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Glial cells are present in all organisms with a CNS and, with increasing brain complexity, glial cells have un-
dergone substantive increases in cell number, diversity, and functions. Invertebrates, such as Drosophila,
possess glial subtypes with similarity to mammalian astrocytes in their basic morphology and function, rep-
resenting fertile ground for unraveling fundamental aspects of glial biology. Although glial subtypes in simple
organisms may be relatively homogenous, emerging evidence suggests the possibility that mammalian
astrocytes might be highly diversified to match the needs of local neuronal subtypes. In this Perspective,
we review classic and new roles identified for astrocytes and oligodendrocytes by recent studies. We pro-
pose that delineating genetic and developmental programs across species will be essential to understand
the core functions of glia that allow enhanced neuronal function and to achieve new insights into glial roles
in higher-order brain function and neurological disease.

I. Introduction

Glial Functions since 1856

The term “glia” (from the ancient Greek for glue), coined by
Rudolf Virchow in 1856, seems to carry both literal and figurative
connotations. Virchow thought glia to be support cells, a putty
holding things together. However, it is perhaps pertinent that in
Virchow’s time glue was a rather ignoble substance made from
the hooves of knackered horses. Whether intentional or not,
his descriptor implied a passive and uninteresting function for
glia, placing them low in the neural hierarchy. However, attitudes
are shifting with new studies that show that glial cells are essen-
tial modulators of brain function and health.

In 2008, a previous Perspective on this topic in Neuron
(Barres, 2008) highlighted many then newly identified and unex-
pected functions of glia and predicted many more. A mere
5 years later, the list of developmental mechanisms of and roles
for macroglia—i.e., oligodendrocytes, astrocytes, and their pre-
cursors—has expanded significantly. Progress in the field has
been comprehensively covered in many outstanding recent re-
views (Aguzzi et al., 2013; Attwell et al., 2010; Emery, 2010;
Eroglu and Barres, 2010; Freeman, 2010; Molofsky et al.,
2012; Nave, 2010). This Perspective is not meant to be a
comprehensive review of glial cell biology. Rather, we hope
to highlight emerging ideas in the field, discuss how ap-
proaches are rapidly evolving, and suggest priorities for the
future. We will focus primarily on macroglia (with apologies to
microglia and Schwann cells) and adopt the speculative view-
point that the long evolutionary time frame for codevelopment
of neurons and glial cells, from simple organisms to higher
organisms, indicates the fundamental importance of glia in in-
vertebrates and predicts their increased diversity in verte-
brates. We envisage that tools of developmental biology and
cross-species analysis will yield exciting new insights into the
precise functions of glial subtypes from the simplest inverte-
brates to man.
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Brief Summary of Oligodendrocyte Generation
and Functions
Oligodendrocytes are the myelinating cells of the CNS, which
enable saltatory (or jumping) conduction of nerve impulses.
The functional equivalent of the oligodendrocyte in the peripheral
nervous system (PNS) is the Schwann cell. Oligodendrocytes
and segmental/nodal myelination are a relatively recent evolu-
tionary innovation appearing in jawed vertebrates (Zalc et al,,
2008) (Figures 1 and 3), although analogous ensheathing cells
and primitive myelinated membranes on axons are found in in-
vertebrates (Hartline and Colman, 2007). Many aspects of mye-
lination initiation remain poorly understood. On the one hand,
oligodendrocytes can recognize even inert tubular structures of
the appropriate axonal diameter to initiate myelin production;
on the other, activity-driven and environmental cues also can
regulate the timing and extent of myelination. In any case, myeli-
nation must be one of the most extraordinary examples of
cellular hypertrophy in biology—an oligodendrocyte expands
its surface area over 6,500-fold through the massive production
of membrane in order to myelinate multiple (perhaps 50 or more)
axon segments. Thus, oligodendrocytes must have a close as-
sociation with the vasculature to support their extraordinary
metabolic and substrate demands for myelination production
and maintenance of myelin and axonal integrity (Lee et al., 2012).
Oligodendrocyte precursors (OPCs) recognized by expression
of the chondroitin sulfate proteoglycan NG2 (hence the term
“NG2 glia”) and other markers are the most proliferative cell
type in the adult mammalian brain, outhumbering populations
of persistent neural stem cells of the subventricular zone (SVZ)
and hippocampus. Such OPCs are involved in turnover and
routine maintenance of myelin; they receive synapses from neu-
rons (Bergles et al., 2000; Lin et al., 2005) and respond to injury
(Young et al., 2013). After demyelination, such as in multiple scle-
rosis (MS), caused by autoimmune attack of myelin, OPCs
rapidly reinvest the lesion area and in some cases can perform
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Figure 1. Complex Glia in Even Simple Organisms
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Glial cells in C. elegans and Drosophila. All C. elegans glia are associated with sensory structures, though the CEPsh glia also infiltrate the worm CNS. Drosophila
have similar SOP-derived glial subtypes in the periphery (data not shown) and more elaborate and functionally distinct subclasses of glia in the CNS. A list of well-
defined glial molecular or morphological phenotypes and functions that are conserved in worms and flies (indicated for each animal by gray bars to left) are listed.

See text for details.

myelination of denuded axons leading to functional recovery.
Why some lesions of MS fail in remyelination, leading to chronic
plaques, is unknown and might represent the environmental sig-
nals present in certain lesions and/or potentially variable capabil-
ities of the OPCs in different lesions. OPCs are also among the
first responders, even in injuries not requiring remyelination,
and they are often present in glial scars, suggesting trophic or
additional roles in CNS homeostasis.

While studies in the 1980s focused on the nature of glial pre-
cursors and their progeny lineages, the last decade has wit-
nessed an explosion of developmental and genetic studies
focused on glial subtypes, in particular oligodendrocytes. We
now understand that all oligodendrocytes in the CNS are speci-
fied through a uniform process that requires function of Olig1/2
bHLH transcription factors. Many regulatory factors for subse-
quent lineage commitment, differentiation, proliferation, and
maturation of oligodendrocytes have been identified. Progress
in understanding the development of the oligodendrocyte line-
age is a cogent example of how development can transform
our understanding of diseases like MS, and other human disor-
ders with prominent white matter injury including cerebral palsy,
stroke, and spinal cord injury (Fancy et al., 2011). Speaking of
“transformation,” recent studies suggest, unexpectedly, that
oligodendrocytes serve as a cell of origin for glioma (Liu et al.,
2011). Indeed, both OPCs and glioma can invade and migrate
through tissues and proliferate in response to oncogenic signals
of the RAS pathway. Exploiting such parallels in oligodendrocyte
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biology and gliomagenesis might provide insights into the gene-
sis and biological properties of these deadly tumors as well as
their therapy.
Brief Summary of Astrocyte Generation and Functions
Astrocytes are the most numerous cell type in the brain and a
steady stream of work points to an increasingly wide spectrum
of roles for these cells during development and in the mature
CNS. Although the precise nature of astrocyte precursors re-
mains poorly understood, radial glia comprise a substrate for
generation and migration during development and may have
additional roles in CNS organization (described below). During
development, radial glial cells produce neuron, oligodendrocyte,
and astrocyte precursors and then, finally, transform into astro-
cytes themselves (which explains why any cre recombinase fate
map that includes even a transient stage of radial glia expression
will mark a subset of astrocytes). It has become clear from recent
work that a proliferating nonradial glial cell (“intermediate astro-
cyte precursor”) serves to expand local astrocyte populations in
different CNS domains (Ge et al., 2012; Tien et al., 2012).
Classic astrocyte roles include structural and metabolic sup-
port, maintenance of the blood-brain barrier (BBB), regulation
of cerebral blood flow, clearance of neurotransmitters at the syn-
apses and maintaining ion balance, support of myelin structures
in white matter tracts, and inflammatory reactivity after injury.
Recent studies indicate that astrocytes are working hastily in
the trenches during neural circuit formation and fine-tuning of
synapses. We now appreciate that astrocytes can potently



Neuron

Figure 2. The Burgess Shale in the Canadian Rockies Provides a
Rich Fossil Record of Paleozoic Invertebrates

promote synaptogenesis through expression of thrombospon-
dins, Sparc, and glypicans to allow for initial neuron-neuron con-
tact and probably subsequent fine-tuning (Allen et al., 2012;
Christopherson et al., 2005; Kucukdereli et al., 2011). Optimiza-
tion of connectivity through synapse elimination can also be car-
ried out directly by astrocyte engulfment of synapses through
MerTK and MEGF10 (W.S. Chung and B. Barres, personal
communication), a molecular event first described in Drosophila
(Awasaki et al., 2006), or through modulating C1Q/complement
cascade-mediated removal of synapses by microglia (Stevens
et al., 2007). Emerging evidence also points to important roles
for astrocytes in synaptic plasticity, which means astrocytes
are required for the formation, fine-tuning, function, and plas-
ticity of our brain circuitry. Finally, astrocytes are increasingly
becoming implicated in a variety of human diseases from
leukodystrophies, congenital epilepsy syndromes, to neurode-
velopmental disorders, and beyond. Reactive astrocytes are a
hallmark of nearly all major human CNS neurodegenerative con-
ditions (Zamanian et al., 2012).

How do astrocytes do all this? Is there only one type of astro-
cyte? For many years, investigators have reported different mor-
phologies of CNS astrocytes, but electrophysiological correlates
have not been clearly demonstrated. Although astrocytes have
traditionally been considered a homogeneous population of
cells, steady reports of their increasingly diversified functional
roles in mammals brings into question whether astrocyte sub-
types may have been elaborated in complex brains to carry out
enhanced regional functions. For example, expression profiling
studies of astrocytes have generated databases suggesting het-
erogeneous functions that may be organized according to brain
region. Astrocyte cocultures from brain and spinal cord can
show differential effects in regulation of neural stem cells, and
indeed, SVZ stem cells, which bear similarities to astrocytes,
have been shown to be heterogeneous in terms of their progeny
output (Merkle et al., 2007). A new type of radial glia stem cell, the
outer radial glia (0RG), appears to function in the mammalian
brain to contribute further rounds of progeny production
increasing brain size and complexity (Rowitch and Kriegstein,

2010). These findings are augmented by the notion that evolu-
tionary pressure might be a driving force for diversified astrocyte
functions, discussed further below.

Il. Glial Functions Starting in the Paleozoic Era

An Ancient Relationship with Neurons

The diversity of functional roles continuously carried out by glia
make them indispensable for CNS function. For example, glia
have to balance neuronal requests for energy, maintain the con-
centration of multiple extracellular ions, secrete growth factors,
survey the nervous system for injury, all while reading neuronal
activity and taking part in some aspects of signaling. The
complexity of glial functions raises multiple experimental obsta-
cles. First, because glia do so much, they are indispensable in
higher organisms and their manipulation often leads to neuronal
demise and death of the organism. Second, it is challenging to
measure any of these functions in vivo, never mind measuring
them all at once. Recording action potentials is relatively sim-
ple—how does one measure glial delivery of sugars, flux of
ions across the membrane, and the activity of glia at individual
synapses? Probably all of these are ultimately important for
circuit function, but how do we integrate the impact of each on
nervous system output? Third, because glia and neurons have
developed a reciprocally interdependent relationship, removal
of glia from an animal and placement in a dish breaks their phys-
ical associations with neurons (and other glia) and seems to
transform their phenotypes morphologically and molecularly in
dramatic ways. A prime example of this is astrocytes, which in
culture appear more like reactive astrocytes. Therefore, while
research in vivo is now widely accepted as essential, the field
has been limited by a lack of genetic tools. Fortunately, a new
enthusiasm for understanding glial biology is leading to the pro-
duction of newer tools and experimental animal systems suitable
forin vivo studies that can help propel our understanding of basic
glial biology.

The Glial Menagerie: From Simple Beginnings

to Staggering Complexity

About 600 million years ago, there was already great diversity of
animal form, as displayed in the fossil record in deposits such as
the Burgess Shale in the Canadian Rockies (Figure 2). The first
moving multicellular animals, the Cnidarians, began floating
about during the Protopaleozoic area. Jellyfish contain only rudi-
mentary nerve nets and very simple light-sensing organelles;
glial cells are not obviously present. It may be that nonneuronal
support cells from mesodermal rather than ectodermal lineages
perform very basic support roles for neurons, but this remains to
be explored. The subsequent Paleozoic era is characterized by
mass extinctions and intense selective pressure. In animals
with slightly more sophisticated neural tissues that include
peripheral sensory structures and simple centralized ganglia—
such as in C. elegans—glial cells become much more obvious
and even in this simple state neuron-glia interactions appear
similar to those in higher organisms (Shaham, 2006; Stork
et al., 2012). Such simple, ectodermally derived nonneuronal
support cells may have originated once in a single common
ancestor or multiple times in distinct lineages (e.g., through
convergent evolution, atavism, etc.) (Hartline, 2011). If the
former, then studying glial cells in simple model genetic
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organisms would be expected to bear great fruit in defining
ancestral, and presumably the most essential, roles for these
cells in neural tissues. If the latter, gaining a deeper understand-
ing of both invertebrate and vertebrate glia would allow for the
definition of key hurdles that must have been overcome with
respect to neuronal function that allowed for the successful elab-
oration of more complex nervous systems. Much of the discus-
sion below will rely on the morphology of neuron-glia interac-
tions, because form can be indicative of function, but wherever
possible molecular correlates will also be discussed. Upon close
inspection, the morphological relationship between glia and
neurons in flies and worms makes a strong argument that glia
became highly dependent upon neurons very early on in
evolution.
Glial Cells of C. elegans and Drosophila
Worms have a relatively simple nervous system composed of
302 neurons, 50 glial cells of ectodermal origin, and six glial cells
of mesodermal origin (Shaham, 2006). All ectodermally derived
glia in C. elegans are associated with sensory structures
(Figure 1). The two major cell types are sheath cells, which asso-
ciate closely with sensory dendrite endings, and socket cells,
which form a pore to allow sensory neurons to interact with the
environment. However, there are also four cephalic sheath
(CEPsh) glia (a subset of sheath glia) that, in addition to associ-
ating with sensory dendrite endings in the periphery, also extend
sheet-like processes to the nerve ring (essentially the worm
brain). One can envision CEPsh being among the early primordial
glia that reached their membrane processes from peripheral
sensory organs toward the CNS (Heiman and Shaham, 2007).
CEPsh glia are critical for nerve ring formation, and their pro-
cesses enwrap the worm brain to potentially form what can
loosely be called a type of “blood-brain” barrier, although this
barrier function has not been investigated directly; CEPsh glia
extend membrane processes deeply into the nerve ring, where
they can associate closely with some synapses. Even in this
apparently rudimentary state, CEPsh glia act like astrocytes, in
that they control the placement of synapses. For example,
displacement of CEPsh glial membranes results in a correspond-
ing and predictable shift in the position of the AlY-RIA synaptic
contacts (Colon-Ramos et al., 2007; Shao et al., 2013). Beyond
simply wrapping the nerve ring and associating with synapses,
CEPsh glia form sharply defined borders with one another, an
arrangement reminiscent of the unique spatial domains occu-
pied by mammalian astrocytes, called “tiling.” Based on the
functional roles of worm glia, it appears that ancestral roles for
glia include modulation of neurite outgrowth, organization of
ganglia, regulation of synapse formation, and general support
of neuronal function (Oikonomou and Shaham, 2011).
Drosophila larvae and adults have glial cells associated with
both PNS and CNS neural tissues (Freeman, 2012; Stork et al.,
2012). Much like C. elegans, Drosophila peripheral sensory or-
gan precursor formation leads to the production of sheath and
socket-type glial cells, as well as a glial cell that migrates along
the sensory neuron axon toward the CNS. These peripheral sen-
sory organs associated glia function in similar ways to worm
sheath and socket glia, surrounding the sensory neuron and
providing a suitable environment for sensory dendrites to receive
information. The peripheral nerves connecting the CNS and PNS
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house sensory and motor axons, which are avidly ensheathed by
glial cells, in a manner reminiscent of mammalian unmyelinated
axon bundles in the PNS, termed Remak bundles. Although
there is no myelin in Drosophila, these glial cells are probably
the closest relatives to mammalian Schwann cells and oligoden-
drocytes due to their tight axonal association.

Based on morphology, molecular markers, and functional
roles, two populations of glia in Drosophila appear analogous
to mammalian astrocytes (Figure 1). First, cortical (“cell body”)
glia associate with all neuronal cell bodies, isolating them from
other neurons by apparently wrapping each neuronal soma indi-
vidually. A second subtype of glia, referred to as Drosophila as-
trocytes, extends cellular processes deeply into the neuropil and
associates closely with axons, dendrites, and synapses (Awa-
saki et al., 2008; Doherty et al., 2009). One might not think so,
but fly CNS glia have evolved a complex association with the
vasculature (containing hemolymph), likely to maintain neuronal
health. Gas exchange in Drosophila occurs through a series of
trachea, gas filled tubules that penetrate most tissues in the
fly, including the CNS. Within the cell cortex, trachea are tightly
surrounded by glial membranes, likely from cortex glia, and
within the neuropil tracheal elements are in close proximity to
astrocyte membranes (Pereanu et al., 2007). These glia-trachea
contacts provide an obvious potential route of gas exchange be-
tween CNS neuronal cell bodies and the environment. And what
about nutrient delivery? The Drosophila nervous system is sur-
rounded by a multilayered BBB, which is composed of an outer-
most neural lamella (a carbohydrate-based extracellular matrix),
a layer of glial cells termed perineurial glia, and then subperineu-
rial glia (SPGs) (DeSalvo et al., 2011). SPGs are flattened, sur-
round the entire CNS, and form pleated septate junctions with
one another that act as a BBB. The entire BBB structure can
be thought of as an inside-out blood vessel—hemolymph is on
the outside and, to get in, the CNS molecules must pass through
the neural lamella (a charge and size exclusion barrier). The PGs
and SPGs (the latter sealed with tight junctions) are probably the
site of exchange of ions, metabolites, growth factors, and other
molecules that travel into and out of the CNS. The final subtype
of CNS glia is ensheathing cells, which form a layer between the
neuropil and cell cortex but also penetrate the neuropil to
compartmentalize different regions of the brain. Rhombomeres
of the vertebrate CNS are an example where compartmentaliza-
tion of brain structures is important for segregating function;
whether this is also the case for Drosophila glial brain segrega-
tion remains for the moment speculative. Certainly these cells
are critical to maintain brain health—after injury, ensheathing
glia become “reactive” and extend membranes to sites of injury,
where they phagocytose degenerating neuronal material (Mac-
Donald et al., 2006).

Certain functional roles for glial cells in the fly are analogous to
those defined in mammals. Drosophila CNS glia express gluta-
mate transporters, glutamine synthetase, and GABA trans-
porters presumably to aid in neurotransmitter recycling (Rival
et al., 2004; Soustelle et al., 2002). They guide axon outgrowth,
dendrite morphogenesis, and provide trophic support required
for neuronal survival (Edenfeld et al., 2005; Freeman and Doh-
erty, 2006). Peripheral glial cells are important for maintaining
nerve health, NMJ integrity, and growth. However, they can
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also actively destroy axons in situations in which the neuron is
“dying back” through release of glial factors that activate a
caspase-mediated axonal degradative pathway (Keller et al.,
2011). Regional specialization of glial function is probably pre-
sent in the fly. For example, cortex glia and astrocytes appear
to have subdivided the roles of protoplasmic astrocytes in mam-
mals by associating with the neuronal cell body and neural
circuitry, respectively. However, functional heterogeneity within
any of these subtypes has not yet been demonstrated.

Off the Scent of Evolutionary Conservation

Based on the remarkable successes of invertebrate model or-
ganisms in unraveling fundamental principles of neuronal devel-
opment, physiology, and plasticity, one would think invertebrate
model organisms like Drosophila and C. elegans would also be
prime settings in which to explore basic aspects of glial cell
biology. This is especially true based on the emerging wide-
spread acceptance of the importance of studying glial cell func-
tion in the intact animal. However, the glial field has not fully
embraced their potential and skepticism remains regarding their
utility. A key factor shaping this point of view was almost certainly
the identification of the glial cells missing (gcm) gene, which was
met with great excitement when it was shown that Gecm was
necessary and sufficient for specification of glial cell fate in the
Drosophila embryo (Hosoya et al., 1995; Jones et al., 1995; Vin-
cent et al., 1996). However, in contrast, the mammalian Gem1
and Gcm2 orthologs have very little to do with glial cell fate
despite the fact they functionally substitute for fly gcm (Kim
et al., 1998). In response to this finding, a prominent Stanford
glial biologist was overhead to say, “Maybe fly glia are from outer
space”? Undoubtedly, outer space was on the mind of the inves-
tigator that named “astrocytes,” but the story is likely to be more
complex. Follow-up studies in Drosophila have revealed that
gcm is only part of the picture (Chotard et al., 2005) and that it
was naive to expect to find a conserved “master regulator” for
all astrocytes. Mounting evidence indicates that as we drill
down into mechanisms, we can, in fact, learn quite a bit from
the study of glial cells in model organisms like Drosophila and
C. elegans. That said, the invertebrate brain is relatively small
and simple compared with mammals, so adaptations specific
to the more complex vertebrate brain may have been added
over time. Each of these issues is discussed below.

lIl. Evolution of Brain Complexity: More and Diversified
Glia Is, Evidently, Better

As described above, invertebrate glia carry out many functions
that are analogous to their vertebrate counterparts. The
Drosophila nervous system comprises about 10° neurons
compared to 85 x 10° neurons in the human brain. Glia make
up about 15% of the C. elegans and Drosophila nervous sys-
tems, but estimates range from 50%-90% of cells in the human
brain, implying that greater glial numbers were essential for
achieving increased brain complexity. The increased size of
the brain required new mechanisms for proliferation and expan-
sion of glial pool size and long-range conduction across white
matter tracts. Beyond just increasing numbers, glia may also
have acquired enhanced functions and diversity. Cell-intrinsic
morphological and functional differences have been observed
within mammals between mouse and human astrocytes (Han

et al., 2013). Other examples of enhanced glial functions are
described below.

Strategies to Enhance Nerve Conduction

Selective pressure for more rapid conduction of the nervous im-
pulse, e.g., in escape or attack behaviors, increasing brain
complexity, etc., resulted in two types of solutions: decreasing
longitudinal resistance or increasing capacitance of axons. In-
vertebrates have ensheathing cells (Figure 1) but generally lack
myelin. Exceptions are earthworms, copepods, and some crus-
tacean nerves, but myelin and organized white matter tract, as
such, are generally found only in vertebrates above the jawless
fishes (Figure 3) (Hartline and Colman, 2007). In nonmyelinated
axons, velocity of the action potential is directly proportional to
the axon diameter. The major conduction speed augmentation
strategy in invertebrates is reducing longitudinal resistance by
increasing the diameter of axons. Prime examples of this are
found in cephalopods that accommodate a very large diameter
axon or the Drosophila giant fiber, which drives the escape
response.

Vertebrates have other constraints that place limits on using
this strategy, including limiting bony structures, greater size
requiring longer axonal lengths in the CNS and PNS, and with
increasing brain complexity there is the need to pack many
more axons in a given space. The solution for accommodating
many small-diameter axons is to reduce the effective capaci-
tance and increase the effective membrane resistance, which
is achieved by providing a layer of insulation, which is achieved
with myelination. Myelin sheathes also organize sodium chan-
nels into clusters (nodes of Ranvier) for saltatory (jumping) con-
duction. For an axon of equivalent diameter, myelin can increase
the velocity of nervous impulse conduction by 50- to 100-fold. It
should also be noted that oligodendrocytes carry out other func-
tions in support of axon integrity, likely an adaptation brought
about to deal with energy and trophic demands of the extraordi-
narily long fast-firing axons found in many higher organisms. For
example, a recent study showed that deficiency of a lactate
transporter in oligodendrocytes led to axonopathy and degener-
ation (Lee et al., 2012).

Vascular Interactions and Regulation

The presence of blood vessels and the oxygen tension they carry
evolved from invertebrates to air-breathing vertebrates. As glia
comprise the majority of cells in the mammalian brain, one pos-
sibility is that they might interact with the stromal cells leading to
vascular ingrowth at later stages of brain development. In any
case, glial interactions with the mature vasculature are well es-
tablished. Astrocyte end feet associate with vessels to form
the blood-brain barrier, a feature found in almost all vertebrates;
this process also requires pericytes. Astrocytes are known to
regulate cerebral blood flow and are thought to release angio-
genic factors. Given their high metabolic demands, oligodendro-
cytes and Schwann cells have a vested interest in regulating
blood flow and having access to oxygen, glucose, and sub-
strates for lipogenesis and proteolipid construction of myelin
sheaths. Indeed, it is interesting to note that myelination is a
largely postnatal process in the mammalian brain, a time frame
distinguished by high oxygen tension compared with in utero
conditions, and that postnatal hypoxia can delay developmental
myelination in animal models. Might an oxygen-regulated trigger
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Figure 3. Evolutionary Glial Epochs: Increasing Complexity of the CNS Demanded New Glial Solutions and Diversity

Cnidarians lack a nervous system and glia. The first vertebrates of the Paleozoic era (5-600 million years ago) most likely contained glial cells. Fruit flies contain
10° neurons and astroglia-like cells with many features in common with those of vertebrates, including responsiveness to injury. Invertebrates also contain
nonmyelinating glia that ensheath long axons in the PNS, which may be related to oligodendrocytes and Schwann cells. In the Mesozoic era, jawless vertebrate
fishes (agnatha) displayed neuronal diversity typical of vertebrates but lacked myelinated axon tracts. In contrast, jawed fishes possess myelinating oligoden-
drocytes of the CNS and Schwann cells of the peripheral nervous system. It is important to note that while zebrafish contain radial glial cells, definitive astrocytes
have not yet been identified. Vertebrate astrocytes and reactive astrocytes are clearly present in mammals, such as the mouse, in which genetic tools allow
dissection of potential astrocyte subtype heterogeneity. The human brain contains approximately 85 x 10° million neurons and as much as 90% of the human
brain is glial cells. Human astrocytes possess more elaborate morphology than that of rodents.

coordinate with activity-dependent inductive signals to time the
onset of myelination? Oligodendrocyte cell-cell interactions with
blood vessels and axons they invest represent fruitful areas for
future research.

Microglia Are Immune Cells that Protect and Sculpt

the Brain

Itis not surprising that evolutionary progression is coupled to new
glial subtypes with specialized functions in the CNS. Simple
organisms like Drosophila have glial subtypes that act as nonpro-
fessional phagocytes and respond to injury. The molecular mech-
anisms that drive these events, for example, the glial-expressed
engulfment receptor Draper, are conserved in mammalian glia
(Scheib et al., 2012; Wu et al., 2009). But the appearance of
microglia added a new dimension to brain health. Responses to
neuronal death or injury by these professional phagocytes are
far more efficient than those of astrocytes, and microglia, as
proper immune cells, also regulate inflammation, cytotoxicity,
and antigen presentation. Perhaps unexpectedly, because they
are thought of as mainly immune cells, microglia were recently
shown to regulate the refinement of developing neural circuits
through removal of exuberant synaptic connections.

IV. Evolutionary Case that Astroglial Heterogeneity Has
Accompanied that of Neurons

At the moment, there is little evidence for functional heterogene-
ity in glial subclasses in simple organisms like Drosophila and
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C. elegans. In flies, perhaps all astrocytes are the same. Howev-
er, the long evolutionary relationship between astroglia and
neurons predicts a higher degree of astrocyte heterogeneity in
vertebrates. Specialized vertebrate neuron subtypes generated
through neural tube patterning and increased regionality and
complexity of the CNS might have demanded diversified glial so-
lutions that would have been coselected for over time. So, what
is the evidence for astrocyte heterogeneity? Many studies have
shown that astrocytes display morphological differences in white
versus gray matter and in different brain regions. More recently,
expression profiling has indicated that cells expressing the
astrocyte marker Aldh1L1-GFP, or that encode TRAPP to label
polysomal RNA, are regionally heterogeneous at the molecular
level (Cahoy et al., 2008; Doyle et al., 2008; Heiman et al., 2008).

If we assume that astrocytes are regionally diversified to hun-
dreds of subtypes tailored to their neuronal counterparts, how
might regional heterogeneity be further demonstrated? The
mouse CNS is a suitable system for dissecting regionality of as-
trocytes based on the notion that embryonic pattern formation is
a key organizing process for glia. Indeed, this idea is supported
by genetic studies of bHLH and homeodomain transcription
factors in ventral neural tube that regulate glial subtype identity
(Molofsky et al., 2012) and show segmental origins of astrocytes.

We fate mapped astrocyte origins throughout the brain and
spinal cord using cre recombinase expressed in multiple re-
gion-restricted progenitor domains (Tsai et al., 2012). What we
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Figure 4. Speculative Concept of Astrocyte Scaffold and Functional “Astromeres”

Embryonic patterning is known to generate diversified radial glial cells in response to complex positional cues in the dorsal-ventral and anterior-posterior axis.
This in turn results in production of neuronal and glial subtypes (oligodendrocytes, astrocytes). The limited migration of astrocytes suggests the possibility that
positional information might be retained in cells as they mature. If so, a variety of organizational roles and local functions to optimally support neuronal subtypes

might be encoded in regionally distinct astrocyte domains called “astromeres.”

observed was surprisingly simple. Astrocytes in all domains
migrated laterally along radial glial trajectories and never ex-
hibited secondary migration from their domains of origin. Even
adult astrocytes challenged by injury or depletion of astrocytes
in particular domains by diphtheria toxin A (DTA) failed to pro-
voke secondary emigration. Thus, the final location of astrocytes
can predict their regional origins, raising the possibility that they
become diversified for local functions in CNS. This “segmental
model” for astrocyte allocation is illustrated in Figure 4.
Regional Organization into Functional “Astromeres”?

In addition to allocation, recent work has shown that the
“Segmental Model” holds true for understanding supracellular
domain organization of astrocytes into functional units in cortex
(Magavi et al., 2012), heterogeneity of type B stem cells of the
SVZ (Merkle et al., 2007), and localized proliferation of intermedi-
ate astrocyte precursors (Tien et al., 2012). Future work might
prove the existence of “astromeres” by showing specific astro-
cyte-encoded functions that play precise regional roles tailored
to the particular locations that they occupy (Figure 4). The term
astromere is meant to capture the immutable pattern of astro-
cyte segmental allocation, and the speculative notion that this
could result in an astrocyte scaffold that retains positional infor-
mation encoded during patterning. For instance, motor neurons
of ventral spinal cord interact with multiple cell types as part of
the sensory motor circuit responsible for most basic involuntary
and voluntary movements. Their axons traverse long distances
to reach targets in the periphery and they receive indirect inputs
of long-range signaling from upper neurons in the brain. Astroglia
in the locale of motor neurons might therefore have undergone
intense selective pressure to optimally support their neuron
neighbor. Indeed, a recent study showed that the initial trajectory
of type 1a sensory axons was unaffected in FoxP71 mouse
mutants with mislocalized MN targets (Surmeli et al., 2011), sug-
gesting the possibility that nonneuronal cells—perhaps astro-
cytes—encode the critical region-restricted guidance cues. We

envisage that astromeres could function as local domains to
direct axon guidance, as well as regional features involved in
synapse formation/pruning, levels of neuronal activity, and
even neuronal subtype survival.

Oligodendrocytes: Diversity or More of the Same?

It has been previously proposed that oligodendrocytes provided
selective advantages based on enhanced motor neuron nerve
conduction and that this relationship might underlie the common
developmental-spatial origins of motor neurons and OPCs in the
pMN domain of the ventral spinal cord (Richardson et al., 1997).
If so, this would comprise a cogent example of glial “coselec-
tion.” It could be argued that there is strong selective pressure
to keep their functions and cellular properties homogeneous,
at least in terms of myelination. The issue of oligodendrocyte mo-
lecular and functional diversity remains an active area of debate
in the field. Further elucidation of the precise developmental
pathways involved might resolve these issues. For example,
several studies have indicated that production of OPCs occurs
in several temporal-spatial waves, with the general trend of early
production of OPCs in the ventral regions of the brain and spinal
cord being Sonic hedgehog regulated and later waves of pro-
duction being from the more dorsal regions of spinal cord and
brain (Rowitch and Kriegstein, 2010). It is possible that tempo-
rally distinct OPCs carry forward different properties that could
be evaluated in terms of migration, myelination potential, and
ability to function in repair after injury (Young et al., 2013). As dis-
cussed below, an enhanced understanding of precise functions
of OPCs and oligodendrocytes during development and disease
will equip us to look afresh at the issue of diversity.

V. Glial Biology’s Evolution: The Next 25 Years...

In the following sections, we look forward to new areas of
research in glial cell biology. We propose that moving forward
most efficiently will require defining the genetics of conserved
mechanisms of glial function and developmental biology in the
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most experimentally accessible systems—worm, fly, and verte-
brate systems including zebrafish and mouse. At the same time,
we must explore how glial functions have diversified beyond
basic functions in more sophisticated mammalian brains. Such
an approach should lead to the production of new tools for inves-
tigating broad aspects of glial cell development and function and
lead to a better understanding of the roles for glia in a variety of
human neurological disorders.

New Tools, New Glial Functions: Exploit and Generate
Genetically Accessible Systems

Future advances will rely heavily on the generation of new tools
to study glial development. Invertebrate model organisms must
be more heavily exploited to maximize progress in the field.
Such preparations have been workhorses in pushing forward
our understanding of the cell biology of the neuron, and their
seminal contributions include defining the electrochemical basis
of the axon potential, genetic characterization of mecha-
nisms of neuronal cell fate specification, neural stem cell asym-
metric cell division, specification of neuronal temporal identity,
and axon guidance (this is by no means a complete list).
Neuronal development and function is remarkably similar in
worms, flies, mice, and humans. Based on the long evolutionary
relationship between neurons and glia, coupled with our now
more comprehensive understanding of glial cell biology in
C. elegans and Drosophila, there is little reason to think that
astroglia will be fundamentally different in invertebrates and
mammals; in fact, molecular and morphological data argue the
opposite. It seems that we must define what core developmental
aspects and functional roles are conserved across these species
and then explore their genetics in simple systems. The speed
and precision with which one can explore basic aspects of cell
biology—and then do rapid forward genetic screens for the
underlying molecular machinery—is unmatched by more com-
plex organisms, and such approaches are awaiting exploitation
by the field.

A major limitation in the mammalian glial field is the lack of reli-
able cell-type- and stage-specific markers for vertebrate astro-
cytes. Once identified, further utility of relevant marker gene
loci can be realized by utilizing their relevant cis-acting DNA reg-
ulatory sequences to drive transgenes for fate mapping and
functional analysis, with conditional Brainbow or MADM re-
porters for precise glial lineage maps in vivo. The ever expanding
collection of optogenetic tools also offers a noninvasive and
reversible method for manipulating astrocytic function. We
must better understand the language of astrocyte Ca®* signals
to manipulate and interpret potentially heterogeneous spatio-
temporal dynamics of these signals in vivo.

New Roles for Oligodendrocytes and Their Precursors?

It is possible that oligodendrocytes have additional, as yet poorly
appreciated, functions that can be investigated in mouse and
human systems. What are the potential trophic roles of OPCs
prior to myelination? What are the roles for such cells in the inter-
action and regulation of the synapse? Do OPCs have wider roles
in the setting of vascularization during development and/or
repair? How do properties of OPCs (highly migratory and inva-
sive cells) translate into the production of glial neoplasms (Liu
et al., 2011), which are lethal in large part because of their ability
to invade brain tissue? For OPCs, zebrafish have proven them-
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selves an excellent forward genetic system in which to explore
myelinating glial cells in intact animals, and often with stagger-
ingly beautiful live imaging studies. Studies in zebrafish have
already defined key signaling pathways, such as GPR26, essen-
tial for myelination in both zebrafish and mouse. While not yet a
topic of high focus, OPC biology seems a rich area for investiga-
tion in this highly accessible experimental system. Other func-
tionally accessible animal systems to study CNS and PNS myelin
include chick and Xenopus.

Glial Heterogeneity: Expression Profiling, Mapping,

and the BRAIN Initiative

Further characterization of molecular heterogeneity could pro-
foundly influence our understanding of glial functions. What are
the factors required to determine astrocyte subtype identity?
This problem is complex in execution since, in contrast to neu-
rons, which develop during an early embryonic first wave, astro-
cytes might derive inductive signals from neurons. It remains
unclear how much of glial identity is nature versus nurture. Sim-
ple misspecification of patterned domains by gain-of-function or
loss-of-function approaches, as has been widely applied for the
analysis of neuron subtype specification, is therefore compli-
cated with respect to gliogenesis. To circumvent this problem,
new tools would be required to alter the transcriptional code
specifically at the onset of gliogenesis while leaving first wave
neurogenesis intact. One example of this for spinal cord is
Aldh1L1-cre, which shows onset of activity at embryonic day
13.5 in gliogenic radial glia (Tien et al., 2012).

Are all oligodendrocytes of one basic lineage (as held forth by
“lumpers”) or do they comprise subtypes with fundamentally
different developmental origins and potential (“splitters” view)?
A more detailed understanding of genetic and epigenetic mech-
anisms that regulate the protean OPC will no doubt be required to
address these issues. Further, fate mapping using the MADAM
system in mice could help clarify the debate about OPC origins
and potential. What is the nature of astrocyte precursors? Do
all astrocytes derive fromradial glia, or is there an additional stage
of expansion that occurs through an “intermediate astrocyte pre-
cursor” (Ge etal., 2012; Tien et al., 2012), similar to those defined
for neurons? Defining markers for astrocytes at early stages of
development should clarify whether radial glia and/or intermedi-
ate astrocyte precursors represent valid astrocytic cells of origin.

Itis also important to understand the mitogenic signaling path-
ways and cell-intrinsic factors that regulate the expansion of
astrocyte and oligodendrocyte precursor populations. The den-
sity of astrocytes can be observed to differ between different
domains of the spinal cord, and this may reflect the region-
restricted expression of mitogenic cues or alternatively the
cellular competence of certain populations of astrocytes to
respond to such cues relative to others. For example, B-Raf-
mediated RAS signaling has been shown to regulate the prolifer-
ation of astrocyte precursor cells in region-specific ways (Tien
et al., 2012). The same principle could be applied to OPCs that
derive from different regions to see whether this encodes a pro-
pensity for glioma formation. It is increasingly clear that devel-
oping astrocytes serve unique roles and are molecularly distinct
from their adult counterparts.

How can this functional heterogeneity be further defined at the
molecular level? First, it involves prospective identification of
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astrocyte cell-type-specific yet heterogeneous expression. This
could be identified through interrogation of existing databases
(e.g., the Allen Brain Atlas), enhancer trap studies, or discovery
of developmental gene regulatory pathways specific for subsets
of astrocytes. Whole-genome, proteome, and metabolomic ap-
proaches might distinguish functional subsets of astrocytes. An
enhanced understanding of glial expression must then be fol-
lowed by functional studies to prove astrocyte-specific roles in
axon guidance, neuronal cell migration, trophic support, and sur-
vival, all of which might be regulated by astrocytes.

An important question is whether region-specific roles for
astrocytes can be applied to better understand the nature of
human neurological and neurodegenerative diseases. For
example, given the evidence for an astroglial role in amyotrophic
lateral sclerosis (ALS), which affects ventral horn motor neurons,
it would be interesting to determine whether astrocytes in the re-
gion of motor neurons might be specifically affected by disease-
causing mutations.

Finally, how can new imaging approaches be brought to map-
ping white matter tracts in the brain and myelinated nerves in the
PNS with greater precision? MRI is the most common clinical
technique to noninvasively assess white matter tracts in human,
but because it is effectively measuring properties of proton
(water) movement, it is not specific or particularly sensitive to
detect myelin. Can we combine modalities as diverse as MRI
and live animal confocal microscopy to image myelin in real
time? This challenging goal might require new ways to label
myelin quantitatively (e.g., chemical dyes, decorated myelin
fusion proteins) but could help train new MRI techniques to
gain sensitivity and specificity for myelin. Together, such high-
risk projects might also have terrific yield and provide a way
that glial biology could significantly impact the recent NIH BRAIN
initiative and provide new insights into functions of greater than
half the total cells in the brain.

Human Disease Insights

Understanding the role of astrocytes and oligodendrocytes in
human neurological and psychiatric diseases requires a compre-
hensive picture of how they develop and what roles they play in
the mature CNS. Conversely, human diseases could provide
clues to subtle astrocyte and oligodendrocyte functions that
may take years to manifest as abnormal behavior. The explosion
of new disease-associated genes falling out from human ge-
netics using next-generation sequencing methods might point
to key glial genes and/or those expressed in neurons and glia
with key glial contributions to pathology. We must be ready to
recognize them as such, which requires the development of
the database resources we discuss above, and we must have
the tools in place to define their in vivo functions rapidly to under-
stand their roles in disease. It will be important to understand
how astrocytes modulate synaptic development and function
in the circuits that mediate cognition, affect, and social function.
An equally challenging question is whether gene-environment-
developmental interactions might be regulated at the level of
astrocyte or oligodendrocyte function.

Recent work has shown the feasibility of deriving functional
astrocytes and oligodendrocytes from embryonic stem cells
and from reprogrammed induced pluripotent stem cells (Han
et al., 2013; Krencik et al., 2011; Krencik and Zhang, 2011) and

self-organizing “minibrains” (Lancaster et al., 2013). Such tech-
nologies allow for an accessible human cellular system for
studies of glial biology (with caveats noted above). Use of
patient-derived astrocytes will be important to the study of
many neurological and psychiatric disorders that involve astro-
cyte function, both those for which the genetic lesions are well
understood (Rett’s, Fragile X, and the “RASopathies”) as well
as those that are less well defined (schizophrenia, autism.)
Another advantage of stem cell culture is that patterning mole-
cules can be added during the neuroepithelial stage to specify
progenitors to regionally distinct pools, mimicking the in vivo
patterning described above in a controlled environment (Krencik
et al., 2011). This might allow for the generation of various astro-
cyte subtypes to study intrinsic markers of human astrocyte
diversity and might provide functionally specific astrocytes for
studying region-specific diseases, e.g., midbrain astrocytes in
the case of Parkinson’s disease or ventral-spinal astrocytes in
the case of ALS.

Ultimately, new developments in understanding glial-based
diseases must incorporate a more sophisticated understanding
of glial development and incorporate new tools to study astro-
cyte and oligodendrocyte function in vivo. The formation of “glial
chimeras,” i.e., mice with humanized oligodendrocytes and/or
astrocytes (Han et al., 2013), provides an exciting approach to
study the biology of human glia in a relatively complex milieu
and might provide a preclinical model. Generation of future
glial-based therapeutics will require a comprehensive under-
standing of cell-type-specific contributions to diseases of neuro-
development and the mature brain. We envisage that the further
evolution of glial biology in the next 25 years will yield new
knowledge of fundamental neurobiology and therapies for
human disease.
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