Acknowledgements
First and foremost, I would like to thank Dr. Lynne Oland for her incredible patience and
helpful guidance throughout my research project. I would also like to extend my gratitude to
Patty Jansma for all of her help and support in obtaining the images in this paper and to Dr.
Konrad Zinsmaier for donating the flies to our lab. Everyone in the Tolbert lab has been
incredibly helpful and kind and I truly appreciate it.
The monoclonal antibodies, 8D12, 24B10, and NC82 developed by Corey Goodman,
Seymour Benzer, and Eric Buchner, respectively, were obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and maintained by The University
of Iowa, Department of Biology, Iowa City, IA 52242.

Abstract
Development of the precise patterns of the nervous system was once thought to depend
primarily on neuron-neuron interactions. However, it has recently been shown that glial cells
play crucial roles in the development of these systems. Our interest lies in how sensory neurons
establish their connections, a process known to involve reciprocal interactions between neurons
and glia. Here, I have conducted a screen of recessive lethal mutations of the 3R chromosome in
Drosophila to search for mutations affecting the organization of the primary visual pathway. Dr.
Konrad Zinsmaier generously donated a large collection of such flies for our research. The
animals chosen for the study lack visual reflexes, but they have no obvious superficial
deformities of the retina. We used the EGUF-Hid mosaic generating system to observe the
phenotype of homozygous mutations in eye tissue. I completed analysis of four mutations and
have found one to subject to study further. The A328 mutation appears to affect the epithelial
glia of the lamina. Here, I hypothesize possible mechanisms, though the mutated gene has not
yet been characterized.
Funded by the Dept. of Neuroscience

Introduction
The Big Picture: Developmental Neurobiology
Often during development, a single axon must navigate a huge distance, orders of
magnitude larger than its cell body, to find its specific synaptic partner(s). It is miraculous that
this occurs once, let alone billions of times during the development. How can our relatively
small genetic code cope with the immense complexity of the nervous system?
Several cellular strategies underlying complex pattern construction have been discovered
through genetic screens in Drosophila. Since many of the most fundamental principles of
biological organization are evolutionarily preserved, studying the development of the nervous
system in Drosophila can provide insights into neurological development in humans. One of the
most straightforward ways to examine the cellular mechanisms underlying some process is
through a forward genetic screen. In this method, a large number of mutants is generated and
then examined for abnormal phenotypes. The phenotype is then studied to examine the nature of
the mutated gene and infer the function of the non-mutated gene. A prime example of the
usefulness of forward genetic screens was the discovery of several proteins that regulate
Drosophila commissure development.

Drosophila Commissure Construction: An Illustration of Developmental Complexity
The nervous system is composed of two cell types. Neurons integrate and transmit
signals between themselves and with the organ systems of the organism. Glial cells provide a
host of supporting roles, including maintaining the precise extracellular concentrations of ions
and proteins neurons require for proper signaling as well as modulating the function of synapses
and providing the insulating layer needed to ensure rapid conduction of electrical signals along

axons. Recently, certain subsets of glial cells have been identified as central players in proper
development of the nervous system.
Neurons and glial cells can use a relatively small number of protein signals: extracellular
proteins, surface molecules, and diffusible signals, to establish complex, but reproducible neural
patterns. The commissure of the ventral nerve cord of Drosophila embryos provides a
compelling example of how all three of these signals play crucial and interacting roles during
development.
The ventral nerve cord in Drosophila consists of fused segmental ganglia with a midline
of glial cells, neurons and neuronal precursor cells and axons that approach and cross
predictably from either side. The cellular mechanisms underlying this developmental process
have been well described and provide a detailed overview of general cellular mechanisms in
nervous system development (Skeath, 2003). Diffusible signals influence cellular behavior over
large distances. In the embryonic nervous system of Drosophila, netrin acts as a diffusible
attractant for Frazzled-expressing neurons. Glial cells along the midline secrete this protein,
creating a chemical gradient that attracts Frazzled-expressing neurons from a distance. When the
growth cones of these axons reach the midline, they encounter Slit, a large protein found in the
extracellulatr matrix. Slit interacts with Roundabout (Robo) receptors on the growth cones,
halting their progress.
Once growth cones stop at the midline, Commissureless (Comm), a cell-surface protein
expressed by midline glia, interacts with an unknown receptor on the growing axons, temporarily
downregulating Robo expression and allowing the axon to cross (Jowdy, 2010). As the growth
cone passes the midline, the concentration of Comm decreases. Robo expression begins to
recover, sending the axon to the contralateral side and preventing them from recrossing.

This complex series of steps during development illustrates the concept of combinatorial
control. By interacting with one another in different ways, a relatively small number of proteins
can produce a complex pattern. The axons in this case are characterized by the presence or
absence of Frazzled, Robo, and the protein responsible for downregulating Robo. With three
proteins, there are eight possible expression patterns (assuming expression is all-or-none), so the
axons may have up to eight patterns of behavior. There are even more possible states
considering the possible expression patterns of the midline glia and the temporal dependence of
the effects.
Glial cells play a crucial role in commissure formation in Drosophila. They express or
secrete proteins that play a direct role in axonal organization. This dependence is not unique to
this developmental step, or even to this species. In the developing olfactory system of the moth,
antennal axons undergo a sorting process as they pass into the antennal lobe of the brain. This
process is mediated by glial cells. In glia-deficient moths, olfactory receptor cells axons failed to
fasciculate properly and some projected past the antennal lobe (Rössler, 1999). Glial cells also
play crucial roles in the development of the visual system in Drosophila, the system we are
studying.

General Principles of Visual System Organization
The principles of organization in visual systems across species are quite similar. Light is
captured by an array of photosensitive cells and transduced to electrical signals. These signals
are carried into the central nervous system in such a way that the spatial relationships of the bits
of information are preserved in the spatial relationships of the neurons. This arrangement is a
retinotopic map. In humans, the retinotopic map is present at each station in the visual pathway

from retina to cortex as well as in the axonal tracts connecting these stations. This map extends
through the lateral geniculate nucleus to layer 4 of the visual cortex of the occipital lobe (Sanes,
2010). In Drosophila, the map extends through the first and second optic neuropils, the lamina
and medulla of the optic lobe.
In addition to retinotopic maps, the Drosophila visual system employs the principle of
neural superposition (Braitenberg, 1967). In a system following this rule, neurons carrying
identical information will synapse onto the same secondary neuron to increase the signal-to-noise
ratio. In Drosophila, each ommatidium, the unit of the compound eye, contains eight
photoreceptors. Due to the curvature of the lenses of the ommatidia, the six peripheral
photoreceptors in a single ommatidium receive input from different points in space. However,
photoreceptors in six adjacent ommatidia will see the same point in space. The axons of these
photoreceptors will synapse at the same point, increasing signal strength (Figure 1).

Figure 1: An illustration of the principle of neural superposition. In this two-dimensional
simplification, photoreceptors are represented in blue and the ommatidia are represented in red. Due to
the overall curvature and the individual curved surfaces of the ommatidia, parallel light rays are refracted
in a characteristic pattern. The refracted light only reaches a small subset of the internal ommatidia, but
those that receive light from the same source synapse at the same point (green star).

Visual System Organization in Drosophila
The visual system of Drosophila is composed of the retina, which itself is composed of
approximately 800 ommatidia, and four optic neuropils that are structured in columns and layers:
the lamina, the medulla, the lobula, and the lobula plate ((Figure 2). Each ommatdium contains
eight photoreceptor cells. The six peripheral cell
cells (R1 - R6) are responsive to a broad spectrum
of light and function in motion detection
detection. They synapse in a regular fashion on the columnar
cartridges of the lamina following the rule of neural superposition. The
he columns themselves are
organized retinotopically. The two central photoreceptors (R7, R8) respond to specific
wavelengths of light and function in color detection
detection. They synapse in the medulla,
medulla maintaining
the retinotopic map established in the lamina (though it reverses in the posterior--anterior axis as
it passes through the optic chiasm
chiasm). Retinotopy is maintained into the lobula and lobula plate,
but we are primarily concerned with the first
first-order visual pathway.

Figure 2: A confocal image (labeled with 22C10 from DHSB) depicting the neuropil structures.

Visual System Development in Drosophila
Drosophila visual development begins in the 3rd instar larval stage when photoreceptors
begin to mature. This process begins at the posterior edge of the immature eye, in the eye
imaginal disc. R8 axons migrate from the eye disc, pioneering the future paths of other
photoreceptors. The anterior-posterior projections are regulated temporally. The early axons
reach the posterior targets, and then younger axons bypass these to reach more anterior targets.
Early axonal innervation of the brain is interdependent with migration of the retinal basal glia
into the eye disc (Choi, 1994). As photoreceptor axons enter the posterior region of the brain,
they stimulate glial cells to migrate along the axons into the developing eye disc. These glial
cells enwrap the axons from posterior to anterior.
As the R8 axons enter the brain, they begin secreting Hedgehog, stimulating lamina
precursor cells to proliferate and mature (Huang, 1996). R1-R6 project into the lamina,
following the trajectory of the R8 axons and terminating between two sheets of glial cells, the
epithelial and marginal glia (R7 continues past them just afterward). However, at this point, the
axons are bundled according to their ommatidial source. Since each receptor in an ommatidium
sees a different point in space, the bundles must be reorganized according to the rule of neural
superposition to produce an effective retinotopic map. Axons that see the same point in space
synapse onto retinotopically organized monopolar lamina neurons. These retinotopic units are
called lamina cartridges.
The columnar structure of the lamina is retained in the medulla. Moreover, there is a
one-to-one correspondence between the cartridges of the lamina and the columns of the medulla.
This fact is surprising given that the map passes through a chiasm, reversing its anteriorposterior orientation. R7, R8, and the monopolar neurons of lamina, which are carrying

information from R1-R6, terminate in specific layers of their retinotopically organized columns.
Though many of the cellular mechanisms underlying formation of these structures have been
discovered, knowledge is incomplete.

The EGUF-Hid System: A Mosaic Genetic Screen
The most straightforward way to examine complicated mechanisms is to alter one small
piece at a time. Traditional genetic screening methods are responsible for a great deal of our
current understanding of genetics and cellular mechanisms, but these traditional screens are
limited to studying viable mutations. Proteins that are critical for basic survival may also play
critical roles in more subtle developmental processes, but these subtle effects are overshadowed
by their importance. If the gene is mutated, the animal will not survive and the subtle effects the
gene plays will be missed.
Stowers et al. (1999) invented the ey-GAL4/UAS-FLP/GMR-Hid method, abbreviated
EGUF-Hid, which uses genetic mosaicism to circumvent this limitation. A reporter line, in
which a cell type, an organelle or membrane, or a protein of interest is tagged to permit
detection, must be bred to a line of interest and both must contain the same Flippase recognition
target (FRT), described below. When this is the case, the heterozygous offspring should be
distinguishable. The end result is the homozygous expression of some genotype in
photoreceptors and heterozygous expression in the rest of the animal. The method takes
advantage of several systems to achieve this end (Figure 3).
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Figure 3: An overview of the EGUF-Hid mechanisms. Eyeless protein (blue triangle), present in eye
tissue, binds to the eyeless promoter, which is upstream of a GAL4 gene. Gal4 protein (red triangle) binds
to a UAS promoter, causing transcription of Flippase. Flippase (green triangle) binds to FRT 82B causing
recombination (see Figure 3).

GAL4/UAS systems were discovered in yeast. When Gal4 (the gene product) is
produced, it binds to the UAS (upstream activation sequence) and stimulates transcription of the
gene downstream from the UAS. In the EGUF-Hid method, GAL4 is linked to eyeless, a
sequence of DNA that is activated by the protein of the same name. The key is that eyeless
protein is only found in eye tissue. Thus, Gal4 is only produced in eye tissue, so the gene under
control of UAS, flippase, is activated only in eye tissue.
Flippase binds to a specific region of DNA called the Flippase Recognition Target (FRT).
The arms of two FRT-bearing chromosomes, including the downstream genes, are swapped. In
this system, the FRT is linked to a dominant lethal gene, hid, under control of Glass, another
transcription factor localized to eye tissue. If recombination occurs an even number of times in a
pre-mitotic cell, the two daughter cells will be identical to their mother and the dominant lethal

gene causes cell death. However, if recombination occurs an odd number of times, the daughter
cells would be homozygous either for the lethal gene (in which case it dies) or for the gene of
interest (in which case it will survive). The entirety of the retina is composed of cells
homozygous for the gene of interest ((Figure 4).

Figure 4: Flippase expression in eye tissue causes recombination at the FRT 82B site. Above, all
possible combinations of recombination are shown. Any daughter cell receiving a Hid gene dies. The
only viable cells are homozygous for the mutation of interest.

Our Experiment
I am currently conducting a screen for anatomical abnorma
abnormalities
lities from recessive lethal mutations
of the 3R chromosome. Konrad Zinsmaier (Dept. of Neuroscience) generously donated a
catalogue of these mutagenized flies with the FRT82B. I cross the mutants with the EGUF-Hid
EGUF
line and select appropriate offspring. I then section the fly brains and use immunocytochemistry
to analyze the anatomy of the visual system using confocal microscopy. At this time, I have
completed four crosses and have found one possible mutation of interest.

Materials and Methods
Animals
Three fly lines were used in this study: the EGUF-Hid reporter line, the FRT82B
controls, and FRT82B 3R mutant flies. For this study, I selected a subset of the FRT82B 3R
mutant flies that had previously been determined to lack visual reflexes (Zinsmaier,
unpublished), but had no obvious superficial retinal deformities, allowing us to eliminate flies in
which the mutation disrupted the lens or pigment cells of the eye (Figure 5). Flies were raised at
23oC on standard cornmeal agar food.

Figure 5: An example of an abnormal retina (A249.1) and a normal retina (A303). Both of these animals
are blind, but the reasons behind A303’s blindness may be more interesting. A249.1 appears to have a
defect in retina formation in which individual ommatidia have fused. The ommatidial structure of A303
is intact.

For crosses, female virgins were selected from the EGUF-Hid line. Virginity is necessary
for reliably determining the genotypes of the offspring. Drosophila do not mate until at least
eight hours post-eclosion, so virgins can be reliably collected by emptying a vial of all adults and
then collecting females less than eight hours later. Females can be determined both by the shape

of the abdomen (Figure 6) and the absence of black sex combs on the fore-leg. For this
experiment, young flies were chosen only if they matched both criteria.

♂

♀

Figure 6: The male abdomen on the left is small and curved compared to the female abdomen on
the right. (Lindsley, 1992)

After 5-8 females had been collected, approximately 5 males were selected from the vial
containing FRT 82B 3R mutant flies and introduced into the vial containing the females. It is
important to have enough flies so that their larvae can churn the food. Otherwise, the food
begins to dry and peel away from the edges of the vial, creating a hazardous trap for adult flies.
Crosses were carried out at 23oC on standard cornmeal agar food, a slightly modified version of
the recipe used at Bloomington Stock Center. Heterozygous offspring were chosen on the basis
of absence of markers for balancer TM2 and TM3. Flies with the TM2 marker have slightly
enlarged halteres due to Ultrabithorax expression and flies with the TM3 marker have shortened

hairs on their dorsal side due to Stubble expression (Greenspan, 2004). The mosaic offspring in
this study lack both of the markers for these balancers.

Immunochemistry
Flies were anesthetized using carbon dioxide and dissected under modified HL-3 solution
(See Appendix). Dissection consisted of removing the proboscis and air sacs from the head
using fine forceps. Removal of the air sacs allows the heads to sink in the many solutions in
which they must be rinsed, improving sample quality.
Adapting Hamanaka et al.’s (2009) protocol to multiple antibodies, the heads were fixed
in 4% Paraformaldehyde in 0.1 molar phosphate buffer (0.1 M PB) for at least 4 hours at 4˚C.
After fixation, the heads were rinsed in PBS 3 times for 10 minutes. They were then embedded
in agarose and sectioned (along the dorsoventral axis) at 80 µm using a vibratome. Embedding
consists of a few complex steps which are subject to error. First, the agarose must be melted
slowly to avoid the formation of bubbles in solution, which would otherwise escape during
sectioning, disturbing the delicate brain tissue, so I melted it in a hot water bath. Next, the head
capsule must be dry enough that the agarose can adhere to the cuticle, but not so dry that the
brain tissue begins to desiccate, so I after I wick the excess PBS away from the head capsule, I
allow it to air dry for 20-30 seconds. Finally, the angle of sectioning must be as close as
possible to level. One useful technique is to cut the embedded agarose as in Figure 7, while
using the razor blade as a mirror to better see the angle of the cut. It is easier to match the
mirrored image on the razor blade to ensure a level cut than it is to estimate based on the
position of the head capsule alone.

Figure 7: A diagram showing my preferred method of preparing aan
n embedded fly head for sectioning.
After a drop of agarose has been placed onto a fixed fly head, there are two available attempts for a level
cut.

The sections were incubated in 1% Sodium Borohydride (to bleach photopigment
photo
in the
retina, which is intensely auto-fluorescent
fluorescent),
), then blocked for an hour in 5% normal goat serum
and 1% Triton-X
X in phosphate buffer with saline (PBST
(PBST/NGS). Finally, they were incubated in
primary antibody (1:10 for 8D12 and NC82, 1:50 for 24B10) in 0.5% PBST overnight.
After primary incubation, the sections were rinsed 3 times in PBST and incubated
overnight in 1:200 secondary antibody (g
(goat anti-mouse conjugated to Cy3).
Finally, sections were rinsed in PBST, then PBS, then 1:1 glycerol:water, then 4:1
glycerol:water and mounted
ted for confocal analysis on a glass slide in 4:1 glycerol:water (See
Appendix for a sample protocol)
protocol).

Antibodies
All antibodies were raised in mice against Drosophila proteins and purchased from the
Developmental Studies Hybridoma Bank. 24B10 binds to an epitope on chaoptin, which is
expressed by photoreceptor cells. 8D12 binds an epitope on repo, a transcription factor found in
the nucleus of glial cells. NC82 binds to an epitope on bruchpilot, a protein associated with
presynaptic terminals in drosophila (See Appendix for data sheets from DHSB).

Imaging and Analysis
Sections were viewed using a laser-scanning confocal microscope (Zeiss 510 meta). Serial
optical sections were imaged at 1-µm intervals and saved as three-dimensional stacks. Twodimensional projections were generated and brightened using LSM Image Browser software.
Images were rotated and or reflected using Adobe Photoshop to normalize the orientation of the
brain sections.

Results
A41, A301, and A303 do not show any extreme phenotypes. The neuropils, labeled with
NC82, show the normal, regular array of columns and layers and are essentially indistinguishable
from the controls. The photoreceptors, labeled with 24B10, appear intact in the lamina and
medulla. The 8D12 labeling also shows no visible deviation from normal. These three
mutations result in blindness, but the problem does not seem to lie in the architecture of the firstorder visual pathway.
In contrast, A328 shows an interesting phenotype. Upon examination of the layers of
glial cells in the lamina, the epithelial glia appear to be missing. More precisely, their nuclei are
not labeled by the 8D12 antibody.

Figure 8: The A41 mutation appears to have no visible deviations from the controls. Glial cells are intact,
the neuropils are orderly (the cells at the upper left appear to be epithelial cells that were pushed down
during sample preparation), and the photoreceptor projections are regular (note, however, the
difference in scale between the two 24B10 images).

Figure 9: The A301 mutation appears to have no visible deviations from the controls. The laminar glial
cells are intact, the neuropils appear normal (the dark areas are shadows from tracheoles which are
visible under brightfield view), and the photoreceptor projections appear normal.

Figure 10: The A303 mutation has yet to be completely characterized. The 8D12 staining was of low
quality, so no conclusions can be drawn. The NC82 staining was of low quality as well, but the overall
structure appears normal. The 24B10 label shows the regular structure in the lamina and medulla. The
black pattern in the retina is due to the extreme overexposure of the retina required to show the inner
structures. It is an effect from editing, not from the actual data.

Figure 11: Mutation A328 deviates visibly from control preparations. Most importantly, the epithelial
glia are apparently missing from the lamina. NC82 labeling is weak in the deeper regions of the optic
lobe compared to the lamina. 24B10 labeling is of a lower quality. It looks diffuse in the lamina, though
R7 and R8 appear normal.

Figure 12: At higher magnification, it is easy to see that the epithelial glial cells are missing in the A328
mutant (right). These cells are present in the other mutants (A301 left) as well as in the FRT controls.
Epithelial glia are identifiable by their elongated nuclei that extend in the direction of the lamina
columns. The Lamina

Discussion
Analysis of Visual System Structure in Recombinant Offspring
We have undertaken a forward screen of recessive lethal mutations using the EGUF-Hid
recombination system to search for new alleles affecting the gross anatomy of the visual system
in adult Drosophila. Babcock et al. (2003) identified several such anatomical mutants while
screening for mutations affecting synaptic transmission. We hypothesized that we would find
anatomical mutants in the visual pathway by using the EGUF-Hid system on blind flies with
normal superficial anatomy of the retina. Interestingly, anatomical mutations seem to be
relatively rare. Of the four lines for which analysis was completed, only one was a possible
candidate for further study. This may suggest that the structural organization of the visual
system has redundant control mechanisms during development or that any structural changes that
occurred were changes below the level of resolution we used for screening with the confocal
microscope.
Nevertheless, the method has been shown sufficient to reveal at least some structural
mutations. For example, Babcock et al. examined visual system structure in synaptic deficiency
mutants. They found grossly abnormal anatomy in a small subset of the mutants. The mutations
cause severe disruption of photoreceptor spacing and neuropil structures in the optic lobe.
Babcock et al. excluded these animals from their study since they were interested in synaptic
deficiency. They concluded that these anatomical defects were the cause of observed abnormal
phototactic behavior rather than a defect at the synapse. We, however, are interested in the
mechanisms underlying the formation of the visual pathway, especially in the interactions
between neurons and glial cells.

Figure 13: Babcock et. al (2003) screened for and removed mutations that caused abnormal development
of the neuropil structures. The images in the left column are labeled using 24B10. The images on the
right are labeled using NC82. Each row is one mutant phenotype.

Redundancy and Networks in Biological Systems
Redundant genes have overlapping biochemical functions. These patterns can arise
through gene duplication or convergent evolutionary processes. Redundancy confers an
evolutionary advantage to a species by decreasing the lethality of mutations. One gene can act as
a failsafe if the other undergoes what would otherwise be a lethal mutation. However, given two
perfectly redundant genes, there would seem to be no natural selection pressure to maintain both
genes over an evolutionary time span. The population frequency of one of the redundant genes
would decay over time.

Nowak et. al.(1997) propose a mathematical model to explain the widespread
observations of redundant genes. If two genes, A and B, with efficacies such that ݁  ݁ , have
overlapping functions and incur lethal mutations at rates ߤ and ߤ , they can coexist if ߤ  ߤ .
If B codes for a less effective gene product, it can only coexist with A if it undergoes lethal
mutation at a lower rate. This solution maintains natural selection pressures on both genes,
providing stability over an evolutionary time span.
Alternatively, they show that if a gene, C, serves a certain function, ܨଵ , and another gene,
D, serves the same function ܨଵ at a lower efficacy, C can coexist with D if it serves another
function ܨଶ (Nowak, 1997). Again, this system maintains selection pressure on both genes,
providing stability over long periods of time. Since C is required for ܨଶ , it must be maintained
and it should always be present in the species. D, on the other hand can undergo a severe
mutation without resulting in the death of the organism, because C can fill in. As long as the
disadvantage is real, even if it is small, D will be evolutionarily stable as well. By expanding
this idea of sharing functions to a larger number of genes, we come up with the network model
of genomes.
A small world network is a mathematical object that shares some interesting properties
with genomes. The mathematical object begins with a circle of nodes, each connected to a few
of its neighbors. A proportion of the connections are then randomly rewired, resulting in a few
nodes having many connections, but most nodes having very few. In its genomic metaphor, the
nodes are genes and the connections are the relations the genes, or their products, have with one
another. The system tends to be stable even if nodes are removed at random, because a random
node is unlikely to be important and because different nodes can often function redundantly,
filling in for the removed node. The exception is when a “hub” is removed. Hubs represent the

few nodes in the system that have a large number of connections. Removing them severely
disrupts the network. If genomes behave like small world networks, finding a gene that disrupts
normal development is akin to finding the hub in a network. This explains why most mutations
have no observable phenotype.
The apparent resilience and durability of the developing nervous system in Drosophila
contrasts intuitively to the extremely intricate cellular mechanisms underlying development.
This is by no means a contradiction. The system is intricate, but it does not have to be fragile.

Combinatorial Intricacy
A small number of signals can have diverse effects if each receptor affects cellular
behavior. Consider a system in which the presence or absence of a receptor solely determines a
unique behavior. If n is the number of receptors involved, there are 2n possible expression
patterns, so there is an equal number of possible unique behaviors. Assuming an all-or-none
response, the number of possible behaviors doubles for every protein that plays a significant role.
If the cells can influence each other’s behavior, the number of possible interactions grows
even faster with added proteins. Assuming each cell interaction is uniquely determined by the
expression patterns of the interacting cells, there are 2nm possible states for m interacting cells.
This is simply the maximum number of interactions. Since cells generally use simple rules for
determining behavior and interactions, it is unlikely that every expression pattern and every
interaction would generate a unique pattern. This just shows the immensely complex reservoir
of possibilities from which cells can draw.
Now that we’ve examined some of the ideas foundational to understanding
developmental biology, let’s turn back to the visual system in Drosophila and apply them.

Cellular Mechanisms in Drosophila Visual System Development
During pupal life, the developing eye disc undergoes a wave of morphogenesis from
posterior to anterior. In this spatiotemporal wave, photoreceptors begin to mature and their
axons, beginning with R8, migrate toward the optic stalk.
As photoreceptor axons migrate out of the eye disc, the retinal basal glia migrate into the
eye disc (Choi, 1994). These same glial cells must migrate into the eye disc in order for
subsequent rows of photoreceptor axons to migrate into the developing optic lobe (Rangarajan,
1999). Thus, this first step in visual development is dependent on the interactions between glia
and photoreceptor axons.
Photoreceptors then induce maturation of cells in the lamina as they pass through the
optic stalk into the developing optic lobe. Hedgehog, a protein secreted by R8 axons, is required
for this process (Huang, 1996). Furthermore, Hedgehog stimulates lamina precursors to express
epidermal growth factor receptor (EGFR) on their cell surfaces. Spitz, a protein secreted by
other photoreceptor cells, interacts with these EGFRs, helping to establish the columnar structure
of the lamina (Huang, 1998).
Although photoreceptors stimulate lamina development as they approach, they do not
form synapses yet. R1-R6 stop between the epithelial and marginal glia, forming the lamina
plexus as they defasciculate and migrate laterally to establish new fascicles based on the
principle of neural superposition (R7 and R8 axons continue past the lamina plexus). This stop
signal requires receptors on both the glial cells and the R1-R6 growth cones. In Drosophila
mutant for the glial proteins, non-stop or JAB1/CSN5, photoreceptors migrate past the lamina

into the medulla (Suh, 2002). Off-track, Misshapen, Dreadlocks, and Bifocal are all
photoreceptor proteins required for R1-R6 to terminate in the lamina.

Possible Explanations for Phenotype A328
The A328 mutation appears to affect the epithelial glial cells, identifiable by their
elongated nuclei. More precisely, they seem to be missing. Nevertheless, the photoreceptors
seem to have developed properly. This is surprising since the photoreceptor terminals stop
between the epithelial and marginal glia during development.
Photoreceptor innervation plays an important role in proper development of lamina glial
cells. In so and eya mutants, photoreceptors do not innervate the lamina. In these animals, there
are far fewer repo-positive cells (Chotard, 2007). A photoreceptor-dependent factor is
responsible for proliferation, differentiation, and migration of glial cells in the lamina, though it
is not required for the formation of glial precursors (Huang, et al. 1998).
There are several possible explanations for the absence of the epithelial glia in the
lamina. Based on the 24B10 labeling, it appears that the photoreceptors reach the lamina, but
they may fail to secrete the factor at levels that cause proliferation, differentiation, or migration
of the epithelial cells. Migration of glia in the lamina depends on optic lobe axons acting as
scaffolds extending between the region in which the glial cells are born and the various neuropils
of the optic lobe. Perhaps a critical protein involved in this process is faulty. It is also possible
that the epithelial glial cells developed normally, but died for some unknown reason.
It is more difficult to explain the apparently normal structure of the neuropils in these
animals. The photoreceptor terminals are supposed to stop between the epithelial and marginal

glia during pupation. The stop signal should still be present on the marginal glia, but surely the
epithelial glia play a role in this process as well.
This forward screen has uncovered a recessive lethal mutation on the 3R chromosome of
Drosophila which causes the absence of epithelial cells of the adult visual system. It would be
greatly beneficial to find out if the structure of the visual system is truly normal, or if the effects
are too small to be seen at our current maximum resolution. Future work should involve
uncovering the developmental defect responsible for this phenotype and characterization of the
gene.
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Appendix

Adult Drosophila Section Immunohistochemistry Protocol
Day 1
___ Dissect and fix heads in 4% Paraformaldehyde in 0.1 M Phosphate Buffer (PB)

Day 2
___ Rinse 3 × 10 minutes in Phosphate Buffered Saline (PBS)
___ Embed in agarose and section at 80 µm
___ Incubate sections in 1% Sodium Borohydride in PBS for 20 minutes
___ Block in 5% normal goat serum (NGS) in 0.5% Triton-X in PBS (PBSTNGS)
___ Incubate in primary antibody (1:10 for NC82 and 8D12, 1:50 for 24B10) in 0.5% Triton-X
in PBS (PBST)

Day 3
___ Rinse 3 × 10 minutes in Phosphate Buffered Saline (PBS)
___ Incubate in 1:200 secondary antibody in 0.5% PBST

Day 4
___ Rinse 3 × 10 minutes in PBST
___ Rinse 3 × 10 minutes in PBS
___ Rinse 15 minutes in 50% glycerol:water
___ Rinse 15 minutes in 80% glycerol:water
___ Mount on a slide with a cover slip in 80% Glycerol:Water

8D12 anti-Repo
INVESTIGATOR
Name
Corey Goodman
Address University of California, Berkeley, Department of Molecular and Cell Biology, 519 Life Sciences Addition, Berkeley,
CA 94720
Phone
(510) 643-3465
This monoclonal antibody directed against Drosophila Repo protein was developed in Corey Goodman’s lab by Bradley W.
Jones and Beth Blankemeier.
IMMUNOGEN
Substance
Name
Origin
Chemical Composition
Developmental Stage
IMMUNIZATION PROTOCOL
Donor Animal
Species
Strain
Sex
Organ and tissue
Immunization
Dates immunized
Amount of antigen
Route of immunization
Adjuvant
FUSION
Date
Myeloma cell line
Species
Designation
MONOCLONAL ANTIBODY
Isotype
Specificity
Cell binding
Immunohistology
Antibody competition
Species Specificity

6-histidine tag fused to amino acids 218-612 of Drosophila Repo protein, expressed in pQE30
vector (Qiagen) in E. coli, purified in denaturing conditions (urea) and dialyzed in PBS

mouse
Balb/c
female
spleen
12/1996-2/1997
50 g/mouse/injection, 100 g final boost
IP
RIBI

2/1997
mouse
P3 x 63 Ag8.653

IgG1, kappa light chain
recognizes Repo protein in Drosophila; excellent marker for glial cells; stains the nuclei of all glia,
except for the midline glia

works in Drosophila, not tested in other species

ANTIGEN
Chemical properties
Molecular weight
Characterization
Immunoprecipitation
Immunoblotting
Purification
Amino acid sequence analysis
Functional effects
use at 1:5 – 1:10 dilution for whole mount immunohistochemistry
Immunohistochemistry
PUBLICATIONS :
Alfonso, T.B., and Jones, B.W. (2002). Gcm2 promotes glial cell differentiation and is required with glial cells missing for
macrophage development in Drosophila. Dev. Biol. 248(2), 369-383.
Potter, C.J., Tasic, B., Russler, E.V., Liang, L., and Luo, L. (2010). The Q system: a repressible binary system for transgene
expression, lineage tracing, and mosaic analysis. Cell 141(3), 536-548.
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nc82
INVESTIGATOR
Name
Erich Buchner
Address Department of Genetics & Neurobiology, Biocenter, Am Hubland, 97074 Wuerzburg, Germany
Phone
+49-931-888-4478
IMMUNOGEN
Substance
Name
Origin
Chemical Composition
Developmental Stage
IMMUNIZATION PROTOCOL
Donor Animal
Species
Strain
Sex
Organ and tissue
Immunization
Dates immunized
Amount of antigen
Route of immunization
Adjuvant
FUSION
Date
Myeloma cell line
Species
Designation
MONOCLONAL ANTIBODY
Isotype
Specificity
Cell binding
Immunohistology
Antibody competition
Species Specificity

head homogenate

adult

mouse
Balb-c
male
spleen
1988
60 heads homogenized
I.P.
none

1988
mouse
P3X63Ag8.653

IgG1, kappa light chain
neurons
synaptic active zones
n.d.
cross-reacts with several insect species

ANTIGEN
n.d.
Chemical properties
Molecular weight
205 kDa
Characterization
Immunoprecipitation
n.d.
Immunoblotting
n.d.
Purification
n.d.
Amino acid sequence analysis
Functional effects
n.d.
Immunohistochemistry
neuropil, synaptic active zones
PUBLICATIONS :
Wagh, D.A., Rasse, T.M., Asan, E., Hofbauer, A., Schwenkert, I., Dürrbeck, H., Buchner, S., Dabauvalle, M.-C., Schmidt, M., Qin,
G., Wichmann, C., Kittel, R., Sigrist, S.J., and Buchner, E. (2006). Bruchpilot, a protein with homology to ELKS/CAST, is
required for structural integrity and function of synaptic active zones in Drosophila. Neuron 49, 833-844.
Potter, C.J., Tasic, B., Russler, E.V., Liang, L., and Luo, L. (2010). The Q system: a repressible binary system for transgene
expression, lineage tracing, and mosaic analysis. Cell 141(3), 536-548.
Seki, Y., Rybak, J., Wicher, D., Sachse, S., and Hansson, B.S. (2010). Physiological and morphological characterization of local
interneurons in the Drosophila antennal lobe. J. Neurophysiol. 104, 1007-1019.
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24B10
INVESTIGATOR
Name
Seymour Benzer
Address California Institute of Technology, Division of Biology 156-29, 1200 E. California Blvd., Pasadena, CA 91125
Phone
(626) 395-4963/6476
IMMUNOGEN
Substance
Name
Origin
Chemical Composition
Developmental Stage

homogenates of adult fly heads
Drosophila melanogaster
C-S strain

IMMUNIZATION PROTOCOL
Donor Animal
Species
Strain
Sex
Organ and tissue
Immunization
Dates immunized
Amount of antigen
Route of immunization
Adjuvant

5 injections containing material from 20-50 flies
4 intraperitoneal, 1 intravenous injections
Freund’s

FUSION
Date
Myeloma cell line
Species
Designation

mouse
NS-1

MONOCLONAL ANTIBODY
Isotype
Specificity
Cell binding
Immunohistology
Antibody competition
Species Specificity

mouse
Balb/c
female

IgG1, kappa light chain

photoreceptor cells and their axons

ANTIGEN
chaoptin
Chemical properties
160 kDa
Molecular weight
Characterization
Immunoprecipitation
Immunoblotting
Purification
Amino acid sequence analysis
Functional effects
Immunohistochemistry
PUBLICATIONS :
Fujita, S.C., Zipursky, S.L., Benzer, S., Ferrus, A., and Shotwell, S.L. (1982). Monoclonal antibodies against the Drosophila nervous
system. Neurobiology 79, 7929-7933.
Zipursky, S.L., Venkatesh, T.R., Teplow, D.B., and Benzer, S. (1984). Neuronal development in the Drosophila retina: monoclonal
antibodies as molecular probes. Cell 36, 15-26.
Van Vactor, Jr., D., Krantz, D.E., Reinke, R., and Zipursky, S.L. (1988). Analysis of mutants in chaoptin, a photoreceptor cellspecific glycoprotein in Drosophila, reveals its role in cellular morphogenesis. Cell 52, 281-290.
Hiesinger, P.R., Scholz, M., Meinertzhagen, I.A., Fischbach, K.-F., and Obermayer, K. (2001). Visualization of synaptic markers in
the optic neuropils of Drosophila using a new constrained deconvolution method. J. Comp. Neurol. 429, 277-288.
Lampel, J., Briscoe, A.D., and Wasserthal, L.T. (2005). Expression of UV-, blue-, long-wavelength-sensitive opsins and melatonin
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Modified HL-3 Medium
Chemical
NaCl
KCl
CaCl2
MgCl2
NaHCO3
Trehalose
Sucrose
Hepes
Alter pH to get to 7.2

Concentration (mM)
70
5
1.5
4
10
5
115
5

