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EDITORIAL 

The organisation in November 1990 of a First Belgian Congress of Zoology at 
Antwerp turned out to be a very successful initiative of the Royal Belgjan Zoologi­
cal Society (Koninklijke Belgische Vereniging voor Dierkunde/Société Royale belge 
de Zoologie), and was followed by subsequent congresses at Diepenbeek in 1991 
and at Liège in 1993. During the Liège congress, fruitful discussions with a visiting 
delegation of the Dutch Zoological Society and contacts with the «Association des 
Biologistes Luxembourgeois » later on, resulted in the plan to organise a zoological 
congress at the Benelux level. 

On 4 and 5 November 1994, this First Benelux Congress of Zoology took place 
at Leuven, hosted by the Zoological Institute of the Catholic University of Leuven. 
During a busy two-day programme covering ail aspects of zoology, 66 lectures and 
98 posters presentations were scheduled, 

The enthusiastic attendance of 208 participants from the three Benelux countries 
resulted in the immediate offer from the Dutch colleagues to organise the Second 
Benelux Congress of Zoology to be held at Leiden in November 1995. 

As usual, many of the presenta tions came from young « newly hatched » 
researchers presenting their very first results. According to the tradition in place 
since the lst Belgian Congress of Zoology one of them was given an awarded for 
the best oral and one for the best poster presentation. We take here the opportunity 
to mention ail those who have received these awards in last five years : 

Best oral presentation : 
1990, 1 BCZ, Antwerp : Patrick Valckenberg (FUNDP) 
1991 , 2 BCZ, Diepenbeek : K . Van den Branden (UCL) 
1992, Jongerendag/Journée des Jeunes, Brussels : Hendrik Plompen (UA) 
1993, 3 BCZ, Liège : Frédérique Luizi (F UNDP) 
1994, 1 Benelux CZ, Leuven : Farid Dahdouh-G uebas (VUB) 

Best porster presentation : 

1990, 1 BCZ, Antwerp : Hilde Sluyts (UA) 
199 1, 2 BCZ, Diepenbeek : Véronique Delheusy (ULg) 
1992, Jongerendag/Journée des Jeunes, Brussels : G riet Wouters (KULeuven) 
1993, 3 BCZ, Liège : Hans De Wolf (UA) 
1994, l Benelux CZ, Leuven : Samantha Delafaille (UA) 

For the first time the results of the Congress are collected in a Proceedings 
volume (issue 125/ 1 of the Belgian Journal of Zoology). Sorne 30 contributions 
were sent in and peer reviewed as normal contributions for the BJZ. Unfortunately 
nine of them requi red a major revision and could not be reworked in due time for 
this issue. Almost ail of those came from young and clearly inexpierenced young 
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people making a first attempt to publish. We most sincerely hope that the rejection 
of their very first effort does not disappoint them and that it will be more an 
encouragement to do better next time. 

Two contributions came from Luxemburg colleagues (one joint with Belgians) 
while only three Dutch contributions (of the 25 presentations at the congress) were 
sent in for these Proceedings. The Belgian Journal of Zoology is clearly insuf­
ficiently known by the Dutch zoologists ; we do hope that more Belgians will con­
tribute to the Proceedings of the 2nd Benelux Congress of Zoology (to be published 
in the Netherlands Journal of Zoology), and that these Benelux Congresses and 
these Proceedings will lead to a better knowledge and appreciation of our mutual 
Societies and publications. 

Johan BILLEN 

Organiser of the 1 st BCZ 

Ernest SCHOCKAERT 

Editor Belgian Journal of Zoology 
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COMMUNICATION : THE KEY TO DEFINING « LIFE », 
« DEATH » AND THE FORCE DRIVING EVOLUTION. 

« ORGANIC CHEMISTRY-BASED- » 
VERSUS « ARTIFICIAL » LIFE 

by 

A. DE LOOF (*) and J. VANDEN BROECK 

Zoological Institute of the K.U. Leuven, 
Naamsestraat, 59, B-3000 Leuven, Belgium 

SUMMARY 

Plausible definitions of« life » and « death » can be simply derived by combining the prin­
ciples of compartmental organisation of the living state, with the principles of communication 
and those of llya Prigogine's «dissipative systems». Prokaryotes have only one compartmen­
ta l level , but ail other living systems have several, up to about fifteen in the tentative 
classification system we propose. From the principles of communication a nd information it 
can be understood why « life » is more than just part-and-parce( of chemistry and physics : 
information in itself bas no units of force or energy. Since communication is the cornerstone 
of life, a living entity dies when it irreversibly looses its ability to communicate at its highest 
level of compartmental organization. lt is not important tha t lower levels of compartmental 
organisation, if present, retain their ability to communicate. Since « death » is the irreversible 
end of« life », it follows that a compartment starts to live when it acquires the ability to com­
municate a t its highest level of compartmentalisation. Therefore, « life activity » (L) of com­
partment S at moment t is the total sum of ail acts of communication (C) perfo rmed by this 
compartment (with its different level s of organization, from 1 to j) at moment t. Thi s can be 
mathematically expressed as : 

J 
L(S,t) = L C(S,t). 

1 

Biological li fe as contrasted to a rtifici al life, cannot be sustained witbout transmembrane 
grad ients because of their crucia l role in communjcation. Tberefore, « Life » co uld not exi t 
before some primordia l aggregate compa rtmenta lized and acquired the a bility to u ta in a 
gradient over its limiting membrane and thus established a comm unication channel. Com­
munication at the level of the plasma membrane requ.ires a moderately « leaky » membrane 
to make transmembrane ion fluxes possible : th us « li fe » started with an imperfect (leaky) 
membrane in combination wi th a chemical gradient (which is by defi nition a thermodynamj­
ca lly far-from -equilibrium state) esta blished tbrough the membrane. Su taiillng a chemical 

(*) 1 nvited speaker. 
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gradient requires energy, part of which is used to create order out of disorder. These are 
elements of dissipative systems. Gradient formation , which is a crucial event in life, which is 
often neglected in many fields of biology, is the primary force to self-selection and evolution. 
Thus, life on one hand and self selection and evolution on the other are inseparable as the 
two sides of a coin . Communication is not only the very essence of « life » but at the same 
time, it is a major driving force of (its own) evolution. This approach leads to a holistic type 
of biology in which communication plays a centra l role, and for which the name « dissipative 
biology » or «non equilibrium biology » is proposed. Our approach also allows to make the 
distinction between « organic chemistry-based life » and « artificial (man-made) life ». 

Key words : definition of life, artificial life, artificial intelligence, dissipative systems, cell biol­
ogy, endocrinology, cytoskeleton, evolution , Darwinism. 

INTRODUCTION 

The term « life » as it is da ily used has different meanings in e.g. « life span », 
« life quality », « life cycle », « life as the difference making property between 
inanimate and animate ma tter », etc. This leads to the erroneous impression tha t 
« life » is such an abstract term that it cannot possibly be comprehended by the 
human mind and could not be defined. 

According to SCHEJTER and AGASSI (1994), an adequa te definition of « life » 
should include : « Apart from its not being tri te and uninformative (circula r, to use 
a traditional term) , it should be neither too wide nor too narrow; it should not 
exclude living things and it should not include dead ones. Furthermore, it should 
not make biology pa rt-and-pa rce! of chemistry and physics. » 

WHAT IS « DEATH »? 

In trying to define life and death , a va riety of approaches have been used over 
the years (e.g . SCHRÔDINGER, 1946; D E D uvE, 1991 ) but none of them has as yet 
yielded a sati sfying result. We have used a different approach of asking and answer­
ing some simple questions. 

l. What is missing in fo llowing sentences? 

- « There is joy because of birth ». 
- « There is sorrow because of death ». 

These sentences a re ambiguous because it is no t known who or what is born or 
died : a baby, grand fa ther, the canary, a cat etc. T his means tha t « death » and 
« life » have to be connected to wha t we refer .to with a general term as a « com­
partment » in order to make sense . T his raises the question what types of biologi­
ca l compartments ex.i st in nature. One possible way of bringing some order in 
the m ul titude of poss ible compartments is shown in F ig. 1. 

2. At what moment does a living organism, or a living system cease to be alive ? 
What is the difference between being alive, no longer alive, or no t yet being 
a li ve ? 

·-
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a. the multicellular organismal level : 

A vertebrate is assumed to be dead upon decapitation, even though some ver­
tebrates such as birds and eels continue to move for a white in an uncoor­
dinated way. Immediately after decapitation the vast majority of the cells, 
tissues and organs of the body are still alive and can be used in organ trans­
plantation or cell/tissue culture. 

b. the eukaryotic cell level : 

Upon homogenization a cell is no longer alive although its ceU organelles that 
are prokaryotic in origin such as mitochondria and chloroplasts, may still be 
functioning. Isolated chloroplasts that are injected into a chicken egg that is 
properly illuminated, will multiply and colonize the chicken egg. 

c. the level of the population : 

The same duality is present at the highest level of organization, the popula­
tion. Imagine that ail individual members of a small population of animais 
are separated from each other until they completely and irreversibly !ose con­
tact. The individual members are still alive, they can metabolize, grow, cope 
with entropy, respond to a variety of stimuli and adapt to short term chang­
ing conditions in the environment, evidently within certain Iimits. Despite ail 
of this, we conclude that the population does no longer exist. 

d . the level of the prokaryotic cell or of membrane-limited cell organelles : 

At the primitive end of organizational complexity (Fig. !) dual existence is no 
longer found. After homogenization nothing remains alive. A mitochondrion, 
a chloroplast or a prokaryote ceases to live after irreversible disruption of its 
limiting membrane, e.g. by ultrasonic homogenization. Under proper condi­
tions membrane fragments can still perform some metabolic functions , they 
are complex, but they are not considered to be alive. Disruption of the plasma 
membrane ends existing gradient(s) across this membrane. 

From these four examples we conclude that : «A compartment dies when it 
irreversibly Jooses its ability to communicate at its highest Jevel of compartmental 
organization ». It is the highest level of compartmen ta lizaüon that matters. ln a 
population, the highes t level of organization is reached when individual members 
communicate. ln the vertebrate the centra l nervàus system makes communication 
possible at the organismal level : this coordination system is irreversibly destroyed 
by decapitation. In the eukaryotic cell the highest level of communica tion is a t the 
level of the plasma membrane; and in the prokaryote or organelle of prokaryotic 
origin, communication occurs with the outside world across the limiting membrane. 
If « Death » is the irreversible loss of the ability of a given compartment to com­
municate at its highes t level of compartmental organization , it follows that a given 
compartment starts to live from the moment that it acquires the ability to com­
municate at its highest level of compartmental organization. Therefore, a compart­
ment is alive when it has the ability to communicate as a whole with its « environ­
ment ». 
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Fig. 1. - Levels of compartmentalization a nd means for generating daughter compartments. 

The simplest level of compartmentaliza tion is the monomembrane type to which belong the 
bacteri a and membrane-limited cell o rga nelles like mitocho ndria and chloroplasts ( 1). The 
most complicated one which is the one with the la rgest number o f differen t subcompartments, 
is the planetary one ( 15). Different levels o f compa r_tmenta liza tion are possible within one and 
the same organism (1-8) , within one species- (9-1 3) and within polyspecies compartments (14-
15) . 
For generating additional levels of compa rtmen taliza tio n, several systems are used. A widely 
used one is the internaliza tio n of nove! compartments in existing ones : 1. membrane-limited 
compartments withi n an outer mem brane compartment (the eukaryot ic type, 2) ; 
2. epithelium- limi ted compartments with in an outer epitbelium (6) ; 3. organism(s) witb in 
organ ism ( 12, 14) ; 4. subpopul ation(s) within popu lation (13). Another one is the aggregation 
of compartments (3, 4, 5, 9, etc.). T he communication between the constituent compartments 
can be in te rmittent, e.g. through gap junctions between neighboring cells (4a) or more perma-
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nent hke in case of cytoplasmic bridges, e.g. in Fungi, or in meroistic insect ovarian fo llicles 
or in myoblasts which fusecl into a muscle fiber. A third system is segmenta tion (7). A fourth 
one is the enlargment of a compartment by tools (tao! utilisali~n or toolisation) (8). A fifth 
one is the spreading of the genes needed for rep roduction over more than one individual ( 10, 
11 ). For splitting off daughter compartments (reproduction), the varia bility in systems is 
rather Iimited : mitosis, meiosis, systems for asexua l reproduction (e.g. 3, 6), systems for 
speciation (12) etc. Evidently, in some systems several mechanisms can be simultaneously 
operatio na l. Other approaches fo r categorizing levels of compartmentalization than the one 
used in this figure are possible. T he majority of the levels of compartmentalisation depicted 
in this figure correspond to revolutiona ry steps in macroevolution. 

Linear biology mainly deafs wilh the description of the generation and functioning of the dij: 
f erent levefs of compartmentalizat ion as outlined in this figure. 
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COMMUNICATION IS TRANSFER OF INFORMATION 

Since communica tion is essential for living, a few words about its nature may 
be helpful for the non-specialists. 

The basic anatomy of a communication system is : a sender produces a (coded) 
message which is released into a communication or transmission channel through 
which it is transmitted to a receiver-decoder-amplifier-responder (GERAERTS et al., 
1994). This is illustrated in Fig. 2. 

ENVIRONMENT 

Emission of signal 

or/and 

SENDER - ENCQDER 

Production, (processing), 

(temporary storage), 

release of message(s). 

COMMUNICATION CHANNEL 

Environmental 1 Direct 1 Volume ~nd 1 Wiring 1 Hormonal 
paracrme 

These are ways of transmitting messages on their way to the 

RECEIVER-DECODER-AMPLWIER-RESPONDER 

Elements: receptors , signal transduction and amplifying systems , control of 

physiological functions in receiver, and , if relevant , in linked 

compartments . Feedback mechanisms (Fbm) whereby the receiver becomes 

in its tum a sender-encoder are possible. 

• 
1 

1 

1 

1 

1 

1 

Fbm 

.J 

Fig. 2. - Schematic representation of the di ffe rent elements of a communication system. 

Informatio n can be defined as any change with in a commu nication sys tem 
which affects any component of tha t system (V AN POECKE, 1994) . 

The essence of the diffe rent aspects of communication can be summarized as 
fo llows : « Communication is transfer of info rmation which in itself does not have 
uni ts of fo rce or energy. T his works as fo llows : either the environment or a sender­
encoder delivers some sort of (encoded) message, which is transmitted through a 
communication channel. After having been perceived by a competent receiver­
decoder, the message controls there (and perhaps as well in compartments inter­
Linked with this receiver through some communication channel) the use of a specific 
form(s) and quantity of prestored energy at a specific time(s). T his energy can then 
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be used for doing some kind of « work » as this is defined in physics, to engage in 
other acts of communication (e.g. feedback mechanisms) and/or to counteract 
entropy (i.e. to prevent the system's break down). » In biological systems the role 
of communication and signal perception is most probably to adapt or change the 
use of biochemical and gradient-energy to the present or future needs of the system, 
especially according to changing « environmental » situations. This does not imply 
that ail communication acts are (equally) useful or meaningful. 

INTERMEDIA TE ACTS OF COMMUNICATION 

A living system communicates with its environment, it reacts upon changes and, 
in some instances and to some extent, it even learns to ccntrol its own direct 
environment. Biological communication systems are very complex and cannot be 
discussed in detail in this paper ; a summarizing cartoon is given in Fig. 3. To trans­
form incoming information and translate it so that an organism will react to it, 
intermediate processes named « pathways » and « networks » are involved. An 
example is a hormone that binds to a receptor, causing an ion channel to open, the 
membrane potential changes, there is a Ca 2 + explosion in the cytoplasm, the cyto­
skeleton contracts, protein synthesis is influenced, etc. : such intermediate processes 
are analogous to different steps in a chain-reaction. We will refer to them later as 
« acts of communication». Besides the qualitative complexity, there are also quan­
titative differences : e.g. a given « intermediate process » can have a greater im.pact 
than other ones. Biological systems manage to integrate (« add up ») ail these acts 
of communication. Therefore, the result of this integrative process (the «total sum 
of ail acts of communication») performed by a given compartment can be regarded 
as the « Life activity » that is produced by this compartment. This Life activity can 
be considered at a given moment t or over a given interval of time (trt 1). 

GENERAL DEFINITIONS OF « LIFE ACTIVITY » 

Let us consider the « life activity » (L) generated at the level of a given popula­
tion (P). If « L » of population P is the « total sum (2:) of ail acts of Communica­
tion » at the level of this population and if P is alive, this sum is larger than zero. 
This can be represented mathematically as : 

population level 
L(P) = 2: Communication acts (P) > O. 
Since life is never constant, the acts of communication change ail the time . There­
fore, one has to indicate the moment (t) at which the acts of communication are 
considered : 

population level 
L(P,t) = 2: Communication acts (P,t) > O. 
If a given compartment (or system) is represented by S and its (h ighest) level of 
compartmentalization is j , the general formu la becomes : 
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Fig. 3. - Schematic but evidently incomplete overview of the major systems for comm unjca-
tio n present at the cellula r level. 

Messages, whatever their nature, have to be « interpreted » either by recept.ors (R 1, R 2 , R 3) 

present in the plasmamembrane (2a , b, c) or/a nd in subcellular compartments ( 1, 2). Inor­
ga nic ions/electrical events play a predomina nt role in communjcation systems (1 , 2 : ch 1.2,3 .4 

= ion channels). The arrows in the ionic pumps a re not meant to indicate the actu al 



" 

1-
a: 
0 
a.. 
Cf) Cf) 

2~ 
<tw 
a: 1-
1- Cf) 
0> 
UCJ) 

Cf) 
a: 
w 
(!) 

2 
<t 
:::c: 
u 
X 
w 

Cf) 
a.. 
~ 
:::> 
a.. 
u 
2 
0 

- -
' M 

0 
(.) 

:; 
ü 

+ 
N 

«) 

c.t 

+ 
J: 

+ 
N 

«) 

(.) 

+ 
::.: 

+ 
::.: 

COMMUN ICATION THE KEY 

c.i .... 
Cil 

' Cf) 
ü ....J 

w 
+ a:2 

·. · :. <( ·., : . • • • •. ~ . . :. • • 1uopuodop dl'O'~ ~ 
w2 
:::c: <t 
1- :::c: 

+ o u 

a: 
et 
w 
...Jw 
Ua: 
=>o zo.. 

~ 1uapuadap <t- l (!-:..? _ _ 

~ ~ 

~ 

Cf) 
....J 

·~ î c::; 

~ ~ + 

cw 
1 22 
~ :::> 2 
uo<t 
<ta: :::c: 
al (!) u g y ~ 

'ii - - - -c 
·~ c::b ~ 

rt>~ ~ 
Q. 

E 
:::> 
<;'-

(.) a: w c;; r --'VV o 2 - .:: 2 ..c c 
+ Cf) et·"""' r ::.: 2 :::c:-:-B 
~w C> a.> 

+ CJ)U ai E 
«) 

z 
~-VJ 

... 

13 

direction of the tra nsport of the ionic species involved. Other cell organelles than the ones 
drawn here can also have ion transporting proteins ami receptors in their limiting membrane 

(DE LOOF et al .. 1992). 
Dissipative biology main/y deals wüh the interplay of ail the systems fo r communication a out­

lined here. 
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compartmental level j 
L(S,t) = L Communication acts (S,t) > O. 

In the preceding formula it has been assumed that, when compartment S is func­
tioning well at level j, ail lower levels of organisation that are essential for the well­
being of S (at level j) are present. However, when the « Life activities » at ail levels 
of compartmentalization are indeed taken into account, starting from the lowest 
one (level 1, the cell organelle level) to the highest one (level j), the formula 
becomes: 

j 
L(S,t) = L C(S,t) 

1 

where L = Life activity, C = communication act, S = system or compartment, 
j = the highest level of compartmental organisation, 1 to j = a given level of com­
partmentalization, t = the moment at which the acts of communication are con­
sidered. Conditions are that LiC (S,t) > 0 and that, when adding up the acts of com­
munication at successive levels, the same act is added only once. 

We are aware of the fact that « time » is difficult to define and may form a 
major problem in mathematical expressions of the form , but it is not the task of 
biologists to solve this philosophical-physical problem. We a lso have to stress that 
the life activity of a given system is considered at a given moment t (or time inter­
val) : time only matters (as a variable parameter) as long as the system S remains 
alive. 

THE INTERRELATIONSHIP BETWEEN GRADIENTS, 
PRESTO RED ENERGY, COMMUNICATION 

AND THE DISSIPATIVE NATU RE OF LIVING SYSTEMS 

At present, very few biologists are familiar with the name and work of the 
belgian mathematician Ilya Prigogine who received the Nobel Prize for his 
innova tive concepts in the fi eld of thennodynamics of fa r-from-equilib rium systems. 
Prigogines work mainly deals with the question how order can arise out of chaos, 
and this is evidently of outmost importance for biological systems. Without some 
knowledge of this theory (PRIGOGINE, 1980), it is impossible to understand the very 
nature of Iife. Therefore, we will briefl y mention some major points of interest. A 
most important term, which did as yet not appear in common handbooks of biol­
ogy, is «dissipative system». It is a far-from-equi librium system in which order is 
created out of chaos by investing energy. Ail living systems are dissipative in 
nature : when the investment of energy (food supply) stops, the ordered state 
changes into chaos . The explanation why living systems are thermodynamically 
always far-from-equili brium systems is simple. We have hypo thesized earlier that 
communication is essential for life and that communication is not possible when 
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there is no prestored or instant/y available energy in the system. In any cell, part of 
the energy which is used for communication and doing « work » in general (this 
includes creating order) is stored in the form of an ionic-vo/tage gradient over the 
plasma membrane. Gradients are by definition out of equilibrium systems. They are 
essential in driving communication and evolution at the same time (see text). A 
second very important term in this field is «bifurcation point». The term has first 
been introduced and is cornmonly used in the nonlinear rnathematical literature. 
When one deals with bifurcations in a rigorous manner, it refers to a situation 
where beyond some critical parameter value a particular solution becomes unstable 
and the system spontaneously evolves to another stable regime. In a biological con­
text, the term is loosely used, depicting a point where a choice has to be made 
(gene a or b to be switched on etc.). But bifurcation points are also very important 
in communication (see text for the example of the flute and the music) : they are 
a tremendously rich, but largely overlooked source of varia!Jility in communication. 

« LIFE » IS COMMUNICATION 

The following definitions of« Life » may meet with varying degrees of accuracy 
the criteria mentioned in the introduction : 
- « Life » of a compartment S at moment t is the « total sum of ail acts of com­

munication» pe1formed by this compartment S at moment t. 

« Life » of a given dissipative compartment ( S ) at a given moment of its exist­
ence (t) is a dynamic state resulting from the combination of ail acts of com­
munication carried ·out by this compartment S at ils different levels of com­
partmental organisation (from 1 to j ) at moment t. This living state should exist 
at al! vital levels of organisation of compartment S. 

The term « Life » denotes the state of a thermodynamically open, but compartmen­
talized dissipative system that has reached a (high) Level of internai organisation 
which allows it to produce coordinated (ac tive) responses to « environmental » 
changes ( including the communicative interactions with other living systems) in 
order to prolong this state (and to create an even higher Level of compartmen­
talization) . 

Our definitions of life imply that : 
l. Life and communication are not possible without a gradient(s) had been formed 

first. By definition, a gradient is not a state of stable equilibrium. Exactly 
because they depend upon gradients, living systems cannot be else than far-from­
equilibrium situations, in which order can !Je created and maintained only by 
investing energy. Thermodynamically, living systems have the essential proper­
ties of «dissipative systems». Irreversible collapse of essential gradients means 
the end of life. Viruses are not alive because they do not build up an ionic 
gradient over a plasma membrane. 

2. A compartment can only communicate with the outside world or with other 
compartments if its boundary is not perfectly tight. A cell with a limiting « mem­
brane» made of glass could not be alive. Communication at the level of the 
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plasma membrane requires a moderately « Ieaky » membrane to make trans­
membrane ion fluxes possible. Thus, some 3,7 billion years ago, « Iife » started 
as an impe1fection in a membrane in combination with a chemical gradient over 
this membrane. The important but usually overlooked role of the cytoskeleton 
and the distinction between the « prebiotic » and « biotic » era have already been 
described elsewhere (DE LooF, 1993). 

3. Life has both quantitative and qualitative parameters (types and steepness of 
gradients). 

4. Since in many fast acts of communication ionic/electrical processes are involved, 
life is to a large extent an electrical phenomenon. 

5. Communication is transfer of information. Information èoes not have units of 
force or energy. This explains why life is not part-and-parce! of chemistry and 
physics. Life is above the chemistry and physics that are required to form the 
compartments, the instruments for communication. In our third definition, the 
term coordù1ated is important because it is the coordination which makes the 
realization of the highest level of compartmentalization functional : this means 
that «the whole is more than the sum of its constituting parts», a crucial fact 
which is often overlooked in the philosophy of reductionistic experimentation. 

6. In order to allow a system to transfer and integrate incoming messages it has 
to contain the« information» (or programme) needed to do so. Therefore, living 
compartments can build up some kind of memory (short-tenu and/or long-tenn 
storage of information). 

7. A compartment has to communicate to preserve or augment its chances for sur­
vival. Therefore, life and survival are interdependent and, as will be discussed 
later, cannot be separated. 

8. Life has a different meaning not only for each individual creature, but also at 
each moment of its existence ; life is never constant. Life started to change and 
to evolve from its very beginning, and will continue to do so as long as there 
is life on earth (Evolution). 

GRADIENT FORMATION, SELF-SELECTION AND EVOLUTION 

The consequence of defining life in terms of communication, implies that 
biological evolution includes changes to the communication systems in the course of 
geological time. These changes are made by increasing ' complexity', thus by reach­
ing higher levels of compartmentalization by changing the nature of and/or the 
number of communica tion acts that can be performed. 

Life is the driving force of its own evolution 

Life on one hand , and self-selection, natural selection and survival of the fittest 
(Darwins' terminology) on the other, are as inseparable as the two sides of a coin. 
The reason for this is simple. Imagine in pregradient era-conditions a compartmen­
talized aggregate in which the concentration of solutes is the same on both side 
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of the limiting membrane. At a given moment this compartment starts to build up 
a gradient, e.g. because a membrane protein starts to cotransport an uncharged 
amino acid together with the uptake of an inorganic ion, e.g. H + (theoretical exam­
ple). If at the same time there are e.g. H + -channels in the membrane through which 
H +-ions can leak out at a (slow) rate that depends on environmental conditions, 
the prerequisites for a primitive communication system with the environment are 
present. Thus, in our view, this compartment starts to live. If we assume that no 
strong buffering system is present, the changes in H +-concentration (pH changes) 
will be experienced by molecules present in the cytoplasm : enzymes, structural 
proteins etc ... may change conformation and as a result become more active white 
others may become Jess active. At the same time the increase in solute concentra­
tion in the cytoplasm will lead to osmotic effects. A cell that cannvot cope with ail 
these changes will !ose its gradient and die. The self-selection of life goes on as long 
as there is life. This self-selection process which is based on many trials and errors 
and which can only be achieved in concert with environmental conditions, is 
probably the most fundamental mechanism that drives evolution. The driving force 
could be called «gradient drive » or «communication drive ». The entities with the 
best «communicative skills » (the fittest in neo-Darwinian terminology) have the 
best chances for survival. « Communication fitness » and «Communication 
environment » might be useful terms in this context. 

Since evolution is driven .by the communication drive, it actually means that life 
is its own driving force (self-selection). This results from following reasoning : 

If « Life » is « Communication» 
and « Communication » drives « Evolution», 

then it follows that « Life » drives its own «Evolution». 

Thus, life cannot exist without evolving. It drives its own evolution. 

« Cultural Evolution » 

Is there any form of evolution which is independent from mutations of the 
genome ? Let us therefore anal yze what happened to the social compartment formed 
by our species, Homo sapiens. The behavior of Homo (and even to some extent his 
morphology, e.g. the increase in body length) has -evolved substantially in the 
20th century. Thjs social and economical evolution is due to epigenetic factors (e.g. 
our diet) , to the development of speciali zed too ls, to the production of machines 
that do a great deal of our work, to the drastic changes in communication systems 
that we can use etc. T he speed of acquisition of nove! (e.g. scientific) information 
is so fast that genetic evolution is not fast enough to generate larger and better 
functioning brains. Mechanical and electronic tools (letters, books, journals, radio , 
television, telephone, fax , computers, compact dises etc.) are used as extensions of 
the « oatural » communication systems (controlled by the brain) to transfei-, store, 
reproduce or select this additional information . In classical terms this type of evolu­
tion would be called «cultural evolut ion ». But what else is cultural evolution than 
evolution based on communication and learning at the (highest) level of the Homo 



TABLE 1: BASIC PHILOSOPHY OF LINEAR VERSUS DISSIPATIVE BIOLOGY. 

1. study abject 

2. basic unit 

3. smallest unit 

4. organism 

5. major functions 

6. basic rules biology 

7. basic physics 

LINEAR BIOLOGY 

living matter 

organism 

cell 

- instrument for metabolism and reproduction 
- product of its genes and environment 

- complex because of large number of genes 

- growth 
- development 
- reproduction 

DNA -->RNA--> proteins 

- classical linear Newtonian physics 
- lst and 2nd law of thermodynamics 

DISSIPATIVE BIOLOGY 

communication 

communicating compartments 

monomembrane comrnunicating 
compartment 

- instrument for communication 
- product of its genes and communication 

environment 
- extremely complex because of high 

number of genes and very high number 
of communication bifurcation points 

- communication 
- prevention of transition from order to 

chaos 

- idem but Nernst equation 
equally important 

- no life without gradients 

- modem Newtonian physics 
- non linear Prigoginean far-from-

equilibrium thermodynamics 
- lime in principle reversible in some processes - time in principle always irreversible 
- mainly deterministic - indeterministic 
- 4 dimensions of spacetime - idem plus electrical dimension 
- living matter consists of aggregated - ail malter is creative and self organising 

stardust 

OO 

• 



8. basic chemistry 

9. information carrier 

10. genetics 

synthesis of organic molecules in 
"saline" environment 

nucleic acids 

eugenetics (Mendel, molecular) 

11. variability due to - mutations, meiosis, etc. 
- changes in "macromolecular environment" 

around the genes 

12. evolution - evolution of macromolecules 
- changes in genes 
- mutated protein force 
- slow 
- selection follows mutations 
- survival of fittest 

13. definition of life and death impossible 

14. scientific approach 
thinking 

15. feedback systems 

16. feelings, emotions, etc. 

- reductionistic experimentation and 
holistic thinking 

- sum of parts approximates the whole 

for coordinated functioning 

Iargely irrelevant 

idem plus bioelectrochemistry 

nucleic acids and memory 

idem plus epigenetics 

- idem plus bifurcation points 
- changes in "macromolecular and ionic 

environment" around the genes 

- communicational evolution 
- changes in communication systems 
- gradient/commumnication force 
- fast 
- self selection results from life itself 
- survival of fittest in communication 
- evolution field (Cramer, 1993) 

possible (this paper) 

- reductionistic experimentation and 

- the whole is more than the sum of its 
parts 

for interacïive communication 

where present, essential part of 
communication 

• 
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compartment? This process is not restricted to the Homo sapiens compartment, but 
it is a basic and thus general feature of ail living systems. 

Changes in some communication acts may be due either to mutations or to 
another almost completely overlooked but nevertheless very important source of 
variability, namely the bifurcations which are inherent to far-from-equilibrium 
systems (dissipative systems such as living beings). Mutations allow evolution to 
proceed at a slow rate, whereas bifurcations at a very fast rate. 

With respect to communication at the level of the plasma membrane, bifurca­
tions are especially important in those processes where fluxes of inorganic ions play 
a role and which are not direct/y controlled by genes. For the relationship between 
bifurcations and selection, we refer to KAUFFMANN (1993). 

Bifurcations, the overlooked companion of mutations 

The following analogy between life and music may help to clarify the point we 
want to make, namely that for driving evolution, mutations or genomic changes in 
general are only part of the story. To produce music (communication), one needs an 
instrument (compartment) and one has to play (to live). This means that in order to 
understand what drives evolution one has to make the distinction between the evolu­
tion of the compartment, and the communication produced by this compartment : 
these are quite differen~ things, but they depend on each other. Imagine a musician 
who plays a flute. At first , the flute has only one finger hole. The resulting music 
will be rather monotonous. If a second finger hole is introduced, which means a 
mutation for the flute , the resulting complexity (degrees of freedom) of the music 
does not double, but multiplies. The reason for this is that the musician can now 
continuously decide whether to use the upper hole or the lower or both, and for 
how long : thus he makes use of the possibilities of an ùnaginary «bifurcation 
point » (an important term in the Prigoginean thermodynamics of systems far-from­
equilibrium, see Iater) Iocated between the two holes . The introduction of a third 
fingerhole results in a much higher complexity of the music. The more fingerholes 
the greater the possibilities, provided the musician manages to coordinate the 
movements of his fingers . But once there is a hole for each finger, the music can 
nevertheless further evolve in the course of time without additional finge rho!es. The 
instrument could perhaps still be improved by ch.anging the size or location of the 
holes. The higher the possible number of bifurcation points, the Jess important are 
changes in the instrument itself, and the greate"r the possibilities for evolution of the 
music. The situation is very similar in biological systems : gene mutations will have 
drastic effects in simple systems, but in more complex systems there can be situa­
tions where additional changes are only to a minor ex tent responsible for changes 
in communica tion. 

An almost literai biological equivalent for the fingerholes in the flu te are the 
holes in the plasma membrane through which inorganic ions can fl ow (ion chan­
nels, ion pumps etc.) . In addition to these, other components of the communication 
system can also « generate » imaginary bifurcation points (F ig. 3). Because of the 
high number of ion transporting membrane proteins in each cell and other corn-
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ponents of communication systems, the number of possible bifurcation points is 
very high. This results in nearly infinite variability and low predictability in 
organisms consisting of many cells, especially in organisms with well developed 
brains (e.g. our brain consists of about 100 billion cells). No organism « knows » 
what ail his acts of communication will be the next day, not even the next hour, 
minute or fraction of a second : it ail depends on the interplay of circumstances that 
contribute to decide which bifurcation points will be involved, and which one of 
its two sides will be chosen. The communication-future is thus unpredictable. Bifur­
cation points allow to explain phenomena we are familiar with but which cannot 
be easily explained by genetics. Imagine that genetically identical twins are born in 
Brussels. One baby stays in Brussels and is raised in a bilingual dutch-french family , 
the other is moved to Tokyo and raised there by a japanese famify. Despite their 
genetic identity, the twins will eventually speak totally different Ianguages and 
behave each according to the cultural standards of their local environment. Muta­
tions do not play any rote in generating the differences because the instruments for 
communication, the bodies of the twins, do not change by being raised either in 
Brussels or in Japan. Nevertheless the communication produced by the twins is dif­
ferent under the influence of the environment and learning : these do not act 
through mutations but through bifurcations just like different musicians can 
produce totally different music with the same flute. Imagine now that genetically 
identical twin lambs are treated the same way. The mèèèèèèè-Ianguage of the 
japanese lamb, once grown up to a sheep, will probably not be that different from 
its counterpart in Brussels. The reason for this difference humans-sheep is to a large 
extent due to the number of possible bifurcation points in the brain of humans, 
allowing a much higher flexibility corresponding with a higher number of degrees 
of freedom. This allows the modification in the cited example to occur. Evidently, 
the muscles involved in sound production play an important role. 

The neo-Darwinistic theory of Evolution versus our holistic « double continuum » 
approach 

Evolutionary biologists usually define evolution as the change in the genetic 
make-up of a population with time. The centerpiece of the neo-Darwinian synthesis 
is that natural selection, acting upon individual varia tions within a population to 
substitute one allele ( = a variant of a gene at the same locus) fo r another, is the 
major force driving adaptive evolutionary change (KAUFFMAN, 1993). By doing so, 
neo-Darwinists only take into account rela ti vely small evolutionary steps due to 
genomic changes that are fixed in a popula tion. 

We defined Evolution as the change in compartments and in their acts of com­
munication in the course of geological time. Due to the «comm unication drive», 
which is - in our opinion at least - the most prominent selection principle, this 
process leads to changes in the nature and/or in the number of possible bifurcation 
points. This approach is not at ail in contradiction with neo-Darwin.ism, but it 
integrates the principles of this neo-Darwinism with those of thermodynamically 
far-from-equilibrium sys tems (such as living compartments) and of conun unication. 
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It takes into consideration the entire interplay of elements affecting the communica­
tion acts that can be generated by a given compartmentalized system and the way 
by which these can be integrated (« added up »). These elements include both the 
gene products as well as the other organic (e.g. lipids, carbohydrates, steroids, 
amino acids, nucleotides, second messengers etc.) and inorganic molecules (e.g. ions 
arranged by the system into gradients across membranes) which are part of the 
system's communicative machinery. 

In the neo-Darwinian view, however, biological systems are generally still con­
sidered as « discontinuous » systems which get born, live and die and which even­
tually transfer their genetic information to a next " generation. In our holistic 
approach, life and survival a re highly interdependent. Therefore, life can be con­
sidered as a double co11ti11m1111. First, there is the continuity of the physical com­
partments, which are the instruments which are needed for communication. Second 
there is also the continuity of communication and some types of information them­
selves. Both do not necessarily overlap because some types of information and com­
munication present in a population can last longer (or shorter) than the individual 
organisms of which a population consists : e.g. the information present in a book 
can last longer than the persan who wrote it. Neo-Darwinism largely limits itself 
to the study of the evolution of the « physical compartments » as such : it is a 
« si11g/e contimmm » theory. 

The communication which is produced is never constant and changes in concert 
with environmental as well as internai conditions. Gene duplications and mutations 
are just the mechanism by which long-term changes in the properties of such con­
tinuously evolving communication systems can be created and preserved. These 
duplications and mutations generate a higher variability by which a population may 
have better chances for its survival : the « fittest » individuals will survive. 

The process of reproduction circumvents the problems that arise by system 
breakdown (death) : life of an individual far-from-equilibrium sys tem is not endless, 
since it will have to cope with entropy sooner or later. The population, however, 
may survive during longer periods of time via reproductive processes. An offspring 
is usually created via pinching off daughter compartments that then may 
« regenerate » to form nove! adult compartmentalized systems. In the case of sexual 
reproduction, the zygote obtains mixed genetic information derived from maternai 
and paternal compartments. This allows more variation by generating different 
genetic combinations within a population . Besides that, what else is sexual 
reproduction than an extreme form of regeneration through a process which we call 
embryonic development? A mature oocyte is an example of a daughter compart­
ment tha t is pinched off from the maternai system. It contains the information and 
the programme that is necessary to « regenerate » into a nove! fully developed 
system (in concert with some essential environ.mental and/or social conditions). This 
daughter compartment formation process as well as embryonic development are the 
result of a long evolutionary process. T hey make use of the genetic information 
(DNA is a form of phylogenetic molecular memory which contains the sequential 
information to build up complicated macromolecules) and of the communicational 
machinery which is essentia l for li fe (cfr. our definition of« Life »)and thus for sur-

.. 
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vival. The en tire oocyte system is organized in such a way that the « life activity » 
that it produces, will normally lead to the formation of a regenerated system via 
a certain developmental programme. lt is not surprising at ail that this 
(ontogenetic) developmental programme appears to be a fast recapitulation of the 
system's phylogenetic history. 

In our approach, selection is evidently very important : it can act at many dif­
ferent levels of organization. However, probably like chemists and physicists, we 
have difficulties in accepting the rigourous statements of KAUFFMAN (1993) that 
selection is both the driving force of evolution and essentially the only source of 
order in the biological world. 

« AR TIFICIAL LIFE » ? 

The technological innovations which have been developed in fields such as 
molecular biology, electrophysiology with artificial membrane vesicles but especiaUy 
in the field of cybernetics make the question whether the Homo sapiens can make 
« artificial life » relevant. Molecular biologists have the tools to genetically trans­
form existing life, but not to create new life. Collaborating teams of molecular 
biologists and membrane physiologists may be able in the near future to make a 
very primitive form of a communication system in artificial membrane vesicles. But, 
most of ail, some man-made mechanica l and/or electronic devices (or robots) have 
become so sophisticated tha t they start to look like being alive : e.g. imagine a 
man-made computer in which the electrical energy cornes from a solar cell. A 
system like this can have ail the necessary elements of a communication system as 
outlined above (stockpiled energy, a built-in programme to act as a receiver­
decoder-amplifier and the possibility to use energy for carrying out specific types 
of work) . When a signal via a key board is send , the system will work. In principle, 
such a system is not basically different from the one in which a hormone binds to 
its receptor ( = the equivalent of typing on the key board the right code) which 
initiates signal transduction to rnobilize previously stockpi led energy for doing 
work. Intuitively everybody will reject the idea that the computer is alive, a lthough 
we sornetimes use a similar vocabulary : e.g. we say the computer is « dead » like 
we say that the radio is « dead », meaning that its communication system has failed . 

Do we have good arguments to firmly say that a computer is not a li ve as we 
think we have? 

1. Computers cannot reproduce themselves. But neither can a castrated bull , and 
nobody wiU claim that this bull is not alive . Sorne parasi tes and sym bionts can­
not reproduce without a host. On the other hand, it is possible to make identi­
cal copies of ail information on computerdiskettes, when the right «signa is » 
are given. Reproduction only cornes into play when life is considered over a 
period longer than one generation : for time spa ns not exceeding the li fet ime of 
a compartment, reproduction is not an essential parameter of the living state 
(« short-terrn » life versus « long-term » li fe : DE LooF, 1994). 
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2. A computer has no DNA. Red blood cells of mammals eject their nucleus when 
their cytoplasm gets filled with hemoglobin. Such « cells » (erythroplastids) 
have no DNA but nevertheless may continue to live for a few weeks. A fer­
tilized egg of an amphibian can be enucleated, thereby loosing its DNA (but 
retaining the DNA present in its mitochondria). Such an egg can still undergo 
a number of cleavages like a normal one. 

3. Computers use different principles of communication. Not true : similar principles 
as outlined in Fig. 2. are used in computers and in our brain. Computers are 
designed to take over some of the communication in our brains. 

4. A computer cannot think, it is not autonomous and it has no emotions. Can an 
amoeba, a red blood cell, a plant, a fungus think? How autonomous a re they, 
and do they have feelings? A computer equipped with a solar ceH coupled to 
a battery for storing the solar energy can be autonomous for a longer time than 
an amoeba that has to find enough food. Specialists in the field of artificial 
intelligence think that it will not take that long before « emotional 
phenomena » will be generated in computers. Any kind of feeling is mediated 
through the nervous system, and invariably involves ionic-electrical 
phenomena. 

5. A computer cannot cope with entropy, it will break down after some time. In that 
it does not differ from living systems which also age and get sick. 

6. A computer does not carry out metabolic reactions. It is true, but not a good 
argument, because the main purpose of metabolic reactions is to mobilize 
energy and use it for doing work. In our example the computer uses light 
energy while organisms usually use chemical energy. However, this chemical 
energy provided in the form of food is the same as solar light energy that plants 
transformed into chemical energy during photosynthesis. 

7. A computer cannot come and stay into existence without the help of humans. True 
of course, but we could not corne into existence or stay alive as youngsters 
either without the help of our parents. A more valid argument is that we and 
our parents belong to the same species, the computer needs help from outside 
the « computerworld ». 

8. Computers do not use carbon chemistry like true living beings do. True again 
and a good argument. The basic chemistry of computers is inorganic chemistry 
as opposed to the organic chemistry of true life . Computer chemistry is based 
on silicon and metals, with some organic polymers which are mainly used for 
insulation purposes. Since computers a re very recent inventions, there is a 
possibility that in the future carbon chemistry may perhaps become more 
important in computer technology. 

9. Computers use a different carrier of electricity. True and again a good argu­
ment. In biological systems electricity, which is the movement of charges, is 
carried by inorganic ions , in computers it is carried by electrons. E lectrons can 
move at the speed of light, namely at about 300 000 km per second while ion­
carried electricity is many orders of magnitude slower. This is the major reason 
why computers are so efficient : they can work much faster than our brain . 
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IO. Computers cannot adapt themselves to a changing environment. If one analyzes 
the success story of computer development, one cannot escape the conclusion 
that computers seem to adapt « themselves », of course with the help of 
humans, much faster than organisms do. Research in the domain of artificial 
intelligence shows that in certain circumstances man-made robots adapt them­
selves and even install a sort of hierarchy among each other without having 
been programmed to do so. lt is not that difficult to make computer program­
mes that allow changes and errors. 

What is then the point ? 

The point is that one should not a priori discard the possibility that nove/ man­
made forms of« life » can (have) emerge (d). The entire human compartment has 
become populated with mankind on one hand, and its tools on the other. Com­
puters are electronic-mechanical extensions of the brain, man-made tools which 
only exist for a few decades. Nevertheless, they have become so sophisticated tl}at 
they start to look like being alive. One could say that man created a novel type of 
life, « artificial or man-made life ». The entire Homo compartment has therefore 
reached a higher order Qf organisation (toolisation : level 8 in Fig. 1) containing 
« organic chemistry-based » life forms , « artificial » life forms (as « symbionts ») 
and non-living elements (tools). The « Life activity » produced by this supercom­
partment thus is the result of the integration of acts of communication which are 
performed by biological as well as by artificial components. Communication in our 
body uses organic chemistry and ion-carried electricity, while our electronic­
mechanical « companions » are metal- and silicon-based and their electricity is 
carried by electrons. To make the distinction between « organic chemistry-based » 
life forms and « artificial » Iife forms , the formula that represents « Life activity » 
of a given compartment can be made more specific as follows : 

j 
L(Scrc,TE),t) = L C(Scrc,TE)'t) 

1 -

where L = « Life activity », S = a given system or compartment which uses the 
Type of Chemistry, TC, and the Type of Energy, TE, to produce its communication 
acts C. The condition is that Ij C > 0 and that acts of communication are « added 
up » only once. 

In his evolution, Homo sapiens has reached the point that his coordination cen­
ter, the human brain, has become so highly developed that the mutational evolution 
rate (that could result in bigger and better functioning brains) cannot keep pace any 
longer with the fas t increase in information-processing capacity and variability that 
can be achieved by expanding bis communicational avenues via cultmal evolution 
and via the creation of nove! and very efficient tools for communication. Whether 
one likes the idea or not, the fact is, that transfer of information (e.g. from one 
generation to the next) and work can be carried out very efficiently by « artificial » 
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life forms and/or electronic-mechanical tools. This is (and will probably remain) 
one of the big problems of our times, leading to unemployment with ail its 
deleterious effects. 

CONCLUSIONS 

The combination of the principles of communication and of dissipative systems 
may result in a more holistic philosophy of biology for which the name «dissipative 
biology » or « non equilibrium biology » as opposed to the « classical » or « lineair » 
biology (Table 1) is proposed. This is analogous to the terminology which is used 
in physics (CRAMER, 1993). Linear biology, which is the reductionistic biology as it 
is taught today, mainly deals with the formation, functioning and evolution of the 
physical support (cells, organisms etc.) of life in an ever changing physical environ­
ment. It describes the different levels of compartmentalization and their function­
ing. Its basic unit is the « cell ». Dissipative biology mainly deals with communica­
tion of compartments in an ever changing communication environment. Its basic 
unit is the « communicating compartment », and its smallest unit is the 
« monomembrane communicating compartment ». It studies the interplay of the 
communication systems which are described by linear biology. Linear an>d dis­
sipative biology as observed for their historical context, are not at ail mutually 
exclusive, but complementary . An easy way to understand and compare « linear » 
and « dissipative » biology is to have a second look again at figures 1 (for linear 
biology) and 3 (for dissipative biology). 

In dissipative biology links can be made that were not evident before : by its 
very nature it is holistic biology and therefore it allows a much more coherent con­
cept of Life and Nature than is possible with the classical, reductionistic or « linear 
biology ». No doubt, because of their indeterminate nature, dissipative systems are 
more difficult to analyze than linear ones. This is the major reason why relatively 
few biologists are engaged in this type of research. However, several basic principles 
of dissipative biology have already been reported , some of them decades ago : the 
principles of basic membrane physiology (the Nernst- and related equations e.g. : 
see HAROLD, 1986), the chemiosmotic theory of MITCHELL (1979) , ionic-electrical 
control of development (JAFFE and N ucCITELLI, 1977) a nd gene expression (V ANDEN 
BROECK et al., 1992), the electrical dimension of cells and self-e lectrophoresis 
(WoODRUFF and TELFER, 1980 ; DE LoOF, 1986), epigenetics (L0VTRUP, 1974), the 
evolution field (CRAMER, 1993), self-organisatiQn as applied to bio logical systems 
(PRIGOGINE, 1980 ; PRIGOGINE and NICOLIS, 197 1) and the hypercycle theory of 
EIGEN and ScHUSTER (1977, 1978) are some examples. Sorne of them were awarded 
a Nobel Prize. What bas been missing so far is the conceptual context in which 
these « peripheral aspects » of biological functioning, as some of them have been 
considered for shorter or longer spans of time, fit in. One of the goals of this paper 
is to fill this gap. Another goal is to show that in biology, as in physics , both reduc­
tionism and holism have their merits. As a result of the successes of reductionistic 
experiments, biology has rapidly evolved towards a technological science. If it could 
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become more centralized a round its key issue, which is communication, a more har­

monious view of the place of man in Nature and in the cosmos would result. Teach­

ing biology as «dissipative biology » or « non equilibrium biology » might substan­
tially contribute to achieve this goal. 
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ABSTRACT 

Functional communication between the endocrine and immune systems has been 
described in terms of the comrnon expression of signa lling molecules, receptors and coupling 
proteins. However, informa tion transfer in immune-endocrine interactions may also result 
from transgression of diffusion barriers in the body by immune effector cells. The presence 
of myeloid cells in the anterior pituitary (AP) of mouse and rat under non-pathological condi­
tions, illustrates the importance of immune accessory cells in immune-endocrine interactions 
in the AP. Using double immunogold-labelling of ultrathin cryo-sections of rat AP, we 
demonstrate the presence of MHC class II + SIOO + cells with tùtrastructural characteristics 
of pituitary folliculo-stellate (FS) a nd dendritic cells (OC). Our data suggest the heterogeneity 
of the group of SJOO + FS cells, in that this group may contain a subpopulation of lymphoid 
O C, which are also present in other endocrine organs. Moreover, our data indicate that di -
persed cell populations o f the rat AP contain a fraction of immunocompetent cell , tha t a re 
capable of stimulating T lymphocyte proliferatio n in. vitro. The latter cell fraction is a lso 
enriched in S 100 + a nd M HC class II + cells. Furthermore, in the present study a review i 
given of the problem of the nomenclature of pituita ry folliculo-stella te cell and dendritic 
cells, whereby specia l a ttention is given to the quite different ways in which both cell type 
are defined. 

Key words : anterior pituitary, fo ll iculo-stellate cell , dendri tic celJ , mixed leukocyte reaction 
assay, ultrastructural heterogeneity. 

INTRODUCTION 

Cross-talk between the endocrine and immune systems has been described in 
terms of a variety of phenomena, occurring at different organismal levels, including 
the a nterior pituitary (AP). Due to the pivotai role of the AP as an endocrine 
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regulation centre, immune-endocrine interactions at this level may have a profound 
effect on endocrine regulatory systems. Cross-talk phenomena between the two 
systems have been characterized in terms of the common expression of signalling 
molecules (classical hormones, cytokines, growth factors, ... ), of receptor molecules, 
of binding proteins and of other effector molecules ; in addition, the specificity of 
the information transfer in these immune-endocrine interactions was believed to 
rely on local signal decoding mechanisms based on target cell specific post-receptor 
transduction (AUDINOT et al., 1992). On the other band, it is well known that 
immune reactions of the body against non-self are exerted by cellular as well as 
humoral responses, and that diffusion barriers in the body may, in certain condi­
tions, be transgressed by immune .effector cells. 

The presence of myeloid cells in the AP of mouse .and rat under non-pathologi­
cal conditions (ALLAERTS et al., 199 l ), suggests a role for immune accessory cells 
in immuno-endocrine interactions in the AP. Our present data indicate that these 
normally resident myeloid cells of the AP indeed are immunocompetent cells, and 
that they are capable of stimulating T lymphocyte proliferation in vitro. 

Using double immunogold-labelling of ultrathin cryo-sections of rat AP, we 
demonstrated the presence in the AP of MHC class Il-positive and SlOO-positive 
cells with ultrastructural characteristics of pituitary folliculo-stellate (FS) cells and 
dendritic cells (OC) (ALLAERTS et al., 1995 ; in press; present data). In the present 
paper we speculate on the heterogeneity of the group of FS cells, an SIOO-positive 
resident cell group of the AP with endocrine regulatory fonction (ALLAERTS, et al. , 
1990), and suggest that this group contains a subpopulation of OC. OC are a cell 
group with prominent immune accessory fonction (INABA and STEINMAN, 1987), 
they originate from the bone marrow (STEINMAN et al., 1974) and they are present 
in several endocrine organs under non-pathological conditions (KABEL et al. , 1988 ; 
VOORBIJ et al., 1989; ALLAERTS and 0REXHAGE, 1994). 

The attribution of endocrine regulatory and immune accessory fonctions to the 
group of folljculo-stellate and/or dendritic cells, mises the question whether these 
cells represent a pleiotropic cell group or whether they are a heterogenous group 
of cells with divergent fonctional states. We call this the PLEIOTROPISM­
HETEROGENEITY problem. Related to thjs first question is the question of the 
embryological origin of these cells, a nd whether the different phenotypes encoun­
tered represent ultimate or transient different-iation stages within a cell lineage. As 
is well known in case of the monocyte-macrophage-dendritic cell lineage, the 
possible answer to the latter question is provided by the stability of 
immunohistochemical ma rker expression and fonctional activity related to matura­
tion within a given cell Jineage. In the subsequent paragraph we will briefly sum­
marize the history of the problem of the embryological ongm and 
immunohjstochemical markers of the folliculo-stellate and dendritic cells. T he clini­
cal relevance of our findings of myeloid and/of immune accesso ry cells in the AP 
is discussed with respect to the role of dendritic cells in the onset of endocrine 
autoimmune diseases (ALLAERTS and OREXHAGE, 1994). 
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HISTORY OF NOMENCLATURE 

Folliculo-stellate (FS) cells of the AP represent a non-hormone-secreting 
pituitary cell type with stellate morphology and surrounding foll icular cavities 
(VILA-PORCILE, 1972). Previous studies on intercellular communica tion between rat 
pituitary cell types have revealed tha t FS cells attenuate the action of both 
stimulatory and inhibitory secretagogues on hormone-secreting cells in vitro (BAES 
et al., 1987; ALLAERTS and OENEF, 1989), and therefore FS cells are involved in 
paracrine communica tion in the AP. FS cells have also been designa ted as the local 
interleukin-6 (IL-6) producing cells of the AP (V ANKELECOM et al., 1989, 1993). 
Sorne controversy exists whether FS cells origina te from the neuroectoderm because 
of the expression of the S-1 OO protein (NAKAJIMA et al. 1980 ; CocCHIA and MIANI, 
1980) or whether precursors of these cells are a lready present in the stomodeal 
ectoderm, called Ra thke's pouch (GoN, 1987). The S-100 protein was first described 
as a protein characteristic of the nervous system (M OORE, 1965), but thereafter 
immunohistochemical studies revealed S-100-immunoreactivity in various cell types 
no t derived from the neuroectoderm (T AKAHASHI et al., 1984), nor from the neural 
crest, as for instance in mesodermal chondrocytes (STEFANSSON et al. , 1982). It was 
suggested that S-1 OO expression may result from neuroectodermal induction 
(STEFANSSON et al., 1982), which hypothesis was strengthened by the observation 
that immunoreactive S-100 in pituita ry FS cells is first detected in the marginal cell 
layers of the pa rs tuberalis and pa rs intermedia, which regions a re in close contact 
with the pars nervosa (SHIRASAWA et al., 1983; COATES and OONIACH, 1988). 

However, a number of studies revealed that SIOO protein is also expressed in 
bone marrow-derived OC such as in the skin Langerhans cell (LC) (CocCHIA et al. , 
1981), in OC in the airway epithelium (ZEID and M ULLER, 1993) and in OC at 
various loca tions (UccrNI et al. , 1986). O C with the exception of follicular dendritic 
cells (TEw et al., 1990) a re defined as a distinct class of cells originating from a 
p recursor(s) in the bone marrow (STEINMAN et al., 1974). O C display a dendritic 
morphology and abundantly express HLA-O R (MHC-class li) antigens 
(NUSSENZWEIG et al. , 198 1). 

They are found in lymphoid as well as non-lymphoid organs and in peripheral 
blood and lymph (O REXHAGE et al. , 1979; HOEFSMIT et al., 1982 ; K NIGHT 1984). 
Although a common p rogenito r of ail cell types representing the OC class has yet 
to be found (KAMPERDIJK et al., 1994), SANTIAGO-SCHWARZ et al., (1992) have 
shown that granulocyte-macrophage colony-stimulating factor (GMCSF) in com­
bination with tumor necrosis factor (TNF) induce the d ifferentiation of OC 
together with monocytes and macrophages (m0) from progenitors in the 
C034 + stem cell compartment in neonatal cord blood. lt was suggested that DC 
morphology and marker expression may fluctuate in culture or are transient 
features acquired by certain cells of the monocyte-m0 lineage (SANTIAGO-SCHWARZ 
et al., 1992). O C may become distinguishable from the monocyte compartment by 
their weak expression instead of abundant expression of the CDl4 antigen (THOMAS 
et al., 1993). O C also differ from m0's and monocytes by their prominent instead 
of d im antigen presenting capacity (STEIN MANN and NusSENZWEIG, 1980) and by 



32 WILFRIED ALLAERTS 

their limited instead of abundant (m0) acid phosphatase activity (KAMPERDIJK et 
al., 1985). Typically, in DC an acid phosphatase spot is found in juxtanuclear posi­
tion, close to the groove of the indented nucleus (ARKEMA et al., 1991 b). Recently 
also some characteristic, - although not unique -, markers of the DC class have 
been identified, such as the L25 antigen in the human DC (ISHll et al., 1985) and 
the OX62 antigen in the rat DC (BRENAN and PucKLAVEC, 1992). 

To conclude, from the present literature survey it appears that, although FS 
cells and DC share morphological features and may both express the S- l OO protein, 
the two cell types are defined in two quite different manners. FS cells are regarded 
as an ultimately resident cell type of the AP with enduring regulatory fonction in 
the endocrine gland and presumably originating from the (neuro) ectoderm; DC 
are regarded as an ubiquitous cell type with possibly tra l}sient features and belong­
ing to the bone marrow-derived monocyte-m0 lineage. The presence of the latter 
cell type in the endocrine glands is rather regarded as an expression of the immune 
surveillance function of these cells, or of the immune accessory potential of these 
cells which will develop into an ongoing immune response in particular pathological 
conditions. 

MA TERIALS AND METHODS 

Light Optical Immunohistochemistry 

LO immunohistochemistry was performed on cryo-sections of mouse, rat and 
human anterior pituitaries and paraffin sections of human pituitaries. Human 
pituitaries were obtained at autopsy from subjects that <li ed from non-endocrine 
ca~ses. Mouse and rat pituitaries were from Balb/c and C57bl strains and Wistar, 
BioBreeding (BB) and Lewis strains respectively. Technical details of the 
immunostaining methods used are published elsewhere (ALLAERTS et al., 1995). 

Electron Microscopical Immunohistochemistry 

EM immunohistochemistry was performed on cryo-sections of Wistar rat 
pituitaries fixed in periodate-lysine-paraformaldehyde (PLP) solution (McLEAN and 
NAKANE, 1974). Halved pituitaries were fixed for 1 hr on ice, and thereafter were 
transferred into 2.3 M sucrose in 0.1 M phosphate buffered sa li ne (PBS) on ice for 
cryo-protection (GRIFFITHS, 1993). After 60·-90 min incubation in the cryo-protec­
tant, the tissue blocks were mounted on specimen holders of the Ultracut FC4 
ultramicrotome (Reichert Jung, Leica) and plunged by hand into a dewar vessel 
with liquid nitrogen (LN2). 

Immunolabelli ng of the pituitary ti ssues was acco rd ing to the Tokuyasu thawed 
cryo-section technique (post-sectioning immunolabelli ng) (GRIFFITHS, 1993) and 
immunogold staining method (DE M EY et al., 1981). U ltra thin cryo-sections of 80-
90 nm were eut with the FC4 ultramicrotome with diam ond knife at - 100°C. Sec­
tions were transferred to copper grids that previously had been covered witb a 
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carbon-coated Formvar film (Formvar 1595E; Merck). To transfer the sections to 
the grids, a wire loop containing a drop of 2.3 M sucrose was quickly brought into 
contact with the sections (TOKUYASU method) (TOKUYASU, 1973), thereby prevent­
ing the sucrose from freezing, which would hamper the stretching of the sections. 
Subsequently, the sucrose drop was removed from the sections by laying the grids 
with the sections faced down on top of a 2 % (w :v) gelatin layer (Merck) in 
0.1 M PBS. 

Sections were labelled according to the immunogold staining method described 
in detail elsewhere (ALLAERTS et al., 1995). Primary antisera used were the anti-rat 
MHC-class II monoclonal antibody (moAb) OX6 (gift of dr. N . Barclay, Oxford, 
U.K.) in dilutions between 1 :2 and 1 : 10 and theu polyclonal anti-bovine-S 1 OO 
(Dakopatt's, Glostrup, Denmark) diluted 1 : 100 to 1 :25. Dilutions of an tisera and 
immunogold complexes were made in 0.1 M PBS containing 0.05 % (w :v) of the 
acetylated and partly linearized bovine serum albumin (BSA) combined with 
0.05 % (v :v) Tween-20 (Aurion BSA-C ; Aurion, Wageningen). Goat anti-mouse 
lgG-25 nm gold complex (Aurion) diluted l :20 was used as the first step conjugate. 
Double immunostaining was performed by first incubating the grids with the OX6 
moAb followed by first step conjugate and rinse in PBS with 0.2 % glycine (Fluka), 
and a second staining sequence with the anti-S 100 serum followed by a protein A-
15 nm gold complex (Aurion) (diluted 1 :20). 

Contrasting and air-drying of the sections was performed according to 
TOKUYAsu's method (1978) for heavy metal staining in an organic polymer scaffold, 
in order to prevent the collapsing of the sections upon air-drying. After three rinses 
in distilled water the grids were placed on a drop of filtered 4 % (w :v) uranyl 
acetate (pH 8.0) in 0.3 M oxalic acid for 3 min, and subsequently placed on a drop 
of 1.2 % (w :v) low viscosity methyl cellulose (0.25 poise; Sigma) and filtered 1 % 
uranyl acetate (pH 4.0) in distilled water for 3 min. The methyl cellulose powder 
was dissolved at 90°C in distilled water, matured in the refrigerator for 2 days 
under stirring and then centrifugated a t 100,000 g at 4°C in a Sorvall Ultracen­
trifuge OTD-75 B (Dupont, Wilmington, Delaware, USA). G rids were removed 
from the methyl cellulose-uranyl acetate mixture using 3 mm wire loops, and excess 
fluid was removed by carefully blotting the grids on filter paper, yielding a final 
interference colour of the dried film between gold and blue. Grids were examined 
in a Philips EM 301 electron microscope. 

Functional studies with pituitary Dendritic Cells and Folliculo-SteUate CeUs 

Populations enriched in FS a nd dendritic cells were obtained from Wistar rat 
anterior pituitaries as previously described (ALLAERTS et al., 1993; BAES et al. , 
1987 ; ALLAERTS et al., 1995, in press). Anterio r pituitary lobes were enzymatically 
dissociated into single cells and separated into enriched cell populations by velocity 
sedimentation at unit gravity in a linear BSA gradient (ALLAERTS et al., 1994), and 
by a magnetic cell separation system (MACS, Miltenyi Biotec, Bergisch Gladbach, 
Germany) using a moAb against rat MHC-class II determinants (OX6 from Sera­
lab, Sussex, England). 
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The accessory fonction of pituitary derived DC or FS cells was evaluated using 
the autologous mixed leukocyte reaction (MLR) assay, with Wistar rat spleen 
T lymphocytes as responder cells, and Wistar rat anterior pituitary cells as 
stimulator cells. OC from Wistar rat spleen, prepared according to the method of 
KNIGHT et al., (1986) modified after HA VENITH et al., (1992) , were used as a positive 
stimulator cell contrai population. Concanavalin A (Con A ; Sigma) was used as an 
internai standard for stimulating T cell praliferation. Pituitary cells were either used 
as freshly dispersed cell populations, or as enriched cell populations obtained by the 
BSA gradient sedimentation or MACS separation method. Aliquots of 1.5 x 10 5 

responder T cells in 100 µ1 volumes were mixed in fl at-0ottomed micratitre plates 
with 100 µI volumes of stimulator cells, in a stimulator-responder cell ratio varying 
between 1 :2 and 1 :32. In some experiments even lower stimulator-responder ratio's 
were tested. Stimulator cells were X-irradiated for 18 min (2000 rad) before mixing 
with the T lymphocytes. After 5 days in culture, 0.5 µCi 3H-thymidine was added 
to each well, and, after 16 hr incubation at 37°C, cells were harvested on filter 
paper and 3H-thymidine incorporation measured in a liquid scintillation counter 
(1205 Betaplate, LKB Wallac). Contrai OC-enriched cell popula tions were prepared 
from minced and enzymatically digested spleens. Splenic cell suspensioas were 
cultured overnight at 37°C in a 5 % C0 2 incubator in adherent conditions (KNIGHT 
et al., 1986), whereafter non-adherent cells were further enriched for OC using a 
discontinuous Nyc0denz gradient (14,5 % w/v Nycodenz, Nycomed As, Oslo, 
Norway) (HAVENITH et al., 1992). This gradient was centrifuged at 600 g for 10 min, 
the interphase yielding the DC enriched population . T cell-enriched populations 
were prepared from Wistar rat spleen according to the method of HAVENITH et al., 
(1992). 

RESULTS 

Presence of myeloid markers in mouse, rat and human anterior pituitary 

In Table 1 an overview is given of myeloid markers found in the mouse, rat and 
human AP using LO immunohistochemistry. These data are co llected and adapted 
from previous publications of our graup (A LLAERTS et al., 1991, 1993, 1995). 
Severa! of these markers reveal overlap between immunopositive cell populations as 
previously described (ALLAERTS et al., 1995) . 

Ultrastructure of SlOO and MHC-class Il expressing cells in rat anterior pituitary 

Ultrathin cryo-sections of rat AP labelled with the OX6 moAb (MHC class li 
specific) and stained foll owing the immunogold technique, revealed the presence of 
readily detectable numbers of gold particles on cells with the following charac­
teri stics (Fig. 1-4) : OX6 + cells ail displayed a narraw cytoplasmic rim araund the 
nucleus and a varying number of cytoplasmic processes . The numbers of gold par­
ticles per cell section was rather low, namely of an order of magnitude of 10 1 to 
102 . Background labelling was absent, for granule-bearing endocrine cells were not 
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TABLE 1 

Pattern of LO immunohistochemica/ staining with moAb's 
against myeloid antigens present in mouse, rat 

and human anterior pituitaries 

Antigen Referense 

aminopeptidase LEENEN el al. 1992 
class II , MHC 
class I, MHC 
T200 antigen LEDBETTER and HERZENBERG, 
(common leukocyte antigen) 1979 
CDI le antigen (p 150, 90 antigen) METLAY el al., 1990 

class Il , MHC . HART and FABRE, 1981 
integrin-like antigen (a subunit) BREN AN and PUCLA VEC, 1992 

? DIJKSTRA et al., 1985 

T6 antigen (common thyrnocyte FITHIAN et al. 1981 
antigen) 
Phosphatidyl-inositol glycan linked FREUDENTHAL and STEINMAN, 
antigen 1990 
T200 antigen FREUDENTHAL and STEINMAN , 

1990 
class Il , MHC RErNHERZ et al., 1979 
L25 antigen ISHII et al. , 1985 
MHC class II-associated anti gen POULTER et al., 1986 

35 

Presence in 
piluilary 

ce lis 

+ 
+ 
+ 
+ 

-

+ 
+ 
+ 

+ 

+ 

+ 

+ 
+ 
+ 

labeled with the gold particles. The go ld label was frequently found associated with 
the cell membrane (Fig. la), but was also found· withjn the intra-cellular vesjcles 
(ARKEMA et al. , 199la) (Fig. lb). Exact quantification of the density of gold par­
ticles was not possible due to freeze ruptures of the cryo-sections, and due to the 
fact that high resolution images were selected to reveal the OX6 labelled cells . 
Therefore, a qualitative description is given. 

On the basis of the morphology of the cells, three OX6 + cell phenotypes cou Id 
be distinguished in the AP. Intermediate phenotypes were also found , therefo re the 
following descriptions are to be interpreted as characteristic rather than djstinct 
phenotypes occurring withjn the morphological spectrum of this cell group. The 
first ceU phenotype displayed an elongated cell body and nucleus, with one or more 
long cytoplasmic processes, exceeding the length of the cell nucleus (F ig. 2). A 
second cell phenotype was fo und to have a more rounded morphology and many 
short cytoplasmic processes, often also a heavily indented nucleus and one or more 
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a 

Fig. l. - Immuno-EM of ultrathin cryo-sect ions of rat anterior pituitary labelled with the 
OX6 moAb (MHC-class II specific). The gold label was observed at the cell membrane (3a) 
( x 58000) or within the intracellular vesicles (3a,b) ( x 42000; Bars = 0.2 µm). 

large vesicles located in juxtanuclear position (Fig. 3) (ARKEMA et al., 1991 b ). A 
third cell phenotype with elongated or triangular shape on section was frequently 
found surrounded by a number of hormone-secreting parenchyme cells (Fig. 4). 
This cell displayed a more or less indented nucleus, mjcrovillous projections (Fig. 5 
a,b), many large intracellular vesicles, including ljpid droplets and phagolysosomes, 
elongated or verrniform mitochondria (VILA-PORCfLE, 1972) (Fig. 6a) and a cen­
triole (Fig. 6b ). In the AP these characteristics are classically ascribed to FS cell s 
(VILA-PORCILE, 1972; ScHECHTER et al. , 1988). However, according to STEINMAN 
and CoHN (1973) some of these characteristics may a lso be found in OC (lipid 
droplets, rnicrovilli and centrioles), whereas phagolysosomes have been charac­
terized in DC in situ (KAMPERDIJK et al., 1985). Birbeck granulae (BIRBECK et al., 
1961), the hallmark of the Langerhans cell, were not found in the OX6 + pituitary 
cells, although they are present in many OC representatives (KAMPERDJJK et al. , 
1994). The degree of labelling with the OX6 moAb was variable in these tbree cell 
phenotypes, but clearly exceeded background, since gold particles were rarely found 
in a location different from that within these cells . 
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\ . 

F ig. 2. - Immuno-EM of cryo-section of rat AP labelled witb tbe OX6 moAb : example of 
type / MHC-class JI-expressing cell (arrow). The type I cell is characterized by an elongated 
cell body and nucleus, with a narrow rim of cytoplasm and long cytopla mie proces e . T bi 
cell is located at the peripbery of the epithelial parenchyme cord and is flankcd by connective 
tissue ( x 19500 ; Bar = 0.5 µ111). 
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Fig. 3. Immuno-EM of cryo-section of rat AP labelled with the OX6 moAb : example of 
type Il MHC-class II-expressing cell, reminiscent of the « classical » DC. The type Il cell is 
characterized by relatively short cytoplasmic processes, a heavily indented but not fragmented 
nucleus and a few large vesicles in juxtanuclear position, possibly corresponding to 
phagolysosomes ( x 32000 ; Bar = 0.5 µrn). 

Immunogold labelling with the polyclonal SIOO antiserum of ultrathin cryo-sec­
tions (Fig. 5,7) revealed a cell type reminiscent of the third OX6 + phenotype 
described above (F ig. 4). Immunogold label was more frequently found within the 
nucleus (F ig. 7, inset) of these cells than within the cytoplasm, although both 
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Fig. 4. - Immuno-EM of cryo-section of rat AP labelled with the OX6 moAb : example of 
type Ill MHC-class II-expressing cell, reminiscent of the « classical » FS cell ( x 14000; Bar 
= 0.5 µm). The type Ill cell is characterized by short nticrovillous projections, many large 
intracellular vesicles and typical organelles (see Fig. 5, 6). This cell is located in the endocrine 
compartment and is surrounded by gran ulated endocrine cells. The inset shows high power 
magnification ( x 31000 ; Bar = 0.2 µm) of some vesicles labeled with the OX6 moAb. 

labellings exceeded background. This result corresponds with the LO staining pat­
tern of cryo-sections with the SIOO anti-serum (ALLAERTS et al., 1995). F ig. 5 shows 
a cryo-section of FS ce Lls loca lized in a cluster at the centre of the endocrine 
parenchyme compartment, and surrounding a fo llicle wherein microvillous protru­
sions are found. The ultrastructural characteristics, immunopositivity for S lOO and 
topographical locali zation (Fig. Sa), indicate that tbis cell type corresponds to the 
classical FS cells, as described by VJLA-PORCILE (1972). Recently, using low tem­
perature resin (Lowicryl HM20) immunohistochemistry at the EM level, we could 
demonstrate S 100 + and OX6 + cells with excellently preserved topography reminis­
cent of FS cells (ALLAERTS et al., 1995) . 
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Fig. S. - Topograph ica l loca li zation of FS cell at the ultrastructural level in cryo-sections 
of rat AP labelled with the OX6 moAb, showing a cluster of FS cells at the center of a 
parenchyme cord and urrounding a fo llicle (a rrowhead) (Sa) ( x 14000 ; ba r = O.S µm) . 
Microvi llous protrusions into the fo llicle lumen are labelled for the MH -class Il deter­
minants (2S nm gold label ; longer arrows) and the S!OO protein (l S nm gold label ; horter 
a rrows) (S b) ( x 64000; bar = 0.2 µm). 
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a 

Fig. 6. - lmmuno-EM image to demonstrate the ultrastructural characteristics of FS cells in 
cryo-sections of rat AP labeled with the OX6 moAb. The ceUs are labeled for the M HC­
class Il marker, and display long vermiform mitochondria (m) (6a) ( x 58000) and a cen­
triole (c) (6b) ( x 42000) as described by V ILA-P ORCI LE (1972) (Bars = 0.2 µm). 

F urther, using a double immunogold-labelling procedure with gold particles of 
15 nm and 25 nm diameter respectively, we were able to identify cells with the third 
phenotype described above bearing both the SIOO protein and the OX6 antigen 
(Fig. Sb, 8a). The larger gold particles Jabelling the MHC-class Il molecules were 
found at the cell membrane and within the cytoplasm, whereas the smaller gold par­
ticles labe!Jing the S IOO protein were more numerous within the cell nucleus 
(Fig. 8a). Some protruding microvilli fo und within the follicular lumen of an FS cell 
cluster were labelled with the MHC-class II marker and the SIOO protein (Fig. Sb). 
Occasionally, a lso cells with the second phenotype (cfr. above) were found immuno­
positive for both the S IOO protein and the OX6 antigen (Fig. 8b). 
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Fig. 7. - Immuno-EM of cryo-section of rat AP labelled with the polyclona l anti­
S 100 serum : example of FS cell (FS) surrounded by granulated endocrine cells (G) ( x 14000 ; 
bar = 0.5 ~1m). The FS cell nucleus is abundantly labelled with the S 1 OO antibodies (high 
power magnification in inset) ( x 31000 ; bar = 0.2 pm). 

Mixed leukocyte reaction assay with pituitary Dendritic Cells 

In Fig. 9a the autologous stimulation of T lymphocyte proliferation by p ituitary 
cells is shown. A cell population obtained from the interphase of the Nycodenz 
gradient corresponding with a DC enriched fraction of splenic cells and consisting 
of 34 % s100 + and 25 % OX6 + cells was capable of timulating T lymphocyte 
proliferation for a stimula tor-responder ratio as low as 1 :160. On the other hand, 
in the pellet phase of this Nycodenz gradient (remaining pituitary cell population 
with only 2 % SIOO + and 8 % OX6 + cells) a stimlùation was only observed for 
ratios larger than 1 :20. 
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Fig. 8. - Double immuno-labelling of ultrathin cryo-sections of ra t AP with the OX6 moAb 
(25 nm gold label ; longer arrows) and the anti-SlOO serum (15 nm gold label ; shorter 
arrows). A FS cell (FS), reminiscent of the type Ill MHC-class Il-expressing cell is shown in 
8a : the cell is abundantly labelled for the S 1 OO protein and weakly labelled for the MHC­
class II determinants ( x 60000). A type Il cell is shown in 8b, labelled for the MHC-class Il 
determinants, with only very little label for the S 1 OO protein ( x 32000). G : fragment of 
granulated endocrine cell (Bars = 0.2 11m). 

The autologous stimulation of T lymphocyte proliferation by p1twtary cells 
obtained by BSA gradient sedimentation is shown in Fig. 9b and c. Original pop­
ulations of dispersed pituita ry cells called « originals », and cell populations 
obtained by velocity sedimentation at l g (cfr. above) were able to stimulate 
T lymphocyte proliferation for stimulator-responder ratios varying from 1 :5 to 
1 :320 (Fig. 9b). At the maximally effective stimulator-responder ratio, the cell pop­
ulations of the sedimentation gradient were more effective in timulati·ng 
T lymphocyte proliferation as compared to the originals (Fig. 9c). The combined 
fractions 1 and 2 were the most potent stimulatory fraction in this assay (Fig. 9c). 
T he magnitude of maximal T lymphocyte proliferation, moreover, is highly 
correla ted with either the proportiona l number of MHC-class Il expre sing cells or 
the proportional nwnber of S 100 + cells (unpublished observations). 
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Fig. 9. - Mixed leukocyte reaction assay with pituitary dendritic cells. A. T cell prolifera­
tion induced by pituitary. cells separated by Nycodenz gradient in stimulator : responder ratio 
between l :5 and l :640. B. T cell proliferation induced by pituita ry cell populations (origina l 
population, BSA gradient fractions l plus 2 and BSA gradient fraction 5). C. T cell prolifera­
tion induced by pituitary cell populations a t maximally effective stimulator : responder ratio 
(representa tive experiment out of 3 similar experiments). 

DISCUSSION 

In the present paper a review is given of the myeloid markers found in mouse, 
rat and human anterior pituitary as previously described (ALLAERTS et al., 1991 , 
1993, 1995). We previously trea ted the problem of the (partial) overlap between the 
different cell populations immunopositive for markers of the monocyte-macro­
phage-dendritic cell lineage (ALLAERTS et al., 1995). The present ultrastructural 
investigation of S 100 + and MHC-class II ex pressing celJs in the rat A P is suggestive 
for the occurrence of three distinct imrnunopositive phenotypes within the 
morphological spectrum of fo lliculo-stelJa te (FS) and/or dendritic cells (OC) in the 
AP. Hitherto, this cell group has been regarded as either a resident pituitary celi 
population (folliculo-stellate cells ; VILA-PORCILE, 1972) or as a lymphoid cell group 
which may also occur in almost any non-lymphoid organ (dendri tic cells ; S TEINMAN 

and CoHN, 1973, KLINKERT et al., 1982). Moreover, no conclusive evidence has 
been brought forward with regard to the embryological origin of the FS cell group 
(A LLAERTS et al., 1995), although a myeloid origin of the DC cell group is com­
monly accepted (KAMPERDIJK et al., 1994). The heterogeneity of the FS celi group 
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has already been proposed, based on ultrastructural (VILA-PORCILE, 1972) or 
immunohistochemical findings (TACHIBANA and y AMASHIMA, 1988; NAKAGAWA et 
al., 1985). The presence of DC markers in the mouse, rat and human AP, the fact 
that s100 + FS cells and MHC class II expressing DC of the rat AP co-sediment 
within the upper gradient fractions of a velocity gradient (ALLAERTS et al., 1993) 
and the occurrence of double immunolabelled cells at the EM level (ALLAERTS et 
al., 1995; present data) are suggestive for a (partial) overlap between the two cell 
groups. Moreover, the present finding of an immune-accessory fonction of pituitary 
cells in vitro, which is most prominent in the SlOO-enriched and MHC-class II 
enriched cell population obtained by gradient sedimentation, demonstrates that 
these cells are immunocompetent cells comparable to lymphoid DC. Because of the 
lower numbers of DC marker expressing cells in the AP compared to the numbers 
of s100+ FS cells, the overlap between the two cell groups is only partial, and this 
fact adds to the heterogeneity of the FS cell group (ALV.\ERTS et al., 1995). 

lt remains to be elucidated whether the heterogeneity of the FS cell group as 
revealed by ultrastructural and immunohistochemical characteristics is also a fonc­
tional heterogeneity. To date, no information is available concerning the stability 
of the immunohistochemical markers and fonctional states of the FS cell group dur­
ing normal and pathological development. The possibility of transient differentia­
tion stages within the FS and DC group is substantiated by the occurrence of inter­
mediate forms between the FS and DC phenotype, that also express 
immunohistochemical markers of the two cell groups (present data). 

The presence qf DC in the AP, that moreover may act as immune-accessory 
cells, raises the question of the fonctional significance of this cell group. We pre­
viously demonstrated using an in vitro culture system that FS cells communicate 
with granulated cells of the pituitary parenchyme (BAES et al., 1987 ; ALLAERTS and 
DENEF, 1989) and FS cells are the likely producers of IL-6 in the AP (V ANKELECOM 
et al. , 1989, 1993). lt was suggested that FS cells may exert an endocrine regulatory 
fonction as well as an « immune defense » fonction (ALLAERTS et al., 1990). A 
remarkable synchronization in the rat AP during development of IL-6 producing 
(CARMELIET et al., 1991) and s100 + (SHIRASAWA et al., 1983) and MHC-class II 
expressing cells was previously observed (ALLAERTS et al. , 1993). In the AP of an 
autoimmune-prone rat mode! , the BB rat, an increased number of s100 + and MHC 
class Il expressing cells was found, compared to the Wistar and Lewis rat AP 
(unpublished observations). Whereas in the thyroid (VOORBIJ et al. , 1990) and pan­
creatic islets (VOORBIJ et al., 1989) of the BB rat DC play a crucial role in initializ­
ing autoimmune thyroiditis or insulitis, respectively, it is unknown whether BB rats 
may also develop an autoimmune aderlohypophysitis. Autoimmune hypophysitis 
has been described in humans (MAUERHOFF et al., 1987) and an animal model of 
adenohypophysitis resulting from injecting AP homogenates in the rat was 
developed by LEVINE (1967) (reviewed in ALLAERTS and DREXHAGE, 1994). Recently, 
it was reported that injection of the Sl00/3 specific T cell lines activated with the 
S 100/3 protein in naïve Lewis rats resulted in experimental allergie encephalitis 
(KoJIMA et al. , 1994). The involvement of DC in the initiation of endocrine autoim­
mune disease (KNlGHT et al. , 1988) opens a new perspective on the immune sur-
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veillance fonction of the FS and DC cell group in the AP, apart from their role as 
IL-6 producing cells (V ANKELECOM et al., 1989). The expression of IL-6 mRNA and 
IL-6 receptor mRNA in the rat pituitary (SCHÔBITZ et al., 1992; VELKENIERS et al., 
1994), thereby has been interpreted as part of an inflammation process with a cen­
tral pituitary effect (SCHÔBITZ et al., 1992; REICHLIN, 1993), or was interpreted as 
the manifestation of local paracrine or autocrine communication processes, which 
may dysfonction in pituitary adenomas (TSAGARIKIS et al., 1992; VELKENIERS et al., 
1994). 
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SUMMARY 

In order to optimize culture c·onditions of bovine pulmonary endothelial cells (CPAE), we 
have compared different culture media, supports and extracellular matrices. Cell biomass was 
estimated by protein assay using Lowry's method. Different constituents including albumin, 
hydrocortisone, insulin, transferrin, triiodotyronine, Epidermal Growth Factor (EGF) and 
Fibroblast Growth Factor were separately added to Basal Defined Medium (BDM). Among 
tbem, BDM supplemented with EGF (1 ng/ml), hydrocortisone (100 nM), insulin (1 µg/ml), 
triiodotyronine (2 nM) and linoleic acid complexed to albumin (10 µg/ml) also named ' syn­
thetic BDM ' appeared to be the best serum-free nutritive medium and sbowed similar results 
as compared to DMEM supplemented with 10 % Fetal Bovine Serum (FBS). 

Severa) supports have then been tested including tissue cultu re polystyrene (as a 
reference), teflon, polycarbonate or poly(ethylene terephthala te) track-etched membranes. 
Among them, cells cultivated on surface treated membranes in poly(ethylene terephthalate) 
exhibited the highest protein content witb a significant increase in comparison to tissue 
culture polystyrene, probably because cells are fed on the two face instead of one. 

On treated poly(ethylene terephtha late) membranes, cel.ls kept tbeir endothelial morphol­
ogy and ultrastructure. 

Finally, cell biomass on several exogenous extracellular matrices was studied. Cells were 
cultivated in 'synthetic BDM ' or DMEM supplemented with 10 % FBS and on poly(ethylene 
terephthalate) membranes. Among fibronectin, matrigel ™ (solubilized tissue basement mem­
brane), laminin, collagen (type l) and polylysine ; matrigel TM appeared t0 be the optimal 
extracellular matrix. 

(1) Correspondence to S. BAATOUT, Laboratory of Experimental Hematology and Onco­
logy, Catholic U niversity of Louvain, 1, rue G. Thérasse, B-5530 Mont-Godinne, Belgium. 
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In conclusion, we demonstrated herewith that bovine pulmonary endothelial cell cultures 
can be optimized in a serum-free medium and on microporous membranes with matrigel ™ 
as an extracellular matrix without alterations of cell morphology. 

Key words : CPAE cells, in vitro model , serum-free medium, microporous membranes, 
poly(ethylene terephthalate), extracellular matrix, matrigel. 

INTRODUCTION 

Alterations in the function of endothelial cells play an important rote in the 
development of atherosclerosis (Ross et al., 1974; Ross and GLOMSET, 1976). 
Cultivated endothelial cells provide a powerful approach' with which to study the 
characteristics and function of the endothelium. However, the presence of serum in 
the nutritive medium hampers the precise determination of the effect of various 
components on their function. We have developed a new serum-free, chemically 
defined, Basal Defined Medium (BDM) which considerably increases the secretion 
of monoclonal antibody by hybridoma cells (SCHNErDER, 1989; SCHNErDER and 
LAVOIX, 1990); with a low protein content it also allows the long-term (3 to 4 
weeks) culture of rat hepatocytes (JIN et al., 1989) or intestinal epithelial cells 
(HALLEUX and SCHNEIDER, 1991 ). Equally important is the nature of the support 
upon which cells rest. We have recently reported that the use of poly(ethylene 
terephthalate) microporous membranes improves the culture of various mammalian 
cells (SERGENT-ENGELEN et al., 1990). Moreover, the deposition of an extracellular 
matrix on the surface of the supports is necessary for the optimal growth of many 
aàherent cells. Severa! kinds of coating have been proposed such as laminin, 
fibronectin, collagen (type 1), polylysine or a solubilized tissue basement membrane 
gel ma trige! TM. These components have been shown to affect the ability of cells to 
proliferate (TIMPL et al., 1979; JAFFE, 1980 ; KLEINMAN et al., 1981 ; CHAZOU et al., 
1981 ; MACARAK and HOWARD, 1983). 

Herewith , in order to optimize culture conditions of bovine pulmonary 
endothelial cells (CPAE), we present data about the effects of several components 
of the medium, different ~upports and several exogenous extracellular matrices on 
the biomass of bovine pulmonary artery endothelial (CPAE) cells. Based on these 
observations, we have developed a cell culture system using serum-free medium, 
poly(ethylene terephthalate) microporous membranes and matrigel TM as an 
exogenous extracellular matrix to grow and maintain endo thelia l cells under defined 
conditions. 

Abbreviations used : BDM, Basal Defined Medium ; CPAE, plùmonary artery endotheba l 
cells; DMEM, Dulbecco's Modified Eagle's Medium ; EGF, Epidermal Growth Fa:ctor ; 
FBS, Feta l Bovine Serum ; FGF, F ibroblast Growth Factor; Hydrocortis, Hydrocortisone; 
Lin ac : alb, linoleic acid complexed to albumin ; mPET, membranes in Poly(ethylene 
terephthalate) ; nPC, native Polycarbonate; nPET, native Poly(ethylene terepbtha late) ; PET, 
Poly(ethylene terephthalate); sBDM, synthetic Basal Defined Medium ; T3 , T riiodotyronine; 
TCPS, Tissue Cultme Polystyrene ; tmPET, treated membranes in Poly(ethylene 
terephthalate). 
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MATERIAL AND METHODS 

Cell culture and subculture 

The bovine pulmonary artery endothelial cell strain (CPAE) was obtained from 
the American Type Culture Collection (Rockville, Md). This cell strain has been 
characterized and shown to be endothelial in origin by angiotensin-converting 
enzyme activity, factor VIII rela ted antigen and the presence of Weibel-Palade 
bodies (DEL VECCHIO and SMJTH, 1981 ; DEL VECCHIO and LINCOLN, 1983). CPAE 
cells were maintained in l 75-cm2 flasks. For a il experiments, cells were used 
between passages 11 and 20 and cultivated under wa ter saturation and 5 % C02 (v/ 
v) in a ir. CPAE cultures have been passed at a split ratio of 1 :3 or 1 :2 onto tissue 
culture polystyrene (Nunc, lntermed, Denmark). D aily phase contrast observations 
of morphology were used for assessing the culture state. Cell viability was assessed 
using trypan blue exclusion. 

Culture medium 

Basal Defined Medium (BDM ; SCHNEIDER, 1989) consists of a 5:5:1 (r;/v/v) 
mixture of Iscove's Dulbecco 's modified Eagle's, Ham's F l 2 and NTCT 135 media . 
To this, 25 mM glucose, 6 mM glutamine, 0.01 % (w/v) Pluronic F68, 50 µM 
ethanolamine, 25 mM H EPES, 3 g/l NaH C0 3 and 30 µg/ml penicillin and 70 ~tg/ml 
streptomycin were added. Routine culture was carried out in BDM supplemented 
with l % Feta l Bovine Serum (Gibco). 

For some experiments, BDM was further supplemented with different substan­
ces : linoleic acid complexed to albumin 1 a t two different concentrations (IO and 
100 µg/ml, Gibco), insulin (1 µg/ml, G ibco), EGF (10 ng/ml, G ibco), FGF (50 ng/ 
ml, Gibco), transferrin (10 µg/ml, G ibco), triiodotyronine or T 3 (2 nM , G ibco), 
hyd rocortisone (100 nM, Gibco), trace elements (Mn, Mo, N i, Si, Sn and V) a t the 
concentrations described by M c KEEHAN et al., (1976). ' Synthetic BDM ' (sBDM) 
corresponds to BDM supplemented with insulin, EGF, trace elements, ascorbic 
acid , alpha tocopherol, glucagon, prolactin, somatotropin, dexamethasone and 
linoleic acid complexed to albumin as previously used fo r ra t hepa tocytes (JIN et 
al. , 1989). Dulbecco's M odified Essentia l Medium (D MEM) supplemented with 
10 % FBS was used as reference. · 

Biomass study by protein assay 

Cells were harvested with trypsin (2.5 g/l) and ED TA (1.1 g/l) and seeded in 
each culture condition a t an initial concentra tion of 50,000 living cellsfcm 2. After 
different incuba tion periods a t 37° C , cells were washed 3 times with PBS and dis­
solved twice in 1 ml of Na deoxycholate 1 % (w/v) previously adjusted to pH 11 .3 
with N aOH. Cell protein content was determined by the method of LOWRY et al. 
(1951) with bovine serum albumin as a standa rd . Results are expressed in 
rnicrograms per cm 2 of growth area. 
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Preparation and coating of flasks 

Cel! cultures were carried out on different supports. For tissue culture 
polystyrene (TCPS), 6-well tissue culture plates (Nunc, Intermed, Denmark ; 
growth area of 9.9 cm 2) were used. Polycarbonate and poly(ethylene terephthalate) 
exist as films (native polycarbonate nPC and native poly(ethylene terephthalate) 
nPET), as microporous (poly(ethylene terephthalate) membranes mPET or as 
treated poly(ethylene terephthalate) membranes tmPET. m and tmPET membranes 
were kindly provided by Whatman s.a. (Louvain-la-Neuve, Belgium). Inserts were 
prepared as previously described (HALLEUX and SCHNEIDER, 1991 ). Teflon flasks 
(Petriperm) were provided by Heraeus (Danau, FRG). 

To assess the effect of exogenous extracellular matrices, culture substrata were 
precoated for 2 h at 37°C with laminin (10 µg /ml, Sigmél), fibronectin (10 µg /ml, 
Gibco), polylysine (IO µg /ml, Sigma), type I collagen (30 µg /ml, Sigma) or 
matrigel ™ (5 µ! diluted 10 times in BDM, Flow Lab., Brussels, Belgium) and rin­
sed with PBS just before use. 

Scanning electron microscopy 

For ultrastructural studies, monolayers growing on microporous membranes 
were washed twice in PBS, fixed in situ with 2.5 % (w/v) glutaraldehyde in PBS for 
1 h and rinsed twice with PBS, postfixed with osmium tetroxide (2 % w/v in PBS) 
for 1 h and rinsed 3 times with PBS. Samples were dehydrated with acetone in a 
critical point dryer (.Balzers Union, Lichtenstein) and sprayed with gold (Balzers 
SCD040) before examination with a Hitachi S570 scanning electron microscope 
(Hitachi, Tokyo, Japan). 

Statistical analysis 

ANOVA 2 analysis and Newman-Keuls test were used . Results are expressed as 
the mean of 6 experiments ± SEM. 

RESULTS 

Effect of different medium components on CP AE biomass 

The effect of different components classjcally added to nutnt1ve medium on 
CPAE biomass was assessed by detennining the protein content and compared to 
BDM, on one hand, and to DMEM supplemented with 10 % FBS, on the other 
band (Fig. 1). When cells were cultivated in BDM supplementeçl with linoleic acid 
complexed to albumin, biomass was in the same order of magnitude as cells grown 
in the presence of BDM alone. Insulin and transferrin were found to be slightly 
mitogenic since biomass was significantly increased in their presence (p < 0.05). 
The addition of EGF or FGF to BDM augmented significantly CPAE growth in 
comparison to ceUs cultivated in the presence of BDM supplemented with trans-
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Fig. 1. - Influence of different components of the nutritive medium on the biomass of CPAE 
cells cultivated either on tissue culture TCPS or on tmPET. The final concentrations were 
linoleic acid complexed to albumin (10 µg/ml : LAAI; 100 µg/ml: LAAII), insulin (lns : 1 µg/ 
ml), transferrin (Trf : 10 µg/m l), FGF (50 ng/ml), EGF (10 ng/ml). Protein content (µg/cm2) 

was measured after 36 h of culture. Synthetic BDM and DMEM 10 % FBS are abbreviated 
as sBDM and DIO% FBS, respectively. 

ferrin or insulin (p < 0.05). The highest protein contents were obtained when the 
medium was either sBDM or DMEM supplemented with 10 % FBS (p < 0.05). 
DMEM was used as a control because this medium is known to be adequate for 
CPAE culture (GARCIA et al., 1986). 

In a second set of experiments, CPAE cells were cultivated in BDM but for each 
individual test, different components including some of the sBDM medium were 
added and a comparison was made with DMEM supplemented with 10 % FBS 
(Fig. 2). Results indicated that there was a significant difference between BDM 
alone and BDM supplemented with either triiodotyi;onine, trace elements, 
hydrocortisone or linoleic acid complexed to albumin (p < 0.05). EGF and insulin 
gave quantitatively sirnilar results and were shown to be more effective than BDM 
supplemented with either triiodotyronine, trace elements, hydrocortisone or linoleic 
acid complexed to alburnin (p < 0.05). Although there was a more importa11t dif­
ference tban in Fig. 1, the difference between sBDM and DMEM 10 % FBS was 
not significant. This difference can be explained by the fact that in Fig. 1, cells were 
at passage 12 and in F ig. 2, they were at passage 15. 
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Fig. 2. - Influence of some components including sBDM constituents on the biomass of 
CPAE cells cultivated on TCPS or on tmPET. The final concentrations were hydrocortisone 
(He : 100 nM), linoleic acid complexed to albumin (LAA : 10 µg/ml), triiodotyronive or T3 
(2 nM), insulin (lns : 1 µg/ml), EGF (1 ng/ml). Protein content (µg/cm2) was measured after 
36 h of culture. Synthetic BDM and DMEM 10 % FBS are abreviated as sBDM and 
DIO %FBS, respectively. 

Effect of different supports on CPAE growth 

F igs 1 and 2 show that in every situation the cell yield was higher on 
microporous PET membranes than on TCPS dishes. Selective advantages of other 
substrata were investigated (Fig. 3) on CPAE cells at passage 17. Tissue culture 
polystyrene (TCPS) was used as reference. Teflon, polycarbonate (PC) or 
poly(ethylene terephthalate) (PET) in the form of film or microporous membranes 
were tested . Teflon gave the lowest protein content. No significant difference was 
detected when cells were cultivated either on TCPS, PC films or PET membranes. 
However, the PET films gave a significant higher protein content (p < 0.05). 
TmPET produced the highest CPAE biomass (p < 0.05). These results indicate that 
the use of tmPET considerably increased the protein content. Comparable results 
were observed for sBDM and DMEM sup.plemented with 10 % FBS. 

Effect of different extraceilular matrices on CP AE growth 

To characterize the effect of different extracellular matrix proteins on the 
biomass of CPAE cells, protein assay measurements were performed on cells 
cultivated on fibronectin, matrigel ™ , lamin.in, type I collagen or polylysine. These 
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Fig. 3. - Comparison of CPAE cells biomass after 4 days of culture on different supports 
and either in sBDM or in DMEM supplemented with 10 % FBS. The supports were teflon 
membranes, polycarbonate (nPC) or PET (nPET) films, treated and nontreated PET mem­
branes (tmPET or mPET, respectively) and tissue culture polystyrene (TCPS). 

experiments were performed on TCPS (Fig. 4) and on tmPET (Fig. 5) and involved 
both sBDM and DMEM containing 10 % FBS. Extracellular matrices without cells 
were shown to exhibit a protein content which never exceeded 5 % of the total 
protein content. 

When cells were cultivated on TCPS (Fig. 4) coated with laminin or matrigel™, 
no significant increase in protein content was detected in comparison to TCPS 
without precoating. A significantly enhanced protein content (p < 0.05) was detec­
ted with polylysine, fibronectin and collagen as compared to TCPS without 
precoating. 

In comparison with noncoated tmPET, no significant increase was observed 
with fibronectin or Jaminin. In contrast, after precoating of tmPET with collagen 
or polylysine, a significant increase in protein content was observed as compared 
to noncoated tmPET (p < 0.05). The highest yield was recorded with ma trige!™ 
as an exogenous extracellular matrix (p < 0.05). 
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Fig. 4. - Comparison of CPAE cells biomass after a 36 h culture on TCPS precoated with 
different extracellular matrices and either in sBDM or DMEM supplemented with IO % FBS. 
The used extracellular matrices were fibronectin (IO µg/ml), laminin (10 µg/ml), type 1 
collagen (30 µg/ml), polylysine (IO µg/ml) and matrigel TM (dilution : IO x ). 
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Fig. 6. - Phase contrast micrograpbs of CPAE cells cultivated for 
5 days in BDM supplemented witb 1 % FBS on TCPS (A) or 
tmPET (B) . 
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F ig. 7. - Scairn ing electron micrographs of CPAE cells cultivated 
for 5 days in BDM supplemented with 1 % FBS on tmPET. 
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Morphological and ultrastructural characterizations of CP AE cells on TCPS and on 
treated membranes of poly(ethylene terephthalate) 

Fig. 6 gives representative pictures of CPAE cells after five days of culture in 
BDM containing 1 % FBS on TCPS (Fig. 6a) or tmPET (Fig. 6b). CPAE cells 
covered each substratum showing a confluent layer of cells with a characteristic 
cuboidal configuration. 

Scanning electron microscopy of the surface of a complete CPAE cell 
monolayer grown on tmPET revealed an intimate association of the cells with the 
typical cobblestone appearance after five days of culture (Figs 7a and b), despite 

_ some diversity in the cell configuration. 

DISCUSSION 

The use of a cell culture system as an in vitro mode! of the vascular endothelium 
has a number of advantages, such as offering direct access to luminal and 
abluminal fluid for analysis, being highly simplified and limited to a single cell type 
and having an experimental medium that can be defined in terms of the chemical 
and biological composition. However, the factors that simplify the system also raise 
questions about its relevance to the real in vivo situation. 

We varied several aspects of the culture conditions in an attempt to optimize 
CPAE culture. This cell strain is a .well-characterized strain of bovine pulmonary 
endothelial cells. The effects of different conditions on the biomass of CPAE cells 
were measured by protein quantification (LOWRY et al., 1951). 

In order to optimize culture conditions of bovine pulmonary endothelial cells 
(CPAE), as a first step, the effect of different components of the nutritive medium 
on the biomass of CPAE was studied. Among ail the media tested, albumin had 
only a minor effect, which agrees with the observations of DE GROOT et al. (1 983). 
Albumin acts as a binding protein for fatty acid and also as a detoxifying agent 
in a manner similar to that postula ted for transferrin (GUILBERT and IscovE, 1976). 
Hydrocortisone and triodotyronine displayed a slight effect on CPAE cell biomass. 
Hydrocortisone is known to improve the morphology of RFl cells (a line of rat 
ovarian follicular cells) but does not affect their growth rate while it stimulates the 
epithelial cell line TM4 (HAYASHI et al., 1987). The concentration of insulin required 
for stimulation of CPAE growth is high to reach an IGF-1 effect (HAYASHI et al., 
1987). Most of the stimuJatory activity of transferrin is presumably related to its 
iron binding property. l nsulin and transferrin are known to stimulate several cell 
types (BARNES and SATO, 1980). EGF and FGF have been widely used and are 
reported to stimulate growth of a variety of cell hnes including endothelial cells, 
HeLa and BALB 3T3 cells. 

CPAE cells grow well in a serum-free synthetic medium . sBDM medium is a 
synthetic nutritive medium originally developed for optimal growth of hybridoma 
cells and monoclonal antibody secretion (SCHNEIDER, 1989 ; SCHNEIDER and LAVOIX, 
1990); it contains minerai cations, vitamins, coenzymes, nucleotide precursors, high 
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concentrations of glucose, amino acids, and antioxidant substances. After addition 
of appropriate hormones and growth factors, it also sustains growth and differen­
tiation of anchorage dependent, polarized mammalian cells such as hepatocytes, 
MDCK, Hep G2 or CHO cells (JIN et al., 1989). 

The use of surface treated microporous membranes m PET as support 
significantly improves the biomass of CPAE cells. Culture on these membranes 
gives better biomass than on tissue culture polystyrene or polycarbonate (SERGENT­
ENGELEN et al., 1990). These results suggest that the improvement is due, on the 
one hand, to the physicochemical nature of the substratum surface since cell adhe­
sion and biomass are enhanced on surface-treated PET as compared to the na tive 
polymer and, on the other hand, to the microporosity since for a same surface 
treatment, culture is improved on a microporous membrane as compared to the 
nonporous substratum. The PET membranes are also chemically inert and do not 
adsorb lipophilic solutes. In these culture conditions, CPAE cells expose their apical 
pole to the upper compartment of the insert, whereas their basal pole adheres to 
the PET membrane and is, therefore, in contact with the lower compartment. Such 
a mode! could therefore be appropriate for permeability studies of substances 
through the endothelial layer. 

The substrate upon which cells rest when maintained in tissue culture is impor­
tant for their biomass. The extracellular ma trix provides a natural substraté upon 
which cells can undergo their characteristic changes in morphology occuring at 
mitosis as well as their differentiation. The endothelial cell is normally adherent to 
a complex basement membrane extracellular matrix consisting of type IV co llagen, 
laminin, fibronectin , vitronectin , heparan sulfate proteoglycan, entactin, thrombos­
pondin and von Willebrand fac tor (KRAMER et al., 1987). We found that CPAE 
were able to proliferate on diverse extracellular matrices. Fibronectin is abundant 
in both vascular basement membrane and the surrounding interstitium and is a 
major extracellular connective tissue component. The protein content of CPAE cells 
was enhanced when culture occurs on TCPS precoa ted with fibronectin ( IO µg/ml) 
and suggests that fibronectin is an important cell spreading factor. This substrate 
requirement of CPAE has also been fou nd by others (GOLD and PEARLSTEIN, 1980). 
Either on surface treated PET membranes or on TCPS, we found an advantage in 
using collagen. Among the various components of the ex tracellular matrix, collagen 
is known to play an important role in promoting cell attachment, cell migration and 
cell biomass (GOSPODAROWTCZ and LUI, 198 1) . Binding proteins for type 1 collagen 
and laminin have been observed in a bovine aortic endothelia l cell-derived line. A 
laminin precoating either on TCPS or tmPET did not i1nprove CPAE cells biomass. 
Polylysine has been found to improve attachment and clonai growth of human and 
chicken fibroblasts (McKEEHAN et al. , 1976). ln our experiments, polylysine gave 
a significant increase in the tota l protein content of CPAE cells. Matrigel™ is a 
so lubilized basement membrane gel extracted from the mouse Engelbreth-Holm­
Swarm sarcoma. Cultures of human endothelial cells can be induced to undergo 
extremely rapid morphological differentiation into capillary-like structmes by 
matrigel ™. When cells were culti vated on treated PET membranes, matrigel ™ 

• 
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gave the highest protein content whereas precoating of TCPS did not affect CPAE 
cell biomass. 

In light microscopy, the cells formed a continuous monolayer on TCPS and on 
surface treated PET membranes. The ultrastucture was similar on TCPS and on 
treated PET membranes. 

In conclusion, in a synthetic hormono-defined nutritive medium, on treated 
PET membranes precoated with ma trige!™, culture of CPAE cells gave excellent 
results. Moreover, under these conditions, cells keep their endothelial morphology 
and ultrastructure. 
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SUMMARY 

As a means of determining the suitability of microcrustaceans living in aerated lagoons 
as a source of chi tin, the biomass of these animais was measured twice monthly from October 
1993 to November 1994 in a lagoon receiving the waste waters of the town of Differdange 
(G.D. of Luxembourg). The production and chitin content of Daphnia magna Straus, the 
dominant species of the zooplanktonic community (by number and biomass), were assessed 
over the same period. From December to February, the microcrustacean biomass was low, 
varying from 0.035 to 0.440 g.m - 2 . High biomass values were observed in April and June 
(about 4.3 g.m - 2) as a consequence of phytoplankton blooms and an increase in temperature. 
ln November, despite the scarcity of algal food, the Daphnia magna biomass peaked up to 
5.5 g.m - 2 due to the ability of these organisms to use bacteria and detritus for food. 
Throughout the sampling period, the Daphnia magna biomass far exceeded the Cyclops spp 
biomass. 

Fluctuations in the daily chitin production of Daphnia magna paralleled the biomass fluc­
tuations of the species, with maximum values measured in April ( 1.9 g.m - 2.day - 1) and June 
(4.8 g.m - 2.day - 1) . The chitin content of Daphnia magna ranged from 2.9 to 7.0 % of the 
total body dry weight. By the summation of the daily chitin productions of the species, the 
an nuai chi tin production of Daphnia magna was estimated at 11.5 g.m - 2 .year - 1. This figure 
is compared with the chitin production of other crustaceans in the natural environment. 
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Prospects for using Daphnia magna living in the studied aerated sewage lagoon as a source 
of chitin are discussed . 

Key words : Daphnia magna, sewage lagoon, chitin, production. 

INTRODUCTION 

Chitin is the second most abundant biopolymer in the world after cellulose 
(SANDFORD, 1988). Chitin and its derivative chitosan have found numerous applica­
tions in agriculture and industry, principally in the cosmetic, pharmaceutical, and 
biomedical sectors (SANDFORD, 1988). Consequently there is an increasing interest 
in chi tin in ail forms and of ail degrees of purity. The current sources of chi tin for 
industry are crab shells (Cancer magister, Chionectes japonica, and Paralithodes 
camschatica) and shrimp shells (Panda/us borealis) (HrRANO, 1988 ; SANDFORD, 
1988). This kind of raw material presents, however, some disadvantages, sÜch as 
(1) a high degree of mineralization which necessitates drastic acid treatment (often 
resulting in partiai hydrolysis of the chi tin) (BRINE and AUSTIN, 1981) and (2) varia­
tions in the chemical· composition according to the sex, moulting stage, or age. 
Because of these disadvantages, investigators seek alternative chi tin sources, such as 
less calcified crustaceans. In this context, JEUNIAUX et al. (1993) have estimated at 
2.3 x 109 T the total amount of chitin produced by crustaceans each year. This 
estimate, however, does not take into account the amount produced in artificial 
ecosystems such as aerated sewage lagoons, believed to be adequate sources of 
chitinous raw material because they generally support large biomasses of planktonic 
crustaceans such as copepods and cladocerans (DINGES, 1976 ; SEVRIN-REYSSAC, 
1993 ; ULHMANN et al., 1994). Furthermore, the cuticle mineralization rate of such 
zooplankters is low (BAUDOUIN and RAYERA, 1972). The commonly acknowledged 
major steps in lagoon treatment are (l) aerobic bacterial decomposition of organic 
wastes resulting in the release of nutrients, (2) algal utilization of the nutrients 
(DINGES, 1976). Filter feeding zooplanktonic organisms can develop in these 
lagoons thanks to a sufficient oxygen concentration ( > 1 mg/I - SHAPlRO, 1990) 
and to abundant algal (LAMPERT, 1974 ; GoPHEN, 1977) and bacterial (McMAHON 
and RIGLER, 1965 ; PETERSON et al., 1978) food. Zooplankton standing crops are 
often considerable and are mainly composed of Daphnia magna, which is generally 
the dominant species in lagoons (SEVRIN-REYSSAC, 1993). At the present time, these 
zooplankters are used as fertilizers in aquaculture, baits for fishing and an imal 
food, mainly in aquaculture (SEVRIN-REYSSAC, 1994). Therefore, their use as a 
source of chitin for special chemical or medical applications would greatly enhance 
their commercial value. 

In this perspective, the aim of this study was to evaluate the advantages of 
exploiting sewage lagoon microcrustaceans as a chitin source. The fo llowing criteria 
were examined : ( 1) the seasonal availabi lity of rnicrocrustaceans, especially 
Daphnia magna, and some limnological factors affecting its production, (2) the 
production and chitin content of Daphnia magna. The annual cbitin production of 
this species was evaluated and compared with the chitin production in different 
natural environments. 
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DESCRIPTION OF THE SITE 

The studied lagoon (60,000 m 2 ; 2.5 m mean depth) is located at Differdange 
(Grand-Duchy of Luxembourg). lt collects the waste waters of the town after 
primary treatment. The mean resident time is approximately 50 days. The lagoon 
is continuously aerated. The planktonic crustacean community is composed of the 
cladoceran Daphnia magna Straus and of cyclopoid copepods of the genus Cyclops 
Müller. Rotifers are seldom abundant during the year. The zooplankton is har­
vested and sold as aquarium food by the company Bioplancton. 

MA TERIAL AND METHODS 

Temperature, oxygen concentration and chlorophyll a concentration measurements 

The temperature and oxygen concentrati9n of the water were measured with a 
probe (WTW Oxi 196, Germany) on each sampling date. The chlorophyll a concen­
tration was determined spectrophotometrically at 663 nm after extraction with 
90 % acetone (APHA , 1985). 

Sampling, biomass, and ~aily production of zooplankton 

From October 1993 to November 1994, water samples were collected twice 
monthly at nine evenly spaced stations with a 3-liter van Dorn bottle at a depth 
of 1.5 m. The samples for zooplankton counts were filtered through a net with a 
mesh size of 60 µm and fixed in 4 % formalin . The individuals of the various taxon 
were counted in each sample in order to estimate a mean population density as 
described by BOTTRELL et al. (1976). The biomass was calculated from the estimated 
population density and the length-weight rela tionship of the studied taxon as 
developed by Dumont et al. (1975). The daily production of Daphnia magna was 
calculated on the basis of the formula of WINBERG et al. (1971) including 15 size 
classes (250µm wide) : 

where P is the daily production (g dry weight. m - 2.day - 1), Nx the number of 
individuals in size class x (m - 2) , ~ W x the weight increase of an individual growing 
from the size class x to the next size class (g dry weight), a nd D x the development 
time of size class x (in days), determined from a growth curve established by 
MITCHELL et al. (1992). The daily secondary production values are expressed in 
g.m - 2.day - 1 rather than in g.m - 3.day - 1 because of their dependence on primary 
production which is a surface process. To standardize our results, we express 
biomass values also on the basis of area. The biomass values per cubic metre can 
be obtained by dividing the biomass value expressed per square metre by the mean 
depth (2 .5 metres) . 
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Dap/mia magna chitin production 

On each sampling date, the daily chitin production was evaluated on the basis 
of the daily production value and the chitin content of the specimens . The annual 
chitin production of Daphnia magna was estimated by summing the daily chitin 
productions. Between sampling da tes, the daily chitin production was estimated by 
linear interpolation of the results obtained for sampling dates. 

To determine the chitin content, we first freeze-dried the raw materia l (daphnids 
1 mm long) . Demineralization was performed with 0.5 N HCI a t room temperature 
and proteins were extracted with 1 N NaOH at 1 OO 0 C. The chi tin content was 
assayed by a colorimetric method based on measuring the amount of N-Acetyl-D­
Glucosamine monomers liberated after complete enzymatic hydrolysis by purified 
chitinases (REISSIG et al., 1955 ; J EUN IAUX, 1963, 1965). Assays were carried out with 
commercial chitinases (E.C. 3.2.1.14) and N-Acetyl-D-Glucosaminidase (diluted 
lobster serum). 

RESULTS 

Water temperature and oxygen concentration 

In the course of a yea r, the water temperature varied in sinusoïda l fashion 
(Fig. 1). The temperature was below 10° C from November to May and above 
10° C from May to October. The extreme va lues were recorded in December 
(1.7° C) and July (25° C). 
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Fig. 1. - Seasonal changes in temperature and oxygen concentration of the water in the 
sewage lagoon of Differdange from October 1993 to December 1994. 
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From October to April , the oxygen concentration increased from 1.8 to 
12.9 mg 02 .1 - 1 (Fig. 1). Then it dropped to 2.5 mg 0 2.1 - 1 a t the beginning of May. 
The oxygen concentration peaked a second time in June a t 10.8 mg 0 2.l - 1• From 
June to November, the oxygen concentration fluctuated between 0.8 and 
4.5 mg 02.1 - 1• 

Chlorophyll a concentration and crustacean biomass 

The chlorophyll a concentration remained generally low ( < 1 µg.1 - 1); two 
chlorophyll a peaks were observed, however, one in M arch (330 µg. l - 1) and one in 
June (250 µg .1 - 1) (Fig. 2). F rom July to December, the chlorophyll a concentration 
va ri ed between 2 and 45 µg.1 - 1• 

The crustacean biomass was low during the win ter, varying from 0.035 to 
0.440 g.m - 2 in terms of dry weight (Fig. 2) . From March to July, biomass peaks 
were observed a t the beginning of April (maximal value : 4.3 g.m - 2) and at the 
beginning of June (maximal value : 4.3 g.m - 2) . Through July and August, the 
biomass fluctua ted sharply between 0.4 and 4.7 g.m - 2 . From September to N ovem­
ber, the crustacean biomçiss increased and reached the highest value measured over 
the entire year (6.7 g.m - 2) . 
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Fig. 2. - Seasonal changes in cblorophyll a concentration and microçru tacea n biomass in 
the lagoon of Differdange from October 1993 to December 1994. 

On the whole, the species-rela ted resu lts show that the Daphnia magna biomass 
far exceed€d the Cyclops spp. biomass (Fig. 3). In winter, however, the biomas of 
Cyclops spp. increased earlier than tha t of Daphnia magna, probabJy owing to the 
revival from diapause of copepodits IV overwintering in the sediment (GEORGE, 
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1973). The observation that adults composed the maJonty of the population in 
January and February supports this explanation. Peaks of Daphnia magna biomass 
were recorded in April (3.7 g.m - 2), June (3.7 g.m - 2), July (4.3 g.m- 2), August 
(4.4 g.m - 2), and November (5.5 g.m - 2). Cyclops spp. biomass exhibited three 
peaks with values exceeding 0.8 g.m - 2 : March (maximal value : 1.2 g.m - 2), June 
(maximal value : 1 .0 g.m - 2) , and from mid-September to the end of October (maxi­
mal value : 1 .4 g.m - 2). The lowest biomasses were observed in January 
(0.035 g.m - 2) , May (0.070 g.m - 2), and August (0.067 g.m - 2) . 
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Fig. 3. - Seasonal changes in Daphnia magna biomass and Cyc/ops spp. biomass in the 
sewage lagoon of Differdange from October 1993 to December 1994. 

Dap/111Ül mag na chitin production 

To evaluate Daphnia magna chitin production, we first calculated the daily 
production of Daphnia magna, which fluctuated in the same manner as the biomass 
of the species (Fig. 4). In winter, the daily production was virtually ni!. The highest 
values were recorded in April (maximal value : 1.9 g.m - 2 .day - 1), June (maximal 
value : 4.8 g.m - 2.day - 1), and October (maximal value : 1.7 g.m - 2.day - 1). The 
calculated annual production of Daphnia magna was 234 g.rn - 2 .year - 1, i.e. 
94 g.m - 3.year - 1. The highest ratio ofdaily production (P) to biomass (B), i.e. the 
highest productivity, was recorded in June (P/B = 1.4). Moreover, 35 % of the 
annual production occurred during this month . 



DAPHNIA MAGNA AS A SOURCE OF CI-UTIN 73 

-o- Daily production 
c:: 5 -+- Daily chi tin production 0,5 c:: 
.s 0 
...... :;:::; 
u u 
:: :: 

"O 4 0,4 "O 
0 0 
i.. i.. 

o. o. 
;;... ,-... c - ;;... 3 0,3 ·..= 
'ë; 
"O 
c;: 
c 

Cil 

't:1 ..c 
u 

"' E Cil 

bli 2 0,2 c 
'-' 

0 
u > u c .D 

,_, 
6. >, c bl) o.. u > u 

0 <l.l c"j <l.l C'1 C'1 ~ 

;:::; ;:::; <l.l 0 Il.) 

0 z Q >---, ~ ~ <( ~ 
>---, 

>---, 
<( C/) 0 z Q 

1993 1994 

Fig. 4. - Seasona l changes in the dai ly producti on and the chitin dai ly production of 
Daphnia magna in the sewage lagoon of D iffe rdange from October 1993 to December 
1994. 

The chitin content of Daphnia magna varied fro m 29 to 70 mg chitin per gram 
whole body dry weight, i.e. from 2.9 to 7.0 % of the tota l dry weight. Therefore, 
as the chitin content of Daphnia magna appears to be relatively constant over the 
year, a mean value of 4.9 % was used to calculate the daily chitin production of 
Daphnia magna. The dai ly chi tin production is thus a constant part of the daily 
production. Consequently, daily chitin production and total dai ly production vary 
similarly (Fig. 4) . Maximal values were recorded in Apri l (94 mg chitin.m - 2 .day - 1) , 

June (241 mg chitin.m - 2 .day - 1), and October (82 mg chitin.m - 2 .day - 1). The 
annual chi tin production of Daphnia magna reached 11 .5 g chitin .m - 2 .year - 1, i. e. 
4.6 g chitin .m - 3 .year - 1. The annual chi tin production for the whole lagoon was 
th us estimated a t 690 kg. 

The annual chitin production of Daphnia magna at Differdange is compared in 
Table 1 with the chitin production of crustaceans in both fresh and sa it water 
(JEUNIAUX et al., 1993). The figure obtained in this study is four to eighty times 
higher than the annual chitin production of other Daphnia species living in 
eutrophie lakes, whatever the unit used (g.m - 2.year - 1 or g.m - 3 .year - 1) . On the 
whole, the amount of chi tin produced annually by marine crustacean comrrmnities, 
expressed per square metre, is on the average ten times lower than the amount 
produced by Daphnia magna at Differdange. The differences are greater when the 
data are expressed per cubic metre. 
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TABLE 1 

A comparison of the chitin production of some Crustacean community 
in freshwater and in marine ecosystems 

Annual chitin 
Community production 

( g.m. - 2 .yem· - 1) 

Fresh water 

Daphnia hyalina and D. cucullata 0.14-0.30 
(Tjeukermeer - Holland) (1) 

Daphnia galeata (Lake Esrom - Denmark) (2) 3.2 

Daphnia magna (sewage lagoon) (3) 11.5 

Salt water 

Surface zooplankton (Calvi Bay - Corsica) (4) 1.0 
(Copepods, Cladocerans) 

Euphausiacea (South Pacifie) (5) 5.3 

Euphausiacea (North Atlantic) (6) 0.01-0.04 

Large benthic Decapods (7) 1. 5 

(1) Calculated by GERVASI et al. after VuvERBERG (1981). 
(2) Calcu lated by GERVASI et al. (1988) after PETERSEN (1983). 
(3) The present study. 
(4) GERVASI et al. (1988). 
(5) Calculated .by JEUNIAUX et al. (1933) after Rnz and HozIE (1982) . 
(6) Ca lculated by JEUNIAUX et al. (1933) after LINDLEY and (1982) . 
(7) After JEUNlAUX et al. (1993). 

DISCUSSION 

Annual chitin 
production 

(g .m. - 3 .year - 1) 

0.092-0.204 

0.160 

4.6 

0.010 

0.021 

0.00024-0.00085 

-

In the absence of fish or invertebrate predators, the biomass and production of 
microcrustaceans depend mainly on the temperature and food availabi lity (e .g. 
WEGLENSKA , 1971 ; W ATTlEZ, 1979 ; HART, 1990). In spring, the two 
microcrustacean biomass peaks are clearly related to the chlorophyll a peaks. Yet 
as the algal resources decline, strong competition is liable to take place between 
daphnids and the phytophagous juvenile stages of Cyclops spp. This might be the 
cause of the drop in the biomass of Daphnia magna observed at the end of June. 

From July to December, the microcrustacean biomass peaks did not correlate 
with the chlorophyll a concentration. Over the summer, the low availability of algae 
may have prevented the biomass of copepods from reaching high values, but despite 
the lack of algal food during the autumn of 1994, the biomass of microcrustaceans 
reached its highest va lue of the year (6.7 g.m - 2) . T his may be due to the ability of 
cyclopoid copepods and da ph nids to feed on bacteria and, suspended organic matter 
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(e.g. McMAHON and RIGLER, 1965; PORTER, 1977; NILSSEN, 1978; PETERSON et al., 
1978). 

The effect of temperature on microcrustacean biomass is highlighted by the dif­
ferences observed between the maximum biomass values recorded in autumn 1993 
and autumn 1994'. In November 1993, the mean temperature was 6.6° C lower than 
in November 1994 and the biomass value (2.8 g.m - 2) was less than half that recor­
ded in November 1994 (6.7 g.m- 2). 

In order to estimate accurately the daily ·production of Daphnia magna, it is 
necessary to take into account how the development rate of this organism varies 
in relation to environmental factors. Our study being limited in time and scope, 
however, we used a growth curve (MITCHELL et al., 1992) established under 
laboratory conditions at constant temperature (20° C) and with a constant food 
supply (Chlamydomonas reinhardü, 0.5 mg.1 - 1) . Consequently, our estimate of the 
production may differ somewhat from the actual value because of the deviation of 
laboratory conditions from the prevaibng natural conditions. 

The maximum daily production was higher in June (4.8 g.m - 2.day - 1) than in 
April (1.9 g.m - 2.day - 1). This is due to the faster embryonic development and 
faster growth of juveniles at higher tempera tures. In June, the mean temperature 
of the wate.r was 20° C and embryonic development would take 2 to 3 days (BoT­
TRELL, 1975). Severa! generations could thus benefit from the temporary high 
availability of algae. In March and April, on the other hand, the mean temperature 
was only 7.5 ° C. Embryonic development would take 11 to 12 days. The daphnid 
offspring thus did not appear until April, when a lgae were scarce. This reduced 
their production. 

As expected , winter was the least productive period. Only 2.1 % of the tota l 
production occurred during December, January, and February. This is due to the 
low availability of algal food and to the low water temperature. Daphnids can sur­
vive this period by producing long-lasting eggs (ephip;Jia) that hatch in spring when 
the temperature and photoperiod increase (LARSSON, 199 1). 

The annual chitin production calcuJated for the Daphnia magna popula tion li v­
ing in the sewage lagoon of Differdange is higher than that of any of the freshwater 
and marine communities with which i1 was compared (Table !). T his is probably 
due mainly (l) to the small number of competing species in the zooplankton com­
rnunity of this kind of sewage lagoon (at Differdange, the zooplankton co.mmunity 
is composed so lely of Daphnia magna, Cyclops spp. , and Brachionus spp.), (2) to 
the high availability of food in the lagoon (algae in spring a'nd summer, bacteria 
and suspended rnatter throughout the year), and (3) to the absence of fish and 
rnacroinvertebrate predators of zooplankton (SHAPIRO et al. , 1975). When the 
annual chitin production is expressed per cubic metre, large differences appear 
between Daphnia magna and the marine zooplankters. The reason for this is that 
marine zooplankters are distributed over a deeper water column than freshwater 
zooplankters. T he low annual chitin production values reported for North Sea 
eupha usids p ro bably reflects the fact that LINDLEY (1982) did not eva luate the 
production of exuviae for these organisms. 
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CONCLUSION 

In choosing the raw material for chitin production, one must consider four main 
criteria : (1) the seasonal and geographic availability of the source, (2) the chitin 
content of the organism, (3) the accessibility of the chitin in this organism, (4) the 
quality of the extracted chitin. Our aim is to assess the advantages of using 
cladocerans and copepods living in a sewage lagoon as a chitin source. So far, we 
have examined the first two criteria. 

In terms of biomass, Daphnia magna appears as the dominant species of the 
lagoon. Because this organism is omnivorous and the food availability high (algae, 
bacteria, and suspended organic matter), chitin production by this species appears, 
in the lirnits of the accuracy of our estimation, very high as compared to other 
potential sources. The daily production, however, does depend on the temperature 
and food supply and is therefore subject to major seasonal variations. Winter, espe­
cially, is a critical period when the daily production is very low. 

Another advantage of lagoon crustaceans is that, unlike pelagic ·marine 
crustaceans which are distributed over a deep water column, they are easy to har­
vest (with a pump-and-net system, for instance). These preliminary results suggest 
that microcrustaceans living in lagoons, especially Daphnia magna, are an excellent 
raw material for producing chitin. 
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SUMMARY 

The equilibrium of forces acting on the lower jaw during biting ca n be assessed by static 
modelling. Usually, no account is taken for the actual recruitment level of the involved jaw 
adductors and only one fixed orientation of the food reaction forces is considered. These con­
ditions conflict with reality. Therefore, recruitment levels of eight muscles of Caùnan 
crococlilus are determined by means of quantitative EMG. For 12 crushing bites and one 
holding bite, these levels were normalized (per muscle) to the max.imal activity level ever 
observed in a total of 72 bites. These activity levels were used as input fo r a static bite mode!. 
A large numbers of simulations a re run in which the orientation of the food reaction forces 
varies over a large range. Severa! bite points are considered. The mode! calculates the 
magnitude of the bite forces and the orientation and magnitude of the joint forces. The results 
for the individual bites are compared to a mode! simulat ion where ail muscles are fu lly active 
(100 %) and to an averaged bite representing a genera lized crushing bite of Caiman. This 
allows to assess the biological meaning of such simu.lations. It tums out tbat (apart from the 
absolute size of the forces) bath the 100 % in.ode! and the genera.lized bite irnulation result 
in an equilibrium condi tion which closely approximates the actual in vivo equilibria. Sorne 
fun ctional and morpho logical implications are discus ed . 

Keywords : bite force, joint force , electromyography, biomechanics, reptiles, Caiman. 

INTRODUCTION 

For basic mechanical analysis, the lower jaw in tetrapods can safely be described 
as a simple lever (one rotational degree of freedom) . Neverthe!ess, several pairs of 
jaw closers are always present, which makes that bite forces can tbeoretical ly be 
generated by a large number of combinations of muscle forces. When food particles 
are held or crushed, muscle forces must be in balance witb al! other external forces 
acting on the jaw. These are predominantly forces situated at the level of the jaw 
suspension and forces exerted by the food particle in reaction upon the biting forces 
themselves (i. e., food reaction forces). A static force analy is allows to assess th.is 
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balance in a relatively simple way (e .g., ALEXANDER, 1983; SINCLAIR and ALEXAN­
DER, 1987; for a more elaborate 3D-example see KooLSTRA et al., 1988). 

Among tetrapods, the reptilian jaw musculature must be considered as the most 
complex one. SINCLAIR and ALEXANDER (1987) deal in their analyses with three 
types of reptiles : a turtle (Chrysemys), a !izard (Varanus) and a crocodilian 
(Caïman). The simulations are based on two assumptions. (1) Muscle forces were 
proportional to the physiological cross-section (i.e ., muscle volume/mean fibre 
length), and ail muscles are fully active simultaneously. (2) Food reaction forces or 
joint reaction forces have a premised fixed orientation. In case of Caïman and 
Chrysemys food reaction forces are oriented perpendicular to the axis interconnect­
ing their point of application and the centre of the jaw joint. For Varanus, the 
orientation of the joint reaction force was predefined (in line with the quadrate) , 
resulting in one fixed orientation for the food reaction force too. 

Such assumptions, however, conflict with reality. The orientation of food reac­
tion forces may well diverge from one fixed (perpendicular) condition. The actual 
orientation is highly impredictable, as it depends upon shape and texture of the 
food particle, its position with respect to the jaws, the shape and position of the 
teeth, the gape angle, etc. (see also KooLSTRA et al. , 1988). In addition, various 
papers show that patterns of co-contraction of jaw closing muscles differ between 
bite types (e .g., prey capture, positioning, crushing, reduction, killing, etc. : 
THROCKMORTON, 1980; GüRNIAK et al., 1982 ; SMITH, 1982; VAN DRONGELEN and 
DULLEMEIJER, 1982; BUSBEY, 1989). 

Moreover, recent quantitative analyses of electromyographic data recorded from 
a large number of jaw muscles during feeding in Caïman crocodilus (CLEUREN and 
DE VREE, in prep.) and in agamid !izards (A. HERREL, pers.comm.) demonstrate 
that even within groups of sirnilar bites, clustered by a factor analysis (PCA ; 
groups coincide with bite types), the recruitment level of individual muscles changes 
drastically from one bite to the other. Within the group of truly static crushing 
bites, not only the general level of recruitment of the involved muscles varies (reflec­
ting changing biting efforts), but also the pattern of the individual recruitment level 
of ail muscles changes (see further) . 

For ail these reasons, the biological significance of static bite simulations with 
prescribed orienta tion of reaction forces and full scale activity of the jaw closing 
muscles must be questioned. Therefore, the present study applies amew a sta tic bite 
force analysis to 12 crushing bites of a young caim an, taking into account the 
individual recruitment level of each muscle. Calcula tions are performed for a wide 
range of orientations of food reaction forces at several biting poin ts. Magnitude 
and orientation of joint forces , and the magnitude of the bite forces are computed. 
The resuJts are compared to those of simulations in which ail muscles are fully 
active (i .e. force level accords di rectly to the physiological cross section), and with 
simulations in which the activity level of the muscles equals the average of the 
actual crushing bites . This allows to assess the biological relevance and meaning of 
such simulation conditions. Further, one recording of another static bi te type, 
namely holding of the p rey, is included in the comparison. Morphological and func­
tiona l implications will be discussed. 
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MA TERIAL AND METHODS 

Juvenile Caiman crocodilus were commercially purchased. The specimen used for 
quantitative EMG-experiments had a length of 0.74 manda mass of 1.5 kg. Muscle 
masses were determined on a specimen which <lied a natural death (0.65 m ; 1.0 kg). 
EMG-signals of 8 muscles (see Table 2) were recorded by means of teflon isolated 
stainless steel bipolar electrodes (diameter 0.045 mm; Leico Industries Inc.). The 
EMG signais were passed through Tektronix 26A2 differential amplifiers and 
Honeywell Accudata 117 DC amplifiers and stored on a Honeywell medium­
bandpass 96 FM 14-channel tape recorder. The analogue signais were digitized 
afterwards at 10 kHz (Keithley DAS, series 500). The digital signal was integrated 
using the procedure of BEACH et al. (1982). In this way one value per interval of 
10 milliseconds was obtained for each muscle, being a measure for the intensity of 
its recruitment, and thus for the force development too (BASMAJIAN and DE LUCA, 
1985). Throughout two complete feeding bouts (encompassing several cycles 
(n = 72) of ail bite types : acquisition/holding (n = 1), killing/crushing (n = 12), 
repositioning (n = 31 ), transport (n = 12) and swallowing (n = 16) (see CLEUREN and 
DE VREE, 1992); the maximal integrated value ever observed for each muscle was 
determined. The integrated EMG-data of ail crushing and the holding bites were 
then normalized per muscle according to these maxima (expressed as a percentage). 
An extensive description of the EMG-quantification and factor analysis will be 
published elsewhere. 

An estimate of maximal force development by each muscle was made based on 
the physiological cross sections (volume/mean fibre length). Muscle volume was 
approximated from its mass, assuming a density of 1000 kg m-3. The musculus 
adductor mandibulae externus (MAME) consists of three parts (MAMES = super­
ficialis , MAMEM = medialis and MAMEP = profundus ; see ScHUMACHER, 
1973; VAN DRONGELEN and DuLLEMEIJER, 1982). In the present setup, no EMG­
data were available for the MAMEM, but previous experiments revealed that the 
activity of the pars medialis resembles this of both other parts. Therefore, half the 
mass of the MAMEM was added to the MAMES, the other half to the MAMEP 
(Table 1) in order to represent the entire MAME in the mode! as two separate bun­
dles only. The total jaw muscle mass from one side was 24.95 g. Mean fibre lengths 
were obtained from SINCLAIR and ALEXANDER (1987 ; from a specimen of identical 
length and mass) . The fibre lengths of the MAMES and MAMEP were taken iden­
tical , based on the evidence provided by the ranges of fibre lengths published by 
BusBEY (1989). The same holds for both components of the pterygoideus. A muscle 
stress of 0.25 MPa was used to convert physiological cross-section to force (see for 
instance HERZOG, 1994). The 3D orientation of the force vectors (see Fig. 1) was 
determined for one specific state of jaw depression by measuring the coordilrntes 
of the centres of the origins and insertions of the considered bundles on orthogonal 
X-rays (Siemens Tridoros Optimatic 880, at 35 kV, 400 Mas ; positioning based on 
dissections) . The centre of the frame of reference was situated in the mid-sagittal 
plane at the level of the jaw rotation centres. The X-axis ran paraUel to the 
neurocranial base (see F ig. 2A). 
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Fig. 1. - Caiman crocodilus : Lines of action of the jaw muscles, the width of the arrows 
refers to the physiological cross section. 1 = M . depressor mandibulae ; 2 = M. adductor 
mandibulae externus (sup., med ., prof.) ; 3 = M . adductor mandibulae posterior ; 
4 = M . pterygoideus posterior ; 5 = M. pterygoideus anterior ; 6 = M. pseudotemporalis ; 
7= M. intramandibularis. 

The mode! used to calculate the static force equilibrium was planar : calcula­
tions were carried out in a sagittal plane. Nevertheless , the 30 configuration of the 
muscular system (which is coupled to the state of jaw depression) was taken into 
account. For muscles diverging from the sagittal plane, only the sagittal component 
of the force vector was considered. Therefore, the mode! can be regarded 30 in 
cases where biting activity is symmetrical, as any laterally directed forces cancel 
each other at both body sides. [Notice that in this case left + right lower jaw con­
stitute the free body, which is reasonable because of the very strong immobile 
mandibular symphysis]. This holds true for crushing and holding bites of caiman 
(and other reptiles too), as it is evidenced by former EMG-experiments where 
bilateral records of jaw muscles were made. The magnitude of the sagittal compo­
nent and its orientation were automatically adjusted according to the introduced 
gape angle. Gape angles and biting points ( = point of application of the food-reac­
tion forces) were selected on the basis of observations of feeding in unrestrained 
animais. 

Bites were simulated by multiplying the normalized integrated EMG-level (see 
above and Table 2) with the maxima l contraction forces (see also DE GUELDRE and 
DE VREE, 1990). These values were aver.aged per muscle to run the « averaged » 
(A VG) simulation. In a final simulation , ail muscles were set to 100 % (« Model »). 
As mentioned in the introduction, « "crushing » and « holding » were selected, as 
these are genuine static bites which furthermore show the necessary symmetrica l 
muscle activity pattern. The model calculated the magnitude of the bite force , a nd 
the magnitude and orientation of the joint forces for every given orientation of the 
food reaction forces (see F ig. 2A). T hese were set to vary between - 50 and - 130 
degrees with respect to the lower jaw (F ig. 2A). The direction of the joint forces is 
expressed relative to the cranium (F ig. 2A) . 
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RESULTS 

Maximal muscle forces and recruitment patterns 

Masses, fibre lengths and physiological cross-sections of ail muscles involved in 
the simulations are given in Table 1. Table 2 represents the normalized recruitment 
for each muscle during actual holding and crushing phases. The « mode! » bite 
(with ail jaw adductors fully active) and the averaged crushing bite are added. 

TABLE 1 
u 

Caiman crocodilus : Ja w muscle masses in terms of percentage , fibre /engths 
(from SINCLAIR and ALEXANDER, 1987; a/so for a 1.00 kg specimen 

of Caiman crocodilus) and physiological cross sections. 
MAMP= M. adductor mandibulae posterior, MAMES= M. adductor 

mandibulae externus supe1ficialis and part of pars medialis, 
MAMEP= M. adductor mandibulae externus profundus 

and part of pars medialis, PTP= M . pterygoideus posterior, 
PTA = M. pterygoideus anterior, IM= M. intramandibularis, 

DM= M. depressor mandibulae 

MUSCLE 
MASS FIBRE LENGTH PHYS. CROSS 
(%) (cm ) (g/cm ) 

MAMP 15 1.70 2.21 

MAMES 7 0.96 1.77 

MAMEP 8 0.96 2.08 

PTP 34 2.00 4.25 

PTA 18 2.00 2.25 

PST 5 1.35 0.93 

IM 5 0.47 2.65 

DM 8 1.58 1.27 

Bite simulations 

Bite forces are given for one body side only. T hey have to be multiplied by two 
to obtain the overa ll bite force on the prey. They must be regarded as only a rough 
estimate of the forces exerted by a young caïman with a skull length of about 
10 cm. Data a re only presented for the extreme ( - 50° and - 130°) and the per­
pendicular ( - 90°) orientations of the food reaction force. Ali variables change 
graduall y from the one extreme to the perpendicular, and then to the other extreme 
condition again. 



TABLE 2 

Caiman crocodilus : Normalized recruitmenl level of Lhe jaw muscles cluring holding and crushing phases. 
Mode! : hypolhelica/ mode/ wilh al/ jaw aclcluclors Jully ( 100 % ) active simullaneously; Ho/cl : in vivo level du ring holding; 

A VG : ma1hemalical average of ail crushing bites ; 1-12 : in vivo recruitment level of ail crushing bites 
from two compleie feeding sequences. For abbrevialions of the muscles see Table 1 

Moc/el Hale/ AVG 1 2 3 4 5 6 7 8 9 10 11 

MAMP 100 97 69 43 58 59 69 76 100 60 61 62 88 78 

MAMES 100 80 67 27 63 55 65 63 100 57 87 56 74 72 

MAMEP 100 75 78 70 41 56 84 97 89 92 100 85 67 77 

PTP 100 75 69 49 66 60 69 69 100 68 62 78 79 65 

PTA 100 48 70 56 73 61 69 62 100 76 64 93 71 52 

PST 100 100 67 31 61 55 61 77 83 80 70 66 84 65 

IM 100 71 79 64 49 53 95 72 100 86 87 89 99 93 

DM 0 4 5 0 3 0 0 5 3 19 6 12 2 10 
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F ig. 2. - Caiman crocodilus - A. Action (white arrows) and reaction forces (black arrows) 
at the jaw joint and at the bite point. The direction of the joint force is measured relative 
to the li ne intercounecting the jaw joint and the anterior tip of the upper j11 w, bite forces are 
measured re lative to the lower jaw. - B. Holding at bite point 4 with a gape of 10° and with 
food reaction force angles of - 50° and - 130°. The magnitude of the FRF is not scaled, see 
Fig. 3A for absolute va lues . Presented are the concordant joint forces of the actual hold ing 
phase (bold solid line) and the 100 % mode! (dashed line). Although joint fo rces resulting 
from the recruitment levels as observed during the actual crushing phases do not ref1ect 
natura l conditions, caused by the artifici al forward sh.ift of the bite point, this range is a lso 
presented as thin solid lines. - C. Crushing in the middle of the crushing range with a gape 
angle of 10° and for a food reaction force angle of - 130°, - 90° and - 50°. The magnitude 
of the FRF is not sca led, see Fig. 3A for ab olute values. Presented are the scaled joint forces 
when introducing the recruitment levels of the mode! conditions (100 %, dashed line), the 
averaged crushing values (bold solid line), and the in vivo recruitment levels (range presented 
between the th.in solid lines) . 
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Holding 

Catching and holding occurs in the region of the anterior canine (bite point 4 
in Fig. 3) and with a gape angle of 10° to 20° (Fig. 2B). The recruitment levels in 
terms of percentage presented in the second column of Table 2 are fed into the 
model. The latter predicts bite forces (BF) of 42 N for a 10° gape (Figs 2B, 3A) 
when food reaction forces (FRF) are perpendicular to the occlusal plane. A shift 
from the FRF in either direction results in an increase of the bite force : 56 N for 
FRF at - 50° and 54 N for FRF at -130° (Figs 2B, 3A). Joint forces (JF), 
however, increase from 173 N (FRF at - 90°) to 193 N (Figs 2B, 3B) when food 
reaction forces (FRF) point forward (- 50°), but decrease to 160 N when the prey 
pushes backward on the lower jaw ( - 130°). This is accompanied by a change in 
slope from 41° to 62° relative to the cranium (Fig. 3C). 

In Fig. 2B, the orientation and magnitude of the joint force of~the actual hold­
ing phase (bold solid line) are compared for both extreme FRF orientations to 
those of the mode) bite (fully active jaw adductors; dashed line) and with the range 
of joint forces generated by the observed recruitment levels of crushing phases when 
biting at the most anterior canine (thin solid lines). Notwithstanding the relatively 
large difference in jaw muscle recruitment level (see Table 2), both the joint force 
angle of the holding bite and the mode) bite (with ail jaw muscles maximally active) 
fit into the envelope formed by the minimal and maximal values of the crushing 
bites. 

Crushing 

For these simulations the normalized recruitment values of the third (A VG ; 
averaged values of ail actual crushing bites), and the fourth to last column (obser­
ved recruitment levels) of Table 2 are used. Crushing occurs in the posterior molar 
region cf KIESER et al., 1993 (biting points 1, 2 and 3 in Fig. 3), with a gape angle 
of 0° to 10°. The crushing region is situated near the insertions of the jaw adductors 
to minimize the Joad arm. The following numerical values refer to observed crush­
ing phases at biting point 2 (Fig. 3) for a gape angle of 10° (Fig. 2C). During crush­
ing, bite forces of 49 to 101 N (A VG = 78 N) are generated when the bite force 
is perpendicular (90°) to the tooth row. Analogous to holding, a shift from the F RF 
away from the perpendicular axis causes an increase in bite forces. The bite forces 
increase to 70 N - 144 N (AVG = 112 N) for FRF at - 50°, and 59 N - 121 N 
(A VG = 94 N) for FRF at - 130° (Figs 2C, 3A). Joint forces range from 90 N to 
181 N (AVG = 138 N) with FRF at -90° at gape 10° (F ig. 3B). The range of joint 
angles is 33 to 47°. When food reaction forces are no longer perpendicular to the 
occlusal plane, but pointing forward ( - 50°), joint forces increase, ranging from 
121 N to 248 N (AVG = 186 N) (Figs 2C, 3B), joint angles range from 17 to 26° 
(Fig. 3C). If the FRF slopes backward from - 90° toward - 130°, IF decrease to 
74 N - 150 N (A VG = 118 N) (F igs 2C, 3), joint angles range frorn 58 to 74° 
(Fig. 3C). Apart from the relation between the direction of the food reaction forces 
and the magnitude of the bite forces and joint forces, also a clear relation with the 
direction of the joint forces exists : larger joint forces, resulting from a forward shift 
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Fig. 3. - Caiman crocodilus - A : Magnitude of the bite force (values refer to one side 
only) - B, C : magnitude and orientation of the joint force at gape 10° and for food reaction 
forces (FRF) ranging from - 130° to - 50° (see legend) in fonction of the recruitment level 
(see X-axis and Table 2) and of the position of the bite point (open symbols : Holding at bite 
point 4 ; solid symbols : Crushing at bite point 2). - D : Ratio of joint force and bite force 
in function of the position of the bite point. 
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of the food reaction forces, show smaller angles. Thus, an increase of the magnitude 
of the joint forces coïncides with a decrease of the angle this force makes with the 
cranium (Fig 2C, 3). 

Fig. 2C demonstrates that, for the entire range of the FRF, the angle of the 
joint force of the averaged crushing phase (bold solid line) and the mode! bite 
(dashed line) always fits in the actual observed range of joint force angles during 
crushing (thin solid lines). 

General 

When the bite point moves from the posterior molars to tQ,e anterior incisors 
the magnitude of the bite forces logically decreases (see bite point 2 versus bite 
point 4 in Fig. 3A). This forward shift also results in a narrower range of the angle 
of the joint forces (compare range open symbols with closed symbols in figure 3C), 
and in an increase of their magnitude the more the FRF points backwards 
(Fig. 3B). Biting in the region of the anterior canine (during holding, Figs 3A, 3B) 
tends to Joad the joint to a larger extent than an equally sized bite force in the 
molar region (during crushing, Fig. 3), as also illustrated by the ratio of joint force 
and bite force for bite point 2 and bite point 4 (Fig. 3). This statement remains 
valid within the crushing region (shift from bite point 3 to 1 ; see Fig. 3). 

The ratio of the joint force to the bite force is remarkably constant for a given 
bite point and FRF-orientation, notwithstanding the large variation in the recruit­
ment pattern of the muscles (Fig. 3D). This factor is maximal when FRF equals 
90°. The smallest factor results from biting in the molar region with an FRF point­
ing backwards (joint and bite forces have about the same magnitude). 

DISCUSSION 

DE VREE and GANS (1994) argued that modelling of muscle functions starting 
from its architecture only is often based on several questionable assumptions. Two 
of these assumptions are that ail muscles act simultaneously, and that muscles are 
fully active. To date, it is still impossible to determine the relative recruitment level 
of a muscle in vivo. Only quantitative electromyography can give an indication of 
the activity level and it has been shown that the link with force output exists 
(BASMAJIAN and DE LUCA, 1985 ; LüEB and GANS, 1986; GANS, 1992). On the other 
hand, it is unpredictable what portion of the contracting muscle is sampled by the 
electrodes. Moreover, physiological cross section as a measure for in vivo maximal 
force is ambivalent too, because in most EMG studies it is unknown whether the 
motor units are ever active ail together. For ail these reasons, it remains uncerta i 
whether the maximal activities used in this study to normal.ize the recruitment Jevels 
of the jaw closers (Table 2) indeed correspond to fu lly active muscles. 

Figs 2B and 2C reveal no obvious difference between the mode) simulation (all 
adductor activities set to 100 % ; i.e. conditions as used by SINCLAIR and ALEXAN­
DER, 1987) and simulations with the in vivo and averaged distributions for holding 
and crushing presented in Table 2. ln case of maximally active adductors, bite for-
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ces are logically larger, ranging from 104 N to 149 Nat the middle of the crushing 
region and from 56 N to 74 N at the level of the most anterior canine for an orien­
tation of the food reaction forces ranging from - 50 to - 130 degrees. Concordant 
joint forces for these conditions range from 154 N to 253 N (i.e. , dashed lines in 
Fig. 2C) and from 204 N to 252 N (i .e. , dashed lines in Fig. 2B). These force levels 
have to be compared to the simulations with the adjusted recruitment levels during 
crushing : 50 N to 144 N, and 74 N to 248 N for the bite and joint forces respec­
tively (Figs 2C, 3A,B), and during holding : 42 N - 56 N bite force and 160 N -
193 N joint force. For crushing bites, Caiman crocodilus uses between 47 and 96 % 
(A VG = 70 %) of its theoretical maximal bite force, but also retains between 48 
and 98 % (AVG = 70 %) of the theoretical maximal joint force. This variation, 
resulting from the shifts in recruitment level of the individual muséles (see Table 2), 
is likely dictated by instantaneous feedback from the jaw system. As mentioned, 
magnitude and orientation of food reaction forces are unpredictable from one bite 
to the next, especially when the food item is inhomogeneous in texture and shape. 
Moreover, the position of the food particle with respect to the jaws changes during 
the course of a feeding sequence too. Even for the bites six to 11 , which represent 
six consecutive crushing bites of the same sequence, table 2 shows considerable 
variation in the recruitment pattern, resulting in the fluctuations of forces and 
angles exemplified in Fig. 3. 

In the middle of the crushing region, the ratio of joint force and bite force 
ranges from 1.2 to 1.83 for gape 10° for FRF ranging from - 130° to - 50°. Dur­
ing the holding of prey items, 75 % of the theoretical maximal bite force is retained, 
which equals to the retained portion (75 %) of the theoretical maximal joint force 
(Figs 2B, 3A, 3B). However, absolu te values differ significantly, as the ratio of joint 
force and bite force ranges from 2.87 to 4.04 (gape 10°) at the level of the most 
anterior canine (Fig. 3). In other words, biting more forcefully (in absolute tenns) 
involves a disproportional increase in joint force with a factor one to four. There­
fore, it seems to make sense to adjust muscular effort to the actually required level, 
as in this way joint forces are kept minimal. Figures 2B, 2C and 3 further illustrate 
that the angular ranges of the joint forces are only slightly affected by raising ail 
recruitment levels to 100 % and fit into the envelope of the in vivo crushing bites. 
The same findings apply to the averaged crushing bite. Apparently, the magnitude 
and orientation of the bite and joint forces generated by the mode! and average 
simulations perfectly fit into the observed range of in vivo fo rces (see F igs 2 and 3). 
Therefore, it must be concluded tha t both the maximal mode! and averaged mode! 
simulations give biologically meaningftù results, especially when only relative force 
levels are considered . This means that static biting models are also applicable when 
no detailed information on the muscular recru.itment level is available. 

Thus, the present restùts fo r Caiman can be compared to those of S INCLAIR and 
ALEXAND ER (1987). In order to do so several differences must be taken into 
account : the intramandibularis muscle is not included in their analyses, the 
musculus pterygoideus and the MAME are each represented by one force vector 
only, and ail forces apply on the axis interconnecting the bite points with the jaw 
joint . A perpendicular orientation of the food reaction forces and a 100 % activity 
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level of ail muscles is premised. First, as a test, input data gathered from Fig. 3C 
in SINCLAIR and ALEXANDER (1987) are fed in our mode!. Ali results were identical, 
except for the orientation of the joint force in case of biting in the molar region. 
Fig. 3C in SINCLAIR and ALEXANDER (1987) shows a joint force angle of 65° 
whereas our mode! predicts 18° [notice that SINCLAIR and ALEXANDER (1987) pre­
sent joint reaction force ; cf Fig. 2A]. This new angle, however, makes the results 
consistent with our findings : a drop of the angle with a backwards shift of the bite 
point Most likely, this error slipped in during the preparing of their Fig. 3C, 

In an effort to mimic the mode! input by SINCLAIR and ALEXANDER (1987) using 
our data, a simulation was run in which the intramandibularis (i.e,, force 7 in 
figure 1) was excluded, and the pterygoideus was represented by one single vector 
(force of bundle 4 in Fig. 1 is added to bundle 5). The bite points 1 and .4 (see 
Fig. 3) give the best approximation of the points of applicatfon used by SINCLAIR 
and ALEXANDER (1987). The bite forces and according joint forces thus found 
largely exceed those found by SINCLAIR and ALEXANDER (1987). Bite forces are 
about 3.5 times larger. For the joint forces a factor equal to l ,6 (bite point 1) or 
2 (bite point 4) must be applied, This is surprising as these authors used a scaling 
factor of 0.33 MPa to convert physiological cross-section to force. Apparently, the 
specimens they used to determine the physiological cross-section had a more slender 
jaw musculature, notwithstanding the comparable overall length and mass. This is 
confirmed by making the sum of ail muscle masses presented by SINCLAIR and 
ALEXANDER (1987) : this equals only half the jaw muscle mass of the specimen used 
for the present study (Table 1). Also the ratio of bite to joint forces differs con­
siderably between both studies (0.13 versus 0.23 for bite point 4 and 0,32 versus 
0.66 for bite point 1 (Fig. 3) ; first value of each couple from SINCLAIR and ALEXAN­
DER, 1987). The same holds for the angles of the joint forces : 25° versus 49° (see 
above) and 18° versus 33° for bite point 4 and 1 respectively (the first of each 
couple from SINCLAIR and ALEXANDER, 1987). 

These divergences must relate to the large differences in the relative masses of 
the individual muscles in both studies (compare Table 1 with Table 1 in SINCLAIR 
and ALEXANDER, 1987), and the differences (although small) in the orientation and 
point of application of the muscle force vectors. If muscle forces taken from SIN­
CLAIR and ALEXANDER (1987) are combined with the orientation and application of 
the vectors in this study, joint forces are quite identical (125 N versus 127 N and 
114 N versus 112 N for bite point 1 and 4 respectively) , and the orientations of 
these forces approximate each other closely (25 ° versus 38° and 18 ° versus 21 ° for 
bite point 1 and 4 respectively) . Bite forces , howevt<r, are still about 1.8 tlines higher 
than those found by SINCLAIR and ALEXANDER (1987), notwithstanding the identical 
muscle force input. 

These findings , together with the results of the comparison between the simula­
tions with adjusted recruitment level and fuJly active muscles or an averaged crush­
ing bite (see first paragraph of the discussion), suggest that joint forces are most 
sensitive to changes in the magnitude of the muscle forces , but rather insensitive to 
changes in their orienta tion. However, bi te fo rces are a lso largely detennined by 
(even small) changes in the orientation of the muscle forces. The biological implica-
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tions are multiple : using different compartments of complex muscles allows an 
extensive modulation of bite force and slight morphometric differences may deter­
mine shifts in feeding ecology of closely related species, consequently a rigorous 
deterntination of the orientation of the muscle force vectors appears to be of crucial 
importance. 

BusBEY (1989) also estimated the reaction forces at the jaw joint during biting 
with a nearly closed gape in a 87 cm long Alligator mississippiensis. This phase is 
identical to the crushing phase in Caiman crocodilus. For crushing, BusBEY (1989) 
found a joint force of 317 N at 47° (data transformed to the present reference 
system; Fig. 2A). For holding a force of 225 N at 94° is found. These data are 
largely different from the Caiman results. The description of the followed procedure 
does not allow to judge whether food reaction forces were taken into account or 
not. If they are omitted from the equilibrium calculations (as we are inclined to 
believe), the above mentioned results are erroneous and cannot be used for com­
parison. 

KooLSTRA et al. (1988) showed that in humans, the direction of the largest 
possible bite force does not coincide with the direction perpendicular to the occlusal 
plane. This is of course determined by the static equilibrium conditions. For a given 
muscular force input, forces exerted on the food must be ntinimal in a direction per­
pendicular to the axis interconnecting the biting point and the jaw rotation centre 
(Figs 2, 3). However, in Caïman, joint forces increase with a shift in the orientation 
of the food reaction force from pointing backwards to forward. In other words : 
the more a bite force points forwards relative to the lower jaw, the smaller the joint 
forces wiU be (Figs 2, 3). SMITH and SAVAGE (1959) argued that in mammals dif­
ferent directions of pull may reduce forces in the jaw articulation. lORDANSKY 

(1964) showed that this may also be valid for crocodibans . This author stated that 
the M. adductor mandibulae posterior and the M . pterygoideus posterior prevent 
luxation of the mandibular joint. Our results show that not only the different direc­
tion of pull of a l! muscles, but also a modification of the force level of each 
individual muscle, determines (although to a larger extend than initially expected ; 
see Fig. 3) the magnitude and angle of the joint forces . 

Nevertheless, joint forces are still relatively high during holdi ng and crushing of 
prey items. However, irrespective the orientation of the food reaction forces and the 
pattern of the jaw muscle forces , the orientation of the joint forces alwa'Ys fits 
within the heavily ossified triangle at the level of the jaw suspension (see F igs 2B, 
2C). The anterodorsally pointing leg of this triangle is formed by the massive quad­
rate which inclines med iall y. The quadratojugal and jugal form the other Jeg : the 
lower temporal bar, a strong bony strut pointing rostrally in a sagittal plane. This 
means that joint forces in Caiman always result in compressive loading of both 
bony legs of the triangle (vector resolution). The more the food reaction forces 
point forwarcls , the higher the lower temporal bar will be loacled. This i not only 
because higher joint forces are involved (see above, F igs 2, 3), but also because 
forward pointing food reaction forces coïncide with decreasing joint force angles 
which tend to corne in line with the lower temporal bar. As crushing and holding 
show symmetrical muscle activity (see Material and Methods), joint force are most 
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likely confined to a sagittal plane, premised that also biting occurs symmetrical. 
The sagittal position of the lower temporal bar thus ensures pure axial loading. In 
case of the quadrate, the joint forces participate in a bending moment too. This 
might explain why, in spite of the much smaller axial loading, the quadrate appears 
to be stronger built than the lower temporal bar. 

As the orientation in which the caïman can expect and thus also must absorb 
joint forces is highly determined by its jaw muscle morphology, reinforcements of 
the skull can be focused to the essential structures and therefore also kept minimal. 
This fits into the hypothesis of BRAMBLE and WAKE (1985) that terrestrial species 
specializing in cranio-inertial feeding are expected to show modification for the 
cranio-cervical mass in order to minimize inertial forces on the body (see also 
CLEUREN and DE VREE, 1992). 

SINCLAJR and ALEXANDER (1987) premised a relation between the direction of 
the joint forces and the structure and position of the quadrate. The present results 
adjust this view in that the role of the temporal bar in stabilizing the joint is as 
important as this of the quadrate. For Chrysemys (turtle), the joint forces slope dor­
sally and backwards, also more or less in line with the slope of the quadrate. Based 
on results of SMlTH (1982) on Varanus , SINCLAJR and ALEXANDER (1987) predicted 
joint forces in line with the quadrate. The according food reaction force pointed 
backwards relative to the lower jaw. However, in the present paper it is argued that 
the slope of the joint forces might not coïncide with the orientation of the quadrate. 
Then the quadrate tends to swing anteriorly or posteriorly depending upon the 
specific orientation of the joint forces . In crocodilians and chelonians, this is 
prevented by an immobile quadrate which is wedged between the other cranial 
bones. However, in many lizard species the quadrate is freed for movement by the 
loss of the lower temporal bar by reduction of the jugal and the clisappearance of 
the quadratojugal. If the quadrato-squamosal joint allows rotations, the quadrate 
is streptostylic. lt is remarkable that in many !izard species a ligament (the quad­
rato-maxillary ligament) is found precisely a t the position where crocodilians have 
the lower temporal bar (refs, own observations). This morphological fact strongly 
suggests that in such lizards joint forces predominantly point backwards, sloping 
behind the quadrate. As the ligament is loaded in tension, it can fulfil a role in 
stabilizing the quadrate, as does the lower temporal bar in crocodilians. 
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SUMMARY 

The epicuticle of marine decapod crustaceans is composed of three sublayers : the inner 
epicuticle, the cuticulin layer,. and the surface coat which was previously described as an exter­
nal layer rich in tannophilic proteins. Positive staining by ruthenium red and alcian blue 
suggests the presence in this layer of polyanionic sites and acid mucopolysaccharides. The sur­
face coat might be viewed as a hydrophilic glycoproteinaceous layer reducing the surface ten­
sion between the hydrophobie cuticulin layer and the aqueous environment. 

Keywords : Acid mucopolysacchar ides, cuticle, Carcinus maenas, cytochemistry. 

INTRODUCTION 

The epicuticle is defined as a thin , multilayered, outer covering of the arthropod 
cuticle. Its complex structure and chemical composition vary considerably with the 
ecological conditions and the physiology of the integument. The presence of surface 
waxes reducing water Joss is one of the most important adaptative features of 
terrestrial arthropods (insects , arachuids). In marine decapod crustaceans, the 
epicuticle is composed of three sublayers : the i1rner epicuticle, the cuticulin layer, 
and the outermost surface coat (KÜMMEL et al., 1970 ; COMPÈRE, 1988, 1995). The 
inner epicuticle and the cuticulin layer are common structures of the arthropod 
cuticle while the surface coat was only described in crustaceans (COMPÈRE1 1995). 
In Carcinus maenas (op. cit .), the surface coat is deposited during la te premoult 
after the cuticulin layer, the inner epicuticle, and a great part of the pigmented 
layer. After the moult, it appears as a relatively thick (0. 1 µm), electron-dense, fuzzy 
coa t overlying the cuticulin layer. The recent demonstration that this coatis mainly 
proteinaceous (showing a strong tannophilic reaction , COMPÈRE and GOFFINET, 
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1992) and hydrophilic raises the question : might this surface coat contain acid 
mucopolysaccharides and electrostatic surface charges? The hypothesis that it is 
negatively charged is supported by the fact that, in the gill cuticle of fresh water 
acclimatised crabs Eriocheir sinensis (MILNE-EDWARDS, 1854) intoxicated with 
HgC1 2, it accumulates Hg2 + ions (BARRADAS and PÉQUEUX, 1995). 

The purpose of this study is to detect polyanionic sites and acid 
mucopolysaccharides at the ultrastructural level in the epicuticular surface coat of 
the Atlantic shore crab Carcinus maenas, using cytochemical methods based on 
staining with ruthenium red and alcian blue. 

MA TERIAL AND METHODS 

Cuticular samples excised from branchiostegites and gills of the crab Carcinus 
maenas were fixed by immersion for 2 h at 20° C in 2.5 % glutaraldehyde, 50 mM 
MgC1 2, 0.05 M Na-acetate buffer (pH 7.4 or 5.8) containing either 0.1 % ruthenium 
red (LUFr, 1971) or 1 % alcian blue 8GX (SCOTT and DORLING, 1965; SCOTT, 
1970 ; LEWIS and KNIGHT, 1977). Control experiments were carried out in the 
presence of 1 M MgC12 according to Scott's (1970) critical electrolyte JTiethod. 
Branchiostegite samples were decalcified under the same conditions (pH, buffers , 
MgC1 2 and stain concentrations) for 24 h at 4° C in a solution containing 0.1 M 
EGT A and 1.25 % glutaraldehyde, then fixed again for 90 min in 2.5 % 
glutaraldehyde solutions as detailed above. To enhance staining, we post-fixed ail 
the samples for 1 h at 4° C in 1 % Os0 4 , using the same buffer, pH and MgCl 2 con­
centration. Ruthenium-red- and Alcian-blue-treated samples were washed in buffer 
and Os04-fixed, respectively, with or without the stain. Ali samples were then pro­
cessed classically without further staining and examined in a transmission electron 
microscope (JEOL 100-SX) at 80 kV accelerating voltage. 

RESULTS 

The ruthenium red and alcian blue sta ining methods give quite similar 
qualitative results, staining being only slightly more intense with ruthenium red. In 
the samples fixed at pH 7.4 (Figs 1, 2, 5 and 6), the surface coat appears very elec­
tron-dense, but Jess so than the outer lea fl ets of the cuticulin layer (COMPÈRE, 1988 , 
1995). The chitin-protein fibres of the pigmented layer are also contrasted while the 
inner epicuticle remains electron-lucent. In a il layers but the cuticulin layer, positive 

Figs l-8. Branchiostegite epicuticle of the cra b C. maenas - 1-4. T reated with alcian blue -
5-8. Treated wi th ruthenium red - 1, 2, 6. at pH 7.4 and 50 mM MgC12 - 3, 5, 7 at pH 5.8 
and 50 mM MgC12 - 4, 8. at pH 7.4 and l M MgC1 2 . c, cuticuJin layer ; ie, inner epicuticle ; 
Pg, pigmented layer ; s, surface coat; ie, inner epicuticle ; Pg, pigmented layer ; s, surface 
coat. Scale bars in l , 5 : l µm ; in 2-4, 6-8 : LOO nm. 
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staining appears slightly Jess intense in the samples fixed at pH 5.8 (Figs 3 and 7) 
and completely absent in control samples treated in the p.resence of 1 M MgCl 2 

(Figs 4 and 8). 

DISCUSSION 

Our results point to the presence of polyanionic sites and acid 
mucopolysaccharides in the epicuticular surface coat of the branchiostegite and gill 
cuticle of the shore crab C. maenas. The slightly higher contrast in samples treated 
at pH 7.4 than in ones treated at pH 5.8 is presumably attributable to weakly 
negative sites, i.e. the carboxyl groups of proteins, wbich are not stained at pH 5.8 
in the presence of a low concentration (50 mM) of MgCl 2 (SCOTT and DORLING, 
1965; LEWIS and KNIGHT, 1977). At pH 5.8, the appearance of contrast strongly 
suggests the presence of negatively charged acid mucopolysaccharides. Further­
more, the absence of contrast in control samples treated in the presence of a high 
concentration of electrolyte (1 M MgCl 2) confirms the electrostatic nature and the 
specificity of the reaction (op. cil .). The persistence of the high electron-density of 
the cuticulin layer leaflets in these controls is probably due to a nonspeci_fic reac­
tion. 

In combination with the previous demonstration of tannophilic proteins (COM­
PÈRE, 1990a; COMPÈRE and GoFFINET, 1992), the presence of polyanionic sites and 
acid mucopolysaccharides suggests that the epicuticular surface coat of the crab C. 
maenas forms a hydrophilic, glycoproteinaceous, external coat. This composition 
explains the affinity of this sublayer for Hg2 + ions in E. sinensis gills after intoxica­
tion by HgCl 2 (BARRADAS and PÉQUEUX, 1995). Accumulation of Hg2 + , moreover, 
is greater in fresh-water-acclimatised animais than in seawater-acclimatised ones, 
being inversely proportional to the electrolyte concentration. 

The presence of this hydrophilic external sublayer is probably a general feature 
of the epicuticle of aquatic arthropods, since a surface coat or corresponding layers 
have been reported by several authors or can be structuraUy identified on published 
micrographies in many crustaceans (decapods : KüMMEL et al., 1970; FOSTER and 
HOWSE, 1978; GREEN and N EFF, 1972, COMPÈRE, 1990a, 1995; COMPÈRE and GoF­
FJNET, 1992 ; copepods GHARAGOZLOU-VAN GINNEKEN and BOULIGAND, 1973, 1975 ; 
cladoceran branchiopods: HALCROW, 1976) and different pycnogonid species (COM­
PÈRE et al., 1993, F AHRENBACH, 1994). In the terres trial oniscoid isopods, the surface 
coat is also present but appears much thinner than in marine decapods (COMPÈRE, 
l 990b). On the other hand, POQUET et al. (1994) have shown that in a parasitic 
copepod in musse( gi lls, the externa l coat of the epicuticle («el », according to the 
terminology of GI-lARAGOZLOU-VAN GINNEKEN and BouLIGAND, 1973, 1975) gives 
a positive reaction with phosphotungstic acid (PTA) at pH 0.3, indicating the 
presence of glycoproteins (RAMBOURG, 1971). No homology can be proposed, 
however, between this external coat and the epicuticular surface coat of decapods. 
Apart from the observation of the surface coat deposition in the sclerites of C. 
maenas (COMPÈRE, 1988, 1995) and Oniscus asellus (L., 1758) (COMPÈRE, 1990b) 



EPICUTICULAR SURFACE COAT OF THE GREEN CRAB 99 

during late premoult, there is no information in the litterature on the 
morphogenesis of these external epicuticular layers. 

Concerning the role of these outermost Iayers, many different highly specialised 
fonctions have been proposed but ail are hypothetical. In some pycnogonids, the 
filamentous coat is believed to act as a protective layer against nematocysts 
(FAHRENBACH, 1994). POQUET et al. (1994) suggest that the glycoproteinaceous coat 
of parasitic copepods plays a role in the attachment of bacteria or protects the 
copepod against host reactions. According to ARNAUD et al. (1988), sublayer «el » 
plays a key role in the agglutination of food particles in the labral glands of 
calanoid copepods, but the presence of similar or at least analogous external 
epicuticle sublayers in a variety of aquatic arthropods suggests, rathè'r, that these 
layers have a common basic fonction. In ail cases, the surface coat directly overlies 
the cuticulin layer, which is known to be hydrophobie and membrane-like structure 
(NEVILLE, 1975 ; FILSHIE, 1982 ; WIGGLESWORTH, 1985). Similarly, c. maenas (COM­
PÈRE and GOFFINET, 1992), the cuticulin layer appears to form the main per­
meability barrier of the cuticle. The surface coat might thus be viewed as a 
hydrophilic layer protecting the cuticulin layer and/or reducing the surface tension 
between the hydrophobie cuticulin layer and the aqueous environment. In this 
respect, the surface coat would resemble the cell coat or the polar heads of plasma 
membrane phospholipids. 
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SUMMARY 

The frequency of private a lleles is often used to assess the amount of gene flow (Nm) 
between populations, with the equations proposed by SLATKIN (1985b) and by SLATKIN and 
BARTON (1989). Although these equations express the sarne relationship, they may yield dif­
ferent estimates of gene flow fo r the same data. These differences increase with decreasing fre­
quencies of private alleles . Comparisons of Nm estimates, based on different equations can 
therefore be misleading. It is advisable to use these equations method only to distinguisb 
between Nm > 1 and Nm < 1. 

Key words : Population genetics, gene fl ow, priva te alleles. 

INTRODUCTION 

The amount of gene flow (Nm = Number of migrants) between na tural popula­
tions is usually estimated by indirect methods based on a llele frequency da ta. One 
of these methods uses the mean frequency P (1) of so called private alleles, i .e. 
alleles tha t are found in one population only (SLATKJ N, l 985a). The likelihood that 
such a lleles are exchanged between populations is indeed rela ted to the degree of 
migration, for the p robability of exchange of priva te alleles between populations 
will be very low unless migration is frequent. Gene fl ow estimates ba ed on P (l ) 
rely on a simulation mode! suggesting that in the case of the stepping stone and 
island models the logarithm of Nm is approximately linearly related to the 
logarithm of P (!). This relationship was firs t form ulated by a nepperian logaritbm 
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(SLATKIN, 1985b) and subsequently by a log 10 ébased equation (SLATKIN and BAR­
TON, 1989). Despite expressing the same relationship, different estimates of gene 
flow can be obtained when both equations are applied to the same data. 

In this paper, both equations are compared and some literature on the calcula­
tion of gene flow using private alleles is reviewed. 

MATERIAL AND METHODS 

Using SLATKIN's (1985b) formula, gene flow (Nm) is calculated as follows 

25 
Nm = Nm,.ef · ~ 

san1 

Where Nmrcr is a reference gene flow estimate for an arbitrary theoretical sam­
ple size (i.e. average number of individuals per population) of N rcr= 25 and where 
N sam is the actual number of individuals sampled per population. Nmref (for 
N rer = 25) can be calculated using following equation 

- 1 
Nmref = e<ln( P ( l )) - b)((i) 

or 

ln(P (!)) = aln(N m ,.ef) + b 

with a = - 0.505 and b = - 2.440 and where P (1) is the average frequency of private 
alleles over ail populations and loci sampled. 

Equivalent to these formulae is SLATKIN and BARTON's (1989) equation where 

N lo (logio(P( I ))-b)(~) niref = 

or 

With values of a = -0.49 a nd b = - 0 .95 for N rcr= 10 ; a= -0.58 and b= - 1.1 
for N rcr=25 and a = - 0.61 a nd b = - 1.2 for N rcr=50 

Correction for sample sizes different from 10, 25 or 50 is made as follows : 

Nref 
Nm = Nmref · ~ 

S0/11 

T he formulae of SLATKIN ( l985b) and SLATKIN and BARTON (1989) are grapbi­
cally compared (F ig. l ). P ( !)values, ln and log 10 transformed, ranging from 0.01 
to 0.10 are plo tted against corresponding ln and log 10 transfonned Nm estima tes 
o bta ined using both equations under the assumption tbat N,cr= 25. Using P (1) and 
average sam ple sizes adopted from literature, Nm values are recalculated and corn-
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pared (Table 1). If FsT values (fixation index measuring the degree of genetic dif­
ferentiation between subpopulations) are known, Nm values are also estimated 
according to WRIGHT's (1951) method, which is based on the following equation 

E 
z 

1 1 Nm = -(- - 1) 
4 FsT 

Selected FsT and derived Nm estimates are also given in Table 1. 
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F ig.!. - Graph ical comparison of gene f1 ow calculat ion according to SLATKIN (1985b) and 
SLATKIN and B AR TON ( 1989) for liam = 25 , which a re respectively. 

with 

- 1 
Nmref = e(ln (P ( I )) - b) (c;) 

- 1 
Nmref = JO (log'°(P( l)) - b)(c;) 

25 
Nm = Nmref • N 

swn 
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RESULTS 

Fig. l shows Nm estimates as fonction of theoretical P (1) values with an 
average sample size of 25, based on SLATKIN' s (1985b) and SLATKIN and BARTON' s 

TABLE 1 

Nm eslimates according to SLATKIN ( 1985b) , SLATKIN and 
BARTON ( 1989) and WRIGHT ( 195.J) . N,·am = sample; 

P ( 1) = mean priva le aile/es frequency; Nm = gene flow estùnate 

Species N sam p (1 ) 
Nm Slarkin Nm Slatkin, F,, Wright 

1985b Banon 1989 1951 

Pteridium aquilinum 47.0 .0103 36.51 ( I ) 19.99 0.110 
Pin us ponderosa Deme 157 .1 39 .026 7.03 5_39<2J 

Pinus ponderosa Deme 160.5 13 .039 9.45 6.82 <2J 

Stephanomeria exigua 45.8 .054 J.4 (3) 1.3 0.1 52 

My tilus edulis 67.4 .008 42 .0<3l 21.1 0.006 

Strombus gigas .026 10.97 4 6.85<4> 

Haliotis rubra 90.27 .007 1 39.17 19.67<5l 

Haliolis /aevigata 72.37 .0106 22.27 14.01 <5> 

Gammarus fossarum 33.3 1 .1 90 0.16(6) 0.16 0.68 
Gammarus pu/ex 21.06 .110 0.76<6) 0.67 0.36 
Speonomus hydrophhilus 70 .042 12.53 C7l 1.39 0. 11 2 

1. 51 
Sitobion avenae 9 sites ± 165 .027 1.6<8> 1.22 
Sitobion avenae 13 sites ± 165 .019 3.0 (S) 2.16 
Drosophi/a wil/istoni 94 .014 9,9<3l 6.0 
Drosophi/a pseudoobscura 33.2 .075 1.0(3) 0.8 0.200 

Chanos chanos 48.9 .030 4.2 (3) 3.3 0.056 

Salmo salar 56 .030 7.1<9> 3.02 
3.68 

Batrachoseps campi 10.6 .338 0.16 (3) 0.09 
Batrachoseps pacifica spp. 1 21.7 .11 7 0.64(3) 0.59 0.281 

Batrachoseps pacifica spp. 2 22 .2 .207 o. 20<3l 0.2 1 0.556 

Hyla regilla 20. 1 .081 1.4(3) 1.2 
Plethodon ouachitae 31.4 .054 2.1 <3> 1. 5 0. 106 
Plethodon cinereus 22. 1 .200 0.22<3> 0. 23 
Plethodon dorsalis 22.3 .294 o.1 0<3l 0. 11 
Lacerta melisellensis 22.4 .066 1.9(3) 1. 5 
Peromyscus polionotus 25.2 .158 0.31 C3l 0.30 0.446 
Peromyscus californicus 20.0 .066 2.2<3J 1.6 
Thomomys bollae 29 .1 .087 0.86(3) 0.73 

Nm Wright 
1951 

2.022 

1.394 
41.41 

8.7 

0.11 7 
0.444 
1.982 

8.70 
4.21 

0.64 
0.20 

2.108 

0.31 

1WOLF et al., 199 1 ; 2 ALSTAD et al., 1991 ; 3SLATKIN, 1985b ; 4MnïON et al., 1989; 5BROWN 

and MURRAY, 1992 ; 6S c HEEPMAKER, 1990 ; 7C ROUAU-ROY, 1989 ; 8LoxDALE, 1990 ; 9ELO, 1993. 
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(1989) equations. When P (1) values are high, both curves overlap, however as soon 
as P (1) decreases, both curves begin to diverge with the ln based curve (SLATKIN, 
1985b) rapidly exceeding the log 10 based one (SLATKIN and BARTON, 1989). When 
P (1) reaches for instance 0.01, gene flow estimates drop from 70 to 35 respectively 
when SLATKIN's (1985b) or SLATKIN and BARTON'S (1989) equation is used. 

The difference between both equations observed in ourusimulation model is also 
observed in the Iiterature (Table 1). When Nm values are high (small P (!)values), 
both equations yield substantially different Nm estimates. Nm estimates calculated 
with SLATKIN (1985b) will then exceed Nm values obtained with SLATKIN and BAR­
TON's (1989) equation. 

This is for example the case in the blue musse! My tilus edulis where the original 
Nm value drops from 42.0 (see SLATKIN, 1985b) to 21.1 when SLATKJN and BAR­
TON's (1989) equation is used instead. Similar differences are observed in the 
bracken Pteridium aquilinum. Gene flow between seven British populatious was 
estimated using SLATKIN's (1985b) equation (WOLF et al. , 1991) and yielded 
Nm = 36.51. This value drops to 19.9 when estimated with SLATKIN and BARTON's 
(1989) equation. In · the blacklip abalones Haliotis rubra a nd H. laevigata, the 
original Nm values, which are respectively 19.67 and 14.01 (BROWN and MURRAY, 
1992) increase to 39.17 and 22.27 when recalculated using SLATKIN's (1985b) equa­
tion. 

Although under realistic conditions the method of WRIGHT (1951) is likely to be 
more accurate than the private alleles method (SLATKIN and BARTON, 1989), one 
would expect both methods to yield comparable Nm estimates. This is true except 
for Pteridium aquilinum (WOLF et al., 1991). Since the formulae of SLATKIN (1985b) 
and/or SLATKIN and BARTON (1989) do not show a consistent pattern of difference 
compared to WRIGHT's (1951), there is no obvious way to determine which of both 
formulas matches best with WRIGHT's (1951) method. 

Besides the differences due to the equation used, differences in Nm estimates 
can also be the result of sample size correction .. If the correction is not made accor­
ding to SLATKIN (1985b) a nd SLATKIN and. BARTON (1989), Nm values could be 
over- or underestimated. This is the case when sample size correction is ignored as 
was done in studies of the queen conch Strombus gigas (MITTON et al., 1989) and 
the fruit fly Ceratitis capitata (GASPERJ et al. , 199 1). Dependi_ng on the values of 
N sam a nd N rcr• gene flo w es tima tes will then under- (N rcr> N sanJ or overestimate 
(Nrer<Nsam) the actual Nm value. T he same is true when Nmrcr is m ultiplied by an 
inverted correction tenn, which was done in a study of the troglobitic beetle 
Speonomus hydrophilus (CROUAU-ROY, 1989) . The original Nm value (obtained by 
multiplying Nm,erwith N sam and dividing it by N rcr) drops from 12. 53 to 1. 51 when 
appropriately corrected. 

DISCU SSION 

As demonstrated · above, the formulae of SLATKIN (1985b) and SLATKIN and 
BARTON (1989) can give different results when applied to the same data. Since this 
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is particularly the case when P (1) values are small it is obvious that this dis­
crepancy will mostly affect gene flow estimates derived from species with a high dis­
persal potential and hence a high degree of gene flow and low expected frequency 
of private alleles. " 

According to WRJGHT (1931) one immigrant per generation (Nm= 1) is suf­
ficient to prevent population differentiation due to random genetic drift. The trans­
ition from large to small amounts of population differentiation will not occur 
abruptly with an Nm value of one, yet Nm = 1 is very often used as a decisive limit. 
If gene flow is expressed in terms of its ability (Nm > 1) or disability (Nm < 1) to 
prevent population differentiation due to random drift, both equations will yield 
comparable results. If on the other hand Nm estimates are used to compare gene 
flow estimates, both equations can not be used interchangeably and the equation 
used together with P (1) and N sam should be specified. Even when specified, confu­
sion may still persist. In ALSTAD et al. (1991) SLATKIN's (l 985b) equation, together 
with values of a ançl b belonging to SLATKIN and BARTON's (1989) equation were 
described. However, Nm was not estimated with SLATKIN's (1985b) but with 
SLATKIN and BARTON's (1989) equation (Table 1). Furthermore it seems that, even 
when equations are specified, Nm estimates are sometimes compared rega rdless of 
the equation used. This was the case in the blacklip abalone H. rubra (BROWN, 
1991). The log 10 based Nm estimate of 19.67 is compared to the ln based 
Nm estimate of My tilus edulis (see SLATKIN, 1985b), whereas in fact it should be 
compared with the recalculated Nm value of 21.1 , as shown in Table 1. 

Given the fact that there seems to be confusion regarding the use of private 
alleles to estimate gene flow, it is advisable to use SLATKrN's method only to di s­
tinguish between Nm > 1 or Nm < 1, with Nm = 1 as limit. If Nm estima tes are to 
be compared quantitatively, WRIGHT's (1951) method, based on the mean 
FsT value , is more appropriate. 
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ABSTRACT 

During three years (1990, 1992 and 1993), the zooplankton community of the Esch-sur­
Sûre reservoir was investigated. A total of 75 taxa, dominated by rotifers, was observed. 
Zooplankton densities increased from the damsite towards the headwaters of the reservoir ; 
they peaked in spring and at the end of summer. Despite quantitative differences, the same 
species succession was observed during the three years and at ail the lake sampling stations. 
Thus the zooplankton community shifted from rotifers in early spring to small-bodied 
cladocerans (Bosmina spp.), and, fin ally, to la rger cladocerans (Daphnia spp.) in early sum­
mer. Shifts in zooplankton composition have also frequently been observed in midsummer, 
when the cladoceran assemblage of Daphnia-Bosmina was generally replaced by a combina­
tion of Ceriodaphnia-Diaphanosoma. These species successions are discussed in relation to 
size-selective predation, resource limitation and interspecific competition. 

Key words : competition, community structure, predation, reservoir, seasona l succession, 
zooplankton. 

INTRODUCTION 

In early studies, zooplankton species succession was usually considered to be the 
result of differences in ecological tolerance to various abiotic environmental factors, 
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such as light intensity and water density or viscosity (e.g. EDMONDSON, 1965; 
MIRACLE, 1977). More recently, descriptive field studies and laboratory experiments 
have implicated competition (e.g. SMITH and COOPER, 1982; EDMONDSON, 1985; 
KERFOOT et al., 1985; LAMPERT and MucK, 1985; TAYLOR, 1985; THRELKELD, 
1985; VANNI, 1986; GILBERT, 1988; LAMPERT and ROTHHAUPT, 1991; WICKHAM 
and GILBERT, 1991 ; CONDE-PORCUNA et al., 1991) or predation (e.g. ZARET, 1978; 
LANE, 1979; STENSON, 1982; RIESSEN, 1985; GULATI, 1990; ARCIFA et al., 1992 ; 
RoNNEBERGER et al., 1993 ; KASPRZAK et al., 1993) as factors which may alternately 
favour one species over another in successional events. In their publication of the 
« size-efficiency hypothesis », BROOKS and DoosoN (1965) popularised the general 
belief that the coexistence of large - and small-bodied zooplankton species could 
be explained by a balance between predatory forces and competition. These authors 
postulated that ail planktonic herbivores compete for the «fine particulate matter 
(1-15 µm) of the open water», but that large-bodied species are · superior com­
petitors, because of their assumed increased filtering efficiency and ability to ingest 
larger particles. It is presumed that competition forces communities towards larger­
bodied species (e.g. Daphnia), while fish predation forces them towards smaller­
bodied spedes (e.g. Bosmina, rotifers) by selectively removing the larger-bodied 
forms. In this way, both factors, competition and predation, are believed to internet 
to cause species replacements in seasonal successions (NEILL, 1975 ; LYNCH, 1979 ; 
GLIWICZ et al., 1981; D EMOTT and KERFOOT, 1982 ; DEMOTT, 1983; BENDORF and 
HORN, 1985 ; GLIWICZ, 1985; GOPHEN and POLLINGER, 1985). At the same time, the 
role of abiotic factors cannot be ignored because they are well synchronised with 
changes in the magnitude of food limitation and predation intensity (Guw1cz and 
PIJANOWSKA, 1989; SCHMID-ARAYA and ZuNIGA, 1992). 

Until now, there was virtually no work published on the zooplankton of the 
reservoir of Esch-sur-Sûre. This first paper briefly presents the field data of a three­
year study (1990, 1992, 1993) on the zooplankton structure, i.e. ver tical and 
longitudinal distribution , composition and a bundance, in the reservoir. The 
seasonal successions of rotifers and · cladocerans during these three years of 
investigations are described and discussed in rela tion to predation and competition 
as explaining factors. 

MATERIAL AND METHODS 

§tudy area 

T he Esch-sur-Sûre reservoi r (Fig. 1) lies in the Northern part of the G.-D. of 
Luxembourg and is the result of a dam built on the Sûre river in 1960. The reser­
voir, located at a n -altitude of 320 m, has an area of 3.2 km 2 and a length of 18 km 

·-
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from the major influent river to the dam. The reservoir has a volume of 55.106 m 3, 

a mean depth of 17 m and a maximum depth of 46 m. The watershed has a surface 
of about 430 km 2• The maximum water flow occurs in the winter period (Decem­
ber-February); the annual mean retention time amounts to about 3 months. 

S2(30m) S1 (36m) 

l \ Sûre R. 

541,~~~~ 

~rfl~ 
~~ S3(20m) 

~ N S5i"•: 

~ o 
2Km 

Fig. 1. - Map of the Esch-sur-Sûre reservoir showing the locations of sampling stations. 
Numbers in parentheses show the mean depth of the station. 

According to the OECD classification (1982), the reservoir is considered as a 
meso-eutrophic waterbody (annual mean chlorophyll a concentration in the 
euphotic zone : 5.0-8.8 µg /I ; annual maximum total chlorophyll concentration : 
16.3-34.9 µg /l; annual mean Secchi transparency 4.2-4.7 m; annual minimum 
transparency : 1.8-2.5 m ; data for the sampling station near the dam from 1990 to 
1993). In winter the reservoir may be partly ice-covered, but this was only the case 
in 1992. During the study period, the water temperature remained below 10° C until 
the beginning of April when it rapidly increased in the epilimnion. From mjd-June 
until the end of August, the surface water temperature was higher than 17° C. 
From the beginning of September, water temperature decreased reachjng 8° C by 
November. During the whole period the temperature of the hypolimnjon always 
remained below 10° C at station 1. The stratification of the reservoir generally 
starts at the end of April-beginning of May and the fall destratifica tion begins in 
September. The metalimnion occurs in summer between 10 and 15 m. The hypoijm­
nion remains oxic throughout the year. Most dominant fish species in the reservoir 
are planktivorous (roach : Rutilus rutilus; bleak : Alburnus alburnus ; perch : Perca 
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jluviatilis; coregone : Coregonus nasus ... ). The spring algal bloom is dominated by 
small centric diatoms and Cryptophyceae ; it is followed by a clear water phase in 
June and then by a summer phytoplankton bloom dominated by large species that 
are inedible for most zooplankton species (e.g. Aphanizomenonflos-aquae, Anabaena 
spp., Ceratium hirundinella, Peridinium gr. cinctum). 

Zooplankton analysis 

Samples were collected weekly from January to November in 1990 and twice a 
month from April to November in 1992 and 1993. In 1991, the ;eservoir was 
emptied in order to repair the main dam wall. Zooplankton was sampled every 
2.5 metres in the epilimnion and every 5 metres in the meta- and hypolimnion at 
5 stations (S 1-S 5) between the dam and the influent river. The samples were taken 
between 9 and 11 o'clock with a IO-litre sampling bottle. 

The zooplankton was concentrated by gently filtering 2 litres of Jake water 
through a 55 µm sieve ; the sieve was thoroughly rinsed and its content preserved 
with a 4 % formalin solution. In the laboratory, the organisms contained in a 
100 ml sample were allowed to settle down for at Ieast one day. The water was then 
removed with a vacuum pump µntil only 10 ml remained. 

Species in the zooplankton were counted at a magnification of 63 with an inver­
ted microscope (Leitz Labovert) ; depending on the zooplankton densities, either an 
entire or half a settling chamber was examined. 

In addition, samples were taken with a plankton net towed vertically from the 
bottom to the surface. This sampling technique was used to obtain a large number 
of living organisms for the estimation of the biomass and for the identification of 
some species difficult to recognize after preservation with formalin. 

In order to compare seasonal successions of zooplankton species between years 
and between different sampling stations, the densities recorded at each depth 
(expressed in individuals per litre) were converted to values per m 2 of surface area. 
Since the volume of water at different depths is not the same, conversion to 111 2 was 
weighted by a depth factor. 

RESULTS AND DISCUSSION 

Zooplankton composition 

Zooplankton species and indication of their frequency of occurrence throughout 
the study period are shown in Table 1. A total of 75 taxa, comprising 49 rotifers, 
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TABLE 1 

Zooplankton species and indication of their frequency 
of occurrence among the samples taken /rom 1990 ta 1993 at 5 stations 

in the reservoir of Esch-sur-Sûre : ••• ... dominant species, 
••... common species, • ... sporadic species, 

ll ... one or two observations 

Rotifers 

Anuraeopsis fissa (Gosse, 1851). 
Ascomorpha ecaudis (Perty, 1850) •• 
Ascomorpha sa/tans Bartsch, 1870. 
Ascomorpha sp . • 
Asplanchna priodonta Gosse, 1850 •• 
Brach ion us angularis Gosse, 1851 •• 
Brach ion us calyciflorus (Pallas, 1766) • • 
Brachionus quadridentatus (Hermann, 
1783) •• 
Brachionus sp . • 
Cephalodella gibba (Ehrenberg, 1838) . 
Cephalodella sp . • 
Colurella adriatica (Ehrenberg, 1831 ) . 
Colurella sp . • 
Conochilus unicornis (Rousselet, 1892) • • • 
Epiphanes sen ta (O.F. Müller, 1773) ll 
Euchlanis dilatata (Ehrenberg, 1832) • • 
Filinia longiseta (Ehrenberg, 1834). • 
Filinia sp .• 
Gastropus hyptopus (Ehrenberg, 1838) ll 
Kellicottia longispina (Kellicott, 1879) •• 
Keratella cochlearis (Gosse, 1851 ) ••• 
Keratella cochlearis tecta (Lauterborn, 
1900) •• 
Keratella hie malis (Carlin, 1943) •• 
Keratella quadrata (O.F. Müller, 1786) •• 
Keratella ticinensis (Calleris, 1920) ll 
Keratella valga (Ehrenberg, 1834) ll 
Lecane ( Monosty la ) sp .•• 
Lecane ( Lecane) sp .•• 
Lepadella ovalis (O.F. Müller, 1786) • 
My tilina mucronata (O.F. Müller, 1773) ll 
Notholca acuminaw (Ehrenberg, 1832) • • 
No tholca squamula (O.F. Müller, 1786) •• 
Notholca sp . • 
Ploesoma hudwni (Imhof, 189 1) •• 
Polyarthra dolichoptera (Jdelson, 1985) o. 
Polyarthra major (Burckhart, 1900).o 
Polyarthra vulgaris (Carlin, 1943) o o 
Polyarthra « vulgaris x dolichoptera » o o o 
Pompholyx sulcata (Hudson, 1845) o o 

Proa/es sp . • 
Scaridium sp. ll 
Synchaeta pectinata Ehrenberg, 1832 •• 
Synchaeta tremu/a O.F. Müller, 1786 •• 
Trichocerca bicristata (Gosse, 1887) ll 
Trichocerca pu sil/a (Lauterborn, 1898) •• 
Trichocerca rousse/eti (Voigt, 1902). 
Trichocerca similis (Wierzejski , 1893) •• 
Trichocerca sp .• 
vTrichotria sp .• 

Cladocerans 

Alona quadrangu/aris (O.F. Müller, 1785) •• 
Alona rectangu/a Sars, 1862 . 
Alona sp .• 
BiaperLUra a/finis (Leydig, 1860) • 
Bosmina ( Eubosmina) coregoni Baird, 1857 ••• 
Bosmina ( Bosmina) longirostris (O.F. 
Müller, 1785) •• 
Ceriodaphnia pulchella Sars, 1862 •• 
Ceriodaphnia sp .• 
Chydorus brevilabris (Frey, 1980) . 
Chydorus sphaericus (O.F. Müller, 1785) • o 
Chydorus sp .• 
Daphnia cucullata Sars, 1862 o • 
Daphnia galeata Sars, 1864 • • o 
Daphnia longispina O.F. Müller, 1785 • 
Daphnia sp .• 
Diaphanosoma brachyurum (Liévin, 1848) . o. 
Eurycercus lamellatus (O.F. Müller, 1785) ll 
Holopedium gibberum Zaddach, 1855 ll 
Leptodora k indtii (Focke, 1844) oo 
Polyphemus pediculus Linnaeus, 1761 o 
Simocephalus sp. ll 

Copepods 

Cyclops venus tus (Norman and Scott, 1906). 
Cyclops vernalis americanus (Marsh, 1893). 
Cyclops vicinus (Ulianine, 1875) ••• 
Eudiaptomus gracilis (Sars, 1862) ••• 
Halicyclops christianensis (Boeck, 1872) •• • 
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21 cladocerans and 5 copepods, were identified. However, about half of them were 
only sporadically found and their density was very low. This species number is 
similar to that found in some other lakes of the temperate zone (e.g. GuLATI, 1990; 
ARNDT et al. , 1993), but considerably higher than the diversity observed in other 
reservoirs (e.g. ADALSTEINSSON, 1979; SELIN and HAKKARI, 1982; URABE and 
MURANO, 1986; ARCIFA et al., 1992; SCHMID-ARAYA and ZuNIGA, 1992). Among 
the rotifers, Keratella cochlearis, Polyarthra vulgaris-dolichoptera and Conochilus 
unicornis were the dominant species throughout the year. Synchaeta tremula was 
very abundant only in early spring. Among the cladocerans, the most abundant 
species were Daphnia galeata, D. cucullata and hybrids (from the end of April to 
the beginning of October) and Diaphanosoma brachyurum (during summer). 
Bosmina ( Eubosmina) coregoni and Bosmina longirostris were commo n in spring. 
Among the copepods, Eudiaptomus gracilis, Halicyclops christianensis and Cyclops 
vicinus were abundantly and frequently found throughout the year. The species 
diversity assessed by the Shannon index (RICHARD et al., 1985) did not significantly 
differ between the downlake and the uplake stations (Table 2). 

1992 

1993 

TABLE 2 

Annual mean Shannon diversity index at 5 stations 
in the reservoir of Esch-sur-Sûre 

Station 1 Station 2 Station 3 Station 4 

1.84 1.76 2.09 2.33 

1.70 2.19 2. 16 2.25 

Vertical and longitudinal distribution 

Station 5 

2.35 

2.44 

Except for quantitative differences, the zooplankton showed the same vertical 
and longitudinal distribution patterns during the three i_nvestigated years . F ig. 2 
shows, as an example, the vertical and temporal distriqution of the zooplankton at 
the 5 sampbng stations in the reservoir in 1993. T he zooplankton was concentrated 
in the top 15 m at the times of sampling ; in the parts with the greatest depth (sta­
tions 1, 2 and 3), a d istinct vertica l gradient in zooplankton density was thus obser­
ved whereas in the shallower parts of the reservoir (stations 4 and 5), the 
zooplankton was as a result distributed more uniform ly over the whole water 
column. With the exception of Ceriodaphnia pulchella which appeared preferentially 
in the hypo or metalimnion of the reservoir, th is vertical distribution was quite 
similar for ail the species and was a lso observed by URABE (1990) in the Ogochi 
reservoir (Tokyo) . 
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F ig. 2. Temporal and vertical distribution of the zooplankton at the five sampling stations 

in the reservoir of Esch-sur-Sûre during 1993. 
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The highest zooplankton densities (> 800 ind/l) were observed in ail the sta­
tions during spring ; a second peak occurred at the end of the summer. During spr­
ing, total zooplankton density was quite similar in ail the stations whereas, from 
July to September, zooplankton density increased from the damsite (station 1) to 
the headwaters with a maximum at station 4. This graduai uplake increase was 
commonly found for most of the dominant species (Table 3). This was the case for 

SI 
S2 
S3 
S4 
SS 

TABLE 3 

Longitudinal variation in the mean density (10 3 ind.m - 2) 

of dominant species in 1993. Dgr : Eudiaptomus gracilis; C : Cyclops spp. ; 
Dg : Daphnia galeata ; Db : Diaphanosoma brachyurum ; 

Kc : Keratella cochlearis ; P : Polyarthra spp. 

-
Dgr c Dg Db Kc p 

285 475 179 157 1.887 1.390 
235 636 159 328 2.027 1.133 
239 720 224 385 2.004 l.744 
233 1.025 312 466 2.445 1.934 
276 632 183 465 1.672 1.430 

Keratella cochlearis and Polyarthra spp. among the rotifers and for Cyclops spp. , 
Daphnia galeata and Diaphanosoma brachyurum among the crustaceans. On the 
contrary, mean densities of Eudiaptomus gracilis did not appreciably differ. Sorne 
rotifers, like Brachionus spp ., Filinia longiseta and Pompholyx sulcata, species which 
are commonly used as indica tors of eutrophie conditions (GANNON and STEM­
BERGER, 1978 ; PEJLER, 1983), also increased from the damsite to the uplake region. 

Graduai uplake increase in the abundance of the zooplankton has been obser­
ved in some other lakes or reservoirs (e.g. GANNON and STEMBERGER, 1978 ; URABE 
and MURANO, 1986). This longitudinal zooplankto·n density gradient is probably the 
result of high nutrient conditions near the river mouth which stimulate an increase 
in primary production resulting in a higher food avai labi lity. The algal biomass 
showed indeed a similar horizontal gradient to the zooplankton densities (for exam­
ple, the annua l mean chlorophyll a concentrations in the epilimnion increased from 
5.3 ~tg/ ! at station 1 to 7.0 µg/l a t station 5 in 1993). Thi higher algal biomass can 
support an increase in secondary production, as was shown by GANNON and STEM­
BERGER (1978) for Jake Michigan . 

On the other band , it is known that the hydrological regime, such as the flush­
ing and dilu tion effects of inflowing water, sometimes affects the horizontal 
planktonic populations, decreasing their abundances, especially for stations nearest 
to the ri ver (Som et al., 1984; HAYWARD and VAN DEN AVYLE, 1986). The facts 
that the highest values of zooplankton density were observed at station 4 in the 
reservoir of Esch-sur-Süre, would indicate that this station repre ents the optimal 
conditions for the zooplankton development, influenced by the dilution impact 
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of the inflowing water on one hand and high nutrient conditions on the other 
hand. 

Seasonal succession 

Seasonal variations in the density of rotifers and dominant species of 
cladocerans at station l, in 1990, 1992 and 1993 are shown in Fig. 3. Large interan­
nual differences were observed in the dominance of the species. Thus for example, 
Bosmina reached by far the highest densities among the crustaceans in 1992, 
whereas in 1990 and 1993, its densities were comparable to or lower than those of 
Daphnia. Furthermore, there were considerable annual differences in total 
zooplankton biomass (52 kg.ha- 1 in 1990, 67 kg.ha- 1 in 1992 and ,,45 kg.ha- 1 in 
1993). Despite these quantitative differences, the seasonal succession of 
zooplankton species remained the same during the three years of investigations, at 
ail the sampling stations (example of 1993, Fig. 4). Thus, after the spring 
phytoplankton bloom formed by fast growing algae such as Cryptophyceae and 
small centric diatoms, a peak in rotifer species (in order of appearance : Synchaeta 
tremula, Polyarthra vulgaris-dolichoptera, Keratella cochlearis and Conochilus 
unicornis) occurred which was followed by a peak of Bosmina spp., and then by a 
peak of Daphnia spp. This early spring sequence of the peaks in densities from 
small to large zooplankton species has been observed in many lakes of the tem­
perate zone (ELORANTA, 1982 .; DEMOTT, 1983; LEHTOVAARA and SARVALA, 1984; 
SOMMER et al., 1986; ARNDT et al., 1993). 

The smallest species, which also have the shortest generation time, thus appear 
first and are subsequently replaced by larger species with longer generation time. 
The species sequence can thus be understood as a typical successional replacement 
of populations caused by resource limitation or interspecific competition alone. 
Indeed, each subsequent species can be assumed to be a more effective competitor 
for resources than the one before it since competitive advantage is believed to 
increase with increasing body size (BROOKS and DoosoN, 1965). According to 
Guw1cz and PIJANOWSKA (1989), the possibility cannot be excluded, however, that 
other forces are involved. First, the sequence may be produced by temperature-cued 
successive batching of resting eggs. Second it may be caused by predation ; during 
this period (end of April to beginning of June) , indeed, when temperature is increas­
ing, planktivorous fish hatch (Guw1cz and PIJANOWSKA, 1989). Juvenile fish thus 
appear as a synchronised cohort of gape-limited predators that grow and switch 
their feeding mode from smaller to larger prey (WoNG and WARD, 1972 ; ZARET, 
1978), and may cause the observed sequence from smaU to la rge zooplankton 
species (e.g. case of juven ile roach, CRYER et al. 1986). 
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Fig. 3. - Seasonal changes in the abundance of rotifers , Bosmina spp ., Daphnia spp. , 
Diaphanosoma brachyurum and Ceriodaphnia pulchella in the reservoir of Esch-sur-Sûre from 
1990 to 1993 (station 1 ). 
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Fig. 4. - Seasonal changes in the abund ance of rotifers , Bosmina spp., Daphnia spp. , 
Diaphanosoma brachyurum and Ceriodaphnia pulchella in the reservoir of Esch-sur-Sûre from 
station 1 to station 5 in 1993 . 

Another common phenomenon observed in the Esch-sur-Sûre reservoir, is the 
mjdsummer replacement of the cladoceran assemblage of Bosmina spp. and 
Daphnia galeata by Diaphanosoma brachyurum or by a combination of 
Diaphanosoma brachyurum and Ceriodaphnia pulchella. The latter species showed 
indeed a significant peak in the hypolinmion during the end of summer 1993. These 
shjfts in zooplankton composition were also frequently observed in other temperate 
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lakes (BEATTIE et al., 1978; SOMMER et al., 1986; GLIWICZ and PIJANOWSKA, 1989) 
and are often attributed to fish predation, especially when a large or Jess evasive 
species (like Daphnia galeata) is replaced by a smaller, Jess conspicuous one or by 
a species that has developed antipredator defences such as the escape ability of 
Diaphanosoma brachyurum (DRENNER and McCOMAS, 1980 ; Guw1cz and 
PIJANOWSKA, 1989). However, midsummer declines in Daphnia in eutrophie lakes 
and subsequent increases in Diaphanosoma have also been attributed to the greater 
tolerance of Diaphanosoma to interference from filamentous cyanobacteria 
(Guw1cz, 1977). Radiotracer studies have indeed confirmed that Diaphanosoma's 
feeding rate on small edible algae is Jess affected than Daphnia's by the presence 
of cyanobacteria (FULTON and PAERL, 1987; FULTON, 1988). Because 
Diaphanosoma brachyurum exhibits midsummer peaks even in years without signifi­
cant densities of cyanobacteria, greater tolerance to interfering particles cannot be 
the sole reason for Diaphanosoma's success during midsummer i ~ the Esch-sur-Sûre 
reservoir. Furthermore, DEMOTT and KERFOOT (1982) and DEMOTT (1985) have 
demonstrated the ability of Diaphanosoma to feed very effectively on bacteria ; this 
could explain the success of Diaphanosoma during midsummer minima in edible 
algae. However, despite correlations, it is often difficult to be sure which factor 
leads to the midsummer decline in Daphnia (DEMOTT, 1989). 

CONCLUSIONS 

The early spring sequence of the peaks in densities from small to large 
zooplankton species and the midsummer declines in Daphnia were the only 
phenomena observed in ail years. Predation and food limitation are two possible 
factors to explain the zooplankton species replacements in the Esch-sur-Sûre reser­
voir. An experimental approach and demographic analyses (birth and death rates, 
average clutch size) are needed to determine the respective impacts of predation, 
competition, various environmental factors and their interactions. 
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SUMMARY 

lndividuals of the paxillosid asteroid genus Luidia use their podia in locomotion and 
burrowing. Each podium in the three considered species consists of a stem wi tb a pointed 
knob at its tip. The knob consists of four tissue layers that are, from the inside to the outside, 
a mesotheliurn , a connective tissue layer, a nerve plexus, and an epidermis. The latter is made 
up of four cell categories : secretory cells, neurosecretory ceUs, non-secretory ciliated cells, and 
support cells. The epidermal cells of the podial knob are presumably fun ctioning as a duo­
gland adhesive system in which adhesive secretions would be produced by secreto ry cells wh ile 
de-adhesion, on the other band , would be due to neurosecretory cell secretions. Although the 
podia of the three considered species o f Luidia sha re numerous similar ities, there are 
nevertheless several important morphologica l differences between, 011 the one band, the podia 
of L. ciliaris and L. maculata, and, on the other band , the podia of L. penangensis. These dif­
ferences stress that carefulness is required when genera li zation~, drawn from the morphology 
of a single species, are applied to related species having the sa me li fe style ; but a lso that the 
genus Luidia needs to be re-exa mined from a taxonomie pu int of view. 

Keywords : u.lt rastruclure, podia, adhesive organs, Asteroidea . Echinodermala. 

INTRODUCTION 

The podia, i.e. the external appendages of the ambulacral system of 
echinoderms, are multifunctional organs . lndeed , according to the considered cla s, 
they can take part in locomotion, feeding, burrowing, respiration or sensory percep­
tion. In astero ids, the main function of the podia is locomo tion (LAWRENCE, 1987). 
Most species possess podia which end with a flat disk allowing the podium to 
aclhere to the substratum. Yet species of the order Pax.illosida, which are soft sub-
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strate dwellers, possess podia ending with a pointed knob. In these asteroids, the 
podia take part in both locomotion and burrowing. 

Whereas asteroid disk-ending podia have been the subject of a number of 
ultrastructural investigations (CHAET, 1965 ; HARRISON and PHILPOTT, 1966 ; SOUZA 
SANTOS and SILVA SASSO, 1968 ; FLAMMANG et al., 1994), the available data about 
knob-ending podia are scarce. In fact, there is only a single paper on these podia 
concerning one species of the genus Astropecten (ENGSTER and BROWN, 1972). 

The aim of the present work is to describe the ultrastructure of the podia of 
three asteroid species of the paxillosid genus Luidia and to consider whether their 
burrowing behaviour and the shape of their podia correspond with a different 
epidermal organization compared to podia of other asteroid species. 

MATERIAL AND METHODS " 

Individuals of three species of the paxillosid asteroid genus Luidia were 
investigated. They were ail collected by dredging either in the bay of Morlaix , Brit­
tany, France (Luidia ciliaris (PHILIPP! , 1837)) in August 1994, or off the east coast 
of Singapore main1and (Luidia maculata MÜLLER and TROSCHEL, 1842 and Luidia 
penangensis DE LORIOL, 1891) in March and September 1994. 

For scanning electron microscopy (SEM), podia were fixed in Bouin's fluid for 
24 h. They were dehydrated in graded ethanol , dried by the critical point method 
(with C0 2 as transition fluid) , mounted on aluminum stubs, coated with gold in a 
sputter coater and c:ibserved with a JEOL JSM-6100 scanning electron microscope. 

For transmission electron microscopy (TEM) , podia were fixed in 3 % 
glutaraldehyde in cacodylate buffer (O.IM , pH 7.8) for 3 h at 4° C, rinsed in 
cacodylate buffer, and post-fixed for 1 h in 1 % osmium tetroxide in the same 
buffer. After a final wash in buffer, they were dehydrated in graded ethanol and 
embedded in Spurr. Semithin sections (1~1m in thickness) were eut on a Reichert 
Om U2 ultramicrotome equipped with a glass knife. They were stained with a 1: 1 
mixture of 1 % methylene blue in 1 % natrium tetraborate and 1 % azur II. 
Ultrathin sections (40-70 nm) were eut with an LKB III ultramicrotome equipped 
with a diamond knife, stained with uranyl acetate and lead citrate, and observed 
with a Zeiss EM 10 transmission electron microscope. 

RESULTS 

Outer aspect of the podia 

In the three species, the podia are a rranged in two rows on the oral surface of 
the arms . Mean size podia measure about 1,25 mm in diameter and 15 mm in 
length. They consist of an extensible cylindrical stem topped by a knob (Figs 1-3). 
In both L. ciliaris and L. maculata, the knob is ovoid , somewhat pointed, measur­
ing about 800 µm in diameter and 1.2 mm in height (Figs 1, 2). In L. penangensis, 
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the knob has the shape of an hemispherical cap about 300 µm high and 800 µm in 
diameter (Fig. 3). 

Whatever the species, the knob surface is covered with cilia and pores (Figs 4, 
7). The cilia are about 1 µm long (Figs 5, 8) ; the pores measure from 450 nm to 
600 nm in diameter (Figs 6, 9). In L. ciliaris and L. maculata, the cilia and the pores 
are mixed and uniformly distributed over the knob (Fig. 4) . In L. penangensis, they 
are always separated, the cilia being clustered in islets (Fig. 7). These islets range 
from 5 to 20 µm in diameter and enclose from 5 to 50 cilia which arise from 
cuticular bulges about 0.5 µm high and 0.5 µm in diameter (Figs 7, 8). 

Histology and cytology of the podial knob 

The knob always consists of four tissue layers that are, from the inside to the 
outside, a mesothelium, a connecti ve ti ssue layer, a nerve plexus, and an epidermis 
covered by a cuticle. 

The inner tissues (Fig. 10). The mesothelium, the most internai layer, surrounds 
the ambulacral lumen. lt is a pseudostratified epithelium comprising adlumina l cells 
and myoepithelial cells. The la tter together form the retractor muscle of the podium 
which anchors distally to the connective tissue layer of the knob. In both L. ciliaris 
and L. maculata, this layer is· thick (about 300 µm and l 50µm in thickness, respec­
tively) and is made up of loose connecti ve tissue. In L. penagensis, the layer is thin­
ner (about 25 µm ) and consists of dense connective tissue. At the base of the knob, 
the nerve plexus of the stem is thickened to fo rm the nerve ring. In both L . ciliaris 
and L. maculata, the nerve ring gives off rad ial branches, the nerve strands, that 
extend over the surface of the connective tissue layer, and join at the pointed apex 
of the knob. On the other hand, in L. penangensis, the nerve ring gives off a nerve 
plexus, thicker than the one of the stem, that extends over the whole knob surface 
(compare Fig. 10 A and B). 

The epidermis. The epidermis of the knob is thickened compared to the stem 
epidermis (Fig. 10). It is about 150 µm thick in L. ciliaris and L. maculata, 100 µm 
in L. penangensis. In the three species, it is made up of fo ur cell categories : 
secretory cells, neurosecretory cells, non-secretory ciliated cells, and support cells 
(F igs 11-1 4) . In both L. ciliaris and L. maculata, the secretory cells are of two types 
(S 1 and S2 cells ; Figs 11 , 13, 15) whereas in L. penangensis, there is only one type 
of secretory cells (S 1 cells; F igs 12, 14) . ln L. ciliaris and L. maculata, cells of the 
four categories are mixed in the epidennis . In L. penangensis, they are segregated : 
non-secretory ciliated cell s are gathered in islets surrounded by areas enclosing 
secreto ry and neurosecretory cells. Support cells occur in both the islets and the 
secretory areas . 

Secretory cells (Sl and S2 cells) are flask-shaped. Their enlarged cell bodie are 
located basally, and each one sends out an apical process that reaches the surface 
of the epidennis (Figs 11 , 12) . The cytoplasm of both the cell body and the apical 
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process is filled with densely packed membrane-bound secretory granules. The 
cytoplasm of the cell body also contains a well-developped Golgi apparatus and an 
extensive rough endoplasmic reticulum (RER) (Fig. 13). At the end of the apical 
processes of the secretory cells, the granules are extruded through a duct delimited 
by a ring of microvilli and opening onto the disk surface as a cuticular pore 
(Figs 11, 12). These pores correspond to those observed on SEM pictures of the 
knob surface (Figs 6, 9). 

In the three species, S l ce!! secretory granules are ellipsoids about 1,5 x l µm 
(Figs 11 , 12, 14, 15). They consist of a large central core made of parallelly oriented 
fibrils, surrounded by a thin clear ring. In L. ciliaris and L. maculata, S2 ceU 
secretory granules are spherical, about 1 µm in diameter (Figs 11 , 13, 15). They 
enclose an electron-dense granular material limited by very electron-dense dots and 
surrounded by a belt of electron luscent granular material. 

Neurosecretory cells are narrow and have a centrally located nucleus (Fig. 16). 
Apically, they end with a bulge just beneath the cuticle (Figs 12, 14, 15). The entire 
cytoplasm of the cell is filled with spherical membrane-bound secretory granules, 
ranging from 200 to 350 nm in diameter (Figs 15, 16). They contain an electron­
dense homogeneous material surrounded by a thin clear belt. The cytoplasm also 
contains a Golgi apparatus, numerous mitochondria and RER cisternae (Fig. 16). 

Non-secretory ciliated cells have the same shape and size as neurosecretory cells. 
Their characteristic feature is a single short cilium (about 3 µm long) whose apex 
protrudes into the outer medium (Fig. 17). These cilia are visible on SEM pictures 
of the knob surface (Figs 5, 8). 

Support cells have a centraliy to apically located nucleus. One longitudinal bun­
dle of intermediate filaments traverses the cell and joins its apical and basal mem­
branes (Figs. 11, 17). 

DISCUSSION 

The three species of Luidia considered in this work live on soft substrata, in 
which they can burrow, and feed on mollusks and other echinoderms (JANGOUX, 

1982; LAWRENCE, 1987). The main functions of their podia are locomotion and 
burrowing ; the knob-shaped apical part of the podia is indeed well adapted to dig 
in the sediment. 

Figs 1-9. - Outer aspect of the podia - 1. Protracted podium of L. maculata - 2. Retracted 
podium of L . ciliaris - 3. Protracted podium of L. penangensis - 4. Knob surface 
(L. maculata) - 5. Detailed view of ciLia (the cuticle has been removed) (L. ciliaris) -
6. Detailed view of a pore (L. maculata) - 7. Knob surface (L. penangensis) - 8. Detailed view 
of a cilium arising from a cuticular bulge (l. penangensis) - 9. Detailed view of a pore 
(L. penangensis). 
B cuticular bulge ; C cilium ; I islet of cilia ; K lm ob ; MV microvilli ; P pore ; S stem. 
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Fig. IO . - Schematic representation of two longitudinal sections through the podial knob of 
Luidia ciliaris and Luidia maculata (A), and Luidia penangensis (B). 
CT connective tissue layer ; E epidermis ; L ambulacral lumen ; M mesothelium ; NP nerve 
plexus ; NR nerve ring ; RS radial nerve strand. 

The podial knob has the classical tissular stratification of echinoderm podia, 
that is, from the inside to the outside : a mesothelium, a connective tissue layer, a 
nerve plexus, and an epidermis (KA w AGUT! , 1964 ; FLOREY and CAHJLL, 1977 ; 
CA VEY and Wooo, 1991 ). In L. ciliaris and L. maculata, the connective tissue layer 
is thick and the nerve tissue is arranged in radial strands. This structure is similar 
to the one found in the disk of forcipu latid asteroid podia (FLAMMANG et al., 1994). 
In L. penagensis, on the other hand, the connective tissue layer is thinner and the 
nerve tissue is arranged in a thick plexus. This structure is more reminiscent of the 
one observed in the podial knob of the paxillosid genus Astropecten (ENGSTER and 
BROWN, 1972). 

In the three species, the epidermis of the knob encloses the same cell categories : 
secretory cells, neurosecretory cells, non-secretory ci liated cells, and support cell . 
These four cell categories occur in the podial adhesive a reas of ail other astero id 
species so far exam ined. 

In L . ciliaris and L. maculata, the secretory cells are of two types (S 1 and 
S2 cells) whereas in L. penangensis, ail secretory cells are S l cells. The podia l dfak 
epidermis of forcipulatid asteroids a lso encloses both Sl and S2 cells' (CHAET, 1965; 
FLAMMANG et al., 1994). On the contrary, the podial knob epidermis of Astropecten 
only contains one type of secretory cell which, according to the size of its secretory 
granules and the aspect of their content, could be S2 cells. In ail species so far 
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studied, secretory cells (both S 1 and S2 cells) have always been considered to be 
adhesive in fonction. 

S 1 secretory granules are much Jess complex in Luidia spp than in valvatid and 
forcipulatid asteroids in which they are made up of highly ordered parallel rods 
(CHAET, 1965; HARRISON and PHJLPOTT, 1966; SOUZA SANTOS and SILVA SASSO, 
1968; FLAMMANG et al., 1994). ENGSTER and BROWN (1972) pointed out a possible 
relationship between the internai organization of the secretory granules of adhesive 
cells and the possible adhesive strength of the podia : asteroids confined to hard 
rocky substratum have complex granules enclosing a highly organized core whereas 
soft substratum dwelling species have granules of considerably simpler ultrastruc­
ture. Similarly, the adhesive enclosed in the granules of the secretory cells of 
Luidia's podia is presumably adapted to the fonctions the podia folfil, e.g. particle 
handling or burrow wall consolidation. As for S2 secretory granules, they are 
similar in ail asteroid species (CHAET, 1965; ENGSTER and BROWN, 1972; FLAM­
MANG et al., 1994). 

Neurosecretory cells in the podia of Luidia are almost identical to those in the 
podia of Astropecten and of forcipulatid asteroids (ENGSTER and BROWN, 1972; 
FLAMMANG et al., 1994). However, in the latter, the neurosecretory cells possess a 
subcuticular cilium (FLAMMANG et al., 1994). These cells are thought to be ùe­
adhesive in fonction. 

Non-secretory ciliated cells are sensory and are a lmost identica l in the podia of 
ail asteroid species studied so far (ENGSTER and BROWN, 1972 ; FLAMMANG et al., 
1994). 

As in other asteroids, Luidia's podia would thus enclose a duo-gland adhesive 
system in which S 1 and S2 cells would be adhesive and neurosecretory cells would 
be de-adhesive in fonction (HERMANS, 1983 ; THOMAS and HERMANS, 1985 ; FLAM­
MANG et al., 1994). 

Like forcipulatid asteroid podia , the podia of L. ciliaris and L. maculata enclose 
two types of adhesive cells. However, the podia of L . penangensis, a species living 
in the same habitat and presumably having the same behaviour, only enclose one 
type of adhesive cell, as do the pG>dia of Astropecten. The significance of having two 
types of adhesive cells in the knob epidermis of both L. ciliaris and L. maculata 
therefore remains obscure. 

Secretory, neurosecretory and non-secretory ciliated cells are always closely 
associa ted in echinoderm podial adhesive areas but, generally, they are differently 
arranged according to whether the podia are handling or locomotory (F LAMMANG 
and JANGOUX, 1992). In the epidennis of ha ndling podia, these cells join together 
to form sensory-secretory complexes (wherein the three cell types are present). Con­
versely, in the epidermis of locomotory podia, these three cell types · form an 
homogeneous cellular layer together with support cells. This last a rrangement is the 
one found in the knob epidermis of the podia of L. ciliaris and L. maculata. On the 
other hand, in the knob epidermis of the podia of L. penangensis, non-secretory 
ciliated cells are gathered in islets surrounded by areas enclosing secretory and 
neurosecretory cells, support cells occurring in both the islets and the secretory 



132 P. FLAMMANG 



r 

FINE STRUCTURE OF ASTEROID PODIA 133 

areas. So far, this kind of cell organization has never been observed in any 
echinoderm podia. 

This work has enlighted morphological differences between, on the one hand, 
the podia of L. ciliaris and L. maculata, and, on the other hand, the podia of 
L. penangensis. These differences concern the shape of their terminal knob, its 
tissular organization, the number of cell types enclosed in the knob epidermis and 
the way they are arranged. Yet the three species belong to the same genus and have 
the same life style. These marked differences stress that carefulness is required when 
generalizations, drawn from the morphology of a single species, are applied to 
related species having the same life style ; but also that the genus Luidia, which is 
generally considered as homogeneous (it is the only genus of the family Luidiidae), 
needs to be re-examined from a taxonomie po int of view (see also DôDERLEIN, 1920 
and FELL, 1963). 
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RÉSUMÉ 

L'objectif du travail était d 'analyser l' impact quantita tif de la pollinisation par les abeilles 
sur pommiers de la variété Jonagold. Plusieurs traitements de pollinisation, manuels et sous 
cages, ont été comparées avec ou sans abeilles (Apis mel/ifera LINNÉ) à Visé en Belgique. L'al­
lopollinisation semble être indispensable pour ass urer une production de pommes suffi sa nte 
(5 % de fructification en autopollinisation sans abeilles et 40 % de fructification en allopolli­
nisation). Les expériences o nt également permis de conclure que la variété Jonagold es t par­
tiellement autocompatible étant donné le taux de fructification qui s'élève à 20 % en autopol­
linisation avec abei lles. 

SUMMARY 

With an aim to ana lyse the quant itative impacts of insect pollination, experiments were 
ca rried out by comparing several types of pollination with or without honey bees (Apis melli­
fera LrNNÉ) on apple (cv Jonagold) at Visé, Belgium. Allopo llination seems to be ind ispen­
sa ble (5 % of fruit s set by autopo llinat ion wi thout ho ney bees, a nd 40 % of fruits set by a ll o­
pollination). However, it is also found to be parti a lly autocompatible as 20 % fruit setting 
was done by a utopollination with honey bees . 

Keywords : pollination , apple, Jonagold, ho neybees, cage .. 

INTRODUCTION 

Le pommier est une plante qui peut être qualifiée d'autoincompatible à degrés 
divers suivant les variétés (GRIGGS cité par MAC GREGOR , 1976). Dans un verger, 
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il est donc indispensable de planter au moins deux variétés différentes pouvant s'in­
terféconder. La production fruitière dépend directement des transferts de pollen 
d'une variété à l'autre, transferts qui pourront être assurés par des insectes pollini­
sateurs. 

Des études en verger (LEMANCEAU, 1976 ; JACOB-REMACLE, 1989; TASEI, 1986) 
démontrent que l'abeille domestique (Apis mellifera L.) intervient pour 80 à 90 % 
dans la pollinisation du pommier. Pour la plupart des variétés, l'apport de ruches 
semble être une pratique agricole permettant l'amélioration de la récolte (BARBIER, 
1986). 

L'objectif de ce travail est de caractériser l'impact de la pollinisation sur la pro-
duction quantitative de pommiers de la variété Jonagold. u 

MATÉRIEL ET MÉTHODES 

L'étude a été réalisée en avril 1993 à Visé dans un verger appartenant au GAWI 
en collaboration avec le CARI. La parcelle expérimentale était composée de jeunes 
arbres de la variété Jonagold , conduits en fuseau , plantés en 1989 selon un système 
de plantation en un rang. Dans chacun des rangs, des arbres de la variété Elsrar 
ont été plantés en tant que variété pollinisatrice, environ tous les 12 Jonagold. Deux 
types de tests de pollinisation ont été réalisés au sein de la même ligne expérimen­
tale : des tests manuels et des tests sous cages. 

Les tests manuels ont été mis en place afin d'aborder les phénomènes de pollini­
sation chez Jonagold (BARBIER, 1986). Un jour avant les tests , 5 corymbes dont les 
fleurs sont au stade ballon, ont été sélectionnés sur 15 arbres de la ligne expérimen­
tale. La fleur centrale a été éliminée et 3 fleurs périphériques ont été conservées. 
Chacune de ces fleurs a fait l'objet d 'un traitement. Une des fleurs a été autopollini­
sée à l'aide d 'un pinceau avec du pollen de Jonagold. Cette fleur a été ensuite ensa­
chée et étiquetée afin d 'éviter toute pollinisation extérieure à l'expérience. La 
deuxième fl eur a été allopollinisée à l'aide d'un autre pinceau avec du pollen de 
James Grieve. Cette fleur a été également ensachée et étiquetée. Enfin la troisième 
fleur a été uniquement étiquetée dans le but de tester la pollinisation libre dans le 
verger. 

Les tests sous cages ont permis de tester différents types de pollinisation tout 
en restant le plus proche possible des conditions réelles de culture du pommier 
(BARBIER, 1986 ; FREE, 1964). Ces tests ont fait intervenir les abeilles. Cinq séries 
de tro is arbres ont été sélectionnées sur la ligne expérimentale. Chaque série a été 
placée sous une cage et a fait l'objet d 'un traitement différent. :l.) Le traitement ab ~ 

a consisté en une autopo!Linisation avec abeilles. Une ruche a été installée au milieu 1 
de la cage close. 2) En ce qui concerne le trai tement ab + JG, tme allopoÎlin isation 
avec abeilles et pollen de James Grieve a été tes tée. Une ruche a été placée au milieu 
de la cage close ainsi que des bouquets pollinisateurs. La technique des bouquets 
pollinisateurs est inspirée des méthodes employées respectivement par BARBIER, 
1986 et FREE, 1964. Les bouquets pollinisateurs étaient constitués de bouteilles rem-
plies d 'eau contenant des rameaux prélevés sur des arbres de la variété James 
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Grieve. Trois bouteilles étaient déposées au sol dans la cage et les rameaux étaient 
remplacés environ tous les trois jours. 3) Le traitement ab + AL était pratiquement 
identique au précédent, mis à part l'origine des bouquets pollinisateurs qui prove­
naient d'arbres de la variété Alkmene. Il s'agissait donc d'une allopollinisation avec 
abeilles et pollen d'Alkmene. 4) Le traitement vide a permis de tester une autopolli­
nisation stricte. Il n'y avait ni insectes pollinisateurs ni source d'allopollen dans la 
cage. 5) Enfin dans le cas du dernier traitement, le traitement libre, la cage était 
ouverte sur deux côtés afin de tester la pollinisation naturelle dans le verger, tout 
en tenant compte de l'effet cage. 

Les ruches ont été amenées de Louvain-la Neuve, elles étaient closes jusqu'à leur 
installation dans les cages. Dans le cas des trois premiers traitements, la cage empê­
chait les abeilles de sortir et d'aller prélever du pollen extérieur. Dans le cas des 4 
premiers traitements, la cage isolait les arbres testés des insectes pollinisateurs exté­
rieurs . Les variétés utilisées pour la confection des bouquets pollinisateurs (James 
Grieve et Alkmene) ont été suggérées par le propriétaire du verger. 

Les fruits ont été récoltés le 12 septembre 1993. Les pépins ont été dénombrés 
et pesés. L'analyse quantitative de la récolte a été abordée grâce à l'étude des taux 
de fructification. Le taux de fructification représente le nombre de fruits obtenus 
à la récolte par rapport au nombre de fleurs testées. Les taux de nouaison ont égale­
ment été étudiés mais , uniquement pour les traitements manuels. Le taux de nouai: 
son représente le nombre de jeunes fruits par rapport aux nombre de fleurs , environ 
un mois après la pollinisation . Une partie d'entre eux ont fait l'objet de tests de ger­
mination. Les tests statistiques employées sont des tests d'homogénéité de propor­
tions et des tests de Scheffé. Les tests d'homogénéité de proportions ont permis de 
comparer les taux de fructification et de nouaison. Les tests de Scheffé ont permis 
de comparer les traitements sur base du nombre moyen de pépins par pomme 
(GÉRARD et al. , 1992-1993). Ils ont été réa lisés grâce au logiciel SAS (Statistical 
Analysis System) (SAS INSTITUTE INC., 1989, 1990). 

RÉSULTATS ET DISCUSSION 

En poWnisation manuelle, l'allopolhnisation et la poll inisation hbre donnent de 
meilleurs taux de fructification que l' autopollinisation (auto : 20,3 %, allo : 39,7 % 
et librem. : 43 ,8 %) (voir Fig. l}. Cette constata tion est identique en ce qui concerne 
les taux de nouaison (auto : 43 ,2 % a; a llo : 75,3 % b, librem. : 76,7 % b) . 

En ce qui concerne les pollinisations en cages, la pollinisation libre présente le 
meilleur taux de fructifica tion (librec. : 38,2 %). Il est suivi par les pollinisations 
avec abeilles (ab : 19 % ; ab + JG : 18,4 % et ab + AL : 21,5 %). Le traitement 
vide est de loin le moins performant avec seulement 5 % de fruits (voir Fig . 2). 

En pollinisation sous cage, la comparaison des taux de fructification n'a pas 
permis de mettre en évidence des différences entre les trois traitements avec abeilles 
(voir F ig. 2). Le fait de placer des bouquets d 'une autre variété n'a donc pas 
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Fig. 1. - Traitements manuels : proportions de fruits à la récolte par rapport aux fleurs tes­
tées, exprimées en % : a llo : po llinisa tion par James Grieve ; auto : po llinisa tio n pa r Jona-
gold ; librem. : fleur non ensachée. -
Les % suivis de la même lettre ne sont pas significa tivement di ffé rents. (a = 0.05) 

influencé la fructification. li faut signaler cependant que les va riétés choisies pa r 
l'arboriculteur pour les tests (Alkmene et James Grieve) ne sont pas reconnues 
comme étant de bonnes va riétés pollinisatrices de Jonagold . D e plus, les bouquets 
de rameaux de la va riété pollinisatrice dans des bouteilles posées au sol peuvent être 
remis en question qua nt à leur efficacité en ta nt que di spensa teurs de pollen. En 
effet, lorsqu 'on compa re les taux de fructifica tion en autopollinisation manuelle et 
en autopollinisation sous cage avec a beilles (auto : 20,3 % et a b : 19 %), les diffé­
rences ne sont pas significatives (voir Fig. 1 et 2) . Ce qui signifie que les abeilles 
pollinisent a ussi bien que l'expérimenta teur . Cependant, si o n compare allopollini­
sa tion manuelle avec James Grieve et a llopo llinisatio n en cage toujours avec James 
Grieve , on o btient deux foi s plus de fruit s en pollinisa tion ma nuelle (a llo : 39,7 % 
et a b + JG : 18,4 %) (voir F ig. 1 et 2) . Il paraît a lors évident que la technique bou­
quet (inspirée de B ARBIER, 1986 et F REE, 1954) doit être remise en cause. 

Au vu des résulta ts o btenus en pollinisa tion libre (li brec. : 38,2 %), la faune pol­
linisa trice semble être suffisa nte dans ce verger pour assurer une production de 
pommes Jonago ld renta ble et il n'est pas certa in que l'apport de ruchers supplémen­
taires puisse amélio rer ce tte production. O n peut cependant nua ncer cette consta ta­
tio n. Premièrement, comme il a été dit précédemment, d 'au tres techniques expéri­
menta les a uraient sans dou te révéler de meilleurs résultats pour la fructificatio n en 
allopoll in isation . Po ur tester l'action réelle des abeilles en allopollinisation, des bou­
quets d 'Elsta r a uraient dû être introduits da ns l'une des cages à la place d 'Alkmene 
ou de James Grieve. De plus, ces bouquets auraient été peut-être p lus efficaces s' ils 
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Fig. 2. - Traitements sous cages : Proportions de fruits à la récolte par rapport au nombre 
de fleurs testées exprimées en % : ab : cage + abeilles; a b + JG : cage + abeilles + pollen de 
James Grieve ; ab + AL : cage· + abeilles + pollen d 'Alkmeue; vide : cage; librec. : cage 
ouverte. Les % suivis de la même lettre ne sont pas significativement différents . (a = 0.05). 

avaient été suspendus dans les a rbres dans des sachets remplis d 'eau. En effet, les 
abei lles seraient passées plus facilement des fleurs pollinisa trices aux fleurs à pollini­
ser. Deuxièmement, les arbres du traitement libre se situaient à proximité immédiate 
d ' un arbre Elstar qui est une des meilleures variétés pollinisatrices de Jonagold . 

On peut cependant remarquer l'effet positif «abeilles » lorsque les traitements 
ab (19 %) (cage + ruche) et vide (5 %) (cage) sont comparés. 

D'autre part, les taux de germination des pépins et les taux de fructification 
obtenus en autopollinisation manuelle et en autopollinisation sous cage ont permis 
de conclure que Jonagold est partiellement autocompatlble. Les figure 3 et 4 repré­
sentent les nombres de pépins moyens obtenus pour chaque traitement ainsi que les 
taux de gennination respectifs. En pollinisation manuelle, le nombre de pépins en 
pollinisation libre es t significativement plus grand qu'en autopollinisation (librem. : 
5,52, allo : 4,48 , auto : 3,86) (voir Fig. 3) . En pollinisation sous cage, on constate 
que la pollinisation libre et que les a llopollinisations avec abeilles (ab + AC : 5,39; 

ab + JG : 4,87; librec. : 4,55) produisent plus de pépins que les autopollinisation 
(ab : 2,95 , vide : 1,78) (voir F ig. 4) . Le nombre de pépins est donc un bon indice 
du type de pollinisation (auto- ou allopollinisation). 
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Fig. 3. - Traitements manuels : nombre moyen de pépins et pourcentages de germination 
(entre parenthèses). allo : pollinisation par James Grieve ; auto : pollinisation par Jonagold ; 
librem. : fleur non ensachée. Les nombres et les % suivis de la même lettre ne sont pas significati ­
vement différents. (a = 0.05). 
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Fig. 4. - Traitements sous cages : nombre moyen de pépins et pou rcentages de germination 
(entre parenthèses). ab: cage + abeilles ; ab + JG : cage + abeilles + pollen de James G rieve; 
ab + AL cage+ abeilles + pollen d'Alkmene ; vide : cage; librec. : cage ouverte. Les 
nombres et les % suivis de la même lettre ne sont pas significa tivement différents. (a = 0.05) . 
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En outre, les pépins issus des autopollinisations ont germé dans des proportions 
identiques aux pépins issus des allopollinisations (voir Fig. 3 et 4) . Ils sont donc le 
résultat d'une fécondation. On ne peut donc pas parler d'une parthénocarpie dans 
ce cas. 

CONCLUSIONS 

La source d'allopollen (cage ouverte versus cage fermée avec pollinisateurs) et 
la présence ou non d'insectes pollinisateurs (cage ouverte., et cage fermée avec polli­
nisateurs versus cage vide) sont deux facteurs qui influencent la production de 
pommes, cv Jonagold. La variété Jonagold est partiellement autocompatible. 
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SUMMARY 

Injections of ovine corticotropin-releasing factor (oCRF) are known to increase circulat­
ing thyroid hormone levels in the chicken embryo (MEEUWIS et al., 1989). This can in part 
be explained by a direct effect of the hypothalamic hormone on the thyroid gland and/or the 
stimulation of the thyrotropin (TSH) release from the pituita ry. We tested these two assump­
tions in two separate perifusion experiments. Our results clea rly indicate that oCRF does not 
influence the in vitro thyroxine (T 4) secretion from the thyroid. The pituitaries of the newly 
hatched chickens, however, released significant amounts of TSH after in vitro treatment with 
oCRF. Growth hormone and luteinizing hormone secretions were also elevated after the 
oC RF stimulation period, but this release was Jess pronounced compared to the TSH release. 
As a conclusion we postulate that oCRF mediates its effect on the thyroidal status of the 
chicken through stimulation of TSH release and not through a direct effect on the thyroid. 

Keywords : chicken, oCRF, in vitro, TSH, T 4 . 

INTRODUCTION 

ln vertebrates it is well established that the p1tu1tary produces a thyro id­
stimula ting hormone (thyrotropin : TSH) which acts directly upon the thyro id 
gland to stimulate the synthesis and release of thyroxine (T 4) (mammals : V ALE et 
al., 1974 ; birds : W ILLIAMSON and ÜAVISON, 1985 ; KÜHN et al. , 1988; amphibians : 
ÜARRAS and KÜHN , 1983 ; reptiles : LANCE and SAWIN, 1979 ; fish : MILNE and 
LEATHERLAND, 1980). The secretion of this TSH in mammals and bi rds is regulated 
by several factors, the best documented being TSH-releasing hormone (TRH) and 
somatostatin (SRIF) , respectively a stimulating and inhibi ting hypothalamic factor 
(V ALE et al. 1974 ; ÜROUIN et al. , 1976 ; RADKE and CHIASSON, 1977; lQBAL et al., 
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1989). Earlier reports of our research group suggested that ovine corticotropin­
releasing factor ( oCRF) has also a stimula tory effect on thyroid hormone secretion 
in the embryonic chicken. T 4 and triiodothyronine (T 3) plasma levels of dwarf and 
normal chicken embryos were increased after an intravenous (iv) injection of oCRF 
(MEEUWIS et al., 1989; KüHN et al., 1990). lt was however not clear at what level 
oCRF interacted with thyroid fonction. lt is known that glucocorticoids and 
adrenocorticotropic hormone (ACTH), whose release in birds is controlled by CRF 
(EsnvARIZ et al., 1984; CARSIA et al., 1986), depress circulating concentrations of 
thyroid hormones in respectively posthatch and adult chickens (DECUYPERE et al., 
1983; WILLIAMSON and DAVISON, 1987; MITCHELL et al. , 1986). During the last 
period of the embryonic development, on the contrary, glucocorticoids are reported 
to increase the T4 and T 3 plasma concentrations (DECUYPERE et al., 1983). The 
promptness of the response of circulating thyroid hormone levels after stimulation 
with oCRF, however, suggests that there may be a direct interaction of oCRF with 
the thyroidal axis. 

The aim of the present study was to investigate if oCRF influences the thyroidal 
axis through a direct effect on the thyroid gland and/or through the stimulation of 
TSH release. We tested these two assumptions in two separate series of perifusion 
experiments : 1) the effect of oCRF on the in vitro T 4-releasing activity- of the 
thyroid gland, 2) the response of the pituitary to oCRF. Because of the Jack of 
specific monoclonal antibodies (mAbs) to the chickenTSH (cTSH) ~-subunit we 
used the subtractive strategy published by BERGHMAN et al. (1993) to obtain an 
indicative cTSH value in the pituitary eluates. 

MATERIAL AND METHODS 

Animais 

One day old male chickens (Cl) from a layer strain (Hisex white) were 
purchased from a commercial dealer (Euribrid, Aarschot, Belgium) and the same 
day used for the experiments. 

Perifusion experiments 

In the first experiment the thyroid glands were removed from the chickens and 
immediately submerged in Gibco 199 medium .(MJ99 : Life Technology, Gent, 
Belgium). Each pair of thyroids was placed in an individual perifusion chamber, 
held in a water bath at 37° C, and the perifusion was started with Ml99 at a con­
stant flow rate of 12 ml per hour. After a preincubation period of 90 min to 
stabilise the basal secretion of T 4 , collection of 1-ml samples ( = period of 5 min) 
from each individual chamber was started. After 30 min of baseline registration, 4 
chambers remained perifused with the contrai medium, the other 8 received Ml99 
containing 10 or 100 nM oCRF (n = 4 per group) (UCB Bioproducts, Braine­
]' Alleud, Belgium) for the next 30 min. Afterwards the perifusion continued for 
another 90 min with the contrai medium in the absence of any stimulatory agent. 
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The samples were stored at - 20° C prior to the analysis of T 4 by radioim­
munoassay (RIA). 

During the second experiment 12 pituitaries from newly hatched chickens (Cl) 
were stimulated with 10 or 100 nM oCRF (n = 6 per experimental group). The 
same protocol was followed (see above), but the post-stimulation period was 
120 min instead of 90 min. No baseline control group was added. The samples were 
kept at - 20° C prior to the analysis of cLH, cFSH, ca-subunit and chicken growth 
hormone (cGH) by RIA. 

Radioimmunoassays 
" T 4 and cGH levels were measured by radioimmunoassay as described before 

(DARRAS et al., 1991; 1992b). 

The RIA of chicken a-like immunoreactivity (IR) was carried out as published 
by BERGHMAN et al. (1993). Briefly, 100 µl of the mAb (1 /500,000), validated in 
binding studies of the mAbs with Reference Tracer Preparation (BERGHMAN et al., 
1993), was incubated overnight with 100 µl USDA-cLH-1-1 tracer(± 30,000 cpm), 
100 µl of the sample or 50 µl of the standard (USDA-cLH-K-3 : 0.78 to 100 ng/ml). 
In order to obtain equal volumes in the assay, 50 µl Ml 99 was added to · the 
standards. Samples showing concentrations higher than 100 ng/ml were measured 
again with the same RIA, except in that case 25 µl of the sample and 75 µl Ml 99 
were added. The next day we used Sac-Cel anti-mouse (Innogenetics, Zwijndrecht, 
Belgium) to separate frée and bound radioactivity. The total titer of a-containing 
molecules is than expressed in relative units (ng cLH-like IR/ml). 

The homologous RIAs for cFSH and cLH were recently developed and 
validated (KRISHNAN et al., 1992 ; 1993 ; PROUDMAN, KRISHNAN and BAHR, 
unpublished results) . The radioiodination and the RIA was performed as described 
by BERGHMAN et al. (1993). 

Calculation of an indicative cTSH level in the samples 

Specific mAbs to the cTSH-molecule a re not ava ilable yet because to date 
researchers have not been successful in isolating this peptide from chicken pituitary. 
Heterologous polyclonal Abs have been applied to localise TSH-cells in the chicken 
pituitary (THOMMES et al., 1983). Unfortunately, such Abs tend to have too low 
affinity with cTSH to allow sensitive measurements by R IA. T herefore we 
calculated an indica tive value for the cTSH levels in our samples using a subtractive 
strategy published by BERGHMAN et al. (1993). This indicative cTSH level in the 
samples was obtained by the subtraction of cFSH and cLH levels from the total 
level of a-like immunoreactive material in the same sample. This indirect method 
obviously assumes that free a-subunit is not being secreted under physiological con­
ditions (BERGHMAN et al. , 1993). F inally, the cTSH concentration in the samples is 
expressed in relative units because of the lack of homologous standard TSH 
preparations. 
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Statistics 

For each individual chamber (e.g. pair of glands) we calculated (Fig. 1) : 
1) basal secretion (BS), 2) the peak value in the response to the stimulator (PV), 3) 
the stimulation factor (SF), 4) total secretion after stimulation (TS). Statistical 
analysis between the experimental groups was carried out by one-way-analysis of 
variance (ANOV A). 
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Fig. 1. - T ypica l individual LH response curve to oCRF in a perifusion experiment. The 
four different experimental parameters that are calcu lated , are indicated. The horizontal line 
beneath the X-axis indicates the stimulation period which is the same as used in the different 
perifusion experiments. 

RESULTS 

Experiment 1 : Influence of oCRF on the in vitro T 4 release 

T he in vitro T 4 release from thyroids di ssected from C l chickens was not affec­
ted by a treatment with 10 or 1 OO nM oCRF (Fig. 2). The basal T 4 secretion was 
higher in both oCRF conditions compared to the control group (control : BS = 

0.15 ± 0.02 pmo l/ ml ; 10 nM BS = 0 .25 ± 0.02 pmo l/ ml ; 100 nM 
0.25 ± 0.02 pmol/ml : P < 0.05). However no stimulation of the release was seen 
in response to an oCRF-treatment as shown by their respective stimulation facto rs : 
contro l SF = 1.00 ± 0.14 ; 10 nM SF = 0.92 ± 0.03 ; 100 nM 
SF = 1.14 ± 0.03. 
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Fig. 2. - In vitro T 4 release by thyroid glands of one day old chicks (Cl), stimulated for 
30 min with 10 or 1 OO nM oCRF after a 30 min baseline registration. T 4 levels are measured 
by RIA. Values shown are mean ± SEM of four individuals. The horizontal line beneath the 
X-axis indicates the stimulation period. 

Experiment 2 : Influence of oCRF on the in vitro releasing activity of the chicken 
pituitary 

The effect of oCRF on the a -subunit and LH release is shown in Fig. 3. The 
oCRF-treatment had a dose-dependent effect on the total amount of a-subunit in 
the samples. The highest concentration caused a significantly greater SF and TS 
(Table 1). Also the LH secretion was enhanced, although to a lesser extent com­
pared to a -subunit release. Both doses induced approximately a four-fold increase 
in LH release. The LH response caused by 100 nM, however, lasted longer, which 
explains the significantly higher TS in this condition compared to the other 
experimental group. The amour.t of cFSH in the samples was either very low or 
below the detection limit ( < 0.20 ng/ml) before, during and after the stimulation 
period (data not shown). Thus, no stimulatory effect of oCRF on the cFSH-release 
was noticed. Finally cLH values were subtracted from the a-subunit levels to yield, 
in each sample individually, an indicative concentration of cTSH. Because of the 
low or not measurable amount of cFSH we didn 't take these data in to account for 
subtraction. As shown in Figure 4 oCRF is a very strong stimulator of the in vitro 
TSH secretion in newly hatched fowl. Due to the wide variation in the individual 
responses to the highest oCRF concentration, stimulation factors did not differ 
significantly between the 2 groups, but the total TSH secretion after stimulation 
showed a clear significant dose-dependent effect of oCRF (Table 2). 
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Fig. 3. - In vitro LH a nd a -subunit release by pituitaries of one day old chicks (Cl), 
stimulated for 30 min with 10 (A) or 1 OO nM oCRF (B) after a 30 min baseline regi tration. 
LH and a -subunü levels are meas ured by a homologous RIA. Values shown are mean ± 
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TABLE 1 

Influence of 10 nM and 100 nM oCRF on the LH (ng/ml) and u-subunit (relative units/ml) 
secretion in one day old chicks (Cl) (n = 6 per group). Values shown are mean ± SEM. 
Asterisks indicate differences between the 2 doses (ANOVA : * P < 0.05; ** P < 0.01) . 

basal secretion peak value stimulation total secretion 
(ng or r.u./ml) (ng or r.u./ml) factor after stimulation 

(BS) (PV) (SF) (ng or r.u.) (TS) 

LH (ng) 

IOnM oCRF 0.46 ± 0.05 2.01 ± 0.14 4.50 ± 0.21 11.70 ± 0.66 

lOOnM oCRF 0.69 ± 0.07* 2.86 ± 0.26* 4.23 ± 0.37 18.82 ± 1.57** 

~ 

u-subunit 
(r.u.) 

lOnM oCRF 1.30 ± 0.08 11 ,15 ± 1.73 8.51 ± 1.09 57.08 ± 7.05 

lOOnM oCRF 2.22 ± 0.23** 110.08 ± 44.94 44.94 ± 16.27* 497.65 ± 131.94** 

TABLE 2 

Indicative TSH variati6ns in response to 10 nM and 100 nM oCRF in one day old chicks 
(Cl). Subtractions (ulR-cLH) were calculated for individual animais. Values shown are mean 
± SEM of 6 individual subtraction results. Asterisks indicate differences between the 2 doses 
(ANOVA: **P < 0.01). 

basal secretion peak value stimulation total secretion after 
(r.u./ml) (r.u./ml) factor stimulation (r.u.) 

(BS) (PV) (SF) (TS) 

lOnM oCRF 0.84 ± 0.04 9.23 ± 1.58 10.85 ± 1.59 45 .88 ± 6.56 

lOOnM oCRF 1.53 ± 0.16** 107.23 ± 44.88 63.63 ± 23 .76 478.83 ± 130.58** 

The GH secretion (Fig. 5) was hardly influenced by 10 nM oCRF 
(SF = 1.71 ± 0.17), a concentration of 100 nM oCRF however induced a 
significantly higher GH release compared to the lower dose (SF = 3.35 ± 0.47 : 
P < 0.01). The total GH secretion after stimulation differed aJso significantly in the 
100 nM condition (respectively TS = 28.33 ± 6.08 and TS = 116.33 ± 37.68 : 
p < 0.05). 



150 K. GERIS, V.-M. DARRAS, L.-R. BERGHMAN AND E.-R. KÜHN 

-- 10 nM oCRF __.,._ 100 nM oCRF 

170 

~ 
125 -c 

80 ::J 

Cii 
> - 35 Cii 20 
Cii 

î î 
M 

.... -.... 
0 15 -Cii 
u 
'a 10 c 
"ï 
J: 
en 

5 1-

0 
0 30 60 90 120 150 180 

Time (min) 

Fig. 4. - Indicative levels of in vitro TSH release by pituitaries of one day old chicks (Cl) , 
stimulated for 30 min with 10 or 100 nM oCRF after a 30 min baseline registration. TSH 
indicator levels are calculated using a subtractive strategy (aIR-cLH). Values shown are mean 
± SEM of six individuals. The horizontal line beneath the X-axis indicates the stimulation 
period. 

DISCUSSION 

The present study describes the effect of oCRF on the in vitro releasing activity 
of two tissues that are implicated in the thyroidal status of the chicken : the thyroid 
gland and the pituitary. oCRF is a well-known stimulator of the ACTH-release in 
mammals, both in vivo and in vitro (reviewed by RivœR and PLOTSKY, 1986), and 
in chickens when added to dispersed adenohypophyseal cells (CARSIA et al., 1986). 
Due to the lack of an homologous RIA for cACTH, we did not measure the 
amount of this hormone in our samples. CARSIA et al. (1986) obtained an indicative 
value for the ACTH concentrations in their experiment using a bioassay. Recently 
CRF-neurones have been localised in the avian brain (JoszA et al., 1984 ; KovÀcs 
et al. , 1989). Also in lower vertebrates oCRF is a potent stimulator of the ACTH 
release. In fi sh and anurans this secretagogue enhanced the in vivo and in vitro 
ACTH secretion (FRYER et al., 1983 ; CUET et al. , 1984 ; TONON et al. , 1986). In vivo 
administration of oCRF to a frog species significantly reduced the volume density 
of the secretory granules in ACTH-cells , taken as an indicator of short-term enhan­
ced hormonal release (MALAGON et al., 1991). 
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Fig. 5. - ln vitro GH release by pituitaries of one day old chicks (Cl), stimulated for 30 min 
with IO or 100 nM oCRF after a 30 min baseline registration. GH levels are measured by a· 
homologous RIA. Values shown are mean ± SEM of six individuals. The horizontal line 
beneath the X-axis indicates the stimulation period. 

In mammals oCRF did not change the in vitro TSH secretion (V ALE et al., 
1981 ). To our knowledge, there are no data avai lable conceming the effect of oCRF 
on the thyroidal releasing activity in mammals. Our results clearly indicate that 
oCRF influences the thyroidal axis in the chicken through the stimulation of TSH 
release as calculated with the subtractive strategy published by BERGHMAN et al. 
(1993). On the other hand, we did not see a direct effect on the thyroidal T 4 release. 
Our data correspond with results described in several frog species and in hatchling 
turtles : each time oCRF induced a rise in the in vitro TSH release, without influen­
cing the thyroidal T 4 secretion (DENVER, 1988 ; D ENVER and LICHT, l 989a, b ; 
JACOBS and KÜHN, 1992). MALAGON el al. (1991) observed a decrease in the volume 
density of the granules of the TSH-cells of a frog species after an oCRF-treatment, 
indica ting an elevation of the TSH release. JACOBS et al. (1988) postula ted tha t LH­
releasing hormone (LHRH) also has a TSH-releasing activity in the frog. 

oCRF also stimulated the in vitro release of other pituitary hormones. The G H 
secretion was influenced in a dose-dependent manner with the lower dose inducing 
almost no stimulation. Until this moment OH-releasing factor (GRF) and TRH 
were considered to be the main GH secretagogues in avian species (HARVEY et al., 
1978, 1981 ; LEUNG and TAYLOR, 1983 ; HARVEY et al., 1984) . Somatostatin (SRIF) 
plays an inhibitory ro le in this process (SCANES and HARVEY, 1989). In young turtles 
oCR F a lso stimulated the in vitro GH release (DENVER and LICHT, 1989a). RIVIER 



152 K. GERIS, V.-M. DARRAS, L.-R. BERGHMAN AND E.-R. KÜHN 

and PLOTSKY (1986) mentioned in their review that in mammals oCRF does not 
have an in vivo (iv injections) or in vitro GH-releasing activity. In the rat, an 
intracerebroventricular (icv) oCRF-injection even caused a decrease in the GH 
plasma concentration (RIVIER and V ALE, 1984a). Next to this in vitro GH-releasing 
activity of oCRF in newly hatched fowl, we also observed an increase in the LH 
release in response to the oCRF-treatment. Gonadotropin-releasing hormone 
(GnRH) is believed to be the main hypothalamic hormone that releases LH from 
the pituitary. Our results indicate that in the chicken oCRF is also a candidate for 
the regulation of the LH secretion. In the rat, authors did not observe any change 
in the LH plasma levels after an iv oCRF-injection (V ALE et al. , 1981 ; DONALD et 
al., 1983; RIVIER and YALE, 1984b), while the rhesus monkey responded with a 
decrease in the LH concentration (GrNDOFF et al., 1989). The results after an icv 
oCRF-injection ail indicated a decrease in the LH plasma levels (RIVIER and YALE, 
l 984b ; PETRAGLIA et al., 1987 ; MAEDA et al., 1994), possibly through its inhibitory 
effect on the GnRH release (NIKOLORAKIS et al., 1986). We did not find any reports 
on a LB-releasing activity of oCRF in lower vertebrates. In the turkey there are 
some indications available that TRH has a LB-releasing activity (WENTHWORTH et 
al., 1976; FEHRER et al. , 1985). Although the amounts of cFSH in our samples were 
very low or not detectable, we can conclude that oCRF does not have an effect on 
the release of this pituitary hormone. To our knowledge, there are no data available 
in literature about this specific activity of oCRF in vertebrates. 

The in vivo relevancy of our results are presently under investigation. The obser­
ved in vitro TSH-releasin'g potency of oCRF strengthens the data of MEEUWIS et 
al. (1989) and KüHN et al. (1990), who reported an increase of the circulating 
thyroid hormone plasma levels after in vivo oCRF-treatment in normal and dwarf 
chicken embryos. Currently, we are focussing on the short-term effects of oCRF on 
the in vivo TSH, GH, LH and circulating thyroid hormones plasma levels in 19-day­
old chicken embryos. Since GH can increase T 3 plasma concentrations through a 
decrease in the T 3 degradation (DARRAS et al., 1992a; 1993), we also try to estimate 
the impact of in vivo GH release after oCRF on circulating thyroid hormone levels 
by measuring the activity of deiodinases in several tissues. 

ln summary, the data presented here suggest that CRF is a potent stimulator 
of TSH secretion in the domestic fowl white a direct effect of CR F on the thyroid 
gland can be ruled out. In addition, the study showed for the first time an in vitro 
LH- and GH-releasing activity of CRF in the chicken, although less pronounced 
then the TSH response. 
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SUMMARY 

When site quality cannot be fully studied, due to lack of time or available specialists, the _ 
use of particula r species as indicators has been proposed. However, species which indicate 
species-richness a re needed for appreciation of biodiversity, whereas widespread stenotopic 
species are appropriate for habitat quality. Birds are potential bioindicators, uniting inherent 
biological and methodological advantages. Birds eau only be bioindicators of habitat quality 
if they occur in the same habita t in a il the sites under consideration. 

Standard bird counts and captures, and standard measurements of habitat-characteristics 
taken a long chosen transects, yield avifaunal composition and relative density in pristine and 
man-changed areas in equatorial Africa, in two complex a reas ituated in the historical forest 
belt (Zaïre and Cameroon). The use of these data fo r bioindication was examined. Segrega­
tion was fo und to be highest in undisturbed sites within the mosaic of present-day habitats. 
The present study proposes, for this particular region, the use of proportions in relative den­
sity of four common species among a particular fami ly, the bulbuls, which ail are welJ-charac­
terized according to habitat. Nevertheless, the authors a re fu lly aware that this indicator can­
not be extended to other regions. 

Keyworcls : bioindicators, bird populations, monitoring, environmental change, rainforest, 
Africa. 

INTRODUCTION 

FURNESS et al. (1993) reviewed the use of specific bioindicators to elucidate the 
effects of climatic change, change due to pollution, or habitat change. However, 
given the rapidity with which the habitat changes, there may be insufficient time 
to assimilate the relevant descriptive data and assess the bioindicatory implications 
of that information. Hence, this raises the question as to whether there is a need 
for bioindicators to measure habitat change. This study considers sites in Africa 
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where detailed studies are almost lacking (but from which we have obtained several 
simple data-sets) and where local changes are often fast. Therefore, the demand for 
rapid decisions on the protection of sites or choice among sites is great. Conse­
quently, the use of particular plant or animal species as bioindicatory parameters 
could be useful. Nevertheless, in contrast, a more detailed analytical study is 
preferable when time and specialists are available because, in essence, each 
individual organism will respond differently to secondary effects of a primary cause 
or, at best, it will be specific enough only to be an indicator for itself. These caveats 
were discussed by MORRISON (1986) and RISEBROUGH (1991), particularly in an 
ornithological context. Also, OLIVER and BEATTIE (1994) recently investigated the 
use of a set of selected organisms (mosses, spiders, ants and polychaetes) for rapid 
assessment of total biodiversity but concluded that « trials of ail groups deemed to 
be useful... needed to be evaluated » and « taxonomie specialists are considered 
indispensable to train personnel», this makes their system far too complicated to 
hope for « rapid assessment ». 

Birds are considered to be potential bioindicators (FuRNESS and GREENWOOD, 
1993). The advantages of using birds are that they are either at or near the top of 
the food chain. Moreover, both specialist and generalist species exist among related 
taxa, see below), they are easy to identify, they are often common and day-active, 
their ecology and behaviour is often well studied and extensive data are available, 
and there is an important public interest in birds (i.e. collaboration of amateur 
ornithologists). As well as the very characteristic species of a given ecotope, there 
are also some more wide-ranging species which are promising as indicators for the 
quality of the habitats in which they occur, assuming that observed variations in 
bird population parameters are directly related to a change in a factor of the 
environment. A further advantage of using birds might be that, due to their 
mobility beyond the studied transect, well-selected species can a lso indicate, to some 
extent, the quality of the surroundi-ng area of the observation spot (cf. organisms 
of weak mobility) ; this should enable a better appreciation of the quality of the 
site. The foregoing discussion pertains essentiaJly to the temperate regions, with a t 
least one avai lable textbook study linking bird population dynamics and forestry 
(A VERY and LESLIE, 1990). 

The peculiarities needed to define an indicator are a fonction of the question 
being analyzed : unique species indicating species-richness are needed for apprecia­
tion of biodiversity, whereas stenotopic species are appropriate for habitat quaJity. 

There is some hope that the use of Geographic Information Systems will enable 
faster and more accurate compila tion of data files in ornithology (SHAW and 
ATKINSON, 1990). However, the gathering and input of census data by biologist or 
persans instructed by biologists will , even under ideal conditions, impose some 
delay and a « bottle-neck » in data input. Under present conditions, and recogniz­
ing that this subject requires more than simply notifying the presence or absence 
of species, this study investigates the po tential of quantita tive data as descriptive 
parameter for habita ts in tropical regions. 
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MATERIAL AND METHODS 

The authors recognize the relatively low sampling effort in both Zaire and 
Cameroon and the absence of replications in space and time. Despite this, and 
because of the lack of other available information, the field data obtained for pop­
ulation studies is analyzed for their bioindicatory utility : 

1) Standard bird captures in mist-nets and standard measurements of habitat 
characteristics in the Masako nature reserve, 14 km north of Kisangani, Zaïre and 
at sites situated at 0, 40, 152 and 333 km from Kisangani along the new Kisangani­
Bukavu road (constructed through the equatorial rainforest) from February to 
August 1989. These sites are all situated in a habitat mosaic, but those furthest 
away from Kisangani possess a large surrounding buffer zone of almost intact rain­
forest {the largest remaining equatorial forest block in Africa). The localities along 
the road are composed of a first set of nets at 500 m from the road (sites 9, 11 , 12 
in Table !) and other sets at 5 km from the road, beyond the heavily disturbed 
zone. This area holds about 350 bird species (BIJNENS and UPOKJ, 1992). Table 1 
gives dominance rank at each ~ite, whereby rank = 1 if the species is the most 
abundant, etc. (0.5 if shared with another species). 

TABLE l 

Dominance rank of selected bu/buis, showing replacement, 
at thirteen sites in and near Kisangani, Zaire. 
(NR : Masako nature reserve near Kisangani) 

Edge 
Goodforest Secondary growth 

of clearings 
Site 

1 2 3 4 5 6 7 8 9 10 Jl 

Distance from K isangani 333 333 NR 152 NR 152 40 40 333 NR 40 

Number of birds caught 144 138 28 1 95 305 63 60 56 86 175 72 

Dominance Rank 

Phyllastrephus icterinus : 6 5 6 13.5 24.5 - - - - - -

Andropadus latirostris : 1.5 l l 2 1 1 l.5 2 l 2 -

Andropadus virens : 8 3 3 3.5 3 3.5 3 4 2 l 2 

Pycnonotus barba tus : - - - - - - - - 9.5 25 5.5 

Cultivation 

12 13 

152 0 

100 75 

- -

- -

17.5 -

8 4.5 

2) Standard bird counts (by song recognition during fifteen minutes at the most 
favourable periods of the day in the months of April to Augu t 1989 and 1991) and 
standard measurements of habitat-characteristics along four chosen sites, several 
km distant from each other, near Y(;!oundé, Cameroon (tran ects from 6 or 8 count­
ing stations along forest paths about 3 km long). These yield avifauna composition 
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and abundance in a mosaic of pristine and man-changed habitats situated in the 
historical forest block. This area holds about 350 bird species (FOTSO, 1994). 
Table 2 gives the frequency index (number of contacts/ number of counts) of four 
selected bulbuls. Figure 1 gives the projection of the most frequent species (accord­
ing to presence or absence) according to the first and the second axis in a factor 
correspondence analysis, maximizing correlations between habitat variables and 
species variables. 

TABLE 2 

Frequency indices of selected bu/buis, showing distribution profile 
and replacement along the transects al four sites near Yaoundé , Cameroon. 

Number of dominant bird species : Eloumden : 36; 
Ka/a : 56; Messa : 46 ; Nkol-Yeye : 47 

Transect stations 

Site 

I 2 3 4 5 6 7 8 

Phy llastrephus icterinus : 

Eloumden 0 0.3 0.9 1.0 0.6 0.7 0.8 0.1 

Ka la 0 0 0.2 0.8 0.4 0.5 0.3 0.3 

Mess a 0 0 0 0 0 0 - -

Nkol-Yeye 0 0 0 0 0 0 - -

Anclropaclus latirostris : 

Eloumden 1.4 1.2 1.2 l.2 1.2 1.2 1.2 0.5 

K a la 0. 8 0.6 0.9 1.0 1.1 0.8 1.0 1.0 

Messa 0.1 0.3 0.8 0.6 0. 3 0.5 - -

N kol-Yeye 0.5 1.0 0. 2 0.1 0.7 0.4 - -

Anclropadus virens : 

E loumden 1.1 1.2 0 .5 0.4 0.7 0.6 0.7 0.6 

Ka la 1.2 1.1 1.0 0.9 0.7 0.9 0.9 0.9 

Messa 1.5 1.5 1.4 1.5 1. 5 l.6 - -
N kol-Yeye 1.2 1.3 1.2 1. 3 1.1 1.1 - -

Pycnonotus barbatus : 

Eloumden 0 0 0 0 0 0 0 0 

KaJa 0.4 0 0 0 0 0 0 0 

Messa 1. 6 1.4 1.3 1.1 0.6 0.8 - -

Nkol-Yeye 1.2 l.2 1.1 0.8 0. 7 0.9 - -

Dominance rank 

7 

15 

-

-

1 

2 

10 

9 

4 

1 

1 

' 
1 

-
37 

3 

2 
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Fig. 1. - Projection of scores of the most common bird species from counts during the 
breeding seasons 1989-1992, on the first and the second axis in a multifactor correspondence 
analysis. The general position of the four counting sites (increasing deforestation from Eloum­
den, Kala, Messa, to Nkol-Yeye) at the forest/savanna border (Yaoundé, Cameroon) is also 

indicated. 
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The scientific names for birds used in this paper follow SmLEY and MONROE 
(1990). 

RESULTS 

Habitat and altitude differences will be apparent for particular birds exclusive 
to the forest and non-forest zones ; this study is restricted to selected lowland 
« forests ». 

Not ail species of birds are prone to capture by netting and although there are 
certainly interspecific differences (further information in BuB, 199 l ), we assume 
that these are minimal among the low-flying small birds of mesic environments and 
especially in the bulbul family Pycnonotidae, which are the group of birds in our 
Zaire sites considered in more detail here. This family counts for 51. 7 % of ail birds 
captured at this site (UPOKJ, 1992). According to the dominance rank per species 
in each of the thirteen Zairean stations, Andropadus virens Cassin 1858 is the most 
common bird, being present in twelve of the sta tions (Table !) ; it is only absent 
at the city site. It is the only common bird to show a significant, positive rela­
tionship between its rank and the vegetation parameters, « Vegetation Volume 
Index », « Foliage Height Diversity » and the principal component in a total com­
plex of ail measured vegetation parameters ; its numbers augment with these 
parameters, indica ting its preference for secondary vegetation in forest, because the 
primary forest itself has Jess undergrowth (BIJNENS and UPOKI, unpublished). 
Andropadus virens and its congener, Andropadus latirostris Strickland 1844, very 
often rank among the five most common species caught, but with differences accor­
ding to degree of degradation (Table !). In fact, while A. virens is most common 
in terms of being present at a il but one site, A. /atirostris is more « common » in 
terms of being the dominant species at most of the sites. The habitat preference and 
commonness is not unexpected because BROSSET and ERARD (1986) have found a 
situation in the forest in Gabon where proportions of these congeners vary accord­
ing to site, but where it is clear that A. latirostris prefers less disturbed zones. 
Among other bulbuls appearing in the nets, according to vegetation cover, 
Phyllastrephus icterinus (Bonaparte) 1850 is present almost exclusively in prime 
forest whereas Pycnonotus barbatus (Desfontaines) 1789 is found only in disturbed 
habitats . 

Not surprisingly, segregation of the birds in Cameroon's present-day mosaic of 
vegetation is most distinct, though still incomplete, in ·undisturbed sites. Total bird 
diversity augments inüia lly with degradation. However, stability of a site is best 
indicated using proportions of relative density among certain genera of frugivores 
and insectivores (FOTSO, 1994). F igure 1 shows that the four bulbul species, already 
studied in the Zaïre example, here a re well separated also along the first axis in a 
multifactor correspondence analysis. Sorne of the other well-separated species, such 
as Tauraco macrorhynchus (Fraser) 1839, Centropus monachus Rüppell 1837 and 
Nectarinia preussi (Reichenow) 1892, have a restricted range in equatorial Africa 
and canno t be used as general habitat indicators. The ranks obtained at the four 



BIRDS AS BIOINDICA TORS 163 

Cameroonian study sites and the frequency values along the transects (Table 2) 
indicate the following habitat preferences : Phyllastrephus icterinus is a stenotopic 
forest species ; Andropadus latirostris prefers forest , tolerating a more heterogenous 
fringing zone ; Andropadus virens is more of a generalist, being more abundant at 
the edge of high-grade forest ; Pycnonotus barbatus avoids forest and is more abun­
dant at the edge of degraded forest. These results corroborate the Zairean results 
and bring some refinement to the interpretation of the effects of border . The local 
conditions, such as the mosaic of very large vegetation zones, suggest segregation 
is to be found only in undisturbed sites. 

DISCUSSION 

The four selected species of bulbul show that a group of related birds can 
provide information on site quality, even without a detailed study of the forests 
themselves. The birds presence or absence and the proportion of their abundance 
would doubtless be useful for the appreciation of any site in this zoogeographical 
region in Africa. In practice, as far as application by non-specialists is concerned, 
recognition in the field may present a problem. Nevertheless, a mistnetting 
programme would enable the identification in the hand of the bulbul species dis­
cussed here ; probable exceptions are Andropadus virens and Phyllastrephus 
icterinus, which can be confused with congeners, not rnentioned here (the other two 
bulbuls are easily identified in the hand). 

Other quantitative bird data are rare or nonexistent for equatorial Africa (see 
references in BmBY et al. , 1992) or have not yet been adequately ana lyzed (BROSSET, 
1989). One study indicates the minimum size of forest fragments necessary to hold 
breeding pairs of birds in Malawi (DOWSETT-LEMAIRE and DOWSETT, 1984) . PRODON 
( 1992) has shown the use of correlation rnethods in measuring and modelling the 
compositional dynamics along forest successions ; this is ach ieved by linking the 
vegetation dynamics and the induced animal (i.e., bird) turnovers and computing 
the variations of community characteristics along succe sions. Wh.ile this method 
could be employed here, it is difficult to see what would be its advantage ; we prefer 
to select the individual species, or a group of related species, which are most signifi­
cant in a habitat comparison . 

As a general, provisional conclusion , it appea rs that particular forest birds, if 
selected among species-rich taxa with finely- tuned niches, could be usefu] as bioin­
dicators for rapid evaluation of site (i.e. , habita t) quality in continuous habita t. 

Conversely, we do not find such a use for characteristic species with restricted 
ranges solely. These latter certainly give information about biodiversity, but they 
are no t potential indicators of general habitat. PRENDERGAST et al. (1993) have 
shown that habitats tbat a re species- rich for one taxon a re not necessarily species­
rich for others, nor ~hat rare species are to be found necessarily in species-rich 
habitats . Moreover, while presence of such birds might be indicative of site quality, 
this information is impossible to use generally. 
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Diversity, in itself, can be used to predict the structural aspects of habitats and 
vice versa (CooY, 1985). In the, often common case of complex habitat mosaics, a 
rapid method as tested here gives the necessary crude information. Nevertheless, we 
are aware that it would be dangerous to extrapolate conclusions too extensively 
from the results. 
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SUMMARY 

Luminescence induced by KCl applicatio ns on isolated arms from Ophiopsila aranea 
(FORBES) is described. Light emission is characterized by a series of flashes whose maxima l 
intensity increases as a function of KCl concentration. None of the neuromediators tested 
(adrena line, noradrena bne, 5-HT, acetylcholine, carbachol, gaba, taurine, glutamate) induced 
the productio n of light. Our tudy requires further experirnents in order to cha racte rize the 
nature of the luminescence control mechanism of Ophiopsila aranea. 

Keywords : Echinoderm, ophiuroid bioluminescence, p hysiology, isolated arrns. 

INTRODUCTION 

Ophiopsila aranea (Forbes, 1843) is a member of the class Ophiuridea living in 
the encrusting coralline a lgae zone (coralligène) in the Mediterranean Sea. The 
mean size of the dise is 8 mm. The very long a rms (more than l 0 cm) tha t how 
a pa ttern of bands of different pigments a re known to luminesce. Early 
morphological studies described the luminescence sites originating from glandula r 
cells located on the ventral and la teral pla tes and also in some spines of the anns 
next to the dise (MANGOLD, 1907; REICHENSPERGER, 1908; TROJAN, 1909). In 1952, 
HARVEY mentioned a yellowish green fluorescence appearing as bright points in 
U.V. light a t the sites of luminescence. The exact nature of luminous cells remained 
unknown until a more recent study on Ophiopsila calij'ornica (Brehm and Morin, 
1977) suggested a neural origin of luminous cells, termed pbotocytes. 

ln luminous ophiuroids, potassium chloride (KCI) is a classical stimulation used 
to induce a light emi~sion by depolarization of the nervous element controlling 
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the luminescence tissues (HERRING, 1974). For example, in Amphipholis squamata, 
the optimal concentration of KCI used to trigger light emission is 200 mM 
(MALLEFET et al., 1989). Many different neuromediators were detected in various 
tissues of echinoderms (see COBB 1987, 1988); among them acetylcholine represents 
a major component of the nervous system for which some physiological activities 
were described. For example, pharmacological studies have identified the presence 
of a cholinergie system involved in the luminescence control of Amphipholis 
squamata (DEBREMAEKER et al., 1993a,b). 

Since no physiological data concerning the luminescence"control mechanism in 
Ophiopsila aranea are available, we first tested the responsiveness of isolated articles 
from Ophiopsila aranea arms to depolarization by KCI and tried to identify a 
putative neuromediator that could trigger light emission. 

MATERIAL AND METHODS 

Specimens of Ophiopsila aranea were collected at the ARAGO biological station 
(C.N.R.S.) at Banyuls-sur-mer (France) by scuba divers working at 15-20 metres 
depth. The animais were transported in aerated and running natural sea water and 
then kept in aquaria filled with aerated and recirculating natural and artificial sea 
water (ASW) at 12° C. Food was provided to them three times a week. 

After anaesthesia of the brittlestars by immersion in 3 % MgC12 in ASW, arms 
were eut out and divided into sections of 2 to 4 articles which were then rinsed in 
ASW of the following composition : NaCI 400.4 mM , KCl 9.6 mM, CaC12 9.9 mM, 
MgC12 52.3 mM, Na2S04 27.7 mM, Tris 20 mM, pH 8.3. 

The articles were placed in small chambers filled with 200 µl of sea water and 
then stimulated by injection of ai.r saturated solutions. Stock solutions of potassium 
chloride (Merck) , acetylcholine (Sigma), carbachol (Janssen), adrenaline, 
noradrenaline (Fluka), 6-0HDA (Aldrich), 5-HT, gaba (Merck) , taurine (Fluka), 
L-glutamate (Sigma) were dissolved in ASW just before experiments ; 200 µ! of 
these solutions were injected in the small chambers containing the artièles, using a 
micropipette; light responses were followed during 10 minutes . K nowing that each 
isolated arm provides more than 18 articles as preparation , a total of 6 ctifferent 
Ophiopsila aranea was used in this work. Each experiment was performed on a ctif­
ferent preparation coming from an isolated arm . Light emission was monitored 
with a PM270D photomultiplier connected via an ampljfier to a graphjc recorder . 
The maximum light emission (Lmax) is the parameter used to characterize Ophiop­
sila aranea light emission ; results are expressed in megaquanta per second per 
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article (Mq/s/art). Statistical analyses were performed using variance analysis 
(ANOVA 1 criteria) ; each mean value is expressed with its standard error of the mean 
(mean ± sem) and number of tested preparations (n). 

RESULTS 

KCI depolarization 

Applications of KCI concentrations ranging from 100 mM to 400 mM on 
articles from isolated arms of 4 different Ophiopsila aranea, always induced a light 
emission characterized by a series of flashes (Fig. 1) whose maximal intensity 
increased as a fonction of KCl concentration. 

KCI IOOmM KCl200mM 

1698 Mq/s 

10 s 

KC1400mM 

1698 Mq/s 

tos 

Fig. 1. - Original recordings of Ophiopsila aranea isolated arms in responses to different 
KCl concentrations; vertica l bar : light intensity of 698 Mq/s. ; horizontal bar : time scale of 
10 S. 

Application of KCI 100 mM triggered after 8,2 ± 0,9 s. a luminescence which 
reached a maximum level of 1385 ± 125 Mq/s/art (n = 72) after 37 ± 1,9 s. At 
200 mM KCl, luminescence started after 1,3 ± 0,2 s. and showed a maxjmal value 
of 1733 ± 126 Mq/s/art witrun 32 ± 3,3 s (n = 48). In response to KCI 400 mM, light 
emission started 1, 1 ± 0, 1 s. after KCl application and developed a maximal value 
of 3061 ± 140 Mq/s/art after 12,8± 1,1 s (n=84). The maximal light output in 
response to KCI 400 mM is statistically (anova 1 criteria, Fobs : 47.7, p < 0.0001) 
higher than those observed with the two other KCL concentrations tested in this 
study (Fig. 2) . 
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OPHIOPSILA ARANEA. - Isolated arms 

KCI 100mM 

(n=72) 
KCI 200mM 

(n=48) 

* 

KCI 400mM 
(n=8-l) 

Fig. 2. - Effects of KCI concentration on light emission of isolated arms of Ophiopsila 
aranea; (mean ± sem, n = number of preparations, * = p < 0,05). 

Analysis of the maximal ljght responses to KCl 400 mM of articles isola ted from 
the 5 different anns of a single animal indica tes that there is no significative dif­
ference (anova 1 criteria, Fobs : 0.5 , N.S.) between the arms (Fig. 3). 
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F ig. 3. - Luminescence of isolated arms from one specimeo of Ophiopsi/a aranea. in response 
to 400 mM KCI application ; (mean ± sem , n = num ber o f preparations, ''' = p < 0,05). 
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Pharmacology 

Each neuromediator was tested on separate preparations from isolated arms of 
2 different animais; articles were bathed for 10 minutes in ASW containing the 
drugs. The following drugs and concentrations were used : cholinergie com­
pounds - acetylcholine from · 10 - 7 M to 10 - 3M and carbachol at 10 - 3M ; 
aminergic compounds - adrenaline, noradrenaline, 5HT and 60HDA at 10 - 3M ; 
other compounds - glutamate, taurine and Gaba at 10- 3M . Each treatment was 
tested on 6 different preparations. None of the neuromediators induced the produc­
tion of light from Ophiopsila aranea isolated articles. 

DISCUSSION 

KCl solutions isotonie to sea water (540 mM) were frequently .11sed to test 
echinoderm's ability to luminesce (HARVEY 1952 ; HERRING 1978 ; MILLOT 1966 ; 
BREHM and MORIN 1977) ; in this context the 100 to 400 mM KCl concentrations 
used in this study are comparable to those utilised to obtain response on various 
isolated effector organs of echinoderms (PROTAS and MusKE 1979). We must point 
out that Ophiopsila aranea appears to be very sensitive to KCl since the first light 
emission was detected at 50 mM KCl (not shown) although at this KCI concentra­
tion responses obtained were very erratic. 

Comparison of light amplitudes from the 5 arms isolated from one animal, has 
shown that luminous capabilities are not different from one arrn to another. Since 
we stimulated articles of the first a rm before stimulating those from the next ann, 
this comparison also reveals that maintenance of isolated anns in ASW does not 
modify their luminous capabilities ; thi s result indica tes that our experimental con­
ditions (anaesthesia, ASW composition ... ) are sufficient to conserve iso lated arms 
in good physiological conditions. 

The presence of multiple fl ashes may suggest that KCI acts either through a 
mechanism that progressively activates lurninous cell s to trigger light emission or 
through depolarization of some nervous elements implica ted in Ophiopsila 
luminescence control. This second hypothesis seems more plausible since it has been 
shown with Ophiopsila californica that luminescence is related to nervous activity 
in the radial nerve cord (BREHM 1977) ; nevertheless, the nature of the mechanism 
coupling nerve activity and light emission, as well as the nature of the nervous 
receptors a re unknown . 

M any different neuromediators were detected in va rious tissues of echinoderms 
(PENTREATH and COBB 1972, COBB 1987, 1988, SLOLEY and JUORIO 1990), among 
them acetylchotine represents a major component of the nervous sys tem for which 
some physiologica l activities were described (SHELKONIKOW et al. , 1977, MORALES 
et al., 1989). Although the present pharmacological results are preErrüna ry, they 
fai led to reveal any activity of this neuromediator ; this observa tion is in contradic­
tion with the recent finding showing that a muscarinic cholinoreceptor is implicated 
in the control of another luminescent ophiu roid, Amphipholis squamata (DE 
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BREMAEKER et al., 1993a,b). Our study requires further experiments in order to 
characterize the nature of the luminescence control mechanism of Ophiopsi/a 
aranea. 
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SUMMARY 

Since 1990 we have initiated a number of studies on the population ecology, population 
genetics and social organizatio n of several animal species in fores t fragments of va rying sizes. 
Study species include squirrels, sma ll passerines and butterflies . Study sites a re fo rest 
fragments between 1 and 40 ha, a nd study plots in « continuous » forest of 1 OO to 1500 ha . 
Our results so far suggest that forest fragmenta tion has more p rofo und effects on dispersal 
patterns and population structure than on reproductive output and surviva l. Effects on dis­
persal include at least two aspects, which a re not necessarily found in the same species . F irst, 
immigration defi cits may be caused by low disperser success and/or source-sink effects . 
Second , reduced gene flow among loca l populations may result in genetic di ffe rentiation a nd/ 
or loss of genetic variation. Negative consequences of the latte r are not obvious, but indi.rect 
effects may be impo rtant e.g. fo r loca l adaptation. We conclude that st udies on population 
structure in frag men ted habita ts sho uld include quanti tat ive (dispersa l distance, immi/emigra­
ti on, genetic structure) as well as qualitative aspects (ti ming of dispersal, habitat selection). 

Keywords : ha bitat fragm entati on, gene fl ow, dispersal, demography. 

INTRODUCTION 

Habita t fragmentation has been recognized as a major threat to the survival of 
natural populations and the fu nctioning of ecosystems. The reduction of large, 
more or Jess continuous habi tats to small and isolated remnants affects the 
abundance and species composition of various taxa. Possible factors contributing 
to th is decli ne include changes in preda tion or food availability, microclimatic 
effects, Joss of genetic variation and Jack of recolonization following local extinc­
tions (see reviews by e.g. WILCOX and M URPHY, 1985, SOULÉ, 1986, ÜPDAM, 1991 , 
SAUNDERS et al., 1991). Given the extensive temporal and spatial scales on which 
these effects operate, true experimental studies are relatively scarce (LOVEJOY et al. , 
1986, MARGULES, 1992, ROBINSON et al. , 1992, !MS et al., 1993) and most in-
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vestigators have concentrated on horizontal comparisons of historically fragmented 
habitats. 

Since 1990 the Laboratory for Animal Ecology of the University of Antwerp 
has initiated a series of studies on the population ecology, population genetics and 
social organization of animal species from different taxa in forest fragments. The 
aim is to investigate whether populations in highly fragmented habitats fonction 
differently compared to continuous habitats, which mechanisms are responsible for 
these differences, and how these affect the status of the population. We chose to 
study common species, not particularly endangered, that vary in dispersal 
capacities, abundance and trophic level. Here we report on some of our major 
findings thus far, and try to present some general conclusions that can be made at 
this moment. 

STUDY SPECIES, STUDY AREAS AND GENERAL METHODS 

Our studies so far include one mammal (Eurasian red squirre! Sciurus 
vulgaris L.), four small passerines (nuthatch Sitta europaea L. , crested tit Parus 
cristatus L., great tit P. major L. , blue tit P. caeruleus L.) and one butterfly (winter 
moth Operophtera brumata L.). Ali species are largely restricted to mature Forest 
(Table 1). Crested tits are restricted to coniferous forest, squirrels prefer conifers 
but occur in broadleaved Forest as well, and the remaining species prefer bro­
adleaved forest and reach their highest abundance in Forest dominated by oak 
Quercus robur L. Ali species are studied in a set of patches of secondary forest or 
parkland (henceforth «fragments») surrounded by agricultural land, sometimes 
partly by residential areas. The range of fragment sizes covaries with the abundance 
of the species under consideration (Table !). Additional study sites in larger forests 
( > 100 ha) vary in number from one to three per species. Ali study sites are 
situated in northern Belgium, in a radius of 50 km from the city of Antwerp. 

Methods are generally based on individually marking a substantial sample, if 
not the majority, of the population in the study sites, the only exception being the 
win er moth. In 1993 we started a large-scale nestbox study for great and blue tit 
with standard nestbox densities in 12 fragments of varying sizes, a il witbin a few 
kilometers of one another. This approach provides us with direct estimates of 
demographic parameters, including immigration aud emigration. In winter moth 
and tits dispersal is estimated indirectly by the study of selectively neutral genetic 
variation. Genetie variation is estimated by DNA fi ngerprin ting in squirrels 
{WAUTERS et al., 1994a) and blue tits (VERHEYEN et al. , in prep.) , and by allozyme 
electrophoresis in winter moths (V AN DONGEN et al., 1994) . For further details see 
LENS and DHONDT (1994), MATTHYSEN et al. (1995), NoUR et al. (1993), VAN 
DONGEN et al. (1994) and WAUTERS et al. ( 1994a, b) . 

• 



TABLE 1 

Results (in part preliminary) on demography and population structure of six animal species in relation to forest fragmenta tion. The table 
indicates the level of various parameters and processes in srnall and isolated fragments, as compared to larger and/or Jess isolated fragments 

(or sites in continuous forest). - no difference, ?? no or insufficient information. For further information see text and references. 

Species Red Squirre) Nuthatch Winter moth 

Forest type Ail Deciduous Deciduous 

Fragment sizes 15-60 ha 2-40 ha 0.1-10 ha 

Abundance lower Iower lower 2 

Reproduction - - ri 
Timing Jess synchronous earlier Jess synchronous ? 

Survival/condition - - lower mass 

Philopatry 1 higher - -

Timing of dispersal ri delayed ri 
Net immigration lower lower ri 

Gene flow lower - 5 lower 
Genetie variation srnaller ri srnaller 

References Wauters et al. , M atthysen et al., Van Dongen et al., 
1994a, b 1995 1994 

Matthysen, unpubl. Van Dongen, unpubl. 

1 proportion of surviving offspring that reproduce near the site of birth. 
2 not repeated in a second year (Van Dongen, unpubl.). 
3 abundance rnainly deterrnined by nestbox availability. 
4 second broods only. 
5 estirnated from local recruitrnent ra tes. 

Crested Tit G reat Tit 
Blue Tit 

Coniferous Deciduous 

10-50 ha 0.5-10 ha 

lower - 3 

- -
later 4 earlier 

- ri 
- higher 
delayed ri 
lower -

ri lower 5 

ri ri 

Lens and Dhondt Verheyen et al. , 
1994 in prep. 

Lens, unpubl. , Matthysen et al., 
unpubl. 
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RESULTS 

Table 1 summarizes the major findings in the six species under study. For more 
details we refer to the appropriate publications. In four of six species we found 
lower abundances in smaller and/or more isolated forests. In the winter moth this 
result is apparently less robust since it was not found in ail years (V AN DONGEN, 
unpubl.). In great and blue tits population density is largely determined by nestbox 
density which we controlled. High nestbox densities in ail areas (8 boxes per ha or 
more) resulted in overall high population densities. We found very little evidence 
for Iowered reproduction, condition or survival in relation to fragmentation. 
Fledgling crested tits had a lower body mass in fragments, but the effect on their 
fitness is not clear, apart from delayed dispersal. Surprisingly, timing of reproduc­
tion differs between fragments and large forests in most, if not ail species. In 
squirrels and perhaps winter moths reproduction is Jess synchronous in forest 
fragments; nuthatches, great and blue tits reproduce earlier in spring in fragments , 
and crested tits increase the interval between first and second broods. 

Marked differences were found in dispersal patterns and/or population structure 
between populations in fragmented and unfragmented habitat. In general, two 
kinds of effects seem to exist , which are not necessarily congruent. First, in several _ 
species the degree of exchange with neighbouring populations is reduced , because 
of reduced emigration (i.e. a higher degree of philopatry) and/or reduced immigra­
tion. This implies reduced gene flow between populations and may result in genetic 
differentiation between local · populations and Joss of genetic variation. The la tter 
was found in squirrels and winter moths. Second, a change in the immigration/ 
emigration balance may result in a net immigration deficit. In fact , we believe that 
this immigration deficit may be the ma in reason why squirrels, nuthatches and 
crested tits are less abundant in forest fragm ents compared to larger fragments or 
continuous forest. Such immigration deficit can in theory be caused by two pro­
cesses: either a higher loss of dispersers , or unbalanced immigration and emigration, 
e.g. net immigration in large forests and net emigration out of fragments. We have 
no direct evidence for either of the two, but found some qualita tive differences, 
notably in the timing of dispersal and in habita t selection , that may give a n indica­
tion on which process is responsible . In the following sections we will briefly review 
the results for each species. 

Squirre! 

Squirrel populations in forest fragments are characterized by a lower 
abundance, lower per capita immigration rate and a higher local surviva l of 
juveniles, compared to two large forests. H igher local survival probably ind\cates 
higher philopatry rather than true survival. T he result is an apparent reduction in 
gene flow, since genetic variation is lower in fragments , and highly correla ted with 
immigration rate . The increase in local survival is not sufficient to compensate fo r 
the loss of immigrants, a nd this may be the most likely explanation for lower pop­
ulation densities (WAUTERS et al., l 994a) . Observations on a small number of radio-
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equipped juveniles show that they do not disperse far, and avoid crossing open 
areas (WAUTERS et al., 1994b). Reduced breeding synchrony in fragments may be 
partly due to increased variation in the time when females reach the optimal condi­
tion for reproduction, and partly to females re-entering oestrus more rapidly after 
early nest Joss (W AUTERS et al., unpubl.). 

Winter Moth 

Winter moth populations in different forest fragments are significantly different 
in genetic composition. Moreover, genetic variation was reduced in the most 
isolated populations. In 1991 adult population densities were lower in more isolated 
fragments (V AN DONGEN et al., 1994) but this relationship was not reproduced in 
1993 (unpubl. results). Adult moths weighed Jess in genetically Jess variable popula­
tions (VAN DONGEN et al., 1994). We currently investigate the hypothesis that 
because of reduced genetic variation in fragments, winter moths are Jess syn­
chronized with host trees and therefore suffer in reproductive output. 

Nuthatch 

Juvenile nuthatches disperse over relatively large distances (several kilometers) 
between fragments , and philopatry is not higher in fragments compared to con­
tinous habitat. Therefore we expect no difference in gene flow rates in fragmented 
or unfragmented populations . However, several bnes of evidence suggest that dis­
persal is Jess efficient in and among fragments (MATTHYSEN et al. , 1995 ; 
MATIHYSEN and D. CURRIE, unpubl. ). First, few first-year bi rds move to a different 
fragment after acquiring a territory, whereas territory shifts a re common in a large 
forest. Second, new recruits arrive later in vacant territories in summer in the 
fragments , although potential recruits leave their parents a t the same time in 
fragments and a large forest. Third, recruits seem Jess well able to select hjgh­
quality territories during their dispersal period , and fewer suitable territories a re 
claimed. Less efficient dispersal and delayed recruitment rnay imply lower disperser 
survival, although we have no direct evidence for the latter. Thjs in turn may 
explain the lower population density in fragments . 

Crested Tit 

A li juvenile crested tits emigrated out of their natal areas, in fragn-lents as well 
as a large forest. Hence we conclude, as in the previous species, that effects of 
fragmentation on gene flow are probably limited. However, juvenile crested tits 
delay their dispersal out of fragments compared to large forest plots. The reason 
may be a lower body mass at fledging, or a true barrier effect (reluctance to cross 
open spaces). Likewise, new recruits settle at a later date (on average) in fragments , 
but probably for a different reason. We suggest that fragments represent second­
quali ty habitat, and therefore receive recruits that were unable to settle in large 
forests (LENS and DHONDT, 1994) . Perhaps as a result, social winter groups were 
smaller in forest fragments and had larger group territories (LENS, 1994). 
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Great and Blue Tit 

Preliminary results suggest that reproductive success is not lower in small forest 
fragments compared to larger fragments. Data on food provisioning at the nest 
similarly show no obvious differences in provisioning rate or diet composition 
between small and large fragments (NOUR and CURRIE, unpubl.). Although no 
quantitative analysis is as yet available, large numbers of recaptures of ringed birds 
suggest a high local recruitment rate in the fragments compared to larger forests, 
suggesting a high degree of philopatry. Gene flow between study areas is high but 
insufficient to prevent slight genetic differentiation as detected by minisatellite 
DNA single locus probes (VERHEYEN et al., in prep.). In a previous study, DHONDT 
et al. (1990, 1991) found lower population densities and lower reproductive success 
in Forest and park fragments around Ghent compared to study plots in and near 
a large forest in Antwerp. However, these results cannot be directly compared to 
the fragments in this study where nestbox density is lower. 

DISCUSSION 

The effects of habitat fragmentation - apart from the Joss of suitable habitat -
are manyfold and have been addressed in an increasing number of studies. Some 
effects are now well documented , e.g. changes in predation level (e.g. ANDRÉN and 
ANGELSTAM, 1988, NouR et al., 1993), increases in the number of edge species (RAN­
NEY et al., 1981 , JANZEN, 1983) . and disappearance of species with high area 
requirements (e.g. ASKINS et al., 1987' BIERREGAARD and LOVEJOY, 1989). These 
effects can be characterized in general as changing aspects of habitat quality. In this 
respect we find surprisingly little effect on reproduction and survival. 

Nevertheless we document lower population densities of most species in smaller 
or more isolated Forest fragments. It is noteworthy that all of these species have 
been confronted with fragmentation of their habitat for the past centuries, if not 
longer. Despite the lack of effects on reproduction and survival , our results do 
indicate possible routes for demographic effects. Notably, the winter moth which 
is an important food source during the reproductive period of tits and nuthatches 
(PERRINS, 1991), is affected by fragmenta tion: abondance seems to be lower and is 
probably more variable in fragments , and male moths weigh less. As the latter 
reflects reduced larval growth, this means that less biomass is available at the higher 
trophic levels. We currently investigate to what extent the food situation for the 
birds is really affected by the fragmentation-sensitive population structure of the 
winter moth. 

Another suite of effects of habitat fragmentation can be characterized as 
changes in population structure through changes in dispersal patterns. As fragmen­
tation proceeds, dispersal from one habitat fragment to another becomes more dif­
ficult. Many studies, especia lly theoretical investiga tions, have addressed the threats 
to the small populations resulting from the fragmentation of formerly large popula­
tions. The basic idea is that local populations become eparated so widely that their 
demography and genetic dynamics become more independent of one another, which 
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may eventually lead to local extinctions and/or Joss of genetic variation. For 
instance, metapopulation theory (GILPIN and HANSKI, 1991) predicts that smaller 
and/or more isolated populations have a higher chance to go extinct without being 
recolonized in the future,. leading to a lower equilibrium level of extant populations, 
or even extinction of the entire metapopulation. 

In our studies we find evidence that populations of squirrels and winter moths 
(and to some degree, blue tits) are structured into local populations with limited 
gene flow between them. Whether and how this population structure explains lower 
abundances is Jess clear, however. In squirrels, lower genetic "variation is not 
correlated with lower reproductive success. In winter moths few data on fitness are 
available, and the effect on fitness may be rather complex through reduced syn­
chronization. 

However, effects on dispersal patterns may be more complex than reduced gene 
flow rates. In nuthatches and crested tits the average dispersal distance, and there­
fore the exchange between local populations, remains large in fragmented habitats. 
Nevertheless, some qualitative changes in dispersal are apparent: timing, habitat 
selection, and the immigration/emigration balance. It seems possible that these 
qualitative changes are accompanied by, or result in , a higher mortality of disper­
sers. Such an effect can decrease the viability of the entire fragmented population 
without apparent changes in ·dispersal distances or gene flow. lt is noteworthy that 
nuthatches and crested tits share a yearround-territorial social system which forces 
young birds to disperse early in search of vacancies (MATTHYSEN et al., 1995, LENS 
and DHONDT, 1994). In the squirre! both effects may operate: reduced dispersal, but 
also lower success of individuals that disperse. 

Changes in habitat quality may also interfere with the dispersal pattern. In the 
crested tit there is a suggestion that fragments are second-quality habitat and there­
fore receive fewer immigrants. This possibility seems Jess likely in the squirrel where 
dispersal distances are short anyway (W AUTERS et al., l 994b ). 

In conclusion, we suggest that effects of habitat fragmentation can be a complex 
mixture of changes in habitat quality and changes in dispersal patterns. Habitat 
selection and disperser success may be key factors in determining the fitness of a 
population in highly fragmented habitat. Therefore dispersal needs to be studied in 
both its qualitative and quantitative aspects. Once the population structure of a 
species is affected, this eau have far-reaching consequences on their interactions 
with other species . For instance, winter moths with insufficient genetic variation 
may be incapable of synchronizing with their host trees ; on the other hand, gene 
flow in tits may be too high to allow local adapta tion to different food conditions 
(DHONDT et al., 1990) . " 
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SUMMARY 

The detection thresholcj of the electric sense in catfish, Jeta/urus nebulosus, was assessed 
psychophysically in order to investigate the effects of the organic toxicant lindane. In 
tapwater the detection threshold for ac-stimuli of 1 Hz at 18' C was 8.5 µV/cm. In 0.1 % 
DMSO in tapwater the threshold was 14 µV /cm. In 50 µg / l lindane dissolved in 0.1 % DMSO 
in tapwater the threshold went up to 1000 µV /cm. After clearing, the threshold returned to 
36 µV/cm. The results demonstrate that catfish ampullary electroreceptors are susceptible to 
exposure to sublethal doses of organic pesticides. Since ampullary electroreceptor organs are 
known to respond also to heavy metal pollution , the electric sense seems a promising system 
to monitor the cumulative pollution of aquatic habitats. 

Keywords : Electroreception, electroreceptor orgaRs, lindane, conditioning, psychopbysics, 
bebaviour, pollution, BEWS, biomonitor, Jeta/urus nebulosus. 

INTRODUCTION 

Ampul lary electroreceptor organs of the freswater catfish Jctalurus nebulosus are 
cutaneous sense organs, the receptor cells of wh.ich are directly exposed to the 
aquatic environment. Toxicants administered via the water reach the receptor cells 
within minutes or seconds. (BRETSCHNEJDER et al., 1979; KRA.MER, 1984 ; PETERS et 
al. , 1989, 1991; Rom, 1971 ; ZI-IADAN and ZHADAN, 1975; ZWART, 1988) . Earlier 
it has been demonstrated that functioning of electroreceptor organs depends to a 
great extent on the ionic composition of the aquatic environment. T he presence of 
for instance Cu-ions in a concentration of 1 ppb or less causes a ten-fold increase 
in the detection threshold of the electric sense (NEUMAN et al., 1991). Previously 
there were no data available on the effects of organic tox icants on ampullary elec­
troreceptor organs. We performed the following experiment to investi.gate whether 
the electric sense of catfish is susceptible to an organic toxicant like lindane. 
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MATERIALS AND METHODS 

Animais 

Two catfish, Jeta/urus nebulosus, with lengths of about 21 cm were kept in glass 
tanks, dimensions, 1 OO x 30 cm, water height 10 cm during the course of the 
experiment. Initially the tanks were filled with copper-free tap wate_r, conductivity 
0.22 mS/cm (4.5 kOhm.cm) and pH = 8.2 at 18° C. The conductivity increased to 
0.27 mS/cm in the course of one week, due to excretion by the fish, and to feeding. 
The fish were subjected to a 12 h light, 12 h dark regime, and tested during the dark 
periods which corresponds to their normal activity pattern. Once a week the water 
was refreshed. The temperature of the water varied Jess than 2° C during the 
measurements. Food, minced beef with gelatin and agar-agar, was administered 
during the tests through peristaltic pumps at either end of the tank. Food was used 
as a positive reinforcer (reward). 

Protocol 

The complete experiment consisted of collecting threshold curves at a tem­
perature of 18° C during a period of 7 weeks. The detection thresholds were 
measured at a frequency of 1 Hz, twice per night. Each single threshold session con­
sisted of 100 trials . During week 1 control values of the sensitivity limit were 
assessed. In week 2 the fish were exposed to 0.1 % DMSO in order to test if the 
solvent itself affects electroreceptor functioning . Control thresholds were measured 
in clear tap water again in week 3. In week 4 the fish were taken from the tank, 
and Iindane was added to a final concentration of 50 µg /l to test the rate of change 
of concentration of lindane during a week. During this week water samples were 
taken every 24 hrs after administration, and analysed by means of gas 
chromatography. The analyses were carried out o.n a Carlo Erba type Mega 
5360 OC equipped with a ECD400 detector, spJit injector and a 15 m capillary 
fused silica column with 0.25 mm DB-5 stationary phase. The fish were put in the 
tank again in week 5 to give them the opportunity to regain a stable performance. 
50 µg /l Lindane in 0.1 % DMSO was added to the tank water in week 6. Lindane 
Ioaded water was replaced by clear water again and control threshold values were 
measured in clear water in week 7. The concentration of 50 µg/l lindane was chosen 
because it is the LC50 at 4 days exposure for Jeta/urus melas (JOHNSON and FINLEY, 
1980) . Lindane concentrations in the river Rhine amounted to 0.0 l - 0.4 µg /l from 
1969 to 1974 (HERBST, 1991). 

Stimulation, training, and psychophysics 

T he stimulation pro<;:edure and statistics of the psychophysicaI approach are 
described in detail elsewhere (NEUMAN et al., 199 1 ; PETERS et al., 1995). 
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RESULTS 

The average concentration of lindane during the pretrial period in week 4, and 
the test period in week 6 is shown in Fig. 1. The concentration changes drastically 
in both cases, but remains stable enough from day 1 to 5 to to fulfill the 
requirements of this experiment. After day 5 the concentration falls to about 10 % 
of the initial value. 
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Fig. l. - Concentra tion of Lindane in absence of fish duri ng week 4, and in the presence 
of fis b during week 6. 
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F ig. 2. - Threshold and performance of fish # 1. a . Detection threshold in ~t V /cm, at l 8° C 
and 0.22 mS/cm. In week 4 the fish was taken out of the tank in order to test the stability 
of the (50 µg/ l) lindane concentration in 0. 1 % DMSO test solution. The fish was exposed to 
the test solution in week 6 ; b. Percentage correct cboices, fa lse choice , and nogos. During 
application of the test solution the number of nogos increases dramatically, but the ratio 
between correct and false choices shows that the fish still performs at threshold level. 
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Fig 3. - Same as Fig. 2 for fish #2. On the whole this particular speçimen performed less 
stably than fi sh 1 (cf. Fig. 2). 
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Figs 2 and 3 present the electrodetection thresholds and the percentages of 
correct choices, false choices and nogos in the course of the experiment. One of the 
fish (Fig. 2) performed extremely well, whereas the other (Fig. 3) performed rather 
variably. In the well performing specimen the mean theshold remained at 8.5, 14, 
14, and 8.5 µV/cm respectively in the first four weeks, whereas only during the test 
period, week 6, the threshold went up to a value of about 1000 µV/cm. Afterwards 
the threshold returned to 36 µV/cm again. The percentage of correct choices 
remained constant at 85 % throughout the experiment, and only during the test 
period did the number of nogos increased temporarily. The other specimen had 
more difficulties in performing reliably. Already in the first week Jhe threshold star­
ted to climb and resulted in an average value of 272 µV /cm. Also a relatively large 
number of nogos occurred, even before DMSO or lindane was administered to the 
water. During DMSO administration the threshold went up to 466 µV /cm, and 
returned to 24.5 µV /cm in week 3. On the other hand , during weeks five , six and 
seven, the response pattern strongly resembled that of its companion, although the 
rise in threshold began before lindane was added. In weeks 5, 6, and 7 the mean 
threshold values were 8.5, 507, and 36 µV /cm respectively. There is a response to 
lindane, but the general level of performance is Jess stable. lt is striking that in the 
best performing subject (Fig. 2) the threshold and the performance in general is not 
affected by the relatively high concentration of DMSO (0.1 %). 

DISCUSSION 

The concentration measurements convinced us that the actual concentration of 
lindane during the experiments was sufficiently constant to allow conclusions about 
possible effects of the pollutant on electroreceptive behaviour. As for the perfor­
mances of the two fish we have to be more careful. The best performing fish (Fig. 2) 
prompts the conclusion that DMSO has no influence on the electroreceptive 
abilities, whereas lindane bas a drastic effect. The data of the other specimen sup­
port this finding to a certain extent, but the overall va ri abi lity makes the results less 
conclusive. On the other hand, earli er psychophysical experiments on the elec­
trosensitivity of catfish have a lso shown that sometimes, without any apparent 
cause, the threshold can increase spontaneously. 

We conclude from this pilot experiment that the electric sense of catfish is not 
only susceptible to heavy me tais (NEUMAN et al. , 199 1) but also to an organic toxi­
cant : lindane. It is not inconceivable that electroreception will also suffer from 
organic compounds other than lindane. Since it bas been shown that ampullary 
electroreceptors a re a lso sensitive to the composition of the water, we propose that 
the electric sense of catfish can serve as a biomonitor system which responds to sub­
Iethal doses of toxicants . Because there is a strong physiological resemblance 
between the electric sense and the lateral line system, we expect that the su cep­
tibility of the electric sense is representative for the sensitivity of the lateral fine 
system as well. We th in k that the sensory systems in the integument of aquatic 
organisms are well suited to monitor the quality of environmental water. Elec-
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troreceptor organs are particularly attractive because the stimulus, an electric 

current, can be very easily and reliably applied. 
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SUMMARY 

In Europe 10-15 % of the human population is sensitized to allergens of bouse dust mites 
(Pyroglyphidae). Population development of bouse dust mites is primarily influenced by water 
activity (a,.) of the mite habitat. The availability of H 20 (water-activity and relative humidity) 
in the niches of mites may correlate with the absolute humidity of the room air. Absolute 
humidity also plays a role in technical indoor climate classifications of Dutch and Belgiao 
buildings. To investigate the effects of dry and humid room conditions on mite abundance, 
dust samples were taken in 14 living-rooms and bedrooms in the Netherlands . Mite oumbers 
in floor and furniture dust from dry rooms (class II) did oot exceed allergologically relevant 
no-sensitization thresholds of 10 mites/g of floor dust and 100 mites/g of dust from furniture. 
Climate classes might be different in the various spaces of a dwelling. Assessment of the 
indoor climate class should be doue in the bedrooms as well as in the living-rooms. Results 
suggest that the techoical classification of ind-0or climate is useful for future building design 
or when managing home sa nitation. 

Key words : iodoor clima te classification, mite a bundance, living-room, bedroom, building 
design , home sanitatioo . 

INTRODUCTION 

In Europe 10-15 % of the human population is sensitized to allergens of house 
dust mites (KoRT, 1994). These allergens can p rovok clinical symptoms such as 
asthma, rhinitis, bronchitis or atopic de"rmati tis. Significant correlations between 
house dust mite exposition or a llergen content of dust and clinical symptoms have 
been demonstrated. Provisional no-sensitization thresholds for bouse dust mites or 
allergen exposure have been fo rmula ted (VAN BRONSWIJK, 1988; PLATTS-MILLS et 
al., 1985 ; KQRSGAARD, 1983). Exposure levels above these values (e .g . 10 mites/g of 
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floor dust or 100 mites/g of furniture/mattress dust) significantly increase the dis­
ease risk for developing mite asthma. 

Development of house dust mites is primarily influenced by water-activity (aw) 
of the mite habitat. By measuring the relative air humidity adjacent to a substrate 
the water-activity (aw) of a substrate may be assessed. The availability of water 
(water-activity and relative humidity) in the micro-niches of mites may correlate 
with the absolute humidity of the room air. 

Absolute humidity also plays a role in technical indoor clirnate classifications of 
Dutch and Belgian buildings (TAMMES and Vos, 1984; VAN HEES, 1986; PONCELET 
and H ENS, 1985 ; ScHOBER, 1989), consisting of 4 classes, representing very dry 
spaces (class 1) to very humid spaces (class IV). This classification is based upon 
water vapour pressure differences between indoor and outdoor environment in rela­
tion to outdoor temperature. 

In this study, indoor climate classification has been investigated in relation to 
mite abundance in house dust samples. 

MATERIAL AND METHODS 

Preliminary field tria ls were performed in the Netherlands in the surroundings 
of the cities of Eindhoven, Enkhuizen, Utrecht and Zeist. Oust samples from floors 
and furniture of living-rooms as well as from floors of bedrooms were collected by 
a household vacuumcleaner (Hoover S 2222, power : 700 W, with a small nozzle 
type A). The carpeting and furniture of the rooms were sampled twice (with a time 
interval of 1 month) for 1 min/m 2. Mite analysis of the dust samples occurred in 
the laboratory using a flotation method (VAN BRONSWIJK, 1981). In the living­
rooms indoor climate was registrated by thermohygrographs (type 252 Ua and type 
253 W. Lambrecht, Gottingen, Germany) . No climate registrations were performed 
in the bedrooms since in the tradition of building technology the climate class of 
the living-room is valid for the entire house. Outdoor climatic measurements at the 
nearest weather station were obtained from the Royal Dutch Meteorologic Institute 
(KNMI, De Bilt, The Netherlands). The readings of a 4-5 week period were used 
to calculate mean absolute air humidity va lues (in g water/m 3 air) and the partial 
water vapour pressure (Pa). From these values technical indoor climatiy classes of 
each of 14 living-rooms were calculated from the 4-5 week average of differences in 
vapour pressure indoor and outdoor, in relation to outdoor temperatures. Both 
« Dutch calcu lations »{VAN HEES, 1986) and « Belgian calcula tions »(PON ELET and 
HENS, 1985) were performed . The classification systems for Dutch and Belgian 
buildings evolved independently. When comparing both systems they show the 
same classification for the outdoor air temperature range from 0 to 20 degrees C 
(representative outdoor air temperatures for both countries). 
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RESULTS 

The results of mite abundance and climate registrations are presented m 
Tables 1 and 2. 

Table l presents the results of climate classification and geometric means of 
number of pyroglyphid mites/g of dust from floors and furniture of living-rooms. 
Mite numbers in floor and furniture dust samples from dry living-rooms dq, not 
ëxceed the generally accepted no-sensitization thresholds of 10 mites/g dust for 
floors and 100 mites/g dust for fumiture. This coïncides with the limit between 
indoor climate class II and III in the Dutch as well as the Belgian classification 
system with one possible exception. On the other hand living-rooms with a climate 
class of IV are always mite ridden, white those of class III show noxious concentra­
tions with again one possible exception. 

TABLE 1 

Technical Dutch and Belgian indoor climate classes and geometric means of numbers 
of pyroglyphid mites/g of dust in floor d'ust and furniture dust of 14 living-rooms. 

Climate Climate 
Home Mites/g 

Mites/g 
class (*) class (*) 

number of floor dust 
of furniture 

Dutch Belgian dust 

Il II 1 11 71 
II II 3 1 30 
II II 4 2 8 
Il li 5 9 58 
II li 6 1 39 
II 1-11 8 5 33 
Il li 14 - (**) 8 
III III JO 146 16 
III III 12 83 130 
III III 13 - (**) -(**) 
IV rv 2 63 122 
IV IV 7 41 132 
IV IV 9 25 127 
IV IV 11 42 94 

no-sensitization thresholds fl oor dust 10 mites/g dust 
furni ture dust = 1 OO mi tes/g dust 

(*) I = very d ry rooms 
Il = dry rooms without water vapour production in the rooms 

fll = hurnid rooms witb moderate water vapour production 

Exceeding 
no-sensit. 
threshold 

yes/no 
no 
no 
no 
no 
no 
no 

yes/no 
yes 
-
yes 
yes 
yes 
yes 

IV = hum id rooms witb high water vapou r production and moisture problems 

(**) = no texti le floors / no textile covered furniture 



196 G. SCHOBER, 1. VERSTAPPEN, M. C.L. SNIIDERS AND J. E.M.H. VAN BRONSWIJK 

TABLE 2 

Geometric means of numbers of pyroglyphid mites in floor dust of 14 bedrooms 
and technical Dutch indoor climate classes. 

Mites/g Climate class Climate class 
Home number 

of floor dust living-room living-room 

Dutch Belgian 

0 6 II II 
16 5 II II 
20 Il IV IV 
25 9 IV IV 
32 8 II I-II 
40 10 III III 
43 13 III III 
50 1 II II 
63 2 IV IV 
79 3 II II 

158 4 II II 
251 7 IV IV 
- 12 (**) III III 
- 14 (**) II II 

no-sensitization threshold = 10 mites/g gust 

(*) 1 = very dry rooms 
II = dry rooms without water vapour production in the rooms 

III = humid rooms with moderate water vapour production 

Expected 
climate class 
bedroom (*) 

Dutch & 
Belgian 

II 
Ill-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 
III-IV 

-
-

IV = humid rooms with high water vapour production a nd moisture problems 

(**) = no textile floors covering 

Table 2 presents the results of the bedroom samples . Almost ail mite numbers 
exceed the no-sensitization threshold. However, no climate registrations took place 
in these bedrooms. The table includes climate classifications of the bving-rooms. In 
a separate column expected climate classifications of bedrooms according to mite 
numbers are included. In general bedrooms proved to be more' humid ' than bving­
room measurements indicated. 

DISCUSSION 

To reduce mite exposure in the homes of mite allergie patients thresholds have 
been formuJated as regards survival and population development of hou e dust 
mites . For surviva l in a dry climate Dermatophagoides species requüe a minimum 
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relative humidity of 45 % at 20° C room temperature (YAN BRONSWIJK, 1981). Egg 
production starts when relative humidity exceeds 60 % (LARSON, 1969). Population 
growth then initiates an increasing allergen production with maximum levels at 75 
to 85 % relative humidity (WHARTON, 1976). 

Our results indicate that rooms in Dutch buildings with a low mite exposition 
for (mite) allergie patients should belong to climate class II of either the Belgian 
or the Dutch system. These rooms should be considered 'safe' rooms for the allergie 
patient. 

Mite numbers in almost ail bedrooms exceeded the no-sensitiz.sition threshold. 
When comparing the mite results of the living-room samples with those of the 
bedrooms we concluded that most bedrooms are more humid than the living-rooms 
of the same house. Usually Dutch bedrooms are only poorly heated during winter. 
Climate classes may be different in the various spaces of a building. For that reason 
a classification of the indoor climate of a dwelling should include at least 
measurements in the living-room and in the bedrooms. 

From Table 1 it can be concluded that high indoor air humidity (climate 
class IV) does not necessarily result in highest mite numbers since excessive 
humidities of the indoor air are not in favour of bouse dust mites growth. Other 
aspects, besides humidity, such as the quality of a substrate could become impor­
tant when interpreting results . Recently the protein content of floor dust has been 
found to be a relevant parameter for mite development (KOREN and ECKHARDT, 
persona! communication). 

In conclusion the results of our preliminary field trials suggest that the technical 
classification of the indoor climate is useful in future building design, to construct 
dry buildings, or when managing home sanitation to reduce bouse dust mite exposi­
tion in the homes of allergie patients. 
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SUMMARY 

In order to determine the pest status of cereal leaf beetles in Southern Belgium, the pop­
ulation densities of Oulema melanopus (L. , 1758) and O. lichenis (Voet, 1806) were studied at 
Ciney and Louvain-la-Neuve during 1993 and 1994. During the two-year study period 
Oulema spp. populations had never reached the economic threshold of 2.5 larvae per tiller. 
The levels of the Oulema populations were significantly different between the 2 sites in 1994 ; 
Louvain-la-Neuve supporting greater densities than Ciney. Phenological differences between 
the two locations were postulated to be the result of two phenomena : (1 ) the early attain­
ment of the physiological time of development, expressed in degree days, necessary fo r 
immature stage development, in Louvain-la-Neuve, the wannest location, and (2) the ea rly 
attainment of the cold sum necessary to end the adult .dia pause in Ciney, the coldest site, 
however this second argument stays as a hypothesis that must be tested. 

Keywords : Ou/ema melanopus, Oulema /ichenis, population dynamics, winter wheat pests. 

INTRODUCTION 

Oulema melanopus (L. , 1758) is distributed in the whole Palea rctic region 
(BALACHOWSKY a nd M ESNIL, 1935) a nd in 1962 it was accidentally in troduced into 
Michigan. F rom there it spread rapidly from a n a rea ra nging from Pennsylvania to 
Winsconsin a nd from Kentucky to M ichjgan a nd Ontario (GALLUN et al., 1966 ; 
T UMMALA et al. , 1975). O. lichenis (Voet, 1806) is more common in Europe. The 
color of the pronutum, red fo r the former and metal blue fo r the la tter, makes it 
possible to distinguish them easiJy (BALACHOWSKY and M ESNIL, 1935). 

T hey both feed on small g~a i ns , with a preference for oat and barley versus 
whea.t by O. melanopus a nd whea t versus ba rley by O. /ichenis. However, only the 
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first species has the reputation of being an economic pest, mainly in continental­
type climate areas, where a short spring is followed by a dry summer 
(BALACHOWSKY and MESNIL, 1935). In some years, estimated reductions of grain 
yield as high as 70 % were reported in Central Europe (KNECHTEL and 
MANOLACHE, in WILSON et al., 1969) and in Michigan (GUYER, in. GALLUN et al., 
1966). Little is known about their density and there is no mention if these species 
reach the economic threshold in Belgium. The economic threshold level is 2.5 larvae 
per tiller, in the Paris Basin (Anonymous, 1982), and 0.5 larvae per tiller, in Swit­
zerland (HAUSAMMAN, personnal communication), at the wheat growth stage 50 to 
59 on the Zadoks scale (ZADOKS et al., 1974). The lower threshold in the second 
area is due to c!imatic conditions more favorable to the pest, in the more continen­
tal-type climate. Therefore the purpose of this work was to analyse the phenology 
and the abundance of these species in two different biogeographical areas in 
Southern Belgium. 

MATERIAL AND METHODS 

This study was conducted during 1993 and 1994, on two sites in the southern 
part of Belgium, Ciney, in the Condroz region , and Louvain-la-Neuve, in Brabant­
Wallon. During the first year two fields of winter wheat, cultivar Estica (field C 1) 
and cultivar Torino (field C 2), at Ciney and one winter wheat field , cultivar Estica 
(field L 2), and one spring wheat (field L 1) at Louvain-la-Neuve, were sampled . In 
1994, three winter wheat fields , with cultivars Sideral (field C 1), Clan (field C 2) 
and Estica (field C 3) at Ciney and Clan (fields L 1 and L 3) and Estica (field L 2) 
at Louvain-la-Neuve, were sampled . 

The number of Oulema spp. adults, eggs, larvae and O .. lichenis pupae were 
counted weekly, from the beginning of May till the end of July, in situ, on 
100 tillers taken on two transects. The O. melanopus pupae formed in the ground 
were not sampled. 

The means of the number of eggs, larvae and pupae were compa red by using 
ANOVA2 - fixed mode! after a log (x + !) transformation. 

RESULTS 

During the two-year study, Oulema spp. populations never reached the 
economic threshold of 2.5 larvae per tiller at the stage 50 to 59 on the Zadoks scale 
(Anonymous, 1982). The maximum observed was 0.2 larvae per tiller per week in 
1994 in the fields L 1, L 2 and C 3. 

J n 1993 , the levels of the pest population were not signi ficantly different 
between the two sites (F(cggsj{ l ,12) = 1,62 NS; F(larvac)( l ,13) = 0,98 NS). However, 
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in 1994, the incidence of Oulema populations was more important in Louvain-la­
Neuve than in Ciney (F(eggs)(l,28) = 12,15*** ; F (Iarvaci( l ,28) = 12,80***, 
F(pupaci(i,20) = 21 ,08***). 

The major differences in the phenology of these species occurred between fields 
of winter wheat (Fig. 2) and spring wheat (Fig. !), but these results must be con­
sidered with care as only one field of each kind was taken into account. On spring 
wheat the maximum oviposition was recorded, at growth stages 54-55, three weeks 
Jater than on winter wheat, a t growth stage 39. Likewise, the' maximum Jarval 
incidence on spring wheat occurred, at growth stage 55-65, one to two weeks Jater 
than on winter wheat, at growth stage 54-55. 

20 
-o--- adults of O. melanopus 
------ adults of O. lichenis 
- eggs of O. spp. 
------- larvae of O. spp. 

o~~~-.---0--.-L 
n1s 201s 211s 3/6 1016 1616 24/6 3016 1n 1sn 22n 

dates 

1à9 2'fo'2d1'3'3z'4\1 441 4~8 s4s'i?16°6fo 0
' 

physiologicaJ lime in degrec; days (base 8.9°C) 

Fig. 1. - Phenology of O. melanopus and O. lichenis on spring wbea t, Louvain-la-Neuve, 
1993. 

Small differences appeared between sites of winter whea t (Figs 2-3). In 1994, the 
peak of Oulema spp. oviposition occurred at Ciney, the colder area, one week 
before Louvain-la-Neuve. Nevertheless this delay is negligible for the larval peaks 
that were synchronized in both sites, and pupation began one week earlier at 
Louvain-la-Neuve. In both sites, the maximum number of eggs was observed one 
week after the peak of O. lichenis, except at Ciney in 1994 where both peaks were 
simultaneous. 
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---e-- adults of O. 111ela11op11s 
--- adults of O. liche11is 
--o---- eggs of O. spp. 
-- larvae of O. spp. 

27/4 615 13/5 20/5 27/5 3/6 10/6 16/6 24/6 30/6 717 1517 2217 
dates 

59 95 134 171 220 258 332 358 404 442 506 547 

physiological time in degree days (base 8.9°C) 

---e-- adults of O. 111ela11op11s 
--- adults of O. lichenis 
--o---- eggs of O. spp. 
-- larvae of O. spp. 

27/4 615 13/5 20/5 27/5 3/6 10/6 16/6 24/6 30/6 717 15/7 22(7 
dates 

189 226 287 332 4 11 44 1 498 545 6 16 669 
physiological ti me in degree days (base 8.9°C) 

Fig. 2. - Phenology of O. melanopus and O. /ichenis, on wi nter wheat in 1993. (a) Ciney 
(mean on 2 fi elds) (b) Louvain-la-Neuve. 
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--o- adults of O. mela11opus 
---+-- adults of O. liche11is 
-a- eggs of O. spp. 
-----0-- la rvae of O. spp. 

-it- pupae of O. lichenis 

315 1115 18/5 l/6 8/6 15/6 22/6 29/6 617 13/7 20/7 
dates 

5 1 74 Ill 148 177 204259 333 
phys iological time in degree days (base 8.9°C) 

---0- adults of O. mela11opus --- adults of O. lichenis 
-a- eggs of O. spp. 
-----(>.....- Iarvae of O. spp. -- pupae of O. lichenis 

315 1 1/5 18/5 116 816 1516 22/6 29/6 6/7 13/7 20/7 
dates 

78 109 152 204 235 269 329 387 
phys iological time in degree days (base 8.9°C) 

203 

Fig. 3. - Phenology of O. melanopus and O. lichenis, on winter wheat in 1994. (a) Ciney 
(mean on 3 fields) (b) Louva in-la-Neuve (mean on 3 fie lds). 
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The timing of these events can be expressed in degree days (Table 1) based on 
the development threshold temperature that is estimated to be 8.9° C for ail 
immature stages of O. melanopus (YuN, 1967, in TUMMALA et al., 1975). 

Ciney 1993 

Louvain-la-Neuve 1993 

Ciney 1994 

Louvain-la-Neuve 1994 

TABLE 1 

Pheno/ogica/ timing expressed in degree days 
(base 8.9° C) 

-
Peak of egg Time between 

density the two peaks 

133.8 86.6 

188.9 98.3 

73.5 130.0 

151.8 117.2 

DISCUSSION 

Peak 
of /arvae 

220.4 

287.2 

203.5 

269.0 

In Belgium, Cereal Leaf Beetles remain marginal pests in winter wheat fields , 
as their densities are below the economic threshold. However, no data are available 
concerning other small grain cereal crops. Indeed, as O. melanopus prefers oat and 
barley, it would be interesting to know its density on these crops. According to 
WILSON et al. (1969), the Joss of oat grain yield due to this pest ranges from 148 
to 266 kg/ha at the density of one larva per tiller. 

YUN (1967, in TUMMALA et al., 1975) estirnated that physiological time of 
development of the eggs, larvae and pupae of O. melanopus was 82, 116 and 
216 degree days respectively. This explains why in 1994, at Louvain-la-Neuve, 
pupal formation was earlier than at Ciney, although the oviposition began later in 
the first site. Lengths of larval development were, in 1994, 1.4 to 1.6 times greater 
than expected. This may be due to the cooler spring of 1994 (see the degree days 
scales of the two seasons in the same site). 

In 1994, the earliest oviposition at Ciney, the cooler area, may be explained by 
the early attainment of the cold sum, necessary to end the adult diapause. Adults 
emerged earlier and could oviposit. However this argument stays as a hypothesis 
that must be tested. 

The low Oulema spp. density observed might be due to the climatic situation. 
It might also be due to a great activity of their different parasi to ids or to the use 
of resistant varieties of winter wheat. An egg and three larval parasitoid species 
were recorded in Europe on this pest (STEHR, 1968). The character which plays a 
role in the varietal resistance is the length and the density of trichomes. These tri­
chomes act by isola ti ng the eggs in the air ; improving thereby their desiccation; 
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and, because they can not be digested, they kill the young larvae by penetrating the 
midgut epithelium (GALLUN et al., 1966; PAPP et al., 1992). 
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SUMMARY 

The present paper describes the ultrastructural organisation of the epidermal glands in 
three pycnogonid species : Nymphon gracile, Achelia longipes, and Pycnogonum littorale. These 
glands are distributed over the whole body surface and lodged in cuticular holes. They are 
composed of at least five cells : two secretory cells, one enveloping cell, and two (or more) 
accessory cells. The presence of nerve extensions in contact with the enveloping cell strongly 
suggests that the glands are und.er nervous control. They may play a defensive role. 

Keywords : pycnogonids , integument, epidennal glands, ultrastructure. 

INTRODUCTION 

Epidermal glands, also called « dermal glands», are a well-known feature of the 
integument in insects (NOIROT and QuENNEDEY, 1974) and crustaceans (DouGHTIE 

and RAo, 1982 ; COMPÈRE, 1990), among which their morphology and precise loca­
tion vary widely. Functionally, the secretions of these glands are recognised to play 
various roles, notably in social relationships, sexual behaviour, defence, and the for­
mation of some cuticular layers. Epidermal glands are very numerous in the integu­
ment of sea spiders or pycnogonids, a class of marine chelicerates, where they are 
distributed over the whole body surface and, peculiarly, are lodged in holes within 
the cuticle. Although the glands are mentioned by several authors (FAGE, 1949 ; 
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KING, 1974; ÜAVENPORT et al., 1987; FAHRENBACH, 1994), their ultrastructural and 
cellular organisation has not been described. 

MATERIAL AND METHODS 

Individuals of three pycnogonid species, Nymphon gracile, Achelia /ongipes, and 
Pycnogonum littorale, were collected at the Marine Station of Wimereux (France). 
The tibias and femurs of the walking legs as well ' as the trunk were excised from 
living animais and fixed by immersion for 72 h at 20° C in 2.5 % glutaraldehyde 
buffered with diluted sea water adjusted to pH 7.4 according to MILLONIG (1976). 
The samples were then decalcified for 72 h at 4° C in 0.2 M EDT A at pH 8.0, rinsed 
in filtered sea water, and post-fixed in 1 % Os04 . After washing in distilled water 
and dehydration through a graded ethanol series, the samples were embedded in 
epoxy resin according to the standard procedure. 

For observations in transmission electron microscopy, ultrathin sections were 
eut either perpendicularly or parallel to the cuticle surface, then stained with uranyl 
acetate and lead citrate. They were observed in a JEOL JEM 100-SX electron 
microscope at 80 kV accelerating voltage. 

For scannïng electron microscopy, ethanol-dehydration was followed by critical 
point drying in C02 • After coating with gold-palladium in a sputtering apparatus 
(BALZERS SCD 030), the samples were examined in a JEOL JSM-840A scanning elec­
tron microscope a t 20 kV accelerating voltage. 

RESULTS 

As shown in our various micrographs and schematised in Fig. 1, the fine struc­
ture and cellular organisation of the epidermal glands are quite similar in the three 
species. The glands are formed of epidermal cells lodged in large holes in the cuticle 
(Fig. 2). They are connected to the outer cuticular surface through a short excretory 
duct lined by a thin cuticle. At the cuticular surface, two symmetrical cuticle lips 
located in small, circular depressions form the edges of the epidermaJ gland 
openings. These openings are relatively difficult to observe owing to the presence 
of numerous epibiotic organisms (Fig. 3). 

As a rule, each gland is composed of five cells : two secretory cells, one envelop­
ing cell, and two (or more) accessory cells. 

The secretory cells are of two types, distinguishable on the basis of the electron­
density of the secretory granules fi lling their apical cytoplasm. One type contains 
large, electron-lucent granules whilst the second exhibits malJer, moderately elec­
tron-dense granules. Both types of secretory ceUs are connected to the excretory 
duct , their apices bearing a few, scarce microvilli. 

The enveloping celJ surrounds the secretory cells; it isolates them from each 
other and from the other epidermal cells (Figs 3 and 4). Distally, between the apex 
of the secretory cells and the lower end of the excretory duct, it fonns a sort of 
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s 

1 
Fig. l. - Diagram showing the cellular organisation of a pycnogonid epidermal gland. AC, 
accessory cells ; b, basal lamina; c, cuticuhn layer; dg, electron-dense granu les ; E, epidermal 
cells ; EV, enveloping cell ; ie, inner epicuticle ; j , intercellular junctions including a zonula 
adherens and a septate desmosome ; L , excretory duct lumen ; lg, electron-lucent granules; 
m, microvilli ; my, myeLin sbeath ; n, nucleus ; ne, nerve exten ions ; Pr, procuticle; r, col­
lection reservoir ; s, surface coat ; SC I, type-! secretory cell ; SC2, type-2 secretory cell ; 
v, synapt ic-like vesicles ; w, cuticul a r wa ll of the excretory duct ; arrow bead , modifîed 
procuticle. 
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reservoir that collects the secretion products. Basically, the enveloping cell is in con­
tact with nerve extensions showing synaptic-like vesicles and myelin sheaths. 

The accessory cells are slightly modified epidermal cells lining the cuticular wall 
of the hole and surrounding the cuticular sheath of the excretory duct. 

The cuticle of the excretory duct is composed of three different layers : the 
cuticulin layer, the inner epicuticle, and the procuticle (Figs 1 and 4), layers pre­
viously identified in the sclerite cuticle of P. littorale (COMPÈRE et al., 1993). Toward 
the lower end of the duct, the procuticle and epicuticle gradually become thinner, 
whilst the cuticulin layer subsists and still appears to lineu the duct through the 
enveloping cell where it appears abruptly to end. 

DISCUSSION 

On the basis of their organisation, the epidermal gland cells of pycnogonids can 
be classified as class 3 secretory cells, described by NŒROT and QvENNEDEY (1974) 
in insects and arachnids. 

In agreement with these authors' definition of class 3 gland cells, the epidermal 
gland cells of pycnogonids have no direct contact with the cuticle and are connected 
to the external medium by an excretory duct that runs through a specialised cell , 
sometimes forming a collection reservoir. The enveloping cell may correspond with 
the specialised canal-forming cells of insect glands, the canal cell and the inter­
mediate ce!!. 

While the principal originality of pycnogonid epidermal gland cells is their loca­
tion inside cuticle holes, they also differ in the following respects from those of 
insects : (1) the excretory duct does not issue from a microvillous terminal 
apparatus invaginated into the secretory cells ; (2) the enveloping cell differs from 
canal or intermediate cells in that it completely surrounds the two secretory cells. 

Our results support the hypothesis, proposed by F AHRENBACH (1994) , that the 
epidermal glands of pycnogonids play a defensive role. Such a role would fit with 

Fig. 2. - General view of an epidermal gland in the leg ·femur of a female Nymphon gracile 
Leach. AC, accessory cells; b, basal lamina ; EV, enveloping cell ; ie, inner epicuticle ; L, 
excretory duct lumen ; n, nucleus; ne, nerve extensions ; Pr, procuticle ; r, collection reser­
voir; SCl , type-! secretory cell ; SC2, type-2 secretory ce!!. Scale bar = 1 µm. 

Fig. 3. - Cuticle surface of the femur of a female Nymphon gracile Leach. eb, epibiotic 
organisms ; bs, bipartite sensi llum ; arrows, openings of the epidermal gland ducts. Scale 
bar= IO ~tm. 

Fig. 4. - Detail of the apex and excretory duct of an epidermal gland in the tibia of a female 
Nymphon gracile Leach. AC, accessory cells; c, cuticulin layer ; EV, enveloping cell ; L, 
excreting duct lumen ; Pr, procuticle; r , collecting reservoir ; SCl , secretory cell of the type 
1 ; SC2, secretory cell of the type 2 ; w, cuticular wall of the excreting duct; arro.w head, 
modified procuticle. Scale bar = 1 µm. 



212 PH. THIRY, PH. COMPÈRE, J.-CL. BUSSERS AND G. GOFFINET 

the following facts : (1) the presence of nerve extensions in contact with the 
enveloping cell strongly suggests that these glandular formations are under nervous 
control, presumably enabling the animais to discharge their secretion product when 
disturbed ; (2) the epidermal glands are distributed over the whole body surface ; 
since they do not seem to be involved in the deposition of cuticular material, a 
defensive role might explain this distribution ; (3) when disturbed, P. littorale was 
found by TüMASCHKO (1994) to defensively secrete a mixture of eight ecdysteroids. 
This discharge of ecdysteroids significantly deterred from feeding the common 
shore crab Carcinus maenas (L.), recognised as a general predator in the habitat of 
this pycnogonid species. 

We may thus reasonably hypothesise that the peculiar epidermal glands of pyc­
nogonids are involved in secreting ecdysteroids or other substances rendering these 
vulnerable animais inedible by predators. This hypothesis, however, mliSt be taken 
with caution and remains to be confirmed. Mimetism is another possible means by 
which pycnogonids might defend themselves (FAGE, 1949). 
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SUMMARY 

Cervical movements during the fast escape head retraction in the pleurodiran turtle 
Chelodina longicollis were studied by mea ns of x-ray cinematography. Radio-opaque markers 
were inserted near the cervical joints to allow calculation of joint rotations between the suc­
cessive vertebrae expressed as a function of time and head position. Head retraction as a per­
centage of the extended neck configuration and angular and linear velocities were also 
calculated. A combination of muscular organisation and kinematics shows th at the neck is 
divided into two functional regions, anterior and posterior to the biconvex fifth cervical ver­
tebra respectively. Head retraction proceeds in two phases. During the first phase the animal 
retracts the head very fast underneath the carapace but leaves the neck partially exposed. This 
phase (with exception for C3 - 2 and CS - 4) shows no significant differences in the timing 
of the peak-velocities. During the second pha~e rotations occur mainly in the proximal joints 
leading to the maximally retracted configuration. Left and right head retractions are mirror 
images. Retractions never start from a completely extended neck configuration. Initi al angles 
always occur in C6- 5 (joint between vertebrae 5 and 6) and CS - 7. These joints are also the 
major bending sites for full retraction of the neck. Peak-velociti<!s of these joints strongly 
correlate with each other but also witb bead retraction . Wben expressed as functions of bead 
position, the rotation patterns of the proximal joints are particularly stereotyped . lt is 
hypotbesized that both initi al angels and stereotypical retraction patterns are required to 
allow a fast (escape) retraction powered by a simple motor pattern. 

Keywords : neck, kinematics, reptiles, Chelodina. 

INTRODUCTION 

Reptiles, birds and mammals possess a distinct cervical region which gives the 
head great mobility with respect to the trunk. The benefit to the animal is 
manifold : e.g. mobile prey can be captured easily, the environment can be scanned 
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effectively and the head can be retracted close to the trunk, protecting it against 
negative environmental stimuli (GANS, 1992). 

Over the past decade, there has been considerable advance in the knowledge of 
the kinematics of the avian cervical system (ELSHOUD and ZwEERS, 1987 ; KooLoos 
and ZWEERS, 1989; ZWEERS et al., 1977; ZW.EERS, 1982; HEIDWEILLER et al., 1992). 
The kinematics of the cervical system of turtles, however, has not yet been studied 
in great detail. 

In turtles, the potential for morphological differentiation is largely influenced by 
the presence of the bony shell. Few changes occur at the level of the trunk, but 
body parts outside the bony shell are very susceptible to functional changes. There­
fore, it is not surprising that the neck of testudinians has shown several conspicuous 
modifications during the course of turtle evolution (WILLIAMS, 1950 ; HOFSTETTER 
and GASC, 1969). Starting from a nearly rigid cervical region (with unspecialized 
cervical vertebrae), two basic patterns of mobile neck configurations evolved inde­
pendently (GAFFNEY, 1975). Cryptodiran turtles retract the head by bending their 
neck in the vertical plane. Pleurodirans or side-necked turtles withdraw the head by 
bending the neck in the horizontal plane; they fold it back between the dorsal and 
ventral rim of the bony shell. The neck remains partially exposed in the outer 
carapacial chamber in front of the pectoral girdle. 

In ail species of recent pleurodiran turtles, the cervical system can be described 
as an open kinematic chain of ten links : the body, the head and eight cervical ver­
tebrae. This system has, within certain limits, 27 degrees of freedom, and more than 
50 mono- and polyarticular muscles (SHAH, 1963) are present to steer a variety of 
movements in which speed (e.g. escape retraction, feeding strikes) as well as 
accuracy (e.g. feeding strikes) are important. lt is obvious that such a system must 
move the constituent links in concert, which presumably requires a high level of 
neuromotor control. Anatomical studies of the neck muscles and vertebrae of 
several turtle species are available (e.g. BOJANUS, 1819, 1821 ; VAILLANT, 1881; 
ÜGUSHI, 1913; VALLOIS, 1922; WILLIAMS, 1950; GEORGE and SHAH, 1954 ; GEORGE 
and SHAH, 1955; HOFSTETTER and GASC, 1969; SCANLON, 1982). However, only 
WEISGRAM and SPLECHTNA (1992) have discussed the integration of morphology 
and kinematics of the neck system. 

This paper is the first in a series dealing with the functional anatomy and cervi­
cal kinematics of the Common snake-necked Turtle, Chelodina longicollis. The neck 
in these turtles is very long. This allows the head to be displaced through an exten­
sive volume of space, effectuating a whole range of movements. Slow movements 
in any direction are performed white scanning the environment. The head can be 
projected and retracted very rapidly during feeding strikes (see V AN D AMME et al. , 
in prep.). The displacement range usually remains small. The long neck also permits 
the animal to maintain the trunk deep below the surface, and to extend the neck 
for breathing (snorkelling ; V AN DAMME et al., in prep.). 

The fast escape head retraction has a p rotective fonction and must be feasible 
at any time and frorn any starting position. In contrast to feeding and snorkelling 
movements , fast escapes induce the largest joint rota tions of the movement reper-
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toire in Chelodina, and will be discussed in the present paper. Retractions following 
upon a feeding strike are excluded as they form an integrated part of the feeding 
behaviour and remain always limited to a much smaller displacement range. They 
will be dealt with in a subsequent paper. 

The fast escape retraction of the head is analyzed by means of cineradiography. 
These data permit discussion of the dominant kinematical patterns associated with 
rapid cervical retraction. It also permits hypothesizing about the functional 
significance of specific initial neck configurations of this mechanism. 

MATERIAL AND METHODS 

Three live adult specimens of Chelodina longicollis were üsed for the 
experiments : Chelo #1 (female, 0.73 kg, 0.18 m carapace length, 0.12 m neck 
length), Chelo #2 (male, 0.52 kg, 0.15 m carapace length, 0.11 m neck length), 
Chelo#3 (female, 0.70 kg, 0.18 m carapace length, 0.12 m. neck length). The 
animais were obtained with the help of the Antwerp Zoo, and were housed in a 
glass aqua-terrarium on a 12h light/dark cycle. The water temperature was kept at 
28°C. Twice a week the turtles were fed mainly with meat (carved heart muscle) , 
mice and small invertebrates (crickets, grasshoppers). 

Head retraction movements (=cervical movements in the horizontal plane) of 
Chelo #1 and Chelo #2 were recorded cineradiographically (dorsoventrally) using a 
Siemens Tridoros Optimatic 800 x-ray generator equipped with a Sirecon-2 image 
intensifier. An integral Arriflex 16 mm camera recorded movements on 
7231 Eastman negative film at 50 frames per second. Tube voltage was 50 kV 
(400mA), the exposure time of the x-ray flashes 1 ms and the distance between tube 
and image intensifier 1 m. In order to keep the animal above the image amplifier 
the animais were restrained by means of a body-shaped corset made of ther­
moplastic material (Orthoplast; Johnson and Johnson Orthopaedics). To improve 
the accuracy of the image analysis, radio-opaque lead markers pinched out of a 
1 mm thick lead sheet were inserted under the periosteum by hypodermic needles in 
Chelo #1 and Chelo #2 under radiographie control. Because Chelo #3 belonged to 
the Antwerp zoo, no invasive experiments were allowed on this animal. The animais 
were anaesthetized with an intramuscular injection of 147 mg/kg Ketamine 
hydrochloride. The markers were inserted in 12 locations ; one dorsally on the 
caudal part of the skull, one near each of the cervical joints (dorsal on the posterior 
zygapophysis of the vertebrae) , one on the first dorsal vertebra, and two into the 
anterior part of the carapace (Fig. !A). The position of these markers was checked 
on dorsoventral and lateral radiographs. For Chelo #2 the marker at the Jevel of 
joint C2- 1 was not inserted properly, and therefore could not be m1ed in the 
analyses (i.e. joint angles S- Cl and C2- 1 are missing for this specimen) . Sequen­
ces were projected frame by frame on a Hipad Digitizer (Houston Instruments) 
connected to a 80386-DX IBM-compatible computer. The position of the markers 
was digitized and converted to a turtle bound frame defined by the carapace 
markers (ref 1 and ref 2 on Fig. lA). 
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Fig. 1. - Chelodina longico/lis - A. Position of the radio-opaque markers (black dots, 
m 1 - m 10) on a schematic rep1:esentation of a neck configuration from which a retraction can 
start. The black solid line represents a stick diagram as constructed based on the position of 
these markers. The length of the dashed line gives the head position. ref 1 and ref 2 are the 
carapace markers. ~ represents a starting angle (e .g. C6- 5). - B. Terminology of joint rota­
tion. Starting from the extended configuration (middle), counter clockwise rotations (above) 
result in a negative joint angle. Clockwise rota tions (below) result in a positive joint angle. Dis­
tance A-C represents the total joint excursion. Distance A-B the contralateral joint excursion. 

The degree of head retraction is defined by the rectilinear distance between the 
cranial-most (ml) and the caudal-most (mlO) marker (Fig. l A), and is expressed as 
the percentage of the maximum possible distance between these two markers. Thus, 
a completely extended neck coïncides with a head position of 100 % , whereas maxi­
mal retraction equals 25 % . Left and right head retractions stands for movements 
in which the final retraction of the head occurs to that pa rticular side of the body. 
Twenty head retractions were analyzed in detail (5 left and 5 right trials for each 
specimen). Left and right movements were compared within and between both 
specimens. For each movement, stick diagrams were constructed in order to obtain 
a schematic representation of the observed cervical movement (Fig. 3B). 

Special attention was paid to changes in angles between successive vertebrae (i. e. 
joint angles), both as a function of time and as a function of the degree of head 
retraction. These changes are defined as rotations about a vertical axis of ver-
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tebra n - 1 with respect to the more caudal one (vertebra n; see Fig. lB). Starting 
from the extended position ( = 0 degrees of lateral flexion) a positive joint angle is 
defined as a displacement of the anterior vertebra to the right (clockwise rotation, 
Fig. lB). 

Slow head displacements were induced by luring the animal with a prey item. 
When the head was positioned approximately in the midsagittal plane, a fast escape 
head retraction was initiated by suddenly touching the tip of the snout with a 
plastic tube. In most cases however, retraction began from an obviously bent neck, 
and ail joints showed a starting angle. When during a retraction a joint angle 
crosses the extended configuration of the joint, the starting angle is defined as con­
tralateral (with respect to the joint angle at maximal head retraction), and the rota­
tion up to the fully extended position is called a contralateral change of joint angle. 
Retraction movements were never observed to start from the 100 % head position, 
because the cineradiographs of an extended neck always revealed initial angles 
being present in a few specific joints (see further). 0 

Angular velocities (rad.s - 1) in the joints and the linear velocity of the head (per­
centage.s - 1) were obtained by differentiation of the smoothed displacement data of 
the cineradiographical recordings (WooD, 1982). This procedure emphasizes the rela­
tionships in timing and relative importance of the centres of motion ( = joints). A 
Quintic spline routine (supplied by G.A. WOOD, Department of Movement Studies, 
University of Western Australia) was used, and the accuracy of fit (least-square 
criterion) was adjusted until the velocity profile was free of any biologically irrelevant 
oscillations (i.e. oscillations in the acceleration profiles occurring at frequencies above 
the ones expected from. the displacement pattern itself). For each trial, peak-velocities 
and the corresponding times at which these peaks occurred were determined for the 
joints and the head (Table 1). Kinematic variables were statistically analyzed as 
follows. Times of peak-velocities among joints were compared within trials using a 
Friedman Two-way Anova. Pairwise comparison of the relative times of the joints 
with the head were analyzed with Wilcoxon Matched-pairs Signed-rank tests 
(NORUSIS, 1986). To determine multivariately which peak-velocities of joints were 
correlated with the head, a canonical correlation analysis (SAS v6.07) was carried out. 

Static radiographs (50 kV) were made of ail three specimens with the neck for­
ced to maximal retraction. Figure 5 is based on such a radiograph of Chelo #3 . 

Vertebrae are indicated by capital C or D (cervical and dorsal vertebrae respec­
tively) followed by their serial number. Cl is closest to the head. Joints are labelled 
by the number of the adjacent vertebrae : C(n)-(n - !), with n the number of the 
more proximal (caudal) vertebra and (n - 1) the.number of the more distal (cranial) 
one. For example, the joint between vertebra 5 and 6 is defined as « joint C6 - 5 ». 

RESULTS 

Morphology 

The cervical column in ail recent turtles consists of eight elongated vertebrae 
(C l - C8) and nine joints. Fig. 2 (part A, B, C) illustra tes the terminology of the 
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Fig 2. - Chelodina longicollis - Upper half: Terrninology of the mo t important structural 
elements of a cervical vertebra (e.g. C7). A. lateral view, B. posterior view, C. anterior view 
(terminology after ROMER and PARSONS, 1977). - Lower half : organisation of the 
m. retrahens capitis collique. D (ventral view) and E (dorsal view). « * » indicates that the 
place of origin is not shown (see description for more details). Each bundJe is numbered 
according to its site of insertion in the neck. Bundle 1 has the rostral most insertion. 
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most important structural elements of a cervical vertebra (e.g. C7) in Chelodina. 
The neural spine is reduced to a inconspicuous longitudinal rim. The anterior 
zygapophyses are clearly separated from each other. Their articulation facets are 
mainly oriented in the medio-dorsal direction. The posterior zygapophyses are fused 
to each other except those of Cl, but the articulation facets remain separated and 
face mainly ventrally and slightly laterally. The elevation of the posterior 
zygapophysis gradually increases from distal to proximal. The transverse processes 
are strongly developed, especially those on the more proximal vertebrae (for a more 
detailed description of the vertebrae of Chelodina see V AILLANT, ! SS!). Vertebral 
centra can be biconvex (CS, CS : two condyles), biconcave or amphicoelous (Cl, 
C7 : two cotyles), procoelous (C6 : anterior cotyle, posterior condyle) or 
opisthocoelous (C2, C3, C4 : anterior condyle, posterior cotyle). 

The muscular organisation of the neck in Chelodina is very complex. There are 
short monoarticular and longer polyarticular muscles. The most important muscle 
powering fast head retraction (based on position and morphology) is the m. 
retrahens capitis collique (Figs 20, 2E). It consists of four well developed muscle 
bundles on each side of the trunk. Bundle 1 (RCC 1) is the longest muscle observed 
in the whole turtle body. lt originates from the lateral sides of the eighth dorsal ver­
tebra immediately anterior to the pelvic girdle, and from the carapace adjacent to 
this vertebra. The muscle bundle runs ventrally to the other bundles of the RCC­
complex and the cervical vertebrae, lying dorsal to the oesophagus and trachea. Al 
the level of CS the musclt; fibres of RCC 1 insert on a large tendon wliich extends 
anteriorly to the base of the skull attaching to the basioccipital. Small tendon slips 
split off from this large tendon and insert on the transverse processes of the first 
four cervical vertebrae. Bundle 2 (RCC 2) originates on the ventral side of the neural 
plate of the carapace, adjacent to OS. It runs anteriorly, parallel and dorsal to bun­
dle 1 and inserts by means of a large, flat tendon on the transverse processes of C6. 
Bundle 3 (RCC 3) originates from the ventral side of the neural plate adjacent to the 
fourth dorsal vertebra. The tendon inserts on the lateral side of C7. The muscle 
fibres of the smallest bundle (bundle 4, RCC4) originate at the level of 03 and 
insert on the transverse processes of CS. 

IGnematics 

Detailed description of an escape retraction movement 

A representa tive example of a left head retraction movement of C helo #1 is 
illustrated in Figure 3. Starting from a nearly ex tended neck configuration (90 % 
position, F ig. 3A), retraction takes about 0.6 s. T he displacement range is large, but 
retraction is still incomplete (retracted head position equals 35 % , versus 25 % for 
maximal retraction). T he actual movement is represented by the stick figures of 
F ig. 3B (1) (time interva l : 20 ms.) . F igure 3B (2) shows the path of the joints during 
the retraction. T he four proximal joints d isplace latero-caudally to the right. The 
more distal ( = cranial) joints move mainly in caudal d irection (=in the direction 
of the carapace). Because the spa tial displacement of a joint represents the summed 
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Fig 3. - Chelodina longicollis : Kinematics of a left head retraction movement. - A. head 
position in fonction of time. - B. stick diagrams, B 1. sticks illustrating schematically the 
retraction movement, 82. path followed by individual joints. The arrow indicates the direc­
tion of movement. - C. changes in joint angle as fonction of time. C 1. anterior neck region. 
C2 . posterior neck region. - D . velocity profiles of head retraction (D l) expressed in per­
centage bead position.s - 1, and of changes in joint angles (D2) expressed in rad .s - 1. Dashed 
iine coincides with maximal bead velocity . 
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effect of ail ro~tions in the more proximal joints, the lengihs of the paths increase 
from proximal to~_çlistal. Figure 3C gives the changes of joint angle as a function 
of time. Because the retraction movement initiates from an already partly retracted 
head position (90 %), starting angles (i.e. diverging from zero) exist in several 
joints. In the posterior part of the neck, the largest starting angles occur in C6 - 5 
(negative) and CS- 7 (positive). Ail joints, with exception of the first (C2- l) and 
the last two (D 1 - CS and CS - 7) show changes of joint angle in the negative direc­
tion. In the distal part of the neck the fastest changes in joint angle occur in C5- 4 
(see also the velocity profile of C5 - 4 in Figure 3D (2)). In the proximal part of the 
neck, rotations in C7 - 6 remain restricted. 

The velocity profiles of the head retraction and joint rotations are illustrated in 
Fig. 3D (1) and 3D (2) respectively. The peak velocity of head retraction equals 
- 2S l %.s - 1, which accords to an actual velocity of - 0.35 m s _, (retractions result 
in negative velocities). The angular velocity profiles of the first two joints (C2- 1 
and C3 - 2) are rather flattened and irregular. From C4- 3 on, a distinct peak in 
the profile is apparent which tends to coïncide with the peak velocity of head 
retraction. From C4- 3 to C7- 6 the peak velocities are positive (clockwise rota­
tion). In the last two joints the peak velocities are negative (counter clockwise rota­
tion). The greatest peak amplitude is observed in C5- 4 (approximately 9 rad.s - 1). 

Velocities in C7 - 6 remain very low throughout neck retraction. 
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Fig. 4. - Chelodina longicollis : Kinematics of a left head retraction movement. Filled dots : 
starting angles . Fi lied squa res : fina l angles fo r this parti cuiar sequence. Plus signs : fina l join t 
angles occurring in a complete ieft head retraction. 
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Fig. 4 summarizes the range of motion in the different joints for this specific left 
head retraction movement. Differences between the final joint angles observed in 
this trial (open boxes in Fig. 4), and the final joint angles occurring a t maximal 
head retraction (« + » in Fig. 4) are observed in the three proximal most joints 
(especially C7- 6) and the two anterior most joints (C2- 1 and C3- 2). 

Neck configuration at max imal retraction 

Fig. 5 illustrates the final neck configuration when head and neck are com­
pletely retracted (example given for a right head retraction of Chelo #3). This figure 
is based on a static radiograph of a living specimen forced to retract its head maxi­
mally. The values of the final joint angles are indicated. Left and right configura­
tions are mirror imaged (final joint angles for a right retraction : S- C 1 = 0° ; 
C2-1=37°; C3-2=35°; C4-3 = 26°; C5-4 = 47° ; C6-5=77°; C7-6=70°; 
C8-7 = -92°; Dl -C8=- 58°). lrrespective the sign, the largest joint angles 
appear in the most proximal part of the neck, especially in C8 - 7 and C6- 5 (« * » 
in Fig. 5). Little variation is observed in the joint angles of this final neck con­
figuration between the three specimens. 

32° 

C5 

-58° 

\______/ 

skullCJ 

D 

Fig. 5. - Chelodina longicollis : Neck config4ra tion with the head completely retracted (e.g. 
for a right head retraction). C l - C8 : cervica l vertebrae. Dl : first dorsa l vertebra (fused with 
the carapace). Asterisks : largest final joint angles. Dotted line represents the outer limits of 
the carapace. 

General considerations of the escape head retraction in Chelodina longicoll is 

The next description is based on the entire data pool of the analyzed escape 
head retraction movements in both specimens of Chelodina (Chelo #1 and 
Chelo #2; 20 sequences in total). Fig. 6A of Chelo #1 shows the rotation ranges 
combined for ail analyzed sequences . This is done for the left (N = 5) and right 
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(N = 5) retractions separately. Figure 6B presents the same information for Chelo #2. 
The patterns for left and right head retractions are clearly müror images of each 
other. The more proximal joints attain a larger final joint angle than the more distal 
joints. The range of m·otion in the successive joints varies with the configuration of 
the-n"eck at the beginning of the retraction movement. Nevertheless, some joints 
show little (C5 - 4) or no (C6- 5 and CS - 7) contra-lateral joint excursions. As men­
tioned earlier, the differences between the observed final joint angles (open boxes in 
Figs. 6A, 6B) and those at maximal head retraction (« + » and « x » signs in 
Figs. 6A, 6B) are most conspicuous for the proximal joints (especially C7 - 6). 

Plotted against head position, the joint angles of ail the analyzed sequences 
appear to show similar movement patterns. Superimposing these patterns for ail 
sequences results in the construction of displacement envelopes (Fig. 7), which 
reveal the range of angular rotations in each joint throughout the escape head 
retraction (see discussion). The width of an envelope at any specific degree of head 
retraction expresses the range of angles to which the involved joint is restricted 
when passing through that particular head-position during retraction. Narrow 
envelopes thus suggest stereotyped movement patterns, whereas broad envelopes 
indicate that an animal has considerable kinematical flexibility. Figure 7 shows that 
envelopes are much . narrower for the proximal joints than for the distal ones (i.e . 
freedom increases towards the head). Moreover, for ail joints the rotational 
freedom decreases with increasing retraction (see discussion). 

Peak velocities and correlated timing are presented for ail analyzed trials in 
Table 1. Joints S- Cl and C2- 1 are not included as they could not be measured 
for Chelo #1 (see Materials and Methods). The bold figures refer to the observed 
maxima. The fastest head retraction observed in Chelo #1 was 2.6S m s - 1 and that 
for Chelo #2 was 19.66 m s - i (in the table head velocity is expressed in % s - 1 to 
facilitate comparisons). Table 1 further shows a tendency towards coinciding timing 
of the velocity peaks (see also F ig. 6D). The statistical treatment and interpretation 
is presented in the discussion. 

DISCUSSION 

Morphologists have investigated and described the cervical system of turtles for 
about two centuries. The main conclusions were related to the morphological dif­
ference between the pleurodiran and cryptodiran neck systems. WILLIAMS (l 950) 
stud ied the shape of the central articulations between the neck verte'brae in a large 
number of turtle skeletons . Without taking into accoun t ligamentous connections, 
zygapophyses and neck musculature this author constructed a diagram representing 
the two major types of neck movements . He found that joints C6- S (mostly) and 
Dl - CS (always) are procoelous in pleurodiran and cryptodiran turtles, and related 
this to their importance as centres of movement. SCANLON (19S2) described tbe 
ana tomy of the neck of the western painted turtle Chrysemys picta belli (Cryp­
todira) and made predictions concerning patterns of neck movements ba ed upon 
morphological da ta and radiographs. This author concluded that predictions about 
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kinematics of neck movements based on morphological data do not always agree 
with the observed in vivo movements. WEISGRAM and SPLECHTNA (1990) compared 
the anatomy of the cervical vertebrae in a cryptodiran turtle (Testudo hermanni) and 
in a short necked pleurodiran turtle (Pelomedusa subrufa). On the basis of ligamen­
tous preparations and radiographs of these preparations fixed in the retracted posi­
tion, they determined the maximal range of motility in each joint. Their study 
suggests that ail cervical joints in Pelomedusa show the same range of lateral 
mobility. They conclude that joints C4- 3 and CS- 7 are the important centres of 
motion in the neck of Pelomedusa. In Testudo the cervical joints C3 - 2 and CS - 7 
have the largest potential for carrying out movements. Based on these results, 
WEISGRAM and SPLECHTNA (1990) modified the diag_ram of WILLIAMS (1950). 

Whereas ail these studies discuss the functioning of the testudinian neck entirely 
on the basis of anatomical and static configurational data , WEISGRAM and 
SPLECHTNA (1992) assessed changes in the neck joints during feeding movements of 
the Australian side-necked turtle Chelodina novaeguinaeae based on video recor­
dings combined with radiographs. They noted that the three caudal-most cervical 
joints (D 1 - CS, CS - 7, C7 - 6) appear to be of major importance. However, no 
data were presented on head retraction. 

Severa) practical problems are inherent to (ciné-)filming or video-taping neck 
movements of turtles . The bony shell obscures large parts of the neck, whereas the 
loose connection between the skin and the underlying parts hampers linkage of the 
external movements to the precise movements of the neck skeleton. X-ray 
cinematography àllows one to compensate for these problems, although the image 
can still be blurred (especially in the posterior neck region) due to the presence of 
the bony shell. The implantation of radio-opaque markers in the neck, as used in 
the present study, further improves analysis of the intervertebral movements. 

Interpretation of the kinematics 

Fig. 7 shows the displacement envelopes of the cervical joints in the neck for 
head retraction movements either to the left or to the right. The narrower the 
envelope, the Jess the variation is : the rotations in the involved joint as a fonction 
of the degree of head retraction are more stereotyped (see above). An increasing 
stereotypy from distal to proximal is observed (Fig. 7). This phenomenon can be 
related to the differentiation of the neck musculature. The proximal vertebrae have 
highly developed transverse processes (Fig. 2A) which reflect the insertion of the 
massive muscle bundles of the proximal neck musculature (e.g. m. R.C.C bundles 2, 
3, 4 ; Figs 2D, 2E). This part of the neck is responsible for the largest part of the 
retraction (Fig. 5). T he distal vertebrae receive the insertion of split muscle bundles. 
Such an increased splitting of the musculature allows smaller, more subtle joint 
rotations in the distal joints. Therefore, the anterior part of the neck plays an essen­
tial role in head orientation (including dorsoventral movements) . Fig. 7 also shows 
that the stereotypy increases for a il joints with the degree of head retraction. This 
means that a small retraction starting from a more or Jess extended position can 
be performed in a more versatile way, compared to a retraction over an identical 
range, but beginning with the neck already partly retracted. 
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Besides this stereotypical pattern of changes in joint angle, kinematics of left 
and right head retraction within each turtle are mirror imaged (Fig. 6). Both facts 
support the presence of a fixed and simple neuromotor pattern to drive the fast and 
complete head retraction (for instance in an escape response), because then fast and 
accurate folding of the neck is assured. 

From the kinematic analysis it follows that head retraction never starts from the 
fully extended neck configuration (e.g. Fig. 3), even when externally the neck 
appears to be extended. Severa! joints (C6- 5 and CS - 7 always, C5 - 4 often) 
show initial angles. When the animal is heavily anaesthetized, the neck will be com­
pletely extended only if a considerable external force is applied. Initial angles can 
either be positive or negative, and this is determined by the preceding slow neck 
movements (head movements from left to right and vice versa necessitates such 
changes). Nevertheless, the symmetrical structure of vertebrae and muscles suggests 
that the completely extended neck configuration is physiologically feasible. 

One could think of a possible damage of the neck musculature due to the inser­
tion of the radio-opaque markers, or of an occasional malformation of the neck. 
However, identical configurations are observed in both specimens, before as well as 
after surg€ry. Therefore, it seems likely to assume that initial angles in an externally 
extended neck are biologically relevant and coïncide with the configuration that 
minimizes the potential (i.e. elastic) energy in the entire neck system. Energy might 
be stored in ail strained structures crossing the joints (muscles, tendons, joint cap­
sules, ... ). It has to be noticed, however, that extracapsular ligaments, as descfibed 
in the avian cervical system (LANDOLT and ZWEERS, 1985) are not present in turtles. 

The biological signjficance of this might be that in this way fast escape head 
retraction can always be driven by one fixed bilateral symmetrical motor pattern. 
Due to the presence of initial angles the subsequent angular displacement is deter­
mined to a large extent, without necessitating subtle motor control for each 
individual joint. Retraction starting from a completely extended situation requires 
a more complex and flexible motor control , and is obviously much more sensitive 
to erroneous folding of the neck. This can be exemplified by a chain of interconnec­
ted rigid links (simulating vertebral elements and head) held in a vertical position, 
the lower end movably connected to a horizontal rigid support (the body). If this 
chain is left free, gravity will act on it as a simple, very stereotyped force generator. 
Starting with ail links in line, the manner in which it will fo ld is indefinite. 
However, the introduction of a few initial angles between some of the links will 
reduce the variability of the folding pattern drastically. If initial angles of opposite 
sign are introduced, the folding pattern will 1nirror· image its counterpart, although 
the force generator remains unchanged. This hypothesis fits in with the conclusions 
on stereotyped movements drawn from the di splacement envelopes and the con­
figurations of maximal retraction (see above). Based on the morphology of the 
RCC 1 (its length and the rather ventra l and media] course of its tendon in the 
neck) , it is this bundle that powers the fast head retraction . This hypothesis is now 
being tested by means of electromyography. Preliminary results indeed indicate that 
left and right RCC 1 muscle bundles show a bila teral synchronous activity during 
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the fast escape head retraction, independent from the position from which the 
movement starts (unpublished observations). 

Vel9city profiles and head retraction 

Concerning the timing of joint rotations, three basic types of movement pattern 
can be proposed. First, the joint rotations could follow a pattern that implies a 
sequential timing of changes in joint angle from proximal to distal. Secondly, the 
timing of joint rotations might show a random pattern, but this is difficult to 
associate with the observed stereotypy. Thirdly, joint rotations can be synchronized, 
which should nicely integrate with the concept of the fixed motor pattern (see 
above). To tackle this, the time variables of head retraction and joint rotations 
(based on peak-velocity ; see Table 1) for each trial were statistically analysed using 
a Friedman Two-way Anova (NORUSIS, 1986). This test reveals a ranking in timing 
of joint rotations (Chi-Square : 24.9; D.F. : 6; P = 0.0004 ; n = 20 ; Table 2). 
However, this time ranking differs from the geometric ranking (i. e. position in the 
neck : no bike chain principle), and only two of the joints (C3- 2 and C5- 4 : i. e. 
the extremes of the ranking) show a significant difference in timing relative to the 
head (Wilcoxon Matched-pairs Signed-rank test, Table 2). This means that ail cervi­
cal joints (except C3- 2 and C5 - 4) and the head tend to peak together. The peak 
velocity in joint C3 - 2 occurs significantly la ter than the peak velocity of the head. 
This is because, during retraction, the head often remains partly oriented in anterior 
direction. Only at the very end of the retraction phase, this joint increases its 
flexion. Peak velocity in C5- 4 precedes that of head retraction significantly. This 
might be related to the insertion morphology of RCC, (on ail vertebrae in front 
of this joint ; see Fig. 2B). 

HEIDWEILLER et al. (1992) described the kinematics of cervical movements dur­
ing upstroke in 1 to 4 week old chickens as a « bike chain » pattern (i.e. rotations 
in neighbouring joints succeed each other in time). This bike chain pattern could 
be related to movement principles that minimize the rotational forces or maximize 
the rotation efficiency. These authors also further postulate that the bike chain pat­
tern might also be a consequence of the construction of the cervical column. 

A sequential timing of joint rotations from proximal to djstal as described in 
chickens is absent in Chelodina. In turtles , such a sys tem rnight be advan tageous 
when the neck must be withdrawn through a narrow orifice. This bike chain pattern 
is indeed observed in long necked cryptodirap turtles with an ex tremely tlattened 
carapace, such as Trionyx (unpublished observations). However, in Chelodina the 
outer carapace chamber has a broad slit-Jike aperture and provides sufficient space 
for simultaneously rota ting joints. The latter may be beneficial when retraction 
speed must be optirruzed. One can indeed observe that the head is first withdrawn 
very fast under the carapace, but that the neck remains partly exposed . Only in a 
second phase, smaller changes occur, positioning head and neck in' their final, maxi­
mal retracted configuration. The fi nal positioning involves changes in joint angle 
mainly in the posterior joints (especially C7 - 6). 
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Correlating the peak velocity of head retraction with these of the cervical joints 
may permit the recognition of important centres of motion in the neck of 
Chelodina. Notice however that linear and angular velocities are related to each 
other. However, the linear velocity of the head is the result of joint rotations (see 
V AN lNGEN SCHENAU, 1989). Joints showing a significant correlation with the head 
are believed to be the main effectors of the retraction. Joints which do not correlate 
are more independent in their speed profiles and probably have primarily a steering 
function. A canonical analyses was carried out on the peak-velocity data of Table 1. 
The results are presented in Table 3. Based on an univariate approach high correla­
tions between the head and four specific joints (C4- 3, C6- 5, C8- 7, C9- 8) are 
found. Based on the multivariate approach, the new canonicat variable (see stand­
ardized canonicat coefficients in Table 3) is significantly correlated with the head 
(Likelihood Ratio : 0.08784; F= 17.8 ; DF=7,12 ; P=0.0001) . High correlations 
are found for only two joints ; C6- 5 and C8- 7. These a re the major bending 
points in the neck judging their final angles (see Fig. 9) , and are precisely the joints 
which always show an initial angle (see above). The significant correlation found 
for C4- 3 and D 1- C8 in the univariate approach indicates that a rela tionship 
must be present between D 1 - C8 and C4- 3 and one or more other cervical joints. 
Table 4 shows the correlation matrix between the different joints (canonica t 
analyses based on peak-velocity data). Joints C9- 8 and C4- 3 correlate 
significantly with the two major bending points in the neck C6- 5 and C8 - 7. As 
expected, there is a high pairwise correlation between these two as well. 

The m. retrahens capitis et collique 

T he Retrahens muscle complex is one of the most striking muscles in the neck 
and body of Chelodina. The RCC 1 runs from the base of the skull to the last dorsal 
vertebrae at the level of the pelvic gird le. In other words, the length of the muscle 
almost equals this of the entire an imal. This is because, besides force, contraction 
speed as welJ as contraction range a re very important for this muscle. Putting more 
contractile units (sarcomeres) in series increases the speed of the muscle (e .g. 
Josephson, 1975). Moreover, given a certain shortening distance, the longer the 
muscle fibres are ( = more sarcomeres) , the doser tu the optimum of the length-ten­
sion curve they can maintain white working, thus ensuring a continuously high 
force output. To avoid non-uniform distribution of the contractile state ( = sar­
comere length = number of cross bridges) over the length of the fibre, leading to 
contracting fibre segments extending others, a serial arrangement of shorter muscle 
fibres, combined to a polysegmental and polyneural innervation would be expected 
(GANS and DE VREE, 1987). Such an arrangement is indeed found in the short 
necked cryptodiran turtle Pseudemys ( Trachemys) scripta (CALLISTER et al., 1992). 
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TABLE 1 

Chelodina longicollis : Absolute values of peak-velocities (upper left value in each cell) 
and corresponding lime from initiating of retraction ( lower right value in each cell) 

for each joint of 20 head retractions. Top ha(( represents 10 head retractions 

HEAD 

C3-2 

C4-3 

C5-4 

C6-5 

C7-6 

C8 - 7 

Dl-C8 

HEAD 

CJ-2 

C4 - 3 

C5-4 

C6-5 

C7- 6 

C8-7 

D I -C8 

of Chelo #1. Bottom half represents JO head retractions of Chelo #2). 
Bold numbers : maximal peak-velocity observed for each joint in ail trials 

(Head in %/s - 1, joints in rad.s - 1, lime in sec.) 

chelol chelol chelol chelol chelol chelol chelol chelol chelol 

281 107 93 141 358 341 350 450 380 
0.18 1.06 0.62 0.68 0.22 0.22 0.70 0.82 1.02 

2.58 2.76 1.67 0.56 1.69 3.56 4.01 4.19 8.20 
0.32 1.06 0.54 0.84 0.26 0.24 0.80 0.80 1.00 

4.59 1.29 1.19 2.11 3.75 4.59 7.33 20.93 17.62 
0.24 1.02 0.40 0.72 0.26 0.16 0.70 0.82 0.94 

6.84 10.54 3.70 1.88 5.09 5.02 6.98 7.33 4.71 
0.16 1.02 0.50 0.68 0.22 0.20 0.68 0.78 0.98 

3.73 0.49 4.12 1.92 5.02 1.57 6.98 8.72 5.23 
0.14 1.06 0.56 0.66 0.20 0.12 0.72 0.78 0.98 

1.24 0.51 2.44 0.49 3.73 5.16 2.62 2.97 1.31 
0.18 1.02 082 0.72 0.18 0.12 0.72 0.80 1.02 

3.77 ·0.40 2.60 1.26 4.61 3.11 6.1 1 7.15 6.98 
0.18 1.01 0.54 0.64 0.18 0.16 0.70 0.82 1.00 

3.02 0.52 1.06 1.62 2.08 1.33 2.62 4.01 3.84 
0.18 0.90 0.60 0.66 0.24 0.16 0.68 0.86 1.08 

chelo2 chelo2 chelo2 chelo2 chelo2 chelo2 chelo2 chelo2 chelo2 

470 458 591 305 190 230 280 510 580 
0.24 0.18 0.26 0.30 0.7 0.26 0.62 0.68 0.76 

7.03 6.84 9.18 1.67 5.58 3.49 7.85 8.90 4.71 
0.28 0.20 0.30 0.68 0.70 0.30 0.66 0.70 0.76 

9.77 11.20 23 .64 3.33 4.45 13.61 10.21 24.34 17.27 
0.22 0.16 0.26 0.26 0.68 0.24 0.60 0.68 0.78 

4. 10 2.46 7.83 5.16 6.45 4.88 3.49 6.98 4.36 
0.22 0.16 0.24 0.30 0.72 0. 26 0.64 0.64 0.78 

4.57 3.72 13.40 3.31 3.84 5.23 5.58 9.07 11.51 
0. 24 0.18 0.24 0.28 0.76 0. 24 0.62 0.64 0.76 

0.9 1 0.40 3.16 0.51 1.92 0.87 3.31 1.74 1.92 
0.22 0. 22 0.26 0.28 0.72 0.26 0.62 0.70 0.78 

5.44 5.09 10.61 0.72 3.66 3.84 4.88 8.72 9.94 
0.22 0.18 0.26 0.32 0.72 0.26 0.58 0.70 0.82 

3.00 3.37 5.02 1.33 1.92 3.49 2.62 4.36 4.01 
0.24 0.1 8 0. 26 0.32 0.18 0.26 0.62 0.70 0.80 

chelol 

160 
0.20 

4.36 
0.20 

4.54 
0.16 

2.09 
0.16 

4.01 
0.18 

2.09 
0.18 

3.14 
0.22 

2.44 
0.18 

chelo2 

70 
0.5 

5.06 
0.50 

5.23 
0.48 

3.84 
0.48 

3.05 
0.54 

1.31 
0.48 

1.74 
0.58 

2.09 
0.56 

• 
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TABLE 2 

Chelodina longicollis : Statistical analysis of the relative lime of peak-velocities. 
Middle column : Ranking of the timing of joint rotations 

based on a Friedman Two-way Anova of the lime variables. Last column : 
Painvise comparison of the relative limes within trials 

( Wilcoxon matched-pairs signed-ranks tests. P = probabilities for coinciding timing 
of peak-velocity of head retraction and joint rotation) 

Joint 
mean-ranking p 

(Friedman Anova) ( Wilcoxon) 

C5-4 2.72 0.0061 

C6-5 3.22 0.0783 

C4-3 3.30 0.3942 

C7-6 4.07 0.9547 

HEAD 4.20 -

C8-7 4.40 0.9721 

C9-8 4.72 0.2489 

C3-2 5.55 0.0115 

TABLE 3 

Chelodina longicollis : Statistical analysis of the peak-velocities. Column A and B 
Univariate approach. A . correlations between each joint and the head. 

B. correlation between each joint and the new canonicat variable. 
Column C. Multivariate approach ( taking in to account 

correlations between the joints) . Standardized canonicat coefficient for each joint 
in the new canonical variable (bold numbers : high correlations) 

Univariate Multivariate 

Joint R 
Correlations between variables Standardized canonical 

and the canonical variable coefficients 

C3-2 0.584 0.6114 - 0.142 

C4-3 0.708 0.7407 0.036 

C5- 4 0.51 8 0.5424 - 0.040 

C6 - 5 0.798 0.8359 -0.580 

C7-6 0.245 0.2565 - 0.114 

C8-7 0.924 0.9678 1.637 

C9-8 0.816 0.8547 0.011 . 
A B c 
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C3-2 

C4-3 

C5-4 

C6-5 

C7-6 

C8-7 

C9-8 
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TABLE 4 

Chelodina longicollis : Pairwise corre/ations between peak-velocities 
of the different cervical joints ( bold numbers : P < 0.001) 

C3-2 C4-3 C5-4 C6-5 C7-6 C8-7 

1 

0.58 1 

0.36 0.43 1 

0.52 0.77 0.65 1 

-0.00 0.29 0.46 0.55 1 

0.63 0.78 0.64 0.94 0.42 1 

0.60 0.83 0.58 0.82 0.25 u 0.88 
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SUMMARY 

Using immunocytochemical techniques for the localization of epidermal growth factor 
(EGF) in the quai! ovary, we observed a major amount of EGF in smooth muscle cells of 
blood vessels and of chordae, in interstitial cells, in granulosa cells of smaU follicles, in the 
Balbiani complex of prelampbrush oocytes, in nerve cells, and in the cells of granulosa and 
theca externa of postovulatory follicles. In general, the staining intensity of granulosa cells 
decreased during folliculogenesis, and increased after ovulation. ln the oocyte, immunoreac­
tivity was shifted from the Balbiani complex to the zona radiata during development. These 
results support the hypothesis that EGF primarily acts on Jess differentiated foUicles. It is a lso 
suggested that EGF can modulate ovarian contractile processes. 

Keywords : Epidermal growth factor, quai!, ovary. 

INTRODUCTION 

Ovarian folliculogenesis is a dynamic and complex process, which is regu1ated 
by the interplay of several factors, including growth factors. The present study 
focuses on EGF, a small single-chain polypeptide (MW 6043) originally detected 
during a search for nerve growth-promoting factors in the mouse (LEV1-MON­
TALCTNI and COHEN, 1960). lt is best recognized for its mitogenic activity. Distribu­
tion and role of EGF in the ovary have mainly been investigated in mammals 
(reviewed by MULHERON and ScHOMBERG, 1993). In this study, we have Iocalized 
EGF in the quai! ovary. 
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MATERIAL AND METHODS 

Female adult Japanese quails (Coturnix coturnix japonica L.) were killed by 
decapitation. Their ovaries were fixed in EACH fixative (PERRY-O'KEEFE et al., 
1990), Carnoy's fluid, methacarn (PucHTLER et al., 1970), or Bouin's fixative. After 
tissue processing, the tissue blocks were embedded in paraffin or in ImmunoBed@) 
(Polysciences Inc., Warrington, PA), a plastic embedding medium. We used com­
mercially available antibodies : rabbit polyclonal antibodies directed against mouse 
EGF (SIGMA Chemical Co. , St.-Louis, MO) or against human EGF (Santa Cruz 
Biotechnology Inc., Santa Cruz, PA), and a mouse monoclonal antibody directed 
against human EGF (Oncogene Science Inc., Uniondale, NY). EGF was localized 
in paraffin sections using the unlabelled antibody peroxidase-anti-peroxidase techni­
que. Immunoreactivity (IR) was revealed by the method of GRAHAM AND KAR­
NOVSKY (1966) or of SHU et al. (1988). In semi-thin plastic sections, EGF was 
localized using the immunogold-silver staining procedure. The oocytes and follicles 
were classified in stages according to CALLEBAUT (1973). 

Method specificity was controlled by incubation with primary antibody pre­
absorbed with recombinant human EGF (Santa Cruz Biotechnology Inc.). 
Antibody specificity was tested using immunoblotting. 

RESULTS 

The three primary antibodies yielded the same results. IR was predominantly 
found in smooth muscle cells of blood vessels and of chordae (Fig. 1), in granulosa 
cells of prelampbrush follicles (Fig. 2), in interstitial cells (Figs 2-4), in nerve cells, 
in the Balbiani complex of prelampbrush oocytes (Fig. 2), in the zona radiata of 
developing oocytes (Figs 4, 5), and in granulosa cells and cells of the theca externa 
of postovulatory follicles (Fig. 6). The staining intensity of granulosa cells decreased 
during follicular maturation, and increased after ovulation. In the oocyte, IR was 
shifted from the Balbiani complex to the zona radiata during oocyte development. 
IR was also detected in some cells of atretic follicles, of the superficial epithelium, 
of the tunica albuginea, and of the theca of developing follicles (Figs 3-5). In one 

Figs 1-6. - Micrographs of the quai] ovary ( x 446). - l . Medulla : IR in smooth muscle 
cells of blood vessels (A : artery) and of chordae (C). - 2. Cortex : IR in granulosa (arrow) 
of prelampbrush follicles, in interstitial cells (i), and in the Balbiani complex (B). N : 
nucleus. - 3. Early lampbrush follicle : IR in interstitial cells (smaU arrowheads), in thecal 
cells (small arrows), in granulosa (g), in cortical ooplasm (arrowhead), and in cells (arrows) 
engulfed by the oocyte (0). - 4. Stalked follicle : IR in zona radiata (arrow), in granulosa, 
in thecal cells (small arrows), in cell clusters in tbecal periphery (small arrowbeads), in smooth 
muscle cells of the middle venous layer (mv), and in branches of chordae (arrowheads). -
5. Mature preovulatory fo llicle : IR in wall of blood vessels (BV), in chordae, in thecal cells, 
and in zona radiata (arrow). ti : theca interna ; te : theca externa. - 6. Postovulatory follicle : 
IR in granulosa cells, in cells of tbeca interna, and in contracted cells of theca externa . 
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of the ovaries, positively stained engulfed cells in the ooplasm of developing 
oocytes, were observed (Fig. 3). 

DISCUSSION 

In a previous study, ÜNAGBESAN et al. (1993) demonstrated the presence of an 
EGF-like peptide in the theca of preovulatory follicles of the hen. In the present 
study, we revealed that EGF can be found in several ovarian cell types. We noticed 
that in some mammals, EGF is also detected in interstitial cells (GôRITZ et al., 
1994; KANNO et al., 1994), in thecal and granulosa cells (ROY and GREENWALD, 
1990 ; MARUO et al., 1993 ; GôRITZ et al., 1994 ; KANNO et al., 1994), and in oocytes 
(KASSELBERG et al., 1985; ROY AND GREENWALD, 1990; MARUO et al., 1993). 
Moreover, ROY and GREENWALD (1990) showed in the hamster that staining inten­
sity in granulosa cells fades during folliculogenesis. 
A few in vitro experiments, examining the rote of EGF in the ben ovary, were per­
formed (reviewed by PEDDIE et al., 1993). lt was found that EGF stimulates 
proliferation of the granulosa and theca. EGF attenuates gonadotropin action and 
inhibits steroidogenesis. lt prevents premature differentiation of granulosa cells. 
The effects of EGF are decreasing with fo!Licular maturity. 
These results and data support the hypotheses that EGF primarily acts on Jess dif­
ferentiated follicles (MULHERON and SCHOMBERG, 1993), and that EGF potentially 
produced by thecal intèrstitial cells (paracrine) or granulosa cells (autocrine) acts on 
granulosa cells in vivo (JOHNSON, 1994). 
Relying on the presence of EGF in ovarian smooth muscle cells, abundantly present 
in the avian ovary (V AN NASSAUW et al., 1994), the existence of ovarian contrac­
tility (V AN NASSAUW et al., 1994), and the data concerning contractile effects of 
EGF (HOLLENBERG et al., 1989; PETITCLERC et al., 1994), it is suggested that EGF 
may modulate ovarian contractile processes. Finally, the presence of positively 
stained engulfed cells in the ooplasm of developing oocytes is a rare event, the 
meaning of which remains unclear. 
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SUMMARY 

A polyclonal antibody against allatostatin-5 (Dip-AST 2) of Diploplera punctata was used 
to demonstrate allatostatin-like material in the brain of Schistocerca gregaria. Immunoreac­
tivity was found in cells of the pars lateralis and in axons running to the corpus allatum (CA). 
A methanolic brain extract of 7000 brains was fractionated by HPLC on a reversed phase 
Cl 8 column. Using a sensitive juvenile hormone biosynthesis bioassay, we detected several 
fractions that influence juvenile hormone synthesis by the corpora allata of the cockroach 
Diploptera punctata. Four fractions have strong allatostatic activity and three fractions have 
allatotropic activity. 

Key words : neuropeptide, corpora allata, juvenile hormone. 

INTRODUCTION 

The corpora allata (CA) of insects are the major sites of production of juvenile 
hormone (JH) which plays a central role in the control of metamorphosis and 
reproduction in most insects (TOBE and STAY, 1985). These small glands are connec­
ted to the brain by two pairs of nerves : the nervi corporis cardiaci I (NCA I), 
which originale in neurosecretory cells of the pars lateralis and the NCA II, which 
originate in cells of the suboesophageal ganglion (RADEMAKERS, 1977 ; KONINGS et 
al. , 1989) (Fig. 1). JH biosynthesis and release has been the subject 9f extensive 
research and two groups of signalling substances have been reported : the 
allatotropins (WILLIAMS, 1961 ; GIRARDIE, 1967), responsible for stimulation of JH 
biosynthesis and the allatostatins (TOBE, 1980) responsible for inhibition. Recently, 
seven allatostatins were iso lated form the cockroach, Diploptera punctata 
(WoODHEAD et al., 1989, 1994; PRATT et al., 1991), two from the cockroach 
Periplaneta americana (WEAVER et al., 1994), five from the fly Calliphora vomitoria 
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1-----CA 

Fig. 1. - Diagram of corpora allata (CA) (KONINGS et al. , 1989) of Schistocerca gregaria 
with their connections to the brain via the nervi corporis cardiaci II (NCC Il) and the nervi 
corporis allati I (NCA l) and to the suboesophageal ganglion (SOG) via the nervi corporis 
allati Il (NCA Il). Allatostatin immunoreactive cell bodies projecting to CA : closed triangles. 
PL, pars lateralis ; CC, corpus cardiacum ; OL, optic lobe. 

(DUVE et al., 1993) and one from the tobacco hornworm Manduca sexta (KRAMER 

et al., 1991). 

In Iocusts the presence of allatotropic factors (FERENZ and DIEHL, 1983 ; 

FERENZ 1984 ; GAOOT and APPLEBAUM, 1985 ; REMBOLD et al., 1986; COUILLAUD 

and GIRARDIE 1990 ; LEHMBERG et al., 1992) and allatostatic factors (VEELAERT et 
al., 199 5) has been reported but none have yet been purified. ln this paper we 
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describe the presence of allatostatic and allatotropic factors in an extract of 7000 
brains of Schistocerca gregaria and their partial purification by HPLC on a rever­
sed phase Cl8 column. 

MATERIAL AND METHODS 

Animais and immunocytochemistry 

Schistocerca gregaria (Forskal) was raised according to ASHBY (1972). Brains 
from adults were dissected in locust saline (NaCl 168 mM, KCI 6.4 mM, NaHP04 

1.2 mM, NaHC0 3 , 3.0 mM, MgC1 2 3.6 mM, CaCl 2 2.1 mM). Immunohistochemical 
staining was accomplished by means of the peroxidase-anti-p~roxidase method as 
described by VANDESANDE and DIERICKX (1976). Tissue preparation and specificity 
was controlled as described by VEELAERT et al. ( 1995). 

Tissue extraction and HPLC purification 

7000 brains of Schistocerca gregaria were extracted in methanol/water/acetic 
acid (90:9:1) and concentrated on Cl8 reversed phase Sep-pak cartridges (Waters 
Associates, Milford, MA). The Sep-pak cartridges were subsequently eluted with 
50 % acetonitrile containing 0.1 % TF A and with 80 % acetonitrile containing 
0.1 % TFA. The 50 % dilate was chromatographed on a Delta-Pak Cl8 column 
(250 x 10 mm) (Waters Associates, Milford, MA) on a Gilson HPLC system. 
HPLC conditions were as follows : solvent A, 0.1 % TFA in water ; Solvent B, 
50 % acetonitrile in 0.1 % aqueous TFA. Initial conditions: 100 % A, then Iinear 
gradient to 1 OO % B over 180 min ; flow rate 6 ml/min ; detector : 5 absorption 
units full scale (AUFS) set at 214 nm. Peaks were collected manually every 
4 minutes. 

Juvenile hormone biosynthesis assay 

Samples of 11 brain equivalents were dried in a Speedvac concentrator and 
assayed on the CA of Diploptera punctata (Eschscholtz) according to TOBE and 
CLARKE (1985). They were dissolved in methioniue-free medium 199 containing 
Ficoll (20 mg/ml) and L-[methyl]- 14C-methionine (2. 1 GBq/mmol ; Amersham). 
FoUowing 3-h incubations, samples were extracted and quantified as described by 
TOBE and CLARKE (1985). Eight glands were tested per group. Inhibition was deter­
mined by comparison with control glands, incubated at the same time (parallel 
incubations) , to which no extract had been added. T his established the control rates 
of JH release, and rates of release by treated glands were then expressed as a per­
centage of the contrai values . 
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RESUL TS AND DISCUSSION 

Allatostatin immunoreactivity is found in three cells of the pa rs lateralis (Fig. 2) 
with axons projecting to the CA. These cells belong to a group of cells at the 
rostro-ventral part of the pars lateralis whose axons contribute to the NCC II and 
the NCA 1 (KONINGS et al., 1989). 

• 

Fig. 2. - Allatostatin immunoreactivity in two cells in the pars lateralis of the brain 
of Schistocerca gregaria, 800 x . 

The inhibition of juvenile hormone biosynthesis by the fractions eparated by 
HPLC is shown in F ig. 3. Fractions 12 till 23 show inhibition. Strong inhibi tion 
was found in fractions 15, 17, 18, 20 (more than 70 %). We found stimulation of 
juvenile hormone biosynthesis in fraction 7, 8 arid 37 (more than 30 %). 

Our results show that brain extracts of Schistocerca gregaria con tain allatotropic 
and aliatostatic factors and that it is possible to separate them by HPLC. Nothing 
is known abou t the nature of the allatotropic factors, but according to their reten­
tion times they must be very hydrophiJic. Recently, VEELAERT et al. (1995) 
demonstrated that Schistocerca gregaria contains allatostatin (Dip-AST-2; DONLY 
et al. , 1993) -like material and that brain extracts of Schistocerca gregaria also 
inhibit juvenile hormone biosynthesis by the CA of Locusta migratoria and Diplop­
tera punctata. 



0 
'-­

-+-
c 

100 

80 

60 

0 40 
u 

.....__ 
0 

~ 20 

c 
0 

0 

-20 

-40 

-60 
0 5 

REGULATION OF JH BIOSYNTHESIS 247 

* *** 

• •• 

10 1 5 20 25 30 35 40 

somple fraction No. 

Fig. 3. - Jnhibitory effect of 11 brain equivalents of Schistocerca gregaria on JH biosynthesis 
by 2 CA of virgin Diploptera punctata cockroaches (n = 8). *, allatostatic; e, allatotropic. 

Hence, Schistocerca gregaria contains an allatostatin-Jike peptide that might be 
involved in regulating the prodµction of JH by the CA. Screening the HPLC frac­
tions with the juvenile hormone biosynthesis assay in combination with an ELISA 
or RIA for allatostatin-like material is probably the best way to purify peptides 
affecting the CA. Progress is being made in the final purification of the biologically 
active peptides. 
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SUMMARY 

The jojoba plant (Simmondsia chinensis) is a native oilseed shrub of the Sonoran desert. 
Feeding jojoba .meal - a byproduct of the oil extraction - results in reduced food intake 
in rats, chickens, ewes and rodents. This inhibitory effect is due to the presence of a glycoside, 
simmondsin. Its satiating effect is either by a stimulation of the secretion of cholecystokinin 
(CCK) as a satiating factor or by acting as a CCK-agonist itself. In this study, the effect of 
CCK and simmondsin on gallbladder contraction in vivo and in vitro was tested using mice, 
guinea pigs and chickens as experimental models. 

ln vivo, total gallbladder contraction was observed after i.p . injection of a high dose of 
(mammalian) CCK-8 in mice, white no contraction at ail was observed in chickens. ln vitro 
however, the isolated gallbladders from bath mice and chickens contracted, but the treshold 
for gallbladder contraction induced by CCK-8 was higher in chickens than in mice . 
Moreover, the contraction pattern was continuously pulsatile and oscillating in chickens while 
a single, large contraction was observed in mice. Simmondsin had no direct contractile effect 
on gallbladder strips in mouse, chicken or guinea pig. This suggests that it probably has its 
satiating effect by stimulating release of endogeno us CCK. It was further demonstra ted that 
simmondsin stimulated duodenal CCK secretion in guinea pig since gallbladder contractions 
in vitro were intensified, when the latter was flooded with duodenal secretions collected after 
in vitro treatment with simmondsin . Moreover, in this in vitro system a CCK-A antagoni t 
(devapezide) neutralised the effect of duodenal CCK, obtained after simmondsin stimulation. 

Keywords : gallbladder, CCK , simmondsin , chicken, mice, guinea pig. 
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INTRODUCTION 

The jojoba plant (Simmondsia chinensis) is a native oilseed shrub of the Sonoran 
desert (BOOTH et al., 1974). Feeding jojoba meal - a byproduct of the oil extrac­
tion - results in reduced food intake in rats (BOOTH et al., 1974; COKELAERE et al., 
1992), chickens (Naou NGOUPAYOU et al., 1982 ; ARN0UTS et al., 1993), ewes 
(MANOS et al., 1986) and rodents (SHERBROOKE et al., 1976). This inhibitory effect 
is due to the presence of a 2-cyanomethylene-3-hydroxy-4,5-dimethoxycyclohexyl -
B-D-glycoside, called simmondsin (ELLIGER et al., 1973, 1974a, l 974b ; Boom et 
al., 1974). It appears that simmondsin exerts its satiating effect by a stimulation of 
the cholecystokinin (CCK) system, since its effect is inhibited by the simultaneous 
administration of devapezide, a peripheral CCK-receptor antagonist (COKELAERE et 
al., in press). It is, however, not clear if simmondsin i12duces satiation by stimulat­
ing release of CCK, or by acting directly as a CCK-agonist. In order to dis­
criminate between these two possibilities, the effect of simmondsin has been com­
pared with the effects of CCK on gallbladder contractions in vivo and in vitro. 

MATERIAL AND METHOD 

Drugs used 

Hexane-extracted jojoba meal was re-extracted with acetone in a Soxhlet extrac­
tor for 8 h. After crystallization, the mixture of simmondsin and its analogues, 
diluted in water, was put on a Sephadex column for preparative chromatography. 
The simmondsin fraction was purified by TLC (silica gel TLC plates Merck no. 
5553; solvent, ethylacetate/ethanol 70 :30 with 10 % H 2S04) monitored by IR spec­
trophotometry (V AN BOVEN et al., 1993). 

Sulphated CCK octapeptide (CCK-8) was purchased from Sigma (St. Louis, 
USA) and devapezide (MK-329), a specific CCK-A-receptor antagonist, was 
donated by Merck Sharp and Dohme Research Laboratories. Ali solutions were 
prepared daily prior to injection. Before each injection they were diluted with 
physiological saline (0.9 % NaCI) to the required concentration. For the in vitro 
work, solutions were added to Krebs phosphosaline buffer (KPS ; pH 7.4, 37° C). 

Experiments 

In vitro 

Strips of gallbladder of mice (BALB\C), guinea pig or chicken (Hisex) were 
mounted in a superfusion bath and connected to an isometric force traasducer. 
After ca. 60 min of perfusion with KPS, the preparations became spontaneously 
active and sensitive to Iow doses of CCK-8 . T he effects of increasing concentrations 
of CCK-8 (1 nM CCK-8 up to 100 nM CCK-8) and 10 mM simmondsin were 
therefore tested after ca. 80 min of superfusion. 
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To investigate the possible secretion of endogenous CCK, chicken duodenum 
was isolated, turned inside out and perfused with KPS (serosal solution) in a re-cir­
culatory fashion. This re-iterative way was chosen to concentrate any product 
released by the gut. The outside (mucosa) was also continuously bathed in KPS, 
but separated from the inside circulation. After 30 minutes of perfusion the serosal 
perfusate was collected (solution A) and replaced with a new KPS, to which IO mM 
simmondsin was added. Following a further 30 minutes perfusion the perfusate was 
collected (solution B). 

The serosal solutions were then tested for their contracting activity on chicken 
gallbladder. Similar perfusates were collected after incubation with guinea pig 
duodenum and were tested on guinea pig gallbladder. 

After 30 minutes the serosal solution B of the guinea pig was tested again in the 
presence of the specific CCK receptor antagonist devazepi,de . Devapezide was dis­
solved in DMSO (IO mg/ml) and then diluted in KPS in a concentration of 1 µg /ml. 
For control the same amount of DMSO without devazepide was tested. 

In vivo 

Standard gallbladder contraction assays were performed following the method 
described by MAKOVEC et al. (1987). Experiments were performed on 30 mice (CD! , 
25 weeks, both sexes), weighing approximately 30 g. They received a standard diet 
and were fasted overnight (17 hours) before the experiments started. Water was 
freely available throughout. Five mice were injected intraperitoneaUy (i.p.) with 
1.25 µg CCK-8/kg body weight (BW) in 80 µl saline. Five were injected i.p. with 1 g 
simmondsin/kg BW iri 80 µI saline. Five were injected i.p. with 800 µg /kg BW MK-
329, soluted in glycerol and PEG 400, diluted in 1 OO µI saline, followed 15 minutes 
later by an i.p. injection of 1.25 µg CCK-8/kg BW in 80 µl saline. For control i.p. 
injections, the same concentration of glycerol and PEG 400 diluted in 100 µ!saline , 
followed by an injection of 80 µ! saline, was tested in 5 mice. Fifteen minutes after 
injection, the mice were killed and their galJbladder was removed and weighed. 

A similar procedure was repeated with 64 male chickens (Hisex, 3 weeks old) , 
weighing approximately 160 g. Sixteen animais were injected i.p. with 6.25 µg CCK-
8/kg BW in 500 µl saline, whereas 16 birds were injected (i. p.) with 1 g sinm10ndsin/ 
kg BW in 500 µ! saline. Sixteen control animais received 500 µl saline only. The Iast 
16 chickens received non treatment but were fed after the same starvation period. 
In each treatment gallbladders were removed at 15 or 30 minutes after the injection 
(n = 8 for each group). 

The data were analyzed using analysis of vaTiance followed by Duncan's multi­
ple range test using the SAS program (SAS, 1985). 

RESULTS AND DISCUSSION 

Below 100 nM, CCK had no effect in eliciting in vitro gallbladder contraction 
in chicken (data not shown), whereas in mice (Fig. 1) and guinea pig (data not 
shown), doses as low as 1 nM were effective. DIMALINE et al. (1990) reported, 
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however, that the treshold dose of CCK for in vitro chicken or guinea pig gallblad­
der contraction was 0.1 nM. Moreover, in our study, the contraction pattern in 
chicken gallbladder was continuously pulsatile and oscillating, while a single, large 
contraction was observed in mice (Figs 1-2-3). This oscillating contraction pattern 
in chicken gallbladder contraction wasn't observed by DIMALINE et al. (1990). The 
sensitivity of the technique for measuring the contractions can be different, because 
the tissue bath techniques used by these authors were not reported. 

In our in vitro studies there were initially no contractions in the gallbladder of 
mice, guinea pig and chicken before 60 minutes, after which spontaneous contrac­
tions started to appear. This might suggest that there is a basal CCK secretion by 
the gallbladder itself. It would appear that in the fresh tissue preparation in vitro, 
there is insufficient CCK to produce an effect, but after one hour of incubation 
enough endogenous CCK may have been produced to start contractions. Such a 
possibility is further supported by the finding that the CCK antagonist, devapezide, 
eliminates the spontaneous contractions. We know of no previous suggestions that 
the gallbladder itself may produce CCK. 

Simmondsin, at IO mM in vitro, had no direct contractile effect on gallbladder 
strips in mouse, chicken or guinea pig (Figs 1-2). This observation indicates that 
simmondsin does not act as a CCK agonist on mammalian or chicken gallbladder 
receptors. In guinea pig, however, a substance found in duodenal perfusates after 
stimulation with simmondsin (solution B), did stimulate guinea pig gallbladder con­
traction. These data suggest that simmondsin induces CCK release from guinea pig 
duodenum. 

Gallbladder contractions could be seen prior to any application of simmondsin 
to the gut (Fig. 4). Simmondsin treatment however (Solution B), intensified these 
contractions,. an action which could be inhibited by the peripheral CCK-A-receptor 
antagonist, devapezide (Figs 4-5). Devapezide also eliminated ail spontaneous con­
tractions in the absence of solution B, supporting the possibility of a CCK-libera­
tion by the gallbladder itself. 

In contrast, in the chicken experiment, solution B did not show any contractile 
effect on chicken gallbladder strips (Fig. 3). However it is not possible to detem1ine 
whether this is because the chicken tissue had not secreted CCK, or whether the 
secretion was insufficient to stimulate gallbladder contraction. 

The mammalian hormones gastrin and CCK share a common biologically active 
COOH-terminal pentapeptide sequence and have overlapping spectra of biological 
activities. However, there are important functional differences between the two pep­
tides. CCK is a potent stimulant of gallbladder contraction and pancreatic enzyme 
secretion, while gastrin is largely ineffective in these systems, but it is a potent 
stimulation of gastric acid secretion (WALSH et al., 1987) . CCK-8 like molecules 
have previously been identified in avian brain and intestine (Doc KRAY, 1979), and 
a molecule identical to mammalian CCK-8 has been isolated from chicken brain 
(FAN et al., 1987). The presence of an intestinal peptide that is both chemically and 
biologically similar to complete sequence mammalian CCK (1-33) in birds has not 
yet been proven. 
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DrMALINE et al (1990) have suggested that the factors which determine specificity 
of action of CCK and gastrin are different in birds and mammals. They have 
isolated chicken intestinal peptides which showed biological gastrin-like actions, but 
which were chemically more like CCK. This chicken CCK-like peptide was less 
potent than CCK-8 in causing contraction of both avian and mammalian gallblad­
der in vitro. A proline residue, immediately adjacent to the sulphated tyrosine in 
this chicken CCK-like peptide, may produce a steric effect that lowers its activity 
on gallbladder contraction (DIMALINE et al., 1990). In our study, this steric effect 
could also explain the difference in effect between mammals and birds after stimula­
tion with solution B. 

( !) (2) (3) 

Fig. !. - Simmondsin and CCK-8 were administered to mouse gallbladder with intermittent 
washes with KPS, in the following order : (!) IO mM simmondsin, (2) 1 nM CCK-8/ml , 
(3) 1 nM CCK-8/ml. 

(1) 

Fig. 2. - CCK-8 was administered to chicken gallbladder in a concentration of 100 nM 
CCK-8/mJ (! ). 

(1 ) (2) (3) (3) 

Fig. 3. - (1) Spontaneous contraction of chicken gallbladder begins. Chicken duodenal per­
fusate - after stimulation with IO mM simmondsin - (solution B) (2) and 100 nM CCK-8/ml 
(3) were administered on chicken gallbladder tissue with intervening washes with KPS, in the 
fo llowing order : (2), (3), (3). 
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(2) (1) (2) (3) (2) (l) 

Fig. 4. - Guinea pig duodenal perfusate (1) before stimulation with simmondsin (solution A), 
or (2) after stimulation with 10 mM simmondsin (solution B) and (3) KPS were administered 
to guinea pig gallbladder tissue in the following order : (2), (1), (2), (3), (2), (1). 

(2) (2) (3) (2) (3) 

Fig. 5. - (2) Duodenal perfusate fluid after stimulation with 10 mM simmondsin (solu­
tion B) and (3) 1 µg/ml CCK-A antagonist were administered in the following order : (2), (2), 
(3), (2), (3). 

In the in vivo studies, total gallbladder contraction was apparent by 15 minutes 
after i.p. injection of a high dose of (mammalian) CCK-8 (1 µg CCK-8/kg BW) in 
mice, as reported by others (MAKOVEC et al. , 1987). In contrast, no Joss of gallblad­
der weight was ~bserved in chickens, even at a higher dose of 5 nmol CCK-8/kg 
BW (Tables 1-2). The higher dose needed for in vitro gallbladder contraction both 
in vitro and in vivo, and the different pattern of contraction seen in chicken 
gallbladder, may explain why in vivo CCK did not empty gallbladders in chickens, 
whereas it did in mice. 

From the in vitro studies it was already anticipated that an in vivo i.p. injection 
of a high dose of simrnondsin (1 g/kg BW) would not elicite gallbladder contraction 
in chickens. It has not been proven yet that in vivo, simmondsin stimulates the 
liberation of CCK in mammals at a dose, effective to establish gallbladder contrac­
tions. However, it seems that endogenous CCK can stimulate gaUbladder contrac­
tions in mice in vivo, because re-feeding the mice after a period of starvation caused 
a total gallbladder emptying (Table 1). The Jack of effect of simmondsin in these 
studies may have been a result of looking at gaUbladder weights using the standard 
15 min test ; a longer period might have allowed tirne for simmondsin-stimulated, 
endogenous CCK production and gallbladder contraction to be seen. In birds, the 
presence and activity of chicken CCK is sti ll not clear as gallbladders were not 
emptied after re-feeding . These results confirm the conclusions of MARTINEZ et al. 
(1993) that in birds the receptors mediating CCK-effects are different from those 
of mammals. The role of endogenous CCK in satiety in chickens has also been 
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questioned (CovosA and FORBES, 1994) because an i.p. injection of devapezide could 
not block the reduction in feed intake after an i.p. injection of CCK-8. 

TABLE 1 

Mause gallbladder weights 15 min. after i.p. injection of saline, CCK-8, 
simmondsin, PEG 400 + glycerol and saline, MK-329 + saline 
or after feed intake. Values are means ± standard errors (SE). 

Means with no common superscript differ significantly (p < 0,05) 
by Duncan 's multiple range test 

~ 

Gallbladder weight 
Treatment 

(mg) (mean ± SE) (n = 5) 

saline (ip) 25,4 ± 6,8a 

CCK-8 (ip) 3,5 ± 0,7b 

saline (ip) 25,4 ± 6,8a 

simmondsin (ip) 40 ± 7, Ja 

PEG : glycerol (ip) + saline (ip) 58,7 ± 6,7" 

devapezide (MK-329) (ip) + CCK-8 (ip) 30,8 ± 1,5" 

after feed intake 6,7 ± 4,1 b 

TABLE 2 

Chicken gallbladder weights 15 min or 30 min after i.p. injection of saline, 
CCK-8, simmondsin or after feed intake. Values are means ± standard errors (SE) . 

Means with no common superscript di/fer significantly ( p < 0,05 ) 
Duncan 's multiple range test 

Ga!lbladder weight Gallbladder weight 
Treatment after 15 min after 30 min 

(mg) (mean ± SE) (n = 5) (mg) (mean ± SE) (n = 5) 

sa line (ip) 96.8 ± l 7.8 a 107.4 ± 43.8" 

CCK-8 (ip) 94.0 ± l 1,5a 11 2.0 ± 10,2° 

simmondsin (ip) 112.5 ± 8.6a 120.9 ± 9.9" 

after feed intake 100.2 ± 15.4" 108.3 ± 9.3" 

CONCLUSIONS 

In conclusion, these in vitro studies show tha t. simmondsin does not directly 
stimulate CCK-receptors in mouse, chicken or guinea pig gall bladder. Our results 
suggest that simmondsin induces release of a CCK-like substance from guinea pig 
duodenum, but we could find no evidence that simmondsin could induce CCK 
production in chickens. ln vivo, it could not be shown that simmondsin induced 
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gallbladder contraction in either mice or chickens ; it is even doubtful whether 
exogenous or endogenous CCK is able to stimulate chicken gallbladder contrac­
tions. 
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BOOK REVIEWS 

La phorésie chez les acariens. Aspects adaptatifs et évolutifs, par Françoise AnnAs­
BINCHE, Éditions du Castillet, Perpignan, 1994, 180 pages, 65 illustrations. 

Les acariens sont des arachnides rarement plus épais qu'un cheveu, qui étonnent 
à plus d'un titre. Ainsi, tous les modes de phorésie (la"phorésie est un processus par 
lequel un animal se fixe à un autre pour émigrer d'un habitat) connus dans le règne 
animal sont pratiqués par les acariens. En outre, le développement de la phorésie 
s'est souvent accompagné d'adaptations extraordinaires tant chez les acariens que 
chez les vecteurs. Un des exemples les plus frappants d'adaptation extrême chez le 
phorétique est celui des acariens astigmates du groupe des hypodéridés qui, après 
s'être introduits sous la peau de leur vecteur, se transforment en petits sacs inertes. 
De même, l'existence de poches abdominales ou « acarinarium » chez certaines 
abeilles constitue, sans doute, l'exemple d 'adaptation le plus spectaculaire chez les 
vecteurs. 

Au fil des 180 pages de son ouvrage, le Dr. Athias-Binche nous fait découvrir 
les diverses facettes de la phorésie chez les acariens et met l'accent sur plusieurs 
aspects intéressants du phénomène tels que la spécificité de la phorésie, son évolu­
tion vers le parasitisme, les diverses stratégies de dispersion, les effets sur le vecteur, 
etc. 

Ce livre, abondamment illustré, possède un caractère didactique évident pour les 
acarologues débutants. De plus, la synthèse qu'il propose quant à nos connais­
sances concernant la phorésie chez les acariens paraît être une première. Cet 
ouvrage n'existe malheureusement qu'en version française, avec toutefois un résumé 
en anglais. Notons gue son existence comble, dans une certaine mesure, l' impor­
tante lacune en ouvrages de synthèse existant dans la littérature acarologique fran­
cophone. 

Toute médaille ayant son revers, nous ne manquerons pas de relever quelques 
défauts, et plus particulièrement la p. ·ésence de certaines généralisations abusives, 
difficilement acceptables par un spécialiste. Ces approximations sont toutefois excu­
sables au vu de la multiplicité et de la complexité des phénomènes associés à la pho­
résie. Signalons également la trop forte tendance qu'a l'auteur de disserter sur des 
sujets intéressants mais fort éloignés du thème initial. 

Nous suggérons d'inclure, dans une prochaine édition du livre, un tableau repre­
nant l'ensemble des genres existant chez les acariens et l'importance de la phorésie 
chez chacun d'eux (nombre d'espèces, type de phorésie, etc.). Le lecteur aura ainsi 
d'emblée une vue plus synthétique de l'importance et du rôle de la phorésie chez 
les acariens. 
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Malgré ces remarques, «La phorésie chez les acariens» reste un livre intéressant 
par l'importance des données et des exemples qu'il renferme. Nous ne pouvons 
donc que conseiller sa lecture pour peu qu'elle se réalise de manière critique, c'est-à­
dire en tenant compte des remarques indiquées ici. 

Laurent VAN ASSELT 
et Georges WAUTHY, 

Département d'Entomologie, 
l.R.Sc.N.B. 

Les Hyménoptères Sphecidae d'Europe occidentale, par J. BITSCH et J. LECLERCQ, 
Faune de France, Tome 79. 

Les zoologistes européens, en particulier nos collègues belges, seront heureux de 
constater que la Fédération française des Sociétés de Sciences Naturelles (qui siège 
au Muséum, rue Cuvier à Paris) poursuit courageusement la publication des 
volumes de la Faune de France, ouvrage de référence tellement apprécié et utilisé 
par les naturalistes. Cette collection, combien utile, vient de s'enrichir d'un nouveau 
volume, consacré à un groupe d'insectes particulièrement intéressant, ne serait-ce 
que sous l'angle de !'éthologie, mais fort difficile d'accès jusqu' ici pour les non spé­
cialistes, en raison du nombre élevé d'espèces et des difficultés que présentait leur 
identification. Rien que pour la France, en effet, on compte quelque 400 espèces, 
réparties en 70 genres ! 

Bien que ne différant pas essentiellement des autres volumes de la collection 
dans son principe et sa présentation, le volume consacré aux Sphécides me paraît 
mériter une mention particulière, en raison du soin minutieux avec lequel toutes les 
données morphologiques, taxonomiques, chorologiques et nomenclaturales ont été 
vérifiées, exploitées et synthétisées. li est vrai que la réalisation de cet ouvrage up 
to date a demandé la collaboration de deux grands spécialistes, tous deux profes­
seurs émérites de deux grandes universités : Jacques Bitsch, de l'Université Paul 
Sabatier de Toulouse, et Jean Leclercq, de la Faculté Agronomique de Gembloux. 

Relevons dès l'abord la qualité de l'illustration : le présent ouvrage (le volume 1, 
de 320 pages, qui ne concerne que la sous-famille des Crabroninae, soit 96 espèces 
dans la seule faune française) est riche de 59 planches de dessins au trait, particuliè­
rement soignés et précis , et de 98 cartes de distribution. 

Les clés d 'identification, il faut le souligner, sont rédigées de manière claire et 
synthétique mais sans employer des a bréviations, qui , sous prétexte de gagner de 
la place, rendent parfois la lecture de ces clés fort pénible. Ces clés d'identification 
ne conduisent pas seulement aux espèces observées en France, mais concernent 
toutes les espèces européennes, ce qui augmente considérablement l'intérêt de ces 
clés et, pa r conséquent, la portée de l'ouvrage. Les espèces ncm observées sur le ter­
ritoire français sont indiquées entre parenthèses dans les clés, mais sont néanmoins 
mentionnées et traitées comme les autres dans le corps du texte, avec un peu moins 
de détails. Cela justifie amplement ce titre de l'ouvrage qui annonce « Sphecidae 
d'Europe occidentale». 
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Pour chaque espèce (surtout pour celles de la faune française, évidemment), les 
auteurs fournissent une documentation particulièrement fouillée. La liste des syno­
nymies est complétée par les références des travaux, de quelque nature que ce soit, 
traitant de l'espèce en question. Après la description minutieuse, mais aussi concise 
que possible, de chacun des deux sexes, on trouve un paragraphe (souvent très 
étoffé) sur !'éthologie et l'écologie de l'espèce (ou du moins ce qu'on en connaît 
actuellement) : le milieu habité, les modes de nidification, les proies, les fleurs buti­
nées, etc. 

Enfin, un dernier paragraphe est consacré à la distribution biogéographique : 
répartition à l'échelle mondiale, puis distribution en France et en Corse. 

Ce dernier commentaire biogéographique se réfère, pour chaque espèce, à une 
carte d'occupation de la France par départements : chaque département où l'espèce 
a été observée est couvert d'une trame (lignée, quadrillée ou uniformément noircie) 
suivant le nombre d'observations (1, 2 à 4 ou plus de 4) publiées ou vérifiées sur 
du matériel de collection. Cette façon de procéder peut dérouter le lecteur, féru de 
biogéographie, qui s'attendrait plutôt à trouver des cartes en coordonnées UTM, 
comme celles de la série des «Atlas provisoires des Insectes de Belgique et des 
régions limitrophes» inaugurée et patronnée dès 1969 par Jean Leclercq en per­
sonne. L'explication réside dans le fait que la présentation de cartes détaillées en 
coordonnées UTM aurait nécessairement dépassé les limites de l'ouvrage, tant sur 
le fond (en déplaçant peut-être exagérément son intérêt vers la biogéographie, alors 
qu'il reste tant à faire à ce niveau) que sur la forme (chaque carte exigeant une page 
entière pour être lue aisément). Cette documentation biogéographique ne sera d'ail­
leurs pas perdue, puisqu'elle est publiée par J. Leclercq en collaboration avec 
Y. Barbier (d'ailleurs réalisateur des cartes de l'ouvrage par un programme infor­
matique de l'Université de Mons) dans le n° 27 des «Notes fauniques de Gem­
bloux». La cartographie de la Faune de France des Sphécides est, sous sa forme 
« départementale», suffisamment imagée pour illustrer l'analyse biogéographique 
que proposent les auteurs, et devrait stimuler l'intérêt des utilisateurs de l'ouvrage, 
et tout spécialement les naturalistes de terrain. 

Rarement, un ouvrage de systématique a été réalisé avec autant de soin et de 
souci de couvrir de manière exhaustive et critique toute l'information concernant 
une famille d'insectes aussi diversifiée. C'est une précieuse contribution à l' inven­
taire de la richesse faunistique de l'Europe occidentale (on dira aujourd'hui : «de 
sa biodiversité ») et un modèle à suivre. 

Ch. J EUNIAUX 

U niversité de Liège 
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