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Biological memory is the temporal storage of information as a function of

evolution. Several mechanisms have evolved by which memory can be stored.
There are two components involved in the storage of memory in metazoan
organisms. Innate memory is strictly teleonomically determined, and hence,
depends on the phylogenic predisposition of an organisms' ontogenesis. 'Learned’
memory is, in contrast, strictly ontogenically determined and, hence, influenced by
the organisms environment. Whilst strictly ontogenic determined memory is
stored in the spatial arrangement of nerve cells, phylogenic memory is stored in
the sequential arrangement of the four components of the DNA. Accordingly,
ontogenic memory is lost in subsequent generations, whereas phylogenic memory
is passed on and recalled during the course of evolution.

Insects are among the best understood organisms. The fruit fly Drosophila
melanogaster, for instance, has been widely used as a model to unravel the genetic
components of development. Most of the genes that are involved in this process
are known. Other insect species have been physiologically and behaviourally well
researched. By assembling the information derived from the latest research on
Drosophila melanogaster and other insect species, I have made the attempt to
characterise the different components of molecular memory formation (hereafter
referred to as mnemogenesis) in insects.

Chemosensory memory pathways of Drosophila are composed of at least two
different entities: the morphogenic fields such as the peripheral and the central
nervous system. I have concluded that during the ontogenesis of the Drosophila
chemosensory memory pathways, genes are active that function as modules during
this process. Most of the genes which mediate this process are not strictly
employed during the morphogenesis of the chemosensory memory pathways.
However, they are redeployed to a large extent during development of other germ
layers and morphogenic fields, as well. Only certain key genes, which expression

is initiated by the several coinciding morphogenic signals, determine the specificity



of the different components of the chemosensory memory pathways. Hence, the
specificity of the chemosensory memory pathways of Drosophila is determined by
the temporally and spatially distinct expression of genes, in addition to the
modification of their products. Whilst stage and cell specific gene expression is
primarily regulated on the level of chromosome structure and transcriptional
activity, the specific function of genes that are expressed in the different regions
during different stages of ontogenesis is generated by messenger ribonucleic acid
and protein processing. The morphogenic cascades are probably frozen down once
the chemosensory memory pathways have reached the state of maturity.

The mature insect has maintained the ability to employ some components of
the developmental cascade to modulate its memory in response to environmental
stimuli. Imaginal chemosensory memory pathways comprise at least four levels.
Chemosensory receptor (level I) cells receive environmental information.
Projection neurones (level II) reduce the background noise and transfer the
information to diverging memory structures, in addition to the control centres
(levels IIl/i and IIl/ii). Whereas memory structures modulate chemosensory
information, the control centres feed this modulated information into output fibres
that link the chemosensory memory networks with the premotor fibres (level
IV). The function of the memory structures, which in insects are called the
corpora pedunculata, is to compare input information to the information stored
intrinsically in these organs. The information that is stored intrinsic to these
structures is able to modulate the behaviour of an signal, which exits the
chemosensory pathways via the premotor neurones. It has been postulated that
the modulation of this information depends on the synaptic configuration within
the corpora pedunculata. Hence, the synaptic arrangement is thought to underlie
the modulation of the information transfer within the chemosensory memory
networks. Long term memory is associated with the alteration of this synaptic
configuration, which in turn requires the activity of several genetic circuits.
Intriguingly, these genetic circuits are probably identical to those employed during

axonogenesis, in addition to other morphogenic events.



Foreword

“Science is nota system of certain, or well established, statements; nor is it a system which
steadily advances towards a state of finality. Our science is not knowledge (Emwoteue): it can
never claim to have attained ourtruth, or even a substitte for it, such as probability. Yet science
has more than mere biological survival value. It is not only a usetul instument. Athough it can
attain neither truth nor probability, the striving for knowledge and the search for tuth are siill
strongest motives of scientific discovery.

We know: we can only guess. And our guesses are guided by the unscientific,
metaphysical hough biologically explicable) faith in laws, in regularities which we can uncover
- discover. Like Bacon, we might describe our own contemporary science - the method of
reasoning which men now ordinarily apply to nature—as ‘consisting of anticipations, rash and
premature' and of prejudices™

From Sir Karl Poppers' "The Logic of Scientific Discovery”. Page 278, Routiedge London,
1992

“No one is amore ardententhusiastthan the conver; he may be an embarrassment to his
own fiends; he is likely to become more royal than the king. Perhaps | am in that state with the
respectto genetics. For seeking the old and widely held belief that genes are concemed only
with certain limited characteristics which geneticists are pleased to study, Ihave now come to the
pointwhere | feel that every feature of the animal has genetic origin. The disciplined geneticist
ascribes to the action of genes only tose characteristics which segregate (more or less) in
breeding experiments.”

From Sir Vincent B. Wigglesworth (1961). Insect Polymorphisms- A Tentative Synthesis. i
Kennedy J.S. (ed.): Insect Polymorphism. pp. 104- 111. London: Symposium of Royal
Entomological Society

‘I must first reassure you two matters. First, | am not going to tell you anything original, or
anything you know already: you need have nofearthat | shall be obscure. ( | was once invited
by the BB.C. to prepare a contribution to their Third Programme; but they sent my script back
asking whether | could notletthem have something more profound. Ireplied that | could to write
a script that was more profound, but if that would be more acceptable, | could easily make it
more obscure).



Secondly, itis well known that when we can no longer getour experiments to work, we may
tum to philosophy in despair—as the unsuccessful thief may tum thiettaker. | may myself be
happy one day to enter that particular pathway to decrepitude—butthatis notmy intention at the
moment Ipropose in this address to devote myselfnotto philosophy but to ‘common sense—a
subjectthatis indeed anathema to the philosopher.”

From Sir Vincent B. Wigglesworth (1967). The Religion of Science. Ann. Appli. Biol 60: 1.
Aim

Here, Ipresentan approach that, though incomplete, may hint which aspects are involved
inthe generation ofleaming mutant phenotypes. The question of my interest was as to whether
mutations associated with leaming defects are due to an impaired developmental function, or if
just the leaming function of the fully diflerentiated organism is impaired. Two possible
approaches were chosen to unravelling this question in Drosophila melanogaster.

(@) Enhancertrap lines

Enhancer trap P-elementfacilitate the study ofthe lineage of sets of neurones that constitute
the mature insect brain. Of particular interest is thereby t elucidate as to when te tese
neurones or their precursors firstexpress a P-elementmarker.
Anext step would subsequently be 1o correlate the expression ofthe P-element marker with the
transcription of genes that occur in the vicinity ofthe P-elementinsert

(b) Cell Culture

Last, t would have been feasible to monitor the behaviour of a neurone derived fom a
known leaming mutation. Does the development in dunce mutants impair the cellular out
growth in those P-elementmarked cells? And having isolated such marked cells | would have
been interested in studying the gene expression in a cell culture system of embryonic neurones/
neuronal precursors.
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2

and memory in Drosophila, this thesis is restricted to an examination of morpho- and
chemosensory mnemogenesis in insects. Here, I introduce a new insect the
‘Droapschibo’, which is a composite of Drosophila (Diptera [Holometabola]) (the ge-
netic portion), Apis mellifera (Hymnoptera [Holometabola])(the behavioural, anatomi-
cal and electrophysiological portion), Schistocerca gregaria (Orthoptera
[Hemimetabola]) (another electrophysiological portion) as well as, Bombyx mori and its
relatives [ dptidg iptera)(the world record holders of chemosensory perception) to verify

my hypothesis.



CHAPTER 2

The TerminoloEz

1. Morphogenesis

The Drosophila embryo (hereafter referred as to type 3 embryo) unlike the embryos of
echinoderms and mammals (hereafter referred as to type 1 and type 2 embryos, respec-
tively) makes use of the syncytial mode to establish early embryonic fields along
gradients. This has the advantage that upon cellularisation the nuclei are already pro-
grammed to accept a specific fate within the embryo, circumventing the use of uneco-
nomic intercellular signalling mechanisms as seen for type 1 and type 2 embryos. The
Drosophila embryo develops in three spatially and temporally synergetic dimen-
sions. All three dimensions share a common developmental plan, whereby boundaries
between spatially defined genetic active regions are established. This reorganisation
process is regulated by morphogenetic circuits of signalling processes leading to the
positive or negative regulation of the expression of distinct classes of genes (St.
Johnston and Niisslein - Volhard, 1992; Davidson, 1993). The first dimension is the
establishment of a framework of parasegments. Parasegments are confined to the em-
bryo. They divide each segment into posterior and anterior compartments (Lawrence
and Morata, 1976; Lewis, 1978). Each segment is a distinct entity which interprets its
developmental potential distinctively under the control of omnipresent transcriptional
regulators (e.g. Murre et al., 1989). The second dimension is the establishment of
progenitor fields within the parasegments. According to Spemann (1938) a progenitor
field is defined as “a region of the embryo which gives rise to a specific structure”.
Davidson (1993) extended this definition of a progenitor field to a “regidn generated by
regulatory and signalling functions” which result in the transcription of discrete sets of
genes. Thus, in Drosophila the cell lineage of a progenitor field is indeterminate. Or, to
put it into other words, the expression of genes is not dependent upon program, which
is intrinsic to a cell lineage. Rather it is thought that the identity of a cell is determined

by its exposure to positional information within a spatial and temporal interval during
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embryogenesis. The third dimension is the cell motility of the progenitor fields with
respect to each other. In Drosophila cell migration is predominately a passive event
(with the exception of the migration of syncytial nuclei to the cortex) (Irvine and

Wieschaus, 1994).

2. Mnemogenesis

Mnemogenesis, a term which will be frequently used in this thesis, is derived form the
word mnemon (nf-mén) [f. Gr. uvnu—-n memory; on= suffix denoting azfundamental
particle] an expression shaped by Young (1965). He concluded that memory is based
in minimal combinations of brain neurones, hence the mnemons. Cherkin (1966) pro-
posed that a mnemon is a minimum physical change in the nervous system (compare
Gould, 1977). Mnemogenesis is characterised by the molecular mechanisms underly-
ing the change of synaptic plasticity in response to several coinciding convergent stim-
uli (Hyatt, 1897). The corpora pedunculata of Drosophila exhibit a large degree of ho-
mology to content addressable memory (CAM) networks (Hopfield, 1983). Networks
similar to the CAM networks are also found in higher vertebrates. Here, they are, how-
ever, eiectrophysiologically better characterised. The rat hippocampus is the more so-
phisticated mammalian equivalent of the insect corpora pedunculata. It serves to inte-
grate convergent signals resulting in an alteration of synaptic plasticity. Already one
century ago the Spanish physician Ramén y Cajal (1898) stated that learning could be
accomplished by a strengthening of the synapses following their intense activity. And
indeed Bliss and Lgmo (1973) found by recording the excitatory postsynaptic potentials
(EPSPs) of hippocampal dentate granule cells after four brief stimulating tetani lasting
15 sec., in 15 sec intervals, that synaptic strengthening must have occurred. Depending
on the time span these stimulating tetani are given, one differs between a milliseconds
lasting post tetanic potential (PTP), short term potentiation (STP) and long term poten-
tiation (L'TP), which is only initiated after a certain threshold. This threshold is depen-
dent upon a high frequency train of action potentials (APs) produced synchronously in

a small population of neurones. These LTPs last under certain circumstances for
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weeks. The neurotransmitter initiating such an associative LTP is l-glutamate. This
neurotransmitter binds to two types of receptors. The AMPA receptor (named after the
selective ligand a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate), a receptor of the
GluR1-4 family, is responsible for low frequency activation of the postsynaptic neu-
rone. 1- glutamate has, furthermore, the ability to bind to the NMDA postsynaptic re-
ceptor (blocked by antagonist of N-methyl -D-aspartate). In an inactive state the
NMDA receptor is blocked by Mg?*. Following the synchronic excitation of the postsy-
naptic cell, however, the NMDA receptor is unblocked. Hence two events are required
for the activation the NMDA receptor:

- the postsynaptic membrane must be sufficiently depolarised to‘remove Mg2+

from the receptor

- l-glutamate has to bind to the receptor synergistically.
The induction of an LTP depends now upon the simultaneous activity of a population
presynaptic neurones. Coinciding presynaptic activities in this population following the
arrival of a tetanus elicit an depolarisation in overlapping sets of postsynaptic neurones,
and, hence, induce an homosynaptic LTP. GABA could induce a inhibitory postsynap-
tic potential (IPSP), which is responsible to keep the NMDA receptors blocked after a
low EPSP has been induced by the AMPA receptor. NMDA receptors are permeable to
Ca®*. Within the postsynaptic cells the Ca2* current is further amplified by triggering
the release of Ca?* from intracellular Ca?* /Inositol 1,3,5 triphosphate stores.
Alternatively, mGluRs might be able to trigger through G-proteins the activation of
phospholipase A, and phospholipase C, which in turn generate the second messenger
metabolites arachidonate and diacylglycerol. Further downstream adenylate cyclase
might modify the titres of cCAMP within the cell. Taken together all these messengers
may alter the plasticity of the postsynaptic cell. Not only the postsynaptic cell under-
goes such changes. There could be a retrograde transmitter in form of nitric oxide or
arachidonate which influences the plasticity of the presynaptic cells, since it has been
proven that both postsynaptic and presynaptic cells respond to the Ca2* influx into the

postsynaptic cells .
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Kandel hypothised that out of pha:se activity of active fibres leads to the weakening
of synaptic connections. An LTP stimuli can produce long term depression (LTD) in
fibres which are out of phase and, thus, inactivate these fibres. LTD is associated with
a reduction in the synaptic number between pre- and postsynaptic neurones. NO may
trigger the depression when it is released from inactive or asynchronously active neu-
rones. Thus, all these events bring about changes in the synaptic plasticity (for review,

see Bliss and Collingridge, 1993).



CHAPTER3

The Theoz

On the Tenovus Scotland conference Sydney Brenner (1994) stated that there are not
enough essential (non-redundant or ‘non-junk’) genes in the genome of an organism
encoding a function for each of the developmuental and physiological processes. This
limited repertoire would adequately have the consequence that a cell redeploys identical
mechanisms for its propagation, differentiatiom, maturation and function. The systems
used during this process, hence, equal modules, which are redeployed in different
combinations at any stage during ontogenesis.

Each metazoan organism consist of a mulltitude of cells. Though these cells are
genotypically identical, they differ phenotypically. This phenotypical diversity is the
result of differential transcription of genes. A cell is first born following the fusion of
gametes which function not only to supply a dijploid (the exception that proves the rule)
genome, but also to deliver the enzymatic components of the germ cell cytoplasm,
which initiate the developmental program by differential transcribing the genes of an
organisms gene pool. Following, birth the celll forms by mitotic divisions a progeny.
Each group of progeny cells shares a common identity and fate within a specific insu-
lated environment: the morphogenetic field. Siignal transduction cascades mediate the
translation of an extracellular stimulus into a piattern of gene expression within the an-
lage of the morphogenetic field. Development: involves the specification of these cells
to generate anlagen which are characterised by the cells common selectivity and re-
sponse to external signals. Thus, the cells of a morphogenetic field of a developing or-
ganism acquire a common identity in terms of giene expression. Hence, differential gene
expression within a group of cells demarcates the boundaries of the respective morpho-
genetic fields.

During development a organism is a isolated system which gradually acquires pro-
portionally to its cellular diversity to receive and process environmental factors. Within
the organism each cell is contained within the environment of other cells. Thus, in the

first developmental stages cells receive envirommental input form neighbouring cells.
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With a increasing differentiation level the cell (or its lineage progeny) learns to interpret
factors form the extracellular environment. As the maternally supplied embryonic food
sources are depleted as soon as the metazoan organism has hatched, it needs to find its
food autonomously. Therefore it needs to learn about the quality and the position of a
food source. Moreover, it needs to learn to how to propagate to ensure its progeny.
Mechanisms for these processes are already supplied during embryogenesis. They just
need to become activated. Thus, mechanisms used for embryogenesis may be rede-
ployed by a cell beyond embryogenesis according to the cells’ specificity. On the other
hand some developmental programs, which are no longer required by the cell, might be
halted and a pathway may be called into action that are specific to mature organisms.
The acquisition of memory in a differentiated organism depends, on the qualify of a
sensor to select signals from the environment and to convert them into cellular lan-
guage. Dependent on the degree of amplification of the signal by cellular communica-
tion pathways, the signal may induce changes in the cellular plasticity. Hénce, cellular
plasticity ‘freezes’ a sufficiently amplified signal by comparing its quality to the quality
of information stored in a current state network and then decides about the modulation
of this network in response to the signal (compare to short term and long term mem-
ory). The modulation of a memory network would then in turn involve the alteration of
gene transcription. Thus, memory dependent changes of cell plasticity may rely on the

same mechanism as neural development.



CHAPTER4

Bioghﬁical Considerations

Chemical reactions in the entire universe are assumed to follow the laws of thermody-
namics. The first law of thermodynamics states that “the internal energy of a system is
constant unless it is changed by doing work or by heating”. The second law of thermo-
dynamics is defined as the “potential of a system to change spontaneously, whereby this
change is called entropy of a system”.

A system is thereby a part of the entirety, which according to our definition is separated
by a boundary. Hence, a system is a defined unit of the universe, which allows us to

define the processes underlying the entirety.

1. Thermodynamics of Sensory Modalities

All systems contain internal energy (U’) which is strictly dependent upon the energy of
the environment (U). The velocity of a change in energy within a system is a conse-
quence of environmental alterations (Enthalpy, H). It depends on the degree of insula-
tion of a system from the environment. Hence, the resistance (Gibbs energy) of the sys-
tems boundary (threshold) determines the work an environmental energy needs to
overcome in order to trigger changes within a system. The energy required to induce
these changes within a can thereby be positive or negative. Negative energy is thereby
associated with a reduction in volume and positive energy is defined as an increase in
volume of a system (with disregard of none volume work). The absorption of energy

by a system is called endothermic, whereas the release of energy is called exothermic.

AU= QE AV 92 AT
oVt oT

dU : change of internal energy as a function of changes (partial) (9) in volume (V) and temperature (T).

(1) After Atkins P.W. : ‘Physical Chemistry’ (1989)
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Is the resistance of the boundaries between the system environment indefinitely high
one calls the boundaries adiabatic. Diathermic boundaries in contrast have an indefinite
low resistance. The transfer of energy can either be chaotic or organised.

In summary, energy spreads in form of chaotic or organised waves to change a system.
Negative and positive waves level another so that the net energy is conserved. The
state where no changes in energy occur is called equilibrium. The spontaneous change
within an equilibrated system is associated with a change in the systems entropy. Thus,

entropy reflects the potential of a system to change.

S=kInW
S: the entropy of a system. k= 1.381 x 10%J K" (Bolzmann Constant), W: work

@

The amount work required to change the internal energy of an system in equilibrium
can only be added but not withdrawn. Hence, the change of a system is an unilateral
process, which depends on the resistance of the boundary (Clausius Inequality)

Agq

ASZT

dg is the energy added to a system; T is the temperature

3

To overcome the resistance of the boundary positive entropy in form of work needs to
be added (Third law of Thermodynamics). Thus, the entropy of a system can conse-

quently only be changed if energy is added.

Related to the changes in a closed system the change in internal energy reflects the
change of entropy with the work accomplished. As work is the force used to overcome
a distance, the change in volume is proportional. Thus, Aw = -p AV. The entropy mir-
rors the change in temperature within a system , which does not change its composition

and, hence its potential: Ag =T AS.
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As the change of internal energy is the sum of the work accomplished and the associ-

ated change in energy, are related by the expression:

AU=TAS - p AV

@

The change of inner energy U of a system is, thus, strictly dependent upon S and V. Or,
U is a function of both S and P. A change in enthalpy of a system manifest itself only
when the boundary, or hence, the systems entropy is changed. Thus, the deviation be-

tween enthalpy and entropy is expressed in the Gibbs equation:

AG=AH-TAS

®)

This equation assumes that work accomplished is only converted into expansion work.

In this case the change in pressure has to be taken into account

Pr
Ge=Gi+|VaAp
D:

©)

This integral reflects the changes in volume over an interval (Carnot cycle) of changes
in pressure in response to a change of the state of a system e.g. form solid (i) to liquid
®.

The volume is defined by the motion of a gas and is therefore dependent on the statisti-

cal distribution of a gas within the system.



B= 1/KT, whereby T is the temperature; i is the state; e: exponent; N: no. of atoms; n,, the number of
Bolzmann distributed molecules!

)

R the gas constant is proportional to N, the Avogado’s number and the Bolzmann's
constant. R =N, k. . Henceforth, the argument follows that one can replace the vol-

ume by nRT/p, a term which describes properties of the gas constant (5):

Pt
G(pf)= G(pi) + nRT %

Pi

®

The Gibbs function thus is the ultimate theorem, which I wish to use here to explain the

current theory how the thermodynamical memory works.

2. Thermodynamics of Organisms

A living organism reflects exactly what I have mentioned for a thermodynamic system.
It has thermodynamic boundaries, the reactions within the organism follow the same
laws as the chemical reactions. The problem for an living organism is that it is very
volatile. Each organism is in effect more or less isotherm with its environment. An or-
ganism is designed to operate under specific conditions. Within these limits the kinet-
ics of the organism is more or less in an equilibrium This equilibrium is maintained in
temperatures that range from -1.8°C (the fish Trematomus) to 103°C (the eggs of the
fresh water crustacean Triops) (Schmidt-Nielsen, 1990). Drosophila can only subsist in
temperatures between 14 and 30°C (Ashburner, 1989). As an organisms boundary with

the environment is diathermic it needs to counteract changes in entropy. From the most -

TFor proof and derivation see P.W. Atkins Physical Chemistry (1990). p. 571
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primitive archae bacterium to the sophisticated Homo sapiens sapiens sensors give the
organism feed back about the changes in enthalpy. This is an absolute necessary requi-
site as an imbalance within the organism would inevitable lead to its death.
Furthermore, an organism requires energy for its maintenance. As metazoan organisms
can not synthesise their energy reserves autonomously by making use of quantum en-
ergy, it needs to wander around and feed on those anabolic organisms of the plant

world.

3. Thermodynamics of Sensory Receptors

Environmental energy can be derived from different sources: Thermal energy, light en-
ergy, acoustic energy and chemical energy. All these forms of energy are interconvert-
ible by physical laws (Feynman, 1954). The forms of energy which are perceived by an
organism as different sensations are called sensory modalities.

One type of sensory modality is chemoreception, a process during which chemical
energy in the form of a discrete solid, fluid or gaseous chemical substance is coded as a
stimulus of a discrete intensity by the nervous system. Chemoreception follows the
same physical laws as the perception of other forms of energy. Most of the odorants
bind to a specific receptor. The dissociation constant of the receptor for a particular
odorant determines the response of the chemosensory cell. Has a particular threshold
been exceeded odorant binding triggers a change in the receptor cells free energy which
is directly related to AS (change in the cells entropy by augmenting the receptor cells
thermal motion proportionally to the Boltzmann’s constant) (Block, 1994). The higher
the thermal energy of the odorant (e.g. ether) the greater AS. AS needs, thus, to be
transformed into a directed response by means of changing the cells free enthalpy AG.
Hence, the odorant alters the cells ion fluxes and triggers a whole array of electrochem-
ical cascades.

A sensory receptor cell has, henceforth, the extraordinary ability to detect and con-

vert selective changes in enthalpy of the environment because of its discrete entropy
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(neural coding). Thus, it can detect even a source of low noise from its surroundings
and to converts it into changes of its own entropy.

In the case of chemoreceptory cells of Bombyx mori so are these so specialised that
they can detect 102 M of the respective pheromone implicating that they must have an
extraordinary binding capacity which can also be expressed in terms of free enthalpy

(Kaissling, 1970; for review, see Berg, 1983).

4. Thermodynamics of Nervous Systems

Each metazoan organism has the ability to convert a change in environmental entropy
into electrochemical signals. These electrochemical signals have the advantage that
they are directed, and not chaotic. These electrochemical signals practically simulate a
perceived change in enthalpy and transmit this to the centres, which are able to redirect
and to process this change. Electrochemical signals are, hence, directly related to the

Gibbs function.

The Gibbs’ function can easily be converted into the molar function for an ideal gas.

Gu=G.2+RT In =

“el&

10

The standard pressure in thereby assumed to be p® = 1 bar.

The chemical potential is give as

nG
Gm = = m
g (B on )p,T

an

Thus, it follows:
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U =p®+RT In ;%

(12)

As under standard conditions the pressure is proportional to the molar activity (@), one

can write:

U =u®RT Ina
(13)

To become applicable for electrochemical signal transfer the charge of the molecules,
which participate in this reactions needs to be added. The charge has two functions: It
determines the direction of the flow information perceived from the environment takes,
and synergistically amplifies this signal by the path it takes in the neural circuit. Hence,
The electricity canalises an otherwise undirected environmental signal.

The Faradays law takes this fact into consideration. Electrons follow the same gra-
dient, which is expressed by the Gibbs function. They flow from region of surplus of
negative charge (Anode) to a region of lack of electric charge to adjust their equilib-
rium. By definition negatively charged ions are called anions [\1.], whereas positively
charged ions are called cations [[,] (referring to univalent ions). Both are present is
their respective molar [m] activities [a] in the system

[vm]

U =pu®+RT In %=

[m°]
v determines the activity of the ions is response to the entropy of the system.
14
U =puRT Iny
u° chemical potential for a solution at the start.
15)
Considering that the system described here consists only of anion and cations. It thus,

follows that their motility is a direct function temperature, enthalpy and entropy- a de-
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pendency given the Gibbs function. The Gibb's function describes therewith the activi-

ties of both cations and anions in relation changes in enthalpy and entropy:

[ym.]

[m."]

Uy =1, RT In

16)
p.=pu+RT In M
[m-°]
1 chemical potential at 0; m” molarity at 0
(17
Thus,
G=pu, +u
(18)
and,
G'=p+p°

19)

Taken both concentration equal another

m.%=m,°
(20)
then,
G=G%+y, +1. +RT In [Ym;]
[.]
+RT In [Ym]
[°]
1)
yields

G=pu, qu.

@2
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whereby p the number of cations and g the number of anions or,

G =G +pRT Iny +gRT Iny

23)

When A G is constant, because it cannot exceed a threshold. The enthalpy needed to
overcome this threshold is called potential E.. The potential E. is also manifested in
the energy required to change the entropy of the system, hence A G. Thus, the potential
E. is proportional to A G.

The potential is limited by the volume of a system and the molar mass. Both de-
termine how fast an ion can travel. A high volume means a high resistance, low vol-
ume manifest themselves in low speeds. Consequently, the potential is defined by the
distance an ion is able to travel following a change in AG. The extend of a reaction & is
the molar function of AG. This function neglects a change in temperature or pressure

(which in the nervous system are anyway constant). Thus,  is proportional to the par-

tial of G.
. +ﬂ+0 = i
3¢ ot
(24)
or
pop =(§£)
a‘: p.T
(25)
gives:

(26)
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v (quantity) d€ is the amount of ions, which must travel from anode a to cathode. The
Avogado number is the product of the gas constant and the Bolzmanns’ constant which
both give information about the statistical distribution of the ions.

N, equals 1.38 x 10-'% erg . K™'. The product of d€ and N, is the Faraday constant

F).
F =96.485 kC mol .

The work, which needs to be accomplished to transfer a charge is dw = AG dé

This is equivalent to the product of charge and potential.

dw=E X -nF d&
27
If one equates the work then: AG dé =E x -nF dé

Or, AG =E X-nF
23
As,AG =AG’+pRT Iny +gRT Iny
29

and assumed thatp =g

consequently: AG = AG? +nRT In [vm]

(30)
AG® RT , [ym]
B =5k 1 o]
@1)
As

AG° =E%x -nF?

(32
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E =-E’-SLIn %

(33)

The Nernst function is the cardinal equation, which describes the directed fluxes of ions
within a neurone. Hence, taking the equations (Bronstein and Zhemenzhanev, 1979;
Aidley, 1989; Atkins, 1989) applied in thermodynamics, it is therewith proved, how a
change in entropy is converted by a closed system into a direct change of ion fluxes,
which can, then, be amplified.

The nervous system can be seen as an example of such a closed system. As already
mentioned above the sensor, which perceives the environmental information uses the
energy contained in it to transform the signal into a change of ion fluxes in the nervous
system. The Nernst - equation can, hence, be converted into the Goldman - Katz equa-
tion which reflects the ion fluxes within the nervous system (for review, see Rashevsky,

1938).

5. Electrochemistry of Neural Signal Transduction

As I have mentioned above the laws of thermodynamics are the fundaments for the
function of the nervous system of metazoan organisms. Neural responses to stimuli
manifest themselves in the alteration of neural membrane potentials and synaptic ac-
tivities.

Uneven ion fluxes, which follow their osmotic potential, generate gradients accross
the neural membrane. These gradients are additionally amplified by ion pumps. Thus,
in the resting stage the membrane is hyperpolarised, meaning that the interior of the
nerve cell is negatively and exterior positively charged. The membrane potential, thus,
reflects the activity coefficient of the participating ions: Na*, C1- and K*, which follows

the Goldman equation:
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n m
Y2kPr [Xile + Tz PdY
V,,, - k=I I=I

X In

(3

n m
YPdXili + X zPi[Y]e
k=1 =1

Whereby, X stands for n different types of positively charged ions, Y represents n negatively charged
ions. [] is the respective molar concentrations. e means exterior and i means interior. k/l= 1 is the lower
border and m/n the upper border of the sum. P is the total permeability and z the charge of an ion. The
term RT is the gas constant (8.314 deg~'x mole!) and T is the absolute temperature. F is the Faraday’s
constant (96,500 coulombs mole-')

A chemosensory stimulus, which is perceived by a sensory receptor cell, is amplified
through a signal transduction cascade. This modulates, in turn, the properties of mem-
brane channels. Once this signal is sufficiently amplified, selected membrane channels
open and elicit an influx of positively charged Na* ions and an efflux of monovalent K*
manifesting itself in a characteristic hyperbole as a function of changes in charge across
the membrane during a time interval. The propagation of the signal proceeds only uni-
directional, as for a moment the membrane potential in the region, where the membrane
was depolarised, needs to regenerate. The regeneration is mostly active and proceeds
through ion exchange pumps. Once the signal has propagated to the terminus of a
nerve fibre, it needs to be abridged to the next nerve cell. Synapses are nanometer
small insulated gaps between two nerve cells, which function to transmit the signal to
the postsynaptic nerve cell. When a signal is received by the terminus of the presynap-
tic cell, it triggers the release of a highly diffusible neurotransmitter into the synaptic
cleft. The neurotransmitter then binds a receptor, which is confined to the postsynaptic
membrane. The receptor in turn either propagates the signal directly by opening the ion
channels of the postsynaptic neurone, or it modules the state of the channels through
intracellular signalling mechanisms. Hence, it might either be excitatory or inhibitory.
Excitatory postsynaptic potentials (EPSPs) may elicit an action potential in the postsy-
naptic cell through the spatial or temporal summation of single quantum responses mir-
roring the binding of the neurotransmitter to its receptors. Regions in the postsynaptic
cells, which receive synaptic input require a lower threshold than other regions down-

stream in the neurone indicating that the transmission of an action potential in the



21

synaptic region enhances the synaptic signal by modulating the state of the ion gh/ahnels
in this region. The action potential is then transmitted orthodromically along tf;e axon.
The inhibitory postsynaptic potential is injected by discrete nerve cell antagonising
the actions of neurones with excitatory neurotransmitters. They directly counteract Na*
by opening selective ion channels for K* or Cl" and thereby hyperpblarising the depo-

larised postsynaptic axon. The course a signal takes within the organism depends on

the networking of the nervous system (for review, see Aidley, 1989).

6. Specific Features of Neural Coding

To understand the theory behind the electrochemical component of the memory process
(see Part 4, Chapter 4) one needs to consider the quality of the electrochemical signal.
As mentioned in Chapter 5 the quality of the signal depends firstly on the intensity of
the stimulus, and secondly on the potential of the neural network to modulate this sig-
nal.

The intensity of a given stimulus is thereby directly proportional to the discharge
frequency of the neurone. The discharge frequency in turn is related to the dynamics
of the neural network. This dependence is expressed by the intensity function which
describes the periodic rhymic activity (phase) and the amplitude of action potentials in
response to the intensity of a stimulus. Several periodical recurring bursts are also
called oscillations. The number of oscillations evoked in a receptor is called the fre-
quency code of stimulus intensity (for review, see Trotier, 1994).

Magnitude and intensity of an sensory stimulus also determine the number of neu-
rones which are (a) activated, and (b) logged in phase. Hence, the phasic and syner-
getic activation of a population of neurones as a result of the stimulus intensity is de-
scribed by population code. For each neurone of a population to respond in the same
frquency code the phases of the membrane depolarisation oscillations ought to be reset,
a phenomenon known as stimulus- timing- phase singularity of a population of neu-
rones. The co-ordination of differntially oscillating neurones is thereby a purely topo-

logical problem. The phase velocity and the phase shift have to be taken into consid-
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eration to solve this problem. Neural resposnes are genuiely considered to be excita-
tory. The interior of the neurone becomes positive during an excitatory response. A
population of neurones, which has the ability to couple other neurones to its phase by
means of excitatory currents is denoted as phase attractors. Underlying neural excita-
tion are inhibitory responses, known as phase repellors. These counteract excitatory
currents and may, thus, tune them in phase with each other. Oscillations of indivual os-
cillating neural populations become, hence, coupled. Any perturbations are removed
generating a high gain low noise signal. Synergistically swinging neurones might
then have the potential to induce long term changes to the neural hardware - mnemo-
genesis. It should, however, be noted that coding of different stimuli may call discrete
autonomously swinging neural populations into action. These populations might, how-
ever, not necessarily be coupled to other neurones (for review see Miller, 1974; for

mathematical treatise of the oscillation problem, see Murray, 1989).
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CHAPTERS
Neural Network Considerations

So far I have only mentioned the effects of changes of enthalpy on the organisms sen-
sory cells entropy. Beyond this, however, the information needs to be transmitted to
the centres of information processing. The nervous system, serves as a pipeline, which
directs environmental signals via ion currents to the respective control centres, which in
turn mediate the response. Thus, an environmental 'simulator’ is created. The quality
of this ‘simulator’ depends directly on the ability of the underlying neural network to
accept environmental information. The neural network needs, thereby, to approximate
most accurately the environmental stimuli and should be able to store these. Hence,
memory is such a simulator, and the process by which memory is created is here de-
noted as mnemogenesis.

Neuronal networks are, hence, the requisite for mnemogenesis as they are able to
make a switch to direct the signals to the appropriate areas. To operate properly they
need to be as efficient and as reliable as possible.

Memory networks of insects (and most of the other creatures) consist of several in-
dividual components, the neurones, which are connected sequentially at different levels
following an hierarchical plan. Each level shares different functional and organisa-
tional features. In the front line are thereby specialised sensory cells which mediate the
contact with the environment. They have the task to convert i.e. a chemosensory sub-
modality into the electrochemical energy in a process called neural encoding. Both
quantity an quality of the stimulus determine the feature of the neural coding process.
Sensory neurones are mostly clustered to form specific structures: the sense organs.
Each cluster of sensory neurones consists of two portions or fields dividing each neu-
rone into two portions. The more exterior portion, the receptive field, has the task to
detect a given chemosensory stimulus. The more interior portion, the transductory
field, translates and propagates the stimulus. The process of translation, hence, depends

upon the potential of a chemosensory receptor to convert this stimulus. As seen before
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several parameters have to be satisfied before the threshold of neural encoding will be
overcome.

First order neurones generally converge onto higher order neurones. These higher
order neurones, too, consist of receptive and transductory fields; in this case, however,
the fields are associated with post- and presynaptic termini. Synaptic structures may
adopt quite complex configurations bearing in mind that they will be distributed across
the entire surface of a neurone and will consist of either excitatory or inhibitory compo-
nents.

Relay neurones are switched in between higher order neurones. They have the task
to enhance the resolution (reduction of background noise) of the neural signal by either
amplifying or inhibiting a given stimulus. Three modes of action are thereby conceiv-
able: Firstly, these relay interneurones may run parallel to the higher order neurones
and converge onto an neurone of a superior level where they modulate the signal.
Secondly, relay interneurones may run parallel to a given set of higher order neurones
but transmit the signal retrogradely to a lower level of higher order neurones. Thirdly,
relay interneurones may connect different higher order neurones of the same level diag-
onally to modulate their function.

This pattern led Hopfield (1982, 1987) to conclude that sensory memory systems
are organised as content addressable memory (CAM) networks. The basic features of
CAM networks are to be explained here briefly.

To operate as CAM networks an current state memory vector which is stored at a
stochastic level in the neural network is compared to an input vector, the stimulus. The
derivation between the given current state vector and the input vector is described in
terms of the Hamming distance. The dimension of the Hamming distance is the bit.
The CAM memory network, hence, compares stochastically, the current state to the in-
put and abridges the deviation between both vectors to give rise to a novel current state
vector (Hopfield, 1984).

The novel state CAM network (gain CAM network) can, hence, be considered as

the alteration of the stochastic current state stability triggered by an non-linear input
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vector at invariant times (Hopfield et al., 1983). Accordingly, the neural input-output

relation is redefined in a stochastic fashion (Hopfield and Tank, 1986).
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CHAPTER 6

The Evolution of MemoEz

1. The Origins of Life and Genetic Memory (Teleonomy)

As mentioned before each organism can be considered as a diathermic chemical reac-
tion, which is influenced by the environment. In the evolutionary sense, one assumes
that organisms were created by a chemical reaction in a closed system. It was even
demonstrated by Stanley Miller (1987) that under laboratory conditions }ife could be
created. The question, however, arises how did life retain its memory that it is life? Or,
how did life become established? Hence, the chemical reaction, which has occurred
must have created a memory, which can be recalled in generations. Thus, heredity is
evolutionary memory based in molecules. These are deoxyribonucleic acid and ri-
bonucleic acid. The most primitive organisms, which are in their majority composed of
the nucleic acids. So for example the bacteriophage lambda. Lambda contains a set of
only 137 genes or so - most of which are redundant anyway - which store its genetic in-
formation (or teleonomic memory). One type of memory, which lambda has obtained
during the evolution is its host specificity as it is only found in bacteria. The second
type of memory, which it has acquired is the decision as to whether it should proceed
with a lytic or lysogenic life cycle. The decision is ultimately dependent upon the nu-
tritional state of its host. If for instance its host bacterium is staving, it integrates into
the genome and proceeds with the lysogenic cycle and waits until the bacterium has re-
covered until it proceeds with the lysis, whereby it excises from the genome and breaks
open the bacterium to find a new host. All these events depend on external signais,
which recall the genomic memory stored in its DNA. The factor cl is thereby of cardi-
nal importance as it translates the state of the host into transcriptional activity of genes
involved in either life cycle. cI binds to specific operator sequences (sequences con-
trolling binding and transcriptional activity of the host RNA polymerase from phage
promoters), which prevent the lytic cycle genes from being transcribed. Instead it di-

rects the expression of the lysogenic genes, which encode recombinases, enabling the
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phage genome to become integrated into the host genome. The transcription of the re-
pressor is probably influenced by the host genes high frequency lysogenisation genes
hflA and hfIB, which probably dependent upon the hosts physiological state, determine
the binding of the cI antagonising factor cro to the operator of the lysogenic genes and
shut down their transcription in order to activate transcription of the lytic genes. Hence,
the memory of the lambda phage is stored in its genome, in particularly in the operator
sequences and in the open reading frame for both antagonising repressor proteins
(Miller, 1992).

One of the first realm of organisms, which are thought to have evolved are the
prokarotes, i.e. the archae bacteria. These bacteria are autonomous, hence, directly ex-
posed to the environment. Purple bacteria have, for instance, acquired the ability to
move randomly within a fluid until they encounter a spot of bright light. Once, the
have entered this spot they remain there. Thus, underlying this process is a primitive
form of photoreceptor, which upon its activation recalls the hosts memory which tells
them to rest at a specific wavelength of light and to refuel their energy stores.

Thus, memory of primitive organisms is stored in their genome. An experimental
strategy devised to test the purple bacteria if they can find a source of light faster once

they have been predisposed to it has yet to be established.

2. Chemosensory Memory of Escheridiia coli

Chemotaxis is known as a organisms ability to respond with a movement to an odorant.
Two substances, attractant and repellent, are known to influence chemotaxis.
Chemotaxis of an Escherichia coli population within a test tube is reflected by the po-
larised distribution following the introduction of either attractant or repellent. E. coli
cells propel themselves using eight flagella, each of which is 7 um long. Clockwise
flagellum movement causes the cells to sprawl. Counter clockwise rotation of the flag-
ella results in forward taxis of the E. coli cell. Cells attracted by an odorant in the solu-
tion approach the source by random movement within the medium. The cell switches

during the 'search' process between counter clockwise and clockwise flagella move-
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ment. The closer the cell comes to the odorant source, the more frequent become the
sprawling periods. Once it has it reached the odorant source, it switched from counter
clockwise flagellum movement towards clockwise movement, Hence, sprawling allows
the bacterium to identify the odorant, whereas swimming allows the random taxis
within the medium.

Several mutant phenotypes for the pathway underlying chemoreception and
chemotaxis in bacteria have identified. Twenty different chemosensors are known. Half
of them bind attractants and the other half bind repellents. Odorant perception starts
with the binding of an odorant by specific binding proteins, the chemosensor. These
occur within the periplasmic space and transfer the odorant to the :cytoplasmic
membrane. Mutants for either of these genes are denoted 'specifically non-
chemotactic'. Receptor molecules such as the glucose receptor presumably accept the
odorant form the chemosensor. Chemoreceptors are integral components of the
cytoplasmic membrane and transfer the odorant into the lumen of the cell. Generally,
these chemoreceptors may have an affinity for various odorant molecutes. Mutations in
these odorant transporter molecule are, therefore, said to be 'multiply chemotactic'.
These mutants can be divided into four complementation groups defining the four genes
tsr, tar, trg and tap. Receptor molecules activate an intracellular transduction cascade
composed of the products of genes cheA, cheB, cheR, cheW, and cheZ. This signal
transduction cascade is activated by all chemoreceptor proteins equally. CHEW transfers
the signal from the chemoreceptor to CHEA. CHEA is, in turn, phosphorylated at an
histidine residue at position 48. This phosphoryl group is subsequently transferred to
either CHEY or CHEB. CHEY interacts directly with the products of the genes fliG, fliM,
and fliN. These flagella associated proteins, finally, modulate the response of the
flagella. Thus, the presence of an odorant stimulus induces clockwise flagella
movements (sprawling). This fact has been confirmed as in mutants deficient for either
cheA or cheY the bacteria swim continuously due to an impaired signal transduction to
the flagella associated proteins. The response is terminated by the phosphorylated

product of the cheB gene. By removing the methyl groups from discrete glutamic acid
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residues of the chemoreceptors, it freezes the signalling cascade and induces counter
clockwise flagella movement again (swimming).

CHEZ has the ability to undo the phosphorylation of CHEY and acts therewith as a safe-
guard to reinstate the counter clockwise movement of the flagella (swimming).

The key molecule for sensory adaptation is CHER. cheR is of particularly interest, as
mutants for this gene tend to swim continuously. It is well established that CHER
methylates the TRG (i.e. serine) receptor rendering it able to initiate the signal transduc-
tion cascade de novo. The activity of the receptor can also be fine tuned. Each receptor
molecule can accept as many as four methyl groups, which enhance the receptors re-
sponse. Hence, the higher the concentration of an attractant, the more residues on TRG
receptor are methylated by CHER . By contrast, with decreasing attractant concentration
less residues become methylated.

Conversely, an E.coli cell has still the ability to sprawl and to swim when it has en-
countered no odorant at all and very high odorant concentrations, respectively. Low
levels of phosphorylated CHEB increase the levels of receptor methylation by CHER,
thus, resulting in the accommodation of cells to high odorant concentrations.

When the bacterium cell encounters, however, a high odorant concentration,
mnemogenesis comes into action. The bacteria needs to compare spatial and temporal
levels of attractants and respond to it. The concentration of a given attractant is re-
flected by the methylation of the TRG receptor. This methylation serves to abridge tem-
poral and spatial varying attractant concentrations. Once, a threshold has been reached,
and the cell has been saturated with attractants, it adapts and does not respond to an at-
tractant stimulus, anymore. This is the result of basic phosphorylation of CHEA. CHEZ
and phosphorylated CHEB have the ability to interrupt these sprawling episodes and the
cell continues to swim into the same direction. Hence, binding of attractant to chemore-
ceptor then prevents CHEA form being phosphorylated, reducing the sprawling periods.
During sensory adaptation following the encounter of high concentrations of attractant,
the periods of sprawling become much less frequent. Coincidental movement of a
E.coli cell towards higher concentrations of attractant reduce the sprawling period even

further. Repellents, in contrast, result in increased CHEA phosphorylation and induce
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sprawling allowing the cell to randomly become detached from the repellent.
Underlying this process is CHER. In amalogy , low attractant levels result in a basic
phosphorylation of CHEA causing the celll to sprawl.

In summary, E.coli memory is teleonomically determined. Thus, the ontogenic
chemosensory component of E.coli residles in the differential methylation of the 7RG re-
ceptor. The product of the cheR gene detcermines the sensory adaptation. It is not known
as to whether, sensory stimuli result in tthe recruitment of new genes and, hence, store
the memory a FE.coli cell has acquired im a different behavioural response (Nara et al.,

1991; Maddock and Shapiro, 1993; for rezview see Macnab, 1987)

3. Evolution of Phylogenicand Omtogenic Memory in Metazoans

3.1. Introduction

In prokaryotes memory is strictly teleoncomically determined. Here all the information
is stored in the genome and is recalled in the offspring. Metazoan organisms have
gradually developed the ability to firstly’ polarise the cellular memory function and to
acquire memory from the environment iin these centres. Specific organs have devel-
oped, which mimic environmental inforrmation and supply it to the respective centres of
information processing. Thus, in responsse to environmental information metazoans are
able to modulate their genetic memory. This does not happen by altering the genetic
hardware but by making differential use of this hardware. As a consequence the central
control organ, the brain is regrouped acccording to the environmental input it has re-

ceived.

3.2. Phylogeny of Meamory in Lower Metazoans

Hence, the body plan of metazoan organissms is highly heterologous. Specific sensory
cells and nervous cells control the functicon of the remaining cells in a highly specific
mode. Though in the sessile P@ra andl Coelenterata the nervous system is very dif-

fuse the more sophisticated bilateralia comtain a polarised nervous system. The region
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most anterior to the direction into which the bilateralian organism moves contains and
amalgamation of nerve cells. The development of these polarised nervous systems
dates back as far as 600- 1000 Million years ago (Algonicium), where the first annelids
have evolved. Annelids such as Neophytes display a well differentiated supraoe-
sophageal ganglion of 3000- 4000 nerve cells in size. The leech contains in each
metameric subunit up to 400 neurones.

The actual diversification of the central nervous system has obviously occurred
during the cambium, thus, 590 until 500 Million years ago. The 850 um long maxillo-
pod Bredocaris admirabilis, for example shows already a highly sophisticated nervous
system (for review, see Miklos, 1993). The same body plan as found in this species is
generally conserved in its evolutionary offspring. So shares the oldest known fossil
bee Trigona prisca (96- 74 million years ago) not only certain homologies to
Bredocaris admirabilis, but also to the present day Apis mellifera suggesting that not
only anatomical details have been retained during the course of evolution, but also their
function such as learning, foraging and navigation. The insect order of Diptera, which
has emerged 300 million years ago displays the same organisational features of the ocu-
lar segment throughout the different species as its ancestor. The memory function in
several insect species is based to a large extend on the insect brains anatomy rather than
its synaptic reorganisation. Thus, memory is a is a function of the teleonomic neural
networking. Taking the may fly as an example. This Ephemeropte@ species is only
short lived. During this time it has to mate and (dependent upon gender) to lay eggs.
Hence, as Gabor Miklos (1993) has put it, it either needs to have ‘on board insectronics’
to recall the genetic memory, which is reconstructed during development, or it needs to
have an extraordinary high capacity to store information during its 6 hour long live span
(From studies on Dipteran species Drosophila melanogaster it has been proven that

the latter option is not true).
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33. The Memory of Drosophila melanogaster

As Drosophila melanogaster is the main pillar of my thesis I wish to describe the evo-
lutionary implications of its neurogenetic viability in detail. The size of the Drosophila
genome is estimated to be 165 megabase pairs (Mb). The human genome in contrast
exceeds 3,000 Mb. One estimates the Drosophila genome numbers in between 5,000
(by virtue of the number of lethal mutations) and 15,000 (by virtue of the number of
transcription units) (Merriam et al., 1991). Taken into account that there is a certain re-
dundancy of 60% (genes, which are not used or repeated) within the genome one may
reason that the actual number of essential genes lies somewhere in the range of 5,000-
6,000 (Ashburner, 1994). Some of these 5,000-6,000 essential and 6,000- 7,000 non-
essential genes must participate a least in part in the generation of the 200,000 neu-
rones, which constitute the Drosophila brain. This neural diversity can only be gener-
ated by combinatorial interactions of the participating genes. In mosaic studies on the
photoreceptor, it has been established that about two thirds of the essential genes are
employed just to generate this organ (Thaker and Kankel, 1992). In analogy to the
memory pathways in Drosophila one could consider that the number of genes which
participate in this event is at least as high as for the development of the photoreceptor.
Thus, it seems highly likely that the cellular diverse networking of the Drosophila brain
determines the flies behaviour and not the rewiring of neurones once, the pharate imago
has emerged. Thus, once fledged the young adult can immediately fly and feed without
having to acquire its information from complex learning paradigms (Murphey, 1986).
Thus, to take Drosophila as a model for synaptic plasticity would be the wrong choice.
For studying the general principles of neural networking Drosophila. how@;is an
ideal organism. Additionally, it seems as if there is a high degree of biochemical ho-
mology in the Drosophila and the mammalian nervous systems. Millef and Benzer
(1983) for instance have generated several monoclonal antibody homogenates of
Drosophila brains half of which displayed cross-immunoreactivity to several epitopes
of the human nervous system. Moreover, evidence that Drosophila and mammalian

species use the same pathways comes from the observation that the homeobox genes of
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Drosophila , apart from being highly identical, map to the same organisational regions
in the mouse embryo, and occur in the genome in the same order as they are spatially
expressed during development (for review, see Krumlauf, 1993). A knock out of the
mouse calcium-calmodulin-dependent kinase II (CaM) gene demonstrated that the be-
havioural sequence of transgenic mutant mice is disturbed (Abeliovich, 1992).
Similarly, the electrophysiology of the affected neurones in Drosophila mutants for
( components of the cyclic adenosylate pathway (CAMP) is severely impaired (Zhong
and Wu, 1991; Zhong and Wu, 1993). Moreover, several signalling pathways, such as
the Notch,ras and Wingless pathway have been found in mouse and human, too,
where they assume the same function their Drosophila homologues (Ellisen et al.,
1991; Robbins et al., 1992; for review, see Dickson and Hafen, 1994; McMahon and
Bradley, 1990). Last, ion channels and several synaptic receptors display high similari-
ties in Drosophila and mammals (for review, see Gundelfinger, 1992; Warmke and
Ganetzky, 1994).

Additionally, Drosophila serves as a good model to study the evolution of the
brain. Several mutants have, for instance, been identified, which apart from manifest-
ing themselves in behavioural abnormalities, display an aberrant morphology.
Heisenberg and co-workers (1985) isolated, for instance, several learning deficient
mutants, which displayed an aberrant morphology. In these mutants -mushroom body
miniature (mbm) A, B, and C - proper axonal outgrowth is impaired. Of particular in-
terest is the mutant mushroom body defect.(mud) . Here the number of neuroblasts in
the brain as well as in the ventral central nervous system is significantly increased.
Thus, in this mutant far more neurones are generated as there are normally present. The
mutant alleles for mud do not affect the viability of the mutant fly. If such a mutation
would affect only the brain region, the increase in neural numbers may be associated
with the acquisition of new memory storage capabilities. Evidence for this notion
comes form the numbers of neuroblasts in the brain of Schistocerca gregaria. Usually
about 24- 30 neuroblasts are present in each segmental hemineuromere. In the deutero-
cerebrum which is thought to be a segmental neuromere, about houses 32 neuroblasts.

Assumed that the protocerebrum comprises two neuromeres - the preantennal neu-
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romere and the labral neuromere - the number of neuroblasts in both segment is about
86. Thus, in evolutionary terms the number of large neuroblasts must have been dupli-
cated here (Zacharias, 1993).

Hence, one may argue that the larger the brain in proportion to the body size, the
more space there should be for the storage of information? This notion is not necessar-
ily true. Firstly, it is well established that with the size of the brain the body size in-
creases within an insect order. For example two cockroach species, one Blatella ger-
manica (1.5cm), the other Macropanesthia rhinocerus (7.5 cm) have both the same be-
havioural repertoires despite there is only a modest increase in brain size in proportion
to body size in the latter species (Miklos, 1993). However, in between the two different
insect orders, the complexity of the brain decreases/increases markedly. Although Apis
mellifera can be considered as having the same brain size as Macropanestia, it has a
much more complex behavioural repertoire. It has, for example, the ability to learn to
associate an odorant with a sugar water reward, which is presented for 100 msec. only.
It stores this information for 2 sec. in its short term memory and following three re-
peated trials the information is then converted into an intermediate terra memory. This
intermediate term memory lasts for approximately 1 day. Following subsequent trials
the information is subsequently converted into the long term memory, which lasts until
the bees death. Even just prior to its death it will reorient towards the sugar source
when perceiving the odorant. The number of neurones present in the worker honey bee
brain is impressive, as well: There are 1 million neurones! The problem is that when
altering the learning sequence the bee fails to combine the changes and will become
apathetic after some trails indicating that it cannot follow really complicated events
(Menzel, 1990). Other Hymenoptera such as a small parasitic wasp, in contrast, contain
only 10,000 neurones and their behavioural repertoire is restricted to finding a suitable
host.

Secondly, it has been proven that there is a great abundance of neurones in some in-
sects. And it has even been established that when surgically ablating the corpora pe-
dunculata in Periplaneta americana for instance, the response of the male to female

pheromones showed latency, but was not impaired (Drescher, 1960).
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34. The Mnemogeness of Aplysia california

In the phylum of molluscs, the differences in neural organisation between the orders are

even greater than in insects. The sea hare (Aplysia califom@a}, which is frequently used
for studies on memory contains only 20,000 neurones. It\s";ows a variety of responses
reflecting all elementary forms of learning but in a rather stereotyped fashion:
Habituation, sensitisation and classical conditioning. Its 20,000 central nervous cells
enable it to carry out a set of defensive reflexes for withdrawing its tail, gill and siphon

a small fleshy gl;gnﬁ above the gill used to expel sea water and waste.

Habituation

Habituation is the simplest form of learning. The animal responds to a novel stimulus
with a series of orienting reflexes. Synaptic potentials summate and cause the motor
neurones to discharge strongly giving rise to an abrupt withdrawal of the gill. When the
stimulus persists, and the animal learns to recognise it, the synaptic potentials of the
sensory neurones in the interneurones and motor neurones, as well as, in the excitatory
interneurones decrease. Provided the stimulus is neither rewarding nor noxious the
animal learns to suppress its responses owing to a reduction in neurotransmitter re-
leased by any action potential from the presynaptic terminal as a consequence of an in-
activation of the N-type Ca®* channel. Hence, with each action potential less Ca?*
flows into the terminals and reduces the ability of transmitter vesicles to be transferred
into the active zone. The reduction in the synaptic effectiveness is followed by a ho-
mosynaptic depression after a long term stimulus has been received associated with a
back-formation of certain neural synapses and a change in the cellular plasticity. In ha-
bituated animals the incidence of detectable connections between sensory neurones and
motor cells is reduced to 30% and this change last for weeks. long term changes, which
manifest themselves in the reduction of synaptic connections are induced by the neu-
ropeptide Phe-Met-Arg-Phe amide (FMRF amide). FMRF amide increases the K*-cur-

rent and decreases the voltage dependent Ca®*- current. It produces a synaptic depres-
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sion, when applied for more than two to a neural cell culture (Schacher and Montarolo,

1991) .

During sensitisation the animal learns about the properties of a noxious stimulus and
consequently remembers to respond more effectively to a variety of other stimuli, even
innocuous ones. Since a single noxious stimulus to head or tail activates numerous
neurones mediating in the gill-withdrawal complex by forming new axo-axonal
synapses; one speaks in this context of heterosynaptic facilitation. This event increases
the amount of second messenger CAMP in the sensory neurones.

The mediator bringing about all the changes during heterosynaptic facilitation is 5-
hydroxytryptamine (5-HT). This neurotransmitter binds to receptors coupled to the
GTP binding protein (Gs), which in turn activates CAMP cyclase. cAMP presumably
activates PKC, which then phosphorylates a S-type K*-channel. The repolarisation of
the action potential is subsequently reduced allowing N-type Ca®* to be activated for
longer. As more Ca®* is able to enter the terminals the transmitter release augments re-
flecting the enhanced availability of transmitter vesicles (Abrams et al., 1991).

Long term sensitisation is associated with the synthesis of new proteins during the
period of 5-HT application. 2-D gels revealed that 15 early proteins and two late pro-
teins are expressed in responses to long term serotonin application. One of these late
proteins is Calreticulin. Calreticulin is a major Ca®* binding protein in the lumen of the
endoplasmatic reticulum of the perikarya. It acts as a buffer and increases the capacity
of the ER to store Ca®* which is associated with inositol 1,4,5 triphosphate (IP3) Ca**
store. IP; releases the store of intracellular Ca**. The IP; receptor is enriched in sen-
sory neurones (Kennedy et al., 1992).

Moreover, 5-HT enhances the number of siphon neurones innervating e.g. the gill
motor neurone L7. Every neurone expresses on its surface a variety of Aplysia specific
Cell adhesion molecules (apCAMs). During the application of leamning associated
stimuli these are thought to become reorganised. As concluded from studies on cell

culture of Aplysia neurones, long term facilitation enhances titres of 5-HT, which trig-
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gers Ca®* dependent cAMP signal transduction pathway the internalisation of these ap-
CAMs and increases the expression of the light clathrin chain only in the siphon neu-
rones (Mayford et al., 1992). The internalisation occurs at specialised depressions in
regions of contact between axonal fascicles, which function as molecular sieves and
concentrate apCAMs. The remaining apCAMs on other regions of the neurone remain
unaffected. Hence, apCAMs are not constitutively internalised. After the formation
such coated pits at the site of membrane apposition, these complex invaginations‘are
separated from the surface membrane to form coated vesicles, which are subsequently
endocytosed. In the cell body uncoupling (CURL) vesicles mature in lysosomes, pro-
vided that a ligand has bound to the receptor at the cell surface. The dcgfadation occurs
at a specific PEST sequence in the cytoplasmic region of the transmembrane form of
apCAM. Alternatively, some CURLs may be separated and recycled (Bailey et al.,
1992).

During classical conditioning the subject must learn the relationship between two
stimuli. An initially weak or ineffective stimulus becomes highly effective in produc-
ing a response after it has been paired or is associated with a strong unconditioned
stimulus. ‘The gill and siphon withdrawal complexes of Aplysia are examples of be-
haviours, which can be enhanced by both classical conditioning and sensitisation. Only
by pairing a stimulus to either the siphon and mantle shelf the withdrawal reflex is
elicited. Each of these areas is innervated by a distinct class of sensory neurones.
Pairing a stimulus to either class of neurones with an unconditioned stimulus initiates
the pathway. There is a time delay between conditioned and unconditioned stimulus of
0.5 sec. Such that there is a convergence received by the motor ncmone;. This conver-
gence enhances the presynaptic facilitation by the following mechanism: An action po-
tential allows Ca®* to move into the sensory neurone. This Ca®* influx acts through
calmodulin which amplifies adenylate cyclase by serotonin an other modulatory
transmitters. More cAMP is generated when Ca®* is bound to adenylate cyclase then

when it is not (Kaang et al., 1993).



38

i

4. The Modulation of Teleonomic Memory in Higher Metazoan
Organisms

Thus, Aplysia has a range of behavioural patterns, which are, however, more stereo-
typed and with regard to memory more telonomically rather than ontogenetically de-
termined. Higher molluscs like squids and octopuses display, in contrast to Aplysia,
much more sophisticated behavioural patterns, which in case of octopuses almost paral-
lels the behavioural diversification of mice. The brain of Octopus vulgaris presumably
contains 500 million neurones. The genome size of the haploid Loligo pealei and
Octopus bimaculautus exceeds, however, 0.82 and 1.25 times, respectively in compari-
son to the human genome. The genome of Loligo is scattered over 84 and 86 chromo-
somes. The diversity of mRNAs in the squid brain further levels approximately that of
mouse (65%). Interestingly, the brain volume of adult octopuses increases markedly
during visual learning. Hence, the evolutionary threshold of onboard developmental
memory and acquired memory is overcome. Thus, this class of organisms acquires its
memory from the developmental exposure to the environment and hence during its on-
togenesis, rather than form a developmentally (teleonomically) innate memory (Young,
1965; for reviews see Young, 1966; Miklos, 1993). Leaving aside the world of the
chordate phyla pices, aves, reptilia and amphibia, the mammalian brain is one of the
most intensively studied. The principles of learning in the mammalian mouse brain
have already been described above. The mouse genome contains, for instance, up to
50,000 gene transcription units 5,000- 10,000 of which are estimated to be essential.
Interestingly, half of these transcription units are estimated to be expressed in the ner-
vous system. Moreover, in Homo sapiens sapiens, the number of cells is thought to be
about 85,000 million, 80% of which are granule cells of the cerebellum. If one consid-
ers that each of the neurone may form 1000 synapses than the numbers of synapses may
excess 10!, This diversity is generated by only 50,000 transcription units suggesting
that alternative splicing/ polyadenylation mechanisms (Boelens et al., 1993; van Gelder
et al., 1993; Wassarmann and Steitz, 1993; Gunderson et al., 1994), RNA editing

(Sommer et al., 1991) and differential transcription form discrete promoters combined
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may generate this monumental diversity. How complex the brain function is, is shown
by the fact that the generation of long term memory in Felis requires between 5 million
and 100 million neurones in distinct cortical regions.

In addtition, the mammalian brain is anatomically highly conserved as 95% of the
rat nuclei are also found in the human brain. Furthermore, with the exception of area
17 of the primate visual cortex the neocortices of the mouse, rat, cat and human contain
the same number of nerve cells in each volume unit. Though the neocortices are differ-
ent in these animals, the density of neurones seems to be identical. In contrast to most
other phyla, the brain of mammals does not stop to develop but continues to grov? post-
natally. The role of the hippocampus in the learning process is still disputed as large
lesion in the hippocampus prolong the visual navigational learning process but do not
impair it. The exact tasks of the different parts of the hippocampus also remains still

unresolved (for review, see Miklos, 1993).

5. Synthesis

It is just hoped that the human intelligence stops us from using unethical and trivial
methods to study and explain the human brain. Genes are certainly involved in this
process, their combinatorial actions determine the complexity of the brain rather than
the actions of single genes.

It needs, however, to be pointed out that genetic engineering of primate and human
brains should not be started, as otherwise George Orwells’ “1984”” and the Huxleys’
“Brave New World” are the most likely apocalyptic future visions. Instead, we should
use our knowledge to aim for a better world. Therefore, the respective reséarchers self-
ishness should be restrained. And the competitive science race as a result of lucrative
funding from even as selfish multinational companies should be stopped. Moreover,
patents for genes should not be given. Last, manipulations on the human genome
should be monitored by the society as a whole rather than a few individuals. Here our

conscience should prevail.
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CHAPTER ]
Enhancer Detector Analysis to Study the Genomic

Identities of Momho&enetic Fields

The ability of mobile genomic elements - which arc scattered across the entire euchro-
matic moiety of Drosophila melanogaster genome - to induce mutations was subse-
quently used to track down and mutate genes which are thought to be involved in the
nervous function of the eye and the brain, respectively (Kidwell et al., 1977, 1979;
Ballinger and Benzer, 1989; Kaiser and Goodwin, 1990). As natural P-elements are,
however, poor markers and in situ visualisation of the spatial domains of their activity
can only be achieved by tedious hybridisation techniques, a new system was devised al-
lowing the detection of active P-elements without any complications in the whole
mount tissue.

It has been known for some time that P-element promoters respond to tissue spe-
cific enhancers. Hence, P-element specific genes were deleted without affecting the
ability of P-elements to transpose and replaced by the bacterial B- galactosidase gene
(lacZ). The expression of B- galactosidase can easily be scanned for with a chro-
mogenic substrate. Thus, the spatial activity of a nervous system specific enhancer is
reflected by the in situ activity of B- galactosidase (for review, see Bellen, 1990).
Moreover, genes upstream or downstream of the respective Enhancer trap P-element
insert can be easily cloned using the plasmid rescue method (Cooley, 1988; Bellen et
al., 1989; for reviews see Cooley, 1988; Bellen et al., 1990). These histological mark-
ers have several advantages over the conventional approach involving the complicated
mapping and cloning of mutant genes. Moreover, monoclonal antibodies which have
been deployed to identify the respective gene products might not necessarily identify
the correct epitopes, and in situ hybridisation techniques only identify RNA species in
the endoplasmatic reticulum of the soma without identifying dendritic and axonal pro-
cesses. |

Several P-element mutagenesis screens were carried out to track down genes which

are of interest for the process of neurogenesis and neuronal function. A screen by
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Bellen et al. (1989) identified about 48% of transposants which express B- galactosi-
dase in the cells of the central nervous system. In analogy Bier et al. (1989) identified
49% of the p[lacW] lines which expressed - galactosidase in the CNS. 5.14% thereof
displayed expression in the brain and only 0.13% in the optic lobes. Moreover, dissec-
tion of these lines (Hartenstein and Jan, 1992) classified eight categories of lacZ ex-
pression in the CNS some of which displayed B- galactosidase activity in cells of the
midline and optic lobes. In most case staining was not only confined to the CNS but
appeared frequently in other germ layers, as well. Most of the ‘background staining’
occurred in the sensilla (43%) and epidermis (25%), as well as, the trachea (15%),
foregut/ hindgut, midgut (13%), the mesoderm (13-14%), as well as, in the fat body and
in the oenocytes. A further screen was conducted to isolate glia cells and their precur-
sors which participate in the formation of the eye (Winberg, 1992). Several other en-
hancer trap lines that were generated by Spradling and collaborators were assayed par-
ticularly for lacZ staining in the brain region. In the latter screen 58% of the lines dis-
played staining in the central nervous system, whereby there was no specific staining in
either the procephalic lobe and the ventral nervous system (Datta et al., 1993). Han et
al. (1992) used an enhancer trap screen to assay specific staining patterns of cells
which are thought to involved in chemosensory learning.

A new generation of enhancer trap elements has even facilitated the histological
and molecular study of the central nervous system further. It allows the expression of
the yeast transcription factor GAL4 form a stable marker enhancer trap element under
control of a genomic enhancer. GAL4 can activate the ectopic expression of reporter
genes which are under control of the GAL4 binding site (UAS) of a P-clement shuttle
vector (pUAST). This, allows the introduction of genes which can be used as pheno-
typic, selectable (Steller and Pirotta, 1985), mutational (for review, see Kilby, 1993)
and ablational (Bellen et al. 1992; Moffat et al., 1992; Kalb et al., 1993) reporter genes.
Additionally, other genes such as development and metabolism specific | genes can be
induced and potential mutations can be rescued easily in particular subsets of cells by

complementing the mutant allele with the ectopically expressed wild type allele.
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1. Using the Extraordinary Abilities of P-elements for Mutagenesis

P-elements are the most frequent group of mobile elements within the Drosophila
melanogaster genome. They are either thought to be primitive precursors to viruses or
derived from viruses (for review, see Finnegan, 1992). Their 2907 bp genome contains
three long open reading frames (ORFs) comprising 714 bp, 792 bp and 654 bp, respec-
tively, whereas the fourth short ORF is less than 400 bp long. The ORFs are flanked to
either site by 31 bp long perfect inverted repeats (Laski et al., 1986). The P-element
promoter is located 30 nucleotides upstream of the short site extending approximately
15 bp downstream of the initiation site for the transactivating transposase protein,
which is required to excise the P-element from a position within the genome and to in-
sert it into a new position (for review, see Rubin et al., 1985; Mullins et al., 1989).
Transposase contains a helix-loop-helix motif encoded by ORF and thus is assumed to
belong to the family of DNA binding proteins. It recognises a non - palindromic con-
sensus sequence containing a 10 bp AT rich repeat .

To the 5’ end transposase binding spans nucleotides 48 - 68 and 2855 - 2871 to the
3’ end. The non-palindromic nature of the binding site indicates that transposase does
not bind as a dimer. Controversially, ORF 1 contains a leucine rich motive implicated
in homo- and heterodimer formation. None of these hypothised dimers have so far
been found. There is a considerable overlap between the promoter function based in
nucleotides 44- 70 bp and the transposase binding site suggesting that transposase acts
autoregulatory (Kaufman et al., 1991). High levels of transposase would accordingly
compete with transcription factors for the promoter sequence. Thus, as a consequence
the transcription frequency of transposase decreases. The function of the 31 bp perfect
inverted repeats in the transposition process remains obscure. The inverted repeat bind-
ing protein (IRBP), a host encoded factor, seems to be a good candidate for recognition
and interaction with these sequences. Its function is not known to be dependent on
transposase (Kaufman et al., 1989; for review, see Rio, 1991).

P-element transposition mechanism is a conservative mechanism associated with

gap repair and thus independent of the replication process. The transposition event is
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confined to germline cells and is thought to occur either prior or during meiosis. The P-
element excises precisely and leaves a double stranded gap behind. This gap is detected
and screened by the hosts own DNA repair mechanisms. The gap is widened by ex-
onuclease digestion which removes at least one of the two 8 bp target duplications gen-
erated during insertion. A processive search is thought to select homologous DNA.
Both ends flanking the gap are preferrentially confronted with the homologous template
of the sister chromatid (Engels et al., 1990). But, ectopic homologous DNA may serve
as a template for the gap repair process, as well (Engels et al., 1990). Information is
then transferred from the homologous template to the gap ( Nassif and Engels, 1993).

In association with P-element transposition large deletions in the adjacent DNA
have been detected. These were explained with the abortion of the gap repair mecha-
nism, during the onset of the meiotic anaphase I. Alternatively, P-elements which often
insert as tandems could take with them adjacent host DNA when transposing. The
likelihood for repairing such a large gap completely seems therefore be to reduced
(Daniels and Chovnick, 1993).

A P-element is only restored at a gap when the homologous template carries a P-¢l-
ement, as well. Several types of truncated P-elements with intcmai deletions are
thought to be the product of an aborted gap repair, which only fills in the gap partially
and deletes predominantly sequences in the middle of the P-element genome.

P-elements are quite fastidious and several authors seem to have established a con-
sensus sequence 5’-GGCCAGAC-3’ into which P-elements most frequently insert.
Euchromatic DNA is preferred to heterochromatic DNA for P- element insertion
(O’Hare and Rubin, 1983; Berg and Spradling, 1991; O’Hare et al., 1992; Zhang and
Spradling, 1994). Upon insertion the P-element duplicates a 8 bp stretch of target DNA
to either site. When a P-element inserts it needs to cleave the DNA, a function, which
is probably carried out by the transacting transposase molecule itself. P-elements
transpose preferentially to nearby chromosomal sites. In a screen by Zhang and
Spradling (1993) most insertions were found within 6 kb of the start site. The orienta-

tion of local insertions occurs non-randomly (Tower et al., 1993). Proximal to the start
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site new insertions in the opposite orientation to the start element predominated. Local
transposition in females was 100 fold higher than in males (Lemaitre et al., 1993).

The P-element transposition is tissue specific. A functional 87 kDa transposase
molecule is solely produced by 2907 bp autonomous P-elements in germ line tissues.
In pole cells, primordial germ cells and germ cells proper three splicing events have
been identified. The first intron (IVSI) between open reading frames O and 1 (ORFO -
ORF1) is spliced between 442 and 501 bp. The splice sites of the second intron (IVS2)
between ORF 1 and ORF 2 are located at nucleotides 1222 for the 5’ splice site and
1156 nucleotides for the 3’ splice site. The ORF2 to ORF 3 splice at position 1947 (5’
splice) is confined to germ line cells (Rubin et al., 1985; Laski et al., 1986; Sieb_el and
Rio, 1990; for review, see Rio, 1990; Tseng et al., 1991). This splice removes IVS 3
during the very early stages of oogenesis. In embryos the maximal splicing activity is
found 5-6 hours post fertilisation and peaks again after 10 hours in primordial germ
cells. Those pole cells which do not take on the fate germ cells cease slicing IVS3.
The germ line splice persists throughout development and is confined to the female zy-
gote (Kobayashi et al., 1993). |

In somatic cells the IVS3 splice is inhibited by an 97 x 10% kDa transaqting protein,
which has been implicated to bind specifically to a region in which the IVS3 splice oc-
curs. A truncated 2.5 kDa transcript is synthesised in somatic cells terminating at posi-
tion 2710 bp. The 2.5 kb transcript therefore encompasses the polyadenylation signal
sequence at position 2696 bp. This sequence is required for the binding of the
polyadenylation tract during the polyadenylation process. The polyadenylation protein
Ui 70K is thought to mediate this process. The 2.5 kDa transcript is translated into a 66
kDa protein, which is regarded as a somatic inhibitor of the transposition event.
Though the exact mode of action is not well understood to date, it is widely assumed
that it dimerises with the 87 kDa transposase molecule at the leucine zipper motif and
therewith represses transposition (Misra and Rio, 1990).

Under laboratory conditions several Drosophila strains have been isolated, which
exhibit the phenomenon of hybrid dysgenesis, which is associated with genotypic and

phenotypic abnormalities including an elevated mutation rate, chromosomal abnor-
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malities and sterility due to abnormal gonadal development. Hybrid dysgenesis occurs
when a male of a P-strain (‘repressor’ strain) is crossed to a female of a M-strain
(‘mutator’ strain) which is devoid of P-elements. The ensuing progeny is described as
being of M-cytotype whereas the progeny of the reciprocal cross is described as having
P cytotype. P-cytotype represses transposition whereas M cytotype permits transposi-
tion (Kidwell et al., 1977; Eggleston and Exley, 1992). The P-cytotype represses the P-
element promoter in germ line and somatic tissues presumably by encoding either anti-
sense RNA (Rasmusson et al., 1993) or by encoding inhibitory proteins, which compete
either with transposase for DNA binding or by dimer formation (for review, see Rio,

1990; Gloor, 1993; Lemaitre et al., 1993; Misra et al., 1993).

2. A2-3 Transposase a Stable Source of Transposase Enables Deleted P-
elements to Transpose

As seen above deleted P-elements, which still contain the sequences spanning the re-
gion for the inverted repeat to the second P- element exon, and form the middle of the
third exon to the 3’ inverted repeat still retain their ability to transpose when they come
under control of a trans acting transposase source (Mullins et al., 1989). These ele-
ments are called ‘mutator elements’ for their ability to transpose to another region when
under control of a transposase source.

The ‘jumpstarter’ element, which contains the transposase source needs to have two
characteristics in order to direct the mobilising activity of ‘mutator’ elements.

Firstly, it should be able to express sufficiently transposase in germ line and somatic
tissues. Secondly, it needs to be immobilisable to keep it at a stable chromosomal posi-
tion within the genome to isolate its function during mutagenesis crosses. P[ry* A2-3]
(99B) fulfils both requisites. It lacks the third intron enabling the generation of trans-
posase in somatic tissues. A2-3 expresses very high rates of transposase presumably as
a result of lacking buffering activity of the 5’ genomic region, which lies in-between the
presumptive enhancer and the P-element. Moreover, A2-3 is extremely stable as a re-
sult from its position of insertion or predicted changes in its structure (Laski et al.,

1986; Robertson et al., 1988). The ‘jump starter’ line carries on its third A2-3 contain-
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ing chromosome an dominant amorph allele of the Drop [Dr] locus as a marker which
characterises heterozygous individuals as having an extremely reduced number of

facets (Lindsey and Zimm, 1992).

3. The Features of Enhancer Trap P-elements

The ability of P-elements to transpose to different locations of the genome can now be
used to trace genes, which are involved in the development of Drosophila. To use
such P-elements efficiently and to detect them after they have inserted into the host
chromosome their genome can be artificially modified. So one can make use of P-ele-
ments as a way to induce foreign genes into the Drosophila genome, with the precondi-
tion that any additional fusion gene does not effect the sequences, which are required
for transposition, namely nucleotide 48 and 68 to the 5’ end and nucleotides 2855- 2871
to the 3* end of the P-element (Mullins et al., 1989). Moreover, the fusion gene has to
have an active promoter, which is whether derived directly from the P-element or an in-
ducible promoter, e.g. the Drosophila heat shock gene 70, which encodes a 70 kDa
heat shock protein. This promoter has the advantage that it can be turned on at a spe-
cific point during development if one exposes the transformant to temperatures of 38-
39°C for about one hour.

Another possibility is to place the fusion gene under control of the P-element promoter
(44- 70 bp), which overlaps with the transposase binding site.

The open reading frames ORFO - ORF3 starting at 87 bp can be deleted. The P-el-
ement promoter has the advantage that it is turned on, when it comes under control of
an nearby enhancer. Moreover, it is continuously active in cells throughout develop-
ment as seen in the splicing experiments by Laski, Rio and Rubin, so that any spatially
regulated expression pattern can be detected after the P-element has come under control
of an enhancer. To obtain a cellular detector lacZ was fused in frame to the second
exon of the P-element. The lacZ gene is derived from the E.coli lac operon, which en-
codes P -galactosidase. [ -galactosidase cleaves lactose into galactose and glucose.

When 5- bromo - 4 chloro - 3 indolyl B -D galactose (X-gal) is added, this is hydrolysed
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to yield a blue chromophore, which can easily be detected. Initially the full lacZ se-
quence was inserted into the P-element. The problem was, however, that the nascent -
galactosidase protein contained an N-terminal nuclear localisation sequence that con-
fined it to the nucleus (Bellen et al., 1988). Thus, for effective cytoplasmic distribution
the nuclear localisation sequence was deleted enabling lacZ expression in axonal pro-
cesses, as well. As a phenotypic marker O’Kane & Gehring (1987) fused the dominant
eye colour gene rosy* gene (Doyle and Bray, 1994) behind the tailing sequences and
poly (A) site of the Drosophila hsp 70. A more useful dominant eye marker, however,
is the mini white gene which has many advantages to rosy*. Flies heterozygous for the
miniwhite gene in a genetic background null (w” 18) for the white locus display gener-
ally orange eyes, whereas homozygous for the same elements have red eyes. The eye
colour is, hence, dosage dependent which means that it arises from the subthreshold ac-
tivity of this altered version of the white gene, so that flies hetero- and homozygous to
the p[Gal 4,w"] insertion can be rapidly scored (Hazelrigg et al. 1984). In the rosy
marker, the same eye colour in hetero- or homozygous individuals is yielded.
Moreover, the white gene comprises only 7.1 kb and, hence, is 0.9 kb smaller than the
rosy gene. This should allow the white gene to jump more effectively. Last, the loss
of a P-element manifests itself quite quickly and isolation of revertants is easy to ac-
complish (Datta et al., 1993).

A more versatile P-element enhancer system is based on the yeast transcription ac-
tivator Gal4. This dual system utilises the ability of Gal4 to bind its yeast target se-
quence, the Upstream Activated Sequence (UAS), a motif consisting of multiple copies
of a 17 bp palindromic sequence, when ectopically expressed in Drosophila.

This system consists of two components:
- The marker P-element vector, which is mobilised to the desired locus within the
Drosophila genome, where it is subsequently stabilised.
- The reporter P-element vector, which serves as shuttle for the ectopic expression
of genes that have been cloned into it.
Both P-element vectors are transfected into two different fly lines, which when crossed

to each other yield the expression of the relevant reporter gene.
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To construct the stable marker P-element enhancer trap vector [pGald;w*], the lacZ
gene was replaced by the Gal4 gene. The yeast specific Gal4 gene encodes a 100 kDa
protein that binds as a dimer to the the cis acting UAS regulatory sequence. This pro-
tein contains several zinc fingers, which create a loop structure permitting the local
residues to interact specifically with the UAS sites. In yeast the binding of Gal4 then
facilitates the transcription of various enzymes needed for the galactose metabolism of
this organism.

Transgeneic Drosophila melanogaster individuals that contain the pUAST vector
should, hence, be responsive to transcriptional activation by Gal4. It contains the five
optimised Gal4 binding sites and a Asp 70 TATA box. The poly (A) tract was derived
from the SV 40 virus small T-intron and the polyadenylation site. A lacZ gene encod-
ing B-galactosidase was originaly inserted into the polylinker between the hsp70 TATA
box and the poly (A) adenylation site. The lacZ gene can, however, be replaced by
other genes.

Moreover, the pUAST vector contains the rosy (ry) gene as a marker. ry manifests
itself in reddish brown eyes. Homozygotes for the null allele w!118 Jack xanthine dehy-
drogenase activity express this marker. |

The Gal4 enhancer trap system has a particular impact on the study of development
for it allows the expression of developmentally regulated genes in another context in re-

sponse to a different enhancer, which controls Gal4 expression.

4. Reporter Construds

To obtain most efficient staining of neurones, the nuclear localisation sequence of the
B- galactosidase gene has been deleted. Albeit this modification B- galactosidase still
expresses in the somata. Thus, an attempt was made to link - galactosidase to a antro-
grade microtubule associated transport molecules, allowing B- galactosidase to be
transported into the region of synaptic output inclusive the dendritic fields. kinesin is
an ATPase, which is composed of two large and two small moieties. The motor moi-

ety forms cross- bridges with the microtubules (Yang et al., 1990; Gho et al., 1992). By
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fusing the motor moiety of kinesin to P- galactosidase and transforming it into
Drosophila several central nervous system neurones stained with antibodies against anti
[B- galactosidase. Alterations on the properties of the neurones were, however, frequent
(Giniger et al., 1993b), so that another construct of the fau protein was made. tau is a
microtubule associated protein, which is required for the formation of axonal processes.

A fusion tau B- galactosidase construct is therefore able to stain axonal processes (for

review, see Skoufias and Scholey J.M., 1993).

5. Plasmid Rescue

Once a P-element enhancer trap vector of either category has inserted in the desired ge-
nomic locus, and the expression pattern reflects this insertion, one can rescue the P-el-
ement insert. Based on the consideration that an ampicillin resistant (amp®™) gene ren-
ders transfected bacteria resistant, a nuclease digested Drosophila genome, which con-
tains the P-element enhancer trap vector with an integral amp® gene can be used to se-
lect for transfected bacteria. Dependent on the position relative to the ampicillin resis-
tance gene genomic sequences either upstream or downstream of an unique restriction
endonuclease recognition site can be rescued together with the vector. The circularised
and religated fragments of the digested genome are then transfected into bacteria.
Usually only one plasmid is accepted by a bacterium, so that when its clone selected for
ampicillin resistance, it should survive because it contains the ampicillin gene within a
sequence of adjacent Drosophila genome. Bacteria transfected with genomic plasmids,
which do not contain the ampicillin resistance gene will subsequently die. The plasmid
can be isolated from the resistant bacteria colony and probed to a phage library form
which the corresponded cDNA can be isolated. Sequencing subsequently reveals the
quality of the respective cDNA clone with regard to its putative function. Problematic
with plasmid rescue is that the gene which has been rescued due to its prokimity to the
P-enhancer trap element does not reflect the activity of the P-element enhancer trap.
Thus, the transcription of the P- element vector is reflects the activity of a nearby en-

hancer, which needs not necessarily activate, which flanks the P- element.
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6. Genetic Mosaics

In an elegant experiment Golic made use of the yeast recombinational FLP-FRT sys-
tem. FLP is a recombinase, which recognises a binding site called FRT (FLP recombi-
nation targets). The FRT comprises three 13 bp binding elements of which only 8 bp
core sequence encompassed by the two asymmetrically arranged binding sites serves as
a substrate for FLP tetramers (Dixon and Sadowski, 1993). Once it has recognised a
FRT it matches both FRTs and induces a staggered nick in the double strand of FRT to
either site of the 8bp sequence and exchanges both paired strands via the transient for-
mation of an Holliday junction (Holliday, 1964). FRT has been put under the control of
a hsp 70 promoter and induced into the genome via P-element mediated transformation.
w18 was used as a marker to verify the efficiency of transcription from the heat shock
promoter (Golic and Linquist, 1989). Of interest would it be to drive the expression of
FLP form GAL4 enhancer traps. As GAL 4 expression is induced only by specific tis-
sue specific enhancers, one can make use of this property and drive FLP expression
from this the pUAST construct, which as a result several mosaic recombinations are in-
duced into these cells (Golic, 1993). Alternatively, the flanking of cloned genes by
FRTs may serve as an aid to create ransom insertions of these genes into allelic FRT

sites. Thus, the FLP-FRT mutagenesis system is much more versatile than conven-

tional mutagenesis methods (Golic, 1991; Xu and Rubin, 1993).
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CHAPTER2

Conventional Mutaﬁenesis

1. Collisional Ionising Radiation

Two kind of effects can be observed when DNA is subjected to collisional ionising ra-
diation. One effect is that single stranded breaks are produced. Dependent upon the
nature of the break ends, which contain a 3’~-OH and a 5’ - phosphate tend to be more
likely to be repaired. Y- radiation also produces the formation of formamidopyrimidine
by ionising N- residues 7 and 9 of the purine ring.

Although the ability of ionising radiation to produce chromosomal breaks is ran-
dom, the probability for a chromosomal break to occur increases with augmenting
doses of ionising radiation. When germ line cells of Drosophila are irradiated large
translocations in form of inversions or deletions, as well as, asymmetrical or symmetri-
cal interchanges are observed. The production of acentric and dicentric chromosomes
is, for instance, associated with large genomic deletions, reflected by the loss of the
acentric chromosome during mitosis. Smaller deletions tend to affect only portions
within the genome. They arise when the phosphodiester bonds between adjacent nu-
cleotides are hydrolysed. In chromosomal preparations such deletions manifest them-
selves in that chromosomal interbands are absent, or a loop occurs at the position where
these bands should be. These loops arise when both sister chromatids are unable to pair
due to a missing DNA segment.

Inversions require the presence of two breaks. DNA repair mechanism then match
the sequence and insert it the other way round. Dependent on the scale of such inver-
sions the centromere can be affected, as well. In pericentric inversions, for instance, the
position of the centromere has changed whereas the position of the centromere in para-
centric inversions does not change. Such chromosomal abnormalities are generally not
used for mutational analysis of genes involved in neurogenesis. Inversions affect gen-
erally large portions of the genome and can, hence, easily be mapped. If one wishes to

test single base pair mutations for their function, one uses these mapped inversions and
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complements them with the mutant alleles. Is there an overlap between mutant alleles
on homozygous individual should arise. From the complementation analysis of two
mutant alleles one can draw conclusions about the position of cis and trans- acting ele-
ments as well, as the functional domains of a given gene product, which might be trun-

cated by such a mutation (for review, see Yedvobnick et al., 1985).

2. Ethyl Methane Sulfonate Induced Mutations

EMS is a potent alkylating agent, which attaches a new alkyl group to the starting
alkyne of N7 of guanine. The N7 terminal alkylated guanine leads in turn to an unsta-
ble quaternary nitrogen which is lost (depurination). Instead a new base will be incorpo-
rated. This in turn may yield transitions or transversions. When balanced the heterozy-
gous mutant allele will be complemented to a chromosome characterised by complex
inversions designated by a dominant phenotypic marker. These mutations can be bal-
anced and complemented to known mutations to determine potential allelism. The fail-
ure to produce phenotypical trans-heterozygous can be used to isolate mutant alleles
(Niisslein -Volhard and Wieschaus, 1980; Niisslein -Volhard et al., 1984; Jiirgens et al.,
1984; Wieschaus et al., 1984; Seegers et al., 1993; for review, see Yedvobnick et al.,
1985; Noll et al., 1993).

Conditional mutations are mutations, which under certain circumstances are re-
verted. Amber mutations, for example, are ‘non-sense’ mutations affecting the stop
codons UAA, UAG and UGA. Here the polypeptide chain stops. In mutants for some
tRNA species, however, a tyro tRNA is able to recognise the amber codons UAG and
UAA to insert a tyrosine residue instead of the stop codon and thereby reverting the
ability of a ‘non-sense’ mutation to manifest itself. Temperature shift conditional mu-
tants are characterised by the ability to manifest themselves in response of a tempera-

ture shift from permissive to restrictive temperatures.
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3. Genomic Walk

Once, a gene has been mapped to a region bracketed by two known markers, one can
now use the sequence of a known terminal marker gene to probe this to a phage library,
and, using DNA hybridisation techniques, screen for overlapping phage clones, which

span this region.

4. Genetic Mosaics

In genetic mosaics the genetic composition of somatic tissue varies. X-ray induced
chromosomal breaks, which are induced during morphogenesis may render cells within
an organism phenotypically different from their neighbours. This fact can be used to
trace somatic tissue clones throughout development. For example do Notch mutant al-
leles affect, for example, the number of bristles. Hence, when irradiated, somatic tissue
patches display an abnormal high number of bristles (hyperplasia). The effects of such
mosaics are examined, for instance, by taking a heterozygous mutant for a given allele
and expose it to ionising radiation. The emerging adult will display the mutations when
both alleles for the given locus have been affected. In addition one could therewith test
as to whether a locus is cell autonomous or it obeys to signals form other cells. For ex-
ample it has been established that Notch and Delta loci do interact. Taken a mosaic
mutant for Delta, the phenotype of these cells will be the same as observed in Notch
mutations. Thus, genetic mosaics are a versatile tool to elucidate the interactions of
genes during development in either heterozygous or homozygous lethal mutations
without effecting the viability of the mosaic organism as well. Or to put it into toehr
words, it allows the making of cell clones in order to trace their fate during morphogen-

esis (for review, see Yedvobnick et al., 1985).



*

& +
((
(+ &
+
) ot
+
/
* & (
((
+( &
+ )
& &
&+ &+
) + +

)& & ( / & )
( Lo+ ) *
+ * & + +
+ & + + &
) * 1+ &
) + S + >
+ & & +

% + * + & *
, E&+ + * &

& &+ ( & )
) * A
[ * +& & & +

& + +

) r (& )
+ o )& + &

+ ) & + ¥ &
*) & % )+ )
(0 &)+, $&* )
) & I+
% & ' ( &* &) 1
&* &

) *) & + + o+ &
) ) *
+ & + (*) & * +



56

its proliferation by intervening in the course of the cell cycle. About axonogenesis in
the procephalic region hardly anything is known. The gross morphology of the
chemosensory memory pathways is created by stage 17. It is subsequently reinforced
and sophisticated. Hormones, the essential players of metamorphosis, act as well to
regulated the postembryonic development of the Drosophila nervous system.
Chemosensory memory pathways express their own specific set of receptors for these
hormones, which co-ordinate the tissue specific response. It is not known as to whether
these hormones recall a program within the neurones and their precursors, or if they in-
duce a program. It is only evident that during this process the proliferation of neurob-
lasts is greatly enhanced and several new neurones become recruited. During meta-
morphosis the combinatorial expression of hormone receptors first triggers the degrada-
tion of neural processes and subsequently promotes the differentiation again giving rise
to the imaginal peripheral chemosensory and central nervous systems. These are finally

responsive to gustatory and olfactory information.
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CHAPTER 1

General AsBects of Dros%hila Momhoaenesis

In this thesis, I will not confine myself on reporting on the development of Drosophila a
Dipteran insect species solely. Among the many insect species Drosophila is by far
the most extensive studied insect but its compactness has put severe limits to following
certain cellular interactions during development so that I will have to refer to the
Hymnopteran Apis mellifera, the honey bee, as well as to the Caeliferan Schistocerca.
Diptera and Hymnoptera belong to the long germ band type insects. Here the
metameric germ band arises by partitions of the blastodermal space into segments
without the necessity of cell divisions. Caelifera belong to the short germ band insects.
Here the metameric germ band is generated by cellular divisions, which bud off
processes from the short subterminal zone of the blastoderm (Krause, 1939; Anderson,
1972).

The embryonic development of Drosophila melanogaster starts with the formation
of a syncytium, which is characterised by nuclei sharing a common cytoplasm. The
nuclei, which are initially scattered across the cytoplasm migrate subsequently to the
surface, where they form the cortex. By this time the pole cells segregate from the
bulk of the syncytial nuclei and migrate to the posterior terminus of the embryo. At the
end of the syncytial embryonic stage, the nuclei in the cortex cellularise to from the
single layered blastoderm.

At the onset of the gastrula stage shortly after the formation of the cephalic furrow
two epithelia arise: the germ layers. The inner layer, the mesoderm, is formed by the
involution of cells along the midline. These cells are the precursors of the internal
organs such as muscles and the centre part alimentary column (Fullilove et al., 1978).
The outer layer, the ectoderm differs from the mesoderm by the expression of the seg-
ment polarity gene engrailed.

With the exception of the amnioserosa the entirety of cells form the germ band
which is composed of gnathal, thoracic and abdominal segments. Shortly after gastru-

lation the germ band extends posteriorly and bends backwards so that the most poste-
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rior end meets the head region of the embryo. During this process no further cells are
added by divisions. The change in shape is rather the consequence of cellular rear-
rangements within the germ band. Cells along the dorsal ventral axis are reallocated
along the anterior posterior axis causing a de facto stretching of the germ band
(Hartenstein and Campos- Ortega, 1985). Forces catalysing this two hour long process
are derived from changes of the intracellular adhesiveness in conjunction with the ex-
pression of gap genes. The cell intercalations observed during this process depend
chiefly on the pair-rule gene even-skipped (Irvine and Wieschaus, 1994). The whole
process is accompanied by the formation of parasegments dividing the epidermis of the
germ band stage embryo into 14 grooves. Each parasegment consist of an anterior and
a posterior compartment. These compartments which divide each parasegment into two
regions are characterised by a distinct lineage, which becomes prominent during germ
band extension (stage 10) (Lewis, 1979).

Prior to the completion of the germ band extension, a third layer the neuroectoderm
delaminates from the ectoderm and inserts between the ectoderm and the mesoderm.
As the germ band retracts several larval and imaginal structures are formed and the
parasegmental pattern is lost and replaced by segments. Embryogenesis is completed
21 hours post fertilisation (at 25°C). The newly hatched first instar larva then feeds be-
fore it undergoes its first mould after one day followed by a second moult after a further
day. The third instar larva growth tremendously over the following two days. Just
prior to puparium formation it starts to wander with its anterior spiracles extended out-
ward. The whole body contracts and a strong pupal case is formed by the larval epi-
dermis. The cuticle remains white for the first four hours during pupal development
(prepupal stage) and subsequently dehydrates displaying a brown colour. During
metamorphosis larval structures are histolysed and replaced by imaginal structures.

Four and a half hours afterwards the imago hatches.
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CHAPTER 2

The Generation of Embzonic Fields

Before the actual neurogenesis begins, the embryo has already established a multitude
of cells. Their fate is determined by positional information, which they have received
during the early stages of embryonic development. Initially the pattern is founded by
the uneven distribution of two morphogenes either along the anterior- posterior or the
dorso-ventral axis. Both morphogenes mediate the transcriptional activation of several
gene cascades. As the result of their activity a segmentally divided embryo emerges.
At this time neuroblast arise in several independent domains along the anterior posterior
axis probably as the consequence of the action of the dorso ventral gradient. Hence, the
overlap of both anterior posterior and dorso ventral signals mediates the transcriptional
activity of proneural genes. The structures into which the neuroderm becomes
embedded reveals much about the symmetry of the nervous system. The head
(cephalic) region is, however, an exception. Here the segmentation is much less
evident owing to the lack of morphological markers, which separate each segment in
the trunk. Only genetic markers have so far been used to elucidate the segmentation of
this region. The research on the procephalic region is further hampered by the S-shaped

configuration of the precephalic region.

1. Formation of the Cephalon

Three concepts play a major role in the formation of the cephalon prior to cellulari-
sation into which later during development the brain becomes embedded. The genera-
tion of the anterior posterior axis during embryogenesis depends on the formation of a
maternally supplied BICOID (BCD) gradient along the anterior- posterio axis of the em-
bryo. Along this gradient BCD binds with different affinities the promoters of BCD in-
ducible genes. High concentrations of bicoid activate genes, which contain low affinity
promoters at the anterior pole. Low concentrations activate the promoters of high

affinity genes in the posterior pole of the embryo. Genes with low affinity promoters



60

are thought to repress the genes with high affinity promoters at the anterior pole, so that
a concentration dependent gene activation along the anterior posterior gradient is estab-
lished. Along this gradient the reiterated segments are generated and segment specific
homeobox genes are activated.

The second maternal system active to establish the anterior- posterior axis is the
terminal system. The terminal system is ultimately responsible for the generation of the
unsegmented acron at the anterior pole. As a representative of the maternal terminal ef-
fector genes the torso cascade antagonises the BCD mediated expression of gap genes
and initiates the expression of the TORSO responsive gap genes. Thus, the TORSO sig-
nalling pathway has the task to limit the transcriptional activity anteriorly.

The third maternal system, the dorso ventral system is centred around the DORSAL
morphogene. Its asymmetric nuclear distribution, following the binding of SPATZLE to
the TOLL receptor, defines the dorso- ventral axis of the embryo. It seems that the dorsal
morphogene acts in the cephalic region to mobilise co- repressor genes, which in turn

modulate the transcriptional activity of several gap genes along the dorso- ventral axis.

1.1. Matemal Effector Genes

The Bicoid (bed) Morphogene Generates the Anterior-Posterior Polarity in the Drosophia Embryo

I'best start with the oogenesis in the mother because by then factors are supplied to the
ovum, which as soon as the egg is laid guarantee the proper initiation of the devel-
opmental program. The maternal effect genes of particular interest for the formation of
the anterior region are bicoid (bcd), torso (tor), torso- like (tsl) and trunk (ir). Whereas
bcd is supplied as mRNA (Driever and Niisslein- Vollhard, 1988a; Driever and
Niisslein- Volhard, 1988b), Tor (Casanova and Struhl, 1989), T's/ (Stevens et al., 1990;
Martin et al., 1994) and Tr are probably secreted as proteins by specific follicle nurse
cells in the mother. bcd mRNA is prelocalised to the anterior pole of the embryo gen-
erating a gradient of the bcd transcript (BCD) along the anterior- posterior axis of the
embryo (Macdonald et al., 1993). It has been proposed that by binding to the stem like
3'UTR region of the bcd mRNA, the maternal STAUFEN protein may localise the Bcd
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transcripts in a gradient along the anterior axis. The localisation presumably requires
the interaction of the bcd- STAUFEN complex with microtubules (Ferrandon et al.,
1994). BCD protein contains a highly conserved homeobox domain motif, which has
been implicated to bind DNA at specific bcd boxes and to act as a transcription activa-
tor. Its activity depends on its phosphorylation state. Only dephosphorylated BCD ac-
tivates the expression of the subordinate genes along the anterior posterior axis of the
embryo in a concentration dependent fashion. The affinity of the BCD binding sites is
correlated to the threshold concentration required for transcriptional activation (for re-

view, see St. Johnston and Niisslein- Vollhard, 1992).

Terminal Genes Demarcate the Anterior Cephalic Boundary

In the most anterior 10% of the embryo BCD fails to activate the head specific gap
genes hunchback (hb) (Tautz et al., 1987; Tautz, 1988), orthodenticle (otd) (Finkelstein
and Perrimon, 1990), and empty spiracles (ems) (Walldorf and Gehring, 1992). Here
the maternal effector proteins come into action. In for, ts/ and tr loss-of-function muta-
tions the acron fails to form and anterior- posterior ends fail to delineate. ior encodes a
receptor tyrosine kinase, which is uniformly expressed on the plasma membrane of the
cleavage stage ovarium. Its activation requires the presence of a ligand. This ligand is
probably silpplied by the action of the #r and T's/ gene products, as both act upstream of
tor. tsl encodes a protein, which is co-localised with the TOR activity to the anterior
13% of the embryo. The N- terminus of #s/ is strongly hydrophobic. A single cysteine
residue has been implicated to mediate leucine zipper formation in this protein.
Furthermore, a putative peptidase cleavage site has been identified indicative of puta-
tive enzymatic function, which may reside in the TSL protein. The specific function of
this maternal effector is, however, still unknown (Martin et al., 1994).

At this point I have to refer to studies on mammalian cell culture signalling systems
as here most of the studies, which have yielded the receptor tyrosine kinase model were
undertaken (Biggs et al., 1994 and references therein). Upon activation by a ligand the
RTK forms homodimers (Gémez-Skarmeta et al., 1993). Grb2 is an effector protein

with a SH3- SH2- SH3 domain (SH means Src homology). The SH2 domain presum-



62

ably interacts with the phosphotyrosine of RTK. For most efficient binding an as-
paragine residue is required two amino acids downstream of the phosphotyrosine
(Hunter, 1994; for review, see Pawson and Hunter (ed.), 1994). The SH3 domain of
Grb2 is required for binding to Son of sevenless (Sos), which becomes allocated next to
the plasma membrane. Shc or IRS-1 are probably phosphorylated in conjunction with
Grb2. Shc is thought to link Grb2/Sos to the PTK. S0S acts as a GDP releasing factor,
which catalyses the exchange of GDP for GTP in the G- protein Ras (Simon et al, 1991;
Lu et al, 1993). The GTP bound stage of RAS is crucial for signal transduction as it in-
teracts with the N- terminal domain of it substrate Raf. Raf then activates the ser-
ine/threonine kinase and mitogen activated protein kinase (MAP kinase) activator
MEK. In the mammalian cell culture system MEP subsequently activates MAP.

In Drosophila melanogaster several homologues of the factors mediating the RTK
have been identified. A substrate for phosphorylation by activated RTK is the phospho-
tyrosine protein corkscrew (csw) (Perkins et al., 1992). It encodes two SH2 modules,
which promote interactions between Tor and the D-RAF protein a homologue to the
mammalian Raf. D- raf is encoded by the /(1) pole hole gene (Nishida et al., 1988;
Ambroso et al., 1989). Also present, but so far only identified in the sevenless pathway
are the guanine nucleotide release factor Son of sevenless (Sos) and the Sem5/Grb2 ho-
mologue Downstream of receptor kinase (Drk) (Doyle and Bishop, 1993; Rogge et al.,
1991; Olivier et al., 1993; Simon et al., 1993). The Drosophila homologues to MEK
Dsorl and MAP DmERKA (which is encoded by the rolled locus) have recently cloned
though their interactions have not been established (Tsuda et al, 1993; Biggs et al.,
1994).

Thus, it might be conceivable that MAP is the enzyme of the Tor pathway, which is
associated with the phosphorylation of early transcription factors such as BCD.
Phosphorylated BCD may, hence, be rendered inactive at the anterior most pole of the
Drosophila embryo the region, which is identical with the domain of Tor activity. In
this case the head specific gap genes btd, otd and ems are not transcribed (Ronchi et al.,

1993) in the anterior most 10% of the embryo the acron region.
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Generation of the Dorsoventral Asymmetry in the Cephalic Region ofDrosophila Embryos
Anterior posterior pattering only determines the second dimension of the embryo. The
third dimension is added by the dorso ventral pattering system. The third dimension
integrates the generation of cell diversity within each segment. Along the dorsoventral
gradient the endoderm, the mesoderm, the neuroderm and finally the ectoderm are
formed?2.

The generation of the dorso-ventral asymmetry depends on the ventral activation of
the maternally supplied TOLL protein by the predicted ligand Spdtzle protein (Roth et
al., 1989; Schneider et al., 1994). Upon its activation (9 minutes postfertilisation) TOLL
triggers downstream the recruitment of the PELLE KINASE protein. PELLE protein kinase
has then the ability to phosphorylate the Drosophila NF-xB homologue DORSAL result-
ing in the dissociation of a complex formed by the DORSAL and its counterpart, the I- kB
homologue, CACTUS. Once dissociated DORSAL enters the nucleus, where it activates the
DORSAL responsive genes in a concentration dependent fashion.. Hence, the asymmetric
activation of T1 induces a gradient resulting in the ventral distribution of the bHLH
protein dorsal within the blastoderm stage nuclei ( Rushlow et al. 1989; Steward,
1989; Jiang et al., 1992; Kidd et al., 1992; Shelton and Wasserman, 1993; Whalen and
Steward, 1993). DI binds specific DNA target sites, E- boxes in a concentration de-
pended manner. By direct interactions with helix-loop-helix proteins of the achaete of
scute complex it determines the expression of the putative transmembrane receptor
Rhomboid (Rho) (Ip et al., 1992), which expression coincides with the lateral neuroec-
toderm formation. The expression of the Rho protein in this region is confined by the
Snail (Sna) protein, which binds in competition with the high affinity D/ protein to the
E-boxes in the mesoderm of the embryo and shuts down Rho transcription (Jiang and
Levine, 1993; Gonzéles and Levine, 1993). The actions of d/ in the head region have

not been elucidated until now.

24t this point | wish to briefly mention the geometrical implications for embryogenesis. Taken that the
embryo equals an hyperbolic each segment divides this hyperbolic into 17 discs along the anterior
posterior axis. Each disc is sliced dorsoventrally into four levels (for calculations see appendix or
Bronstein and Zhemendzayev, 1956).
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1.2, Expression of Cephalon Spedfic Gap Genes in the Drosophila Embryo

As mentioned above BICOID activates several gap genes proportionally to its con-
centration and activity in the head (procephalic) region. The promoters of each gap
gene have discrete affinities for a certain titre of B/COID. The domains defined by a cer-
tain titre of BICOID become later during development the segments. Here gap genes act
to induce the expression of the segment polarity genes engrailed and wingless which
define the segmental boundaries. Each domain along the BICOID concentration gradient
is additionally characterised by the combinatorial expression and interaction of the gap
genes, which confers upon each segment its distinct identity. In the procephalic region,
the differential expression of gap genes during the syncytial blastoderm stage results in
the establishment of six or seven head segment anlagen. The genes, which are thought
to be involved in this processes and their possible interaction to define procephalon

specific structures are described below:

*  huckebein (hkb)
The expression of huckebein (hkb) in the anterior most region is triggered by the
torso pathway (Pignoni et al., 1990). It is assumed that #kb transcriptional activa-
tion, which is independent of BICOID is mediated by the activation of an unknown
transcription factor as the result of an active torso signalling cascade (Steingrimsson
et al.,, 1991). hkb is ultimately involved in the determination of the anterior and
posterior limits for the midgut formation (Reuter and Leptin, 1994). Moreover, hbk
is thought to control the formation of the frontal ganglion, the frontal commissure,
the nervus frontalis, the nervus recurrents, the epiphysis, the dorso caudal
pharyngeal and the pharyngeal monocolopidial chordotonal organ as well as the
expression of the clypeolabral engrailed stripe in conjunction with the gap gene

crocodile (Schmitt-Ott et al., 1993).
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Crocodile
The Crocodile transcription factor which is transcribed in the domain of hbk expres-
sion is associated with the development of the ocular structures in the cephalic

region of the embryo.

Tailless (Tl)

Its expression overlaps with Tailless (tI]), a member of the steroid receptor super-
family, is correlated with the formation of the cephalic region of the central nervous
system. At the end of the cellular blastoderm stage it is restricted to two discrete
dorsolateral patches anterior to the cephalic region. In the stage 8 embryo ¢/l is
accumulated in the region, which corresponds to the formation of the cephalic neu-
rogenic region. Later, during stage 16 t/l becomes confined to the optic lobe of the
brain (Pignoni et al., 1990). In mutants for ¢// the frontal ganglion, the frontal
commissure, the nervous frontalis, the nervous recurrens, the epiphysis cerebri, the
dorsocaudal pharyngeal organ, the pharyngeal monoscolopidial chordotonal organ,
the labial organ and the optic lobe are absent (Schmitt-Ott et al., 1993). ¢/l down
regulates the expression of Kriippel and fushi tarazu in the head region and, thus,

represses the formation of parasegments.

* Hunchback (hb)

Hunchback (hb) is spatially restricted to the anterior pole. It acts there to define the
boundaries of the head and thorax region (Driever and Niisslein-Volhard, 1989).
BCD binds to five consensus binding sites upstream of the hunchback gene in a

concentration dependent manner.

o ldtzchen

The ldtzchen gene encodes a transcription factor with a fork head domain similar
to that found in sloppy-paired. It has been localised to the procephalic neurogenic

region and seems to be regulated by BCD (Hicker and Jickle, 1993).
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» orthodenticle (otd)
The otd gene codes for a DNA binding protein of the homeobox class (Finkelstsin
et al., 1990). The OTD protein first appears 2.5 hours post fertilisation during the
formation of the cellular blastoderm in a broad circumferential stripe extending
from 70-90% egg length (Finkelstein and Perrimon, 1990). The precephalic furrow
forms posterior to the domain of otd expression. During the extended germ band
stage otd transcription and expression is confined to the head region. Mutations in
the otd gene result in disrupted labial, intercalary and%nathal segments. The
Bolwig’s organ, the optic lobe, the hypopharyngeal organ and probably the dorso-
medial papilla are missing in mutations affecting the otd gene (Finkelstein et al.,
1990). The expression of the segment polarity genes engrailed and wingless in
preantennal and antennal regions is deleted in such mutants. Later during develop-
ment otd is required for the formation of the CNS and the proper establishment of

commisures.

» empty spiracles (ems)
ems an other homeobox domain containing protein, appears slightly after the ex-
pression of otd (Finkelstein and Perrimon, 1990). The ems expression domain first
overlaps with the deformed stripe of parasegments 0 and 1 which plays a crucial
role in determining the identity of the maxillary segment. Subsequent ems expres-
sion is similar to the hairy and even-skipped expression domains. ems mutants
lack en expression in the intercalary, the antennal and the preantennal region. In
contrast to bottonhead mutants the expression of en is, however, retained. ems and
hunchback interact either directly or indirectly to form the head anlagen such as

the Antennal sense organ, the optic lobe and parts of the head exoskeleton.

» bottonhead (btd)
The SplI like transcription factor btd is first expressed in a head stripe of the syncy-
tial blastoderm stage embryo, where it determines the mandibular, intercalary and

antennal stripes. Its expression overlaps anteriorly with ems and otd. During the
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onset of gastrulation the bicoid stripe is localised at the anterior edge of the
cephalic furrow, where is presumably interacts with Knirps to define the mandibu-
lar segment. In btd mutants the segmentation engrailed is absent in the intercalary
mandibular and antennal segments. brd persists until the onset of germ band retrac-

tion (Wimmer et al., 1993).

Sloppy-paired.

The sloppy-paired (slp) locus consist of two transcription units enceding transcrip-
tion factors with a fork head domain. Whereas, sip2 does not have any noteworthy
function during head development, slpl seems to be a key factor during this
process. Its expression its initiated by the combinatorial interaction between BCD
and the terminal TORSO pathway at the 5' terminal promoter in the anterior 30% of
embryonic egg length during the syncytial blastoderm cycle 9. Soon afterwards the
influence of the TORSO pathway seem the repress the transcription of SLPI1. SLP1
transcripts reappear at 71- 87% of the egg length, repressed dorsally by ems.
Repressor activity of ems is presumably affected by the components of the dorsal
morphogene cascade. Upon cellularisation during stage 5(2), the expression domain
divides into an anterior cap and a posterior stripe. Amorph alleles of sip!
particularly affect the outcome of head segmentation and fail td complete head
invagination. As in the torso, the function of sip! is to regulate pair rule genes. The
two paired stripes in the gnathal segment primorida are, hencewith, wider in
mutants containing any amorph sip! alleles. The expression of segment polarity
genes impaired as a consequence resulting in missing mandibular engrailed and

wingless expression. The maxillary engrailed domain is, in contrast, expanded.

runt

runt, which encodes a transcription factor with a novel motif, antagonises the
BICOID activation of otd and ems. The overexpression of runt shifts the otd band
anteriorly and suppresses ems expression almost completely (Tsai and Gergen,

1994).



68

Implication of Gap Gene Expression for Head Segmentation

With regard to the co- expression with other genes, evidence suggest, that synergistic
expression together with other gap genes defines six domains in the pregnathal domain
of the head. otd expression seems to define the clypeolabral segment. The postulated
preantennal segment is divide into an otd/slp domain and an otd, slp and ems domain.
More posterior expression of otd, sip, ems and btd gives rise to the antennal segment.
This is followed by the slp, ems and btd expressing intercalary segment. Thus, one may
arrive at the view that the pregnathal region comprises altogether 5 distinct domains
characterised by the differential expression of head specific gap genes. The preantennal
segment is divided according to this scheme into two discrete regions. If this findings
have any impact on the boundaries of head segmentation awaits, however, to be

elucidated (Grossniklaus et al., 1994).

1.3. The Spedification of Segments in the Cephalic Regjon

Although the procephalon is deprived of superficial grooves which serve as a landmark
to define the boundaries of each segment, markers such as ENand WG may reveal where
the segmental boundaries in the procephalic region are to be found. Unlike in the torso,
segmentation of the procephalon does not involve the genes even-skipped, fushi tarazu
and hedgehog, indicating that these genes may act to specify the epidermal morphology
of the torso rather than the genetic boundary formation between each segment. Instead,
it is assumed that in the procephalon orthodenticle, empty spiracles and bottonhead
may either directly or indirectly stimulate the transcription of engrailed and wingless.
An elegant study by Schmitt- Ott and Technau (1992) correlated the formation of
head segments to the domains of EN and WG expression. Indicative for early metameric
units of the presumptive segments of the head region is the anti-ENGRAILED immunore-
activity (DiNardo et al., 1985; Diederich et al., 1991; Fleig, 1990, 1994). By embry-
onic stage 10, five centres of EN expression have been identified in the pregﬁathal

(precephalic) regions in Drosophila melanogaster:



69

The EN antennal stripe, the EN antennal ‘blob’, the EN preantennal (ocular) ‘blob’
(which divides into the primary and secondary EN head ‘blob’ during stage 13/14), the
EN intercalary ‘blob’, EN expression in the ‘dorsal clypeolabral structure’ (labrum) and
EN expression in the clypeolabrum (Schmitt- Ott and Technau, 1992). The epidermal
metameric units, as reflected by the EN expression patterns, are arranged in a S- shaped
deviation (Technau and Campos- Ortega, 1985).

The most anterior marker is the EN labral ‘blob’. In stage 10 it is based in the ante-
rior dorsal region of the embryo. Ventrally the clypeolabral EN ‘blob’ is found. Both
‘blobs’ give rise to head skeletal structures and the forgut. More posteriorly in the ante-
rior dorsal region the preantennal EN ‘blob’ is based destined to become a part of the
brain. In between the preantennal and the ventral intercalary EN ‘blob’ the antennal EN
‘blob’ is inserted. The EN antennal stripe contributes cells to the antennal EN ‘blob’. It
delaminates during stage 10/11 and becomes a part of the dorsal organ. In mutants for
btd both the antennal EN stripe and the antennal EN ‘blob’ are depleted. The ventral
intercalary EN ‘blob’ forms the border between pregnathal and gnathal region. It prob-
ably gives rise to tritocerebral structures, as well as, the head skeleton. The intercalary
EN ‘blob’ is followed dorsally by the discrete gnathal EN stripes: mandibulae, maxillae
and labium. |

The implications of these findings for the configuration of the pregnathal neu-
romeres will be discussed at later point.

The notion that the pregnathal region in mandibulates comprises four segments as
advocated by Schmitt- Ott and Technau (1992) is not shared by other developmental
biologists. Strikingly, in the first study on this subject, Diederich and collaborators
(1991) failed to detect the preantennal (ocular) segment at all. Comparative studies on
Apis mellifera and Leptinotarsa decemlineata embryos (Fleig, 1990; 1994) confirmed
the notion that the number of segments in the gnathal and pregnathal region amounts to
six. Apis embryos which as Drosophila embryos belong to the long germ band type
are excluded form head invagination. Moreover, seen in proportion, the onset of seg-
mentation in Apis is earlier as in Drosophila (Krause, 1939). In Apis and Leptinotarsa

the head does not curve dorsally so that each EN ‘blob’ can be assigned more easily to
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each segment. Particularly disputed is the assignment of the anterior most, the dorsal
clypeolabral segment, as a segment of the pregnathal region. As Fleig (1994) pointed
out this EN ‘blob’ may be identical with the non segmental acron and is therefore not
thought to belong to the pregnathal region. In Leptinotarsa a rudimcntary‘ seventh seg-
mental anlage is amalgamated with the clypeolabrum which led Fleig (1994) to believe
that the proposed preantennal segment forms a single segment with the clypeolabrum.
Additionally, anti WG immunoreactivity could help to demarcate the boundaries of each

segment (Baker, 1987; Martinez- Arias et al., 1988; van den Heuvel et al, 1989).

2. Segmentation in Thorax and Abdomen

In the cephalon the seven segment specific gap genes either directly activate the ex-
pression of the segment polarity genes engrailed and wingless or they act through head
specific pair rule genes. Therefore, I here refer to the segmentation process in the well
studied thoracic and abdominal regions. Studies on the abdominal region have the ad-
vantage that owing to the well defined, symmetrical arrangement of the segments, the
processes underlying the formation of segmental boundaries is far better defined than
the process in the procephalic region. The process of segmentation in the cuticle is of
cardinal importance to understand the arrangement of the underlying nervous system as
the positioning of neuroblasts and their progeny follows exactly a segmentally reiter-
ated pattern. Thus, neurogenesis and segmentation during gastrulation and germ band
extension proceed synergistically.

The parasegments of the thorax and abdomen Drosophila embryo become apbarent
when, during cell cycle 14, the interactions between gap genes and maternal effect
genes leads to the expression of the pair- rule genes. Pair- rule genes determine the pe-
riodic pattern of the in thorax and abdomen of the embryo before at the end of the
blastoderm stage prior to the cellularisation. |

One distinguishes three types of pair rule genes according to their chronological or-
der of expression. Following the thirteen’s cell division cycle the primary pair rule

genes appear. The dynamic expression of runt, hairy, and even-skipped results in the
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demarcation of parasegments. Their expression is strictly depended on the ability of
several gap genes either to activate or repress their regulatory domains. Following this
initial activation of the primary pair rule genes they expression becomes stabilised and
results in the activation of the secondary pair rule genes. In between the gradients,
which determine the expression of the primary pair rule genes subsequent fushi tarazu
stripes become intercalated at position predictive of odd numbered segments. Finally,
pair rule genes as sloppy-paired, naked, and paired mediate the expression of segment
polarity genes which determine the differentiation of each segment along regulatory
gradients. Each parasegment is divided into an anterior engrailed (en) expression do-
main and a posterior wingless (wg) expression domain. The EN stripe determines the
anterior posterior boundary of each segment. wg in contrast mediates the formation of
the naked cuticle in the posterior region of each segment. Both domains are tightly

regulates by several signalling cascades.

2.1 Pair-Rule Segmentation Genes Deteemine the Boundaries of the Parasegments

Initiation of Pair-Rule Gene Expression

The expression of gap genes proceeds in an irregular pattern, when compared to the
subsequent periodic expression of pair rule and segment polarity type segmentation
genes. The pattern laid down by the gap genes becomes elaborated when during cell
cycle 12 the interaction between gap genes and maternal effector genes results in the
activation of pair rule genes (Frasch and Levine, 1987). Initially, the genes hairy and
fushi-tarazu are called into action. Following the appearance of their transcripts during
cleavage stage 12 within aperiodic and broad domains, their transcription pattern soon
resolves to well defined bands. Whereas the 7 hairy stripes become confined to the pre-
dictive odd numbered parasegments, each of the fushi tarazu (ftz)stripes becomes in-
tercalated between these hairy stripes. These 2-3 wide ftz bands are predictive of the
odd numbered parasegments, which are subsequently to be found in the gastrula stage
embryo. It appears that the 6th stripe of hairy is jointly regulated by the repressor gene

kriippel and the activator knirps. Both genes control hairy expression by binding to the
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response hairy promoter. The ratio of occupancy of this promoter by either KRUPPEL or
KNIRPS., determines if hairy transcription is induced or repressed (Pankratz et al., 1989).

Using mutant analysis, it has been demonstrated that the expression of fiz is nega-
tively regulated by the hairy encoded bHLH protein. Hencewith, the domain of fiz ex-
pression is significantly expanded (Ish- Horowicz and Pinchin, 1989). Additionally,
ectopic expression of Aairy from an heat shock promoter results in the extinction of ftz
in early cycle 14 embryos (Carroll et al., 1986)3. The regulatory function of hairy re-
sides in the maternally supplied transducin- like protein GROUCHO (GRO). GRO has been
advocated to interact with the WPRW motif of the HARIY protein rendering it active
(Paroush et al., 1994).

Similar opposing effects as those observed for the interaction between hairy and ftz
appear also to be employed for the regulation of the primary pair rule genes even-
skipped (eve)* and runt.. As for ftz the margins of eve gene expression are controlled
by anterior and posterior terminal systems (Klingler and Gergen, 1993). Determinative
for the expression of eve are firstly the capacity of its enhancer to enable differential
binding of regulatory proteins, and secondarily the availability of these proteins in the
different regions of the embryo (Stanojevic et al., 1989,1991; Small 1991, 1992). The
outcome of fz and eve activation is an metameric pattern of alternating stripes, whereby
ftz expression appears in odd numbered segments, whilst eve is found in even numbered
segment (Gaul and Jickle, 1989). Furthermore, is has been demonstrated that runt, a
transcription factor containing a novel motif antagonises the expression both Aairy and
eve in even numbered segments.

In mutants for runt eve appears broadly, whereas in embryos, where runt is ectopi-

cally expressed eve and hairy transcription are lost (Tsai and Gergen, 1994).

3Additiona|ly, the secondary pair rule gene fushi tarazu seems to be regulated by the FTZ-F1a steroid
receptor isoform, which binds specifically to regulatory sequences flanking the fushi tarazu gene (F1RE)
protlnably in conjunction with another transcription factor (Ueda et al., 1990; Lavorgana et al., 1993; Ohno
et al., 1994).

4 This classification refers to the temporal expression of the pair- rule genes. With regard to theiir
interaction with runt and hairy , eve has been classified as a primary pair rule gene, whereas, ftz as a
secondary gap gene. eve, runt and hairy pattering are not altered in ftz and prd embryos! (Frasch and
Levine, 1987)
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Activation of Segment Polarity Genes

Combinatorial interactions between secondary and tertiary pair- rule genes, is sub-
sequently required to lay out the metameric parasegmental pattern of germ band em-
bryos. Parasegments comprise an anterior wingless (wg) and coinciding with the
parasegmental boundary, an posterior engrailed (en) compartment. It has been proposed
that the initiation of en transcription requires the activity of the more superior pair-rule
gene ftz in odd numbered segments and eve in even numbered segments (Levine and
Hardin, 1989). Consistent with this hypothesis is that at the anterior expression bound-
ary of either genes directly overlaps with each of the 14 germ band stripes of en
(Ingham et al., 1988; Ish- Horowicz et al., 1989; Manoukian and Krause, 1992.
Furthermore, the inhibitory function of odd-skipped (odd) restricts the expression of en
within each of the 7 ftz stripes to the most anterior ftz positive cells.

On the other hand, it has been postulated that the eve or ftz expression domains de-
fine the anterior boundary of the wg domain in the anterior compartment of each
parasegment (Levine and Hardin, 1989). In addition, the combinatorial interactions be-
tween the three transcription factors odd-paired (opa), paired (prd), and sloppy-paired
(slp) demarcate the wg compartment. The zinc finger DNA binding protein OPA and its
respective transcripts are found within all segmental primordia (Benedyk et al., 1994).
Its task to induce wg gene activation within specific compartments requires its spatially
restricted activation by upstream second messenger cascades, presumably involving the
exterior matrix protein TENASCIN™ (TEN™). 1t is thought that TEN™ initiates the signal
transduction cascade by binding via its 6 EGF to a putative transmembrane receptor re-
sulting in the downstream activation of opa (Baumgartner et al., 1994). By contrast, the
fibronectin- like domain might interact with syndecans (Spring et al., 1994).

Also determining the wg compartment is the fork head domain containing transcrip-
tion factor s/p, which in blastula stage embryos was already recruited to act as a gap
gene. Rather than being involved in initiating the expression of wg, it has been pro-
posed that sip is involved in the maintenance of wg expression (Cadigan et al., 1993).
By contrast, the expression of hedgehog, a further segment polarity genes, is antago-

nised by sip in the anterior region of the posterior en compartment. Moreover, as HH
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is absent in mutants for eve, it is thought to be positively regulated by this pair rule
gene (Ingham and Hidalgo, 1993). Paradoxically, more posteriorly, at the parasegmen-
tal boundary, s/p seems to mediated the expression of en (Cadigan et al., 1994).
Evidence suggests that the class three pair rule gene naked (nkd) suppresses en expres-
sion in the anterior wg compartment, where it promotes the foundation of the naked cu-
ticle (DiNardo et al., 1988). Last but probably not least, a further factor with homology
to tenascins (striking homology to TEN™) is encoded by the odd oz gene. This trans-
membrane protein presumably mediates the activation of segment polarity gene.
Strikingly, it is the last gene in the pair-rule hierarchy that has been found so far

(Levine et al., 1994).

2.2. Spedification of Parasegments by Seement Polarity Genes

Determination of the Posterior engraided Domain

WG specifies the development of the naked cuticle for the mutant phenotype of WG
exhibits that the ventral cuticle is completely covered with denticles (Cabrera et al.,
1987). When ectopically expressed WG is able to retrieve the mutant phenotype when
activated from mid stage 7 to early stage 9. This ectopic wg expression causes a mirror
like duplication in the region encompassing the each parasegmental groove. Following
its activation by PRD the WG expression is maintained by an autoregulatory loop.
Initially this autoregulatory loop is independent of GOOSEBERRY DISTAL (GSB-D).
Instead genes such as porcupine (porc), dishevelled (dsh), fused (fu), smoothened
(smo), and cubitus interruptus (ci) mediate the autocrine wg self regulation (Hboper,
1994). Later the autoregulatory loop involves gsb-d (Li and Noll, 1993; Zhang et al.,
1994). GSB-D expression overlaps with the WG stripe in the posterior half and with the
anterior most EN stripe(Gutjahr et al., 1993). For ectopic GSB-D expression causes mir-
ror like duplications, which encompass each parasegmental border, it is thought that
GSB-D controls the EN and WG expression, which in turn respecify the anterior portion

of the segment (Zhang et al., 1994).
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Furthermore, it has been established that in mutants for the pair rule gene slp GSB-D
expression declines following the reduction in wg transcription. Another transcription
factor ETS-2 is co-expressed in ectoderm anterior to parasegmental grooves which
overlaps with the domain of WG expression suggesting that E7S-2 is involved in the wg
pathway (Chen et al., 1992).

As WG is secreted extracellularly it needs to be exocytosed. It was proposed that a
factor encoded by the porc locus aids this process. This notion results from the obser-
vation whereafter WG is retained within the cell porc mutant embryos (Siegfried et al.,
1994). Once secreted WG acts either in an autocrine or paracrine mode forming a gradi-
ent across each parasegment. Concentrations of WG in the posterior region of each
parasegment are high, whereas titres in the anterior region are low (Sampedro et al.,
1993). In the posterior region it presumably binds its own receptor and maintains the
expression of EN. (There is even considerable evidence that WG may bind discrete ex-
tracellular matrix domains of the NOTCH transmembrane receptor (Couso and Martinez-
Arias, 1994)).

Once WG has bound its receptor downstrean responses may either be linear or co-
linear. Mutant studies indicate that the first intracellular response following:

DSH is thought to mediate the first downstream response following the binding of WG
to its receptor (Noodermeer et al., 1994; Theissen et al., 1994). Two possible functions
are conceivable: From its sequence homology with cell junction like proteins, one may
arrive at the conclusion that dsh is closely associated with cell junctions. DSH may,
hencewith, be required for the formation of junctions between cells of different
segments at the EN border. WG would subsequently stimulate the synthesis or enzymatic
activation of DSH. Alternatively, one may suppose that WG could mediate the alloca-
tion, relocation or dislocation of DSH at the membrane. Either of these processes may
be closely correlated to the accumulation of intracellular ARMADILLO (ARM) on the cell
membranes (Riggleman et al., 1990). One may envisage that this proceeds as follows:
Upon activation by the WG signal, DSH may mediate the contacts between i.e. integrins
on the cell membrane that then signal further downstream to inactivate ZESTE WHITE 3/

SHAGGY KINASE (zw3) (Ruel et al., 1993).
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The second proposal implies that DSH may be a component of a direct signalling
cascade. Downstream of DSH Zw3, subsequently, transduces the WG signal: While in
absence of a WG signal Zw3 is active, the arrival of the WG signal renders Zw3 inactive
(Diaz- Bejumea and Cohen, 1994).

A possible substrate for Zw3 is the adhesions junction protein ARM.. From cell
culture experiments it is evident that ARM — the Drosophila B- cadherin homologue —
interacts with Drosophila a-catenin (Dro a-catenin) to form Ca** dependent cell aggre-
gates (Oda et al., 1994). Two models have been proposed to explain the action of Zw3.
The first model implies that in absence of WG ARM is concentrated at cell adhesions
junctions. Active ZW3 then destabilises cytoplasmic ARM. The WG signal inactivates
zw3, which in turn stabilises cytoplasmic ARM enabling it to form new adhesions junc-
tions (Riggleman et al. 1990). The second model supposes that catalytic Zw3 function
stabilises ARM at the cell adhesions junctions. The WG signal then inactivates Zw3
yielding the degeneration of ARM at cell adhesions junctions (Peifer et al., 1994;
Siegfried et al., 1994). The assembly or disassembly of cell adhesions junction are an
important manifestation of the regional regrouping of cells during germ band retraction.
It is highly likely that cells receiving the wg signal socialise with others as in mutants
for ARM the wyg signalling is impaired indicative of an detachment of cells from their tis-
sue. The stabilisation of cellular complexes may, thus, result in the maintenance of
autoregulatory EN loop. The autoregulatory WG loop, in contrast, does not seem to be

involve either Zw3 or ARM (Hooper, 1994).

Determination of the Wingless Domain
The domain of HH expression identifies with the domains of EN expression. The hh
gene encodes as the wg gene a secreted protein. In contrast to WG which triggers
responses over a distance HH acts only locally.

In cells anterior and posterior to its expression domain HH enhances the expression
of PATCHED (PTC), which shows striking identity to transmembrane proteins with sev-
eral spanning domains (Hooper and Scott, 1989; Nakano et al., 1989). PTC is co- ex-

pressed with the integrins PS1 and PS2 in the mesoderm (Leptin et al., 1989) and seems
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to be a component of cell adhesions junctions. The fact that the PTC protein is endocy-
tosed in vesicles together with WG indicates that it may intercept the WG protein in WG
competent cells (Capdeila et al., 1994)5.In the anterior region HH determines the expan-
sion of WG expression boundaries presumably by acting through FUSED KINASE (FU)
(Ingham, 1993; Ingham and Hidalgo, 1993; Préat et al., 1990). FU may inhibit the sup-
pressor of wg transcription COSTAL- 2 by interacting with SUPPRESSOR OF FUSED
(SU(FU)) gene product which is an activator of COSTAL-2 (Préat et al., 1993; Forbes and
Ingham, 1994). fU seems also to be positively regulated by NkD (Limbourg- Bouchon
et al,, 1991). Hence, it seems likely that the different responses to HH are mediated by
COSTAL-2. So it has been proposed that in the anterior regions COSTAL-2 is activated by
PTC, which limits the domain of WG expression (Préat et al., 1993).

In essence, the regions anterior and posterior to the domain of HH expression have
different affinities for #4, which ultimately regulates the propagation of WG expres-
sion. High WG titres in the posterior region trigger the formation of a seal for its own
propagation at the parasegmental boundary anterior to the EN stripe. The formation of
this seal probably involves the creation of cell adhesions junctions by PTC, DSH or ARM.
As shown above ectopic WG expression is able to break this seal and to propagate pos-
terior to it creating a mirror like duplication in the region encompassing the paraseg-
mental boundary (Sampedro et al., 1993). In the region anterior to its expression WG is
distributed along a gradient, which is presumably controlled by PTC through COSTAL-2
or PTC activated endocytosis. HH is able to either maintain WG expression in the poste-
rior region of each parasegment or PTC expression in both regions of the parasegment.
In the anterior region of each parasegment COSTAL-2 represses HH dependent activation
of WG through FU. FU might not necessarily be involved in the deregulation of PTC,
which in turn is able to control the titres of excreted WG in these cells limiting the action
of WG to the posterior region of each segment (Ingham and Hidalgo, 1993, Ingham,
1993).

5 vet, conflicting evidence suggests that hh may act as an cleavage factor that upon secretion
enzymatically cleaves ptc, which in turn becomes endocytosed. This would then lead to enhanced
transcription of ptc (Ingham pers. comm.)
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Alternatively, PTC may act as a cell adhesion molecule, which assembles in junc-
tional complexes together with ARM and DSH at the anterior border of each parasegment
as long WG is present. Once, WG is present, ptc may dissociate from the membrane and
activate COSTAL-2 inhibiting further activation of WG by HH by activating endocytosis

(Campdevilla et al., 1994).
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CHAPTER 3
The Establishment of Morphogenic Fields: Foundation of

the Central Nervous Sﬁtem

The ground plan of the Drosophila melanogaster central nervous system is generated in
a precisely co-ordinated series of events.: Unlike in type I and type II embryos the
neuroderm in Drosophila arises at different predetermined unconnected positions along
the anterior-posterior axis in response to information derived from dorso-ventral
gradients. The mechanisms of neurogenesis are the same for the entire neuroderm and
are redeployed during later neurogenic events, as well. Neurodermal cells are recruited
from common progenitors of both the ectoderm and neuroderm — the region which has
the potential to adopt neural fate is called neuroectoderm. As revealed by transplanta-
tion studies the ectodermal region outside the neuroectoderm has diverged before neu-
rogenesis and these cells cannot adopt neural fate when under influence of neuroecto-
dermal information. It is not thought that ectodermal and neuroectodermal cells are
derived from a common lineage. It is rather their exposure to postional information
prior, during and following the cellular blastoderm stage, which renders the syncytial
nuclei of the Drosophila embryo germ layer specific. Hence, it is the position into
which the syncytial nuclei during the blastoderm stage migrate that determines their
fate. Thus, the neuroderm is a germ layer in which cells are incoherently founded in re-
sponse to a spatially and temporal coinciding information.

Though all neuroectodermal cells have the potential to become neuroblasts, again
only a specific set of stereotyped positionally prefigured cells finally delaminated as
neuroblasts. This process is again gradient specific whereby the putative neuroblast
gradually alters the expression equilibrium of genes, which act as protagonist or antag-
onists during neural differentiation. Proneural genes are thereby the protagonists,
whereas neurogenic genes are the antagonists. The shift towards proneural gene ex-
pression finally results in the detachment from the neuroectoderm and the associated

signals and in the progression with neural differentiation.
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1. Cytology of Drosophila melanogaster Neurogenesis

L1. Overview of Celular Interactions during the Process of Neurogenesis

The ground plan of the insect body reveals that the body is organised into three parts:
The cephalon, the thorax, and the abdomen. Each of the three parts is subdivided into
segments. Eight abdominal and three thoracic segments can easily be distinguished.
The segmentation of the head is more complex. There are genuinely considered to be
three gnathal segments: the mandibular, the maxillary and the labial segment. The
number and organisation of the pregnathal segments is, however disputed. Recent
findings in the embryos of several insect species suggest that the pregnathal region
comprises three or four segments: a labial, a preantennal [ocular]?, an antennal and an
intercalary, which are arranged in S-shape. |

Each of the segments is divided along the midline into two hemisegments. The
nervous system follows the epidermal segmentation pattern. Each segment contains a
reiterated set of neural cells, which varies from segment to segment. The entirety of
neural cells in each segment is called neuromere. During germ band extension neurob-
lasts delaminate from distinct regions of the ectoderm. The identity of each segregating
neuroblast is thereby subordinate to the ectodermal segmentation process. The segment
specific differentiation of each neuromere is correlated with the expression of homeotic
genes e.g. Ultrabithorax. (for review, see Goodman and Doe, 1993). The neuroecto-
derm comprises three components differing from one another in terms of their location
and a specific pattern of gene expression:

The ventral neuroectoderm generates the ventral nerve cord and the suboesophageal
ganglion. The dorsal neuroectoderm forms the midline and the procephalic neuroecto-
derm gives rise to the cerebral hemispheres.

Cells of the three neurogenic anlagen have the potential to either become ectoder-
mal cells, nerve or glial cells. This process proceeds in three steps. Firstly, ectodermal
cells acquire the potential to adapt neural fate. Secondly, once a neuroblast is isolated it

sends in the third step inhibitory signals to the remaining ectodermal cells. With the
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delamination of the neuroblast a new germ layer is formed: the neuroderm, which is
sandwiched between the outer ectodermal layer and the inner mesodermal layer (For
review see Campos Ortega, 1993).

Cells of the ventral neuroderm are arranged in a ventral bilateral symmetric pattern
with the dorsal neuroderm arranged dorso-medially. Each abdominal neuromeres com-
prises about 30 neuroblasts including glial cell generating glioblast. Eight further cells
are seen in the segmental midline cluster.

Three types of precursor cells constitute the insect central nervous system.
Glioblasts are the founder cells of glia cells which give structural and logistical support
to neurones. Neurones themselves arise from neuroblasts by a series of asymmetric
divisions each generating a neuroblast and a ganglion mother cell. The ganglion
mother cell then generates during a symmetric cell division two sibling neurones.
Neuroglioblasts have the potential to either adopt a neural or a glial fate (Udolph et al.,

1993).

1.2. Celular Systematics of the Ventral Neuroectoderm of Drosophila melanogaster

Neuroblasts delaminate in five consecutive pulses from the neuroectoderm in the
ventral neuroectoderm. With the start of stage 9 the first pulse S1 generates ten primary
neuroblasts from proneural clusters of 5-7 cells (Skeath et al., 1994). The positions in a
hemisegment where neuroblasts are formed are best described in an orthogonal matrix,
whereby each variable demarcates the putative position of a neuroblast. The matrix
comprises 4 longitudinal rows (1-4) and three vertical columns (median [m], interme-
diate [i] and lateral [1]). Three neuroblasts NB 2-2 [m], 3-2 [i], 2-5 [1] are found in the
first row. The second row comprises only the NB MP-2 [{m] and NB 3-5 [1], whereas in
row three NB 5-2 [m], 5-3 [i] and 5-6 [1] are found. The last row again contains only
two NB: 7-1 [m] and 7-4 [1]. With the next generation of SII NBs the symmetric ar-
rangement is lost. I therefore refer the reader to figure which demarcates the positions
of the SII and SIII neuroblasts. As during pulse SIV and SV the pattern becomes more

chaotic, no group has attempted to trace the lineage of neurones arising from these neu-
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roblasts. Each NB forms a discrete lineage in the neuroectoderm (for review see,

Goodman and Doe, 1993). The origin of the following identified neurones is given in

table 1.:

Neuroblast; Ganglion Mother Cell Neurone/Sibling Neurone; Gl
Glioblast

NBI-1 ? aOC,pCC

GB-1 A-Gla,2x BGla

MP-1 ? MP-1

? ? RP-1,RP-3

NB4-2 GMC-1 RP-25b

Table 1. Known lineages of neoblasts in the ventrl nervous system of Drosophila

2. Genetic Circuitry of Neurogenesis

This neuroblast formation in the ventral neuroectoderm follows the same principles as
neurogenesis in the procephalic region. Owing to the symmetrical arrangement of the
ventral neuroectodermal region, immunocytological studies are able to identify the laws
governing this process much better than in the deflected procephalic neuroectodermal
region. The formation of the neuroectoderm is thought to be initiated by dorso- ventral
gradients. Their coincidental expression together with genes, which are involved in the
formation of the anterior- posterior gradient initiate the expression of proneural genes.
These proneural genes confer upon distinct domains of cells the potential to adopt a
neural lineage. Antagonising the neural differentiation are the neurogenic genes.
Neurogenic genes act to confine the region of cells, which in fact adopt neural identity
by preventing the remaining cells to detach form the neuroectoderm, so that they still
remain responsive to neuroectoderm specific signals. In the delaminated neuroblast
which has become detached form these signals, an equilibrium between proneural and
neurogenic gene expression is established. A shift in this equilibrium towards the
preferential expression of proneural genes triggers the activation of a neural specific
program in the neuroblast. Its identity is thereby directly correlated to segment polarity
signals it receives form the superior ectoderm. In response to the combinatorial action
of these signals neuroblast specific genes are expressed, which regulate the identity of

the neuroblasts. Furthermore, they determine the differentiation of these neuroblasts to
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fully functional neurones. In summary, neurogenesis seems to follow a certain
hierarchy whereby the positional information derived from the coincidental expression
of dorso- ventral and anterio-posterior gradient genes is translated into a program,
which defines the both specificity and identity of neural precursor cells.

There are several circuits involved some of which have been better studied than
others. To date, only the interactions between the Notch and the Sevenless pathway
have been established. No further information is available about the interaction of other

pathways.

2.1. Dorso Ventral Morphogene Adtivation of Proneural Genes

Consequent to the formation of the dorsoventral gradient by D/ during the early
blastoderm stage, the SNA protein defines the mesoderm, where it is thought to repress
the transcription of proneural genes such as single minded (sim), achaete-scute complex
(AS-C) and rhomboid. Conversely, sna expression is subsequently found in the neu-
roectoderm following a pair rule pattern. During the delamination of SI neuroblasts sna
expression becomes confined to three rows of neuroblasts. The sna transcripts then ap-
pear in the GMC and the neural lineage of these neuroblasts. It further has been estab-
lished that the sna downstream regulatory region comprises elements, which are spe-
cific to mesodermal expression on the one hand and CNS or PNS expression on the
other hand (Ip et al., 1994). As revealed by deletion studies, the neuroderm sna up-
stream regulatory elements can be further divided into discrete CNS and PNS specific
regions as revealed by deletion studies. The CNS specific element extends from 2.8 to
2.2 kb upstream the sna gene whereas the PNS specific region lies 0.9 -0.2 kb up-
stream of the sna gene. In terms of sna mRNA splicing and SNA protein stability Ip
and co-workers suggested (1994) that sna might, additionally, be regulated posttran-
scriptionally during the different stages of neural differentiation. The differential ex-
pression of sna depends on coinciding dorsoventral and anterioposterior transcriptional
activators along the embryonic axes. sna itself does, however, not to be a cardinal fac-

tor for the development of the neuroectoderm as in mutants for this gene the develop-
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ment of the nervous system proceeds phenotypically normal. It has, thus, been sug-
gested that other related Zn- finger transcription factors such as scratch are necessary
for the proper development of the nervous system.

The NK-2 homeobox binding protein is initially expressed in a latitudinal stripe of 7
cells width extending from 0- 90% egg length in stage 4 and 5 embryos. The activation
of the NK-2 the depends on the ds/ protein. A putative ds/ binding site has been identi-
fied in the 5’ flanking region of the NK-2 gene. The nuclei in which NK-2 is expressed
all adopt neurodermal lineage later during development. Additionally, a Sna binding
site occurs in the 5’ upstream region. These show a considerable overlap to at least
twenty high affinity and thirteen low affinity binding sites for NK-2 proper. It is
thought that Sna represses the transcription of NK-2 in the mesoderm (Wang et al.,
1993). Once, NK-2 has been activated by ds/, its expression is possibly maintained in
an autoregulatory loop as long as the expression of sna and the mesoderm specific gene

twist do not interfere with its expression (Nakayama et al., 1993).

2.2, Charactersation of the Achaete-Scaue Complex Genes

Coincidental expression of pair rule genes and dorso-ventral gradient genes also de-
termine the spatially restricted expression of proneural genes of the achaete-scute
complex (AS-C). AS-C genes account for the development of 50% of neuroblast lin-
eages. The expression of the AS-C genes confers upon a stereotyped array of neuroec-
todermal cells the potential to segregate and to adopt a neurodermal lineage. Three of
the genes, namely achaete (ac), scute (sc) and lethal of scute (/’sc) encode just as many
discrete transcripts, TS, T4, and T3, respectively, which are arranged sequentially in
this locus. A fourth transcription unit asense, is not involved in the early neurogenesis
(for review, see Cabrera, 1992). Each of the AS-C gene products contains a bHLH mo-
tive involved in transcriptional activation.

Here, I have to make a brief interlude explaining the geometry of the differential
gene expression of neuroectodermal cells. Skeath and colleagues (1992) have made the

attempt to allocate prospective neurodermal cells to a co-ordinate within a grid accord-
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ing to their differential expression of the AS-C genes. Most obvious is that neuroecto-
dermal cells occur in clusters of 5- 7. Three cell clusters are found in each odd num-
bered vertical row encompassing each hemisegment. The even numbered rows contain
only two clusters, whereby the intermediate cluster is absent. Hence, the median and
the lateral rows comprise four columns, the intermediate row only two. All cells of the
clusters within the odd numbered columns express /’sc during stage 8. By stage 9 this
expression is reduced to the central most cells within each cluster and is absent in the
lateral cluster of the second row. Clusters within the fourth row co-express all three
genes during stage 8. Clusters of the second row share the expression of ac and sc. By
stage 9 the expression of both genes is, as well, restricted to the central most cells in the
fourth row and in the second row, first column.

Juxtaposed between ac and sc lies a cis acting regulatory region, which specifies the
spatially regulated expression of both genes. This regulatory region contains at least
two regulatory elements as identified by mutational analysis. The element 3’ proximal
to ac is decisive for ac and sc activation in the second row. The 3’ distal element de-
termines the expression of both genes in the fourth row (Skeath et al., 1992). The ex-
pression of the I’sc T3 transcript is driven by five cis acting control elements. It is not
known yet as to whether the 5’ regions are shared with ac or sc or if /’sc acts on its own
to stimulate the expression of ac and sc. Intriguingly, the latter option was found to
hold true for activation of ac expression in NB 7-1 (row 4) neuroblasts. However, it
needs to be emphasised the transcription of the nuclear protein /’sc generally overlaps
with the expression of ac and sc only in a few clusters so that this option can be ne-
glected. Cis acting regulatory elements, which initiate /’sc expression belong predomi-
nantly to the class of basic helix loop helix protein binding sites. Only one sna type E-
box has so far been identified in the AS-C cluster to encourage binding of bHLH pro-

teins (Martin-Bermudo et al., 1993).
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2.3. The Regulation of Achacte-Scute Complex Genes

The activation of ac and sc is mediated by the combinatorial action of pair rule genes
and auxiliary genes such as ventral nervous system condensation defective (vnd) and
extramicroachaete. There is a strong correlation between the domains of expression of
superior pair rule genes and transcriptional activity of ac. Mutations in ftz, odd-skipped
(odd), prd and eve impair the activation of ac in row 4. odd-paired (opa) , slp, and prd
determine the expression of ac in row 2. At detailed look at ac expression in row 4 of
odd numbered segments reveals that the expression domains of fz and ac are identical.
That of opa is, in contrast, conterminous with the ac expression domain, suggesting
that ftz activates ac expression whereas opa limits the expression of ac. In even
numbered segments the activation of ac is attributed to the coincidental expression of
the superior prd and eve genes.

It is not known as to whether pair rule genes activate the expression of AS-C genes
directly. They may either form heterodimers with other transcription factors or activate
an array of secondary transcription factors, which in turn regulate the AS-C genes.
Positive and negative of those secondary regulatory transcription factors have been
identified. The proneural gene vnd is a positive regulatory transcription factor, which
requires for the spatially restricted transcriptional activation of ac, sc and /’sc the for-
mation of homo- or heterodimers. It has been demostrated that vad is expressed in the
medial column of rows 2 and 4. In mutant alleles for vad, however, abolish the ex-
pression of ac and sc in SI NBs MP2 and NB 7-1, indicating that vad is required for the
activation of ac and sc expression in this region. Additionally, vad seems to be re-
quired for initiation of I’sc expression in the lateral column of row 4 where the NB 7-4
arises.

The extramacroachaete (emc) gene is a negative regulator for the tran@ription of
ac. Interestingly, the emc gene encodes a protein without any DNA binding domain.
Instead, a dimerisation motif is found in EMC, which probably neutralises the function
of all basic loop helix binding proteins (van Doren et al., 1992; Ellis et al., 1993; Cubas

et al., 1994). Thus, emc may directly interfere with the expression of AS-C transcrip-



87

tion factors by down regulating their transcriptional activity (Singson et al., 1993).
Once activated, the genes of the AS-C confer upon neuroectodermal cells the potential
to segregate as neuroblasts. The products of the AS-C locus are, however, not compe-
tent to activate transcription alone. To become potent transcriptional activators they re-
quire the formation of either homodimers or heterodimers in conjunction with unknown
candidate transcription factors.

For one of these candidates, the Daughterless (Da) transcription factor, it has re-
cently been demonstrated that it does not interact with the AS-C gene products at all.
Evidence rather suggests that Da seems not to be directly involved in the process of
neuroblast segregation. In mutants for da, the expression of neural precursor genes in
cells committed to become neuroblasts seems to be severely impaired. Hence, da is not
required for the spatial commitment of a cell to segregate as a neuroblast. Rather it is
likely that da initiates the hierarchical activation of a set of genes which mediate the
cellular events underlying neuroblast precursor formation. One may thus arrive at the
view that da is not a selector geneS like the genes of the AS-C rather then a co-ordina-
tor gene (Vaessin et al., 1994). da presumably activates the downstream gene dead-
pan (dpn). Pieces of evidence form different systems suggest that in mutants for da
eliminate the expression of dpn in the remaining neuroblasts. dpn encodes a DNA
binding protein with a motif, which is 42% identical to the hairy. The predicted motif
is rich in proline residues, which are presumed to bind cognitive DNA. Interestingly,
DPN is prescibed to act as a negative transcriptional regulator that functions similar to
the proteins of the E(Spl)-C. It is not known by which mechanism dpn is activated but
the involvement of maternally supplied GROUCHO protein can be taken into considera-
tion (Paroush et al., 1994). Prior to neuroblast formation cells in the proneural clusters
express dpn transiently. Just prior to their delamination dpn expression becomes re-
stricted to the neuroblasts proper. There the expression is maintained until the neurob-
lasts undergo their first division. This expression reappears during neural outgrowth.

Evidence suggests that dpn may counteract AS-C genes (Bier et al., 1992).

6Not referred to as in the same context as McGinnes, who means by selector genes homeobox genes
that give each structure within a segment its specificity)



88

24. AS-C responsive Genes

The genes of the AS-C, hence, determine the positional competence of neuroectodermal
cells to assume a neural lineage. This process is tightly regulated for no more than the
required number of neuroectodermal cells are recruited to become neuroblasts.
According to a recent hypothesis the genes of the Enhancer of Split Complex E(Spl)-C
regulate the reciprocal interactions during lineage dichotomy (for review, see Campos-
Ortega, 1993a,b). The E(Sp!)-C contains in addition to the twelve structurally related
genes, which encode for bHLH transcription factors a single open reading frame coding
for a transducin like protein. It is interesting to note that all the genes of the E(Spl)-C
are differentially transcribed: While the E(Spl)-C genes HLH-m&/my, mfB, m3, mS, m7
and gro are essential for the correct segregation of neural precursor cells only the
E(Spl)-C genes m4, HLH-mS, HLH-m7, E(Spl), HLH-mB, HLH-myand HLH-mf3 seem
to be confined particularly to the neuroectoderm (Knust et al., 1992). The seven genes
scrutinised in the study by Knust et al. (1992) are expressed serially at distinct times
during embryogenesis: m4, m5, m7 and E(spl) appear first in the neuroectoderm. mp,
mYyand mé transcripts do not appear until stage 7. Following their transcriptional initia-
tion they are expressed synergistically with the first group of genes. Once the SI neu-
roblasts have delaminated, the transcripts become confined to banded regions parallel-
ing the midline. With the exception of mS and E(spl) the expression of these genes is
excluded from the segregated neuroblasts (Jennings et al., 1993; Alifragis et al., 1993;
Preiss et al., 1993; Jennings et al., 1994). Consequent to the formation of the SI neu-
roblasts, by stage 9, the distribution of the transcripts becomes scattered over the entire
neuroectoderm again but reorganises along the midline at the time when the SII neurob-
lasts delaminate. The difference is that this time transcripts are present along the entire
germ band. Transcriptional activity of the seven genes in the neuroectoderm disappears
subsequently by stage 15 (Knust et al., 1992). With the exception of HLH-m3 which is
supplied maternally and is expressed homogeneously in the entire embryo, the actions

and the predicted DNA binding motives of the remaining E(Sp!)-C genes resemble each
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other. The distribution of the E(Sp!)-C transcripts is basically mirrored by the grouping
of proteins. Monoclonal antibodies against M6 and My detect both prgteins during
stage 8. The allotment of M and My during stages 10 and 11 coincides with the segre-
gation of SII and SIII neuroblasts. The expression of the protein ceases, however, soon
afterwards (Jennings et al., 1993; Alifragis et al., 1993; Preiss et al., 1993; Jennings et
al., 1994).

Downstream of the coding regions for each E(Spl)-C helix-loop-helix protein, the
M9/M10 transcription unit of the groucho (gro) is found — a decisive factor in deter-
mining the neuroepidermal lineage dichotomy — which shows some striking similari-
ties to the B- subunit of transducin of mammals. It appears that the gro gene is closely
regulated in conjunction with the remaining genes of the E(Sip)-C. In particular, it has
been demonstrated using the yeast interaction trap method that maternally expressed
GRO directly interacts WRPW motifs of the hairy related proteins, hence, those which
are encoded by the E(Spl)-C , i.e.E(SPL), M6, MY, m7 and m8.. The WD 40 motifs con-
tained within GRO are thought to mediate protein interactions — so they do at least in
homologous proteins. Controversially it has, however, been established that these mo-
tifs, which stretch from residues 251- 719 aa are not required for the interaction of GRO
with the WRPW motif of the E(SPL)-C proteins (Schrons et al., 1992; Parouch et al.,
1994).

The E(slp) and HLH-5 gene promoter contains binding sites for its activation by
daughterless or I’sc heterodimers (Vaessin et al., 1994), as well as, for the E(sp/) and
HLH-5 protein. Particularly the regions downstream of m8 (-136 to +96 kb [N1] for SI
NB segregation and -241 to -136 kb [N2] for SII NB segregation) have been identified
as autoregulatory enhancers. Hence, the regulation of these E(Sp/)-C genes is probably
determined by two antagonising E(Sp/)-C regulatory regions. The more Aproximal El
box enhances the activation of the genes of the E(Spl/)-C in the neuroectoderm by either
ac, sc or I’sc homo- or heterodimers (Vissin et al., 1994). HLH-5 and E(spl) are
thought to regulate each other through a negative autoregulatory feedback loop. This
probably involves the binding of both gene products to N1/N2 boxes and thus represses

their expression in putative neuroblasts (Kramatschek and Campos Ortega, 1994).
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Moreover, it has been proposed that ac and sc have specific abilities fo either activate
or to suppress neuroectodermal function (Singson et al., 1993).

big brain (bib) a neurogenic locus encodes a 700 aa channel like protein. As bib is
co-expressed with the genes of the AS-C, the Jans' laboratory suggested that bib ex-
pression might be driven by the products of the AS-C genes. In mutants for bib the new
ral cells are enlarged, hence, hypertrophic. As mosaic studies have shown bib func-
tions cell autonomously. The bib channel like protein is probably required to mediate
intercellular communication between neurogenic cells (Rao et al., 1992). Evidence for
this notion|comes from the observation that bib is expressed in the neuroectodermal cell
prior to the delamination of presumptive neuroblasts from this germ layer. In particu-
lar, bib seems to be restricted to the basolateral membranes of these cells. Albeit, it has
also been detected in vesicles within cells that have acquired the potential to assume a
neural lineage. Once, a neuroblast is committed to adopt neural identity the expression
of bib ceases (Doherty et al., 1993).

Lachesin is a member of the immunoglobin superfamily, which is expressed
throughout the neurogenic region similar to the expression of proneural genes. Its ex-
pression domains differ from these of either ac and /’sc. Interestingly Lachesin is co-
expressed with D/ and Notch in positions where neuroblasts first form. The expression
of Lachesin coincides exactly with the chronological sequence of neuroblast generation.
It first appears in prospective NB 3-5 and NB 4-1 followed by NB 2-5. In contrast to
the expression of Notch and DI Lachesin continues to be expressed in neuroblasts while
they delaminate. Lachesin might act as a adhesion molecule in subsets of cells thereby
determining their position with respect to other neural precursors. Later during devel-
opment Lachesin continues to be expressed only in subsets of neurones (Karlstrém et

al,, 1993).

2.5. Structural Properties of the Noich Signaling Pathway

A well studied example of a signalling pathway, which might be involved in the es-

tablishment of neural clusters in the neuroectoderm is the Delta Notch system
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(Yedvobnick et al., 1985). As mutants for the E(Spl) -C genes, mutants for Notch and
Delta are associated with neural hyperplasia. The cell surface receptor Notch may
play a key role in the segregation process by activating a whole array of intrinsic sig-
nalling proteins, which have all been implicated to become activated due to the interac-
tion of NOTCH with its putative ligands.

The NOTCH pathway is initiated by Delta (DI) or serrate which is expressed homo-
geneously in the cells of the neuroectoderm. DL encodes a ~100 kDa transmembrane
surface protein with 9 EGF like repeats in the transmembrane domain.

The Notch receptor is a large transmembrane protein. It comprises a'extracellular
membrane about 1700 amino acids in length including 36 tandem epidermal growth
factor (EGF)- like motives proceeded by cysteine rich lin-12/Notch elements (Wharton
et al., 1985; Kidd et al., 1986; Struhl et al., 1993). Repeats 11 and 12 (Rebay et al.,
1991) as well as repeats 14 and 29 (Lieber et al., 1992) have been postulated to function
as in vitro binding sites for Delta a potential Notch ligand. This domain is followed by
two cysteine residues at 1693 and 1696 thought to mediate dimerisation between two
Notch receptors (Kidd et al., 1989). The 1000 amino acid long cytoplasmic domain
encompasses six copies of cdc 10/ ankyrin repeats (Kidd et al., 1994 for publication)
known to be involvcd in protein-protein interactions (for review, see Kidd, 1992).
Moreover, structural motives are the strep/ opa (polyQ) sequence and the PEST se-
quence. Former is related to glutamine rich domains, which might represent transcrip-
tional activators; the latter is involved in high protein turnover. Deletion of the extra-
cellular moiety of the Notch protein have revealed that the cytoplasmic domain mi-
grates to the nucleus (Rebay et al., 1993a,b; Lieber et al. 1993). Sequence studies fur-
ther identified two putative bipartite nuclear localisation sequences in the cytoplasmic
domain (Lieber et al., 1993) with the consensus (Chelsky, 1989) KRQR (amino acids
1832 - 1835) and KKAK (amino acids 2202 - 2205). In addition, Lieber et al. (1993)
observed that the cytoplasmic domain when expressed ectopically on its own is rapidly
degraded within the nucleus. Interestingly, during neuroblast segregation NOTCH and

DL were found together in endocytic vesicles within the neuroblast. A current hypothe-
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sis suggests that these sequences are required for recycling the NOTCH protein in neu-
roblasts, once they have delaminated (Kooh et al., 1993).

Moreover, deletion studies and overexpression studies of the NOTCH protein have
revealed that the cdc10/ankyrin region plays an important role in signal transduction as
loss of this domain results in a strong neurogenic phenotype indicative of a dominant
loss-of-function mutation (Lyman and Young, 1993). It may be possible that the in-
tact extracellular domain sequesters it ligands which, thus, results in the neurogenic
phenotype. Hence, permanent binding of the ligand results in the activation of the
NoOTCH pathway and the inhibition of other cells to become neuroblasts (Lieber et al.,
1993) [fig. 3.13.]. On the other hand deletion of the extracellular domain results in a
dominant gain-of-function mutation. The resulting antineurogenic phenotype is as-
sociated with a consecutive activation of the cytoplasmic domain of the receptor. The
same results were obtained for deleting the lin 12/ ankyrin repeats and the cysteine
residues implicated in dimerisation of NOTCH molecules.

NOTCH appears to be a very versatile protein that has the ability to initiate several
downstream events , at once. So two substrates have been identified that interact with
the cdc10/ ankyrin repeats. Accordingly, the most satisfying interpretation is that two
diverging downstream pathways are initiated at NOTCH.. Firstly, biochemical analysis
revealed that upon binding of DELTA the NOTCH protein seems to interact with DELTEX
a transmembrane protein, which is particularly rich in glutamate, histidine and serine
residues (Busseau et al., 1994). DELTEX may, hence, be the first signal transmitter in
the Notch pathway. In particular, it has been established that DELTEX interacts with the
NoOTCH ankyrin motives (Diederich et al., 1994). Interstingly, mutations is the Notch
ankyrin motive have the same effect as mutations within the Deltex gene.

A second substrate for the NOTCH intracellular cdc10/ankyrin motifs is — as estab-
lished in a screen for enhancers of the Notch mutant phenotype — the SUPPRESSOR OF
HAIRLESS (SU(H)) protein. Su(H) encodes a homologue of the Epstein Barr virus nu-
clear antigen 2 (EBNA2), a transactivator protein, which is targeted by the CBF1 pro-
tein to the C promoter, where it establishes viral latency. In the search further possible

genetic interactions with alleles of the Su(H) locus, it had previous been established
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that the SU(H) gene is halpoinsufficient for the kairless locus. The conundrum of deltex
and Su(H) interactions with Notch has been solved in cell culture analysis and con-
firmed with the yeast interaction trap method. So two constructs were made either con-
tianing the Su(H) coding region fused to a cMyc epitope tag’ under control of a Asp 70
gene heat shock promoter, or the Notch coding region under control of a
Metallothionine gene promoter. When both constructs were transfected into S2 cells
and either promoter was induced N became localised to the surface and the cytoplasm,
whereas the SU(H) protein was restricted to the cytoplasm. Upon removal of the Notch
intracellular cdc10/ ankyrin motifs, it has, however, been found that SU(H) becomes
restricted to the nucleus. Similarly, the binding of DELTA to the extracellular membrane
spanning domain induces the localisation of SU(H) to the nucleus, suggesting that in an
inactive state the NOTCH transmembrane receptor sequesters the SU(H) protein within
the cytoplasm, essentially through its cdc10/ ankyrin motifs. These results have been
directly confirmed in the yeast interaction trap assay (Fortini and Artavanis- Tsakonas,
1994).

The mastermind (mam) gene codes for a nuclear protein, which is expressed in a
variety of tissues in early Drosophila development. Mutants within the mam neuro-
genic locus are associated with neural hypertrophy. The MAM protein is maternally
supplied, as well as, synthesised de novo in the zygote (Smoller et al., 1990). Its func-

tion during neurogenesis still awaits to be solved (Schmid et al., 1993).

3. Synthesis

The coincidental expression of genes, which determine the position dependent tran-
scription of neurogenic genes is the prerequisite for the segregation and isolation of
neural cells from the ectoderm. The region, which confers upon ectodermal cells the
potential to assume neural lineage is called neuroectoderm. Cells in the neuroectoderm
need, hence, to express a specific set of genes: The proneural genes promote the neural

commitment, and the neurogenic genes antagonise this commitment. The expression of

7 The cMyc epitope tag allows protein localisation of this chimeric protein without the need to generate
antibodies against Su(H)
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both protagonistic and antagonistic genes is probably in an equilibrium at this stage.
Once, a cell in this tissue has become committed to become a neuroblast, a threshold
needs to be overcome and equilibrium shifted towards the expression of proneural
genes. This process might become more complex as new genes and their function are
to be found. Thus, I restrict myself to explaining the fundaments of the already known
leaving aside the sna, mam and NK-2, as no link has so far been established between
their involvement in neurogenesis and the enrolment of the AS-C E(Spl)-C circuits.
These circuits are closely linked with the pathways of the cell cycle which I refer to
later. Both circuits have, hence, a double function: Firstly, they need to select stereo-
typed cells to become neural cells. Secondly, they need to initiate the program, which
allows neuronal cells to express a distinct phenotype.

To specify this model of neurogenesis, I best start with the expression of the pair
rule genes. In odd numbered stripes the expression of the bHLH transcription factor Ac
in row 4 seems to be the consequence of the positive regulation by the homeobox tran-
scription factor F¢z and the negative regulation by Opa. In analogy the expression of
an unspecified dorsoventral morphogene ought to coincide with F#z for it to activate the
neural program of the AS-C genes in row 4 (Skeath et al., 1992). The gene vnd may
either be a mediator of the gap genes by acting through the regulatory regions 5’ to ac
to enhance Ac expression (Skeath et al., 1994) or it may be a transformer of dorsoven-
tral information. Either notion is worth to be considered, as there are at least two regu-
latory elements downstream of ac, which mediate the position dependent transcription
of ac by binding region specific transcription factors. The D element, which activates
transcription in row 4, may, hence respond to ftz and vnd to initiate as transcription
(Skeath et al., 1994). The antagonist of ac expression is emc. It probably acts to limit
the proneural cell clusters of the neuroectoderm, which express ac to a specific region
(van Doren et al., 1992; Ellis et al., 1993, Cabrera et al., 1994). At this stage cell clus-
ters of the row 4 have acquired the potential to delaminate as neuroblasts (Skeath et al.,
1992). As this region is quite large and not every cell in this cluster may become a neu-

roblast only types of neuroectodermal cells can be selected, which are ideally posi-
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tioned to acquire a neural phenotype8. As mentioned above genetic equilibria play a
cardinal role in this process. The converter for this positional signalling are the regula-
tory regions of the Enhancer of Split Complex genes. The most proximal region down-
stream of m8 is a E-box, which is specifically associated with the binding of AS-C tran-
scription factors such as /’sc. Overlapping with the E-box another transcription factor
binding motive is found: This N-box comprises three units each associated with the se-
quential binding of E(Spl)-C gene products according to the time of neuroblast segre-
gation (e.g. N1 is associated with SI NB delamination, whereas N2 corresponds to SII
NB segregation). The HLH proteins E(sp!) and HLH-m5 bind the two units N1/N2
during SI neuroblast delamination (Kramatschek and Campos Ortega, 1994).

Hence, products of the AS-C, as well as, other unspecified transcription factors (as
AS-C positive cells only account for 50% of the total neuroectodermal cells) may bind
the E-box either as homodimers or as heterodimers and, thus, activate the expression of
E(Spl)-C genes homogeneously throughout the neuroectoderm. HLH-mS and E(spl) in
turn compete with AS-C transcriptional activators and upon successful binding to their
respective enhancer regions they downregulate their own expression (Kramatschek and
Campos-Ortega, 1994). At this point the AS-C and E(Sp!)-C transcription factors are
still in an equilibrium. If the equilibrium of proneural and neurogenic gene products is
shifted towards the neurogenic gene products, the transcriptional activity of E(Spl)-C
genes is shut down. These conlusions are in accordance with the observation that some
genes of the E(Spl)-C are initially expressed in putative neuroblasts (Kramatschek and
Campos Ortega, 1994).

It might well be conceivable that there are other links between proneural genes and
neurogenic genes. Latest findings suggest that the genes of the AS-C activate expres-
sion of DL throughout the neuroectoderm (for review, see Campos-Ortega, 1993a,b).
Conversely, Jennings and co-workers (1994) found that in mutants for Notch expression
of the M6 and My proteins of the E(Spl)-C is severely impaired, suggesting the re-

quirement of maternal and zygotic Notch during this process. Furthermore, current

8Good reading in this context makes ‘Neural Darwinism’ by the Nobel Laurate Gerald M. Edelman
published by Basic Books, New York 1987.
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findings using the yeast interaction trap assay indicate that maternally supplied groucho
is necessary to render the bHLH proteins of the E(Spl)-C active by binding to their
oligomerisation domains. Hence, groucho may be a key modulator of transcriptional
repression by the bHLH proteins of the E(Spl)-C (Paroush et al., 1994).

Thus, at the time of neuroblast delamination DL and NOTCH are initially expressed
synergistically throughout the entire neuroectoderm (Kooh et al., 1993). It can,
hencewith, be assumed that DL stabilises the intercellular contacts between the cells in
this region by mediating the formation of intercellular junctions with NOTCH. Thus DL-
NOTCH interactions may therefore prevent these cells from adopting neural lineage.
Additionally, BIB may function as a communication channel between the neuroecto-
dermal cells solidarising against adopting a neural lineage. The genes of the E(Spl)-C
may, thus, regulate the neurogenicity of these cells in response to common signals ex-
changed through BIB channels (Doherty et al., 1993). Binding of DL to the NOTCH re-
ceptor then mediates through DELTEX the activation of downstream events augmenting
the transcription of the E(Spl)-C proteins My and Md (Diederich et al., 1994; Jennings et
al., 1994). As latest information from Artavanis-Tsakonas’ lab suggests, the activation
of the NOTCH pathway by DELTA results in the redistribution of the SUPPRESSOR OF
HAIRLESS (SU(H)) protein from the cytoplasm to the nucleus (Furukawa et al., 1992;
Fortini and Artavanis-Tsakonas, 1994). As seen before, the shift in the equilibrium
between proneural and neurogenic genes results in the delamination of neuroblasts.
The trigger for this shift might be HAIRLESS. Mutations in hairless act as a suppressors
of amorph and antimorph D/ alleles (Klein and Campos-Ortega, 1992). Additional
studies by Maier and Preiss (1993) have identified the hairless gene product as an an-
tagonist to neurogenic gene activity. hairless, which encodes a nuclear 1076 aa basic
protein enriched in serine residues might, thus, be the ultimate switch for neuroblast
identity in this cascade. It can be assumed that hairless acts to suppress the phenotype
of D/ either through interaction with AS-C genes or by initiating the neuroblasts endo-
cytotic activity in absence of ligand binding. Following the endocytosis of NOTCH and
DL from the surface membrane neuroblast dissociate form the neuroectoderm. As a

consequence these neuroblasts become disconnected from neuroectoderm specific in-
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formation and enrol their own developmental program. The expression of AS-C genes,
however, persists. As soon as neuroblasts have become dissociated from the neuroec-
toderm, the expression of D/ reappears probably in response to the actions of the hair-
less protein. The hairless protein becomes presumably derepressed by internalised
NoTCH in absence of DI. Hence, internalised NOTCH sequesters the repressor of hair-
less SU(H ) into the cytoplasm. HAIRLESS may in turn consolidate the NBs neural speci-
fication within the reformed neuroderm. Synergistically, daughterless may co-ordinate
the cellular events underlying this process conferring each neuroblast i$ specific pheno-
type (Vaessin et al., 1994). It must, however, be emphasised that the entire process is
not associated with the cell cycle. Cell divisions only generate the substrate, the neu-
roectodermal cells, for neuroblast differentiation. Only the differentiated neuroblasts

have the potential to enter the cell cycle again.

4, Midline Formation

The formation of the midline proceeds in three sequential stages, each of which is
associated with the expression of stage specific genes. Firstly, the plan for the mesoec-
toderm is established in blastula and gastrula type embryos (stages 5- 7). Secondly,
midline precursor cells arise during stages 8- 11. Lastly, these mature into fully differ-
entiated midline cells (stage 12- 17).

Whilst the components of the dorso- ventral patterning cascade outline the
presumptive mesoectoderm, it is the task of the midline specific genes to recruit the
relevant midline precursor cells. Some evidence suggests that the different midline
specific genes are co-operatively controlled through similar control regions 5' of each
gene. The consensus established for these control regions has the consensus 5'
-ACGTG- 3', indicative of xenobiotic control elements (XBEs). For each XBE, a
consensus of 5' TNGCGTG-3' has been established occurring mostly 5' of the genes
responsive for drug and cancer metabolism. It is genuinely understood that this type of
consensus sequence serves as a binding motif for basic helix- loop- helix transcription

factors, bHLH- PAS such as dorsal. The sim gene contains, evidently, five of these
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consensus motifs downstream of the coding frame within a 2.8 kb stretch of DNA.
Among these elements are two different promoters. The sim early promoter is first
activated during the germband extension. The late promoter seems to be required for
autoregulation (Nambu et al., 1991). Similar results were obtained for Toll gene:
Within, 0.9 kb fragment 5' of the Toll gene four of these conserved sites have been
found. There is, however, only a single site upstream of the gene slit.

Furthermore, deletions within the motif abolish germ band stage mediated tran-
scription of genes that occur downstream of these motifs. However, the number of mu-
tated motifs is determinative for the frequency of transcription. The higher the number
of mutated elements, the less frequent is the transcriptional activation. All these find-
ings strongly suggest that bHLH proteins need to form homo- /heterodimers in order to
activate the expression of midline specific genes by binding these asymmetric XBE en-
hancer motifs (Wharton, 1994).

The sim bHLH- PAS? protein acts to control the events that govern the development
of the midline precursor cells (MPCs) (Thomas et al., 1988). Experimental evidence
suggests that the midline cells migrate normally to the ventral midline at gastrulation in
mutant alléles for sim. However, the absence of the synchronised cell divisions in the
MPCs in mutants for sim indicates that this gene has also the potential to influence the
cell cycle events. Evident is also an aberrant phenotype of the sim mutant MPCs.
Particularly evident is the fusion of longitudianl axon bundles and axonal neuromas
(Nambu et al., 1990; 1991).

An other gene, which is critical for the development of at least some subsets of
midline cells, is the gene bottonhead (btd). btd is of particular interest for the process
of midline formation, because its reading frame codes for an nuclear protein containing
a homeobox. About the transcriptional activation of btd hardly anything is known but
one might expect that transcritpion factors such as the 7wiST bHLH protein might bind
to the 6 consensus binding sites 5'- CTNNAG-3' found within a 300bp region of ge-
nomic sequence immediately upstream of the btd reading frame. Strikingly the btd tran-

scription coincides the appearance of fushi tarazu (ftz) transcripts at the extended germ

9PAS stands for period, arnt, and single-minded domain
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band stage 11 (5} - 6 hours AEL), whereby each of the btn expressing cells - the dorsal

median (DMs) cells - is intercalated between each ftz stripe at a position predictive of
the parasegmental boundary. Studies on mutant alleles for btd have conclusively
demonstrated that the DM midline cells, which mark the path of the commissures along
the segment boundary in wild type embryos, are deleted. Hencewith, DM cells, which
in the Drosophila embryos serve as a substratum for the latitudinal outgrowth of com-
missural tracts, rely on the cell specific expression of b¢n to affirm their specificity

(Chiang et al., 1994).

5. Gliagenesis

Glial cells fulfil three different functions during the development of metazcan nervous
systems. Firstly, they direct the neural cell cycle and differentiation process in an
paracrine mode. Secondly, they specify the outgrowth of axons along their prefigured
pathways and define the domains where dendritic fields arise. Thirdly, the supply nerve
cells with essential ana- and metabolites.

Glial cells of the Drosophila melanogaster nervous system have three different
origins: The two non-neural types of glia either derive from specific lateral glioblasts
(Jacobs et al, 1989) or as the midline glia from mesoectodermal precursors (Crews et
al., 1988).

Midline glia cells have been extensively studied with regard to their involvement in
the formation of commissural pathways in Drosophila. When the three midline cells
MGA (anterior glia), MGM (medial glia) and MGP (posterior glia) are born, they adopt
a postion within each segment, which is opposite to their final location. Once the
commissures are formed MGM migrate anteriorly over MGA and MGPs cross the seg-
mental boundary positioning themselves posterior to MGMs (for review see Goodman
and Doe, 1993).

The origin of the glia of the aCC/pCC neurone cluster will be dealt with later.
Longitudinal glia derive from a separate type of precursors as the both types of glia de-

scribed above. Glioblasts (GBs), which generate midline glia, are of distinct genetic
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identity. It is likely that both derive from a common neurogenic precursor cell of the
peripheral ectoderm during following the 14th mitotic division. GBs are positioned lat-
erally to the NBs. They divide symmetrically to form a pair of progeny cells.
Following their 'birth' lateral glia cells migrate anteromedially, where they form two
rows. About genetic interactions of gliagenesis hardly anything is known. Midline glia
are identified by their expression of the marker slit and sim. Longitudinal glia express
the marker ftz , otd and pros (for review, see Goodman and Doe, 1993).

To study the anatomy of the glia system in Drosophila embryos in detail, Nelson
and Laughon (1993) fused the lacZ gene of E.coli to a glial specific promoter, which
contains a homeodomain consensus similar to that of the fftz allowing both PNS and
CNS glia to be marked. The supraoesophageal ganglion is surrounded by a glial sheath,
which is arranged in a web-like pattern. The type of glia stained in their study de-

pended upon the orientation of the insert.
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CHAPTER4

The Integration of Neurogenesis into The Segmentation
Process

The expreésion of transcripts and proteins of most proneural and neurogenic genes can
be found in the procephalic region, as well. The procephalic region differs, however, in
terms of the anatomy. The cerebral ganglion of insects is composed of several
amalgamated neuromeres. As seen before the seven pregnathal segments are arranged
in a S-like configuration. This arrangement has so far complicated studies on neurone
number and axon outgrowth in the procephalon. The identity of the neuroblast is estab-
lished by pair rule, gap and segment polarity genes in the torso of the Drosophila em-
bryo (Doe et al., 1988). With regard to their actions these genes can be divided into
three different classes:

Firstly, genes, which are closely linked to the segmentation process in the epider-
mis. Secondly, genes, which are involved in the segmentation process but which act
independently during neurogenesis (Patel et al., 1989b). The third class is formed by
genes, which are expressed de novo during neurogenesis and therefore do 'not obey to

the segmentation process at all (for review, see Doe and Scott, 1988).

1. Neuronal Identity is a Function of the Segmentation in the Ventml
Neuroedoderm

The first class comprises the genes of the gooseberry locus, patched, naked and en-
grailed. Fushi tarazu, even- skipped, odd oz, wingless and runt for instance are rede-
ployed during neurogenesis following their initial involvement in the segmentation pro-
cess, and therewith, belong to the second class.

Mutations in the engrailed locus predominantly effect the expression of other genes
in the region of each parasegmental boundary. Apart from this mutant embryos for en
only develop a single axonal commissure in each hemisegment (Ouellette et al., 1992).

EN expression is associated with neuroblast clusters of row 5 and 6 (Gutjahr et al.,
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1993). Specifically closely associated with defects in the epidermis are mutations in-
duced in the neuroectoderm by genes of the gooseberry- zipper locus. A discrete func-
tion can be assigned to each of the two highly homologous transcripts of the gooseberry
locus. As discussed above the gooseberry-distal (gsb-d) gene determines in conjunc-
tion with wg and en the formation of the naked cuticle (Niisslein-Volhard and
Wieschaus, 1980; Coté et al., 1987; Baumgartner et al., 1987; Gutjahr et al., 1993) and
thus acts as a postional cue (Zhang et al., 1993). Its expression begins before gastrula-
tion starting with stripes in odd numbered segments followed by stripes in even num-
bered segments and cedes with the end of head involution (Gutjahr et al., 1993). In
mutants for wg and en the regions of gsb-d expression are considerably reduced.
Ectopic gsb-d expression leads to a duplication of regions adjacent to the epidermal
parasegmental boundary (Zhang et al., 1994).

gooseberry-proximal (gsb-p) expression is restricted to clusters of neural ceII's situ-
ated beneath the parasegmental boundary just anterior to each EN domain, and thus acts
as a selector gene (Zhang et al., 1993). It corresponds mostly to the neighbouring WG
expression region. gsb-p expression is initiated during stage 10 in a limited number of
neuroblasts. With augmenting intensity expression can be detected in each metameric
neuromere by stage 11. The gsb-p expression domains are situated dorsally to the pos-
terior axon commissure of each neuromere corresponding to neuroblast rows 5 and 6 as
well transiently to row 7 (Gutjahr et al., 1993). The midline is excluded from gsb-p
expression. gsb-p is activated in trans by gsb-d which, too, is expressed in the neuroec-
toderm (Gutjahr et al., 1993). Thus, in mutants deficient for en and wg gsb-d fails to
transfer the information to gsb-p (Ouellette et al., 1992).

In embryos defective in the gsb-p gene the expression of ac (vide infra) expands
posteriorly into I’sc expressing neurones resulting in the depletion of the posterior
commissure and the CQ neurones. Moreover, the progeny of the NB1-1 (rows 5 and
6), the aCC, pCC, and RP2 neurones is duplicated in these mutants, perhaps as the re-
sult of the premature expansion of Ac (Skaeth et al., 1992). The EL neurones rémain,
however, not affected (Patel et al., 1989). By contrast, ectopic expression of gsb-p fos-

ters the misexpression of GSB-P in adjacent neurones, which usually do not express this
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gene. The EL neurones, for example, do not express GSB-P in wild type embryos.
Ectopic GSB-P expression alters their fate, so that EL specific markers fail to recognise
them as such. Markers for GSB-P positive neurones, in contrast, detect twice as many
GSB-P positive neurones. Hence, ectopic gsb-p or gsb-d expression reverses the effect
of gsb mutations (Zhang et al., 1994).

It has been proposed that cytoplasmic tyrosine kinase may mediate eihter upstream
or downstream functions of gsb-p as mutants for this enzyme fails to form the posterior
commissure, as well (Ouellette et al., 1992). As gsb-p and gsb-d are highly homologous
each protein can substitute the other. Even paired with its 87% homology to gsb is
able to retrieve mutations in the gsb locus suggesting a common evolutionary origin of
the paired type domain (Treisman et al., 1991; Gutjahr et al. 1993; Li and Noll,
1993b). Ouellette and collaborators (1992) further reported that in mutants for the seg-

ment polarity gene naked adjacent neuromeres are occasionally fused.

2. Detemination Neuroblast Identity in the Procephalic Region

ENGRAILED Domains

The segmentation pattern of the brain differs substantially from that of the torso. As in
the torso each segment is allocated a distinct neuromere. The anatomy of the pro-
cephalic nervous system differs accordingly. The insect brain represents an amalgama-
tion of several neuromeres. The thoracic and abdominal neuromeres are laid out in a
simple pattern which anatomy is well understood. Due to the deflected arrangement of
neuromeres, symmetries observed in the trunk have so far not been established. Cell
diversity of the procephalic region is quite enormous.

The brain morphology of the African desert locust Schistocerca gregaria is excep-
tionally easy to follow as here as in other short germ bad insects segments assume an
planar configuration. In each brain hemisphere of the Schistocerca embryo 130 large
mitotically a active neuroblasts are formed between the 20 and the 45% stages. These
neuroblast then migrate passively driven by divisions in this tissue to the founder brain

regions. Each neuroblast in the brain of Schistocerca produces by asymmetrical cell
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divisions a limited set of GMCs. Each GMC forms in turn two sibling neurones. The
number of neurones, thus, generated by a single neuroblast amounts to about hundred.
Zacharias and coworkers (1993) counted 41 large NB in the main protocerebrum, 25
large NB in the lateral protocerebrum, 32 large NB in the deuterocerebrum, 12 large
NB in the tritocerebrum, and finally 20 large NB in the pars intercerebralis. The
counts of this study reflects, however, only the number of large NBs. The number of
small NBs has not been determined and probably exceeds the number of large NBs by
far.

en expression (vide infra) demarcates each segment of the Drosophila brain. Thus,
as in the abdomen anti-EN immunoreactivity reveals the segmental borders and there-
fore defines each segmental neuromere. Each neuromere of the three gnathal segments
in the Schistocerca embryo comprises 24- 30 segmentally homologous NB pairs. The
number of meuroblasts in each of the four pregnathal segments, however, remains, ob-
scure.

In Drosophila, the neuromere of the labral segment is presumably the most anterior.
It probably contributes cells to the anterior ventral part of the brain. The preantennal
neuromere, which is found more posteriorly, is followed by the antennal neuromere.
The intercalary neuromere forms the border between the procephalic lobe and the
mandibular neuromere. The corpora pedunculata neuroblasts of the Drosophila brain
are thought to derive from the anterior ventral site of the EN head ‘blob’. Schmitt-Ott
and Technau (1992) have attributed the primary and secondary EN head ‘blob’ to the
posterior boundary of the preantennal segment. Hence, the corpora pedunculata arise in
between the labral EN ‘blob’ and the preantennal EN ‘blob’. Boyan (pers. comm.) pro-
posed that some smaller neuroblasts within the pars intercerebralis are identical with the
corpora pedunculata neuroblasts. These neuroblasts have, however, not been counted
in the study by Zacharias and co-workers (1993). Thus, it might be that the pars inter-
cerebralis can be attributed to the labral segment and the corpora pedunculata may arise
in Schistocerca on the border between the labral and preantennal segment (Zacharias et
al., 1993). According to the study by Zacharias et al. (1993), there are altogether 86

neuroblasts in the labral and antennal neuromeres, far more then the anticipated 40 to
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60 which are found in the remainder of neuromeres. And this number does not even
take the smaller neuroblasts into account.

Moreover, the preantennal segment contains the anlagen for the ocular tract of
Drosophila (Schmitt-Ott and Techanau, 1992), Apis mellifera (Fleig, 1990),
Schistocerca (Patel, 1989; Zacharias et al., 1993) and Leptinotarsa (Fleig, 1994). The
antennal neuromere of the Drosophila embryo is positioned dorsally of the preantennal
neuromere. This neuromere has unambiguously been identified as the origin of the an-
tennal lobes. The number of neuroblasts present in this region in the Schistocerca em-
bryo amounts to 32 which nearly corresponds to the average of neuroblasts found in a
neuromere of the gnathal region (Zacharias et al., 1993). The EN intercalary ‘blob’
contributes the intercalary neuromere. It is positioned just anterior to the mandibular

neuromere.

Gooseberry Domains

The controversy as to whether there are six or seven neuromeres in the gnathal or
pregnathal region can probably be solved when comparing the distribution of the gsb-p
gene product. As seen above each gsb-p stripe overlaps with the wg and partially with
the EN expression region. Ouellette and his co-workers (1992) pointed out that in the
head region of the stage 12 embryo at the onset of germ band retraction three pregnathal
stripes are prominent. Following the genealogy of these cells, then it is evident that a
single domain of gsb-d expression — the gsb-d antennal stripe — is present in the
blastula stage embryo at the end of cellularisation. During mid-germ band extension
the intercalary gsb-d stripe diverges form the gsb-d antennal stripe. Subsequently two
bilateral symmetric stripes of gsb-d expression emerge in the region of the clypeo-
labrum. Last the preantennal gsb-d stripe forms (Gutjahr et al., 1993). A comparison
with to Schmitt-Otts’ and Technaus’ (1992) EN expression map reveals that there is a
substantial overlap between three procephalic neuromeres: the preantennal (ocular), the
antennal, and the intercaiary neuromere. The lightly stained intercalary neuromere de-
marcates the border between pregnathal and gnathal region (Ouellette et al., 1992;

Gutjahr et al., 1993). No region of gsb-p immunoreactivity corresponds to the labral £N
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‘blob’, but gsb-d immunoreactivity revealed that the additional seventh segment stains
(Gutjahr et al., 1993).

In the precephalic region about 8 neuroblast clusters express the pair rule gene eve
which here as well, is positively regulated by runt (Duffy et al., 1991). I was , how-
ever, not able to identify these clusters.

The WG preantennal ‘blob’ becomes incorporated into the brain (Schmitt Ott and
Technau, 1992). Interestingly, the expression of the preantennal WG ‘blob’ depends on
the gap gene orthodenticle (Jiirgens and Cohen, 1990). The optic anlagen are excluded
from WG expression. The WG intercalary spot fades by stage 11 and becomes a com-

ponent of the CNS.

3. Homeotic Neuroblast Identity Genes

Homeotic selector genes of the antennapedia and bithorax complexes specify the
appropriate neural lineages to adopt a discrete fate (Kaufman et al., 1990). The genes
of these complexes are arranged sequentially on the third chromosome reﬂccting their
serial expression along the anterior posterior axis. Most anterior lies the labial gene
which presumably defines the status of the intercalary segment (Chouinard and
Kaufman, 1991). proboscipedia probably confers the identity upon the maxillary seg-
ment of the gnathal region (Pultz et al., 1988). The expression of deformed overlaps in
the labial and the first thoracic segment (Jack and McGinnis, 1990). For the abdomen it
has been demonstrated that Antennapedia-P2 is responsible for determining the speci-
ficity of neurones within thoracic segments. D-ets-3 is thought to translate the infor-
mation of selector genes into the specification of the neural identity (Chen et al., 1992).
For discussion of the remaining head specific selection genes see before.

How specific the selection process by homeobox genes might be by which certain
morphogenetic fields are isolated from neighbouring tissue was shown by Jones and
McGinnis (1993). Both identified a homeobox gene, which is exclusively expressed in

the ocular region of the developing brain. First, this gene was identified in terms of its
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homology to known the known eve homeobox, but it was later established that bsh
also displays a striking similarity to Antennapedia like homeobox domains.

The brain specific homeobox gene (bsh), a realisator class gene, determines the for-
mation of the Bolwig’s organ, the primitive eye, in the mid stage 11 embryo. Initially
expressed in only two well separated cells in each hemisphere of the anterior ventral
procephalic lobe two layers beneath the epidermis, the domains of expression soon ex-
tend to other cells so that by stage 15 about 30 cells express this gene. The cells of the
more anterior cluster become more embedded into the brain by migrating dorsally dur-
ing embryogenesis. Once the bsh clusters have been established, axons of the Bolwig’s
nerve extend from the cephlopharygeal region of the embryo through a pathway pre-
formed by glia into the bsh cluster which lies next to the presumptive anlagen of the
optic lobe. Afterwards bsh expression persists until stage 16.

The ftz eve and wg genes seem to function during the neuroderm formation in a re-
stricted autonomous pattern. WG is expressed in row 5 of SII neuroblast during mid-
stage 9. The domain of WG expression overlaps directly with the WG ectodermal
stripes. It seems, however, that the latter has a different function. Thé secreted neural
wg is received by adjacent rows 4 and 6/7. It is received by adjacent rows 4 and 6/7. In
conditional mutants for wg, the runt gene is expressed ectopically in row 4 neuroecto-
derm. In such mutants the gene expression in row 4 corresponds to that of the neigh-
bouring row 3. When differentiated row 4 GMC loose the identity of row 3 GMCs.
The lack of wg in the neuroectoderm seems to repress the transcription of the pair- rule
gene even- skipped (Chu-LaGraff and Doe, 1993). runt expression in the neuroecto-
derm is independent of its function as a pair-rule gene. In neuroblast aﬁother lineage
the CQ neurone cluster runt is co-expressed with eve. In contrast to other GMC clus-
ters the eve expression in the EL cluster is depleted in conditional runt mutants. In this
region runt is the activator of eve but is not required for the maintenance of eve (Doe et
al., 1988; Duffy et al., 1991).

castor (cas) is gene, which is co-expressed with en.. It encodes a nuclear zinc-finger
transcription factor with a novel domain. Its expression peaks during stage 12, when

SIII neuroblast delaminate. Of particular interest is that cas seems to be expressed in
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the procephalic lobe. Expression of cas persists in dividing GMCs (Kambadur et al.,
1993).
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CHAPTERS
Control of Neuroblast Proliferation

The proliferation and differentiation is directly correlated with the cell cycle activity of
neuroblasts. Factors, which control the chronological regulation of the cell cycle are
secreted by other cells and activate via signal transduction cascades the activation of the
cell cycle form the G;- phase in spatially and temporally defined domains (Foe , 1989).
Following activation the cell cycle proceeds with the S- phase (Knoblich et al., 1994)
during which daughter strands are synthesised (Durino and O’Farell, 1994). The neu-
roblasts proceeds than with the G,- phase (Lehner and O’Farell, 1990) during which the
relevant molecules, which are required for the cell division are expressed (M-Phase)
(Dawson et al., 1993; Neufeld and Rubin, 1994). Mutations, which affect the activation
of the transition form G;- to S- phase either prevent the cell cycle from proceeding or
induce permanent activation of the neuroblast cell cycle. With particular eye mark of
the procephalic region two genes have been found, which control the resting phase of
neuroblasts during the cell cycle. So far these mutants have only been researched in the
first instar nervous system. Both genes affect the proliferation of neuroblasts in the
ventral nervous system equally. Before I proceed I will have to mention the neuroblast
proliferation pattern of the postembryonic cephalic lobe and the neuroblasts, which give
rise to the corpora pedunculata in particular (for reviews see Glover, 1991; O’Farell,

1992).

1. Postembryonic Neuroblast Proliferation

During the late embryonic stages the number of neuroblast in the central brain region
declines to ten. Each neuroblasts generates in average a progeny of 5 daughter cells:
the ganglion mother cells (GMCs). In larvae a set of 4 neuroblasts supply ganglion
mother cells to the corpora pedunculata. An isolated neuroblast, which belongs to the
deuterocerebrum supplies GMCs to the antennal lobe. The mushroom body neuroblast

are of 8-10um diameter and, hence, are quite large (contrasting with the results ob-
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tained by Boyan in Schistocerca). They are located beneath the outer surface of the
cortex in the postero- dorsal cephalic region. These four neuroblasts as they can be
seen in the first instar larva multiply to generate a progeny of 20-30 neuroblasts per
cerebral hemisphere by 20 hours after larval hatching. Their number increases to 85
neuroblasts during the late third instar larval stage. This set of neuroblast persist until
20 to 30 hours after puparium formation and subsequently declines to only four neurob-
lasts. This quartet stops dividing 90 hours after puparium formation (Ito and Hotta,
1992).

2. Mushroom Body Defect Controls the Neuroblast Number

The mushroom body defect mutation (mud) affects the number of neuroblasts in both
brain and ventral nerve cord. Here I wish only to refer to neuroblast formation in the
procephalic lobe. mud is presumably a mutation, which affects the cell cycle in
neuroblasts throughout the neuroderm in Drosophila. Neuroblast alternate between
quiescent and proliferative state. It is assumed that Drosophila neuroblast arrest in the
G, phase. Mitotic events are normally cell cycle dependent controlled. In mud the
large numbers of reduced size neuroblasts are probably generated because the mitotic
arrest is abolished. In mud mutant embryos 7 -8 more neuroblasts than in wild type
were labelled with the nucleotide analogue BrdU. Similarlar results were obtained for
larvae: in 0-4 hour old wild type larva 45- 69 neuroblasts were BrdU labelled, whereas
only 49- 120 neuroblasts were detected mud mutants. These additional neuroblasts
outlast the four neuroblast, which are found the late pupal brain. Instead 43 neuroblasts

are still continuing to divide in this stage (Prokop and Technau for publication).

3. Anachronism Controls the Temporml Activation of the Cell Cyde in
Neuroblasts

Another mutation in the anachronism (ana) locus is associated with abnormal neuroblast
numbers. Whereas the numbers of neuroblasts are still identical in the embryos of wild

type and ana mutants by 30 hours after larval hatching five times more neuroblasts
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were detected in the ana mutant larval brain indicating that the onset of neuroblast
proliferation is precocious. In contrast to the mud mutation the absolute number of
neuroblasts of wild type flies is not exceeded. The numbers of precociously generated
neurones in ana mutants are five times higher than in wild type control. Thus ana
mutations have an impact on the number of neurones generated due to the premature
onset of NB activity but does not affect the quantity of NBs. The ana locus encodes an
474 aa endocrine glycoprotein, which is secreted by glia cells and is assuined to retain
neurones in the Gy phase by inhibiting the cell cycle to proceed. In string mutations
the neuroblasts form normally but are unable to divide and ganglion mother cells are
absent in this phenotype. Neuroblast do therefore not require cell division to adapt their

fate (Durino and O’Farell, 1994).



112

CHAPTER6
Differentiation of Neuronal Fields

Once, neuroblasts have arisen they divide asymmetrically to generate another neu-
roblast and a ganglion mother cell. The ganglion mother cell then divides symmetri-
cally to form two sibling neurones. Both sibling neurones may then migrate to their fi-
nal position where they become anchored by glial cells. From there they emanate ax-
onal processes into a direction, which is predetermined by their interaction with other
strategically positioned auxiliary cells, such as other neurones or glial ceils. Most-of the
cells an axon encounters during the pathfinding process secrete chcmotro;;ic factors, or
differentially express cell adhesion surface molecules. These cellular surface molecules
serve as a substrate for axon specific recognition molecules. These feed back to the neu-
rone, informing it about the position of its course. The strategical arrangement of the
cells guiding the axon to its target is a direct function of the segmentation process.
Furthermore, it is established that axonogenesis is closely correlated with germ band re-
traction, although no studies have so far been undertaken to tackle this mutual depn-
dency (Jacobs, 1993). The polarity of the neurone presumably obeys the same laws and
pathways which are used to generate dorso-ventral asymmetry during early embryonic
development (Keshishan et al., 1993).

As seen above, glia cells are thought to play an important role during the process of
neurogenesis. They provide logistical, strategical and tactical help during this process.
Logistical help is thought to be derived form glia, which ensheath the soma. These glia
provide a triple function: (i) They supply the soma with nutrients; (ii) they anchor the
soma to the cytoplasm and (iii) they control the cell cycle of NBs. The rtrategy for ax-
onal outgrowth is provided by glia cells, which mark the presumptive péthway of an
axon. One may consider the neuropil associated glia as such strategic cells. In
Drosophila 14- 16 non-static interface associated glia, amongst which several lengitu-
dinal glia are found (vide post), and 3- 4 midline glia ensheath the nevropil at the nen-
ropil cortex interface. Thus, the glia cells strategic positioning along potential path-

ways aids axon navigation.
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Lastly, the tactical implication. As defined tactics is the detailed direction and con-
trol of a movement to achieve an aim. In this 1espect I would relate the surface associ-
ated glia of Drosophila with tactical tasks. These 14- 16 subperineural glia are situated
dorsally of the perineural sheath and extend their processes along the ventral nerve
cord. 6-8 of these surface associated glia di§ide cach segmental neuromere along the
midline and form a channel through, which commissures navigate contralaterally into
the other hemisegment (Ito and Technau, 1993).

Once a pioneering tract has been established (Schistocerca: growth cone extension
rate: 8um/hr; filopodia extension rate:<101pum/hr; filopodia retraction rate:<104um/hr
(Myers and Bastiani, 1993b), other axons follow suit in fascicles and in most cases the
pioneering axon degrades. The formation of gap junction with neighbouring cells se-
cures the axonal fascicle within the surrounding tissue. The main axons finally extend
to synapse with their target. Highly organised dendritic fields may branch off during
this process. These need to recognise their targets within the tissue surrounding the
main axon. Genetic circuitry underlying the process of axonogenesis need therefore to
interact even more precisely than a clock work. Mutations in one of the many genes
may disturb the equilibrium of axonogenesis and will lead in severe cases to the even-
tual death of the organism. As my thesis is about the ontogenesis of the corpora pedun-
culata I -would have to refer to axonogenesis of these structures. However, the no£ evén
the most daring research laboratory has even thought of commencing work on the pra-
cephalon. This is partially due to its deflected structure but may also be attributed to
the lack of markers. W/ith my three slides 1 have in hand the proof that some nerve cells
of the procephalic lobe may behave as in the ventral neuroectodermal ,rc;gion. Time
lapse studies and a vital dye would be quite helpful to trace the process of axonogenesis
in the procephalic region. Thus, as I have already mentioned virtually nothing is knowp
about axonogenesis is the procephalon leaving me to having to refer to the ventral ner-
vous system which due to its ideally symmetric arrangement a lucrative system (o
study. Moreover, the key principles of axon guidance are thought to be the same lﬁ bﬂ‘\c
entire CNS. Only the fate of the procephalic neuromeres has changed during evolution.

Firstly, there are, for instance, more neuroblasts in each pregnathal segment whereas the
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number of mesodermal and ectodermal cells is reduced in this region. One may, thus,
reason that the other two germ band layers are therefore severely reduced in favour of

the neuroderm.

1. Genes which Control the Differentiation of Neurones

The process of axonogenesis depends on the position specific switches, which are made
to give a neurone its identity. Several genes have been implicated in participating in
neural identity formation. It is assumed that these genes are expressed along segment
polarity gradients and define the specificity of neural subsets according to the position
information which they have received.

miti-mere, pdml, dPOU28 (Yang et al., 1993a,b) and dPOU 9 all belong to the
class of these POU homeodomain proteins. In addition to functioning in several devel-
opmental programs, this class of proteins acts to define the outcome of GMC cell divi-
sions. miti and pdml are found within a common locus. Both share a large degree of
sequence homology and are expressed synergistically in GMC-1 and its progeny, the
RP-2 neurones and their siblings. Bhat and Schedl (1993, 1994) created an antimorph
miti allele driven by the hsp70 promoter and transfected this transgene into flies. The
transgene lacks the N-terminal portion of the POU protein, which is responsible for the
DNA binding specificity and probably functions as a mediator in transcriptional activa-
tion. It is assumed that the transgenic protein competes with the wild type miti protein
for binding to the upstream regulatory sequences and thus, when heat shocked, the ex-
pression of miti target genes, which is normally confined to the ventral neurogenic re-
gion, should be deleted. Experimental evidence suggests that the antimorph miti allele
prevents GMC-1 from dividing properly only when provided as two copies. Hence, the
higher the copy number of the antimorph miti allele, the more severe is the mutant phe-
notype of the RP2 neurones. A genomic duplication of the miti gene results in contrast
in the generation of replica neurones in the embryo. Thus, it can be assumed that the
miti POU protein acts to define the type of cell divisions of GMC-1. Upon the presence

of high concentrations of miti- protein the GMC-1 acquires the potential to divide four
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times, generating a progeny of two GMC-1s by a symmetric division, which in turn
form four RP-2 and sibling neurones. Lower copy numbers reduce the ability of GMC-
1 to divide symmetrically. Instead only one progeny GMCs may be generated together
with one sibling neurone. The progeny GMC-1 still has the potential to finally form the
RP-2 and a sibling neurone. Hence, the initiation of cell divisions of GMCs depends
upon thr.cshold titres of miti to determine the type of cell divisions. Thus, miti confers
upon the GMC-1 the potential to regenerate in a concentration dependent mode. The
more diluted the titres of miti in each cell, the less becomes the ability of GMC-1 to di-
vide.

The neural identity gene ming encodes a putative zinc finger protein which is in-
volved in determining the identity of neuroblasts. The expression of MING is restricted
to the NB lineages 6-1 and 7-4. Whereas, ming in NB 6-1 is already expressed follow-
ing the onset of neuroblast delamination, in the NB lineage 7-4 it does not appear until
the neuroblasts have gone through two divisions whereby two GMCs have been gener-
ated. Hence, it is likely the ming gene is expressed as a result of the preceding cell cy-
cle events( Cui and Doe, 1992).

The prospero locus codes for a protein with a certain sequence homology to the
zeste protein helix 3 homeodomain required for binding of zeste to DNA. It is first ex-
pressed in stage 6 and 7 embryos. pros transcripts are confined to the neuroectoderm
and following neuroblast delamination become concentrated in the neuroblast. pros is
expressed at its highest levels only in NBs and GMCs, but not in neurones. pros ex-
pression in LG in stage 13 co-ordinates proper neural outgrowth (Doe et al., 1991;

Vaessin et al., 1991).

2. The Principles Axonogenesis in the Ventral Nervous System

21. Overview of Axonogenesis

After having described the formation of the fundamental architecture into which the
nervous system is embedded this paragraph will deal with the process of spatial ar-
rangement of neural networks within the abdomen. The neurones of the CNS extend

their axons in a well co-ordinated manner to innervate their targets precisely. This is
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particularly important as aberrant neurite outgrowth impairs neuronal function severely.
An axon needs during this process to explore its pathways through the surrounding tis-
sue. During this pathfinding process, the differential expression of many extracellular
matrix molecules plays a crucial role in the generation of neural diversity and the tem-
poral and spatial organisation of complex neural networks. It should not be forgotten
that these surface molecules found so far represent only a fraction of the potential di-
versity of these molecules. The recognition and fasciculation with the correct pathways
feeds back to the neurone postional information, which it in turn translates into axonal
outgrowth and interaction with other cells during this process. The regulation of intra-
cellular events is mediated by several interacting cascades of second messenger path-
ways, which mutually enhance or inhibit their mutual. It has been universally accepted
that these cascades trigger the activation or inhibition of several transcription factors.
Once activated these transcription factors co-ordinate the transcription of proteins and
enzymes required for metabolic and structural functions during axonal outgrowth.
Thus, protagonists, antagonists, as well as, their respective supporters are involved in
axon extension and targeting. It is interesting to note that the expression of most of the
cell surface receptors with catalytic intracellular domains varies considerably during

development owing to differential polyadenylation and splicing activities.

2. Cytology of Axonogenesis

Connective Formation

The development of glia associated with the abdominal aCC/pCC cluster of the MP1
pathway have been studied extensively. aCC extends its axon contralaterally into the
anterior root of the intersegmental nerve. The pCC neurite runs anteriorly, where it
enters the medial section of the ipsilateral connective. The glial cells associated with
the aCC/pCC cluster are found just beneath the dorsal and ventral surface of the ventral
nerve cord, respectively. Two glia lie dorsally (B-glia) and one glia lies ventrally (A-
glia). In proportion to aCC and pCC, B-glia lie anteriorly to aCC and A-glia lie poste-
riorly to pCC.



117

Each of the cells in the aCC/pCC cluster descents form a single progenitor cell: NB
1. Thus, NB 1-1 forms both glia and neural lineages and was, thus, denoted as a neu-
roglioblast. NB1-1 divides sequentially to from NB1-2, NB 1-3 and so forth. The A-
glia and two B-glia are among the glial progeny of NB1-1. The neural progeny forms
the two sibling neurones aCC and pCC. Following the birth of these neurones both
cross the segmental border anteriorly and become located in the posterior neuromere of
the anterior segment. Once pCC has reached its final position in the posterior half of
the anterior segment, it emanates an axon that migrates anteriorly deviating slightly lat-
erally. It subsequently meets one of the median glial cells (LGS) and fasciculates with
vMP2 axons that partially enwrap this neurite. Both extend further anteriorly using
glial cells as guide posts. The pCC growth cone subsequently meets the vMP2 axon
which it enwraps tightly in order to form a fascicle. During further growth cone exten-
sion pCC acts always as the pioneer of this axonal pathway. LGS serves a guidance
post for the anterior migration of the fascicle. Both neurones maintain close contact
with the surface of the glia. At the beginning of stage 13, MP1 projects its axon later-
ally toward the inner surface. It then bifurcates and sends a neurite posteriorly around
the aCC axon, which persists for as long as the other branch has not met longitudinal
median glia (LMG). Once, this has happened the connection with aCC retracts. It en-
ters the dMP2/pCC pathway at the LMG and fasciculates with dMP2. SP1 joins the
pathway medially and extends along these axons. These axonal fascicles do not enter
the posterior segments until they have encountered the LG of the neighbouring seg-
ment. Once, MP1/dMP2 fascicles have reached the posterior segment, they innervate
their homologues in this segment and proceed further posteriorly (for review, see
Goodman and Doe, 1993) .

aCC extends its axon into the intersegmental nerve, and hence, leaves the CNS at
the exit junction during late stage 12. There it encounters the tracheal placodea. It uses
this structure as point of reference and follows it until it fascicles with sensory axons. It
subsequently follows these neurones (stage 15) and proceeds behind the main tracheal
trunk to synapse with muscle fibre 1 at stage 16. In contrast to the abdeminal aCC/pCC

neurones cluster the development of the thoracic aCC/pCC cluster precedes different.
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Here, NB1-1 does not generate a glial lineage (for review see Goodman and Doe, 1993;
Udolph et al., 1993). It would be interesting to know aw to whether-the stereotyped
growth pattern can be translated into the brain region as well. As I have mentioned be-
fore, this region is partitioned into segments as well, and it might be that in this region
neurones which in the thorax and abdomen are more widely distributed are amalga-

mated here(vide supra).

Commissure Formation

During the blastoderm stage all three germ layers are generated. Mesoectodermal
precursor cells (MEPs) delaminate at this time form two bilaterally arranged columns to
either site of the midline. This single wide stripe of MEPs divides both the neuroecto-
derm and the mesodermal anlage along the midline. Following the invagination of the
presumptive neuroectoderm during stage 6, the neurogenic regions arise. At the time
when SI neuroblasts delaminate form the neuroectoderm, the MEPs are already inter-
nalised dividing each segment into two hemisegments. Hence, four cells from either
hemisegment migrate to the midline where they line up to face another. Next, all eight
precursors become intercalated to form a column along the midline. The anterior three
cells form a glial lineage (MGA, MGM, MGP), whereas the posterior cells MP1, MP2
and four other ventral unpaired median neurones (VUM) form the posterior portion of
this column. In contrast to their lateral VNE counterparts MPs form a progeny of only
two daughter neurones. MP1 forms two unpaired neurones and MP2 generates two bi-
lateral paired neurones (Klampt et al., 1991).

VNS interneurones send their projections into the anterior and posterior commis-
sural tracts of each hemisegment from stage 12 onwards. The first posterior commis-
sure pioneers the midline during stage 12/5 in germ band extended embryos. This pio-
neering commissure explores the anterior most of the VUM cells which in turn triggers
the ventrolateral displacement of the anterior pair of the MP1 progeny. Once, this has
happened the growth cone loops anteriorly around the VUM cell thereby making use of
the gap generated by the displacement of the MP1. It fasciculates with MGA and VUM

and then proceeds into the contralateral neuromere.
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By stage 12/3 the anterior commissure is pioneered, guided by MGA and VUM
growth cones. At this point the VUM extend their projections anteriorly, whereafter
they bifurcate laterally. The posterior commissure is at this stage bend with ascending
and descending branches going to and leaving the midline. At the bend at the midline it
meets the anterior commissure. Both commissures are separated during stage 12/0 by
the VUM somata. MGA then provides the substrate for the anterior commissure which
is located posteriorly. The separation of both commissures is the result of the posterior
shift of MGM ventrally over the MGA to the VUMs and the medial displacement of
RP1 and RP2 soma. These cells finally form a cluster, which divides the two commis-
sures. The posterior commissure as the result runs now straight across the midline into
the contralateral neuromere. Similar cellular interactions have been observed in
Schistocerca americana. Here Q1 and Q2 ‘negotiate their way’ through the midline.
On several occasions the Q1 growth cone changes its morphology probably reflecting

its interaction with other cells (Myers and Bastiani, 1993a).

2.3. Factors Involved in Axonogeness

Extracdiular Matrix and Transmembrane Molecules

Several types of extracellular matrix proteins are expressed predominately during
axonogenesis. These cell surface proteins participate in the process of axon guidance
by demarcating the pathway an axon chooses. One class of cell surface molecules may
either contain or be directly coupled to an intracellular domain, which mediates signal
transduction. Other surface molecules may only process a transmembrane domain
without bearing enzymatic function in the intracellular domain. A further class may not
have any transmembrane domain at all. Instead it might be secreted. One distinguishes
between heterophilic and homophilic cell adhesion molecules. Connectin a novel sur-
face molecule, which contains 10 leucine rich motives and lacks an intracellular domain
mediates homophilic cell adhesions in subsets of axonal tracts. FASCICLIN I is com-
posed of a novel homophilic extracellular cell adhesion sequence differing substantially

form other known cell adhesion molecules. It is attached to the membrane via a glycol-
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ipid linkage, which lacks a transmembrane domain. Homozygous faSciclin I mutants
do not effect axonogenesis. By contrast double mutants homozygous for both fasciclin
I and Drosophila Abelson kinase lead to the loss of commissures as exemplified by
axon guidance defects in the RP1. Hence, the function of FASCICLIN I is predominantly
effected by DROSOPHILA ABELSON KINASE (Zinn et al., 1988; Elkins et al., 1990).
FASCICIN II and NEUROGLIAN are members of the immunoglobulin superfamily. Both
are involved in homophilic cell adhesion processes. Whereas NEUROGLIAN is related to
vertebrate neural cell adhesion molecules, the three immunoglobulin repeats of
FASCICLIN III are more heterogeneous (Bieber et al., 1989; Snow et al., 1989). FAS-
CICLIN IV has so far only been cloned in Schistocerca gregaria It shows striking simi-
larities to the COLLAPSIN molecule of chicken neurones (Kolodkin et al., 1992; Luo et

al., 1993; for review, see Goddman and Doe, 1993).

fasciclin II

FASCICLIN II acts in the developing nervous system as a bona fide homophilic cell
surface recognition molecule for the MP1 pathway. The extracellular matrix domain of
FASCICLINII is composed of five predicted C-2 Ig- like domains and two fibronectin
type III -like domains with seven potential N-glycosylation sites as seen in vertebrate
neural CAMs. Its transmembrane domain consists of a hydrophobic glycosyl
phoshatidyl inositol domain. FASCICLIN II is initially expressed in the MP-1 pathway,
and than appears in the whole longitudinal pathways. Particularly dominant is FAS-
CICLIN II on the growth cones of the developing aCC and pCC axons. In mutants for
fasciclin II the members of the MP1 pathway MP1, dMP2 and vMP2 growth neurones
do not fasciculate to form the MP1 fascicle. In contrast, aCC and the VUMSs proceed

normally with their development (Grenningloh et al., 1991).

lachesin
Drosophila LACHESIN is a 38 kDa protein with high homology to Drosophila AMALGAM.
Its one V- and two C2-type immunoglobulin domains classify it as a member of the

immunoglobulin superfamily. Its is linked to the membrane by a hydrophobic glycosyl





























































































































































































































































































































































































































































































































































































































































































































































































