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Sensory neurons make specific axonal projections in the CNS according to their position
and modality. The genetic specification of position and sensory identity therefore
determines where an axon terminates in the CNS. This process is central to the generation
of an ordered CNS. The aim of the work presented here was to examine the mechanisms
that control the translation of positional information and sensory modality into patterns of
central projections. Although many genes involved in determining sense organ type have
been identified, little is known regarding the specification of positional values within the
sensory nervous system. One possibility is that the segmentation genes that pattern the
early embryo also provide positional information within the developing sensory nervous

system.

A detailed analysis of segmentation gene expression within the sensory nervous system
was conducted to create a map of gene expression within each sensory neuron. This
revealed that very few of these genes are re-expressed in the embryonic sensory nervous
system at any stage during its development. However armadillo, engrailed and runt were
identified as candidate genes for specifying cell fate in the sensory nervous system. In order
to test the role of these candidate genes in determining cellular identity during development
two different misexpression approaches were taken. First, an existing collection of
P[GALA] enhancer-trap lines was screened to identify lines which would enable ectopic
gene expression to be driven in subsets of sensory neurons. Few useful drivers were
identified due to the late onset of GAL4 activity in the majority of lines screened. The pan-
neural elav-GALA4 enhancer-trap line was also used to express candidate genes throughout
the nervous system. For engrailed this resulted in disruptions to nervous system
development consistent with a role in specifying cell fate, indicating that engrailed is likely

to play a role in nervous system development.



A second approach was to develop techniques that would enable gene expression to be
targeted to individual sensory neurons. The potential of laser-induced heatshock as a means
of activating gene expression in single cells and of the MARCM technique, which enables
mosaic analysis to be conducted in a cell-specific manner, were explored. While
constitutive activation of gene expression was successfully achieved, laser induced gene
expression occurred at such a low rate as to be impractical when compared to the amount of
effort required to generate laser treated material. The MARCM technique provided a means
of creating single neuron clones and enabled sensory axons to be visualised in the CNS. and
has been used to characterise the normal pattern of central projections for each embryonic
sensory neuron in the larval CNS. This analysis will provide a framework in which the
MARCM technique can be used to examine the function of engrailed in specifying axonal

morphology.
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Introduction

Santiago Ramén y Cajal revolutionised neuroscience with the discovery that the nervous
system is composed of billions of separate nerve cells, rather than a continuous network of
filaments as had previously been thought. This led to the realisation that the basic units of the
nervous system were individual neurons, and this conclusion is the founding principle of
nervous system organisation. Cajal's observations served to focus attention on the

organisation of the nervous system being key to understanding its function.

The nervous system comprises a plethora of neuronal cell types organised into highly ordered
networks of synaptic connections. These precise patterns of neuronal circuitry are laid down
during development and for an organism to be able to sense and respond to its environment it
is absolutely essential that these neurons become correctly assembled into functional circuits.
Ordered arrays of sensory neurons, such as the somatotopic representations of the body in the
human somatic sensory cortex, are central to the assembly of a functioning nervous system
yet little is known regarding the mechanisms that establish this order. Much of our
understanding of the development of the nervous system has come from the study of the
comparatively simple nervous systems of invertebrates, particularly insects. Here too sensory
neurons project to the central nervous system in an orderly manner, and provide an invaluable

model in which to address the mechanisms that underlie the formation of sensory maps.

Several features have made the insect nervous system especially suitable for the analysis of
sensory projections. Firstly, the generation of the sensory nervous system and the central
nervous system (CNS) are spatially independent processes, permitting the formation of
connections between the two to be examined. Secondly, sensilla occur in stereotyped arrays in
the periphery and appear consistently in the same positions, meaning that individual neurons
can be repeatedly identified. In addition, transplantation of insect epidermis is comparatively

easy and is accompanied by vigorous regeneration of sensory cells.
1.1 Organisation of insect sensory systems

Classical anatomical techniques reveal three main regions of neuropil in each insect ganglion:
ventral neuropil, intermediate neuropil and dorsal neuropil (Strausfeld, 1976). Examination of
sensory afferents in a wide range of insects has shown that different types of sense organ

arborise within different layers of the CNS (e.g. Murphey et al., 1985; Murphey et al., 1989a;

Pfliiger et al., 1988), and that these projection areas correspond to the regions of neuropil



revealed by classical anatomical techniques (Murphey et al., 1985). Each ganglion is
organised similarly (Murphey et al., 1985) and this organisation is also highly conserved

across species ranging from Drosophila to the grasshopper.

Modality specific projections in both Phormia and Drosophila, for example, are virtually
indistinguishable (Murphey et al., 1989a). Leg tactile neurons innervate a ventral region of leg
neuropil whereas hair plate axons, which convey proprioceptive information, innervate
intermediate neuropil (Murphey et al., 1989a). The projection of leg tactile neurons to ventral
leg neuropil is conserved in crickets (Johnson and Murphey, 1985) and locusts (Burrows and
Siegler, 1984) and remains distinct from hair plate axons, which also segregate to intermediate
neuropil in the locust (Pfliiger, 1980). Proprioceptors occupy an intermediate region of
neuropil in flies (Merritt and Murphey, 1992; Murphey et al., 1989a) crickets (Hustert, 1978),
and locusts (Pfliiger, 1980; Pfliiger et al., 1988). In Drosophila and Phormia, where the
sensory afferents of gustatory neurons have been described (Murphey et al., 1989a), these
axons also innervate the ventral neuropil but aborise within a distinct medioventral region of
this neuropil. Likewise, chemosensory neurons occupy a discrete sub-division of ventral
neuropil in locusts (Newland and Burrows, 1994; Pfliiger et al., 1988). The modality specific
segregation exhibited by chemosensory, tactile, and proprioceptive axons within insect ganglia

is shown schematically in Figure 1.1.

Within each projection region axons are often arrayed topologically, as illustrated in Figure
1.1. Somatotopic (Murphey et al., 1980; Murphey et al., 1989b; Newland, 1991), retinotopic
(Braitenburg, 1972; Horridge and Meinertzhagen; 1970), and tonotopic (Oldfield, 1983;
Romer, 1983) maps have all been described. Retinotopic mapping refers to the orderly
projection of retinular fibres within the visual processing centres of the brain, the optic lobes.
The spatial relationships between retinal cells are retained within the optic lobes, thus
providing a central representation of visual space. In Drosophila, for example, each ommatidia
contains 8 photoreceptor neurons (R1-8) which project retinotopically to different layers of
the optic lobe (Meinertzhagen and Hanson, 1993). R1-6 terminate in the lamina, where they
form a 'neurocrystalline' array of synaptic cartridges, while R7 and R8 project to separate

layers of the medulla.

Tonotopic mapping, where sensory afferents are organised according to their sensitivity to
different frequencies of vibration, is exemplified by the cricket auditory system. Cricket
tympanal organs, the crista acoustica, comprise about 40 chordotonal receptor cells and are

located in the tibia of the foreleg. Each receptor cell is tuned to a particular frequency
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Figure 1.1 Central organisation of sensory projections in flies. Summary diagram illustrating the
modality specific and topological organisation of sensory projections within the fly ganglia. Hair plate
afferents (hp) project to the intermediate neuropil. Chemosensory afferents project to a medio-ventral
neuropil (gustatory). Tactile afferents project to the ventral neuropil and surround the gustatory afferents.
Somatotopic organisation is illustrated in the ventral neuropil, where two tactile neurons are shown. Tactile
neurons on the anterior of the leg project to the anterior tactile neuropil while tactile neurons on the
posterior of the leg project to the posterior tactile neuropil. The inset indicates the internal position of the

depicted ganglia. Figure reproduced from Murphey et al. (1989a).



(Rheinlaender, 1975). Within the crista acoustica receptors are ordered such that proximal and
distal sensilla respond to low and high frequencies respectively (Oldfield, 1982). This
tonotopic organisation is preserved in the auditory neuropil, where fibres tuned to low
frequencies project anteriorly and those tuned to high frequencies project posteriorly
(Oldfield, 1983; Romer, 1983; Atkins and Pollack, 1987). The spatial representation of
frequency observed in the cricket auditory system is analogous to the organisation of the

cochlea and brain in the vertebrate auditory system.

Somatotopic mapping, where sensory afferents form ordered projections according to the
relative position of a sensory neuron in the periphery, is illustrated by insect mechanosensory
systems. Central projections of tactile hairs on the hind leg of the locust, for example, form a
somatotopic map which corresponds precisely to the position of each sensilla, and represents
the location of each hair in three dimensions (Newland, 1991). This contrasts with tactile leg
afferents in Drosophila and the cricket (Johnson and Murphey, 1985; Murphey et al., 1989b),
where the somatotopic map is determined by circumferential position. Dorso-ventral position
is reflected in the dorso-ventral axis of the central projection region and anterior-posterior
position is represented centrally in the medio-lateral axis. The proximo-distal position of each

hair is represented along an anterior-posterior central axis.

Mechanosensory afferents from wind-sensitive and tactile hairs form somatotopic maps in the
CNS of crickets (Johnson and Murphey, 1985; Murphey et al., 1980) flies (Murphey et al.,
1989b), moths (Levine et al., 1985), and locusts (Newland, 1991; Pfliiger et al., 1981).
Experimental evidence suggests that such precise mapping is not simply a correlate of
temporal order of birth, initial axon trajectory or developmental history. One of the best
studied examples concerns the central projections of cricket clavate hairs located on the cerci, a
paired sensory appendage at the rear of the cricket. Clavate hair sensory afferents are
somatotopically ordered according to circumferential position on the cercus (Murphey et al.,
1980). These central projections are also correlated with the birthday of the neuron (Murphey
et al., 1980). Examination of clavate hair afferents on supernumerary cerci, which occur at the
same position on the cercus but are born later than their counterparts, has shown that these
neurons often follow atypical axon trajectories yet project to the CNS in accordance with their
location on the supernumerary structure (Murphey et al., 1983b). This indicates that the

segregation of clavate hair afferents within the CNS is based on peripheral location, not birth

order.



In Drosophila, the influence of developmental history on central axonal projections has been
addressed. The leg is divided into an anterior and a posterior developmental compartment,
based on the expression of engrailed. Tactile bristles on the leg form either an anterior
projection or a posterior projection, and within each main projection shape also form a
somatotopic map that is related to circumferential position around the leg (Murphey et al.,
1989b). The choice as to which projection pattern to make is not determined by developmental
history as the line that determines axon compartment does not correspond to the point where
axon trajectory changes from anterior to posterior. Additionally in engrailed mutants, where a
transformation of posterior compartment identity towards anterior compartment identity
occurs, afferent projections are essentially normal even when accompanied by a change in
external appearance (Murphey et al., 1989b). Here too initial axon trajectory does not
determine the ordering of sensory afferents, as axons that enter the CNS through the anterior
axon bundle can still cross over and produce the alternate projection pattern. In both the
cricket and Drosophila, peripheral location appears to be encoded during the differentiation of

sensory neurons and that positional information determines target region within the CNS.

By creating chimaeric sensory systems in crickets, Walthall and Murphey were able to test the
role of positional information in guiding sensory projections. Transplantation of cercal
epidermal tissue containing identified sensory neurons from a black cricket to abnormal
locations on the host cercus of a tan cricket, enabling donor receptors to be identified,
determined that the transplanted neurons arborise in locations consistent with their original
position (Walthall and Murphey, 1984). Such heterotypic transplants trigger epidermal cell
proliferation along the border of the graft, and the differentiation of new sensory receptors.
This new tissue represents intermediate locations between the positional values of the donor
and host epidermis (French et al., 1976). Walthall and Murphey showed that the newly
produced sensory neurons arborise in locations intermediate between those corresponding to
the original site of the donor sensory neurons and their new position (Walthall and Murphey,
1984), providing direct support for the notion that the relative position of the cell body when a

sensory neuron differentiates determines central projection area.

Such maps provide a central representation of the external world, preserving information
regarding stimulus direction or sound frequency within the CNS, and presenting these data to
post-synaptic interneurons and motorneurons in an accessible form. The organisation of
sensory maps and the modality-specific segregation of sensory afferents has been shown to
be related to the morphology and receptive field of post-synaptic interneurons. In the cercal-

to-giant-interneuron system of the cricket, the wind-sensitive hairs that cover the cercus are
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Figure 1.2. The Cricket Cercal-To-Giant Interneuron System. A cut-away view of a cricket is shown
on the left, illustrating the location of the CNS, and a detailed view of the cercus and terminal abdominal
ganglion is shown on the right. Sensory neurons at different locations on the cercus respond to different
wind directions (illustrated by arrows) and project to different regions of the terminal abdominal ganglion.
The projection patterns of the four types of sensory afferent, Lateral T, Medial T, Posterior L and Anterior
L are depicted. The postsynaptic cells have their dendrites restricted within the target area and are therefore
contacted only by sensory neurons that project to that area. This is illustrated for the medial giant

interneuron, which can be seen to contact the posterior L afferent but not the anterior L afferent. From

Bacon and Murphey (1984).



each responsive to different wind directions. Sensory neurons of similar directional
sensitivities are clustered together in strips on the cercus. Each strip projects to a different area
of the CNS, such that different regions of the CNS receive sensory afferents coding for
different wind directions (Bacon and Murphey, 1984). Each of the giant postsynaptic
interneurons has dendrites restricted to portions of neuropil corresponding to the different
wind directions and only responds to input from those specific wind directions, demonstrating
that the receptive field of these giant interneurons is a function of their morphology and is
correlated with the organisation of pre-synaptic sensory afferents (Bacon and Murphey,
1984). This is shown in Figure 1.2.

In the locust the receptive fields of spiking local interneurons overlap to produce a complete
map of the hind leg (Burrows and Siegler, 1984), and here too the morphology and receptive
field of these spiking local interneurons corresponds with the somatotopic tactile afferent map
(Newland, 1991). When specific branches of a cricket interneuron were ablated using laser
microsurgery, the interneuron stopped receiving input from the sensory afferents that
normally overlap those dendritic branches (Jacobs and Miller, 1985). This showed that
changing the morphology of an interneuron resulted in a corresponding change in its receptive
field. The significance of anatomical segregation of axonal arbours and interneuron dendrites
is further demonstrated by the observation that ectopic bristle afferents on transplanted cerci
project to the appropriate region of ventral neuropil and are able to form functional
connections in the thorax with the corresponding interneurons whose dendrites are restricted
to bristle neuropil (Murphey et al., 1985). Motorneurons also exhibit spatial restrictions in
their dendritic arborisation domains, which are related to the position and orientation of the
muscles they innervate (Landgraf et al., 1997). These highly ordered projections of sensory
afferents and the corresponding anatomical organisation of post-synaptic interneuron and
motorneuron dendrites are thought to be an important requirement for the formation of
specific synaptic connections. Such segregation physically restricts the set of target neurons
available to a given neuron, thereby helping to ensure that sensory neurons meet and form

synapses with the appropriate partners.

While the anatomical segregation of sensory afferents clearly influences synaptic connectivity,
it does not determine connectivity. The strength of the synaptic input must be adjusted and in
the cricket cercal system competition has been shown to regulate the efficacy of synaptic
contacts (Shepherd and Murphey, 1986). A small number of cercal sensory neurons have
axons that arborise bilaterally within the CNS. When one cercus was experimentally removed,

destroying 90% of the afferents on one side, most of the bilateral neuron's synaptic material



was transferred to the experimental side, where competition was greatly decreased (Murphey
and Lemere, 1984). This suggests that the neuron is able to detect the level of neighbouring
competition and shift its resources accordingly. These changes in the morphology of the
bilaterally projecting neuron have been demonstrated to be accompanied by changes in the
strength of its synaptic contacts with the medial giant interneurons (Shepherd and Murphey,
1986). Such interactions also influence the probability of synapse formation (Shepherd and
Murphey, 1986).

The importance of competitive interactions in shaping the final pattern of synaptic connectivity
is further emphasised by the finding that supernumerary sensory neurons compete with the
normal sensory neurons for their target interneurons in the cockroach, reducing the efficacy of
the existing connection (Bacon and Blagburn, 1992). In both types of competition experiment
sensory afferents never invade atypical regions of neuropil (Bacon and Blagburn, 1992;
Murphey, 1985). This indicates that while competition with surrounding sensory neurons may
be involved in establishing and refining the patterns of synaptic connections, sensory identity

determines afferent location in the CNS.

While a vast body of literature exists to describe the functional organisation of sensory axons
within the CNS, little is known regarding the genetic mechanisms that determine sensory
projection pattern. As sensory neurons make specific patterns of projections according to their
position and their sensory modality, the specification of position and sensory identity
therefore plays a pivotal role in the formation of synaptic connections. Insights into the
mechanisms governing the positioning of sense organs and determining the type of sense

organ to be produced have come from the study of neurogenesis in Drosophila.
1.2 Neurogenesis in Drosophila
1.2.1 Positioning the neural precursor

As there is little migration in the peripheral nervous system, the positioning of each neuronal
precursor is vital in generating the pattern of the peripheral nervous system. The activation of
the proneural genes, which are required for the formation of neural precursors (Cubas et al.,
1991; Romani et al., 1989), in a specific spatial and temporal pattern within the epidermis

therefore determines the positions of the neuronal precursors.



The expression of the proneural genes achaete and scute of the achaete-scute complex (AS-C)
in the small groups of epithelial cells that give rise to neuronal precursors is thought to be
governed by positional information supplied by the anterior-posterior and dorso-ventral
patterning genes. Mutations in pair-rule genes have been shown to affect the positioning of
neuroblasts in the regions of ectoderm that give rise to the CNS, with individual pair-rule
genes causing the deletion or fusion of specific achaete-expressing cells (Skeath and Carroll,
1992). While this information may directly activate achaete and scute in the embryo, there is
evidence that certain regions of ectoderm that give rise to neuroblasts may require the action of
further genes, such as ventral nervous system condensation defective (vnd), to translate the
primary pre-pattern information (Jimenez et al., 1995). In the adult sensory nervous system,
the specification of a subset of bristles is dependent on the activity of the genes of the
iroquois complex. These genes interpret pattern information provided by decapentaplegic and
cubitus interruptus (Gomez-Skarmeta et al., 1996; Gomez-Skarmeta and Modolell, 1996).
Both members of the iroquois complex encode closely related homeodomain proteins which
bind to regulatory regions of the AS-C (Gomez-Skarmeta et al., 1996), suggesting that they
directly regulate transcription of the AS-C. In addition, the zinc-finger protein, Pannier, can act
as a negative or positive regulator of AS-C transcription, depending on where it is expressed
(Ramain et al., 1993).

The specified pattern of sense organs varies depending on segmental identity. If the activity of
proneural genes is regulated by the anterior-posterior and dorso-ventral patterning genes, it
seems likely that the differences in peripheral nervous system (PNS) pattern between
segments may be dependent on the homeotic genes that control segmental identity. Loss-of
function mutations in the homeotic genes generally appear to affect PNS development as a by-
product of their effect on the epidermis, but there do appear to be some exceptions. Sex combs
reduced affects the morphology and position of the chordotonal cluster in the prothoracic
segment, while loss of Antennapedia results in a loss of external sensory neurons in the
thoracic segments and the appearance of several ectopic chordotonal neurons (Heuer and
Kaufman, 1992). Ultrabithorax is required for the formation of all sense organs derived from
the anterior compartment in segment A1, and loss of abdominal-A activity causes the five
lateral chordotonal neurons of abdominal segments to be transformed into the dorsal cluster
of three chordotonal neurons present in thoracic segments (Heuer and Kaufman, 1992). These
homeotic mutations do not affect the lineages of sense organ precursors or the type of sense
organ formed. Ectopic expression of these homeotic genes also results in defects in PNS
development, but tends to cause a reduction in sensilla development that cannot be easily
explained (Heuer and Kaufman, 1992). As PNS development was found to be more



susceptible to overexpression of homeotic genes at 3-4 hours of development, the period prior
to the appearance of precursor cells, this suggests that homeotic genes may participate in
regulating the expression of the proneural genes, which begin to be expressed around this

time.

Ubiquitous activation of proneural genes results in the formation of additional sense organs
(Garcia-Bellido, 1979; Jarman et al., 1993). The positioning of ectopic sense organs is not
random however and suggests that some regions of the embryo are refractory to proneural
gene activity. Loss of function mutations in the genes hairy and extramacrochaete (emc), on
the other hand, causes additional external sense organs to be produced. Both genes show
dosage-sensitive interactions with members of the achaete-scute complex such that the ectopic
sensilla produced in emc and hairy mutants is partially suppressed in AS-C heterozygotes and
enhanced by a duplication of the AS-C (Del Prado and Garcia-Bellido, 1984; Ingham et al.,
1985b; Ellis et al., 1990). Furthermore, these ectopic sense organs require AS-C function for
their formation and can appear in regions of the embryo where sensilla are not normally
located (Alonso and Garcia-Bellido, 1988; Ellis et al., 1990). This indicates that emc and hairy
function to suppress the formation of sensory organs in aberrant locations by antagonising
achaete and scute in those regions. Acquisition of neuronal competence in clusters of
ectodermal cells may therefore require the reduction or absence of emc and hairy activity, in
addition to proneural gene expression. Consistent with this, it has been shown that emc

expression is low in neurogenic areas (Van Doren et al., 1992).
1.2.2 Singling out the neuronal precursor

Sense organs are derived from single neuronal precursor cells, sense organ precursors
(SOPs), which delaminate from the developing ectoderm. Proneural genes begin to be
expressed in small patches of epidermal cells (proneural clusters) and endow these cells with
the ability to become neural precursors (Cubas et al., 1991; Romani et al., 1989). The
expression of these genes is then restricted to a single cell by a process of lateral inhibition

and this remaining neuronally competent cell will become the neuronal precursor. This is

shown in Figure 1.3.

Sense organ precursors appear to be selected from a smaller group of cells within the
proneural cluster that accumulate higher levels of proneural proteins than their neighbours,
with the cell eventually destined to become the SOP accumulating the highest levels of all
(Cubas et al., 1991; Cubas and Modolell, 1992; Skeath and Carroll, 1991). The selection of a



Figure 1.3 Sense organ precursor formation. Proneural genes are activated in small cluster of ectodermal
cells and endow these cells with the competence to become SOPs. The SOP is then selected from this group
of cells by accumulating a higher level of proneural proteins than the neighbouring cells. Once the SOP has
accumulated the highest levels of proneural proteins it will delaminate from the neuroectoderm and initiate

neuronal differentiation.



single precursor from each group of neuronally competent cells is achieved through a process
of lateral inhibition mediated by Notch-Delta signalling (Artavanis-Tsakonas et al., 1995).
Binding of the Notch receptor by its ligand, Delta, induces the expression of the genes of the
Enhancer of split (E(spl)) complex, which function to repress proneural competence in the
cells of the cluster receiving the Notch signal (Jennings et al., 1995; Jennings et al., 1994).
The E(spl) complex encodes seven bHLH transcriptional repressors (Klambt et al., 1989) and

these may directly repress expression of the proneural genes.

Two models have been proposed to explain how this type of mechanism can lead to the
singling out of a precursor (Artavanis-Tsakonas and Simpson, 1991; Ghysen and Dambly-
Chaudiere, 1993; Muskavitch, 1994). Firstly small differences in neural competence between
cells could become magnified through competitive inhibition between neighbouring cells
(Artavanis-Tsakonas and Simpson, 1991; Ghysen and Dambly-Chaudiere, 1993). Notch, delta
and the proneural genes would therefore operate via an intercellular negative feedback loop
which would exaggerate any small increases or decreases in competence between cells until
one cell establishes itself as the only neurally competent cell. Alternatively Notch-Delta
signalling could cause all cells to remain in a state of inhibition until one cell, perhaps through
the accumulation of proneural proteins, ceases to be inhibited and becomes the precursor
(Muskavitch, 1994). Evidence has accumulated for both theories, and it remains possible that

both processes occur but represent different stages on the path to selecting a single precursor.

The neuronal precursor always occupies a very similar position in the cluster, however.
Prepattern factors have been suggested to predetermine a small subset of the proneural cluster
cells to become the SOP (Culi and Modolell, 1998). Several other unidentified factors are also
thought to be required for the accumulation of proneural gene expression in the SOP (Culi
and Modolell, 1998). One such factor may be Senseless, a novel zinc finger transcription
factor required for the proper development of the PNS (Nolo et al., 2000). Loss of function
mutations abolish the upregulation and maintenance of proneural expression in the neural
precursor, and ectopic expression results in the production of ectopic sense organs. Senseless
activity is restricted to the subset of cells that express the highest levels of proneural proteins
and is dependent on proneural gene function, suggesting that proneural genes activate
senseless which in turn is required to activate and maintain proneural gene expression in the
SOPs (Nolo et al., 2000). This may be accomplished by direct activation of proneural gene
transcription, possibly in conjunction with transcriptional inhibition of the E(sp/) complex
genes (Nolo et al., 2000).



1.2.3 Sense organ formation
1.2.3.1 Proneural genes

Loss of function mutations in proneural genes delete specific subsets of sensory organs, and
ectopic expression results in the formation of additional sense organs, indicating these genes
are required for the specification of sensory precursors (Garcia-Bellido, 1979; Jarman et al.,
1993). A number of proneural genes have been identified and include achaete (ac), scute (sc)
lethal-of-scute (Isc) and asense (ase), which together comprise the achaete-scute complex
(AS-C) (Cabrera et al., 1987; Romani et al., 1987; Alonso and Cabrera, 1988); amos
(Goulding et al., 2000; Huang et al., 2000); and atonal (Jarman et al., 1993). The AS-C genes,
atonal, amos, emc and hairy all encode Helix-Loop-Helix (HLH) proteins (Alonso and
Cabrera, 1988; Garrell and Modolell, 1990; Jarman et al., 1993; Rushlow et al., 1989;
Goulding et al., 2000; Huang et al., 2000) which are expressed in the proneural clusters and
sense organ precursors (Cabrera et al., 1987; Romani et al., 1987). The HLH motif is
important for protein dimerisation and HLH proteins can generally form both homodimers
and heterodimers. Most HLH proteins, including the proneural gene products, also have a
conserved basic motif adjacent to the HLLH region (b-HLH), which enables the protein to bind
DNA with sequence specificity and to function as transcription factors (Cabrera and Alonso,
1991). The AS-C proteins and Atonal bind to DNA as heterodimers with the ubiquitously
expressed b-HLLH protein Daughterless (Cabrera and Alonso, 1991). Neuronal precursors
still form in daughterless mutants but cannot progress through cell cycle, indicating that
daughterless is not required for the specification of neuronal fate but is necessary for the
differentiation of the neuronal precursor (Hassan and Vaessin, 1997). EMC lacks the basic
DNA-binding region, suggesting EMC may antagonise AS-C function directly by binding to
their dimerisation domains and preventing heterodimer formation and inhibiting subsequent
DNA-binding (Garrell and Modolell, 1990; Ellis et al., 1990). Indeed, EMC has been shown
to be able to heterodimerise with members of the AS-C and prevent DNA-binding in vitro and
transcriptional activation in vivo (Cabrera et al., 1994). Hairy does encode a b-HLLH protein,

and is therefore thought to directly repress ac transcription (Van Doren et al., 1994).

Different proneural genes specify different subsets of sense organ precursors. In the
embryonic sensory nervous system the achaete and scute genes of the AS-C are required for
the formation of the external sense organ precursors and a subset of multidendritic precursors
(Campuzano and Modolell, 1992). Different members of the achaete-scute complex can

compensate for each other functionally (Rodriguez et al., 1990; Dominguez and Campuzano,
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1993), indicating a high degree of redundancy in the cluster. For the achaete and scute genes
it has been shown that both are initially activated in complementary spatial domains under the
control of the individual cis-regulatory sequences of each gene, and subsequently each gene
activates the other to produce corresponding patterns of expression (Martinez and Modolell,
1991). Other potential targets of AS-C transcriptional activation include the neurogenic genes,
such as the E(spl) complex (Hinz et al., 1994), and genes required for specifying neural
identity and controlling neural differentiation such as cut and pox-neuro (Blochlinger et al.,
1990; Dambly-Chaudiere et al., 1992; Vaessin et al., 1991).

Atonal controls the formation of the chordotonal organ precursors (Jarman et al., 1993).
Analysis of atonal (ato) mutants has shown this gene to be required for chordotonal
precursor formation, with the exception of one of the abdominal pentascolopidial organ
neurons which, it appears, can be specified by the AS-C in the absence of afo (Jarman et al.,
1993; Jarman et al., 1995). Of the eight chordotonal organs that are present in each
hemisegment of the Drosophila embryo only five of the neural precursors express ato
transcripts: these include the neuron formed in afo mutant embryos (zur Lage et al., 1997).
The remaining three atonal-dependent chordotonal precursors are recruited by the aro-
expressing founder cells via a local signalling mechanism involving the Drosophila EGF
receptor (DER) pathway (Okabe and Okano, 1997; zur Lage et al., 1997). In AS-C and afonal
double mutant embryos, a small subset of multidendritic neurons remain (Dambly-Chaudiere
and Ghysen, 1987; Jarman et al., 1993). These are specified by amos, a recently identified
proneural gene related to aronal (Goulding et al., 2000; Huang et al., 2000).

While proneural genes are only briefly expressed in the SOP during sense organ
differentiation (Cabrera et al., 1987; Romani et al., 1987), the expression of specific
proneural genes must play some role in determining the identity of the sense organ produced,
as ectopic expression of achaete-scute complex genes will cause the formation of ectopic
external sense (es) organs but never chordotonal (ch) organs (Rodriguez et al., 1990; Jarman
et al., 1993). The mechanisms controlling asymmetric cell division are common to both es and
ch lineages, yet each will eventually produce very different sense organs with different roles in
the nervous system. It appears that this difference is established in the sense organ precursor.
Different proneural genes are required for the specification of es, ch, and some md precursors,
and the genes that confer the identity of the sense organ lineage may be targets of proneural

transcriptional activation.
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1.2.3.2 Identity selector genes

A number of genes have been identified which specify the type of sense organ to be formed.
One such gene is cut, which is expressed in AS-C dependent precursors but not in azo
dependent precursors (Blochlinger et al., 1990). Loss of cut activity causes the neurons and
support cells of the es organs to be transformed into those of ch organs. Ubiquitous
expression transforms ch organs into es organs but does not cause the formation of ectopic
sense organs, indicating cut is required for es organ identity but cannot initiate sense organ
development (Blochlinger et al., 1991). BarH/ and BarH?2 encode two functionally redundant
homeobox genes that appear to play a role in determining what type of es organ is produced
(Higashijima et al., 1992). Alone, loss of function mutations have no effect on development.
Deletion of both transforms certain es organs from campaniform-like sensilla to trichoid
sensilla and overexpression of either gene causes the complementary change in fate
(Higashijima et al., 1992). Expression of BarHI and BarH2 is strongest in the campaniform-

like sensilla es precursors and is later found in the glial cells and neurons of these es organs.

The gene pox-neuro (poxn) has also been shown to be required in the es lineage for the
development of the poly-innervated es (p-es) organs and is expressed in a subset of the es
precursor cells that give rise to the p-es organs (Dambly-Chaudiere et al., 1992). In addition to
being able to transform mono-innervated es (m-es) organs into p-es organs when it is
ectopically expressed, poxn can also transform ch precursors into es precursors by inducing
cut expression (Vervoort et al., 1995). One explanation for this interesting result is that both
genes are required to specify p-es formation and that direct activation of cut by poxn ensures
that both are always co-expressed in those precursors (Vervoort et al., 1995). The scenario
that emerges is that, in the absence of cut and poxn activity, a sense organ precursor will
develop as a ch organ and that, in the absence of poxn expression, an es organ will develop as
a mono-innervated es organ. Other factors such as BarH1 and BarH? are required to specify
the exact type of sensory hair produced by the es organ. One reason the specification of ch
organ precursors may require a separate proneural gene, afonal, is therefore that cut and poxn

are not targets of atonal transcriptional activation, enabling those precursors to develop as ch

organs.

A number of genes have therefore been identified which are required for the formation of
neural precursors and for sense organ specification. As many of these genes play a role in
determining the type of sense organ to be formed, such genes may also govern sensory

projection pattern within the CNS.
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1.3 Genetic mechanisms governing the formation of an crdered array of sensory

projections

Although several of the genes that determine the type of sense organ to be produced have now
been identified, few studies have examined the relationship between the specification of
sensory modality and the formation of an ordered pattern of central projections. In the
Drosophila embryo the different types of central projection correlate closely with the
proneural gene required for sense organ precursor formation, suggesting that the proneural
genes may play an important role in determining sensory identity (Merritt and Whitington,
1995). The expression of proneural genes cannot directly determine central projection pattern

however as proneural genes are only expressed in neural precursors and not in the sense
organs themselves (Cabrera et al., 1987; Romani et al., 1987). As discussed above, one of the

targets of proneural transcriptional activation may be the gene cut, which is required for es
organ identity and is only expressed in AS-C dependent precursors (Blochlinger et al., 1990;
Blochlinger et al., 1991). The role of cut in specifying terminal arbours has been investigated
by examining the projections of es neurons in embryos mutant for cuz, where the neurons and
support cells of the es organs are transformed into those of ch organs (Merritt et al., 1993).
The central projections of transformed es neurons are variable: some appear almost wild-type,
some resemble those of ch neurons, while others do not conform to either type. This would
indicate that while cuf influences neuronal projections it is not the sole determinant of external
sensory neuron identity. In the absence of cuf some aspects of es neuron identity remain and
contribute to the specification of the es central projection pattern. While cut clearly does not
function as a simple modality control switch for all aspects of neuronal identity, this does not
preclude the possibility that the upstream proneural genes could satisfy this function. In the
adult however, ectopic expression of pox-neuro, required for the specification of poly-
innervated (chemosensory) es organs (Dambly-Chaudiere et al., 1992), results not just in the
transformation of mechanosensory bristles into chemosensory bristles but also in the
underlying neuron establishing a central projection pattern similar to wild type chemosensory
neurons (Nottebohm et al., 1992). This transformation results in the formation of a functional
chemosensory receptor, suggesting that pox-neuro at least is capable of specifying multiple

aspects of neuronal identity (Nottebohm et al., 1992).
The role of pre-pattern genes in determining central projection pattern has also been examined

for mechanosensory neurons on the Drosophila notum (Grillenzoni et al., 1998). Medially

located macrochaetes have contralateral branches to their central projections whereas the
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arborisations of lateral macrochaetes are restricted to the ipsilateral side of the CNS. The
specification of the lateral bristles is dependent on aracaun and caupolican, two members of
the iroquois complex, which interpret pattern information provided by decapentaplegic and
cubitus interruptus and are required for the activation of the proneural genes ac and sc
(Gomez-Skarmeta et al., 1996; Gomez-Skarmeta and Modolell, 1996). Loss of function
mutations in the iroquois complex result in a failure of lateral bristles to form the
characteristic lateral projection whilst ectopic expression of either araucan and caupolican
causes medial microchaetes to assume a lateral projection (Grillenzoni et al., 1998). The
central projection of the medial macrochaetes however remains unaffected, although it is
possible that this may reflect limitations of the experimental set-up. Nevertheless, these results
strongly suggest that the genes of the iroquois complex control lateral identity for a subset of
notal mechanosensory neurons. The effect of the proneural genes achaete and scute on the
formation of lateral and medial projections were also investigated and found, perhaps
unsurprisingly given the high degree of redundancy between the achaete-scute complex genes
(Rodriguez et al., 1990; Domingues and Campuzano, 1993), to have no correlation with lateral

or medial identity (Grillenzoni et al., 1998)

As pre-pattern genes activate proneural gene expression in the epidermis, the effect of the
iroquois complex genes on central projection pattern must again however be indirect. While
the specification of position and sensory identity are important determinants of central
projection pattern, the mechanisms by which positional information and sensory modality are
translated into a precise pattern of central projections remain largely unidentified. A
discussion of the molecular basis of axon guidance is of relevance to this question as many of

these genes may also be required for the formation of the sensory afferent projection.

1.4 Development of neuronal connections

The functioning of the nervous system is dependent upon intricate and highly ordered
networks of synaptic connections. Neurons become organised into functional arrays of
neuronal connections with incredible fidelity during development, despite frequently
navigating considerable distances to find their appropriate targets. Remarkable advances in our

understanding of the cellular and molecular basis of axon guidance have been made in recent

years.
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1.4.1 Pioneer neurons and pathway formation

The first neuronal pathways are established early in development when the distances to be
travelled are often short and the embryonic landscape still relatively simple. These pathways
form the major nerve routes and provide an axonal scaffold which later born neurons contact
and migrate along to bring them to their target region. This led to the suggestion that the early
growing axons that first navigate these pathways function as 'pioneer' neurons (Bate, 1976;
Goodman and Bate, 1981; Goodman, 1984; Ho and Goodman, 1982; Keshishian, 1980;
Keshishian and Bentley, 1983a; Keshishian and Bentley, 1983b; Keshishian and Bentley,
1983c). The pioneer extends along a series of guidepost cells (Bate, 1976; Ho and Goodman,
1982; Bentley and Keshishian, 1982) which provide essential guidance cues to the navigating
growth cone (Bentley and Caudy, 1983). Guidepost cells therefore reduce the task of correctly
navigating to an often distant target to crossing the short distances between each intermediate
target, distances that can be surmounted through filipodial extension. In Drosophila, central
pioneer neurons contact and extend along the surface of glia (Jacobs and Goodman, 1989a;
Jacobs and Goodman, 1989b). These glia occur in positions which prefigure the major axon
tracts in the CNS and are thought to provide guidance cues to the pioneer neurons (Jacobs
and Goodman, 1989a; Jacobs and Goodman, 1989b). Consistent with this, mutations that
affect the position of longitudinal glia disrupt longitudinal tract formation (Jacobs, 1993) as
does their ablation (Hidalgo et al., 1995). The midline cells of the Drosophila central nervous
system also represent an important intermediate target in the CNS, providing attractive cues to
commissural axons while simultaneously forming a repulsive barrier to ipsilateral axons
(Klambt and Goodman, 1991; Tear et al., 1996; Kidd et al., 1998).

While pioneer neurons develop in a axon-free environment, later born neurons are faced with
a complex web of possible axon pathways. Follower neurons show remarkable precision in
their pathway choices and join (fasciculate with) specific axon bundles (Bastiani et al., 1984;
Raper et al., 1983b). This observation gave rise to the "labelled pathway hypothesis", where
each tract is uniquely labelled by the expression of cell surface recognition molecules,
enabling neurons to identify and selectively fasciculate with the appropriate pathway (Raper et
al., 1983a; Raper et al., 1983b; Batsiani et al., 1984; Goodman et al., 1983).

The exact role of pioneer neurons in the correct development of axonal pathways remains
contentious however. For example, when axonogenesis of the Til neurons, which pioneer a
major nerve (5B1) in the developing grasshopper limb, is blocked follower neurons can

establish a normal nerve route. This would suggest that nerve tract formation is not dependent
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on the presence of pioneer neurons and that pioneer neurons do not have a unique pathfinding
ability (Keshishian and Bentley, 1983b). However, the Til pioneer neurons are required for
the passage of more distal neurons across the limb-segment boundary (Klose and Bentley,
1989). By advancing over the segment boundary cells before they have acquired the high
affinity for growth cones which halts the extension of later born neurons, pioneer neurons are

able to provide a bridge across this obstacle to later differentiating neurons (Klose and
Bentley, 1989).

The presence of sensory neurons that persist through metamorphosis in holometabolous
insects suggests that these persistent sensory neurons may function in an analogous manner
to guide the newly produced adult sensory neurons across the larger and more complex adult
landscape (Shepherd and Smith, 1996; Williams and Shepherd, 1999; Tix et al., 1989a; Tix et
al., 1989b; Lakes-Harlan et al., 1991). Here too the evidence for a developmental requirement
for persistent neurons is largely lacking. Deletion of larval sensory neurons disrupts the
growth of adult sensory neurons in the beetle Tenebrio (Breidbach, 1990) but in the antennal
system of Manduca sexta (Oland et al., 1998) and for retinular axons in Drosophila (Kunes
et al., 1993) the presence of intact larval nerves is not required for the formation of adult
pathways. Usui-Ishihara and co-workers have recently demonstrated however that ablation of
persistent multidendritic neurons in Drosophila, whose dendrites are associated with

ingrowing adult bristle axons, disrupts notal bristle axon trajectories (Usui-Ishihara et al.,

2000).

In Drosophila, the central projections of persistent larval sensory neurons are retained intact
throughout metamorphosis (Shepherd and Smith, 1996). This larval pattern of axonal
projections prefigures the terminal arborisations of adult sensory afferents (Shepherd and
Smith, 1996), suggesting that persistent sensory neurons may guide the assembly of ordered
sensory projections in the adult. In support of this theory, Williams and Shepherd have now
shown that ablation of the persistent larval sensory neurons disrupt the central projections of
adult sensory neurons in a manner consistent with a guidance function for the persistent
sensory neurons (Williams and Shepherd, 2002). Central projection regions could therefore

be pioneered during embryogenesis, when the CNS is still relatively small.
The idea that pioneer neurons establish the major axon routes early in development and

provide guidance cues for later neurons is now firmly established, despite the lack of an

absolute requirement for pioneers. Many of the molecules that provide this initial guidance
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information to the navigating growth cone and enable subsequent neurons to make guidance

choices have now been identified.
1.4.2 The molecular basis of axon guidance

Axon guidance is mediated by the growth cone, a specialised structure located at the tip of
growing axons. Each neuron extends an axon which, led by its growth cone, navigates its way
through its environment, often traversing long distances to find its correct target. The idea that
growth cones are accurately guided towards their final targets by specific chemotactic cues, the
chemoaffinity hypothesis, was first proposed by Sperry (1963) to explain the remarkable
precision by which retinal axons find their appropriate targets in the amphibian optic tectum.
Since then the molecular mechanisms that underlie axon guidance have been the subject of
intense study. This work has lead to the discovery of putative recognition molecules that
function much like the chemotactic cues of Sperry's original hypothesis. Growth cones are
guided towards their appropriate target cells by a mixture of attractive and repulsive cues in the
form of secreted and cell surface proteins, encountering both substrates that are permissive for
growth and that inhibit axon extension. This provides four main guidance mechanisms: long-
range chemoattraction, long-range chemorepulsion, contact chemoattraction and contact

chemorepulsion (Tessier-Lavigne and Goodman, 1996) which act in concert to ensure

accurate guidance.

Many guidance molecules have now been identified and found to be highly conserved
between vertebrates and invertebrates. Rather than being divided into discrete classes
correlated with guidance mechanism, closely related molecules can mediate distinct modes of
action. The semaphorin family, for example, includes both secreted and transmembrane
proteins that function as long-range and short-range chemorepellents, respectively, in a
number of different contexts (Kolodkin et al., 1992; Luo et al., 1993; Matthes et al., 1995).
Semaphorin III causes dramatic growth cone collapse when encountered by chick sensory
axons (Luo et al., 1993), while Semaphorin I functions to stall and then steer approaching
pioneer growth cones in the grasshopper (Luo et al., 1993). A distal-to-proximal gradient of
secreted Semaphorin II in the grasshopper limb is also required to define the polarity of axon
outgrowth (Isbister et al., 1999). Semaphorins are also involved in the regulation of axonal
fasciculation. Their expression on surrounding epithelial cells appears to push axons together,
tightening fasciculation in the grasshopper (Isbister et al., 1999; Kolodkin, 1996). In

Drosophila however, semaphorins promote axon defasciculation for CNS axons and
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motorneurons, enabling axons to break away from the main nerves at the appropriate point for

them to reach their targets (Yu et al., 1998).

Attractive and repulsive signals include the ephrin, netrin, semaphorin and slit protein families
(Tessier-Lavigne and Goodman, 1996). Several members act as bifunctional guidance cues,
capable of attracting or repelling advancing growth cones. Attractants and repellents are
recognised by distinct transmembrane receptors at the Drosophila midline. Frazzled is the
receptor for the midline chemoattractant, Netrin, (Kolodziej et al., 1996) whilst Slit repulsion is
mediated by the Roundabout (Robo) receptor (Kidd et al., 1999; Kidd et al., 1998). The
specificity of the growth cone's response to these guidance cues has been shown to reside in
the transmembrane receptors, which determine whether a signal is perceived as attractive or
repulsive. Chimaeric receptors containing the ectodomain of Robo and the cytoplasmic
domain of Frazzled result in axons being attracted to Slit-expressing cells, while proteins
consisting of the ectodomain of Frazzled and the cytoplasmic domain of Robo cause axons

being repelled by Netrin-expressing cells (Bashaw and Goodman, 1999).

Cell adhesion molecules (CAMs), such as the immunoglobulin (Ig) and cadherin
superfamilies, are also instrumental during axon guidance. These molecules are often
expressed on subsets of axons and can mediate cell-cell adhesion, providing a molecular basis
for the selective affinity that growth cones display for specific neuronal pathways. Perhaps the
most well known group of neuronal cell adhesion molecules are the fasciclins in the
grasshopper and Drosophila. Fasciclin Il encodes an immunoglobulin superfamily cell
adhesion molecule (IgCAM) (Grenningloh et al., 1991); Fasciclin I defines a new family of
cell adhesion molecules, the Fasciclin I protein family (Zinn et al., 1988; Hu et al., 1998); and
Fasciclin Il is a novel cell adhesion molecule (Snow et al., 1989). The fasciclins are
dynamically expressed during development on different subsets of axon pathways at those
regions of the axon which fasciculate together (Bastiani et al., 1987; Patel et al., 1987;
Harrelson and Goodman, 1988), and act locally to promote fasciculation (Jay and Keshishian,
1990; Lin et al., 1994).

Loss of function mutations in cell adhesion molecules often result in subtle phenotypes
(Grenningloh et al., 1991; Lin et al., 1994; Nose et al., 1994), suggesting a high degree of
redundancy and functional cooperation in guidance mechanisms. Indeed, double mutants for
adhesion/signalling guidance molecules, such as Fasciclin I and the Abelson tyrosine kinase
(Elkins et al., 1990) or Neurotactin and the Derailed tyrosine kinase (Speicher et al., 1998)

show synergistic axon guidance defects, suggesting the different pathways are functionally
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related and that the presence of either one will suffice for accurate guidance. Overexpression
often causes more striking defects. In fasciclin 1l mutants, for example, the subset of CNS
axons that normally express Fasciclin I fail to fasciculate properly while motorneurons
appear unaffected, whereas overexpression results an inability to defasciculate, causing axons

to extend beyond their normal targets (Lin et al., 1994; Lin and Goodman, 1994).

The activity of these cell adhesion molecules is thought to be modulated by other proteins.
Beaten path, for example, encodes a secreted molecule required for motorneurons to
defasciculate at the correct point (Fambrough and Goodman, 1996). Dosage-sensitive
interactions with both fasciclin Il and connectin, a cell adhesion molecule expressed by
motorneurons, suggests that Beat promotes defasciculation by opposing Fasciclin IT and
Connectin mediated adhesion (Fambrough and Goodman, 1996). Receptor protein tyrosine
phosphotases, such as DLLAR and DPTP69D, and receptor protein tyrosine kinases, such as
Derailed, are also implicated in the regulation of axon fasciculation and defasciculation
(Callahan et al., 1995; Desai et al., 1996).

1.4.3. Growth Cone Extension

The growth cone therefore functions as a sophisticated signal transduction device that is able
to respond to both attractive and repulsive cues in its extracellular environment and re-orient
its growth accordingly. The structure of the growth cone, which consists of a number of
filopodia, lamellipodia and branches extending in different directions enables the growth cone
to explore its surrounding environment. When one of the filopodia comes into contact with
target cells or a high affinity substrate, it enlarges and sends out secondary processes (Bentley
and O'Connor, 1994). The filopodium is stabilised through the local consolidation of
microtubules, resulting in that process becoming the direction of future axon extension
(Mitchison and Kirschner, 1988). F-actin accumulates differentially in filopodia that are
making high affinity contacts (O'Connor and Bentley, 1993) and is depleted in growth cones
that have been exposed to repulsive factors (Fan et al., 1993). Attractive and repulsive cues

may therefore regulate growth cone steering by regulating local concentrations of F-actin.

Rho family small GTPases play an important role in regulating the actin cytoskeleton (Hall,
1994) and are strong candidates for forming part of the signalling mechanisms that transduce
guidance information to the actin cytosketelon. Functional evidence for a role in growth cone
guidance comes from Drosophila, where expression of constituitively active versions of the
Rho family GTPases Dracl (hereafter referred to as Rac) and CDC42 arrests axon outgrowth
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(Luo et al., 1994; Kaufmann et al., 1998) while expression of a dominant negative form of Rac
cause motorneurons to bypass their normal targets (Kaufmann et al., 1998). Extracellular
guidance signals are thought to be transmitted to the GTPases through the action of guanidine
nucleotide exchange factors (GEFs), which activate the small GTPases by stimulating the
exchange of GDP for GTP (Luo et al., 1997). The GEFs are large multidomain proteins that
are believed to associate with complexes that bind the cytoplasmic domains of cell surface
molecules, thus providing the necessary link between guidance cues and GTPase activation.
The recent identification of the Drosophila GEF Trio provides evidence of a role for GEFs in
the regulation of axon guidance. Mutations in #rio display axon pathway defects and show
dosage-sensitive interactions with rac, suggesting that Trio activates Rac to regulate axon
outgrowth and guidance (Awasaki et al., 2000; Bateman et al., 2000; Liebl et al., 2000;
Newsome et al., 2000).

The effects of Rac activation on actin dynamics are mediated in part via the serine/ threonine
kinase p21 activated kinase (Pak) (Dickson, 2001). In order to alter the direction of axon
extension however, such molecules must be activated in spatially restricted domains within the
growth cone. Activation of Pak depends upon the binding of the GTP-bound active form of
Rac or CDC42 and on the binding of the SH2-SH3 adaptor protein Dreadlocks (Dock) (Hing
et al., 1999). SH2 and SH3 domain adaptor proteins such as Dock can recruit proteins into
complexes and also bind receptor tyrosine kinases, providing another possible pathway
linking axon guidance receptors to the cytoskeleton. Mutations in dock show similar defects
in photoreceptor axon guidance to pak, which can be rescued by tethering Pak to the
membrane, suggesting Dock's main function in axon guidance is to recruit Pak to the
membrane (Hing et al., 1999). Trio, rac, pak and dock all show dosage sensitive interactions
in photoreceptor axon guidance indicating they all act in a common pathway (Newsome et al.,
2000). Extracellular guidance cues could therefore locally activate Pak via Trio and Dock to

direct the course of growth cone extension.

A clear picture is beginning to emerge of how guidance information is transmitted and
received at a molecular level and of the signalling pathways that transduce guidance
information to the actin cytoskeleton to effect changes in the direction of axon growth. Similar
mechanisms are likely to guide the growth of sensory axons. Such genes provide a means by
which cell type information could potentially be translated into a specific pattern of central
projections and are potential downstream targets of the genetic mechanisms that specify

sensory identity.
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1.5 The Drosophila embryo provides a model for studying the mechanisms that

establish an ordered pattern of central projections.

Larger insects such as crickets and locusts have proven invaluable for analysing the functional
organisation of sensory systems. However in order to examine the molecular basis of such
organisation one must turn to a more genetically amenable insect. The fruitfly Drosophila

melanogaster is an ideal organism for genetic analysis and, as in larger insects, sensory

neurons make specific axonal projections according to their position and modality

(Murphey et al., 1989a; Merritt and Murphey, 1992; Merritt and Whitingdon, 1995). The
extremely well characterised genetics of Drosophila, augmented by the recent completion of
the genome sequence, combined with the abundance of experimental tools available for
manipulating gene expression and visualising single cells provide a powerful system in which
to analyse the genetic mechanisms underlying the central organisation of sensory axons. The
embryonic nervous system in particular provides a simple model for examining nervous
system development, and has the additional advantage of being able to examine lethal

mutations affecting nervous system development in detail.

1.5.1 Sensory neurons of the embryonic nervous system and the larval receptors they

innervate

The embryonic sensory nervous system comprises a variety of types of sensory structures
arranged in a highly ordered and segmentally repeated fashion. There is some variation in
pattern, depending on segmental identity, but each segment contains a fixed number of
neurons, each of which can be individually identified based on its position and morphology
(Dambly-Chaudiere and Ghysen, 1986; Ghysen et al., 1986; Bodmer et al., 1989). The

embryonic nervous system is shown in Figure 1.4.

The first seven abdominal hemisegments consist of a completely invariant pattern of 45
neurons, and this basic plan is only slightly modified in the thoracic and terminal abdominal
segments. Two main types of sensory neurons are present. The type I neurons present in es
and ch organs are bipolar and have a single dendrite, the distal end of which is a modified
cilium. Accessory cells derived from modified epidermal cells form the non-neuronal part of
the sense organ and produce the stimulus receiving cuticular apparatus. Type Il neurons are
multipolar and possess several dendrites lacking ciliated structures. These neurons, more
commonly known as multidendritic (md) neurons, are generally not associated with support

cells so do not form part of a sense organ. The different types of sense organ present and the
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Figure 1.4. The Drosophila embryonic sensory nervous system. A. Lateral view of a late stage
Drosophila embryo labelled with an antibody against the Futsch protein, which reveals all sensory
neurons. Anterior is to the left and dorsal is up. B. The distribution of sensory neurons in an abdominal
segment, illustrating the different types of sense organ present and the clustering of cell bodies into
dorsal, lateral, ventral and ventro-lateral (ventral prime) groups. The abdominal segment shown is
representative of A1-A7. es - external sensory neuron, md - multidendritic neuron, ch - chordotonal

neuron, v - ventral, v' - ventral prime, 1 - lateral, d - dorsal, ISN - intersegmental nerve, SN - segmental

nerve.
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md neurons are involved in the reception of different modes of sensory information. These
include tactile, chemosensory, proprioceptive, and nocioceptive perception (Bodmer and Jan,
1987; Tracey and Benzer Abstract 56 for the 2001 Annual Drosophila Research Conference,
Washington D.C., USA).

The majority of es organs present in the embryonic sensory nervous system are
monoinnervated, with the exception of one ventral and one dorsal polyinnervated external
sense organ (Hartenstein, 1988). The es neurons innervate the external sensilla of the larvae.
Three types of external sense organ are present in the abdominal segments (Dambly-
Chaudiere and Ghysen, 1986). Campaniform sensilla are the most numerous. These are
circular papillae which are normally surrounded by a ruffled zone, although occasionally
occur buried in narrow slits, and are strain receptors. The abdominal papillae p6 is unique in
that it is innervated by two neurons, a highly unusual feature for campaniform sensilla,
although in external appearance p6 seems identical to all other papillae. Trichoid sensilla are
monoinnervated socketed hairs that function as touch receptors. There is also a single poly-
innervated dorsal hair. The polyinnervated es organs are chemoreceptors (Dambly-Chaudiere
et al., 1992). Larvae also possess sunken basiconic sensilla, which have been described as

combined thermo- and hygroreceptors in other insects (Altner et al., 1981).

External sense organs (Figure 1.5 A, C) contain three accessory cells: the thecogen cell, which
secretes an extracellular sheath around the tip of the dendrite(s), the tricogen cell which
produces the sensory process such as a hair or bristle, and the tormogen cell which forms a
circular socket or pit around the base of the sensory process (Hartenstein, 1988). Chordotonal
organs (Figure 1.5 B, D) contain between one and five scolopidia, each of which is innervated
by a single neuron. A scolopale cell, the thecogen cell homologue, encloses the dendrite and
produces an extracellular sheath around its tip (Hartenstein, 1988). The scolopale is connected
to a cap cell, which attaches the scolopidium to the epidermis and might be homologous to
either the tormogen or the tricogen. A ligament cell secures the opposite end of the
scolopidium. The neuron also produces a process of its own which inserts into the epidermis

and may provide additional anchorage.

Multidendritic neurons can be divided into three different subclasses: md-da neurons which
make abundant dendritic arborisations under the epidermis, md-bd neurons which have
bipolar dendrites and md-td neurons, the dendrites of which are associated with tracheal
branches (Altner et al., 1981). The md neurons have recently been shown to be nocioceptors
(Tracey and Benzer Abstract 56 for the 2001 Annual Drosophila Research Conference,
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Figure 1.5. Sense Organs and Their Lineages.

A. External sense organ lineage. The SOP (blue) divides to produce two second order precursors. One SOP
daughter cell gives rise to the tormogen and trichogen while the other produces the thecogen and the
neuron. B. Chordotonal organ lineage. The SOP divides to produce two second order precursors. One
produces the cap cell and an ectodermal cell. The other gives rise to the ligament cell and another precursor
cell, which divides to produce the neuron and the scolopale. The chordotonal lineage is the revised lineage
from Brewster and Bodmer, 1995. The ectodermal cell may correspond to an ectodermal attachment cell
that has been described as an anchor point for chordotonal organs. C. A mechanosensory bristle. D. A
scolopidium. In both C and D each cell is coloured to indicate the cell it corresponds to in the sense organ
lineage. to - tormogen, tr - trichogen, n- neuron, the - thecogen, ec - ectodermal cell, ¢ - cap cell, 1 -

ligament cell, s - scolopale.



Washington D.C., USA) and this function may be mediated by the md-da neurons alone, with

members of different subclasses being specialised for different functions.

As there is little migration in the peripheral nervous system and each sensory structure is
formed from a single sense organ precursor (Bodmer et al., 1989), the positioning of each
neuronal precursor is vital in generating the pattern of the peripheral nervous system (see
previous section). Despite the differences between epidermal sense organs and the
chordotonal organs, sense organ formation follows a fairly uniform developmental path. Once
the pattern of sense organ precursors has been established, each individual precursor will then
undergo two rounds of cell division to produce all the cell types necessary for the formation

of each particular sense organ (Bodmer et al., 1989; Brewster and Bodmer, 1995). This is

shown in Figure 1.5.

Lineage analysis has revealed that md neurons appear to have three different origins. Some
md neurons seem to derive from the same precursor that generates certain es lineages, while
some appear to be derived from ch precursors. Other md neurons appear to have discrete
precursors, as do the majority of es/ch precursors (Brewster and Bodmer, 1995). Loss of
notch, a gene that plays a role in controlling asymmetric cell divisions in the sense organ
lineage, results in an overproduction of md neurons at the expense of es neurons (Vervoort et
al., 1997). It has therefore been suggested that some of these 'solo’ es and 'solo' md precursors
may in fact arise from the earlier division of a single protoprecursor to produce an es
precursor and an md precursor. In addition, es precursors predominantly differentiate as md
neurons in string and pebble mutant embryos where cell division is blocked (Vervoort et al.,
1997), indicating that a decision concerning which type of neuron to produce in these lineages

precedes the choice between the Ila and IIb cell fate in the es precursor.
1.5.2 Central projections of embryonic sensory neurons

Sensory neurons have also been shown to make specific patterns of central projections in the
Drosophila embryo according to their location and modality (Merritt and Whitington, 1995).
Es neurons, ch neurons and md-da neurons all terminate within discrete regions of neuropil,
with the remaining multidendritic neurons forming a heterogeneous group. A summary of the
projection regions of typical neurons in each group is shown in Figure 1.6. The es neurons
are organised somatotopically within the CNS, consistent with their tactile function. Ventral es
neurons project posteriorly, and lateral and dorsal neurons project more anteriorly. In addition

ventral and dorsal es neurons which are positioned near the dorsal and ventral midlines often
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Figure 1.6 Summary of embryonic central projection regions. The stippled area on the left indicates the
region occupied by the axons of each group of neurons. On the right, two individual axons are shown,
indicating the path taken by axons that enter the CNS through different nerve routes. The ch and md axons
occupy discrete longitudinal fascicles within the neuropil. The es neurons are generally more highly
branched and are not restricted to longitudinal tracts. Dotted lines indicate segment boundaries. Anterior is
up. LC - longitudinal connective, AC - anterior commissure, PC - posterior commissure, ARAF - anterior
root of the anterior fascicle, PRAF - posterior root of the anterior fascicle, PF - posterior fascicle. Figure

reproduced from Merritt and Whitingdon (1995)



cross the midline within the CNS whilst lateral neurons lack these medial processes. The
central arborisations of the es neurons are independent of their point of entry into the CNS; all
ventral and v' neurons arrive at the CNS via the posterior fascicle and all lateral and dorsal
neuron follow the anterior fascicle yet form graduated somatotopic projections. Ch neurons
project to a discrete longitudinal connective within the CNS and have long rostrocaudal

processes that do not exhibit obvious somatotopy.

Md-da neurons project to a common sector of the longitudinal connective, and again have long
rostrocaudal processes, do not cross the midline and are not visibly somatotopically
organised. The lateral tracheal neuron (1td) was found to share this projection pattern with the
majority of md-da neurons, with two notable exceptions: vpda and one dorsal cluster md-da,
both of which have a large dorsal component to their axonal projection absent from the
characteristic md-da projection pattern. These two neurons and the remaining multidendritic
neurons form a fourth heterogeneous population of axon projections. The v'td2 tracheal
dendritic neurons extend anteriorly in a lateral fascicle until they reach the metathoracic
neuromere where they shift to a dorso-medial fascicle, the dorsal bipolar neuron (dbd)
projects dorsally within the CNS, while the ventral bipolar neuron (vbd) runs along the md
fascicle before projecting dorsally. The axonal morphology of the lateral bipolar neuron (Ibd)
has not been described within the CNS.

1.6 This thesis: the identification of genes required for the assembly of sensory

arrays in the Drosophila embryo.

The Drosophila embryonic sensory nervous system provides an ideal system in which to
examine the genetic mechanisms that establish an ordered pattern of central projections. While
several of the genes that control what type of sensory neuron is formed have already been
identified and in some cases their effects of central projection pattern have begun to be
examined (Merritt et al., 1993; Grillenzoni et al., 1998; Nottebohm et al., 1992), little is known
about how positional information is specified in the sensory nervous system. However, the
genes that establish positional values within the developing embryo have been extensively
studied (Coulter and Wieschaus, 1986; Dinardo et al., 1988; Fjose et al., 1985; Howard and
Ingham, 1986; Ingham et al., 1985a; Jurgens et al., 1984; Niisslein-Volhard et al., 1984;
Siegfried et al., 1994; Wieschaus et al., 1984). Given that signalling pathways are often re-
utilised in diverse developmental contexts, such genes may also provide positional information
in the sensory nervous system. The aim of this work is therefore to firstly identify candidate

genes that could specify positional information in sensory neurons, and secondly to analyse



their contribution to the formation of an ordered pattern of central projections through the

development of methods for targeting gene expression to single cells.
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Chapter 2. Antibody Screen of the Embryonic Sensory Nervous System

2.1 Aim

An analysis of the patterns of gene activity within the embryonic peripheral nervous system
was undertaken with the aim of creating a map of gene expression within each sensory
neuron. This information can then be used to identify candidate genes that may shape the

projection pattern of sensory neurons within the central nervous system.

2.2 Introduction

Sensory neurons segregate within the CNS according to their sensory modality and position
in the periphery (Pfliiger et al., 1988; Merritt and Murphey, 1992; Bacon and Murphey, 1984;
Ghysen, 1980; Murphey et al., 1989a; Murphey et al., 1989b; Newland, 1991; Merritt and
Whitingdon, 1995). The genetic specification of position and sensory modality therefore
ultimately determines where a sensory neuron will terminate in the central nervous system, and
plays a pivotal role in the development of precise patterns of neural connectivity. Despite their
importance, little is known regarding how sensory modality and positional values are first
specified in the sensory nervous system, and subsequently translated into a precise pattern of
central projections. Several of the genes that specify what type of sense organ is to be formed
have now been identified (Blochlinger et al., 1990; Dambly-Chaudiere et al., 1992) yet the
mechanisms that govern positional identity remain largely unknown. However, the genes that
determine the embryonic axes have been extensively studied in Drosophila (Coulter and
Wieschaus, 1986; Dinardo et al., 1988; Fjose et al., 1985; Howard and Ingham, 1986; Ingham
et al., 1985a; Jurgens et al., 1984; Niisslein-Volhard et al., 1984; Siegfried et al., 1994;
Wieschaus et al., 1984). These genes establish positional values within the embryo and
subdivide the embryo into increasingly defined regions, culminating in the specification of
anterior-posterior polarity within the 14 embryonic parasegments (reviewed in Hoch and
Jackle, 1993; St Johnston and Niisslein-Volhard, 1992). As the re-use of the same genetic
pathways in different developmental contexts has been an emerging theme of developmental
biology, could these same genes be providing positional information to each sensory neuron,

thereby contributing to its final pattern of central projections?
The two axes of the embryo are determined by independent dorso-ventral and anterior-

posterior systems. The anterior-posterior axis is defined by three different classes of zygotic

genes: gap genes, pair-rule genes and the segment polarity genes. These genes, collectively
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Figure 2. 1 Segmentation and dorso-ventral gene systems that pattern the embryo. The anterior

and posterior systems act through gradients of the maternally derived morphogenetic proteins bicoid

and hunchback. These locally activate transcription of the zygotic gap gene transcription factors in

broad stripes, which form a series of overlapping gradients, which activate the pair-rule genes in seven

stripes. The expression of the pair-rule genes in alternate stripes initiates the expression of the segment-

polarity genes to produce the segmental pattern. A graded distribution of dorsal in the nuclei along the

dorso-ventral (DV) axis causes the zygotic target genes snail, twist, zerkniillt, and decapentaplegic, to

be expressed at distinct locations in response to different concentrations of dorsal. The different

domains of gene expression along the DV axis are required for several tissues (e.g. amnioserosa, dorsal

ectoderm, ventral ectoderm, mesoderm). Adapted from Hoch and Jéackle (1993).



known as segmentation genes, are responsible for the organisation of the embryo into 14
segments. Each class of genes is activated sequentially during development and interact in a
regulatory hierarchy whereby each class is transcribed in response to the products of the
previous class. The initial expression of gap genes in broad domains along the anterior-
posterior axis ensures that the pair rule genes are transcribed in the required pattern of seven
stripes. The stripes of pair-rule gene expression determine the positions of the embryonic
parasegments, with alternating stripes of pair-rule gene expression specifying the odd and
even segments, and activate the expression of the segment polarity genes. Both gap genes and
pair-rule genes, which code for transcription factors, are expressed prior to cellularisation and
can activate target gene expression directly but the segment-polarity genes are expressed
during and after cellularisation and thus many members encode cell-signalling and signal
transduction proteins. A second developmental pathway elaborates the dorso-ventral axis. A
gradient of Dorsal protein is established by the opposing actions of the dorsal group genes
and cactus. Dorsal activity regulates the expression of the genes responsible for
differentiation along the dorso-ventral axis, with different target genes being activated or
repressed in response to different threshold concentrations of Dorsal along the Dorsal

gradient (Huang et al., 1997). Both pathways are summarised in Figure 2.1.

It is widely believed that the patterning genes that are active early in embryonic development
control the positioning of neuroblasts (Skeath and Carroll, 1992; Skeath et al., 1992). There
are therefore two possible mechanisms by which these patterning genes could provide
positional information within the developing peripheral nervous system. Firstly, if patterning
genes direct the positioning of the sense organ precursors then perhaps positional information
is a consequence of the developmental history of a particular sense organ and reflects which
area of neuroectoderm the SOP has arisen from. While the SOP is singled out from the
proneural cluster by a process of lateral inhibition, the completely invariant position of the
SOP has lead to the suggestion that perhaps only 3-4 cells of the proneural cluster are in fact
capable of forming the SOP (Culi and Modolell, 1998). The existence of pre-pattern factors
has been postulated to predetermine a small subset of proneural cluster cells to become the
SOP (Culi and Modolell, 1998) Perhaps the juxtaposition of different positional signalling
pathways delineates those cells capable of adopting the SOP fate by activating additional
genes within a small region of the proneural cluster and these genes vary depending on where
the SOP-competent cells lie within the neuroectoderm, thereby indirectly providing a distinct

positional identity to each SOP.
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Secondly, these genes may be reactivated later in development in specific sensory neurons
and, by their expression, determine positional aspects of neuronal identity and influence axon
trajectory within the CNS. Axon guidance decisions depend on the differential expression of
cell surface receptors and ligands on specific neurons. As the growth cone encounters
different guidance cues, these molecules determine the ability of the neuron to respond to a
given cue, and whether that cue is perceived as permissive, attractive, or repulsive. Different
central projection patterns therefore probably result from the differential expression of axon
guidance molecules by individual sensory neurons. As many segmentation genes are
transcription factors, they could directly activate or repress target genes, thereby conferring a
distinct expression profile upon that neuron. Target genes potentially include axon guidance

molecules, and could provide the long sought link between specification of cell type and axon

guidance.

While segmentation genes could theoretically specify positional values in the sensory nervous
system, in order to be real candidates for providing positional information it must be
determined whether these genes are even expressed during sensory neuron development. The
first aim of this project was therefore to establish a clear picture of the patterns of gene
expression within the embryonic sensory nervous system. A similar approach has previously
been taken by Chris Doe and colleagues, who identified molecular markers for different
embryonic neuroblasts to produce a map of these neuroblasts - the hyper-neuroblast map -
where each neuroblast could be uniquely identified (Doe, 1992; Broadus et al., 1995). This
map has proved invaluable for investigating the mechanisms that specify individual neuroblast
fates and determine the different fates of ganglion mother cells (GMCs) within a lineage
(McDonald et al., 1998; Weiss et al., 1998; McDonald and Doe, 1997).

I used antibodies or, where antibodies were not available, enhancer-trap lines to examine
patterns of gene expression within the sensory nervous system, which enabled me to produce
a map of gene expression throughout sensory nervous system development. By creating a
map of gene activity within sensory neurons, genes can be identified that are expressed in
subsets of sense organs and are therefore candidates for providing positional information to
sensory neurons. The role of these genes can then be tested experimentally through ectopic
expression and loss of function analysis. Such a map will also enable each neuron to be
identified not only by its position and morphology but also by the combination of genes that it

expresses. These genes can therefore also be used as markers of cell fate within the sensory

nervous system.

28



2.3 Materials and methods
2.3.1 Fly Stocks

Wild-type Oregon R (OreR) flies were used for antibody screening. The two huckebein-lacZ
strains were obtained from Chris Doe (Univeristy of Oregon, USA). The A37 P[lacZ] line
was obtained from Alain Ghysen (University of Montpellier, France). Several different GAL4
lines were used: DII-GAL4; Pte-GALA4; Dpp-GALA; hh-GALA4; hairy-GALA4; Ap-GALA;
Dsh-GALA. All these P[GALA] lines were obtained from the Bloomington stock centre
(Indiana, USA). All flystocks were maintained on standard Drosophila media (Appendix A)

at room temperature.
2.3.2 Preparation of embryos for Antibody Screening

Embryos were collected overnight on apple-juice agar plates (Appendix A), de-chorionated in
bleach and fixed for 20 minutes in a 1:1 mixture of Heptane: 4% paraformaldehyde
(Appendix A). After removal of the fixative layer, an equal volume of Methanol was added and
the embryos were shaken vigorously for 20 seconds to remove the vitteline membrane*. The
embryos were washed in Methanol, and then rehydrated in a series of stepwise washes in 70%
Methanol/Phosphate Buffered Saline (PBS; Oxoid, UK) containing 0.01% Tween (Sigma,
UK) (PBS-Tw), 50% Methanol/PBS-Tw and then washed three times in PBS-Tw. It is
possible to freeze and store the embryos at -20°C while they are in Methanol. Frozen embryos
are rehydrated in a series of Methanol/PBS-Tw washes and after washing several times in

PBS-Tw are ready for use.

* Some antibodies are sensitive to Methanol devittelinisation and therefore have to be
devittelinised by hand. Embryos were collected and fixed as above. The fixative layer was
replaced by Heptane and the embryos transferred to an egg basket and left to air dry until all
traces of Heptane had evaporated. The embryos were then transferred to a 35mm petri dish
lined with double-sided sellotape and covered with 4% paraformaldehyde. Those embryos that
adhered to the tape could then be nudged out of their vitteline membranes using a stainless

steel minutien pin in a pin holder. The embryos were then transferred to PBS-Tw and

processed as normal.
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2.3.3 Antibody Screening
All washes and incubations were performed in 1 ml PBS-Tw.

Embryos were incubated for 30 minutes in 2.5% Normal Horse Serum (NHS; Vector, UK)
(25 ulin 1 ml PBS-Tw), or 2.5% Normal Goat Serum (NHS; Vector, UK), depending on
which serum was an appropriate blocking agent for the secondary antibody being used. O.5
ml was replaced with PBS-Tw to give a final concentration of 1.25% NGS before the
addition of the appropriate dilution of primary antibody. Primary antibody dilutions are given
in Appendix B. For all primary antibodies, embryos were incubated overnight at 4°C.

Embryos were then washed 3 x 20 minutes and 3 x 1 minute in PBS-Tw.
2.3.4 Fluorescent secondary antibodies

Fluorescent secondary antibodies used were: Cy2 anti-mouse (Jackson, UK) at a dilution of
1:200, Cy3 anti-mouse (Jackson, UK) at a dilution of 1:200, Cy2 anti-rabbit at a dilution of
1:200, Alexa 546 anti-guinea-pig (Cambridge Biosciences) at a dilution of 1:1000, and TRITC
anti-rat (Amersham) at a dilution of 1:200. Secondary antibody incubations were performed
overnight at 4°C. Embryos were washed 3 x 20 minutes and 3 x 1 minute in PBS-Tw. For
double staining of embryos with different fluorescent secondary antibodies, embryos were
processed for both antibodies simultaneously. For double labelling of embryos with a
fluorescent secondary antibody and an FITC-conjugated anti-HRP primary antibody
(Jackson, UK) the anti-HRP antibody and the fluorescent secondary antibody were both

added after primary antibody processing.
2.3.5 Biotinylated secondary antibodies

Biotinylated secondary antibodies used were : anti-mouse (Vector, UK), anti-rat (Vector, UK),
anti-rabbit (Vector, UK), and anti-guinea-pig (Vector, UK), all used at a dilution of 1:200.
Secondary antibody incubations were performed for 3 hours at room temperature. A
Vectastain ABC kit (Vector, UK) was used for the detection of biotinylated secondary
antibodies. 10 ul of each of the A and B reagents were mixed in 1 ml PBS-Tw for 30 minutes,
and the embryos were incubated in this preformed solution for 30-60 minutes. After 6 x 1
minute washes in PBS-Tw, embryos were transferred to 1 ml PBS-Tw + 30 pl
Diaminobenzidine (DAB; Sigma, UK) (final concentration 0.3mg/ml). The reaction was

developed by reacting the embryos with 0.003% Hydrogen Peroxide (H,O, ; Sigma, UK).
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Embryos were washed 3 x 1 minute in PBS-Tw to stop the reaction. For double staining of
embryos with two different antibodies, 60 ul of 1% NiCl solution can be added to the DAB
solution to produce a black immunoprecipitation reaction for one antibody, which can be
distinguished from the brown immunoprecipitation reaction produced with DAB alone. After
completion of the first antibody reaction, embryos are washed 6 x 1 minute in PBS-Tw, before
repeating the antibody protocol for the second antibody reaction. The black
immunoprecipitation reaction should be carried out first for the antibody that stains the more

internal cellular compartment, otherwise the black reaction product will obscure the brown

reaction product.
2.3.6 Mounting embryos for examination

All embryos were cleared first in 50% glycerol for 30mins and then in 70% glycerol for 1
hour. Embryos were mounted in 70% glycerol. The embryos were mounted between two
22x22mm coverslips adhered to a slide using gelatin and covered with a 22x50mm coverslip

to enable embryos to be rotated and viewed from multiple angles.

2.3.7 Microscopy

Stained embryos were examined using a Zeiss Axiophot II microscope. Images were captured
on Kodak Ektachrome Elite 160T film using Axiophot software and digitised using a Nikon
Coolscan II slide scanner. All figures were created in Adobe Photoshop 5.0 on Apple

Macintosh computers.

2.3.8 Staging of embryos

Embryonic staging is according to Niisslein-Volhard and Wieschaus (Wieschaus and
Niisslein-Volhard, 1998).
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2.4 Results

The expression pattern of the segmentation genes and a number of dorso-ventral polarity
genes during sensory nervous system development were examined. Antibodies against most
the segmentation genes are readily available but proved more difficult to obtain for the dorso-
ventral polarity genes. In those cases where antibodies were unavailable Pl{GALA4] or P[lacZ]
enhancer-trap lines that are expressed in the same pattern as the gene of interest were used to
examine the expression pattern of that gene within the sensory nervous system. The use of
such lines does carry the caveat however that any expression observed within the sensory
nervous system does not necessarily reflect the endogenous expression pattern of that gene
and could merely be an artefact of that particular enhancer-trap line. Nevertheless, such lines
can prove useful markers of cell fate. Antibodies were also obtained against the protein
products of genes known to determine sensory modality. Additionally, the expression pattern
of a number of other genes has been examined. These are primarily known cell-surface
proteins already implicated in axon guidance or genes already known to be expressed in other

sensory structures such as photoreceptors.
2.4.1 Segmentation gene expression in the PNS
2.4.1.1 Overview of segmentation gene expression in the sensory nervous system

The expression pattern of each gene product was examined throughout embryonic
development and the appropriate pattern of gap, pair-rule or segment polarity gene expression
was observed during early embryogenesis. Figure 2.2 illustrates the typical patterns of
segmentation gene activity observed. These expression patterns have been well documented

elsewhere and will not be discussed further.

The expression of the segmentation and dorso-ventral gene products in the sensory nervous
system is summarised in Table 2.1. Of the 27 genes tested 9 showed patterns of gene activity
that potentially included sensory neurons or their precursors and were selected for further
study. The remaining 17 were not expressed in the sensory nervous system. These either
showed no expression after the initial period of segmentation gene activity or were re-
expressed after sensory nervous system development had begun but were not expressed in the
sensory nervous system. As an example, the staining achieved with the Even-skipped (Eve)
antibody is shown in Figure 2.3. Eve is expressed in a subset of neuroblasts in the ventral

nerve cord (Figure 2.3 A, B, arrowhead) but there is no expression in the peripheral nervous
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Figure 2.2 Segmentation gene expression. A. Giant Gap gene expression pattern B, Knirps Gap gene

expression pattern C. Fushi-tarazu Pair-rule gene expression pattern. D. Runt Pair-rule gene expression
pattern. E. Engrailed Segment-polarity gene expression pattern F. Wingless Segment-polarity gene

expression pattern. (A-F) Scale bar 0.1mm.



Figure 2.3 Even-skipped expression at stage 16. A. Even-skipped is expressed in a segmentally
repeated subset of cells within the ventral nerve cord (vnc) and in the proctoderm (arrow). B. Eve is
expressed in the paracardial cells (arrow). The arrowhead highlights staining of neuroblasts within the
vnc. (A) Scale bar 0.1mm. (B) Scale bar 0.1mm.



system. Eve is also expressed in part of the proctoderm (Figure 2.3 A, arrow) and in a series
of cells along the dorsal edge (Figure 2.3 B, arrow). These cells correspond to the paracardial

cells, the embryonic heart precursors of Drosophila.

The results achieved with the Dishevelled and Hedgehog antibodies produced very weak
staining patterns that appeared to indicate no staining of any structures of interest. In these
cases, despite experimenting with different antibody dilutions and staining protocols, no
significant improvement in the quality of the staining was achieved. The expression of both
dishevelled and hedgehog was therefore also examined using PJGALA] enhancer-trap lines
and while the appropriate pattern of segment-polarity gene expression was observed during

early embryogenesis in both cases (data not shown), no expression was observed in the

sensory nervous system.
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Table 2.1 Segmentation and dorso-ventral gene expression within the PNS

Class of patterning gene Gene Potential expression in
PNS?
maternal bicoid No
gap genes caudal No
giant No
huckebein Yes
hunchback Yes
knirps Yes
kruppel Yes
tailless No
pair-rule genes even-skipped No
fushi-tarazu No
hairy No
odd-skipped No
paired No
runt Yes
sloppy-paired Yes
segment polarity genes armadillo Yes
cubitus-interruptus No
dishevelled No
engrailed Yes
gooseberry No
hedgehog No
patched No
wingless Yes
dorso-ventral genes apterous* No
decapentaplegic No
distalless* No
twist No

* determine dorso-ventral axis in imaginal discs
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The 9 genes that were potentially expressed in the sensory nervous system included four gap
genes (huckebein, hunchback, knirps, and kruppel), two pair-rule genes (runt and sloppy-
paired) and two segment polarity genes (armadillo, and wingless). In order to determine
whether the peripheral expression pattern observed for each of these 9 genes did include
sensory neurons and/or precursors, double-labelling was performed using an appropriate
marker for the sensory nervous system. Mab22c10, which stains the membrane and cellular
processes of all sensory neurons (Figure 2.22 A, C) was used to examine the expression of
nuclear proteins while Elav, which stains the nuclei of all neuronal cells (Figure 2.22 B, D),
was used as a counterstain for non-nuclear proteins. The A37 P[lacZ] enhancer-trap line,
which is expressed throughout sensory nervous system development (Ghysen and O'Kane,
1989), serves as a nuclear marker for SOPs and sensory neurons. An antibody against HRP, a
membrane-bound marker for the entire nervous system, is available directly conjugated to

FITC and was occasionally used for fluorescent detection.

The results are shown in Table 2.2. Of the 9 genes selected for further study, 4 showed
expression in differentiated sensory neurons. There were armadillo, engrailed, runt, and the
huckebein-lacZ enhancer-trap line. Of the remaining 5, sloppy-paired and wingless were
potentially expressed in peripheral glia and es organ support cells, respectively and 4 were not

expressed in the sensory nervous system at any stage during its development.

Table 2.2 Segmentation gene expression in sensory neurons

Gene Sensory neuron expression
armadillo Yes
engrailed Yes
huckebein Yes
hunchback No
knirps No
kruppel No
runt Yes

sloppy-paired ~ No

wingless No
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The results obtained for each of the 9 genes showing potential sensory nervous system
expression will now be discussed individually. Expression is described from the period of

sensory nervous system formation onwards.
2.4.1.2 Segmentation genes with potential sensory nervous system expression

Armadillo

By stage 15-16 Armadillo expression becomes apparent in a discrete number of cells
throughout the periphery (Figure 2.4 A). The pattern of expression revealed by antibody
staining indicated that Armadillo expression may be confined to a subset of cells in the
peripheral nervous system. Staining was visible within all five IchS neurons and a number of
other peripheral cells (Figure 2.4 B) but too few an amount to include all sensory neurons.
Staining also appeared to be localised to the tips of cells (Figure 2.4 B, arrow and
arrowheads). This, in conjunction with the punctate nature of the staining pattern, suggested

that Armadillo may be specifically expressed in the dendrites of neuronal cells.

In order to clarify the Armadillo expression pattern within the peripheral nervous system,
embryos stained for Armadillo were counterstained with antibodies against Elav. Armadillo
expression labels all external sensory and chordotonal neurons but no multidendritic neurons.
Armadillo expression is also localised to the dendritic regions of external sensory neurons

(Figure 2.4 C, arrow) and chordotonal neurons (Figure 2.4 E, F).

Engrailed

Two peripheral cells in each hemisegment continue to express Engrailed throughout
embryonic development and, as the epidermal Engrailed stripe fades, the only remaining
Engrailed-expressing cells in the periphery are these two cells (Figure 2.5 B, arrow), one of
which lies within the Engrailed stripe, and three to four of the lateral chordotonal organ (Ich5)
neurons (Figure 2.5 C, arrowheads). Expression in the IchS neurons is transient however and

cannot be detected in later embryos (Figure 2.5 C, inset).

To resolve the pattern of expression embryos were double-stained for Engrailed and
Mab22c10. The resulting double staining reveals the chordotonal organ clearly emerging from
the Engrailed stripe (Figure 2.5 D, E). Engrailed expression can be seen within several of the
chordotonal neurons (Figure 2.5 E, white arrow) and the solo lateral Engrailed-positive cells is
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