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Abstract 
 
Understanding the ongoing signaling between neurons and glial cells requires a detailed analysis 
of glial cell morphology and physiology.  In particular, the shapes and distribution of glial cells 
help to dictate roles astrocytes play in regulating neuronal function.  In each segment of the 
ventral nerve cord of Drosophila, the neuropil is organized into distinct motor, interneuron, and 
sensory neuropils. Each hemisegment of the neuropil is served by six astrocytes, with somas in 
characteristic positions around the edge of neuropil. Here we use Flp-out (Ito et al., 1997) and 
MultiColor FlpOut  (Viswanathan et al., 2015) genetic constructs targeted to astrocytes via the 
alrm-GAL4 driver (Doherty et al., 2009) to generate high-resolution images of astrocytes. Our 
examination of individual astrocytes, and the interfaces between adjacent astrocytes has revealed 
that (1) astrocytes have three morphological classes along with the identification of features such 
as wrapping/following FasII-positive axon bundles, midline crossing, single protruding 
processes, and a process leaving the CNS via the segmental nerve astrocytes display, (2) the 
arbors of individual astrocytes span multiple functional neural domains and (3) astrocytic 
branches have convoluted spatial domains, in which the finest distal branches of adjacent 
astrocytes interweave with a variable, but small, amount of interdigitation.   
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Introduction 
 
Background and Questions to be investigated  
In both vertebrates and invertebrates, the nervous system is composed of two types of cells: 
neurons and glial cells. Historically glial cells were thought only to provide nourishment to their 
counterpart, the neurons, but recent research has shown that brain function depends on the bi-
directional and ongoing interaction between the two cell types that are known to affect the output 
of neural circuits. Therefore understanding brain function will require a robust understanding of 
glial cells as well as neurons. The overall question addressed by our research group is: How do 
neurons and glial cells communicate with each other during development and in mature brains?  
 
 Neuronal connectivity was previously thought to be regulated by neuronal interactions only to 
find that in addition to neuronal mechanisms for synapse formation and regulation, neurons rely 
on astrocytes to instruct the formation of their synapses (Clark et al. 2013). Astrocytes regulate 
synapse formation in three phases: formation of immature, non-functional synapses between 
axons and dendrites, maturation of previously formed synapses, and elimination of excess 
synapses to refine neural connections between circuits (Clark et al. 2013). In the adult nervous 
system, vertebrate astrocytes modulate synaptic function via systems such as regulation of 
extracellular ion gradients, reuptake and recycling of neurotransmitter, and release of 
gliotransmitters (review Zuchero et al., 2015). In the insect, a class of glial cells exists that also is 
associated with the synaptic neuropil. These glial cells are similar in many respects to vertebrate 
astrocytes both structurally and physiologically (MacNamee et al. 2016), and they are amenable 
to detailed study using the molecular genetic tools available in fruit flies.  
 
Glial cells are important in both the developing and adult nervous systems in both vertebrates 
and invertebrates and impairments in glial function have been shown to contribute to neural 
dysfunction and neural degenerative diseases [i.e. ischemia, Huntington’s disease, and 
amyotrophic lateral sclerosis (ALS)] (Allaman et al. 2010; Foran et Trotti, 2009).  
 

.  
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Understanding the ongoing signaling between neurons and glial cells requires a detailed analysis 
of basic glial cell morphology and distribution; the shapes and distribution of glial cells help to 
dictate the roles those cells play in regulating neuronal function. Our research group uses the 
fruit fly, Drosophila melanogaster, to study these relationships. The reproductive cycle of D. 
melanogaster lasts about a week and a half. There are five main developmental stages: embryo, 
1st instar, 2nd instar, 3rd instar, pupa, and finally the adult. The central nervous system (CNS) of 
larval D. melanogaster is composed the brain lobes and the ventral nerve cord (VNC). The VNC 
has three components, easily seen in cross section: the outermost sheath, the cortex of neuronal 
and glial cell bodies, and the synaptic neuropil. In each segment of the VNC of D. melanogaster, 
the neuropil is organized into distinct motor, interneuron, and sensory neuropils (Zlatic et al., 
2009).  Each hemisegment of the neuropil is served by just six astrocytes with cell bodies in 
characteristic positions around the edge of neuropil. Given the known neural circuitry and 
genetic manipulability, D. melanogaster offers a powerful system in which to study neuron-glia 
interaction.  

	  
To understand the physiological conversation between neurons and glial cells, we have to 

understand the organization of the glial network in the VNC as well as the neuronal circuit. In 
particular, knowing the shapes and distribution of glial cells helps to dictate the roles those cells 
play in regulating neuronal function. Thus, we are asking: What are the detailed morphological 
features of these astrocytes, and how are their processes arrayed in the synaptic neuropil?   
	  
 
 
 
 
 
 
 
 
 



Hernandez	  	   7	  

Research	  Procedure	  
In	  order	  to	  investigate	  detailed	  morphological	  
features	  of	  astrocytes,	  we	  stochastically	  labeled	  
individual	  astrocytes	  with	  GFP,	  and	  used	  a	  fiducial	  
marker	  system	  that	  allows	  determination	  of	  
segment	  location	  and	  position	  within	  a	  segment	  
(white	  arrowheads	  dictate	  the	  boundary	  of	  an	  
individual	  segment—A1).	  	  	  

. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
Materials	  and	  Methods	  
	  
Animal	  rearing	  
Stocks	  of	  Drosophila	  melanogaster	  flies	  were	  raised	  on	  standard	  cornmeal	  with	  yeast	  at	  
room	  temperature	  (22º	  C).	  For	  all	  experiments,	  3rd-‐instar	  wandering	  larvae—the	  last	  larval	  
developmental	  stage	  before	  pupating—	  were	  used.	  Wandering	  3rd-‐instar	  larvae	  are	  
characterized	  by	  larvae	  crawling	  along	  the	  walls	  of	  the	  vials	  and	  out	  of	  the	  food.	  	  Adult	  flies	  
were	  transferred	  to	  new	  vials	  every	  2-‐3	  weeks	  to	  start	  a	  new	  generation	  of	  flies.	  For	  
“Spaghetti	  Monster”	  (SM)	  experiments	  (see	  below),	  animals	  were	  reared	  at	  25º	  C.	  
	  
Transgenic flies 
The following stocks were obtained from the Bloomington Drosophila Stock Center (Indiana 
University, Bloomington, IN): UAS-(FRT.stop)mCD8-GFP (#30125), UAS-GFP.nls (# 4775), 
hs-70FLP (# 6938) and hs-FLP; + ; UAS-(FRT.stop)myr::smGdP-HA, UAS-
(FRT.stop)myr::smGdP-V5, UAS-(FRT.stop)myr::smGdP-FLAG (# 64085, Viswanathan et al., 
2015). The alrm-GAL4 (Doherty et al., 2009) flies used to drive expression in Drosophila 
astrocytes were a gift from M. Freeman (University of Massachusetts Medical School, 
Worcester, MA). Experimental animals used in this study were trans-heterozygous for 
GAL4/UAS insertions.  
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FLP-‐out/	  Heat	  Shock	  (HS)	  
FLP-‐out	  is	  a	  molecular	  genetic	  technique	  used	  in	  the	  UAS/GAL4	  system	  under	  the	  alrm-‐GAL	  
driver	  (Doherty	  et	  al.,	  2009)	  to	  generate	  the	  stochastic	  expression	  of	  transgenes	  in	  specific	  
subsets	  of	  cells,	  in	  this	  case,	  membrane-‐targeted	  green	  fluorescent	  protein	  (GFP)	  in	  
astrocytes,	  by	  heat-‐shock	  activated	  enzymes	  called	  FLPases.	  FLPases	  are	  able	  to	  recognize	  
and	  excise	  FRT	  sites	  flanked	  around	  the	  transcriptional	  stop	  cassettes,	  thereby	  allowing	  for	  
the	  transcription	  and	  translation	  of	  GFP	  driven	  by	  the	  GAL4/UAS	  system.	  
.	  	  

	  
	  
	  
Spaghetti	  Monsters	  (SM)	  
SM,	  whose	  formal	  name	  is	  Multi-‐Color	  FLP-‐Out	  (MCFO),	  is	  a	  variation	  of	  the	  FLP-‐out	  
approach	  and	  is	  also	  under	  the	  control	  of	  UAS-‐GAL4.	  	  The	  key	  differences	  are	  that	  there	  are	  
multiple	  color	  possibilities	  instead	  of	  only	  having	  the	  GFP	  reporter	  and	  therein	  lays	  another	  
key	  difference.	  Instead	  of	  using	  GFP	  as	  the	  reporter	  gene,	  a	  modified	  GFP	  backbone	  tagged	  
with	  three	  epitopes	  (one	  epitope	  per	  GFP	  backbone);	  these	  epitopes	  are	  processed	  using	  
ICC	  thus	  generated	  stochastic	  labeling	  of	  specific	  subsets	  of	  cells	  in	  multiple	  colors.	  This	  
process	  can	  produce	  up	  to	  7	  color	  combinations	  when	  using	  3	  epitope	  tags	  and	  in	  addition	  
many	  shades	  of	  colors	  depending	  on	  expression	  levels	  of	  each	  epitope.	  For	  SM	  experiments,	  
we	  did	  a	  three	  1-‐hour	  heat	  shocks	  (shocked	  to	  37º	  C)	  at	  48,	  72,	  96	  hours	  after	  egg	  laying.	  
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(Nern	  et	  al.	  PNAS	  2015;112:E2967-‐E2976)	  
	  
	  
Tissue	  processing	  and	  Immunolabeling	  
FLP-‐out	  single	  cell	  labeling	  
No	  heat	  shock	  was	  used,	  as	  hs-‐FLP	  induction	  at	  25°C	  (room	  temperature)	  generated	  
sufficient	  but	  sparse	  labeling	  so	  that	  individual	  astrocytes	  whose	  processes	  did	  not	  overlap	  
with	  those	  of	  adjacent	  astrocytes	  were	  frequently	  present.	  Wandering	  3rd-‐instar	  larval	  
brains	  were	  dissected	  in	  HL3.1	  solution	  (Feng	  et	  al.,	  2004)	  and	  placed	  in	  baskets	  with	  mesh	  
bottoms.	  Brains	  were	  fixed	  in	  4%	  paraformaldehyde	  in	  0.1M	  Phosphate	  Buffer	  (PB,	  pH	  7.2)	  
for	  45	  minutes	  at	  room	  temperature	  and	  then	  washed	  3	  times	  for	  10	  minutes	  each	  with	  
0.1M	  PB.	  Tissue	  was	  incubated	  in	  a	  blocking	  and	  permeabilization	  solution	  containing	  0.5%	  
Triton	  X-‐100	  and	  2%	  BSA	  in	  0.1M	  PB	  for	  30	  minutes,	  and	  then	  incubated	  in	  the	  dark	  for	  5	  
nights	  at	  4º	  C	  while	  nutating	  in	  PB	  with	  0.5%	  Triton	  with	  primary	  antibodies:	  mouse	  anti-‐
FasII	  (DSHB,	  Cat#	  1D4	  concentrate),	  1:200,	  and	  rabbit	  IgG	  antibody	  conjugated	  to	  Alexa	  
Fluor	  488	  (Molecular	  Probes	  #	  A21311),	  1:1000).	  Brains	  were	  washed	  6	  times	  for	  15	  
minutes	  in	  0.1M	  PB	  at	  room	  temperature,	  and	  then	  incubated	  while	  nutating	  overnight	  at	  
4º	  C	  with	  secondary	  antibodies:	  anti-‐mouse	  Cy3	  (Jackson	  ImmunoResearch,	  West	  Grove,	  
PA),1:500	  or	  anti-‐mouse	  Alexa	  Fluor	  647	  (Thermo	  Fisher	  Scientific),	  1:500.	  Brains	  were	  
washed	  5	  times	  for	  15	  minutes	  each	  with	  0.1M	  PB	  at	  room	  temperature,	  transferred	  to	  
microscope	  slides,	  and	  washed	  with	  50%	  glycerol	  in	  HPLC	  water	  for	  15	  minutes,	  then	  
placed	  in	  mounting	  solution	  containing	  80%	  glycerol	  in	  HPLC	  water.	  	  
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Multi-‐color	  FLP-‐out	  labeling	  
Wandering	  3rd-‐instar	  larval	  brains	  were	  dissected	  in	  cold	  Phosphate	  Buffered	  Saline	  (PBS)	  
and	  placed	  in	  baskets	  with	  mesh	  bottoms.	  Brains	  were	  placed	  in	  Bouin’s	  Fixative	  Solution	  
(Ramachandran	  and	  Budnik,	  2010)	  and	  microwaved	  at	  low	  power	  (2	  minutes	  on,	  2	  
minutes	  off,	  2	  minutes	  on)	  at	  18º	  C	  for	  a	  total	  time	  of	  15	  minutes.	  Then,	  they	  were	  rinsed	  2X	  
in	  PBS	  with	  1%	  Triton	  X-‐100	  (1%	  PBST),	  and	  washed	  4X	  for	  15	  minutes.	  Low-‐speed	  
nutating	  was	  used	  during	  and	  all	  antibody	  incubation	  and	  washing	  steps.	  Tissue	  was	  
incubated	  in	  a	  blocking	  and	  permeabilization	  solution	  containing	  5%	  Normal	  Donkey	  
Serum	  diluted	  in	  1%	  PBST	  for	  2	  hours	  at	  room	  temperature,	  then	  placed	  in	  primary	  
antibody	  solution	  and	  microwaved	  at	  18º	  C	  at	  low	  power	  (3	  minutes	  on,	  2	  minutes	  off,	  and	  
3	  minutes	  on).	  Primary	  antibody	  solution	  was	  composed	  of	  mouse	  anti-‐V5	  (Bio-‐Rad	  
#MCA1360),	  1:200,	  rabbit	  anti-‐HA	  (Cell	  Signalling	  Technology	  #3724S),	  1:200,	  and	  rat	  
anti-‐FLAG	  (DYKDDDDK	  Epitope	  Tag),	  1:200	  in	  1%	  PBST	  (Novus	  Biologicals	  #NBP1-‐06712).	  
After	  microwaving,	  brains	  were	  incubated	  for	  4	  hours	  at	  room	  temperature,	  and	  then	  
moved	  to	  4º	  C	  overnight.	  Brains	  were	  washed	  6X	  for	  10	  minutes	  with	  1%	  PBST	  and	  then	  
incubated	  in	  secondary	  antibody	  solution:	  anti-‐mouse	  AF647,	  1:500,	  anti-‐rabbit	  AF488	  
(Thermo	  Fisher	  Scientific),	  1:500,	  and	  anti-‐rat	  Cy3	  (Jackson	  Immunoresearch,	  minimum	  
cross	  reactivity),	  1:500	  in	  1%	  PBST)	  for	  4	  hours	  at	  room	  temperature	  before	  moving	  to	  4º	  
C	  overnight.	  Brains	  were	  washed	  9X	  for	  10	  minutes	  with	  1%	  PBST,	  and	  rinsed	  with	  1X	  PBS,	  
and	  mounted	  as	  described	  above.	  	  
	  
Confocal	  Microscopy	  and	  Analysis	  
For	  the	  FLP-‐out	  experiments,	  confocal	  images	  were	  collected	  on	  a	  Zeiss	  (Thornwood,	  NY)	  
510	  Laser	  Scanning	  Confocal	  Microscope	  and	  adjusted	  in	  Adobe	  Photoshop	  (San	  Jose,	  CA)	  
using	  linear	  and/or	  gamma	  corrections.	  For	  SM	  experiments,	  confocal	  images	  were	  
collected	  on	  a	  Zeiss	  (Thornwood,	  NY)	  880	  Laser	  Scanning	  Confocal	  Microscope	  and	  
adjusted	  in	  Adobe	  Photoshop	  (San	  Jose,	  CA)	  using	  linear	  and/or	  gamma	  corrections.	  
	  
Calculating	  depth	  	  
Subsets	  of	  datasets	  were	  generated	  to	  exclude	  optical	  slices	  where	  no	  individual	  cell	  signal	  
was	  present.	  The	  new	  datasets	  contained	  information	  regarding	  the	  depth	  of	  the	  cell	  by	  
calculations	  using	  the	  optical	  slice	  distance	  multiplied	  by	  the	  number	  of	  slices	  in	  the	  
dataset.	  	  	  
	  
Analysis	  of	  cell	  segment	  location	  and	  cell	  body	  location	  
Astrocyte	  cell	  bodies	  were	  identified	  with	  a	  molecular	  genetic	  expression	  of	  mCherry	  (a	  
fluorescent	  protein	  in	  the	  red	  spectrum)	  with	  a	  nuclear	  localization	  sequence	  or	  with	  anti-‐
repo,	  which	  labels	  all	  glial	  cell	  bodies	  but	  is	  not	  specific	  to	  the	  astrocytes	  sub-‐class	  of	  glial	  
cells	  in	  Drosophila.	  When	  using	  anti-‐repo	  antibody,	  astrocyte	  cell	  bodies	  were	  identified	  by	  
the	  negative	  space	  in	  the	  membrane-‐GFP	  labeling	  of	  astrocytes	  filled	  with	  anti-‐repo	  nuclear	  
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labeling.	  	  Once	  the	  cell	  bodies	  were	  identified,	  transverse	  processes	  of	  FasII-‐tracts	  were	  
used	  to	  dictate	  the	  boundaries	  between	  segments	  in	  the	  VNC.	  	  

	  
Astrocyte	  cell-‐body	  locations	  were	  determined	  by	  their	  position	  along	  the	  edge	  of	  the	  
neuropil.	  Ventral	  and	  lateral	  cells	  have	  distinctive	  positions	  along	  the	  edge	  and	  4	  additional	  
astrocytes	  are	  found	  along	  the	  dorsal	  edge	  of	  the	  neuropil.	  

	  
Analysis	  of	  wrapping	  vs.	  contacting	  FasII	  tracts	  
Wrapping	  around	  a	  FasII	  axon	  tract	  was	  primarily	  determined	  using	  the	  orthoslice	  feature	  
of	  the	  LSM	  viewer	  (software	  for	  the	  Zeiss	  510	  laser	  scanning	  microscope.)	  This	  software	  
generates	  virtual	  optical	  sections	  from	  the	  z-‐stack	  collection	  of	  brain	  tissue;	  scanning	  
through	  these	  optical	  sections	  allowed	  us	  to	  determine	  if	  glial	  processes	  enwrapped	  any	  
given	  FasII-‐positive	  tract.	  	  If	  the	  glial	  membrane	  did	  not	  fully	  encompass	  the	  FasII	  tract	  at	  
any	  given	  section,	  then	  it	  was	  determined	  to	  only	  contact	  the	  tract.	  

	  
Analysis	  of	  Single	  Protruding	  Processes	  
Single	  Protruding	  Processes	  were	  identified	  using	  the	  3D	  reconstruction	  feature	  on	  the	  
LSM	  viewer	  software.	  3D	  projections	  were	  generated	  in	  both	  the	  XY	  plane	  as	  well	  as	  the	  XZ	  
plane	  in	  order	  to	  fully	  visualize	  the	  single	  protruding	  process	  (defined	  in	  results).	  	  

	  
Analysis	  of	  general	  cell	  morphology	  
Cell	  morphology	  was	  based	  on	  both	  the	  individual	  sections	  of	  the	  z-‐stack	  as	  well	  as	  3D	  
reconstructions	  using	  the	  LSM	  viewer	  software	  (classes	  defined	  in	  results)	  

	  
	  

Results	  
	  
Awasaki et al. (2008) characterized 5 glial cell types in adult Drosophila brains: perineurial, 
subperineural, cortex, ensheathing and astrocyte-like glia. Here we will focus on the type of glial 
cell once called astrocyte-like glial cells. This type of cell was given its name based on the 
observation that this glial cell subtype was highly branched and potentially associated with 
synapses in a way that was similar to the pattern seen in vertebrate astrocytes, thus begging the 
question: how similar are Drosophila astrocytes to vertebrate astrocytes. 
 
Molecular evidence suggests that, much like their vertebrate counterparts, Drosophila astrocytes 
express neurotransmitter transporters, receptors, and gap junctions (Mezler et al., 2001; 
Stebbings et al., 2002; Rival et al., 2004; Thimgan et al., 2006; Muthukumar et al., 2014). Our 
lab has discovered that Drosophila astrocytes have cell intrinsic properties comparable to 
vertebrate astrocytes such as a passive current-voltage relationship, low membrane resistance, 
high capacitance, and dye-coupling (MacNamee et al., 2016). Taking together molecular and 
electrophysiological evidence, in conjunction with rough morphological similarities, strongly 
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supports the argument that Drosophila astrocytes are analogous to vertebrate astrocytes 
(Awasaki et al., 2008; MacNamee et al., 2016; Stork et al., 2014).  
 
Given the similarities between Drosophila astrocytes and their vertebrate counterparts, 
understanding the organization of the Drosophila glial cell network as well as the neuronal 
circuits is an important step toward better understanding of the physiological conversation 
between neurons and glial cells. In particular, we are asking: 1) What are the detailed 
morphological features of astrocytes, and 2) and how are their processes arrayed in the synaptic 
neuropil? 
 
 
Astrocyte morphologies 
Based on a gallery of 62 cells that were obtained from segments along the length of the ventral 
nerve cord, we have identified three morphological classes: globular, irregular, and multiple 
arbors. Globular astrocytes are characterized by compact, highly branched, roughly spheroidal 
arbors (Figure 1); irregular cells are characterized by branches that extend beyond the cell’s 
densest arborization—usually the extending branches are a result of glial cell wrapping around 
FasII-positive axon tracts (Figure 2); and multiple arbors cells are characterized by an arbor 
broken up into multiple discrete sub-arbors (Figure 3).  
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Figure 1. Morphological Class of Drosophila Astrocytes: Globular 
Globular cells are characterized by a compact, highly branched, roughly spheroidal 
arbor. A: Cartoon schematic of canonical Globular cell. B-D: 2-D projections of 
confocal images of individual Globular cells. White asterisk denote astrocyte cell 
bodies. Scale bars: 20 microns. N=29 
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Figure 2. Morphological Class of Drosophila Astrocytes: Irregular  
Irregular cells are characterized by branches that extend beyond the cell’s densest 
arborization. A: Cartoon Schematic of Irregular cell. B and C: 2-D projections of 
confocal images of individual Irregular cells. Scale bars: 20 microns D: 2-D 
projection of figure 2C in the z-dimension to show the depth of the cell spanning 59 
microns Scale bar: 10 microns. White asterisk denote astrocyte cell bodies. N=29 
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Figure 3. Morphological Class of Drosophila Astrocytes: Multiple Arbors  
A: Multiple Arbors cells are characterized by an arbor broken up into multiple 
separate sub-arbors. B: 2-D projections of confocal images of individual Multiple 
Arbors cells. C: Views of these cells rotated about the z-axis to show the multiple 
arbors. White asterisk denote astrocyte cell bodies. Scale bars: 20 microns. N=4 

* 



Hernandez	  	  16	  

Astrocyte morphological features 
Regardless of assignment to a particular class, any individual cell can display various 
morphological features such as association with axon tracts and extension of unbranched 
processes beyond the main body of the arbor. Though we have not seen every feature in each 
astrocyte class, due to the nature of the stochastic labeling of astrocytes, we cannot rule out the 
possibility that members of each class display these features.  
 
A feature that has been seen in every cell type is the wrapping and following of FasII-positive 
axon tracts that are either in their astrocytic territory or slightly outside of their territory, as seen 
in irregular cells (Figure 4A). Small, relatively unbranched astrocytic processes often cross the 
midline though the processes crossing the midline do not appear to be large enough to reach the 
contralateral synaptic neuropil and thus be of potential functional significance in the circuitry of 
the contralateral neuropil. However, this feature may not be exclusive to FasII-positive tracts; 
these processes appear to be crossing the midline at the commissures where non-FasII positive 
nerve bundles also cross to the contralateral neuropil (Figure 4B, Table 2, see also Figure 5B).  
 
Another common feature is the presence of a single protruding process (SPP) (Figure 4C and 
D).  These are present in 32% of all astrocytes in the gallery. This process is characterized as a 
thin and unbranched and travels along the outer rim of the neuropil. 64% of ventral cells, 37.5% 
of lateral cells, and only 3.6% of dorsomedial cells have SPPs (Table 1). Ventral astrocytes are 
derived from longitudinal glioblasts and migrate ventrally post-astrogenesis into their 
stereotyped ventral position (Stork et al., 2014; Peco et al., 2016). Considering that this feature is 
most abundant among ventral cells, often present in lateral cells, and only rarely present (1 of 28 
cells) in the dorsal astrocytes, it is possible that the SPP could be a developmental remnant 
generated as the astrocytes migrated ventrally or laterally from their dorsal birthplace.  
 
Perhaps the least common feature is a process leaving the CNS via a segmental nerve (Figure 
4B). This has only been seen three times in the FLP-out data set, but seen twice in the MCFO 
gallery I am working to generate [data not shown]. Multi-color FLP-out, which essentially is an 
approach analogous to FLP-out with the exception that multiple reporter genes express epitopes 
that can be targeted by ICC instead exogenous fluorescent proteins. This feature only has been 
observed in the caudal-most segments of the VNC (A6-A8), but was not observed in all brains 
despite the approach taken. Given that both approaches result in stochastic labeling, and that the 
gallery is still relatively small, the lack of appearance in all brain is perhaps not surprising.  It is 
also possible that the astrocyte associated with the process extending outside of the CNS is 
taking over the function of an enwrapping/ensheathing glial cell. Another student in the 
laboratory, Dara Farhadi, has done a volumetric analysis of individual VNC segments and found 
that the volume of A8 segment is significantly smaller than the other segments (Farhadi, 
unpublished), though there are still 6 astrocytes in that segment (MacNamee et al., 2016; Peco et 
al., 2016; Stork et al., 2014). The number of ensheathing glia or even their presence in this 
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segment, has not been reported; normally there are 3 in the thoracic and in most abdominal 
segments.  
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Frequency	  of	  SPPs	  based	  on	  cell	  body	  location	   Frequency	  of	  SPPs	  based	  on	  morphological	  classes	  
64%	  of	  ventral	  cells	   n=	  16	  of	  25	   55%	  of	  globular	  cells	   n=16	  out	  of	  29	  
37.5%	  are	  lateral	  cells	   n=	  	  3	  of	  8	   13.8%	  of	  irregular	  cells	   n=4	  out	  of	  29	  
3.6%	  of	  dorsomedial	  cells	   n=	  1	  of	  28	   0%	  of	  multiple	  arbor	  cells	   n=0	  out	  of	  4	  

32%	  total	  cells	  have	  SPPs	  (n=20	  of	  total	  62	  cells)	  
	  

	  
	  
Frequency	  of	  midline	  crossing	  based	  on	  cell	  

body	  location	  
Frequency	  of	  midline	  crossing	  based	  on	  

morphological	  classes	  
75%	  of	  ventral	  cells	   n=	  15	  of	  20	   59.1%	  of	  globular	  cells	   n=13	  out	  of	  22	  
12.5%	  are	  lateral	  cells	   n=	  1	  of	  8	   80%	  of	  irregular	  cells	   n=20	  out	  of	  25	  
87%	  of	  dorsomedial	  cells	   n=	  20	  of	  23	   75%	  of	  multiple	  arbor	  cells	   n=3	  out	  of	  4	  

70%	  total	  cells	  cross	  the	  midline	  (n=35	  of	  total	  50	  cells)	  

	  
	  
Relationship among astrocyte domains  
 
In order to be able to study the relationship among astrocyte domains, we needed to develop a 
protocol to label individual astrocytes in multiple colors. We used the MCFO genetic construct, 

C 
	  
B 

Figure 4. Drosophila Astrocyte features: Wrapping/following FasII-positive axon 
bundles, Midline Crossing, Single Protruding Process, and Process leaving the CNS 
A:	  2-‐D	  projection	  of	  a	  small	  sub-‐stack	  of	  an	  individual	  cell	  to	  show	  the	  wrapping	  
feature	  of	  astrocytes.	  All	  cells	  wrap	  at	  least	  1	  major	  FasII-‐positive	  tract.	  Scale	  Bar:	  
20	  microns.	  B:	  2-‐D	  projection	  of	  individual	  cell	  (in	  yellow)	  both	  crossing	  the	  
midline	  (dotted	  white	  line)	  and	  leaving	  the	  CNS	  via	  the	  segmental	  nerve.	  There	  
are	  only	  3	  instances	  in	  the	  FLP-‐out	  data	  set	  as	  it	  is	  an	  unusual	  feature.	  Scale	  Bar:	  
10	  microns.	  C:	  2-‐D	  projections	  of	  individual	  cell	  (yellow)	  with	  a	  single	  protruding	  
process.	  D:	  Cell	  C	  rotated	  about	  the	  z-‐axis	  to	  show	  the	  single	  protruding	  process.	  
32%	  of	  all	  imaged	  astrocyte-‐like	  glial	  cells	  have	  a	  single	  protruding	  process	  (n=20	  
out	  of	  62	  cells).	  Scale	  Bar:	  20	  microns	  

Table 1. Frequency of Single Protruding Process feature depending on cell body 
location or morphological class  
 

Table 2. Frequency of Single Protruding Process feature depending on cell body 
location or morphological class  
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Spaghetti Monster (Viswanathan	  et	  al.,	  2015). SM is under the control of the GAL4-UAS 
system and gene expression is also temperature-sensitive (see methods). Therefore we had to 
design a HS protocol that generated differential expression patterns of each epitope in order to 
maximize the color combinations; three 1-hour heat-shocks at 48, 72, and 96 hours after egg 
laying has produced reliable and differential expression levels of each epitope. Before using non-
conjugated antibodies, we tried using direct-conjugate antibodies but were not successful. There 
were many components of the optimization of the MCFO: the genetics, the pattern of heat 
shocks, and the immunocytochemistry protocol. 
 
SM has produced high-resolution images of astrocytes where adjacent cells have the possibility 
of being labeled in different colors. In this new dataset, we were able to visualize individual 
astrocyte domains in relationship to other adjacent astrocytes. We found that astrocytes occupy 
individual domains, or tile (Stork et al., 2014), but high-resolution images show that at the distal 
processes of astrocytes, branches interweave with varying, but small amounts of inter-digitation 
(Figure 5C and D). 
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Figure 5. Multi-Color FLP-out: Spaghetti Monsters 
A:	  Single	  optical	  section	  of	  VNC	  magnified	  20X.	  Alrm	  driven	  expression	  of	  different	  
epitopes;	  individual	  epitopes	  as	  well	  as	  epitope	  combination	  processed	  with	  ICC	  
yield	  multiple	  colors:	  red,	  blue	  (pseudo	  colored	  cyan),	  green,	  yellow,	  purple,	  and	  
cyan	  when	  true	  blue	  is	  used.	  B:	  Single	  optical	  section	  of	  VNC	  magnified	  at	  40X.	  
Cyan	  colored	  cell	  in	  the	  lower	  thoracic	  and	  upper	  abdominal	  area	  of	  the	  VNC	  is	  
extending	  a	  small	  process	  across	  the	  midline	  (dotted	  white	  line).	  C:	  Single	  optical	  
section	  of	  VNC	  magnified	  100X	  (40X	  lens	  with	  2.5	  zoom).	  D:	  Single	  optical	  section	  
of	  VNC	  magnified	  126X	  (63X	  lens	  with	  2.0	  zoom).	  C	  and	  D	  both	  show	  high-‐
resolution	  images	  of	  adjacent	  astrocytes	  occupying	  spatial	  domains	  interweaving	  
with	  variable,	  but	  small	  amounts	  of	  inter-‐digitation.	  	  
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Discussion 
Using the FLP-out method, we have generated a gallery of 62 individual astrocytes in the VNC 
of wandering 3rd-instar larvae. Our gallery has revealed 3 morphological classes along with the 
identification of features such as wrapping/following FasII-positive axon bundles, midline 
crossing, single protruding processes, and a process leaving the CNS via the segmental nerve. 
We have also developed a protocol for the MCFO, Spaghetti Monster. This approach allows us to 
examine not only the morphology of individual astrocytes, but importantly, the overlap among 
adjacent astrocytic domains. Analysis of the latter will help us to understand the network 
interactions among members of the astrocyte population in the VNC neuropil. Our initial data 
show that individual astrocytes occupy individual domains yet at the distal-most regions 
branches of adjacent astrocytes inter-digitate to varying degrees.  
 
Although the morphologies of the cells in the 62-cell gallery cluster loosely in these 3 
morphological classes, it is also reasonable to consider astrocyte morphology as varying along a 
continuum with globular and multiple arbor cells being the extremes.  We do not yet know if 
there is a distinctive segment-specific morphological pattern. Recently, Peco et al. (2016) used a 
technique analogous to FLP-out to determine specific territories of astrocytes in the first-instar 
Drosophila CNS neuropil. They used a genetic driver that expresses earlier in development than 
alrm (an astrocyte-specific driver, Doherty et al., 2009) and thus generates two-cell clones 
instead of isolated cells. Our current gallery will contribute to determining how individual cells 
are arrayed.  For instance, do they continue to occupy the stereotyped territories defined by Peco 
et al.? Perhaps glial cell competition during development can lead to varying morphologies that 
array in stereotyped astrocytic domains.  
 
Another common feature of astrocyte morphology that could potentially be explained as a 
developmental phenomenon are the single protruding processes. We found that over half of the 
astrocytes located ventrally, less than half of lateral astrocytes, and only very rarely do 
dorsomedial cells possess a thin, unbranched process extending along the edge of the neuropil 
(Table 1). Astrocytes are born dorsally in the VNC and migrate to their stereotyped positions 
along the neuropil (Stork et al., 2014; Peco et al., 2016). The single protruding processes seen in 
the wandering 3rd-instar larvae may be developmental artifacts, that is, the process is essentially a 
remnant left behind during migration. 
 
A less common astrocytic feature was the process leaving the CNS via a segmental nerve. 
Generally this occurred in the caudal regions of the VNC, more commonly in A8—the most 
caudal segment. However, this feature did not appear in every astrocyte in the caudal segments 
of the neuropil. Another undergraduate student, Dara Farhadi, has quantified the volume of each 
neuropil segment and found that A8 had a significantly smaller volume when compared to every 
other segment. It is also known that different types of glial cells arise from the same progenitor 
cell (Peco et al., 2016). Smaller volume, combined with the fact that this feature is rare even in 
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caudal astrocyte, suggests that perhaps fewer astrocytes are needed to serve a smaller volume 
and perhaps may substitute for local enwrapping/ensheathing glial cells generating this feature.  
 
We also have found that astrocytic arbors are not necessarily confined to a single functional 
domain (e.g., sensory or motor domains). For example, a dorsomedial astrocyte may extend 
processes from the motor to sensory regions of the neuropil, especially visible in the Z-
dimension, which is a cross-sectional representation (Figure 2D). This finding, together with the 
dye-coupling ability of astrocytes, suggests the following functional consequences: astrocytes 
may have the role of integrating neuronal activity across disparate neural circuits. Alternatively, 
there may be functional sub-compartments in astrocytes that are differentially active in response 
to local synaptic activity; this possibility remains to be explored. The limited overlap between 
astrocytes indicates that electrical coupling among astrocytes is likely to occur at the distal-most 
tips.  And finally, any given synapse is likely to fall exclusively within the domain of a single 
astrocyte. 
 
 
Future Directions 
Moving forward, we are planning to use SM to generate another gallery of astrocytes to 
determine morphologies in a segment and seeing how those morphologies overlap amongst 
adjacent astrocytes. With this new technique, we can assay how individual cells are arrayed 
within a single hemi-segment, as well as comparing across hemi-segments to determine the 
extent of stereotypy. If stereotypy does not exist, this would support the claim that glial cell 
morphology is due to competition amongst neighboring astrocytes as opposed to a genetic cell-
autonomous response to, perhaps, gradients of morphogens. Also, we will be able to assess how 
those territories and morphological features change in response to altered neuronal activity; there 
is currently work already being done in my laboratory by my colleagues Julie Charlton, Cathy 
Tran, and Dara Farhadi. This will allow us to broaden our understanding of the astrocyte network 
and, eventually, its functional interaction with neuronal circuitry in the VNC. 
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