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Abstract

In this study the Drosophila melanogaster larval visual system development was
used as a model to identify cellular interactions and uncover molecular
mechanisms that govern the formation of precise neuronal pathways during
nervous system development.

The first part of this study demonstrates that the outgrowth of two
serotonergic processes and their contact with the larval optic nerve at the larval
visual center are dependent on the proper development of larval optic nerve
(LON).

The second part of this study reports identification of molecular
interactions that may be important for larval visual system development. A
tissue-specific autoregulatory activity of a putative transcription factor
DISCONNECTED (DISCO) has been shown to be important for proper larval
visual system connectivity formation. To understand the molecular mechanisms
that govern disco function in the visual system, two new proteins (DIP1 and
DIP2; DISCO-interacting proteins 1 and 2) and a previously known protein that
interact with DISCO in yeast and in vitro were identified. These proteins also
show overlapping mRNA expression patterns with DISCO during
embryogenesis.

This study has also led to the identification of a putative activation domain
in the DISCO protein. Furthermore, the results of this study suggest a possible
protein-binding function of the second zinc-finger domain of DISCO.



The dip1 gene encodes a protein with two putative dsSRNA-binding motifs.
An unusual repeated element is present in the 3’ untranslated region of dip1
cDNAs. Northern analysis revealed expression of three different size transcripts
of the gene during embryogenesis. The genetic location of the dip1 gene is
similar to that of a gene called flamenco.

The dip2 gene located at the polytene chromosome band 61B, codes for a
highly conserved protein with presently unknown function. The amino acid
sequence and mRNA expression pattern of the Drosophila DIP2 protein are very
similar to its mouse homolog.

This study contributes towards understanding the cellular and molecular

mechanisms of neuronal connectivity formation.
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Chapter 1: Introduction



Introduction:

The complex organization found in a functional nervous system requires that
axons establish their correct pathways and find their appropriate targets during
development. Precise neuronal connections in the nervous system occur in two
steps: In the first step various molecular guidance cues guide a neuron to its
target region which is initially broadly defined. The second step includes an
exact point-to-point matching between each axon and the specific target neuron.
The first step i.e. axon outgrowth, pathfinding and target selection do not require
action potentials and synaptic transmission. However, the second step i.e.,
refinement and remodeling of synaptic connections almost always require

neuronal activity (reviewed by Goodman and Shatz, 1993).

General strategies for neuronal pathway formation and cellular guidance

To make precise connections with their targets, axons need to grow long
distances, as long as several centimeters or more than a thousand times the
diameter of the cell body. To simplify this task the journey is fragmented into
shorter steps where intermediate targets provide critical guidance cues directing
growth cones to the next stage of the neurons trajectory. The intermediate
targets are often provided by smaller, isolated groups of transient neurons, called
‘guidepost cells’. In the absence of the 'guidepost cells' the earliest pioneer
growth cones often make pathfinding errors (Klose and Bentley, 1989). Later



navigating neurons may be guided to and from choice points by selective
fasciculation on earlier-developing axons (reviewed by Goodman et al., 1984).

Studies with vertebrate and invertebrate systems established that pioneer
neurons play an important role in neuronal pathway formation (e.g. McConnell
et al., 1989; Klose and Bentley, 1989). These neurons establish initial scaffolds of
axon tracts that act as substrates for directed migration of later developing
neuron growth cones. For example, the first neurons which differentiate in
grasshopper limb, the sibling afferent Til neurons, send out axons along a
defined pathway, and later developing sensory neurons follow the pathway
pioneered by the Til neurons (Bate, 1976). Along the pathway at three locations,
the pioneer axons contact specific cells (Fel, Trl and the pair of Cx1 cells) which
are likely to act as intermediate targets and guidance cues. The route taken by
the pioneer axons always passes over the so called “guidepost” cells, which are
immature neurons. Transient gap junctions between the pioneer fibres and the
guidepost cells have also been reported. Ablation of the Cx1 cells with UV
results in failure of the pioneer growth cones to leave the trochauter/coxa
boundary and to grow proximally to the CNS (Bentley and Caudy, 1983).

Cells with characteristics of guidepost cells are likely to act as intermediate
targets in the vertebrate nervous system as well. A set of early generated and
transient neurons in the cortex, the 'subplate cells', may be involved in guiding
the thalamic fibres toward and into their cortical target area. Ablation of the
subplate neurons, by kainate injection, leads to a failure of thalamic fibres to

recognize their normal cortical target areas (Ghosh et al., 1990). Thus subplate



cells may provide critical guidance cues which help thalamic axons to locate and
recognize their correct target.

In vitro assays and in vivo perturbation studies have led to the proposal
that selective fasciculation is an important determinant of precise neuronal
connectivity (Letourneau, 1975; Raper et al., 1984; Bastiani et al., 1986). After
pioneer neurons establish the first scaffold of different pathways, follower axons
must choose which fascicles will bring them to their correct targets. Reaching a
distant target may require a series of navigational choices, each followed by a
period of fasciculation along a new pathway. The ordered neuronal pattern in
the insect nervous system arises from the ability of individual central nervous
system (CNS) neuron growth cones to discriminate between fascicles and make
selective choices during outgrowth (Goodman et al., 1984). For example, in the
grasshopper embryo, the growth cone of the aCC neuron selectively fasciculates
with three U axons in the U fascicle and that of pCC neurons fasciculate with
MP1 and dMP2 axons in the MP1 fascicle (Bastani et al., 1986; Du Lac et al., 1986).
When the pioneer neurons (U axons, MP1 and dMP2) of these two pathways are
selectively ablated, the follower growth cones (aCC and pCC respectively) stall
and do not show affinity for any other neighboring axons. This data supports
the “labeled pathway” hypothesis (Raper et al., 1984) which proposes that CNS
pathways are selectively labeled with guidance molecules that allow axon
growth cones to select and fasciculate with appropriate axon fascicles.

Monoclonal antibody screens in the developing insect nervous system and
other studies in both invertebrate and vertebrate system led to the identification

of molecules selectively expressed on subset of developing axon pathways (e.g.,



Bastiani et al., 1987; Grenningloh et al., 1991; Hynes, 1992). These studies have
shown that axonal fasciculation and defasciculation are controlled by adhesion
mechanisms mediated by surface glycoproteins. Genetic analyses has revealed
the in vivo functional significance of at least one of these cell adhesion molecules
(Fasciclin II in Drosophila) in selectively labeling a subset of CNS axon pathways
(Grenningloh et al., 1991).

In vertebrate systems the ‘Labeled Pathway’ hypothesis may explain the
ability of axons from chick motor neurons to select appropriate nerve routes and
plexuses (Lance-Jones and Landmesser, 1981). This general principle may even
apply to development of the mammalian cerebral cortex. In this system, early
developing axons from cortical subplate cells pioneer the pathway from the
cortex to the thalamus and other subcortical targets (McConnell et al., 1989).
Later, follower axons from cortical neurons associate with these subplate fibres
and may be guided along these pathways to their appropriate targets.

Non-neuronal cells have also been implicated in providing guidance cues
to axon tracts. For instance, the role of glial cells in growth cone guidance has
been recognized in both insects and vertebrates. In vertebrates glial cells appear,
prior to neurite outgrowth, along the pathways that axons will subsequently
follow. This observation led to the 'blueprint hypothesis' (Singer et al., 1979)
which suggests that the paths recognized by growth cones are formed by glial
cells before axon outgrowth. This hypothesis is supported by experiments in
which this preformed pathway was physically ablated, leading to a disruption of

the axon tract (Silver et al., 1982).



The initial evidence suggesting the role of glial cells as guidposts in insects
was provided by experiments in grasshopper in which one glial cell type, the
segment boundary cell (SBC) was ablated using a laser beam (Bastiani and
Goodman, 1986). In this organism, the U axons, which pioneer the
intersegmental nerve, contact the SBC prior to exiting the CNS. The growth cone
of the aCC motor neurons follow the U axons while exiting the ventral nerve
cord in the intersegmental nerve. After ablation of the SBC, both the U and aCC
axons fail to exit the CNS.

Studies on the development of chick motor neuron projections to limb
muscles have indicated that mesenchyme and connective tissue can directly or
indirectly pattern nerve pathways in the nerve plexus region and in the limb
(Lance-Jones and Dias, 1991; Tosney and Landmesser, 1984). In addition,
somatic tissue can also specify axonal pathways (e.g., Oakley and Tosney, 1993;
Keynes and Stern, 1984), as demonstrated by the fact that axons from spinal
motor neurons project their axons only through the rostral half of each somite.
Following rotation of the paraxial mesoderm such that the rostrocaudal polarity
of the somites was reversed, there was a corresponding reversal of the pattern of

outgrowth of motor axons (Keynes and Stern, 1984).

Molecular mechanisms of axon guidance and families of axon guidance
molecules

At least four axon guidance mechanisms have been recognized; (1) short-
range attractive or permissive cues, (2) short range repulsive cues, (3) long range

attractive cues and (4) long-range repulsive guidance cues (Reviewed by



Goodman and Shatz, 1993; Keynes and Cook, 1995; Goodman, 1996). The short
range cues are provided by non diffusible cell surface molecules and
extracellular matrix molecules which either permit axon growth through
selective adhesion or inhibit or repel axons on contact (e.g. Luo and Raper, 1994;
Jessell, 1988). In contrast, long range cues are provided by diffusible molecules
(Cajal, 1892; Tessier-Lavigne et al., 1988; Colamarino and Tessier-Lavigne, 1995;
Ebens et al., 1996). Diffusible cues form gradients that originate from distant
tissues and specify the direction of axonal growth (reviewed by Tessier-Lavigne,
1992). Although these definitions imply distinct mechanisms, in reality, the
differences between these mechanisms are often blurred. For example, a secreted
molecule in certain contexts can become immobilized by binding to cell suface or
extracellular matrix and thus act as a short range signaling cue (e.g. Baier and
Bonhoeffer, 1992). The importance of a balance between positive and negative
cues in axon pathfinding have been recognized in both vertebrate and
invertebrate systems (reviewed by Tessier-Lavigne and Goodman, 1996). The
integration of multiple and often opposing molecular interactions at each site
along the axon's trajectory, specially at choice points, help to fine tune the
directional response of its growth cones.

In recent years substantial progress have been made in the isolation of
molecules involved in axon guidance. The molecular characterization of the
guidance cues shows that they belong to different families which provide axon
guidance in both vertebrates and invertebrates, supporting the view that both the
molecules and the mechanisms of growth cone guidance are conserved

phylogenetically (Hynes and Lander 1992, ; Goodman, 1994).



In the context of molecules that behave as short range cues, attention has
focused on neural cell adhesion molecules of the immunoglobulin (Ig)
superfamily (Reviewed by Walsh and Doherty, 1997). The Eph family of
receptor tyrosine kinases have gained attention in recent years for their role in
axon navigation, particularly in the context of target recognition (e.g. Callahan et
al., 1995; Cheng et al., 1995 ; Xu et al., 1996) .

The gene families which were originally identified on the basis of their
role in long-range signaling are the netrin and semaphorin gene families.
Interestingly, the first chemoattractant to be isolated, netrin-1, displays sequence
similarity with the extracellular matrix protein laminin (Serafini et al., 1994).
Similarly, the semaphorin family contains both cell surface and diffusible
members (Kolodkin et al., 1993). Thus these families are implicated in both long-
and short-range signaling. In addition, netrins are bifunctional, attractive to
some axons and repulsive to others (reviewed by Culotti and Kolodkin, 1996).
Thus individual molecules or families of molecules do not always fit into any one
mechanistic category. Furthermore, how one axon will behave towards a
guidance cue presumably depends on the receptors expressed by its growth
cones (Colamarino and Tessier-Lavigne, 1995; Wehrle and Chiquet, 1990;
Mukhopadhyay et al., 1994; Nose et al., 1994).

The netrins are homologs of the C. elegans UNC-6 protein, which plays a
role in circumferential guidance (Hedgecock et al., 1990; Ishii et al, 1992; Serafini
et al., 1994). In vitro experiments have shown that the floor plate at the ventral
midline of the developing mammalian spinal cord provides chemotrophic

guidance signals for the growth cones of commissural neurons whose axons



extend towards the floor plate (Tessier-Lavigne et al, 1988; Placzek et al, 1990).
When a dorsal spinal cord explant is placed within a few hundred microns of a
floor plate explant in a collagen gel matrix, commissural growth cones turn and
extend towards the floor plate from a distance. Two vertebrate netrins were
isolated and identified as the chemoattractants that emanate from the floor plate
cells and guide the spinal commissural axons (Serafini et al, 1994; Kennedy et al,
1994). Experimental analysis suggests that vertebarte netrins and nematode
UNC-6 are bifunctional molecules that can act both as chemoattractants and
chemorepellents. These molecules secreted by ventral cells appear to attract
some growth cones toward the ventral midline but to repel other growth cones
dorsally from the ventral midline. While netrin 1 attracts commissural growth
cones towards the ventral midline, it repels subpopulations of dorsally-
projecting hindbrain motor axons including the trochlear motor axons
(Colamarino and Tessier-Lavigne, 1995; Varela-Echavarria et al., 1997).

UNC-40 and UNC-5 are receptors for nematode UNC-6 that mediate
chemoattractant and chemorepellent effects of UNC-6 respectively (Hedgecock et
al., 1990). Based on DNA sequence similarity two vertebrate netrin
chemoattractant receptors (DCC and neogenin) have been identified (Keino-
Masu et al., 1996). These receptors are members of immunoglobulin superfamily.
Functional evidence for the role of DCC came from in vitro experiment in which
it was demonstrated that the floor plate dependent outgrowth of commissural
axons can be blocked by administering antibodies raised against the extracellular

domain of DCC (Keino-Masu et al., 1996).
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The Semaphorins (Sema) are a family of cell surface and secreted proteins
that in general function as chemorepellents or inhibitors of axon pathfinding,
branching or targeting (reviewed by Goodman, 1996). The first identified
member of the family, Semaphorin-1, (Kolodkin et al., 1992), is a transmembrane
protein. Sema 1 is expressed on subsets of fasciculating axons in the developing
CNS and on stripes of epithelial cells of the developing limb bud of grasshopper.
Antibody blocking experiments in the limb bud show that Sema 1 inhibits
branching and prevents steering of identified growth cones. In contrast to Sema
I, Sema Il and III and several other members of the family lack a transmembrane
domain and are secreted. A member of the Semaphorin family, Collapsin (a
homolog of human Sema III), was identified in chicken on the basis of its ability
to cause the collapse of sensory growth cones in vitro (Luo et al., 1993).

Extracellular matrix molecules (ECM) such as collagen, fibronectin and
laminin bind cell surface receptors that may be integrins or immunoglobulin
superfamily members. Laminin is known to promote axon outgrowth in vitro
(Gunderson, 1987) and is present in some axonal pathways, notably in that of the
optic tract (Cohen et al., 1987). ECM molecules may have positive or negative
effects on axon outgrowth. For example, tenascin-C has both axon outgrowth
promoting and anti-adhesive domains (Gotz et al., 1996). It has been suggested
that the function of ECM molecules is regulated by binding to proteoglycans.
For example, tenascin binds to glypican, laminin to dystroglycan and so on
(Vaughan, et al., 1994; Gullberg and Ekblom, 1995).

Cell adhesion molecules (CAMs) are an important class of axon guidance

molecules. These are expressed on the cell surface and fall into several structural
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classes, most notably the immunoglobulin superfamily, the cadherins and the
integrins. Integrins are transmembrane proteins that bind ligands that are
components of extracellular matrix, such as laminin, fibronectin, vitronectin,
thrombospondin-1 and others (Clark and Brugge, 1995). For example, integrin
mediates the thrombospondin-1 promoted outgrowth of sympathetic neurons
from the central and peripheral nervous system. Cadherins are transmembrane
glycoproteins that constitute the calcium-dependent adhesion system, in which
molecules on adjacent cells bind homophilically (Takeichi, 1991). The neural-
cadherins are implicated in the guidance of retinal axon outgrowth in vivo (Riehl
et al., 1996). The CAMs of the immunoglobulin superfamily include neural CAM
(NCAM), L1/NgCAM, NrCAM and TAG-1/axonin-1. NCAM is the first
identified CAM. It constitutes the calcium-independent adhesion system
(Cunningham et al., 1987).

Elegant studies on the role of immunoglobulin superfamily members have
examined pathfinding of chick commissural interneurons across the floor plate
(Stoeckli and Landmesser, 1995) and axon pathfinding in the muscle target area
of the chick limb bud (Tang et al, 1992, 1994). During their growth accross the
floor plate the commissural axons express NgCAM and axonin-1, while the floor
plate expresses NrCAM. Perturbation of axonin-1 function by injecting anti-
axonin antibody caused axonal defasciculation of commissural neurons and
many axons failed to cross the floor plate, and turned instead along ipsilateral
floor plate border (Stoeckli and Landmesser , 1995). Injection of anti-NrCAM
also resulted in a similar commissural axon phenotype suggesting that

interaction between axonin-1 on growth cones and NrCAM on floor plate cells is
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involved in the entry of commissural axons into the floor plate (Stoeckli and
Landmesser, 1995).

The navigation of motor axons from the neural tube into the periphery has
proved an interesting system for studying the function of cell adhesion and other
molecules in axon guidance. The initial growth of motor axons through the
anterior sclerotome was proposed to be due to repulsive interactions between
peanut agglutinnin binding protein and T-cadherin, expressed on the posterior
sclerotome and motor axons respectively (reviewed by Keynes et al., 1991).
Polysialic acid (PSA) associated with NCAM is involved in modulating
interactions between axons (Tang et al., 1994). PSA expresses at low level in
regions were motor axons are tightly fasciculated before reaching the plexus ( the
region where motor axons rearrange before entering the limb bud of chick
embryo), and at higher level in regions of defasciculation. Specific removal of
PSA by application of the enzyme endoN resulted in motor axon projection
errors and increased fasciculation in the plexus region (Tang et al., 1992, 1994).
The effect of endoN on axon pathfinding was reversed by treatment with
antibodies against L1, implicating that PSA induces inhibition of L1-mediated
fasciculation, which in turn facilitates normal motor axon guidance (Tang et al.,
1994). Such balance of interactions mediated by NCAM and L1 is also involved
in regulating patterns of nerve branching to fast and slow regions of embryonic
muscle (Landmesser et al., 1988).

A variety of receptor protein tyrosine kinases (RPTKSs) including fibroblast
growth factor receptors, and the Trk family of neurotrophin receptors have been

implicated in the regulation of axon outgrowth, target invasion, and axonal
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branching (reviewed by Basilici and Moscatelli, 1992; McFarlane et al., 1995;
Barbacid, 1995). The largest subfamily of RPTKs in vertebrates is the Eph family,
with at least 14 distinct members, and 8 ligands , now termed the ‘Ephrins’
(reviewed by Gale and Yancopoulos, 1997). Ephrins are all membrane-anchored
via either a phospholipid anchor or a transmembrane domain. Many of the Eph
receptors and ligands are expressed in the developing nervous system. Several
of the lipid-anchored Eph ligands have been implicated as contact repellents that
regulate axon fasciculation (Callahan et al., 1995; Tessier-Lavigne, 1995) and
retinotectal topographic map formation (e.g. RAGS and Elf-1; Cheng et al., 1995;
Drescher et al., 1995).

Although much progress has been made in identifying and elucidating the
properties of the different types and families of molecules that influence the
direction of axon outgrowth, it is largely unknown how axon growth cones
interpret these signals. This is primarily due to the fact that the molecular
identity of the receptors that mediate growth cone responses to guidance cues
are still unknown, with the exception of the Eph receptor tyrosine kinases. It is
generally thought that receptor-ligand interactions on the surface result in
activation of intracellular signaling pathways that induce changes in the
cytoskeletal organization in the growth cone, leading to neurite extension in the
proper direction. Little is known about the second messengers involved in the
intracellular signaling pathway. Calcium has been implicated in the regulation
of a wide range of growth cone behaviors (Kater and Mills, 1991; Cypher and
Letourneau, 1992). Most Ca2* signaling is transduced by calmodulin (CaM). In

Drosophila embryos, a selective disruption of calcium-CaM function in a specific
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subset of growth cones was achieved through tissue specific expression of CaM
antagonists. This disruption resulted in dosage-dependent stalls in extension
and errors in axon guidance (VanBerkum and Goodman, 1995). The results of
this study demonstrated an in vivo function for calcium-CaM signaling in growth
cone guidance.

It has been shown that CAMs stimulate neurite outgrowth by activating
fibroblast growth factor receptors (FGFR; reviewed by Doherty and Walsh, 1996).
Activated FGFR triggers a presently unknown second messenger system
involving tyrosine phosphorylation and increased calcium influx into neurons.
This presumably leads to the activation of calcium-calmodulin dependent
protein kinase, which may in turn be responsible for the phosphorylation of
proteins required for axon motility. The intracellular proteins which are strongly
implicated in the regulation of cytoskeletal rearrangement are the Rho family of
small GTP-binding proteins, which includes Rho, Rac and Cdc42 (Nobes and
Hall, 1995).

Transcription factors and neuronal connectivity

A number of transcription factors have been identified that regulate specific
pathway selections by navigating axons in the developing nervous system. This
is achieved through temporal and spatial regulation of expression of external
guidance cues and molecules that allow a growing axon to respond
appropriately to the cues it encounters (Lundgren, et al., 1995; Mastick, et al.,
1997; Retaux and Harris, 1996; Bossing, et al., 1996; Ginger, et al., 1994).
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Axon outgrowth occurs following final cell division. Thus, a transcription
factor expressed solely in postmitotic neurons is more likely to be involved in
pathfinding decisions of a neuron than those expressed earlier in neural cell
lineages. These factors either control expression of receptors, or intracellular
signaling components that are activated by the external guidance cues.
Examples of such regulatory factors include the family of LIM domain
containing proteins that carry a homeodomain and a cysteine-histidine rich LIM
domain (Tsuchida, et al., 1994; Tokumoto, et al., 1995; Lundgren, et al., 1995).
Examples of transcription factors that are implicated in the regulation of
expression of external guidance cues include Pax-6 (Mastick, et al., 1997),
engrailed (en; Retaux and Harris, 1996), and others (Bossing, et al., 1996).

The family of LIM domain proteins have generated much interest as
possible regulators of axon pathfinding because of a close correlation seen
between the expression pattern of family members and the projection phenotype
of motor neurons in the spinal cord of chick and zebrafish ( Tsuchida, et al., 1994;
Tokumoto, et al., 1995). The role of a LIM homeobox gene called apeterous (ap) in
axon pathfinding has been examined in Drosophila (Lundgren, et al., 1995). ap is
expressed in a subset of interneurons that normally choose a single projection
pathway in the ventral nerve cord. These neurons send out axons that grow
towards the midline, but prior to reaching the midline the axons fasciculate with
each other and extend anteriorly in the ipsilateral connective. In the absence of
ap function, these axons fail to fasciculate normally and extend along the
appropriate pathway. This specific mutant phenotype together with a restricted

pattern of expression of the ap gene seen in the postmitotic interneurons, led
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investigators to propose a direct role of ap in regulating the expression of cell
surface molecules that mediate recognition events necessary for the formation of
the ap fascicle (Lundgren et al., 1995).

In the mouse CNS, the LIM and homeodomain containing protein Pax-6
regulates the formation of the first prosencephalic tract called tpoc (Mastick, et
al., 1997). Tpoc originates as axons projecting caudally from a cluster of neurons
located at the base of the optic stalk. In wild-type embryos, the developing tract
comes in close contact with a superficial patch of Pax-6 expressing neurons. In
Pax-6 mutants, the projections of the tract forming axons are disrupted in the
region where these axons contact the Pax-6 expressing neurons. The
differentiation of the Pax-6 expressing neurons is not affected in the mutant.
These observations suggest a role for Pax-6 in providing local positional
information for proper guidance of axons that form the first prosencephalic tract.

The en gene codes for a homeodomain containing transcription factor. A
gradient of en expression is seen in the mesencephalon that correlates with the
topographic projections of optic axons (Retaux and Harris, 1996). A role for en in
guiding optic axons has been demonstrated through various manipulations of
the en gradient that lead to the disruption in the formation of retinotectal
topographic map. Interestingly, the guidance function of en appears to be
mediated by several candidate cell surface molecules, notably the Eph ligands
that are upregulated by en (Logan, et al., 1996).

Another transcription factor that regulates both axon growth and
guidance is longitudinals lacking (lola; Ginger, et al., 1994). The lola gene is a

member of the tramtrack family of proteins with two zinc finger domains.
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Mutations in the lola gene leads to fused commissures in Drosophila. Two
different isoforms of lola have been shown to be expressed in two different cell-
types, the navigating axons and the tissue (midline glia) that provides guidance
cues to these axons. Identifying the mechanistic difference ir the mode of action
of the two isoforms of lola will thus be important in understanding the difference
between the two pathways regulating axon growth and guidance.

It is likely that in the near future the role of previously known
transcription factors as regulators of neuronal pathway formation will emerge
along with the identification of new transcription factors. Spatial and temporal
control of the activity of these regulators along with characterization of their

targets will provide valuable information on axon growth and guidance.

Genetic analysis of growth cone guidance:

The fact that the behavior of growth cones can be influenced by both attractive
and repulsive factors, either by contact-mediated or diffusible mechanisms, is
well established from in-vitro studies (reviewed by Goodman, 1996). An
understanding at the molecular level of how these different forces are
coordinated in-vivo to establish the stereotypical patterns of synaptic connections
of a complex nervous system remains, however, largely elusive. A powerful
approach to studying this problem is to use genetics to identify genes necessary
for in vivo axon guidance. Two methods of genetic analysis can be used to
identify and study in vivo function of molecules that control growth cone
guidance. One approach is the so called reverse genetic approach which has

been used in a variety of organisms to test the function of previously identified
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molecules through disruption of gene function or misexpression studies. The
other approach is the classical genetic approach, in which a large-scale
mutagenesis in performed. Mutations that result in defects in axonal projections
may define genes involved in establishing neuronal connectivity in the intact
organism. By doing large-scale systematic screens it is theoretically possible to
identify all genes involved in a given developmental pathway. The proteins
identified in this fashion could function in any step in the process (i. e.,
regulators, signals, receptors, effectors). An innovative classical genetic
approach is an interactive genetic screen in which one begins with a mutation in
a particular gene that creates a sensitized background (using either partial loss-
of-function or gain-of-function mutants) and then screens for mutations in other
genes that either enhance of suppress this phenotype. Such screens can be used
to identify upstream and downstream components in a genetic pathway (e. g.
Simon et al., 1991). Until recently classical genetic approaches were restricted to
invertebrate systems, most notably the nematode and Drosophila. However,
large-scale mutant screens have now been conducted in the lower vertebrate
Zebrafish. Using anatomical probes to search for defects in the retinotectal
projection, a number of interesting mutants have been identified (reviewed by

Kuwada, 1995).

Genetic analysis in Drosophila:
There are a number of reasons for using Drosophila as a model system to unravel
complex biological processes. The most compelling is the power of the genetic

approach. This is best exemplified in the genetic screen of Nusslein-Volhard and
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Wieschaus (1980) from over a decade ago, which revolutionized our
understanding of early embryonic pattern formation.

Behavioral assays have been used in Drosophila identifying mutations that
disrupt axon pathfinding and cellular connectivity in the nervous system. Two
such screens were based on the jumping behavior of flies in response to light-off
stimulus (Thomas and Wyman, 1984) and grooming behavior (Phillis et al., 1993).
The screen for jumpless mutants led to the identification of two mutants (bendless
and passover) that disrupt connectivity between an identified paired neuron (GF
neuron) and a specific jump muscle motoneuron (the TTMmn, tergotrochauteral
jump muscle motor neuron).

The bendless gene, that encodes a ubiquitine conjugating enzyme, is
required for normal pathfinding/target recognition by the GF axons; while, the
passover gene is required for function and maintenance of synaptic connections
between GF and TTMmn neurons (Thomas and Wyman, 1984). The passover
gene encodes a transmembrane protein similar to the Drosophila ogre and C.
elegans Unc-7 proteins (Krishnan et al., 1993). Unc-7 is also required for proper
neuronal connectivity in C. elegans (Starich, et al., 1993). Later studies have
shown that the passover gene is also necessary for gap junction communication
between neurons of the Drosophila giant fibre system (Crompton et al, 1992;
Krishnan et al, 1993), the group of eight neurons that relay excitation from the
eyes to the muscles of the thorax.

Using anatomical probes, three large-scale histological screens have been
conducted in Drosophila to identify molecules required for axon guidance and

neuronal connectivity. These screens were aimed at studying CNS axon
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pathways (Seeger et al., 1993), neuromuscular connectivity (Van Vactor et al.,
1993) and retinotopic connectivity (Martin et al., 1995).

The midline of bilaterally symmetric CNS from arthropods to vertebrates
represents a boundary that has major influences on growth cone behavior. A
systematic genetic screen using a general CNS axon marker (MAb BP102) was
conducted to identify mutations that affect CNS patterning in Drosophila (Seeger
et al., 1993). Two mutations, commissureless (comm) and roundabout (robo), were
isolated that severely affected axonal growth across midline. Mutations in the
comm gene resulted in absence of nearly all CNS axon commissures. Axons that
normally project across the midline, such as RP1 and SP1 (two identified
commissural neurons), failed to do so in these mutant embryos. Instead these
neurons sent ipsilateral projections which are normal in all respects except for
being on the wrong side of the embryo. The comm mutant does not cause
abnormality in the midline structure or disrupt any other axon pathway that may
be important for commissural axons outgrowth towards the midline. This
suggests that the comm gene is a good candidate to act either as a signal or a
receptor that guide axon growth cones towards the midline.

Mutations in the gene roundabout (robo) lead to a phenotype opposite to
that of comm. In robo mutant embryos, axons that are close to the midline, but do
not normally cross it, are inappropriately attracted towards the midline and their
contralateral homologues on the other side. On the basis of this mutant
phenotype a role of robo in directly or indirectly generating repulsive cues at the
midline for the ipsilaterally projecting neurons has been proposed. Furthermore,

the observation that the comm phenotype is suppressed in comm-robo double
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mutant suggests that these two systems do not act independently. Instead, there
may be a balance between attractive and repulsive cues that affect growth cone
behaviour in the midline (Seeger, et al., 1993).

Mutations in two other genes (fasciclin I and abelson) isolated in the same
screen led to the identification of two redundant pathways that attract
commissural axons outgrowth towards midline (Elikins, et al, 1990). Mutation in
either gene does not reveal any obvious commissural axon pathfinding defect;
however, a phenotype similar to that of comm mutant is seen when both genes
are mutated simultaneously.

The ability of motoneurons to find and recognize their appropriate muscle
targets has long been an excellent model system for studying axon pathfinding
and target recognition. Using an antibody probe that identifies motoneuron
growth cones and axons (MAb 1D4), a screen of the second chromosome for
mutations that disrupt motoneuron pathfinding and target recognition was
conducted (VanVactor et al., 1993). The screen led to the identification of several
genes that are necessary for motoneurons to navigate past particular choice
points in the pathfinding process, e. g. beaten path, stranded and short stop. In
addition, two genes (walkabout and clueless) required for target recognition by a
group of motoneurons, have also been identified in this screen.

In the retinal connectivity screen (Martin et al., 1995), a lacZ reporter gene
(glass-lacZ) specific for photoreceptor neurons was used to identify mutations
affecting retinal axon outgrowth, retinotopy and target recognition. The screen
led to the identification of four genes that play direct roles in neuronal

connectivity. These include genes regulating axonal outgrowth (e.g. eddy), target
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recognition (e.g. limbo and nonstop) and retinotopy (e.g. limbo). Some of these
genes appear to encode components of the growth cone itself (limbo and diva),
while others may act as extracellular cues for growth cone guidance (eddy and
nonstop).

Reverse genetics has provided a complementary approach in Drosophila to
identify guidance molecules. In the past, several molecules implicated in growth
cone guidance have been identified in Drosophila based on their pattern of
expression (using MAb or enhancer trap screens), or sequence similarity to
known guidance molecules (e.g., Grenningloh et al., 1991; Nose et al., 1992;
Klambt et al., 1991). The specific function of these molecules was subsequently
studied using a reverse genetic approach. For example, three receptor-like
tyrosine phosphatases that are expressed in the embryonic CNS have been
cloned based on sequence similarity to vertebrate proteins (Nose et al., 1992,
Chiba et al., 1995, Matthes, et al., 1995). These proteins (connectin, fasciclin III
and semaphorin II) are expressed by subsets of muscles during the establishment
of neuromuscular connections. These proteins contain immunoglobulin-like
domains and fibronectin typelll repeats in the extracellular domain, protein
motifs often associated with recognition/adhesion proteins. Additionally, the
obvious signaling potential of the cytoplasmic tyrosine phosphatase domain of
these proteins, raise intriguing questions about the function of these proteins
during growth cone guidance. Ectopic expression studies showed that all three
proteins can function in growth cone guidance: connectin as a bifunctional signal
(Nose et al., 1994), fasciclin as an attractive signal (Chiba et al., 1995) and
semaphorin as an inhibitory signal (Matthes et al., 1995).
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Genetic analysis in zebrafish:

Until recently, large-scale genetic screens have not been practical in
vertebrates. Unfortunately, applying reverse genetics to study just the molecules
which have already been identified limits the extent of the investigation.
Additionally, when functions of multiple proteins overlap in guidance of a
particular axon pathway, knock out of a gene corresponding to one of these
proteins with overlapping function might not lead to an obvious pathfinding
phenotype, even though the gene might be expected to play a role in axon
guidance. By employing forward genetics in zebrafish it has become possible to
overcome these problems and to analyze in vivo axon guidance systematically in
a vertebrate system for the first time.

The convergence of biochemical approaches in vertebrates and genetic
approaches in invertebrates has shown that some axon-guidance mechanisms are
conserved to a remarkable degree (Goodman, 1994). At the same time, given the
complexity of the vertebrate CNS, it seems likely that evolution has provided
vertebrates with novel guidance mechanisms or has used conserved guidance
cues in novel pathways. Thus it is important to study axon guidance
systematically in vertebrates as has been done in invertebrates. The refinement
of zebrafish as a genetic system (Mullins et al., 1994; Grunwald and Streisinger,
1992) has made it possible to apply a systematic genetic approach to the study of
axon guidance in vertebrates.

A mutant screen was performed on zebrafish larvae in search for defects

in axon projections between the eye and its main target in the brain, the optic
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tectum (Baier et al., 1996; Trowe et al., 1996; Karlstrom et al., 1996). In addition to
finding several genes specifically involved in retinotectal topography, a large
number of genes were found that affect axon guidance more generally. Four
classes of mutants were identified in this screen. In one class of pathfinding
mutants, retinal axons fail to cross the ventral midline of the brain. These
neurons connect to the ipsilateral rather than contralateral tectal lobe. Five of
these mutations (chameleon, detour, iguana, umleitung and you-too) affect
differentiation of midline structures. These mutants demonstrate the importance
of midline cells in retinal axon guidance. Another class of mutations that affect
the ability of retinal axons to turn toward the contralateral tectal lobe after they
reach the midline include bashful, grumpy and sleepy. In these mutants, after
axons cross the midline they often turn anteriorly and grow along the margin of
the telencephalon.

Three mutations that affect sorting of retinal axons in the optic tract were
identified. These are boxer, dackel and pinscher. In these mutants, dorsal axons
grow through both dorsal and ventral nerve bundles instead of selectively using
the ventral bunch and arrive at the dorsal side of the tectum. These axons then
traverse the tectum to find their correct ventral targets. Further molecular
analysis of these genes will elucidate the process of fibre sorting, a phenomenon
that is poorly understood.

Four mutations, nevermind, who-cares, gnarled and macho affecting the
mapping of the retinal fibres have also been identified in this screen. The first

two affect the retinal axons mapping along the dorsoventral axis, while gnarled
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(gna) and macho (mao) affect it along the anterior-posterior axis. In gna and mao
Nasodorsal axons defasciculate and terminate too soon in the anterior tectum.

A general finding of the screen in zebrafish is that most of the retinotectal
mutants show other developmental defects. This indicates that molecular
mechanisms used for axon guidance are also used in other developmental
processes. In addition, genes absolutely necessary for early development can not
be found in the screen. Affected embryos do not develop to a stage where axon
guidance could be assayed. A genetic screen designed to find conditional,
temperature-sensitive mutations may provide an alternative way to find more of

the genes involved in axon guidance.

Organization and neuronal connectivity pattern in the Drosophila visual
system

The Drosophila visual system offers an excellent model for the
investigation of neuronal patterning. The advantages include, relative simplicity,
availability of numerous molecular markers which can be used to identify and
analyse individual neurons (Bellen et al., 1989; Bier etal., 1989; Wilson et al., 1989;
Zipursky et al., 1984), availability of behavioral tests (phototaxis and optomotor
behavior), opportunity for genetic analysis and most importantly, the remarkable
similarity in the mechanism of neuronal growth cone guidance in insect and
mammals (Harrelson and Goodman, 1988; Klose and Bentley, 1989; McConnell et
al., 1989).

Drosophila displays two distinct visual systems during larval and adult

stages. The adult visual system consists of compound eyes and the optic lobes,
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the portion of the visual system that receives and processes visual information
from the eyes (reviewed by Wolff and Ready, 1993; Meinertzhagen and Hanson,
1993). The compound eyes are composed of approximately 800 ommatidia, each
containing eight photoreceptor cells. The photoreceptor cells differentiate from
the eye imaginal disc during third instar larval stage (Ready et al., 1976). These
cells send their axons to the optic lobe primordium through a specialized
epithelium tube called optic stalk. Retinotopy is seen in the adult visual system,
i.e., retinal axons send their axons to the corresponding positions in the brain.
An examination of photoreceptor projections in mutants containing fewer
number of these cells and in mosaic animals containing patches of wild-type
axons in a mutant background, has shown that each photoreceptor axon is
independently guided to its target cell (Kunes et al., 1993). These findings
suggest a model similar to Sperry’s chemoaffinity hypothesis where positional
guidance and recognition cues label pathways and synaptic targets (Sperry,
1963).

All three components of the Drosophila visual system; the adult eye, larval
eye and the optic lobe originates from a small region of the procephalic lobe
(embryonic head; Green et al., 1993). The optic lobe and the larval photoreceptor
cells arise from within a coherent region of the posterior head ectoderm, while
the eye imaginal disc develops from two pouches of the anterior ectoderm. Each
primordium of adult optic lobes develops from a mass of tissue that invaginates
from the posterior portion of the procephalic lobe during stage 12 of
embryogenesis. The optic lobes form in direct contact to the developing larval

brain and by late embryogenesis this tissue completely incorporates into the
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brain hemispheres. The optic lobe primordium remains undifferentiated until
larval stage, when it resumes mitosis and differentiates to form the optic ganglia
(Meinertzhagen, 1973; White and Kankel, 1978).

Although the tissue origin for the eye imaginal disc and the optic lobe
primordium are different from each other, the two tissues interact extensively
during development. The differentiation of the first order interneurons of the
first ganglion layer (lamina) of the optic lobe is dependent on photoreceptor axon
innervation (reviewed by Meinertzhagen and Hanson, 1993). However, the
dependence of the second order neurons in the second optic ganglion (medulla)
upon retinal innervation is less extensive. Retrograde interaction, that is, the
dependence of photoreceptor integrity on connection of these cells with their
synaptic partners of lamina ganglionaris has also been shown to be a
characteristic of insect visual system development (Campos et al., 1992).

In comparison to the adult visual system, the larval visual system is
extremely simple, consisting of two bilateral clusters of 12 photoreceptor cells.
These cells extend their axons in a fascicle (the Bolwig’s nerve; Bolwig, 1946)
towards the larval visual system target area located within the anlage of the
adult optic lobes (Green et al., 1993). The Bolwig’s organ develops at the ventral
tip of the invaginating optic lobe primordium. These cells send short axonal
projections that contact the cells of the neighboring optic lobe invagination
(Steller et al., 1987; Schmucker et al., 1992; Green et al., 1993). At stages 15-16,
during head involution, the larval photoreceptor cells begin to migrate out of the
head epidermis by delamination. While these cells migrate anteriorly their axons

retain connection with the optic lobe primordium (Green et al., 1993). During
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this period the Bolwig’s nerve which is formed from fasciculation of the 12
photoreceptor axons undergo extensive elongation. Later in embryogenesis, the
Bolwig’s nerve terminal extends deeper into the brain, past the optic lobe
primordium and terminates at the posterior margin of the optic lobe primordium
(Green et al., 1993; Campos et al., 1995). The cells in the invaginating optic lobe
primordia that contact the larval optic nerve act as intermediate targets for the
larval photoreceptor cells, analogous to the guidepost celis discussed earlier
(Campos et al., 1995).

Some of the cell types that are contacted by the larval optic nerve during
larval visual system development have been identified, among the most
interesting are the three optic lobe pioneer cells (OLPs; Tix et al., 1989; Campos et
al., 1995). Two of these cells that originate from the optic lobe primordium itself
are called the corner OLPs. The one that originates from outside this region is
called the central OLP. This cell is contacted by the LON in the final stage of
nerve pathway formation. The axon of this cell extends towards the central brain
into the larval optic neuropil before it contacts the LON (Campos et al., 1995).
The LON and the axons from the two corner OLPs fasciculate with the central
OLP axon and together project towards the central brain. Thus the central OLP
is thought to pioneer the route taken by the LON toward the central brain. On
the other hand the corner OLP cells that contact the LON at initial stages of
development before invagination of the optic lobe primordium are thought to act
as intermediate targets for the LON and are thus analogous to the guidepost cells

discussed earlier (Campos et al., 1995). The OLP cells are also incorporated into
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the adult optic lobe and are thought to play a role in organizing the adult visual
system as well (Fischbach and Technau, 1987).

The Drosophila disconnected gene and its role in the establishment of neuronal
connections in the visual system

The disconnected (disco) gene codes for a putative transcription factor with
two C2H2 type zinc finger motifs (Heilig et al., 1991). The zinc finger proteins
represent a major group of transcription factors that play an important role in
many aspects of eukaryotic gene regulation. Proteins of this family contain
tandem repeats of 30 amino acids zinc finger motifs enriched in Cysteine and /or
Histidine residues (reviewed by Berg, 1990).

The importance of the zinc finger domains in disco function was
demonstrated by the fact that mutations in the conserved Cysteine residues of
either zinc finger motif result in a visual system phenotype similar to that seen in
mutants in which the disco gene is deleted (Heilig et al., 1991). Since two zinc
finger domains are sufficient for sequence specific DNA binding activity (Keller
and Maniatis, 1992), it is hypothesized that disco is a DNA binding protein.
Nuclear localization of the DISCO protein and an autoregulatory activity of disco
demonstrated in the cells of the optic lobe primordium support this hypothesis.
A high affinity DNA binding site has also been identified in genomic DNA, 2.5
kb upstream of the disco transcription start site in an in vivo electrophoretic
mobility shift assay (Kevin Lee, Ph. D. thesis, 1993).

disco gene function is required for proper neuronal connectivity formation

in both larval and adult visual system of Drosophila. Mutations in the disco gene
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cause failure of the larval and adult photoreceptor axons to make proper
connections with their target cells (Figure 1; Steller, et al., 1987). In the majority
of the adult disco mutant flies the compound eyes fail to innervate the brain and
show a significant reduction in the volume of the optic lobes. This phenotype is
referred to as the unconnected phenotype (Steller et al., 1987). In other adult
mutant flies, the retinal innervation of the optic ganglia occurs, but the optic
ganglia in these mutants are roughly normal in size although still grossly
disorganized. This phenotype is called the connected phenotype. Since retinal
inrervation is required for proper development of the optic ganglia, the reduced
optic ganglia in the unconnected disco mutant is at least partly due to the lack of
retinal innervation. The presence or absence of retinal innervation again
depends on presence or absence of the optic stalk, the tube that connects the eye
disc to the optic lobe and through which retinal axons enter the optic lobe area of
the brain. Individual mutant larvae can lack just one or both optic stalks.

The disco gene is expressed in several of the different cell types contacted
by the larval optic nerve including a group of glial cells distributed along the
LON and the OLP cells (Lee et al., 1991; Campos et al., 1995). Interestingly,
mutation in disco leads to failure in the differentiation of corner OLP cells and
mislocation of the glial cells (Campos et al., 1995). Thus, loss of disco function
leads to defects in cellular interactions between the LON and the cells it contacts
during pathway formation. The absence of disco expression in the photoreceptor
cells at least during axon outgrowth indicates that the effect of a disco mutation
on the LON phenotype is nonautonomous. The disco gene function is required at

least in the OLPs or LON glial cells for proper LON connectivity. It may regulate
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cellular guidance cues and recognition cues that are specific to the development

of the larval optic nerve pathway and connectivity.

Questions and aims of this thesis

The goal of the work presented in this thesis is to study some of the
cellular and molecular mechanisms underlying nervous system development.
To that end I focused on the development of neuronal pathways in a simple
model system, the larval visual system of Drosophila melanogaster. The simplicity
of the larval visual system makes is amenable to cellular biological studies, and
the classical genetic approaches that are uniquely applicable to Drosophila
research together with a recent advent in molecular biological tools made the
visual system of Drosophila an attractive model system for neurobiological
studies.

The first part of my thesis described identification and characterization of
specific cellular interactions at the larval optic center of Drosophila. The outcome
of this study may suggest that changes in behavior of an organism that occur as a
function of normal development require establishment of new neuronal
connections. The second part of my thesis addressed the role of the disconnected
gene in establishing proper neuronal connections in the visual system of
Drosophila. The tissue specific autoregulatory activity of disco in the cells of the
optic lobe primordium, and the differential effect of disco mutations on the disco
expressing cells contacted by the LON, reveal the importance of tissue specific
disco function in establishing proper LON connectivity. Therefore, identification

of tissue specific factors regulating disco function will provide us with valuable
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information on the role of the disco gene in Drosophila visual system
development. In this part of my thesis, I used the yeast interaction trap approach
to identify DISCO interacting proteins.

Chapter 2 of this thesis describes the identification of a serotonergic
neuronal process and the influence of the LON on the outgrowth and
establishment of arborization from the newly identified process at the larval
optic center. This study led to the speculation that the establishment of
connections between the LON and the serotonin process modulates larval
photoresponse.

Chapter 3 describes the identification of three Drosophila proteins (DISCO-
interacting proteins DIP1, DIP2 and DIP3) that interact with DISCO in yeast
interaction trap and in vitro binding assays. Among these two are newly
identified proteins, one of which contains two putative double stranded RNA-
binding domains (DIP1) and the other is a highly conserved protein (DIP2) of
unknown function. The known DISCO interacting protein (DIP3) is the putative
ATPase component of the 265 proteasome. Expression of the DIP1 and DIP2
proteins partially overlap with that of disco, and therefore, these are good
candidates to act as components of disco mediated pathway that reulate larval
visual system connectivity formation.

Northern analysis and analysis of dip1 cDNAs isolated from various
cDNA libraries indicate expression of three alternatively spliced forms of the dip1
mRNA. Repetitive sequences in the 3' untranslated region of these transcripts
may confer translational regulation and therefore may suggest a less extensive

expression pattern of the DIP1 protein than its mRNA. Based on the
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chromosomal location and the deficiency map of the dip1 gene, a putative mutant
(flamenco, flam) for this gene has been identified. The physiological role of the
gene affected in flam mutant is presently unknown; however, the effect of the
hypomorphic mutant allele on the expression and mobilization of a retroviral
element in Drosophila ovary might support a RNA binding activity of the gene.
The human and C. elegans homologs of the dip2 gene have been cloned in
the corresponding genome projects. The work presented in this thesis describes
the isolation of the Drosophila and mouse homologs of this gene. The putative
DIP2 protein lacks any known functional domain. Although no functional
analysis has yet been done on any dip2 homologs, nervous system specific
expression of the Drosophila and the mouse homologs during embryogenesis

suggest an important role for dip2 in nervous system development.
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Chapter 2: Manucsript
THE LARVAL OPTIC NERVE IS REQUIRED FOR THE DEVELOPMENT OF

AN IDENTIFIED SEROTONERGIC ARBORIZATION IN DROSOPHILA
MELANOGASTER.

Preface

The work presented in this chapter has been published in Developmental
Biology, 1995, vol. 169. p629-643.
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The larval visual system ia the fruitly Dresephilis mela-
nogaster consists of twe bilateral clusters of 12 photsrecep-
tor cells. These ncurens sead their axeas in a fascicle, the
Belwig’s nerve, teward the target ares in the veatrsal lateral
rogion of the brain hemispheres. We describe the develep-
ment of a seretonergic arberization eriginatiag in the con-
tral braia feund in the larval eptic center in asseciation
with the larval eptic nerve. This arberizatioa is formed by
processes frem larval neurens bera during embryegonssis.
However, these neurensl precesses do net reach their final
destination, the larval eptic center, until late in larval de-
velopment. Using mutations that disrupt the connectivity
and/er development of the larval pheterecepter cells, as
well as mesaic analysis, we demeonstrate that the innerva-
tion of the larval eptic conter by this seretenergic arborisa-
tien depends upen ceatact with the larval eptic merve.
© 1906 Academis Pram, fns.

INTRODUCTION

A fundamental aspect of nervous system development
is the precise interconnection between different ecell
types. That precise assembly of a complex network de-
pends not only on the matching of pre- and postsynaptic
cell populations but also on the development and main-
tenance of the appropriate axonal and dendritic arbori-
zations.

The dependence for development and maintenance of
neuronal arbors on connections with other neurons is
well documented in several different model systems
(e.g.. Loer and Kristan, 1989; Antonini and Stryker,
1993; Byrd and Burd, 1993). While several molecules re-
quired for axonal guidance have been described (re-
viewed by Goodman and Shatz, 1993), comparatively lit-
tle is known about the nature of the intercellular signals
required for the local induction and maintenance of den-
dritic and axonal arbors.

! To whom correspondence should be addressed. E-mail: campo-
sa@memail.cis.mcmaster.ca.
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The role of activity of afferent synaptic inputs in the
development and remodeling of dendritic arbors has
been extensively examined. Neurotransmitters con-
tained in afferent innervation have been shown to
regulate dendritic growth (reviewed in Schwartz, 1992).
Several reports demonstrate that patterned afferent ex-
citatory activity results in structural changes of the cor-
responding dendritic arbors (Tieman and Hirsch, 1982
and Katz and Constantine-Paton, 1988). Activation of
N-methyl-D-aspartate subtype of glutamate receptors
is involved in motor neuron dendritic maturation in
early postnatal life (Kalb, 1994). Endogeneous electrical
activity has also been shown to influence dendritic
growth patterns in Purkinje eells in primary dissociated
cultures of mouse cerebellum (Schilling et al, 1991).

Cell interactions are also likely to play a role in the
development of neuronal arbors. Regulation of axonal
and dendritic growth by glial ceils has been demon-
strated by a variety of coculture experiments (Prochi-
antz et al, 1990; Rousselet ¢¢ al, 1990; and Qian ot al,
1992). Recently, it has been suggested that glia-medi-
ated dendritic growth is promoted by a diffusible factor
(Le Roux and Reh, 1994). Beyond its role in the control
of eell number, NGF has also been shown to influence
the degree of axonal branching locally both in vivo and
tn vitro (Campenot, 1982s; Campenot, 1982b; De Konnick
et al, 1998; Van der Zee of al, 1995).

The visual system of the holometabolous insect Dro-
sophila melanogaster has been successfully used as a
model system for the study of cell interactions during
development. Drosophila displays two visual systems
during its life cycle; the adult and the larval visual sys-
tem. The adult visual system consists of compound eyes
containing photoreceptor neurdns that project to the
underlying optic lobes (reviewed by Wolff and Ready,
1993, and Meinertzhagen and Hanson, 1993). The larval
visual system is considerably less complex, consisting of
two bilateral clusters of 12 photoreceptor cells which
send their axons in a fascicle (The Bolwig’s nerve, Bol-
wig, 1946) toward the larval visual system target area
located within the anlagen of the adult optic lobes
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(Steller et al, 1987; Green et al, 1993; Campos et al,
1995).

Cell interactions have been shown to play a funda-
mental role in the development of the adult visual sys-
tem in the fruitfly Drosophila melanogaster (reviewed by
Meinertzhagen and Hanson, 1993, and Wolff'and Ready,
1993). This assertion is well exemplified by reports on
the dependence of adult optic lobes on afferent innerva-
tion (reviewed by Meinertzhagen and Hanson, 1993, and
Power, 1943; Meyerowitz and Kankel, 1978; Fischbach,
1983; Fischbach and Technau, 1984; Hofbauer and
Campos-Ortega, 1990; Selleck and Steller, 1991). In par-
ticular, the first optic ganglion, the lamina, requires ret-
inal innervation not only for mitosis of the lamina pre-
cursor cells but also for proper morphogenesis of the
lamina cartridges (Meyerowitz and Kankel, 1978, and
Selleck and Steller, 1991). The dependence of the second
order neurons in the medulla ganglion upon retinal in-
nervation is less extensive than that found in the lamina
ganglion. Several optic lobe neurons are able to survive
deafferentation, although they display sprouting and
compensatory innervation (Fischbach, 1988; Fischbach
and Technau, 1984).

The larval optic nerve is apparently not required for
the establishment of the optic stalk nor for the targeting
of the retinal projections to the developing optic lobes,
the OLPs (Moses et al, 1989; Kunes and Steller, 1991).
The connectivity of the larval optic nerve to the optic
lobe anlagen, however, may depend upon the presence of
the optic lobe pioneer cells (Tix et al, 1989; Campos et al,
1995). The differentiation of OLPs precedes the final step
in the establishment of econnectivity of the larval optic
nerve to the optic lobe primordium and is apparently not
dependent upon contact with the larval optic nerve
(Campos et al, 1995).

A role for the larval optic nerve in the development of
adult optic lobe projections is suggested by the observa-
tion that certain identified neurons which project from
the central brain toward the lamina (the LBO 5-HT,
Nassel, 1987) follow the same pathway pioneered by the
larval optic nerve during larval stages. The projections
from these serotonergic cells as well as the OLPs occupy
the posterior optic tract which contains axons of the
lamina and medulla tangential cells (reviewed in Mein-
ertzhagen and Hanson, 1993). Additionally, it is possible
that larval retinal innervation is required for the devel-
opment of the larval visual system target cells, similar
to what is observed in the adult visual system. These
target cells may in turn be incorporated into the devel-
oping adult optic lobes and there participate in the or-
ganization of the optic lobes during development.

Here, we report the consequences of deafferentation
of the larval optic center. We focus our analysis on the
development of an identified serotonergic arborization
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that projects from the central brain. Using mutant
strains that impair the connectivity of the larval optic
nerve to the larval neuropil center as well as mosaic
analysis, we conclude that neither the cell viability nor
the initial outgrowth of this projection depends on the
presence of the larval optic nerve. However, the arbori-
zation of this projection within the larval optic neuropil
requires the presence of the larval optic nerve. Interest-
ingly, this serotonergic process does not contact the lar-
val optic nerve until late in larval development.

MATERIALS AND METHODS
Drosophila Strains and Culture

Flies were grown at 25°C or 19°C in inactivated yeast,
sucrose, and agar medium supplemented with fresh ac-
tive yeast. Ten percent tegosept in ethanol was used to
prevent microbial growth. Eggs were collected on mo-
lasses-agar egg-collection plates and aged as described
by Ashburner (1989).

" Null mutant allele of the glass (o!) gene. Expres-
sion of the glass gene is disrupted by an insertion (>30
kb) in the coding region (Moees et al, 1989).

disco’. Ethyl methanesulfonate-induced allele of dis-
connected (disco) gene (Fischbach and Heisenberg,
1984). In disco’ a point mutation (cys127 to ser) in the
coding region of the disco gene resulted in a missense
mutation (Heilig et al, 1991). In this mutant, the larval
optic nerve cannot establish proper connections with its
target cells during embryonic development (Steller et
al, 1987).

F{gl*(10 kb Sal), ry*] o{*™. The third chromosome is
homozygous for the gi*® mutation, while the first chro-
mosome is homozygous for a P-element insert carrying
a normal glass gene and a wild-type rosy gene (Moses et
al, 1889).

Delta 2-8, gi*". The third chromosome is homozygous
for the gi*¥ mutation and carries the gene for a transpo-
sase entyme which can mobilize P-element inserts.
However, the transposable element that carries the
transposase gene is stable in this position (Laski et al,
1986; Robertson et al, 1988).

C50.1S1 A disco-enhancer trap line, in which expres-
sion of a S-galactosidase gene is driven by the disco pro-
moter. Thus, S-galactosidase expression is localized to
the disco expressing cells and acts as a marker for disco
expression (Cohen etal, 1991; Heilig et al, 1991, and Lee
etal, 1991).

Immunocytochemistry of Larval Brain

Larval brains of different larval stages were dissected
in Drosophila Ringer's solution and fixed in 4% para-
formaldehyde (pH 7.4) for 4 hr or overnight at 4°C.
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Fixed brains were washed several times in 0.1 Af phos-
phate buffer containing 0.3% Triton X-100 (PBT) and
blocked with PBT containing 4% goat serum for an hour
at room temperature. [ncubation with primary antibody
(monoclonal or polyclonal) diluted with PBT containing
5% goat serum was performed overnight at 4°C. After
several washes with PBT for 2 hr at room temperature
the brains were again blocked with PBT + goat serum
and then incubated with secondary antibody for 5 hr at
room temperature. This was followed by washing the
samples several times in PBT for 2 hr. Enzymatic reac-
tions were carried out for Horseradish peroxidase-con-
jugated secondary antibodies using diaminobensidene
and hydrogen peroxide as described by Steller et al
(1987). In some cases 2.5 mAM CoCl; was used to intensify
the signal. For fluorescence-tagged secondary antibod-
ies brains were mounted in 70% glycerol containing p-
phenylenediamine.

The primary antibodies used were rat monoclonal
anti-serotonin, clone YC5/45 (Consolazione et al, 1981),
a mouse monoclonal anti-CHAOPTIN (24B10, Zipursky
et al, 1984), and a mouse monoclonal anti-GLASS (Ellis
et al, 1993). The secondary antibodies used were Cy3-
conjugated goat anti-rat IgG (Jackson ImmunoRe-
search Laboratories, Inc.), FITC-conjugated goat anti-
mouse IgG (Cappel), and Peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Labora-
tories, Inc.).

The specimens were viewed under Nomarski optics in
a Zeiss Axioscope. Confocal microscopy was performed
on a Bio-Rad MRC 600 Krypton/Argon laser confoecal
microscope.

¢l mosaics were created using the saame scheme as de-
scribed by Kunes ot al (1933). Somatic loss of a glass* P-

element (Moses ot al, 1989) in a strain carrying a null
mutation in the gl gene was induced by somatic expres-
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sion of the Delta 2-3 transposase (Laski et al, 1986; Rob-
ertson et al, 1988). Females homozygous for the null al-
lele oi*¥ and carrying s wild type glass gene in a trans-
posable element inserted in the X chromosome (P{gl* (10
kb Sal), ryl Moses et al, 1989) were crossed to males
P{ry+, Delta 2-3] gi*¥. In the progeny of this cross the
constitutive source of the transposase mobilized the P-
element carrying the normal glass gene in some somatic
cells, thereby uncovering the gi*® mutation. Cells which
retained the P-element remained wild-type. Excision oc-
curs in 100% of the cases as seen by the presence of mo-
saic compound eyes in all adult flies.

RESULTS

Serotonin I'mmunoreactive Processes Are Found
Innervating the Larval Optic Neuropil

Little is known about the influence of the larval pho-
toreceptor innervation on the development of the larval
visual system neuropil. In this investigation we sought
to address this question by examining a newly identified
arborization found in intimate association with the ter-
mini of the larval photoreceptor axons in the larval vi-
sual neuropil of the third instar larvae (Fig. 1). This
serotonergic arborization is found in the third instar
larval brain, apparently associated with the larval pho-
toreceptor axons (Fig. 1C-1E). It can be easily and re-
producibly identified in larval brain whole-mount prep-
arations. It is the only serotonergic process found in the
larval optic lobes at this point in development. Addition-
ally it emerges at the same level where the LP1 axons
enter the central brain. The LP1 cell bodies are located
in a midiateral position at the margin of the optic lobes
and can therefore be used as a landmark for the identi-
fication of the larval optic center serotonergic innerva-
tion (Fig. 1C, empty arrow). Brains from late third in-
star wandering larvae showed, in addition to the larval
optic center serotonergic projection, fibers from the

F1G. 1. Localization of the §$-HT immunoresctive arborisation in the third instar larval brain. All photomicrographs depict a horisontal view

of the larval brain. (A) A line drawing of s third instar larval brain showiag 5-HT immunoresctive neurons and their projections. There are
four prominent serotonergic cell clusters in the brain; SP1, 8P2, LP1, and IP (Valles and White, 1988). The 5-HT arborization in the larval eptic
center (arrowhead) is formed by ene or two cells of the SP2 cluster. The SP2 cell cluster is located just posterior to the anterior-mast cell cluster
SP1 and is composed of four cells. It is aleo the dorsal-mest cluster. The LP1 cell cluster is composed of two cells that eccupy a midlateral
pocitioninmbrdmllnmnulorlmmmdunhndWa&mdmmdhw“mm{m
neuronal processes (arrow) hardly seen under conventional microscepy. The box represents the area of interest depicted in all subsequent
figures. (B) A third instar larval brain hemisphere double-labeled with the anti-CHAOPTIN antibody (black/brown) to visualise the photore-
ceptor axons and an anti-5-HT aatibody (brown) seen under Nomarsky optics. The larval optic nerve which traverses the eye disc (ed) and the
optic stalk (0s) can be seen terminating (open arrow) in the developing eptic lobe (ol). The solid arrow points to the thin neureaal process that
forms the 5-HT arborisation in the larval eptic center, shown in A inside the boxed area (solid arrowhead). (C, D, and E) Confocs] micrographs
of s third instar larval brain double-labeled with anti-5-HT (rhodamine channel seen in red in C and E) and with anti-CHAOPTIN (FITC
channel seen in green in D and E) antibodies. (E) Merge of C and D. The 5-HT arborization (arrowhead in C) can be seen overlapping with the
LON (arrow in D) in E. The LP1 cluster (empty arrow in C) axons eross the serotonergic processes that arborise in the larvsl eptic neuropil.
ScalebarinB,50 ymand inC,D, and E, 25 ym.
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Fic. 4. Expression of the gl and the dixeo genes relative (o 5-HT expression. (A) Third instar larval brain double-labeled with anti-GLASS
(blue-black) and anti-3-HT (brown) antibodics (horizoatal view where anterior is up in all panels). (B) Right brain hemisphere of the braia
shown in A at higher magnification. The anterior gdnxx cell cluster (arrow) i in focus. (C) Same brain hemisphere as in B at a different focal
planc. The posterior axx cell cluster (arrow) is in focus. The 5-HT expressing LP! cells (arrowheads) lic very closc to the posterior gluss cell
cluster: however, there is no overlap of the two patterns of expression. The SP2 cluster which is invelved in the formation of the 5-HT arboriza-
Lion at the larval aptic center is shoeen hy an empty arrow. (D) Third instar larval NS uf 3 disco-enhancer trap strain dowile-labeled with anti-
A-galactasidase antibody {or the detoction of the disen gene expression (blue-black) and anti-3-HT antibody (brown). (E) Left brain hemisphere
of the CNS shown in D. The dizen gene is expressed in several scattered cells and in a band of cells (arrow) that wraps around the brain lobe. The
§-HT arhorization (arrowheud) at the larval optic center can be seen. (F) Right beain hemisphere of the CNS shown in D. The two 5-HT-
expressimz LP1 cells (arrowhends) fic very clase to the hand of discomexpressing culls (arrow). However, there is no overlap between disco and 3-
HT expression. The SP2 cefl cluster is surrounderd by faint discn-expressing cells (empty arruw). Scale bar in A and D, 100 gm. Scale bar in B, C.
E.and F, 50 ym.
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LBO S5-HT neurons described in more detail in the
Fleshfly (Nassel et al, 1987) (data not shown).

Observations in earlier stages of larval development
(see below) suggest that this arborization is formed by
two neuronal processes. However, the level of resolution
conferred by the confocal microscope does not allow us
to determine if the 5-HT processes innervating the lar-
val optic neuropil in the third instar larval brain corre-
spond to two axons only or to assess the ultra structural
nature of the interaction between the larval optic nerve
(LLON) and the 5-HT arborization. Our observations in
whole-mount preparations suggest that this projection
is formed by axons of the contralateral SP2 cell cluster
located in the central brain dorsal rind, posterior to the
SP1 cell (nomenclature according to Valles and White,
1988) (data not shown). Similar processes were also de-
scribed in the Fleshfly by Nassel et al (1987).

Development of the 5-HT Innervation of the Larval Optic
Center

In order to determine the time course of the develop-
ment of the 5-HT innervation of the larval optic neu-
ropil, double labeling of dissected brains from different
larval stages with anti-5-HT antibody and with anti-
CHAOPTIN antibody was performed.

S5-HT neuronal processes whose position is consistent
with those that are later found innervating the larval
optic neuropil were first visualized during mid first in-
star larval stage (Fig. 2A, solid arrow). At this time,
only a single neuronal process is seen extending toward
the larval optic center. During late first instar larval
stage a second neuronal process was often seen joining
the first one (Fig. 2C, solid arrow). These processes
started branching during early second instar larval
stage (Fig. 2E, solid arrow). Up to this time the terminus
of the LON can be seen lying ventral to the very tip of the
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5-HT projections (Figs. 2B, 2D, and 2F, empty arrow). It
was during late second instar larval stage that the 5-HT
processes were first seen on the same focal plane of the
LON, apparently contacting each other (Figs. 2G and
2H, solid arrow and empty arrow, respectively). These 5-
HT processes undergo further branching after the first
contact with the LON up to the level seen in the middle
third instar stage (Fig. 1C, arrowhead).

Absence of the 5-HT Arborization in Mutants Lacking

LON Connection with the Larval Optic Center

In order to determine whether the development of the
larval neuropil 5-HT arborization is dependent upon
contact with the larval photoreceptor axons, we exam-
ined visual system mutants in which the connection of
the LON to the target area was either absent or im-
paired. For this, we chose to examine larval brains of
strains carrying mutations in either the glass (gf) gene
or in the disconnected (disco) gene. In larvae homozygous
for the null glass gene allele gi*Y, only a few loosely clus-
tered photoreceptor cells can be seen without formation
of a LON (Moees et al, 1989; Schmucker et al, 1992;
Campos et al, 1995). Mutations in the disco gene prevent
the proper connection of the LON with its target area
during embryonic development. In most cases the optic
stalk which connects the larval brain to the anlagen of
the adult eye is absent in disco mutants and the LON
does not enter the larval brain (unconnected phenotype,
Steller et al, 1987). A few of the disco mutant larvae
carry normal optic stalk and the LON can be seen pro-
jecting to the brain. However, in these animals the LON
is still unable to establish proper connections with the
target area and is often found in abnormal locations (the
connected phenotype, Steller et al, 1987; Campos et al,
1995).

In gl*¥ mutant larvae no 5-HT immunoreactivity re-

FiG. 2 Development of the larval eptic asurepil §-HT arborisation. Dissected larval brains from various developmental stages were double-
labeled with anti-§-HT and anti-CHAOPTIN. All confocal micragraphs show the boxed ares depicted in Fig. 1A. Por the efficient visualisation
of the serotonergic arborisation a CYS-conjugated secondary antibody was weed while cheoptin expression was visualised with a FITC-conjugate
secondary antibody. The CYS flucroechrome provides a much stroager signal than the rhodamine fluorochrome (seen through the rhodamine
channel) but it has the disadvantage of substaatial blesding into the FTTC chaanel. Thus images obtained in the FITC channel include both 5-
HT and chaoptin expression. (A) Mid iret instar larval brain (rhodamine channel). Only one neuronal process (arrow) can be seen extending
towards the larval eptic centar. At this focal plane ealy one LP1 cell and part of the second LP1 cell can be seen (arrowhead). (B) Same specimen
as in A (FITC channel) seen at a differeat focal plane, showing the LON (empty arrow) and the second LP1 cell (arrowhead). At this stage in
larval development the 5-HT processes and the LON terminus are located in different levels of the brain. (C) Late first instar larval brain
(rhodamine channel). Two separate §-HT procssses are visible directed towards the larval optic neuropil (arrow). (D) Same specimen as in C
(FITC channel) but at a different focal plane, showing the LON (empty arrow) and the LP1 cluster (arrowhead). There is no overiap between the
5-HT processes and the LON terminus at this stage in larval development. (E) Early second instar larval brain (rhodamine channel). The 5-HT
processes begin branching (arrow). The LP1 cells are indicated by arrowhesd. (F) Same specimen as in E (FITC channel) at a focal plane where
the LON (empty arrow) can be seen. At this stage in larval development the 5-HT projection and the LON do not overlap; however, they are very
close to each other as demonstrated by the presence of the LP1 cells (arrowhead) in both focal planes. (G) Late second instar larval brain
(rhodamine channel). The 5-HT processes (arrow) show more extensive branching. Arrowhead points to the LP1 cells. (H) Same specimen as in
G (FITC channel) at a focal plane where the LON (empty arrow) can be seen. The LON is first seen overlapping with the S-HT terminal at this
stage in larval development. Scale bar in A-F, 10 um.
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F1G. 3. Absence of the §-HT arborization in gi*V and disce’ third instar larval brains. Confecal micrographs of §-HT expression in third instr
larval brains of of*V and disco’ mutant strains. In all panels the serotonergic larval eptic neuropil arborisation is indicated by an arrowhead and
the LP1 cell cluster by an arrow. (A) Wild-type. (B) gf*V. Often in oi*¥ mutants the LP1 cells (arrow) show abnormal neuronal processes (emply
arrow) but no elear §-HT arborization can be detected. (C) oi*V. In a few specimens thin unpatterned 5-HT processes can be seen (arrowhesd).
Their location is consistent with that of the ene described for the serotonergic processes that innervate the larval eptic asuropil of wild-type
strains. (D) disco’. The 5-HT arborization is mostly sbeent (arrewhead). This is an uncoanected disco’ mutant brain where no adult or larni
photoreceptor projection was seen (Steller ot al, 1987). (E) disco’. Again, in this specimen very thin 5-HT precesses (arrewhead) can be seen.In
a different focal plane aduit and presumably larval photorecepler axons were seen (connected phenotype, Steller ot al, 1987). (F) disco’. The tvo
arrows point to the apparent duplication of the LP1 cell cluster. No 5-HT arborization ean be seen. Scale bar in A-E, 25 um.
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TABLE 1
Mosaic ANALYSIS
Total number of Number of brain Anterior gluxs Posterior gluax Larval optic SHT
brain hemisphe es hemispheres ccll cluster cell cluster acrve arborization
1 - - + +
3 + + +
9 +/ - + + +
Til 14 + - + +
18 + +/— + +
1 + r - -
725 + + + +

sembling the arborization seen in wild-type prepara- showed that regardless of absence or presence of LON,
tions (Fig. 3A, arrowhead) was found in the larval optic 5-HT immunoreactivity in the larval optic center was
center (Figs. 3B and 3C). [n a few cases, thin neuronal alwvays absent (Figs. 3D and 3E, arrowheads). Further-
processes were seen (Fig. 3C, arrowhead). Additionally, more, extra 3-HT-expressing cells were often found
the two 5-HT-expressing LPL cells often displayed ab- (Fig. 3F, solid arrows). These cells were seen in the mid-
normal sprouting (Fig. 3B, open arrow). lateral portion of the brain at the margin of the optic

Examination of disco’ third instar larval brains lobes. Their location and their pattern of projection sug-

Fii. 5. Memaic analysis for the of™” allele. Putative mosaic larval brains were dissected and labelesd with anti-GLASS, anti-3-HT antibodics.
The anti-GLASS hinding was detected by HRP-conjuggated secundary antibodies. CoCl. was added during the reaction for the detection of s
exprexssion. The anti-3-HT antibody was detected using a CY3-conjugmted secondary antibody. gl weee analyzed using Nomareski optics while
5-HT expression was seen under the confocal micr pe. The pr of larval visual system wax determined by anti-CHAOPTIN antibody
detected by a FITC-cunjuggated secondary antibady (not shown). (A) Wild-type thind instar larval brain hemisphere, labeled with anti-GLASS
antibudy. There are two Huxs-expressing cell clusters: une anterior (arrow) and one pesterior (arrowhead). Horizontal view where anterior is
up in all panels. (B) One example of a g™ masaic third instar CNS where the left brain hemisphere ix completely mutant as seen by the absence
of tuxx grene expression in both the anterior and posterior cell clusters. The larval visual system is present as determined by anti-CHAOPTIN
expression (data not showni. [n the eye dise ted) the developing adult photoreceptor coells are stained with the anti-GLASS antibody (arrow)
demonsteating that (15 this specimen does contain a functional gluxs gene in areas of the nervous system other than the centeal brain and (2)
immunastaining of the GLASS protein was suceexsful in this sample. (C) Same mosaic henin as in B, showing anti-3-HT antibady tabeling as
seen in the confocal miceoscope. The 5-HT arborization (empty arcows is present. Arrow points to the LPL cells. This brain lobe is positioned an
a slightly fruntal plane, therefore the orientation of the LPI cells appears ditferent from the one shown in previoas ligures. Seale bar in A and

B, 30 pmoand in C, 25 ym.
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gested that these extra cells in disco mutants repre-
sented duplication of the LP1 cluster.

In order to determine if the absence of the 5-HT arbo-
rization in g{*” and disco’ mutants is due to the absence
of the corresponding neurons, we counted the number of
all 5-HT-expressing cells in 24 brain hemispheres of
wild-type, gf*”, and disco’ mutant strains. Except for the
LP1 cells all other 5-HT clusters were found in equal
numbers in wild-type and in mutant brains, including
the SP2 cell cluster presumed to be the corresponding
cell bodies for the 5-HT arborization. No difference was
found regarding the general morphology or immunore-
activity level of these neurons in either one of the mu-
tant strains. Thus the absence of the 5-HT larval optic
neuropil arborization is not accompanied by a decrease
in 5-HT positive cells in disco’ or gl*” mutants.

FE'xpression of the glass and of the disco Gene Relative to
5-HT Ezxpression

The resuits described above suggest that the presence
of the LON connection is required for the proper inner-
vation of the larval optic neuropil by 5-HT fibers origi-
nating in the central brain. It is possible, however, that
in both mutants the absence of 5-HT immunoreactivity
in the larval optic neuropil is due to an autonomous or
nonautonomous effect of the mutant gene on the seroto-
nergic cells rather than to the lack of interaction with
the LON. In order to begin addressing this question we
examined the expression of the disco and of the glass
gene relative to the expression of 5-HT in third instar
larval brains.

The glass gene is expressed in only two cell clusters
in the third instar larval brain in addition to the larval
photoreceptor cells (Ellis et al, 1993). In contrast, the
discogene is widely expressed in the central nervous sys-
tem. disco expression is particularly extensive in the de-
veloping adult optic lobes, in which it is displayed as a
solid band of cells that wraps around the brain hemi-
sphere at the level of the optic lobes (Lee et al, 1991).

Double labeling of wild-type third instar larval brain
with anti-GLASS and anti-5-HT antibodies showed that
the posterior glass-expressing cell cluster lies very close
to the 5-HT-expressing LP1 cells (Fig. 4C, solid arrow
and arrowheads). However, there was no overlap in the
expression of glass and 5-HT in this or in the other more
anterior glass-expressing cell cluster (Fig. 4B, solid
arrow).
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In order to assess disco gene expression, the disco en-
hancer-trap line C50 1S1, previously shown to reflect
disco expression, was used. (Lee et al, 1991). Double la-
beling with anti-Sgal (for disco expression) and anti-5-
HT antibodies showed that the 5-HT-expressing LP1
cells lie very close to the band of disco-expressing cells
(Fig. 4F, arrowheads and solid arrow). However, there
was no significant overlap between disco and 5-HT ex-
pression in any part of the brain at that point in devel-
opment. Given that there is widespread expression of
disco, some of which is faint, it is'possible that some of
the 5-HT cells express disco at low levels (Fig. 4F, open
arrows). Additionally, the disco gene expression un-
dergoes complex temporal regulation: the pattern of ex-
pression found in the late third instar brain is more
widespread than that found in the CNS during embryo-
genesis (Lee et al, 1991). The expression of the glass gene
in the third instar, however, reflects the expression de-
scribed in the late embryo (Ellis et al, 1993).

The absence of overlap between both glass and disco
expression with the 5-HT expression suggests that the
absence of the 5-HT arborization in the larval optic cen-
ter of g{*” and disco’ mutants is not due to the lack of
GLASS protein or abnormal function of the DISCO pro-
tein in the 5-HT neurons. However, it is still possible
that the glass and disco genes may have a nonautono-
mous influence on 5-HT neurons which can lead to ab-
sence of the serotonergic innervation of the larval optic
neuropil.

Absence of the 5-HT Arborization Is Strictly Correlated
with Absence of Larval Optic Nerve Innervation in
gl*%” Mosaic Larvae

The results described so far suggest that proper in-
nervation of the larval optic neuropil by serotonergic
fibers is dependent upon contact with the LON. How-
ever, given that both mutations used in this study are
likely to affect the central brain (see pattern of expres-
sion above), one cannot exclude the possibility of direct
or indirect influence of these mutations on the develop-
ment of the 5-HT arborization.

In order to address this question we decided to con-
centrate on the mutation in the glass gene because of its
restricted expression in the central brain (circa 20 cells
per brain hemisphere) as opposed to the widespread ex-
pression of the disco gene throughout the central ner-
vous system, making the latter more likely to display a

FI1G. 6. Development of the larval optic neuropil 5-HT arborization in g/* mutants. (A) Wild-type mid first instar larva! brain. (8) g/*” mid
first instar larval brain. The 5-HT process (arrow) is very similar to that seen in wild-type. (C) Wild-type early second instar larval brain. (D)
gl*” early second instar larval brain. The 5-HT projection (arrow) is not as developed as in wild-type larvae. (E) Wild-type late second instar
larval brain. (F) g/*” late second instar larval brain. The 5-HT arborization is distinct from wild-type (arrow). Scale har in A-H, 10 m.
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pleiotropic phenotype. To that end we examined mosaic
larvae lacking glass gene expression in one or both glass-
expressing clusters in the central brain and/or in the
larval visual system. These were concomitantly ana-
lyzed for the presence of 5-HT immunoreactivity in the
tarval optic neuropil.

Mosaic animals were generated by somatic excision of
a P-element transposon carrying a wild-type copy of the
glass gene in a gl*” mutant background (Kunes and
Steller, 1991). Given that the glass mutation employed
does not express any detectable protein (Moses et al,
1989), reduction or absence of glass expression in the
central brain indicated excision of the transposable ele-
ment carrying the wild-type glass gene function and
thus a mutant patch. In the case of the larval photore-
ceptor cells we used the presence of the photoreceptor-
specific protein CHAOPTIN (Zipursky et al, 1984) to as-
sess absence or reduction of larval optic nerve which in
turn was indicative of mutant patches in the larval pho-
toreceptor cells. Additionally, anti-5-HT antibody was
used to determine the presence of 5-HT processes arbo-
rizing within the larval optic center.

Table 1 depicts the distribution of mosaic patches and
the phenotype of the corresponding 5-HT projection inner-
vating the larval optic center in a total of 771 brain hemi-
spheres. In spite of the low frequency of mosaic patches it
is clear that absence of glass expression in the central
brain cells is not correlated with lack of serotonergic in-
nervation of the larval optic center. Complete absence of
glass expression in either the anterior or posterior cluster
in the presence of the larval optic nerve was not sufficient
to affect the serotonergic projection. Absence of the 5-HT
arborization was only seen in cases where the larval optic
nerve was also absent. An additional 316 brain hemi-
spheres from putative mosaic larvae were double labeled
with anti-CHAOPTIN and anti-5-HT antibodies (data not
shown). Of these, only two did not show any recognizable
5-HT immunoreactivity within the larval optic center.
Both brains lacked innervation by the LON. An example
of a larval brain with a normal LON but completely lack-
ing glass gene function in the central brain, as seen by the
absence of GLASS immunoreactivity in both anterior and
posterior clusters, is shown in Fig. 5B. In this brain the 5-
HT projections could be easily seen displaying the ex-
pected morphology (empty arrow in Fig. 5C). These results
demonstrate that the absence of 5-HT arborization in the
larval optic neuropil in glass mutants is solely due to lack
of innervation of the LON and not to lack of gene function
in the central brain.

Larval Optic Nerve Interaction Is Required for the
Development but Not for the Initial Outgrowth of the
5-HT Projection
The absence of the 5-HT arborization in g/*” mutants

could be due to arrest in the initial outgrowth or to dis-
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ruption in the subsequent development and/or mainte-
nance of the 5-HT neuronal processes. Developmental
analysis of g{*” allele (Figs. 6A and 6B, solid arrow)
showed that the initial outgrowth of the 5-HT processes
during first instar larval stage is similar to that of the
wild-type larvae. However, during second instar larval
stage, at the time in which the first contact with the LON
is made, the 5-HT arborization of g{*” mutant larvae
was significantly different from that of wild-type (Fig.
6F, solid arrow). These results suggest that the role of
the LON is in the development of the 5-HT arborization
and not in the initial outgrowth of the arborization
forming processes, however, we cannot exclude a possi-
ble role for the LON in the maintenance of the 5-HT ar-
borization later in larval development.

DISCUSSION

In this study, the role of the larval optic nerve on the
development of the larval visual system neuropil was ex-
amined. We focused our investigation on the fate of
newly described serotonergic arborization that inner-
vates the larval optic center whose cell bodies are lo-
cated in the central brain. We examined the conse-
quences of absence of contact with the LON in the devel-
opment of this arborization and the viability of the
corresponding cell bodies. To that end two mutations
that disrupt connectivity in the larval visual system
were used: glass*”(gl*”) and disconnected’(disco’). In gl*”
mutant flies the larval photoreceptors do not differen-
tiate appropriately, resulting in absence of the LON
(Moses et al, 1989). In flies carrying mutations in the
disco gene the LON fails to maintain stable connections
with the optic lobe primordium (Steller et al, 1987). In
larvae mutant for either one of these genes the arbori-
zation of 5-HT processes could not be seen. No apparent
effect on the viability of the cell bodies could be detected.

Developmental studies in gi** mutant larvae showed
that the arborization of the 5-HT processes in the larval
optic center, but not the initial outgrowth of these pro-
cesses, is disrupted. The direct influence of the LON on
the 5-HT arborization was further confirmed by mosaic
analysis of the g{*” mutation. Our results demonstrated
that, although a glass-expressing cell cluster lies very
close to the 5-HT arborization, lack of glass gene expres-
sion in these cells does not affect the development of the
5-HT arborization. Although the presence of the 5-HT
arborization is dependent on the presence of the LON,
the opposite is not true. In Ddc mutants lacking seroto-
nin expression the LON morphology is indistinguishable
from wild-type, suggesting that the LON does not re-
quire exposure to 5-HT for development or maintenance
(data not shown). Our results do not exclude the possi-
bility that continuous contact with the LON is required
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for maintenance of the 5-HT arborization. In order to
address this issue we would need to ablate the larval vi-
sual system in the late third instar larva rather than
during embryonic development as is the case with the
mutations employed in this study, and then follow the
fate of the serotonergic arborization. Thus we conclude
that the serotonergic innervation of the larval optic cen-
ter is dependent upon afferent innervation from the lar-
val photoreceptor cells for development and possibly
maintenance.

Similar cellular interactions have been suggested for
the development of the adult neuropil in Drosophila.
Previous studies demonstrated that aduit photoreceptor
innervation is required for the proliferation of lamina
precursor cells (Selleck and Steller, 1991). It has been
suggested that at least two different signals operate
during retinal axon-mediated development of the lam-
ina ganglionaris, one that directs the lamina precursor
cells to the proliferative phase and the other that trig-
gers the differentiation program of the precursor cells
(Meinertzhagen and Hanson, 1993).

Anterograde retina-lamina interactions have also
been reported in the adult visual system of Drosophila.
Photoablation of the afferent retinal innervation causes
terminal degeneration and synaptic disassembly but no
transsynaptic degeneration of the deafferented targets
(Brandstatter etal, 1991). Our observations in the larval
visual system are consistent with those of Brandstatter
and colleagues in the adult visual system in that noovert
signs of degeneration were observed in the serotonergic
cell bodies in the absence of larval optic nerve innerva-
tion.

The observations discussed above suggest that factors
secreted by or associated with the photoreceptor mem-
brane are responsible for anterograde retina-lamina in-
teractions during or after development is completed. It
is possible that neurotransmitters present in the photo-
receptor neurons play a role in some of these interac-
tions. In Drosophila and other insects, histamine is the
only neurotransmitter known so far to be expressed in
the adult photoreceptor neurons and presumably in the
larval photoreceptor neurons as well (reviewed by Nas-
sel, 1991). It is unlikely that activity plays a role in the
anterograde interaction reported here, given that main-
tenance of larvae in the dark throughout development
did not alter the morphology of the 5-HT projection in
the larval optic neuropil (data not shown).

The adult visual system of Drosophila is invaded by
extensive serotonergic processes. In the Fleshfly, ab-
sence of synaptic connection between the photoreceptor
axons and the serotonergic processes in the lamina sug-
gested a paracrine action of serotonin in this system
(Nassel et al, 1983). Whether the serotonergic processes
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in the larval optic center make synaptic contact with the
larval optic nerve terminal is yet to be determined.

Developmental analysis of the serotonin processes
showed that the contact of the LON by the 5-HT arbori-
zation takes place during early third instar larval stage.
During early pupal stages, concomitant with the degen-
eration of the LON, the 5-HT processes retract from the
larval optic center and are not seen again projecting to-
ward the developing adult optic ganglia (data not
shown). These results suggest that this 5-HT projection
has a primary role in the function-of the larval visual
system during the third instar stage.

Drosophila larvae display marked aversion to light
during the first, second, and first half of the third larval
instar (Sawin et al, 1994; Sawin-McCormack et al, 1995).
At the onset of the wandering phase larval photobehav-
ior becomes progressively less photonegative, achieving
photo neutrality just before pupariation (Sawin-McCor-
mack et al, 1995). In several invertebrates serotonin has
been proposed to have a role in modulating the photo-
sensitivity of the eye (Barlow et al, 1977; Eskin and
Maresh, 1982; Arechiga et al, 1990). Thus, it is possible
that the contact of the LON by this serotonergic process
mediates the transition in photobehavior observed dur-
ing the mid third instar larval stage.

Identification of additional mutants displaying a nor-
mal larval visual system morphology but with defective
larval photobehavior will aid in the investigation of the
significance of the serotonin arborization in the devel-
oping optic lobe area of the larval brain. The presence of
serotonin processes in intimate association with the
LON and the simplicity of the larval visual system in
Drosophila makes it an excellent model to study the role
of serotonin in visual system function and development.
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Chapter 3

Identification of DISCO-interacting proteins.
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Introduction

Disconnected (disco) gene is required for proper neuronal connections in both
larval and adult visual system of Drosophila (Steller et al., 1987; Campos et al.
1995). The disco gene codes for a protein with two C2H2 type zinc-finger
domains, a feature shared by many transcription factors (Pieler and Bellefroid,
1994). A human gene called basonuclein, contains zinc finger motifs similar to the
motifs present in DISCO (Tseng and Green, 1992). The striking conservation of
the zinc finger sequences in evolution suggests an important role for this motif in
the function of the DISCO protein. A portion of the DISCO protein including the
zinc finger motifs has been shown in vitro to confer sequence specific DNA
binding activity (Kevin Lee, Ph. D. thesis, 1993).

Expression of the disco gene is seen in several cell types including
neuronal, nonneuronal and glial cells, throughout the life cycle of Drosophila (Lee
et al., 1991). Of particular importance to the visual system development is its
expression in glial cells that are intimately associated with the larval optic nerve
(LON) and three so called “optic lobe pioneer cells” (OLPs), also contacted by the
LON. The OLP cells are neuronal cells in the optic lobe primordium that are
thought to guide the LON in the brain (Campos et al., 1995). It has been
suggested that the disco gene activity may be required in the optic nerve glia and
the OLPs for the development of proper connections between the LON and its

target cells in the brain (Campos et al., 1995).
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Among other cell types, disco expression is seen in visceral mesoderm,
gnathal segments, thoracic segment, leg imaginal discs and cardioblasts. disco
expression is differentially regulated in different tissues. For example, disco
expression in the primordia of leg imaginal disc is dependent on the
homeodomain-containing protein DISTALLESS (Cohen et al, 1991), whereas,
disco expression in the cardioblasts is dependent on TINMAN (Bodmer, 1993),
another homeodomain protein.

In two apparent null mutant alleles of disco, carrying changes in the highly
conserved Cysteins of the zinc finger motifs, expression of a non-functional
DISCO protein is seen in all embryonic tissues that normally express disco except
the cells in the optic lobe region (Lee et al., 1991). The absence of disco expression
in the optic lobe tissue of these mutants has been shown to be due to a tissue
specific autoregulatory activity of disco which is localized only to the cells of the
optic lobe primordium (Kevin Lee, Ph. D. thesis, 1993). The tissue specific
autoregulatory function of disco suggests that interaction of disco with other
tissue specific factors restrict disco autoregulatory activity to the optic lobe
primordium.

There are a variety of different approaches one might use to identify
factors that interact in a tissue specific manner with DISCO. These include,
traditional approaches, such as genetic screens or immunoprecipitation assay, as
well in-vitro approaches using synthetic machinery such as that used in
“interaction trap” assays. In our study we chose to use the latter approach

(Gyuris et al., in 1993) to identify DISCO interacting proteins.
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The yeast interaction trap.

The yeast interaction trap used in this study is an implementation of the
yeast two-hybrid system developed by Gyuris et al. in 1993. The method uses
the transcription of yeast reporter genes as a synthetic phenotype to detect
protein-protein interactions (reviewed by Finlay and Brent, 1995). It provides a
convenient way of cloning cDNAs for interacting protein.

Most eukaryotic transcription factors contain two distinct domains; a DNA
binding domain and an activation domain required for transcription activation.
These domains can be exchanged between different transcription factors while
retaining their function. For example, the DNA binding domain of Gal4 by itself
is not sufficient to activate transcription of reporters with upstream Gal4 binding
sites. However, when it is fused to activation domains of other proteins, the
fusion protein is able to activate transcription of the same reporter gene.
Another important feature is that the DNA binding domain and the activation
domain need not be covalently attached to each other for activation to occur (Ma
and Ptashne, 1988). If two proteins, one carrying the DNA binding domain and
the other carrying the activation domain, interact with each other activation of
reporter gene transcription can occur. This is the basis for the yeast interaction
trap.

There are three basic components in any two-hybrid system: (i) a yeast
vector for expression of a protein of interest fused to a DNA binding domain, (ii)
a yeast vector for expression of an unknown cDNA (from a library) encoded
protein fused to a transcription activation domain, and (iii) a yeast reporter gene
that contains binding sites for the DNA binding domain. All systems utilize the

DNA binding domain from either the yeast transcription factor Gal4 or from the
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bacterial transcription factor LexA. The yeast interaction trap developed by
Gyuris et al. (1993) uses the LexA system. Here, a LexA-fusion protein,
containing the protein of interest fused to the LexA DNA binding domain, is
referred to as a ‘bait’. The activation domain B42 used in this system is derived
from E. coli and is fused to the library proteins expressed from cDNA libraries
made in the yeast interaction trap expression vector pJG4-5. The expression of
the activation domain tagged library proteins is under the control of the
galactose inducible promoter from the yeast Gall gene. The library vector not
only provides the activation domain, but also a nuclear localization signal and an
epitope tag (for convenient detection of the fusion protein) fused at the N-
terminus of the expressed library proteins. Two reporter gene constructs are
used in this system; a yeast leucine2 derivative that has its normal upstream
sequences replaced with lexA operator and a lacZ reporter construct with
upstream LexA binding sites. Transcription of the lexA-operator-len2 gene is
detected by the ability of a leu” yeast strain to grow in the absence of Leucine.
While, transcription of the lacZ reporter is detected by the ability of the strain to
form blue colonies on X-gal plates.

The yeast interaction trap is schematically represented in Figurel. The
bait proteins used in our study are different LexA-DISCO fusions carrying either
N-terminal or C-terminal DISCO fragments. The bait protein is constitutively
expressed. It binds to the lexA operator located upstream of the lacZ gene (or
leu2 gene) in the reporter construct. The activation tagged library protein is
expressed conditionally from the Gall promoter. In glucose medium the Gall
promoter is repressed. Only when the yeast is growing on galactose medium,

the library protein expression is induced. Those library proteins that interact
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with the bait activate transcription of the leu2 and lacZ reporter genes. As a
result, cells containing activation-tagged library proteins that interact with the
bait form colonies on galactose medium lacking Leucine and form blue colonies

on galactose X-gal plates.
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Figure 1

The yeast interaction trap scheme:

The yeast interaction trap is schematically represented in this Figure. The
bait (LexA-DISCO fusion protein) binds to the LexA operator (LexA OP)
located upstream of the reporter genes (lacZ or leu2). The binding of the
bait does not itself activate transcription of the lacZ reporter gene. Only
when an activation domain-tagged library protein (X) interacts with
DISCO, the activation domain fused to the library protein activates the

transcription of the reporter gene.
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Results:

I. The yeast interaction trap screening.

A. Testing the DISCO baits: Repression assay.

The size of an exogenous protein that can be efficiently expressed in yeast
is limited. Since the expression of bait with the full-length DISCO protein (92
kDa) was poor in yeast, we used smaller disco fragments to construct baits for
the “interactor hunt”.

The middle portion of DISCO contains a 40 amino acids glutamate-rich
acidic region (Heilig et al., 1991). Glutamate- and aspartate-rich acidic regions are
known to act as activation domains in several transcription factors (e.g., Ma and
Ptashne, 1987; Triezenberg et al., 1988). Therefore, presence of both a DNA
binding domain and an activation domain in the bait may cause activation of the
reporter gene in the absence of any interaction with activation tagged library
proteins. Indeed a recent study in our lab has demonstrated that binding of the
LexA promoter by the glutamate-rich region of DISCO as a LexA fusion protein
was sufficient to cause activation of the lacZ reporter gene (Figure 3). Therefore,
the glutamate-rich region was excluded from our study and only the N-terminal
and C-terminal portions of DISCO were used as baits for the interaction trap
assay (Figure 2).

The C-terminal DISCO bait used in our study contained a 153 amino acids
DISCO fragment. The N-terminal DISCO fragment used for the interactor hunt

was 186 amino acids long. To our surprise, this DISCO bait caused activation of
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reporter gene transcription in the absence of a activation-tagged library protein
(Figure 3).

In order to be able to use the N-terminal portion of the disco gene in the
interaction trap screen, a DISCO bait was constructed where the cysteine (Cys)
residue at position 127 was replaced with a serine (Ser) residue. The presence of
the Cys residue at position 127 of the second zinc-finger domain of DISCO is
crucial, since, replacement of this residue with Ser in the discol mutant leads to a
complete loss of disco function (Heilig et al., 1991). The Cys127 to Ser substitution
also abolished the transcription activation property of the N-terminal DISCO
bait, which gave us the opportunity to use the mutated DISCO bait for our yeast
interaction trap screening. The mutated DISCO bait was generated simply by
PCR amplification of the N-terminal disco fragment from the chromosomal DNA
of disco' mutant that carries the above mutation. The construct was subsequently
sequenced to confirm the presence of the desired mutation.

In order to activate the transcription of the reporter genes, baits need to
be localized in the nucleus (Finley and Brent, 1995). To examine nuclear
localization and the ability of these baits to bind LexA operators, transcription
repression of a lacZ reporter gene was monitored. Expression of the lacZ gene
from the reporter gene construct pJK101 (Brent and Ptashne, 1984) is driven by
yeast Gall promoter. The construct pJK101 also contains one LexA operator
located between the Gall promoter and a TATA box. lacZ expression is thus
galactose inducible. For reasons not completely understood, binding of a bait to
the LexA operator causes 2-20 fold repression of the lacZ gene expression in

galactose medium. This property of the reporter construct is used in the
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repression assay to confirm nuclear localization and LexA operator binding
ability of an experimental bait (Brent and Ptashne, 1984).

The repression assay was done on X-gal (5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside)-galactose plates and the extent of blue coloration produced
by the yeast colonies with or without the bait constructs were compared. Yeast
colonies carrying the DISCO bait constructs showed distinct reduction in the
expression level of the lacZ reporter gene compared to that produced by the
colonies lacking the DISCO baits. The results of the repression assay show that
both N- and C-terminal DISCO baits are able to localize to the nucleus and are

able to bind LexA operator (data not shown).

B. Interactor hunt using the C-terminal DISCO bait:

A Drosophila melanogaster 0-12 hr. embryonic cDNA library made in the
yeast interaction trap vector pJG4-5 was kindly provided by Dr. Brent (Harvard
Medical school). This library was amplified and screened for all interactor hunts.
In two trials, 1X10° and 0.5X10° colonies were screened with the C-terminal
DISCO bait. No cells survived on galactose plates lacking Leucine. Thus, no

interactor was isolated using the C-terminal DISCO bait.

C. Interactor hunt using the N-terminal DISCO bait:

About 2.5X10° colonies from the 0-12 hr. Drosophila embryonic library
were screened using the N-terminal DISCO bait carrying a Cys127-Ser127
mutation. 150 colonies survived on galactose plates lacking Leucine. To check
the expression of the lacZ reporter gene, these 150 colonies were plated on

galactose medium containing X-gal. 20 colonies appeared blue on the X-gal
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plate. The other 130 colonies therefore may represent nonspecific interactions.
Since, the library vector expression is induced by galactose and repressed by
glucose, the above 20 colonies were replica plated on glucose medium containing
X-gal. Out of 20 colonies 18 showed repression of lacZ expression on glucose X-
gal medium, indicating that expression of the activation tagged library protein
was necessary to activate transcription of the lacZ reporter gene in those
colonies. Two colonies that failed to show repression of lacZ expression in

glucose plate again represent non-specific interaction.

D. Classification and isolation of the cDNAs encoding the interacting proteins:
Since the Drosophila genome consists of approximately 12,000 genes
(Miklos and Rubin, 1996), screening of 2.5X10° cDNAs should lead to the isolation
of several copies of a single interacting cDNA. The number of copies of a single

cDNA present in 2.5 million clones depends on the abundance of the
corresponding mRNA in the embryo. In order to classify the isolated positive
yeast clones, the library cDNAs were PCR amplified from yeast plasmids isolated
from the positive clones. The amplified products were digested with Haelll and
Alul enzymes and the restriction patterns were compared. From the restriction
pattern, the 18 cDNAs were classified into three groups: 16 out of 18 showed a
similar restriction pattern with both enzymes (group 1) while the other two
showed distinct restriction patterns (group 2 and 3).

The plasmids isolated from positive yeast colonies represented a mixture
of three different plasmid constructs; the library construct, the bait construct and
the reporter gene construct. The selectable marker on the library plasmid was

tryptophan. In order to isolate the library plasmid containing the interacting
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cDNA, the plasmid mixture isolated from a positive yeast clone was transformed
into a trp” E. coli strain MC1066. The colonies that survived on M9 minimal
medium lacking Tryptophan represented colonies carrying the library plasmid.
Yeast library plasmids isolated from 4 out of the 16 interacting colonies from
group 1 and the two single interacting colonies from group 2 and 3 were
transformed into the trp” E. coli strain. The library plasmids from the positive trp*
bacterial colonies were isolated and transformed back in yeast together with the

N-terminal DISCO bait to confirm the interactions detected previously (Figure 4).
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Figure 2

Diagrammatic representation of baits used in the interaction trap assay:
The baits used in the interactor hunt are schematically shown in this
Figure. The entire DISCO protein and the fragments used in the baits are
represented with horizontal bars. A 186 amino acids N-terminal DISCO
fragment (amino acids 1-186) carrying a Cys127 to serinel27 substitution,
and a 153 amino acid C-terminal DISCO fragment (amino acids 415-568)
were used for the interaction trap screening. The red box shows the
location (amino acids 89-149) of the two repeats of the zinc finger motif
present in DISCO. The yellow box shows the 40 amino acids glutamate
rich region (from residue 311 to 351) located in the middle portion of the
DISCO protein.
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Figure 3
Transcription activation ability of the N-terminal and glutamate-rich
regions of DISCO:

This Figure shows the ability of the zinc finger domain and the
glutamate rich region of DISCO to activate lacZ reporter gene
transcription from the reporter construct used for interactor hunt. Panel
A shows a schematic representation of the DISCO protein. The zinc-finger
domains and the glutamate-rich region are indicated with different shades
of blue.

Panel B shows the effects of different DISCO baits on reporter gene
expression. The ability of the DISCO baits with the N-terminal (From
amino acids 1-186, including the zinc-finger domain) and Glu-rich regions
of the protein (From amino acids 186-414) to activate the lacZ reporter
gene expression is revealed from the blue colour of the colonies
containing these baits. Substitution of cysteine residue at position 127 by a
serine residue in the mutated DISCO bait (indicated with an asterix)
abolishes the transcription activation ability of the N-terminal bait as
revealed from the white colour of the colony. The C-terminal bait is also

unable to activate the reporter gene expression.
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Figure 4

Results of the interaction trap screening:

Screening of a Drosophila cDNA library constructed in a yeast expression
vector with the N-terminal DISCO bait led to the identification of three
interacting proteins. This Figure shows three positive yeast clones (blue
colonies = lacZ reporter gene expression). All of the three interacting
proteins; a putative ATPase subunit of the Drosophila 26S proteasome
complex, the DIP1 protein and the DIP2 protein activate lacZ gene
expression in galactose X-gal plate (blue colonies) in the presence of
mutated N-terminal DISCO bait. The lacZ gene expression is activated
only when both the DISCO protein and one of the interacting proteins are
present simultaneously. Presence of either of these proteins alone is not
sufficient to activate the transcription of the reporter gene. LexA alone
without the DISCO fragment is also unable to produce blue colonies in the
presence of any of the interacting proteins. The LexA-DISCO fusion
protein in the presence of the activation domain alone without an
interacting protein, also does not activate transcription of the lacZ

reporter.
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E. Sequence analysis of the cDNAs encoding interacting proteins:

The cDNAs corresponding to 4 interacting clones from group 1 and single
interacting clone from both group 2 and group 3 were sequenced. Sequence
analysis confirmed that all members of group 1 represent the same cDNA. We
denoted the interacting protein encoded by the group 1 cDNA as “DISCO
interacting protein 1” (DIP1).

The partial dip1 cDNA isolated from the interacting clone contained a 1.1
kb fragment corresponding to the 3’ end of dipI mRNA. Sequence analysis using
‘BLAST"’ tool (Basic Local Alignment Search Tool; Altschul et al., 1990) revealed
that the putative DIP1 protein contains a region that shows sequence similarity
to dsRNA binding domains (dsRBDs) (Figure 5). A consensus for dsRBDs has
been determined through mutational analysis, in-vitro binding experiments and
comparison of dsRBD sequences from several dsSRNA-binding proteins (St.
Johnston et al., 1992). The putative dsRBD sequence of DIP1 matches well with
the C-terminal short domain consensus but shows poor similarity with the N-
terminal long domain consensus (Figure 13). The putative dsRBD of DIP1
shows extensive similarity to the dsRBDs of mammalian glutamate receptor
editases (Melcher et al., 1996; Lai et al., 1997). The similarity extends beyond the
conserved residues of the dsRBD consensus (Figurel4). One striking feature of
the dipl cDNA is the presence of 4 repeats of a 124 bp sequence at the 3'end of
the cDNA (Figures 5, 12A.). Nucleotide sequences of the two 124 bp middle
repeats are exactly equivalent, while, the first repeat contains two extra base
pairs and the last repeat (120 bp) is interrupted by an EcoRI site (Figure 12B)

The group 2 cDNA is also a newly identified cDNA. We will refer to the
interacting protein encoded by this cDNA as “DISCO interacting protein 2”
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(DIP2). The cDNA clone contains a 1.2 kb 3’ end fragment of dip2 cDNA (Figure
6). Sequence analysis through ‘BLAST’ search (Altschul et al., 1990) using the
NCBI BLAST search server showed a high degree of similarity with a human
cDNA isolated in the Human Genome project (Accession # D80006). The C-
terminal 100 amino acids segment and N-terminal 155 amino acids segment of
the predicted partial Drosophila DIP2 protein share 82% and 66% identities
respectively with that of the human homolog. Both the predicted human protein
and DIP2 share a high degree of similarity with a protein sequence predicted
from a Caenorhabditis elegans genomic DNA sequence (Accession # 2088703,
Wilson et al., 1994). The degree of similarity shared between these proteins
(Figure 26) suggests that these proteins are human and C. elegans homologs of
Drosophila DIP2.

Sequence analysis showed that the group 3 cDNA codes for an ATPase,
the fourth subunit of the Drosophila 26S proteasome complex. This cDNA was
originally cloned based on its similarity to the ATPase component of the mouse
26S proteasome (Hoyle and Fisher, 1996).
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Figure 5

Partial dip1 cDNA sequence.

This Figure shows the sequence of the 1.1 kb partial dip1 cDNA isolated
from the yeast interaction trap screening. The predicted partial protein
sequence is also shown. The cDNA lacks the 5’ end of the corresponding
mRNA including a portion of the coding region. The putative dsRNA-
binding domain in the partial protein sequence is highlighted. The first 3
nucleotides of all four 124 bp repeats in the 3' UTR are shown in boldface.
The stop codon (denoted with an asterix) lies at the beginning of the first
repeat. The EcoRI site (GAATTC) that interrupts the fourth repeat is also
shown in boldface and is underlined. The EcoRlI site is followed by a 48 bp

sequence and a polyA tail.



Partial dipl cDNA sequence and the predicted protein sequence:

GCCTGCGAGAAGGCTTGGCGCGATTTTATTATTGCAAAAATGACCCCCAAGCCGCCCCGT 60
A CE KA WU RUDT FTIIAZ KMTTGPZ K P P R
ATTCACCAGGTGGAGATGGGTTCGGAGCCAATGGATATCAACGAGGATGAGGCCGATGCA 120
I HQ VEMGSEUPMDTINTETDTEA ATD A
CCGGATGATGATCTGCCCATGTTGAATCTGGCCTCGTTTGCCATCTACAAGCTGTTCGCG 180
P DDDULPMTLNTLAG ASTST EA ATITVY KL F A
GAGTGGGAACGGGAGGGCTATGTCGTGCCCGAGATGCACCCTTCGGCCAATGCTGCCCAA 240
E W EURTETGT YV V P EMTEH TPSA ANUAABAOQ
CAGGCGGGAGGGGATGCCGGAACTCCAGTTCCCCCCGTGCCGAAGGAGCCAAAGAAGCCG 300
Q A G G DA GT PV PPV P KTE P K K P
CCAGTGCGCACCGAGCTACCCTCTGGCTGGGAGACCATGCACCCGGCGACCATTCTTTGC 360
P VR T ETUL P S G W E T MH PA TTI L C
ATTATGCGTCCGGGACTCAACTACGTGGACTACGGGTCATCTGGCGACAARGACCAACGGC 420
I M R P GL N Y V-D Y G S S G DI KTNG
ATGCAGCATCTGGGAATCATGGTGGACAACCAGGAGT TCCACGCCARCGGCAGATCARAG 480
M 0 HL G IMV DN QETFUHANTGTERS K
ARRATCGCCCGTCGCAACGTGGCCGTGAAAGTGTGCAACTCTCTGTTCGGCACCAACTTC 540
K I A RRNV AV KV CNSTLTFEFTGTNF
ACCTACAGCGACACCACT TAAGACACCAACTCCAACCGCAGACTCCARCTGCCGACGACA 600
T Y S D T T +
ACACACATAACGGACACTCTTAACGGACAGCAATCAGAAGATTGCGACCCTGACGTCAAT 660
TGCGCAACTTTAAGCGACACCACTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCG 720
ACGACRACACACCTATGCCTCTCTTAACGGACAGCAATCAGRAGATTGCGACCCTGACGT 780
CAATGGCGCAACTTTAAGCGACACCACTTAAGACACCAACTCCAACCGCAGACTCCAACT 840
GCCGACGACAACACACCTATGCCTCTCTTAACGGACAGCAATCGGAAGATTGCGACCCTG 900
ACGTCAATGGCGCAACTTTAAGCGACACCACTTAAGACACCAACTCCAACCGCAGACTCC 960
AACTGCCGACGACAACACACCTATGCCTCTCTTAACGGACAGCAATCAGAAGATTGCGAC 1040
CCTGACGTCAATGGCGCAACTTTAAGAATTCCT TTTCTGTCAAAGTGAAGAGGCATATTA 1100
AACAAGAATTTCCCAATTTAAARAAARARARAAAARAAAARARANAAAAARAAAAAAAAA 1119
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Figure 6

Partial dip2 cDNA sequence.

This Figure shows the sequence of the 1.2 kb partial dip2 cDNA isolated in
yeast interaction trap screening. The partial amino acid sequence (337
residues) of the predicted protein is also shown. It contains no known
functional domain. The stop codon on the cDNA is indicated with an
asterix. The cDNA fragment belongs to the 3’ end of the corresponding
mRNA. The 53 amino acids sequence that is unique to the Drosophila DIP2
homolog is highlighted.



Partial dip2 cDNA and the predicted amino acids sequence:

AGAGTGCAACTGACCCAGCAGTTCTGCAAGCTATTTCAAGCCCTTGGTCTGAATACGCGC 60
R Vv Q L T Q Q F C K L F Q A L G L N T R
TGCGTGTCAACTTCGTTTGGATGTCGTGTAAATCCGGCCATTTGTGTCCAAGGGGCTAGT 120
c v s T s F G C RV NP A I C V Q G A s
TCTGCAGAGAGTGCTCAAGTGTATGTAGATATGAGAGCATTGCGAAATAATCGTGTTGCT 180
S A E S A Q VY V D M R A L R NNU RV a
CTGGTAGAGCGTGGAGCGCCAAATTCGTTGTGTGTAATTGAATCAGGTAAACTTTTACCA 240
L v ER G A PN S L C V I E S G K L L P
GGCGTAAAAGTGATAATTGCAAATCCCGAAACTAAGGGCCACTGTGGCGACTCGCATTTG 300
G vV XK v I I A N P E T K G H C G D S H L
GGAGAAATCTGGGTTCAAGCTCCTCACAACGCACATGGTTACTTTACAATTTATGGTGAC 360
G E I W V Q A P HNAHG Y F T I Y G D
GAAACTGACTACAATGATCACTTCAACGCGAAATTGGTAACTGGGGCCACCTCAGAACTA 420
E T b ¥ N D H F N A KL V T G A T S E L
TATGCACGCACTGGGTATTTAGGATTCTTACGCCGCACCGAATGCTCGCAATCAGCATCA 480
Yy A R T G Y L G F L R RTEC S Q s A s
CTGCTTGACGAGACCACACCAAGTGTGGCAAGTQQQQATAGTGATACAGAATCTTTGAAT 540
L L D E T T P8 V A S R D S D T E S L N
TCGATAAGTCAATTGCAACTAAATTTTTCAAATGTTTCCTTGGGTGGAAATTCCGAGCAT 600
S I S QL QL N F S NV S L GGNSTEH
AGCCTGGTAGGCGGCGCAAGCAATGCTAATGATCAAGAACTACACGACGCAGTGTATGTA 660
S L V G G A S N A ND QETLUHUDA AUV Y V
GTCGGAGCTGmTGATGAAATGATCTCTTTACGTGGCATGAACTATCACCCAATTGATATC 720
vV G AV D EMTI SL RGMNYHUPTI DI
GAAAATTCGGTAATGCGCTGTCACAAAAAAATTGCTGAGTGCGCCGTTTTCACCTGGACT 780
EEN S VMR CHI K K I AETC AUV F TMWT
AACTTATTAGTCGTTGTTGTCGAGTTGGACGGCAATGAATCAGAAGCTTTGGATTTGGTT 840
N L L VvV V V V EL DG GNUE S E AL DL V
CCCTTGGTCACAAACACAGTATTAGAAGATCATCAGCTTATAGTCGGCGTTGTAGTGGTC 900
P L VvV T N T V L E D H QL I V G V V V Vv
GTTGATCCAGGTGTGGTGCCTATTAATAGTCGGGGCGAAAAGCAACGGATGCATTTACGG 960
v b P GV V P I NS R GEI K QU R MH L R
GATGGTTTTCTGGCCGACCAATTGGATCCCATATACGTAGCATATAACATGTAAATACAC 1020
b G F L A D QL D P I Y V A Y N M ~
AATTATTCTTATGATGAAATCGCCGTATTAAGAAARCGTTACAAAACGTTGTNTTNGTATC 1080
ATAATTCAAAACAACCGCAATCCACAAAAAAACAGAAATGGCTCATTTTGGTAACACGCA 1140
CGCCTAATTACACATTTCCTTTTAGAGTATTAGCAAAGATGGTAAAACATTCTTACAATA 1200
AAATGACTATTTATCTTTATATGACCATAT 1230
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IL. Verification of the interactions between DISCO and its interacting proteins

DIP1 and DIP2 seen in the interaction trap assay.

A. In-Vitro Binding Assay.

The specificity of interaction between DISCO and the proteins isolated
from the interaction trap screening were examined in-vitro. For this study, the
individual proteins were prepared as follows; disco was expressed as a GST-
fusion protein in E. coli, the dipl and dip2 cDNAs were transcribed and translated
in-vitro.

The 186 amino acids N-terminal DISCO fragment used in the yeast
interaction trap was also used for the in-vitro binding assay. Since we were
unable to use the wild-type DISCO protein for the yeast interactor hunt, to rule
out the possibility of a non-specific interaction between the mutated DISCO
protein and the library proteins, we used both wild-type and mutated N-
terminal DISCO fragments for the in-vitro analysis.

For in vitro expression of the dip1 and dip2, the corresponding cDNAs
were cloned into the in vitro expression vector pSPUTK (MBI Fermentas). SP6
RNA polymerase was used to drive transcription of these cDNAs. The
translation was done in rabbit reticulocyte lysate (MBI Fermentas).
[S**]Methionine was used to radiolabel the translated protein.

Purified GST-DISCO fusion proteins (bound to glutathione beads) were
allowed to bind to the in-vitro expressed DIP1 and DIP2 proteins. Bound proteins
were eluted from the glutathione-agarose beads and analyzed on denaturing
SDS-polyacrylamide gel. Only if in-vitro translated DIP1 and DIP2 are able to
bind DISCO will these proteins be present in the eluant, and the radiolabeled
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proteins can be detected by autoradiography. Results of this experiment are
shown in Figure 7. Both wild-type and mutated DISCO fragments were able to
bind the in-vitro expressed DIP1 (lanes 6 and 7) and DIP2 (lanes 2 and 3) proteins
to the same extent. GST alone, without the N-terminal DISCO fragment was
unable to bind either one of these proteins (lanes 8 and 4). Therefore, the in-vitro
binding assay showed a direct physical association between DISCO and DIP1/
DIP2.

B. The mRNA expression pattern of disco overlaps with that of dip1 and dip2:

The expression pattern of the genes encoding the interacting proteins in
Drosophila embryo should overlap with that of disco at least partially if these are
true in-vivo interactors of DISCO. To examine this we determined the mRNA
expression pattern of dip1, and dip2 during various stages of embryogenesis. For
in-situ expression studies, a digoxygenin labeled RN A probe was synthesized
from a dip2 cDNA and non-repeated portion of the dip1 cDNA.

The dipl mRNA shows a ubiquitous expression pattern at all stages of
embryogenesis. However, the expression is not homogeneous, rather, more
concentrated in the developing CNS (Figure 8). Expression pattern of the dip1
mRNA overlaps with that of disco in the developing optic lobe. The cells of the
optic lobe primordium invaginate from the posterior portion of the procephalic
lobe (embryonic head) during stages 12. This tissue remains attached to the
larval brain until stages 15-16, when it is completely incorporated into the brain
hemispheres (Green et al., 1993). Figure 10 shows stage 13 embryos to compare
overall expression patterns of dipl and disco. The dip1 expression also overlaps

with disco in the visceral mesoderm and the epidermis of gnathal and thoracic
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segments. Visceral mesoderm staining becomes evident during stages 12 and 13,
the last stages of germ band retraction. Following these stages, the cells of the
visceral mesoderm elongate and contact the midgut primordia and eventually
form a sheet around the gut (Campos-Ortega and Hartenstein, 1985).

The dip2 mRNA shows extensive expression in the CNS throughout
embryogenesis (Figure 9). Expression is seen in the optic lobe (OL) primordium
starting from stage 12. Expression in the OL is seen at later stages as well.
Staining in this tissue is shown in a stage 15 embryo, at which stage the OL has
already been incorporated in the larval brain. A lower level of expression of the
dip2 mRNA may also be present at least in a portion of the peripheral nervous
system. However, due to the lower resolution of the in-situ procedure, we were
unable to unambiguously detect the peripheral nervous system expression
pattern of the dip2 mRNA. In addition, expression of the dip2 mRNA is also seen
in the visceral mesoderm during stages 12 and 13 (expression in a stage 12
embryo is shown in Figures 9 and 10). The expression pattern of the dip2 mRNA
partially overlaps with that of disco in the optic lobe primordium, and the visceral

mesoderm (Figure 10).
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Figure 7

Results of the in vitro binding assay:

Panel A depicts the results of the in-vitro binding assay. In-vitro translated
partial DIP2 (40 kDa) and DIP1 (29 kDa) proteins are shown in lane 1 and 5
respectively. Both the wild-type and the mutated DISCO proteins are able
to bind the in-vitro translated DIP2 (lanes 2 and 3) and the DIP1 (lanes 6
and 7) proteins. GST alone is not able to bind either protein (shown in the
control lanes 4 and 8).

Panel B shows the expression of the GST-DISCO fusion proteins (48 kDa)
expressed and purified from E. coli. BL21 strain. Lane 1 shows expression
of the GST protein alone. Lane 2 and 3 show expression of GST-fusion
proteins (48 kDa) containing the wild-type N-terminal DISCO fragment
and a mutated N-terminal DISCO fragment respectively. The mutated
DISCO fragment contains a Cys127 to Ser127 substitution.
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Figure 8

mRNA expression pattern of the dip1 gene:

The results of the in situ mRNA expression study are shown in this Figure.
Expression in three different stages of embryogenesis (stages 9, 12 and 14)
are shown. Only lateral views are shown. Anterior is to the left and
dorsal side is up. Embryo staging was done according to Campos-Ortega
and Hartenstein, 1985. A ubiquitous expression pattern of dipl mRNA is
seen at all stages of embryogenesis. Expression of the dipl mRNA in the
optic lobe primordium (arrow) is shown in the stage 12 embryo, the last
stage of germ band retraction. Because of the superficial view of the
embryo, expression in the invaginated optic lobe primordium can not be
seen clearly. At this stage expression of the dipl mRNA is evident in the
visceral mesoderm (VM) and in a variety of other tissues, including the
epidermis of gnathal (GN) and thoracic segments (T). At all stages, the
expression appears to be more concentrated in the developing CNS than
other parts of the embryo. In the stage 14 embryo, the CNS is indicated

with an arrow with white arrowhead.
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Figure 9

mRNA expression pattern of the dip2 gene:

This Figure shows the dip2 mRNA expression pattern during different
stages (stage 11, 12 and 15) of embryogenesis. Expression in the CNS
(arrows with white arrowheads) is seen at all stages of development. At
around stage 12 expression in the visceral mesoderm (VM) is clearly
visible. The location of the optic lobe primordium is indicated with an
arrow. Because of the superficial view of the embryo, the OL can not be

clearly seen.
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Figure 10

Expression patterns of dip1 and dip2 overlap with that of disco.

In this Figure, expression patterns of the dip1 and dip2 mRNAs are
compared with that of the disco at embryonic stage 12. disco expression is
seen in the optic lobe primordium (arrow) , in the gnathal (GN) segments,
in the ectoderm of thoracic segments (T) and in the visceral mesoderm
(VM). The expression pattern of dip1 and dip2 mRNAs overlap with that
of disco in the optic lobe primordium (arrow) and the visceral mesoderm
(VM). dip1 and disco expression patterns also overlap in the ectoderm of

gnathal and thoracic segments.



DIP1
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IIL. Characterization of the dip1 cDNA:

A. Cloning of the full-length dip1 cDNA:

A partial 1.1 kb 3’ end fragment of the dip1 cDNA was isolated in the
interaction trap screen. In order to isolate the full-length dip1 cDNA, another 12-
24 hours Drosophila embryonic cDNA library made in Agtl1l phage vector was
amplified and screened. The library (obtained from Dr. Roger Jacobs, McMaster
University) was made by cloning cDNAs synthesized from embryonically
expressed Drosophila mRNAs into the EcoRlI site of the phage-vector.

About 2 X 10° plaques from the library were screened with a probe made
from the dipl cDNA fragment isolated from the yeast interaction trap library.
Three positive plaques containing dipl cDNA fragments were isolated. The sizes
of the cDNA inserts were examined by digesting the phage DNA with EcoRI.
Two of the positive plaques contained only a small fragment, about 1 kb in
length. The third plaque contained two EcoRI fragments of approximately 2.5 kb
and 0.5 kb length. Both fragments were subcloned into the EcoRlI site of the SK°
pPBluescript vector and sequenced. Since, we used only a 1.1 kb 3’ end dipl
cDNA fragment as probe, the two smaller cDNAs (~ 1kb) are presumably part of
the larger cDNA isolated in this screen. However, we can not exclude the
possibility that the smaller cDONAs may also represent the differentially spliced

dip1 transcript.

B. Sequence analysis of the dip1 cDNA:
Sequence analysis of the 2.5 kb and 0.5 kb fragments of the dipl cDNA
showed that the 0.5 kb fragment corresponds to the 3’ end and the 2.5 kb
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fragment corresponds to the 5’ end of the cDNA. The 2.5 kb fragment contained
the full coding region of the dip1 cDNA (Figure 11).

The number of 124 bp repeats present in the two cDNAs isolated from the
yeast interaction trap library and the Agtl1 library differ from each other. The
newly isolated cDNA contains estimated 8-10 repeats as opposed to 4 repeats
present in the previously isolated cDNA (Figure 12A.). Following the repeated
region, an EcoRl site and a 48 bp sequence are common in both cDNAs. The 48
bp sequence is followed by a poly A tail in the dip1 cDNA isolated from the yeast
vector. On the other hand, the cDNA isolated from the Agtll vector contained
an extra 348 bp sequence between the 48 bp sequence and the polyA tail. This
difference in sequence might indicate that these cDN As represent two
alternatively spliced forms of the dip1 mRNA. The differences between the two
cDNAs are diagrammatically represented in Figure 12A. The sequence of each
individual repeat is shown in Figure 12B.

Considering the presence of 8 repeats, the cDNA isolated from the Agtll
vector is about 2.6 Kb. The exact number of repeats present, and as a result the
exact size of the cDNA, was difficult to determine due to difficulty in generating
primers with unique sequences. There is a putative start codon 263 bp
downstream from the 5’ end of the cDNA fragment and a 927 bp open reading
frame that may represent the full coding sequence for the DIP1 protein. It is not
certain if this cONA contains the complete 5’ untranslated region of full-length
dipl cDNA. Sequence analysis through ‘BLAST’ search (Altschul et al., 1990)
showed that the putative 309 amino acids DIP1 protein contains an additional
dsRNA-binding motif N-terminal to the motif predicted before. Double
stranded RNA binding domains (dsRBD) are usually about 70 bp long. A



98

consensus sequence for dSRNA binding domains has been determined (St.
Johnson et al., 1992) from seven copies of the dsRBD motifs in Xlrbpa, Staufen
and human TRBP proteins. Each full-length motif consists of an N-terminal large
domain and a C-terminal short domain. Two types of dsRBDs have been
recognized and are denoted as type A and type B (St. Johnston et al., 1992). The
type A dsRBDs show strong similarity to the entire length of consensus sequence
defined for dsRBDs. While type-B dsRBDs match well with the basic C-terminal
short domain consensus, but show only poor similarity to the N-terminal long
domain consensus. The putative DIP1 protein contains two type B dsRBDs .
Figure 13 shows alignment of the putative dsRNA binding domains of DIP2 with
that of other proteins known to bind dsRNA. The two dsRNA- binding motifs of
the DIP1 protein share significant similarity with the C-terminal consensus, but,
match poorly with the N-terminal large domain consensus. The dsRNA binding
domains of DIP1 share striking similarity with that of mammalian glutamate
receptor editases (Melcher, T. et al., 1996; Lai et al., 1997). The similarity extends
far beyond the consensus for dsRNA binding motifs (Figure 14). In addition, the
predicted protein also contains a putative bipartite nuclear localization signal
similar to that present in the glutamate receptor editases. Bipartite nuclear
localization motifs are composed of: two basic amino acids, a spacer region of
any ten amino acids followed by a basic cluster of five amino acids, three of
which must be basic (Dingwall and Laskey, 1991). Figure 11. shows that the
putative nuclear localization signal in the predicted DIP1 protein
(KRKKSSERTRDKKLROQN) meets this criterion. The sequence similarity
between the nuclear localization signal and the dsRBDs of the predicted DIP1

protein with mammalian glutamate receptor editases are shown in Figure 14.
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Figure 11

Sequence of the dip1 cDNA that contains the full coding region:

This Figure shows the sequence of the dip1 cDNA (about 2.6 kb) isolated
from the Agtll library. Eight repeats in the 3’'UTR are shown. The first
three nucleotides of each repeat are shown in (boldface). The repetitive
region ends with an EcoRI site (GAATTC, shown in boldface and is
underlined). The EcoRlI site is followed by a 396 bp sequence and a polyA
tail. The 348 bp sequence preceding the polyA tail is unique to this dip1
cDNA. The predicted protein sequence is also shown. The putative start
codon is located 263 bp downstream from the 5’ end of the cDNA. The
stop codon (*) is located at the very beginning of the first repeat (at
nucleotide position 1188). The putative bipartite nuclear localization signal
(NUC) in the predicted protein (from amino acids 45-62) is underlined.
The consensus for NUC consists of two basic amino acids, a 10 amino
acids spacer region and a cluster of five amino acids out of which at least
three should be basic. The basic amino acids in the bipartite signal are
shown in boldface. Two putative dsRNA-binding domains of the protein

are highlighted.



Sequence of dipl cDMA and the predicted DIP protein:

ACGATTCTTTCTGTGACCTGAGCAGTGAAAAATTAAATTACAAAAGCGAAAAAGCGAATT
ACAAAAGCCGCCAATGTCCAGGAGCAGCAGTCTTCTCCGGTGGCTTTATATCCGACATCG
GCCTCCCCGGTGGCTGTTCAATCGCCACAGGACGCATTTTTGGCTGTTCAGTCGCCAGGG
GCTCCTGCCCCCGTTCAACTGGCCAACTCGTCCGACCAGCAGAATAATCCGGATGCGGAC
GCCATTGCCTCCAAACTGCCCATGCCAGTTATCATCAAGGAGGAGCCGATCTCTGTCAAC
M P V I I K E E P I 8§ V N
GATGAACCGTCCGTCGACAATATAGAGGACAATACCAGTGCCAGTACCAGTGCCAGCGGC
D E P s V D N I E DNT S A §S T S A S G
ATCGGGGGCAAGATCCCATTTAAAAAAATCTTCCAAAAGCGCAAGAAGTCGTCTGAACGC
I G G K I P F K K I F Q K R K K S S E R
ACTCGGGACAAGAAGTTGCGACAGAACCGCCAGCTGCGCAAGTCCATGCTCCCCAAGAAC

T R D K K L R O N R QL RK §M"L P K N
GCTCTGATGGCCCTCAACGAGGTGAAGGGCGTGACCATCAGCGATTTCACCATCGACAGC
A L M AL NTEJYVKG VT I S DPTTID S
AATACCGACGGGGGATTCACGGCCGTTGTCACTGTCAACTCGAATCAGTACGAGGGCAAG
N T DG G F T A V.V TV DNSNU QYEGK
GGTACCTCGAAAATGACAGCCAAGAACGCGGCCTGCGAGAAGGCTTGGCGCGATTTTATT
G T S KM T AKX N A A CEUJXKA AWRTUDTFII
ATTGCAAAAATGACCCCCAAGCCGCCCCGTATTCACCAGGTGGAGATGGGTTCGGAGCCA
I A XK M TP K P PRI HOQVEMG S E P
ATGGATATCAACGAGGATGAGGCCGATGCACCGGATGATGATCTGCCCATGTTGAATCTG
M D I NEDEADA AU PTDTDTUDTL P ML N L
GCCTCGTTTGCCATCTACAAGCTGTTCGCGGAGTGGGAACGGGAGGGCTATGTCGTGCCC
A S FAI YU KTULTFA AEUWTETRTETGT YUV V P
GAGATGCACCCTTCGGCCAATGCTGCCCAACAGGCGGGAGGGGATGCCGGAACTCCAGTT
E M H P S AN AAGOQU QA AGGT DA AGT P V
CCCCCCGTGCCGAAGGAGCCAAAGAAGCCGCCAGTGCGCACCGAGCTACCCTCTGGCTGG
P P VP K E P K KPPV RTETLUZPSG W
GAGACCATGCACCCGGCGACCATTCTTTGCATTATGCGTCCGGGACTCAACTACGTGGAC
E T M HP AT I LCIMZ®BRZPGTULNTYUVTD
TACGGGTCATCTGGCGACAAGACCAACGGCATGCAGCATCTGGGAATCATGGTGGACAAC
Y G S S GD KTDNUGMOQHTLGTIMVYVDN
CAGGAGTTCCACGCCAACGGCAGATCAAAGAAAATCGCCCGTCGCAACGTGGCCGTGAAA
Q E F HANGR RSU KU KTIA ARUERNTVYAUVK
GTGTGCAACTCTCTGTTCGGCACCAACTTCACCTACAGCGACACCACTTAAGACACCAAC

V C N SLVF GTNTFT VY S DTT *
TCCAACCGCAGACTCCAACTGCCGACGACAACACACATAACGGACACTCTTAACGGACAG
CAATCAGAAGATTGCGACCCTGACGTCAATTGCGCAACTTTAAGCGACACCACTTAAGAC
ACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACACACCTATGCCTCTCTTAACGG
ACAGCAATCAGAAGATTGCGACCCTGACGTCAATGGCGCAACTTTAAGCGACACCACTTA
AGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACACACCTATGCCTCTCTTA
ACGGACAGCAATCAGAAGATTGCGACCCTGACGTCAATGGCGCAACTTTAAGCGACACCA
CTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACACACCTATGCCTCT
CTTAACGGACAGCAATCAGAAGATTGCGACCCTGACGTCAATGGCGCAACTTTAAGCGAC
ACCACTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACACACCTATGC
CTCTCTTAACGGACAGCAATCGGAAGATTGCGACCCTGACGTCAATGGCGCAACTTTAAG
CGACACCACTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACACACCT
ATGCCTCTCTTAACGGACAGCAATCGGAAGATTGCGACCCTGACGTCAATGGCGCAACTT
TAAGCGACACCACTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACAACAC
ACCTATGCCTCTCTTAACGGACAGCAATCAGAAGATTGCGACCCTGACGTCAATGGCGCA
ACTTTAAGCGACACCACTTAAGACACCAACTCCAACCGCAGACTCCAACTGCCGACGACA
ACACACCTATGCCTCTCTTAACGGACAGCAATCAGAAGATTGCGACCCTGACGTCAATGG
CGCAACTTTAAGAATTCCTTTTCTGTCAAAGTGAAGAGGCATATTAAACAAGAATTTCCC

60
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300
13
360
33
420
53
480
73
540
93
600
113
660
133
720
153
780
173
840
193
900
213
960
233
1020
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293
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1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220



AATTTAGTTTGTATTTGGGACAGCTCTTACTTATGATTTTTTAGGTGGGCCGGAGCCGTT
TTCAACAACGAATAATTTTGAACTGCAAGAGCCGATAAGATTATCCGAATAATCTAAACC
AGGATTCCTTGGTAATGCTGATTAATTTTTTCCGTGTATTTTGCGACACACTGTGGGTTT
GGTTTTTTTGAAAACGCTTCCACAGAAGAGGATTTCAGTGGCAGATTGGGTATCAAATAT
TAATTATGCTTACCAGTGAATTACATTTTTGTCGTAAACTAGATTAAGCTAAATGGGTGG
TATAATTACTTGATTTTTAAAAACATGAAGACATAAGTACATGTATTGAATATAAAARAA

2280
2340
2400
2460
2520
2580
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Figure 12

Difference in the 3’'UTR of the dip1 cDNAs:

Panel A shows the features of the two dip1 cDNAs. In this Figure, the
cDNA (1104 bp) isolated from the yeast interaction trap library is denoted
as cDNA'. It is a partial cDNA that lacks the 5’ end of the corresponding
mRNA. The cDNA isolated from the Agtl1 library is denoted as cDNA2.
The exact size of the cDNA is not known. It contains at least 8 repeats.
The first and the last repeats of cDNA' and cDNA? are identical. The last
repeat is interrupted with an EcoRlI site. The numbers of middle repeats
are different in the two cDNAs. All of the middle repeats in either cDNA
have exactly same nucleotide sequence. In cDNA?, the location of the
putative start codon at 263 bp and the stop codon at 1188 bp from the 5
end of the cDNA are indicated with vertical lines. The location of the
putative nuclear localization signal coding sequence (nuc, nucleotides 396-
447 and the two dsRNA-binding motif coding sequence (nucleotides 462-
660 and 1020-1164 respectively) are shown in cDNA®’. The position of the
C-terminal dsRNA-binding domain coding sequence present in cDNA' is
also shown. Panel B shows the sequences of the individual repeats. The
first repeat is 126 bp long. The nucleotide sequences of all the 124 bp
middle repeats in either cDNA are exactly equivalent. The last repeat is
121 bp long. The nucleotide sequence of the first repeat is different from

that of other repeats in the region that is underlined.
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Figure 13.

Alignment of the putative dsSRNA binding domains of DIP1 with the
RNA-binding domain consensus:

The top portion shows the predicted protein sequence for dipl. The
positions of the two dsRNA-binding domains (67-135 and 234-301) are
shown in blue.

The bottom part shows the alignment of the putative RNA binding
domains of DIP1 with those of known dsRNA binding proteins and the
consensus for dsRNA binding domains (dsRBD). In the consensus, the
uppercase letters indicate the most frequently found conserved residues,
while the lower case amino acids are conserved in relatively fewer
number of dsRBDs. The consensus sequence (about 70 amino acids long)
has two distinct segments, denoted as N-terminal long domain consensus
(shown in green), and C-terminal short domain consensus (shown in red).
The dsRNA-binding domains of DIP1 represent type-B dsRBDs that match
well with the C-terminal short domain consensus (orange), but show only
a weak similarity with the N-terminal long domain consensus. The
dsRNA-binding domains used for the alignment are as follows: first
dsRBDs of Drosophila Staufen-1 and human TAR-binding protein hTRBP1;
the dsRBD of the mammalian transcription factor NF-NT90 and two
dsRBDs of the glutamate receptor editases hRED1-1 and hRED1-2.
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Figure 14

Alignment of the predicted DIP1 protein with the N-terminal region of
mammalian glutamate receptor editases:

This Figure shows the alignment of the putative nuclear localization signal
(nuc) and dsRNA binding domains of DIP1 with those of human and rat
glutamate receptor editases (hRED1, and rRED1 respectively). The
putative DIP1 protein shares similarity with the bipartite nuclear
localization signals (nuc) of hRED1 and rRED1. Identical amino acids are
shown in blue (purple), conserved changes are shown in violet (pink) and
similar amino acids are shown in yellow. The consensus for dsRNA-
binding domains (shown in red) is underlined. It is evident that the
similarity between the dsRBDs of DIP1 and glutamate receptor editases

extends beyond the conserved amino acids.
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C. Northern analysis for dip1 transcripts:

To examine the size of the dipl transcript(s) and detect expression of
alternatively spliced forms (if any) of dip1, northern analysis was done.

Northern analysis was done with polyA*™ RNA isolated from 0-22 hours embryos
of Drosophila.

Two different probes for dip1 cDNA (with and without the repeated
region) were used for northern analysis. Three bands of different size were
obtained with the probe lacking the repeated region, indicating the expression of
at least three different transcripts for dipl during embryogenesis. The sizes of
these transcripts are about 3 kb, 2.2 kb and 1.8 kb (Figurel5). The cDNA isolated
from the Agtl1 vector is larger in size than the middle transcript seen on the
northern blot. It might represent a partial form of the largest transcript.

Similar sized bands were detected in the northern blots hybridized with
probes made from the dipl cDNA containing both the repeated and the unique
regions. However, the signal was stronger and more diffused when the probe
with the repeated region was used (data not shown), indicating the presence of

other RNA species that can be detected with the repeated region only.

D. Chromosomal location of the dip1 gene:

To understand the physiological role of the dip1 gene, isolation of mutants
in which dip1 gene function is disrupted is essential. In order to identify existing
mutants with mutation in a particular gene, the knowledge of its chromosomal
location is important. Due to the presence of large polytene chromosomes in
Drosophila, the chromosomal location of a gene can be readily determined by

hybridizing the corresponding probe to a polytene chromosomal preparation
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made from salivary glands of third-instar larvae. There are about 5000 polytene
bands and the limit of cytological resolution with in-situ hybridization is about 50
kb (Sorsa, 1988). The in-situ hybridization to polytene chromosome was
performed with a biotin labeled dip1 probe. The 1.1 kb dip1 cDNA fragment
isolated from the yeast interaction trap library was used as template to make the
biotin labeled probe.

The in-situ hybridization studies localized the dip1 signal to two locations
on the polytene chromosome; band 20A at the base (adjacent to centromere) of
the X-chromosome and band 91F on right arm of the third chromosome (Figure
16A). Since the results of northern analysis suggested the possibility of presence
of the repeated element of the dipl cDNA in other Drosophila messages as well,
one of the two hybridized regions on the polytene chromosome may represent
location of another gene containing the same repeated sequence. To test this
hypothesis, an in-situ probe was generated from the non-repeated region of the
dipl cDNA. This probe hybridized to only band 20A (Figure 16B), confirming
that the repeated sequence seen in the dipl cDNA is not unique to the dip1 gene,
but, is also present in at least another gene located on the right arm of the third
chromosome (Figure 16A). These results implicated the location of the dip1 gene
to be on the band 20A of X-chromosome of Drosophila.
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Figure 15

Northern analysis for dip1 mRNA:

This Figure shows the result of northern analysis for dipI mRNA. Poly A*
RNAs isolated from Drosophila embryos were hybridized to a probe made
from the nonrepetitive region of the dipl cDNA. Three distinct bands of
approximate molecular weights 3.0 kb, 2.2 kb and 1.8 kb can be seen.
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Figure 16

Localization of the dip1 gene on Drosophila polytene chromosome:
Panel A shows that the probe made from the dipl cDNA containing both
the nonrepetitive and repetitive regions hybridizes to two polytene
bands; the band 20A located at the base of the X-chromosome (empty
arrow) and band 91F on the right arm of Drosophila chromosome I (solid
arrow).

Panel B (next page) shows that the probe made from the nonrepetitive
region of the dip1 cDNA hybridizes to only one region of the polytene

chromosome: band 20A of the X-chromosome.
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E. Deficiency mapping of the dip1 gene:

In order to determine the genetic location of the dip1 gene, deficiency
mapping was done. This was done by southern analysis of deficiency lines that
carry a deletion in the 20A region of the X-chromosome. The presence or
absence of the dipl gene was followed by a restriction fragment length
polymorphism that exists in this region. Since homozygosity of deficiency
chromosomes lead to lethality, heterozygous lines in which deficiency
chromosomes are kept either under a wild-type or a balancer chromosome were
used. For southern analysis the chromosomal DNA was digested with EcoRI or
BamHI and hybridized to a probe made from the dip1 cDNA. Due to the
polymorphism, the wild-type, balancer and deficiency chromosomes generated
distinct restriction patterns on southern blots.

The results of this study are shown in Table 1 Here, ‘-* indicates deletion
and ‘+’ indicates inclusion of the gene in the deficiency chromosome. The
genotypes of the deficiency lines are shown in the ‘Materials and Methods’
section of this chapter.

Table 1: Results of the deficiency mapping for dip1:

Deficiency Result
Df(1)DCB1-35b -
Df(1)17-137 -

Df(1)16-2-13 -
Df(1)R22 -
LB6 -
Df(1)S54 -
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Df(1)17-257 -
Df(1)A209 +
Df(1)HM430 +
Df(1)R21 +
Df(1)B12 +
Df(1)B1-35C +
Df(1)R38 +
Df(1)GA22 +

The southern blots from this study are shown in Figure 17. Deficiency
map of the dip1 gene is shown schematically in Figure18. The deficiency map of
the dip1 gene is similar to that of a gene called flamenco (Prud’homme et al., 1995).
Furthermore, the deficiency maps of the genes located on either side of flamenco
{extra organ (eo) and touch insensitive larvae B (tilB)} do not match with that of the
dip1 gene. These findings raise the possibility that flamenco and dip1 represent the
same gene (additional evidence is presented in the discussion section).

Therefore, through deficiency mapping we were able to narrow down the

genetic location of the dip1 gene in between eo and tilB.
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Figure 17

Results of the deficiency mapping of dip1 by southern analysis:

This Figure shows three southern blots that determined the genetic
location of the dip1 gene. Panel A, B and C show EcoRI digested
chromosomal DNA isolated from flies heterozygous for deficiency
chromosomes and wild-type (CS, Canton S) or balancer chromosomes.
The CS, balancer and deficiency chromosomes produced restriction
fragments of distinctly different sizes when hybridized to a [*?P] labeled
dip1 probe. In the control lane containing only EcoRI digested DNA from
homozygous wild-type flies (CS), a single band is hybridized to the dip1
probe. In each of the two lanes, R21/CS, and B12/CS two bands, one
corresponding to the CS chromosome and one corresponding to the
deficiency chromosome are hybridized, indicating that these three
deficiencies do not delete the dip1 gene. In the lane B1-35¢/CS, the bands
corresponding to the CS and the deficiency chromosomes show almost
same electrophoretic mobility. However, in the B1-35c/balancer lane two
distinct bands, one corresponding to the deficiency chromosome and one
corresponding to the balancer chromosome are seen indicating that this
deficiency does not delete the dip1 gene either. In the lanes, 16-2-13/CS,
R22/CS, LB6/CS, S54/CS, B1-35b/CS, R22/CS, 17-257 /CS , only one band
corresponding to the CS chromosome can be seen. Similarly, in lanes
where the same deficiencies are over a balancer chromosome, only one
band corresponding to the balancer chromosome can be seen. Therefore,
the above deficiencies delete the dip1 gene. The balancer chromosome

used for the 16-2-13 deficiency is different from the FM7 balancer used for
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other deficiencies. The electrophoretic mobility of the EcoRI fragment
from this chromosome is close but distinctly different from that of CS
fragment. The electrophoretic mobilities of the R38 and GA22 deficiency
chromosomes are identical to that of CS. However, presence of two
bands in the R38/FM7 and GA22/FM7 shows that these deficiencies do
not delete the dip1 gene.

Panel D shows another southern blot which was done with chromosomal
DNA digested with two different enzymes, EcoRI (lanes 1-5) and BamHI
(6-10). Both EcoRI digests and BamHI digests of B1-35b/balancer and 17-
137 /balancer show only one band corresponding to the balancer
chromosome. Therefore, B1-35b and 17-137 delete the dip1 gene.
Whereas, A209/balancer and HM430/balancer show two bands each, one
corresponding to the balancer chromosome and the other corresponding
to the deficiency chromosome. Therefore, these deficiencies do not delete

the dip1 gene.
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Figure 18

Deficiency map of the dip1 gene:

This Figure shows a schematic representation of the deficiency map of the
20A region of the X-chromosome. The relative locations of several genes
that map to the 19A to 20D region are shown. These are, extra organ (eo),
flamenco (flam), touch-insensitive larvae B (tilB), wings apart (wap), introvert
(intro), (1)20Ad, stoned A (stnA), suppressor of forked [su(f)], A112, LB20,
tumerous head (tuh1), maroon-like (mal), melanized (mel) and 1(1)carot2. The
extent of the deleted region for each deficiency chromosome is indicated
with a horizontal line. The deficiencies that delete the dip1 gene are

indicated with asterix. The map shows that the genetic location of the dip1

gene matches well with that of the flam gene.
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F. Expression of the dipl mRNA in the follicle cells of the ovary:

The possibility of dip gene being flamenco was examined by determining its
expression in the follicle cells of the ovary, the previously identified site of flam
gene function (Song et al., 1997). To that end the wild-type expression pattern of
the dipl mRNA was examined. This experiment was done in collaboration with
Dorothy DeSousa, a graduate student of the lab.

During oogenesis (reviewed by Spradling, 1993), Drosophila ovarioles
contain a series of progressively older egg chambers that represent 14 successive
developmental stages. Each egg chamber contains cells from germ line origin as
well as somatic cells. The cells of germ line origin consists of 16 interconnected
sister cells, the posterior-most of which is the oocyte (OO) and the other 15
differentiate into giant polyploid nurse cells (N). The cells of somatic origin are
called follicle cells. These cells form an epithelial sheath that completely covers
the egg chamber. Ovarioles containing egg chambers from various stages were
dissected from young Drosophila females (2-3 days old) to study dip1 expression