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The nervous system consists of neurons and glial cells.
Neurons generate and propagate electrical and chemical
signals, whereas glia function mainly to modulate neuron
function and signaling. Just as there are many different
kinds of neurons with different roles, there are also many
types of glia that perform diverse functions. For example,
glia make myelin; modulate synapse formation, function,
and elimination; regulate blood flow and metabolism; and
maintain ionic and water homeostasis to name only a few.
Although proteomic approaches have been used exten-
sively to understand neurons, the same cannot be said for
glia. Importantly, like neurons, glial cells have unique pro-
tein compositions that reflect their diverse functions, and
these compositions can change depending on activity or
disease. Here, I discuss the major classes and functions
of glial cells in the central and peripheral nervous sys-
tems. I describe proteomic approaches that have been
used to investigate glial cell function and composition and
the experimental limitations faced by investigators work-
ing with glia. Molecular & Cellular Proteomics 15:
10.1074/mcp.R115.053744, 355–361, 2016.

The nervous system is composed of neurons and glial cells
that function together to create complex behaviors. Tradition-
ally, glia have been considered to be merely passive contrib-
utors to brain function, resulting in a pronounced neurocentric
bias among neuroscientists. Some of this bias reflects a pau-
city of knowledge and tools available to study glia. However,
this view is rapidly changing as new tools, model systems
(culture and genetic), and technologies have permitted inves-
tigators to show that glia actively sculpt and modulate neu-
ronal properties and functions in many ways. Glia have been
thought to outnumber neurons by 10:1, although more recent
studies suggest the ratio in the human brain is closer to 1:1
with region-specific differences (1). There are many different
types of glia, some of which are specific to the central nervous
system (CNS),1 whereas others are found only in the periph-
eral nervous system (PNS). The main types of CNS glia in-

clude astrocytes, oligodendrocytes, ependymal cells, radial
glia, and microglia. In the PNS, the main glial cells are
Schwann cells, satellite cells, and enteric glia. These cells
differ and are classified according to their morphologies, dis-
tinct anatomical locations in the nervous system, functions,
developmental origins, and unique molecular compositions.
Among the different classes of glia there are additional sub-
classes that reflect further degrees of specialization. In this
review, I will discuss the characteristics and functions of the
major glial cell types including astrocytes, microglia, and the
myelin-forming oligodendrocytes (CNS) and Schwann cells
(PNS). Because of space limitations, it is impossible to give a
complete accounting of all glia and what is known about each
of these cell types. Therefore, I encourage the interested
reader to refer to some of the many excellent reviews refer-
enced below that focus on individual glial cell types. Finally, I
will discuss proteomic studies of glial cell function and some
of the unique challenges investigators face when working with
these cells.

ASTROCYTES

Astrocytes and neurons are derived from a common neu-
roepithelial precursor. These precursors undergo a gliogenic
switch that depends on unique transcription factors regulated
by both spatial and temporal elements. It has even been
suggested that the spatial and temporal regulation of astro-
cyte development results in astrocyte heterogeneity, which in
turn contributes to overall brain patterning (2). Astrocytes are
the most numerous glial cell type in the central nervous sys-
tem. In the cortex, most astrocytes are highly ramified with
very fine processes that together define the domain of an
individual astrocyte. In the healthy brain, adjacent astrocytes
do not overlap, resulting in a “tiled” brain structure defined by
astrocyte territory (3). Astrocytes are commonly identified in
immunohistological experiments using antibodies against
glial fibrillary acidic protein (Fig. 1A). More recently, method-
ologies for genetically labeling astrocytes using astrocyte-
specific drivers (e.g. glial fibrillary acidic protein and Aldh1L1)
have become available (4, 5) and have provided new insights
into astrocyte development, structure, and function. These
tools may also prove to be extremely useful in the application
of proteomic approaches to understanding astrocyte func-
tion. The very fine processes of astrocytes form subcellular
specializations that surround or contact neurons, especially at
synapses, or endfeet that contact vasculature. Current esti-
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mates suggest that each astrocyte associates with about four
neurons, 105 synapses, and one to two capillaries (6).

The Neurovascular Unit—Astrocytes are essential elements
of neural circuits because they are responsible for regulation
of local blood flow as part of the neurovascular unit. Neuronal
activity, reflected in the release of neurotransmitters from
neurons, activates receptors on astrocytes. This in turn trig-
gers a Ca2� response that is thought to promote release of
vasoactive substances in the astrocytic endfeet that contact
blood vessels (7, 8). Astrocytes are proposed to not only
promote increased blood flow and local oxygenation but also
to take up glucose from the blood, convert it to lactate, and
then release it to neurons for local energy use (9). Thus,
astrocytes couple the demands of neuronal activity and me-
tabolism to local blood flow.

Control of Ion and Water Homeostasis—Neuronal activity
increases extracellular K�; if uncontrolled during high levels
of activity, this can depolarize neuronal membrane poten-
tials to pathological states. Astrocytes buffer extracellular
K� concentrations through Kir4.1 inwardly rectifying K� chan-
nels (10). These channels take up excess K� by passive
diffusion down the K� electrochemical potential gradient. Oli-
godendrocytes also express Kir4.1, and loss of Kir4.1 from
both astrocytes and oligodendrocytes results in profound
vacuolization of myelin, neuronal death, and premature le-
thality (11, 12). Astrocytes also regulate activity-dependent

volume changes of the extracellular space by controlling
water homeostasis through the aquaporin-4 water channel
(13). These same water channels are the primary target of
autoantibodies in neuromyelitis optica, an autoimmune astro-
cytopathy resulting in profound demyelination in the CNS.
Thus, astrocytes play essential roles in controlling neuronal
excitability and brain homeostasis by regulating brain volume
and K� concentrations.

Regulation of Synapse Formation, Function, and Plastic-
ity—The main computational unit of the brain is the synapse.
The discovery that astrocytes participate in many aspects of
synapse function including their development, refinement,
and modulation of activity has helped to firmly establish the
view that astrocytes are not simply passive regulators of brain
homeostasis but in fact are major contributors to cognition,
learning, and memory. Some of the earliest studies on the role
of astrocytes in synapse formation used highly purified cul-
tures of retinal ganglion cells to show that the addition of
astrocyte-conditioned medium induces the development of
large numbers of synapses (14). These experiments sup-
ported the conclusion that astrocytes secrete factors that
promote synaptogenesis and synapse function. This obser-
vation led to extensive searches for these factors, which are
now known to contribute to structural assembly of synapses
and modulation of pre- and postsynaptic function (15). For
example, thrombospondins, which are large extracellular ma-

FIG. 1. Glial cells and their special-
izations. A, astrocytes and their major
processes immunolabeled using anti-
bodies against glial fibrillary acidic pro-
tein. Scale bar, 20 �m. B, transmission
electron micrograph of a myelin sheath
made by a Schwann cell in the peripheral
nervous system. C, central nervous sys-
tem nodes (green), paranodes (red), and
juxtaparanodes (blue) immunolabeled
using antibodies against Na� channels,
contactin-associated protein, and Kv1.2
K� channels, respectively. Scale bar, 10
�m. D, microglia and their branches im-
munolabeled using antibodies against
IBA1. Scale bar, 20 �m.
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trix molecules secreted by astrocytes, have a myriad of func-
tions including the induction of glutamatergic synapse forma-
tion (16) and the inhibition of presynaptic release (17).

Not only do astrocytes promote synapse assembly, but
recent studies of astrocyte gene expression suggested that
they also participate in the refinement of neural circuits during
development and in adult animals by activity-dependent syn-
apse elimination. Specifically, astrocytes utilize MEGF10 and
MERTK phagocytic pathways to promote synapse engulf-
ment. Loss of these pathways results in failure to properly
refine visual circuits and a greater number of weak synapses
(18).

The close physical apposition of astrocytes to synapses
suggested that astrocytes may directly participate in neu-
rotransmission. Indeed, this close apposition has led to the
idea of the so-called tripartite synapse where astrocytes af-
fect synapse function (19). Many different laboratories have
shown that astrocytes express neurotransmitter receptors,
and the release of neurotransmitter can bidirectionally regu-
late astrocyte and neuron function (20). Astrocytes remove
excess extracellular glutamate through excitatory amino acid
transporters. Conversely, astrocytes can also release neu-
rotransmitter to directly modify synapse properties. However,
the concept of gliotransmission remains very controversial
because one recent study claimed that the transgenic mouse
(expressing a dominant-negative domain of the vesicular
SNARE protein) originally used to discover gliotransmission
was not specific to astrocytes (21).

Astrocytes in Disease—Astrocytes are prominent contribu-
tors not only to normal brain function but also play key roles
in the brain’s reaction to disease or injury. The response of
astrocytes to injury or disease is called astrogliosis and may
be defined by context-dependent morphological and molec-
ular changes (22). Astrogliosis is a prominent feature of many
diseases and injuries including Alzheimer disease, stroke, ep-
ilepsy, and traumatic brain and spinal cord injury (23–25). In
response to a severe injury such as a spinal cord or traumatic
brain injury, astrocytes become reactive and undergo a pleth-
ora of changes including cytoskeletal hypertrophy character-
ized by increased expression of glial fibrillary acidic protein
and proliferation, and astrocytes begin to express many ex-
tracellular matrix molecules including chondroitin sulfate pro-
teoglycans, laminins, and fibronectin (26). Together, these
reactive astrocytes and the extracellular matrix form a dense
glial scar that has both positive and negative consequences
for nervous system repair. On the positive side, the glial scar
promotes repair by limiting tissue damage due to inflamma-
tion (27); on the negative side, the extracellular matrix mole-
cules comprising the glial scar are potent inhibitors of axon
regeneration (28). Future studies will be required to separate
the beneficial effects of astrogliosis from the detrimental ef-
fects of the glial scar on neural repair and regeneration. Ma-
lignant glioma can also result from the transformation of as-
trocytes into astrocytomas (29). Treatment of these cancers is

especially difficult because of their resistance to chemother-
apy and their highly invasive nature. Current efforts focus on
defining the genetic changes in astrocytes that lead to trans-
formation and the resulting phenotypic consequences of the
mutations.

OLIGODENDROCYTES AND SCHWANN CELLS

Myelin is a key evolutionary adaptation unique to verte-
brates that permitted the development of a complex nervous
system. Myelin wraps axons as a multilamellar membrane
sheath made by oligodendrocytes in the CNS and Schwann
cells in the PNS (Fig. 1B). In the CNS, a single oligodendrocyte
may contact and myelinate many axons, but in the PNS, a
single Schwann cell myelinates only one axon. Thus, in the
PNS, a myelinated axon consists of one axon ensheathed by
many Schwann cells lined up one after another like very long
beads on a string. During development, both oligodendro-
cytes and Schwann cells follow a well defined differentiation
program that depends on distinct transcription factors and
interactions with environmental cues (30, 31). In the brain and
spinal cord, oligodendrocytes arise from precursors found in
the subventricular zone and the ventral neural tube, respec-
tively. In contrast, Schwann cells are neural crest derivatives.

The myelin sheath confers several important properties on
axons that profoundly influence axon physiology: myelin re-
duces axonal membrane capacitance while simultaneously
increasing the resistance to ion flux across the plasma mem-
brane. This results in a decrease in the time constant and
increase in length constant. In addition to these passive elec-
trical properties, myelinating oligodendrocytes and Schwann
cells also actively recruit and cluster ion channels (Na� and
K� channels) at regularly spaced gaps in the myelin sheath
called nodes of Ranvier (Fig. 1C). Clustering of ion channels
restricts transmembrane ionic currents to the nodes. To-
gether, the decrease in capacitance, increase in transverse
membrane resistance, and clustering of ion channels dramat-
ically increase the conduction velocity of axonal action poten-
tials. The increase in conduction velocity means that axons
can be smaller, resulting in dramatic space savings, which in
turn allows for a more complex and interconnected nervous
system. Finally, the decrease in axon diameter and restriction
of transmembrane currents to the nodes of Ranvier also result
in significant metabolic savings: far less energy must be ex-
pended to maintain the ionic gradients that underlie action
potential generation and propagation.

Myelinating Glia Regulate Axonal Membrane Properties—
Myelinating glia actively sculpt the functional organization of
axons such that in both the PNS and CNS axons are subdi-
vided into four major domains: nodes of Ranvier, paranodes,
juxtaparanodes, and internodes (Fig. 1C). Nodes are charac-
terized by the high density clustering of voltage-gated Na�

channels responsible for regeneration and propagation of the
action potential. A complex set of glia-derived extracellular
matrix molecules, axonal cell adhesion molecules, and cyto-
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skeletal proteins function as one of two glia-dependent mech-
anisms that cluster Na� channels (32, 33). Flanking the nodes
are paranodal junctions where the myelin sheath attaches to
the axon; here, paranodes form the largest known intercellular
adhesive junction. Paranodes also have lipid raftlike proper-
ties that allow them to be purified and analyzed by mass
spectrometry (34); we used this characteristic of the paran-
odal junctions to identify proteins enriched in this important
domain. We found a specialized paranodal cytoskeleton con-
sisting of spectrins in the axon (35) and ankyrins on the glial
side of the paranode (36). Paranodal junctions and their as-
sociated cytoskeleton function both to isolate nodal currents
from internodal regions and as the second glia-dependent
mechanism for the clustering of axonal ion channels (37, 38).
Adjacent to the paranodal junctions and beneath the myelin
sheath is the juxtaparanode, a region defined by the clustering
of Kv1 K� channels. These K� channels are also clustered
through axon-glia interactions, but their physiological func-
tions remain largely enigmatic (39). Finally, the vast majority of
the myelinated axon consists of internode with very low den-
sities of ion channels; it is this low density that confers an
increase in membrane resistance on axons relative to nodes.
Although these axonal domains consist of different sets of cell
adhesion molecules, ion channels, and cytoskeletal proteins,
all axonal domains are assembled and maintained by myeli-
nating glia. Efforts to define the proteome of each domain
have met with varying degrees of success. Because of their
detergent insolubility and strong association with the axonal
cytoskeleton, nodes and paranodes have proven to be resist-
ant to typical immunoaffinity isolation of protein complexes. In
contrast, juxtaparanodal protein complexes are readily solu-
bilized and purified. We previously used immunoprecipitation
followed by mass spectrometry to identify new components
of juxtaparanodes (40).

Metabolism—Because myelinated axons are completely
isolated from the extracellular space except at the nodes of
Ranvier, myelinating glia must also provide metabolic support
to axons. Current evidence suggests that oligodendrocytes
and Schwann cells provide a variety of metabolites including
cholesterol, lactate, and glycogen to axons (41). In support of
the idea that myelinating glia provide lactate to axons for an
energy source, loss of lactate transporters from oligodendro-
cytes results in axon damage and degeneration (42).

Myelin Plasticity—Recent experiments to determine the re-
sponse of myelinating glia to activity or learning paradigms
revealed that myelination is also plastic and can change in
adults, not just during early development. For example, one
study showed that development of new myelin sheaths is
required for mice to learn how to run on a complex running
wheel with irregularly spaced rungs (43). This remarkable
result proves that some forms of learning require the devel-
opment of new myelin segments in the adult brain and that
this is an activity-dependent phenomenon. One can speculate
that the addition of new myelin segments facilitates conduc-

tion velocity in specific circuits or alters the timing of action
potential arrival. The signals that promote these plastic
changes remain completely unknown.

Diseases of Myelin—The intimate interactions between my-
elinating glia and axons are also subject to disruption by
disease or injury. De- or dysmyelination can result from ge-
netic (e.g. Charcot-Marie-Tooth peripheral neuropathies or
Pelizaeus-Merzbacher CNS hypomyelinating disease), auto-
immune (e.g. PNS demyelinating Guillain-Barré syndrome or
CNS demyelinating multiple sclerosis), metabolic (diabetic
neuropathy), mechanical (spinal cord injury and carpal tunnel
syndrome), or hypoxic-ischemic insults (stroke and neonatal
hypoxia-ischemia). There are currently no cures for demyelin-
ating diseases or injuries. A major consequence of demyeli-
nation is the loss of axonal support, which in turn leads to
axon degeneration and permanent loss of function and dis-
ability (44). Thus, treatments for demyelinating diseases and
injuries are an acute need and the subject of much current
attention. Proteomic analyses of myelin from different demy-
elinating disease models may provide insights into pathogen-
esis and potential treatments for these diseases.

MICROGLIA

Microglia have traditionally been viewed primarily as the
brain’s resident immune cell, and their functions during dis-
ease and injury have been studied extensively (45). In their
resting state, microglia are highly ramified cells with very
elaborate thin processes that extend branches to surveil a
defined territory (Fig. 1D). After injury, microglia undergo dra-
matic changes in shape and protein expression to protect the
brain. Furthermore, microglia migrate to sites of injury where
they release cytokines and phagocytose debris and dead and
dying cells. After injury, microglia can strip dysfunctional syn-
apses. Intriguingly, dysfunction or loss of microglia can also
result in behavioral deficits and impaired learning-dependent
synaptic plasticity (46). Recent studies have also shown that
in the developing and adult brain microglia contact synapses
and refine neural circuits by engulfment of some synapses
(47). Together, these results suggest that microglia participate
not only in defense mechanisms but also normal brain devel-
opment and function. Microglia can be identified by a variety
of cell surface antigens (e.g. IBA1; Fig. 1D), and mice with
genetically labeled microglia (CX3CR1-GFP) have been widely
used to study their functions in the healthy and diseased
brain.

PROTEOMIC APPROACHES TO STUDYING GLIAL CELL FUNCTION

Recently, high throughput methods were developed to pro-
file the RNAs expressed by thousands of individual cells
(Drop-seq (48, 49)). This technology allows for unprecedented
characterization of single cell gene expression among the cell
types of the nervous system including glia. Despite the tech-
nical advances achieved in both resolution and sensitivity of
mass spectrometry, single cell resolution of protein composi-
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tion remains a distant goal. Even if sensitivity were high
enough to permit single cell resolution, determining the pro-
teome of a single astrocyte, neuron, microglial cell, or oligo-
dendrocyte will likely remain impossible due to the experi-
mental difficulty of isolating entire cells because of their
extremely complex morphologies. Nevertheless, the use of
mass spectrometry to dissect brain function has been wildly
successful for neurons, and lessons learned in this context
have been applied to the study of glia. Particularly notable
examples include efforts to define the molecules involved in
neurotransmission (synaptic vesicles and pre- and postsyn-
aptic compartments (50–54)). The success of these experi-
ments largely depended on the ability to biochemically isolate
subcellular compartments or organelles of interest (55). For
example, postsynaptic densities can be purified based on
their detergent insolubility and their ability to partition into
distinct fractions after gradient centrifugation. However, with
the exception of oligodendrocytes and Schwann cells, anal-
ogous procedures for the fractionation and purification of
subcellular compartments from glia have not been developed.

By weight, myelin is �80% lipid (mainly glycolipids) with the
remainder being specific myelin proteins such as myelin basic
protein and proteolipid protein. This unique biochemical com-
position has permitted both PNS and CNS myelin to be puri-
fied by biochemical fractionation procedures, which in turn
has allowed this membrane specialization to be thoroughly
characterized using mass spectrometry (56, 57). These stud-
ies revealed a previously unappreciated complexity to myelin
and permitted follow-up studies on novel myelin proteins. For
example, comparison of PNS and CNS myelin proteomes,
together with unbiased immunostaining, revealed that N-eth-
ylmaleimide-sensitive factor is highly enriched in Schwann
cells surrounding nodes of Ranvier (56). Similarly, Septin 9,
which is mutated in hereditary neuralgic amyotrophy, was
identified as a PNS myelin protein that is dramatically in-
creased in a mouse model of demyelinating neuropathy (57).
Because of the ease of myelin purification, investigators have
begun to analyze differences in myelin composition from
models of nervous system diseases (e.g. fragile X, vanishing
white matter disease, and multiple sclerosis (58–60)) and
even between species. For example, a comparison between
human and mouse myelin proteomes identified 678 proteins
from human myelin and 515 proteins from mouse. Among the
mouse proteins identified, 475 had clear human orthologues,
and 308 were common between human and mouse pro-
teomes (61). Because all proteomic results require validation,
additional studies are necessary to confirm and determine the
functions of mouse- or human-specific myelin proteins.

The challenge of glial proteomics is magnified by the highly
complex morphologies of astrocytes and microglia. Thus,
nearly all proteomic analyses of astrocytes and microglia have
been performed on primary cultures or immortalized cell lines
or were biased interrogations of proteins (and their interac-

tors) thought to be specifically enriched in one glial cell type.
Unfortunately, by definition, immortalized cell lines are unlike
those found in the healthy brain, and cultured primary astro-
cytes or microglia are activated and have phenotypes that
reflect a reactive rather than a native state.

The advent of new molecular and proteomic tools may
begin to overcome some of these technical limitations. Ge-
netic labeling strategies now permit isolation of specific brain
cell types using fluorescence-activated cell sorting. This ap-
proach has the advantage of cellular specificity, but the dis-
advantage is that fine, thin complex cellular processes are still
lost during the cell isolation procedure. Furthermore, these
approaches result in a mixing of glial phenotypes; unless
additional criteria for separation (e.g. brain region) are used,
heterogeneity among glial types cannot be preserved. A com-
bination of genetic and protein labeling approaches may over-
come some of these limitations. For example, one can imag-
ine combining Cre-loxP technology with protein labeling
techniques such as BioID (62, 63). In this strategy, a promis-
cuous biotin ligase may be targeted to subcellular compart-
ments (e.g. membrane, cytoplasm, or endoplasmic reticulum)
but only in those cells where Cre recombinase is expressed.
Thus, a membrane-targeted biotin ligase expressed only in
astrocytes or microglia may allow for biotinylation of mem-
brane proteins found not only on their cell bodies but also in
their distal fine processes. Streptavidin-coated magnetic
beads can then be used to “capture” these biotinylated pro-
teins for subsequent analysis by mass spectrometry. It is easy
to imagine variations on this approach by combining different
Cre driver lines for different types of glia (with or without
temporal control) with disease or injury models to determine
the responses of glia. Alternatively, one could perform ste-
reotactic injection of virally encoded Cre-dependent biotin
ligases to investigate regional heterogeneity among glial cells.
The spectrum of potential experiments may be further ex-
panded by targeting the biotin ligase to other subcellular
domains or compartments. Despite the technical limitations
described above, comparison of glial proteomic data sets
with the several excellent transcriptomics data sets of glia
already available (64, 65) may provide powerful insights into
regulation of glial protein expression and function.

In conclusion, the recent appreciation for and understand-
ing of glia in the healthy and diseased nervous system has led
to a rapid expansion in the tools available to study these
important cell types. These tools coupled with advances in
mass spectrometry and other protein analysis techniques
make the field of glial proteomics ripe for the picking.
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