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Introduction: 

Dynamics of Synaptic and Endocrine 

Communication: Classical and 

Peptidergic Messengers 

All the roads for membrane traffic may yet prove to 

be paved with the same kinds of molecules 

James E Rothman, in Trends Bwchem Sa 9, 176· 

178, 1984 

The processes of synaptic vesicle docking and 

fusion are potential targets for the physiological 

modulation of synaptic transmission Such 

modulation of synaptic efficiency is likely to 

contribute to such processes as learning and 

memory 

η Introduction to this Thesis Mark К Bennet and Richard H Scheller, in Proc 

Natl Acad Sa USA 90, 2559-2563, 1993 

Insights into the synaptic vesicles pathway is 
important for our understanding of fundamental 
mechanisms of membrane transport and the design 
and properties of neural networks At this point, the 
molecular description of the SV pathway has 
reached the sophistication of early cartography we 
can delineate contours of continents but the interiors 
are largely blank 
Thomas С Sudhof, m Nature 375. 645-653, 1995. 
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Dynamics of Synaptic and Endocrine Communication 

The research described in this thesis has 
the aim to contribute to the understanding 
of the ways neurons and endocrine cells 
communicate with their target cells. For this 
communication these cells use specific 
chemical messenger molecules, the so-
called neurotransmitters and 
(neuro)hormones. Focus is on two main 
categories of such messengers, the classic 
ones such as dopamine and some amino 
acids, and the peptidergic 
neurotransmitters and (neuro)hormones. 
After their cellular biosynthesis, these two 
classes of messenger molecules travel 
through distinct pathways within the cell, 
before being secreted by the process of 
exocytosis, and are respectively called the 
classical and peptidergic secretory 
pathway. The research is concerned with 
the identification and functional significance 
of various aspects of these two, partly 
independently operating, pathways, using 
the brain-pituitary system of the South 
African aquatic toad Xenopus laevis as a 
research system. Particular attention is paid 
to the mechanisms of secretion. 

In this Introduction, first a survey will be 
given of the state-of-the-art of research on 
classical and peptidergic secretory 
pathways. Next, the investigations that 
constitute the research will be introduced. 

REGULATED SECRETORY PATH
WAYS: CLASSICAL AND PEPTIDER
GIC NEURONAL MESSENGERS 

In a multicellular organism, cells need to 
communicate with each other to control 
their growth, to regulate their development 
and organization in tissue and organs, and 
to coordinate their functions. For this 
reason, they use signaling molecules. 
These chemical messengers are often 
packaged into vesicles at the site of their 
formation, and via vesicular trafficking they 

travel to their destination, which can be 
another cell compartment, or the 
extracellular matrix (Palade, 1975; 
Rothman and Orci, 1992). In constitutive 
secretion, the vesicles transport their cargo 
from the Golgi network to the plasma 
membrane where they promptly fuse and 
release their contents by exocytosis. This 
kind of vesicular trafficking occurs in every 
eukaryotic cell and includes transport of 
newly synthesized membrane proteins and 
lipids. Cells specialized in secretion, such 
as exocrine gland cells, neurons and 
endocrine cells, possess in addition to this 
constitutive pathway, a second secretory 
pathway arising from the Golgi network, in 
which granule-bound messengers are 
stored until a specific extracellular stimulus 
triggers their exocytotic secretion in a 
calcium-dependent manner (Kelly, 1985). In 
this way, such cells can store large 
quantities of messenger substances in 
vesicle pools, which will be released in 
relatively high concentrations upon 
appropriate stimulation. This so-called 
regulated secretory pathway thus enables 
fast and effective responses of the neural 
and endocrine system to changes in the 
environment, which will lead to the 
adequate adaptations of the organism 
enabling its survival. 

In neurons and endocrine cells, 
messenger substances involved in 
regulated Ca2+-dependent exocytosis can 
be various in nature, but their transport and 
storage basically occur in two distinct 
vesicle types. Neurons store a large variety 
of classical neurotransmitters, such as 
acetylcholine, dopamine and γ-aminobutyric 
acid (GABA) in small electron-lucent, 
synaptic vesicles (SV; mean diameter 30-
45 nm). Endocrine cells mainly have large 
secretory granules, which store peptidergic 
(including proteinergic) messengers. Also 
neurons produce and store peptides in 
electron dense-cored vesicles (DV; mean 
diameter 80-200 nm) which share many 
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Chapter 1 

features with secretory granules in general 
(De Camilli and Navone, 1987). 

The presence of these distinct 
vesicle type categories underlines the 
existence of two different secretory 
pathways in regulated exocytosis. These 
pathways, which will be referred to as the 
classical messenger pathway and the 
peptidergic messenger pathway, 
respectively, are likely to show some 
different properties, reflecting differences in 
actions of the SV and DV messengers to 
external stimulation. Therefore, the 
formation, trafficking and secretion 
mechanisms of SV and DV are extensively 
studied and compared. Below we will firstly 
survey the two regulated secretory 
pathways, after which we will outline the 
general molecular mechanisms of vesicle 
trafficking and the special features of the 
regulated classical messenger and 
peptidergic messenger machinery. 

DYNAMICS OF THE REGULATED 
CLASSICAL MESSENGER PATHWAY 

The discovery of vesicular structures in 
neuromuscular junctions led to the "vesicle 
hypothesis" that neurotransmitter is 
released in quanta contained in these 
vesicles, denominated SV (Del Castillo and 
Katz, 1956). Since then, SV have been 
under extensive investigation and might 
represent the first cell organelle that will be 
completely cloned (Südhof, 1995). 
Nevertheless, the nature of SV routing and 
release are still far from understood. 

Firstly, the biogenesis of SV is under 
debate. It seems that the protein 
constituents of the SV are produced in the 
Golgi apparatus residing in the neuronal 
cell body (Navone et al., 1986; Tixier-Vidal 
et al., 1988), after which they are 
transported to the nerve terminal. Here, 
they seem to undergo stimulus- and 
calcium-independent cycles of constitutive 

exo- and endocytosis (Matteoli et al., 1992). 
Probably, during these cycles an unknown 
regulatory switch will occur, which will 
trigger the proteins to sort away from this 
constitutive pathway and form the empty 
SV. These SV can be derived either directly 
from the plasma membrane or an 
endosóme intermediate, and will then enter 
the regulated secretory pathway. 

After biogenesis of the SV, they are 
loaded with classical neurotransmitters 
through the action of a H+-ATPase proton 
pump (for review, see Nelson, 1992) and 
they reach their mature state. Exocytosis of 
the SV contents takes place at special 
delineated areas in the membrane of the 
terminal, the synaptic junctions (Couteaux 
et al., 1970). Morphologically, the synaptic 
junction is marked by presynaptic 
membrane specializations forming the 
presynaptic grid, an enlarged synaptic cleft 
with dense material, and a postsynaptic 
membrane with densities and postsynaptic 
receptors (Rager, 1976; Vaughn, 1989; 
Peters, 1991). Upon arrival of the action 
potential in the nerve terminal, a very local 
Ca2+- influx up to several hundreds of 
micromolars (Adler et al., 1991; Llinás et 
al., 1992) occurs at the synaptic junction, 
probably through L-type calcium channels 
clustered in the presynaptic grid (Cohen et 
al., 1991). This influx triggers vesicle fusion 
and fast neurotransmitter release within 
100-200 με (Llinás et al., 1981). This fast 
release is exerted by SV that are closely 
apposed (also referred to as 'docked') to 
the presynaptic grid, which thereby form the 
readily releasable pool of vesicles upon 
stimulation. It was estimated that 0.5-1 of 
these vesicles releases its contents per 
action potential (Ryan and Smith, 1995; 
Rosenmund and Stevens, 1996). In order 
for exocytosis to occur so fast, the readily 
releasable vesicles can only undergo a 
minimal set of interactions prior to release 
of their neurotransmitter contents. 

Repetitive electrical stimulation 
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Dynamics ofSynaptic and Endocrine Communication 

The Classical Messenger Pathway 

Figure IA The classical messenger pathway Afier formation by the Golgi network, empty synaptic vesicles are 
transported to the nerve terminal (I) where they can undergo various exocytotic cycles (2) before entering the 
regulated pathway In the regulated pathway, they take up neurotransmitter (3) and become either part of the 
vesicle storage pool (4) or, in case of stimulation, they can enter the readily releasable pool directly and dock at 
the synaptic membrane (5) After a priming step (6) they release their neurotransmitter contents (7) Empty 
vesicular membrane proteins are resorbed (8) and recycled empty vesicles (9) can be refilled with neurotransmitter 

studies show that, besides this very rapid 
first phase, a second slower phase (100-
200 ms) of neurotransmitter release can 
occur which requires only moderate calcium 
concentration increase (Barrett and 
Stevens, 1974; Goda and Stevens, 1994). 

It is thought that this second phase 
concerns new SV entering the readily 
releasable pool. These vesicles may be 
derived from the so-called SV storage pool, 
which consists of vesicles that are clustered 
to the cytoskeleton in the nerve terminal. 
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The SV are linked to actin filaments, 
probably via the phosphoprotein synapsin 
I (Greengard et al., 1993). Upon sustained 
Ca2+- influx into the nerve terminal, low 
calcium concentrations likely activate 
Ca27calmodulin-dependent kinase II (CaM-
Kll), which phosphorylates synapsin I. This 
causes dissociation of synapsin I and the 
cytoskeleton, allowing the vesicles to 
diffuse freely and dock at the synaptic 
junction (Schiebler et al., 19Θ6; Greengard 
et al., 1993). Similarly, disassembly of actin 
filaments might facilitate exocytosis 
(Bernstein and Bamburg, 1989). Another 
source of the ready-releasable pool of SV 
comes from recycled SV. It was shown that 
after SV exocytosis, synaptic membrane 
proteins rapidly recycle through endocytosis 
and, after an unknown priming-step, 
become fusion-competent vesicles within 
one minute (Heuser and Reese, 1973; Betz 
and Bewick, 1992; Ryan et al., 1993; see 
below). How both sources exactly 
contribute to exocytosis is unknown, but is 
seems clear that together they regulate the 
size of the readily release pool and, hence, 
determine the efficacy of classical 
neurotransmitter release, which is the basis 
for presynaptic plasticity. 

DYNAMICS OF THE PEPTIDERGIC 
MESSENGER PATHWAY 

The routing of large dense core vesicles in 
neurons and peptidergic secretory granules 
in endocrine cells occurs via a similar 
process. In fact, endocrine cells as 
chromaffin cells and PC12 cells have been 
largely used as models for DV release in 
neurons. 

The regulated peptidergic pathway in 
both neurons and endocrine cells arises 
from the trans Golgi network of the Golgi 
apparatus, where sorting of the constitutive 
products and regulated products occurs (for 
review, see Palade, 1975; Farquhar and 

Palade, 1981; Fig. 1B). While constitutive 
products leave the Golgi through bulk flow, 
regulated peptides are concentrated and 
packaged into secretory granules (Farquhar 
and Palade, 1981; Tooze and Huttner, 
1990). Most peptides are synthesized via 
large precursor molecules, which are likely 
to carry a sorting signal peptide (Tartakoff 
et al., 1978). Therefore, it seems that 
sorting and packaging of peptides in the 
regulated pathway are tightly coupled, 
although the mechanisms are still largely 
unknown. Processing and maturation of 
peptides occur through proteolytic cleavage 
(Halban and Irminger, 1994) and take 
place, at least partly, in the secretory 
granules (Tooze et al., 1987), which seem 
to be very dynamic organelles. After 
maturation, most granules are located near 
the plasma membrane, but seem to be 
prevented from contacting the membrane 
by a dense, subplasmalemmal cytoskeletal 
network which mainly consists of actin 
(Trifaró and Vitale, 1993). Also in neurons, 
DV are selectively located distant from 
synaptic junctions and they do not appear 
to be docked (Golding and Pow, 1987; 
Golding, 1994; Zupanc, 1996). After high 
frequency stimulation, calcium builds up in 
the endocrine cell through L-type channels 
to tens of micromolars. This elevation 
triggers fast exocytosis of only a small 
subset of granules (about 500 in chromaffin 
cells) within 10-50 ms (Chow et al., 1992; 
Thomas et al., 1993). These granules are 
relatively close to the plasma membrane 
and are probably not influenced by the 
cortical actin (Burgoyne and Morgan, 1993). 
With repititive stimulation a second, larger 
burst is seen within tens of seconds after 
calcium influx, lasting for about 1 s. Lastly, 
there is a third even slower rate, which can 
remain for up to 10 s. These slower 
phases of exocytosis likely involve Ca2+-
dependent cytoskeleton breakdown and 
priming of secretory granules, a step which 
makes granules fusion-competent and 

14 



Dynamics of Synaptic and Endocrine Communication 

Figure IB. The Peptidergic Messenger Pathway. Afterformation of precursor peptide in the RER (1) and Golgi 
apparatus (2) secretory granules bud from the trans Golgi network. In the granules peptide processing occurs and 
the granules are stored containing fully processed peptides (3). After stimulation, granules dock at the membrane 
(4) and release their peptidergic contents (5), after which the empty granule membrane is resorbed and transported 
back to the Golgi zones (6). 

involves ATP (Parsons et al., 1995). The 
three release dynamics were observed for 
various endocrine cells ( Neher and Zucker, 
1993; Thomas et al., 1993) and seem to 
represent different stations along the 
secretory pathway, which regulate granule 
recruitment for exocytosis. Retrieval of 
granule and DV membrane appears to be 
very slow, and in neurons the pool of DV 
was restored only after several days 
(Zupanc et al., 1996). Probably, membrane 
proteins travel back to the cell body, where 
they are refilled with peptides in the Golgi 

network, before they can enter another 
exocytosis cycle. 

CLASSICAL VS PEPTIDERGIC 
MESSENGER PATHWAY: 

DIFFERENCES AND SIMILARITIES 

Regulated exocytosis differs from 
constitutive exocytosis in that a specific 
stimulus elicits a calcium signal that 
activates a dormant release machinery. 
When features of the classical messenger 
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and peptidergic messenger pathway are 
compared, it becomes clear that, besides 
the type of messenger stored in the 
vesicles, differences between the two 
pathways exist in the production and 
storage of messengers, the timing, location 
and calcium-sensitivity of secretion, and the 
recycling of the vesicles (Fig. 1A and B). 
Based on these differences it seems that 
the classical messenger pathway is able to 
respond very fast to incoming stimuli. It is 
supposed that quick modulations of the 
releasable pool are the basis for short-term 
as well as long-term plasticity of the neural 
circuitry (Greengard et al, 1993). The 
peptidergic messenger pathway on the 
other hand, is much slower in its response 
to stimuli and is therefore less likely to be 
involved in fast adaptation mechanisms. 
Nevertheless, both pathways show a fast 
release component which depends on high 
calcium and a slower release component 
depending on low calcium. The difference 
in calcium-sensitivity suggests that different 
calcium sensors are involved in the two 
phases. In this slower component, 
disassembly of SV/granules bound to the 
cytoskeleton seems to play an important 
role. Processes of vesicle docking, priming 
and fusion and recycling can be identified in 
the classical and peptidergic messenger 
pathways, but they seem to occur with 
different time intervals. How do these 
processes occur in the pathways? Which 
proteins are involved? How does external 
stimulation activate the release machinery? 
In order to answer these questions, protein 
interactions occurring in the various steps 
along the vesicle routing have been 
studied, using pharmacological and genetic 
approaches. Several proteins have been 
identified that play a role in regulated 
exocytosis. Surprisingly, these proteins 
were found to be, similarly, regulators in 
constitutive exocytosis. This indicates that 
vesicle trafficking in all eukaryotic cells is 
based on the same molecular mechanisms 

(Rothman and Orci, 1992; Bennet and 
Scheller, 1993; Rothman, 1994). At the 
same time, it raises the question how 
regulated exocytosis requires its dynamic 
stimulus-secretion coupling. 

MECHANISMS OF VESICLE 
BUDDING AND VESICLE FUSION 

Vesicular transport between the different 
cellular compartments, as well as to and 
from the extracellular matrix, occurs 
through vesicular budding and fusion. 
Vesicles are formed via membrane budding 
from the donor compartment, which 
pinches off after periplasmic fusion, a 
process called fission. At the receptor 
compartment, the vesicles dock at special 
recognition sites and fuse with the receptor 
membrane. 

The study of reversible temperature-
sensitive secretory mutants in S. cerevisiae 
{sec) has led to the discovery of 23 gene 
products (sed-23) that each are required 
during a specific step in the constitutive 
secretion of glycoproteins (Novick et al., 
1979,1980). This initiated the construction 
of an assembly pathway of the events in 
the constitutive secretory pathway (Novick 
et al., 1981). Identification of counterparts 
of the sec proteins in nerve terminals of the 
mammalian central nervous system 
suggested that the similar events occur 
during regulated secretion in the nervous 
system (see for review Bennet and 
Scheller, 1993; Söllner and Rothman, 
1996). 

The biochemical studies in cell-free 
Golgi systems established for the first time 
a general molecular mechanism of vesicle 
budding and fusion (Rothman and Orci, 
1992; Rothman, 1994; Rothman and 
Wieland, 1996). Vesicular budding was 
found to be dependent on ATP and 
occurred through vesicles with a distinct 
coat on their cytoplasmic surface (Orci, 
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1986). The coat on the vesicles contains 
eight polypeptides, one GTP-binding 
protein, ADP-ribosylation factor (ARF) 
(Kahn and Gilman, 1986; Serafini et al., 
1992) and seven coatomer proteins 
(COPs), which are associated in a complex 
(Waters et al., 1991). After coat formation, 
a bud is shaped, and fission of the vesicle 
will occur. In order to fuse with the receptor 
compartment, uncoating of the vesicles 
must occur, a step which is blocked by 
GTP-yS. 

The fact that blockage of secretion 
by N-ethylmaleimide (NEM) could be 
restored by adding cytosol led to the 
purification of the ATPase NEM-sensitive 
fusion protein (NSF). The action of NSF is 
dependent on the soluble NSF attachment 
proteins (SNAPs) (Clary et al., 1990), which 
bind to their receptors (SNAREs) in the 
acceptor membrane. A complex of NSF, 
SNAP and SNARE sedimented at 20S and 
was believed to be the fusion particle. ATP 
hydrolysis by NSF causes disassembly of 
the complex, and rearrangement of the 
SNAREs (Söllner et al., 1993a) was 
postulated as an activated conformation of 
the fusion particle. 

As NSF and SNAP are involved in 
basically every transport step from the ER 
to the plasma membrane (Diaz et al., 1989; 
Beckers et al., 1989) the question was 
raised how specificity of vesicular trafficking 
can be maintained. In order for fusion to be 
specific, vesicles should be able to 
recognize their targets before docking 
occurs. Isolation of the 20S complex in 
mammalian brain indicated the involvement 
of the same fusion complex in regulated 
exocytosis. Purification of this complex 
resulted in the isolation of three SNARE-
proteins, that were previously cloned. Two 
of these SNAREs were localized to the 
presynaptic membrane, syntaxin (Bennet et 
al., 1992; Inoue et al., 1992) and SNAP-25 
(Oyler et al., 1992). The third SNARE was 
derived from the vesicle membrane, 

vesicle-associated membrane protein 
(VAMP, also termed synaptobrevin) 
(Trimble et al., 1988; Baumert et al., 1989). 
This led to the hypothesis that vesicle 
fusion firstly involves the assembly of a 
core complex, consisting of unique 
markers from the vesicle membrane, so-
called v-SNAREs, and matching target-
markers from the acceptor membrane, the 
t-SNAREs. This SNARE-complex serves as 
a scaffold for SNAP and NSF and thereby 
assembly of the 20S fusion particle. 
Disassembly of this complex by ATP 
hydrolysis by NSF would result in actively 
primed vesicles and subsequent membrane 
fusion after Ca2+-influx. This hypothesis was 
named the SNARE hypothesis of vesicle 
targeting (Söllner et al., 1993b). The 
hypothesis gained support from the 
discovery of the SNAREs as targets for 
clostridial neurotoxins. By selective 
proteolysis of one of the three proteins, 
tetanus toxin (TeTx) and botulinal 
neurotoxins strongly inhibited 
neurotransmitter release (for review, see 
Niemann et al., 1991). In vitro binding 
experiments showed the tight association of 
syntaxin, SNAP-25 and VAMP in a ternary 
complex, probably through coiled-coil 
structures (Calakos et al., 1994; Chapman 
et al., 1994; Fasshauer et al., 1997). The 
ternary complex is not susceptible to 
cleavage by neurotoxins, but can be 
disassembled in the presence of aSNAP 
and NSF (Söllner et al., 1993; Hayashi et 
al., 1995). 

GENERALITY OF BUDDING AND 
FUSION IN CONSTITUTIVE AND 

REGULATED SECRETORY 
PATHWAYS 

The principles of the budding and fusion 
theory have been rapidly generalized. For 
budding, different types of coats have been 
described that act in various transport steps 
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in constitutive vesicle trafficking (Sahagian 
and Steer, 1985; Barlowe, 1994) as well as 
regulated trafficking of peptides (Farquhar 
and Palade, 1981; Orci et al., 1985) and 
classical neurotransmitters (Takei et al., 
1996). Clathrin, firstly identified as a coat 
protein involved in receptor-mediated 
endocytosis (Pearse, 1990) is the best 
characterised coat protein since it is known 
to regulate synaptic vesicle endocytosis 
(Takei et al., 1996; Cremona and De 
Camilli, 1997). Clathrin also acts in 
constitutive transport of lysosomal enzymes 
from the Golgi to the lysosomes (Rothman 
and Orci, 1992; Schekman and Orci, 1996). 
In the regulated peptide pathway, it is likely 
to be involved in sorting and packaging of 
peptides into secretory granules ( Pearse 
and Bretscher, 1981; Orci et al., 1984, 
1985). 

The SNARE hypothesis, originally 
designed for secretion of synaptic vesicles, 
was generalized with the identification of 
SNAREs in other types of vesicle 
trafficking. In yeast, homologues of syntaxin 
(Ssolp and Sso2p; Aalto et al., 1993) and 
SNAP-25 (Sec9p; Couve and Gerts, 1994) 
were found to be present on post-Golgi 
vesicles and are required for exocytosis 
(Protopopov et al., 1993). The assembly 
and disassembly of SNARE complexes 
were found to be tightly regulated and were 
largely caused by hydrolysis of the yeast 
equivalent of NSF, sec18p (Novick et al., 
1980; Sogaard et al., 1994; Sapperstein et 
al., 1996). In SV exocytosis, the direct 
interaction of syntaxin with N-type calcium 
channels ensures the proximity of formation 
of the SNARE complex with vesicle fusion 
(Sheng et al., 1994). The three SNAREs 
syntaxin, SNAP-25 and VAMP have been 
also identified in regulated peptide 
secretion (Hodel et al., 1994; Roth et al., 
1994) and there is little doubt about the 
action of SNAP and NSF in this pathway 
(Morgan and Burgoyne, 1995a,b). New 
isoforms of SNAREs are being identified in 

various secretory cells and v-SNAREs and 
t-SNAREs seem to be existent in large 
families, which show a variety of cellular 
and subcellular distribution, probably 
underlining their specificity in a trafficking 
step. 

REGULATION OF SNARE 
COMPLEX FORMATION IN 
REGULATED EXOCYTOSIS 

The SNARE hypothesis is still the major 
theory explaining vesicle targeting (Söllner 
et al., 1993). Nevertheless, the protein 
interactions underlining vesicle docking and 
fusion are more complex then initially 
described, both in constitutive and 
regulated exocytosis. Recent evidence 
suggested that the fusion complex of 
SNAREs, SNAP and NSF is involved in 
actions that occur prior to docking and 
fusion. In yeast, Sec18p and Sec17p (the 
yeast homologues of NSF and aSNAP) 
were found to act in independent donor and 
acceptor vacuolar membranes (Mayer et 
al., 1996; Mayer and Wickler, 1997). In the 
synapse, a ternary complex of syntaxin, 
SNAP-25 and VAMP was isolated in 
purified SV membranes and this complex 
could be disassembled by NSF (Otto et al., 
1997). These data suggest that SNARE 
complexes can be formed in a single 
membrane and that dissociation of this 
complex by SNAP and NSF might serve as 
an early, pre-docking step. In contrast, 
other recent studies show that the 
interaction between SNAREs in opposing 
membranes is a requirement for fusion 
(Nichols et al., 1997). Therefore, it seems 
likely that NSF hydrolyses pre-existing 
SNARE complexes in single membranes 
and liberates the SNARE proteins, which 
then form new SNARE-complexes with 
SNARE proteins from other membranes. 

Other proteins must be involved in 
the regulation of this selective assembly 
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and disassembly of SNARE complexes. 
Indeed, many non-SNARE proteins have 
been identified that clearly have an action 
in vesicle trafficking. Two groups of these 
proteins are of particular interest. Firstly, 
proteins were identified in the regulated 
pathways of which no homologues were 
found in the constitutive pathway. To date, 
no yeast homologue has been identified for 
the synaptic proteins GAP-43, 
synaptophysin, synaptotagmin and rab-
philin. These proteins therefore might 
delineate the processes that are specific for 
the regulated pathways. Secondly, proteins 
were found that are involved in processes 
that show differences in the classical and 
the peptidergic messenger pathway. These 
proteins might be the key factors in the 
differential dynamics of the two pathways. 

GAP-43, also known as B50, has 
besides its role in axonal regeneration and 
axogenesis also been implied in regulated 
exocytosis, since antibody injections into 
neuroendocrine cells and synaptosomes 
inhibited neurotransmitter release (De 
Graan et al., 1994). The interaction of GAP-
43 is likely to occur through altering calcium 
levels, by binding to the calcium-binding 
protein calmodulin (Dekker et al., 1989), but 
to date the exact function is not clear. 

Synaptophysin, a 38 kDa protein, is 
one of the major protein constituents of the 
synaptic vesicle (Südhof et al., 1987) and 
has structural analogies with gap-junction
like proteins. Therefore, it has previously 
been postulated as being the fusion pore 
(Thomas et al., 1988), but for this proposed 
role the topology of synaptophysin is 
inverted to the orientation of gap junction 
proteins. Since synaptophysin was found to 
bind the SNARE-protein VAMP in vivo 
(Johnston and Südhof, 1990; Calakos and 
Scheller, 1994) and to inhibit the binding of 
VAMP in the core complex, the protein was 
postulated as an inhibitor of formation of 
the core complex in SV exocytosis. While 
some studies using antibody injections 

indeed show an inhibition of synaptophysin 
on secretion (Alder et al., 1992), other 
studies show that synaptophysin is 
necessary for secretion (Alder et al., 1995). 
It might be that synaptophysin plays more 
of a constructive role in SV formation, 
instead of an active regulatory role in SV 
secretion. It is unclear whether 
synaptophysin has an action in the 
secretion of peptides. Low concentrations 
of the protein have been identified on 
peptidergic secretory granules (Leube, 
1994). 

The synaptotagmins consist of a 
large family of at least 10 highly conserved 
isoforms, which are present on both SVs 
and DVs (Walch-Solimena et al., 1993). A 
third isoform of synaptotagmin is largely 
expressed in endocrine cells (Mizuta et al., 
1994). The protein gained much interest 
with the discovery of two regions strongly 
resembling the regulatory C2 domains, 
firstly described in PKC (Nishizuka, 1988). 
The first C2-domain interacts with 
phospholipids (Davletovand Südhof, 1993), 
the SNARE-protein syntaxin (Südhof and 
Rizo, 1996; Shao et al., 1997) as well as 
with calcium ions, which suggests that it 
might act as a calcium sensor in regulated 
exocytosis (Bennet et al., 1992; Davletov 
and Südhof, 1993; Chapman and Jahn, 
1994). This hypothesis found support from 
the discovery that synaptotagmin knock-out 
mice have a defect in the early fast phase 
of evoked neurotransmitter release 
(Geppert et al., 1994), suggesting that 
synaptotagmin is the low-affinity calcium 
sensor in SV exocytosis. In contrast, other 
studies report that the affinity of 
synaptotagmin for calcium might be too 
high, and that a role as calcium in the 
slower second phase of secretion would be 
more likely. For peptidergic exocytosis, the 
calcium affinities of synaptotagmin do 
correspond to the calcium sensitivities of 
the first exocytotic burst (tens of 
micromolars). Interestingly, the second C2 

19 



Chapter 1 

domain of synaptotagmin binds 
phospholipids independently of calcium 
(Fukuda et al., 1994), as well as neurexin, 
known for its involvement in calcium-
independent neurotransmitter release 
(Petrenko et al., 1991), and the AP-2 
adaptor complex, known for its regulation of 
SV endocytosis (Fukuda et al., 1994). This 
suggests that synaptotagmin has a variety 
of functions in regulated exocytosis, which 
might be differentially involved in the 
classical and peptidergic messenger 
pathways. 

The protein rabphilin is another 
protein with C2 domains (Yamaguchi et al., 
1993), which is expressed on SV in 
neurons. It binds to гаЬЗА, protein of the 
Ras family, which is a large family of over 
30 GTPase proteins. Homologues of гаЬЗА 
are present in a large variety of organisms, 
including yeast (Zahraoui et al., 1989). 
Rab3A might switch between a GTP-bound 
form which binds synaptic vesicles and a 
GDP-bound form, which dissociates from 
the vesicles (Stahl et al., 1994). In the GTP-
bound state, it is bound by rabphilin 
(Shirataki et al., 1993). Rab3A-deficient 
mice show synaptic depression after 
repetitive stimulation (Geppert et al., 1994), 
and seem to lack hippocampal long term 
potentiation, which is in line with the role of 
rab proteins in the maintenance of SV that 
are ready for fusion. Rab3a will have its 
function in coordination with rabphilin, 
which was down regulated for 70% in the 
гаЬЗА knock-outs (Geppert et al., 1994). 
Thus, the rabphilin-гаЬЗА interactions 
described might be specific for the classical 
messenger pathway, although a similar 
function of rabphilin-гаЬЗА homologues in 
the peptidergic pathway can not be 
excluded. 

The protein munc-18-1 /nsec1/rbsec1 
(Hata et al., 1993; Pevsner et al., 1994; 
Garcia et al., 1994) was identified as the 
mammalian homologue of the sec\ in yeast 
(Novick and Schekman, 1979). Seci 

mutants were found to accumulate 
transport vesicles (Novick et al., 1979, 
1980), suggesting a major function in 
secretion. Genetic experiments with the 
munc-18-1 homologues in C. elegans (uno-
18) and Drosophila (гор) provided strong 
evidence for a function in regulated 
exocytosis. Null mutants for unc-18 in С 
elegans showed paralysis, caused by the 
inability to secrete acetylcholine (Hosono et 
al., 1992). In Drosophila, mutation of гор 
caused lethality at late embryonic stages, 
suggesting an essential function during 
development (Harrison et al., 1994). 
Strangely, overexpression of гор led to 
strong inhibition of neurotransmitter 
release, suggesting a negative role in 
secretion (Schulze et al., 1994). Munc-18-1 
is known to bind syntaxin in vitro, but it is 
not part of the core complex itself (Pevsner 
et al., 1994a-b). In vitro studies showed 
that SNAP-25 and munc-18-1 compete for 
syntaxin binding, suggesting that the action 
of munc-18-1 is prior to formation of the 
core complex (Pevsner et al., 1994a). Since 
munc-18-1 also binds to the recently 
discovered vesicular protein DOC2 
(Verhage et al., 1997), it is likely to be 
involved in the targeting of the vesicles and 
granules to their site of release. As was 
shown previously, SV and DV show 
differences with respect to their targeting to 
the membrane. Therefore, the expression 
and interactions of munc-18-1 in the two 
pathways may be different. 
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DYNAMICS OF THE CLASSICAL 
AND PEPTIDERGIC MESSENGER 

PATHWAYS IN A PHYSIOLOGICAL 
SYSTEM, THE XENOPUS 

INTERMEDIATE PITUITARY 

Aim and Outline of this Thesis 

Up to now, insights into the characteristics 
of the classical and peptidergic messenger 
pathways has been largely based on 
pharmacological and genetic studies. 
However, as shown, many proteins are 
involved in more than one step of the 
pathways and their binding properties are 
complex, making the interpretation of 
experimental data not rarely difficult to 
interpret. Therefore, it would be favourable 
to study the dynamics of the classical and 
peptidergic messenger pathways and the 
proteins involved in a system which can be 
modulated in its secretory activity in vivo by 
a natural stimulus. Here, we present such a 
system, the intermediate pituitary of the 
South African clawed toad Xenopus laevis. 
The intermediate pituitary of Xenopus Is 
well defined as to physiological inputs and 
outputs as well as to nature and secretory 
aspects of synaptic and peptidergic 
messengers. 

The Melanotrope Cells 

The melanotrope cells in the pars 
intermedia represent a unique model to 
study peptide processing and exocytosis, 
since activation and deactivation of this cell 
type simply depends on the visual stimulus 
of the background light intensity of the toad. 
When Xenopus is placed on a black 
background, the melanotropes release 
melanophore-stimulating hormone (a-
MSH), which causes pigment dispersion in 
dermal melanophores, thereby darkening 
the skin. This peptide Is proteolytically 

processed from the protein precursor 
proopiomelanocortin (POMC). Besides cc-
MSH, other POMC products are present in 
the melanotropes, like endorphins (Van 
Strien et al., 1995, 1996), but the role In 
background adaptation of these peptides is 
sofar unclear. On a white background, the 
α-MSH-release from the melanotropes Is 
inhibited and the animal turns white. It was 
estimated that the levels of POMC mRNA 
in black-adapted animals are 30 times 
higher than in white-adapted animals 
(Ayoubi et al., 1992). It Is likely that such an 
increase in production and release of 
peptides is reflected in the peptide 
processing and release machinery of the 
melanotropes. Therefore, the effects of 
background adaptation on the melanotrope 
cells were studied, with respect to 1) the 
cell morphology, 2) the processing of 
POMC peptides, and 3) components of the 
release machinery. 

The SMIN-Synapses 

On a white background, the inhibition 
of the melanotropes is effected by 
synapses that contain both classical SV as 
well as peptidergic DV. The synapses are 
nerve terminals of a group of neurons in the 
suprachiasmatic nucleus, the socalled 
Suprachiasmatic Melanotrope Inhibiting 
Neurons (SMIN; Ubink et al., 1998) which 
receive, input from the eyes and send their 
axons to the pars intermedia (Tuinhof et al., 
1994a,b).The SV contain GABA, whereas 
the DV store both a peptide, neuropeptide 
Y (NPY), as well as a catecholamine, 
dopamine (De Rijk et al., 1991, 1992). All 
three neurotransmitters, GABA, NPY as 
well as dopamine, inhibit ot-MSH release 
(Verburg-van Kemenade, 1986, 1987) and 
therefore the SMIN-synapses are likely to 
be active in black-adapted animals and 
inactive in white-adapted toads. As for the 
melanotrope cells, in this thesis the effects 
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of the physiological stimulus of background 
adaptation on the synapses will be studied, 
with respect to 1 ) the synapse morphology, 
2) the neurotransmitter contents in terms of 
vesicles, and 3) the release machinery. 

Survey of the Investigations in this Thesis 

Chapters 2 and 3 describe the 
ultrastructural dynamics of the peptidergic 
messenger pathway in the Xenopus 
melanotropes in response to the 
physiological stimulus of background light 
intensity. A population of secretory granules 
is described, consisting of three distinct 
types (Chapter 2). It is shown that 
processing of a-MSH from POMC occurs 
within the DV secretory granules, and that 
the rate of processing is physiologically 
regulated by background light intensity. 
This processing is reflected by the 
morphological appearance of the secretory 
granule (3 stages are distinguished). In 
addition to a-MSH, several other peptides 
are made from POMC, including ß-
endorphin. Quantitative immuno-electron 
microscopy shows that a-MSH and ß-
endorphin are processed within the DV with 
different dynamics. 

In Chapter 4 the dynamics of the 
inhibitory SMIN-synapses contacting the 
melanotrope cells are quantitatively 
described, in response to the physiological 
stimulus of background light intensity. The 
synapses as well as their granule 
populations show marked ultrastructural 
morphological changes, reflecting 
mechanisms of short-term as well as long-
term plasticity of the classical messenger 
pathway. These changes in synapse size 
and in the extent of the synaptic junction 
can be directly related to the efficacy of 
classical and peptidergic messenger 
release. 

Chapters 5 and 6 describe the 
identification and regulation of key proteins 

of the exocytotic apparatus in the classical 
and peptidergic messenger pathways. 
Xenopus homologues of the proteins DOC2 
and munc18-1 were identified, and their 
expressions were quantitatively studied in 
the brain and pituitary by in situ 
hybridization and blotting techniques 
(chapter 5). The finding of a widespread 
colocalisation of Xenoptys-DOC2 and 
Xenopus-unc-18 throughout the brain 
indicates coordinate actions of the two 
proteins. Moreover, the expressions of both 
proteins in the endocrine melanotrope cells 
suggest that they are involved in the 
peptidergic messenger pathway (chapter 
5). 

In Chapter 6 it is demonstrated that 
Xenopus-unc-18 is physiologically 
regulated in the melanotropes in vivo, which 
suggests that the protein has a distinct 
physiological function in the peptidergic 
pathway, likely in the secretory machinery. 

In Chapter 7 the observed stimulus-
dependent physiological secretory 
responses of the melanotrope cell and its 
inhibitory SMIN synaptic inputs are 
discussed in order to explain functional 
similarities and differences between the 
classical and peptidergic messenger 
pathways. 
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Secretory Granule Dynamics in Xenopus 

Melanotropes 

Published as "Effects of background adaptation 
on a-MSH and ^-endorphin in secretory 
granule types of melanotrope cells of Xenopus 
laevis", with Ene W Roubos 

Cell & Tissue Research 274, 587-596 (1993) 

Placing the clawed toad Xenopus laevis on a 
black background stimulates the melanotrope 
cells in the pars intermedia of the pituitary gland 
to release proopiomelanocortin (POMC)-derived 
peptides, including a-MSH and N-acetyl-ß-
endorphin. In this study three types of secretory 
granules, electron-dense (diameter ca 130 nm), 
moderately electron-dense (ca 160 nm) and 
electron-lucent (ca 180 nm) ones, have been 
identified in these cells. Apparently, only dark 
granules are formed by the Golgi apparatus and 
lucent granules release their contents by 
exocytosis. Immunoelectron microscopy 
(immunogold double labeling of glutaraldehyde-

fixed and freeze-substituted material) shows that 
desacetyl-a-MSH and N-acetyl-ß-endorphin 
coexist in all three granule types. Quantitation of 
immunostaining revealed that immunoreactivi-
ties to these peptides are lowest in the dark 
granules and highest in the light ones. It is 
proposed that intragranular processing of POMC 
to immunoreactive desacetyl-a-MSH and N-
acetyl-ß-endorphin Involves an increase in 
granule size and a decrease in granule electron-
density. Black background-Induced activation of 
the melanotrope cell is reflected by an increase 
in immunoreactivity of the secretory granules to 
each of the antisera. This suggests that cell 
activation stimulates the formation of peptides 
by intragranular processing of POMC and/or of 
intermediate POMC-processing products. In 
addition, cell activation evoked an increase in 
the percentage of the granule population that 
reacts with anti-N-acetyl-ß-endorphin, probably 
by stimulating intragranular acetylation of ß-
endorphin. Apparently, this acetylation is a 
regulated event that occurs in the cytoplasm, 
independently from the acetylation of desacetyl-
a-MSH which takes place near the plasmalemma 
at the time of granule exocytosis. 
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INTRODUCTION 

One of the most characteristic features of a 
secretory cell is the secretory granule. It is 
becoming increasingly clear that this 
granule is not a static structure that is 
merely involved in the transport of secretory 
material from the Golgi apparatus to the cell 
exterior, but a highly dynamic organelle in 
which various biochemical processes lead 
to the eventual "maturation" of the secretory 
product. In particular, for neuroendocrine 
and endocrine cells, it has been known that 
the formation of biologically active peptides 
is generally preceded by complex 
intragranular events including proteolytic 
cleavage and enzymatic modification of 
polyprotein precursor molecules (e.g. 
Gainer et al., 1985; Chang et al., 1992). 
These processes are likely to be 
concomitant with changes in the 
morphology of the secretory granule. So, it 
is assumed that secretory granules that are 
newly formed by the Golgi apparatus and 
contain unprocessed secretory product, are 
smaller and reveal electron-denser 
contents than "mature" granules that 
contain biologically active end products 
(e.g. Poisner and Trifaró, 1982; Roubos, 
1984; Roubos et al., 1987). Since the 
dynamics of protein precursor processing 
may be influenced by external regulatory 
inputs to the secretory cell (e.g. Verbürg et 
al., 1987) it can be hypothesized that such 
inputs also affect granule morphology. The 
present study aims to support this 
hypothesis. More specifically, it is 
concerned with the question as to what 
extent physiological stimuli evoke changes 
in the secretory granule population in a 
neuroendocrine cell, with respect to (1) the 
quantity of granules, (2) the ultrastructural 
appearance of granule types and (3) the 
(coexisting) peptides within the granules. 

For this purpose secretory granules 
have been studied in the melanotrope cells 
of the South African clawed toad Xenopus 

laevis. These endocrine cells are located in 
the pars intermedia of the pituitary gland 
and control the physiological process of 
background adaptation, by the release of 
melanophore-stimulating hormone (a-
MSH). When the animal is placed on a dark 
background, the melanotropes release cc-
MSH which stimulates pigment dispersion 
in dermal melanophores, thereby causing 
darkening of the skin. On a white 
background no a-MSH is released and the 
animal is pale. The a-MSH peptide is а 
processing product of proopiomelanocortin 
(POMC). Various steps in the biosynthesis 
of a-MSH are influenced by background 
light intensity, such as the expression of the 
POMC gene, the production of POMC and 
the acetylation of desacetyl-a-MSH to the 
biologically active a-MSH end product 
(Ayoubi et al., 1992; Martens et al., 1987; 
Verburg et al., 1987). The acetylation 
process occurs just prior to or during the 
time a-MSH is released from the cell by 
exocytosis (Dores et al., 1991; Martens et 
al., 1981; Rouillé et al., 1989; Verburg et 
al., 1987). All these processing events are 
activated during dark-adaptation and 
inactivated during white-adaptation. In 
addition to a-MSH, the melanotropes 
produce various other POMC-derived 
peptides. The formation of these products 
does not proceed fully in parallel with the 
biosynthesis of a-MSH, as is exemplified by 
the formation of N-acetyl-ß-endorphin. In 
contrast to a-MSH, N-acetyl-ß-endorphin is 
not formed at the time of exocytosis but 
earlier, somewhere in the cytoplasm (Dores 
et al., 1991; Maruthainar et al., 1992), 
suggesting that the acetylations leading to 
a-MSH and to N-acetyl-ß-endorphin are 
independent events. Two types of secretory 
granules have been described in 
melanotropes of X. laevis, viz. electron-
dense and electron-lucent ones (Hopkins, 
1970; Weatherhead and Whur, 1972). 
Immunoelectron miscroscopy has shown 
that (desacetyl) a-MSH is contained within 
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the secretory granules, but no distinction 
has been made between the two granule 
types (De Rijk et al., 1990). Also, N-acetyl-
ß-endorphin has been demonstrated in the 
melanotropes of X. laevis, using light 
imrnunocytochemistry (Dores et al., 1991), 
but the intragranular presence of this 
peptide has not been examined. 

In the present study the effects of 
background light intensity, as a 
physiological regulator of melanotrope cell 
activity, on the numbers, the morphology, 
the exocytotic release and the peptide 
contents of the melanotrope cell secretory 
granules, have been investigated. Particular 
attention has been paid to a possible 
differential effect of adaptation on the 
presence of desacetyl-a-MSH and N-
acetyl-ß-endorphin. For this purpose 
quantitative immunoelectron microscopy 
was applied. 

EXPERIMENTAL PROCEDURES 

Animals 

Adult Xenopus laevis with a body weight of 
about 25 g were obtained from laboratory 
stock and fed ground beef heart and trout 
pellets (Trouvit, Trouw, Putten, The 
Netherlands) once a week. The water 
temperature was 22 °C. Before the 
experiments the animals had been adapted 
to either a white or a black background, for 
three weeks under constant illumination. 
Melanophore indices were consistently 1.0 
±0.1 for white adaptation and 4.9 ± 0.1 for 
black adaptation, according to the protocol 
of Hogben and Slome (1931). Before 
fixation, toads were decapitated and 
pituitary glands (neurointermediate lobes) 
were rapidly dissected out. 

Routine electron microscopy 

Lobes were fixed in 1.3% glutaraldehyde in 

0.1 M sodium cacodylate buffer (pH 7.3), 
for 16 h at 20 °C. Postfixation was 
performed with 1% osmium tetroxide in the 
buffer, for 2 h at 4 °C. After fixation tissues 
were dehydrated and embedded in Spurr's 
resin. Ultrathin sections were contrasted 
with uranyl acetate (5 min) and lead citrate 
(3 min) and examined in a Jeol 100 CX II 
electron microscope. 

Tannic acid method for the demonstration 
of exocytosis 

Six lobes (3 from white-adapted and 3 from 
black-adapted animals) were treated with 
the tannic acid Ringer incubation method 
for the demonstration of exocytotic release 
of secretory material (Buma and Roubos, 
1985) in a slightly modified way. Tissues 
were incubated for 3 h in Xenopus 
incubation medium containing 112 mM 
NaCI, 2 mM KCl, 2 mM CaCI2, 115 mM 
Hepes (pH 7.4; Calbiochem, Uitrol Grade, 
La Jolla, USA), 0.3 g/l bovine serum 
albumin (BSA; Sigma, St Louis, MO, USA; 
fraction V), 2 g/l glucose and 1 mg/l 
ascorbic acid, to which 0.1% tannic acid 
(BDH) had been added. Subsequently, they 
were fixed in 0.5% glutaraldehyde in 0.05M 
sodiumphosphate buffer, for 16 h at 20 °C, 
and postfixed in 1% osmiumtetroxide in the 
buffer, for 2 h at 4 °C. Further procedure 
was as described above. 

Light microscopic imrnunocytochemistry 

For light microscopical imrnuno
cytochemistry, 3 brains from white-adapted 
and 3 brains from black-adapted animals 
were fixed in Bouin's fluid. Paraffin sections 
were pretreated with 50 mM Tris-buffered 
saline (pH 7.6) containing 150 mM NaCI 
and 0,3% Triton (TBSTx; Sigma). Then, 
they were incubated with 20% normal goat 
serum (NGS) for 30 min and with anti-a-
MSH or anti-N-acetyl-ß-endorphin (diluted 
1: 5,000 and 1: 10,000, respectively) in 

34 



Secretory Granule Dynamics in Xenopus Melanotropes 

blocking buffer (0.5% bovine serum 
albumin, BSA, and 0.5% cold fish skin 
gelatine in PBS; Aurion, Wageningen, the 
Netherlands), for 18 h at 4 °C . Both sera 
had been raised in rabbits and their 
specificity has been previously described; 
anti-a-MSH recognizes both a-MSH and 
desacetyl-a-MSH (100% crossreactivity; 
van Zoest et al., 1989) whereas anti-N-
acetyl-ß-endorphin recognizes only the 
acetylated forms of endorphin (Kawauchi et 
al., 1980). Second antiserum was goat-anti-
rabbit IgG (1:50; Nordic, Tilburg, The 
Netherlands), applied for 90 min. Finally, 
incubation was performed with rabbit 
peroxidase-antiperoxidase (PAP; 1:1000; 
Nordic) for 90 min. Immunobinding was 
visualised by incubation in 0.04% 
3,3'diaminobenzidine tetrahydrochloride 
(DAB; Sigma), 0.25% nickel ammonium 
sulphate and 0.015% H202 in 50 mM Tris-
HCI (pH 7.6), for 40 min. Sections were 
dehydrated and mounted. 

Immunoelectron microscopy 

For immunocytochemistry at the electron 
microscopical level, tissues were fixed in 
1% glutaraldehyde in the sodium 
cacodylate buffer, for 16 h at 20 °C. 
Ultrathin Spurr sections were incubated in, 
consecutively, sodium phosphate-buffered 
saline (PBS, pH 7.4) containing 0,2% 
sodium borohydrate (10 min), 50 mM 
glycine (10 min), blocking buffer (15 min), 
anti-a-MSH or anti-N-acetyl-ß-endorphin in 
blocking buffer (diluted 1:500 or 1:1,000, 
respectively; 16 h) and protein A/gold 
(Janssen Pharmaceutica, Olen, Belgium) 
with a particle size of 10 nm (dilution 
1:500). 

Double labeling was performed as 
described by de Rijk et al. (1991). In brief, 
after labeling with anti-a-MSH and gold 
particles of 10 nm, sections were treated 
with 5% glutaraldehyde in PBS (5 min) and 
thoroughly washed. Then labeling was 

carried out with anti-N-acetyl-ß-endorphin, 
using gold particles of 15 nm. To study a 
possible cross-reaction between primary 
antibodies and non-homologous protein 
A/gold complexes, some sections were 
treated with glutaraldehyde before staining 
with protein A/gold. No cross-reactions 
were detected. Contrasting of ultrathin 
sections and electron microscopy were 
carried out as described above. 

Freeze substitution 

In some cases immunoelectron microscopy 
was performed on freeze-substituted 
material. For this purpose lobes were fixed 
in 1% glutaraldehyde for 48 h, and treated 
with 0.1% borohydride and 0.4% glycine in 
PBS, for 15 min. The tissues were 
cryoprotected by immersion in a graded 
series of glycerol in PBS (1 h for each 
concentration). Then, lobes were rapidly 
frozen by plunging into liquid propane (-185 
°C) using a quick-freezing apparatus (KF80, 
Reichert-Jung, Nussloch, Germany) and 
transferred to a precooled chamber (-90 
°C). Freeze substitution was performed as 
described by van Strien et al. (1991). 
Tissues were immersed in anhydrous 
methanol containing 0.5% uranyl acetate as 
fixing agent, for 10 h at -90 °C. Then, 
temperature was raised stepwise by 4 °C 
per hour to -45 °C and tissues were 
washed several times with anhydrous 
methanol to remove water and excess 
uranyl acetate, prior to infiltration with 
Lowicryl HM20 resin (Biorad, Richmond, 
CA, USA). The embedding process was 
carried out at -45 °C in three stages, with a 
progressively increasing ratio of resin to 
methanol. Diffuse UV-radiation (360 nm) 
was used to catalyse polymerisation, which 
took place at, consecutively, -45 °C and 20 
CC, both for 16 h. Immunocytochemistry, 
contrasting of sections and electron 
microscopy were carried out as described 
above. 
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Measurements and statistics 

In each experiment at least three black-
adapted and three white-adapted animals 
were studied. Per animal at least 100 
melanotrope secretory granules per type 
were studied. In immunocytochemical 
studies, gold particles were quantified by 
direct microscopical examination, at a 
magnification of χ 15,000. Per animal, the 
degree of labeling was expressed as the 
percentage of all granules that showed 
labeling. The intensity of labeling was 
determined by counting the number of gold 
particles per granule profile. Only profiles 
that showed a clear boundering membrane 
were taken into account. At random 
sampling was maintained throughout the 
experiments. The data were analysed with 
the 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 (Bartlett's test; cf. 
Bliss, 1967) and the joint assessment of 
normality (Shapiro and Wilk, 1965). 

RESULTS 

Routine electron microscopy 

In animals adapted to a white (Fig. 1) as 
well as to a black background, a clear 
staining of the pars intermedia was 
observed with anti-a-MSH and with anti-N-
acetyl-ß-endorphin. 

In material routinely processed for 
electron microscopy, the melanotrope cells 
in the pars intermedia reveal three 
morphologically distinct types of secretory 
granules (Fig. 2). The electron-dense 
granules (DG) have a mean diameter, MD, 
of ca 130 nm. Electron-lucent granules (LG) 
are considerably larger than the dark ones 

Figure 1. Pituitary gland ofX. laevis adapted 
to a white background. The pars intermedia (I) 
is strongly stained with anti-a-MSH. D, pars 
distalis; N, pars nervosa, χ 500. 

Figure 2. Melanotrope cell of animal adapted to 
a black background. Routine fixation with 
osmium tetroxide. (A) Secretory granules of the 
electron-lucent (L), moderately electron-dense 
(M) and electron-dense (D) type are dispersed 
throughout the cytoplasm. G, Golgi apparatus; 
N, nucleus; R, rough endoplasmic reticulum, χ 
20,000. (В) Highly active Golgi apparatus 

forming electron-dense secretory granules, χ 
70,000. 

Figure 3. Pars intermedia of animal adapted to 
a black background. Tannic acid method, 
showing tannic acid-positive (highly electron-
dense) contents of secretory granules during their 
exocytosis. (A) Detail of exocytosis figure with 
coated membrane indicating subsequent retrieval 
of granule membrane into the cell. (B) 
Exocytosis into intercellular space between two 
melanotrope cells. L, electron-lucent secretory 
granules near release site; R, rough endoplasmic 
reticulum, χ 80,000. 



Secretory Granule Dynamics in Xenopus Melanotropes 

; 

m 
w : 

ъ/ъЛ • ' .««L .,*'"'**-ƒ vat. · " л ^ Т і в і 

* 
2аГ "ν'Λ 

% СШм 

37 



Chapter 2 

(MD ca 180 nm). They have a stripe-like 
internal structure (Fig. 3b). Furthermore, 
granules with a MD of ca 160 nm were 
found that have a moderately electron-
dense core (MG). Occasionally, 
morphologically intermediate forms 
between the types were seen. They were, 
on the basis of their appearance, classified 
in one of the three granule type categories. 
In dark-adapted animals the melanotrope 
cells are highly active, revealing an 
elaborate rough endoplasmic reticulum and 
a large Golgi apparatus showing many 
signs of formation of DG (Fig. 2a). No 
connections between the LG or MG with 
the Golgi apparatus were observed. DG are 
numerous throughout the cytoplasm as are 
the MG, whereas the LG are generally 
rather scarce. Lobes treated with the tannic 
acid method show many signs of 
exocytosis: tannic acid-positive (highly 
electron-dense) material is present inside 
omega-shaped invaginations of the plasma 
membrane (Fig. 3). In such regions 
secretory granules are almost exclusively of 
the LG type (Fig. 3b). 
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Figure 4 Means and standard errors of the mean 
(SEM, vertical bars) of numbers ofDG, MC and LG, 
expressed as percentages of the total number of secretory 
granules present in samples of melanotrope cells of 
ivhite-adapted (open columns) or black-adapted (black 
columns) animals Croups Kith different superscripts 
are significantly different (p < 0 05). 

In animals adapted to a white 
background melanotrope cells appear 
inactive, showing a poorly developed rough 
endoplasmic reticulum and Golgi apparatus 
(Fig. 7). No formation of secretory granules 
was found. Both DG and MG are rare and 
occur dispersed in the cytoplasm. LG, on 
the other hand, are numerous and lie 
packed closely together. Signs of 
exocytosis are extremely rare. Quantitative 
determinations show that in white-adapted 
animals both DG and MG are about 4 times 
less frequent than in black-adapted ones; 
the number of LG is about 50% higher (Fig. 
4). 

Immunoelectron microscopy 

Since osmium tetroxide-fixed material did 
not reveal any positive immunoreaction, 
immunocytochemistry was carried out on 
glutaraldehyde-fixed material. In this 
material, which shows an optimal tissue 
preservation, most measurements on the 
occurrence of desacetyl-a-MSH and N-
acetyl-ß-endorphin were made. This 
material did not allow for making a 
distinction between the three granule types. 
In order to relate immunoreactivity to 
particular granule types, freeze-substituted 
material was studied, as it clearly revealed 
DG, MG and LG (see below). 

Glutaraldehyde-fixed material - With anti-a-
MSH, strong immunolabeling was found in 
all melanotropes, being restricted to 
secretory granules (Fig. ). A fairly high 
percentage (about 70%) of all secretory 
granules present in a cell is 
immunopositive. In this respect white-
adapted animals do not obviously differ 
from black-adapted ones (Fig. 5). However, 
the intensity of immunolabeling is clearly 
different: in dark animals the number of 
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gold particles per secretory granule Is about 
twice as high as in white animals (Fig. 6). 

Like anti-a-MSH, anti-N-acetyl-ß-
endorphin exclusively labels secretory 
granules and the intensity of granule 
labeling in black-adapted toads is 2 times 
as high as in white ones (Fig. 6). However, 
in contrast to a-MSH-labeling, the degree of 
granule labeling strongly depends on the 
adaptation condition: in black-adapted 
animals 60% of the granules are labeled, 
whereas in white-adapted toads the 
labeling percentage is only 17% (Fig. 5). 

MSH Endorphin 

Figure 5. Means and SEM of numbers of 
immunoreactive secretory granules, expressed as 
percentages of the total number of secretory granules 
present, after treatment with anti-a-MSII or anti-N-
acetyl-ß-endorphin (endorphin) Groups with diffeient 
superscripts are significantly different (p < 0 05). 

After double labeling with anti-a-
MSH and anti-N-acetyl-ß-endorphin 
granules show with both (double-labeling), 
with one (mono-labeling) or with none of 
the antisera (Fig. 8). In white-adapted 
animals, the percentage of double-
labeledgranules is very low (10%), whereas 
in black-adapted animals this percentage is 
31% (Fig. 10). Granules labeled exclusively 
with anti-a-MSH are about 2 times as 
frequent in white as in black 
animals.whereas granules labeled with anti-
N-acetyl-ß-endorphin only were rare at both 
conditions. 

particles/granule 

MSH 

d 

I 
Endorphin 

Figure 6. Glutaraldchydefixation Labeling intensities 
(number of gold particles, means and SEM) per labeled 
secretory granule of melanotropes of white (open 
columns) and black (black columns) animals, after 
treatment with anti-a-MSU or anti-N-acetyl-ß-
endorphm Groups with different superscripts are 
significantly different (p < 0 05). 

Freeze-substituted material - This material 
shows adequate tissue preservation 
although secretory granules may reveal a 
somewhat irregular shape. Nevertheless, 
LG, MG and DG could be clearly 
distinguished (Fig. 9). As in routinely fixed 
material, melanotrope cells of white animals 
are particularly rich in LG, whereas DG and 
MG are almost absent. In contrast, black 
animals show in addition to LG, many DG 
and MG. 

After labeling with anti-a-MSH, all 
granule types are clearly immunoreactive, 
be it that labeling intensity is low for DG, 
moderate for MG and rather high for LG 
(Fig. 11a). This differential relationship 
between labeling intensities of the granule 
types is similar in white- and black-adapted 
animals, but in all granule types absolute 
label intensities are much lower in white 
toads than in black ones (Fig. 11a). Similar 
results were obtained after staining with 
anti-N-acetyl-ß-endorphin, showing strong 
labeling of LG and weak labeling of DG, 
with higher intensities for all types in black-
adapted toads than in white-adapted ones 
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(Fig. 11b). The difference in labeling 
intensity between LG and MG is, however, 
less pronounced than after labeling with 
anti-a-MSH. 

DISCUSSION 

Presence of desacetyl-a-MSH and N-
acetyl-$ -endorphin 

The specificity of the N-acetyl-ß-endorphin 
antiserum used in the present study has 
been previously established. The serum 
stains specifically acetylated forms of 
endorphin (Kawauchi et al., 1980; Dores et 
al., 1991). The anti-a-MSH serum 
recognizes both a-MSH and its non-
acetylated precursor form, desacetyl-a-
MSH (van Soest et al, 1989). 
Chromatographic analyses have 
demonstrated that the melanotrope cells of 
X. laevis only contain desacetyl-a-MSH, a-
MSH being formed just prior or during the 
process of exocytosis (Martens et al., 1981 ; 
Rouillé et al., 1989; Dores et al., 1991). 
Therefore, it seems justified to assume that 
the immunoreactivities observed in the 
present study reflect the presence of N-
acetyl-ß-endorphin and of desacetyl-a-
MSH. Since in none of the experiments any 
appreciable immunoreactivity was found 
outside secretory granules, we conclude 
that both desacetyl-a-MSH and N-acetyl-ß-
endorphin are stored exclusively within 
these granules. 

The double labeling studies 
demonstrate that both peptides coexist in 
the majority of the secretory granules. The 
question arises why not all granules show 
this coexistence. In this respect, it should 
be realised that some granule contents are 
not exposed to the tissue section surface. 
Furthermore, absence of granule labeling 
after double staining may be caused by 
technical factors such as label displace-

Figure 7. Routine fixation of melanotrope ceil of 
animal adapted to a white background. 
Secretory granules are tightly packed together 
and of the lucent (L) and moderately dense (M) 
type, χ 30,000. 

Figure 8. Immunolabeling of secretory granules 
in glutaraldehyde-fixed melanotrope cells. (A) 
Anti-a-MSH. (B) Anti-N-acetyl-ß-endorphin. 
(С) Double- labeling with anti-a-MSH (small 
gold particles) and anti-N-acetyl-ß-endorphin 
(large gold particles), χ 40,000. 

Figure 9. Melanotrope cells fixed by freeze 
substitution. (A) High anti-a-MSH 
immunoreactivity in tightly packed lucent 
granules (L) of animal adapted to white 
background. (B) Anti-N-acetyl-ß-endorphin-
immunoreactivities in lucent (L) but not in 
moderately (M) or dense (D) granules in 
animal adapted to a black backrgound. (C) 
Some immunoreactivity to N-acetyl-ß-endorphin 
in moderately (M) and dense (D) granules of 
animal adapted to black background, χ 40,000. 
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ment and steric hindrance by interacting 
antibodies and immunogold particles. On 
the other hand, as will be discussed below, 
other, non-technical factors may influence 
the degree and intensity of labeling of the 
(different types of) secretory granules in the 
melanotrope cell, namely the process of 
granule maturation and the regulatory 
influences of the background light 
condition. 

MSH End DL UL 

Figure 10 Glutaraldehyde-fixatwn Labeling 
intensities as means and SEM (vertical bars) of 
secretory granules labeled with either anti-a-MSH 
(MSH) or anti-N-acetyl-ß-endorphm (End), with 
both sera (DL), or with none of the sera (UL), in 
melanotropes of animals adapted to either a white 
(open columns) or a black (black columns) background 
Groups with different superscripts are significantly 
different (p < 0 05) 

Different secretory granule types 

Previously, two granule types have been 
described in melanotrope cells, in the rat 
(Back, 1989) and in X. laevis (Hopkins, 
1970; Weatherhead and Whur, 1972; de 
Rijk et al., 1990). In the present study a 
third type of granule has been 
distinguished, the MG, with a size and a 
density of its contents between those of DG 
and LG. The three granule types are not 
only present in routinely osmium tetroxide-
fixed material but also in freeze-substituted 
material. Due to its superior tissue 
preservation, routinely fixed material clearly 

shows that DG represent a young stage of 
the secretory granule which is formed by 
the Golgi apparatus. The lack of 
continuities between MG and LG with the 
Golgi apparatus strongly suggests that MG 
and LG are more mature granule stages 
that are not derived from the Golgi 
apparatus but from DG. This view is in line 
with the observation that melanotropes of 
white-adapted animals, which hardly 
produce and release POMC and POMC-
derived peptides but store large amounts of 
such peptides (Jenks et al., 1988), hardly 
show DG but contain numerous LG. 

Figure II Freeze-substitution Labeling intensities 
(number of gold particles) expressed as means and 
SEM (vertical bars) per dense (DG), moderately dense 
(MG) and lucent (LG) granule type after staining 
melanotropes with (A) anti-a-MSH or (B) anti-N-
acetyl-ß-endorphm Groups with different superscripts 
are significantly different (p < 0 05) 
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Similarly, the relative abundance of DG in 
melanotropes of black-adapted animals 
synthesizing POMC and POMC-peptides at 
a high rate (Martens et al., 1987) supports 
the idea that DG contain much newly 
synthesized secretory material, whereas 
the paucity of LG in such cells indicates 
that LG are mature granules that are 
destined for release. The tannic acid study 
showing release of secretory granule 
contents in cell regions rich in LG also 
supports this idea. Our measurements of 
the intensity of immunolabeling with POMC-
peptide antisera strongly suggest that the 
processing of POMC runs rather parallel 
with the transition of DG via MG to LG. 
Thus, since DG, MG and LG reveal low, 
moderate and high anti-a-MSH-
immunoreactivities, respectively, it may well 
be that the amount of desacetyl-cc-MSH 
within the secretory granule increases 
during the transition from the dark to the 
light granule stage. The relationship 
between granule morphology and POMC 
processing appears furthermore from the 
low immunoreactivity of DG to the ß-
endorphin antiserum, which specifically 
recognizes the N-acetylated form: DG seem 
to contain mainly non-acetylated ß-
endorphin; the strong labeling with this 
serum of MG and LG indicates that the 
acetylation process of endorphin takes 
place during the transition from DG to MG. 
This supports the conclusion previously 
drawn on the basis of biochemical and light 
microscopical studies (Martens et al., 1981; 
Dores et al., 1991) that the acetylations of 
desacetyl-cc-MSH and ß-endorphin are two 
spatially and temporarily distinct events 
(i.e., acetylation of a-MSH associated with 
secretion versus intracellular acetylation of 
endorphin). 

The mechanism by which the granule 
contents change in electron-density is 
speculative, but in view of the correlation 
between granule density and granule size 
(LG being the largest, DG the smallest) it 

seems feasible that intragranular 
processing of POMC to smaller peptide 
products increases the osmotic capacity of 
the granule and results in granule swelling 
by osmotically forced water influx. 
Obviously, such a process might 
additionally increase the immunoreactivity 
of the granule contents as the dilution of 
the contents would make the individual 
molecules more readily accessible to the 
antibodies. 

The effects of background adaptation on 
the secretory granule 

The intensity of labeling per granule is 
relatively low in white-adapted animals but 
high in black-adapted ones. This permits 
the conclusion that the process of 
intragranular increase in cc-MSH-
immunoreactivity is not merely an 
obligatory, physicochemical event but that 
it is under regulatory control. The 
mechanism of this regulation is unknown. A 
clear relationship between cell activity and 
the degree of immunolabeling of secretory 
cells was previously found for the 
neuroendocrine caudodorsal cells in the 
mollusc Lymnaea stagnalis (Schmidt and 
Roubos, 1989). Upon depolarisation these 
neurons release neuropeptides at a high 
rate, which is concomitant with a strong 
increase in the peptide-immunoreactivity of 
their secretory granule contents. It has 
been speculated (Schmidt and Roubos, 
1989) that this increase is the result of an 
increased rate of processing caused by 
cleavage enzymes that are activated by 
intragranular pH change (see also Gainer et 
al., 1985). Possibly, a similar mechanism is 
responsible for the increase in intragranular 
immunoreactivity in melanotrope cells of X. 
laevis. The determinations of the anti-ß-
endorphin immunoreactivity present a 
picture comparable to that of anti-a-MSH: 
during granule maturation immunoreactivity 
drastically increases. On the other hand, 
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the changes in intragranular immuno-
reactivity as a function of background 
adaptation are not completely the same. 
Whereas upon adaptation to a black 
background the percentage of granules 
labeled with a-MSH appears unchanged, 
the percentage of N-acetyl-ß-endorphin-
labeled granules strongly increases. This 
suggests that the acetylation of ß-endorphin 
to N-acetyl-ß-endorphin and the processing 
of POMC and/or intermediate POMC 
processing products to desacetyl-a-MSH 
occur at different rates and therefore are 
regulated in an independent fashion. The 
biological relevance of stimulation of the 
intragranular formation of desacetyl-a-MSH 
of black-adapted animals is obvious. In this 
way, the melanotrope cell is able to 
respond most effectively to the 
physiological demand of the organism for 
having a high titre of a-MSH in the blood. A 
stimulatory effect of melanotrope cell 
activation on acetylation of N-acetyl-ß-
endorphin has not been described before. 
The function of this peptide in X. laevis is 
not known but in view of the obvious 
changes in immunoreactivity of this peptide 
as a result of black background adaptation, 
it may well be that N-acetyl-ß-endorphin is, 
like a-MSH, involved in the control of the 
animal's physiological response to a 
changed background condition. 
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Prohormone Processing in Xenopus 

Melanotropes 

Í uhlished as "The secretory granule and 
proopiomelanocortin processing in Xenopus 
melanotrope cells during background 
adaptation", with Shigeyasu Tanaka, Frank 
J С van Strien, Shingo Kurabuchi and Eric 
W Roubos 

Journal of Histochemistry and Cytochemistry 
45, 1673-1682 (1997) 

In this immunocytochemical study we used light 

and electron microscopical observations in 

combination with morphometry to analyze the 

processing of proopiomelanocortin (POMC) in 

melanotrope cells of the intermediate pituitary of 

Xenopus laevis adapted to either a white or a 

black background. An antiserum was raised 

against a synthetic peptide including the 

cleavage site between ACTH and ß-lipotropic 
hormone in Xenopus. Western blotting revealed 
that this antiserum recognizes only a 38 kD 

protein, the POMC prohormone, from extracts of 
Xenopus neuro-intermediate pituitary. Light 
immunocytochemistry showed a differential 
immunostaining for anti-POMC compared to anti-
a-MSH. Anti-POMC was predominantly found in 
the perinuclear region, whereas anti-ot-MSH 
yielded staining throughout the cytoplasm. 
Immunogold double-labeling revealed that 
electron-dense secretory granules (DG) show 
high immunoreactivity for anti-POMC and low 
immunoreactivity for anti-cx-MSH. Electron-lucent 
granules (LG) are immunoreactive to anti-ot-MSH 
only. Moderately electron-dense granules (MG) 
revealed intermediate reactivity compared to DG 
and LG. Background light intensity strongly 
influenced the morphology and the immuno
reactivity of the secretory granules. Black-
adapted animals have 4.5 times as many DG and 
MG as white-adapted animals. In addition, the 
MG in black animals show 42% more anti-a-MSH 
immunogold than the MG in white animals. 
Together, these findings indicate that the three 
granule types represent subsequent stages in 
granule maturation. Adaptation to a black back
ground stimulates the formation of young, imma
ture granules, while at the same time the proces
sing rate during granule maturation increases. 
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INTRODUCTION 

The secretory granule is responsible for the 
storage and transport of secretory material 
from the Golgi apparatus to the cell 
membrane, where secretion takes place. 
Various studies have pointed out that, 
especially in endocrine and neuroendocrine 
cells, the secretory granule is not a static 
structure, but that it is involved in many 
biochemical processes leading to the 
formation of bioactive messengers such as 
neuropeptides and neurohormones. These 
processes include proteolytic cleavage and 
enzymatic modification of a protein 
precursor, eventually allowing secretion of 
biologically active messengers. In the South 
African clawed toad Xenopus laevis, 
intragranular processing of the prohormone 
proopiomelanocortin (POMC) occurs in the 
melanotrope cells in the pituitary pars 
intermedia (Martens et al., 1980). These 
endocrine cells produce and release 
various POMC-peptides, including a-MSH. 
When Xenopus is placed on a black 
background, a-MSH release stimulates the 
pigment dispersion in dermal 
melanophores, thereby causing darkening 
of the skin. On a white background a-MSH 
release is inhibited and the animal turns 
pale (for reviews see Jenks et al., 1993; 
Roubos et al., 1993). In the melanotropes 
three morphologically distinct types of 
secretory granules have been identified, an 
electron-dense type (DG; mean diameter 
130 nm) predominantly found in the vicinity 
of the Golgi apparatus, an electron-lucent 
type (LG; mean diameter 180 nm) and a 
type with moderate electron-density (MG; 
mean diameter 160 nm). The population of 
secretory granules is strongly influenced by 
background light intensity. Whereas in 
white-adapted animals more than 90% of 
the granules is of the LG type, black-
adapted animals show many DG and MG, 
forming together about one-third of the total 

population (Roubos and Berghs 1993). 
Immunoelectron microscopy with antisera 
to a-MSH and to another POMC-peptide, 
N-acetyl-ß-endorphin.,.8 (van Strien et al., 
1993) showed immunoreactivity of all three 
granule types, but significant granule type 
differences in labeling intensity with both 
antisera were found (Roubos and Berghs, 
1993). Whereas the DG were only 
moderately stained, MG showed more 
labeling and the LG were labeled most 
strongly. These labeling intensities depend 
on background light condition, as DG, MG 
and LG in black-adapted animals show 
higher labeling intensities than in white-
adapted animals. On the basis of these 
data, it can be hypothesized that the three 
granule types represent morphological 
stages of the processing of POMC to 
mature POMC-end products, including a-
MSH and that the regulation of these 
stages is under the influence of 
environmental light input. 

The present study aims to confirm 
this hypothesis by investigating whether 
different granule types represent different 
stages in granule maturation, whether 
processing of POMC in the secretory 
granules is a gradual process and occurs in 
parallel with the transition of DG via MG to 
LG, and whether POMC processing is 
under the influence of background light 
intensity. For this purpose, a POMC 
antiserum was raised in this study against 
a synthetic peptide (ST-62) corresponding 
to the cleavage site between 
adrenocorticotrope hormone (ACTH) and ß-
lipotropic hormone (ß-LPH) of Xenopus 
POMO In rat melanotropes, the 
homologous sequence contains the first 
proteolytic cleavage site of murine POMC 
(Tooze et al., 1987; Tanaka et al., 1991; 
Tanaka and Kurosumi 1992). The 
antiserum was characterized using light 
microscopy and immunoblotting. 
Subsequently, the processing of POMC to 
a-MSH was investigated with quantitative 
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¡mmunoelectron microscopy, using the 
POMC antiserum and an antiserum to a-
MSH. 

EXPERIMENTAL PROCEDURES 

Production and characterisation of POMC 
antiserum 

Peptide synthesis was carried out 
according to a protocol described 
previously (see King et al., 1990; Tanaka et 
al., 1992). In short, a peptide (ST-62) 
including the cleavage site between ACTH 
and ß-LPH of Xenopus POMC (Glu-Leu-
Arg-Arg-Glu-Leu-Ser-Leu-Glu-Cys; for 
amino acid sequence of Xenopus POMC, 
see Martens et al., 1985) was synthesized 
using an automated peptide synthesizer 
(Model 431 A, Applied Biosystems, Foster 
City, CA). After purification of the peptide 
by reversed-phase HPLC, an antibody was 
raised in a guinea pig. The specificity of 
guinea pig anti-POMC was examined by 
preabsorption tests with the corresponding 
ST-62 peptide or with synthetic a-MSH (N-
acetyl-a-MSH-NH2; Sigma; St. Louis, MO) 
at concentrations of 1-100 μg/ml for 16 hr 
at 4 °C, before their immunocytochemical 
use. The specificity of the rabbit anti-a-
MSH serum used in this study has been 
shown previously by non-competitive 
binding and preabsorption tests, which 
showed that the antiserum specifically 
recognizes a-MSH (Тапака and Kurosumi 
1986). 

Western blotting 

The specificity of the POMC antiserum was 
tested furthermore in a western blot. 
Neurointermediate lobes of black-adapted 
animals were homogenized in 100 μΙ 
sample buffer consisting of 62.5 mM 

Tris/HCI (pH 6.8), 12.5% glycerol, 1.25% 
SDS, 0.0125% bromophenol blue and 2.5% 
ß-mercaptoethanol. Samples and markers 
(MW range 14-94 kDa) were centrifuged 
(5 min at 13,000 rpm) and the supernatant 
was removed and boiled for 5 min. 
Samples of 20 μΙ were loaded on a 4% 
stacking gel and separated on a 15% SDS-
Page separating gel at 200 V. The gel was 
blotted at 10 V in transfer buffer (25 mM 
Tris, 0.192 M glycine, 20% methanol) using 
a Biorad mini-protease II cell system 
(Richmond, CA). The nitrocellulose 
membrane (0.45 mM reinforced NC; 
Schleicher and Schuell, Dassel, Germany) 
was washed in 0.01 M Tris buffered saline 
(TBS; pH 7.6) and treated with block ace 
(5% bovine serum albumin in TBS 
containing 0.2% Tween 20; Sigma) for 15 
min, washed again in TBS and incubated 
with anti-POMC (1:10,000) in block ace for 
16 hr at 4 °C. The NC membrane was 
subsequently washed in TBS containing 
0.2% Tween 20 (TBST), incubated with 
second antiserum (donkey anti-guinea pig, 
1:100; Jackson Immunoresearch 
Laboratories, Avondale, PA) in block ace 
for 1 hr at 20 °C, washed in TBST, and 
incubated with peroxidase conjugate (GP-
PAP, 1:1000; Nordic, Tilburg, The 
Netherlands) in block ace for 1 hr at 20 °C. 
Then the mem-brane was washed with 0.3 
M MgCI2, TBST and TBS for 10 min, 
immersed in ECL detection reagent 
(Amersham Life Sciences; Poole, UK) for 1 
min and exposed to Hyperfilm (Kodak; 
Rochester, NY). 

Animals 

Adult Xenopus laevis were obtained from 
laboratory stock and fed trout pellets 
(Trouvit; Trouw, Putten, The Netherlands) 
once a week. The animals were kept under 
constant illumination and water temperature 
was 22 °C. Before the experiments, 
animals had been adapted to either a white 
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or a black background, for three weeks. 
The melanophore dispersion state was 
consistently 1.0 ± 0.1 for white adaptation 
and 4.9 ± 0.1 for black adaptation, 
according to the index of Hogben and 
Slome (1931). 

Light immunocytochemistry 

After decapitation and dissection, brains 
with pituitary glands were fixed for 2 days in 
Bouin-Hollande, dehydrated and embedded 
in paraffin. Serial sagittal sections (5 μπι) 
were mounted on gelatin-coated glass 
slides. Sections were deparaffinized and 
rinsed in distilled water and PBS (0.01 M 
sodium phosphate buffer, 0.14 M NaCI, 
0.1% sodium azide, pH 7.5). Then the 
sections were treated with 1% bovine 
serum albumin (BSA) in PBS for 2 hr, 
guinea pig anti-POMC (1:10,000) or rabbit 
anti-a-MSH (1:5,000) for 16 hr, donkey anti-
guinea pig or goat anti-rabbit anti-serum 
(1:100; Nordic) for 2 hr, and finally with 
guinea pig and rabbit PAP complex (1:100; 
Nordic) for 90 min. After washing in PBS, 
sections were treated with 10 mg 3,3'-
diaminobenzidine tetrahydrochloride (DAB; 
Sigma), 0.25% nickel ammonium sulphate 
and 0.005% H202 in 100 ml 0.05 M Tris-HCI 
buffer (pH 7.6) to reveal peroxidase activity. 
Then sections were dehydrated and 
mounted. 

Freeze-substitution and immunoelectron 
microscopy 

Animals were decapitated and freshly 
dissected neurointermediate lobes were 
fixed in 1% glutaraldehyde in 0.05 M 
sodium phosphate buffer (pH 7.4) for 16 h. 
Then the lobes were treated with 0.2% 
borohydride and 0.4% glycine in the buffer 
for 15 min, and cryoprotected by immersion 
in a graded series of glycerol (10%-20%-
30% in the buffer; 30 min per 
concentration). Lobes were rapidly frozen in 

liquid propane (-180 °C) and transferred to 
a precooled chamber (-90 °C) in a quick-
freezing apparatus (Reichert-Jung; Vienna, 
Austria). Then they were freeze-substituted 
by methanol containing 0.5% uranyl acetate 
and warmed at a rate of 4 °C per hour to -
45 °C. Embedding in Lowicryl HM20 resin 
(Biorad, UK) was carried out in three steps 
with an increasing ratio of resin to 
methanol. Polymerization of Lowicryl was 
performed by UV-irradiation (360 nm) at -45 
°C for 16 hr and at 20 °C for another 24 hr. 
Before the double labeling procedures, 
¡mmunogold single labeling was executed 
with both antisera to assess the specifity 
and intensity of the labeling. For 
¡mmunogold double labeling, ultrathin pale 
gold sections were collected on Formvar-
coated nickel grids and preincubated with 
50 mM glycine in PBS for 10 min, rinsed 
three times with 0.2% gelatin in PBS, and 
incubated in 1% BSA in PBS for 15 min. 
Then sections were incubated with a 
mixture of guinea pig anti-POMC (1:15,000) 
and rabbit anti-a-MSH (1:10,000) for 16 hr, 
followed by a mixture of goat anti-guinea 
pig IgG-coated gold particles (10 nm) and 
goat anti-rabbit IgG-coated gold particles 
(15 nm) for 2 hr (Biocell;Cardiff, UK). After 
rinsing in PBS sections were treated with 
1% glutaraldehyde and contrasted with 
uranyl acetate and lead citrate. 

Control experiments 

To test specificity of the immunoreaction, 
incubation of sections in preabsorbed 
POMC- and a-MSH-antiserum and 
immunostaining without use of a primary 
antiserum were executed. To examine 
crossreactivity of the ¡mmunogold products, 
the mixture of ¡mmunogold was used in 
single labeling experiments with anti-POMC 
and anti-a-MSH. With anti-POMC, only 
goat anti-guinea pig ¡mmunogold (10 nm 
gold particles) was present, and with anti-a-
MSH only goat anti-rabbit ¡mmunogold ( 15 
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nm gold particles) was found, indicating 
that crossreactivity between the species is 
absent. 

Quantitative evaluation and statistics 

For quantitative evaluation of the double 
labeling with anti-POMC and anti-a-MSH, 
three white- and four black-adapted 
animals were studied. Per animal, secretory 
granules were counted in at least 15 
melanotrope cells and expressed as 
numbers of DG, MG and LG per 100 μπι2 

cytoplasmic area. For each secretory 
granule, the numbers of 10 nm (POMC-
immunoreactivity) and 15 nm (cc-MSH-
immunoreactivity) gold particles were 
counted on photomicrographs (final 
magnification χ 40,000), and expressed as 
numbers of gold particles per granule 
(Gp/G). A random selection procedure 
(animals, cells, granules) was maintained 
throughout the experiment. Data were 
analyzed with one-way analysis of variance 
(Bliss 1967) (a = 5%) followed by Duncan's 
multiple range test (Steel and Torrie 1960). 
The analysis was preceded by tests for joint 
assessment of normality (Shapiro and Wilk 
1965) and the homogeneity of variance 
(Bartlett's test; see Bliss 1967). 

kD 1 2 
9 4 ) 
6 7 ) 

4 3 ) 

3 0 ) 

1 4 ) 

Figure 1. Western blot analysis obtained with the anti-

ST-62 serum (Lane 2). Anti ST-62 recognizes one band 

(38 kD) corresponding to glycosylated POMC. Lane I 

shows molecular markers. 

as anti-POMC (Figure 1). 

Differential immunostaining with anti-POMC 
and anti-a-MSH at the light microscopical 
level 

RESULTS 

Anti-ST-62 recognizes POMC 

To test the specificity of the ST-62-anti-
serum for Xenopus POMC, immuno-blotting 
was carried out with neurointermediate 
lobes of black-adapted Xenopus. The 
antiserum appeared to recognize a protein 
with a molecular weight of 38 kD, 
corresponding to the POMC precursor. No 
other bands were detected with the ST-62-
antiserum, which will be further referred to 

The intermediate lobe of the pituitary of 
Xenopus consists for over 95% of 
melanotrope cells, which can readily be 
identified on the basis of their characteristic 

Figure 2. Light micrographs of the pituitary of 
a black-adapted Xenopus immunostained using 
the PAP method for POMC (A,B) and a-
MSH (C). Whereas anti-POMC is 
predominantly found in the perinuclear region of 
the melanotropes (arrows), anti-a-MSH gives 
a strong staining throughout the cytoplasm. D, 
pars distalis; I, pars intermedia; N, pars 
nervosa. Bars: a = 100 μτη; b,c = 10 μιη. 
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round shape. Immunocytochemistry with 
anti-POMC showed an intense staining of 
the cytoplasm, particularly in the 
perinuclear region of the melanotropes (Fig. 
2A,B; arrows). With anti-a-MSH a strong 
staining throughout the cytoplasm of all 
melanotrope cells was observed in both 
black- and white-adapted animals (Figure 
2C). Preabsorption of the anti-serum with 
ST-62 completely abolished staining, 
whereas preabsorption with anti-a-MSH did 
not affect staining (data not shown). 

Immunogold labeling of the secretory 
granules with anti-POMC and anti-a-MSH 

Freeze-substitution fixation yielded 
adequate ultrastructural preservation of the 
neurointermediate lobe, revealing 
melanotrope cells, folliculo-stellate cells 
and axons with varicosities and synaptic 
terminals. Melanotropes of black-adapted 
animals showed a highly developed rough 
endoplasmic reticulum (RER) and an 
extensive Golgi apparatus (Figures 3B and 
3C), in contrast to white-adapted animals, 
in which these cell organelles were almost 
absent (Figure ЗА). With respect to 
secretory granules, DG, MG and LG 
occurred in both black and white-adapted 
animals. In black-adapted animals 
significantly more DG and MG per 
cytoplasmic area were present than in 
white-adapted animals (10.7 ± 1.39 DG and 
14.4 ±2.79 MG in black-adapted versus 2 A 
± 0.77 DG and 3.8 ± 0.61 MG in white-
adapted animals; ρ < 0.05) (Figure 5). In 
white-adapted animals, the granule 
population consisted almost exclusively 
(i.e., more than 90%) of LG. Significantly 
more LG were found in white-adapted 
animals than in black-adapted animals 
(340.0 ± 29.26 LG in white-adapted versus 
108.6 ± 27.60 LG in black-adapted animals; 
ρ < 0.05) (Figure 5). 

Figure 3. Electron micrographs of pars 
intermedia fixed by freeze-substitution, 
showing melanotrope cells of a white-
adapted (A) and a black-adapted animal 
(B). Three types of secretory granules are 
present in the melanotropes, electron-
dense granules (DG; arrows), moderately 
electron-dense granules (MG; arrowheads) 
and electron-lucent granules (LG; 
asterisks). Melanotrope cell of a black-
adapted animal shows strongly developed 
rough endoplasmic reticulum and Golgi 
apparatus (G). After immunodouble labeling 
with anti-POMC and anti-a-MSH, 
melanotrope cells of a white-adapted 
animal show few developed cell organelles, 
but LG that are tightly packed together. In a 
melanotrope cell of a black-adapted animal, 
dilated saccules of the Golgi apparatus 
(arrowhead) and DG budding from the 
trans-Golgi network (arrows) reveal 
exclusively anti-POMC immunogold (small 
gold particles; C). N, nucleus; M, 
mitochondrion. Scale bars: A,B= 1 pm; С = 
0.25 pm. 
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Immunoelectron microscopy of freeze-
substituted neurointermediate lobes with 
anti-POMC and anti-a-MSH showed 
specific immunostaining in both black-
adapted and white-adapted animals. Strong 
double-labeling was observed for secretory 
granules, whereas background labeling 
over cytoplasm, mitochondria, cell nuclei 
and extracellular spaces, with either one of 
the antisera was barely present (Figures 3 
and 4). 

For anti-POMC, the RER was 
negative but some immunogold labeling 
ocurred in dilated cistemae of the Golgi 
apparatus (Figure 3C, arrowheads). With 
respect to granule types, a differential 
staining pattern with anti-POMC was found 
(Figures 3C, 4A-4F). In both black-adapted 
and white-adapted animals virtually all DG 
(i.e., more than 98%) showed high labeling 
intensities, 7.1 ± 0.60 Gp/G in black-
adapted and 6.6 ± 1.70 Gp/G in white-
adapted animals (Figures 4A, 4B and 6A). 
DG that were located within or close to the 
Golgi apparatus were strongly immuno-
positive (Fig. 4B). Between 10 and 20% of 
these DG were seen budding off from the 
frans-Golgi network (Figure 3C). Around 
80% of the MG showed immunolabeling 
with anti-POMC, but the labeling intensity 
was about one-third lower than in the DG 
(4.1 ± 0.66 Gp/G in black, 3.9 ± 0.20 Gp/G 
in white animals) (Figures 4C, 4D and 6A). 
In both black-adapted and white-adapted 
animals, the LG were almost devoid of 
immunogold labeling. Only about one out of 
four granules was labeled and usually 
revealed only a single gold particle (0.3 ± 
0.06 Gp/G in black-adapted, 0.3 ± 0.05 
GP/G in white-adapted animals) (Figure 
6A). Preabsorption of the antiserum with 
the ST-62 peptide and omission of the first 
antiserum completely abolished the 
immunostaining (data not shown). 

For anti-a-MSH, immunogold 
labeling was completely restricted to 
secretory granules. Virtually all granules 

Figure 4. Double-labeled DG, MG and LG in 
a melanotrope cell of a white-adapted (A,C,E) 
and a black-adapted animal (B,D,F). Labeling 
for anti-POMC (small gold particles) and anti-
a-MSH (large gold particles) is differentially 
distributed over the granule types. DG show 
many small particles and few large gold 
particles (A,B). DG located near Golgi 
cisternae are strongly labeled wit small gold 
particles (B). LG show only large immunogold 
particles (E,F). The MG show numbers of 
small and large gold particles that are 
intermediate between those of DG and LG 
(C,D). Bars = 0.05 ßm. 
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Figure 5. Mean numbers of DG, MG and LG in 
melanotropc cells of white-adapted (open bars) and black-
adapted (closed bars) animals per 100 mm2 cytoplasmic 
area and SEM Different superscripts on top of columns 
indicate that groups differ significantly (p < 0 05) 

were labeled (i.e., more than 98%), both in 
black-adapted and white-adapted animals 
(Figures 4A-4F). The granule types 
obviously showed differential labeling, with 
a staining pattern that was completely 
opposite to that obtained with anti-POMC. 
Weakest labeling was found over DG (2.4 
± 0.30 Gp/G in black-adapted, 2.3 ±0.17 
Gp/G in white-adapted animals) (Figure 
6B), especially DG in contact with or in 
close vicinity of the Golgi apparatus. 
Background light intensity had a clear effect 
on the MG. Whereas in white-adapted 
animals MG did not differ in immunogold 
labeling compared to DG (2.2 ± 0.21 Gp/G), 

in black-adapted animals MG showed much 
stronger reactivity, which was 42% above 
the labeling of DG (3.9 ± 0.61 Gp/G; ρ < 
0.05) (Figure 6A). Both in black-adapted 
and in white-adapted animals LG were 
much more strongly labeled than MG 
(+40% and +48%, respectively) (Fig. 6). 

Figure 6 Labeling intensities for anti-POMC (A) and 
anti-a-MSH (B) in the immuno-double labeling 
expressed as mean numbers and SEM (vertical bars) 
per dense (DG), moderately dense (MG) and lucent 
granules (LG) for yvhite-adapted (open bars) and 
black-adapted animals (closed bars) Diffeient 
superscripts on top of the columns indicate that groups 
differ significantly (p < 0 05) 
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DISCUSSION 

Specificity of the antisera 

The antisera used in this study have been 
carefully tested by immune-blotting and 
preabsorption tests. For the anti-a-MSH 
serum, the high specificity for a-MSH has 
been shown previously (Tanaka and 
Kurosumi 1986). The anti-POMC serum 
was tested in preabsorption tests. They 
showed a total loss of immunoreactivity 
after addition of the ST-62 peptide but not 
after preabsorption with an excess of 
synthetic a-MSH. Moreover, western blot 
snowed that only one protein band of 38 kD 
reacts with the antiserum. This molecular 
weight corresponds to that of the precursor 
POMC in Xenopus (Martens et al., 1980, 
1985). These results demonstrate that the 
anti-POMC serum specifically recognizes 
the precursor protein POMC. 

First cleavage site of POMC in Xenopus 

The immunoblot data reveal that the anti-
POMC serum used in this study recognizes 
only one protein, POMC itself. This means 
that the sequence (Glu-Leu-Arg-Arg-Glu-
Leu-Ser-Leu-Glu-Cys) to which the 
antiserum had been raised, contains the 
first proteolytic cleavage site of Xenopus 
POMC. Earlier studies showed that this 
sequence includes the first proteolytic site 
of rat POMC as well (Tooze et al., 1987; 
Tanaka and Kurosumi 1992). 

Light immunocytochemistry reveals 
different locations of POMC and a-MSH 

The light ¡mmunocytochemical data show a 
differential staining pattern with anti-POMC 
compared to that obtained with anti-a-MSH. 
Whereas POMC occurs particularly in the 
perinuclear region of the melanotropes, a-

MSH is found throughout the cytoplasm of 
the melanotrope cell. This observation 
indicates that POMC is contained within the 
perinuclear RER, the Golgi apparatus 
and/or in immature secretory granules near 
the Golgi apparatus, whereas mature a-
MSH seems to be present in secretory 
granules dispersed throughout the cell. The 
ultrastructural double-labeling experiment 
confirms this idea (see below). 

Different granule types represent different 
stages in granule maturation 

The ultrastructural observations show that 
the RER in the melanotrope cells of 
Xenopus laevis does not stain with either of 
the two antisera. As it is highly unlikely that 
the RER would not contain POMC, the 
reason for the absence of anti-POMC 
immunoreactivity may be that the POMC 
molecules are packed very tightly together 
so that they cannot be reached by the 
POMC antibodies. On the other hand, it 
may be that POMC is too low in 
concentration to be detected or that the 
POMC molecule has another conformation 
that makes it unrecognizable for the 
antibodies. Immunoreactivity to anti-POMC 
is present within Golgi cistemae, 
suggesting that the Golgi apparatus 
contains POMC in a less tightly packed 
form and that this POMC is not yet 
processed to a-MSH. As the ultrastructural 
study also shows, the Golgi forms small 
granules with an electron-dense content, 
previously defined as electron-dense 
granules (DG; Roubos and Berghs, 1993). 
The immunoelectron microscopic study 
reveals that DG are strongly positive with 
the anti-POMC serum, especially those still 
attached to the Golgi apparatus, indicating 
that the DG contain a high amount of 
POMO In the DG, relatively few POMC 
molecules are processed to a-MSH, 
because the DG poorly react with the anti-
a-MSH serum and hence appear to contain 
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only a small amount of oc-MSH. Therefore, 
we conclude that these granules represent 
the first stage of the melanotrope secretory 
granule. In contrast to DG, LG are never 
seen associated with the Golgi apparatus. 
As to their contents, the situation is 
opposite to that of the DG. Their 
immunoreactivity to anti-POMC and anti-ct-
MSH indicates that LG contain a very low 
amount of POMC but a high amount of a-
MSH. Apparently, in this granule stage 
almost all POMC has been processed to 
form cc-MSH. Therefore, they appear to 
represent a late step in secretory granule 
maturation. MG show an intermediate 
picture, both in morphology and in 
immunoreactivity. The size of these 
granules, their degree of electron-density 
and their immunolabeling with anti-POMC 
and anti-a-MSH are all intermediate 
compared to the DG and LG. Therefore, 
the MG appear to represent an 
intermediate, transient step in granule 
maturation, in between the DG and LG, in 
which POMC is only partially processed to 
a-MSH (and probably, to other POMC-end 
products). Apparently, POMC is gradually 
cleaved in the secretory granules which 
simultaneously change their morphological 
characteristics. The first cleavage of POMC 
may start within the frans-Golgi network, 
whereas the last cleavage activity of POMC 
may take place within mature LG, which 
eventually release their fully processed end 
products by exocytosis. Interesting in this 
respect would be the immunolocalization of 
endoproteases PC1 and PC2 in the 
secretory granule types (Braks et al., 1992). 
Recently, a colocalisation of PC1 with 
POMC and with POMC peptides was 
demonstrated in secretory granules of AtT-
20 cells, confirming the hypothesis of 
gradual POMC processing during granule 
maturation (Tanaka et al., 1997). 

Effects of background adaptation on 
granule maturation and POMC processing 

It is well known that adaptation to a black 
background has a stimulatory effect on the 
biosynthesis of POMC (Martens et al., 
1980, 1982; Ayoubi et al., 1992). The 
present study shows that this process is 
reflected at the morphological level by the 
fact that DG, and especially the DG 
associated with the Golgi apparatus, are 
much more numerous in melanotrope cells 
of black-adapted animals than in 
melanotropes of white-adapted Xenopus. In 
addition, the MG are affected by 
background light, as is clear from the 
greater number of these granules in black-
adapted animals, indicating a higher 
turnover of DG to MG. Whereas the 
amounts of POMC and a-MSH per DG do 
not appear to be related to the state of 
background adaptation, for MG the 
situation is different. The immunoreactivity 
of MG to a-MSH is higher under black than 
under white background conditions, 
suggesting that the rate of processing of 
POMC to a-MSH in the MG is increased in 
black-adapted animals. As to the LG, 
melanotrope cells of animals adapted to a 
white background clearly contain more of 
these granules than cells of black-adapted 
toads. Because under white background 
conditions melanotropes do not or barely 
release a-MSH (Jenks et al., 1993), it must 
be concluded that these cells have 
accumulated LG, containing fully processed 
peptides, during their 3-week adaptation 
stay on a white background. Data show that 
LG of black and white-adapted animals do 
not differ in immunoreactivity to a-MSH. 
Most likely, the secretory granules in 
animals on a white background have had 
time enough (3 weeks) to process all 
POMC to α-MSH, catching up in this way 
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with the more rapid production of oc-MSH 
under black background conditions. After a 
longer period on a white background 
Xenopus appears to be fully ready for a fast 
adaptive response to a black background 
stimulus, because its melanotrope cells are 
crowded with LG that contain fully 
processed peptides. 

In conclusion, the present study 
shows that POMC processing to POMC-
end products, including a-MSH in secretory 
granules of the melanotrope cell of 
Xenopus laevis, is a gradual process, which 
occurs in parallel with the morphological 
transition of DG via MG to LG. The DG are 
the immature granules and the LG are the 
mature granules, where the MG represent 
an intermediate stage between DG and LG. 
Adaptation to a black background 
stimulates both the formation of immature 
granules as well as the intragranular 
processing of POMC, which is concomitant 
with the transition between the granule 
types. 
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4 

Background Adaptation and Synapse 

Plasticity in Xenopus laevis 

1 ublished as "Background adaptation and 
synapse plasticity in the pars intermedia of 
Xenopus laevis", with Eric W. Rouhos. 

Neuroscience 70. 833-841 (1996) 

The amphibian Xenopus laevis adapts the colour 
of its skin to the colour of its background, by the 
release of the pro-opiomelanocortin-derived 
peptide a-melanophore-stimulating hormone (ot-
MSH) from the pars intermedia of the pituitary 
gland. Suprachiasmatic neurons play an 
important role in adaptation to a light 
background as they produce the neuro
transmitters GABA, dopamine and neuropeptide 
Y, which inhibit the release of ot-MSH. These 
factors are transported to axon varicosities 
contacting the melanotrope cells. In these 
varicosities GABA resides in small electron-
lucent synaptic vesicles (SV) and NPY and 
dopamine coexist in large electron-dense 
vesicles (DV). In this study the effects of 
background adaptation on the morphology of the 
varicosities in the pars intermedia were studied, 
using immuno-electron microscopy and 
morphometry with freeze-substitution-flxed 
material. Varicosities were found to be lying 
single and in clusters throughout the pars 

intermedia. Varicosities were identified by the 
presence of DV and SV, the latter being 
immunopositive for anti-GABA. Both varicosity 
types revealed active zones with exclusively 
GABA-containing vesicles in contact with the 
presynaptic membrane. When white- and black-
adapted animals were compared, significant 
background effects were found. The density of 
varicosity profiles was twice as high in white-
adapted animals as in black-adapted ones, due 
to an increase in density of the clustered 
varicosities. Furthermore, in white-adapted 
animals varicosities were larger than in black-
adapted animals. For both the population of SV 
and DV, single varicosities showed equal 
numbers in white- and black-adapted animals, 
but clustered varicosities showed higher 
numbers of SV and DV in black-adapted animals, 
indicating storage of neurotransmitters. Finally, 
in varicosities of white-adapted animals the 
number and size of the active zones and the 
number of SV docked at the active zones, were 
about twice as high as in black-adapted animals, 
indicating a stronger GABA release. It is 
concluded that the profound effects of 
environmental light conditions on synaptic 
structure and substructure in the Xenopus pars 
intermedia are related to a changed release 
activity of neurotransmitters inhibiting the 
activity of the melanotrope cells. 
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INTRODUCTION 

Most multicellular organisms are able to 
adapt to changes in their internal and 
external environment by appropriate 
alterations in the functioning of their 
nervous and endocrine system. An 
important aspect of such alterations is the 
phenomenon of neural plasticity. In this 
reversible process changes in secretory 
activity are reflected by structural changes. 
Neuronal plasticity is especially clear at the 
level of the synapse, which may 
considerably change in size and 
substructure as a result of stimulated or 
inhibited secretory activity (Ulis et al., 1969; 
Matsumoto et al., 1976; Vrensen and 
Nunes Cardozo, 1981; Herrera et al., 1985; 
Mearow et al., 1989; Theodosis et al., 
1992). Synapse plasticity has especially 
been studied in the brain of mammals, 
where structurally well-defined synaptic 
structures are abundant (Vrensen and De 
Groot, 1973, 1974; Van der Want et al., 
1984). In the present study, synapse 
plasticity has been investigated at the 
interface of the central nervous and the 
endocrine system, in a neuroendocrine 
system which is well defined as to physiolo
gical inputs and outputs as well as to nature 
and secretory aspects of synaptic 
messengers. This system concerns the 
neural control of the pars intermedia of the 
pituitary gland of the South African clawed 
toad, Xenopus laevis. The melanotrope 
cells in the pars intermedia are pivotal in 
the regulation of the physiological process 
of background adaptation. When Xenopus 
is placed on a black background, the 
melanotropes release melanophore-
stimulating hormone (cc-MSH), which 
causes pigment dispersion in dermal 
melanophores, thereby darkening the skin. 
Placed on a white background, a-MSH 
release is inhibited and the animal turns 
white. Inhibition of a-MSH release is 
effectuated by synapses that appear at the 

ultrastructural level as axon varicosities that 
are closely apposed to the melanotrope 
plasma membrane and contain two types of 
vesicles, small electron-lucent synaptic 
vesicles (SV) and large electron-dense 
ones (DV). SV contain GABA, whereas DV 
vesicles store neuropeptide Y (NPY) and 
dopamine (De Rijk et al., 1990a, 1990b). 
All three neurotransmitters, GABA, NPY as 
well as dopamine, inhibit a-MSH release 
(Verburg-van Kemenade et al., 1987,1986; 
Jenks et al., 1993). The synapses belong to 
neurons in the suprachiasmatic nucleus 
which receive photic input from the eyes 
and send their axons to the pars intermedia 
(Tuinhof et al., 1994a, b, с). 

This study addresses the question 
as to what extent background light intensity 
affects the ultrastructure of synapses in the 
pars intermedia of the pituitary gland of X. 
laevis. For that purpose, changes in 
varicosity number and size, as well as 
subcellular aspects of the varicosity and its 
vesicle populations have been studied with 
quantitative electron microscopy. 
Immunoelectron microscopy using an anti-
GABA-serum was used for synapse 
identification. 

EXPERIMENTAL PROCEDURES 

Animals 

Six adult Xenopus laevis were obtained 
from standard laboratory stock and fed on 
ground beef heart and trout pellets (Trouvit, 
Trouw, Putten, The Netherlands) once a 
week. The animals were kept under 
constant illumination and water temperature 
was 22°C. Subsequently, a group of three 
animals was adapted to either a white or a 
black background, for three weeks. 
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Electron microscopy 

Animals were decapitated and freshly 
dissected neurointermediate lobes were 
fixed in 1% glutaraldehyde in 0.05M sodium 
phosphate buffer (PB) for 16 hrs. Then the 
lobes were treated with 0.2% borohydride 
and 0.4% glycine in the buffer for 15 min 
and cryoprotected by immersion in a 
graded series of glycerol (10%-20%-30% in 
the buffer; 30 min per concentration). 
Lobes were rapidly frozen in liquid propane 
(-180 °C) and placed in a precooled 
chamber (-90°C) of a quick-freezing 
apparatus (Reichert-Jung, Germany). Then 
the tissue was freeze-substituted by 
methanol containing 0.5% uranyl acetate 
and warmed at a rate of 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 
to methanol. Polymerisation of Lowicryl was 
performed by UV-irradiation (360 nm) at 
45°C for 16 h and at 20°C for another 24 h. 

Immunoelectron microscopy 

To identify the inhibitory varicosities, 
immunoelectron microscopy was carried 
out. Ultrathin pale gold sections were 
collected and consecutively incubated in 
normal goat serum (1:30 in 0.01 M sodium 
phosphate buffer, 10 min), glycine (50 mM 
in sodium phosphate-buffered saline; PBS, 
10 min), anti-GABA (1:10,000 in PBS, 16 h; 
a generous gift from Dr D.V. Pow) and 
protein A/15 nm gold (Amersham Life 
Sciences, UK; 1:50, 1.5 h). After contras
ting with uranyl acetate (30 min) and lead 
citrate (20 min) sections were examined in 
a Jeol 100 CX II electron microscope. 

Morphometry 

In each animal, sections were analysed at 
three levels in the pars intermedia, with 
intervals of 15 pm. At each level, 
micrographs covering an area of at least 

Figure 1. (A) Pars intermedia of Xenopus 
laevis adapted to a black background, showing 
melanotrope cells (M) andfolliculo-stellate cells 
(FS). G, Golgi apparatus; N, nucleus; R, 
rough endoplasmic reticulum (RER). χ 7,600. 
(В) Pars intermedia of animal adapted to a 
white background. Melanotrope cells (M) are 
surrounded by folliculo-stellate cells (FS) and 
show electron-lucent granules. V, varicosity 
profile, χ 20,000. (C) Melanotrope cells of a 
black-adapted animal, showing melanotropes 
with extensive RER (R) and Golgi complexes 
(G). χ 20,000. Inset: Golgi complex with 
electron-dense granules, χ 70,000. (D) Pars 
intermedia of white-adapted animal. 
Longitudinally cut thin fibre (arrow) forms 
small varicosity situated in cluster of varicosities 
(v). Single varicosity profile (V) shows two 
active zones with clusters of electron-lucent 
synaptic vesicles (arrowheads). M, melanotrope 
cell, χ 50,000. 
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1500 μιη2 were taken and the number of 
axon varicosities was counted by direct 
microscopic observation at a magnification 
of χ 20,000. Axon varicosities were 
identified on the basis of the presence of 
anti-GABA-immunoreactivity. At least 50 
varicosities per animal were photographed 
(final magnification: χ 30,000). The surface 
area of each varicosity was measured with 
a X-Y tablet and a MOP-3 (Kontron, 
München, Germany) and the numbers of 
SV and DV and active release zones were 
counted. For each active zone the length 
was assessed as well as the number of 
secretory vesicles apposed to its presynap
tic membrane. A random sampling 
procedure was maintained throughout the 
experiments. 

Statistics 

Data were analysed with one-way analysis 
of variance (Bliss, 1967) (a = 5%) followed 
by Duncan's multiple range test (Steel, 
1960). The analysis was preceded by tests 
for the joint assessment of normality 
(Shapiro and Wilk, 1965) and the 
homogeneity of variance (Bartlett's test; 
Bliss, 1967). 

RESULTS 

Structure of the pars intermedia 

The freeze-substitution fixation yielded a 
very good preservation of the morphology 
of the pars intermedia, revealing numerous 
melanotrope cells with a-MSH-containing 
secretory granules (Fig. 1A), surrounded by 
processes of glial-like folliculostellate cells 
and intermingled with profiles of axons and 
axon varicosities. 

Figure 2. (A) Single varicosity (V) between 
melanotropes (M) of a white-adapted animal, 
shows electron-dense (D) as well as electron-
lucent synaptic (L) vesicles, that are immunopo-
sitive to anti-GABA. Arrow indicates active 
zone. Mi, mitochondrion, χ 40,000. (В) Single 
varicosity (V) between melanotropes (M) of a 
black-adapted animal, showing SV (S), DV 
(D) and labeling for anti-GABA. χ 47,000. 
(С) Group of clustered varicosities (v, - v4) and 
axon fibres (A) in between melanotrope cells of 
a white-adapted animal. Numerous DV and 
GABA-immunopositive SV are present in all 
varicosities. V2 and V4 show active zones 
(arrowheads), χ 47,000. (D) Single varicosity 
of white-adapted animal with active zone, 
contacting melanotrope cell. Arrowheads 
indicate GABA-immunopositive SV apposed to 
the presynaptic membrane. Mi, mitochondrion. 
χ 67,000. (E) Single axon varicosity (V) of a 
white-adapted animal, showing active zones 
contacting melanotrope cell (M: small arrow) 
and folliculostellate cell (FS: arrowhead), χ 
40,000. 
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Axon varicosities 

In the pars intermedia various cell profiles 
occur, filled with vesicular and tubular 
structures. Some of these belong to 
melanotrope and folliculo-stellate cells. 
However, most elements are axon 
varicosities. These were readily identified 
by the presence of SV and DV. In this 
morphometric study only varicosities that 
showed GABA-immunoreactive SV were 
considered, which constituted about 95% of 
all varicosities (Fig. 1D). Varicosities were 
found either single, embedded between 
melanotrope cells and/or folliculo-stellate 
cell processes or clustered, in groups of 2 
up to 7 (Fig. 1D and 2A, 2B and 2C). 

From observations on parts of the 
network that showed longitudinally cut 
fibres, it appears that the clustered 
varicosities belong to rather straight running 
axon fibres that form bundles. These fibres 
give rise to axon branches that form single 
varicosities that lie apart, intermingled with 
melanotrope cells and folliculo-stellate cell 
elements (Fig. 1D). Single varicosity 
profiles are twice as large as clustered ones 
(p < 0.05; Fig. 3B). Size distribution 
frequency analysis shows a large variety in 
size of both single and clustered 
varicosities, ranging from 0.4 to 2 pmz. (Fig. 
ЗА and 3B), suggesting that both single and 
clustered varicosities constitute 
morphologically homogeneous populations. 
Clustered as well as single varicosities 
reveal synaptic structures with melanotrope 
cells (Fig. 2D) and, less often, with folliculo-
stellate cells (Fig. 2E). At the contact site 
pre- and postsynaptic densities are present 
and the intracellular space is often DV are 
less numerous than SV occur almost 
exclusively outside the active zones, the 
ratio between DV and SV in these zones 
being less than 0.01 (see Fig. 1D). 

Effects of background adaptation 

As to melanotrope cells, a clear effect of 
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Figure 3. Morphometry of varicosities. Size distribution 

frequency analysis of single (A) and grouped (B) 

varicosities in white-adapted (open columns) and black-

adapted (black columns) animals. Varicosities are 

distributed in groups, ranging from 0.2 - 2.4 μτη2. 

background adaptation was found. White-
adapted animals show small melanotropes 
with poorly developed rough endoplasmic 
reticulum (RER) and Golgi apparatus and 
store numerous secretory granules (Fig. 
1B), black-adapted animals the cells are 
highly active as appears from the extensive 
RER and Golgi apparatus (Fig. 1С). The 
effects of background adaptation on the 
structural dynamics of the varicosities were 
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single clustered 

white-adapted black-adapted white-adapted black-adapted 

density varicosities 7.00 ± 1.32a 6.20 ± 0.52a 16.Θ3 ± 3.56b 7.37 ± 1.82a 

(N/IOOOpm2) 

size varicosities 0.49 ± 0.05a 0.38±0.01 b 0.27 ± 0 06c 0.20 ±0.05° 

(μ™2) 

dense vesicles 8.05 ± 0.73a 8.87 ± 2.03a 8.83 ± 3.17a 12.43 ± 2.92a 

(Ν/μπι2) 

synaptic 

(Ν/μπι2) 

active zc 

(N/pm2) 

synaptic vesicles 135.67 ± 12.45a 152.33 ±1 9.40a 140.33 ± 26.30a 178.67 ± 31.47a 

activezones 1.16±0.17a 0.46±0.18b 1.16 ± 0.24a 0.41±0.18b 

Table I. Means and standard errors of the mean (SEM) of the density of single and clustered varicosities, their sizes and 

numbers of dense vesicles, synaptic vesicles and active zones per μην1 varicosity in white-adapted and black-adapted 

animals For each parameter different cliaracters in superscript indicate that groups differ statistically significantly from 

each other (p < О 05). 

morphometrically analysed. The density of 
the varicosities in the pars intermedia was 
defined as the number of varicosity profiles 
per 1000 pm2 surface area of pars 
intermedia. When single and clustered 
varicosities are considered, a differential 
effect appears: whereas adaptation does 
not affect the density of single varicosities, 
the density of clustered varicosities was 2.4 
times higher in white animals than in black 
ones (p < 0.05; Table 1). As a result, the 
density of all varicosities is 29.0 ± 5 in 
white-adapted animals and 15.6 ± 2 in 
black ones. 

Black-adapted animals were found to 
have clearly smaller single and clustered 
varicosities than white-adapted ones (Table 
1 ; ρ < 0.05). Analysis of the size of single 
and clustered varicosities indicates that 
adaptation to a white 

background causes a shift to larger size 
classes (Fig. ЗА and 3B). The densities of 
SV and DV in the varicosities were 
expressed as numbers of vesicles per pm2 

varicosity profile. As to single varicosities, 
background adaptation had not changed 
the densities of either vesicle type, but in 
clustered varicosities the densities are 
higher in black animals compared to white 
ones. This effect is most prominent for the 
DV: clustered varicosities of black animals 
show an increase of DV of 40% compared 
to white animals. 

The density of active zones strongly 
depends on the background condition: in 
white-adapted animals the number of active 
zones per pm2 varicosity profile of both 
single and clustered varicosities is 
significantly higher than in black-adapted 
animals (Table 1 ; ρ < 0.05). The size of the 
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white-adapted black-adapted 

length active zones 0.23 ±0.02" 0.16 ±0.01" 
(pm) 

synaptic vesicles/ 6.03 ± 0.42' 3.67 ± 0.49" 

active zone (N) 

Table 2. Means and standard errors of the mean (SEM) of the length of the active zones 

and the number qfSV attached to the presynaptic membrane in white-adapted and black-

adapted animals. For each parameter different characters in superscript indicate that groups 

differ statistically significantly from each other (p < 0.05) 

active zones was studied in detail. As the 
number of active zones was very low in 
black animals, data of single and clustered 
varicosities were pooled to obtain adequate 
accuracy. In white animals the mean length 
of an active zone is significantly higher than 
in black ones (Table 2; ρ < 0.05). 

Also the number of SV in direct 
contact with the active zone shows an 
effect of background adaptation: in white 
animals twice as many SV appear attached 
to the active zone as in black-adapted 
animals. (Table 2; ρ < 0.05). DV were never 
found to be in contact with the active zone. 

DISCUSSION 

Freeze-substitution technique and pars 
intermedia innervation 

In this study the structural dynamics of the 
neural network innervating the pars 
intermedia of the pituitary gland of Xenopus 
laevis have been investigated in relation to 
the physiological process of adaptation to 
background. The morphology of the 
network has been described to some ex
tent, on the basis of routine fixation 
procedures for electron microscopy ( De 
Rijk et al., 1990a, 1992). The present 

material was processed with the freeze-
substitution technique, which provided two 
main advantages over routine fixation: (1) a 
stronger immunoreactivity to anti-GABA, 
used for the identification of GABA-
containing varicosities and (2) an 
ultrastructure in which the synaptic active 
zones were well preserved, showing pre-
and postsynaptic dense membrane 
specialisations and an often enlarged 
intercellular space. The varicosities can be 
easily distinguished from melanotrope and 
folliculo-stellate cells by the presence of DV 
and, in particular, anti-GABA-positive SV 
vesicles. It was previously shown that in 
more than 90% of the varicosities in the 
Xenopus pars intermedia GABA coexists 
with dopamine and NPY (De Rijk et al., 
1990a; Van Strien et al., 1991), and more 
recently, quantitative immunocytochemical 
and in situ hybridization studies as well as 
tract-tracing experiments have strongly 
indicated that these varicosities belong to 
axons originating from perikarya located in 
the caudolateral area of the suprachi-
asmatic nucleus (Tuinhof et al., 1993, 
1994a-c). In addition to these 
suprachiasmatic neurons, a few neurons in 
the locus coeruleus project to the pars 
intermedia (González and Smeets, 1993; 
Tuinhof et al., 1994a). However, in contrast 
to the suprachiasmatic nucleus, no NPY- or 
GABA-immunoreactivity in the locus 
coeruleus has been found (Fasolo et al., 
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1995; Tuinhof et al., 1994b). Since it was 
demonstrated that more than 90% of the 
varicosities in the pars intermedia show 
colocalisation of GABA and NPY (de Rijk et 
al., 1990), we assume that the synapse 
plasticity observed in the present study 
concerns changes in the functional activity 
of the suprachiasmatic nucleus. 

Morphology of the network 

The ultrastructural investigation shows that 
the GABA-positive fibre network in the pars 
intermedia contains varicosities that are 
organised in two ways, namely (1) in 
clusters and (2) as single elements that are 
surrounded by melanotropes and folliculo-
stellate cells. The observations on 
longitudinally sectioned nerve fibres show 
that the fibres form bundles that, in turn, 
give rise to individual, single fibre branches. 
The clustered varicosities particularly 
belong to the bundled fibres, whereas the 
single ones are mainly part of the individual 
branches. As to the function of the 
varicosity types, the observations on vesicle 
types are pertinent: both DV and SV occur, 
the latter being apposed to active zones. 
Apparently, both varicosity types are 
synaptic contacts from which chemical 
messengers are released. Nevertheless, as 
in both white- and black-adapted animals 
the single varicosities are significantly 
larger than the clustered ones, it may well 
be that the single varicosities are more 
effective in messenger release than the 
clustered varicosities. This is substantiated 
by the fact that per varicosity the single 
varicosities contain more active zones than 
the clustered ones. 

Effects of background adaptation 

The morphometric study clearly 
demonstrates that background adaptation 
has profound effects on the morphology of 
the neuronal network in the pars 
intermedia. Firstly, in white-adapted 

animals the number of clustered 
varicosities per surface area is much higher 
than in black-adapted ones, whereas no 
clear effect of adaptation was 
demonstrated on the density of single 
varicosities. The higher degree of clustering 
of varicosities in white-adapted animals 
might well be due to a decrease in 
melanotrope cell size, reducing the 
distances between individual branches of 
the network to such an extent that at many 
places these branches meet, thereby 
causing their varicosities to contact each 
other. The strong decrease in melanotrope 
cell diameter as a result of adaptation to a 
white background has been well 
documented (De Rijk et al., 1992) and is 
substantiated by the present observations 
showing that white-adapted melanotropes 
are inactive, having a much poorer 
developed RER and Golgi apparatus than 
melanotrope cells of black-adapted 
animals. As a result of the increased 
clustering of the nerve fibres and 
varicosities in the network of white-adapted 
animals, the number of single varicosities in 
the pars intermedia will decrease in an 
absolute sense. The fact that their 
numerical density remains unchanged can 
be explained by assuming that also the 
remaining single varicosities will become 
situated more closely to each other, leaving 
their number per surface area rather 
constant. 

A second effect on the morphology 
of the neural network is the clearly larger 
size of varicosities (for both the clustered 
and single type) in white-adapted animals 
compared to black ones. In view of the 
proposed synaptic nature of the 
varicosities, this observation points to an 
increased synaptic efficacy under white-
adaptation conditions. This increase 
particularly appears from another effect of 
background adaptation on the varicosities, 
namely on the active zones. Not only the 
number of active zones increases in both 
varicosity types in white- compared to 
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black-adapted animals, but also the size of 
the active zones and the number of GABA-
positive SV apposed to the presynaptic 
membrane. These results demonstrate a 
strong plasticity of the active zone and 
indicate that in white-adapted animals the 
varicosities release more GABA than in 
black-adapted animals, fitting in with the 
inhibitory action of GABA on a-MSH 
release from the melanotropes. 

Dynamics of synaptic vesicles 

At the active zones, SV were seen closely 
associated with the presynaptic membrane, 
whereas DV were present in other parts of 
the varicosities. These results indicate that 
the contents of the SV, immunoreactive for 
GABA, are released from the active zones, 
while the DV, known to contain NPY (De 
Rijk et al., 1990; Van Strien et al., 1991) 
release their contents elsewhere, outside 
these zones. This supports the hypothesis 
that classical neurotransmitters are 
released from SV at specialised sites of the 
synaptic membrane, while neuropeptides 
are secreted from DV in an extra-synaptic 
fashion outside these areas (Golding, 1994; 
Verhage et al., 1991). However, in the 
synaptic contacts in the Xenopus pars 
intermedia the situation appears to be more 
complex, as the DV contain the classical 
transmitter dopamine as well. So, probably 
the varicosities release their coexisting 
three neurotransmitters in a differential 
fashion, namely synaptically (GABA) as 
well as extrasynaptically (NPY and DA). 
Both the numbers of SV and DV depend on 
background adaptation. This is not the case 
for the single varicosities but the clustered 
varicosities of black-adapted animals 
contain more vesicles than those in white 
ones. This could mean that under 
conditions of black-adaptation the more 
proximal parts of the axons play an 
important role in the storage of 
neurotransmitters. 

Functional plasticity of the pars intermedia 

In conclusion, changing background light 
intensity has profound effects on the 
ultrastructure of the GABA-positive axonal 
network, with respect to the organisation, 
density and ultrastructural aspects of the 
varicosities. These changes can be 
explained in a functional way, as they 
indicate that under conditions of adaptation 
to a white background the varicosities 
increase their capacity to release 
neurotransmitters. This is in line with the 
finding that the neurotransmitters contained 
within the vesicles have inhibitory actions 
on a-MSH release from the melanotrope 
cells (De Rijk et al., 1990a; Jenks et al., 
1993; Leenders et al., 1993) and, 
moreover, that the suprachiasmatic 
neurons forming the varicosities become 
activated under these conditions (Tuinhof et 
al., 1993). Previously, we have demon
strated a strong plasticity of the 
melanotrope cells in relation to background 
adaptation, showing that adaptation 
influences the morphology of melanotrope 
cells as well as the rate of biosynthesis, 
processing and release of POMC and 
POMC-derived peptides, including a-MSH 
(De Rijk et al., 1990a; Ayoubi et al., 1992; 
Jenks et al., 1992; Roubos, 1992; Roubos 
and Berghs, 1993). So, there appears to be 
a clear correlation between changes in 
environmental conditions and structural 
changes in the pars intermedia, at the level 
of the inhibitory innervation as well as at the 
level of the melanotrope cells. In view of the 
well known and quantifiable nature of the 
physiological input (light) and output (a-
MSH release) of the pars intermedia and 
the readily observable physiological effect 
of this output (skin colour change) we will 
proceed using this system to further unravel 
the details of pars intermedia structural 
plasticity during a physiological neuro
endocrine adaptation process, in order to 
increase insight into the characteristics and 
physiological significance of synapse 
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plasticity. 
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Exocytosis Proteins in the Xenopus 

Neuro-Endocrine System 

ubmitted as "Co-expression in Xenopus 
neurons and neuroendocrine cells of mRNA 
homologues of exocytosis proteins D0C2 and 
типе 18", with Niki Korteweg, Anne Bouteiller, 
Rienk Tuinhof Ceriel Asbreuk, Matthijs 
Verhage and Ene W. Roubos. 

The proteins munc18-1 and D0C2 are assumed 

to play a role in docking of synaptic vesicles in 

neurotransmitter exocytosis at the presynaptic 

junction. As the proteins are known to Interact, 

they should coexist within neurons. We have 

tested this hypothesis, for exocytosis of both 

classical and peptidergic messengers, by 

investigating the distribution of the mRNAs of 

munc18-1 and DOC2 homologues in the brain 

and pituitary gland of the clawed toad Xenopus 
laevis, using in situ hybridization. For this 

purpose we cloned a partial cDNA encoding 

Xenopus u n d 8 (xunc18) and used a 

corresponding RNA probe, together with an RNA 

probe for Xenopus DOC2. 

At the mRNA level DOC2 and xunc18 

were found to be expressed throughout the 

Xenopus brain. All brain nuclei expressing 

DOC2-mRNA showed xunc18-mRNA expression 

as well. Co-expression was shown at the 

individual cell level in consecutive sections of 

large-sized neurons. A strong expression was 

demonstrated in the suprachiasmatic and 

magnocellular nuclei and in peptidergic 

endocrine cells in the intermediate and anterior 

lobes of the pituitary gland, suggesting roles of 

DOC2 and xunc18 in messenger release from 

peptidergic secretory systems. Combined in situ 
hybridization and immunocytochemical analyses 

show that neuropeptide Y (NPY)-containing cells 

in the suprachiasmatic nucleus also express 

DOC2 and xunc18. Since these cells have a high 

secretory activity, controlling the activity of the 

pituitary pars intermedia, the levels of 

expression of D0C2 and xunc18 may be 

indicators for neuronal secretory activity. The 

present data represent the first evidence for the 

coexistence of DOC2 and munc18-1 and suggest 

coordinate action of these proteins at the level of 

brain nuclei, individual neurons, and endocrine 

cells. 
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INTRODUCTION 

Neurons communicate via regulated 
exoçytosis of neurotransmitters, a process 
initiated by calcium influx into the 
presynaptic nerve terminal. The exoçytosis 
mechanism involves a large number of 
protein-protein interactions that establish 
main aspects of the exoçytosis cycle, such 
as the accommodation of the secretory 
vesicle at its release site, vesicle docking at 
the synaptic junction and, eventually, 
secretion of the neurotransmitter into the 
intercellular space (reviewed by Jessel et 
al., 1993; Südhof, 1995). The brain-specific 
protein munc18-1 is supposed to play an 
important role in the docking process 
(Pevsner, 1996; Verhage et al., 1997). 
Mund 8-1 was originally identified in rat 
brain and has homologues in the 
mammalian brain (e.g. Hata et al., 1993; 
Garcia et al., 1994, 1995; Pevsner et al., 
1994; Gengyo-Ando et al., 1996). In vitro, 
mund 8-1 binds to the protein DOC2, which 
is enriched in the vesicle fraction of brain 
homogenates (Verhage et al., 1997). A 
brain-specific isoform of DOC2 (DOC2A) 
and an ubiquitous one (DOC2B) have been 
cloned in human (Sakaguchi et al., 1996), 
rat (Verhage et al., 1997) and mouse (Naito 
et al., 1997). To date, DOC2 is the only 
vesicle protein known to interact with 
munc18-1, and this interaction might 
therefore play a role in the proposed 
docking action of munc18-1. If this 
hypothesis is true, DOC2 and munc18-1 
should coexist within a neuron, in order to 
interact during neurotransmitter exoçytosis. 

To support the hypothesis that 
DOC2 and munc18-1 act in a coordinated 
way in neuronal exoçytosis, we have 
studied the presumed coexistence of the 
mRNAs of these two proteins in the brain of 
the lower vertebrate Xenopus laevis, using 
in situ hybridization. For this purpose, RNA 
probes were synthesized using a partial 

sequence of a Xenopus DOC2 homologue 
(Ν. Korteweg et al., unpubl. res.) and a 
partial sequence of a Xenopus munc18-1 
homologue that was cloned in the present 
study. Furthermore, to investigate a 
possible coordinate involvement of DOC2 
and xunc18 in the secretion of not only 
classical but also of peptidergic neuronal 
messengers and peptide hormones, the 
expressions of the respective mRNAs were 
studied in peptidergic neurons and in 
endocrine pituitary cells. Particular attention 
was paid to a group of NPY-containing 
neurons in the suprachiasmatic nucleus, 
the so-called suprachiasmatic melanotrope-
inhibiting neurons (SMIN; Tuinhof et al., 
1993, 1994; Ubink et al., 1998), which 
inhibit the activity of the melanotrope cells 
in the pituitary pars intermedia. The SMIN 
are highly active in animals that are placed 
on a white background; the resulting 
inhibition of a-MSH release from the 
melanotropes makes the animal's skin look 
pale (Roubos, 1997). To examine DOC2 
and xunc18 expression in the peptidergic 
SMIN, we combined in situ hybridization of 
DOC2 and xunc18 mRNAs with 
immunocytochemistry for NPY, in a double 
labeling procedure. 

EXPERIMENTAL PROCEDURES 

Animals 

Adult Xenopus laevis were raised and kept 
under standard laboratory conditions, at 
constant illumination and a water 
temperature of 22 °C. They were adapted 
to a white background for three weeks prior 
to the studies. 

RNA isolation, cDNA preparation, PCR 

Poly (A+) RNA was purified from freshly 
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dissected Xenopus brain using a mRNA 
isolation kit (Boehringer, Mannheim, 
Germany). cDNA was synthesized with 
random hexamers and MMLV-H-reverse 
transcriptase (Superscript TR II; Gibco, 
Renfrew/shore, UK) and amplified according 
to the manufacturer's instructions, with 1.0 
U Taq-polymerase (AmpliTaq, Perkin 
Elmer) and 50 pmol of each specific or 
degenerate primer, designed to recognize 
conserved sequences. For munc18, the 
sequences of the primers used were for the 
5'-primer: 
ACGAGCTGGTAAAATCTCGAGC and for 
the 3'-primer: 
A[A/G][A/G/T]GT[A/G]GCGAT[C/T]TG[C/ 
T]T[C/G][A/G]GC[C/G]A, or for the 5'-
primer: 
AT[A/C/T]GT[C/G^GA[A/G]GA[C/T]ATC 
AA[C/T]AA[A/G][C/A]G and for the 3'-
primer: 
CTTGCTAGAGGAAAAGTCCTTAAGAGA, 
respectively. PCRs were performed in a 
Thermal Cycler (Biozym, Landgraaf, The 
Netherlands) using a protocol of 5 min 93 
°C, 2 min 45 °C and 5 min 72 °C, followed 
by 40 cycles of 30 sec 93 °C, 30 sec 45 °C 
and 2 min 72 °C. The program was ended 
by 10 min 72 °C. Fragments were cloned in 
the PCR-Scriptvector (Stratagene, La Jolla, 
Cal, USA) and the nucleotide sequence 
was determined. Digoxigenin-labeled sense 
and antisense RNA probes for xund 8 were 
prepared according to the manufacturer's 
instructions, as run-off transcripts from 
clones N21/12a (146 bp) and N11/17a (724 
bp) which were linearized with BamHI and 
Kpnl, respectively. For Xenopiys-DOC2, 
clone 6#5 containing nucleotides 37 to 246 
of the coding sequence was used (Ace. 
number AF018636; N. Korteweg et al., 
unpubl. res.). 

In situ hybridization 

Ten white-adapted Xenopus were 
anaesthetized with 0.1% tricaine methane 

sulfonate (MS222, Sandoz, Basel, 
Switzerland) and transcardially perfused 
with Bouin's fixative. Dissected brains were 
postfixed in the same solution (16 h), 
dehydrated through a graded series of 
ethanol and embedded in paraffin. Paraffin 
sections (6 μπ\) were mounted on poly-L-
lysine-coated slides. After deparaffination, 
sections were consecutively pretreated with 
0.1% pepsin in 0.2 N HCl (15 min, 37 °C), 
2% paraformaldehyde (5 min) and 1% 
hydroxylammonium chloride (15 min). 
Hybridization was executed for 16 h at 50 
°C in 4 χ SSC, 50% formamide, 1 χ 
Denhardt's, 10% dextran sulfate, 25 mM 
sodium phosphate (pH 7.4) and 0.2 mg/ml 
yeast tRNA. After wash steps in 2 χ SSC, 
1 χ SSC, 0.5 χ SSC and 0.1 χ SSC at 20 °C 
and 0.1 χ SSC at 37 °C, colour reaction 
was performed with nitroblue tetrazolium X-
phosphate according to the manufacturer's 
instructions (Boehringer). Treatment with 
0.1 M triethanolamine was carried out to 
prevent aspecific binding of the probe. 
Treatment with 20 mg/ml RNAse A after 
hybridization was performed to prevent 
background staining. Specificity of the 
hybridization signal obtained was assessed 
by control experiments with sense RNA 
probes. Xund 8 and DOC2 mRNA co-
expressions were studied in consecutive 
sections. 

Double labeling of DOC2/xunc18-mRNAs 
and NPY peptide 

For the double labeling procedure, sections 
were, after in situ hybridization of either 
DOC2 or xund 8 mRNA, rinsed in 10 mM 
Tris-buffered saline (TBS; pH 7.6) and 
0.3% Triton (TBSTX; Sigma, St. Louis, MO, 
USA). Then they were incubated in block 
buffer (1% bovine serum albumin and 20% 
normal goat serum in TBSTX), for 30 min, 
and in anti-NPY in TBSTX (1:500; kindly 
supplied by Dr H. Vaudry, Rouen, France), 
for 16 h, at 20 °C. After rinsing in TBSTX, 
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sections were incubated in secondary 
antiserum (goat-anti-rabbit, 1:60; 
Boehringer) which had been conjugated 
with FITC, for 2 h at 20 °C. Sections were 
finally rinsed in TBS and coverslipped using 
Citifluor (Agar Scientific, Stanstedt, UK). 

For demonstration of coexistence of 
the two hybridization signals, sections were 
examined with combined light and 
fluorescence microscopy using a confocal 
laser scanning microscope (Biorad MRC 
600, Hemel Hampstead, UK) to allow light 
and fluorescence microscopical images to 
merge. 

RESULTS 

PCR cloning ofXenop\Js-unc18 

For munc18-1, the dual PCR strategy 
yielded two products, one of 146 bp and 
one of 724 bp. The 146-bp product aligns 
with nucleotides 178 to 324 of the 724-bp 
product, but differs in 5 nucleotides. The 
724 bp product showed 78% homology with 
mouse munc18-1, 63% with mouse 
munc18-2 and 65% with mouse rnunc18-3 
(Fig. 1), and was named xunc18. 

D0C2 and xunc18 mRNA in the Xenopus 
brain and pituitary 

The distributions of DOC2 and xunc18 
mRNAs were studied in transversal and 
sagittal brain sections. Positive signals with 
the anti-sense DOC2 and xunc18 RNA 
probes could be detected in neuronal cell 
bodies and their axon hillocks throughout 
the brain, and in the pituitary gland (Fig. 2). 
For xunc18, the 146-bp and 724-bp probes 
gave identical results. No obvious 
differences between the intensities of the 
expressions of DOC2 and xunc18 were 
noted. Specificity of each signal was 

determined with the respective sense 
mRNA probes. No staining was observed 
with either of these probes. RNAse A 
treatment after hybridization did not 
influence the patterns or intensities of the 
stainings. Consecutive sections confirmed 
the co-expression of DOC2 and xunc18 
mRNAs in all brain areas (Fig. 3). Morever, 
coexistence at the cellular level was 
observed in all cases that a particular 
(large) cell could be found in two 
consecutive sections. Below a detailed 
description is given of the distribution of 
DOC2 and xunc18 mRNAs in neurons and 
endocrine cells in transverse sections of the 
brain and the pituitary gland. We have used 
the nomenclature applied in previous 
anatomical studies (Northcutt and Kicliter, 
1980; Neary and Northcutt, 1983; 
Nlkundiwe and Nieuwenhuys, 1983; 
González et al., 1993, 1994). 

In the telencephalon, the most 
rostral DOC2- and xunc18-positive cell 
bodies are located in the olfactory bulb, 
namely in the granular (gr), mitral (ml) and 
glomerular (gl) cell layers, and they show 
low hybridization signals. Low expression 
levels of both mRNAs were also found in 
the medial and lateral parts of the pallium 
(mp, Ip) and of the septum (ms, Is) (Fig. 2A-
E). The neurons in the dorsal palium (dp) 
show moderate to high expression. 
Caudally in the ventral telencephalon, 
rather weak signals occur in the neurons of 
the nucleus accumbens (Ace), the striatum 
(str) and the medial and lateral amygdala 
(Apm, Api) (Fig. 2A). 

The diencephalon contains the 
majority of strongly stained neurons. 
Throughout the thalamic part of the 
diencephalon, cell bodies show a low to 
moderate expression. In the dorsal and 
ventral habenular nuclei (Hd, Hv), the 
anterior (A), the ventrolateral (VL), 
ventromedial (VM) and lateral (L) thalamic 
nuclei (Fig. 2C,E), the nucleus of Bellonci 
(NB) and the thalamic geniculate body (Cp) 
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Figure I. Alignment of the partial amino acid sequence of Xenopus-unc-18 (724 bp) with the partial sequences of mouse 

типе 18-1, muncI8-2, muncl8-3 and rop. The single amino acid code is used, and residue numbers have been indicated 

in the right margin. Entirely conserved residues have been indicated in black, residues conserved at four levels in dark grey, 
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from Genbank; accession numbers are: mouse muncl8-¡, D42068; mouse muncl8-2, UI9520; mouse muncl8-3, 

UI952I;rop,X67218. 
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expression of both mRNAs is moderate. In 
the large neurons of the VM, DOC2 and 
xunc18 mRNAs were found to coexist 
(consecutive sections; Fig. 3E,F). In the 
caudal thalamus, the posterior thalamic 
nucleus (P; Fig. 2C) contains neurons that 
express both mRNAs in a moderate 
intensity, while other neurons show low 
staining intensities. Hypothalamic nuclei 
generally reveal moderate to high 
hybridization signals. In the preoptic 
hypothalamus, the preoptic anterior (POa), 
magnocellular (Mg) and suprachiasmatic 
(SC) nuclei contain neurons expressing 
either a moderate or a strong staining (Fig. 
2B,C). The Mg shows strong staining in 
both the parvocellular and magnocellular 
neurons. The magnocellular neurons 
appear particularly densely stained and 
show a clear coexistence of DOC2 and 
xunc18 mRNAs at the single cell level, both 
in the cell bodies and in the axon hillocks 
(Fig. 3C,D). Also in the SC, large neurons 
were observed that display both DOC2 and 
xunc18 mRNA staining (Fig. 3C,D). In the 
infundibulum, a moderate expression of 
both mRNAs was observed in the neurons 
of the posterior tubercle (TP) and in the 
nucleus of the paraventricular organ (NPv). 
The ventral hypothalamic nucleus (VH) 
contains both moderately and strongly 
stained neurons. 

In the dorsal mesencephalon, the 
different layers of the optic tectum (tect) 
show different intensities of staining, 
ranging from low to high. The external 
layers reveal low mRNA expression levels, 
while in the internal layers expression is 
high. The tectum (internal layers) and the 
torus semicircularis (Tor) contain both 
moderately and strongly stained neurons. 
In the tegmentum, a low expression was 
found in the anterior (Av, Ad) and posterior 
(Pv, Pd) nuclei and in the oculomotor 
nucleus (III) (Fig. 2D). 

In the rhombencephalon, the 
cerebellum (Cb) shows large, strongly 
stained pyramidal neurons. In these 
neurons, DOC2 and xunc18 mRNAs 
appear to coexist at the single cell level. In 
addition, small cerebellar neurons were 
observed with low to moderate mRNA 
expression levels. Moderate to low staining 
intensities were observed in the isthmic 
area, the isthmic nucleus (Is), the trigeminal 
motor nucleus (Vm) and the medial reticular 
nucleus (Rm). The locus coeruleus (LC) 
and the raphe nucleus (Rad, Rav) contain 
moderately and strongly stained neurons 
(Fig. 2E). Single, large neurons in the VM 
and LC show coexistence of DOC2 and 
xunc18 mRNAs (Fig. 3E-H). 

In the pituitary gland, the neural lobe 
is devoid of staining with either DOC2 or 
xunc18 antisense probes (Fig. 2F). In the 
intermediate lobe, the melanotrope cells 
show a low staining intensity. In the anterior 
pituitary, various cell types (not identified) 
show low to moderate staining intensities 
with both RNA probes. 

The distribution of xunc and DOC2 
mRNAs has been summarized 
schematically in Fig. 4. 

Coexistence of DOC2/xunc18 with NPY in 
theSC 

Using fluorescence microscopy, two 
different populations of NPY-positive (IR) 
neurons were detected in the SC of white-
adapted Xenopus, namely the SMIN in the 
ventrolateral area (SCV; arrows) and 
another group of IR neurons in the 
dorsolateral area (SCd; Fig. 5B). The NPY 
neurons in the SCV are closely apposed to 
the optic chiasm. Combining confocal laser 
scanning microscopy for immuno
fluorescence of NPY-IR with in situ 
hybridization, it was found that NPY and 
DOC2 mRNAs coexist in the NPY-IR SCV 

neurons (Fig. 5C,D). The DOC2 mRNA 
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signal is present in a perinuclear position 
extending towards the axon hillock, while 
the NPY-staining occurs more diffusely, 
from the outer areas of the cytoplasm into 
the axon hillock and the axon. In the NPY-
containing neurons in the SCd DOC2 
mRNA was not detectable (Fig. 5E,F). The 
data obtained with xunc18 are similar to 
those with DOC2, i.e., indicating high 
expression of NPY peptide and xunc18 
mRNA in the SCV and hardly any xunc18 
mRNA expression in the NPY-IR SCd 

neurons (not shown). 

DISCUSSION 

We have investigated the hypothesis that 
DOC2 and munc18-1act in a coordinated 
way in neuronal exocytosis, by studying a 
possible coexistence of DOC2 and 
munc18-1mRNAs in the brain and pituitary 
of Xenopus laevis, using in situ 
hybridization combined with immuno-
cytochemistry. 

DOC2 and xunc18 isoforms 

Recently we cloned a partial sequence 
encoding a Xenopus DOC2 homologue (Ν. 
Korteweg et al., unpubl. res.). Based on 
the sequence and the expression pattern of 
DOC2 mRNA in the brain, this DOC2 is 
considered as the Xenopus counterpart of 
the two mammalian DOC2 proteins. In the 
present study we have found a 724-bp 
cDNA sequence which is highly 
homologous (78%) with mouse munc-18-1. 
Based on this degree of sequence identity, 
we have named the product xunc18 and 
consider it as a Xenopus isoform of 
munc18. In mammals, two ubiquitous 
isoforms of munc18 have been 
characterized, namely rat munc18-2 (Hata 
and Südhof, 1995) and mouse munc18-3 
(Tellam et al., 1995). 

Figure 2. In situ hybridization showing the 
expression of Xenopus-DOC2 in transversal 
sections of the Xenopus brain (Α-E) and 
pituitary (F). For abbreviations, see Fig. 4. 
Scalebar = 200 pm. 
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The sequence identities between the 
cloned xunc18 cDNA and the 
corresponding munc18-2 and munc18-3 
cDNA fragments (63% and 65%, 
respectively) are lower than the identity 
between xunc18 and munc18-1 cDNAs. 
Like munc18-1 (Hata et al., 1993; Garcia et 
al., 1995) xunc18 is expressed throughout 
the brain. Therefore, we assume xunc-18 to 
beamunc-18-1 homologue. 

Co-expression ofDOC2 and xunc18 

On the basis of biochemical in vitro studies 
it has been proposed that munc18-1 is 
involved in synaptic vesicle docking, by 
interacting with the synaptic vesicle-
associated proteins syntaxin (Pevsner et 
al., 1994) and DOC2 (Verhage et al., 1997). 
Using in situ hybridization on consecutive 
sections, we show that in the Xenopus 
brain all nuclei as well as (large) individual 
neurons (in the Mg, SC, VM, Cb and LC) 
co-express the mRNAs of the Xenopus 
isoforms of DOC2 and munc18-1. This 
finding indicates that in Xenopus DOC2 and 
xund 8 proteins coexist in many, if not all 
neurons throughout the brain, which 
supports the hypothesis that the two 
proteins act in a coordinate fashion. This is 
the first evidence for the coexistence of 
these proteins at the level of brain nuclei 
and individual neurons. 

DOC2 and xund8 in peptidergic neurons 
and endocrine cells 

In the present study coordinate expression 
of the DOC2 and xund 8 mRNAs was 
found not only in neurons producing 
classical neurotransmitters, but also in 
neuropeptide-producing neurons 
throughout the brain including in the 
magnocellular nucleus and in the SMIN of 
the suprachiasmatic nucleus. This finding 
suggests that the proteins of the DOC2 and 
mund 8 families may act in a coordinate 

Figure 3. In situ hybridization showing the 
coordinate expression ofXenopus-unc-18 in the 
Xenopus brain and pituitary gland, in two 
consecutive sections hybridized for DOC2 and 
xunc mRNA (146 bp), respectively (A-B) 
Overview ofsagittally cut brain and pituitary 
of a white-adapted Xenopus after hybridization 
with DOC2 (A) and xuncl8 (B). Tel, 
telencephalon; HTp, preoptic hypothalamus; 
HTi, infundibular hypothalamus; pit, 
pituitary; T, thalamus; tect, tectum; Cb, 
cerebellum. (C-D) Detail of hypothalamic 
regions showing colocalizatwn of DOC2 (C) 
and xunc 18 (D) in neurons of the 
magnocellular (Mg) and suprachiasmatic (SC) 
nucleus. (Ε-F) Detail of thalamic regions 
showing colocalizatwn of DOC2 (E) and 
xunc 18 (F) in neurons of the ventromedial 
thalamic (VM) nucleus (G-Η) Detail of 
neurons in the locus coeruleus (LC) showing 
colocalizatwn ofDOC2 (G) and xunc 18 (H) 
mRNA. Colocalizatwn is indicated by arrows 
and arrowheads. A, B. scalebar = 450 μχη ; 
C-Η: scalebar = 40 μηι. 
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fashion in the release of not only classical 
but also of peptidergic neurotransmitters. 
Moreover, both DOC2 and xunc18 mRNAs 
appear to be expressed in endocrine cells 
in the intermediate and posterior pituitary 
gland, making a coordinate action of DOC2 
and xunc18 in peptide hormone release 
likely. Upregulation of DOC2 and xunc18 in 
activated melanotropes strongly supports 
this hypothesis (N. Korteweg et al., and 
C.A.F.M. Berghs et al., unpubl. res.). This 
strengthens the idea that the significance of 
these proteins should be extended from 
classical neurotransmitters to secretory 
substances in general. 

Expression ofDOC2/xunc18 as an indicator 
of neuronal activity 

Although expression of DOC2 and xunc18 
was observed throughout the Xenopus 
brain, not all neurons in the areas 
examined show the same degree of 
expression. For instance, in the P, SC, Tor 
and Rad different intensities were found at 
the cellular level. A possible explanation for 
this difference is that different neurons 
might express different isoforms of xunc18 
and/or DOC2. In rat brain, a 
complementary expression of DOC2A and 
DOC2B has been reported (Verhage et al., 
1997). However, in the present study with 
Xenopus, DOC2 and xunc18 expressions 
were found throughout the brain and 
extensive PCR screenings have yielded 
only one isoform of DOC2 (N. Korteweg et 
al., unpubl. res.). Another explanation could 
be that the expression of the docking 
proteins depends on the activity state of the 
neuron. In this case, neurons that are 
actively secreting neurotransmitter 
substances may show higher expression 
levels than inactive neurons. Support for 
this hypothesis was found in the study of 
the NPY-positive neurons in the SC. Two 

Figure 4. Summarizing diagrams of transverse 
sections through the brain and pituitary of 
Xenopus at levels indicated in the ventral view 
in the left upper corner. In these sections the 
distributions ofDOC2- (left side) andxuncl8-
(nght side) positive neurons and endocrine cells 
are presented. The grey values indicate the 
intensity of the hybridizing signal from low to 
high Abbreviations: A, anterior thalamic 
nucleus; ac, anterior commissure; Ace, nucleus 
accumbens, Ad, nucleus anterodorsal nucleus 
tegmenti; Api, amygdala, pars lateralis, Apm, 
amygdala, pars medialis; aob, accessory 
olfactory bulb, Av, anteroventral tegmental 
nucleus, Cp, thalamic geniculate body, dp, 
dorsal pallium; E, epiphysis, gl, glomerular 
layer of the olfactory bulb; gr, granular cell 
layer of the olfactory bulb; Hd, dorsal 
habenula; Hv, ventral habenula, Is, isthmic 
nucleus; L, lateral thalamic nucleus; LC, locus 
coeruleus; lp, lateral pallium; h, lateral septum; 
Iv, lateral ventricle; Mg, magnocellular nucleus, 
ml, mitral cell layer of the olfactory bulb, mp, 
medial pallium, ms, medial septum, NB, 
nucleus of Bellona, NPv, nucleus of the 
paraventricular organ; P, postenor thalamic 
nucleus, pc, posterior commissure, pd, 
hypophysis, pars distalis, pi, hypophysis, pars 
intermedia; pn, hypophysis, pan nervosa, POa, 
anterior preoptic nucleus; Rad, dorsal raphe 
nucleus; Rav, ventral raphe nucleus; Rm, 
medial reticular nucleus, SC, suprachiasmatic 
nucleus; Str, striatum; tect, mesencephalic 
tectum, tegm, mesencephalic tegmentum; Tel, 
telencephalon; Tor, torus semicirculans, TP, 
posterior tubercle; VH, ventral hypothalamic 
nucleus; VM, ventromedial thalamic nucleus, 
VL, ventrolateral thalamic nucleus, III, nucleus 
of the oculomotor nerve, Vm, motor nucleus of 
the trigeminal nerve 
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populations of NPY-positive neurons were 
detected, one in the ventrolateral area 
(SMIN; Ubink et al., 1998) and one in the 
dorsolateral area. Combining in situ 
hybridization with immunocytochemistry, in 
the SMIN a clear colocalization could be 
found of NPY, DOC2 mRNA and xunc18 
mRNA. In animals adapted to a white-
background the SMIN inhibit a-MSH 
secretion from the melanotrope cells by 
releasing synaptically the inhibitory 
neurotransmitters GABA, dopamine and 
NPY to the melanotropes (de Rijk et al., 
1990, 1992; Roubos, 1997). Compared to 
animals adapted to a black background, the 
synapses in such animals show strongly 
enlarged synaptic junctions with numerous 
docked vesicles, which is in line with the 
high secretory activity of the SMIN (Berghs 
and Roubos, 1996). Our present study 
shows that the SMIN in such white-adapted 
animals strongly express DOC2 and 
xunc18 mRNAs, in contrast to other NPY-
containing neurons in the SC. Apparently, 
in the SC neurons that have a high 
secretory activity express DOC2 and 
xunc18 mRNAs at a high rate. Therefore, 
we propose that the intensity of expression 
of these mRNAs can be used as an 
indicator of neuronal secretory activity. 
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Figure 5. (A) In situ hybridization ofDOC2 
mRNA (A) and immunocytochemistry with 
anti-NPY(B) of the SC area. Double-labeling 
and confocal scanning laser microscopy shows 
coexistence ofDOC2 mRNA (C,E) and anti-
NPY peptide (D,F) in the SC. SCd, 
dorsomedial suprachiasmatic nucleus; SC^ 
ventrolateral suprachiasmatic nucleus. A,B: 
scalebar = 200 pm; C-F: scalebar = 20 μηι. 
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Physiological Control ofExocytosis Proteins 

in Xenopus Melanotropes 

ubmitted as "Physiological control of 
expression of типе 18 homologue in melanotrope 
cells of Xenopus laevis", with Sharon Kolk, 
Hubert Vaudry, Matthijs Verhage and Eric 
W. Roubos. 

The protein munc18-1 is implicated in the 

docking of synaptic vesicles at the synaptic 

junction prior to exocytosis. To investigate a 

possible physiological control of the expression 

of munc18-1, we studied the expression of the 

homologue of munc18-1 in the clawed toad 

Xenopus laevis, xunc18, in the brain and in the 

endocrine melanotrope cells in the intermediate 

lobe of the pituitary gland, both at the mRNA and 

the protein level. In animals adapted to a black 

background, the melanotropes release the 

peptide hormone a-MSH which induces 

darkening of the skin, whereas on a white 

background the cells do not release but store a-

MSH. The in situ hybridization expression levels 

of xunc18 mRNA in the various brain centres 

studied in black-adapted animals did not 

obviously differ from those in white-adapted 

animals. However, the Intermediate pituitary lobe 

of black-adapted animals revealed a strong 

hybridization signal whereas a weak signal was 

observed in the lobe of white-adapted animals. 

Immunoblotting of homogenates of single 

melanotropes of black-adapted animals with a 

munc18 antiserum demonstrated a xunclB-

speclfic immunosignal with an optical density 

that was 2.7 times as high as in melanotropes of 

white-adapted animals. 

The data show that the cytosolic protein 

and putative regulator of vesicle traffic, xunc-18, 

can be upregulated in conjunction with 

activation of secretion of a hormonal secretory 

product as a result of physiological stimulation. 
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INTRODUCTION 

The mechanism of secretion by exocytosis 
is conserved throughout evolution, from the 
yeast cell to mammalian neurons (Jessel et 
al., 1993; O'Connor et al., 1994; Rothman, 
1994), but the molecular aspects of this 
complicated process are far from 
understood. Currently, the exocytosis of 
classical neurotransmitters from synaptic 
vesicles is being studied extensively, and 
many proteins have been identified that 
may play a role in the different steps of the 
synaptic vesicle exocytosis cycle (Südhof, 
1995; Hanson et al., 1997). Among these, 
the protein munc18-1, originally cloned 
from rat brain (Hata et al., 1993), is of 
particular interest. In vitro, munc18-1 
interacts with the plasma membrane protein 
syntaxin I (Hata et al., 1993; Garcia et al., 
1994; Pevsner et al., 1994a,b) and with the 
vesicle-associated protein DOC2 (Verhage 
et al., 1997). It is assumed that munc18-1 
has an action that precedes exocytosis, 
namely enabling the docking of the synaptic 
vesicle at the synaptic junction (Pevsner et 
al., 1994a,b; Südhof, 1995). Vesicle 
docking is supposed to be essential for and 
unique to the localized and regulated event 
of classical neurotransmitter release. 

Studies on null mutants of munc18-1 
homologues гор in Drosophila (Harrison et 
al., 1994; Schulze et al., 1994) and SEC1 in 
yeast (Novick and Schekman, 1979) 
support the idea of an essential role of 
munc18-1 in secretion by exocytosis. 
However, up to now, all studies on the role 
of munc18-1 andmunc18-1 isoforms during 
exocytosis were carried out by genetic 
(Novick and Schekman, 1979; Harrison et 
al., 1994; Schulze et al., 1994) or 
biochemical (Pevsner et al., 1994a,b; 
Garcia et al., 1995) approaches. Here, we 
study munc18-1 regulation, addressing the 
question whether the expression of 
munc18-1 in a neural system is under 

physiological control. For this purpose, the 
neuroendocrine melanotrope cell of the 
South African clawed toad Xenopus laevis 
has been chosen, as its secretory activity 
can be physiologically manipulated in vivo 
by changing the background light intensity 
of the animal's environment. The 
melanotrope cells are situated in the 
intermediate lobe of the pituitary gland, and 
produce the proopiomelanocortin (POMC)-
derived peptide ot-melanophore-stimulating 
hormone (a-MSH), which is contained in 
secretory granules (Martens et al., 1980; 
Jenks et al., 1993; Roubos, 1997). When 
Xenopus is placed on a black background, 
the granules release a-MSH by exocytosis 
(Roubos and Berghs, 1993), while on a 
white background the melanotropes do not 
secrete a-MSH and store the peptide by 
accumulating secretory granules (Roubos 
and Berghs, 1993; Berghs et al., 1997). In 
this study, we have investigated the mRNA 
expression of the Xenopus munc18-1 
isoform, xunc18 (Berghs et al., subm.), by 
in situ hybridization of melanotrope cells of 
animals that had been adapted to either a 
black or a white background. In addition, 
the degree of xunc18 protein expression 
was studied by immunoblotting. The results 
show that the expressions of xund 8 mRNA 
and xund 8 protein depend on background 
light intensity, and they furthermore suggest 
that xund 8 is involved not only in secretion 
of classical but also of peptidergic 
neurochemical messengers. 

EXPERIMENTAL PROCEDURES 

Animals 

Adult Xenopus laevis were bred and kept in 
our laboratory stock, under constant 
illumination, at a water temperature of 22 
°C. They were adapted to either a white or 
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a black background for three weeks prior to 
the experiments. 

In situ hybridization 

Ten white-adapted and ten black-adapted 
Xenopus were anaesthetized with 0.1% 
tricaine methane sulphonate (MS222, 
Sandoz, Basel, Switzerland) and 
transcardially perfused with Bouin's fixative. 
Dissected brains were postfixed in the 
same fixative (16 h), dehydrated through a 
graded series of ethanol, and embedded in 
paraffin. Paraffin sections (6 \im) were 
mounted on poly-L-lysine-coated slides. 
Sections of white and black-adapted 
animals were processed on the same slide 
to ensure identical procedures. After 
deparaffination, sections were 
consecutively pretreated with 0.1% pepsin 
in 0.2 N HCl (15 min, 37 °C), 2% 
paraformaldehyde (5 min) and 1% 
hydroxylammonium chloride (15 min). 
Hybridization was executed for 16 h at 50 
°C in 4 χ SSC, 50% formamide, 1 χ 
Denhardt's, 10% dextran sulfate, 25 mM 
sodium phosphate (pH 7.4) and 0.2 mg/ml 
yeast tRNA, using the 724 bp xunc18 
mRNA probe described previously (Berghs 
et al., subm.). After washing in 2 χ SSC, 1 
χ SSC, 0.5x SSC and 0.1 χ SSC at 20 °C, 
and in 0.1 χ SSC at 37 °C, colour reaction 
was performed with nitroblue tetrazolium X-
phosphate according to the manufacturer's 
instructions (Boehringer, Mannheim, 
Germany). Specificity of the hybridization 
signal obtained was assessed in control 
experiments with sense RNA probe, and by 
treatment with RNAse A (20 μσ/ml). 
Treatment with 0.1 M triethanolamine was 
carried out to prevent aspecific binding of 
the probe. 

Cell isolation and immunoblotting 

One brain of a white-adapted and one brain 
of a black-adapted Xenopus were 

separately homogenized in sample buffer 
(62.5 mM Tris/HCI, 12.5% glycerol, 1.25% 
SDS, 0.0125% bromophenol and 2.5% ß-
mercaptoethanol), centrifuged (5 min at 
1,300 rpm), boiled and loaded on a 15% 
SDS-page together with low molecular 
weight markers (MW range 14-94 kDa). 

To show the presence of xunc18 
protein in melanotrope cells, immuno
blotting was carried out with melanotropes 
isolated from pituitary glands of black-
adapted and white-adapted animals. 
Melanotrope cells were isolated as 
previously described (Scheenen et al., 
1994) with some modifications. Briefly, 
animals were perfused with 10 ml Ringer's 
solution (112 mM NaCI, 2 mM KCl, 2 mM 
CaCI2, 15 mM Hepes; pH 7.4) to eliminate 
blood cells. Intermediate lobes were 
dissected, and 10 lobes of black-adapted 
animals and 10 of white-adapted animals 
were pooled for each experiment. Lobes 
were incubated in Ringer's solution 
containing 0.25% trypsin (Gibco, 
Renfrewshore, UK), and cells were 
dispersed by gentle trituration of the lobes 
with a siliconized Pasteur's pipette in 
Leibowitz's L15 medium to which 10% fetal 
calf serum (Gibco) had been added. 
Subsequently, single cells were collected 
and resuspended in sample buffer. 
Following the same procedure, single cells 
of 10 anterior pituitary lobes of white- and 
10 of black-adapted animals were obtained. 
Total brain fractions were obtained by 
homogenizing the brains of 10 white- and 
10 black-adapted animals in sample buffer. 
Protein contents on gel were the same for 
white- and of black-adapted animals, 
namely 0.13 pg per lane for total brain 
fractions, 62 ng per lane for melanotrope 
cells and 65 ng per lane for anterior lobe 
cells. A rat brain lysate with known protein 
content (10 μς/μΙ; Transduction 
Laboratories, Lexington, KY, USA) was 
used as a standard. 

Gels were blotted on nitrocellulose 
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using the Biorad mini-protean II cell system 
(Biorad, Hemel Hampstead, UK). Then, the 
nitrocellulose membranes were washed in 
TBS containing 0.2% Tween 20 (TBST) 
and incubated in block buffer (5% bovine 
serum albumin in TBST). Xunc18 and 
POMC proteins were studied by incubating 
corresponding blot parts with a munc18 
antiserum (type 6.12; 1:1000; K.J. de Vries 
et al., unpubl. data) and ST-62 POMC 
antiserum (1:1000), both in block buffer. 
The specificity of the POMC antiserum was 
previously demonstrated (Berghs et al., 
1997). Immunodetection was carried out 
with the peroxidase-antiperoxidase method 
using 3,3' diaminobenzidine 
tetrahydrochloride (DAB; Sigma, St. Louis, 
MO, USA) to reveal peroxidase activity. 

The intensity (optical density) of the 
DAB-peroxidase staining of the xunc-
immunoblots of single melanotropes of 
black and white-adapted animals was 
determined using Image Pro Plus software 
(Media Cybernetics, Silver Spring, MD, 
USA), after digitizing blots with a VIDAS 
system (Kontron, München, Germany). 
Optical density data of paired lanes (black 
versus white) of 6 blots were analyzed with 
Student's paired two-sample t-test for 
means (oc=5%). 

RESULTS 

Distribution of xunc18 in the Xenopus 
central nervous system 

In situ hybridizations with the 724-bp 
digoxigenin-labeled antisense RNA probe 
show high expression of xund 8 throughout 
the central nervous system of both white-
and black-adapted Xenopus (Fig. 1A). A 
strong staining was observed in the 
forebrain: in the olfactory bulb, the medial 
and lateral pallium (mp, Ip) and in the 

septum (ms, Is); in the midbrain: in various 
thalamic and hypothalamic nuclei, including 
the anterior (A) and ventromedial thalamic 
nuclei (VM), the magnocellular nucleus, the 
suprachiasmatic nucleus, the ventral 
hypothalamic nucleus (VH) and the 
posterior tubercle (TP); in the optic tectum 
(tect) and in the tegmentum (tegm); in the 
hindbrain in the cerebellum (Cb), the raphe 
nucleus (Rad) and the locus coeruleus 
(LC). 

When in situ hybridizations of the 
brains of white-adapted and black-adapted 
animals were compared, no obvious 
differences were observed either in the 
pattern or in the intensity of the signals. No 
labeling was obtained with the sense probe, 
while incubations with RNAse A after 
hybridization did not have any effect on the 
stainings. 

Expression ofxuncW in the pituitary gland 

While the expression patterns of xund 8 
mRNA in brains of white-adapted and 
black-adapted animals do not show an 
obvious difference, a remarkable difference 
was found with respect to the expression of 
xund 8 in the pituitary pars intermedia. The 
pars intermedia of white-adapted animals 
reveals a low signal whereas the lobe in 
black-adapted animals is very strongly 
stained (Fig. 1B,C). In the anterior lobe, 
endocrine cells of white- and black-adapted 
animals both show a moderate expression 
of xund 8. The corticotrope cells in the 
caudal part of the anterior lobe exhibit a 
rather high signal, but no difference in 
signal intensity in these cells was observed 
between white- and black-adapted animals. 

Xund 8 in single melanotrope cells 

Using a mammalian munc18-1 antiserum, 
a band of an estimated size of 67 kDa likely 
representing xund 8, was found in 
immunoblots of the Xenopus brain (Fig. 
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2A). The band was not visible when the 
antiserum had been preincubated with 10 
pg/ml purified munc18-1 protein. 
Immunoblotting of homogenates of single 
(isolated) melanotropes of both white- and 
black-adapted animals also reveals a 
clearly positive band at 67 kDa, indicating 
the presence of xunc18 (Fig. 2B). The 
intensity of this band is clearly higher for 
melanotrope cells of black-adapted animals 
than for those of white-adapted animals 
(mean ratio black/white ± S.E.M. = 2.7 ± 
0.5; n=6; ρ < 0.0001). This apparent 
upregulation of the xunc18 protein in lobes 
of black-adapted animals is concomitant 
with an elevation of the staining intensity of 
the POMC protein band (Fig. 2B). 
Homogenates of single cells isolated from 
the anterior lobe reveal clear signals with 
the munc18 antiserum, with similar 
strengths as the signals observed in 
homogenates of melanotrope cells from 
black-adapted animals. However, in 
contrast to the melanotropes, the signals of 
anterior lobe cells do not differ in intensity 
when black- and white-adapted animals are 
compared (Fig. 2B). Similarly, no 
differences were observed between xunc-
18 blots of brain homogenates of black-
and white-adapted animals. 

DISCUSSION 

Expression ofxunc18 

The mRNA expression of the Xenopus-
specific isoform xunc18 was studied in the 
Xenopus brain and pituitary gland. The 
cloned domain of xunc18 mRNA shows a 
high homology with the corresponding part 
of munc18-1 mRNA (76%; C.A.F.M. 
Berghs et al., unpubl. res.). The homology 
between xunc18 and munc18-1 is 
underlined by the fact that xunc18, like 

Figure 1. Non-radioactive in situ hybridization 
showing the expression ofXenopus-unc-18 in the 
Xenopus brain and pituitary gland. (A) 
Overview ofsagitally cut brain and pituitary of 
a black-adapted animal. Ace, accumbens; Cb, 
cerebellum; LC, locus coeruleus; mp, medial 
pallium; ms, medial septum; pit, pituitary; P, 
posterior thalamic nucleus; tect, tectum; tegm, 
tegmentum; TP, posterior tubercle; VH, ventral 
hypothalamic nucleus; VM, ventromedial 
thalamic nucleus. Bar = 150 μ*η. (B-C) 
Sagital sections of pituitary gland of white-
adapted (B) and black-adapted (C) Xenopus. 
pn, pars nervosa; pi, pars intermedia; pd; pars 
distalis. Bar = 35 pm. 
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murici8-1 (Hata et al., 1993; Garda et al., 
1995), is expressed throughout the brain. 
The expression patterns of xunc18 mRNA 
and xund 8 protein in endocrine cells in the 
intermediate and anterior pituitary lobes 
indicate that xund 8 has an action in 
endocrine cells and, consequently, may be 
involved not only in the release of classical 
(non-peptidergic) neurotransmitters but also 
in the secretion of peptide and protein 
(neuro)hormones. 

Physiological regulation of xuncW in 
Xenopus melanotropes 

The expression of xund 8 in Xenopus 
laevis endocrine cells appears to be under 
physiological control: while melanotrope 
cells in the intermediate pituitary of white-
adapted animals show a low expression of 
xund 8 mRNA, melanotrope cells of black-
adapted animals exhibit a high mRNA 
expression, as appears from the in situ 
hybridization studies. Similarly, the 
expression of xund 8 protein is high in 
melanotropes from black animals and low 
in cells from white-adapted ones, as 
demonstrated by the immunoblot studies. It 
is to be noted that the found 2.7 times 
difference in optical density of the single 
melanotrope fractions on the xund 8 
immunoblots is likely an underestimation of 
the actual difference of the xund 8 contents 
of melanotrope cells of black versus white 
animals, as the DAB-peroxidase staining is 
not a linear process, tending to reduce such 
differences, and therefore does not allow 
for the accurate determination of absolute 
differences in protein contents. 
Nevertheless, our approach is sufficient to 
support the conclusion that xund 8 
contents of melanotrope cells are 
substantially higher in black-adapted than 
in white-adapted animals. Therefore, we 
propose that both xunc-18 mRNA and 
xund 8 protein amounts are regulated by 
the background light intensity. Although 
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Figure 2 Western blot analysis (A) Proteins in rat 

bram (Rat), and m brains of black-adapted (BX) and 

white-adapted (WX) Xenopus, stained mth the muncl8-

1 antiserum Dark band represents типе 18-1 of 67 

kDa, according to Ion molecular weight markers. (B) 

xuncl8and POMCproteins m single melanotropes (M) 

and single cells from anterior lobe (A) of black-adapted 

(B) and white-adapted (W) Xenopus, stained mth the 

muncl8-l antiserum (top) and POMC antiserum 

(bottom), respectively 

endocrine cells in the anterior pituitary, 
such as the corticotrope cells, also express 
the xund 8 protein, they do not show an 
influence of background light intensity on 
xund 8 expression, indicating that the 
physiological regulation of xund 8 
expression by environmental light 
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conditions is specific for the melanotrope 
pituitary cells. 

XuncW and peptidergic secretion 
mechanisms 

Mund 8-1 is thought to be involved in the 
exocytosis of classical neurotransmitters 
from synaptic vesicles, in a process 
occurring prior to fusion, the so-called 
docking process at the synaptic junction 
(Garcia et al., 1994; Pevsner et al., 
1994a,b; Verhage et al., 1997). Although 
this idea suggests that the action of 
munc18-1 is restricted to the release of 
classical neurotransmitters at a specialized 
site of the presynaptic membrane, muncl 8-
1 has also been demonstrated to occur in 
endocrine cells (Hodel et al., 1994; Garcia 
et al., 1995; Jacobson and Meister, 1996). 
However, up to now the role of mund 8-1 in 
endocrine cells has not been elucidated. 
Previously, electron microscopy studies 
showed that melanotropes of black-adapted 
Xenopus laevis are actively secreting cells, 
while melanotropes of white-adapted 
animals do not actively release ct-MSH and 
store cc-MSH by accumulating their 
secretory granules (Roubos and Berghs, 
1993; Berghs et al., 1997; Roubos, 1997). 
Therefore, an upregulation of xunc18 in 
black-adapted versus white-adapted 
melanotropes would seem to reflect an 
activation of the machinery that controls 
exocytotic peptide hormone release. 
Mund 8-1 is thought to be involved in the 
docking of synaptic vesicles in mouse. On 
the basis of its homology with mund 8-1, it 
seems likely that xund 8 controls docking 
of peptide-containing secretory granules in 
Xenopus melanotropes. Although at the 
morphological level, specialized release 
sites such as present in synapses ('active 
zones') have not been identified in 
endocrine cells, it is known that peptide-
containing granules release their contents 

Proteins in Xenopus Melanotropes 

at special docking sites (Betzig and 
Chichester, 1993; Steyeretal., 1997), likely 
representing 'endocrine active zones'. 
Besides mund 8-1, various other 
exocytosis proteins, possibly involved in 
synaptic vesicle docking and/or fusion, 
have been found in endocrine cells (Hodel 
et al., 1994; Halachmi et al., 1995; 
Jacobson et al., 1995; Aguado et al., 1996; 
Orita et al., 1996; Sadoul et al., 1996; 
Valentijn et al., 1996), supporting the idea 
that the mechanisms for the exocytotic 
release of classical neurotransmitters and 
of (endocrine) peptides have much in 
common. We propose that the expressions 
of the various proteins participating in these 
mechanisms is under physiological control, 
as shown here for the regulation by 
environmental light input of xund 8 in 
Xenopus melanotropes. 
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General Discussion: 

Dynamics of Synaptic and Endocrine 

Communication in the Process of 

Background Adaptation 

In the research described in this thesis the 
effects have been studied on the regulatory 
effects of background light conditions on the 
melanotrope cells and their synaptic input in 
Xenopus laevis, with respect to morphology, 
classical and peptidergic messengers, and 
proteins involved in the secretory machinery. It 

Discussion and prospects is shown that both the melanotrope cells and 

their input synapses respond to the 
physiological stimulus with functional and 
morphological changes that reflect their activity. 
These activity changes are also present at the 
molecular level, as is apparent from the changed 
dynamics of biosynthesis of POMC-derived 
peptides and of the proteins involved in docking 
and exocytosis (xunc18 and DOC2). 



Chapter 7 

108 



Dynamics of Synaptic and Endocrine Communication in the Process of Background Adaptation 

STUDY OF REGULATED 
EXOCYTOSIS: THE XENOPUS 

MODEL OF BACKGROUND 
ADAPTATION 

Pharmacological studies on protein-protein 
interactions in the regulated secretory 
pathway have been hampered by the fact 
that the interactions are complex and 
difficult to reconstitute in vitro, as well as 
because one protein may play different 
roles in various trafficking steps. 

In the research described here, a 
physiological approach has been followed 
to study the dynamics of the classical and 
peptidergic messenger pathways, in the 
intermediate pituitary gland of the South 
African clawed toad Xenopus laevis. In this 
system, the levels have been delineated of 
physiological regulation of both pathways in 
the endocrine melanotrope cells and their 
inhibitory suprachiasmatic melanotrope 
inhibitory neuron (SMIN)-synapses. Placing 
the clawed toad on a white or a black 
background causes the modulation of the 
activity of the neuroendocrine system in the 
hypothalamus and of the melanotropes. 
Since both the messenger contents of the 
melanotropes as well as of their SMIN-
synapses are well-defined, this system 
serves as a suitable model to study 
neuroendocrine responses to physiological 
environmental stimulation. Moreover, the 
model is useful in studies of the exocytotic 
machinery (Fig. 1). 

PLASTICITY OF THE 
MELANOTROPE CELLS 

Background light intensity drastically 
changes the features of the melanotrope 
cells. In black-adapted animals, the 
melanotropes are large, suggesting a high 
cellular activity. However, in white-adapted 
animals, the melanotropes are small, 

indicating that they are inactive. In fact, the 
melanotropes of black-adapted animals 
have a 2.3 larger volume than cells of 
white-adapted animals (de Rijk et al., 1990; 
C.A.F.M. Berghs and W. van Staveren, 
unpubl. res). This increase in cell volume in 
black-adapted animals appears to be 
coupled to increased activity at various 
levels of the peptidergic secretory pathway 
in the melanotrope cell. 

Melanotrope cells of black-adapted 
animals show an extensive RER and many 
Golgi zones (Chapter 2), as well as high 
numbers of immature prohormone 
containing granules (Chapter 3), 
demonstrating highly active peptide 
production. In contrast, in white-adapted 
animals the prohormone production is very 
low: the cells show inconspicuous RER and 
few Golgi zones. In black-adapted animals, 
many immature, electron-dense, POMC-
containing granules are present, while such 
granules are almost absent from 
melanotropes of white-adapted animals 
(Chapter 3). In the latter, almost exclusively 
storage of mature granules takes place, as 
is visible from the crowded population of 
secretory granules, melanotrope cells and 
their inhibitory SMIN-synapses. Besides the 
production of prohormone, also the process 
of POMC processing to peptide end 
products seems to be physiologically 
influenced by background light intensity. 
This appears first of all from the fact that 
the immunolabeling patterns for N-acetyl-ß-
endorphin are much higher in black-
adapted animals than in white-adapted 
ones, both as to the number of granules 
immunolabeled as well as to the intensity of 
this labeling in a given granule (Chapter 2). 
The results indicate that, while acetylation 
of a-MSH occurs around exocytotic 
secretion (Martens et al., 1981; Verburg-
van Kemenade, 1987; Van Strien et al., 
1995), acetylation of N-acetyl-ß-endorphin 
and possibly other POMC-products occurs 
within the melanotrope cell. Since both 
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Figure 1. Physiological regulation of the melanotropes with SMIN synapses, in black-adapted (left) versus 
white-adapted (right) animals. The melanotropes of Ыаск-adapted animals are large, possessing an increased 
activity in production, processing and secretion of POMC-peptides (large arrows); their small SMIN-synapses 
are inactive. In contrast, melanotrope cells in white-adapted animals are small and inactive because their large 
SMIN-synapses actively release inhibitory neurotransmitters (small arrows). 

POMC-peptides are present within the 
same granules, acetylation occurs probably 
in a different fashion. The results 
furthermore indicate that N-acetyl-ß-
endorphin has some kind of regulatory 
function in the background adaptation 
process, in concert with a-MSH. Besides a-
MSH and N-acetyl-ß-endorphin, other 
POMC-peptides have been identified that 
showed a difference in quantity when black-
adapted and white-adapted animals were 
compared (Van Strien et al., 1996), but up 
to now the function of these proteins 
remains unknown. Secondly, the rates of 
formation of both a-MSH and N-acetyl-ß-
endorphin from POMC in the secretory 
granules of black-adapted animals are 
higher than in white-adapted animals, 
indicating regulation of peptide processing 
on the level of the secretory granules 
(Chapters 2 and 3). 

Another level of physiological 
regulation of background adaptation of 

melanotrope cell functioning occurs at the 
level of exocytosis of POMC-derived 
products. In black-adapted animals, 
exocytosis figures can be frequently seen, 
while these figures are absent in white-
adapted animals (Chapter 2). This 
observation is in line with the observed high 
release of a-MSH from black-adapted 
melanotropes versus the low a-MSH-
release from white-adapted melanotropes 
(see for review Roubos, 1997). Chapter 6 
shows that a higher release activity occurs 
in parallel with an upregulation of one of the 
proteins of the release machinery, 
Xenopus-unc-18. While the black-adapted 
melanotropes express high levels of xund 8 
mRNA and protein, low expression was 
found in white-adapted animals. Previously, 
we demonstrated a similar upregulation for 
*enopus-DOC2 (N. Korteweg et al., unpubl. 
res.), showing that the upregulation is not 
specific for xund 8, but also holds for 
proteins interacting with xund 8 (Verhage 
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et al., 1997). Also SNARE proteins seem to 
be involved in the upregulation of the 
secretory machinery in melanotropes of 
black-adapted animals (S.M. Kolk and R. 
Nordquist, unpubl. res.). In mammals, the 
homologue of xunc18 in mammals, 
munc18-1, is believed to be involved in the 
process of targeting/docking of classical 
messenger vesicles to their site of release 
(M. Verhage et al., unpubl. data; Berghs et 
al., unpubl. data). Therefore, it is presumed 
that in the Xenopus melanotrope cell the 
xunc protein exerts a similar function, 
namely in the docking of messenger 
vesicles. Possibly, xunc18 is involved in a 
docking step of the secretory granule at the 
melanotrope cell membrane. Although 
morphologically no active zones have been 
described in the melanotropes, it is 
believed that docking and secretion of 
peptidergic granules in other endocrine cell 
types occurs at special sites of the cell 
membrane, homologous to the sites where 
classical transmitter vesicles dock at the 
neuronal synaptic junction (Schroeder et 
al., 1994; Steyer et al., 1997). On the other 
hand, xunc18 might be involved in the 
release of acetylcholine from the 
melanotropes, as this classical 
neurotransmitter was recently found to be 
produced by the Xenopus melanotrope cell, 
acting as an autocrine stimulator of 
secretion of POMC-derived peptides (Van 
Strien et al., 1997). In other endocrine cells, 
acetylcholine-containing microvesicles have 
been identified (Bauerfeind et al., 1993), 
but up to now evidence for their presence in 
Xenopus melanotropes is lacking. 

Except for the protein machinery 
involved in docking/exocytosis, a number of 
other proteins that may regulate steps in 
the peptidergic pathway were found to be 
coordinately expressed with POMC as a 
result of adapting Xenopus to a black 
background. These proteins include the 
cFos protein (Ubink et al., 1997), the 
processing enzymes PC1 and PC2 (Braks 

et al., 1992), as well as other proteins, 
including ER-resident proteins (Holthuis et 
al., 1995) and proteins of the secretogranin 
family (Holthuis et al., 1996). Apparently, 
the physiological response of the 
melanotropes to background adaptation 
leads to an upregulation of the production, 
processing and release of peptidergic 
messengers, like tx-MSH and N-acetyl-ß-
endorphin, as well as upregulation of 
various proteins regulating different steps in 
the peptidergic pathway. 

PLASTICITY OF THE SMIN-
SYNAPSES 

Chapter 4 shows that background light 
intensity not only has an effect on the 
melanotrope cells, responsible for the 
endocrine reflex of background adaptation, 
but also on the SMIN synapses. When the 
synapses of white-adapted and black-
adapted animals were compared, clear 
morphological changes caused by the 
background adaptation process became 
apparent. First, the network of axon 
varicosities seemed to be more densely 
structured in white-adapted animals 
compared to black-adapted ones, and the 
varicosities appeared to be more clustered. 
This result could indicate that de novo 
synapses are being formed in the white-
adapted intermediate lobe, but it also might 
reflect a secondary effect of the 'shrinkage' 
of pars intermedia volume, as a result of 
decrease in melanotrope cell size, caused 
by white-adaptation. A clear effect was 
seen in the increase in size of the synapses 
in white-adapted animals compared to 
black ones, suggesting a higher synaptic 
activity. Another structural change of the 
synapses was found when the active zones 
were studied, where the release of the 
GABA-ergic SV takes place. The SV were 
encountered twice as frequent in white-
adapted animals than in black-adapted 
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animals. Moreover, also the number of 
GABA-ergic SV attached to the presynaptic 
membrane of the synaptic junction was 
twice as high in white-adapted animals than 
in black-adapted ones. This clearly 
indicates a higher activity of the classical 
messenger pathway at the level of release. 
Probably, the local recycling of the SV at 
the active zone is increased, although it can 
not be excluded that the SV are derived 
from the SV storage pool. For the clustered 
synapses, the lower number of SV in white-
adapted animals compared to black-
adapted ones could be explained by a shift 
of SV from the releasable pool towards the 
readily-releasable pool. 

For the DV, the situation is less 
clear. The DV contain both the peptide NPY 
and the classical neurotransmitter 
dopamine (see De Rijk et al., 1992). 
Although the significance of this differential 
storage of GABA versus NPY and 
dopamine is not known, dopamine and 
NPY both inhibit POMC synthesis stronger 
than does GABA. Also, in vitro they inhibit 
POMC biosynthesis over a prolonged 
period of time, while the effect of GABA is 
only short-term as a result of GABA 
receptor desensitization (Dotman et al., 
1996). The clustered synapses in white-
adapted animals show a lower number of 
DV, which could be explained by a higher 
release activity of DV. 

Similar changes in synapse size and 
strength, measured by the incidence of the 
synaptic junctions and docked vesicles, 
have been explained in terms of changes in 
the strength of connections between 
neurons involved in learning processes 
(Hawkins et al., 1993). The synapse 
plasticity observed here might be a very 
similar process, suggesting that the SMIN-
melanotrope cell system may be of 
relevance for research on the mechanisms 
of long-term neuronal changes such as in 
learning and memory. 

Proteins involved in synapse 

plasticity, synapse strengthening as well as 
vesicle docking are likely to be 
physiologically influenced in the SMIN-
melanotrope system. For the Xenopus 
homologues of munc18-1 (xunc) and 
DOC2, a first indication of such a 
physiological regulation in this system was 
found: both are strongly expressed at the 
level of mRNA in the SMIN, and in the 
melanotrope cells in black-adapted animals 
they are clearly stronger expressed than in 
melanotropes in white-adapted animals 
(Chapter 6). In mammals, munc-18 and 
DOC2 are believed to have coordinate 
interactions in vesicle docking (Verhage et 
al., 1997). Chapter 5 supports this 
hypothesis by showing that the two proteins 
occur colocalized ubiquitously in the brain. 
It remains to be elucidated whether the 
SMIN-synapses show a higher expression 
of these release machinery proteins in 
white-adapted animals than in black-
adapted animals, which would be in line 
with the higher secretory activity of the 
SMIN-synapse in white-adapted animals 
(Chapter 4). 

In conclusion, the endocrine and synaptic 
responses to background adaptation 
observed in the intermediate pituitary have 
been used to investigate the dynamic 
responses of the messenger pathways to 
physiological stimulation (Fig. 1). The 
melanotrope cell serves as a good model to 
investigate the various steps in the 
peptidergic secretory pathway, since 
background adaptation physiologically 
regulates the cell's prohormone formation, 
processing and exocytosis of bioactive 
peptides (e.g. a-MSH and ß-endorphin). 
Also proteins involved in regulation of one 
of these steps can be investigated by 
physiological stimulation of the 
melanotropes, as was shown for xunc18 
(Chapter 6) and DOC2 (Korteweg et al., 
unpubl. res.). The SMIN-synapses are 
suitable to study the plasticity of the 
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classical secretory pathway because of 
their strong adaptive changes to external 
stimulation. The expression of proteins 
involved in the regulation of classical 
messenger release can be readily 
examined in this physiological system, as 
the relevant neuronal cell bodies in the 
hypothalamus have been identified. On the 
other hand, since the SMIN-synapses 
contain three different types of messenger 
{i.e., a neuropeptide, NPY, and the 
classical neurotransmitters dopamine and 
GABA), it might serve as a model to study 
a possible differential release of peptidergic 
versus non-peptidergic messengers. 

FUTURE DIRECTIONS AND 
PERSPECTIVES 

The plasticity caused by a physiological 
stimulus in the melanotrope cells and their 
synapses, and the role of exocytosis-
associated proteins in this plasticity should 
be further investigated. First, the exocytosis 
apparatus of Xenopus synapses and 
endocrine cells needs to be characterized 
in more detail. Up to now, Xenopus 
homologues have been found for munc-18, 
DOC2, Rab3A and SNAP25, which 
indicates that the release apparatus of 
Xenopus is very similar to the mammalian 
secretory machinery. 

Besides in vivo studies, the Xenopus 
melanotrope cells are excellent tools to 
study the action of the release proteins in 
vitro. By studying melanotropes using 
antibodies against the various exocytosis 
proteins, a given protein can selectively be 
'knocked-out'. Since the melanotropes can 
be kept in vitro both under 'black' (no 
inhibition) or 'white-adaptation' (by adding 
NPY; Dotman et al., 1996) conditions, the 
function of a protein in secretion can be 
studied in active and inactive melanotropes, 
respectively. Moreover, by using 
immunogold labeling on permeated cells 

the localization of the exocytosis proteins 
can be elucidated. Eventually, the role of a 
given secretory protein might be studied in 
Xenopus from which the gene concerned 
would have been knocked-out genetically. 

For the SMIN-synapses, many 
questions remain concerning the regulation 
of their plasticity and the proteins involved 
in that process. An interesting protein to 
study in this respect will be Rim, which is 
the first protein to be specific for the active 
zone, although its exact role is unknown 
(Wang et al., 1997). Since in the white-
adapted animals many more active zones 
occur than in black-adapted animals one 
would expect that in white animals a Rim
like protein is stronger expressed. By 
studying the expression of such a protein at 
various time intervals during adaptation, for 
example by ¡mmuno-electron microscopy, 
more insight could be obtained about the 
temporal aspects of synapse plasticity. The 
experiments described in this thesis on 
SMIN-synapse plasticity as a result of 
background adaptation were executed with 
animals that had been adapted to either a 
changed background for three weeks, but 
preliminary experiments have indicated that 
the extent of the inhibitory network of SMIN-
synapses still increases after such a period 
of adaptation (C.A.F.M. Berghs and M. 
Willemsen, unpubl. observations). 
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Samenvatting 
(Summary in Dutch) 

In een multicellular organisme is 
intercellulaire communicatie noodzakelijk 
om groei, ontwikkeling en activiteit van 
weefsels en organen te reguleren. Cellen 
maken hiervoor gebruik van chemische 
boodschappers. Deze moleculen worden 
verpakt in blaasjes, en getransporteerd 
naar de plasmamembraan waar zij in de 
extracellulaire ruimte worden uitgescheiden 
doordat de membraan van het blaasje 
fuseert met de plasmamembraan 
('exocytose'). De boodschappers behoeven 
niet direct aan de omgeving te worden 
afgegeven, maar kunnen eerst worden 
opgeslagen totdat de cel een specifiek 
signaal krijgt om de boodschappers te 
exocyteren. Deze wijze van voorwaardelijke 
secretie vindt men bij kliercellen, 
zenuwcellen (neuronen) en (neuro) endo
criene cellen. Op deze manier zijn deze 
cellen in staat om in een korte tijd een grote 
hoeveelheid boodschapper af te geven. In 
neuronen en neuroendocriene cellen 
worden twee categoriën boodschappers 
onderscheiden, de zogenaamde klassieke 
boodschappers, waaronder acetylcholine 
en γ-aminoboterzuur (GABA), en de 
peptiderge boodschappers (peptide- en 
eiwit-hormonen). De twee typen 
boodschappers worden in het algemeen in 
verschillende blaasjes opgeslagen. Terwijl 
klassieke boodschappers worden 
aangetroffen in kleine, electronen-lichte 
blaasjes, bevinden peptiderge bood

schappers zich in grote, electronen-dichte 
blaasjes. Het bestaan van twee 
verschillende typen boodschappers in 
verschillende blaasjes duidt op twee 
verschillend gereguleerde secretieroutes in 
de cel, een zogenaamde "klassieke route" 
en een "peptiderge route", ledere route 
blijkt te bestaan uit een aantal stappen die 
uiteindelijk uitmonden in exocytose. Met 
farmacologische experimenten zijn al veel 
eiwitten geïdentificeerd die betrokken zijn 
bij de regulatie van deze stappen. De 
regulaties berusten op complexe interacties 
tussen deze eiwitten. De dynamiek van 
deze interacties is echter als gevolg van de 
sterk vereenvoudigde in vitro condities nog 
relatief onbekend. 

In dit proefschrift wordt een neuro-
endocrien systeem gepresenteerd om de 
dynamiek van de klassieke en peptiderge 
secretie route in vivote bestuderen. Hierbij 
wordt gefocusseerd op 1 ) de productie van 
boodschappers, 2) de dynamiek van hun 
afgifteplaats (de synaps), en 3) de eiwitten 
die betrokken zijn bij de boodschapper-
exocytose ('exocytose-eiwitten'). Het 
systeem is de hypothalamus-hypofyse-as 
van de Zuidafrikaanse klauwpad Xenopus 
laevis. Het biedt de mogelijkheid om de 
peptiderge en klassieke secretieroutes te 
bestuderen onder verschillende toestanden 
van externe, fysiologische regulatie: 
verandering van de lichtintensiteit van de 
ondergrond leidt tot veranderingen in de 
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lichtintensiteit van de huid van de 
klauwpad; dit is het gevolg van regulatie 
van zowel klassieke als peptiderge 
secretieroutes in the hypofyse. Hierdoor 
kunnen zowel de dynamiek van beide 
routes als van de betrokken chemische 
boodschappers en de exocytose eiwitten 
onderzocht worden, zonder hierbij het in 
vivo systeem te verstoren. 

De dynamiek van de peptiderge 
secretieroute is onderzocht in de 
melanotrope cellen in de intermediare lob 
van de hypofyse. Deze cellen zijn 
verantwoordelijk voor het proces van 
achtergrondadaptatie van de klauwpad. 
Wanneer het dier zich op een donkere 
ondergrond bevindt produceren deze cellen 
het hormoon cc-MSH (melanoforen-
stimulerend hormoon), een peptide dat na 
afgifte aan het bloed de verspreiding van 
het pigment melanine in speciale huidcellen 
(melanoforen) stimuleert, waardoor de huid 
donker van kleur wordt. Het a-MSH wordt 
proteolytisch gekliefd uit het precursor eiwit 
pro-opiomelanocortine (POMC). POMC 
levert nog een aantal andere peptiden, 
waaronder ß-endorfine. Op een lichte 
ondergrond wordt de afgifte van a-MSH 
geremd, evenals de productie van POMC, 
waardoor de klauwpad licht van kleur wordt. 

In de hoofdstukken 2 en 3 wordt 
beschreven hoe de klieving van POMC tot 
a-MSH en ß-endorfine plaatsvindt tijdens 
de vorming en rijping van secretieblaasjes. 
Het blijkt dat in de melanotrope cellen drie 
verschillende typen secretieblaasjes 
voorkomen, die ieder een ander stadium 
van peptide-maturatie vertegenwoordigen. 
Achtergrondadaptatie heeft een effect op 
de vorming van nieuwe blaasjes, op de 
klieving van de POMC-peptiden in de 
blaasjes, en op de exocytose van deze 
peptiden. 

De dynamiek van de klassieke 
secretieroute is bestudeerd in Synapsen op 
de melanotrope cellen. Deze Synapsen 
vinden hun oorsprong in neuronale 

cellichamen in de nucleus 
suprachiasmaticus (Suprachiasmatic 
Melanotrope Inhibiting Neurons, SMINs) die 
verantwoordelijk zijn voor de inhibitie van 
de a-MSH-afgifte door de melanotrope 
cellen wanneer de klauwpad zich op een 
lichte ondergrond bevindt. De Synapsen 
bevatten klassieke, kleine electronen-lichte 
blaasjes, waarin zich GABA bevindt, en 
peptiderge electronen-dichte blaasjes 
waarin zowel dopamine als het 
neuropeptide Y (NPY) zijn opgeslagen. In 
hoofdstuk 4 wordt aangetoond dat 
achtergrondadaptatie de morfologie van de 
inhibitoire Synapsen en hun 
boodschapperblaasjes sterk beïnvloedt: in 
wit-geadapteerde dieren zijn de Synapsen 
groter en liggen veel dichter bijeen dan in 
zwart-geadapteerde dieren. Ook het aantal 
structuren waar afgifte van klassieke 
boodschapper plaatsvindt, de zogenaamde 
'synaptische juncties', en het aantal 
electronen-lichte blaasjes dat tegen deze 
juncties aanligt, is veel groter in wit-
geadapteerde dan in zwart-geadapteerde 
dieren. Dit wijst op een sterke activatie in 
wit-geadapteerde padden van de klassieke 
secretieroute op het niveau van de 
exocytose van de boodschapper GABA. 

In het onderzoek dat beschreven 
staat in de hoofdstukken 5 en 6 is de 
invloed van twee speciale exocytose-
eiwitten op beide secretieroutes in de 
intermediaire lob van hypofyse beschreven. 
Het betreft hier Xenopus-homologen van de 
zoogdier-eiwitten munc-18 en DOC: 
Xenopus-und 8 (xunc) en Xenopus-DOC2. 
Beide eiwitten lijken een rol te spelen in het 
leggen van het eerste contact ('docking') 
tussen het klassieke secretieblaasje en de 
synaptische junctie. De mRNAs van beide 
eiwitten komen samen voor in alle 
belangrijke hersenkernen van Xenopus, 
hetgeen suggereert dat de eiwitten 
samenwerken in de controle van 
boodschapper afgifte. In de SMINs van wit-
geadapteerde dieren laten zowel xunc-
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mRNA als DOCmRNA een sterke expressie 
zien. Ook in de melanotrope cellen zijn 
beide eiwitten blijkbaar aanwezig: 
melanotrope cellen van zwart-
geadapteerde dieren tonen een sterke 
expressie van beide mRNAs, terwijl cellen 
van wit-geadapteerde dieren bijna geen 
DOC- of xunc18-mRNAs bevatten. Dit duidt 
er op dat de mRNA expressies van DOC en 
xunc-18 fysiologisch worden gecontroleerd. 
Het wordt gesuggereerd dat beide eiwitten 
ook de exocytose van peptiderge 
boodschappers reguleren. 

In hoofdstuk 7 tenslotte.worden de 
resultaten bediscussieerd in de context van 
de fysiologische regulatie van de twee 
neuronale/neuroendocriene secretieroutes 
in de hypofyse van Xenopus laevis. 
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Multicellular organisms use messenger molecules 

for intercellular communication, which is 

necessary to regulate the growth, development 

and activity of their tissues. Neurons and 

endocrine cells store their messengers in vesicles, 

until a special signal triggers the release of the 

messengers. Although these cells have a large 

variety of classical and peptidergic messengers, 

two types of vesicles can be distinguished, small 

electron-lucent and large electron-dense ones. 

The vesicles travel to the cell membrane via 

distinct pathways that eventually lead to 

secretion (exocytosis) of the messengers. This 

thesis describes a neuroendocrine system to study 

the dynamics of the two secretory pathways, 

namely in the intermediate pituitary of the 

clawed toad Xenopus laevis. 


