand imposed by background. 
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Morphology of the pars intermedia 

Introduction 

In general, activation of endocrine cells may involve hypertrophy, hyperplasia or both. 
Furthermore, two patterns of cell responses can be distinguished during activation: either 
all cells or only part of the cells become activated. An example of the former case are 
the oxytocin-producing neuroendocrine cells that respond as a homogeneous population 
to the suckling stimulus (Poulain and Wakerley, 1982). An example of the latter case are 
the vasopressin-producing neuroendocrine cells that respond heterogeneously to osmotic 
stress (Poulain and Wakerley, 1982). Morphometric and biochemical evidence has been 
advanced that the rat gonadotropes (Neill et al., 1986) and lactotropes (Lucque et al., 
1986) as well as the ß-cells of the pancreatic islets (Schuit et al., 1988) and the thyroid 
follicular cells in mice (Gerber et al., 1987) form heterogeneous populations with regard 
to their secretory response to demand for hormone. 

In the present investigation we studied the response of amphibian orMSH-
producing cells to a physiological stimulus. Two major questions were addressed. Firstly, 
does the activation of the pars intermedia involve hypertrophy, hyperplasia or both? 
Secondly, do these endocrine cells function as a homogeneous or as a heterogeneous cell 
population in response to a demand for aMSH? The melanotrope cell in the pars 
intermedia ofXenopus laevis provide a good model to study these questions because their 
activity can readily be manipulated. The melanotrope cells of animals placed on a black 
background release aMSH, which stimulates pigment dispersion in dermal melanophores, 
thereby darkening the skin. Conversely, melanotrope cells of animals on a white 
background are relatively inactive, which results in a light skin. To manipulate pars 
intermedia activity we adapted Xenopus laevis three weeks to white, light grey, dark grey 
or black backgrounds. Plasma aMSH levels were measured to confirm that the treatment 
changed secretory activity of the pars intermedia. Analysis of intermediate lobe activity 
included morphometric determinations at the light microscopic level and ultrastructural 
characterization of the melanotrope cells. 
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Materials and methods 

Animals 

Xenopus laevis were obtained from laboratory stock and fed on ground beef heart and trout pellets 

(Trouvit, Trouw, Putten) once a week. A light/dark cycle of 12:12 was maintained. The water 

temperature was 22°C. All animals were reared and kept on a grey background before the 

experiments started. Consequently, they showed a melanophore index (MI) of 3 or less, according 

to the protocol of Hogben and Slome (1931). A MI of 1 indicates full aggregation of melanin in 

dermal melanophores, a MI of S indicates full dispersion. During the experiments they were kept 

under continuous illumination. Males and females of approximately the same weight (25 g) were 

used. They were adapted to white, light grey, dark grey or black background in 10 1 buckets for 

three weeks. These backgrounds rendered consistently Mi's values of 1.0 ± 0.1, 1.9 +. 0.1, 3.5 _+ 

0.1 and 4.9 +.0.1, respectively. 

Radio-immunoassays 

To determine plasma aMSH content, animals were decapitated and trunk blood (1 ml) of individual 

animals was collected in 250 /il saline (0.9%) containing sodium-EDTA (2 mM) and trasylol (45 

KIU/ml). After centrifugation (10 min, 10,000 g, 40C) the supernatant of each sample was applied 

to a octadecyl C-18 column (J.T. Baker, Chemical Co) pretreated with 3x1 ml buffer (0.5% formic 

acid and 0.14 M pyridine) and 3x1 ml 1% polypep (Sigma) in the same buffer. The column was 

washed with 6x1 ml 8% propanol in buffer. The aMSH was eluted from the column with 3x1 ml 

26% propanol in buffer. The eluents were pooled and 20 μg.mΓ1 bovine serum albumin (BSA; 

Sigma, fraction V) was added. The sample was vacuum-dried (Savant Speed Vac) and redissolved 

in assay-buffer (0.02 M sodium-barbital, 0.2 g/1 sodium-azide and 0.3% BSA; pH 8.6) for the radio

immunoassay. The aMSH plasma levels were not corrected for losses during the extractions and 

expressed as relative values (percentage recovery was 40-50%). 

The anti-aMSH serum used in the radio-immunoassays was produced by injecting rabbits 

with synthetic aMSH (Sigma) coupled to thyroglobulin with carbodiimide. In all our assays the anti-

aMSH serum, obtained by the ninth bleeding (L9), was used at a final dilution of 1:30,000. The 

cross-reactivity of the aMSH antiserum for des-acetyl aMSH and for aMSH was 100% and for 

ACTH and ACTH(l-24) less than 0.5%. Free and bound 1M[I]-aMSH was separated by precipitation 

of the immunocomplex with polyethylene glycol (BDH)/ovalbumin (Sigma)(15%/2.4%). The aMSH 

detection limit was 2.5 pg per tube. 

Light microscopy 

Freshly dissected brain-pituitary complexes were fixed for 16 hrs by immersion in Bouin-Hollande, 

dehydrated and embedded in Paraplast. Serial sections (5μιη) were cut. Every 10th section was 
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Morphology of the pars intermedia 

mounted on a microscope slide and stained with Mayer's haematoxylin/eosin. 

Electron microscopy 

Freshly dissected neurointermediate lobes were prefixed in 3% glutaraldehyde in 0.1 M sodium 

cacodylate (pH 7.4) for IS min and fixed in a mixture of 3% glutaraldehyde in 0.1 M sodium 

cacodylate buffer, 2% osmium tetroxide (OsOJ and 5% potassium dichromate (1:1:1) for 1-1.5 h 

(Wendelaar Bonga et al., 1984). After fixation the tissues were block stained by 2% uranyl acetate 

in water (1 h). Subsequently, the material was dehydrated and embedded in Spurr's resin. Ultrathin 

sections were collected on 150 mesh copper grids, stained for 5 min with lead citrate (Reynolds, 

1963) and examined with a J eoi JEM 100CX II microscope. Semi-thin sections (Ιμιη) of the same 

blocks were cut for the determination of surface areas of melanotrope cells and their nuclei. 

Immunogold labeling 

Neurointermediate lobe tissue was fixed in Karnovsky's mixture (2% paraformaldehyde and 2% 

glutaraldehyde in 0.1 M sodium cacodylate; pH 7.4) and embedded in Spurr's resin. Sections (90 

nm) were collected on 150 mesh niclcle grids and immunogold labeled with protein A gold (ψ 16.2 

nm; Janssen Biotech NV) essentially as described by van Putten and Kiliaan (1988). Etching with 

HjO^ was omitted. The anti-aMSH serum was used in a dilution of 1:1000. Replacement of the 

antiserum by preimmune rabbit serum or preadsorption of the antiserum with excess aMSH served 

as control procedures. 

Morphometry 

Morphometry was performed of the intermediate lobe volume, and cellular and nuclear 

cross-sectional surface areas in sagittal intermediate lobe sections using a light microscope connected 

with an X-Y tablet and Kontron MOP integration equipment. On the basis of determining the 

intermediate lobe surface areas of every IO* section, the intermediate lobe volume was calculated. 

The number of cells per intermediate lobe was estimated by determining the average cell 

cross-sectional surface area of 100 melanotrope cells in semi-thin sections. Only cell profiles were 

scored that showed a nuclear section. From these data the average cell volume was calculated. In 

vitro studies on melanotrope cells showed that melanotrope cells are approximately spheroidal in 

shape. This information has been used in the calculation of the average cell volume. Consequently, 

the cell surface area is directly related to cell volume. By dividing the intermediate lobe volume by 

the average cell volume, the number of melanotrope cells per intermediate lobe was assessed. The 

nuclear cross-sectional surface area was determined in semi-thin sections for a sample of 100 

melanotrope cell nuclei per experimental group. 

Statistical tests 

Differences between means of plasma aMSH values, of intermediate lobe volumes and of cell 
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numbers were tested with Student's t-test. Differences in the relative numbers of melanotrope cell 
types were tested with a nested ANOVA (Sokal and Rohlf, 1981). In both tests statistical significance 
was accepted for Ρ < 0.05. 

Results 

Plasma aMSH levels 

Plasma aMSH levels of black-adapted animals were all above 100 pg/ml, whereas those 

of white-adapted animals were below the linear part of the standard curve of our radio

immunoassay. Plasma aMSH levels of dark grey- and light grey-adapted animals were 

between the values of black and white ones. As shown in Fig. 1, the MI is positively 

correlated with the logarithm of the aMSH levels in the blood plasma (r0=0.8263; 

n=12; Ρ < 0.001). 

Figure 1. Effects of long-term 
adaptation to different backgrounds 
(W, white; LG, light grey; DG, 
dark grey; B, black background-
adapted animals) on the MI and the 
aMSH levels in the blood of 
Xenopus laevis (means ± SEM; 
n=4). 

1 7 3 < 5 

Melanophore Index 

Figure 2. Electron micrographs of melanotrope cells from the pars intermedia of Xenopus laevis, 
adapted to white background (A), dark grey background (C) or black background (Ε), χ 11,900. 
Immunocytochemical staining with anti-a-MSH/immunogold of sections from animals adapted to 
white (B), dark grey (D) or black background (F). In controls (preimmune rabbit serum) no labeling 
was observed (G). 1= type I; 11= type II. χ 50,000. 
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Intermediate lobe volume 

The volume of the intermediate lobe of black-adapted animals was almost twice the 

volume of that of white-adapted animals (table 1). Intermediate lobe volumes of dark 

grey- and black-adapted animals had significantly increased compared to white-adapted 

toads (0.02 < Ρ < 0.05 and Ρ < 0.001, respectively) and the difference in lobe volume 

of dark grey- and black-adapted animals was also significant (0.002 < Ρ < 0.01). 

The number of melanotrope cells 

Table 1 shows the number of cells in the intermediate lobe of animals adapted to white, 

light grey, dark grey or black backgrounds. No significant differences in cell number 

among these groups were found (P > 0.05; Student's t-test). 

Table 1 

The intermediate lobe volume and the number of melanotrope cells in the pars intermedia 

of white-, light grey-, dark grey-, and black-adapted Xenopus laevis 

(means +. SEM; n=5) 

Background 

white 

light grey 

dark grey 

black 

Intermediate lobe volume 

(mm3) 

0.036 ± 0.002 

0.040 + 0.004 

0.045 ± 0.003* 

0.063 ± 0.003" 

number of melanotrope cells 

(χ ισ«) 

7.3 + 0.7 

6.9 ± 0.8 

5.9 ± 0 . 5 

6.2 + 0.5 

•0.02 < Ρ < 0.05; "Ρ < 0.001 

Ultrastructure of melanotrope cells 

On the basis of ultrastructural and immunocytochemical (see below) criteria two types 

of melanotrope cells were distinguished. The first cell type (type I; Fig. 2A) contained 

numerous round to oval-shaped secretory granules, which were often 

electron-translucent. The Golgi complex in this cell type was poorly developed and 
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dilatations of the rough endoplasmic reticulum (RER) were rarely observed. The other 

cell type (type Π; fig. 2E) contained less secretory granules; these were round in shape 

and generally contained electron-dense material. The Golgi areas in this cell type were 

well developed and large amounts of RER were present. The type II-cell was much 

larger than the type I-cell. Nearly all melanotrope cells in the intennediate lobe of 

white-adapted animals were identified as type I (about 95 %). In black-adapted toads type 

Π-cells were the predominant type (about 80%). The pars intermedia of (dark) 

grey-adapted Xenopus consisted of nearly equal numbers of type I and Π cells. This is 

illustrated in Fig. 2C. Immunocytochemistry at the ultrastructural level showed that both 

cell types contain aMSH-positive granules (Fig. 2B, D and F). The electron micrographs 

also showed some immunostaining on RER cisterns. Control sections were essentially 

devoid of immunostaining (Fig. 2G). No signs of increased apoptosis or necrosis of 

melanotrope cells were found. 

Cell cross-sectional surface area (cellular surface) and nuclear cross-sectional surface 

area (nuclear surface) 

In Fig. 3 the relative presence of melanotrope cells has been plotted against their cellular 

surface (Fig. ЗА) and nuclear surface (Fig. 3B). The cellular surface was categorized in 

groups by O.lxlO'4 mm2 steps, the nuclear surface by 0.46x10' mm2 steps. Figure ЗА 

shows that melanotrope cells can be divided in two main groups on the basis of the 

cellular surface, one group having a surface area below O^xlO^mm2 and the other group 

above this value, which is particularly evident in the dark grey-adapted animals. The 

cellular surface area of most cells of white-adapted animals was below 0.9xl0^mm2. In 

light grey-adapted animals the surface of the majority of cells was also below this value 

although a small population of cells showed a surface larger than O.PxlO^mm2. The latter 

group comprised the majority (75%) of melanotrope cells in black-adapted animals. The 

distribution of nuclear surfaces followed the same trend but no clear segregation into two 

populations was observed. The differences in distribution of cell and nuclear surfaces of 

the different groups were significant (P < 0.001; nested ANOVA). 
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Figure 3. Effects of long-term adaptation to white, light grey, dark grey or black background on the 
distribution of meianotrope cell surface areas (A) and melanotrope nuclear surface areas (B) in 
Xenopus laevis (n=100). The degree of shading of the bars corresponds to the intensity of 
background colour. 

Discussion 

We found a positive correlation between plasma aMSH values and the degree of pigment 
dispersion in dermal melanophores, which indicates that manipulation of background 
changes the demand for aMSH. These results are in line with those obtained by Wilson 
and Morgan (1979) who showed that in long-term background adaptation the circulating 
level of aMSH is the primary factor determining the degree of pigment dispersion in 
Xenopus. 
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The morphometric analyses demonstrate that the volume of the intermediate lobe 
of black-adapted Xenopus almost doubled compared to white-adapted animals. The mean 
cell size appears directly related to the intermediate lobe volume and there is essentially 
no difference in the number of cells in the pars intermedia of animals adapted to the 
different backgrounds. Therefore, this difference in pars intermedia volume has to be due 
to an increase in volume of the individual melanotrope cells. Both hypertrophy and 
hyperplasia have been shown in the pars intermedia cells of some fish species (Thornton 
and Howe, 1974; Malo-Michele, 1977; van Eys, 1980; Wendelaar Bonga et al., 1986), 
while in the pars intermedia of the rat only hyperplasia was observed after giving the 
animals a treatment which leads to activation of melanotrope cells (Chronwall et al., 
1988). Apparently, there is considerable species difference in the response of the 
intermediate lobe tissue to endocrine cell activation. 

At the ultrastructural level we found that the melanotrope cells in the intermediate 
lobe of white-adapted animals can be categorized as secretory inactive (type I) cells. The 
pars intermedia of black-adapted toads consisted primarily of secretory active (type II) 
cells. Similar observations have been made in earlier studies on the Xenopus pars 
intermedia (Hopkins, 1970) and we conclude that type I cells have a storage function 
while the type Π cells are probably very active, producing and secreting aMSH 
(Hopkins, 1970; Weatherhead and Whur, 1972; van Helden, 1980). This conclusion 
confirms in vitro studies showing that the pars intermedia of black-adapted animals is 
biosynthetically active while that of white-adapted toads is relatively inactive (Thornton, 
1971; Whur and Wheatherhead, 1971; Hopkins, 1972; Jenks et al., 1977). Application 
of the protein A gold technique with a specific aMSH antiserum showed that both types 
are aMSH producing cells. 

To determine whether during activation of the pars intermedia all cells are 
activated or only a subpopulation, special attention was paid to the ultrastructural 
characteristics of melanotrope cells in animals adapted to grey backgrounds. To our 
knowledge, the pars intermedia of such animals has never been examined at the 
ultrastructural level. When all melanotrope cells are activated during adaptation to grey 
backgrounds (as in the case of a homogeneous cell population), one would predict that 
all cells show structural characteristics that are intermediate between those of type I and 
type II cells. In the case of the activation of a subpopulation, some cells would remain 
in a relative inactive form (type I) while others would be activated (type II). The latter 
situation was clearly observed in grey-adapted animals. The data on the ultrastructure of 
the intermediate lobes combined with the data of plasma aMSH of animals kept at 
different backgrounds, support our conclusion that high plasma aMSH levels correlate 
with the appearance of increased numbers of type Π cells in the intermediate lobe. It is 
concluded that melanotrope cells respond as a heterogeneous cell population to meet the 
demand for aMSH. 

The distribution of cell surface area of the melanotrope cells in white-, light grey-, 
dark grey- and black-adapted toads, further supports the idea that two populations of 
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melanotrope cells, differing in size and activity are present. The results demonstrate that 
the pars intermedia of white-adapted animals is composed of small cells, while that of 
black-adapted animals possesses primarily large cells. These results are consistent with 
the ultrastructural observations of type I and type II cells. Analysis of the size of cells 
in the pars intermedia of grey-adapted animals showed a distribution into at least two cell 
populations. This was particularly evident in dark-grey adapted animals, where one of 
these populations had an average surface area similar to that observed in white-adapted 
animals while the other population had a surface distribution similar to that displayed by 
black-adapted animals. The finding of a distribution of melanotrope cells in grey-adapted 
animals into two populations is in line with the nuclear surface area measurements, 
although the differences observed between the two populations were not as dramatic as 
found in the cell surface area analysis. 

In conclusion, we present evidence that the response of the pars intermedia of 
Xenopus laevis to the demand for aMSH in the long-term involves hypertrophy rather 
than hyperplasia. Moreover, during such activation the melanotrope cells respond as a 
heterogeneous population, with progressively more cells activated as the physiological 
demand for aMSH increases. In this respect it seems adequate to consider the cell types 
I and Π as representatives of two states of melanotrope cells with different (inactive and 
active, respectively) activities. The regulation of the secretory activity of the melanotrope 
cells of Xenopus laevis is very complex, involving both stimulatory and inhibitory 
hypothalamic input, conveyed by both classical neurotransmitters and neuropeptides 
(Jenks et al., 1988). A difference in the sensitivity of individual melanotrope cells to 
these regulatory factors might form the basis for the heterogeneity observed in the 
response of the melanotrope cell population to changes in background. 
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Chapter 2 

Abstract. The neural innervation of the neurointermediate lobe of the pituitary in the amphibian 
Xenopus laevis has been studied at the light and electron microscopic level. In the pars intermedia 
melanotropes and stellate cells are abutted by varicosities originating from GABA- and 
NPY-producing neurons. The varicosities contain two types of vesicle: electron-lucent vesicles (mean 
diameter 50 nm) which are immunopositive for GABA and larger (80 nm) electron-dense vesicles 
which are immunopositive for NPY. Double immunogold labeling established that GABA and NPY 
coexist within the varicosities. In the pars nervosa similar varicosities, though low in number, occur. 
They are associated with neurosecretory nerve terminals, pituicytes and blood vessels. The possible 
significance of GABA and NPY for the neural regulation of aMSH-release from the pars intermedia 
has been discussed. 
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Introduction 

During the last decade three insights have contributed considerably to the understanding 

of neuronal secretory mechanisms. 1) Not only classical neurotransmitters like 

acetylcholine and some bioamines and amino acids but also various peptides can act as 

neuronal messengers. 2) Different types of messenger may be stored either separately or 

in combination ('coexistence') within the same axon terminals. 3) The messengers are 

released in a direct synaptic way, or diffusely in either a neurohormonal or a paracrine 

('nonsynaptic') way. These insights have prompted the question as to the functional 

significance of these diverse aspects of neural control, the more so, as it appears that this 

diversity underlies the control of important physiological processes. Such a process is the 

regulation of background adaptation by the release of the melanophore stimulating 

hormone, aMSH, from the melanotropes in the pars intermedia of the pituitary of the 

South African clawed toad Xenopus laevis. 

The neural control of these melanotropes has been studied in detail using in vitro 

superfusion methods. At least five different factors appear to be involved: dopamine 

(Verburg-van Kemenade et al., 1986a,c), γ-aminobutyric acid (GABA; Verburg-van 

Kemenade et al., 1986a,b, 1987c) and neuropeptide Y (NPY; Verburg-van Kemenade 

et al., 1987b) inhibit aMSH secretion and corticotropin-releasing factor (CRF; Verburg-

van Kemenade et al., 1987a) and thyrotropin-releasing hormone (TRH; Verburg-van 

Kemenade et al., 1987e) stimulate the secretory process. ·On the basis of light 

microscopic immunocytochemistry it has been concluded that CRF and TRH control the 

melanotropes in a neurohormonal or paracrine fashion (Verburg-van Kemenade et al., 

1987a,d), being released from the pars nervosa. In the pars intermedia axons are present 

that are positive at the light microscopic level with anti-glutamic acid decarboxylase 

(Verburg-van Kemenade et al., 1986b) and with anti-NPY (Verburg-van Kemenade et 

al., 1987b). This suggests that GABA and NPY are released in the pars intermedia, in 

the vicinity of the melanotropes. 

In the present study the innervation of the pars intermedia of Xenopus laevis has 

been investigated in detail, using light and electron microscopic immunocytochemistry 

with anti-GABA and anti-NPY. An immunogold double labeling protocol was applied to 

study a possible subcellular coexistence of these factors. Special attention has been paid 

to the relation between GABA- and NPY-containing axon varicosities and the two main 
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constituents of the pars intermedia, melanotropes and stellate cells. Melanotropes were 

identified using an anti-aMSH serum (de Rijk et al., 1990b), stellate cells on the basis 

of their ultrastmcture (Hopkins, 1970; Ferryman, 1989). 

Materials and methods 

Animals 

Adult Xenopus laevis with a weight of approximately 30 g were obtained from a laboratory stock and 

fed ground beef heart and trout pellets (Trouvit) once a week. Photoperiod was from 7 a.m. to 7 

p.m., water temperature was 22°C. The animals were adapted to a white background, for three 

weeks. Toads were decapitated and their neurointermediate lobes rapidly dissected out. 

Tissue preparation 

Four lobes were fixed in Bouin's fluid, dehydrated and embedded in paraffin. Sections (5 μτη) were 

mounted on gelatin-coated glass slides and stained for immunocytochemistry. Another four lobes 

were fixed in a mixture of 5% glutaraldehyde and 1% paraformaldehyde in 0.05 M sodium 

phosphate buffer (pH 7.4), for 2 h at 20°C, and postfixed in 1% osmium tetroxide in buffer, for 1 

h at 40C. In some cases postfixation was omitted. For light microscopic immunocytochemistry 1 μπι 

semithin sections and for immunoelectron microscopy, ultrathin, pale gold sections were cut. 

In addition, three lobes were stained using tannic acid in the fixative (Roubos and van der 

Wal-Divendal, 1980; Buma et al., 1984) in order to study plasma membranes in more detail. In 

short, tissues were fixed in a solution of 1 % glutaraldehyde and 1 % tannic acid in sodium 0.05 M 

phosphate buffer, for 16 h at 20°C, and postfixed in 1% osmium tetroxide, for 2 h at 4°C. Ultrathin 

sections, stained with 2% uranyl acetate (10 min) and lead citrate (5 min), were examined in a Jeol 

100 CX II electron microscope. 

Immunocytochemistry 

Anti-aMSH, anti-GABA and anti-NPY antisera, raised in rabbit, were used. The specificity of these 

sera has been described previously (Buijs et al., 1978; Seguela et al., 1984; Danger et al., 1985; van 

Zoest et al., 1989; de Rijk et al., 1990b). 

Light microscopie immunocytochemistry was performed with the peroxidase-antiperoxidase 

(PAP) method (Sternberger et al., 1970). The sections were preincubated with 20% normal goat 

serum in Tris-buffered sodium chloride solution (TBS; pH 7.6) for 10 min, and incubated with, 

sequentially, anti-GABA (dilution 1:1,000 in TBS) or anti-NPY (diluted 1:4,000 in TBS), for 16 h 

at 4°C, goat-anti-rabbit IgG (Nordic Immunology, Tilburg; 1:40 in TBS) for 1 h, and rabbit-PAP 

(Nordic Immunology, Tilburg; 1:200 in TBS). Finally, sections were treated with a solution of 
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0.02% 3,3'-diaminobenzidine, 0.6% nickle ammonium sulphate and 0.005% H202 in TBS. Control 
sections were incubated with preimmune serum or with the second antibody conjugate. Also, the 
immunocytochemical procedures were carried out after preabsorption of the primary antibodies with 
the homologous antigens. 

For immunoelectron microscopy, sections were preincubated with normal goat serum (1:30 
in TBS) for 5 min. Then they were incubated for 16 h at 40C with either anti-aMSH (1:1,000 in 
TBS), or anti-GABA (1:1,000 in TBS) and/or anti-NPY antiserum (1:4,000 in TBS). Before 
preincubation, some sections were etched for 5 min with 10% H2O2. Immunolabeling with a single 
antiserum was carried out with Protein A/gold (Janssen Pharmaceutica, Olen, Belgium) with a 
particle size of 10 nm (dilution 1:80 in TBS) or 15 nm (1:50 in TBS). Double labeling was 
performed by staining one side of a section with anti-GABA/10 nm gold, and the other side with 
anti-NPY/15 nm gold. Further processing and examination of the sections were as described above. 
The same control procedures as for light microscopy were carried out. 

Results 

Incubations with pre-immune rabbit sera, with the second antibody conjugate, and with 
antisera preabsorbed with the homologous antigens did not result in any immunostaining. 

Pars intermedia 

General morphology 
At low magnifications the pars intermedia appears as a homogeneous tissue consisting 
of numerous melanotropes with spherical nuclei. In contrast to these cells, folliculo-
stellate cells contain nuclei that are smaller and elongated. Their long and slender 
processes surround the melanotropes over long distances (Fig. 1). 

In light microscopic sections stained with anti-GABA, a fine, immunoreactive 
network throughout the pars intermedia was visible. At various sites, the network formed 
small immunoreactive dots (Fig. 2A) that were located in the neighbourhood of 
melanotropes and stellate cells. After staining with anti-NPY a similar network appeared 
(Fig. 2B). 

Ultrastructural immunostaining showed that cells producing aMSH were 
dominant. They revealed characteristic secretory granules that were clearly 
immunoreactive with anti-aMSH, as is obvious from the overlying gold particles (Fig. 
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3). No aMSH-immunoreactivity occurred outside melanotrope cells. Stellate cells could 

be clearly identified from characteristic features such as the almost complete lack of 

rough endoplasmic reticulum and Golgi apparatus and the abundance of free ribosomes, 

microtubules, microfilaments and mitochondria (Fig. 4). Although the pars intermedia 

is separated from the pars nervosa by a number of large blood vessels, it is hardly 

vascularized itself. Therefore, endothelial, connective tissue and muscle cells, 

constituting the walls of blood vessels, are scarce. 

In addition to melanotropes, stellate cells and blood vessels, the pars intermedia 

contained a fair number of thin axonal processes in which microtubules, vesicles and a 

few mitochondria occurred. At some places the processes were enlarged forming 

varicosities with a diameter of 1-2 μπι (Fig. 5). Very often varicosities were observed 

to closely abut melanotropes, stellate cells or both. In some cases they formed 

invaginations and, particularly near melanotropes, synaptic membrane specializations 

were apparent (Fig. 6). In material fixed with tannic acid the various cellular elements 

in the pars intermedia could be distinguished much more easily than in routinely fixed 

tissue because tannic acid gives an electron-dense staining to the extracellular part of 

Figure 1. Low power electron micrograph of the pars intermedia of the pituitary ofXenopus laevis, 
showing a stellate cell (St) with elongated nucleus (N) and slender processes (arrows) running 
between melanotropes (Μ), χ 4,300. 

Figure 2. Light microscopic semithin (A) and paraffin (B) sections of the neurointermediate lobe, 
stained with anti-GABA (2A) and anti-NPY (2B). Note immunoreactive networks (arrows) with 
immuno-reactive dots (asterisks). B, blood vessel; M, melanotrope; PI, pars intermedia; PN, pars 
nervosa, χ 800. 

Figure 3. Immunogold particles (anti-aMSH) above secretory granules (S) of a melanotrope. No 
postfixation, χ 44,000. 

Figure 4. A) Stellate cell (St) with processes (arrows) enclosing melanotropes (M). Note presence 
of many mitochondria (asterisks). N, nucleus. Tannic acid fixation, χ 4,800; В) Microtubules 
(arrows) and numerous microfilaments (F) in stellate cell (St). Tannic acid, χ 9,600. 

Figure 5. Varicosity profile (V) abutting melanotropes (M) and stellate cell (St). A, axonal profiles; 
S, secretory granule. Tannic acid, χ 32,000. 

Figure 6. Synaptic contact between varicosity and melanotrope (M) showing electron-dense vesicle 
(D) and cluster of electron-lucent vesicles (L). χ 60,000. Inset: detail of synaptic contact showing 
electron-dense tannic acid-stained material associated with synaptic membranes, χ 112,000. 
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plasma membranes (Figs 5-7); the intracellular synaptic space and synaptic membranes 

were especially electron-dense (Fig. 6). In some cases varicosities were completely 

surrounded by stellate cells (Fig. 7). From examining a large number of ultrathin 

sections including serial sections, of different parts of the pars intermedia, it was 

estimated that the number of varicosities is in the same order of magnitude as that of the 

melanotrope cells (which is about 60,000; de Rijk et al., 1990b). The varicosities 

contained one or more mitochondria and two types of vesicle. Electron-lucent vesicles 

(mean diameter ca 50 nm) are the main type and occur clustered against the axolemma; 

electron-dense vesicles (ca 80 nm) occur rather dispersed (Figs 6-8 and 11). About 10% 

of the sectioned profiles of varicosities show only electron-lucent vesicles. 

Immunogold labeling with one antiserum 

Staining with anti-GABA showed that in all varicosities (including profiles showing only 

electron-lucent vesicles) immunoreactivity was associated with the cluster of electron 

lucent vesicles as well as with mitochondria (Fig. 9). Many gold particles were situated 

near the limiting membrane of the electron-lucent vesicles and some particles occurred 

over the cytoplasm between the vesicles. No appreciable immunoreactivity was present 

in the peripheral cytoplasm outside the vesicle cluster (Fig. 9B). Only few electron-dense 

vesicles were labeled. 

Figure 7. Stellate cell (St) enclosing varicosity (V). M, melanotrope. Tannic acid, χ 32,000. 

Figure 8. Detail of varicosity showing the presence of both electron-dense (D) and electron-lucent 
vesicles (L). Tannic acid, χ 88,000. 

Figure 9. A) Immunogold particles (anti-GABA) above cluster of electron-lucent vesicles, χ 88,000. 
В) Occasionally, immunoreactivity is present on a electron-dense vesicle (arrow); no particles occur 
in peripheral cytoplasm (Cp) outside die vesicle cluster, χ 64,000. С) Immunoreactivity occurs also 
on mitochondrion, χ 88,000. 

Figure 10. Immunogold particles (anti-NPY) above electron-dense vesicles (arrows), χ 88,000. 

Figure 11. Immunogold double labeling, with anti-GABA of electron-lucent vesicles (10 nm) and 
with anti-NPY of electron-dense vesicles (15 nm). χ 64,000. In some cases immunoreactivities for 
GABA and NPY are present on the same electron-dense vesicle (inset), χ 64,000. 

Figure 12. Pars nervosa. Immunogold double labeling of a varicosity with anti-GABA and anti-NPY. 
NA, neurosecretory axon terminals with large vesicles, χ 60,000. 
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With anti-NPY about 90% of the varicosities were immunopositive. The 
immunogold particles were almost exclusively present above electron-dense vesicles; 
electron-lucent vesicles were negative, as were a minority of the electron-dense ones 
(Fig. 10). Profiles of varicosities that appeared immunonegative with anti-NPY showed 
only few vesicles; they had the same morphology and distribution as that of 
immunopositive ones and abutted melanotropes and/or stellate cells. 

No appreciable background immunoreactivity for either GABA or NPY was 
present outside the varicosities. 

Immunogold double labeling 
The general ultrastructural appearance of tissues double-stained with anti-GABA and 
anti-NPY was somewhat inferior to that of tissues that had been labeled with either one 
of the antisera, a phenomenon due to the double etching procedure. Nevertheless, more 
than 90% of the sectioned profiles of varicosities showed double labeling. 
GABA-immunoreactivity (10 nm gold particles) was particularly prevalent above the 
clusters of electron-lucent vesicles (Fig. 11) and occasionally found directly above some 
electron-dense vesicles (Fig. 11, inset). NPY-immunoreactivity (15 nm gold particles) 
occurred on electron-dense vesicles (Fig. 11). About one-fourth of the double-labeled 
varicosities were associated with melanotropes, one-third with stellate cells, another 
one-third with both melanotropes and stellate cells, and about 10% did not seem to make 
any particular contact with another cell type but were located adjacent to axonal profiles 
(Fig. 5) or to other varicosities. Only less than 10% of the varicosities were not 
double-stained and appeared reactive with anti-GABA. They had the same morphology 
and distribution as the other varicosities. 

Pars nervosa 

At the light microscopic level anti-GABA as well as anti-NPY immunoreactivity 
were mainly confined to a small zone of the pars nervosa, near large blood vessels 
separating the pars nervosa from the pars intermedia (Fig. 2A, B). Immunoreactivities 
appeared in thin fibres and small dots (Fig. 2A, B). 

At the ultrastructural level pituicytes and numerous neurosecretory axon profiles, 
many of which were located in the vicinity of blood capillaries, were easily 
distinguished. In addition to varicosities of neurosecretory axons, filled with large 
electron-dense granules (ca 200 nm), a second type of varicosity was present. It showed 
the same vesicle types as the varicosities in the pars intermedia and similar distributions 
of GABA- and NPY-immunoreactivities (Fig. 12). These varicosities occurred close to 
neurosecretory axon terminals, pituicytes and blood vessels. In contrast to the pars 
intermedia, the number of these varicosities was low. 
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Discussion 

Specificity of antisera 
The specificities of the antisera used in the present study have been demonstrated 
previously (anti-aMSH: van Zoest et al., 1989; de Rijk et al., 1990b; anti-GABA: Buijs 
et al., 1978; Seguela et al., 1984; anti-NPY: Danger et al., 1985) and are confirmed by 
the present control reactions. Therefore, it seems justified to assume that the 
immunoreactivities found in this study reflected the presence of aMSH, GABA and 
NPY, respectively. The conclusion that GABA and NPY are present in the intermediate 
lobe of X. laevis is in line with in vitro studies showing that GABA and NPY have 
pronounced effects on the lobes, viz. inhibit the release of aMSH (Verburg-van 
Kemenade at al., 1986a,b, 1987b). Moreover, as to GABA, the light microscopic 
distribution pattern of anti-GABA immunoreactivity fits well with that observed after 
staining the lobe with anti-glutamic acid decarboxylase (Verburg-van Kemenade et al., 
1986b). 

GABA- and NPY-containing varicosities in relation to melanotropes 
The light immunocytochemical data indicate that the pars intermedia is penetrated by 
GABA- and NPY-containing nerve fibres that run throughout the gland and form distinct 
varicosities. On the basis of the ultrastructural data showing clear associations between 
some varicosities and melanotropes (presynaptic clustering of vesicles, presence of 
synaptic membrane specializations), it would seem that these varicosities are presynaptic 
elements from which GABA and NPY are released towards the melanotropes. However, 
the present data do not rule out the possibility that GABA and/or NPY are (also) 
nonsynaptically released from other parts of the varicosities and act at remote sites (e.g. 
at stellate cells; see below). Receptor localization studies are needed to evaluate these 
possibilities. 

Since nearly all (about 90%) of the varicosity profiles had the same morphological 
types of vesicle (small electron-lucent and large electron-dense), it seems that they belong 
to the same type of neuron. This idea was confirmed by the light microscopic data 
demonstrating that the same distributions of immunoreactive nerve fibres and varicosities 
are found after staining with anti-GABA and anti-NPY and, in particular, by 
immunoelectron microscopy which showed that the axonal varicosities contain both 
GABA and NPY. Compared to these varicosities, a minority of varicosities in the pars 
intermedia appeared morphologically different in that electron-dense vesicles were 
immunonegative or completely absent. The possibility cannot be fully excluded that these 
varicosities represent a different type of neuron. However, more likely, their dense 
vesicles have been missed by ultrathin sectioning; we suppose that all varicosities in the 
pars intermedia belong to neurons that produce both GABA and NPY. 
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Subcellular existence of GABA and NPY 
The location of the gold particles after anti-NPY staining strongly indicates that NPY is 
stored within the electron-dense vesicles. This finding is in agreement with previous 
immunoelectron microscopic data revealing that neuropeptides, including NPY, are 
present in large, electron-dense vesicles (Danger et al., 1985; Merighi et al., 1989; 
Perryman, 1989). The location of GABA is somewhat less clear. Though many 
immunogold particles lay over electron-lucent vesicles, some are situated over the 
cytoplasm outside these vesicles. Possibly, a substantial amount of GABA had been 
diffusing out of the vesicles during tissue fixation. This idea is supported by the fact that 
many gold particles were situated near the limiting membrane of the vesicles. Storage 
of GABA within small electron-lucent vesicles would be in agreement with the general 
impression emanating from immunocytochemical studies that small electron-lucent 
vesicles store amino acid neurotransmitters (Buijs et al., 1978; Merighi et al., 1989). 

The coexistence of GABA and NPY in the same neuron has been suggested on 
the basis of light microscopic immunocytochemistry of the central nervous system of cat 
and monkey (Hendry et al., 1984). As far as we know, the present ultrastructural study 
provides the first demonstration that GABA and NPY coexist within the same synaptic 
varicosity. The observation that some electron-dense vesicles are immunoreactive with 
both anti-NPY and anti-GABA, suggests that NPY and GABA coexist within the same 
type of vesicle. Anti-GABA immunoreactivity of electron-dense vesicles has been 
reported to occasionally occur in GABA-ergic neurons of the rat supraoptic nucleus 
(Buijs et al., 1978). On the other hand, the presence of GABA in such vesicles might be 
an artefact caused by diffusion of GABA, e.g., from electron-lucent vesicles (see above). 
Therefore, we conclude that in the varicosities NPY and GABA are stored mainly within 
separate vesicle populations; the possible coexistence of these factors within a subset of 
electron-dense vesicles remains to be established. 

GABA- and NPY-containing varicosities in relation to stellate cells 
Since GABA- and NPY-containing varicosities are not only associated with melanotropes 
but also with stellate cells, it may well be that not only melanotropes but also stellate 
cells are neurally controlled by GABA and NPY. 

In the rat, stellate cells modulate the activity of pituitary endocrine cells, possibly 
by releasing an inhibitory factor (Baes et al., 1987). The present study, showing close 
association between stellate cells and melanotropes, supports the idea that stellate cells 
are involved in the control of melanotrope activity in amphibians (Semoff and Hadley, 
1978). In fact, superfusion studies on isolated cells indicate that stellate cells mediate the 
NPY-induced inhibition of aMSH-release (de Koning et al., 1991). 

GABA and NPY in de pars nervosa 
In the pars nervosa, some GABA- and NPY-containing varicosities occur near large 
blood vessels separating the pars nervosa from the pars intermedia. This might mean that 

42 



Coexistence of GABA and NPY 

GABA and NPY are released into the circulation to act upon the melanotropes/stellate 
cells in the pars intermedia. On the other hand, such control would not seem to be very 
important in view of the paucity of these varicosities compared to those abutting 
melanotropes and stellate cells. More likely, NPY released in the pars nervosa is 
involved in vasoconstriction, a function attributed to NPY in the peripheral nervous 
system of mammals (Ekblad et al., 1984; Daly and Hieble, 1987). Such a role of NPY 
would be physiologically important as the peptide would decrease not only the rate of 
aMSH release but also that of the blood flow through the pars intermedia. 

GABA in mitochondria 
Anti-GABA immunoreactivity in the varicosities in the pars intermedia and pars nervosa 
was not restricted to the secretory vesicles but also occurs in mitochondria. This 
immunoreactivity may be due to inward diffusion of GABA during fixation. On the other 
hand, it may reflect the presence of GABA produced by glucose metabolism (Buijs et al., 
1978). In the latter case, the fact that mitochondria of melanotrope cells are 
anti-GABA-negative could be explained by differences in metabohc activity between 
these cells and varicosities. 

Physiological implications of coexistence of GABA and NPY 
The, for the most part discrete, subcellular storage of GABA and NPY may imply a 
differential release of these neurochemical messengers from the different vesicle 
populations. Such differential release has been implicated to depend on modulation of 
action potential frequency (Lundberg et al., 1988), but the mechanisms involved are 
unknown. The way environmental conditions (light intensity) control GABA- and 
NPY-dependent release of aMSH from the pars intermedia of X. laevis may be 
instrumental in increasing our insight into these mechanisms. 
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Chapter 3 

Abstract. The presence of dopamine in the pituitary of the clawed toad Xenopus laevis was studied 
by light and electron microscope immunocytochemistry, using pre- and postembedding techniques. 
Light microscopy showed the presence of an intricate, anti-dopamine-positive fibre network 
throughout the pars intermedia. In preembedded stained material, dopamine appeared to occur in 
varicosities which make synaptic contacts with both folliculo-stellate cells and melanotrope cells. 
Postembedding immunogold staining of freeze-substituted material permitted the localization of anti-
dopamine reactivity in electron-dense vesicles in these varicosities. This finding supports the 
hypothesis that dopamine is involved in the (inhibitory) control of melanotrope cell activity in X. 
laevis. 
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Introduction 

Since the introduction of immunocytochemistry, great progress has been made in 

localizing neurochemical messengers at the cellular and ultrastructural level. This holds 

in particular for neuropeptides because, in general, they are well resistent to standard 

tissue preparation techniques and are highly antigenic which permits the production of 

potent and specific antisera. However, small messenger molecules, such as amino acids 

and catecholamines, are much less readily identified immunocytochemically, because 

their water solubility hampers their fixation and their antigenic capacity is relatively low. 

In some cases these problems have been overcome by demonstrating, instead of the 

messenger itself, its (more or less specific) synthesizing or degrading enzyme (e.g. acetyl 

Cholinesterase; glutamic acid decarboxylase; tyrosine hydroxylase), or by applying 

special tissue preparation techniques and immunological procedures. Thus, for instance, 

preembedding immunostaining may prevent the diffusion of messenger molecules during 

dehydration and embedding, whereas coupling of messenger molecules to carrier proteins 

greatly enhances their immunogenity (e.g. Pool and Buijs, 1988). In this way various 

messengers, such as acetyl choline, γ-aminobutyric acid (GABA) and histamine, have 

been localized at the ultrastructural level with considerable precision. In other cases, 

however, ultrastructural localization is less satisfactory because, for instance, the 

ultrastructural preservation of the tissue is suboptimal (e.g. in case of preembedding 

techniques) or the reaction product (peroxidase-antiperoxidase-diaminobenzidine) is too 

coarse to allow identification of the subcellular storage sites (e.g. synaptic vesicles) of 

the messenger. These problems clearly pertain to the localization of one of the most 

common neurochemical messengers, dopamine. On the basis of non-

immunocytochemical, ultracytochemical studies it has been supposed that dopamine is 

exclusively stored within dense-cored, synaptic vesicles (e.g. Richards and Tranzer, 

1974). With the much more specific technique of immunocytochemistry, using anti-

dopamine sera, dopamine immunoreactivity has been found to be associated with such 

vesicles (Buijs et al., 1984) but the possibility that (some) dopamine is (also) located 

within the cytoplasm, i.e. outside synaptic vesicles, was not definitely ruled out. This is 

due to the fact that up to now all successful procedures to demonstrate dopamine at the 

ultrastructural level involved preembedding staining, which prevented the precise 

subcellular identification of dopamine-anti-dopamine reaction sites. This problem may 
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be approached by applying the postembedding immunogold labeling technique on freeze-
substituted tissue. The use of this technique for the fine structural localization is well 
accepted, whereas freeze-substitution seems to become the method of choice when 
optimal ultrastructural preservation in combination with high immunoreactivity is 
required (Plattner and Bachman, 1982; Steinbrecht and Müller, 1984). 

For the ultrastructural localization of dopamine we have used the pars intermedia 
of Xenopus laevis as a model. The melanotrope cells in this gland secrete the 
melanophore stimulating hormone (aMSH), which induces dispersion of melanin in skin 
melanophores. There is circumstantial evidence that dopamine regulates melanotrope cell 
activity. First, investigations involving the Falck method for bioamines, have indicated 
that a catecholaminergic, possibly dopaminergic, system innervates the pars intermedia 
(Goos and Terlou, 1977). Secondly, perifusion studies have shown that dopamine inhibits 
aMSH release from the Xenopus pars intermedia (Jenks, 1977; Verburg-van Kemenade 
et al., 1986a,c). Thirdly, the cDNA structure of a D2 dopamine receptor in the Xenopus 
pituitary has been recently established (Martens et al. 1991). The present study first aims 
at proving the existence of dopamine in the Xenopus pituitary by light microscopic 
immunocytochemistry. Subsequently, the subcellular location of dopamine has been 
studied, comparing the postembedding freeze-substitution method with preembedding 
immunocytochemistry. 

Materials and methods 

Animals 
Adult toads with a weight of ca 30 g were obtained from a laboratory stock of Xenopus laevis and 
fed ground beef heart and Trouvit trout pellets (Trouw, Putten, The Netherlands) weekly. Toads 
were kept under a 12 h light, 12 h dark cycle, on a white background, for three weeks at 22" C. 
Animals were injected with the monoamine oxidase inhibitor pargyline (75 mg/kg body weight, 
dissolved in a 0.9% NaCl solution), 12 h before sacrifice. They were anaesthetized in 0.1% MS222 
and perfused transcardially with 10 ml of a Ringers' solution containing 112 mM NaCl, 2 mM KCl, 
2 mM CaClj, 15 mM HEPES (pH 7.4; Calbiochem Uitrol Grade), 0.25 M sucrose, 1% NajSA and 
MS222 (0.25 mg/l). After perfusion animals were decapitated and neuro intermedi ate lobes were 
rapidly dissected and treated in one of the following ways. 
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Light immunocytochemistry 

Tissues were fixed by immersion in a mixture containing 5% glutaraldehyde and 1% Na^SX), in 50 

mM sodium phosphate buffer (pH 7.4) for 2 h. After rinsing in the same buffer (with 1 % Na^Oj) 

lobes were incubated in 20% sucrose and 1% in the buffer at 4°С for 16 h, embedded in Tissue-Tek 

(Miles Inc. Elkhart, USA) and rapidly frozen on dry ice. Cryosections of 10 μτη, mounted on poly 

L-lysine-coated microscope slides, were used for light microscopic immunocytochemistry, using a 

polyclonal antibody raised in rabbits against a conjugate of dopamine and glycine coupled by 

glutaraldehyde. The high specificity of the antiserum has been demonstrated previously (Geffard et 

al., 1984a,b). The immunocytochemical procedure for dopamine using the peroxidase-antiperoxidase 

(PAP) (Sternberger, 1979) preembedding method (Priestley, 1984) was used essentially as described 

previously (Buijs et al., 1984). In brief, standard buffer consisted of 50 mM TRIS-buffered saline 

(TBS) (pH 7.6, 0.9% NaCl), 0.5% Triton X-100 and 0.1% normal goat serum (NGS); up to 

treatment with the first antibody, 1 % N a ^ O j was added to prevent oxidation of dopamine. Slides 

were preincubated in 20% NGS (10 min) and incubated with, consecutively, the dopamine antiserum 

(1:4,000; 18 h, 4° C), goat-anti-rabbit serum (1:100; 1 h), PAP (1:1,000; 1 h) and 3,3' 

diaminobenzidine (DAB; 0.2 mg/ml TBS, 4 min) containing 0.01% H2O2. Dehydration was in 

ethanol, embedding in Entellan. 

Immunoelectron microscopy 

For preembedding immunoelectron microscopy tissues were fixed and cryosectioned as described 

above for light microscopic immunocytochemistry. However, 20 μτη cryosections were used and no 

Triton X-100 was added to the standard buffer. After staining with DAB, sections were postfixed in 

1% Os04 in 50 mM TBS, for 1 h at 40C, dehydrated, and flat embedded in Epon 812. Ultrathin 

sections were contrasted with uranyl acetate and lead citrate and examined in a Jeol CX II electron 

microscope. 

For postembedding immunoelectron microscopy lobes were fixed in 1% glutaraldehyde in 

the buffer, for 16 h at 4° C, followed by treatment with 0.2% sodiumborohydride and 0.15% glycine 

in the buffer to prevent antibody binding to aldehyde groups. Tissues were cryoprotected by 

immersion in, consecutively, 10%, 20% and 25% of glycerol in sodium phosphate buffer (30 min 

in each concentration). Subsequently, the lobes were placed on Thermanox (LAB-ТЕК DIV., Miles 

Inc., Naperville, USA) and plunged into liquid propane (-190°C) using a rapid freeze apparatus (KF 

80, Reichert-Jung, FRG). Then, the tissue was transferred to the precooled chamber (-90° C) of a 

CS autofreeze substitution apparatus (Reichert-Jung, FRG). Freeze substitution was performed as 

described by Müller et al. (1980). The tissue was immersed for 16 h at -90° C, in anhydrous 

methanol containing 0.5% uranyl acetate as fixing agent. The temperature was raised stepwise by 

4°С per hour to -45°C. The samples were washed several times with anhydrous methanol to remove 

water and excess uranyl acetate, prior to infiltration with Lowicryl HM20 resin (Bio-Rad, Richmond, 

California, USA). The embedding process was carried out at -45° С in three stages, with a 
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progressively increasing ratio of resin to methanol. Diffuse UV-radiation (360 nm) was used to 

catalyze polymerization. Polymerization was carried out at, consecutively, -45° С and 20° C, both for 

16 h. Ultrathin sections were mounted on formvar-coated nickel grids and floated onto 0.1 % sodium 

borohydride and 50 mM glycine in sodium phosphate-buffered saline (PBS; pH 7.4, 15 min), 

followed by washing in blocking buffer (PBG = 1% cold fish skin gelatin and 0.5% globulin-free 

bovine serum albumine, in 50 mM PBS). Then sections were incubated with the dopamine antiserum 

(1:2,000; 18 hr, 4° C), rinsed in PBG and incubated with gold-labeled goat-anti-rabbit 

immunoglobulin G (gold particle size 5 or 10 nm; Aurion Wageningen; 1:25 in PBG, 1.5 h). 

Contrasting and electron microscopy were carried out as described above. 

Figure 1. Light microscopy of the neurointermediate lobe of X. laevis (A; χ 160), showing a 
dopamine (DA) immunoreactive network in the pars intermedia (PI). Strong immunoreactive dots 
(arrows) are more readily visible at higher magnification (Β; χ 440); melanotrope cells and folliculo-
stellate cells are unstained (asterisks). PN, pars nervosa. 

Figure 2. Preembedding immunoelectron microscopy. DA-immunoreactive varicosity (arrow) in the 
pars intermedia showing close contact with a folliculo-stellate cell (S). Melanotrope cells (M) contain 
many large, electron-lucent granules, χ 14,000. 

Figure 3. Preembedding. Varicosity showing strong DA-immunoreactive electron-dense vesicles 
(arrows) as well as immunoreaction product outside these vesicles. Straight plasma membranes 
bordering a widened intercellular space indicate synaptic contact (arrowhead) with melanotrope cells 
(Μ), χ 66,500. 

Figure 4. Preembedding. DA-immunoreactivity in cytoplasm of varicosity contacting two 
melanotrope cells (M) with numerous small, immunonegative, electron-lucent vesicles (arrows). 
Electron-dense vesicles are lacking, χ 65,000. 

Figure 5. Preembedding. DA-immunoreactivity in varicosity in which electron-dense vesicles seem 
to have lost their contents (arrows). N nucleus of melanotrope cell, χ 66,000. 
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Results 

Light immunocytochemistry 

Strongly immunoreactive material was detected in the Xenopus pituitary. In the pars 

intermedia an intricate network of delicate, thin dopamine-positive fibers and numerous, 

small dots is present. Other elements, including the two main cellular constituents of the 

pars intermedia, viz. melanotrope cells and the glial-like folliculo-stellate cells, are 

completely immunonegative (Fig. 1). Also the neural and distal lobe of the pituitary are 

unstained. 

Figure 6. Postembedding immunoelectron microscopy of freeze-substituted pars intermedia, showing 
melanotrope cells (M) with electron-dense (arrows) and electron-lucent (arrowheads) granules and 
rough endoplasmatic reticulum (R). The contacting folliculo-stellate cell (S) reveals many 
mitochondria (asterisks), χ 16,000. 

Figure 7. Postembedding. Golgi zone of melanotrope cell forming an electron-dense granule (arrow). 
χ 52,000. 

Figure 8. Postembedding. Specific labeling of electron-dense vesicles. A) Use of 10 nm gold 
particles, χ 100,000. В) Markedly increased label intensity by use of 5 nm gold particles, χ 87,000. 

Figure 9. Postembedding. Two varicosities (V) showing only few DA-immunoreactive electron-dense 
vesicles (arrows) and many unlabeled electron-dense vesicles, χ 73,500. 

Figure 10. Varicosity in close contact with melanotrope cells (M), showing few electron-dense 
vesicles. No gold particles are present over the numerous electron-lucent vesicles (Ε), χ 79,500. 
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Immunoelectron microscopy 

Preembedding 

Electron-dense reaction product, indicating the presence of dopamine immunoreactivity 

was exclusively found in fibers and in their varicosities. The varicosities (mean diameter 

about 1 μπι) occur in close association with both folliculo-stellate cells (Fig. 2) and 

melanotrope cells, and in some cases they show synaptic contacts with these cells (Figs. 

3 and 4). The varicosities contain two types of vesicle: small, electron-lucent ones 

(diameter ca 50 nm) and large, electron-dense ones (diameter ca 90 nm). Immunolabeling 

is present over the large electron-dense vesicles but strong labeling also occurs all over 

the cytoplasm (Fig. 3). The small vesicles and other cell organelles are immunonegative. 

DAB reaction product was also found in profiles of varicosities that did not reveal the 

large electron-dense vesicles (Fig. 4). 

In general, the ultrastructural preservation of the pars intermedia is acceptable, 

showing mitochondria and secretory vesicles in the varicosities. However, in some 

varicosities large vesicles seem to have lost their electron-dense content (Fig. 5). Other 

cell organelles, such as rough endoplasmic reticulum, Golgi zones and microtubules in 

melanotrope cells could not be observed and the plasma membrane of melanotropes, 

folliculo-stellate cells and nerve varicosities is indistinct. Nearly all secretory granules 

of the melanotrope cells are very electron-lucent, apparently because they have lost their 

contents (Fig. 2). 

Postembedding 

Freeze-substitution yielded a superior preservation of the cellular fine structure compared 

to the preembedding method: the plasma membrane of the various cells is clearly visible 

and all regular cell organelles (rough endoplasmic reticulum, Golgi apparatus, 

mitochondria and microtubules) were readily observed. The electron-dense and electron-

lucent secretory granules of the melanotrope cells appear normal, the latter showing 

obvious contents (Fig. 6). Golgi zones bud off electron-dense vesicles (Fig. 7). 

All varicosities containing electron-dense vesicles, i.e. approximately 90% of all 

varicosities, show strong immunoreactivity. The gold particles are almost exclusively 

located over the electron-dense vesicles; only rarely a gold particle was found over the 

cytoplasm or another cell organelle (Figs. 8-10). In general, using 10 nm gold particles, 

about 40% of the electron-dense vesicles in a varicosity are labeled and granule profiles 
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reveal 1-4 gold particles (Fig. 8a); when 5 nm particles are applied, a similar percentage 
of the vesicles appear to be labeled but labeling intensity is 2-3 times as high (up to ten 
gold particles per vesicle profile may be encountered) (Fig. 8b). In some varicosities the 
percentage of labeled electron-dense vesicles is relatively low (Fig. 9). The electron-
lucent vesicles, which could be readily distinguished from the electron-dense ones, are 
completely negative (Fig. 10), also in varicosity profiles in which electron-dense ones 
are absent. 

Controls 
Control stainings for light and (pre- and postembedding) electron microscopy were 
carried out with antiserum preadsorbed with dopamine. No labeling of varicosities or 
vesicles was observed. 

Discussion 

The suitability of the anti-dopamine serum used in the present study to demonstrate 
dopamine in a highly selective and specific way, has been well established in various 
immunocytochemical studies (Buijs et al., 1984; Geffard et al., 1984a; Onteniente et al., 
1984; Kah et al., 1986; van Asselt et al., 1987; Voom and Buijs, 1987). In the present 
study the staining appeared to be highly selective, revealing only nerve fibres in the pars 
intermedia of the pituitary, and specific, being abolished by preadsorbtion of the serum 
with dopamine. Therefore, we conclude that the observed immunoreactivity indicates the 
presence of dopamine. 

The present light microscopic finding of an intricate dopamine-containing fibre 
network in the pars intermedia of confirms the suggestion of Goos and Terlou (1977) 
based on the Falck fluorescence technique for the demonstration of monoamines, that the 
pars intermedia Xenopus laevis is innervated by a dopaminergic neuronal system. The 
presence of dopamine-immunoreactive dots suggests that the network forms dopamine 
containing axonal varicosities. Such varicosities were demonstrated indeed by 
preembedding immuno-electron microscopy. Since the varicosities appear to be closely 
associated with both folliculo-stellate cells and melanotrope cells, it appears that 
dopamine is a regulator of melanotrope cell activity. This corroborates previous 
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perifiision studies that have shown that dopamine inhibits the release of aMSH from 
isolated neurointermediate lobes by acting on a D2-receptor (Jenks, 1977; Verbürg-van 
Kemenade et al., 1986c). The cDNA structure of this receptor has recently been 
elucidated (Martens et al., 1991). The present observation that some of the dopamine-
containing varicosities form synapse-like contacts with folliculo-stellate cells and 
melanotrope cells, strongly indicates that dopamine exerts its inhibitory action via the D2-
receptor in a synaptic fashion. 

Obviously, in the preembedding material, reaction product in varicosities is 
present over electron-dense vesicles, which is in line with previous assumptions that 
dopamine is stored in electron-dense vesicles (Buijs et al., 1984; Voom and Buijs, 1987). 
However, an appreciable amount of reaction product is found outside the electron-dense-
vesicles, which would seem to suggest that dopamine is (also) present in the cytoplasm 
(cf. Descarries et al., 1980; Kah et al., 1986). Similar results have been obtained by 
various other authors using the preembedding technique (Buijs et al., 1984; Onteniente 
et al., 1984; Kah et al., 1986; van Asselt et al., 1987; Voom and Buijs, 1987). It has 
been argued that the presence of extravesicular dopamine is an artefact caused by 
diffusion of the DAB reaction product from vesicles into the cytoplasm (Novikoff et al., 
1972; Novikoff, 1980; Dourmashkin et al., 1982; Romano and Romano, 1984). Our 
postembedding procedure using freeze-substituted material appears to have solved this 
problem, because reaction product (gold particles) exclusively occurs over electron-dense 
vesicles. One might argue that the absence of dopamine-immunoreactivity in the 
cytoplasm of the varicosities is due to the procedure used, e.g. is caused by leakage of 
free dopamine from the varicosities. However, the ultrastructural preservation of the 
freeze-substituted material is superior to that of the preembedded material, making 
leakage a less probable explanation. Moreover, there is reason to assume that the freeze-
substitution technique yields a much better preservation of the molecular structure of the 
tissue in general and of the plasma membrane in particular, because, in contrast to 
preembedding, the freeze-substitution technique involves dehydration and polymerization 
at low temperature, minimalizing protein denaturation and lipid extraction (Shotton, 
1980; Valentino et al., 1985; Meneo, 1986; Plattner and Bachman, 1982). 

Irrespective the type of labeling method, our results clearly show that no 
dopamine is present within the electron-lucent vesicles of the varicosities of Xenopus 
laevis. Recently, it has been indicated that these vesicles contain GABA (de Rijk et al., 
1990a). In the same study it was demonstrated that electron-dense vesicles contain 

56 



Dopamine in electron-dense vesicles 

neuropeptide Y (NPY). Further immunoelectron microscope studies will have to show 
whether dopamine, GABA and NPY coexist within one and the same axonal varicosity. 

In conclusion, this is the first report showing that immunogold labeling of freeze-
substítuted tissue can be applied succesfully to localize dopamine at the subcellular level, 
with high accuracy and optimal preservation of tissue structure. It may be anticipated that 
immunogold labeling of freeze-substituted tissue will particularly favour the 
ultrastructural demonstration of small compounds (e.g. classical neurotransmitters and 
small peptides). 
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Abstract. This quantitative ultrastructural immunocytochemical study demonstrates the coexistence 
of a catecholamine (dopamine; DA), an amino acid (GABA) and a neuropeptide Y (NPY) in axon 
varicosities innervating the pars intermedia ofXenopus laevis. The varicosities are assumed to control 
the pars intermedia meianotrope cells, which regulate skin colour during the physiological process 
of background adaptation. Varicosity profiles appear to abut meianotrope cells and folliculo-stellate 
cells, star-shaped cells that intimately contact the melanotropes. All varicosity profiles contain two 
morphological types of vesicle. Mono labeling studies on routinely fixed and freeze-substituted tissues 
show that the small, electron-lucent vesicles store GABA, whereas DA and NPY occur in larger 
electron-dense ones. Double and triple labeling experiments, in which the degree of immunoreactivity 
was quantified per varicosity profile and per vesicle, led to the conclusion that (1) DA, GABA and 
NPY coexist within almost all varicosity profiles, and (2) DA and NPY are costored within electron-
dense vesicles. Varicosity profiles that abut meianotrope cells show a much higher ratio between the 
numbers of electron-lucent and electron-dense vesicles than varicosities contacting folliculo-stellate 
cells (15.8 and 3.3, respectively). This differential distribution is in line with the previous 
demonstration that, in contrast to GABA, NPY does not act directly on the meianotrope cells but 
indirectly, by controlling the activity of the folliculo-stellate cells. 
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Introduction 

In the field of neuroscience, intensive research is being carried out on the chemical 
identification and localization of neurochemical messengers. Since the introduction of 
immunocytochemical techniques at both the light and electron microscopic level, it is 
becoming mcreasingly clear that many neuronal systems produce and release more than 
one neurochemical messenger (for review see e.g., Hökfelt et al., 1986). In particular, 
the use of double labeling techniques has revealed that different classical 
neurotransmitters, such as acetylcholine, catecholamines and amino acids (e.g., Everitt 
et al., 1984; Takeda et al., 1984; Vuillez et al., 1987) as well as different peptides (e.g., 
Scheller et al., 1983; Hökfelt et al., 1986) can coexist within the same neuron. In some 
cases even coexistence of a classical transmitter and one or more peptides has been 
demonstrated. For instance, catecholamines as well as amino acids may occur together 
with neuropeptides ( Hökfelt et al., 1983; Meister et al., 1985; Kagotani et al., 1989; 
Merighi et al., 1989; de Rijk et al., 1990a). However, up to now no coexistence of a 
catecholamine, an amino acid and a peptide in a single nerve terminal has been shown. 
In the present study we report on such a coexistence, viz. in nerve terminals in the 
intermediate lobe of the pituitary of the clawed toad Xenopus laevis. 

In general, the physiological significance of coexisting neurochemical messengers 
is unclear. Obviously, coexisting factors may be released either coordinately or in a 
differential fashion. In both cases they may stimulate, inhibit and/or modulate their target 
cells (Hökfelt et al., 1986; Brussaard et al., 1991). A widespread problem in defining 
the exact role of coexisting messengers is that the physiological significance of the 
respective neuronal systems and their targets is generally not well understood. During 
recent years knowledge has been obtained about the physiology of the neuronal system 
controlling the pars intermedia of the pituitary of the South African clawed toad Xenopus 
laevis. 

The pars intermedia of X. laevis contains neuroendocrine melanotrope cells. These 
cells produce and release the melanophore stimulating hormone (aMSH), which causes 
skin darkening during the process of background adaptation. Superfusion experiments 
have revealed that at least five neurochemical messengers affect the release of aMSH. 
The thyrotropin-releasing hormone (TRH) and corticotropin releasing factor (CRF) 
stimulate aMSH-release (Verburg-van Kemenade et al., 1987a,e) whereas dopamine 

61 



Chapter 4 

(DA), G AB A and neuropeptide Y (NP Y) inhibit this process (Verbürg-van Kemenade 

et al., 1986a,b,c; Verburg-van Kemenade et al., 1987b,с). Immunocytochemical studies 

have indicated that TRH and CRF reach the melanotropes via the blood but that DA, 

G AB A and NPY are released within the pars intermedia (de Rijk et al., 1990a). G AB A 

and DA appear to act directly on the melanotropes (de Koning et al., 1991), whereas 

NPY exerts its inhibiting action on orMSH-release by acting upon the folliculo-stellate 

cells, glial-like cells that closely contact the melanotropes (de Rijk et al., 1990a, 1991). 

Previously, we have shown that GABA and NPY coexist in nerve terminals abutting the 

melanotrope cells and folliculo-stellate cells (de Rijk et al., 1990a). In the present 

immunoelectron microscope study the coexistence of DA with GABA and NPY was 

investigated using a (double and triple) immunogold labeling procedure on freeze-

substituted and low temperature-embedded material. Furthermore, attention was paid to 

the differential presence of messenger-containing secretory vesicles in synaptic contacts 

on melanotropes and folliculo-stellate cells. 

Materials and methods 

Animals 
Adult Xenopus laevis with a weight of approximately 30 g were obtained from laboratory stock and 
fed ground beef heart and Trouvit trout pellets (Trouw, Putten, The Netherlands), weekly. They had 
been adapted to a grey background (melanophore dispersion stage 3; Hogben and Slome, 1931), at 
a water temperature of 22+.ГС. For the experiments, animals were decapitated and 
neurointermediate lobes were dissected out. 

Routine electron microscopy 
In order to visualize plasma membranes in detail lobes were fixed in 1 % glutaraldehyde in 0.0S M 
sodium phosphate buffer (PB) containing 1% tannic acid for 16 h, and postfixed in 1% osmium 
tetroxide in PB, for 2 h at 4 °C. Ultrathin (pale gold) Araldite sections were mounted on Formvar-
coated nickle grids, contrasted in 2% aqueous uranyl acetate (15 min) and lead citrate (S min) and 
examined in a J eoi JEM 100CX II microscope. 

Immunoelectron microscopy 
Lobes were treated with 0.1% sodium borohydride and SO Mm glycine in PB for IS min and 
cryoprotected by immersion in increasing concentrations of glycerol (10-20-30% in PB; 30 min per 
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concentration). After mounting on Thermanox (LAB-ТЕК, Miles Labs, Naperville, USA) the 

material was rapidly frozen in liquid propane (-190 "C) and transferred to a precooled chamber (-90 

°C) of a quick-freezing apparatus (Reichert-Jung, FRG). Then tissues were freeze-substituted by 

methanol containing 0.5% uranyl acetate and warmed 4 "C per hour to -45 "C. Embedding in 

Lowicryl HM20 resin (Biorad, UK) was carried out in three steps with a progressively increasing 

ratio of resin and methanol. Polymerisation of Lowicryl was performed by UV-radiation (360 nm) 

at ^5 "C for 16 h and, subsequently, at 20 "C for 24 h. 

For immunocytochemistry, ultrathin sections, mounted on formvar-coated nickle grids were 

incubated in, consecutively, sodium phosphate-buffered saline (PBS, Ph 7.4) containing 0.1 % sodium 

borohydrate and 50 Mm glycine (10 min), blocking buffer (0.5% BSA, 0.5% cold fish skin gelatin 

in PBS; Aurion Wageningen; 10 min), anti-DA or anti-GABA or anti-NPY in this buffer (diluted 

1:1000, 1:2000 and 1:2000, respectively; 16 h) and goat anti-rabbit immunoglobulin G labeled with 

10 nm gold (GAR-10, Aurion; 1.5 h). Anti-DA, anti-NPY and anti-GABA had been raised in rabbit 

and their specificity has been described previously (Buijs et al., 1978, 1984; Seguela et al. 1984; 

Danger et al., 1985). Specificity controls of the immunocytochemical procedures included 

preadsorpdons of the antisera with their corresponding antigens. 

Double labeling was performed as described by Slot et al. (1990). Shortly, after the first 

labeling (GAR 10; see above) sections were postfixed with 1% glutaraldehyde in PBS (5 min) and 

thoroughly washed. Then labeling with another primary antiserum and GAR 5 was carried out. For 

triple labeling, the procedure was extended by staining with the third primary antiserum and GAR 

15. To study a possible cross-reaction between primary antibodies and non-homologous GAR-gold 

complexes, for some sections glutaraldehyde fixation was performed before instead of after staining 

with GAR-gold. 

Morphometry 

In one routinely fixed pars intermedia thirty varicosities were photographed (final magnification: χ 

25,000). The numbers of electron-lucent and electron-dense vesicles per varicosity were counted and 

in each varicosity diameters of 20 electron-lucent vesicles and of all the electron-dense vesicles 

present were determined, using an X-Y tablet and a MOP-3 (Kontron, FRG) image analyzer. 

In ultrathin sections of freeze-substituted material, labeling intensity (monolabeling) of 

electron-dense vesicles in varicosities was determined by counting the numbers of gold particles per 

vesicle. Only vesicles which revealed their limiting membrane were taken into account. To study the 

relation between DA- and NPY-labeling, the numbers of vesicles reacting with anti-DA, with anti-

NPY and with both antisera were counted. (Vesicles with only one gold particle per antiserum were 

discarded.) 

A random selection procedure was maintained throughout the experiment. The data were 

analyzed with a one-way analysis of variance (a=5%; Bliss, 1967), preceded by tests for the joint 

assessment of normality (Shapiro and Wilk, 1965) and the homogeneity of variances (Bartlett's test; 
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see Bliss, 1967), and followed by the multiple range test of Duncan (Steel and Torrie, 1960). 

Results 

Morphology of nerve endings 

In routinely prepared material the main constituents of the pars intermedia can readily 

be identified: melanotrope cells, folliculo-stellate cells and axonal varicosities (Fig. 1). 

Two morphologically different vesicle types are present in all profiles. One type is small 

and electron-lucent (LV), the other type is large and electron-dense (DV). The varicosity 

profiles were classified on the basis of the cell type(s) they abut. Type M profiles abut 

one (or more) melanotrope(s), type S contact one (or more) folliculo-stellate cell(s) and 

type MS contact both cell types (Figs 2-4). In type M varicosities electron-lucent vesicles 

tend to be preferentially located near sites of the plasma membrane that are adjacent to 

melanotropes and strongly outnumber the electron-dense vesicles, which occur in a 

random-like fashion throughout the cytoplasm (Table 1; ratio LV/DV = 15.8). In 

comparison, in S-type varicosities electron-lucent vesicles are more dispersed and 

relatively less numerous, whereas the electron-dense vesicles are more abundant (LV/DV 

= 3.3). MS varicosities show an intermediate picture (LV/DV = 7.2; see also Table 1). 

Figure 1. Pars intermedia of Xenopus laevis showing a melanotrope cell (MC), a folliculo-stellate 
cell (SC) and an axonal varicosity profile (V). G, secretory granule; L, cluster of electron-lucent 
vesicles; arrows, electron-dense vesicles, χ 56,000. 

Figure 2. Type M varicosity profile (M) abutting a melanotrope cell (MC), contains many electron-
lucent vesicles (L) near the contacting membrane, and only a few electron-dense vesicles (arrows). 
χ 56,000. 

Figure 3. Type MS varicosity profile (MS) abutting a melanotrope cell (MC) as well as a folliculo-
stellate cell (SC), with the two vesicle types (L, electron-lucent and arrows, electron-dense). Plasma 
membranes are highly distinct because of the use of tannic acid in the fixative, χ 56,000. 

Figure 4. Type S varicosity profile (S) abutting a folliculo-stellate cell (SC) in which electron-dense 
vesicles (arrows) are prominent. Note the low number of electron-lucent vesicles (L). χ 56,000. 

Figure 5. Anti-DA-immunoreactive varicosity with gold particles on electron-dense vesicles. Freeze-
substitution. χ 59,000. 
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Mean diameters of lucent and dense vesicles are remarkably constant in all three 

varicosity types, viz. 48 and 94 nm, respectively (Table 1). Histograms of the diameters 

of individual vesicles show normal distributions for both vesicle types in each of the 

three varicosity types (Fig. 12). 

Table 1 

Distribution of electron-lucent (LV) and electron-dense vesicles (DV) in varicosity 

profiles contacting melanotrope cells (M), folliculo-stellate cells (S), 

or both (MS) (means +. SEM; n=18). Indices show statistic differences 

with the other groups (P < 0.01) 

Varicosity profile 

number LV 

number DV 

ratio LV/DV 

diameter LV (nm) 

diameter DV (nm) 

M 

80.6 ± 11.6s 

5.1 + 0.8s 

15.8 

48 + 1 

93 + 13 

MS 

52.1 ± 1 2 . 3 

7.2 ± 1.0 

7.2 

4 8 + 1 

93 ± 10 

S 

32.7 ± 7.2м 

10.0 ± 1.0м 

3.3 

48 ± 1 

94 ± 9 

Figure 6. Anti-GABA-immunoreactive varicosity in the pars intermedia. Gold particles are present 
on electron-lucent vesicles, electron-dense vesicles are immunonegative (arrows), χ 56,000. 

Figure 7. Anti-NPY-positive varicosity with gold particles on electron-dense vesicles, χ 67,500. 

Figure 8. Varicosity (V), double labeled with anti-GABA (5 nm) on electron-lucent vesicles and anti-
DA (10 nm) on electron-dense vesicles (arrows). MC, melanotrope cell, χ 112,000. 

Figure 9. Varicosity, double labeled with anti-GABA (5 nm) on electron-lucent vesicles and anti-
NPY (10 nm) on electron-dense vesicles, χ 105,000. 

Figure 10. Varicosity, double labeled with anti-NPY (5 nm) and anti-DA (10 nm). Gold particles 
are exclusively present on electron-dense vesicles. On some electron-dense vesicles gold of both sizes 
occurs (arrows), on the other dense vesicles either 5 nm or 10 nm goldparticles are present, χ 
120,000. 

Figure 11. Varicosity triple labeled with anti-GABA (5 nm), anti-DA (10 nm) and anti-NPY (15 
nm), demonstrating the presence of anti-DA and anti-NPY immunoreactivities in electron-dense 
vesicles, whereas anti-GABA immunoreactivity is present in electron-lucent vesicles, χ 96,000. 
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Immunocytochemistry 

The following data apply to all of the three varicosity types. 

Monolabeling 

Immunogold labeling on sections of the pars intermedia with anti-DA showed 

immunoreactivity above approximately 90% of the varicosities. Although some gold 

particles were found in the cytoplasm, most of the particles were present on electron-

dense vesicles, about 25% of which were immunopositive (DAir/DVtolil, Table 2; Fig. 5). 

Labeling intensity (number of gold particles) per vesicle was fairly high, being 

statistically poisson-distributed (Fig. 5, 13A). After immunolabeling with anti-GABA, 

immunoreactivity was present in all varicosity profiles. GABA-immunoreactivity was 

primarily found on clusters of the electron-lucent vesicles (Fig. 6). Only a few electron-

dense vesicles were immunopositive. Immunolabeling with anti-NPY appeared in 90% 

of the varicosities, with 64% of the electron-dense vesicles covered with gold particles 

(NPYir/DVlouI, Table 2; Fig. 7). Labeling intensities varied from one to ten particles per 

vesicle and also showed statistically a poisson-distributed picture (Fig. 13B). The number 

of gold particles above the cytoplasm and electron-lucent vesicles was very low. 

Table 2 
Percentage immunolabeling of all electron-dense vesicles present (DV,,̂ ,) or of all 

immunoreactive electron-dense vesicles (DVJ with anti-DA only (DA,,), 
with anti-NPY only (NPYJ, or with both antisera (DA + NPY)„ 

(means ± SEM; π=30) 

Immunolabeling anti-DA anti-NPY anti-DA and 
with anti-NPY 

25.2 ± 1 . 6 - 17.5 ± 1 . 6 

63.7 ± 3.3 50.7 ± 2.7 

74.9 ± 1 . 6 38.9 ± 2 . 8 30.1 ± 2 . 0 

11.8±1.8 

71.7 ± 2 . 4 

15.7 ± 1 . 5 

DA^DV^ 

NPY^DV^ 

unlabeled/DV,,,,, 

DA^DVtt 

NPY^DV„ 

(DA + NPY)„/DV, 
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Double and triple labeling 

Double immunogold gold labeling for DA and GABA revealed that the electron-dense 

vesicles were exclusively immunopositive with anti-DA (GAR 10) whereas 

immunoreactivity to GABA appeared to be preferentially present in electron-lucent 

vesicles and only in a few electron-dense ones (Fig. 8). Vesicles reacting with both anti-

DA and anti-GABA were only rarely found. The percentage of dense vesicles that was 

labeled with anti-DA was not signifìcantly different from that in the double labeling 

procedure. The same applied to the labeling with anti-GABA. Double labeling for GABA 

and NPY showed anti-GABA-immunoreactive electron-lucent vesicles (GAR 5) and anti-

NPY immunoreactive electron-dense vesicles (GAR 10; Fig. 9). In a few cases electron-

dense vesicles were immunoreactive for both anti-GABA and anti-NPY. Percentages of 

vesicles labeled with anti-GABA and anti-NPY after double labeling procedures were 

similar to those after mono labeling. After double labeling with anti-DA (10 nm) and 

anti-NPY (5 nm), reactivity was found only on electron-dense vesicles (Fig. 10). 

Quantification showed that 12% of the labeled dense vesicles were only stained with anti-

DA (DAir/DVir; Table 2), 72% only with anti-NPY (NPYir/DV,r; Table 2), whereas 16% 

were labeled with both antisera ((DA and NPY)lc/DVir; Table 2).(A vesicle was 

considered to be labeled when the number of a particular type of gold particle was two 

or more.) Labeling intensities with each antiserum after double labeling (i.e. % of dense 

vesicles that did immunoreact) were considerably lower than those after mono labeling, 

immunoreactivity to anti-DA being reduced to 69% (% of anti-DA-immunoreactive DV 

after double labeling / % of anti-DA-immunoreactive DV after mono labeling χ 100%; 

Table 2) and that to anti-NPY to 80% (% of anti-NPY-immunoreactive DV after double 

labeling / % of anti-NPY-immunoreactive DV after mono labeling; Table 2) compared 

to mono labeled sections. 

After triple labeling with anti-GABA (5 nm), anti-DA (10 nm) and anti-NPY (5 

nm) only varicosity profiles were labeled. Although some background labeling was 

apparent and ultrastructure, especially of secretory vesicles, was less well preserved than 

after mono or double labeling, immunoreactivity clearly appeared to be restricted to 

varicosity profiles (all three types); all profiles were positive, whereas more than 50% 

showed immunoreactivity with all three sera (Fig. 11). 
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Figure 12. Histograms of the 
diameters of individual vesicles 
(electron-lucent vesicles, LV, and 
electron-dense vesicles, DV) in 
varicosities abutting melanotropes 
(M), folliculo-stellate cells (S) or 
both cell types (MS), (x ± SEM; 
n=200 for LV in M-type, SM-type 
as well as S-type profiles; n=87 for 
DV in M-type profiles, n=140 for 
DV in SM-type profiles and n= 197 
for DV in S-type profiles.) 

50 70 eo wo 

diameter (nm) 

Figure 13. Histograms of the number 
of gold particles per electron-dense 
vesicle after immunolabeling with 
(A) anti-DA or with (B) anti-NPY. 
(x ± SEM; n = 310 for DV 
immunoreactive with anti-DA, 
η=324 for DV immunoreactive with 
anti-NPY.) 
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Discussion 

Technical aspects 
The high specificity of the antisera used in the present study has been demonstrated in 
various control experiments including preadsorptions of the antisera with their 
corresponding antigens: anti-GABA (Buijs et al., 1978; Seguela et al., 1984), anti-DA 
(Buijs et al., 1984; Geffard et al., 1984), anti-NPY (Danger et al., 1985). Therefore, it 
can be concluded that immunostaining with anti-GABA, anti-DA and anti-NPY reflects 
the presence of GABA, DA and NPY, respectively. 

The common method to demonstrate DA at the ultrastructural level involves 
preembedding immunostaining (e.g. Buijs et al., 1984). In the present study freeze-
substitution has been used to obtain optimal tissue preservation. This method enables 
postembedding immunogold staining, which yields a much more precise localization of 
immunogold particles (in our case on the electron-dense vesicles) than can be achieved 
with the diaminobenzidine reaction products in the preembedding procedure (van Strien 
et al., 1991). 

Cellular storage of messengers 
From a previous immunocytochemical study we have concluded that GABA and NPY 
coexist within axonal varicosities in the intermediate lobe of Xenopus laevis (de Rijk et 
al., 1990a). The present immuno-electron microscope investigations show that in addition 
to NPY and GABA, DA is present in (nearly) all of these varicosities. This triple 
coexistence can be easily deduced from the three combinations of double staining but is 
directly revealed by triple staining. 

Coexistence of two different types of messenger in one neuron has been frequently 
described (e.g., Hökfelt et al., 1986), but as far as we know the presently observed 
coexistence of an amino acid, a neuropeptide and a catecholamine within the same 
synaptic element has not been reported before. The question arises as to the physiological 
significance of this coexistence. Since three messengers are known to inhibit the release 
of aMSH from Xenopus pars intermedia in vitro (Verbürg et al., 1986a,b,c, 1987b), the 
varicosities may play a very important role in the physiological inhibition of aMSH 
release from the melanotrope cells, i.e. when the animal has to adapt to a white 
background by reducing aMSH release from the pars intermedia. The possibility that the 
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three messengers act in a synergistical way, reinforcing the action of each other, is 
presently under investigation. 

Vesicular storage of messengers 
A previous immunocytochemical study on the axonal varicosities in the intermediate lobe 
of X. laevis, has indicated that NPY is present within electron-dense vesicles whereas 
G AB A would be stored within the electron-lucent ones (de Rijk et al., 1990a). The 
present quantitative immuno-mono labeling studies support this idea because they show 
that the majority of dense vesicles are NPY-immunopositive and that GABA-
immunoreactivity is nearly exclusively associated with the lucent vesicles. Moreover, 
the studies demonstrate that also DA is present within electron-dense vesicles. 

Triple labeling clearly reveals that NPY and DA can coexist within the same 
electron-dense vesicle. The triple immunolabeling procedure precludes a quantitative 
assessment of the degree of coexistence, because the ultrastructure of the tissue is not 
optimally preserved. Poor tissue preservation is the result of the complex chemical 
treatment of the sections, rendering the identification of the secretory granules rather 
difficult. The quantitative distribution of gold particles over electron-dense vesicles can 
be more readily investigated in double labeled sections, because here tissue ultrastnicture 
appears to be adequately conserved. Of the dense vesicles 16% are stained with both 
anti-DA and anti-NPY. This percentage seems to be rather low, but based on the 
following arguments we conclude that this is a considerable underestimation of the actual 
degree of coexistence. Firstly, double labeling procedures reduces the labeling intensities, 
e.g., by steric hindrance (viz. to 69% for anti-DA and to 80% for anti-NPY). Correction 
for this reduction indicates that about 25% of the vesicles costore DA and NPY. 
Secondly, the contents of some vesicles (estimated at about 15%) will not have been 
exposed to the antibodies because they have been cut tangentially. Thirdly the respective 
immunostainings may not have been maximally effective because tissue processing 
interferes with preservation and/or accessibility of antigenic determinants. Finally, it is 
well known that secretory vesicles with different chemical contents often have different 
morphology, in particular as to their size (e.g., Wendelaar Bonga, 1970; Burgess and 
Kelly, 1987). Since the present data on unlabeled, routinely fixed material show that the 
electron-dense vesicles possess a normal size distribution, the vesicles seem to belong to 
one morphologically homogeneous population and, hence, are unlikely to have 
chemically different contents. Taking these arguments together, it should be concluded 
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that the majority if not all electron-dense vesicles costore DA and NPY. 
Costorage of DA and NPY within the same secretory vesicle has not been 

described before, which may be largely due to the fact that preembedding methods do 
not allow for accurate subcellular localization of DA. Nevertheless, this type of storage 
may be a common phenomenon because the combined presence of the DA and NPY has 
been suggested in locus coeruleus by mRNA studies of NPY and tyrosine hydroxylase 
after reserpine treatment (Foster et al., 1991). Vesicular coexistence of DA and NPY 
strongly indicates that both messengers are coreleased, which would be in line with the 
suggestion that DA and NPY inhibit aMSH release from Xenopus melanotropes by acting 
synergistically. 

The mechanism of this inhibition appears to be rather complex, GABA and DA 
acting directly but NPY acting indirectly, via folliculo-stellate cells, on the melanotrope 
cells (de Koning et al., 1991). Consequently, it might be expected that GABA-containing 
vesicles would be preferentially located in varicosity profiles that abut melanotrope cells 
(type M) whereas NPY-containing vesicles would be located especially in type S profiles. 
As to GABA and NPY, this expectation appears to be fiilfiUed: in type M profiles the 
ratio between lucent and dense vesicles is about 5 times as high as in type S profiles. On 
the other hand, the preferential presence of (DA-containing) dense vesicles in type S 
profiles seems to be conflicting with a direct action of DA on melanotropes. However, 
the possibility should be considered that DA released from type S varicosities (or 
varicosity sites near folliculo-stellate cells) acts, via diffusion ('paracrine 
communication') through the intercellular space, on melanotrope cells. The mechanism 
of DA packaging in type S and type M varicosities is not known. It may be speculated 
that type S and M varicosities have DA reuptake mechanisms that are able to fill NPY-
containing vesicles with DA. It will be of interest to study whether or not type M, S and 
MS profiles belong to the same or to different neurons. 

In conclusion, the present qualitative and quantitative data on the subcellular presence 
of GABA, DA and NPY seem to fit well with the anatomical and physiological 
characteristics of the mechanisms of neural inhibition of aMSH release from Xenopus 
melanotropes, and may add to the insight into the release dynamics and physiological 
significance of coexisting neurochemical messengers. 
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Abstract. It has previously been established that neuropeptide Y (NPY) is a potent inhibitor of 
aMSH-release from the pars intermedia of the amphibian Xenopus laevis. The location of binding 
sites for NPY in the pars intermedia of the pituitary has now been studied with light microscopic 
autoradiography using a dispersed cell labeling method with the specific NPY-receptor ligand 125I-
Bolton-Hunter neuropeptide Y. The majority of radioactive labeling was associated with folliculo-
stellate cells; the percentage of labeling as well as the mean number of grains, was approximately 
five times higher for folliculo-stellate cells than for melanotropes. Excess of nonlabeled NPY 
drastically reduced radiolabeling of folliculo-stellate cells but had no effect on the degree of labeling 
of melanotropes. These results show that folliculo-stellate cells of X. laevis possess specific binding 
sites for NPY and indicate that NPY exerts its inhibitory action on the release of aMSH in an 
indirect fashion, by acting on the folliculo-stellate cells. 
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Introduction 

The melanotrope cells of the pars intermedia of the pituitary of the South African clawed 

toad Xenopus laevis release a-melanophore-stimulating hormone (aMSH). Release 

activity is under complex inhibitory and stimulatory control. In vitro superfusion studies 

with isolated neurointermediate lobes have indicated that TRH (Verburg-van Kemenade 

et al., 1987e) and CRF (Verburg-van Kemenade et al., 1987a) have stimulatory effects 

whereas dopamine (Verburg-van Kemenade et al., 1986a), GABA (Verburg-van 

Kemenade et al., 1986a, 1987c) and NPY (Verburg-van Kemenade et al., 1987b) inhibit 

aMSH release. Superfiision experiments with isolated melanotropes have established that 

CRF (Verburg-van Kemenade et al., 1987a), dopamine and GABA act directly on 

melanotropes (Verburg-van Kemenade et al., 1986a). In contrast to these factors, NPY 

does not seem to act directly on the melanotropes because aMSH-release from isolated 

melanotropes is not inhibited by NPY (de Koning et al., 1991). Light microscopie 

immunocytochemistry with an anti-NPY serum has shown that the pars intermedia of X. 

laevis is penetrated by an extensive network of NPY-containing nerve fibres. At the 

ultrastructural level these fibres appear to form varicosities filled with NPY-containing 

secretory granules. These varicosities make synaptic contacts not only with melanotropes 

but also with folliculo-stellate cells (de Rijk et al., 1990a). The latter cells form together 

with the melanotropes the main cell constituents of the pars intermedia (Hopkins, 1970; 

Perryman, 1989; de Rijk et al., 1990a). It has been hypothesized that these cells play a 

role in the control of the activity of the endocrine cells within the pars intermedia (e.g. 

Semoff and Hadley, 1978; Ferryman, 1989). 

The present study aims to find support for the hypothesis that NPY exerts its 

inhibitory action on the release of aMSH from melanotropes in X. laevis, by acting on 

the folliculo-stellate cells. For this purpose a dispersed cell labeling method involving the 

specific NPY-receptor ligand 125I-Bolton-Hunter neuropeptide Y (125I-BH-NPY) was used, 

to identify intermediate lobe cells capable of binding NPY. Melanotropes were identified 

with anti-aMSH immunocy tochemistry. 
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Materials and methods 

Animals 

Xenopus laevis with a weight of approximately 30 g were taken from laboratory stock and adapted 

to a black background, for three weeks. They were fed ground beef heart and trout pellets (Trouvit, 

Trouw, Putten) once a week. Water temperature was 22" С 

Cell dissociation 

Folliculo-stellate cells and melanotropes were dissociated according to Louiset and co-workers 

(Louiset et al., 1988) with some modifications, as follows. First, to eliminate blood cells, animals 

were perfused intracardially with a Ringers solution containing 112 Mm NaCl, 2 Mm Kcl, 2 mM 

CaCl2 and 15 mM Hepes (pH 7.4; Calbiochem, Uitrol Grade) for 10 min. Ten neurointermediate 

lobes were dissected out and washed in complete medium (CM): 6.7 ml L-15 medium (Gibco), 3 ml 

Milli Q water, 100 μ\ kanamycin (Gibco no. 5160), 100 μ\ antimycotic solution (Gibco no. 5240), 

0.8 mg СаСІ2.2Н20 and 2 mg glucose (pH 7.4), sterilized by ultrafiltration (Millex-GV, 0.22 ¿im, 

Millipore). Then the lobes were transferred to 2 ml of fresh CM and dissociated for 45 min in 0.5 

mg/ml collagenase type V (Sigma) and 10 mg/ml protease type IX (Sigma) in CM, at 22° C. Next, 

they were carefully suspended by 10 passes through a siliconized Pasteur's pipet, transferred to a 

syringe and filtered through a nylon filter (pore size 150 /tm) by air pressure. Neural lobe tissue 

remained on the filter. The dispersed cells were washed in CM with 10% fetal calf serum (FCS; 

Gibco). Finally, cells were collected by centrifugation (5 min, 50 g, 22° С) and the cell yield was 

assessed using a haemocytometer and the trypan blue exclusion test. 

Labeling 

Cells were cultured for two days in a centrifuge tube containing 0.75 ml CM with FCS in a shaking 

water bath, at 22° С (medium was changed after 24 h). Thereafter, 50 μΐ cell suspension was placed 

on a poly-L-lysine-coated glass slide, and cells were allowed to attach for 1 h at 20° C. For the 

determination of autoradiographic background labeling, two slides were immediately processed for 

immunocytochemistry (see below). Six slides were incubated with a 100 μ\ solution of 125I-Bolton-

Hunter porcine neuropeptide Y ('^I-BH-NPY; specific activity 2,000 Ci/mM; Amersham 

International, England) in Ringer's solution, three with a concentration of 25 pM and three with 100 

pM, during 45 min. To study the specificity of NPY-binding, for each concentration two slides were 

incubated in the same way but excess of unlabeled porcine NPY (1 μΜ) was added. After the 

incubations, slides were washed thoroughly in Ringer's solution, for 3 min. 

Immunocytochemistry and autoradiography 

To facilitate identification of folliculo-stellate cells and melanotropes, slides were stained for 

immunocytochemistry using an anti-aMSH serum raised in rabbit (van Zoest et al., 1989; de Rijk 
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et al., 1990b). After immersion in 4% paraformaldehyde in Ringer's solution, slides were incubated 
with, sequentially, 20% normal goat serum in sodium phosphate-buffered saline (PBS, pH 7.6) for 
10 min, anti-aMSH (diluted 1:500 in PBS) for 90 min at 20° C, and goat-anti-rabbit IgG and rabbit-
PAP (Nordic Immunology, Tilburg; 1:500 in PBS) for 1 h. Finally, slides were treated with 0.02% 
3,3'-diaminobenzidine, 0.6% nickle ammonium sulphate and 0.005% Η,Ο,, in PBS for 10 min. 

Immunostaining was followed by drying and dipping the slides in liquid autoradiographic L4 
emulsion (Ilford, UK). After exposure for 7 days at 4° C, the emulsion was developed in Kodak D-
19b (5 min at 20° C) and fixed in sodium thiosulphate (5 min). 

Measurements and statistics 
Silver grains were counted by bright field microscopy at a magnification of χ 1,000. On each slide 
at least 50 aMSH-positive cells and at least 15 stellate cells were studied. Per cell type, the number 
of labeled cells was expressed as percentages of total number of counted cells and numbers of grains 
were expressed per cell. Measurements of control slides showed that the degree of background 
labeling was never more than 5 grains per (aMSH- or stellate) cell. Therefore in the final 
calculations only cells showing more than 5 grains were taken into account. 

A random sampling procedure was maintained throughout the experiment. The data were 
analyzed with a one-way analysis of variance [a=5% (Bliss, 1967)] followed by the multiple range 
test of Duncan (Steel and Torrie, 1960). The analysis was preceded by tests for the homogeneity of 
variance [Barlett's test, cf. (Bliss, 1967)] and for the joint assessment of normality (Shapiro and 
Wilk, 1965). 

Results 

Cell yield 

Dissociation of neurointermediate lobes was nearly complete; only in rare cases small 

aggregates consisting of a few cells were observed. Aggregated cells had retained their 

normal shape (melanotropes: polygonal, and folliculo-stellate cells: with long slender 

processes; Figs 1A, 3). Isolated cells appeared to have rounded up (Figs IB, 2). The 

trypan blue exclusion test showed that the cell yield was about 10,000 melanotropes and 

1,000 folliculo-stellate cells. 

Melanotropes 

In autoradiograms, melanotropes appeared as round cells with a mean diameter of ca. 

15 μτη. They clearly displayed their large, round nucleus and revealed a strongly 
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Figure 1. Autoradiographed cell suspension of the pars intermedia of X. laevis. A) Unlabeled 
isolated melanotrope cell (M) immunoreactive with aMSH, and an aggregate of two melanotropes 
and labeled (arrows) folliculo-stellate cell (SC) with slender process (arrowhead), χ 1,600. В) 
Melanotrope, only slightly labeled (arrows) with large, round nucleus and strongly immunopositive 
cytoplasm. (Cells incubated in 25 pM 125I-BH-NPY.) χ 2,200. 

Figure 2. Folliculo-stellate cells after labeling with 25 pM '^I-BH-NPY for 45 min. Note that silver 
grains are preferentially located at the periphery (A) and tend to be grouped together (B, C). χ 
2,200. 

Figure 3. Aggregate of a melanotrope (M) and a folliculo-stellate cell (SC) labeled with 25 pM l:25I-
BH-NPY for 45 min. Only the folliculo-stellate cell shows silver grains, χ 2,400. 

Figure 4. Unlabeled melanotrope (M) and folliculo-stellate cell (SC) after incubation in 25 pM 1 2 5I-
BH-NPY and ΙμΜ NPY for 45 min. Note absence of silver grains, χ 1,800. 
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immunopositive cytoplasm (Fig. 1). After labeling with 25 pM ,25I-BH-NPY, only 13% 

of these cells showed more than 5 silver grains, the mean number of grains being 1.8 +. 

0.4/ceU (Fig. IB). After labeling with 100 pM 125I-BH-NPY 21% of the cells were 

labeled with a mean grain number of 4.0 ± 1.1/cell (Figs 5,6). In preparations to which 

excess unlabeled NPY had been added, similar values were found for the percentage of 

labeled melanotropes (Fig. 5) and the number of grains per cell (Fig. 6), respectively. 

Folliculo-stellate cells 

Folliculo-stellate cells could be readily distinguished from melanotropes because they 

were larger (20-25 μτη), had a smaller, irregularly shaped nucleus that was eccentrically 

located and showed a cytoplasm that was immunonegative (Figs 1,2). After labeling 

with a concentration of 25 pM 125I-BH-NPY, over 75% of the cells showed silver grains, 

the mean number of grains per cell being 9.4 +_ 1.0. After labeling with 100 pM NPY 

these figures were not significantly different (Figs 5,6). Silver grains occurred over the 

entire cell surface, though they were preferentially located in the periphery and/or tended 

to be grouped together (Fig. 2, 3). After labeling in the presence of excess unlabeled 

NPY, folliculo-stellate cells were only slightly labeled, both with 25 pM and 100 pM 
125I-BH-NPY, to a degree similar as melanotropes (Figs 4,5,6). 
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Figure 5. Percentages 
(means ±_ SEM) of labeled 
aMS Η -immunopositive 
(MSH) and aMSH-
immunonegative (SC) cells 
after incubation in 25 pM 
and 100 pM ,25I-BH-NPY 
without (O) and with l/iM 
NPY (D). Each mean value 
was statistically compared 
with all other mean values, 
using a one-way analysis of 
variance and Duncan's 
multiple range comparison 
test; significances are 
indicated at the S % and 1% 
levels (see inset). 
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meanmmber 
Figure 6. Number of grains 
(means +. SEM) on aMSH-
immunopositive (MSH) and 
oiMSH-immunonegative 
(SC) cells after incubation 
in 25 pM and 100 pM , 2 3I-
BH-NPY without (D) and 
with ΙμΜ NPY (D). 
Means were statistically 
compared as described in 
Fig. 5. 
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Discussion 

Dispersed cell labeling method 

During recent years, light microscopic autoradiography has become a method-of-choice 

for neurotransmitter receptor mapping (Kuhar, 1985; Kuhar et al., 1986). Basically, two 

approaches have been followed. Either labeling is carried out in vivo in intact living 

animals by systemic administration of the ligand, or labeling is performed on slide-

mounted tissue sections. The presently used method of labeling living dispersed cells [see 

also James et al. (1990)] has a number of advantages compared to in vivo labeling: 1) 

binding conditions, which are crucial to assess specificity of labeling, can be readily 

controlled and manipulated, 2) factors, such as peptides, that will not cross the blood 

brain barrier can be used, and 3) much higher specific activity of the radioactive ligand 

can be achieved. Compared to labeling on tissue sections, the dispersed cell labeling 

method has the advantage that no freezing and/or fìxation procedures resulting in 

destruction of receptors or distortion of cells, are used. The present approach has still 
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another important advantage compared to the regular autoradiography in that the cell 

dissociation procedure enables one to assign radioactive label, in a quantitative fashion, 

to individual, identified cells. Generally, even at the ultrastructural level, the localization 

of binding sites on the plasma membrane of a particular cell within a tissue is severely 

hampered because of the low resolution power of the autoradiographic technique. 

As to the ligand used, the suitability of 3H-NPY to localize NPY receptors has 

been shown in a number of cases (Martel et al., 1986; Westlind-Danielsson et al., 1987). 

In the present study 1MI-BH-NPY was used because this ligand not only has a much 

higher specific activity but also has a higher degree of specificity for NPY-receptors and 

a better stability than 3H-NPY (cf. Martel et al., 1990). Moreover, it has been shown 

that the biological activities of ,25I-BH-NPY and NPY are the same (Chang et al., 1985; 

Nakajima et al., 1986). 

Melanotropes 

Melanotropes were labeled only weakly with 125I-BH-NPY. As the degree of labeling did 

not change after incubation with excess NPY, it seems that melanotropes do not have 

binding sites with high affinity for NPY, indicating that few if any NPY-receptors are 

present. Absence of NPY-receptors on melanotropes would seem to be conflicting with 

the immunoelectron microscopic demonstration of NPY-containing synaptic contacts on 

melanotropes (de Rijk et al., 1990a). This absence might be due to technical 

circumstances, such as, for instance, dislocation of radioactive ligand as a result of the 

preparation of the autoradiogram. This is, however, unlikely as dislocation seems 

inconsistent with the finding of the strong specific labeling of NPY on the folliculo-

stellate cells (see below). More likely, NPY released from the NPY-containing 

varicosities contacting the melanotropes does not control the melanotropes but acts in a 

diffuse fashion on the folliculo-stellate cells. Such 'paracrine' or 'nonsynaptic' action of 

neurotransmitters has been demonstrated not only in the peripheral (Jan and Jan, 1983) 

but also in the central nervous system (cf. Beaudet and Descarries, 1978; Roubos et al., 

1983; Mayen et al., 1985; Buma and Roubos, 1986). 

Folliculo-stellate cells 

The hypothesis that folliculo-stellate cells possess NPY-receptors has been based on 1) 

the fact that NPY-induced inhibition of aMSH-release from superfused melanotropes is 

abolished when the melanotropes are isolated from the folliculo-stellate cells (de Koning 
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et al., 1991) and 2) the occurrence of NPY-immunopositive synaptic contacts on the 
folliculo-stellate cells (de Rijk et al., 1990a). The present study strongly suggests that the 
presence of ,2SI-BH-NPY on the folliculo-stellate cells is largely due to specific binding 
because 1) it is nearly completely abolished by incubation with excess NPY and 2) a 
strong increase in ligand concentration (from 25 to 100 pM) does not increase the 
percentage of labeled folliculo-stellate cells nor the labeling intensity per folliculo-stellate 
cell, indicating receptor saturation. Although light microscopic autoradiography alone 
cannot prove conclusively the existence of (neurotransmitter) receptors (Kuhar et al., 
1986), presence of specific NPY-binding sites on folliculo-stellate cells is in good 
agreement with the previous results from superfusion experiments and 
immunocytochemistry with regard to the occurrence and action of NPY (Verburg-van 
Kemenade et al., 1987b; de Koning et al., 1991). Therefore, it seems very likely that 
NPY-receptors are present on the folliculo-stellate cells in the pars intermedia of X. 
laevis. 

It has been supposed that folliculo-stellate cells play a role in the control of the 
activity of hypophyseal endocrine cells {e.g. Baes et al., 1987; Lutz-Bucher et al., 1989; 
Perryman, 1989). The present findings support the idea that NPY exerts its inhibitory 
action on the release of aMSH from the pars intermedia of X. laevis, by acting on 
folliculo-stellate cells, in either a synaptic or nonsynaptic fashion. Possibly, NPY induces 
release of a folliculo-stellate cell-derived factor, or induces a change in the extracellular 
ionic environment of the melanotrope through its action on the folliculo-stellate cell. 
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Abstract. The melanotrope cells in the pars intermedia in the pituitary ofXenopus laevis synthesize 

and release the melanophore stimulating hormone (aMSH), a small peptide that causes skin 

darkening during the process of background adaptation. Evidence has been found for a heterogeneity 

in biosynthetic activity of the melanotrope cells. In the present study two questions were addressed: 

1) does the melanotrope cell population also show heterogeneous aMSH-release, and 2) can this 

heterogeneity be changed by extracellular messengers? Since dopamine is known to inhibit aMSH-

release, this messenger is used to study the regulation of the heterogeneity. To quantify aMSH-

release from individual cells, a cell blotting procedure has been developed for the binding and 

quantification of the small aMSH peptide. The immunoblotting procedure involves binding of the 

cells to a carrier slide and binding of released aMSH to a nitrocellulose filter. After immunostaining, 

the amount of aMSH per cell was quantitated by image analysis. Untreated melanotrope cells reveal 

a distinct variability in aMSH-release, some cells showing low secretory activity whereas others are 

strongly secreting, indicating heterogeneity of aMSH-release. Dopamine treatment strongly inhibits 

aMSH-release from individual cells, resulting in a clearly less pronounced melanotrope cell 

heterogeneity. The effect of dopamine appears to be dose-dependent as a low dopamine concentration 

has only a moderate effect on the aMSH-release. It is proposed that dopamine is a physiological 

regulator of the degree of melanotrope cell heterogeneity in aMSH-release. 
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Introduction 

The intermediate lobe in the pituitary of Xenopus laevis contains one type of endocrine 
cell, the melanotrope. This cell type synthesizes the melanophore stimulating hormone 
(aMSH) which, after being released into the blood, effectuates skin darkening during the 
process of background adaptation. Previously, we have shown that in animals on a white 
background, melanotropes have a small nucleus and little cytoplasm, in which 
endoplasmic reticulum and Golgi apparatus are poorly developed; on a black background 
the nucleus of the melanotrope is large and the abundant cytoplasm contains an elaborate 
reticulum and Golgi apparatus. These findings indicate that the biosynthetic activity of 
the melanotrope cell is controlled by the light intensity of the background. This is in 
accordance with results of pulse-chase experiments (Martens et al., 1983, 1987) and 
Northern blot studies (Ayoubi et al., 1991) showing an increased synthesis of the protein 
precursor of aMSH, proopiomelanocortin (POMC), and of POMC mRNA, respectively. 
Detailed morphometrical studies have demonstrated that the reaction of the pars 
intermedia to changes in background light intensity is not a simple one. Whereas at 
extreme light conditions (white and black) all melanotropes reveal a similar (low and 
high, respectively) biosynthetic activity, at more physiological conditions, viz. at grey 
backgrounds, there is a clear heterogeneity with respect to melanotrope cell activity, 
some cells being highly active, others revealing only low biosynthetic activity (de Rijk 
étal., 1990b). 

It has been well established that the background light intensity does not only 
control the biosynthetic activity of the melanotropes of X. laevis but also the release of 
POMC-derived peptides, including that of aMSH (Jenks et al., 1977, 1985; de Rijk et 
al., 1990b). This raises the question of whether the observed heterogeneity in 
biosynthetic activity of melanotropes also holds for the release activity of the cells. A 
second question regards the underlying regulatory mechanism of heterogeneous 
melanotrope cell activity. There is abundant evidence that the activity of melanotropes 
is under complex extracellular control, by both inhibitory and stimulatory peptidergic and 
aminergic messengers (Verburg-van Kemenade et al., 1986a,b,c, 1987a,b,c,e; Ayoubi 
et al., 1991). Of these, dopamine has been studied most extensively and appears to 
inhibit the synthesis of POMC and POMC mRNA as well as the acetylation and release 
of POMC-derived peptides including aMSH (Verburg-van Kemenade et al., 1986a,c, 
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1987d; Ayoubi et al., 1991). Therefore, the hypothesis may be put forward that the 

heterogeneity in melanotrope cell activity is due to a differential response of these cells 

to one or more of these messengers, in particular dopamine. 

In the present study we have investigated the phenomenon of heterogeneous 

melanotrope cell activity with regard to the release of aMSH and the possible underlying 

extracellular control by dopamine. To assess and quantify cellular heterogeneity in 

aMSH-release, individual melanotropes had to be examined. For that purpose we have 

developed an immuno-blotting technique, based on the SCIBA (sequential cell 

immunoblot assay; see Kendall and Hymer, 1987; Arita et al., 1991) but enabling the 

detection of small peptides (like aMSH); the method involves fixation, 

immunocytochemical detection and quantification by automated image analysis of aMSH 

which is released from individual cells and is bound to nitrocellulose. 

Materials and methods 

Animals 
Xenopus laevis with a weight of approximately 30 g were obtained from laboratory stock and fed 
weekly on ground beef heart and Trouvit trout pellets (Trouw, Putten, The Netherlands). They had 
been adapted to a black background for three weeks, at a water temperature of 22 ± ГС. 

Cell dissociation 
Melanotrope cells were dissociated as is previously described (de Rijk et al., 1991) with some 
modifications, as follows. First, to eliminate blood cells, animals were perfused intracardially with 
a Ringer's solution containing 112 Mm NaCl, 2 mM KCl, 2 mM CaCl2, 15 mM Hepes (pH 7.4; 
Calbiochem, Uitrol Grade), bovine serum albumin (BSA; 0.3 mg/ml), glucose (0.S mg/ml) and 
ascorbic acid (1 mg/1) for 10 min. After decapitation neurointermediate lobes of twelve animals were 
dissociated separately in 100 μΐ of this solution containing 5 mg/ml dispase/collagenase (Boeringer), 
for at 22° С for 1 h. Then 1 ml of fresh Ringer's solution was added to the lobes and they were 
suspended by 10 passes through a siliconized Pasteur's pipet, transferred to a syringe and filtered 
through a nylon filter (pore size ISO /ші) by air pressure. Neural lobe tissue remained on the filter. 
The cells were washed in Ringer's solution and collected by centrifugation. 

Cell and hormone binding 
Dissociated intermediate lobe cells of the twelve black-adapted animals were brought in SO μ! of 

Ringer's solution on nitrocellulose filters (l.S cm in diameter; pore size 0.1 μιη; Schleicher & 
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Schuil), on Immobilon polyvinyldiene difluoride transfer membranes (Millipore, Bedford, MA) or 

on poly-L-lysine-coated glass slides. Cells were kept at 22° С in a humidified atmosphere of 5% C0 2 

and 95% air for 1 h (slides) or 2 h (filters). After binding to the glass slides, cells were covered with 

a nitrocellulose filter for another hour, under the same conditions. Contact between cells and filter 

was kept tight by placing a second glass slide on the filter. Filters were washed carefully by dipping 

once in 50 mM TRIS-buffered saline (TBS; pH 7.4, 0.9% NaCl). Fixation of the released aMSH 

on the filters occurred in either 4% paraformaldehyde in TBS or in 0.5% glutaraldehyde in TBS, for 

16 h. 

Twelve lobes (four lobes per concentration) were treated separately. Dissociated cells were 

incubated in 50 μΐ Ringer's solution containing the dopamine concentrations of: 0 (C, controls), 

3.3x10^ M (DAI) or 105 M (DA2), for 15 min, and placed subsequently on poly-L-lysine-coated 

glass slides in these solutions. After 1 h, the slides were washed carefully by dipping in Ringers 

solution with corresponding dopamine concentrations and filters were placed on the cells on the glass 

slide and incubated as described above. Fixation occurred in 0.5% glutaraldehyde in TBS, for 16 h. 

¡mmunocytochemistry 

After fixation, filters were inununostained according to the peroxidase-anti-peroxidase protocol of 
Sternberger (1970), using an anti-oMSH antiserum of which the specificity has been described 
previously (van Zoest et al., 1989; de Rijk et al., 1990). After intensive washing in TBS, the filters 
were incubated in consecutively, 1) 5% BSA and 0.1% Triton X-100 in TBS for 1 h, 2) anti-aMSH 
(diluted 1:500 in 1% BSA and 0.1% Triton X-100 in TBS) for 2 h, 3) goat-anti-rabbit-peroxidase 
(diluted 1:800 in 1% BSA and 0.1% Triton X-100 in TBS) for 1 h, and 4) 3,3'-diaminobenzidine 
(DAB; 0.2 mg/ml TBS) containing 0.01 % H A for 3 min. Of each filter (1 filter per lobe), 100 
spots were analyzed as described below. 

For control staining, filters were incubated with the preimmune serum or with anti-aMSH 
preadsorbed to synthetic aMSH. 

¡mage analysis 
The nitrocellulose filters placed on the glass slides were studied microscopically using a 6.3x 
objective. They were illuminated by incident light with a fine light wire that was placed in a fixed 
position to assure that each filter was as evenly illuminated as possible. 

The filters were processed and analyzed with an IBAS Image Analysis System (Zeiss/Kont-
ron, Eching, Germany). The procedure consisted of the following steps. 1) Using a Panasonic CCD 
video camera (WV-CD50) a black-and-white digital image of the filter was produced at a resolution 
of 512 χ 512 pixels, 8 bits/pixel= 256 grey levels. To improve the signal-to-noise ratio, of each 

image 10 scans were integrated and averaged (Fig. 1A). 2) The system was calibrated geometrically. 

A pixel in the image memory corresponded to 1.80 μιη2 in the blot. 3) Each image was corrected 

for shading and subjected to a median filtering (matrix size 9 x 9 pixels) to remove disturbing details 
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of the filter texture (Fig. IB). 4) The background of each filter might have a different grey value 

level and distribution due to factors in the production of the filter. Therefore, the digital filter 

operation TRACKG was applied. This filter replaces the grey values of the spots by the locally most 

likely background value, thus resulting in an individual background reconstruction image. The grey 

value that is most frequently present in this image, was used as background value in the 

densitometrical calibration procedure. Moreover, the image to be analyzed was corrected with the 

background reconstruction image (Fig. 1С). 5) The spots were automatically detected by the 

DISDYN procedure. The dynamic discrimination method operates with a local threshold that is 

dependent on the local neighbourhood. Detected spots were displayed as a binary image (Fig. ID). 

After discarding too small objects Gess than 300 pixels) a binary CLOSE operation connected closely 

located pixels, an OPEN operation smoothed the edges, eventual holes within the objects were 

automatically filled and objects touching the edge of the image frame were removed (Fig. IE). An 

EDIT-step of the individually identified objects (Fig. IF) enabled to make corrections interactively, 

mostly separation of attached spots. 6) Subsequently, too large objects, being a product of more than 

one melanotrope cell, and objects of too irregular shape were automatically removed. The result of 

the automatic selection was displayed as an outline in the original, contrast-enhanced image. In this 

outline-image inspection was made and spots that had to be measured were marked (Fig. IG; arrows) 

and identified separately (Fig. IH). 7). For each spot the integrated optical density (I.O.D.) was 

measured, representing the amount of immunostained aMSH. For that purpose, the grey values had 

been calibrated as optical density values. 

In the present study only relative differences in aMSH-release between control and 

dopamine-treated cells were of interest. Therefore, no calibration of I.O.D. values in the amount of 

aMSH-release was carried out. (In similar immunoblotting studies the relation between optical 

density and peptide binding appears to be linear over a very wide range; see Kendall and Hymer, 

1987; Aritaetal., 1991.) 

Statistical analysis 

A random sampling procedure was maintained throughout the experiment. Significances between 

I.O.D. frequency distributions of the different groups and possible differences between size classes 

in the distributions were analyzed with a one-way analysis of variance (Sokal and Rohlf, 1981) 

followed by the multiple range test of Duncan (Steel and Torrie, 1960). The analysis was preceded 

by tests for the homogeneity of variance (Bartlett's test; Bliss, 1967) and for the joint assessment of 

normality (Shapiro and Wilk, 1965). Significance was accepted for Ρ < 0.05. 
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Figure 1. Processing with image analysis system of an image of a filter with anti-aMSH-positive 
spots from untreated melanotrope cells, χ 240. A) Original black-and-white digital image. B) Image 
after digital filter operation (TRACKG). C) Background-corrected and contrast-enhanced image. D) 
Binary image after discrimination with local threshold. E) Binary image after CLOSE and OPEN 
operations that close holes and smoothen the outline of the spots. F) Identification of individual spots. 
G) Result of automatic selection. Spots are outlined in the background-corrected and contrast-
enhanced image. Spots chooser for I.O.D. determination are marked interactively (see dark marks 
in spots indicated by arrows). H) Individually identified spots of which I.O.D. values have been 
determined. 
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Results 

Technical aspects 

In order to optimize the immuno-blotting method, we first investigated the significance 

of fixation of released aMSH onto a particular filter type (Immobilon, nitrocellulose). 

When no fixation was carried out, neither filter type showed any measurable amount of 

immunoreactivity after staining with anti-aMSH. Fixation revealed clear, round 

immunoreactive spots. After fixation with 0.5% glutaraldehyde (Fig. 2A) these spots 

appeared to be much stronger than after the use of 4% paraformaldehyde fixative (Fig. 

2B). Moreover, generally glutaraldehyde rendered a less conspicuous background than 

paraformaldehyde. On Immobilon filters, staining of the spots appeared more diffuse than 

on nitrocellulose filters. Edges of the spots were in many cases not clearly delineated 

(Fig. 2C). Consequently, we have chosen for glutaraldehyde fixation of nitrocellulose 

filters. Optimal pore size of this filter type appeared 0.1 μιη; larger sizes rendered loss 

of immunoreactivity. 

In a second experiment we studied whether cells had to be bound directly to the 

filter or if they could be bound to a carrier glass-slide which was subsequently overlaid 

by the filter. Direct binding to the filter had two disadvantages: (1) immunoreactive spots 

did not only consist of released aMSH but, in many cases, also included the attached 

melanotrope cell; in other cases these cells had been washed off, (2) filters showed 

considerable amounts of cell debris (Fig. 2A). When cells were bound to poly-L lysine-

coated glass slides (Fig. 2D) no such problems were encountered and optimal 

immunostaining of the overlaid filter was achieved (Fig. 2E, F). Control staining of the 

filters with either preimmune rabbit serum or anti-aMSH preadsorbed to the homologous 

antigen, revealed no immunoreactivity. 

Figure 2. Immunostained nitrocellulose filter, to which untreated cells have been bound. 
Immunostaining after fixation with 0.S % glutaraldehyde (A) or 4% paraformaldehyde (B). Note the 
presence of cells and cell debris (arrows), χ 160. С) Immunostained Immobilon filter on which 
untreated cells were bound directly. Immunostaining after 0.5 % glutaraldehyde. χ 160. D) 
Melanotrope cells bound to poly-L-lysine-coated glass slides with untreated cells. Counter staining 
with hemalum. χ 480. E and F) Immunostained nitrocellulose filter that has been superimposed on 
a poly-L-lysine-coated glass slide. E) Untreated and F) dopamine(10's M)-treated cells, χ 160. 
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aMSH release from individual melanotropes and the effect of dopamine 

Untreated single melanotropes bound to glass slides showed strong anti-aMSH 

immunoreactivity on the overlying nitrocellulose filter. The round spots were variable 

in size and density (Fig. 2E); whereas many of the spots were relatively large and 

showed high densities, others were small and only faintly stained. To obtain a (relative) 

measure for the amount of aMSH released, the I.O.D. of each spot was determined. The 

mean I.O.D. value was 60.33 +. 9.17 (means +. SEM). As Fig. 3 shows, the size 

frequency distribution of 400 cells reveals a clear deviation of a normal distribution. It 

consists of a very distinct peak in the low I.O.D. range, with a mean of 15 and a peak 

height of 162, and a broad tail area from about 100 to 540 with a maximum height of 

15. 

total number 
of 
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100 
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\ c 
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0 200 400 0 200 400 0 200 400 
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Figure 3. I.O.D. frequency distribution of total number of spots (n=4O0), formed by aMSH-release 
from untreated cells (C; control) and from cells treated with a low or high concentration of dopamine 
(DAI and DA2, respectively). I.O.D. values were categorized in distinct steps of an I.O.D. of 
10. 
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When cells are treated with dopamine, different pictures are obtained. At the 

highest dopamine concentration (IO3 M) the majority of spots have a small size and are 

weakly stained (Fig. 2F). Consequently, there is a very high peak in the low I.O.D. 

range, with a mean of 11 and a maximal height of 257 (which is 63 % higher than in the 

controls); the tail area is clearly less extensive compared to the controls, ranging from 

about 100 to only 250; its maximal height is 7 (Fig. 3). Statistical comparison of the 

mean I.O.D. values of untreated and dopamine treated cells (22.11 ±_ 1.13) shows a 

significant shiñ to lower values in the distribution of dopamine-treated cells compared 

to controls. Detailed examination of the distribution patterns indicates that the observed 

significant differences apply to an increase in the number of dopamine-treated cells in 

the low range of I.O.D. values, viz. from 0-100 (Fig. 4). 

percentage 
of spots 

'Ш§§1 0 і Ш § і о ш ш 
I.O.D. 

Figure 4. I.O.D. frequency 
distribution of the percentage of 
spots (means +. SEM; η=400), 
formed by aMSH-release from 
untreated cells (C; control) and 
from cells treated with a low or 
high concentration of dopamine 
(DAI and DA2, respectively). 
I.O.D. values were categorized in 
distinct steps of an I.O.D. value of 
100. 
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Treatment of the cells with a low dopamine concentration (3.3 χ IO"6 M) had a 

moderate effect on spot immunoreactivity. Qualitative examination of the filters did not 

reveal a clear difference with control filters neither did the statistical comparison of the 

mean I.O.D. value (61.48 +. 5.80). Analysis of variance of the I.O.D., however, 

showed a distinct and significant difference, the number of dopamine-treated cells in the 

I.O.D. range of 200-300 was increased whereas that in the I.O.D. range of 300-400 was 

decreased, compared to the controls (Fig. 4). 

Discussion 

Demonstration of aMSH release 

The specificity of the anti-aMSH serum used in this study has been demonstrated 

previously (van Zoest et al., 1989; de Rijk et al., 1990b) and is confirmed by the present 

control stainings which include incubation of the filters with preimmune serum and with 

anti-aMSH serum that had been preadsorbed to aMSH. Therefore, we conclude that 

immunostaining on the filters reflects the presence of aMSH. 

The immunoblotting technique 

In order to study a possible heterogeneity of individual melanotrope cells in aMSH-

release, it is required that the amount of hormone release by single cells can be 

quantified. A commonly used method for such quantification is the reverse hemolytic 

plaque assay (Neill and Frawley, 1983; Lucque et al., 1986). This technique is based on 

complement fixation of hormone with the corresponding antiserum coupled to sheep red 

blood cells. Since complement fixation is only successful in the case of large hormones 

such as prolactin and growth hormone (Lucque et al., 1986; Frawley and Neill, 1984), 

the reverse plaque assay is not suitable for quantitation of release of the small aMSH 

peptide. Another suitable technique for measuring hormone release from single cells is 

cell immunoblotting, a method based on binding of released hormone on Immobilen 

filters and subsequent immunostaining (Kendall and Hymer, 1987; Arila et al., 1991). 

This approach has been followed in the present study with, however, a number of 

modifications that improved the binding and immunostaining of aMSH. 

Firstly, it appeared to be necessary to fix the small aMSH peptide to the filter. 
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In this respect, glutaraldehyde revealed to be more appropriate than paraformaldehyde, 

most likely because glutaraldehyde has a higher cross-link capacity (Sabatini, 1961). 

Secondly, though Immobilon filters adequately bind released peptides {e.g. Kendall and 

Hymer, 1987; Anta et al., 1991) the immunostained peptide spots revealed indistinct 

outlines. The absence of a clear delineation limits the accurate determination of the 

critical grey value, which is essential for discriminating spot from background staining. 

In contrast to Immobilon filters, orMSH spots on nitrocellulose filters with small pore 

size (0.1 μιτι) were clearly delineated and therefore much more suitable for image 

analysis. Thirdly, as a result of fixation of the filter, in our experiments not only the 

hormone but also other compounds, such as (melanotrope) cells and cell debris appeared 

to be bound. This problem was overcome by binding and fixing the melanotrope cells 

to carrier slides, which were overlaid by the filter. 

Image analysis procedure 

The presently used image analysis method is suitable to quantify hormone release from 

individual cells, (1) because the amount of aMSH is determined directly by expressing 

it in I.O.D. values, which is a more accurate panuneter for the total amount of 

immunoreactivity in the stained area than the commonly used calculated value (surface 

area multiplied by the difference between the average grey value of the filter and the 

threshold value), (2) because the sensitivity of the method for aMSH is very high, since 

very weakly stained spots can be made detectable by discrimination from local 

background values, and (3) because the processing and quantification procedure is easy 

and fast. 

In the presently used method, the image analysis procedure described by others 

(Kendall and Hymer, 1987; Arila et al., 1991) has been modified with respect to (1) 

illumination, (2) determination of background staining, (3) adding an editing step to carry 

out corrections interactively {e.g. the separation of two connected spots) and (4) the 

display of the automatically selected spots, outlined in the original contrast-enhanced 

image. Because Immobilon filters are more transparent than nitrocellulose filters, spots 

can be visualised by transmission of constant light (Kendall and Hymer, 1987; Anta et 

al., 1991). On the other hand, spots on nitrocellulose filters can only be clearly detected 

by incident illumination using a fine light wire. Coincidently, this way of illumination 

appeared to smoothen for a large part irregularities of the filter structure, which is not 

the case for trans illumination. Furthermore in the present study a digital filter is used 
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which, in contrast to commonly used filters, takes into account all irregularities of the 
nitrocellulose {e.g. structure of the filter, irregular background staining, irregular 
illumination). The reconstructed background grey values of each filter are used for 
correction, which results in a very clean image of the nitrocellulose. In contrast to this 
way of correcting the background, in other described image analysis procedures only one 
grey value (mean grey value of the filter) is used for background correction, which is a 
less accurate way of correction. Although full automated quantification is the easiest, 
fastest and most objective way of obtaining data, systematically errors may slip into the 
procedure. To overcome this phenomenon we have chosen for an interactive step in the 
procedure that enables the check and correction of objects to be quantified. 

Heterogeneity of aMSH release and the role of dopamine 
The qualitative results on untreated single melanotropes show a distinct variability in size 
and density of immunostained spots. This suggest that the cells are heterogeneous in the 
amount of aMSH they release. This suggestion is confirmed by the quantification of this 
release by measuring the I.O.D. of the individual spots. From the fact that the I.O.D. 
frequency distribution has a clear biphasic character, revealing a distinct peak at low 
I.O.D. values and a broad tail at high I.O.D. values, it can be concluded that under the 
control conditions some cells release only little aMSH whereas the remainder release 
variable (moderate to high) amounts of the peptide. This biphasic heterogeneity is 
paralleled by the previously observed heterogeneity in nuclear and cytoplasmic volumes 
of Xenopus melanotropes (de Rijk et al., 1990b). Apparently, there is a substantial 
degree of coupling between the biosynthetic and release activities of individual 
melanotropes. 

From the apparent change (shift to lower I.O.D. values) of the I.O.D. frequency 
distribution by a high concentration of DA it can be concluded that dopamine strongly 
affects aMSH release from individual cells. The analysis proves that especially cells that 
release high amounts of aMSH are inhibited, resulting in a less pronounced melanotrope 
cell heterogeneity. This decrease in heterogeneity is similar to that found for the 
heterogeneity in nuclear and cytoplasmic volumes when grey-adapted animals are 
transferred to a white background (de Rijk et al., 1990b), confirming the idea that 
dopamine plays an important role in the physiological process of background adaptation. 
The effect of dopamine on individual melanotropes appears to be dose-dependent as a 
low concentration of dopamine has an only moderate effect on aMSH-release, 
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significantly inhibiting only a fraction of (strongly secreting) cells. This result suggests 
that not all melanotropes react to the same degree to dopamine treatment. Therefore, it 
may be hypothesized that dopamine is a regulator of the degree of melanotrope cell 
heterogeneity. As dopamine has been shown i) to inhibit both the synthesis of the 
precursor protein POMC and POMC mRNA (Ayoubi, 1991) as well as aMSH-release 
in intact Xenopus pars intermedia (Verbürg et al., 1986a), ii) is synaptically released 
toward the melanotropes (van Strien et al., 1991; chapter 4) and, iii) acts on melanotrope 
cells via a D2-receptor (Martens et al., 1991), a regulatory action of dopamine on 
melanotrope cell heterogeneity may well depend on individual differences in dopamine-
receptor sensitivity of single melanotropes. 

The physiological significance of heterogeneity 
Heterogeneity in aMSH-release from individual cells enables the animal to react in a fast 
and flexible way to changes in background light intensity: upon strong stimulation (black 
background) all cells become activated, whereas in the case of moderate stimulation (as 
will be generally the case under physiological conditions) fine tuning of the aMSH output 
can occur because only a select part of the melanotrope cell population will release large 
amounts of aMSH. A similar mechanism of heterogeneously reacting secretory cells 
regulated by neuronal messengers, has been shown for prolactin-producing cells in the 
anterior pituitary of the rat (Lucque et al., 1986; Neill et al., 1986; Arila et al., 1991). 
The present finding shows that this phenomenon is not restricted to the mammalian 
prolactin cell but may be a general feature of (endocrine) secretory cells. 

In conclusion, the presently used cell immunoblotting method appears to be suitable for 
analyzing cell heterogeneity with respect to peptide release, showing a clear 
heterogeneity in aMSH release from Xenopus melanotropes, which is modifiable by 
dopamine treatment. Whether also other neurochemical messengers that influence aMSH-
release are able to cause a differential response of single melanotropes will be further 
investigated. 
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General discussion 

This thesis is concerned with the structure and ftinctioning of the pars intermedia and the 
associated neural regulatory system of Xenopus laevis, with special regard to the 
physiological process of background adaptation. The results described in Chapter 1 
demonstrate that adaptation to a dark background results in an increase in the volume of 
the intermediate pituitary lobe and of the melanotrope cells. This increase is the result 
of an increase in the biosynthetic activity of the melanotropes, as is evident from their 
morphology (larger nuclei and more extensive rough endoplasmic reticulum and Golgi 
apparatus). The observed changes in biosynthetic activity of the melanotrope cell are 
physiologically relevant, as appears from the observation that the number of 
biosynthetically active cells is closely paralleled by the level of plasma CKMSH and the 
degree of dispersion of melanin in the melanophores. From the measurements on 
individual melanotropes, it has to be concluded that the process of background adaptation 
involves a differential response with regard to biosynthetic activity of the melanotrope 
cell population. 

A differential response of individual melanotrope cells within the pars intermedia 
does not only holds for the biosynthetic activity but also for the release of aMSH 
(Chapter 6). This indicates that the processes of biosynthesis and release are coupled at 
the cellular level. The heterogeneity in aMSH-release by individual melanotropes appears 
to be affected in vitro by DA (Chapter 6). It seems feasible that DA is a physiological 
regulator of melanotrope cell activity. Differences in sensitivity of individual 
melanotropes for DA might underlie such regulation. Whether only dopamine or also 
other neurochemical messengers are involved in the regulation of melanotrope cell 
heterogeneity, should be further investigated. Regulatory mechanisms of heterogeneity 
in cell activity may be a general feature of (endocrine) secretory cell populations. 

As to the neural control of the pars intermedia of Xenopus, previous in vitro superfusion 
studies have led to the hypothesis that GABA and DA act directly on the melanotropes 
(Verburg-van Kemenade 1986a,b,c, 1987b). In Chapters 2, 3 and 4 this idea has been 
substantiated. The melanotropes are innervated by axon terminals that contain DA and 
GABA. The neural control of the pars intermedia appears to be even more complex, 
because in addition to DA and GABA also NPY is present within axon terminals. NPY-
containing terminals are especially located in close contact with the glial-Iike folliculo-
stellate cells. This fact favours the hypothesis that folliculo-stellate cells mediate NPY 
signals to the melanotrope cells. This hypothesis is confirmed by the observation that 
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folliculo-stellate cells are present throughout the pars intermedia, closely contacting all 
melanotrope cells (Chapter 2). Furthermore, folliculo-stellate cells contain Bolton-
Hunter-NPY binding sites - indicating the presence of NPY-receptors - whereas 
melanotrope cells only contain a few, if any, of such sites (Chapter 5). The idea of an 
indirect action of NPY on melanotropes via folliculo-stellate cells has recently gained 
additional support from in vitro superiusion studies with isolated stellate cells and 
melanotropes (de Koning et al., 1991) and from immunocytochemistry with an anti-
idiotypic anti-NPY serum to NPY-receptors (E.W. Roubos, unpublished data). Although 
various functions have been attributed to folliculo-stellate cells (Semoff and Hadley, 
1978; Ferryman, 1989), our results indicate that a role in the regulation of endocrine 
cells is very plausible. 

A particular interesting aspect in the regulation of the Xenopus pars intermedia is the 
occurrence of multiple messengers within the same axon terminal and, even, within the 
same secretory vesicle. Thus, DA, G AB A and NPY apparently are produced and 
released by the same neuron, and DA and NPY coexist within large electron-dense 
vesicles. This cellular and vesicular coexistence would suggest that the messengers would 
be released simultaneously, which would fit with the fact that all three messengers have 
an inhibitory action on the melanotropes; possibly, the messengers act in a synergistic 
way, reinforcing the action of each other. Nevertheless, the neurons in question function 
in a very complex fashion. Not only do they possess the possibility to synthesize 
messengers of three very different kinds (peptide, amino acid, catecholamine), they also 
appear to have a mechanism for the differential transport of their vesicles towards the 
various axon terminals. This is clear from the observation that NPY-containing vesicles 
especially occur in terminals contacting the folliculo-stellate cells. 

The proposed communication mechanisms between the nervous system and the 
melanotrope cells in the pars intermedia of Xenopus laevis are rendered schematically in 
Fig. 1. 

104 



General discussion 

ligure 1. Schematic drawing of the communication between neuronal messengers and the 
melanotropc cells in the pars intermedia of Xenopus laevis. CRF = corticotropin releasing factor; 
TRH = thyrotropin releasing hormone; DA = dopamine; NPY = neuropeptide Y; GABA = γ-
ainino butyric acid; di = d2-receptor; a = GABA^receptor; b = GABA^receptor; p.i. = pars 
intermedia; p.n. = pars nervosa. (Figure with courtesy of Dr. B.G. Jenks; modified). 
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Thus the neural control of the pars intermedia of Xenopus is highly complex, involving 
melanotrope cell heterogeneity, differential synthesis and transport of neurochemical 
messengers and direct as well as indirect control of melanotrope cell activity; moreover, 
some messengers are inhibitory, others (CRF and TRH; Verburg-van Kemenade et al., 
1987a,e) are stimulatory. Probably, this complexity enables the pars intermedia to react 
in a most flexible way in response to changing environmental inputs. In this respect it 
should be noted that, whereas in the present study attention is focused on the role of the 
pars intermedia in the control of background adaptation, the pars intermedia is also likely 
to be involved in other aspects of physiological adaptation control (e.g., adaptation to 
stress). Therefore, it is well possible that (some of) the neurochemical messengers 
investigated in the present study are (also) involved in the control of other physiological 
events. 

Answers to scientific questions generate multiple new questions. On the basis of the 
results presented in this thesis, a first question that raises concerns the origin of the 
neurons that innervate the pars intermedia. Research started recently, indicates that in 
this respect the infundibular and preoptic areas are of particular interest (R. Tuinhof, 
unpublished data). Secondly, the mechanism responsible for the control of melanotropes 
by foUiculo-stellate cells is of high interest and currently under investigation (W.J.J.M. 
Scheenen, unpublished data). A third intriguing question regards the cellular mechanisms 
(biosynthesis, transport, release) and physiological significance of the phenomenon of 
messenger coexistence. Studies on this topic may contribute considerably to the 
understanding of the neural control of melanotrope cells of Xenopus laevis and of the 
control of secretory cell activity in general. 
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Het zenuwstelsel en het endocriene systeem vormen de twee belangrijkste 
regelsystemen in dierlijke organismen. Samen zijn ze verantwoordelijk voor het 
adequaat functioneren van het dier in zijn omgeving. Daartoe verwerkt het 
zenuwstelsel externe signalen en stuurt vervolgens informatie naar het endocrien 
systeem. Endocriene signalen (hormonen) zorgen tenslotte voor regulatie van perifere 
organen en een daarop volgend passende fysiologische respons van het organisme. 
Over de wijze(n) waarop het zenuwstelsel met het endocrien stelsel communiceert, 
bestaat nog veel onduidelijkheid. Al lang is bekend dat sommige neuronen, vooral 
gelegen in de hypothalamus, de aktiviteit sturen van endocriene cellen in de hypofyse. 
Ze doen dit door neuropeptiden af te geven aan het bloed ("neurosecretie") of, via 
Synapsen, direkt aan de hypofysecellen ("neurosecretomotorische controle"). Enige 
recente vindingen hebben het beeld van deze hypothalame controle aanzienlijk 
gecompliceerd. Allereerst werd aangetoond dat neuronen niet alleen via bloed of 
Synapsen, maar ook via de intercellulaire ruimte met hun doelwitten kunnen 
communiceren ("paracriene communicatie"). Voorts is gebleken dat veel neuronen 
niet één maar vele boodschappers kunnen produceren ("coëxistentie"), en deze 
tegelijk of op een gedifferentieerde wijze kunnen afgeven. 

Het is vooral het onderlinge samenspel tussen de verschillende typen van 
communicatie tussen neuronen en endocriene cellen dat essentieel is voor het adequaat 
verlopen van het fysiologische adaptatieproces. De regels van dit samenspel zijn nog 
slechts zeer fragmentarisch bekend. Deze problematiek is het onderwerp van dit 
proefschrift. Als model is gekozen voor de nerveuze controle van de endocriene 
melanotrope cellen in het middelste deel van de hypofyse, de pars intermedia, van de 
zuid-afirikaanse klauwpad Xenopus laevis. De melanotrope cellen produceren het 
melanoforen-stimulerend hormoon (aMSH). Wanneer het dier op een donkere 
ondergrond wordt geplaatst, geven de cellen aMSH af aan het bloed. Dit leidt tot 
dispersie van het zwarte pigment in de huidmelanoforen, waardoor het dier een zwarte 
huid krijgt. Indien het dier adapteert aan een witte achtergrond, wordt de aMSH-afgifte 
geremd en blijft het pigment in de huidmelanoforen geaggregeerd (lichte huidskleur). 

De afgifte van aMSH wordt gereguleerd door chemische boodschappers vanuit 
de hersenen, waarschijnlijk vanuit de hypothalamus. Superfusie studies hebben laten zien 
dat twee boodschappers de aMSH-afgifte stimuleren, de corticotropin releasing factor 
(CRF) en het thyrotropin releasing hormone (TRH), terwijl drie boodschappers de 
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aMSH-afgifte remmen, namelijk dopamine (DA), γ-aminoboterzuur (GABA) en 

neuropeptide Y (NPY). Deze verscheidenheid aan regulerende boodschappers met 

dezelfde doelcellen wijst erop dat de melanotrope cellen op een complexe wijze worden 

gestuurd. 

Om dit sturingsmechanisme te ontrafelen is in dit onderzoek gekozen voor een 

multidisciplinaire benadering waarin de aandacht is gericht op: 1) de aard van de neurale 

boodschappers die aan de pars intermedia worden afgegeven, 2) een mogelijke 

coëxistentie van deze boodschappers in hetzelfde neuron, 3) een mogelijk regulerende 

rol voor niet-neurale/endocriene cellen, namelijk de glia-achtige folliculo-stellaatcellen, 

en 4) de rol van individuele melanotrope cellen in de pars intermedia tijdens het adaptatie 

proces. 

ad 1) De immunocytochemische studies in de hoofdstukken 2, 3 en 4 laten zien 

dat de drie remmende boodschappers DA, GABA en NPY gelegen zijn in zenuwuitlopers 

(axonen) in de pars intermedia. Uit een gedetailleerde ultrastructurele studie (vries-

substitutie, EM-immunogoud methode) blijkt dat deze factoren aanwezig zijn in bijna alle 

axoneindigingen in de pars intermedia. De eindigingen bevatten twee typen blaasjes, 

kleine elektronen-transparante en grotere elektronen-dichte. De transparante blaasjes 

bevatten GABA, terwijl DA en NPY in de elektronen-dichte blaasjes worden 

aangetroffen. 

ad 2) Uit multiple immunogoud labelings experimenten (hoofdstukken 2 en 4), is 

duidelijk geworden dat DA, GABA en NPY coëxisteren in één en dezelfde 

axoneindiging, en dat DA en NPY zelfs samen voorkomen in elektron-dichte blaasjes. 

Coëxistentie in dezelfde cel en hetzelfde blaasje suggereert dat DA en NPY tegelijk 

afgegeven worden, wat aansluit op het feit dat beide boodschappers remmend werken op 

de aMSH-afgifte. Mogelijk versterken zij eikaars effect. 

ad 3) Uit ultrastructurele en morfometrische studies (hoofdstukken 2 en 4) blijkt 

dat i) folliculo-stellaatcellen in nauw contact staan met de melanotrope cellen, ii) veel 

axoneindigingen contact maken met stellaatcellen, en iii) deze eindigingen veel meer 

elektronen-dichte blaasjes bevatten dan de eindigingen op de melanotrope cellen. Dit is 

een indicatie voor een indirekte werking van NPY op de aMSH-afgifte via de 

stellaatcellen en suggereert bovendien dat DA zijn remmende werking op de melanotrope 

cellen uitoefent via een paracrien mechanisme. In hoofdstuk S zijn met behulp van 

immunocytochemie en autoradiografìe 125I-Bolton-Hunter-NPY bindingsplaatsen 

aangetoond op stellaatcellen. Deze plaatsen zijn nauwelijks op melanotrope cellen 
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aanwezig. Dit duidt op de aanwezigheid van NPY-receptoren op stellaatcellen. Daarom 
kan de conclusie worden getrokken dat de stellaatcellen een belangrijke, bemiddelende 
rol spelen in de remming van de melanotrope cellen door NPY. 

ad 4) Met behulp van morfometrie op licht- en elektronen-microscopisch niveau, 
en door middel van een gemodificeerde immuno-celblotting techniek, is in de 
hoofdstukken 1 en 6 aangetoond dat de reactie van de pars intermedia tijdens het 
adaptatie proces een gedifferentieerd karakter heeft. Zowel qua biosynthese als qua 
afgifte van aMSH is er sprake van een heterogene reaktie van de melanotrope cellen: 
sommige cellen reageren sterk, anderen zwak. 

Dit onderzoek heeft laten zien dat bij het fysiologisch proces van adaptatie aan de 
ondergrond door Xenopus laevis, multiple neurale boodschappers op complexe wijze de 
aMSH-afgifte door melanotrope cellen reguleren; niet alleen neurosecretie (CRF, TRH) 
maar ook neurosecretomotorische controle speelt een rol, en wel op direkte (GABA) en 
indirekte (NPY) wijze. De werking van DA is waarschijnlijk van paracriene aard. Van 
bijzondere fysiologische betekenis üjkt de rol van coëxisterende boodschappers (DA, 
GABA en NPY) in hetzelfde neuron. Voorts is van speciale interesse of het beschreven 
besturingssysteem behalve bij ondergrond adaptatie, ook betrokken is bij andere 
fysiologische adaptatieprocessen (bv. adaptatie aan stress). 

109 



REFERENCES 

Arila J., Kojima Y., Kimura F. (1991) Identification by the sequential cell immunoblot assay of a 

subpopulation of rat dopamine-unresponsive lactotrophs. Endocrinology 128: 1887-1894 

Ayoubi T. A. Y. (1991) Expression of proopiomelanocortin and 7B2 genes in the pituitary ofXenopus 

laevis. University of Nijmegen, Thesis 

Asselt L.A.C, van, Peute J., Schild R.G., Schild V.A., Buijs R.M., Oordt P.G.W.J. van (1987) 

Immunocytochemical evidence for peptidergic (GnRH) and dopaminergic innervation of the 

gonadotropic cells in the pituitary of the African catfish, Qarias gariepinus. Gen. Сотр. 

Endocrinology 67: 303-310 

Back N. (1989) The effect of bromocriptine on the intermediate lobe of the rat pituitary: an electron-

microscopic, morphometric study. Cell Tissue Res. 255: 405-410 

Baes M., Allaerts W., Denef C. (1987) Evidence for functional communication between 

folliculo-stellate cells and hormone secreting cells in perifused anterior pituitary cell 

aggregates. Endocrinology 120: 685-691 

Bargmann W., Lindner E., Andres K.H. (1967) Über Synapsen und endokrinen Epithelzellen und 

die Definition sekretorische Neurone. Untersuchungen am Zwischenlappen der 

Katzenhypophyse. Ζ Zellforsch. 77: 282-298 

Beaudet Α., Descarries L. (1978) The monoamine innervation of the rat cerebral cortex: synaptic 

and nonsynaptic axon terminals. Neuroscience 3: 851-860 

Bliss C.J. (1967) Statistics in Biology Vol. 1, McGraw-Hill, New York 

Brussaard Α., Schlüter N.C.M., Ebberink R.H.M., Kits К., Maat A. ter (1991) Discharge induction 

in molluscan peptidergic cells requires a specific set of four autoexcitatory neuropeptides. 

Neuroscience 39: 479-492 

Buijs R.M., Vulpen E.H.S. van, Geffard M. (1978) Ultrastructural localization of GABA in the 

supraoptic nucleus and neural lobe. Neuroscience 20: 347-355 

Buijs R.M., Geffard M., Pool C.W., Hoomeman E.M.D. (1984) The dopaminergic innervation of 

the supraoptic and paraventricular nucleus. A light and electron microscopical study. Brain 

Res. 323: 65-72 

Buma P., Roubos E.W., Buijs R.M. (1984) Ultrastnictural demonstration of exocytosis of 

neuro-endocrine and endocrine secretions with an in vitro tannic acid (TARI-)method. 

Histochemistry 80: 247-256 

Buma P., Roubos E.W. (1986) Ultrastructural demonstration of nonsynaptic release sites in the 

central nervous system of the snail Lymnaea stagnalis, the insect Periplaneta americana, and 

the rat. Neuroscience 17: 867-879 

Burgess T.L., Kelly R.B. (1987) Constitutive and regulated secretion of proteins. Ann. Rev. Cell 

Biol. 3: 243-293 

110 



References 

Chang R.S.L., Lotti V.J., Cerino D.J., Kling P.J. (1985) Neuropeptide Y (NPY) binding sites in 
rat brain labelled with 1MI-Bolton-Hunter NPY: comparative potencies of various 
polypeptides on brain NPY binding and biological responses in the rat vas deferens. Life Sci. 

37:2111-2122 
Chronwall B.M., Hook, G.R., Millington, W.R. (1988) Dopaminergic regulation of the biosynthetic 

activity of individual melanotropes in the rat pituitary intermediate lobe: A morphometric 
analysis by light and electron microscopy and in situ hybridization. Endocrinology 123: 
1992-2002 

Dale H. (1935) Pharmacology and nerve-endings. Proc. Roy. Soc. Med. 28: 319-332 
Daly R.N., Hieble J.P. (1987) Neuropeptide Y modulates adrenergic neurotransmission by an 

endothelium dependent mechanism. Eur. J. Pharmacol. 138: 445-446 
Danger J.M., Guy J., Benyamina M., Jegou S., Leboulenger F., Cote J., Tonon M.C., Pelletier 

G., Vaudry H. (1985) Localization and identification of Neuropeptide Y (NPY) in the frog 
brain. Peptides 6: 1225-1236 

Descarries L., Bosler O., Berthelet F., Des Rosiers M.H. (1980) Dopaminergic nerve endings 
visualised by high-resolution autoradiography in adult rat neostriatum. Nature 284: 620-622 

Dourmashkin R., Patterson S., Shah D., Oxford J.S. (1982) Evidence of diffusion artefacts in 
diaminobenzidine immunocytochemistry revealed during immune electron microscope studies 
of the early interactions between influenza virus and cells. J. Virol. Meth. S: 27-34 

EkbladE., EdvinssonL., WahlestedtC, UddmanR., HakansonR., SundlerF. (1984) Neuropeptide 
Y co-exists and co-operates with noradrenaline in perivascular nerve fibres. Reg. Pept. 8: 
225-235 

Everitt B.J., Hökfelt T., Wu J.Y., Goldstein M. (1984) Coexistence of tyrosine hydroxylase-like and 

gamma-amino-butyric acid-like immunoreactivities in neurons of the arcuate nucleus. 
Neuroendocrinology 39: 189-191 

Eys G.J.J.M. van (1980) Structural changes in the pars intermedia of the cichlid teleost 
Sarotherodon mossambicus as a result of background adaptation and illumination. I. The 
MSH cells. Cell Tiss. Res. 208: 99-110 

Foster O.J.F., Biswas S., Lightman S.L. (1991) Neuropeptide Y and tyrosine hydroxylase mRNA 
levels in the locus coeruleus show similar increases after reserpine treatment. Neuropeptides 
18: 137-141 

Frawley L.S., Neill J.D. (1984) A reverse hemolytic plaque assay for microscopic visualization of 

growth hormone release from individual cells: evidence for somatotrope heterogeneity. 
Neuroendocrinology 39: 484-490 

Geffard M., Buijs R.M., Seguela P., Pool C.W., Le Moal M. (1984a) First demonstration of highly 

specific sensitive antibodies against dopamine. Brain Res. 294: 161-165 

111 



References 

Geffard M., Kah О., Onteniente В., Segueta P., Le Moal M., Delaage M. (1984b) Antibodies to 

dopamine: Radioimmunological study of specifity in relation to immunocytochemistry. J. 

Neurochem. 42: 1593-1599 

Gerber H., Peter H.J., Bachmeier С , Kaempf J., Studer H. (1987) Progressive recruitment of 

follicular cells with graded secretory responsiveness during stimulation of the thyroid gland 

by thyrotropin. Endocrinology 120: 91-96 

Goos H.J.T., Terlou M. (1977) Hypothalamic control of MSH secretion in lower vertebrates. Front. 

Hormone Res. 4: 51-62 

Helden H.P.M, van (1980) Aspects of biosynthesis and release of peptides by the pars intermedia 

of the pituitary gland in Xenopus laevis. Thesis. University of Nijmegen 

Hendry S.H.C., Jones E.G., DeFelipe J., Schmechel D., Brandon C , Emson P.C. (1984) 

Neuropeptide-containing neurons of the cerebral cortex are also GABAergic. Proc. Natl. 

Acad. Sci. U.S.A. 81: 6526-6530 

Heumen W.R.H. van, Roubos E.W. (1990) Ultrastructural evidence for synthesis, storage and 

release of insulin-related peptides in the central nervous system of Lymnaea stagnalis. 

Neuroscience 39: 493-500 

Hogben L., Slome D. (1931) The pigmentary effector system: The dual character of endocrine 

coordination in amphibian color change. Proc. Roy. Soc. London Ser. В. 108: 10-53 

Hökfelt T., Lundberg J.M., Lagercrantz H., Tatemólo К., Mutt V., Terenius L., Everitt B.J., Fuxe 

K., Agnati L.F., Goldstein M. (1983) Occurence of neuropeptide Y (NPY)-like 

immunoreactivity in catecholamine neurons in the human medulla oblongata. Neurosa. Lett. 

36: 217-222 

Hökfelt T., Holets V.R., Staines W., Meister В., Melander T., Schalling M., Schultzberg M., 

Freedman J., Bjôrklund H., Oison L., Lindh В., Elfvin L., Lundberg J.M., Lindgren J.A., 

Samuelsson В., Pernow В., Terenius L., Post С , Everitt В., Goldstein M. (1986) 

Coexistence of neuronal messengers - an overview. In: Progress in Brain Research (T. 

Hökfelt, К. Fuxe, В. Pernow eds.), vol. 68, pp. 33-70. Elseviers Science Publishers B.V. 

(Biomedical Division) 

Hopkins C.R. (1970) Studies on secretory activity in the pars intermedia of Xenopus laevis. 1. Fine 

structural changes related to the onset of secretory activity in vivo. ïïssue Cell 2: 59-70 

Hopkins C.R. (1972) The biosynthesis, intracellular transport, and packaging of 

melanocyte-stimulating peptides in the amphibian pars intermedia. J. Cell. Biol. 53: 642-653 

Iturriza F.C. (1964) Electron microscopic study of the pars intermedia of the pituitary of the toad 

Bufo arenarum. Gen. Сотр. Endocrinol. 4: 492-502 

James S., Hassall C.J.S., Polak J.M., Burnstock G. (1990) Visualization of specific binding sites for 

atrial natriuretic peptide on non-neuronal cells of cultured rat sympathie ganglia. Cell Tiss. 

Res. 259: 129-137 

112 



References 

Jan Y.N., Jan L.Y. (1983) A LHRH-like peptidergic neurotransmitter capable of 'action at a 

distance' in autonomic ganglia. Trends Neurosa. 6: 320-323 

Jenks B.C. (1977) Control of MSH synthesis and release in the aquatic toad Xenopus laevis. In: 

Frontiers of hormone research (T. van Wimersma Greidanus, ed.), pp. 63-65. Karger, Basel 

Jenks B.G., Overbeeke A.P. van, Mc Stay B.F. (1977) Synthesis, storage, and release of MSH in 

the pars intermedia of the pituitary gland of Xenopus laevis during background adaptation. 

Can. J. Zool. 55: 922-927 

Jenks B.G., Martens G.J.M., Helden H.P.M, van, Overbeeke A.P. van (1985). Biosynthesis and 

release of melanotropins and related peptides by the pars intermedia in Xenopus laevis. In: 

Current Trends in Comparative Endocrinology (B. Lofts and W.N. Holmes, eds.), pp. 

149-153. Hong Kong University Press, Hong Kong 

Jenks B.G., Verburg-van Kemenade B.M.L., Martens G.J.M. (1988) Proopiomelanocortin in the 

amphibian pars intermedia: a neuroendocrine model system. In: The melanotropic Peptides 

(M.E. Hadley, ed.), vol. 1, pp. 67-83. CRC Press Inc., Boca Raton, Florida 

Kagotani Y., Tsuruo Y., Hisano S., Daikoku S., Chibara К. (1989) Synaptic regulation of 

paraventricular arginie vasopressin-containing neurons by neuropeptide Y-containing 

monoaminergic neurons in rats. Electron-microscopic triple labeling. Cell Tiss. Res. 257: 

269-278 

Kah 0., Dubourg P., Onteniente В., Geffard M., Calas A. (1986) The dopaminergic innervation of 

the goldfish pituitary. An immunocytochemical study at the electron-microscope level using 

antibodies against dopamine. Cell Tiss. Res. 244: 577-582 

Kendall M.E., Hymer W.C. (1987) Cell blotting: A new approach to quantify hormone secretion 

from individual rat pituitary cells. Endocrinology 121: 2260-2262 

Koning H.P. de, Jenks B.G., Scheenen W.J.J.M., Rijk E.P.C.T. de. Caris R.T.J.M., Roubos E.W. 

(1991) Indirect action of elevated potassium and neuropeptide Y on aMSH secretion from 

the pars intermedia of Xenopus laevis: A biochemical and morphological study. 

Neuroendocrinology 54: 68-76 

Kuhar M.J. (1985) Receptor localization with the microscope. In: Neurotransmitter Receptor Binding 

(H.I. Yamamura, S.J. Enna, M.J. Kuhar, eds.), pp. 153-176. 2nd Ed. Raven, New York 

Kuhar M.J., DeSouza E.B., Unnerstal J.R. (1986) Neurotransmitter receptor mapping by autoradio

graphy and other methods. Ann. Rev. Neurosci. 9: 27-59 

Louiset E., Cazin L., Lamacz M., Tonon M.C., Vaudry H. (1988) Path-clamp study of the ionic 

currents underlying action potentials in cultured frog pituitary melanotrophs. 

Neuroendocrinology 48: 507-51 

Lucque E.H., Munoz de Toro M., Smith P.F., Neill J.D. (1986). Subpopulations of lactotropes 

detected with the reverse hemolytic plaque assay show differential responsiveness to 

dopamine. Endocrinology 118, 2120-2124 

113 



References 

Lundberg J.M., Hökfelt T. (1983) Coexistence of peptides and classical neurotransmitters. Trends 

Neurosa. 6: 325-333 

Lundberg J.M., Rudehill Α., Sollevi Α., Fried G. and Wallin G. (1988) Co-release of neuropeptide 

Y and noradrenaline from pig spleen in vivo: importance of subcellular storage, nerve 

impulse frequency and pattern, feedback regulation and resupply by axonal transport. 

Neuroscience 28, 475-486 

Lutz-Bucher В., Schimchowitz S., Felix J.M., Stoeckel M.E., Koch B. (1989) Stimulation by atrial 

natriuretic factor of cyclic GMP production in cultured anterior and intermediate pituitary 

tissues: evidence for a major contribution of proliferating nonendocrine cells. Mol. Cell. 

Endocrinol. 64: 257-266 

Malo-Michele M. (1977). Réaction cytologiques de la pars intermedia de l'hypophyse de la saupe, 

Boobs salpa L.(poisson téléostéen, Sparidae) aux variations de la couleur de font et de 

l'illumination. Gen. Сотр. Endocrinol. 31: 343-349 

Martel J . С , Saint-Pierre S., Quirion R. (1986) Neuropeptide Y receptors in rat brain: 

autoradiographic localization. Peptides 7: 55-60 

Martel J . С , Fournier Α., Saint-Pierre S., Quirion R. (1990) Quantitative autoradiographic 

distribution of [l25I]Bolton-Hunter neuropeptide Y receptor binding sites in rat brain. 

Comparison with ['^IJpeptide YY receptor sites. /. Neurosa. 36: 255-283 

Martens G.J.M., Soeterik F., Jenks B.G., Overbeeke A.P. van (1983) In vivo biosynthesis of 

melanotropins and related peptides in the pars intermedia of Xenopus laevis. Gen. Сотр. 

Endocrinol. 49: 73-80 

Martens G.J.M., Weterings K.A.P., Zoest I.D. van, Jenks B.G. (1987) Physiologicallly-induced 

changes in proopiomelanocortin mRNA levels in the pituitary gland of the amphibian 

Xenopus laevis. Biochem. Biophys. Res. Comm. 143: 678-684 

Martens G.J.M., Molhuizen H.O.F., Gröneveld D., Roubos E.W. (1991) Cloning and sequence 

analysis of brain cDNA encoding a Xenopus D2 dopamine receptor. FEBS Lett. 281: 85-89 

Mayeri E., Rothman B.S., Brownell P.H., Branton W.D., Padgett L. (1985) Nonsynaptic 

characteristics of neurotransmission mediated by egg-laying hormone in the abdominal 

ganglion of Aplysia. J. Neurosa. 5: 2060-2077 

Meister В., Hökfelt T., Vale W.W., Goldstein M. (1985) Growth hormone releasing factor (GRF) 

and dopamine coexist in hypothalamic arcuate neurons. Acta Physiol. Scand. 124: 133-136 

Meneo B.P.M. (1986) A survey of ultra-rapid cryofixation methods with particular emphasis on 

applications to freeze-fracturing, freeze-etching and freeze-substitution. J. Electron Microsc. 

Technique 4: 177-240 

Merighi Α., Polak J.M., Fumagalli G. and Theodosis D.T. (1989) Ultrastructural localisation of 

neuropeptides and GABA in the rat dorsal horn: an immunogold study. J. Histochem. 

Cytochem. 37: 529-540 

114 



References 

Müller M., Marti T., Kriz S. (1980) Improved structural preservation by freeze substitutiun. In: 

Electron Microscopy (P. Brederoo, W. de Priester, eds.), Vol. II, pp. 720-721. Proc 7th 

Eur. Congr. Electron Microsc, Leiden 

Nakajima T., Yashima Y., Nakamura К. (1986) Quantitative autoradiographic localization of 

neuropeptide Y receptors in the rat lower brain stem. Brain Res. 380: 144-150 

Neill J.D., Frawley L.S. (1983) Detection of hormone release from individual cells in mixed 

populations using a reverse hemolytic plaque assay. Endocrinology 112: 1135-1137 

Neill J.D., Smith P.P., LuqueE.H., MunozdeToroM., Nagy G., Mulchahey J.J. (1986). Analysis 

of hormone secretion from individual pituitary cells. In: Neuroendocrine Molecular Biology 

(G. Fink, A.J. Harmar, K.W. Mc Kerns, eds.), pp. 325-340. Plenum Press, New York 

Novikoff A.B., Novikoff P.M., Quintana N.. Davis С (1972) Diffusion artifacts in Ъ,У-а\тапо-

benzidine cytochemistry. J. Histochem. Cytochem. 20: 745-749 

Novikoff A.B. (1980) DAB cytochemistry: artifact problems in its current use. J. Histochem. 

Cytochem. 28: 1036-1038 

Onteniente В., Geffard M., Calas A. (1984) Ultrastructural immunocytochemical study of the 

dopaminergic innervation of the rat lateral septum with anti-dopamine antibodies. 

Neuroscience 13: 385-395 

Pehlemann F.W. (1967) Ultrastructure and innervation of the pars intermedia of Xenopus laevis. 

Gen. Сотр. Endocrinol. 9: 481 (abstract) 

Pelletier G., Guy J., Allen Y.S. and Polak J.M. (1984) Electron microscope immunocytochemical 

localization of neuropeptide Y (NPY) in the rat brain. Neuropeptides 4: 319-324 

Ferryman E.K. (1989) Folliculo-stellate cells of the pituitary gland. Bioscience 39: 81-88 

Plattner H., Bachmann L. (1982) Cryofixation: a tool in biological ultrastructural research. Int. Rev. 

Cyt. 79: 237-304 

Pool C.W., Buijs R.M. (1988) Antigen identity in immunocytochemistry. In: Molecular 

neuroanatomy (F.W. van Leeuwen, R.M. Buijs, C.W. Pool, B. Pach, eds), pp. 233-266. 

Elsevier science publishers 

Poulain D.A., Wakerley B. (1982) Electrophysiology of hypothalamic magnocellular neurons 

secreting oxytocin and vasopressin. Neuroscience 7: 773-808 

Priestley J.V. (1984) Preembedding ultrastructural immunocytochemistry: Immunoenzyme 

techniques. In: Immunolabeling for Electron Microscopy (J.M. Polak, I.M. Varndell, eds.), 

pp. 37-52. Elsevier Science Publishers 

Putten L.J.A. van, Kiliaan A.J. (1988) Immuno-electron microscopic study of the prolactin cells in 

the pituitary gland of male Wistar rats during aging. Cell Tiss. Res. 251: 353-358 

Reynolds E.S. (1963). The use of lead citrate at high pH as an electron-opaque stain in electron 

microscopy. J. Cell Biol. 17: 208-212 

115 



References 

Richards J.G., Tranzer J.P. (1974) The characterization of monoaminergic nerve terminals in the 

brain by fine structural cytochemistry. In: Neurosecretion - the Final neuroendocrine 

Pathway (F. Knowles, L. Vollrath (eds), pp. 246-259. Berlin-Heidelberg-New York, 

Springer 

Rijk E.P.C.T. de, Jenks B.G., Vaudry H., Roubos E.W. (1990a) GABA and NPY coexist in axons 

innervating the neurointermediate lobe of the pituitary afXenopus. Neuroscience 38:495-502 

Rijk E.P.C.T. de, Jenks B.G., Wendelaar Bonga S.E. (1990b) Morphology of the pars intermedia 

and the melanophore stimulating cells in Xenopus laevis in relation to background adaptation. 

Gen. Сотр. Endocrinol. 79: 74-82 

Rijk E.P.C.T. de, Cruijsen P.M.J.M., Jenks B.G., Roubos E.W. (1991) 123I-Bolton-Hunter 

neuropeptide Y binding sites on folliculo-stellate cells of the pars intermedia of Xenopus 

laevis. Endocrinology 128: 735-740 

Roubos E.W., Wal-Divendal R.M. van der (1980) Ultrastructural analysis of peptide-hormone 

release by exocytosis. Cell Tiss. Res. 207: 267-275 

Roubos E.W., Buma P., Roos W.F. de (1983) Ultrastructural correlates of electrotonic and 

neurochemical communication in Lymnaea stagnalis with particular reference to nonsynaptic 

transmission and neuroendocrine cells. In: Molluscan Neuro-Endocrinology (J. Lever, H.H. 

Boer, eds.), pp. 78-81. North-Holland Publishing Company, Amsterdam 

Romano E.L., Romano M. (1984) Historical aspects. In: Irmnunolabelling for Electron Microscopy 

(J.M. Polak, I.M. Varndell, eds), pp. 3-15. Elsevier Science Publishers 

Sabatini D.D., Bensch K., Barrnett R.J. (1963) Cytochemistry and electron microscopy. The 

preservation of cellular ultrastructure and enzymatic activity by aldehyde fixation. J. Cell 

Biol. 17: 19-58 

Saland L.C. (1968) Ultrastructure of the frog pars intermedia in relation to hypothalamic control of 

hormone release. Neuroendocrinology 3: 72-88 

Scharrer E. (1928) Die Lichtempfindlichkeit blinder Elritzen (Untersuchungen über das Zwischenhirn 

der Fische). Z. Vgl. Physiol. 7: 1-38 

Scheller R.H., Jackson J.F., McAllister L.B., Rothman B.S., Mayeri E., Axel R. (1983) A single 

gene encodes multiple neuropeptides mediating a stereotyped behaviour. Cell 32: 7-22 

Schuit F . С , In 't Veld P.A., Pipeleers D.G. (1988) Glucose stimulates proinsulin biosynthesis by 

dose-dependent recruitment of pancreatic beta cells. Proc. Natl. Acad. Sci. U.S.A. 85: 

3865-3869 

Seguela P., Geffard M., Buijs R.M., Le Moal M. (1984) Anti-bodies against γ-aininobutyric acid: 

specificity studies and immunocytochemical results. Proc. Natl. Acad. Sci. U.S.A. 81: 3888-

3892 

Semoff S., Hadley M.E. (1978) Localization of ATPase activity to the glial-like cells of the pars 

intermedia. Gen. Сотр. Endocrinol. 35: 329-341 

Shapiro H.H., Wilk M.B. (1965) An analysis of variance test for normality. Biometry 52: 591-611 

116 



References 

Shotton D. (1980) Quick-freezing - the new frontier in freeze fracture. Nature 283: 12-14 

Slot J.W., Geuze H.J., Gigengack S., Lienhard G.E., James D.E. (1991). Immuno-localization of 

the insulin regulatable glucose transporter in brown adipose tissue of the rat. J. Cell Biol. 

113: 123-135 

Sokal R.R., Rohlf F.J. (1981) Biometry: the Principles and Practice of Statistics in Biological 

Research, W.H. Freeman and Company, New York 

Speidel C.C (1919) Gland cells of internal secretion in the spinal cord of skates. Carnegie Inst. 

Wash. Pubi 13: 1-13 

Steel R.G.D., Torrie J.H. (1960) Principles and Procedures in Statistics, McGraw-Hill, New York 

Steinbrecht R.A., Müller M. (1984) Freeze-substitution and freeze drying. In: Cryotechniques in 

biological Electron Microscopy (R.A. Steinbrecht, К. Zierold, eds.), pp. 149-172. Springer 

Verlag 

Sternberger L.A., Hardy P.H. Jr., Cuculis J.J., Meyer H.G. (1970) The unlabeled antibody enzyme 

method of immunohistochemistry. Preparation and properties of soluble antigen-antibody 

complex (horseradish peroxidase-anti horseradish peroxidase) and its use in identification of 

spirochetes. J. Histochem. Cytochem. 18: 315-333 

Sternberger L.A. (1979) Immunocytochemistry, 2nd edn. Wiley, New York 

Strien F.J.C, van, Rijk E.P.C.T. de, Heijmen P.S.H., Hafmans T.G.M., Roubos E.W. 

(1991) Demonstration of dopamine in electron-dense synaptic vesicles in the pars 

intermedia ofXenopus laevis, by freeze-substitution and postembedding immunogold 

electron microscopy. Histochemistry: in press 

Takeda N.. Inagaki S., Shiosaka S., Taguchi Y., Oertel W.H., Tohyama M., Watanabe T., Wada 

H. (1984) Immunohistochemical evidence for coexistence of histidinedecarboxylase-like and 

glutamate decarboxylase-!ike immunoreactivities in nerve cells of the magnocellular nucleus 

of the posterior hypothalamus of rats. Proc. Natl. Acad. Sci. U.S.A. 81: 7647-7650 

Thornton V.F. (1971) The effect of change of background colour on the melanocyte-stimulating 

hormone content of the pituitary of Xenopus laevis. Gen. Сотр. Endocrinol. 17: 554-560 

Thornton V.F., Howe С (1974) The effect of change of background colour on the ultrastructure of 

the pars intermedia of the eel (Anguilla anguilla). Cell Tiss. Res. 151: 103-115 

Valentino K.L., Crumrine D.A., Reichardt L.F. (1985) Lowicryl K4M embedding of brain tissue 

for immunogold electron microscopy. J. Histochem. Cytochem. 33: 969-973 

Verburg-van Kemenade B.M.L., Jenks B.G., Driessen A.G.J. (1986a) GABA and dopamine act 

directly on melanotropes ofXenopus to inhibit MSH-secretion. Brain Res. Bull. 17: 697-704 

Verburg-van Kemenade B.M.L., Tappaz M., Paut L., Jenks B.G. (1986b) GABAergic regulation 

of melanocyte-stimulating hormone secretion from the pars intermedia of Xenopus laevis: 

immunocytochemical and physiological evidence. Endocrinology 118: 260-267 

117 



References 

Verburg-van Kemenade B.M.L., Tonon M.C., Jenks B.G., Vaudry H. (1986c) Characteristics of 

receptors for dopamine in the pars intermedia of the amphibian Xenopus laevis. 

Neuroendocrinology 44: 446-456 

Verburg-van Kemenade B.M.L., Jenks B.G., Cniijsen P.M.J.M., Dings Α., Tonon M.C., Vaudry 

H. (1987a) Regulation of MSH-release from the neurointermediate lobe of Xenopus laevis 

by CRF-like peptides. Peptides 8: 1093-1100 

Verburg-van Kemenade B.M.L., Jenks B.C., Danger J.M., Vaudry H. (1987b) An NPY-Iike peptide 

may function as MSH-inhibiting factor in Xenopus laevis. Peptides 8: 61-68 

Verburg-van Kemenade B.M.L., Jenks B.G., Lenssen F.J.Α., Vaudry H. (1987c) Characteristics 

of 7-aminobutyric acid receptors in the neurointermediate lobe of the amphibian Xenopus 

laevis. Endocrinology 120: 622-628 

Verburg-van Kemenade B.M.L., Jenks B.C., Smits R.J.M. (1987d) N-Terminal acetylation of 

melanophore-stimulating hormone in the pars intermedia of Xenopus laevis is a 

physiologically regulated process. Neuroendocrinology 46: 289-296 

Verburg-van Kemenade B.M.L., Jenks B.C., Visser T.J., Tonon M.C., Vaudry H. (1987e) 

Assessment of TRH as a potential MSH-release stimulating factor in Xenopus laevis. Peptides 

8: 69-76 

Viveros O.H., Diliberto E.J., Daniels A.J. (1983) Biochemical and functional evidence for the 

cosecretion of multiple messengers from single and multiple compartments. Fedn Proc. Fedn. 

Am. Socs Exp. Biol. 42: 2923-2928 

Voorn P., Buijs R.M. (1987) The ultrastructural demonstration of dopamine in the central nervous 

system. In: Monoaminergic neurons: Light Microscopy and Ultrastructure (H.W.M. 

Steinbusch ed.), pp. 241-246. Wiley and sons Ltd, Chichester 

Vuillez P., Carbajo Pérez S., Stoeckel M.E. (1987) Colocalization of GABA and tyrosine 

hydroxylase immunoreactivities in axons innervating the neurointermediate lobe of the rat 

pituitary: an ultrastructural immunogold study. Neuroscience Lett. 79: 53-58 

Weatherhead В., Whur P. (1972) Quantification of ultrastructural changes in the 

'melanocyte-stimulating hormone cell' of the pars intermedia of the pituitary of Xenopus 

laevis, produced by change of background colour. J. Endocrinol. 53: 303-310. 

Wendelaar Bonga S.E. (1970) Ultrastructure and histochemistry of neurosecretory cells and 

neurohaemal areas in the pond snail Lymnaea stagnalis (L.). Z. Zeilforsch. 94: 190-224 

Wendelaar Bonga S.E., Meij J.C.A. van der, Krabben W.A.W.A. van der, Flik G. (1984) The 

effect of water acidification on prolactin cells and pars intermedia PAS positive cells in the 

teleost fish Oreochromis (formerly Saratherodon) mossambicus and Carassius auratus. Cell 

Ttss. Res. 238: 601-609 

Wendelaar Bonga S.E., Meij J.C.A. van der, Flik G. (1986) Response of PAS-positive cells of the 

pituitary pars intermedia in the teleost Carassius auratus to acid water. Cell Tiss. Res. 243: 

609-617 

118 



References 

Westlind-Danielsson Α., Undén Α., Abens J., Andell S., Bartfai T. (1987) Neuropeptide Y receptors 

and the inhibition of adenylate cyclase in the human frontal and temporal cortex. Neurosa. 

Lett. 74: 237-242 

Whur P., Weatherhead B. (1971) Rates of incorporation of 3H-leucine into protein of the pars 

intermedia of the pituitary in the amphibian Xenopus laevis after change of background color. 

J. Endocrinol. 51: 521-532 

Wilson J.F., Morgan M.A. (1979) α-Melanotropin-like substances in the pituitary and plasma of 

Xenopus laevis in relation to colour change responses. Gen. Сотр. Endocrinol. 38: 172-182 

Wingstrand K.G. (1966) Microscopic anatomy, nerve supply and blood supply of the pars 

intermedia. In: The Pituitary (G.W. Harris, B.T. Donovan, eds), Vol. 3, p.l. Butterworths, 

London 

Zoest I.D. van, Heijmen P.S., Cruijsen P.M.J.M., Jenks B.G. (1989) Dynamics of background 

adaptation in Xenopus laevis: Role of catecholamines and melanophore-stimulating hormone. 

Gen. Сотр. Endocr. 76: 19-28 

119 



DANKWOORD 

Dat 'teamwork' de sleutel is voor plezier en succes in je leven, is een feit dat ik mij 
vooral de afgelopen vier jaar heb gerealiseerd tijdens het werk op de afdeling 
Dierfysiologie. Het team waarin ik gewerkt heb is nogal groot van omvang en om een 
lange opsomming van mensen te voorkomen wil ik op deze plaats iedereen bedanken die 
op welke wijze dan ook (werkend of ontspannend) een bijdrage heeft geleverd aan dit 
proefschrift. Sommige collega's beweren dat, indien iedereen persoonlijk bedankt zou 
worden, het dankwoord meer plaats in beslag zou nemen dan het wetenschappelijk 
gedeelte van het proefschrift. 

Er zijn natuurlijk een paar mensen waarvan de bijdrage zo groot is, dat ze in feite 
'mee' promoveren (of ze nu willen of niet). De eerste is Peter Cruijsen die ik graag 
bedank voor de assistentie bij de vele experimenten die met veel lol, maar toch 
wetenschappelijk verantwoord, zijn uitgevoerd. Verder bedank ik Theo Hafmans voor 
het gebruik van zijn 'l-uurs' fotoservice en voor zijn hulp bij allerlei EM-technieken. 
Voor hulp bij EM-werk ben ik ook dank verschuldigd aan Huib Croes die zonder 
sputteren zijn diensten aanbood bij het uitvoeren van de vriessubstituties en aan Coen van 
der Meij en Huub Geurts. Zij hebben menig student ingewerkt op het microtoom, achter 
de elektronen microscoop, en in de doka. Tony Coenen was een rots in de branding voor 
alles wat ook maar te maken had met lichtmicroscopie en immunocytochemische 
kleuringen. Hij leerde zijn 'tovenarij' ook graag aan studenten. Zonder het vele werk dat 
Patricia Heijmen, Virginy MFou'ou en Frank van Strien verzet hebben, was een 
essentieel deel in dit proefschrift niet tot stand gekomen. Maarten Terlou wil ik graag 
bedanken voor het feit dat hij zich met Hoofdstuk 6 bemoeid heeft, waardoor alles zeer 
snel gemeten en opgeschreven kon worden. Zonder dieren bestaat er geen 
dierfysiologisch onderzoek, daarom wil ik Ron Engels bedanken voor de kweek en 
verzorging van de klauwpadden. Dezelfde zorg die Ron heeft voor zijn dieren, heeft hij 
ook voor de mensen op de afdeling zoals o.a. blijkt uit de enorme hoeveelheden koffie 
die hij heeft gezet en het ritselen van allerlei 'zaakjes' (ik kan hem aanbevelen als 
paranimf). Anne, het feit dat je tijdens de verdediging van mijn proefschrift aan mijn 
zijde staat reflecteert de plaats die je innam gedurende mijn promotie onderzoek (behalve 
dan bij jeu-de-boules). Los hiervan wil ik je bedanken voor het maken van de illustratie 
op de omslag. 
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Hoewel mij is verteld dat promotoren en copromotoren niet vermeld mogen 
worden in het dankwoord omdat het hun taak is de promovendus te begeleiden, doe ik 
dit toch. Ik ben Bruce dankbaar voor de wetenschappelijke ondersteuning tijdens de 
afgelopen vier jaar en Sjoerd voor de begeleiding vooral tijdens de beginfase van mijn 
onderzoek. Naast Sjoerd wil ik bovendien Jan Peute bedanken voor het feit dat hij als 
referent op wilde treden. Een zeer aangename verrassing was het feit dat halverwege het 
onderzoek, Eric uit de hemel kwam vallen (figuurlijk bedoeld natuurlijk, hoewel het 
letterlijk bedoeld een evengroot effect gehad zou hebben). Door zijn enorme 
enthousiasme en de zeer makkelijke manier van omgang was hij in staat mij op een 
plezierige en overtuigende wijze veel 'geneugten des wetenschaps' bij te brengen. 

Naast een direkte invloed van mensen op de afdeling zijn er achter de schennen 
ook mensen geweest waarop regelmatig een beroep gedaan werd. Allereerst ons mam en 
Stanneman die me vanaf het begin enorm gestimuleerd hebben om te studeren, en die in 
feite de grondleggers zijn van dit proefschrift. Als laatste (but not least), wil ik iemand 
bedanken die niet bedankt wil worden. Ruud, beter bekend als De Fop, bedankt voor al 
die momenten waarop je me stimuleerde en af en toe alles relativeerde zonder dat ik dat 
zelf in de gaten had. De kan me nauwelijks voorstellen dat zonder het zelfvertrouwen dat 
je me gegeven hebt, dit werk ooit fatsoenlijk was voltooid. 

Vun. ¿óe/v 
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Stellingen 

1. Folliculo-stellaat cellen hebben naast een ondersteunende ook een regulerende 
functie. 

(Baes et al., 1987; Du proefschrift) 

2. Neurochemische boodschappers die worden afgegeven door hetzelfde synaptische 
blaasje en bovendien eenzelfde effect hebben hoeven met op dezelfde doelcellen 
aan te grijpen. 

(Dit proefschrift) 

3. De techniek van snel invriezen en inbedden van weefsel bij lage temperaturen is 
een veelbelovende techniek om kleine, instabiele antigenen aan te tonen. 

(Dit proefschrift) 

4. Xenopus laevis is bij uitstek een geschikt proefdier om het ingewikkelde proces van 
neurale controle van endocnene cellen te bestuderen. 

(Du proefschnfi) 

5 In deze tijd van bezuinigingen en inkrimpen bij de overheid moet diezelfde 
overheid steeds meer steunen op particuliere natuurbeschermingsorganisaties. 
Hierbij hoort dan wel een passende erkenning en (matenele) steun voor het werk 
van deze, vaak uit vrijwilligers bestaande, organisaties. 

6. Het feit dat sommige muizensoorten een voorkeur hebben voor popcorn en 
pindakaas suggereert dat niet alleen de mens beïnvloed wordt door de amenkaanse 
cultuur. 

(Foppen et al., 1989) 

7. Fysieke en geestelijke arbeid werken synergistisch. Daarom moet het sportcentrum 
betaalbaar blijven. 

8. Alleen toptenmsers mogen spotten met de grondbeginselen van de tennistechmek. 








