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ABSTRACT
In Drosophila central nervous system, neurons and glia collaborate on tasks that are essential for
the survival and development of neural organization, such as energy metabolism and
neurogenesis. Astrocyte-like glial cells closely associate with the synaptic region neuropil in the
ventral nerve cord (VNC). To obtain a better understanding of their potential contribution to
neuronal circuit function, the spatial relationship between neurons and glial cells must be
characterized. In the first phase of this study, I determined the number of glial cells and their
positions in two specific VNC segments (3rd thoracic and 1st abdominal) of 3rd instar Drosophila
larvae by employing a genetically encoded fluorescent protein, GFP, targeted specifically to the
glial cell bodies and labeling a Fasciclin II positive axons as reference points. The confocal
image reconstructions revealed that each segment typically had ten glial cells and only about half
of them were consistently observed. In the second phase, I used Flybow technique to induce the
expression of different fluorescent proteins in glial cells and observed their branching pattern.
These glial cells extended their branches in stereotyped positions in the neuropil suggesting that
each glial cell occupies its own domain, consistent with findings for astrocytes in vertebrate
cortex.
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INTRODUCTION
Background & Questions to be investigated
The human brain contains nearly ninety billion neurons. These neurons grow processes called
axons to reach their target areas and connect with the dendritic processes of other neurons to
create a neuronal network for proper communication. Thus, how neurons find their destined
binding sites where they make precise patterns of connection is a fundamental question in
neuroscience. In the human brain, there exist almost as many non-neuronal cells, called glial
cells, as neurons. Glial cells were primarily known to maintain homeostasis and provide
protection and trophic support for neurons, but recent studies show that glial cells contribute
significantly to many developmental processes, including axon guidance and dendritic branching,
and further suggest an additional potential solution to the unanswered molecular mechanisms
underlying precise neuronal wiring.
The glia-neuron interaction is crucial in axon pathfinding (Han, et al. 2010). In Drosophila, glial
cells regulate and guide axon growth by providing important cues to the growth cones,
ensheathing the developing motor and sensory neurons, and migrating along with axons toward
the post-synaptic region of other neurons and muscle targets (Chotard, et al. 2004). For instance,
midline glial cells in the embryo send specific cues to help guide axonal growth cones toward or
away from the ventral nerve cord midline. In the olfactory pathway of Manduca sexta, glial cells
form inhibitory boundaries to stabilize and restrict axon growth and dendritic branches (Oland, et
al. 2003). Glial cells are also involved in neurotransmitter homeostasis, especially in the more
mature nervous system. They exchange metabolites and ions with neurons and take up
transmitters such as glutamate, GABA, and histamine. In the vertebrate CNS, glial processes
expressing glutamate transporters induce temporal specificity at synapses by limiting the
duration of transmitter action on postsynaptic receptors (Parker, et al. 2003). At the same time,
they function as a physical and mechanical diffusion barrier by reducing the distance over which
glutamate can diffuse away from the synaptic space and thus prevents the activation of receptors
at neighboring synapses (Parker, et al. 2003). Recently, glial cells in the rat hippocampus have
been shown to regulate learning and memory by releasing D-Serine, an essential co-factor for the
induction of LTP (Henneberger, et al. 2004). This and other evidence suggests that there are
many as yet undiscovered interactions between glial cells and neurons, not only at the synaptic
cleft specifically but also within the neuropil.
Current literature has begun to address the physiological interactions between glial cells and
neurons, but the level of understanding of the underlying cellular mechanisms is still very limited.
Thus, this project has focused on understanding how glial cells influence the responsiveness of
neurons in active circuits represented by Drosophila’s central nervous system. What we don’t
know is whether neuronal activity affects glial cell activity, and vice versa. To be able to
understand the nature of neuron-glia interactions, it is first necessary to know how glial cells are
placed within a specific segment of the VNC and invest the neuropil in which neuronal dendrites
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are located in order to determine the spatial relationship between the glial cell processes and
neuronal synapses. This study is performed at both the confocal microscopy level and eventually
at the electron microscopy level and involves creating a 3-dimensional model from these
microscopy data to help analyze spatial glia-neuron interactions.
Therefore, the goal of this thesis is to study the spatial relationships between glial cell processes
and neurons in the synaptic neuropil of the VNC of Drosophila melanogaster. I am
collaborating with a graduate student who will be responsible for elucidating physiological
interactions between neurons and glial cells in this region. By collecting data to understand both
physical and chemical interactions, we will be able to produce a more complete model of the
conversation between glial cells and neurons. Understanding the nature of spatial neuronal-glial
interaction will allow us to answer questions such as: Are the synapses always associated with
glial processes? At what density do glial processes invest the neuropil, especially in the region
in which motor neuron processes branch?

Study Model
Drosophila melanogaster (Figure 1) is a common fruit fly
widely used in many fields of biological research. This insect
serves as a model for studying many different cellular,
physiological and developmental processes common to other
eukaryotes, including humans (Adams, et al. 2000). Many
studies have been able to take advantage of its genome, the
majority of which has been sequenced, and genetic variant of
this fly model have been used widely for cellular manipulations,
such as programming certain cell types to undergo apoptosis
(cell death) or auto-fluorescent proteins to be synthesized and
tagged within the cells of interest. Drosophila transgenic lines
with a number of genetic manipulations to allow cell- and
tissue-specific labeling are already available in the lab.

Figure 1. The life cycle of
Drosophila Melanogaster.

For this thesis, the VNC of Drosophila melanogaster third-instar larvae (Figure 2) was used.
The VNC is a neural structure where glial and neuronal cell bodies lie in a rind around the
perimeter of the structure and their processes branch into a region that lacks cell bodies and is
stretched along the dorsal side of the VNC to form complex network of processes called neuropil.
The physiology of neurons in the VNC and their distribution in the neuropil has been studied in
some detail. Thus, the observation of neuron-glia interaction will be focused on the neuropil of
the VNC.
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Figure 2. Schematic diagrams of the central nervous system of Drosophila. A) Lateral view. B) Dorsal view, C)
Cross section through the VNS showing the rind of cell bodies and the dorsally located neuropil. From: K. Ito et al.,
1995

In the neuropil, there is a set of axonal tracts running within and
along the length of the VNC that label with a cell adhesion
molecule called Fasciclin II. Fasciclin II acts as a signal
involved in axon guidance during embryonic development (Lin,
et al. 1994). These tracts are marked with fluorescence by
immunolabeling to provide a convenient spatial reference
system to describe the positioning of the dendritic branches and
cell bodies (Figure 3). The motor neuron dendritic branches and
cell bodies in the VNC have previously been charted this way
and such landmark system has proven reproducible and
consistent.

Research Procedure
In order to investigate the physical interactions between glial
cells and neurons, one must specify the locations of glial cells
and neuronal cells in the VNC. We are focusing on motor
neurons in this study. Neuronal cells have already been charted
and categorized by types along the VNC as well as in the
neuropil (Kim, et al. 2010). Thus, glial cells needs to be charted
in the similar way, in terms of cell body location and
distribution of dendrites, to understand what types of glial cells
are present, whether there are any variants, and whether there
are particular spatial associations with neurons that perform
specific functions.

Fig. 3. Fas II landmark system.
A1 and B1. Dorsal view of the
Fasciclin II tracts. A2 and B2.
Cross-sectional view of the
tracts. From: Santos, et al. 2007

Fig. 4. Neuromere structure
showing functionally different
neuropil area. From: Zlatic, et
al. 2009
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Thus, in the first phase of this study, I surveyed the location and distribution of glial and motor
neuron cells in the whole mount VNC and the neuropil at the confocal microscopy level using
the Drosophila larvae that genetically express green fluorescent proteins (GFP) in those cells.
In the second phase of this study, I employed a genetically encoded fluorescent protein, GFP,
targeted specifically to the cell bodies of astrocyte-like glial cells and, in the same preparations,
used immunocytochemistry to label the reproducible Fasciclin II-positive axonal tract landmark
system. Reconstruction of the distribution of glial cells from confocal images revealed that each
hemi-segment typically has seven glial cells and that the cell body position of only about half of
them was consistent.
In the third phase of this study, I employed genetically encoded fluorescent proteins to chart and
categorize the glial cell processes in the VNC with respect to the Fasciclin II landmark system.
However, in the genetic lines available in the lab, all glial cells expressed GFP with the same
color fluorescence, making it impossible to distinguish the processes of individual glial cells.
Thus, I turned to the Drosophila variants of the mouse Brainbow – 2 system, called the Flybow
system. In this system, genetic engineering allows individual glial cells to be labeled with
fluorescence of different colors. Multi-colored labeling of individual cells occurs by inversion
and excision of genetic cassettes. This is achieved by combining the Gal4-UAS system and a
modified inducible Flp-FRT system to provide spatial and temporal control of membranetethered fluorescent protein expression (Hadjieconomou, et al. 2011). Upon heat-shock of the
transgenic Drosophila larvae during development, genetic rearrangement occurs independently in
each differentiated glial cell, resulting in a unique florescent protein expression profile in each
cell. With the ability to resolve the processes of a single glial cell, I can assess the extent of
neuropil investment of single glial cells, chart their positions in the neuropil, and, in situations in
which a few glial cells are labeled with different colors, be able to tell whether each glial cell
occupies its own territory (domains) or overlaps with others. As with other protocols,
immunocytochemical processing and confocal microscopy imaging are applied after heat
shocking the flies.

Relevance of the project
This project provides a 3-dimensional map of the spatial relationships between neuronal and glial
processes, which is the first and necessary step in making hypotheses about the nature of
electrophysiological interaction between neuronal and glial cells. Such interactions are poorly
understood in either vertebrates or invertebrates. Knowing how glial cells and neurons are related
spatially will complement physiological data also being collected in the lab to expand our
understanding of the communication mechanisms by which glial cells modulate the neuronal
circuit output. In the vertebrate cortex, approximately 60-80% of the synapses have closely
associated glial processes; whether glial processes outside the synaptic arrangement have
specific functions is unknown. While this tripartite synaptic arrangement is thus common in the
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vertebrate CNS and has received considerable attention, the function of glial cell processes in a
neuropil in which glial processes are not spatially associated with synapses is poorly understood.
In Drosophila, the lack of tripartite synapses in the CNS neuropil presents an opportunity to
address this question. As a whole, this study in Drosophila should help extend the understanding
the glia-neuron interactions occurring in both vertebrate and invertebrate systems.
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METHODS
For surveying the neurons and glial cells in the whole mount VNC, flies with the genotype, w;
noc_sco/Cyo; RRA-GAL4, UASmCD8::GFP, were used to observe a subset of motor neurons, aCC and RP-2. GFP was expressed under the control of the RRA promoter. For glial cells, flies
with the genotype, w; UAS-GFP.nls/+; alrm-GAL4/+, were used to observe a subset of glial cells
expressing GFP under the control of the alrm promoter, which is found only in neuropilassociated glial cells. Also, other flies in which glial cells were GFP-labeled under control of the
Nrv2 and Repo promoters, both associated only with glial cells were used to observe the strength
and extent of glial labeling.
Because I was interested in the spatial distribution of glial cells and their processes, I first
confirmed that I could replicate the Fas II landmark system. Fas II tracks were immunolabeled
on VNC cross-sections containing GFP-expressing motor neurons, MN1-1b. For Fas II, the
primary antibody used was mouse-anti-Fas2 (1D4G9, #007-49) at 1:200 concentration in
phosphate-buffered saline with Triton X-100 (PBST (0.1%) with 2% BSA; the secondary
antibody used was goat-anti-mouse Cy-3 (IgG Fab’) at 1:200 concentration in PBST(0.1%).
Next, I screened different fly lines that genetically label glial cells with GFP in cross-sectioned
preparations. Prior to this, the genotypes of four fly lines, w; UASmCD8:GFP/+; repo-GAL4/+
(membrane-targeted GFP with repo promoter), w; UAS-CD4-tdGFP/+; alrm-GAL4/+
(membrane-targeted GFP under alrm promoter), w;UASGFP.nls/+; Repo-GAL4/+ (nucleartargeted GFP under repo promoter), and UAS-GFP.nls X Alrm-GAL4 (nuclear-targeted GFP
under the alrm promoter) were used to find the line that expresses the glial cells the best. The
repo promoter allows targeting to most glial cells.
Then, larval VNCs from animals with the genotype w; UAS-GFP.nls/+; Alrm-GAL4/+, were
used to investigate the distribution of neuropil-surrounding glial cell bodies along the 3rd
thoracic segment and 1st abdominal segment with respect to the Fas II landmarks. These images
were traced, and the analyzed to determine the typical cell body locations of the glial cells. 3D
reconstruction procedures are described below under “3D tracing”.
Finally, the Flybow technique was employed using genetically modified flies through mating to
investigate the distribution of glial processes in the neuropil of 1st abdominal segment and 3rd
thoracic segment and is described in its section below.

Animal Collection/Husbandry
Adult flies were raised and maintained in vials containing standard cornmeal with yeast
(modified Bloomington diet) at room temperature (27oC). 3rd instar wandering larvae, the last
larval stage before the pupal stage, were used in all experiments. The larvae were collected using
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a soft, moist paintbrush. New generation flies were transferred to a new vial with fresh food
about every two to three weeks.

Genetic crosses
Drosophila flies have four chromosomes, the 1st being the X/Y sex chromosome and the second,
third, and fourth chromosomes being autosomes. The fourth chromosomes are small, and thus,
rarely utilized for genetic crosses. For this thesis, second chromosomes and third chromosomes
are indicated by Roman numeral letters (II; III), and each chromosome is separated by a colon (;).
For simplicity, the sex chromosome is omitted.
In order to obtain the flies with desired genetic sequences, it was frequently necessary to mate
different flies with known genes for up to 4 generations. To help keep track of the identity of
chromosomes with no phenotypes, balancer flies with four mutations with distinct phenotypes
were used. Here is an example of obtaining flies that have UAS-flybow1.1; alrm-gal4 (II; III)
sequence using the following flies:
•
•
•

cyo-gfp / tft ; TM3-SER-gfp / Sb (balancer fly)
alrm-gal4; alrm-gal4
UAS-flybow1.1 ; +

Figure 6. Fly crossing example.
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Immunocytochemistry
Prior to immunocytochemistry, 3rd-instar wandering larvae VNC with brain lobes attached were
dissected in HL-3 solution and fixed in 4% paraformaldehyde in 0.1M PO4 solution at room
temperature. Throughout the experiment, the preparations were stored, incubated and washed in
handmade baskets, and the sample was covered in foil if it contained fluorescent markers. After
fixation, tissues were washed in phosphate-buffered saline (PBS). For sectioning, the samples
were embedded in 8.0% low-melting-point Agarose and sectioned with a vibrating microtome
(Vibratome) in thicknesses ranging from 80 – 100 microns. Some preparations were processed as
whole mounts. For immunocytochemistry, the preparations (or sections) were washed in PBS
with 0.1% Triton, blocked with a solution that contains PBST (0.1%) and 2% BSA, and then
incubated in a primary antibody overnight at 4oC. Next day, they were washed in PBST (0.1%)
and then incubated in a secondary antibody overnight at at 4oC. The preparations then were
washed with PBS, then with 0.01M Tris buffer, and incubated in Syto 59 (1:20,000 concentration)
in Tris buffer for an half hour before being washed with Tris buffer again. Finally, the
preparations were washed using glycerol (50% in distilled water) and then mounted on the glass
slide with glycerol (80% in distilled water).

Confocal microscopy / 3D Tracing
The whole mount and sectioned brain preparations were imaged using a Zeiss 510 Meta laser
scanning confocal microscope equipped with three channels of lasers (red helium neon, green
helium neon, and argon). The images were viewed and stacked for 3D rendering using Zeiss
LSM Image Brower and processed (adjusting levels and brightness) using Photoshop software.
For tracing the cells and structures of interest from confocal images, Reconstruct software was
used in conjunction with a WACOM tablet drawing interface. For 3D reconstruction, the
position of all glial cells in each segment in each of three samples were traced along with
reproducible Fasciclin II-positive axonal tract landmarks, which were used as a fiduciary matrix
against which to chart the location of glial cells along the VNC segments (3rd thoracic and 1st
abdominal). Then, the glial cell traces that had consistent positioning were determined using the
fiduciary system, quantitatively averaged, and traced back with respect to the Fas II landmarks to
create a 3D reconstruction of glial cells that have consistent and repeated placements along the
VNC segments.

Flybow / Heat shock
Flybow is a method of regulating transgene expression by activating heat-shock promoter
proteins (hs-mFLP5) to induce inversion and excision of DNA cassettes containing sequences
that encode for different membrane-tethered fluorescent proteins (Hadjieconomou, et al. 2011).
Figure 7 shows the Flybow system for version 1.1 and 2.0 with four different fluorescent
proteins (eGFP and mCitrine; mCherry and Cerulean-V5). Both systems contain two invertible
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cassettes, each encoding two fluorescent proteins. These cassettes are arranged in opposing
orientation and can be excised or recombined in the same or opposing orientation, triggering
expression of different fluorescent proteins upon the activation of mFlp5 under the control of the
heat-shock promoter, which is activated at a temperature higher than room temperature. FB2.0,
additionally, contains an extra stop cassette that can be excised by Flp protein.

Figure 7. Schematics of Flybow variants (Hadjieconomou, et al. 2011)

For Flybow experiments, several generations of flies available as stock were crossed to generate
a male fly with genotype, UAS-FB2.0; alrm-gal4, and female flies with genotype, yw,hs-flp;
wg,gla,bc/hs-mflp; +. These flies were crossed and their larvae were heat shocked in a water bath
at 37oC from 72 hours to 120 hours after-egg-laying age in 24-hour interval. The duration of heat
shock ranged from 30 minutes to 6 hours. Once the larvae became 3rd instars, dissection and
immunocytochemistry of the VNC were performed.
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RESULTS
Initial Screening
Prior to studying the neuropil-glial cell distribution along the VNC segments of interest, it was
necessary to first determine the fly line that best expressed targeted glial cells and which specific
VNC segments to focus on. Eventually, glial distribution should be studied on the whole VNC,
but only one or two VNC segments were used to represent the whole VNC model for this study.
To begin, I explored the glial and neuronal distribution along the VNC and in the neuropil by
using the fly lines, w; noc_sco/CyO; RRA-GAL4, UAS-mCD8::GFP, to express the -aCC and
RP-2 motor neurons subset with GFP and fly lines, w; UAS-GFP.nls/+; alrm-GAL4/+ and Nrv2GFP, to express the glial cells in the whole mount of the VNC. Figure 8 showed these motor
neurons in a stacked confocal image (Figure 8A) with two cell bodies per hemi-segment,
localized on the dorsal intermediate region of the VNC.

Figure 8. Stacked confocal images of whole-mount 3rd instar VNC showing different MNs and glia. (A) A subset
of motor neurons, -aCC and RP-2, express GFP (green) under control of the RRA promoter. [Scale bar = 50 um.
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Genotype: w; noc_sco/CyO; RRA-GAL4, UAS-mCD8::GFP] (B) A subset of glial cells express GFP (green) under
control of the alrm promoter. A Fas2 antibody (red) shows landmark tracts that demarcate thoracic segment (T3) and
abdominal segments (A1-2). [Scale bar = 20 um. Genotype: w; UAS-GFP.nls/+; alrm-GAL4/+] (C) GFP (green)
expressed under the Nrv2 promoter labels a wider subset of glial cells than the alrm promoter in (B). [Scale bar = 50
um. Genotype: Nrv2-GFP] (D) Higher magnification of the Nrv2 glial cells in (C). [Scale bar = 20 um]

Figure 8B shows a subset of glial cell bodies expressing GFP. In this line, the nuclear
localization sequence (nls) tagged proteins imported into the cell nucleus of alrm glia, so that
GFP was expressed only in the nucleus; the rest of the cellular structures, such as processes
extending into the neuropil, were not visible. The same preparation was processed with the Fas II
antibody to show the Fasciclin-positive axon tracks. This Fas II label was found to be very useful
as it served not only as a marker for the boundaries of different segments, as indicated in image
B, but also as a method of distinguishing the thoracic segment from the abdominal segment. All
three thoracic hemi-segments contained Fas II-labeled, thick bundles of axons exiting the
neuropil laterally, while abdominal segments did not. Thus, I selected the 3rd thoracic segment
and 1st abdominal segment as the segment of interest for this study.
Figure 8C contains GFP expression of glial cells driven by the Nrv2 promoter. This genetic line
labeled both cell bodies and processes of neuropil-associated glial cells with GFP. These glial
cells constitute one of the subclasses of glial cells in the VNC, the others major subclasses being
the cortical glia associated with the clusters of neuronal cell bodies, and the perineurial and
subperineurial glial cells, which form layers at the surface of the VNC and together form the
blood-brain-barrier (Stork, et al. 2008). Neuropil glial cells are astrocyte-like glia in morphology
and in their association with the synaptic neuropil. This image also shows a clear midline that
separates the two hemi-segments along the VNC, although some glial cells seemed to extend
their cell body across the midline.
Figure 8D is a higher resolution view of the VNC at the level of the dorsal cell bodies. It shows
that glial cells tended to have large nuclei, though the size was considerably variable, compared
to a relatively small amount of cytoplasm. Furthermore, within the neuropil, a dense network of
glial cell processes penetrates the neuropil from all directions (Figure 9). There was no evidence
of glial cell bodies in the neuropil.
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Figure. 9. Stacked confocal images of glial cell processes densely penetrating the neuropil region. (A) Wholemount preparation zoomed into the neuropil region. [Scale bar = 10 um. Genotype: Nrv2-GFP] (B) Cross section of
the VNC showing glial cells densely occupying throughout the neuropil. [Scale bar = 30 um. Genotype: Nrv2-GFP]

Previously described thick bundles of axons exiting the neuropil laterally only in the three
thoracic segments occurred in the pocket structure seen in Figure 10. This structure served not
only to identify these segments, but also to determine the accuracy of the cross-sectioning of the
preparations. Previous work on motor neurons and inter-neurons has simply said abdominal
segments (Kim, et al. 2009) or thoracic segments without any indication of structural differences.
Because my thesis will serve as the basis for other future projects, it is important to ensure the
consistency of segment as there are differences across segments with respect to what functions
each neuromere plays. The lateral edges of the thoracic segments are marked by the pocket
structures surrounded by small glial cells, perhaps exit glia, through which the segmental nerves
extend to the periphery.

Figure 10. Whole mount VNC showing the pocket structure in three thoracic segments. There are no pocket
structures in the abdominal segments. [Scale bar: A = 150 um, B = 100 um. Genotype: repo-gal4 x UAS-IVSmCD8:GFP]
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Fasciclin II Staining
To determine the repeatability and reliability of Fas II staining, a Fas II antibody staining was
performed on a thoracic segment cross-section of 3rd instar VNC expressing GFP in a pair of
MN1-1b motor neurons. Indeed, Figure 11 shows all Fas II landmarks that were published in
previous papers, as seen in Figure 3. Figure 11A clearly shows the morphology of neuronal
processes that extend into the dorsal lateral region of the neuropil. Using the Fas II landmark
system, the different regions of the neuropil are clearly marked, allowing the neuronal and glial
processes to be spatially characterized. In addition to the Fas II antibody label, a fluorescent
nucleic acid stain called syto 59 was used to stain the nuclei of other cells in the cross-sectioned
preparation to visualize the whole VNC structure.

Figure 11. Cross section of a thoracic segment in the 3rd instar VNC displaying a pair of motor neurons, MN1-1b,
expressing GFP (green) with Fas2 landmarks (red) and counter-stained with the nuclear dye Syto59 (blue). The
stacked image (A) shows the morphology of dendritic processes which extend into the dorsal lateral region of the
neuropil. [Scale bar = 30 um. Genotype: w; noc_sco/CyO; RRA-GAL4, UAS-mCD8::GFP]. (B) Higher
magnification of (A). The Fas2 patterns clearly mark different regions of the neuropil. [Scale bar = 20 um]

Choosing Fly lines for Glial Cells
Next, I compared four different genetic flies lines that expressed a fluorescent marker in the
astrocyte-like neuropil glial cells to determine what line would best label glial cell bodies and
processes with fluorescence as shown in Figure 12. Two fly lines, w; UAS-mCD8:GFP/+; repoGAL4/+ (Figure 12A) and w; UAS-CD4-tdGFP/+; alrm-GAL4/+ (Figure 12C), driven by repo
and alrm promoters, respectively, contained membrane-targeted sequences that labeled the glial
processes. The result, however, showed that the quality of glial staining from the sample driven
by alrm promoter outperformed the one driven by the repo promoter with clearer and brighter
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glial membrane labels. The other two fly lines, w; UAS-GFP.nls/+; Repo-GAL4/+ (Figure 12B)
and UAS-GFP.nls X Alrm-GAL4 (Figure 12D), driven by repo promoter and alrm promoters,
respectively, were used to stain only the glial cell nuclei via the nuclear localization sequence.
Again, it was found that the quality of glial staining from the sample driven by alrm promoter
surpassed the other. Because I was exclusively interested in the glial cells that send their
processes into the neuropil, it made more sense to choose the alrm- driven GFP labeling that only
labels the neuropil glia instead of the repo-driven GFP labeling that labels all glial cells in the
VNC.

Figure 12. Cross sections of the 3rd instar VNC with GFP expressing glial cells. (A) A thoracic segment shows
repo-expressing glial cells labeled using the mCD8 sequence to target GFP to the membrane. Cell body labeling is
weak and unclear. [Scale bar = 30 um. Genotype: w; UAS-mCD8:GFP/+; repo-GAL4/+] (B) Stacked image of a
posterior abdominal segment. Glial cells express nuclear-targeted GFP under the repo promotor. Fas2 landmarks
(red) and Syto59 (blue) are included for reference. [Scale bar = 20 um. Genotype: w; UAS-GFP.nls/+; Repo-
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GAL4/+] (C) A thoracic segment shows glial cells expressing membrane-targeted GFP under the alrm promotor,
using the CD4 sequence instead of mCD8, with Fas2 (red) and Syto59 (blue). [Scale bar = 20 um. Genotype: w;
UAS-CD4-tdGFP/+; alrm-GAL4/+] (D) A thoracic segment shows glial cells expressing nuclear-targeted GFP
under the alrm promotor with Fas2 (red) and Syto59 (Blue). [Scale bar = 20 um. Genotype: UAS-GFP.nls X AlrmGAL4]

Analyzing Glial Cell Location
The first attempt to observe whether glial cell positions repeat from an animal to animal was
done by screening through a set of cross-sectioned confocal images along the 3rd thoracic
segment. Figure 13A shows glial cell bodies in a stacked confocal image of the whole 3rd
thoracic segment in cross-sections, while images A1-6 and images B1-5 were individual sections
containing glial cells positions along the segment projected from the caudal to the rostral end.
Images of A1-6 and B1-5 were collected from different animals. From data such as that in
Figure 13, I was able to observe a particular pattern to some glial cell positions along the
segment. For example, a glial pair on the dorsal and the ventral regions of the neuropil near the
1st abdominal boundary were followed by another dorsal glia pair as the images advance toward
the 2nd thoracic boundary, where two dorsal glia pairs were present and followed by another
ventral glia pair past the boundary. This method was useful in observing the pattern in which
glial cells appear consistently and repeatedly throughout a segment, but the limitation was not
being able to quantify the locations of these repeating glial cells.
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Figure 13. The 3rd instar VNC showing nuclear-targeted GFP (green) expressed in alrm-gal4 glial cells around the
neuropil with Fas2 (red) and Syto59 (blue) for reference. (A) The stacked image of a 3rd thoracic segment crosssection. (A1-6) Different single z-plane images of (A) from the edge of 1st abdominal segment (A1) to the edge of
the 2nd thoracic segment (A6). [A and A1-6 scale bars = 20 um. Genotype: w; UAS-GFP.nls/+; Alrm-GAL4/+]
(B1-5) Location of alrm-gal4 glial cells respect to the neuropil observed from the dorsal angle. Different single zplane images from the dorsal edge (B1) to the lateral edge (B5) of the neuropil. The pair of glial cells in the medial
lateral region respect to the neuropil in (B5) seems to appear consistently as the pair is also shown in (A1) in the
medial lateral region respect to the neuropil in different samples. [B1-5 scale bars = 20 um. Genotype: UAS-GFP.nls
X Alrm-GAL4]

Determining the position of the glial cells was possible, however, using the Fas II landmark
system. The schematic in Figure 14 shows how I used the Fas II fiduciary points to describe the
different cross-sectional VNC regions to help explain the location of the glial cells respect to the
neuropil.

Figure 14. Confocal image of a crosssection of a 1st thoracic segment. I
named different outer neuropil regions
with respect to three fas II fiduciary
points (DM: dorsal medial, DL: dorsal
lateral, VL: ventral lateral) in order to
help describe where glial cells are
located. For example, the glial cell
present at the top left side of the VNC
would be located in the left dorsal
intermediate region of the VNC. [Scale
bar = 50 um. Genotype: UAS-GFP.nls
X Alrm-GAL4]

I collected cross-sectional confocal images of three samples from each 3rd thoracic and 1st
abdominal segment of the fly cross, UAS-GFP.nls X Alrm-GAL4, with Fas II antibody staining
and made a 3D reconstruction with a tracing computer system to obtain quantitative information
about the distribution of these glial cells. Figure 15 showed all glial cells traced in a 1st
abdominal segment, which can be recognized by the first pocket-like opening on the lateral
edges of the neuropil. This structure is seen in the cross-sectional image of Figure 14 on the
central, lateral region of the both VNC hemi-segments.
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Figure 15. 3D reconstruction of 1st abdominal segment of VNC. The glial cells nuclei were traced with different
colors with no particular significance. Yellow boundary indicates 3rd-2nd thoracic segment, and pink boundary
indicates 1st abdominal-3rd thoracic segment. Blue trunk traces are the neuropil structure. (A) View from the caudal
side. (B) tilted view from the dorsal, caudal side. (C) View from the dorsal side. The first pocket structure on the
lateral edge of the neuropil is observed.

To find the glial cells consistently appearing at predictable locations, only the glial cells seen in
all three samples at approximately same region were used to quantify their locations, which were
then averaged and traced back to the VNC construct to create the 3D reconstructions as shown in
the Figure 16 and Figure 17. All the quantifications and traces were made respect to the location
of the Fas II landmarks. There were approximately 10 and 14 glial cells consistently appearing in
all three 3rd thoracic segments and 1st abdominal, respectively, leaving 10 to 11 and 8 glial cells
randomly positioned in those segments, respectively. Thus, approximately, the total number of
glial cells per thoracic segment is 20-21 and per abdominal segment is 22.
For both segments, one hemi-segment contained significantly more glial cells than the other
hemi-segment. I believe a slight variation in the position of the glial cells on boundaries of the
segments contributed to this observation. The image collection for the segments began and ended
very close to the boundaries. There seemed to be at least a pair of glia on the ventral intermediate
region for both segments near the boundaries, but the presumed glial cell missing at the lower
boundary of 1st abdominal segment on Figure 16C could exemplify this issue. Expanding the
collection distance may prevent the possibility of excluding glial cells that were placed on the
outer boundary regions in some samples. On the dorsal side, there was no particular pattern to
the glial cells that mirrored on both hemi-segments.
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Figure 16. 3D Reconstruction of 1st abdominal segment showing consistently appearing glial cells (different colors),
neuropil (light blue), the 3rd thoracic – 1st abdominal segment boundary (yellow), and the 1st-2nd abdominal segment
boundary (peach). (A) Rostral view. (B) Side view. (C) Ventral view. (D) Dorsal view. (E) View from another angle
that reveals the general distribution of all glial cells.
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Figure 17. 3D Reconstruction of 3rd thoracic segment showing consistently appearing glial cells (different colors),
neuropil (light blue), the 3rd-2nd thoracic segment boundary (yellow), and the 1st abdominal - 3rd thoracic segment
boundary (peach). (A) Rostral view. (B) Side view. (C) Ventral view. (D) Dorsal view. (E) View from another angle
that reveals the general distribution of all glial cells.

Flybow Experiment
The next step was to employ the Flybow technique to chart and categorize
glial cell processes in the VNC with respect to the Fasciclin II landmark
system. Because the mCherry label and Fas II antibody fluorescence emit
at the same wavelength under the confocal microscope, Fas II staining was
omitted for the initial testing. For this experiment, fly lines that contained
either the Flybow2.0 (UAS-FB2.0; alrm-gal4) or the Flybow1.1 (UASFB1.1; alrm-gal4 ) sequence were crossed with the fly line yw,hs-FLP;
wg,gla,bc /hs-mFLP; + (female) and w; p(hs-mFLP)/wg,gla,bc; + (male),
respectively. The result was successful as individual glial cells were

Figure 18. Reference
showing dorsal and
ventral side of the
neuropil
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expressed with GFP. In Figure 19, individual glial cells generated with the Flybow 2.0 sequence
were positioned in various places around the neuropil and had different dendritic morphologies
with different amounts of neuropil investment. There was, however, no glial cell that actually
crossed the midline as suggested in the low-power whole-mount preparations (Figure 7C).
Figure 18 showed the dorsal and ventral reference for the hand-drawn schematics (not traced)
shown in Figure 19 and 20. During the heat-shocking process, it was interesting to notice that
when the larvae were heat-shocked for less than three hours, only GFP expression ensued, while
mCherry expression appeared only in larvae heat-shocked for more than three hours. Several
protocol variation were made, such as increasing the heat-shock time, to produce expression of
mCitrine and Cerulean, which should have been possible given the engineered cassette, but the
larvae did not survive past 6 hours of heat-shock. Thus, I was only able to obtain five
preparations with both GFP and mCherry expression. Regardless, the benefit of having both
mCherry and GFP labels simultaneously was the ability to isolate nearby glial cells and observe
both branching patterns and interactions between the processes of adjacent glial cells.
Figures 19 and 20 show individual glial cells and their positions within the reference neuropil.
Many different variations in the characteristics of dendritic morphology were observed. The glial
cells on the ventral medial and intermediate regions had a few thick processes branching out
from the cell bodies and making a small arborization with fine processes (ex. Figure 19A). On
the other hand, the glial cells on the ventral lateral region had a few thick and long dendrites
branching out and formed a huge arborization with fine processes covering lateral ventral and
even the dorsal region of the neuropil hemi-segment (ex. Figure 19D). Dorsal glial cells had
more variations as some had fine processes directing branching from the cell body and forming
dense, yet small arborizations (ex. Figure 19C), whereas some had only a few and very thick
branches arborizing with fine processes on either medial dorsal and ventral regions (ex. Figure
19F) or around the whole dorsal region (ex. Figure 19G). The glial cells on the central lateral
regions were relatively consistent in morphology with a few thick processes from the cell body
branching around the central lateral region of the neuropil and forming a huge and dense
arborization with fine processes on the entire lateral side of the hemi-segment neuropil (ex.
Figure 19E3). From the perspective of region of arborization, first, the majority of glial cells
seemed to branch within the same neuropil region where their glial cell bodies were located. For
example, if a glial cell body is positioned at the dorsal medial side, it expanded its processes on
the dorsal medial region of the neuropil. There was an exception, however, seen in the glial cell
shown in Figure 19F. This cell extended its processes all the way from the dorsal to the ventral
side along the intermediate regions in the neuropil. Also, the branches of the glial cell seen in
Figure 19E5 dominated the entire lateral side, both dorsal and ventral. In Figure 19H2 shows
adjacent glial cells, one labeled with GFP and one with mCherry. The processes of the mCherrylabeled glial cell clearly occupied a territory distinct from that occupied by the adjacent GFPlabeled glial cell supporting the tiling nature of glial cell processes and consistent with findings
among astrocytes in vertebrate systems (see discussion). In Figure 20, an experiment with the
Flybow1.1 sequence showed a similar outcome. Overall, the nature of the result with Flybow1.1
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was similar to that of Flybow2.0, but noticeably more glial cells were labeled with GFP. Desiring
as sparse fluorescent labeling as possible, I decided to use the Flybow2.0 construct for the
experiments onward.
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Figure 19. Individual glial cells labeled with GFP (green) and/or mCherry (red) in 3rd instar larvae using the
Flybow2.0 fly line. This is a cross-section confocal images in VNC unknown segments. (A-F) is Flybow2.0
heatshocked for 1 hour at 96 H ael (G-H) Flybow2.0 heat-shocked for 3 hours at 96h and 120h after egg laying.
[Scale bars: A1-2 = 15 um, B1-2 = 10 um, C1-2 = 20 um, D1 = 15 um, E1-2 = 15 um, F1-2 = 15 um, G1-2 = 15 um,
H1-2 = 10 um]
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Figure 20. Individual glial cells labeled with GFP (green or blue) and/or mCherry (red or purple) in 3rd instar larvae
using the Flybow1.1 fly line. (A-B) Flybow 1.1 heat-shocked for 3 hours at 96h and 120h after egg laying. (C)
Flybow1.1 heat-shocked for 3 hours at 72h after egg laying. [Scale bar for all images = 20 um]

By sacrificing the Fas II antibody staining for mCherry expression, however, I was not able to
identify the segment of VNC. Thus, I prepared a new fly line, yw-FLP / y; + ; +, that did not
contain the mFLP sequence to activate the mCherry and other fluorescent protein expression
upon heat-shock. With the presence of the FLP sequence and the absence of the mFLP sequence,
only GFP expression is activated upon heat-shock. This way, Fas II antibody staining could be
used without the interference of the mCherry expression. In Figure 21, individual glial cell were
labeled with GFP in the 3rd thoracic and 1st abdominal segments. The goal, then, was to increase
my library of these individual glial cells in these segments to confirm the consistency of the
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morphology of glial processes along these segments of interest. However, the GFP expression of
glial cells diminished as time progressed in this experimental series, eventually to the point
where no GFP expression appeared in the fly crosses. The underlying issue has not yet been
resolved. More data is still to be collected in order to establish whether each glial cell’s arbor,
regardless of its cell body location, occupies a consistent region of the neuropil.

Figure 21. Stacked confocal images of VNC cross section showing a subset of glia labeled with GFP (green), Fas II
antibody labels (red), and syto59 nuclear staining (blue). (A1-3) A pair of glial cells located in ventral medial region
is on 3rd-2nd thoracic segment boundary. (B1-3) A glial cell located in dorsal lateral region of the left hemi-segment
just inside the 3rd thoracic segment boundary that separates the 2nd thoracic segment. (C1-3) a glial cell located in
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dorsal medial region of the right hemi-segment just inside the 3rd thoracic segment boundary bounded to 1st
abdominal segment. There also seems to be a similar glial cell on the opposite hemi-segment. (D1-3) A glial cell
located in the dorsal medial region of the left hemi-segment on the 1st- 2nd abdominal segment boundary and
branching its processes toward the 1st abdominal segment. (E1-3) A glial cell located in the ventral medial region of
the right hemi-segment in the middle of the 1st abdominal segment. (F1-4) A glial cell located in the ventral medial
region of the right hemi-segment in the middle of the 1st abdominal segment when the pocket begins to open up.
[Scale bar for all images = 30 um]
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DISCUSSION
The initial aim of this thesis was to study the spatial interaction between the glial cells and
neurons in two segments of the ventral nerve cord of 3rd-instar Drosophila larvae. To do so, it
was important to first understand where glial cells are located with respect to the neuropil where
the interaction between the glial cells and neurons occur. The first steps in reaching this primary
goal were to investigate the location of the glial cells in the VNC and to examine the pattern of
branching of the various glial cells.

Neuropil-Glial Cell body Location
This portion of the study involved screening whole-mount and cross-sectioned VNC samples
containing a subset of GFP labeled glial cells and motor neurons as well as four variant fly lines
that labeled glial cells differently, while applying Fas II antibody staining as a landmark system
to distinguish different segments and use as fiduciary points to characterize different locations of
the cross-sectioned neuropil. I screened through a set of cross-sectional confocal images along
VNC segments Thoracic 3 and Abdominal 1, and created a 3D reconstruction for quantitative
analysis by tracing the glial cell bodies and the Fas II fiduciary points with a tracing computer
system. After collecting several samples of traces for both 3rd thoracic and 1st abdominal segment,
I averaged the positions of repeatedly observed glial cells at approximately similar regions and
made a 3D reconstruction showing their average locations around the neuropil with respect to the
Fas II landmark system.
According to the literature, there are about 25-30 neuropil-associated glia (nerve root glial cells,
interface glia, midline glia) per abdominal segment (Ito 1995) in the 1st instar Drosophila larva.
This is high compared to my result that showed approximately 20 glial cells in the thoracic
segment and 22 in the abdominal segment and does not support the view of glial cell numbers
increasing slowly during the first half of larval development and rapidly increasing in the 3rd
instar larvae (Hartenstein, et al. 2008). This result is plausible, however, because the midline glia
as well as some nerve root glial cells were particularly rare in the 3rd thoracic and 1st abdominal
segments.

Neuropil-Glial Process Investment
The Flybow technique was used to induce sparse GFP labeling of glial cells and chart their
processes in the neuropil with respect to the Fas II landmark system. The primary test with
Flybow1.1 and Flybow2.0 sequences successfully resulted in sparse glia labels with GFP and
mCherry revealing various dendritic morphologies of glial cells in the neuropil. These data
revealed that most neuropil glial cells had a dense, restricted arbor. A few, however, showed
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larger branches and more widespread branching, including across compartments. We do not
know, yet, if this indicates a heterogeneous population of glial cells, as is increasingly reported
among vertebrate astrocytes (Zhang and Barres 2010), or simply a continuum of branching
morphology. The latter would not explain the functional consequences of branching across
compartments, but as yet, we do not know how well the branching of individual glial in the
different cell body positions are associated with particular compartments. In vertebrate cortex,
for instance, astrocytes are found to branch mainly within a single cortical layer (Houades, et al.
2006).
Multicolor labeling allowed me to observe the interaction between two adjacent glial cells that
were labeled with different colored fluorescent proteins. Figure 19H2 exemplifies an interaction
between two glial cells labeled with GFP and mCherry. Despite a slight overlap, clearly the two
glial cells occupy their own territory and support the tiling nature of glial processes as
consistently observed in astrocytes in vertebrate systems. Astrocytes in the central nervous
system of vertebrate systems are comparatively large neuroglial cells that play a major role in
response to injury (Pekny and Nilsson 2005) as well as many other functions including
regulation of synaptic function (Newman 2003). Several studies showed that mature
protoplasmic astrocytes have minimal overlap between their processes and form individual
domains within the neuropil. This orderly patterned organization is called ‘tiling’ and this effect
is seen through the gray matter of brain (cortex and hippocampus) and spinal cord (Distler, et al.
1991; Ogata and Kosaka 2002; Wilhelmsson, et al. 2006; Halassa, et al. 2007). The observation
of domain formation also suggest that the nature of protoplasmic astrocytes are similar to that of
certain neuronal dendrites that create distinct domain formation not because of repulsive
reactions of neighboring arbor, but due to the competitive nature that suggest that the processes
form a larger overlap initially and then ramify competitively until exclusive territory is
established (Bushong 2004). What is not yet clear is the functional consequences of this
arrangement with respect either to the effects of “control” by single glial cells over a region of
the neuropil or to the frequent finding that astrocytes are coupled to one another by gap junctions.

Future Directions
To continue adding to our library of glial cell morphologies in the 3rd-instar Drosophila larval
VNC, we will need to determine how to improve our approach to GFP sparse labeling. Possible
hypotheses for the diminution of the GFP expression of glial cells in the fly cross (yw-FLP / y; + ;
+ and UAS-FB2.0; alrm-gal4) include that fly lines were contaminated during maintenance or
that there were unstable genetic recombinations during the fly crosses. Regardless, in order to
complete the experiment of charting the individual glial cell processes along the segments of
interest, it will be necessary either to solve the genetic conundrum or use alternate methods of
tagging individual glial cells with fluorescence. One way of doing this is the single-cell dye
injection method, which uses glass micropipettes to inject fluorescent dye directly into a single
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cell in extracted fixed sample (Wilhelmsson, et al. 2006). Another method is to repeat the
Flybow experiments by preparing new lines of fresh flies. Once abundant data are collected from
preparations in which there is sparse labeling of glial cells, the same tracing method already
applied to the glial cell bodies along the VNC can be used on these new preparations to create a
3D reconstruction charting the glial cell processes along the VNC segments of interest. It will be
particularly important to determine whether functional neuropil compartments defined by the
arbors of sensory neurons, inter-neurons or motor neurons each have a dedicated astrocyte-like
glial cell. In addition, the data here that show lack of overlap between the processes of
neighboring glial cells are intriguing. With its powerful genetics, Drosophila gives us the
opportunity to determine the functional consequences of such a domain organization, something
not yet understood at all in mammalian systems.
Once glial location studies have been finished, the investigation of neuron-glia interaction should
continue at the electron microscopy (EM) level for detailed analysis. It is difficult to obtain any
quantitative observations regarding the interaction between neurons and glial cells at the
confocal microscopy level. At the EM level, this can be done with the serial block face scanning
method to create a 3-dimensional model of glial cell and motor neuron processes in the neuropil.
The resulting data set, with motor neuron processes genetically labeled (by expression of
horseradish peroxidase) and glial processes identifiable by their cytoplasmic density, irregular
nuclear shape and high density of ribosomes and glycogen, will enable us to examine in multiple
small neuropil volumes the distance between neuronal synapses and surrounding glial processes.
This will allow us to create 3-D reconstructions of the perisynaptic motor neuropil. In turn, these
data will allow others in the lab to model the possible mechanisms by which glial cells and motor
neurons interact. These data also will help guide the physiology experiments going on in parallel
to ask whether glial cells activated by neuronal activity in turn modify the activity of the motor
neurons.
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