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Organization of the dissertation  
 

Chapter one is an introductory chapter detailing the motivation for this study as 

well as the current state of knowledge about astrocyte function, with special attention 

given to the issues that have limited advances in the field. In this section, discussion of 

vertebrate and fly or invertebrate literature is separated to promote clarity. Chapters two 

and three present original data formatted as a research article. These chapters report 

separate, but related findings, and are presented in the most logical progression. Chapters 

2 contains data that was published in a recent issue (July 2016) of the Journal of 

Comparative Neurology, and an image from this study was selected for feature on  the cover 

of this issue. Chapter 3 presents unpublished data in the form of a partial manuscript, 

intended for submission in late summer 2016 with additional data examining and 

quantifying the overlap of astrocyte processes, considering the average volume  of each 

segment and normalizing astrocyte volume to these values, and a section comparing the 

density of astrocyte processes in the dorsal, motor neuropil with those in the ventral, 

sensory neuropil using three-dimensional EM. In the final chapter of the dissertation, I 

discuss the key findings of the dissertation and their implications and discuss future 

directions.  
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Abstract 
 

 Astrocytes are the most abundant non-neuronal cells in vertebrate brains. Although 

Drosophila melanogaster has fewer astrocytic cells relative to neuronal and other glial cell 

populations, they, like vertebrate astrocytes, are located in synaptic regions, organized into 

exclusive, minimally-overlapping domains, and play developmental roles in 

synaptogenesis. But, do Drosophila astrocytes have parallel roles in the regulation of 

synaptic signaling? Preliminary electron microscopic (EM) data indicates that astrocytic 

processes are located at a greater distance, on average, from Drosophila synapses than they 

are from vertebrate synapses, thus raising questions about their capacity to alter synaptic 

signals. Do astrocytic cells and processes occupy stereotyped synaptic regions across 

repeating segmental structures and across individuals? In the studies presented here, we 

have addressed these questions directly in the ventral nerve cord (VNC) of the third-instar 

larva. We collected the first whole-cell patch-clamp recordings from Drosophila astrocytes. 

These indicate that intrinsic membrane properties, such as low membrane resistance, high 

capacitance, a hyperpolarized resting potential relative to neurons, a passive current-

voltage relationship, coupling to other astrocytic cells, and an absence of voltage-gated 

currents, are shared between astrocytes of highly divergent species. Next, we 

optogenetically activated of a group of glutamatergic pre-motor neurons and showed that 

astrocytes respond with a glutamate transporter current that is mediated by Eaat1, and 

that acute, pharmacological and chronic, genetic blockades of this transporter have 

subsequent effects on the decay of post-synaptic motor neuron currents. Then, we used 

three-dimensional EM to locate the pre-motor glutamatergic neurons that were activated 
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in the physiological study and measured the distance from each presynaptic site to the 

nearest astrocytic process. We found that these distances vary 100-fold even along a single 

neurite and that these structures are rarely in direct contact, but that no synapse is 

positioned greater than one micron from an astrocytic process. Thus, it is in this anatomical 

configuration that the regulation of post-synaptic currents by Eaat1 occurs. Finally, we 

generated a library of single, fluorescently-labeled astrocytes that were co-labeled with 

fiduciary landmarks, and used this library to compare the placement of astrocyte cell 

bodies and arbors across VNC segments and individuals. We found substantial variation in 

the gross shape, size, and territory covered by astrocytes, and conclude that their neuropil 

domains are not reliably stereotyped. Given the consistent placement of neuronal 

connectome elements, this indicates that signals of a specific synapse are not regulated by a 

designated astrocyte. Together, these findings reveal new functional parallels between 

Drosophila and vertebrate astrocytes. These findings argue for the relevance and 

applicability of mechanistic discovery in Drosophila astrocytes, and set the stage for further 

inquiry into the genetic determinants of astrocyte morphology and physiology.   
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Chapter 1: Introduction 

 

1.1 Introduction and Motivation 

Regardless of their species, size, and complexity, brains are built of two major cell 

types, neurons and glia. The ratio of neuronal to glial cells varies depending on the brain 

and brain region examined, but on average, neurons and glia are equally numerous and 

diverse in a human brain (Mota and Herculano-Houzel, 2014). Despite equal 

representation in the very organism whose elaborate brain function garners the greatest 

interest, glial cells are severely underrepresented in neuroscience research studies. The 

origins of the term itself speak to the long-held misconceptions that entirely disregarded 

any active role in brain function: glia is Greek for “glue”, as this entire class of cells was 

viewed as a passive, structural brain element. Eventually, enabled by the emergence of 

technologies that were better suited to examine glial cell activity, a collection of studies 

revealed dynamic, physiological glial cell events in response to neuronal activity, and 

subsequent changes in neuronal physiology following glial activity (Cornell-Bell et al. 1990; 

Nedergaard, 1994; Parpura et al., 1994). These and other demonstrations of bidirectional 

signaling between neurons and glia brought about a paradigm shift in the thinking about 

the role and importance of glial cells in both healthy and diseased brains. Although there is 

still much to be learned, 20+ years of experimental studies have made it clear that efforts to 

understand the brain’s functions and disorders will remain incomplete until glia and their 

relationships with neurons are better understood.   

As a student of neuroscience, I was struck by the relative lack of knowledge about 

the role of astrocytes, which are the most abundant class of glial cells in vertebrate brains, 
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in normally functioning, mature brain tissues. This knowledge gap seemed particularly 

conspicuous given that astrocytic processes associate spatially with synapses to a far 

greater degree than other glial cell types. While still sparse when compared to other topics 

in neuroscience, the literature dealing with astrocyte roles in both developmental 

processes and disease pathology was abundant when compared with the literature on 

healthy, matures astrocyte roles. It was from this vantage point that I chose to focus my 

dissertation research project, as well as the following introductory chapter, on the roles of 

astrocytes in healthy, mature brain tissues. References to developmental processes and 

manifestations in disease are provided only as they are useful to aid our understanding of 

mature astrocyte function.  

Before examining the present state of knowledge in the field and considering the 

contribution of the dissertation studies at hand, it is worth considering a collection of 

technical and conceptual problems that have impeded progress in our understanding of 

astrocytes. 

 

1) Astrocyte cell identity 

 

Astrocyte identity is not a straight-forward matter. And, this issue is inexorably tied 

to the recent realization that astrocytic cells are heterogeneous in both their form and 

function, and that astrocyte diversity can be found both across and within brain regions 

(Zhang and Barres, 2010; Oberheim et al., 2012). Although vertebrate studies have 
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commonly relied on glial fibrillary acidic protein (GFAP) expression to identify astrocytes 

ex vivo or drive expression in vivo, GFAP is not found in all astrocytes and all GFAP-positive 

cells are not astrocytes (Kimelberg, 2004; Fujita et al., 2014; Khakh and Sofroniew, 2015). 

By comparison, astrocytes are readily identified in Drosophila melanogaster, owing both to 

the small number of glial cells present and to detailed knowledge of the genes that specify 

astrocyte fate as well as genes that are stably expressed in mature cells (Freeman, 2015a). 

But, many questions about the predictive value and degree of similarity between the 

vertebrate protoplasmic astrocyte and Drosophila astrocytes remain outstanding. 

 

2) Astrocyte plasticity and homeostatic tendencies 

 

It is now well-documented that astrocytes behave quite differently when they are 

removed from the CNS than they do when they are embedded within brain tissues 

(Verkhratsky and Butt, 2013). Prior to the availability of many of the modern in vivo 

techniques for brain imaging, extensive astrocyte functional studies were conducted in 

vitro. Such studies indicated that astrocytes expressed voltage-gated sodium, calcium, and 

A-type potassium channels, as well as glutamate, GABA and ATP activated ionotropic 

receptors (Verkhratsky and Steinhauser, 2000). Although such channels may be expressed 

in development (Kafitz et al., 2008), by and large, these results obtained in vitro have not 

been replicated in vivo when mature astrocytes are considered. This is perhaps 

unsurprising, seeing as astrocytes regulate the extracellular environmental within the CNS, 
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and thus may be prone toward drastically altering gene expression patterns and cellular 

features more so than neuronal cells upon their removal from the CNS. Slice preparations 

offer some improvement in the faithful illumination of astrocyte activates, but, overall, 

results obtained in either configuration are perhaps better viewed as examples of what 

astrocytes can do, rather than interpreted as examples of their regular activities in vivo 

(Verkhratsky and Butt, 2013). Here, the petite size of the Drosophila brain, which enables 

the study of cellular function within a completely intact CNS, aids experimental astrocyte 

functional studies by enabling both access and preservation of the delicate anatomical 

relationships between astrocytic processes and neuronal synapse. Glial cell physiology has 

been studied in other intact invertebrate systems, including leeches and moths, but these 

model systems lack the ability to genetically manipulate genes and cells as one can in 

Drosophila. 

 

3) Cell autonomous functions 

 

When one is compelled to examine astrocytes in intact brain tissues for the 

aforementioned reasons, a new problem, which would have been averted by using purified 

astrocyte cultures, arises. The techniques that are used to study cellular physiology, such as 

bath application of drugs, do not enable one to distinguish between primary, cell 

autonomous effects on astrocytes and the possibility of secondary astrocyte effects that are 

mediated by a primary effect on neuronal cells (note: the converse is also true, but rarely 
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considered). This issue is exacerbated by the inherently slower timescales of astrocyte 

operation relative to neurons, and together these make casual relationships difficult to 

ascertain. In rodents, genetic manipulations are laborious (multiple mutations and genetic 

rescue experiments even more) and so physiological studies of astrocytes have relied 

heavily on pharmacological tools. The availability of astrocyte markers, molecular tools, 

and swift transgenic construction in Drosophila offers considerable alleviation to these 

experimental challenges (Freeman et al., 2015a).  

 

4) A lack of tailored tools for astrocyte manipulation 

 

Driven by aggregate demand, the tools that are presently available to study the 

brain were each designed with neuronal physiology in mind. Rightfully, this has not 

prevented astrocyte researchers from employing them in studies, but with the inevitable 

caveat that the effects of these mis-expression approaches and the mechanisms by which 

they alter astrocyte physiology and function are very poorly resolved (Figueiredo et al., 

2011). For example, channelrhodopsin (ChR2) was placed into astrocytes shortly afte r 

pioneering studies in neurons, but, it took several years for researches to disentangle the 

effects of a) depolarization b) acidification c) sodium entry d) calcium entry (Kirischuk et 

al., 2012; Figueiredo et al., 2014). While refinements of optogenetic tools for both sensing 

and influencing activity has provided more suitable options for astrocyte interrogation, the 

larger issue perhaps lies in a nascent understanding of multifaceted, in vivo astrocyte 
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physiology itself. In Drosophila, no studies of astrocyte electrophysiology have been 

conducted, but both the speed and diversity of optogenetic transgenes offerings in this 

organism create an opportunity to explore and expand upon the current toolkit for 

astrocyte manipulation. 

  

5) Access to distal astrocytic processes, non-uniformity, and functional 

compartmentalization. 

 

The structure of astrocytic cells does not lend itself toward the study of its most 

interesting functional regions, which are the fine, synapse-associated processes located at 

the most distal extents. The cable (or, perhaps more accurately, sheet) properties in these 

compartments practically ensure that signals originating at distal tips are not detectable 

via somatic recordings. Even in calcium-imaging studies, focus was initially was placed on 

the readily detectable somatic signals, but advances in sensors and imaging have now 

revealed that perhaps the most relevant calcium events are spatially focused in distal sub -

compartments, and even sometimes restricted to peri-synaptic regions within (Reeves et 

al., 2011). This sort of scattered activity gives us a glimpse of what is likely a dramatic non -

uniformity of protein and mRNA expression occurring along the length of an astrocyte 

process, similar in concept to the differences between synaptic membrane and adjacent, 

non-synaptic axonal membrane within neuronal cells. This non-uniformity means that even 

from a molecular perspective, the contents of highly ramified astrocyte processes is 
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somewhat elusive, as the protein and mRNA content within these regions may be less 

easily recovered and isolated. Genome-wide analysis of downstream targets of glial cell fate 

genes and carefully constructed genetic screens have facilitated gene discovery in 

Drosophila (Egger et al., 2002; Freeman et al., 2003; Altenhein et al., 2006), although the 

issues above related to access to distal compartments are largely unchanged. 

Despite these interrelated challenges, several astrocyte functions are now well-

accepted. These include roles in ion homeostasis, neurotransmitter clearance, and synapse 

formation and removal, as well as contributions to neurovascular coupling. Other functions, 

such as gliotransmission, remain controversial, but are the topic of ongoing study within 

the field. However, it is clear that neuronal networks and astrocyte networks are not 

separate systems, and that bidirectional signaling between these cell classes occurs via 

diverse mechanisms and on a multitude of spatial and temporal scales. The vertebrate 

literature is rife with evidence that astrocytes both sense and influence neuronal activity.  

While the fly literature is sparse by comparison, it has in some cases overcome several of 

the limitations described above, and yielded exciting new insights into astrocyte function.  

Each of the following sections was selected to illuminate a topic that is relevant to 

the consideration of mature, in vivo astrocyte function and/or the experimental studies 

contained in chapters 2 and 3. After an introductory section detailing the developmental 

origins of Drosophila astrocytes, each following section begins with an overview of the 

topic in vertebrate literature, and concludes with a consideration of the current evidence 

for parallel function in Drosophila astrocytes, or, when unavailable, other invertebrate glia. 
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At the center of all of this matter is a question of the degree of similarity in mature, in vivo 

function between Drosophila and vertebrate astrocytes. 

 

1.2 Developmental origins of larval Drosophila astrocytes 

Unlike the human brain, where glial and neuronal cell numbers are roughly equal, 

the Drosophila CNS consists of approximately 90% neuronal cells and 10% glial cells (Ito et 

al., 1995). Despite a reduced representation, Drosophila possesses an array of specialized 

glial cells that have been classified by their embryonic lineage and characterized 

anatomically in larval and adult brain tissue (Ito et al., 1995; Beckervordersandforth et al., 

2008; Awasaki et al., 2008; Freeman et al., 2015a). All of the larval glial cells arise from a 

small, defined population of glioblasts and neuro-glioblasts, which are arranged around the 

borders of each embryonic VNC segment (Beckervorderandforth et al., 2008). Progeny 

destined to become larval glia derive from two general lineages, lateral and midline, th at 

are named for the gross anatomical position of their progenitor cells. Lateral glia are 

distinguishable in the embryo by their transient expression of glial cells missing (gcm) and 

in the larva by subsequent, stable expression of reversed polarity (repo) (Xiong et al., 1994; 

Hartenstein, 2011). In contrast, midline glia do not express gcm or repo. The three pairs of 

midline glia per segment are positioned around the midline commissures and have a 

development role in axon pathfinding (Beckervorderandforth et al., 2008; Crews, 2010). 

The lateral glia lineage is more numerous and diverse. Progeny residing within the CNS are 

classified into three primary categories: surface glia, cortex glia, and neuropil glia. The 

surface glia form two layers that surround the CNS, with the innermost layer formed by 
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subperineurial glia and the outer layer by perineurial glia, and each of these layers contains 

septate junctions and serves a blood-brain barrier -like function. Cortex glia enwrap the 

cell body of each neuron individually with lamelliform processes, but are not associated 

with the neuropil or synaptic structures. Some of the same glioblasts and neuroglioblasts 

that give rise to the central glial cells, as well as additional PNS progenitors and the sensory 

organ precursor, together produce an additional major category of Drosophila glia, the PNS 

peripheral glia (Hartenstein, 2011). 

All of the neuropil glia in each hemisegment of the larval VNC derive from a unitary 

progenitor, the longitudinal glioblast (LGB), which migrates from an initial lateral position 

towards the midline across the dorsal surface of the VNC. Its nine progeny are divided into 

three subcategories: astrocytes, ensheathing glia, and wrapping glia. One wrapping glial cell 

is positioned at the segmental nerve exit of each hemisegment. This cell may also share 

some features of ensheathing glial cells, as it ensheathes the lateral aspect of the cortex -

neuropil boundary (Peco et al., 2016). Two ensheathing glial cells are located at the cortex -

neuropil boundary and extend processes surrounding, but not infiltrating, the synaptic 

neuropil (Freeman, 2015a). In a given hemisegment, the ensheathing glial cell bodies are 

located dorsomedial and ventral to the neuropil, respectively. Together, these three cells  

(two ensheathing glial cells and one wrapping glial cells) completely encase the ne uropil 

compartment (Peco et al., 2016).  

The remaining six progeny of the LGB will be become Drosophila astrocytes. These 

cells have previously been referred to in the literature by several names, including 

interface glia (Ito et al., 1995), longitudinal glia (Beckervordersandforth et al., 2008), 
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astrocyte-like glia (Awasaki et al., 2008; Sasse et al., 2015), reticular neuropil glia 

(Hartenstein, 2011), but most recently, just astrocytes (Stork et al., 2014; Muthukumar et 

al., 2014; Peco et al., 2016). Following glial cell specification by the transcription factors 

gcm and repo, differentiation into astrocytes (as opposed to ensheathing or wrapping glial 

cells) is regulated by three key factors: the Ets protein PntP1, Notch signaling, and the 

homeoprotein Prospero. These factors are potent, and are sufficient to switch the 

developmental fate of longitudinal glial in other lineages to that of astrocytes. Of these, only 

Notch is both required and sufficient to achieve astrocyte fate: in the absence of Notch 

signaling, cells that would become astrocytes develop abnormally into ensheathing glial 

cells instead, and Notch activation causes cells that are normally destined to become 

ensheathing glia to take on the distinguishing molecular and morphological features of 

astrocytes (Peco et al., 2016). It is interesting to note that astrocytes in the adult Drosophila 

brain are generated from a lineage that is entirely distinct from the adult ensheathing glia 

lineage, indicating that there are different ways by which astrocytes emerge at larval and 

adult life stages (Awasaki et al., 2008). 

 The highly branched morphology of Drosophila astrocytes bears a striking 

resemblance to vertebrate protoplasmic astrocytes, and these branches permeate 

throughout the synaptic neuropil forming a dense meshwork of fine, veil-like processes 

that reside very close to synaptic structures (Freeman, 2015a; MacNamee et al., 2016). 

They have a polarized cell structure and organization, with microtubule-rich primary 

branches and microtubules that are oriented such that the plus end is located in the distal, 

fine processes, which are themselves actin-rich (Stork et al., 2014). Astrocytes completely 

cover the neuropil territory, but they do so in non-overlapping domains (Stork et al., 2014), 
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a characteristic previously noted in vertebrate astrocytes and termed ‘tiling’ (Bushong et 

al., 2002; 2004). Astrocyte cell-body migration and the ensuing morphogenesis of 

astrocytic processes are regulated by signaling through the fibroblast growth factor (FGF) 

receptor Heartless, which is enriched in astrocytes, and its ligands, Pyramus and Thisbe, 

which are secreted by neuropil glia. Interruptions of this signaling yield a failure of 

astrocyte cell-body migration and ectopic astrocytic process growth into cortex regions. 

Potentiating FGF signaling in some astrocytes (through stochastic expression of a 

constitutively active heartless receptor) increases astrocyte process growth and cell size 

relative to neighboring astrocytes that are wild type, while inhibiting FGF signaling yields 

smaller astrocytes. However, in each of these conditions the coverage of neuropil remains 

complete and the tiling of adjacent astrocyte domains remains intact (Stork et al., 2014). 

Thus, the mechanism underlying astrocyte tiling is not yet known.  

Many molecular markers are shared by fly and vertebrate astrocytes. For example, 

vertebrate astrocytes also express high levels of FGFR3, the ortholog of Drosophila 

heartless (Pringle et al., 2003; Cahoy et al., 2008; Freeman, 2015a). Fly astrocytes express 

the neurotransmitter transporters excitatory amino acid transporter 1 (EAAT1) and GABA 

transporter (GAT) (Rival et al., 2004; Thimgan et al., 2006; Muthukumar et al., 2014), 

neurotransmitter receptors (mGABARs) (Mezler et al., 2001; Muthukumar et al., 2014), and 

gap-junction forming innexins (Stebbings et al., 2002), much like their mammalian 

counterparts (Kimelberg and Nedergaard, 2010). Modulation of PDGFR signaling by CD9 is 

evolutionarily conserved from Drosophila glia to human glioma and plays a role in glia 

migration. Insects do not seem to have any intermediate filament coding loci with in their 

genomes, and thus, fly astrocytes are not labeled by antibodies to GFAP (Erber et al., 1998). 
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The alrm (astrocytic leucine-rich repeat molecule) promoter is expressed specifically in 

Drosophila astrocytes, and has been used extensively to study astrocyte-specific functions 

(Doherty et al., 2009; Ng et al., 2011; Ziegenfuss et al., 2012; Stork et al., 2014; Muthukumar 

et al., 2014; Tasdemir-Yilmaz et al., 2014; Liu et al., 2014; Hakim et al., 2014; Hess-Homeier 

et al., 2014; Omoto et al., 2015). 

 

1.3 The tripartite synapse 

 

1.3.1 Structural Relationships 

 

1.3.1.1 Vertebrate synapses are varied in proportion and extent of astrocyte contact  

The intimate structural relationship between neuronal synaptic elements and 

astrocytic processes is so striking that astrocytic cells garnered the interest of early 

neuroanatomists. Although nearly a century passed before the term “tripartite synapse” 

was coined (Araque et al., 1999) and the specialized subtypes and properties of human 

astrocytes were examined in detail (Oberheim et al., 2009), Cajal foreshadowed these 

discoveries, writing “La corteza cerebral humana discrepa de la ·de los animales, no sólo  

por la cantidad enorme de células de tipo glandular que contiene, sino por la pequeñez de 

éstas y la riqueza del plexo gliomatoso intersticial.” (The human brain cortex differs from 

that of other animals not only in the huge amount of glandular cells [astrocytes] that it 

contains, but in their smallness and the wealth of the interstitial glial plexus) (Cajal, 1913).  
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 Since his writing, there have been only a handful comparative studies examining the 

relationship between astrocytes and synaptic structures across species and brain regions. 

However, advances in electron microscopic (EM) techniques have allowed detailed, three -

dimensional reconstructions of synaptic structures and astrocytes, and revealed 

tantalizing, but incomplete, information about the subject. Astrocytes were named as star-

shaped cells, and while this visual reference is somewhat accurately maintained when one 

views only the major, GFAP-positive protrusions emanating from the astrocyte’s soma, we 

now know these GFAP-containing processes represent only a small fraction (~15%) of the 

total cell volume (Bushong et al., 2002). Astrocytic processes ramify progressively as they 

travel away from the soma, and it is these fine astrocytic processes, which lack GFAP 

filaments and often form flattened, lamellar sheets, that account for the vast majority of the 

total astrocyte membrane and cell volume (Bernardinelli et al., 2014). The fine, distalmost 

processes of astrocytes have been described by several names, such as astrocyte lamellae, 

astrocyte sheets, veil-like lamellae, peripheral astrocyte processes, peri-synaptic astrocyte 

processes (PAPs) and astrocyte fingers. The term “astrocyte leaflets” is suggested in a 

standardized terminology scheme for astrocyte compartments recently proposed by Khakh 

and Sofreniew (2015). Regardless of their name, these are the astrocytic processes that 

make the most intimate contacts with neuronal synapses. 

 The term ‘tripartite’ has been ascribed to synapses based on functional and/or 

anatomical studies. The former will be discussed in following sections, but in the latter, the 

proportion of synapse contact by astrocytic processes and the extent of synapse coverage 

can vary quite significantly. According to estimates derived from EM data, nearly all 

synapses in the cerebellum are embraced by astrocytic processes, but when one looks in 
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the neocortex, the proportion is lower and has been reported by different groups to be 

between 29% and 56% (Bernardinelli et al., 2014). In addition to such notable variation 

across brain regions, astrocytic process are distributed non-uniformly among synapses 

even within a given brain region: studying the sensory cortex of adult mice, Genoud et al. 

(2006) found that 10% of synapses had no astrocyte contact at all, 20% made contact with 

a synaptic element, but not with the functionally important axon-spine interface, a majority 

of synapses (68%) featured partial coverage of the axon-spine interface, and only 2% had 

an axon-spine interface that was completely covered by astrocytic processes. It is quite 

possible that astrocyte coverage is geared toward a certain type of synapse, based either 

upon neurotransmitter identity or synaptic status (i.e., nascent, mature, retracting, etc.). In 

the hippocampus, where 57% of synapses are ensheathed to some degree by astrocytic 

processes, most of the covered synapses are excitatory (Ventura and Harris, 1999; Eroglu 

and Barres, 2010).  

While considering the degree and proportion of synapse coverage, it is important to 

note that the chemical EM fixation process shrinks tissue, and that the resulting shrinkage 

may be more or less pronounced for structures that differ in chemical makeup and/or 

size/volume, and thus may differ significantly from the actual, in vivo operating distance 

between structures. When compared directly with an EM fixation method that improves 

the preservation of the extracellular space (high pressure freezing), it seems that chemical 

fixation artifactually increases the contact and coverage of synapses and astrocytes 

(Korogod et al., 2015), meaning that in vivo, direct contact may actually be quite rare and 

potentially unnecessary for functional regulation. 
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 Regardless, experimental evidence shows that changes in the relative astrocyte -

synapse distance occur with manipulations of neuronal activity, indicating that these 

relationships are neither random nor meaningless (Hirrlinger et al., 2004; Theodosis et al., 

2008). 24 hours of whisker stimulation increases astrocytic coverage of the axon -spine 

interface at synapses in the mouse barrel cortex (Genoud et al., 2006). In a rat model of 

Parkinson’s disease, astrocytic coverage was increased relative to controls at glutamatergic 

synapses in the substantia nigra (Bosson et al., 2014). Decreases in coverage can also be 

affected: direct contact between astrocytes and synapses in the amygdala decreased from 

45% to 34% in response to threat conditioning (tone-shock pairing), owing largely to a 

transient increase in synapses with no astrocytic coverage (Ostroff et al., 2014). Finally, in a 

study examining postmortem human tissue, Witcher et al. (2010) found significant 

reductions in astrocyte coverage of synapses in severe cases of epilepsy.    

 Astrocytic processes are highly plastic, and this property has been nicely 

demonstrated in the suprachiasmatic nucleus (SCN) of the rat hypothalamus, where 

astrocytic processes dynamically extend and retract in accordance with the 24 -hour 

light/dark cycle. This daily remodeling is mediated by brain-derived neurotrophic factor 

(BDNF) and its receptor, TrkB (Giradet et al., 2013). Cyclical remodeling of astrocyte-

synapse relationship has been noted in other hypothalamic areas including the supraoptic, 

arcuate, and preoptic nuclei in response to dehydration and fluctuating sexual steroid 

levels, respectively (Theodosis et al., 2008). Although they are unable to attain the spatial 

resolution of fixed EM, live imaging studies reinforce the conclusion that morphological 

changes in astrocytes, especially at their distal tips, can occur on fast time scales and reflect 

ongoing changes in neuronal activity (Haber et al., 2006). Such astrocyte process retraction 
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has its own functional implications, as it changes the properties of the extracellular space 

and proximity of neurotransmitter transporters as well as the relationship  of glial 

processes to synapses (Kinney et al., 2013).  

These sorts of changes also occur over developmental time (Matsutani and Leon, 

1993; Sirevaag and Greenough, 1991; Corvetti et al., 2006), and one possibility is that the 

degree of astrocytic coverage of a given synapse indicates the age and/or stability of that 

synapse. Experimental evidence within the existing literature has not revealed a consistent 

direction of this effect (i.e., increase vs. decrease with stability or age). In the hippocampus, 

it was initially reported that larger, more mature spines have a greater degree of astrocytic 

coverage (Nishida and Okabe, 2007), while others later found that thin, “learning” spines 

have more coverage (Medvedev et al., 2014). Continued study is thus needed to clarify the 

significance of astrocyte coverage vis-à-vis synapse size, age, and stability.  

 

1.3.1.1 Drosophila synapses are less frequently and less completely contacted by astrocytic processes  

Central synapses within insect nervous systems have been examined using two-

dimensional EM samples and, by and large, insect synapses appear less frequently and less 

extensively covered by glial processes relative to those in the vertebrate cortex and other 

brain regions discussed above, although their relationships similarly change across 

developmental time (Oland et al., 1998; Oland et al., 2008; Oland and Tolbert, 2011). By 

analyzing a two-dimensional EM sample of the Drosophila larval VNC neuropil, Stork et al. 

(2014) reported that the mean synapse-glial process distance was nearly a micron (0.88 ± 

0.66 m SD) and that synapses were not ever wrapped by glial membranes. No additional 
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studies have tackled this question (but see Chapter 2). However, Drosophila neuropil glia 

do have known roles in synaptic remodeling, as both the astrocytes and ensheathing glial 

cells serve as phagocytes during pupal development (Doherty et al., 2009; Tasdemir -Yilmez 

et al., 2014). 

The spatial relationship between the neuromuscular junction (NMJ) and peripheral 

glial cells of both larval and adult flies has been investigated and suggests a coordinated 

growth process. Note that the glial cells associated with this synapse are entirely distinct 

from Drosophila astrocytes, and include the two classes of peripheral glia: first, 

subperineurial glial processes form a blood-nerve barrier surrounding the axon proximal 

to the first bouton, and second, perineurial glial processes extend beyond the end of the 

subperineurial glia into the NMJ where they contact synapses and extend across non -

synaptic muscle. Brink et al. (2012) also investigated the dynamics of glial development at 

this synapse and found that the growth of the glial processes was coordinated with NMJ 

growth and the onset of synaptic activity. In the adult, the dorsal longitudinal (flight) 

muscle (DLM) synapses have been suggested to bear a close anatomical resemblance to 

vertebrate tripartite synapses by virtue of shared anatomical and functional features. 

These include extensive coverage of the pre-synapse by the glial processes, glial regulation 

of extracellular glutamate, synaptically-induced glial calcium transients, and glial coupling 

of synapses with tracheolar structures mediating gas exchange (Danjo et al., 2011).  

 

1.3.2 Functional Interactions 
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1.3.2.1 Cellular, molecular, and behavioral evidence supports the notion that vertebrate astrocytes 

modulate synaptic function  

While astrocytes have been known for some time to secrete factors necessary for 

synapse formation (Pfrieger and Barres, 1997), evidence pointing to a role in the regulation 

of mature synapses is mounting (Panatier et al., 2011; Verkhratsky and Nedergaard, 2014; 

Eroglu and Barres, 2010). However, this regulation is scarcely understood, especially when 

one considers the extensive exploration that was required to understand the specialized 

synaptic physiology of neurons. Given that synaptic regions are also inhabited by 

astrocytes, understanding their role in synaptic physiology is absolutely necessary to 

advance our knowledge of the brain as a whole.  

The placement of astrocytic processes around synapses creates both a physical and 

molecular barrier, and this barrier impedes neurotransmitter spillover into nearby 

synapses (Kullmann and Asztely, 1998), thus helping preserve the specificity of signaling in 

dedicated neuronal circuits. The neurotransmitter transport proteins that are expressed on 

astrocyte membranes further facilitate this function (Zhou and Danbolt, 2013). In one 

example, odor-evoked oscillations in olfactory cortex were altered in a GLAST (astrocyte 

glutamate transporter) knockout mouse (Martin et al., 2012). On the other hand, it is 

interesting to consider that some brain regions or synapses may, by design, lack significant 

astrocyte coverage in order to promote spillover and trans-synaptic activation 

(Bernardinelli et al., 2014).  

In addition to transporters, astrocytes possess an array of other molecules that 

operate in interactions affecting neuronal synaptic function. These include 

neurotransmitter receptors and these, like other extra-synaptic receptors, tend to be high-
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affinity, slowly desensitizing metabotropic receptors (Araque et al., 2014). Some 

specialized astrocytes, such as Bergmann glia, also express AMPA receptors; the 

conditional loss of this receptor causes retraction of glial processes from synapses, 

increased amplitude and duration of evoked post-synaptic current, and impairments in 

fine-motor coordination (Saab et al., 2012). Astrocytes also help support the high metabolic 

demands of neuronal synapses by synthesizing and providing lactate, and the disruption of 

this process in hippocampal astrocytes impairs long-term memory formation (Suzuki et al., 

2011) 

A wealth of behavioral studies conducted using transgenic mice have demonstrated 

that astrocyte manipulations can influence the outputs generated by brain networks, 

showing effects on cognition, emotion, motor, and sensory function (Oliveria et al., 2015). 

In a handful of these studies, the physiological effects and potential synaptic mechanisms 

were also considered. In visual cortex, optogenetic activation of astrocytes expressing 

channelrhodopsin-2 enhanced excitatory and inhibitory synaptic transmission by 

activating neuronal metabotropic glutamate receptors, increased the spontaneous firing 

rate of parvalbumin-positive neurons, and induced changes in visual response properties of 

somatostatin-positive neurons (Perea et al., 2014). Astrocytes have been implicated 

throughout the process of activity-dependent network refinement as mediators of LTP, 

LTD, and synaptic scaling (Stellwagen and Malenka, 2006; Pita-Almenar et al., 2012). 

Astrocytes also regulate LTP though regulated D-serine release (Henneberger et al., 2010), 

and human astrocytes may have an enhanced capability supporting learning and memory. 

In a clever (pun intended) study, Han et al. (2013) engrafted human glial progenitor cells 

(GPCs) into neonatal immunodeficient mice, and found that LTP was sharply enhanced in 
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the human glial chimeric mice, as was learning, assessed by Barnes maze navigation, 

object-location memory, and both contextual and tone fear conditioning.  

In sum, these observations suggest that distal astrocytic processes provide 

sensitivity to neuronal activity. Synaptic activity at multiple positions within an astrocyte’s 

neuropil domain, plus the potential for communication and spreading of signals spread 

between astrocytes may ultimately influence the overall activity of the neuronal network 

(see sections 1.4.1, 1.5., 1.10.1 below). 

 

1.3.2.1 Behavioral and misexpression evidence indicate Drosophila astrocytes may influence synapses 

Numerous lines of evidence have shown that genetic manipulations limited to 

Drosophila glial cells can influence both simple and relatively complex fly behaviors, 

including locomotion (Rival et al., 2004; Stacey et al., 2010), circadian rhythms (Ng et al., 

2011), courtship, (Grosjean et al., 2008), seizure susceptibility (Melom and Littleton, 2013), 

and age-related memory impairment (Yamazaki et al., 2014). Most recently, Liu et al. 

(2014) used TrpA1 channel misexpression to activate Drosophila astrocytes and found that 

they were capable of modulating excitatory post-synaptic potentials in antennal-lobe 

projection neurons, part of the adult olfactory system. These results show that glial 

modulation of synaptic function occurs in the fly and make a compelling argument that a 

more complete understanding of how fly astrocytes function in comparison to vertebrate 

astrocytes will provide a powerful experimental route for further exploration of astrocyte 

physiology.  
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1.4 Calcium Signaling 

 

1.4.1 Vertebrate astrocyte calcium transients occur on different spatial and temporal scales 

Following the initial observation of glial calcium increases in response to neuronal 

activity (Cornell-Bell et al., 1990), additional in vitro studies showed that astrocytic calcium 

elevations then lead to neuronal calcium elevations (Parpura et al., 1994; Nedergaard, 

1994). These findings brought about several theories and new, testable hypotheses to 

explain bidirectional astrocyte-to-neuron signaling and paved the way for several emerging 

concepts about the underlying mechanisms and the roles of astrocytes. These included 

intercellularly-propagating “calcium waves”, gliotransmission, and the notion that 

astrocytes are actually regulators of neuronal signaling, plasticity, and even cerebral blood 

flow, but each of these has not been without controversy. For example, a collection of 

studies indicated that the mechanism underlying somatic astrocytic calcium elevations 

began with activation of Gq-coupled glutamate receptors (namely mGluR5), thereby 

generating inositol-1,4,5- trisphosphate (IP3) and causing calcium release from internal 

stores via IP3 receptor binding. Following calcium elevations, both vasodilation and 

constriction of local arterioles have been demonstrated in different studies conducted 

using slice preparations, with the polarity of the effect determined partially by conditions 

including oxygen or nitric oxide (NO) levels. Vasodilation occurred downstream of 

astrocyte  metabotropic glutamate receptor (mGluR) activation, and was achieved by 

pathways involving cyclooxygenase products, which leads to productions and release of 
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PGE2, or activation of a combination of various potassium channels on astrocytes as well as 

smooth muscle cells. Vasoconstrction was caused by astrocyte arachidonic acid, which is 

then converted to 20- hydroxyeicosatetraenoic acid (20-HETE) in smooth muscles cells 

(Petzold and Murthy, 2011; Bazargani and Attwell, 2016; Shigetomi et al., 2016).  

These concepts gained traction, and as they were tested across diverse contexts, 

experimental evidence challenging the feasibility of these findings was uncovered, and a 

controversy emerged (Bazargani and Attell, 2016). First, although mGluR5 receptor mRNA 

was abundantly expressed in astrocytes during prenatal development and the initial 

postnatal weeks, it was not detected in mature astrocytes, destabilizing the entire 

mechanism previously proposed for generating astrocyte calcium transients (Sun et al., 

2013). Second, amid these reopened questions about the mechanism of calcium elevations, 

it become increasingly clear that the timescale of the observed somatic astrocytic calcium 

elevations was simply too slow to qualify as a plausible, causal event in neuronal-activity 

responsive blood flow changes (Nizar et al., 2013; Bonder et al., 2014; Petravicz et al., 

2014). However, the global regulation of oxygen supply within the whole body was more 

convincingly attributed to brainstem astrocytes: these astrocytes are acidified by car bon 

dioxide, and this causes an increase in astrocyte calcium and then ATP release that 

subsequently increases respiration rate (Huda et al., 2013). 

While pioneering studies of astrocyte calcium signaling relied on reagents that are 

suited to detect large, somatic calcium elevations, the advent and adoption of membrane-

targeted genetically encoded calcium indicators brought about new insights (Shigetomi et 

al., 2016). It is now clear that different types of calcium transients are present on different 
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spatial and temporal scales. In vivo astrocytic calcium elevation events rarely include the 

intercellular waves observed in vitro, and only sometimes extend to encompass the whole 

astrocyte. But most frequently, an astrocytic calcium elevation event is localized to a 

microdomain, sometimes occurring only at the membrane of fine processes. These 

microdomain elevations occur on a fast time scale (Bernardinelli et al., 2011) and are at 

least eight times as frequent as somatic calcium elevation events (Srinivasan et al., 2015). 

Distinct types of nervous system activity may underlie spatially and temporally distinct 

astrocyte calcium events. For example, in hippocampal astrocytes, spontaneous synaptic 

neurotransmitter release yields brief (~0.7 s), spatially localized (~4 µm) transients within 

astrocyte processes, whereas action potential–driven neurotransmitter release triggers 

larger, longer lasting (~3 s), and spatially broader (~12 µm) events (Di Castro et al., 2011; 

Panatier et al., 2011). This does not mean they are unrelated, however, as calcium 

transients that begin in astrocyte processes can sometimes propagate along the process 

into the soma, and even between cells (Nimmerjahn et al., 2004; Kuga et al., 2011; 

Bazargani and Attwell, 2016). One recent review identifies no less than seven distinct sub-

categories of spatially, temporally, and perhaps mechanistically distinct astrocytic calcium 

signals (Khakh and Sofreniew, 2015). 

There is evidence to support the idea of disparate mechanisms for each type of 

calcium elevation: manipulations of extracellular calcium concentration had very little 

effect on somatic elevations, but this same manipulation reduced the frequency of the 

transients in processes by 50–75% in nearly half of the locations where calcium transients 

were previously observed. In line with this reasoning, when IP3R2 receptors were knocked 

out, ligand-evoked increases in calcium concentration in astrocytes were greatly reduced in 
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the soma of the cells, but much less affected in the processes (Srinivasan et al., 2015; 

Bazargani and Attell, 2016). Together, these results suggest that somatic calcium elevations 

depend primarily upon the release of Ca2+ from internal stores, whereas transmembrane 

entry of calcium plays are larger role within the astrocyte processes. Transmembrane 

calcium entry could occur via several candidate channels, including endogenously active 

channels such as TRPA1 (Shigetomi et al., 2013), receptor-gated Ca2+-permeable ion 

channels (Srinivasan et al., 2015), and orai channels (Shigetomi et al., 2016). In addition, 

both glutamate and GABA transporters are activated in response to neuronal activity and 

have been suggested to raise astrocyte calcium. This may be mediated by the uptake -

evoked rise in sodium concentration, thereby causing reversed operation of Na+/Ca2+ 

exchangers. (Bazargani and Attell, 2016).  

Recognition of the rapid timescale of calcium elevations in astrocytic processes gave 

new life to the idea that astrocytic calcium elevations might regulate cerebral blood flow. 

These local elevations occur before, or with a similar time course to, the increase of blood 

flow. The mechanism(s) that may mediate this process remain under investigation, but 

could involve diffusible nitric oxide (NO) release that originates from each locally activated 

astrocytic process compartment and is integrated over time and space, or Ca 2+-induced 

ATP release and then activation of ATP receptors, among others (Bazargani and Attell, 

2016). Finally, it has been proposed that astrocyte calcium signals might contribute to 

brain disease, and thus far, studies have implicated alternations in astrocyte calcium 

signaling in mouse models of Alzheimer’s disease as well as Huntington’s disease 

(Shigetomi et al., 2016). 
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1.4.2 Drosophila glia have spontaneous and evoked calcium transients 

 

Drosophila astrocytes exhibit spontaneous, microdomain calcium signals and the 

interruption of these signals has been showed to affect neuronal circuitry in the adult fly. 

Drosophila astrocytes located in the adult antennal lobe and the ventromedial 

protocerebrum were imaged using GCaMP3 and revealed spontaneous, microdomain 

calcium elevations. The effect of this astrocyte calcium signaling on nearby neurons was 

explored by using the non-selective heat-activated cation channel TRPA1 to “activate” 

astrocytes. With this approach, Liu et al. (2014) showed that astrocyte TRPA1 activation 

could inhibit the odor-evoked projection neuron responses by decreasing the amplitude 

and slope of excitatory postsynaptic potentials. These results suggest that Drosophila 

astrocyte may regulate olfactory processing through a calcium-dependent negative 

regulation of olfactory receptor neuron-projection neuron synaptic strength. The impact of 

sodium entry, which would also occur during TRPA1 activation and is known to mediate 

cellular function (Kirischuk et al., 2012), on astrocytes was not explored. A second line of 

evidence points toward astrocyte regulation of neuronal circuits in Drosophila: Ng et al. 

(2011) conditionally knocked down the Drosophila sarcoendoplasmic reticulum (ER) 

calcium ATPase (SERCA) in astrocytes of the adult brain. Their manipulation presumably 

affects calcium signaling, although cellular manifestations were not examined in this study; 

assuming so, the results showed that adult circadian behavioral rhythms declined 

significantly and that many individuals became arrhythmic.  
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Calcium elevations occurring in response to neuronal activity have also been 

documented in other types of Drosophila glial cells, including the peripheral glia associated 

with the NMJ and the CNS cortex glia. In the larval VNC, cortex glia exhibit rapid, near -

membrane calcium oscillations that are mediated by a glia-specific Na+/Ca2+,K+ exchanger 

(zydeco). Animals mutant for zydeco have increased susceptibility to seizures under a 

variety of environmental stimuli (Melom and Littleton, 2013). In Melom and Littleton 

(2013), calcium signaling in CNS glia was imaged through the cuticle of intact larva, 

because removing the CNS from the organism rapidly abolished glial calcium signals (in 

agreement with MacNamee, unpublished observation). 

Synaptic-activity induced glial calcium transients have thus far been reported only 

in perisynaptic glia at the adult Drosophila DLM NMJ synapse, which is glutamatergic. Here, 

in addition to spontaneous calcium oscillation, train stimulation of the DLM motor axon 

induced increases in glial cytosolic calcium (Danjo et al., 2011). . Knowledge about the 

molecular pathways that mediate calcium events is presently lacking, but the field is  poised 

to make considerable progress in the coming years given the interest and suitable reagents 

and tools available for this task.   

 

1.5 Gliotransmission 

1.5.1 Vertebrate astrocytes release gliotransmitters by controversial mechanisms 

Perhaps the most controversial area within astrocyte biology and physiology is the 

topic of gliotransmission. Parpura and Zorec (2010) laid out the following criteria for 

evaluation of candidate gliotransmitters and mechanisms: 
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“(i) synthesis by and/or storage in glia; 

(ii) regulated release triggered by physiological and/or pathological stimuli;  

(iii) activation of rapid (milliseconds to seconds) responses in neighboring cells; and  

(iv) a role in (patho)physiological processes” 

Although astrocyte calcium elevations evoked by the application of glutamate, 

GABA, or by uncaging calcium or IP3, have been reported to release gliotransmitters from 

astrocytes (Bazargani and Attwell, 2016), a conclusive demonstration of a relevant role for 

gliotransmission in brain function would necessitate the use of methods that specifically 

manipulate astrocytes, and not neurons or other cells. Attempts toward this end have 

included the use of drugs thought to alter calcium only in astrocytes, many of which failed 

due to low-level expression of the same target receptors in neurons, or the diffusion from 

patch pipette of agents that manipulate signaling pathways (such tetanus or botulinum 

toxin, caged calcium or IP3), or astrocyte-specific genetic manipulations, or the use of 

reagents that disrupt metabolism in astrocytes (Hamilton and Attwell, 2010). 

Unfortunately, none of these provide a magic bullet to test the hypothesis that astrocyte 

calcium transients drive meaningful gliotransmission. 

 The collection of molecules that are actively being considered as gliotransmitters 

primarily includes glutamate, ATP, and D-serine, although GABA, tumor necrosis factor-α 

(TNF-α), transforming growth factor-β1 (TGF-β1) and glypicans are also possible 

gliotransmitters. Several mechanisms to release such molecules into the extracellular space 

are also under continuous evaluation, and include (i) calcium-dependent exocytosis (ii) 
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transporters, and (iii) channels, including unpaired connexon/pannexon “hemichannels”, 

ionotropic purinergic receptors, Ca2+-activated bestrophin-1 anion channels, and normally 

K+-selective TREK (weakly inward rectifying K+ channel) two-pore domain channels 

(Parpura and Zorec, 2010; Bazargani and Attwell, 2016). 

The presence of a calcium-regulated exocytotic release mechanism in astrocytes is 

controversial, as it requires a calcium-responsive trigger for vesicle fusion. Although some 

experiments have indicated that mammalian astrocytes express SNARE proteins, the 

evidence is not consistent, and the genetic manipulation used may affect neurons (Fujita et 

al., 2014). Others have highlighted astrocytes’ high concentration of glutamine synthetase, 

which catabolizes glutamate, and questioned whether glutamate is even available in 

sufficient concentrations to be loaded into vesicular structures. But, both glutamate and D-

serine have been detected using immuno-EM in small, synaptic-like microvesicles within 

astrocytes (Bergersen et al., 2012), and some have proposed that alterations in constitutive 

vesicle trafficking to the membrane may be sufficient to regulate the release of substances 

from astrocytes (Evanko et al., 2004). While the jury is still out on whether gliotransmitters 

are exocytosed from astrocytes, new developments in other mechanistic pathways make 

that issue less crucial. Both GABA and glutamate can be released from astrocytes via the 

Ca2+-activated bestrophin-1 anion channels and the normally K+-selective TREK (Bazargani 

and Attwell, 2016). 

Gliotransmitters have been reported to generate wide-ranging effects on neurons. 

Glutamate release activates an inward current in neurons that is mediated by NMDA 

receptors and synchronizes action potential firing by regulating excitability. Synaptic 
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vesicle release probability is affected by the release of glutamate and GABA, and of ATP 

(upon release, ATP is converted to adenosine by extracellular ATPases) (Bazargani and 

Attwell, 2016). This has effects on synaptic strength, can permit or prevent synaptic 

plasticity from occurring, as does the release of D-serine, an NMDA receptor co-agonist that 

controls the amount of NMDA receptor activation when glutamate is released at synapses 

(Henneberger at al., 2010), and can provide a pathway for coordinating synaptic networks 

via adenosine suppression of targeted synapses (Pascual et al., 2005). Within mammalian 

neurons, TNF- acts as a pro-degenerative cytokine, but also causes rapid responses in 

neighboring cells, including increased glutamatergic miniature excitatory postsynaptic 

potential (mEPSP) amplitude and frequency (Santello and Volterra, 2012). These astrocyte-

driven changes in neuronal function can thus modify circuit functions and information 

processing (Bazargani and Attwell, 2016). At the behavioral output level, gliotransmitter 

release may modify the sleep-induction process, mediated by the accumulation of 

adenosine derived from astrocyte-released ATP (Halassa et al., 2009). 

 

1.5.2 A transporter-based mechanism mediates astrocytic glutamate release in Drosophila  

By the rigorous definition above, gliotransmission has not been demonstrate d in 

Drosophila, however, there is a line of evidence that supports the presence of a transporter-

based mechanism of glial glutamate release in this system. Experiments have been 

performed to address all criteria for gliotransmission except (ii) triggered, regulated 

release. Glutamate export is mediated by the cysteine-glutamate exchanger Genderblind, a 

gene named for the adult phenotype of increased male-male courtship (Augustin et al., 



43 
 

2007; Grosjean et al., 2008). In these publications, Featherstone and colleagues show that 

Genderblind is expressed in a subset of central and peripheral glia. They generated a null 

mutant that exhibited a 50% reduction in glutamate concentration (measured in the 

haemolymph) and a compensatory 200-300% increase in postsynaptic glutamate receptors 

at the larval neuromuscular junction synapse. Then, they demonstrated that this 

Genderblind mutant manifests a change in a complex patterned behavior, adult courtship. 

Though they do not satisfy the strict aforementioned criteria for gliotransmission, this 

work is transformative because it suggests that homeostatic maintenance may actually 

require gliotransmission and establishes that the two functions are not mutually exclusive.  

There is little potential for exocytotic mechanisms of gliotransmission in the fly 

system, given that Drosophila neuronal terminals use nSyb to trigger vesicle release and 

this gene is consistently reported to be neuron-specific (Bhattacharya et al., 2002). There is 

only one report of insect innexin hemichannel formation, in non-CNS tissue (Bohrmann and 

Zimmermann, 2008), and the Drosophila genome does not encode purinergic receptors 

(Littleton and Ganetzky, 2000), making the mechanistic category of channel-mediated 

release a similarly unlikely candidate. The Drosophila genome encodes a serine racimase 

(Kong et al., 2010) and a transporter, NAT1, with D-amino acid affinity (Miller et al., 2008) 

but the relevance of D-serine for plasticity at glutamatergic synapses and the presence of a 

functional D-serine binding site on the fly NMDAR have yet to be established. Further 

inquiry into this matter is required and will be challenging, as one must consider and then 

rule out a host of known astrocyte-synapses interactions before concluding an influence of 

gliotransmitters. 
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1.6 Astrocyte Heterogeneity 

 

1.6.1 Vertebrate astrocytes are morphologically, molecularly, and functionally heterogeneous 

both across and within brain regions. 

Although the diversity of neuronal cells has long been appreciated, heterogeneity 

within vertebrate astrocyte populations is only beginning to be probed. Beyond the 

canonical divisions of fibrous and protoplasmic astrocytic cells, finer subpopulations that 

are varied in both form and function are present across and within brain regions. They take 

on distinct morphologies, perform specialized functions, and exhibit diverse responses to 

injury (Oberheim et al., 2012). Astrocytic cells have multiple origins and they proliferate 

into adult life stages, thus complicating matters of their precise cell fate and lineage. But, 

there is evidence to support several distinct origins of cortical astrocytes, first, by direct 

transformation of radial glia (which are not differentiated glia, but rather are neural stem 

cells that generate neurons initially and glial cells later), and second, by proliferation of 

glial progenitors in the subventricular zone (SVZ). Finally, after production via radial glial 

cell transformation and SVZ progenitors ceases (~ P14 in mice), astrocytes continue to 

develop from differentiated protoplasmic astrocytes situated within the gray matter, as 

well as from NG2-positive oligodendrocyte precursor cells (OPCs) (Tabata, 2015). Using 

the STAR-track method to trace glial lineages in the olfactory bulb and the rostral 

migratory stream, García-Marqués and López-Mascaraque (2013) found that the two 

different classes of astrocytes emerge from different clones, although the specific 

progenitors remain unidentified. Clonally-related protoplasmic astrocytes established 
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spatially restricted domains containing up to 40 cells, which occasionally were found 

arranged in a column along a blood vessel. This result hints at possible differences in 

molecular profile and network connectivity determined by cell lineage. 

It is very plausible that these clones then maintain molecular profiles that are 

distinct from surrounding clonally-related astrocytes. For example, in the spinal cord, three 

distinct, regional populations of white matter astrocytes are specified by transcription 

factors and mature cells are then distinguished by combinatorial expression of Slit1 and 

Reelin (Hochstim et al., 2008). And, a subpopulation of grey matter astrocytes in human 

cerebral cortex expresses the cell adhesion molecule CD44 (Sosunov et al., 2014). The 

pattern of protoplasmic astrocyte clone distribution observed by García-Marqués and 

López-Mascaraque (2013) resembles a finding by Garcia et al. (2010) showing that the 

sonic hedgehog (SHH) receptor Gli1 is expressed selectively by scattered astrocytes in 

murine cerebral cortex, and that attenuation of neuronal SHH signaling increased GFAP 

expression, but only in Gli1-expressing astrocytes. This study demonstrated the capacity 

for selective signaling from neuronal cells to a specific astrocyte subpopulation, and there 

may be a number of additional avenues for heterogeneous signaling, given the diversity of 

gene expression across astrocyte populations (Zhang and Barres, 2010; Matyash and 

Kettenmann, 2010). 

 An area of astrocyte heterogeneity that is particularly relevant to the studies 

presented in subsequent chapters is the topic of physiological heterogeneity. While 

astrocytic cells can be accurately described by the general features of (1) a resting potential 

as or more hyperpolarized than potassium equilibrium, (2) low membrane resistance, (3) 
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high capacitance, owing to their surface-to-volume ratio, and  (4) extensive gap-junctional 

coupling, the specifics are varied (Zhang and Barres, 2010; Matyash and Kettenmann, 

2010). A wide range of astrocyte resting membrane potentials has been reported across 

species and brain areas, ranging from -85 to -25 mV (McKhann et al., 1997; Bolton et al., 

2006). The extent of coupling differs in astrocytes from different br ain regions and these 

connections can be quite specific in their spatial extent (Houades et al., 2008). Astrocytic 

cells also exhibit notable heterogeneity in membrane currents, as was nicely demonstrated 

in the spinal cord where astrocytes showed region-specific (dorsal, ventral) Kir4.1 channel 

expression (Olsen et al., 2007). They also differ regionally in glutamate and other 

neurotransmitter receptor expression (Matyash and Kettenmann, 2010), and glutamate 

transporter expression (Regan et al., 2007).  

The functional implications of this heterogeneity are not well understood, but are of 

great interest, as the initial studies that implicated astrocytes as key players in a variety of 

disorders of the nervous system likely were implicating astrocytic subclasses. Sosunov et 

al. (2014) noted such heterogeneity in Alexander disease, a neurological disease whose 

primary pathology is astrocyte and GFAP-based; in addition to the differential pattern of 

GFAP accumulation in Gli1+ and Glu1- astrocytes, they observed a “striking pattern of 

spatial heterogeneity on a micro scale, with abnormal astrocytes next to normal-appearing 

astrocytes and CD44+ astrocytes next to CD44− astrocytes, and similarly for the other 

markers”. This suggests that different astrocytes within  the same tissue may accumulate 

GFAP at different rates, providing an opportunity to understand the differential impact of 

astrocytes within a heterogeneous population on disease pathology and apply this toward 

future therapeutic endeavors. 
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1.6.2 Drosophila astrocytes in the visual system display molecular and anatomical heterogeneity 

 Astrocyte heterogeneity has scarcely been mentioned in the fly literature, and no 

studies to date have addressed this matter directly (Sasse et al., 2015). However, in one 

view, Drosophila astrocytes and cortex glia may represent a loose sort of heterogeneity. 

Some have noted that the class of Drosophila glia called “cortex glia” also bears many 

functional similarities to vertebrate astrocytes (Pereanu et al., 2005; Freeman a nd Doherty, 

2006), suggesting that these cell types divide the tasks performed by astrocytes in 

vertebrate brains, where cell bodies and synaptic connections are spatially mixed, into the 

separate cortex and synaptic neuropil compartments present in insects. This analogy is 

bolstered by developmental similarities; like radial glia in the vertebrate embryo that give 

rise to astrocytes (Mission et al., 1991), cortex glia in Drosophila begin as radially oriented, 

bipolar cells and play a role in the migration and organization of neuronal cell bodies 

(Dumstrei et al., 2003).  

The visual system of Drosophila offers a perhaps more compelling site of astrocyte 

heterogeneity, as it features several types of highly-branched neuropil glia in both the 

larval and adult fly. Epithelial and marginal glia are each associated with the lamina, where 

photoreceptor axons R1-R6 terminate (Edwards and Meinertzhagen, 2010). The marginal 

glia extend branches into the lamina and contract the terminals of photoreceptors, but do 

not form specialized capitate projections. Epithelial glia encircle a group of six 

photoreceptors and their target neurons, forming an isolated “cartridge”. They do form 

capitate projections (Edwards et al., 2012). These glia have a role in clearing, catabolizing, 
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and redistributing neurotransmitters in the visual system. Photoreceptor axons in the 

visual system release histamine, which is then taken up by peri-synaptic epithelial glia and 

converted into inactive carcinine via conjugation with beta-alanine (by the enzyme ebony) 

for subsequent intercellular transport via Inx2 gap junctions to satellite glia, surface glia, 

and pigment cells (Chaturvedi et al., 2014). It is unknown whether other astrocytic glia in 

Drosophila perform a similar histamine-dispersing function, but it is also entirely possible 

that this represents a specialized function of visual system astrocyte-like epithelia glial 

cells. Interestingly, neither epithelial nor marginal glial are labeled by alrm-GAL4 (Edwards 

et al., 2012), hinting at perhaps more global differences in their molecular profiles and 

function. 

While the lamina features two types of neuropil glia as well as two types of cortex 

glia, the glial population of the medulla, the neuropil structure where R7 and R8 

photoreceptor axons terminate, includes at least four anatomically discrete neuropil glia 

types, and some but not all of these are labeled by alrm-GAL4 (Edwards et al., 2012). The 

first and only alrm-GAL4 expressing type is located at the distal surface of the medulla and 

extends branches into the medulla in columns. The remaining three cell types are all 

labeled by R29A12-GAL4. This includes (1) an unnamed pair of astrocyte-like cells located 

at the distal interface of the medulla neuropil, as well as (2) chandelier glia that have their 

nuclei at the edge of the neuropil and extend astrocyte-like processes into a distinct 

neuropil region, and finally, (3) serpentine glia, which reside at the posterior medulla and 

resemble astrocytes in their molecular and anatomical profiles. Differences in the location 

and arborization pattern of each of these neuropil glia suggests that they are associated 



49 
 

with unique sets of neurons, and that these subtypes may be distinct both genetically and 

functionally. 

1.7 Intrinsic properties of astrocytes 

 

1.7.1 Mature vertebrate astrocytes lack voltage-gated currents and buffer potassium via 

inwardly-rectifying potassium channels 

Initially, two types of astrocytes with distinct cellular physiology were described in 

the rat hippocampus. One type, termed “complex” (Steinhauser et al., 1994; Kressin et al., 

1995) or “outwardly rectifying” (Zhou and Kimelberg, 2000; 2001), was described as 

having high input resistance, low membrane capacitance, and a resting membrane 

potential that is more positive than the potassium equilibrium. These “complex” astrocytes 

also had voltage-gated currents that persisted into adult stages, including TTX-sensitive 

voltage-gated sodium channels, A-like potassium currents, and two types of outwardly-

rectifying potassium currents. These cells expressed glutamate receptors but not glutamate 

transporters (Matthias et al., 2003). They were SR101-negative, but NG2-positive (Zhou 

and Kimelberg, 2001; Kafitz et al., 2008). As knowledge about their molecular profile grew, 

it became clear that these cells are not differentiated astrocytes at all, but rather, 

oligodendrocyte precursor cells (OPCs) (Kimelberg, 2004; Bergles et al., 2010).  

In contrast, the second type of astrocyte described in the rat hippocampal literature, 

called the “variably rectifying” (Zhou and Kimelberg, 2000, 2001) or “passive” astrocyte 

(Steinhauser et al., 1994; Kressin et al., 1995), had a resting membrane potential that is as 

or more negative than potassium equilibrium, low membrane resistance, and high 
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capacitance. During early postnatal stages, this cell type exhibited voltage- and calcium-

sensitive potassium currents, but these currents were absent beyond postnatal-day 15 

(P15) (Kafitz et al., 2008). These cells expressed glutamate transporters but not iono tropic 

glutamate receptors (Matthias et al., 2003). They were SR101-positive and NG2-negative, 

and are considered “classical astrocytes”.  

Much of what is known about astrocyte membrane physiology was derived from 

experiments conducted in culture or in slice preparations, and has yet to be replicated in 

vivo. But, some channels have been found across brain areas and experimental conditions 

and are thus accepted as key regulators of astrocyte function. The inwardly-rectifying 

potassium channel gene family is consistently represented, although the Kir4.1 variety 

predominates. These channels are implicated functionally in the maintenance of the 

astrocyte resting membrane potential and they facilitate spatial potassium-buffering. 

Potassium buffering is achieved by removing extracellular potassium, which is elevated by 

neuronal depolarization, by astrocyte inwardly-rectifying potassium channels with 

subsequent redistribution of those potassium ions within the glial network (Kuffler and 

Nicholls, 1966; Meeks and Mennerick, 2007; Verkhratsky and Butt, 2013). In addition to 

inwardly-rectifying potassium channels, transporters also contribute to the astrocyte’s 

potassium-buffering system, including the Na+/K+ ATPase, K+/Cl2 co-transporter KCC1, and 

Na+/K+/Cl2 co-transporter NKCC1. These transporters are regulated by intracellular 

sodium, and perhaps also calcium, concentration (Verkhratsky and Nedergaard, 2014).  

While not found as ubiquitously as inwardly-rectifying potassium channels and 

primarily studied in slice or in vitro, additional forms of potassium channels may be 
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present in astrocytes, including voltage-independent, two-pore domain channels (such as 

TREK1, TREK2, and TWIK1) and outwardly-rectifying potassium channels, including 

delayed-rectifier channels Kv1.1, Kv1.2, Kv1.5, and Kv1.6. The expression of Kv channels 

decreases upon maturation, but increases during de-differentiation and astrogliosis. Lastly, 

both A-type potassium currents and calcium-dependent potassium currents have been 

observed, but in the case of the former it is unclear whether these recordings were 

collected from NG2-positive OPCs, and in the case of the latter, all evidence was obtained in 

cultured astrocytes (Verkhratsky and Butt, 2013). 

There is little functional evidence supporting the presence of voltage-gated sodium 

channels and calcium channels in situ or in vivo, although they have been observed in 

developing and cultured astrocytes. More recent work identified several members of the 

TRP channel family (TRPC1, TRPC4, TRPC5) in astrocytes, and demonstrated a role for 

these channels in store-operated calcium elevations (Parpura et al., 2011). Chloride 

channels (which are, by and large, non-selective and can pass other anions, although Cl- is 

the most abundant and thus dominates) are proposed to function as cell-volume regulators, 

and have been identified in culture, but also by immunoreactivity in situ. The function of 

the channel was studied using CLC-2 knockout mice; these astrocytes lacked 

hyperpolarization-activated Cd++ sensitive chloride currents (Kimelberg et al., 2006). 

Volume-regulated anion channels have been found in astrocytes as well, and may be able to 

release neurotransmitters. Finally, vertebrate astrocytes also abundantly express 

aquaporin water channels, and these are concentrated on the perivascular endfeet and co -

localize with Kir4.1. Together, they help regulate CNS water homeostasis (Verkhratsky and 

Butt, 2013). 
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1.7.2. Drosophila astrocytes have not been characterized electrophysiologically but may be 

similar to neuropil glia of other invertebrates 

Drosophila glial cell intrinsic properties have not yet been characterized, however, 

studies conducted in other insect and invertebrate nervous systems indicate that, like 

vertebrate glia, the composition of channels in the membrane changes over developmental 

time (Oland and Tolbert, 2011). The first physiological studies on glial cells were 

conducted by Kuffler and colleagues in the nervous system of the leech, due to the superior 

accessibility of these cells compared to vertebrate glia (Kuffler and Potter, 1964). In the 

leech, two giant glial cells, with somas measuring 80-100 microns in diameter, are located 

in the neuropil. Similar to properties later found in vertebrate astrocytes, these cells are 

electrically- and dye-coupled with one another, and also with neighboring connective glial 

cells by gap junctions, and their resting membrane potential is near potassium equilibrium. 

They express voltage-gated calcium currents and exhibit transient calcium elevations in 

response to depolarization or glutamate application (Deitmer et al., 1999). During 

development, neuropil glia in the antennal lobe of the moth, M. sexta, express voltage-gated 

calcium channels that mediate glial calcium elevations in vitro (Lohr et al., 2001; 2002). 

Blocking these channels in vivo impaired glial cell migration, indicating that glial calcium 

signals contribute to this guidance process (Lohr et al., 2005). Thus, the calcium signals in 

invertebrate neuropil glia appear to arise by a mechanism that differs from that in 

vertebrate astrocytes.  
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1.8 Glutamate signaling and transport 

 

1.8.1 Glutamate transport by astrocyte is indispensable in vertebrate brains 

A wealth of electrophysiology studies shows that glial cells respond to activity in 

neurons (cat: Kelly and Van Essen, 1974; Schramm et al., 2014; rodent: see below), as do 

astrocytes in the rodent hippocampus (Bergles and Jahr, 1997; Meeks and Mennerick, 

2007), cerebellum (Clark and Barbour, 1997), cortex (Lalo et al., 2006), spinal cord  (Zhang 

et al., 2009), and brainstem (Huda et al., 2013). Although some of these responses were 

first interpreted as potassium currents (Meeks and Mennerick, 2007), it is now recognized 

that the fast, inward current component of astrocytes’ electrical membrane response is 

mediated by the glutamate transporters GLT-1 and GLAST. Although these two high-affinity 

glutamate transporters are expressed broadly by astrocytes in the brain, regional 

preferences toward one or the other have been documented. For example, GLAST is 

enriched in Bergmann glia in the cerebellum, whereas GLT-1 is enriched in forebrain 

regions (Nakagawa and Kaneko, 2013). Along with the movement of each glutamate (-) 

molecule from the extracellular space into the cell, these proteins co -transport three Na+ 

ions and one proton (H+) into the cell, and one K+ ion out of the cell, yielding a net charge 

transfer of +2 into the cell (Shimamoto et al., 1998), though reversed operation is possible 

under certain circumstances (Anderson and Swanson, 2000). Neuronal cells express 

additional glutamate transporters, although astrocytes express the highest density and 

dominate clearance (Huang and Bergles, 2004). 
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 Tight regulation of glutamate levels in the synaptic space is paramount to brain 

health across a variety of species; EAATs regulate glutamate-mediated neuroplasticity, 

protect neurons from excitotoxicity caused by excessive glutamate, and have been 

implicated in a variety of neurodegenerative and neurological diseases (Nakagawa and 

Kaneko, 2013). Mice lacking GLAST and GLT-1 have elevated glutamate in their CSF, suffer 

from spontaneous seizures, display neurodegeneration, and die prematurely (Rothstein et 

al., 1996; Tanaka et al., 1997). Brain injuries, such as the neonatal freeze lesion 

manipulation, disrupt that subsequent maturation of glutamate uptake by astrocytes 

(Armbruster et al., 2014). This could have long-lasting detrimental effects, as glutamate 

transporters also regulate memory processes. In rats, blocking of GLT-1with the agonist 

DHK decreased long-term memory (Bechtholt-Gompf et al., 2010). Glutamate uptake by 

GLT-1 in astrocytes increases during both early- and late-LTP, and dynamic glutamate 

transport likely plays an ongoing role in the coding and storage of information within 

neuronal circuits of the hippocampus (Pita-Almenar et al., 2012). 

 The regulation of glutamate transporter expression and activity is multi-faceted and, 

overall, poorly understood, but glutamate transporter expression is clearly induced by 

neuronal activation (Benediktsson et al., 2012), and GLT-1 mRNA and protein level 

increase during the developmental period of synaptogenesis. The transcription factor Pax6 

mediates this process; astrocyte expression of a shRNA targeting Pax6 reduced neuron-

dependent induction of GLT-1 (Ghosh et al., 2016). Gq-coupled mGluR activation increases 

glutamate uptake currents and membrane insertion of GLAST glutamate transporters. The 

discovery of mechanisms for modulating neuronal synaptic currents by altering astrocyte 

transmitter uptake (or sodium pump activity, with secondary effects on transporters) 
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demands that gliotransmission studies carefully exclude the possibility that synaptic effects 

are mediated by transporter clearance (Parpura and Zorec, 2010; Bazargani and Attwell, 

2016). 

 

1.8.2 Drosophila astrocytes express glutamate transporters, but CNS glutamate signaling is 

inhibitory 

The Drosophila genome encodes two excitatory amino acid transporter genes, but 

only one of these, Eaat1, has high affinity for glutamate, and this transporter is expressed in 

Drosophila astrocytes (Rival et al., 2004; Rival et al., 2006; Stacey et al., 2010). Similar to 

GLAST and GLT-1 mutant mice, flies carrying null mutations in Eaat1 die prematurely; they 

do not survive beyond the first-instar larval stage (Stacey et al., 2010). Flies with glial-cell-

specific RNAi knockdown of Eaat1 are viable but exhibit a shortened lifespan, neuropil 

degeneration, and locomotor phenotypes, namely, they can walk but cannot fly (Rival et al., 

2004; Rival et al., 2006). Accordingly, larval Eaat1 mutants show reduced motor neuron 

excitability relative to wild-type controls, supporting the idea that maintenance of 

glutamate concentration in the extracellular space is crucial for neurotransmission (Stacey 

et al., 2010).  

Glutamate signaling is typically assumed to be excitatory, mediated by AMPA and 

NMDA receptors, but this is not the case at central glutamatergic synapses that have been 

examined in the fly system. First, it was shown that glutamate application to the intact VNC 

elicits motor neuron inhibitory post-synaptic currents (IPSCs) that reverse at or near the 

resting potential and are blocked by the chloride-channel blocker picrotoxin (Rohrbough 
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and Broadie, 2002). These results indicate that motor neurons express glutamate-gated 

chloride channels, which have been characterized in other invertebrates such as C. elegans 

(Vassilatis et al., 1997) but are absent from vertebrate genomes (Wolstenholme, 2012). The 

Drosophila homolog of this receptor, GluCl-, produces a glutamate-gated chloride current 

when cloned and expressed in Xenopus oocytes (Cully et al., 1996). Electrophysiological 

studies conducted in the adult antennal lobe and larval VNC have similarly concluded that 

glutamate’s action in the Drosophila CNS is inhibitory (Liu and Wilson, 2013; Kohsaka et al., 

2014). In the larval VNC, a group of local interneurons that makes glutamatergic synapses 

onto some motor neurons has been identified and called “period-positive median 

segmental interneurons” (Kohsaka et al., 2014). (Note: in Chapter 2, these neurons are 

referred to as “loopers”, after the looped morphology of their primary process.)  

Regulation of the synaptic meshwork in the larval CNS seems to require many 

transporters with unique substrates other than glutamate. A microarray screen for targets 

of gcm (glial cells missing) generated a list of glial genes that is significantly enriched in 

predicted-transporter genes (20%) when compared to the whole genome (4%) (Freeman 

et al., 2003). Many of these genes are not yet characterized and have mouse homologs also 

known to be expressed in glia (Featherstone, 2011).   

 

1.9 Organization of astrocyte domains 
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1.9.1 Vertebrate astrocyte domains are non-overlapping and are dynamic in injury, disease, and 

aging 

Much as neuronal cells have anatomically defined dendritic fields and functiona l 

receptive fields, astrocytes have spatial domains that overlap closely with neuronal 

functional maps, at least in some structures such as the olfactory bulb and somatosensory 

barrel fields (Lopez-Hildago and Schummers, 2014). Although not well studied across 

species, brain regions, development, or disease, currently available evidence indicates that 

each protoplasmic astrocyte subtends an exclusive territory, with minimal overlap with the 

processes of others (macaque: Distler et al., 1993; mouse: Ogata and Kosaka, 2002; Halassa 

et al., 2007; rat: Bushong et al., 2002, 2004), and that these properties are dynamic in 

development, disease, injury, and aging. In developing astrocytes, processes that initially 

show overlap with those of adjacent astrocytes begin to disappear at a time point 

coincident with the onset of synaptic activity in neuronal cells (Bushong, et al., 2004). 

Injury can expand astrocyte domain size, as an expansion in the functional, glutamate -

responsive astrocyte domain was noted in a neonatal cortical freeze-lesion model of brain 

injury (Armbruster et al., 2014). Diseases can cause astrocyte domain organization to 

become disrupted, as occurs for example, in tissue from epileptic patients (Oberheim et al., 

2008). On the other hand, exclusive astrocyte territories are maintained in brains a mouse 

model of Alzheimer’s Disease (Oberheim et al., 2012). Interestingly, non-pathological aging 

was also reported to disorganize these domains; the overlap of neighboring astrocyte 

territories is increased in the cortex and hippocampus of aged mice (21 months) relative to 

young mice (5 months) (Grosche et al., 2013).  
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These lines of evidence suggest that astrocyte domain organization may be 

controlled by neuronal activity and external factors as well as cell-intrinsic programs. This 

property is nicely illustrated in the hippocampus, where astrocyte metabolic networks will 

expand in size as overall neuronal activity increases, and this change happens in such a way 

that metabolic networks extend toward the site of elevated neuronal activity (Rouach et al., 

2008). However, another study showed that the ‘reactive astrocyte’ or astrogliosis 

phenotype, which is often diagnosed by GFAP upregulation in experimental models of brain 

injury and disease, does not correspond with an expansion in astrocyte volume or domain 

or overlap, but rather, that the primary processes thicken and increase GFAP expression 

(Wilhelmsson et al., 2006).  

The domain of a single rodent astrocyte covers a volume of 20,000 m3 or more, 

thus essentially monitoring over one hundred thousand synapses, whereas in humans, a 

single astrocyte in the cortex is typically approximately 20 times larger and would thus 

oversee up to ~ 2 million synapses (Oberheim et al., 2006; Halassa et al., 2007). The degree 

of domain overlap is greater between adjacent human astrocytes than between adjacent 

mouse astrocytes (Oberheim et al., 2009). These domains represent a different level of CNS 

organization and could be an important means by which neuro nal activity within domains 

is coordinated and regulated, and information across domains is separated. The 

arrangement of astrocyte domains in sensory cortex illustrates the alignment of neuronal 

and astrocytic maps (Lopez-Hildago and Schummers, 2014). In somatosensory cortex, 

although neuronal dendrites extend beyond the boundaries of their home barrel, astrocyte 

networks are constrained within barrel fields (Houades et al., 2008). Likewise, neuronal 

dendrites in the visual cortex reach beyond pinwheel centers, but visually-evoked astrocyte 
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calcium responses are local, and appear even more spatially restricted and finely tuned 

than the neuronal responses (Schummers et al., 2008; Fields et al., 2015). 

 

1.9.2 Drosophila astrocytes are tiled, individual cells may associate with specific, functional 

neuropils 

Astrocytes in the larval VNC occupy largely non-overlapping spatial domains (Stork 

et al., 2014), but the extent of overlap and its sensitivity to manipulations of neuronal 

activity have not been explored. As discussed in section 1.2, FGF signaling regulates 

morphogenesis, and overactive FGF signaling in some astrocytes increases astrocyte 

process growth and cell size relative to neighboring astrocytes that are wild-type, and 

inhibiting FGF signaling yields smaller astrocytes. Despite this effect, coverage of the 

neuropil by astrocytes remains complete, and the tiling of adjacent astrocyte domains 

remains intact (Stork et al., 2014). Thus, the mechanism underlying astrocyte tiling is not 

yet known.  

A related question is whether individual astrocyte domains overlay the functional 

neuronal compartments within the VNC neuropil, such as the motor, interneuronal, 

proprioceptive, nociceptive, and other sensory regions (Landgraf and Thor, 2006; Zlatic et 

al., 2009; Rickert et al., 2011). This is plausible, given what is known about the stereotypy 

of astrocyte cell body position and domains in the larval Drosophila brain: 13-16 astrocyte 

cell bodies per hemisphere occupy relatively stereotyped positions between a collection of 

neuropil structures that, unlike functional compartments in the VNC, are separated by 

cortex and/or ensheathing glia boundaries, and their processes associate with stereotyped 
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neuropil compartments. Typically, three individual cells are positioned at the anterior 

neuropil surface at the border of the antennal lobe (ALm), the lateral accessory lobe 

(LALa), and the superior lateral protocerebrum (SLPl), respectively. An additional cluster 

of 3–4 astrocytes border the anterior surface of the ventrolateral protocerebrum (VLPa). 

Moving posteriorly, a single astrocyte flanks the superior medial protocerebrum (SMPm) 

and 1–2 astrocytes are grouped around the tip of the vertical lobe of the mushroom body 

(VLd). Lastly, the pALG around the posterior neuropil surface include two cells bordering 

the calyx medially (CAm) and ventrally (CAv), one cell adjacent to the posterior inferior 

protocerebrum (IPpm), and a group of 2–3 cells covering the ventromedial cerebrum (PSl) 

(Omoto et al., 2015). But, since the neuropils in the larval brain are separated by 

intervening cortex regions, the astrocyte positioning mechanisms may differ from those in 

the larval VNC neuropil, which is organized into one continuous tube-like structure within 

each hemisphere, without division by ensheathing glia or cortex.  

Astrocyte domains have been described in the first-instar larval VNC (Peco et al., 

2016), but not in later stages when astrocyte processes (but not cell number) have 

increased substantially. In their examination of two-cell clones, Peco et al. (2016) found 

that the six astrocytes in each hemisegment are labeled in predictably placed pairings. 

These included (1) two dorsally-located cell bodies whose processes stay in the medial half 

of the neuropil and do not reach the ventral edge, but are anterior relative to (2) a dorsally-

located and ventrally located pair, with medial arbors like group 1, but covering the ventral 

extreme, and are more posterior within the segment, and (3) a pair of laterally-located cell 

bodies that arborize in the lateral neuropil throughout the anterior-posterior extent. One of 
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these lateral cells is located dorsolateral, and the other is intermediate on the dorsal-

ventral axis and located directly lateral to the central intermediate (CI) FasII tract.  

 

1.10 Gap-junctional coupling 

 

1.10.1 Vertebrate astrocyte coupling is regulated and spatially meaningful  

The low-resistance electrical connections between glial cells were appreciated in 

the earliest electrophysiology studies conducted in the leech (Kuffler and Potter, 1964), 

and the permeability of these glia-glia connections to larger molecules, such as dye, was 

first demonstrated in guinea pig cortical slice preparations (Gutnick et al., 1981). Coupling 

of astrocytes has been echoed across numerous studies conducted in vertebrates and is 

now understood to be a dynamic, regulated process mediated by connexin channels. These 

proteins are organized as hexamers with a central pore, and constitute an intercellular (or 

intracellular, in the case of reflexive gap junctions that can occur between two processes of 

one astrocyte) gap junction (or “connexon”) only when two hexamers are apposed head to 

head (Ransom and Giaume, 2013). A gap junctional connection between cells contains a 

collection of densely packed arrays of these channels, and two main connexins, Cx30 and 

Cx43, form the gap junctions that connect astrocytic cells in the adult brain, and regional 

differences in the expression of one connexin or the other have been noted (Koulakoff et al., 

2008). However, electrical and dye-coupling are not necessarily functional equivalents, as 

one form can be present while the other is absent (Ransom and Kettenman, 1990). 

Although rare in vivo (as discussed above), the broad, intercellularly-propagating astrocyte 
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calcium waves observed under certain conditions can be propagated by signaling through 

gap junctions, which are potentiated in response to calcium elevations (Venance et al., 

1997; Giaume and Venance; 1998). However, such waves are more frequently attribu ted to 

extracellular propagation via ATP release from astrocyte hemichannels, and reception by 

P2X purinoreceptors (Parpura and Verkhratsky, 2012). 

Connexins appear to be expressed in patterns that help shape astrocyte networks, 

and in some cases, these patterns then closely align the astrocyte map with underlying 

neuronal circuitry maps (Giaume and Liu, 2012). Astrocyte coupling is largely restricted to 

other astrocytic cells, but includes other cell types occasionally, and mainly in 

developmental contexts (Blomstrand et al., 2004; Houades et al., 2008; Xu et al., 2010; 

Giaume and Liu, 2012). In both the olfactory bulb (Giaume et al., 2010; Roux et al., 2011) 

and barrel cortex (Houades et al., 2008), astrocytes are preferentially dye-coupled within, 

and not across, anatomo-functional compartments (Giaume and Liu, 2012).  

The regulation of coupling is poorly understood, but may respond to changes in 

metabolic conditions, such as ischemia, or inflammatory conditions. In the rat hippocampal 

CA1 stratum radiatum, each astrocyte directly couples on average to 11 other astrocytes. 

This coupling is rapidly inhibited by a combination of acidic pH (6.4) and oxygen-glucose 

deprivation treatment, a condition that resembles cerebral ischemia in vivo (Xu et al., 

2010). Connexins actually respond differently to pro-inflammatory cytokines released from 

activated microglia, depending on whether they are paired, forming gap junctions, or 

singular, forming hemichannels, but this differential response depending on pairing is 

subject to yet further regulation by cannabinoids (Meme et al., 2006; Retamal et al., 2007 
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Froger et al., 2009). Coupling patterns can be regulated over longer time scales, too. In the 

song control area of the canary, the density of dye-coupled astrocytes (and, oddly, the 

relative expression of the cytoskeletal filament proteins GFAP and vimentin) differed 

markedly between the reproductive period in spring and the quiescent period in autumn, 

with increased coupling during the reproductive period, when known functional changes in 

neuronal connectivity and song production occur (Kaftiz et al., 1999). 

 

1.10.2 Drosophila astrocytes express innexins but coupling has not yet been explored 

 Gap junctions are among the most conserved cellular structures, and are found 

across enormous evolutionary space, including in humans as well as Hydra. However, the 

gene families that produce gap junction proteins differ between invertebrates, which 

possess innexins, and vertebrates, which have a novel group of connexins as well as 

pannexins, which are an innexin-like gene family (Bauer et al., 2005). The Drosophila 

genome encodes eight innexins, and of these, ogre, Innexin2, and Innexin3 are co-expressed 

in CNS glia (Stebbings et al., 2002). It is unknown whether one, or all of these innexins are 

expressed in larval VNC Drosophila astrocytes, but, as discussed earlier, histamine recycling 

in the visual system is disrupted when Inx2 is knocked down in epithelial glia (Chaturvedi 

et al., 2014). As there have been no electrophysiological studies of Drosophila glial cells to 

date, there are no data on the presence or absence of dye-coupling.  
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2.1 Abstract  
 

Anatomical, molecular, and physiological interactions between astrocytes and 

neuronal synapses regulate information processing in the brain. The fruit fly Drosophila 

melanogaster has become a valuable experimental system for genetic manipulation of the 

nervous system and has enormous potential for elucidating mechanisms that mediate 

neuron-glia interactions. Here, we show the first electrophysiological recordings from 

Drosophila astrocytes and characterize their spatial and physiological relationship with 

particular synapses. Astrocyte intrinsic properties were found to be strongly analogous to 

those of vertebrate astrocytes, including a passive current-voltage relationship, low 

membrane resistance, high capacitance, and dye-coupling to local astrocytes. Responses to 

optogenetic stimulation of glutamatergic pre-motor neurons were correlated directly with 

anatomy using serial electron microscopy reconstructions of homologous identifie d 

neurons and surrounding astrocytic processes. Robust bidirectional communication was 

present: neuronal activation triggered astrocytic glutamate transport via Eaat1, and 

blocking Eaat1 extended glutamatergic interneuron-evoked inhibitory post-synaptic 

currents in motor neurons. The neuronal synapses were always located within a micron of 

an astrocytic process, but none were ensheathed by those processes. Thus, fly astrocytes 

can modulate fast synaptic transmission via neurotransmitter transport within the se 

anatomical parameters. 
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2.2 Introduction 

The fruit fly Drosophila melanogaster offers sophisticated tools for genetic 

manipulation of the nervous system and has proven to be a robust and relevant system for 

elucidating neuronal function at the levels of genes, cellular physiology, and neuronal 

circuits (Venken et al., 2011). More recently, flies have become a valuable experimental 

system for identifying glial genes and signaling pathways that mediate neuron-glia 

interactions (Egger et al., 2002; Freeman et al., 2003; Altenhein et al., 2006; Coutinho-Budd 

and Freeman, 2013). One glial subtype has been of particular interest as a model for 

astrocyte development and function. These fly astrocyte-like glial cells have come to be 

called simply astrocytes; there are six astrocytes per hemisegment in the larval ventral 

nerve cord (VNC) (Stork et al., 2014).  

Morphologically, the highly branched processes of fly astrocytes strongly resemble 

those of vertebrate protoplasmic astrocytes, and their presence throughout the synaptic 

neuropil suggests they may functionally regulate mature neuronal synapses (Awasaki et al., 

2008). Molecular evidence indicates that fly astrocytes express neurotransmitter 

transporters (glutamate transporter, Eaat1, and GABA transporter, Gat) (Rival et al., 2004; 

Thimgan et al., 2006) and receptors (metabotropic GABA receptors) (Mezler et al., 2001; 

Muthukumar et al., 2014), as well as gap-junction forming innexins (Stebbings et al., 2002), 

much like their mammalian counterparts (Kimelberg and Nedergaard, 2010). Several 

complex behaviors have been shown to be influenced by genes expressed in Drosophila 

astrocytes. Larval locomotion rate is regulated by Eaat1 (Stacey et al., 2010), courtship 

behavior is controlled by the amino acid transporter genderblind (Grosjean et al., 2008), 
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and age-related memory impairment is sensitive to the pyruvate carboxylase dPC 

(Yamazaki et al., 2014). In addition, misexpression of the endocytosis mutant allele shits1 

or the heat-activated cation channel TrpA1 in astrocytes yields aberrant circadian 

locomotor rhythms (Ng et al., 2011) and olfactory processing (Liu et al., 2014), 

respectively. Each of these results provides indirect evidence that astrocytes modulate 

synapses in the fly, although they do not address which endogenously expressed astrocyte 

genes and proteins regulate synapses. 

While anatomical and molecular features have been identified and a role in larval 

behavior has been demonstrated, the cellular physiology of Drosophila astrocytes has not 

been explored in any previous study, leaving basic questions about the anatomy and 

physiology of neuron-astrocyte interactions in the fly unanswered. Although there is a 

growing appreciation of heterogeneity within mammalian astrocyte populations (Matyash 

and Kettenmann, 2010; Oberheim et al., 2012), core electrophysiological features are 

shared across brain regions and have served as reliable identifiers of astrocytic cells. These 

features include a resting membrane potential that is more hyperpolarized than that of 

neuronal cells, a passive current-voltage relationship, and, for mature astrocytes examined 

in vivo, a lack voltage-gated currents (Kafitz et al., 2008; Verkhratsky and Butt, 2013). 

Astrocyte electrical membrane responses to neuronal activity have been observed in 

rodent preparations and include potassium buffering currents (Meeks and Mennerick, 

2007) as well as glutamate transport (Bergles and Jahr, 1997; Clark and Barbour, 1997; 

Lalo et al., 2006; Meeks and Mennerick, 2007; Zhang et al., 2009; Huda et al. , 2013). 
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Viewed at high magnification, virtually all synaptic neuropils across species feature 

a feltwork of veil-like astrocytic processes that interdigitate between neuronal elements, 

such that no neuronal synapse operates at a great distance from an astrocytic process. 

Although astrocytic coverage of synapses has been examined in detail only in a few brain 

regions, at least in certain neuropils, astrocytic processes completely or partially enwrap 

synapses (Grosche et al., 1999; Xu-Friedman et al., 2001). However, the degree and nature 

of association between the two cell types vary, and the implications of these variations are 

poorly understood (Chao et al., 2002; Bernardinelli et al., 2014). Electron microscopic 

examination has revealed that fly synapses exhibit little astrocyte contact and no 

ensheathment (Stork et al., 2014; this paper). The Drosophila neuropil is thus well-suited to 

address questions about the spatial relationships needed to permit fast, physiological 

synapse-astrocyte interactions. This is critical, because although the notion that astrocytes 

are an essential third synaptic element (forming a “tripartite synapse”) is well documented 

(Verkhratsky and Nedergaard, 2014), no prior study has directly linked the anatomical 

proximity of the astrocytic element to a given pre-synaptic element with functional, in situ 

recording. We asked whether Drosophila astrocytes and synapses form functional tripartite 

synapses, i.e., whether perturbing astrocyte function can impact fast signal transmission, 

even in the absence of classical tripartite anatomy.  
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2.3 Materials and Methods 

2.3.1 Transgenic flies 

The following stocks were obtained from the Bloomington Drosophila Stock Center 

(Indiana University): UAS-CD4-tdGFP (Han et al., 2011), UAS-ChR2-H134R (Pulver et al., 

2009), UAS-GFP.nls, LexAop2-CsChrimson, and GMR50G08-LexA (Pfeiffer et al., 2010), 

which was used to drive expression in looper interneurons. UAS-dEaat1RNAi flies 

(transformant ID 109401) were obtained from the Vienna Drosophila Resource Center 

(Dietzl et al., 2007). The D42-GAL4 (Yeh et al., 1995) stocks used to drive expression in 

subsets of motor neurons, bipolar sensory neurons, and interneurons (Iyengar et al., 2011) 

was a gift from R.B. Levine (University of Arizona). The alrm-GAL4 (Doherty et al., 2009) 

flies used to drive expression of Green Fluorescent Protein (GFP) in Drosophila astrocytes 

were a gift from M Freeman (University of Massachusetts). For  D42>ChR2-H134R 

experiments, homozygous animals were used to achieve sufficient expression and 

subsequent depolarization to trigger neuronal action potentials. The remaining 

experimental animals used in this study were trans-heterozygous for GAL4/UAS insertions. 

Animals were reared on standard cornmeal-agar yeast fly food at 25o C on a 12:12 

light:dark cycle; except those expressing channelrhodopsins, which were raised on food 

containing 1 mM all-trans-retinal at 25oC in constant darkness.  

2.3.2 Solutions 

Extracellular recording saline was composed of: (in mM) 1.8 CaCl2 (dihyd), 118 

NaCl, 2 NaOH, 2 KCl, 4 MgCl2 (hexahyd), 25 sucrose, 5 trehalose, and 5 HEPES, and pH was 

adjusted to 7.2 and osmolarity to 290 mOsm using sucrose. To reduce muscle contractions 
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during dissection, CaCl2 was replaced with MgCl2 in the dissecting solution. To block 

calcium channels during physiological recordings, CaCl2 was replaced with MgCl2, and 1 

mM CdCl2 also was added. Intracellular recording saline included 5 KCl, 2 MgCl2 (hexahyd), 

2 EGTA, 20 HEPES, 133 K-gluconate, and 2 NaATP, and pH was adjusted to 7.4 using KOH, 

osmolarity to 290 mOsm using glucose. For some experiments, KCl was replaced with CsCl 

and K-gluconate was replaced with CsOH and D-gluconic acid to block potassium channels. 

In some cases, Lucifer Yellow (2.7 mM), Alexa Fluor 568 (1 mM, Thermo Fisher Scientific), 

or Alexa Fluor 647 (1mM) hydrazide was added to the pipette solution. Drugs were used at 

the following concentrations: tetrodotoxin (TTX), 1 M; tetraethylammonium (TEA), 50 

mM; 4-Aminopyridine (4-AP), 1.5 mM; DL-threo-β-benzyloxyaspartic acid (TBOA) (Tocris, 

UK), 100 M; picrotoxin (PTX), 100 M. 

 

2.3.3 Whole-cell recordings 

Wandering third-instar larvae were dissected in calcium-free A-solution (Jan and 

Jan, 1976). Central nervous systems were isolated, pinned in a Sylgard dish using pins 

made from 0.002-inch diameter stainless steel wire, and continuously perfused with 

extracellular recording saline. Electrodes were pulled from thin-walled borosilicate glass 

capillaries (Fredrick and Dimmock, Millville, NJ, USA; ID 0.9 mm OD 1.2 mm) using a 

Narishige PP-83 electrode puller, and were fire-polished to a resistance of 10-12 MΩ 

(astrocyte recordings) or 8-10 MΩ (motor neuron recordings). Preparations were 

visualized in the recording chamber using infrared and water-immersion optics. 

Recordings were made from astrocytes in the 2nd and 3rd thoracic segments (T2,3) or from 
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the 1st abdominal segment (A1), where the space between the lateral and medial motor 

neuron clusters is larger, making the astrocyte cell bodies easier to identify than in the 

more posterior abdominal segments. Additionally, motor neuron physiology has been 

studied in these thoracic (Worrell and Levine, 2008) and upper abdominal (Baines and 

Bate, 1998) segments. All recordings were collected from one of the four astrocytes located 

on the dorsal surface of the neuropil of each hemisegment because the lateral and ventral 

astrocytes are too deep to access in whole-mount tissue. Focal protease application 

(Protease XIV, Sigma) was used to expose the cells for recording. Enzyme (1-2 mg/mL) was 

delivered via gently broken recording electrodes, which also were used subsequently to 

remove overlying perineurial and subperineurial sheath-cell debris, following a widely-

used method to obtain motor neurons recordings in this preparation (Rhorbough and 

Broadie, 2002; Choi et al., 2004; Worrell and Levine, 2008; Pulver et al., 2009; Marley and 

Baines, 2011) . Signals were acquired with an Axopatch 200B amplifier  (Molecular Devices, 

CA, USA), filtered using a 1 KHz low-pass Bessel filter, digitized using a Digidata 1440A A-D 

converter (Molecular Devices), and collected at 10 KHz using pClamp 10 software 

(Molecular Devices). Leak subtraction was performed online using the pClamp P/4 

opposite-polarity algorithm. In effort to approximate the degree of error inherent to leak 

subtraction, manual post hoc leak subtraction was carried out by scaling the current 

responses to +10-mV and -10-mV steps proportionally to the voltage-step in question and 

performing subtraction (e.g., 2x the +10mV step would be subtracted from the +20mV step, 

3x for a +30mV step, etc.). Notably, different leak subtraction protocols affected the shape 

and amplitude of the peak, plateau, and tail currents, indicating that significant leak 

subtraction error is inherent in these astrocytes (not shown). In some cases, a notch filter 
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centered at 585 KHz was used. Access resistances ranged from 20 to 50 M; any cells with 

RA beyond this range were excluded from analysis. 470-nm light pulses were delivered 

using a CoolLED Pe-2 (Andover, UK) and 470-nm LP excitation filters. Measurements of 

voltage-gated and neuronal-activity-induced astrocyte currents were averaged across 2 

and 4 trials, respectively, within each cell. These responses were then averaged across cells 

and plotted using Prism software (GraphPad Software, La Jolla, CA, USA). Looper -evoked 

motor neuron IPSC kinetics were analyzed in pClamp’s Clampfit application, rise and decay 

times were measured from 1/3-2/3 peak amplitude and 2/3-1/3 peak amplitude, 

respectively, and fit using a standard exponential with 1-term. Motor neurons were 

identified by referencing the morphological profiles of motor neurons with medially-

located cell bodies described in Choi et al. (2004). 

 

2.3.4 Tissue preparation, Immunolabeling, and Imaging 

Brains were fixed in 4% paraformaldehyde in 0.1M PO4 buffer, washed in PBS, and 

mounted in glycerol, except for tissues with anti-dEaat1 immunolabeling, which were fixed 

in Bouin’s fixative solution (Ramachandran and Budnik, 2010). Whole -mount preparations 

were mounted between two coverslips, using #1 coverslips as spacers to preserve tissue 

shape. For cross-sections, brains were embedded in 8% low-melting-point agarose and cut 

at 80-m thickness using a vibrating microtome. The following primary antibodies were 

used: anti-Fasciclin II, anti-GFP, anti-dvGAT, anti-ChAT, anti-dvGLUT, and anti-dEAAT1 

(Table 2). For anti-FasII, anti-GFP, and anti-dEaat1 labeling, 2% BSA was used in a pre-

incubation blocking step as well as during primary-antibody incubation. For anti-dvGAT 
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and anti-ChAT labeling, 5% BSA was included in blocking and primary incubation steps. No 

BSA was used for anti-dvGLUT .Secondary antibodies included goat-anti-mouse Cy-3 

secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) used at 1:200, and 

goat-anti-rabbit Alexa Fluor 647 (Thermo Fischer Scientific) used at 1:400. Triton-100X 

was included in all pre-incubation, primary, and secondary antibody steps to permeabilize 

tissue, at 0.2% for cross-sectioned and 0.5% for whole-mounted tissue. Syto 59 (1:20K, 30 

min. Thermo Fischer Scientific) was used to label cell nuclei. Confocal images were 

collected on a Zeiss 510 Laser Scanning Confocal Microscope and adjusted in Adobe 

Photoshop using linear and/or gamma corrections.  

 

2.3.5 Antibody Characterization 

Anti-FasII 

The anti-FasII antibody labeled a 97-kDa band in Western blot, which was absent in FasII 

null mutants (Grenningloh et al., 1991; Mathew et al., 2003). The labeling pattern observed 

in this study is identical to previous reports (Grenningloh et al., 1991; Landgraf et al., 2003; 

Mathew et al., 2003). 

Anti-GFP 

No labeling was observed in larval brains from flies lacking genetically encoded GFP 

expression (w1118) (our observation, not shown). 

Anti-dvGAT 
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Western blots of head homogenates probed with an antibody to dvGAT showed a single 

major band at 60 kDa. Cultured S2 cells expressing dvGAT cDNA dVGAT show punctate 

intracellular labeling with this antibody (Fei et al., 2010). 

Anti-ChAT 

The anti-ChAT antibody was shown to label a single band at a position of about 80 kDa in 

crude fly head samples (Takagawa and Salvaterra, 1996). 

Anti-dvGLUT 

No labeling was observed in embryos homozygous for OK371 D, a chromosomal 

deficiency covering dvGLUT (Mahr and Aberle, 2006). 

Anti-Eaat1 

Sera were tested by immunolabeling dissected CNS tissues. Specificity of Eaat1 antiserum 

was confirmed by loss of Eaat1 immunoreactivity in Eaat1 null mutants (Peco et al., 2016). 

 

2.3.6 Three-dimensional Reconstruction from Electron Microscopy Data Set 

The third-instar larval VNC EM dataset was generated according to methods in 

Ohyama et al. (2015). Images were aligned using TrakEM software and annotated in the 

CATMAID user environment (Saalfeld et al., 2009) where the looper population member 

A02m_a3l Pseudolooper-3 (located in segment A3, left) was skeletonized completely 

according to criteria in Ohyama et al. (2015), including full annotation of pre - and post- 
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synaptic connections. Synapse-rich regions were identified, and image subsets that 

included all 67 pre-synaptic sites on the neuron were exported into Reconstruct (Fiala, 

2005) for volumetric reconstruction. The profile of the looper neurite, all looper 

presynaptic sites, and the astrocytic processes surrounding the neurite were traced in each 

Z section. An x-y area of at least 5 m x 5 m was reconstructed. These objects were 

exported to Amira v. 5.6 (http://www.amiravis.com, RRID:SCR_007353), where 

measurements from each point on the surface of the presynaptic site to the nearest 

astrocytic process were calculated. These distances were displayed visually using a 

colorimetric heat-map, where red represents a distance of 0 m; yellow, 0.5 m; blue, 1 m. 

The smallest distance value for each presynaptic site is represented in the summary 

histogram.  

 

2.3.7 Locomotion Assays 

Animals were reared and tested in conditions as described above, but in an 

environmental chamber with 50-70% humidity. Locomotion assays were performed on 

grape-juice agar (3%) plates by an individual who had been blinded to genotype. Female 

late third-instar larvae were collected from vials, transferred to plates, and then allowed to 

acclimate for at least 30 seconds before testing. Larvae were placed under a dissecting 

microscope to enable observation and counting of peristaltic contractions. A digital 

handheld counter and timer were used to record the number of contractions per minute. 

For each animal, three sequential one-minute trials were conducted and the results of each 

were averaged to yield a mean contraction rate.  
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2.3.8 Statistical Analysis 

Statistical analysis and graphing was carried out in GraphPad Prism unless 

otherwise noted. Astrocyte dye-coupling frequency in stimulated and unstimulated 

preparations was compared using Fischer’s Exact Test. Recording duration distribution for 

coupled and uncoupled results were compared using an independent sample Kolmogorov-

Smirnov test. The relationship between astrocyte holding potential and D42 neuron -

evoked responses was examined using a bivariate correlation. Looper -evoked motor 

neuron IPSC parameters recorded in standard saline vs. TBOA were compared using a 

paired two-tailed t-test. Looper-evoked motor neuron IPSC recorded in control (alrm-

GAL4) and Eaat1 knockdown conditions were compared using an unpaired two -tailed t-

test. Locomotion assay data was analyzed using a one-way ANOVA test. 
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2.4 Results 

2.4.1 Identification and intrinsic properties of third-instar larval astrocytes in vivo 

The larval central nervous system consists of two brain lobes and the VNC. Each 

VNC segment corresponds with a segment of the larval body wall and is divide d into two 

symmetrical hemisegments. The architecture of the VNC follows the general plan of the 

insect CNS (Figure 1A). It is organized into two distinct compartments: the cortex, which 

contains all neuronal and glial cell bodies (nuclei in blue), and the neuropil, which contains 

neuronal processes, synapses, and astrocytic processes (green). Fasciclin II-positive axon 

tracts (magenta) are shown to provide landmarks within the larval VNC neuropil (Landgraf 

et al., 2003). Drosophila astrocytes were labeled by using the astrocyte-specific driver, 

alrm-GAL4, to express membrane-targeted GFP (Doherty et al., 2009). In the cross-

sectional view of the third thoracic segment in Figure 1A, the cell bodies of 3 of the 12 

astrocytes residing in that segment are visible; dorsal (d), lateral (l), and ventral (v) 

astrocyte cell bodies appear in the left hemisegment. Typically, an entire thoracic 

hemisegment includes three additional dorsal astrocytes but no additional lateral or 

ventral cells (our observation). These numbers are in close agreement with Stork et al. 

2014, where a dorsomedial group (3 cells), a dorsolateral group (2 cells), and a single 

ventrally positioned cell were described. 

Drosophila astrocytes were targeted for recording by labeling cells with nuclear  GFP 

expressed under the control of alrm-GAL4. Inclusion of dye in the recording electrode 

allowed us to confirm the identity of the recorded cell after each experiment (Figure 1B). In 

the majority of cases (70% of astrocytes, n = 26), only the primary, recorded cell was filled 
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with dye (Figure 1C). In the remaining 30% of cases, Drosophila astrocytes displayed dye-

coupling to 1-4 additional astrocytes within the hemisegment (Figure 1D,E). The cell bodies 

of the dye-coupled astrocytes could be dorsal, lateral, or ventral in the hemisegment 

(Figure 1D, inset). Dye-coupling was never observed to extend to astrocytes with cell 

bodies located in anterior, posterior, or contralateral hemisegments, nor was any dye -

coupling observed between astrocytes and other types of glial cells, such as ensheathing 

and cortex glia. This suggests that the functional organization of the astrocyte network 

corresponds with the segmentally repeated neuronal circuitry, or “anatomo -functional 

compartments”, of the larval VNC.  

We hypothesized that the subset of astrocytes that were filled with dye during experiments 

in which neuronal activity was artificially increased (via channelrhodopsin expression 

under the control of the D42-GAL4 driver, see “Astrocyte response to broad neuronal 

network activity” below) would display a higher frequency of astrocyte dye-coupling (Roux 

et al., 2011). However, there was no difference between our sample of unstimulated 

preparations, where 4 of 14 astrocytes were dye-coupled, and stimulated preparations, 

where 4 of 12 astrocytes were dye-coupled. This result does not eliminate the possibility 

that activity from a certain neuronal type, or patterned in a certain manner, may 

dynamically regulate astrocyte coupling. In any case, our results are the first to 

demonstrate dye-coupling between Drosophila astrocytes, a hallmark feature of vertebrate 

astrocytes.  

The mean membrane resistance (Rm) of a Drosophila astrocyte was 48.1 MΩ +/- 27.8 

SD, a value significantly lower than that of neighboring motor neurons, whose resistance 
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was in the 1 – 1.5 GΩ range, as also reported by Choi et al. (2004). Measurements collected 

immediately after breaking into the cell show that Drosophila astrocyte membranes rest at 

a potential of ~-70mV. This potential is more hyperpolarized than that recorded in larval 

motor neurons (-55 to -60 mV, our observations, and Choi et al., 2004). The mean 

membrane capacitance (Cm) of individual (not dye-coupled) Drosophila astrocytes was 

138.5 pF +/- 44.9, and at -70 mV, the time constant (tau) for a 10-mV depolarizing pulse 

was 2.57 ms +/- 1.16. This membrane capacitance value is approximately 3x greater than 

what we have observed for motor neurons in this system. These parameters indicate that 

astrocytes possess a large, but leaky, surface area. Their morphology reinforces this notion; 

each astrocyte has three to four thick primary processes, some of which travel along the 

cortex-neuropil boundary for some distance before entering the neuropil. Once in the 

neuropil, astrocytic processes exhibit a tufted morphology with finely branched, often veil-

like, distal processes (Figure 1C). Given these morphological and electrical properties, we 

assume that our cell-body recordings are unlikely to detect activity in the distalmost 

branches.  

 

2.4.2 Drosophila astrocytes lack detectable voltage-gated currents 

Astrocytes were voltage-clamped at -70 mV and stepped from -90 mV to +20 mV for 

500 ms in 10 mV increments. The resulting current-voltage (I-V) relationship is roughly 

linear and indicative of a large leak current (Figure 1F). Subtraction of the leak current 

eliminated the linear current response between -90 and -60 mV and revealed a small net-

outward current with two apparent temporal components in response to depolarizing 
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pulses (Figure 1G): a fast, transient current that reaches its peak amplitude 16 -20 ms after 

depolarization, and a sustained component. Upon returning to -70 mV, an inward tail 

current is activated. These leak-subtracted currents are ten-fold smaller than the 

uncorrected amplitudes, and retain an approximately linear I-V relationship between -50 

mV and +20 mV (Fig 1H).  

We investigated the ionic bases of the fast peak and the plateau using 100-ms 

voltage steps and a battery of ion-substitution protocols and well-characterized 

pharmacological agents that block voltage-gated sodium and potassium channels. The 

recordings showed modest variation in the absolute and relative amplitude of ea ch 

component across individual cells “before” drug, and subtle, but inconsistent changes in the 

amplitude and kinetics of the fast transient, sustained outward, and fast inward tail current 

in response to the particular saline solution or agent applied (Figure 2A-E). No systematic 

effect of any drug was observed across cells. These observations led us to propose that the 

signal remaining after leak subtraction does not contain any significant voltage -gated 

current; rather, the membrane properties of astrocytes, which allow 10- to 20-fold more 

current leakage than do neurons in this system, perhaps generate an axial-current flow 

between non-isopotential cell compartments (Vm at the soma and proximal processes > 

Vm at distal processes, creating a potential difference that drives negative current toward 

the electrode) in the voltage-clamp configuration that is not accurately subtracted by our 

methods. The transient, larger amplitude current observed in leak-subtracted traces during 

the first 20 ms of a depolarizing step may thus represent the larger initial potential 

difference between the soma and distal processes, which eventually reaches equilibrium at 
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around 40 ms. In summary, we did not find evidence of any significant voltage -gated 

current in third-instar larval VNC astrocytes. 

 

2.4.3 Astrocyte response to broad neuronal network activity 

We next asked whether Drosophila astrocytes respond to neuronal activity. Neurons 

were activated optogenetically using the D42-GAL4 neuronal driver, which was selected 

because it has high GAL4 expression levels and defines a restricted yet heterogeneous 

population of larval ventral nerve cord neurons (Figure 3A-C). D42-GAL4 expressing 

neurons (“D42 neurons”) are heterogeneous in transmitter type; immunolabeling for the 

vesicular GABA and glutamate transporters, as well as choline acetyl transferase, indicate 

that the D42 population comprises at least cholinergic, glutamatergic, and GABAergic 

neurons (Figure 3C). D42 neurons are also heterogeneous with respect to neuronal ce ll 

class, including many interneurons, a subset of sensory neurons, and some motor neurons. 

The motor neurons, which are glutamatergic, are not known to make any presynaptic 

connections within the CNS, and thus may not be relevant to local astrocyte respon ses to 

neuronal activity (Schneider-Mizell et al., 2016). Channelrhodopsin (ChR2-H134R, Pulver 

et al., 2009) was used to stimulate D42 neurons. To determine an optimal stimulus 

duration we presented optical stimuli of different durations while recording fr om select 

D42-GAL4 expressing motor neurons with medially located cell bodies (RP2 and aCC). 

Attenuation of neuronal firing rate was used to determine that 250 ms was an appropriate 

stimulus duration to elicit maximal firing with minimal adaptation of firing frequency 

(Figure 3D). Note that in the D42-GAL4>ChR2-H134R experiments, two copies of the GAL4 
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driver and UAS construct were needed to obtain sufficient expression levels / 

depolarization to trigger motor neuron spikes.  

In subsequent experiments, D42 neurons were again stimulated for 250 ms, but the 

patch electrode was targeted instead to astrocytes (Figure 3B,E). Astrocytes were reliably 

identified by using the intrinsic properties (Rm, Cm, Tau, non-spiking, linear voltage-

activated currents) defined earlier and subsequently confirmed using Alexa Fluor dye fills. 

D42 neuronal activity elicited an inward current present for the duration of the light 

stimulus (Figure 3E). The mean amplitude of this inward current was -37.7 pA +/- 17.3. 

The onset of astrocyte depolarization was delayed significantly relative to neuronal 

activity, occurring 35 ms after ChR2-mediated neuronal depolarization began and 25 ms 

after the first spike was recorded from the medial motor neurons.  

The astrocyte current shown in Figure 3E represents the mean of all 31 cells in this 

experimental series. For the group, the mean current returns to baseline 1.5 seconds after 

termination of the stimulus. However, the current of an individual cell rarely returned to 

baseline within 1.5 seconds. We classified the responses into categories that illustrate the 

two extremes; these profiles are shown separately in Figures 3F (n = 18) and 3G (n = 13). 

In one subset (Figure 3F), the peak of the fast inward current slightly precedes the offset of 

light-induced neuronal activity and is followed by a net outward current that slowly 

returns to baseline, reaching it about 4 seconds after stimulus offset. In the second subset 

(Figure 3G), the peak inward current coincides with the termination of the stimulus, and 

there is a net inward current that slowly returns to baseline over an identical time course 

of about 4 seconds. We note that a given cell’s current profile could be dynamic during the 



83 
 

session. Namely, the polarity and amplitude of the slow current changed over time in 12 of 

31 cells examined. 

 

2.4.4 Fast inward neuronal-activity-evoked astrocyte currents are mediated by glutamate 

transporters 

Next, we asked whether the astrocyte response to neuronal activity is dependent on 

neurotransmitter release. Bath application of TTX during optical-stimulation experiments 

blocked all astrocyte current in all trials (Figure 4A). This effect is mediated by blockade of 

Nav channels in neurons, as we did not find evidence for Nav in astrocytes (Figure 2A). This 

blockade did not reverse upon washout with normal saline, consistent with observations in 

other insect nervous systems that TTX binds the neuronal voltage-gated sodium channel 

irreversibly (Hayashi and Levine, 1992). Blocking neurotransmitter release with a zero 

Ca2+ and 1 mM Cd2+ solution blocked the fast, inward current in all trials; the slow current 

either appeared with outward polarity or was preserved as an outward current. Upon 

washout with normal saline, the fast inward current returned; the slow outward current 

remained at the conclusion of a ten-minute washout (Figure 4B).  

Because there are glutamatergic synapses in the Drosophila VNC neuropil (Figure 

3C,C3 and Mahr and Aberle, 2006), we hypothesized that this fast inward current would be 

mediated by a glutamate transporter. Glutamate transporter currents derive from the co-

transport of three Na+, one H+, and one glutamate (-) into the cell and one K+ out of the cell 

and are thus net-inward (Shimamoto et al., 1998). We applied D,L-TBOA, a high-affinity 

competitive antagonist of excitatory amino acid transporters that does not affect ionotropic 
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or metabotropic receptors (Shimamoto et al., 1998). We found that TBOA completely 

blocked the fast inward current in Drosophila astrocytes, supporting the conclusion that 

this current is mediated by glutamate transporters (Figure 4C). Consistent with its 

dependence on ionic gradients, we find a weak positive relationship between the amplitude 

of the inward glutamate transporter current and holding potential (r = 0.219, Figure 

3H,H1).  

 

2.4.5 Slow variable polarity neuronal-activity-evoked astrocyte currents reflect potassium 

buffering 

TBOA did not block the slow neuronal-activity-induced current (Figure 4C), and we 

found no correlation between the amplitude of the outward slow current and  holding 

potential (r = -0.046, Figure 3H,H2); inward slow currents were excluded from this analysis 

due to the confounding effect of the fast inward current’s offset kinetics. This insensitivity 

to holding potential suggests that this signal originates beyond the spatial extent of the 

voltage-clamped membrane. Taking together the variable polarity of the slow current and 

its sensitivity to TTX, but not Cd++ or TBOA, these data indicate that the slow current 

depends on the Na+/K+ flux generated by neuronal activity. Our results are consistent with 

the hypothesis that the slow astrocyte current reflects a dynamic response to neuronal-

activity-mediated changes in the concentration and distribution of extracellular potassium. 

Thus, we suggest this current is indicative of potassium-buffering.  
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2.4.6 Looper-to-motor neuron connections are mediated by glutamate-gated chloride channels 

 To further examine the astrocytes’ response to synaptically-released glutamate, we 

performed a series of experiments where we expressed a channelrhodopsin with improved 

properties, Chrimson (Klapoetke et al., 2014), in a population of glutamatergic 

interneurons. The neurons in this population are called “loopers” here, in reference to the 

looped morphology of their primary neurite (Figure 5A,B). Loopers have ventro-medially 

located somas (14 cells per hemisegment), receive inputs in the sensory neuropil, and 

make outputs, as well as receive some additional inputs, in the dorsal motor neuropil 

(Figure 5D). The wiring diagram derived from a first-instar 3-D electron-microscopy data 

set confirms that loopers make direct synaptic connections with some medial motor 

neurons, including RP2 (also named as MNISN-Is) (Schneider-Mizell et al., 2016). Terminal 

looper neurites located in the motor neuropil were labeled by an antibody to the vesicular 

glutamate transporter protein dvGLUT (Figure 5C).  

Our physiological data reaffirms that the looper-to-RP2 connection persists in the 

third-instar (Figure 8E). In addition to RP2, we also detected looper-evoked IPSCs in 

whole-cell recordings from RP3 (MN6/7-Is) (Figure 5F,G). Note that glutamate signaling in 

the fly CNS differs from vertebrates due to the presence of inhibitory glutamate receptors. 

Previous studies have shown that motor neurons express glutamate-gated chloride 

channels (Rohrbough and Broadie 2002), which have been characterized in other 

invertebrates such as C. elegans (Vassilatis et al., 1997) but are absent from vertebrate 

genomes (Wolstenholme, 2012). The Drosophila homolog of this receptor, GluCl-alpha, 
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produces a glutamate-gated chloride current when cloned and expressed in Xenopus 

oocytes (Cully et al., 1996).  

In agreement with each of these findings, and other studies concluding that 

glutamate’s action in the Drosophila CNS is inhibitory (Liu and Wilson, 2013; Kohsaka et al., 

2014), looper-evoked motor neuron IPSCs are blocked by picrotoxin and have a reversal 

potential of -80mV (Figure 5E-G). Taken together with this literature, our immunolabeling, 

electrophysiology, and pharmacology results show that synaptic communication between 

looper neurons and motor neurons is mediated by glutamate-gated chloride channels.  

 

2.4.7 Astrocyte glutamate transport is mediated by Eaat1 

 One would expect looper activation, which releases glutamate in the dorsal neuropil, 

to activate a glutamate transporter current in nearby astrocytes. To test this, whole -cell 

patch clamp recordings were collected from astrocytes while activating looper neurons 

(Figure 6A). This elicited an inward current with a mean amplitude of -15.57 pA, +/- 3.75 

that was completely blocked by bath application of TBOA (Figure 6B). The mean amplitude 

is smaller and shows less variation than the mean inward amplitude for D42 neuronal 

activation, as would be expected with activation of a smaller group of glutamatergic 

neurons. The slow current with variable polarity (potassium-buffering current) observed 

in response to activation of D42 neurons was not observed in response to looper activation. 

This is consistent with the idea that looper activation recruits far fewer neurons, which 

would elevate [Ko] to a lesser degree.  
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In these experiments, we expressed Chrimson in looper neurons using the LexA 

system, while the GAL4/UAS binary system was used to manipulate the glutamate 

transporter Eaat1 (excitatory amino acid transporter 1) specifically in astrocytes with 

alrm-GAL4. In the presence of looper-LexA>Chrimson, the knockdown of astrocyte Eaat1 

completely eliminated the inward current observed in response to looper activation in 

controls (Figure 6C). To confirm the specificity and efficacy of the RNAi hairpin, we 

performed Eaat1 immunolabeling in both control and alrm-GAL4>Eaat1RNAi larval brains. 

Eaat1 labeling was robust in controls and almost completely eliminated in alrm-

GAL4>Eaat1RNAi samples (Figure 6D). Taken together, these experiments identify 

glutamate transporters as a highly conserved mediator of neuron-astrocyte interaction.  

The known lethality of null mutations in Eaat1 (Stacey et al., 2010) and pronounced 

phenotypes in flies with pan-glial-cell RNAi-knockdown of Eaat1 (repo-GAL4) (Rival et al., 

2004; Rival et al., 2006) led us to test alrm-GAL4> Eaat1 RNAi larvae for gross locomotor 

defects. We did not detect any changes in contraction rate (mean +/- SD contractions per 

minute = 40.2 +/- 20.0 for UAS-Eaat1RNAi controls, 46.6 +/- 10.5 for alrm-GAL4 controls, 

and 41.2 +/- 13.1 for alrm-GAL4> Eaat1RNAi; n = 7 in each group, n.s.). Locomotor behavior, 

measured as contractions per minute, is thus grossly normal in alrm-GAL4> Eaat1RNAi 

larvae. 
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2.4.8 Drosophila astrocytic processes are found within 1 micron of looper synapses but do not 

ensheathe them  

After observing astrocyte responses to looper neurons’ synaptically-released 

glutamate, we wanted to investigate the anatomical relationship between Drosophila 

astrocytic processes and looper synapses in this neuropil. We identified one member of the 

same population of neurons (loopers) used in the electrophysiology experiments described 

above in a 3D electron microscopic dataset that spans third-instar larval VNC segments A2-

A4. In order to link the specific anatomy of looper synapses and astrocytic processes to our 

experimental physiology results, we first identified all 67 presynaptic sites on this 

particular looper neuron. Then we volumetrically reconstructed the looper neurite, all of 

its presynaptic sites, and the surrounding astrocytic processes. The resultant three -

dimensional model (Figure 7A) illustrates the dense feltwork of astrocytes processes 

present within the third-instar larval VNC neuropil. This model was used to measure the 

distance from each point on the extracellular surface of the presynaptic site to the nearest 

astrocytic process. The shortest-distance value for each presynaptic site ranged from 

0.0006 - 0.93 m, with a mean of 0.375 m +/- 0.2 (Figure 7B). These distances were used 

to generate a heat map that illustrates the range across presynaptic sites as well as within a 

given presynaptic site (Figure 7C-E). Complete ensheathment of a looper presynaptic site 

was never observed; in 2 cases (out of 67) the astrocytic process was close enough to the 

presynaptic site to be considered in direct contact. Our physiology results demonstrating 

astrocyte glutamate transporter currents in response to looper activation thus sugges t that 
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distances of up to at least a micron allow for communication between neurons and 

astrocytes. 

 

2.4.9 Loss of astrocyte glutamate transport extends looper-evoked motor neuron IPSCs 

 Given these anatomical parameters, we next asked what effect blocking astrocyte 

glutamate transporters, either pharmacologically or genetically, has on looper -to-motor 

neuron communication. To address this question, looper-evoked motor neuron inhibitory 

post-synaptic currents (IPSCs) were recorded in standard saline, and then exposed to 

TBOA, the same drug that blocked looper-evoked glutamate transporter currents in the 

astrocytes. This acute glutamate transporter block slowed the decay of IPSCs (Figure 8A), 

significantly increasing IPSC half-width time, decay time, and the time constant resulting 

from a single exponential fit (Figure 8B); no changes were found in IPSC rise time or 

amplitude (not shown).  

 A similar, but less dramatic, extension of the decay kinetics was observed when 

looper-evoked motor neuron IPSCs from control brains (normal Eaat1 levels) were 

compared with those from experimental brains with reduced Eaat1 levels (alrm-

GAL4>Eaat1RNAi) (Figure 8C,D). Although the degree of change was attenuated in this 

chronic Eaat1 knockdown condition as compared to the acute, pharmacological block, 

changes in the IPSC half-width time, decay time, and the time constant of a single 

exponential fit remained significant (Figure 8E), and again, rise time and amplitude were 

unchanged (not shown). Among the ten motor neuron recordings shown for the control 

and eight motor neuron recordings shown for the experimental genotype in Figure 5C and 
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D, respectively, the resultant dye-fills confirmed that three of the recordings in each group 

were from the motor neuron RP2 (MNISN-Is). Four of the remaining motor neurons in each 

group were identified as RP3/MN6/7-Ib, one was MNSNb/d-Is, and the remaining 3 were 

unidentifiable post-experiment due to incomplete dye-fills. This subset of RP2-only 

recordings was analyzed independently and replicated the results of the larger dataset 

containing motor neurons of heterogeneous identity (Figure 8F,G), except for the addition 

of a significant increase in IPSC amplitude in alrm-GAL4>Eaat1RNAi preparations (p<0.05, 

not shown).  
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2.5 Discussion 

The subset of Drosophila glial cells examined in this study have been named 

‘interface glia’ (Ito et al., 1995), ‘longitudinal glia’ (Beckervordersandforth et al., 2008), 

‘astrocyte-like glia’ (Awasaki et al., 2008), and, most recently, just ‘astrocytes’ (Stork et al., 

2014; Muthukumar et al., 2014; Peco et al., 2016), based on their morphology and 

molecular identity. The present study is the first to characterize the electrical membrane 

properties of Drosophila astrocytes. These whole-cell recordings indicate strong 

conservation of basic astrocyte properties across fly and vertebrate nervous systems, thus 

strengthening the argument that Drosophila astrocytes can be used to address very 

targeted and complex questions about general neuron-glia interactions. With these 

similarities in mind, our pairing of neuronal optogenetics and astrocyte electrophysiology 

with three-dimensional electron microscopy provides insight into critical anatomical 

determinants of neuron-glia interactions. 

 

2.5.1 Drosophila astrocyte intrinsic properties are similar to those of vertebrate astrocytes 

The linear I-V relationship, indicating passive membrane conductance and first 

noted by Kuffler and Nicholls (1966), has emerged as a common property of as trocytes 

across species (humans: Schroder et al., 2000; Han et al., 2013; rat: Steinhauser et al., 

1994; Kressin et al., 1995; Bergles and Jahr, 1997; Clark and Barbour, 1997; Zhou and 

Kimelberg, 2000, 2001; Zhang et al., 2009; Uwechue et al., 2012; Huda et al., 2013; mouse: 

Matthias et al., 2003; Lalo et al., 2006; caiman: Zayas-Santiago et al., 2014). Much like the 

astrocyte membranes in each of these species, the fly astrocyte has a resting membrane 
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potential that is similar to or more negative than the potassium equilibrium potential, low 

membrane resistance, and high membrane capacitance. While there has been some debate 

as to whether the passive-membrane property of astrocytes is truly cell-intrinsic, or rather, 

derives from an extensively coupled astrocyte network, we note in our recordings from 

Drosophila astrocytes that the large leak currents found in uncoupled cells were 

comparable to those recorded from cells later found to be dye-coupled to other astrocytes. 

This result is in agreement with a careful study of rat astrocytes conducted by Schools et al. 

(2006) and we similarly conclude that these passive properties are cell intrinsic and do not 

derive from the coupled network.  

While astrocytes studied in vitro or in immature brain tissues display voltage-gated 

currents, those in mature, in vivo tissues overwhelmingly do not (Kaftiz et al., 2008; 

reviewed in Ransom and Giaume, 2013). Here, we find little evidence for a significant 

voltage-gated current in third-instar Drosophila VNC astrocytes. The voltage-activated 

current remaining after leak subtraction is insensitive to Ca2+ and K+ ion substitution and 

pharmacological agents that block voltage-gated sodium, calcium, and potassium currents. 

However, the membrane properties of the cell (low Rm) severely limit the spatial extent of 

the voltage-clamp, meaning that there is a potential difference between the soma and distal 

processes which in turn generates a significant axial-current flow, makes accurate leak 

subtraction difficult, and yields the current profile with transient and sustained epochs 

presented here. Because these same properties limit the spatial extent of the voltage clamp, 

we cannot rule out the presence of voltage-gated channels on fine, distal processes, where 

somatic voltage commands would have little influence on the local membrane potential. 
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2.5.2 Local dye-coupling was observed in some Drosophila astrocytes 

The restriction of astrocyte coupling to cells within a hemisegment is reminiscent of 

findings in the olfactory bulb (Roux et al., 2011) and barrel cortex (Houades et al., 2008), 

where astrocytes were preferentially coupled within, and not across, anatomo -functional 

compartments (also reviewed in Giaume and Liu, 2012). We found no difference in the 

frequency of coupling in channelrhodopsin-stimulated and unstimulated preparations. 

Isolated larval CNS preparations do vary in their degree of spontaneous, rhythmic activity 

(Choi et al., 2004; Worrell and Levine, 2008; Berni et al., 2012), and it is plausible that these 

differences in spontaneous activity across preparations are causally related to the mixed 

dye-coupling results we obtained. We do not yet know the characteristics of patterns of 

neuronal activity that might influence changes in glial network connectivity; it is po ssible 

that the time course of the ChR2-mediated stimulation protocol we used was insufficient to 

affect coupling. Nevertheless, the presence of coupling in some preparations strongly 

suggests that dynamic coupling is present in Drosophila astrocytes and establishes that 

another defining feature of the vertebrate astrocyte is conserved in flies (coupling in 

mammals: reviewed in Ransom and Giaume, 2013; birds: Kafitz et al., 1999). 

 

2.5.3 Glutamate transporter currents are mediated by Eaat1  

Tight regulation of glutamate levels in the synaptic space is paramount to brain 

health across a variety of species; EAATs (excitatory amino acid transporters) regulate 

glutamate-mediated neuroplasticity, protect neurons from excitotoxicity caused by 
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excessive glutamate, and have been implicated in a variety of neurodegenerative and 

neurological diseases (Nakagawa and Kaneko, 2013). Much like astrocytes in the rodent 

hippocampus (Bergles and Jahr, 1997; Meeks and Mennerick, 2007), cerebellum (Clark and 

Barbour, 1997), cortex (Lalo et al., 2006), spinal cord (Zhang et al., 2009), and brainstem 

(Huda et al., 2013), Drosophila astrocytes show an inward glutamate transporter current in 

response to neuronal activity. The current is completely blocked by astrocyte-specific 

expression (alrm-GAL4) of an RNAi hairpin targeting Eaat1. In addition to confirming the 

RNAi target using Eaat1 immunolabeling, we attempted to rescue the looper -evoked 

astrocyte current by adding a tagged construct (UAS-Eaat1-GFP) in addition to the RNAi, 

but this yielded very little GFP and no significant astrocyte current. Given this cellular 

phenotype, it is somewhat surprising that the larvae exhibit grossly normal locomotion and 

development. In contrast, flies carrying null mutations in Eaat1 do not survive beyond the 

first-instar larval stage (Stacey et al., 2010), and those with pan-glial-cell RNAi knockdown 

of Eaat1 (repo-GAL4) are viable but exhibit a shortened lifespan, neuropil degeneration, 

and locomotor phenotypes (namely, they can walk but cannot fly; Rival et al., 2004; Rival et 

al., 2006). This is unexpected given that Eaat1 immunolabeling is localized almost entirely 

to astrocytes; and alrm-driven RNAi knockdown eliminates any detectable labeling. 

Presumably, alrm-GAL4 mediated knockdown permits just enough protein production, at 

the necessary time(s) in embryonic and/or larval development, to allow grossly normal 

development and locomotor behavior, despite the demonstrated defect in third -instar 

astrocyte membrane currents. 
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2.5.4 Spatial relationships that support astrocyte regulation of synaptic signals 

Astrocytic processes are found in close proximity to synapses in all brain regions 

investigated across species, but the degree of contact between astrocytes and synapses 

varies and is distributed nonuniformly within a region (Bernardinelli et al., 2014). A t one 

extreme, cerebellar synapses formed by climbing fibers in rodents show an average degree 

of enwrapping around 87% (Xu-Friedman et al., 2001), whereas estimates of degree of 

enwrapping in the neocortex are smaller and suggest that ensheathment is rare  (<10% of 

synapses), and contact with the dendritic spine (but not the axon-spine interfaces) 

dominates (70%) (Genoud et al., 2006). The significance of these differences is poorly 

understood, but may involve 1) the stability and maturity of the synapse (Nishida and 

Okabe, 2007; Medvedev et al., 2014), 2) patterns of neuronal connectivity, such that some 

areas are by design more disposed to transmitter spillover (Bernardinelli et al., 2014), and 

3) dynamic astrocytic process extension and retraction in response to neuronal activity and 

hormonal changes (Theodosis et al., 2008). These distances, however, should be viewed as 

relative, since these methods do not account for the actual diffusion pathway, which is 

tortuous, and all measurements taken from chemically-fixed EM preparations are subject 

to non-uniform shrinkage, making astrocytes appear to be located closer to synapses than 

they are in vivo (Korogod et al., 2015). 

 As in other species, the spatial relationships between synapses and astrocytic 

processes in the Drosophila larval VNC neuropil are non-uniform, even when considering 

the population of presynaptic sites along a single neuron. Our analysis of all 67 presynaptic 

sites on the selected looper neuron does not offer any examples of complete ensheathment 
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and indicates that direct astrocytic contact with the presynaptic site is also rare; yet no 

synapses were found at a distance greater than one micron from an astrocytic process. This 

upper limit of astrocyte-presynaptic distance (approximately one micron) may represent 

an important parameter for synapse function.  

Although they did not examine the underlying anatomy, results of Liu et al. (2014) 

in the olfactory pathway of Drosophila lend support to the notion that astrocytes regulate 

synaptic signaling in this species: they overexpressed the TrpA1 channel in astrocytes and 

found that thermogenetic astrocyte activation modulates excitatory post-synaptic 

potentials in antennal-lobe projection neurons. The nature of the anatomical relationship 

between astrocytes and those synapses, however, was not investigated.  

The current study clearly demonstrates that neurotransmitter homeostasis and fast 

regulation of the synaptic signal by transmitter transport are present in the neuropil of the 

Drosophila larval VNC. Our analysis of the same synapse-astrocyte interaction from both an 

anatomical and physiological perspective demonstrates that astrocytes modulate synaptic 

communication between looper neurons and motor neurons, despite minimal direct 

apposition to synaptic elements and a mean separation distance of 0.375 m between 

looper presynaptic sites and astrocytic processes. We conclude that even without extensive 

contact, robust communication between these two cell types is present.  
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2.5.5 Summary 

Taken with their previously noted gross anatomical and molecular similarities with 

astrocytes across the vertebrate phylum, the presence of shared core electrophysiological 

features in Drosophila astrocytes lends strong support to the argument that these 

astrocytes are functionally analogous to vertebrate astrocytes. This finding enhances the 

significance and broad predictive value of mechanistic, molecular genetic studies of 

astrocytes in the fly system. Our detailed exploration of the anatomical and physiological 

interactions between synapses and astrocytic processes demonstrates that astrocytes in 

Drosophila respond to activity at synapses and that glutamate transport by astrocytes 

affects the post-synaptic response in an anatomical configuration that features no 

ensheathment and infrequent direct contact. Thus, Drosophila gives us an example of a 

functionally tripartite interaction without a close, classically tripartite, anatomical 

relationship between synapses and astrocytic processes.  
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2.7 Figures and Legends 

Table 1: Summary of Experimental Genotypes 

 

Figures Genotype 

1A yw; P{w[+mC]=UAS-CD4-tdGFP}8M2; alrm-GAL4 

1B-2E w; P{w[+mC]=UAS-GFP.nls}14; alrm-GAL4 

3A yw; P{w[+mC]=UAS-CD4-tdGFP}8M2; D42-GAL4 

3C,C1-3 w; P{w[+mC]=UAS-GFP.nls}14/+; D42-GAL4/+ 

3D-4C w; UAS-ChR2-H134R; D42-GAL4 

5A-5C w[1118]; P{y[+t7.7] w[+mC]=GMR50G08-lexA}attP40/+ ;  P{y[+t7.7] 

w[+mC]=13XLexAop2-IVS-myr::GFP}attP2 / + 

5E,F; 

6B 

w[1118]; P{y[+t7.7] w[+mC]=GMR50G08-lexA}attP40, alrm-GAL4 / + ;  

P{y[+t7.7] w[+mC]=13XLexAop2-IVS-Chrimson.mVenus}attP2 / + 

6C w[1118]; P{y[+t7.7] w[+mC]=GMR50G08-lexA}attP40, alrm-GAL4 / UAS-

RNAiCG3747{attP,y[+],w[3`]} ;  P{y[+t7.7] w[+mC]=13XLexAop2-IVS-

Chrimson.mVenus}attP2 / + 

6D, D1 w[1118]; +; alrm-GAL4/+ 

6D, D2 w[1118]; UAS-RNAiCG3747{attP,y[+],w[3`]} ; alrm-GAL4/+ 

8A; 8C w[1118]; P{y[+t7.7] w[+mC]=GMR50G08-lexA}attP40, alrm-GAL4 / + ;  

P{y[+t7.7] w[+mC]=13XLexAop2-IVS-Chrimson.mVenus}attP2 / + 

8D w[1118]; P{y[+t7.7] w[+mC]=GMR50G08-lexA}attP40, alrm-GAL4 / UAS-

RNAiCG3747{attP,y[+],w[3`]} ;  P{y[+t7.7] w[+mC]=13XLexAop2-IVS-

Chrimson.mVenus}attP2 / + 

8F black traces: same as in 8C. Teal traces: same as in 8D. 
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Table 2: Primary Antibodies Used in this Study 
 

Antibody 
name 

Immunogen Source, catalog 
No., species, type 

Dilution Reference, RRID 

anti-FasII Drosophila fasciclin II  DSHB, Cat# 1D4 
concentrate, 
mouse, 
monoclonal, 
MIgG1 

1:400 Grenningloh et al., 
1991 AB_528235 

anti-GFP Green Fluorescent 
Protein  

Molecular Probes, 
Cat# A21311, 
rabbit, polyclonal, 
Alexa Fluor 488 
conjugated 

1:450 AB_221477 

anti-dvGAT Drosophila vescicular 
GABA transporter C-
terminal peptide (–
CDSGNALINAFEIGLPF) 

David Krantz, 
David Geffen 
School of Medicine 
at UCLA 

1:400 Fei et al., 2010 
AB_2313643 

anti-ChAT Drosophila choline 
acetyl transferase  

DSHB, Cat# 
chat4b1 
supernatent, 
mouse, 
monoclonal 

1:10 Takagawa and 
Salvaterra, 1996. 
AB_528122 

anti-
dvGLUT 

Drosophila vescicular 
glutamate transporter 
N-terminal fragment 
(amino acids 2–87) 

Hermann Aberle, 
Heinrich-Heine-
Universität 
Düsseldorf, rabbit, 
polyclonal 

1:200 Mahr and Aberle, 
2006 AB_2490070 

anti-
dEAAT1 

Drosophila excitatory 
amino acid transporter 
1 (amino acids 117-
195) 

Donald van Meyel, 
McGill University 
Centre for 
Research in 
Neuroscience, 
rabbit, polyclonal 

1:5K Peco et al., 2016. 
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Figure 1: Drosophila astrocytes exhibit dye-coupling and passive membrane properties 
 

 

 

A. Cross-sectional view of larval ventral nerve cord (VNC), 3rd thoracic segment, showing 

astrocyte membrane (green, alrm-GAL4>CD4-GFP), Fasciclin II-positive axon tracts 

(magenta) and cell nuclei (blue, Syto dye). Total substack thickness = 2.5 m, astrocyte cell 

bodies located d, dorsally; l, laterally; v, ventrally; dotted line, midline. Scale bar = 50 m. B. 

Dorsal view of whole-mount preparation showing astrocyte nuclei (green, alrm-

GAL4>GFP.nls) and a dye-filled astrocyte (magenta). Dotted line, midline. Scale bar = 20 

m. C. Maximal projection of a dye-fill resulting in a single labeled astrocyte, dorsal view. 

Inset, cross-sectional view. Scale bar = 10 m. D. Depth-coded image (red, dorsal; blue 
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ventral) of a maximal projection of a dye-fill showing 4 astrocytes in addition to the 

primary astrocyte from which the recording was made (asterisk). Arrowhead, blue cell 

body located ventrally. Inset, substack showing the same ventral cell body; overlying dorsal 

optical sections are omitted. Scale bar = 10 m. 8 of the 26 cells examined displayed 

coupling. E. Histogram showing the extent of dye-coupling observed in 8 cases where 

coupling was present. F. Uncorrected whole-cell currents (mean, n = 8) recorded from a 

holding potential of -70 mV. F1. The corresponding current-voltage (I-V) plot indicates a 

linear I-V relationship (current measured 490 ms into the 500 ms pulse). G. Whole-cell 

currents (mean, n = 20) recorded as in E with leak current subtracted (online, P/4, 

opposite polarity). H. I-V plots for mean leak subtracted trace shown in F, current 

amplitude was measured at the peak of the outward current, the plateau (10 ms before 

termination of the pulse), and the peak tail current. 

 

  



104 
 

Figure 2: Voltage-gated currents were not detected in larval VNC astrocytes  
 

 

 

 

All data shown in this figure are representative traces from one of a group of 3 -5 astrocytes 

in each set. Traces were generated using online P/4 opposite polarity leak subtraction. A. 

Top: whole-cell voltage-clamp current recorded from a single cell in standard solution. 
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Bottom: current recorded during subsequent perfusion with TTX. B. Top: current recorded 

immediately after breaking into the cell with a CsCl pipette solution. Bottom: current 

recorded from the same cell ten minutes after cell break-in. C. Top: current recorded in 

standard solution. Bottom: current recorded during subsequent perfusion with 0 Ca ++, 1 

mM Cd++. D. Top: current recorded in standard solution. Bottom: whole-cell current 

recorded during subsequent perfusion with 4-AP. E. Top: current recorded in standard 

solution. Bottom: current recorded during subsequent perfusion with TEA.  
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Figure 3: Neuronal activity induces an inward current as well as a current with slow kinetics and 

variable polarity 
 

 

 

A. D42 neuronal driver expression pattern (green) and Fas II landmarks (magenta) in a 

whole-mount 3rd-instar larval CNS. Scale bar = 100 m. B. Schematic diagram for 

experiments: channelrhodopsin is expressed in a heterogeneous neuronal population using 
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the D42 driver; whole-cell recordings are collected from dorsal astrocytes. C1-C3. Cross-

sectional view of D42-GAL4>nuclear GFP (green) and anti-vGAT (C1), anti-ChAT (C2), or 

anti-vGlut (C3) immunolabeling pattern (magenta). Arrowheads highlight selected D42 

nuclei surrounded by transmitter-identifying immunolabeling. Dotted line, midline. Total 

substack thickness = 2.5 m. Scale bars = 20 m. D. Voltage-clamp recording from a 

channelrhodopsin-expressing motor neuron (representative trace, n = 10 preparations). 

Unclamped spikes are triggered by a 250-ms blue-light stimulus (470 nm, blue bar). Dotted 

line, baseline. E. Mean current from 31 astrocytes. Blue light activation of neurons yields an 

inward glial current that follows by 25 ms. Grey, S.D. F-G. Mean current from two subsets of 

cells sorted by response profile to optogenetic stimulation. F. In one subset, the current 

transiently overshoots baseline before returning over 4 s, n = 18. G. In the second subset, 

the current rises to baseline over 4 s, n = 13. H1. Shows a weak positive relationship 

between holding potential and peak amplitude of the fast inward current (r = 0.219). H2. 

No relationship between holding potential and the amplitude of the slow, variable polarity 

current (r = -0.046). Black, mean of 8 cells. Grey, individual cells.  
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Figure 4: Neurotransmitter release evokes an inward glutamate transporter current  
 

 

 

Representative traces, n = 5-6 cells in each group. A. TTX completely blocks the inward 

current associated with neuronal stimulation (teal). B. Neurotransmitter release blocked 

using a 0 Ca++, 1mM Cd++ bath (teal). Inward current is abolished and an outward current is 

induced/potentiated. Saline washout restores the inward current; outward current 

remains (gray). C. Inward current is completely blocked by glutamate transporter 

antagonist TBOA (teal); slow outward current is not affected.  
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Figure 5: Looper-motor neuron synaptic connection is mediated by a glutamate-gated chloride 

channel receptor 
 

 

A. Whole-mount 3rd-instar larval CNS showing the VNC expression pattern of the Looper 

driver (green, Looper-LexA>membrane GFP). Scale bar = 100 m. B. Cross-sectional view 

of the looper neurons (green); dotted line, midline; solid line, tissue boundary. Substack 

encompasses cells in thoracic segment 2, total thickness = 73 m. Arrowhead, looped tract 

shown in schematic diagram in E. Scale bar = 10 m. C. Dorsal view of a single optical 

section (z = 0.5 m) showing colocalization of looper membrane (green) and dvGlut 

antibody labeling (magenta). Green-only regions in merged image are looper tracts, where 

no synapses are expected. Scale bar = 10 m. D. Schematic diagram illustrating the 
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presynaptic glutamatergic neuron (Looper, “L”, green) expressing Chrimson (blue), an 

adjacent astrocyte (“A”, magenta), and a postsynaptic motor neuron (“MN”, black) from 

which recordings shown in E-G were collected. E. Optical stimulation of looper neurons 

(blue bar, stimulus window) during a whole-cell voltage-clamp recording (holding 

potential = -60mV) from motor neuron RP2 reveals an IPSC in standard saline (black) that 

is blocked by bath-applied picrotoxin (teal). No washout was observed after 10 minutes. F. 

As in E, but recorded from motor neuron RP3. Some current returns upon washout (gray). 

G. Looper-evoked RP3 motor neuron IPSCs reverse at a holding potential of -80mV.  
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Figure 6: Astrocytes respond to glutamatergic neuronal activity with an Eaat1-mediated 

transporter current 
 

 

 

A. Schematic diagram illustrating the presynaptic glutamatergic neuron (Looper, “L”, 

green) expressing Chrimson (blue), the postsynaptic motor neuron (“MN”, black), and an 

adjacent astrocyte (“A”, magenta), from which recordings shown in F -H were collected. B. 

Representative whole-cell astrocyte recording in control genotype (Looper-
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LexA>Chrimson, alrm-GAL4). Black, standard saline perfusion. Teal, during perfusion with 

TBOA. Blue bar, optical stimulus window. n = 5. C. Whole-cell astrocyte recordings 

collected from experimental genotype (Looper-LexA>Chrimson, alrm-GAL4>Eaat1RNAi). 

Five overlaid traces show no response to looper activation. D. Whole-mount 3rd-instar 

larval CNS labeled with rabbit-anti-Eaat1. D1, alrm-GAL4 control shows labeling 

throughout neuropil regions. D2, alrm-GAL4>Eaat1RNAi shows little to no Eaat1 labeling. 

Scale bar = 100 m. 
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Figure 7: Astrocytic processes are found within 1 micron of looper presynaptic sites but do not 

ensheathe them 
 

 

 

A. Three-dimensional reconstruction of a portion of the looper neurite (gray), and the 

surrounding astrocytic processes (purple). Some of the looper presynaptic sites are visible 

(orange). Scale bar = 1 m. B. Distribution of shortest distance from a given active zone to 

nearest astrocytic process. All presynaptic sites on a fully reconstructed cell are included 

(mean = 375 nm +/- 200 nm, n = 67). C.-E. Reconstructed looper neurite, presynaptic sites 



114 
 

are labeled with a heat map indicating the distance to the nearest astrocytic process. C. 

Astrocyte-process-to-presynaptic-site distance does not vary uniformly with location of the 

synapse on the neurite. Scale bar = 1 m. D. Synapse at the minimum distance in the 

distribution (0.0006 m, arrowhead) makes glancing contact with the presynaptic site. The 

astrocytic process does not ensheathe the synapse. Scale bar = 1 m in D and E. E. Synapse 

from another twig at the maximum distance in the distribution (0.93 m, arrowhead). 
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Figure 8: Astrocyte-specific Eaat1 knockdown significantly prolongs IPSCs at the looper-MN 

synapse 
 

 

A. Optical stimulation of looper neurons (blue bar, stimulus window) during a whole -cell 

voltage-clamp recording of the resulting motor neuron IPSC in standard saline (black) 

followed by bath-application of the glutamate-transporter blocker TBOA (teal) 

Representative trace from 1 of 5 preparations. B. IPSC half-width time, decay time, and 

time constant (fit with a single exponential function) are shown for 5 data pa irs in control 
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and TBOA conditions. **, p < 0.01; ***, p < 0.001.  C. Looper-evoked motor neuron IPSCs 

from 10 control larval VNCs. D. Looper-evoked motor neuron IPSCs from 8 larval VNCs 

with reduced astrocyte Eaat1. note: both control and experimental genotypes also include 

Looper-LexA>Chrimson. E. Mean half-width time, decay time, and time constant for control 

and alrm-GAL4>Eaat1RNAi. Error bars, +/- SD. **, p < 0.01; ***, p < 0.001. F-G. A subset of 

the data shown in C and D demonstrates that the kinetic parameters in E remain significant 

when only recordings from motor neuron RP2 are considered. F. Recordings from control 

(black, n = 3) and alrm-GAL4>Eaat1RNAi (gray, n = 3) are overlaid to facilitate direct 

comparison of IPSC kinetics. Blue bar, light stimulus. G. Analysis of kinetics of looper-

evoked motor neuron IPSCs. Mean +/- SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.  
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Chapter 3: Anatomical analysis of Drosophila astrocytes in the third-

instar larval ventral nerve cord 

3.1 Overview: 

Concerted efforts toward mapping the neuronal connectomes have generated rapid 

advances in the knowledge of brain circuitry and organization, especially in the 

comparatively small and genetically tractable Drosophila melanogaster brain. Although 

neurons have been the primary focus of these efforts, it is crucial to understand the brain 

maps generated by glial cells, too, because glia first help determine, and then modulate, the 

functional and anatomical neuronal connectome. Here, we have examined the morphology 

of individual Drosophila astrocytes in the third-instar larval ventral nerve cord (VNC) using 

stochastic fluorescent labeling. The VNC neuropil features well-described neuronal sensori-

motor maps, and these territories are identifiable using FasII-positive axon tracts as 

anatomical landmarks. Although neurons in this structure exhibit incredible stereotypy 

across VNC segments and across brains, we did not find reliable stereotypy with regard to 

astrocyte cell body position. While the bulk of our single-cell labeling data is in agreement 

with the emerging consensus regarding the placement of astrocyte cell bodies (one per 

hemisegment located ventrally to the neuropil, one, lateral, one, dorsolateral, and three, 

dorsal), we also note somewhat frequent exceptions to this organization, including the 

occasional presence of a medially-located cell body. The shape of an individual astrocyte’s 

arbors ranged from a compact, globular arrangement of astrocytic processes to an 

irregular, patchy arrangement. Clear morphological subtypes did not emerge. Next, we 

considered the territory of an individual astrocyte’s processes vis-à-vis known functional 
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subcompartments within the neuronal circuitry. Despite a consistent organization pattern, 

the process of these cells, too, lack reliable stereotypy. The data presented here will be 

complemented by additional studies focused on the descriptive and quantitative aspects of 

astrocyte anatomy.  
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3.2 Introduction 

The central nervous system of Drosophila melanogaster is being mapped with 

increasing molecular, anatomical, and developmental detail at both the larval and adult life 

stages (Boerner and Duch, 2010; Meinertzhagen and Lee, 2012; Heckscher et al., 2015; 

Ohyama et al., 2015; Berck et al., 2016), enabled by the unrivaled wealth of genetic tools 

available to the fly community (Venken et al., 2011). Although great interest and attention 

has been paid to the organization and spatial domains of neurons in both fly and vertebrate 

connectomics studies, there is an increasing recognition that astrocytes and other glial cells 

are also organized into functionally meaningful spatial domains. The organization of 

astrocytic glial makes these cells well-suited to play a role in the spatial segregation of 

information: in many of the species and brain regions examined to date, astrocytes have 

been found to occupy unique spatial domains with minimal overlap (macaque: Distler et al., 

1993; mouse: Ogata and Kosaka, 2002; rat: Bushong et al., 2002, 2004; Drosophila: Stork et 

al., 2014; Peco et al., 2016). In mammalian sensory cortices and olfactory bulb, there is 

experimental evidence that individual astrocyte activity maps align with neuronal sensory 

field maps (Roux et al., 2011; Lopez-Hildago and Schummers, 2014). Astrocytes are now 

understood to regulate and refine the neuronal connectome in various ways (Fields et al., 

2015), but there has been relatively little detailed study of this organizational pattern 

across species or brain regions. 

The present study examines a subtype of Drosophila glial cells called Drosophila 

astrocytes. The morphological, developmental, molecular and functional similarities 

between Drosophila astrocytes and vertebrate protoplasmic astrocytes are well-

documented (Freeman and Doherty, 2006; Freeman, 2010; MacNamee et al., 2016). 
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Morphologically, these species’ astrocytes share a highly branched structure, with 

processes that are strikingly complex and include veil-like distal processes that are located 

in the vicinity of neuronal synapses. During development, both vertebrate astrocytes and 

Drosophila astrocytes participate in the formation of synaptic networks by regulating 

synaptogenesis (Eroglu et al., 2009; Molofsky et al., 2012; Allen et al., 2012; Muthukumar et 

al., 2014) and by pruning synaptic spines (MacDonald et al., 2006; Doherty et al., 2009; 

Chung et al., 2013). They contribute to the determination of neuronal cell number and can 

promote, prune and/or dynamically regulate synaptic connectivity through various 

mechanisms (vertebrates: Eroglu and Barres, 2010; invertebrates: Corty and Freeman, 

2013). In Drosophila, astrocyte-specific ablation during pupal-stage synaptogenesis has 

both anatomical (reduced synapse number and density) and behavioral (failed or partial 

eclosion) consequences (Muthukumar et al., 2014).  

Astrocytes functionally regulate synaptic strength in both vertebrate and fly 

nervous systems (Theodosis et al., 2008; Nedergaard and Verkhratsky, 2012; Clark and 

Barres, 2013; Liu et al., 2014) Astrocytic processes reside near synapses, and Drosophila 

astrocytes express molecular markers that are shared with vertebrate astrocytes, including 

the neurotransmitter transporters Eaat1 (Rival et al., 2002; 2004) and Gat (Muthukumar et 

al., 2014). Astrocyte cell-body recordings show transporter-mediated responses to 

glutamatergic neuronal activity and cell-intrinsic physiology that is strikingly similar to 

that of vertebrate protoplasmic astrocytes (MacNamee et al., 2016). And, astrocyte activity 

regulates nervous system function at the level of synaptic signaling (Liu et al., 2014; 

MacNamee et al., 2016), like vertebrate astrocytes (Panatier et al., 2011), as well as 

behavior (Grosjean et al., 2008; Stacey et al., 2010). These results raise questions about the 
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spatial domains of individual astrocytes and, ultimately, their capacity to regulate 

designated groupings of synapses. And, given the degree of astrocyte heterogeneity 

reported in vertebrate brains, one wonders whether a Drosophila astrocyte with processes 

restricted to a certain neuropil is specialized for that task. 

The developmental trajectory of larval Drosophila astrocytes has been well-studied. 

Similar to vertebrate astrocytes, Drosophila astrocyte morphogenesis arises from a 

combination of cell-intrinsic programs and extrinsic influences, such as contact-dependent 

or secreted signals from neurons and other glial cells (Kanski et al., 2014; Stork et al., 2014; 

Peco et al., 2016). 50 glial cells are generated in each abdominal segment during embryonic 

development (Beckervordersandforth et al., 2008) and of these, six cells will become 

astrocytes (Pereanu et al., 2005; Stork et al., 2014). The glial cells that are fated to become 

astrocytes derive from the longitudinal glioblast (LGB), which produces nine glial cells in 

each hemisegment. Six of these nine are astrocytes, two are ensheathing glial cells and one 

cell shares features of both ensheathing and wrapping glia (Ito et al., 1995; Peco et al,. 

2016). Within this lineage, cell fate decision (astrocyte vs. ensheathing glia) is regulated by 

Pointed and Notch signaling, though only Notch is sufficient to redirect non-astrocyte 

progenitors to an astrocyte fate (Peco et al., 2016). The six astrocytes derive from a final, 

symmetrical division of three progenitor cells located dorsal to the neuropil, occurring by 

embryonic stage 16. Then, two cells migrate laterally, with one reaching the lateralmost 

position relative to the neuropil and the other remaining dorsolateral. Finally, one cell 

migrates along the medial neuropil boundary before arriving in a position ventral to the 

neuropil (Peco et al., 2016).  
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Prior to invading the neuropil with their hallmark ramified processes, Drosophila 

astrocytes extend lamellar process around the perimeter of the neuropil. Then, directed by 

the Fibroblast growth factor (FGF) Heartless and the FGF ligands Pyramus and Thisbe, 

astrocytic processes invade the neuropil during the last hours of embryogenesis (~19 

AEL). Within the neuropil, astrocytes then develop mutually exclusive territories (tiling). 

Disruption of FGF signaling in a subset of astrocytes, or removal of some astrocytes via 

stochastic apoptosis induction, causes the remaining astrocytes to expand their territories 

(Stork et al., 2014), suggesting tiling may occur through cell-cell interactions. By examining 

two-cell astrocyte clones in the early first-instar larvae, Peco et al., (2016) revealed 

stereotypical parsing of the VNC neuropil into three territories. However, the degree to 

which this is maintained at the single-cell level during larval growth is unknown. Here, we 

asked whether astrocytes in the third-instar larval VNC have stereotyped morphologies, 

and consider the properties of individual cells as well as the relationship between astrocyte 

territories and known anatamo-functional neuropil compartments. 
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3.3 Methods 
 

3.3.1 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. Animals were reared on standard cornmeal-agar yeast fly food at 

25°C on a 12-hour:12-hour light:dark cycle, in some experiments animals were heat 

shocked at 37°C. 

3.3.2 Tissue processing and Immunolabeling 
 

No heat shock was used for FLP-out single cell labeling, as hs-FLP induction at 25°C 

generated sufficient sparse labeling. Wandering third-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 on a 

rotator 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 
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Probes # A21311), 1:1000). Brains were washed 6 times for 15 minutes in 0.1M PB at room 

temperature, and then incubated on a rotator 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. 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. 

3.3.3 Anatomical Analysis 
 

Cell-body position, arbor territory, and the presence or absence of each category of 

astrocytic process extending behind the main territory (four categories: 1) processes that 

crossed the midline to varying degrees, 2) processes that were unbranched and traveled 

along the boundary of the neuropil compartment, 3) processes that exited the CNS along 

the path of the segmental nerves, and 4) processes that remained in the ipsilateral neuropil 

but traveled anterior or posterior along known tracts, in some cases partially wrapping 

those structures), were determined by viewing confocal data in various display modes. 

These included viewing individual z-sections as a stack, ortho views, z-projections, y-

projections, and rotations. Cell volume was computed using Amira v. 5.6 

(http://www.amiravis.com),  by using the “LabelVoxel” command to create “material”, then 

the thresholding tool and brightness histogram to tightly wrap this “material” to the cell's 

fluorescent profile, and finally the “MaterialStatistics” command to find the volume of the 
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resultant object. Three cells in our data set were excluded from this analysis due to a poor 

signal-to-noise ratio.  

3.3.4 Statistics 
 

Statistical analysis and graphing were carried out in Graphpad Prism software. The 

non-parametric Kruskal-Wallis test was used to compare the volume of cells in each 

segment, followed by Dunn's multiple-comparisons test. ANOVA was used to compare 

astrocyte cell volumes across cell body position and across ventral nerve cord segments 

binned as t1-t3, a1-a5, a7-a9, followed by Tukey's multiple-comparisons test. A two-tailed 

unpaired t-test with equal variance was used to compare all thoracic to all abdominal cell 

volumes.  
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3.4 Results 

3.4.1 Organization of the larval VNC  

The Drosophila CNS is organized in accordance with the ground plan of other 

invertebrate brains, wherein a distinct CNS compartment called “cortex” houses the 

neuronal and glial cell bodies together; this cortex is separated from the synaptic neuropil 

compartment that contains synapses (Strausfeld, 1976). Accordingly, Drosophila astrocyte 

cell bodies are located in the cortex, but placed on the periphery of the synaptic neuropil. 

From this position, astrocytic processes enter and interweave throughout the synaptic 

neuropil (Figure 1A). The larval ventral nerve cord (VNC) is a segmented structure, with 

each VNC segment corresponding to segment of the body wall. The VNC has three thoracic 

and eight abdominal segments, and its neuropil is divided at the midline into two 

continuous, tube-like neuropils that extend from t1 to a8/9. The organization of segments 

t1-a7 is rather consistent, but differences arise in the terminal neuromeres (Campos -

Ortega and Hartenstein, 1997). The boundaries between these segments, and neuropil 

compartment boundaries within each hemisegment, can be charted by using Fascicilin2 -

positive axon tracts as landmarks to demarcate known neuronal processing compartments 

(Landgraf et al., 2003). The FasII landmarks have been used to map neuronal morphologies 

and compare the relative position of astrocyte cell bodies and arbors across segments and 

animals (Vomel and Wegener, 2008; Kim et al., 2009; Berni et al., 2012), as well as to map 

astrocyte domains in the first instar larva (Peco et al., 2016). On the dorsal-ventral axis, the 

VNC neuropil is organized such that sensory inputs are processed within the ventral aspect, 

and motor neuron dendrites and circuitry are processed within the dorsal aspect (Schrader 

and Merritt, 2000).  
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3.4.2 Astrocyte cell body position is not reliably stereotyped 
 

To enable examination of the specific morphology and neuropil territory of 

individual Drosophila astrocytes, we have generated a collection of third-instar larval VNC 

preparations with individual, fluorescently labeled astrocytes by using the FLP-out 

technique (Ito et al., 1997). This labeling was achieved using the astrocyte driver alrm-

GAL4 to express membrane-targeted GFP (Doherty et al., 2009). Only those astrocytes that 

were labeled in complete isolation (i.e., astrocytes that were not in contact any other 

surrounding, labeled cells) were selected for subsequent analysis. This yielded a collection 

of 62 cells, of which 25 had ventrally-located somas, 7 had laterally-located somas, 23 had 

dorsally-located somas, and finally, 3 had medially-located somas (Table 1). In addition, 

this collection included 4 astrocytes that were located in the terminal abdominal 

neuromere, a9, and their cell body position is best described as posterior to the neuropil. 

Within a given hemisegment of the VNC, astrocyte cell bodies occupied 

characteristic, but not reliably stereotyped, positions surrounding the neuropil. Most often, 

one cell body was located ventral to the neuropil, one was located lateral to the neuropil, 

and four additional cells were located dorsal to the neuropil (Figure 1B). These four dorsal 

cells were distributed along the dorsal-medial and anterior-posterior axes. This 

arrangement is in accordance with reports from Stork et al., 2014 and Peco et al., 2016, 

although in their studies, which used two-cell clones, each group reported a dorsolateral 

cell that was uniquely identifiable from the three remaining dorsal cell bodies. We were not 

able to reliably identify this cell in our single cell clones (but see below).  
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3.4.3 Astrocyte morphology is highly varied 
 

All astrocytes examined shared some common morphological features. The number 

of primary processes was small (3-4). These processes became highly and densely 

branched upon entering the neuropil, although in some cases a primary process traveled 

unbranched along the perimeter for tens of microns before entering and branching (Fig ure 

2C). However, the gross shape of an individual cell varied considerably; examples 

representing the range of this variation are shown in Figure 2. Most often, astrocytes were 

globular, with arbors restricted to a continuous, approximately sphere-shaped region 

(Figure 2A). Some astrocytes took on more irregular shapes, these included a “C-shaped” 

appearance when viewed in cross section (Figure 2B), and in three cases the cell featured 

two discrete arbor territories (Figure 2C). This discrete-arbors morphology was also 

observed in dye-filled astrocyte preparations in a previous study (Chapter 2, Figure 1E). 

This variation in cell shape is consistent with a model proposed in Stork et al. (2014) of a 

developmental growth process dominated by cell-cell interactions, rather than a cell-

autonomous cell-shape program. 

3.4.4 Neuropil territories of individual astrocytes in third-instar larval VNC 
 

By examining 2-cell clones labeled using a technique that is similar to FLP-out, Peco 

et al. (2016) recently reported the presence of stereotyped astrocyte territories/domains 

in the early first-instar neuropil. The VNC as a whole, astrocytic and neuronal processes, 

and neuronal synapse number all expand during larval growth (Hartenstein et al., 2008; 

Kim et al., 2009). We asked whether this predictable parsing of neuropil space by 

astrocytes is preserved when single cells are considered at the third-instar. For each 
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isolated cell in our dataset, we charted domain territory by tallying the collection of major 

longitudinal FasII tracts (ventromedial, VM; ventrolateral, VL; central intermediate, CI; 

dorsomedial, DM; dorsolateral, DL; Figure 1B) contacted by a given astrocyte. This method 

allowed us to consider the degree of overlap between a given astrocyte’s domain and the 

neuronal function domains. But, there was no strict alignment of these two maps and in 

many cases astrocytic processes crossed known functional boundaries (see Figure 3). 

Although the territories were not sufficiently consistent enough to allow for a standardized 

scheme of neuropil division amongst the six astrocytes that populate each hemisegment, 

some trends emerged. 

3.4.4.1 Ventrally-located astrocytes.  
 

Most often, ventrally-located cells bodies subtended a territory encompassing the 

space between VM, VL, and CI (n = 13 of 25 cells). In one additional instance, the astrocyte’s 

arbors covered essentially this same territory, but did not extend dorsally enough to make 

contact with CI. This cell has been grouped with those contacting VM, VL and CI in Figure 

3A. The second most prevalent territory covered by ventrally-located cell bodies had 

processes which extended more dorsally that those in the first group, contacting a 

collection of medial landmarks including DM, VM, and CI (n = 7 of 25 cells). Finally, a third 

group of astrocytes (n = 4 of 25 cells) extended processes both dorsally and laterally, 

making contact with DM, VM, CI, and VL. Given that a typical hemisegment contains only a 

single ventrally-located astrocyte, the range of territories we observed to be occupied by 

individual astrocytes with ventrally located somas argues strongly against true  stereotypy 

in astrocyte neuropil territory/domain (Figure 3A).  
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3.4.4.2 Dorsally-located astrocytes.  
 

The astrocytic cell bodies located dorsal to the neuropil most often arborized 

toward the medial aspect of the VNC neuropil, with processes making contact with DM, VM, 

and CI (n = 12 of 23 cells, Figure 3B). The soma of cells within this DM, VM, CI-contacting 

subset tended to be located dorsomedially, such that their  somas were placed as or more 

medial than the DM tract (n = 8 of 12 cells in this subset). A second subset of dorsally-

located cell bodies had arbors that remained within and covered the medial-to lateral 

extend of the dorsal aspect of the neuropil. This subset contacted the DM, CI, and DL tracts 

(5 of 23 cells) or the DM and CI tracts (n = 2 of 23 cells). There were two examples in our 

dataset of dorsally-located cell bodies that extended arbors throughout both of the 

territories described above, making contact with DM, VM, CI, and DL (n = 2 of 23 cells). 

Finally, a single dorsally-located cell body in our dataset had arbors contacting only CI and 

DL. This soma was located dorsolaterally, and these anatomical features indicate that it 

may correspond with the second lateral cell described in Stork et al. (2014) and Peco et al. 

(2016). 

3.4.4.3 Laterally and medially-located astrocytes. 
 

The majority of laterally-located astrocyte cell bodies we examined had processes 

that were restricted to the lateral region of the neuropil (Figure 3C). 6 of the 7 astrocytes 

with laterally-located somas made contact with DL, VL, and CI tracts, and their processes 

covered all or most of the territory in between these landmarks. The one remaining 

astrocyte with a laterally-located cell body extended processes more ventromedially than 

the rest in this group, and made contact with the VM tract in addition to VL, DL, and CI. 
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Finally, each of the medially-located cell bodies in our dataset contacted DM, VM, and CI 

tracts (n = 3 cells, Figure3D). 

3.4.5 Some astrocytes have processes that extend beyond their main arbor territory  
 

As discussed in previous sections, the gross morphology or shape of astrocyte 

arbors ranged from a compact, globular form to a patchy, irregular one (Figure 2). 

However, many astrocytes, even those with globular profiles, featured additional proce sses 

that extended beyond their main arbor territory. These protruding processes fell into four 

main categories, including: 1) processes that crossed the midline to varying degrees; 2) 

processes that were unbranched and traveled along the boundary of the neuropil 

compartment; 3) processes that exited the CNS along the path of the segmental nerves; and 

4) processes that remained in the ipsilateral neuropil but traveled anteriorly or posteriorly 

along known tracts, in some cases partially wrapping those structures. 

3.4.5.1 Midline Crossing.  
 

In total, 33 of 51 astrocytes (64.7%) exhibited some degree of midline crossing, with 

the midline defined as a sagittal plane located halfway between the left and right neuropil 

compartments. (note: while all of the single astrocytes in our dataset were isolated from 

neighboring cells within the ipsilateral hemi-segment’s neuropil, there were 11 cells that 

were not separable from labeled astrocyte(s) in the contralateral hemi-segment’s neuropil, 

thus making the presence or absence of midline crossing ambiguous. As such, these cells 

were omitted from our midline crossing analysis.) The degree of midline crossing ranged 

from extremely minimal, wherein an astrocytic process crossed the midline but did not 

necessarily arborize or even infiltrate the contralateral neuropil, to considerable 
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contralateral arborization comprising 10-20% of the total cell volume (Figure 4A-C). In 

some cases, an individual cell crossed the midline in multiple, separate locations (Figure 

4B). The frequency of midline crossing varied according to cell-body position. It was 

common in astrocytes with ventrally-located cell bodies (72.2%, 13 of 18 cells) and 

dorsally-located cell bodies (83.3%, 15 of 18 cells), but did not occur at all in the laterally 

(n = 7) and medially-located (n=2) cells (Table 1). Additionally, all four astrocytes located 

in segment a9 displayed midline crossing. We expect that these midline crossing events are 

occurring at the level of the transverse commissures, although this is difficult to assess in 

our preparations because the transverse commissures are FasII-negative.  

3.4.5.2 Unbranched neuropil boundary processes.  
 

Of the 62 cells examined, 20 (32.3%) featured a single, unbranched process that 

extends along the neuropil-cortex boundary beyond the arborized territory. But, this 

unbranched neuropil boundary process was not observed with equal frequency across the 

cell-body positions; it was observed most frequently in ventral cells (16 of 25 cells, 64%), 

sometimes in lateral cells (3 of 7, 42.9%) and medial cells (1 of 3, 33.3%), but never in 

dorsal cells (n = 23) or in a9 astrocytes (n = 4). The process could travel either along the 

medial edge of the neuropil (Figure 5A,B) or the lateral edge (Figure 5C).  

3.4.5.3 Processes exiting the CNS.  
 

In rare instances, we observed a single unbranched protruding process that 

extended not only beyond the main neuropil territory of that cell, but left the CNS entirely. 

In these cases, the process departing the CNS traveled along the segmental nerve for up to 

100 microns, while the remaining process of the cell entered the neuropil and displayed 



133 
 

characteristic astrocyte morphology. We observed this phenomenon in 3 out of 62 cells; 

twice in astrocytes with somas in segment a8/9 (Figure 6A), and once in a cell with its 

soma in a6 (Figure 6B). We have noted additional instances of astrocytic cells with 

processes traveling outside of the CNS along the segmental nerve in datasets generated 

using multi-color labeling techniques including Flybow 2.0 (not shown, Hadjieconomou et 

al., 2011) and “spaghetti monster” (not shown , Viswanathan et al., 2015). 

In preparations with GFP labeling of all astrocytes, faint, labeled processes were 

occasionally seen traveling out of the CNS along segmental nerves (not shown). The 

anatomical position of these astrocytic processes is very similar to that described for a non-

astrocytic glial cell that also derives from the longitudinal glioblast, the 

ensheathing/wrapping glial cell (Peco et al., Fig 1G). But, because alrm-GAL4 is expressed 

transiently during development in non-astrocytic progeny of the longitudinal glioblast and 

because we cannot assign the exiting process definitively to a particular astrocyte soma in 

completely labeled preparations, we do not conclude that this is normal astrocyte process 

behavior in all segments. Rather, we suggest that astrocytes may occasionally outcompete 

and/or join the ensheathing/wrapping glial cell in wrapping the segmental nerve. It is 

unclear why this might happen more often in the posterior abdominal segments.  

3.4.5.4 Processes that wrap FasII tracts within neuropil, but beyond main arbor territory.  

Drosophila astrocytes make glancing contact with many of the FasII-positive tracts, 

simply by virtue of their neuropil coverage. However, in some cases, astrocytes featured 

notably extended processes traveling along FasII positive tracts beyond their otherwise 

globular territory. The degree of completeness of wrapping varied, and was not quantified 
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in this study. Figure 7 shows an example of the most prominent form of wrapping 

observed. This type of wrapping was most often noted along the DM tract, but also 

occasionally occurred along VM, VL, and CI.  

3.4.6 Astrocyte cell volume varies according to VNC segment but not cell body position.  
 

Although scarcely studied, large differences in the volume of astrocytes have been 

found across species. Most notably, the human astrocyte is approximately 20-fold greater 

in volume than an average rodent astrocyte (Oberheim et al., 2006). Given differences in 

neuronal organization, differences in astrocyte volume would also be predicted across 

different neuropils within a given species. With these considerations in mind, we asked 

how Drosophila astrocyte volume compares with other well-studied species, and whether 

astrocyte volume depends on the VNC segment in which that astrocyte resides and/or the 

position of the cell soma relative to the neuropil. The volume of each individual astrocyte 

was calculated using Amira software (we note that our measurement is of the membrane -

bound cell volume, and not the territory of an astrocyte or domain volume). The mean 

volume of all Drosophila astrocytes examined was 6,729.3 m3 +/- 3,372.2 (S.D., n = 59 

cells). 

The shape and size of the VNC changes as you move from anterior to posterior: the 

thoracic segments are greater in volume that the abdominal segments, and the lower 

abdominal segments become progressively smaller compared to the upper abdominal 

segments. We asked whether there are significant differences in the volume of astrocytes 

whose cell bodies reside in each segment. First, we considered all segments individually (p 

= 0.024, Kruskal-Wallis test). In this analysis, the mean rank difference in cell volume was 
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significantly larger in segment t3 than in segment a4 (Dunn’s multiple comparison test) 

(Figure 8A,B).  

We reconsidered the data after binning adjacent segments, as no significant 

differences were found in these more local comparisons. First, we divided the data into 

three groups: t1-t3, a1-a5, and a7-a9 (no cells were located in a6). We found a significant 

difference in their means (p = 0.001, one-way ANOVA), such that the mean volume of 

astrocytes was significantly greater in the thoracic (t1-t3) segments than in the upper 

abdominal (a1-a5) segments (Figure 8C, Tukey’s multiple comparisons test). Since this 

same test found no significant difference in astrocyte cell volume between upp er and lower 

abdominal segments, we performed a final test comparing all thoracic to all abdominal 

astrocytes. Astrocytes with somas in the thoracic segments (mean = 8,952 +/ - 4039) were 

significantly greater in volume than those in abdominal segments (Figure 8D, mean = 5,753 

+/- 2,523; p = 0.0005, two-tailed t-test). 

Finally, we asked whether there are significant differences in astrocyte volume 

when considering the position of the astrocyte’s cell body relative to the neuropil. No 

significant differences in cell volume across cell body positions were found (p = 0.180, one-

way ANOVA). The mean and standard deviation for ventrally, laterally, dorsally, and 

medially located cell bodies is shown in Figure 9 (see also Table 1). Figure 9 shows the 

range and distribution of the data within each subgroup.  
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3.5 Discussion 

As the detail of neuronal connectomes increases, it is critically important that glial 

cells, which help regulate both anatomical and functional neuronal connectivity, are 

included in these maps (Corty and Freeman, 2013; Fields et al., 2015). Given their 

association with synapses and organization into mutually-exclusive domains, astrocytes 

are particularly well-positioned to play a role in the spatial segregation of information 

(Bushong et al., 2002; Halassa et al., 2007). The flexibility and power of Drosophila as an 

experimental system creates a unique opportunity to explore relationships between 

anatomical and functional astrocyte properties. Here, we have interrogated the anatomical 

features of astrocytes that comprise the glial network in the third-instar larval VNC 

neuropil.  This is a stage at which the bulk of studies that examine the physiology of 

neurons have been carried out (Choi et al., 2004; Worrell and Levine, 2008) as well as the 

only stage in which the electrophysiological characteristics of astrocytes and astrocyte -

synapse interactions has been examined (MacNamee et al., 2016.) 

 

3.5.1 Consistency of soma and arbor placement 
 

In the present study, we found that the anatomical stereotypy of astrocyte cell-body 

position and neuropil-arbor territory is limited. Others have reported a standard 

placement of astrocyte cell-body positions into three regions: one cell is located ventral to 

the neuropil, two cells are located laterally, and three cells are located dorsally (Stork et al., 

2014; Peco et al., 2016). However, each of these groups acknowledged that there is 

variation in the exact placement of astrocytic somas. Within our data set of single, labeled 
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astrocytes, we observed variation in the placement of somas within these three regions, but 

also observed medially-located cell bodies, attesting to an even greater degree of variance 

than previously described. We were unable to consistently identify a second astrocyte with 

a laterally-located cell body described by Stork et al. (2014) and Peco et al. (2016). In these 

articles, the second lateral cell is depicted in a position considerably more dorsal than the 

first lateral cell, and so we suspect that this second, dorsolateral cell was included with the 

dorsally-located cell bodies in our analysis. One astrocyte within this category had arbors 

restricted to the lateral aspect of the neuropil, contacting the FasII tracts DL and CI. It is 

possible that this cell is the second lateral cell, and that our sampling of individually-

labeled cells simply did not uncover a second example. 

In their study of two-cell astrocyte clones in the first instar larval VNC, Peco et al. 

(2016) found a high degree of reproducibility in the territory of neur opil subtended by 

each astrocyte pair. Given the considerable expansion of the mass of the larval CNS, growth 

and branching of astrocyte processes, growth and penetration into the neuropil by trachea, 

and addition of neuronal synapses that occurs between hatching at early first instar and the 

wandering late third instar (Hartenstein et al., 2008), it is perhaps unsurprising that we 

observed greater variation in the territory of astrocyte processes. Our method of analysis is 

limited, however, in that three-dimensional cell structure is considered using two 

dimensional coordinates, and thus neglects possible differences in territory along the 

anterior-poster axis. Future studies employing a multi-color FLP-out labeling method 

(Viswanathan et al., 2015) will be better suited to address three-dimensional astrocyte 

territories. This approach would enable simultaneous examination of the territory of each 
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astrocyte within a hemisegment and a more detailed picture of organization along the 

anterior-posterior axis.  

In several cases, we note that the processes of a single astrocyte extended beyond 

the bounds of known anatomofuncational processing compartments in the VNC (i.e., motor, 

interneuronal, sensory and subdivisions of sensory neuropils). The larval VNC sensory 

processing neuropil differs from that of larger-brained species in that it is subtended by 

only one or two astrocytes, rather than a large number. Our results suggest that astrocyte 

domains do not aid in the spatial segregation of information in this neuro pil. 

 

3.5.2 Shared anatomical features of Drosophila and vertebrate astrocytes 
 

We recently reported functional membrane physiology features in Drosophila 

astrocytes that are shared with vertebrate astrocytes (Verkhratsky and Butt, 2013 ; 

MacNamee et al., 2016). Drosophila astrocytes also exhibit calcium signaling and express 

molecular astrocyte markers (Liu et al., 2014; Freeman, 2015a). When one considers the 

anatomical similarities between vertebrate astrocytes and the Drosophila astrocytes, there 

are many. First, they share a fundamental branching structure, with several (3-4) primary 

processes emanating from the soma. Second, they each associate, to varying degrees, with 

neuronal synapses. Finally, the morphology of individual mammalian astrocytes is quite 

variable, as we found for Drosophila astrocytes, suggesting shared or similar mechanisms 

regulating morphogenesis. Astrocyte shape in both systems may be stochastic and sculpted 

primarily by cell-cell interactions.  
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Unbranched processes are featured in some interesting subtypes of human/primate 

astrocytes (Oberheim et al., 2009), including the interlaminar and varicose projection 

astrocytes. Given the known developmental migratory patterns of Drosophila astrocytes 

from dorsal to ventral and lateral positions, we propose that the unbranched processes we 

noted on ventral, lateral, and medial cells are vestiges of the migratory process. 

Alternatively, they could be the remains of processes which were extended to surround the 

neuropil in late embryonic stages (Stork et al., 2014) but which do not develop branched 

neuropil arbors, due to competition and/or cell-cell signaling interactions (i.e., another 

astrocyte “beats” this astrocyte and arborizes in this neuropil territory first).  

 

3.5.3 Differences between Drosophila and vertebrate astrocyte morphology 
 

Despite the clear similarities, however, some key differences emerged between the 

anatomy of Drosophila astrocytes and that of vertebrate astrocytes. First, Drosophila 

astrocytes seem to have a stronger propensity toward wrapping neuronal tracts than 

vertebrate astrocytes. We observed astrocyte processes at least partially wrapping 

longitudinal as well as transverse FasII tracts, extending along midline commissures, and 

even extending processes along the segmental nerve and traveling beyond the CNS. We 

note that in our examinations of EM data, despite potential contributions from more than 

one local astrocyte, these tracts are not completely wrapped. Still, this  anatomical behavior 

is more closely reminiscent of the pattern seen in the processes of fibrous, white matter 

astrocytes in vertebrate brains. Although they do not wrap tracts or send processes beyond 

the CNS, vertebrate protoplasmic astrocytes have “endfeet” that are known for contacting 
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and loosely-wrapping a particular brain structure: blood vessels. Interestingly, the insect 

correlate of brain vasculature, the tracheole system, may be wrapped not by astrocytes but 

instead by ensheathing glia processes, which have been reported to enter the neuropil to 

surround brain tracheae (Pereanu, 2006; Hartenstein, 2011).  

 

3.5.4 Astrocyte cell volume in Drosophila, rodents, and humans 
 

We know the volume of human astrocytes is almost 20-fold larger than their rodent 

counterparts (Oberheim et al., 2006). This enormous difference in astrocyte cell volume 

raises questions about the volume of Drosophila astrocytes relative to rodent and human 

cells. We find that larval Drosophila astrocytes are on average 10-fold smaller than rodent 

astrocytes, a decrement that is perhaps consistent with the progression of neural 

complexity from fly, to rodent, to human. The ratio of neuronal cells to glial cells, and 

volume of brain mass subtended by each glial cell, is under ongoing investigation across 

species and may have interesting implications for brain evolution (Mota and Herculano -

Houzel, 2014). 
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3.6 Figures and Legends  
 

Table 1: Summary of astrocyte features by Cell Body location relative to the neuropil. 
 

Cell 
body 

position 

# of cells 
examined 

Mean 
Volume 
(µm3) 

S.D. 
volume 
(µm3) 

% 
crossing 
midline 

% 
unbranched 

boundary 
process 

%  
processes 

exiting 
CNS 

Ventral 25 7,604.30 3,649.40 72.2 64 0 

Lateral 7 8,140.30 4,640.40 0 32.9 14.3 

Dorsal 23 5,419.00 2,403 83.3 0 0 

Medial 3 5,775.00 1,107.60 0 33.3 0 

A9 4 6,604.60 3,428.80 100 0 50 
All cells 62 6,729.30 3,372.20 64.7 32.3 4.8 
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Figure 1. Organization and placement of astrocytic cell bodies in the larval ventral nerve cord 

neuropil. 
 

 

 

A. Cross-sectional view of larval ventral nerve cord (VNC), 3rd thoracic segment, showing 

astrocyte membrane (green, alrm-GAL4>CD4-GFP), Fasciclin II–positive axon tracts 

(magenta), and cell nuclei (blue, Syto dye). Total substack thickness = 2.5 m, astrocyte cell 
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bodies located d, dorsally; l, laterally; v, ventrally; dotted line, midline. Scale bar = 50 mm. 

B. Schematic representation of the VNC showing the location and name of the 5 major 

longitudinal FasII tracts used in this study (magenta): DL, dorsolateral; DM, dorsomedial; 

CI, central intermediate; VL, ventrolateral; VM, ventromedial; as well as the characteristic 

placement of astrocyte cell bodies within a segment (green). Dotted line, midline.  
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Figure 2: Astrocyte cell shape ranges from a compact, globular form to a patchy, irregular form. 
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A. Dorsal view of a maximal projection of an individual astrocyte labeled with GFP using 

the FLP-out method. This cell has a globular shape. In all panels, dotted line = midline, scale 

bar = 10 m. A’. Cross- sectional view of the same astrocyte shown in A. B. A second 

astrocyte, labeled as in A, displays a more irregular boundary and shape. B’. Cross -sectional 

view of astrocyte in B. C. A third astrocyte, labeled as in A and B, showing a highly irregular 

profile. C’. Cross-sectional view of astrocyte in C. 
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Figure 3: Astrocyte arbor territory is not highly stereotyped.  
 

 

 

A-D. Top: For each astrocyte cell-body position (green) relative to the neuropil, a schematic 

diagram indicating the position of arbors within a cross-section of the neuropil (yellow) is 
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shown. Except in the case of medial cell bodies, the arbor territory was varied across cells, 

and a single cell’s arbors could extend beyond a neuronal processing compartment (e.g., 

the lateral cell contacting VM, CI, DL, and VL arborizes extensively n the ventral, sensory 

region but also in the dorsolateral motor neuropil).  The relative abundance of cells with 

arbors in a given territory is indicated by weighting the opacity of each yellow area. For 

example, in the lateral cells panel, the yellow region defined by CI, VL, and DL is 86% 

opaque, and the yellow region defined by VM, CI, DL, and VL is 14% opaque; their area of 

overlap is thus 100% opaque. Bottom: plots showing the number of cells with arbors 

contacting the specified FasII tracts within a given astrocyte cell-body position. 
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Figure 4: Astrocyte processes that cross the midline do so to varying extents. 

 



149 
 

A-C. Dorsal views of maximal projections of individual astrocyte labeled with GFP using the 

FLP-out method. A’-C’.  Cross-sectional views of the corresponding astrocytes shown in A-

C.  In all panels, dotted line = midline, scale bar = 10 m. A, A’. This cell crosses the midline 

to a small extent on one occasion (arrowhead). A’. B, B’. A second astrocyte crosses the 

midline on three occasions (arrowheads), but does not arborize significantly in the 

contralateral neuropil. C, C’. A third astrocyte crosses the midline on one occasion and 

arborizes significantly in the ventral aspect of the contralateral neuropil (arrowhead).  
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Figure 5: Examples of astrocytes with an unbranched neuropil boundary process. 
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A-C. Dorsal views of maximal projections of individual astrocytes labeled with GFP using 

the FLP-out method. A’-C’.  Cross-sectional views of the corresponding astrocytes shown in 

A-C. In all panels, dotted line = midline, scale bar = 10 m.  A, A’. This cell has a ventrally-

located cell body and extends an unbranched process along the medial neuropil boundary. 

A’. Arrowhead, unbranched neuropil boundary process. B, B’. A second astrocyte with a 

ventrally-located cell body.  Cross sectional view reveals that this cell also extends a 

process along the medial neuropil boundary (arrowhead), although it differs from A in that 

small arborizations occur at two points (asterisks). Note: an autofluorescent tracheole is 

also visible at the top of this image. C, C’. A third astrocyte has a laterally-located cell body 

and extends an unbranched process along the lateral boundary of the neuropil 

(arrowhead).  
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Figure 6: Examples of astrocytes with processes leaving the CNS. 
 

 

 

A, B. Dorsal views of maximal projections of individual astrocytes labeled with GFP using 

the FLP-out method. A’, B’. Pseudo-DIC image shows the VNC tissue boundary. A”, B”. 

Merged images.  A. This astrocyte has a cell body located posterior to the neuropil in 

segment a9 and extends a process beyond the CNS along the segmental nerve. Note: a 

second astrocyte is visible in the top left portion of the image. The segmental nerve is  

visible in the lower right of the A’, A” images (arrowhead). A”. B. This astrocyte has a cell 

body located lateral to the neuropil in segment a6 and extends a dim process beyond the 

CNS along the segmental nerve (arrowheads), which lies on top of the VNC. In all panels, 

scale bar = 10 m.  
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Figure 7: Example of astrocyte processes that extend beyond main arbor territory and wrap FasII 

tracts within neuropil. 
 

 

A. Dorsal view of a substack of an individual astrocyte labeled with GFP using the FLP-out 

method. Arrowhead indicates the level of z-plane shown in A’.  A’. Cross-sectional view of a 

selected z-plane from the image in A. B. Corresponding substack showing FasII tract 

labeling. DM, dorsomedial; CI, central intermediate; dashed line, midline. B’. Cross-sectional 

view of a selected z-plane from the image shown in B. C. Merged image showing the 

alignment of astrocytic processes along the DM tract. C’. Cross-sectional view of a selected 

z-plane from the image shown in C. Astrocyte processes (green) are present on all sides of 

the DM tract, but do not completely wrap the tract. 
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Figure 8: Astrocyte cell volume vs. VNC segment 
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A. Mean volume, +/- standard deviation for each VNC segment. No cells in the acquired 

gallery were located in segment a5. The volume of cells in segment t3 is significantly 

greater than the volume of cells in a4 (p = 0.024, Kruskal-Wallis test, Dunn’s multiple 

comparison test). B. Box-and-whisker plot shows the median, interquartile range, and 

minimum and maximum values for each segment. C. Mean volume, +/- standard deviation 

for VNC segments t1-t3, a1-a5, and a7-a9. The volume of astrocytes in the thoracic (t1-t3) 

segments is greater than the volume of astrocytes in the upper abdominal (a1-a5) 

segments (p = 0.001, one-way ANOVA, Tukey’s multiple-comparisons test). D. Mean 

volume, +/- standard deviation for all thoracic and all abdominal VNC segments. The 

volume of astrocytes in the thoracic segments is greater than the volume of astrocytes in 

abdominal segments (p = 0.0005, two-tailed t-test). 
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Figure 9: Astrocyte cell volume vs. cell body position 
 

 

 

A. Mean volume, +/- standard deviation for each group (Ventral, Lateral, Dorsal, Medial, 

a9). B. Box and whisker plot shows the median, interquartile range, and minimum and 

maximum values for each group (n.s., ANOVA). 
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Chapter 4: Overall discussion and future directions 
 

4.1 To what degree are Drosophila astrocytes functional analogs of vertebrate 

astrocytes? 

The collection of studies presented in this dissertation provides a novel 

characterization of Drosophila astrocytes and make a significant contribution to the 

previously available data on the functions of these cells. The novel insights gained here 

inform opinions and enable a more thorough discussion within the field about their degree 

of similarity to vertebrate astrocytes and about the appropriate-ness of the term 

“Drosophila astrocyte” itself, which is still contended (Omoto et al., 2015). In this section, I 

will both summarize and examine the implications of the experimental results presented in 

Chapters 2 and 3 by revisiting the major topics in astrocyte biology that were presented in 

the introduction. Here, the focus will be on integrating data obtained from this and other 

studies of Drosophila astrocytes into the framework that has been established for astrocyte 

function in vertebrates. 

 

4.1.2 Developmental origins of larval Drosophila astrocytes: considerable differences  

Although the developmental trajectory of Drosophila astrocytes was not a focus of 

this dissertation, the data obtained in the study examining the territory of individual 

astrocytes in the larval VNC at third instar (Chapter 3) lends support to the conclusion that 

Drosophila astrocytes do not proliferate during larval stages (Stork et al., 2014; Peco et al., 

2016). Previous studies examining glial cell number across the larval life span showed that, 

in each brain lobe, glial cell number increases from 60 cells at the outset of larval 
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development to 260 cells by late third instar (Pereanu et al., 2005); this was suggested to 

include increases in cell number across all glial subtypes (Hartenstein, 2011). However, 

other reports, and our own data, indicate that the number of astrocytes is stable from first 

to third instar, and that the growth of the larval CNS is accompanied by growth of processes 

from established astrocyte cell bodies, and not by addition of new astrocytes (Stork et a l., 

2014; Omoto et al., 2015; Peco et al., 2016; MacNamee et al., 2016).  

This could, therefore, represent a key difference in developmental programming 

between Drosophila and vertebrate astrocytes. Vertebrate astrocytes continue to 

proliferate, possibly throughout life, both by mitotic division of mature cells as well as from 

NG2-positive oligodendrocyte precursor cells (OPCs) (Tabata, 2015). It would be 

interesting to know if the same is perhaps true for adult Drosophila astrocytes as for larval 

astrocytes, or whether adult Drosophila astrocytes continue to proliferate throughout the 

life span like vertebrate astrocytes. Both of these possibilities are plausible, especially 

when one considers that adult Drosophila astrocytes develop from an independent set of 

type II precursors (Omoto et al., 2015). 

 

4.1.3 The tripartite synapse: similar functions suggest anatomy is less critical  

The study presented in Chapter 2 combined whole-cell recording, optogenetic 

neuronal activation, and electron microscopy to directly link in vivo neuron-astrocyte 

physiology with EM-level anatomy. This has not been achieved in any other study of 

neuron-astrocyte interactions in any species, and allows us to relate findings relevant to 

the structural and functional conceptualizations of the tripartite synapse. First, we showed 

that robust bidirectional communication is present such that activity at specific 
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glutamatergic synapses results in activation of an astrocytic glutamate transporter, and 

that blocking these glutamate transporters in turn alters the neuronal post-synaptic 

response. Then, 3D reconstruction of the spatial relationship between these synaps es and 

the surrounding astrocytic processes showed these same synapses are not ensheathed by 

glial processes, even partially. This directly addresses an outstanding question in the 

neuron-glia interactions field about whether fast synaptic transmission at non-ensheathed 

synapses can be regulated by astrocytes. We find that indeed, astrocyte modulation of fast 

signaling at neuronal synapses is present in the absence of the classical tripartite structural 

relationship. It is likely that the in vivo distances between Drosophila glutamatergic 

synapses and astrocyte processes are even greater, due to the known substantial tissue 

shrinkage that occurs during chemical EM fixation, as well as differential shrinkage of 

different cells types. Korogod et al. (2015) directly compared a chemically-fixed EM sample 

with a sample from the same brain area prepared by high-pressure freezing (HPF), and 

observed a 50% decrease in the proportion of synapses in contact with astrocytic 

processes in HPF EM samples compared to chemically fixed samples. This leads one to 

question the significance of contract and ensheathment, and implies that astrocytes may 

actually carry out many synaptic regulation functions from a distance.  

Astrocyte relationships with glutamatergic synapses may not be as critical and 

under as strict regulation in the fly CNS as it is in the vertebrate CNS perhaps because, in 

the fly, glutamatergic signaling is inhibitory. Since glutamate-gated chloride channel 

receptors, rather than AMPA and calcium-permeable NMDA receptors, mediate the 

postsynaptic response, these synapses lack the potential for excitotoxic pathology (Foran 

and Trotti, 2009). But, all of the presynaptic sites examined in our study share the same 
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neurotransmitter identity, and are furthermore located on the same neuron. This allows us 

to compare “apples to apples”, and the results obtained indicate that the non -uniform 

distribution of astrocytic processes relative to synaptic structures previously described 

across species, brain regions, and cell types, is present even when considering presynaptic 

sites within a single neuron. Although the neuronal cell connectome is not modified 

significantly between first and third instar, the number of synapses connecting two given 

neurons increases substantially (A Cardona and C Schneider-Mizell, personal 

communication). A possibility is that the differences in astrocyte-presynapse distance 

observed in our study are causally related to the age of that synapse, although the 

predicted direction of the effect remains unclear.  

Astrocytes are increasingly appreciated as active elements in maintaining 

homeostasis at synapses. The pronounced temporal extension of looper-evoked motor 

neuron IPSPs we observed after acute block of the glutamate transporters using 

pharmacology, in comparison to the more subtle, but still significant, temporal extension 

with chronic RNAi-mediated knockdown of glutamate transporters suggests that 

homeostatic plasticity has occurred in the chronic manipulation. There is evidence for a 

corresponding phenomenon in Drosophila Genderblind (glial cysteine/glutamate 

transporter) mutants. These mutants exhibited a 50% reduction in glutamate 

concentration in the haemolymph and a compensatory 200-300% increase in postsynaptic 

glutamate receptors (Augustin et al., 2007). This is consistent with previous studies 

showing that extracellular glutamate regulates the clustering of post-synaptic glutamate 

receptors (Featherstone et al., 2002; Featherstone and Shippy, 2008). In the Eaat1 RNAi-

mediated knockdown condition, looper-evoked notor neuron IPSCs are less drastically 
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lengthened than in the acute TBOA condition (section 2.4.9) and one wonders where such 

compensatory, homeostatic changes might occur. One possibility is that post-synaptic 

receptor populations are modulated in ordered to restore signaling  “set points”. . Another 

possibility is that a second astrocyte membrane protein that translocates glutamate, 

perhaps Genderblind, is upregulated. Although in Augustin et al. (2007) the direction of 

operation is such that glutamate is extruded, it is possible that the conditions created by 

Eaat1RNAi cause reversed operation.  

 Generally, we note that our results indicate that the fly neuronal connectome is 

susceptible to modulation by astrocytes, arguing that those working to translate 

anatomical connectomes into a holistic understanding of brain function must also evaluate 

astrocyte-driven changes. 

 

4.1.4 Calcium signaling: good agreement, but few data  

 In Chapter 2, we tested the hypothesis that Drosophila astrocytes in the third-instar 

larval VNC express voltage-gated calcium channels by applying depolarizing voltage steps 

before, during and after perfusion with solution whose ionic composition is known to block 

voltage-gated calcium channels. The experimental results obtained do not support this 

hypothesis (Chapter 2, Figure 2C). Given that calcium signals have been documented in 

Drosophila astrocytes at adult stages (Liu et al., 2014), in other CNS glial cell types in the 

larval VNC (Melom and Littleton, 2013), as well as in peri-synaptic glia at the adult NMJ 

(Danjo et al., 2011), and noting evidence that larval astrocytes display calcium events 

(Freeman, 2015b), our findings indicate that entry via voltage-gated calcium channels is 

not a source of astrocyte calcium.  
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This is consistent with the source of calcium that was identified for spontaneous 

elevations in larval VNC cortex glia: mutation in zydeco (Na+/Ca2+/K+ exchanger) 

eliminated microdomain calcium oscillations (Melom and Littleton, 2013), leaving little 

possibility that voltage-gated calcium channels contribute. The origin of astrocyte calcium 

ions in Drosophila astrocytes has not yet been resolved, but mechanistic information about 

this process would provide another key piece of evidence supporting the functional 

correspondence of astrocytes across highly divergent species. Our finding that Drosophila 

astrocytes lack voltage-gated calcium currents does align nicely with current knowledge 

about voltage-gated calcium channel expression in vertebrate astrocytes: these channels 

have been reported in vitro, but have not been detected in mature astrocytes in vivo 

(Parpura et al., 2011; Verkhratsky and Butt, 2013). Rather, whole-cell patch-clamp 

recordings from astrocytes in acute slice preparations from the CA1 hippocampal region 

and the visual cortex failed to detect any voltage-dependent calcium currents (Carmignoto 

et al., 1998). The sources of calcium ions in vertebrate astrocytes are diverse, and may 

differ with the spatial scale and location and temporal dynamics of a given signal 

(Shigetomi et al., 2016). The currently available evidence suggests that so matic calcium 

signals are predominantly mediated by calcium release from internal stores located in both 

the ER and mitochondria (Parpura et al., 2011). There is also evidence that local, 

microdomain calcium transients are affected by the concentration of external calcium 

(Shigetomi et al., 2012; 2016) but in this study, TRPA1 was found to mediate the calcium 

signals.  
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4.1.5 Gliotransmission: pending investigation, with cautions  

 Our experimental results did not provide any evidence for the regulated rele ase of 

gliotransmitters, but our results perhaps offer a cautionary tale for those pursuing 

definitive proof of gliotransmission. Given that we have shown that glutamate transporter 

function modulates neuronal synaptic currents, indirect effects of either genetic or 

pharmacological manipulations on these transporters will need to be carefully ruled out 

before one concludes that synaptic modulations are truly mediated by gliotransmission.  

 

4.1.6 Astrocyte Heterogeneity: undetected in larval VNC physiology, best supported in 

Drosophila adult visual system  

 In the experiments presented in Chapter 2 (2.4.3) that were performed using D42-

GAL4 to drive expression of channelrhodopsins in a broad subset of neuronal cells, 

astrocyte response amplitude was highly variable. However, this variation (e.g., the subsets 

presented in Figure 3F and 3G) is unlikely to be indicative of astrocytic subtypes within the 

larval VNC because, in some cases, the polarity of the slow, potassium-buffering current 

changed over time within a single astrocyte’s recording session (Appendix B). Rather, we 

propose that the differences in the polarity of the slow, potassium buffering current reflect 

dynamic changes in the concentration and distribution of extracellular potassium, owning 

to both spontaneous neuronal activity in the preparation as well as optogenetically-

stimulated activity. 

 In our analysis of astrocyte morphology presented in Chapter 3, we note that a 

range of astrocyte morphologies (i.e., globular vs. many degrees of irregularity in shape) is 
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present. However, clear divisions between morphological subtypes were not found. This 

leaves the possibility of molecular heterogeneity open, but no molecular markers for 

astrocyte subtypes in Drosophila have been reported to date. As discussed in section 1.6.2, 

the neuropil glia of the adult Drosophila visual system show differences in their molecular 

profile, are distributed into distinct anatomical regions and appear to associate with 

neuronal functional units, supporting the notion that functional differences may be present 

(Chotard and Salecker, 2007; Edwards and Meinertzhagen, 2010). Their organization into 

subtypes by anatomical position is conceptually similar to the positionally-distinct 

astrocyte subtypes identified in the vertebrate spinal cord (Hochstim et al., 2008), but only 

somewhat reminiscent of the heterogeneity of expression of cell adhesion molecules 

(CD44) and receptors (Gli1) that has been observed within a local cortical astrocyte 

population (Garcia et al., 2010; García-Marqués and López-Mascaraque, 2013; Sosunov et 

al., 2014). 

 

4.1.7 Intrinsic properties of astrocytes: good agreement across species in vivo  

The low membrane resistance, high capacitance, and hyperpolarized resting 

membrane potential of Drosophila astrocytes relative to neurons (astrocyte Vrest = ~-67 

mV, motor neuron Vrest = ~-50 to -55 mV; Choi et al., 2004; MacNamee et al., 2016), bear 

close resemblance to the properties of the “variably rectifying” (Zhou and Kimelberg, 2000, 

2001) or “passive” (Steinhauser et al., 1994; Kressin et al., 1995) vertebrate astrocytes 

described in the literature, features now widely accepted as defining  classical astrocytes 

(Kimelberg, 2004; Bergles et al., 2010). Similar to mature vertebrate astrocytes, our data 

suggest that Drosophila astrocytes in the larval VNC do not express any voltage-gated 
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channels at a level detectable from the soma, (Verkhratsky and Butt, 2013). The channels 

examined in the present study included voltage-gated calcium channels (discussed above), 

voltage-gated sodium channels, and voltage-gated potassium channels. We did not find 

evidence for the expression of any of these channels, but also note that somatic recordings 

may neither exert voltage control, nor detect currents, in the fine, dista l properties, and 

since membrane channel distribution is likely non-uniform along the astrocyte membrane, 

we cannot rule out the possibility that these channels may exist on the distal properties 

that are proximate to synapses. 

In section 2.4.3, stimulation of a broad neuronal subset using the D42-GAL4 driver 

elicited two distinct types of currents, a fast, inward current was blocked by TBOA and is 

mediated by a glutamate transporter (establishing another parallel with the “variably 

rectifying”/ “passive” astrocytes), but the slow current with variable polarity was not 

sensitive to this agent. We have tentatively attributed this slow current to potassium 

buffering, as it is congruent with other glial potassium-buffering currents in the literature 

(Meeks and Mennerick, 2007), and accordingly suggest that Drosophila astrocytes express 

inwardly-rectifying potassium channels. However, further experimentation is necessary to 

conclude as much. We do note that this slow current was never observed in response to 

stimulation of looper neurons. There are several likely explanations for this. First, a small 

number of neurons (14 cells per hemisegment) were activated, limiting the size of the 

primary neuronal population generating action potentials and thus the amount of neuronal 

Na+/K+ flux. Second, we showed that the connections loopers make with motor neurons are 

mediated by inhibitory receptors, meaning that looper activation in unlikely to initiate a 

cascade of neuronal neuronal circuit activity. In contrast, D42-driven optogenetic neuronal 
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activity is very likely to activate second, third, etc. order partners, thus generating far more 

potassium efflux from neuronal cells and an enormous driving force for astrocyte K ir 

channels. 

Overall, from our whole-cell recordings in situ from astrocytes in the larval ventral 

nerve cord, we do conclude that core electrophysiological features are conserved across 

flies and vertebrates. This is an important finding that enhances the relevance of past and 

future studies identifying molecular and genetic mechanisms of astrocyte function in the 

fly. 

 

4.1.8 Glutamate signaling and transport: receptor differences, but robust transpo rter roles 

Like astrocytes in the rodent hippocampus (Bergles and Jahr, 1997; Meeks and 

Mennerick, 2007), cerebellum (Clark and Barbour, 1997), cortex (Lalo et al., 2006), spinal 

cord (Zhang et al., 2009), and brainstem (Huda et al., 2013), we find that Drosophila 

astrocytes respond to neuronal activity with an inward current that is mediated by 

glutamate transporters. The mean amplitude of the glutamate transporter current was 

greater with stimulation of a large subset of neuronal cells (D42-GAL4) than with 

stimulated of the restricted looper subset, but also showed greater variability. This 

variability is at least partially due to the masking of glutamate transporter currents by the 

slow, variable polarity potassium-buffering current in the D42-GAL4 activation 

experiments. Between this masking and the fractional success rate we experienced in 

attaining complete dye-fills, it was difficult to assess potentially interesting differences in 
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glutamate-transporter amplitude according to the neuropil arbor territory of a given 

astrocyte.  

However, the D42-GAL4 experimental series did indicate that disinhibition of the 

neuronal network by picrotoxin, a blocker of GABA-A and glutamate-gated chloride 

channels, increases glutamate release. Within minutes, the amplitude of the glutamate 

transporter current elicited by D42 optogenetic activation was potentiated by 350% 

(Appendix A). This indicates that by decreasing neuronal network inhibition, extracellular 

glutamate levels are increased and the molecule is cleared more rapidly by astrocyte 

transporters. Given that the basal level of glutamate transporter expression is not a faithful 

predictor of the role of that transporter in acute increases of glutamate tran sport (Pita-

Almenar et al., 2012), the experimental approach pioneered in this dissertation offers the 

possibility to explore molecular determinants that may support increases in transport.  

 In experiments in which the glutamate transporter Eaat1 was reduced or 

eliminated, the severity of the phenotypes observed varied, being least in astrocyte-specific 

alrm-driven knockdown where third-instar locomotion was normal, showing moderate 

impairment in locomotion in pan-glial repo-driven knockdown, and resulting in lethality at 

the first instar in Eaat1 mutants.(Rival et al., 2004; Rival et al., 2006; Stacey et al., 2010; 

section 2.4.7).  But, Eaat1 is abundantly localized in astrocytes and not in other glia or 

neurons. These differences are especially perplexing when one observes the nearly 

undetectable level of remaining Eaat1 protein in brains with alrm-driven knockdown 

(Chapter 2, Figure 6D). We propose that perhaps these stark phenotypic differences derive 

more from the available amount of protein at key points in embryonic development than 

they do from differences in protein levels at the third-instar larval stage. But, with such 
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minimal protein detected by immunocytochemistry, and zero transporter currents in 

response to glutamatergic activation, yet normal locomotor function, one is left wondering: 

where does the glutamate go? 

Typically, the glutamate that is taken up by vertebrate astrocytic cells is catabolized 

by glutamine synthetase and the resulting glutamine is extruded from the astrocytes and 

returned to neurons. Glutamine synthetase 2 (gs2) has been shown previously to be  

expressed in Drosophila astrocytes in the embryo (Freeman et al., 2003; Thomas and van 

Meyel, 2006; Oland Laboratory, unpublished data). The function of glutamine synthetase in 

Drosophila glia has not been studied yet, but a demonstration and mechanistic 

understanding of the complete glutamate-glutamine ‘cycle’ is certainly needed (Zhou and 

Danbolt; 2010; Uwechue et al., 2012). The possibilities vis-à-vis the cellular site of 

compensatory plastic mechanisms presented in section 4.1.3, including potential 

upregulation and clearance by the cysteine-glutamate exchanger Genderblind and 

decreases in glutamate release or in receptor clustering, may address some portion of the 

question “where does the glutamate go”. Finally, one could imagine simple spatial diffus ion 

through the tortuous extracellular neuropil spaces, until glutamate reaches the ensheathing 

glial processes that border the neuropil these have been reported to express low levels of 

Eaat1 (Peco et al., 2016). 

 

4.1.9 Organization of Astrocyte domains: common in principle, different in scale 

 In this dissertation, astrocyte physiological responses were examined at a localized, 

lineage-related collection of chemically homogeneous synapses. But, these synapses are 
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embedded in neuronal circuits, and these circuits and their elements exhibit robust 

regional specializations as one moves throughout the magnanimously proportioned 

vertebrate brain, or, even just across the <100 micron larval VNC hemisegment. Although 

the degree and determinants of overlap between astrocytes in Drosophila are not known, 

individual astrocytes certainly occupy unique domains (Stork et al., 2014). The functional 

questions at the heart of this domain organization relate to heterogeneity, and were stated 

so clearly and concisely in a recent article by Khakh and Sofroniew (2015) that they bear 

repeating: (1) “Do astrocytes mediate distinct physiological responses in different brain 

circuits, or do they mediate the same functions throughout the brain; that is, are astrocyte 

functions tailored to the functions of the circuits in which they reside?” And (2) “Is there 

evidence for diverse astrocyte physiological responses in a given brain area; that is, is there 

evidence of physiological specialization in local microcircuits?”  

 We found that individual astrocytic processes were not confined within the 

boundaries of known motor, sensory, proprioceptive, or interneuronal processing 

compartments. And, although we recorded only from dorsally-located cell bodies, there are 

several; among them we did not note any systematic differences in the presence or absence 

or amplitude of looper-evoked glutamate transporter currents. Given the spatially 

restricted region of neuropil in which looper neurons have presynaptic terminals (Chapter 

3, Figure 5B), and the tiling of astrocyte territories such that each interacts with a spatially-

restricted group of synapses, it is somewhat surprising that all of the recordings collected 

from astrocytes with cell bodies located on the dorsal surface featured a glutamate 

transporter response of similar amplitude. On one hand, Chapter 3 Figure 3 B does indicate 

that the vast majority of dorsally-located astrocyte cell bodies cover this dorsomedial 
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territory. Certainly, if it were possible to access and record from the lateral or dorsally-

located astrocyte cell bodies, one would not expect to see transporter currents in response 

to looper activation, given the spatial mismatch.  

 In the discussion of results present in Chapter 3, we noted that Drosophila astrocytic 

processes partially wrap axonal tracts and commissures, behavior that has not been 

reported, to our knowledge, for vertebrate astrocytes (Reichenbach and Wolberg, 2005; 

Oberheim et al., 2009). Developmentally, glial cells of both Drosophila and vertebrates are 

key players in the formation of commissures (Oland and Tolbert, 2011). But, in the mature 

vertebrate brain, axonal tract and commissure wrapping is performed by oligodendrocytes 

and not astrocytes, whereas Drosophila astrocytes perhaps serve this function in addition 

to their synaptic duties, consistent with the overarching theme of invertebrate glial cells 

tending to serve functions that, in a vertebrate, would be performed by two or more glial 

cell subtypes (Pereanu et al., 2005; Freeman and Doherty, 2006; Oland and Tolbert. 2011). 

Vertebrate astrocyte domain size and their degree overlap are known to be affected 

by certain brain states such as epilepsy and aging (Oberheim et al., 2008; Grosche et al., 

2013). But, are there negative consequences of astrocyte domain disorganization on 

information processing? Or, conversely, is this an adaptive response, perhaps to support 

increased metabolic demand or inefficiency? What are the consequences for synapses that 

are greeted by a second astrocyte’s processes in these co nditions? Adult Drosophila 

astrocytes have already been shown to contribute to age-related memory impairment 

(Yamazaki et al., 2014), and it would be interesting to examine the ways in which astrocyte 

domains change as flies age and in the context of lifespan gene networks. As astrocyte 

domains were affected in epilepsy, are Drosophila astrocyte domains altered in a 
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picrotoxin-feeding or “bang-sensitive” mutant (easPC80) model of seizure-like activity, 

where astrocyte metabotropic GABA receptors and transporters were found to mediate the 

associated behavioral phenotype (Muthukumar et al., 2014). 

 

4.1.10 Gap-junctional coupling: promising opportunity for mechanistic inquiry  

 The studies presented in chapter 2 represent the first demonstration of dye 

coupling in Drosophila glial cells. The finding of sporadic dye-coupling across preparations, 

without correlation with the presence or absence of broad, D42-mediated neuronal 

stimulation, was somewhat surprising but suggest the possibility of dynamic regulation of 

gap-junction conductance. There is in vitro evidence that neurons and their activity control 

gap-junctional coupling, and that expression of connexins 30 and 40 increases when 

cortical astrocytes are co-cultured with neurons (Rouach et al., 2000; Koulakoff et al., 

2008). The restricted spatial extent of astrocyte dye-coupling to the cells within the 

segment presents an area that is ripe for further study.   

 

4.1.11 Summary  

Despite the small size and relatively simple structure of the Drosophila nervous 

system, its astrocytes bear a striking physical resemblance to the classical mammalian 

astrocyte. There are notable differences in the developmental origins and trajectory, 

closeness to synaptic structures, and relationship with specialized neuronal circuit motifs. 

And, much work remains to be done to interrogate the mechanisms of calcium signaling, 

the possibility of regulated gliotransmitter release, and heterogeneity. But this study 

identified previously unknown parallels in intrinsic cell properties, intercellular dye-
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coupling, tripartite synapse function, and glutamate transport. The wealth of shared 

anatomical and functional, physiological features now identified in Drosophila astrocytes 

will allow researchers to use the Drosophila system to delve more deeply into complex 

questions about the homeostatic regulatory functions of astrocytes, which have been 

challenging because they lie at the interface of ionic fluxes and genetic pathways.  

 

4.2 Future Directions 
 

4.2.1 Anatomical analysis  
 

 Prior to submission for peer-reviewed publication, the data and analyses presented 

in Chapter 3 will be expanded upon and complemented by additional experimental studies 

that examine the anatomy of third-instar larval Drosophila astrocytes in detail. Since the 

inception of this dissertation research project, one experimental goal has been to exploit 

Drosophila derivatives of the Brainbow labeling technique that was first described in mice 

to understand (1) the degree of overlap between astrocyte processes a nd (2) gain greater 

insight into the stereotypy of cell body location and astrocyte arbor territory. In 2011, we 

began this endeavor using the Flybow labeling constructs (Hadjieconomou et al., 2011), 

and achieved some success. But, several issues prevented meaningful analysis of this data, 

including that (1) the labeling was not reliably reproducible, (2) genetic recombination 

events in this cassette seemed to heavily favor expression of one of the four fluorophores, 

(3) limitations in the brightness of another fluorophore, cerulean, plus the considerable 

autofluorescence generated by tracheole structures at this wavelength. Combined with 
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limitations in available imaging facilities and capabilities, the experiments were essentially 

put on hold.    

As new multi-color labeling constructs were described and became available 

(Richier and Salecker, 2015), we selected and tested those that seemed best-suited to our 

needs, including Raeppli (Kanca et al., 2013) and the “Spaghetti Monster” MCFO approach 

(Viswanathan et al., 2015; Nern et al., 2015). The latter innovation, which was developed in 

the Looger Lab, removes the fluorophore from the GFP backbone, and then adds numerous 

copies of a single epitope tag to enable subsequent labeling with primary antibodies and 

fluorophore-conjugated secondary antibodies. Stochastic recombination controls the 

expression of non-fluorescent GFP backbones tagged with either HA, V5, and/or FLAG 

sequences, thus offering the advantages of comparable intracellular tracking, 

customization of fluorophores and wavelength choice, and the use of synthetic rather than 

genetically encoded fluorophores, as these typically offer bright and more photostable 

signals. At long last, the “Spaghetti Monster” approach has achieved the quality of labeling  

desired to examine the most finely branched astrocytic processes. 

 With this data, we will ask: (1) within the domain volume of a given astrocyte, what 

percentage is also subtended by surrounding astrocytes? The ideal labeling pattern for this 

analysis would consist of a single astrocyte, expressing a combination of unique labels 

relative to all neighbors, and such data would offer insight beyond the approach wherein 

two adjacent cells are labeled by dye-fills or genetic strategies and evaluated (Bushong et 

al., 2002; Stork et al., 2014); (2) When cell number and or cell body position does vary from 

the canonical larval VNC motif of one ventral, one lateral, and four dorsally-located cell 
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bodies, what happens to the territory, relative volume, and overlap o f cells? For this 

analysis, the ideal labeling preparation would display all astrocyte cell bodies within a 

hemisegment labed with different combinations of fluorophores. With 6 astrocytic cells and 

only 7 possible fluorophore combinations, this is certainly a tall, but possible, order. (3) At 

the distal, overlapping areas, are the processes of adjacent astrocytes able to be resolved 

using light microscopy, or do they appear muddled? If they are able to be resolved, do 

astrocyte processes from adjacent cells interdigitate at a high spatial frequency, or, are they 

arranged in a clustered manner? Do they contact one another? We know that there is dye -

coupling present, but, are the gap junctions distributed uniformly across the cell 

membrane?   If there is minimal overlap of the territories of adjacent astrocytes, then is the 

distribution of innexin (gap junction-forming protein) labeling limited to the distal 

processes? Alternatively, innexin labeling could be distributed along astrocyte processes, 

which would suggest the presence of reflexive gap junctions between different branches of 

a single astrocyte, as seen in vertebrate astrocytes.  

 Second, since the gauge of neuronal processes varies between the coarse, motor and 

fine, sensory neuropil regions within the VNC, one hypothesizes that the density of 

astrocytic processes, and perhaps the density of synapses differs between samples taken 

from these regions. The astrocytic network of the dorsal, motor neuropil has been 

reconstructed (Chapter 3, Figure 7) and the astrocytic network of the sensory neuropil is 

currently under examination. The density of astrocytic processes will be compared across 

these regions. We will also investigate and compare the association of astrocytic processes 

at presynaptic sites known to release glutamate with those known to release acetylcholine. 

Glutamate is cleared from the synaptic and extracellular space by astrocytic glutamate 
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transporters (Eaat1), but acetylcholine is degraded by extracellular enzymes such as ChAT. 

Whether astrocytic processes selectively associate with synapses releasing a particular 

type of neurotransmitter is a topic of great interest (Eroglu and Barres, 2010) that can be 

readily explored in Drosophila with this approach. 

Third, individual astrocyte cell volumes vary depending on their VNC segment 

(Chapter 3, Figure 8). A portion of this variation may be attributed to the variation in the 

volume of the neuropil compartment, and thus, we plan to normalize to the volume of each 

individual astrocyte to the mean volume of its home segment’s neuropil.  

 

4.2.2 Outstanding Questions: Physiological Function 

 

The model of astrocyte regulation of a glutamatergic CNS synapse, essentially 

showing tripartite function but in the absence of tripartite structure, can be exploited in a 

variety of ways to expand on the study.  

 

4.2.2.1 Do Kir channels mediate the slow, variable polarity and presumed potassium-buffering 

current?  

 
This experiment would, ideally, be conducted using the D42 enhancer sequences to 

drive expression of the LexA transcription factor, in combination with a LexAop -driven 

channelrhodopsin, thus allowing astrocyte-specific knockdown of the Drosophila inwardly-

rectifying channel Irk2. However, such a construct is not currently available. Perhaps, 

selection of a different but broad neuronal-LexA driver would evoke this slow astrocyte 

current and be suited to this task. It was somewhat surprising that the looper-mediated 

activity did not evoke this current, as we had expected to address the genetic underpinning 
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of both the fast, glutamate transporter-mediated and slow, variable polarity currents using 

this approach. Then, one could address more detailed questions about the spatial extent of 

potassium buffering: does it occur within a local astrocytic process, within an entire cell, 

and/or intercellularly?  If different cellular compartments and cells are recr uited, then 

under what conditions does this happen? What genes mediate the determination and 

adjustment of potassium-buffering parameters? The development of potassium sensors 

and ability to monitor its spatial dynamics would certainly aid this line of inquiry.  

 

4.2.2.2 What pathways regulate glutamate transporter expression and function? 

 

As mentioned previously, this system is ripe for exploring both genetic and protein 

interactions with the glutamate transporter. In mice, mitochondrial transport and 

metabotropic receptors have been identified as regulators. Glutamate transporters are co-

compartmentalized with mitochondria, glycolytic enzymes (Genda et al., 2011), and the 

Na+/K+ ATPase (Jackson et al., 2014), and these three function in concert: EAATs are not 

ATP-requiring, but they depend on maintenance of the sodium concentration gradient by 

the Na+/K+ ATPase, and mechanisms dock mitochondria at the specialized, peri-synaptic 

astrocyte membrane regions, and in vitro mutation in the mitochondrial motor adaptor 

proteins miro1 and miro2 increase mitochondrial mobility (Jackson et al., 2015). 

Mitochondrial transport in Drosophila neuronal cells is mediated by conserved miro (Russo 

et al., 2009).  Does the knockdown of Eaat1 affect the distribution of mitochondria? Does 

this have effects on metabolism? Peri-synaptic membrane specializations in astrocytes 

likely include other yet unknown components.  
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It is increasingly recognized that these are the key pieces to astrocyte physiology, 

clustered near synapses. Glutamate transporters, requites Na +/K+ ATPase, inwardly 

rectifying potassium channels, additional ion exchangers, such as Genderblind and zydeco in 

the fly, with locally docked mitochondria. The expression and function of these elements 

seems likely to be regulated by metabotropic glutamate, GABA and other receptors, with 

Gq-coupled signals generating IP3 and effecting larger changes in cell physiology.  

 

4.2.2.3 Do Drosophila astrocytes respond to non-glutamatergic neuronal activity? 
 

The larval VNC houses neurons that release a variety of amingeric and peptidergic 

neurotransmitters (Santos et al., 2007; Vomel et al., 2008). Drosophila astrocytes certainly 

express the GABA transporter Gat (Muthukumar et al., 2014) and, at least in the vertebrate, 

GABA transporters are weakly electrogenic. GABA transporters can also operate in reverse 

(Wu et al., 2007) and could be an avenue for gliotransmitter release. In general, transporter 

proteins were enriched in collections of genes that were identified as downstream targets 

of the glial-fate gene gcm (Freeman et al., 2003). Optogenetic tools could be used to test the 

activation of many populations. Then, by beginning with an examination of the regional 

distribution of neurotransmitter receptors using immunolabeling methods, and additional 

detailed analysis of astrocyte domains, it is possible that heterogenetiy in the physiological 

responses to neuronal activity might emerge.  

 

4.2.2.4 What are the signals, genes and pathways that mediate astrocyte dye-coupling? 
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Does the dye-coupling we observed in some Drosophila astrocyte recordings 

represent electrical coupling, too? This can only be explored by employing technically-

challenging paired recordings from astrocytes within the hemisegment.  Does astrocyte -

specific knockdown of Inx2 and/or other innexins eliminate dye coupling? What kind of 

neuronal activity triggers dye-coupling? If astrocyte domain organization is disrupted, how 

does network coupling adapt in response? The larval VNC neuropil is both simple enough, 

but also complex enough, to address these questions. Based on data generated in the 

Freeman lab and presented at a recent conference (Freeman, 2015b), we predict that Tdc2 

octopaminergic neuronal activity regulates calcium transients in Drosophila astrocytes, and 

is likewise a good candidate population for the regulation of gap-junctional coupling.  

Astrocytes may be more generally important in mediating the effects of 

neuromodulators on neuronal cells. With this theme in mind, it is very likely that some of 

the most elusive neural functions, such as emotion, are not mediated by the activation of 

new neuronal circuitry per say, but by modulations of the “standard” circuit by astrocytes. 

Astrocytes are suited to produce these brain states, as their timescale is logical, and 

neuronal millisecond signaling is illogical to mediate these changes. Likely, this signaling is 

mediated by neuromodulators, which glimpses of data suggest are processed via astrocytes 

before affecting excitatory and inhibitory synapses and circuit elements (Rial et al., 2015).  
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Appendix 
 

Appendix A: Picrotoxin potentiates neuronal-activity mediated astrocyte currents 

 

 

 

Bath-applied picrotoxin increases the amplitude of the glutamate transporter current by 

350% (magenta). This effect is partially reversed by washout (gray). Picrotoxin is an 

antagonist of GABAARs and glutamate-gated chloride channels (Liu and Wilson, 2013). At 

present, there is no molecular or functional evidence for GABAARs and glutamate-gated 

chloride channel expression by Drosophila astrocytes, and so we tentatively attribute this 

result to dis-inhibition of the neuronal circuitry, leading to increased glutamate release and 

thus increased astrocyte uptake of glutamate. This supports the idea that, as in mammals 

(Diamond et al., 1998; Scimemi and Diamond, 2013), fly astrocytes can be used as 

glutamate sensors to assess the gross effects that perturbing (i.e., activating or silencing) 

individual neuronal circuit elements has on glutamate release. 
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Appendix B: Neuronal-activity mediated astrocyte currents can vary over time  

 

 In some cases, a single cell displayed different profiles over time. t1 = 4 min after 

breaking into cell, t2 = 9 min, t3 = 11 min, t4 = 15 min, t5 = 35 min. This supports the 

conclusion that the two subsets of polarized astrocyte responses shown in Chapter 2, 

Figure 3F and 3G do not represent cellular heterogeneity, because an individual astrocyte 

was capable of displaying both polarities over the course of a single recording session.  
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Appendix C: 2D-relationships between unidentified synapses and Drosophila astrocytes 

 

 

Using electron microscopy, we investigated the anatomical relationship between 

Drosophila astrocytes and neuronal synapses by sampling the dorsal (motor) neuropil of 3 

third-instar Drosophila larval VNCs and annotating the images to show the location of 

astrocytic processes and neuronal synapses. Next, we measured the distance from each 

synapse to the nearest astrocyte process in the two-dimensional section. We found a mean 

distance of 0.6 m. 75% of synapses were found within 1.0 m of a glial process, but direct 

contact between synapses and glial processes was infrequent, occurring at fewer than 5% 

of sampled synapses. 
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