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Abstract

The human brain contains more than 100 trillion (1014) synaptic connections, which form all of its
neural circuits. Neuroscientists have long been interested in how this complex synaptic web is
weaved during development and remodelled during learning and disease. Recent studies have
uncovered that glial cells are important regulators of synaptic connectivity. These cells are far
more active than was previously thought and are powerful controllers of synapse formation,
function, plasticity and elimination, both in health and disease. Understanding how signalling
between glia and neurons regulates synaptic development will offer new insight into how the
nervous system works and provide new targets for the treatment of neurological diseases.

Glial cells occupy more than half of the volume of the human brain. There are several types
in the central nervous system (CNS), including astrocytes, oligodendrocytes and microglial.
In addition, a new class of glial cell, oligodendrocyte precursor cells (OPCs) that express the
proteoglycan NG2, has recently been identified and has morphological and physiological
features that are distinct from those of other glia? 3. Astrocytes and oligodendrocyte lineage
cells are derived from neural stem cells, whereas microglia originate from the immune
system?. In the peripheral nervous system, there are two classes of Schwann cell
(myelinating and non-myelinating), which functionally and antigenically resemble the glia
of the CNS®.

Glia are vital for the survival and function of neurons. Oligodendrocytes and Schwann cells
myelinate axons to ensure fast, saltatory movement of action potentials. Astrocytes regulate
blood flow, provide much-needed energy to neurons, and supply the building blocks of
neurotransmitters, which fuel synapse function. But the functions of glia are not restricted to
supporting neuronal function®: 6.

In this Review, we describe the numerous recent findings that illustrate the importance of
glia in the formation, function, plasticity and elimination of synapses in the nervous system.
We also discuss how these findings provide new insight into the pathophysiology of chronic
pain, neurological diseases such as epilepsy, and neurodegenerative disorders such as
Alzheimer’s disease and glaucoma.
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Glia are intimately associated with synapses

In the peripheral nervous system, synapses are ensheathed by non-myelinating Schwann
cells, and in the CNS by astrocytes (Fig. 1a). The CNS also contains two forms of elongated,
radial glial cell: Bergmann glia in the cerebellum, and Miller cells in the retina. These have
many features in common with astrocytes and are closely associated with synapses’. Such
an association of glia with synapses seems to have been conserved across evolution, because
a class of synapse-ensheathing glial cell is also found in the brain of the fruitfly Drosophila
melanogaster and has surprisingly similar morphology to rodent astrocytes®. This structural
association extends to function.

Perisynaptic glia ensure potassium ion homeostasis and regulate extracellular pH (Fig. 1b).
Moreover, these cells express several receptors for neurotransmitters, enabling them to
‘listen’ to synapse function and respond to synapse activity by making localized and global
changes in intracellular calcium ion concentrations® 10 (Fig. 1b). In addition, glia modulate
the properties of synapses by releasing neurologically active substances such as ATP and D-
serine?. The extensive structural and functional association of perisynaptic glia with the
synapse gave rise to the concept of the ‘tripartite synapse’, in which synapses are defined as
comprising the presynaptic and postsynaptic specializations of the neurons and the glial
process that ensheaths them!! (Fig. 1b).

In the past decade surprising new findings showed that one glial subtype receives synaptic
inputs. Fast synaptic transmission occurs between OPCs and axons, both in the hippocampus
and the cerebellum2: 13, These OPCs can receive input mediated by the neurotransmitters
glutamate and GABA (y-aminobutyric acid)14 15, The functional significance of these
neuron-to-glia synapses is not known. Although a matter of speculation at present, it is
possible that neuronal activity regulates the differentiation of OPCs into myelinating
oligodendrocytes according to the requirements of the neural circuit.

Astrocytes are the main population of glia in the brain. Rodent astrocytes have been
classified into two groups on the basis of their morphology and location. One group contains
the protoplasmic astrocytes of the grey matter, which are highly ramified. These cells
ensheath synapses and are in contact with blood vessels. The other group is the fibrous
astrocytes of the white matter, cells that are in contact with the nodes of Ranvierl. Recent
physiological and gene expression profiling studies indicate that astrocytes, like neurons, are
a diverse cell population, with distinct properties in different brain regions and at different
periods of development. So this classification into two groups might not be adequate to
appreciate the full extent of astrocyte diversityl6. Moreover, the number and size of
astrocytes in the brain varies between species and increases with species brain size and
cognitive capability. For example, the human brain contains several more populations of
astrocytes than the rodent brain, and human astrocytes are up to threefold larger and more
ramified than their rodent counterparts?’.

The processes of protoplasmic astrocytes infiltrate into the neuropil and wrap themselves
around synapses!® 19. 20 |n the hippocampus, individual astrocytes parcel out the neuropil
in a non-overlapping manner to form separate anatomical domains!®. A similar tile-like
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organization of glia is characteristic of the anatomical distribution of cortical astrocytes!®
and also of cerebellar Bergmann glia, which ensheath most Purkinje cell synapses?L.

Astrocytes do not readily wrap around all synapses and the presence and extent of astrocyte
coverage might be regulated?C. In the hippocampus, protoplasmic astrocytes have been
found to ensheath 57% of the synapses, most of which are excitatory synapses22. What
directs astrocyte processes to synapses? It has been postulated that astrocytes extend
processes towards regions where the glutamate concentration is higher. In agreement with
this hypothesis, in the hippocampus of adult rats, large perforated synapses with higher
probabilities of glutamate release were found to be more likely to be ensheathed by
astrocytes?2, It is equally possible, however, that synapses that are wrapped by an astrocyte
are stabilized and receive nurturing signals that allow them to mature further. It is important
to point out that astrocyte processes do not fully insulate a synapse from the surrounding
environment but, instead, allow some flow into and out of the synaptic cleft. For example, at
hippocampal synapses, regardless of their size, there are astrocyte-free perimeters, where
substances could escape from or enter the synaptic clefts. These regions might be important
for the trans-synaptic activation of glutamate receptors2C.

Association of synapses and astrocyte processes might be a dynamic process. In agreement
with this possibility, astrocyte coverage can be altered during development in response to
injury and in various physiological conditions23: 24:25. 26 | jve imaging of organotypic
hippocampal slices shows that astrocytes rapidly extend and retract their processes to engage
and disengage from postsynaptic dendritic spines2’- 28, Astrocytes are more motile than their
dendritic counterpart, and their movement is regulated by actin dynamics. Interestingly,
dendritic protrusions that had contacts with astrocytes survived longer and were
morphologically more mature than those without such contacts?®. These observations
suggest that astrocyte processes might control the stabilization of individual dendritic
protrusions and their subsequent maturation into spines, and they present the possibility that
astrocytes could have a crucial role in the experience-dependent structural synaptic changes
that underlie learning and memory.

A series of studies in the adult rodent hippocampus suggested that the receptor tyrosine
kinase EphA4 on the dendritic spines of pyramidal neurons regulates spine morphology by
interacting with its ligand ephrin-A3, which is located in the perisynaptic processes of
astrocytes??, Perturbing ephrin—EphA signalling led to increased numbers of glutamate
transporters on astrocytes, aberrant morphology of dendritic spines, and defects in
hippocampal learning3® and long-term potentiation3.

A remarkable interplay between astrocyte processes and synapses occurs in the
hypothalamo-hypophyseal system at the hypothalamic supraoptic nucleus. In physiological
conditions such as parturition, lactation and chronic dehydration, most of the astrocyte
processes in contact with the soma and dendrites of magnocellular oxytocin neurons
denervate these neurons in an oxytocin-dependent manner32, Concurrently, new inhibitory
and excitatory synapses are formed onto these neurons, and these disappear when
stimulation ends and the astrocyte processes reinnervate these oxytocinergic neuronss33.
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Taken together, these findings show that different glial cell types regulate different aspects
of nervous-system architecture, function and plasticity, through dynamic and often
bidirectional structural interactions with synapses.

Glia control synapse formation

Establishment of the correct number and type of synapses is crucial for the proper
development and function of the human brain. Many presynaptic and postsynaptic ‘target-
derived’ factors have been implicated as important regulators of synapse formation and
specificity34. Because astrocytes are an integral part of synapses, they probably contribute to
the establishment of synapses. In addition, gliogenesis and synaptogenesis occur
concurrently in the brain, and glial-cell maturation marks the end of the synaptogenic and
plastic periods3>: 36,

In vitro studies using purified neurons and astrocytes paved the way for understanding the
extent to which astrocytes influence the shaping of synapse formation. They showed that
synaptogenesis is not solely controlled by neurons but, instead, can be instructed by glia-
derived signals. Retinal ganglion cells (RGCs), unlike many other CNS neurons, can be
isolated from rodent retina as a purified population and can then be cultured in serum-free
media of known composition3”. Under these conditions, RGCs show little spontaneous
synapse activity and form few synapses, whereas RGCs cultured in the presence of a feeding
layer of astrocytes or astrocyte-conditioned medium show about tenfold more excitatory
synapse activity and a fivefold to sevenfold increase in the number of synapses38: 39, In
addition to rat RGCs, astrocytes have been shown to be necessary for inducing synapse
formation by human neurons generated from embryonic stem cells*. Astrocyte-induced
synapses are ultrastructurally normal with functional excitatory synaptic events mediated by
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors3?. Several
studies using this system uncovered the presence of at least three classes of factor secreted
by astrocytes: those that induce the formation of structurally normal but postsynaptically
silent synapses; those that facilitate presynaptic activity and enhance the probability of
neurotransmitter release; and those that stimulate the insertion of glutamate receptors, which
are stored in intracellular vesicles to the postsynaptic membranes, thus facilitating
postsynaptic function! (Fig. 2).

The synapse-formation-inducing signals from astrocytes were identified to be a family of
extracellular matrix proteins called thrombospondins (TSPs)*L. Purified TSPs alone have
been found to increase synapse number in RGC cultures to a level comparable to that
induced by culturing in astrocyte-conditioned medium. TSP-induced synapses are
ultrastructurally normal, presynaptically active but postsynaptically silent because of a lack
of AMPA receptors on the postsynaptic side. Removal of TSPs from astrocyte-conditioned
medium diminishes the synaptogenic activity of the medium. These results show that TSPs
are the necessary and sufficient synaptogenic factors in astrocyte-conditioned medium for
inducing the formation of structural synapses. In vivo, TSP1 and TSP2 are expressed by
developing astrocytes at early postnatal stages, when most excitatory synapses are forming,
and their expression is downregulated in adults. In addition, mice lacking both TSP1 and
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TSP2 have significantly fewer excitatory synapses in the cortex, showing that TSPs are
important for excitatory synapse formation in vivo*L.

Using molecular and biochemical techniques, the a,3-1 subunit (encoded by the
geneCACNA2D1) of the voltage-dependent Ca2* channel complex was identified as the
relevant neuronal receptor for TSPs#2, All five mammalian TSPs can induce synapse
formation by binding through their type 2 epidermal-growth-factor-like repeats to the von
Willebrand factor type A (VWFA) domain of neuronal a»8-1. It is postulated that the
interaction between TSPs and a,38-1 triggers cellular events that lead to synapse formation
by activating a synaptogenic signalling complex, which might include Ca2* channels*2.
TSPs also bind to integrins, which are important regulators of synapse structure and
function?3 44, Moreover, TSP1 was recently identified to be a ligand for the neuroligin
family of synaptic adhesion proteins*®. Given its ability to interact with multiple molecule
types, it is possible that TSPs can not only induce synapse formation but can also modulate
presynaptic and postsynaptic function. Understanding how TSP—a»8-1 signalling in neurons
induces synapse formation has the potential to provide new insight into the molecular basis
of this process, which has long been mysterious.

The ap8-1 subunit is also the receptor for the drug gabapentin (Neurontin), which is used to
treat neuropathic pain and epilepsy and has an unknown mechanism of action6. Gabapentin
blocks TSP-induced excitatory synaptogenesis in vitro and markedly inhibits excitatory
synapse formation between neurons throughout the entire developing brain. It prevents this
type of synapse formation by blocking the ability of TSPs to bind to a,8-1, thus inhibiting
synaptogenic signalling initiated by the TSP—a»68-1 interaction without dissolving previously
formed synapses*2. These findings provide an additional line of evidence highlighting the
ability of astrocytes as powerful promoters of synapse formation in vivo. They also suggest
that TSP—a8-1 signalling and astrocyte-induced synapse formation might be involved in the
pathophysiology of disorders such as neuropathic pain and epilepsy.

As astrocytes can induce both presynaptic and postsynaptic activity, whereas TSPs can only
instruct the formation of postsynaptically silent synapses, there must be other signals
secreted by astrocytes that facilitate the insertion of glutamate receptors at the postsynaptic
site and thus convert silent synapses to active ones. Through these signals, astrocytes can
regulate synapse strength and plasticity. The identity of the astrocyte-secreted signal that can
induce AMPA receptor insertion into synapses is unknown. Cholesterol in apolipoprotein E
particles secreted by astrocytes, however, has been shown to increase the induced synaptic
responses substantially in autaptic, cultured RGCs*’ by increasing presynaptic function and
dendrite differentiation in this system*1: 48, The relevance of cholesterol and apolipoprotein
E in synapse function in vivo is not yet known.

Factors secreted by astrocytes also regulate the formation of inhibitory synapses between
hippocampal neurons in vitro. They do this by modulating inhibitory postsynaptic
development, by stimulating neuron—neuron signalling through the neurotrophic receptor
tyrosine kinase TrkB49. The exact mechanism is not clear; however, the neurons themselves
are the source of the TrkB ligand brain-derived neurotrophic factor (BDNF). TSP1 did not
induce inhibitory synapse formation in this culture system, although it facilitated excitatory
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synapse formation and neurite outgrowth®9. The identity of the factor(s) that is secreted by
astrocytes and promotes inhibitory synaptogenesis through increasing neuronal BDNF
production remains unknown.

Schwann cells of the peripheral nervous system, similar to astrocytes in the CNS, also
secrete synaptogenic factors. These factors include transforming growth factor-, which
controls neuromuscular junction formation®1, and unidentified low-molecular-mass
molecules that increase synapse function®2. In addition, both TSP4 and a,,8-1 are highly
enriched at the neuromuscular junction®3 54, suggesting that they might be important in
inducing synapse formation in the peripheral nervous system, as well as in the CNS.

Astrocytes also regulate synapse formation through contact-mediated mechanisms. In the
retina, there is a developmental switch in which the ability of RGCs to respond to soluble
synaptogenic signals from astrocytes is induced by contact with astrocytes themselves®®.
This finding was made by observing rat RGCs at embryonic day (E) 17 co-cultured with
postnatal RGCs in the presence of astrocyte-conditioned medium. Synapses did not form on
the dendrites of E17 RGCs, whereas E19 RGCs received synapses. This two-day period
(E17-E19) coincides with the developmental window in vivo during which astrocytes
migrate along the optic nerve into the retina and populate the inner retinal layer adjacent to
the RGCs. Contact with astrocytes but not amacrine cells, which are interneurons in the
retina, was sufficient for cultured E17 RGCs to become receptive to synapse formation.
Although the exact mechanism is not yet clear, it is known that local contact with astrocytes
through integrins activates protein kinase C signalling in individual dissociated neurons
from the embryonic hippocampus, and facilitates excitatory synapse formation6. It is
possible that this global protein kinase C activation initiates neuronal maturation events that
affect major cellular processes in neurons, such as the sorting of synaptic adhesion proteins
into the correct subcellular compartments. Consistent with this hypothesis, it has been
shown that astrocyte contact with E17 RGCs stimulates the localization of the synaptic
adhesion molecule neurexin away from dendrites®®, where neurexin functions as an inhibitor
of synapse formation by interacting in cis with the postsynaptic adhesion molecule
neuroligin®’.

Recent gene-expression analysis of astrocytes in vivo showed that astrocytes produce
messenger RNAs that encode several synaptic adhesion proteins, such as neurexins,
neuroligins and cadherins®®, which are known to be important for synapse formation and are
thought to function only in neurons34. Astrocyte processes might also use these cell-surface
molecules to guide synapse formation or mediate the astrocyte—synapse interactions
discussed earlier. In agreement with this, y-protocadherins, a family of neuronal adhesion
molecules encoded by a single gene cluster of 22 genes, are also expressed by astrocytes.
These adhesion molecules localize to perisynaptic astrocyte processes, and homophilic
astrocyte—neuron y-protocadherin contacts are crucial for synaptogenesis in vitro. In vivo,
restricted mutation of the y-protocadherin gene cluster in astrocytes significantly delays the
formation of both excitatory and inhibitory synapses®®. These results suggest that cell
adhesion molecules that are important for neuron—neuron interactions can also participate in
astrocyte—neuron interactions, thus enabling astrocytes to guide synapse formation and
morphology.
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There is evidence that the glia—neuron signalling observed to regulate synapse formation in
mammals also occurs in invertebrates. For example, in Caenorhabditis elegans, the glia-
derived cell-surface receptor UNC-6 (also known as netrin) is used not only for guiding
axons but also for defining sites for synaptogenesis®. In addition, the function of sensory
neurons in C. elegansdepends on FIG-1, a protein that is secreted by glia and contains TSP
type | and type 11 EGF-like repeats81. Moreover, a Drosophila homologue of a.28-1,
Cacna2d3, is required for presynaptic maturation at the neuromuscular junction®2, Together,
these findings suggest that the molecular basis of glia-induced synapse formation, as well as
synapse formation itself, might be highly evolutionarily conserved. Interestingly, two
isoforms of TSP (TSP2 and TSP4) are among the few genes that are substantially
upregulated in the human brain compared with the primate and mouse brain®3, suggesting
that TSPs — and thus astrocytes — might contribute to the greater brain plasticity of
humans.

Several recent studies have shown that glia, through their ability to signal to neurons, also
have an active role in activity-dependent modulation of synaptic efficacy. This process
contributes to neural circuit development and experience-dependent plasticity. Regulation of
synapse plasticity by long-term potentiation and long-term depression requires rapid
adjustments in the strength of individual synapses in response to patterns of correlated
synapse activity. The main mechanisms regulating these processes involved in plasticity are
thought to be changes in the cell-surface delivery, retention and Ca2*-channel properties of
the postsynaptic ionotropic glutamate receptors, AMPA receptors and NMDA (N-methyl-D-
aspartate) receptors® 65, NMDA receptors contain a glutamate-binding site, as well as a site
for binding to glycine, a co-agonist that is required for the opening of the Ca2* channel. The
amino acid D-serine, which is produced exclusively by astrocytes, is a potent agonist for this
site®. In hippocampal cultures, neuronal-activity-dependent release of D-serine from
astrocytes was found to be necessary for long-term potentiation8”. Moreover, in the
hypothalamic supraoptic nucleus, a system in which structural changes in astrocyte
association with synapses are important for oxytocin-mediated responses at synapses, the
endogenous co-agonist of NMDA receptors is D-serine rather than glycine. The degree of
astrocyte coverage of neurons governs the level at which D-serine occupies the glycine-
binding site on the NMDA receptor, thereby controlling the activity dependence of long-
term potentiation and long-term depression®8.

In addition to NMDA receptor function, cell-surface delivery of AMPA receptors is also
regulated by the pro-inflammatory cytokine tumour-necrosis factor-a (TNF-a), which is
released by glia. Glial TNF-a has been shown to improve synaptic efficacy by increasing the
cell-surface expression of AMPA receptors. Conversely, blocking TNF-a-mediated
signalling was found to have the opposite effect69. Interestingly, even though TNF-a
increased the cell-surface expression of AMPA receptors, long-term potentiation and long-
term depression were not affected in its absence’?. Prolonged changes in the cell’s synaptic
activity, such as during blockade of synapse function, lead to adjustments in the strength of
all synapses on that cell. This form of synaptic plasticity is called homeostatic synaptic
scaling and is thought to be a crucial mechanism for preventing neural networks from
becoming unstable and dysfunctional’!. Glial TNF-a mediates synaptic scaling in response
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to prolonged activity blockade’®. The exact glial-cell source of TNF-a(astrocytes or
microglia) is not yet clear. Because TNF-a is secreted by microglia in response to injury or
insult to the CNS, TNF-a-mediated synaptic plasticity might modulate neural responses to
injury and neurodegeneration.

In summary, secreted and cell-surface-associated signals from glia coordinate excitatory and
inhibitory synapse formation and modulate synapse function and plasticity in the CNS and
peripheral nervous system (Table 1).

Gliaregulate axon pruning and synapse elimination

During development, neurons often extend their axons beyond their intended targets and
form an excessive humber of synapses. The selective elimination of synapses and the
pruning of axons to fine-tune synaptic territories are crucial for the proper development and
function of the nervous system. The specific molecular mechanisms that drive synapse
elimination and axon pruning remain mostly unknown, although, in the past decade, studies
in invertebrate systems have suggested that synapses are removed actively through
engulfment and phagocytosis by glia. Recent evidence suggests that vertebrate glia are also
actively involved in the process of synapse elimination through mechanisms that are both
similar and distinct from those observed in invertebrates.

Developmental axon pruning is widely used in Drosophila metamorphosis, which involves
major pruning events that require the breakdown and reconstruction of synaptic networks’2.
For example, in Drosophila larvae, y-neurons in the mushroom body initially extend axon
branches into both the dorsal and the medial mushroom-body-axon lobes. Axon branches to
both lobes degenerate during pupal stages before the formation of adult connections. This
pruning is triggered in a developmentally regulated manner by intrinsic molecular
mechanisms such as activation of local axon degeneration by the neuronal nuclear hormone
ecdysone’3. Live imaging studies have shown that during early pupal stages, the processes
of the glia that surround the neurons infiltrate bundles of axon branches. Glial processes
engulf clusters of axon varicosities, which accumulate in intracellular lysosomal
compartments. Selective inhibition of endocytosis by glia or of the ecdysone receptors in
mushroom-body neurons suppresses infiltration by glia, as well as elimination of
varicosities, and induces a severe delay in axon pruning’3: 74. These findings show that glia
are activated by mushroom-body axons that are destined for elimination. Activated glia then
infiltrate the mass of axon branches to eliminate varicosities and break down axon branches,
rather than just scavenging already-degraded axon debris.

Forward genetic screens in Drosophila uncovered two genes — encoding Draper and
CED-6, which are essential for the clearance of apoptotic cells in C. elegans— that function
in the engulfment of pruned axons by glia during Drosophila metamorphosis (Fig. 3). In
flies in which the gene encoding draper is mutated, or in which draper and ced-6 have been
knocked down specifically in glia by RNA interference, engulfment by glia is suppressed,
resulting in the inhibition of axon pruning during metamorphosis’® 76. These findings
suggest that a similar molecular mechanism governs the clearance of apoptotic cells and of
degenerating axons of living neurons. But how does Draper recognize modified self
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proteins? Another Drosophilareceptor involved in phagocytosis, Six-microns-under (SIMU;
also known as NIMC4), was recently reported to be required for efficient clearance of
apoptotic cells by glia in the nervous system and by macrophages elsewhere’”. SIMU is
highly expressed by phagocytic cell types during development and is part of a conserved
family of proteins that includes Draper. SIMU functions upstream of Draper in the same
pathway and affects the recognition and engulfment of apoptotic cells, but only Draper
affects their subsequent degradation’” (Fig. 3). These results suggested that, by strongly
binding to apoptotic cells or axons that are to be pruned, SIMU couples debris from
degenerating axons to Draper signalling, which induces glia to phagocytose the debris.

Signalling of neural injury in Drosophila uses the same molecular and cellular processes
observed in developmental axon pruning. Upon axonal injury, glia upregulate the expression
of draper, undergo marked changes in morphology and rapidly extend fine processes
towards severed axons’®. In draper mutants, glia fail to respond to axon injury, and severed
axons are not cleared from the CNS. The Drosophila protein SHARK, a non-receptor
tyrosine kinase similar to mammalian SYK, has been identified as a downstream signalling
molecule that binds to the intracellular domain of Draper (Fig. 3). SHARK activity is
essential for Draper signalling events, including the recruitment of glial membranes to
severed axons and the phagocytosis of axon debris and neuronal-cell corpses by glia.
Another signalling molecule, the SRC-family kinase SRC42A, functions in the same
pathway by increasing Draper phosphorylation, thus stimulating the phagocytic activity of
glia’® (Fig. 3). These Draper-SRC42A-SHARK interactions are also likely to govern
developmental axon pruning and have remarkable similarities to immunoreceptor-SRC-
family-kinase-SYK signalling in mammalian immune cells.

Glia also play important roles in synapse elimination in the mammalian nervous system.
One of the classic examples of activity-dependent synapse elimination occurs at the
mammalian neuromuscular junction. At birth, postsynaptic muscle cells are innervated by
multiple motor axons. By the second week after birth, activity-dependent competition
permanently eliminates immature inputs, whereas the sole remaining input is maintained and
strengthened. Eliminated connections detach from the neuromuscular junction and, as they
retract, pieces of axon are shed. In the mammalian peripheral nervous system, similar to the
active engulfment and clearance by glia that is observed in Drosophila metamorphosis,
Schwann cells break up retracting axons and remove the synaptic debris. Time-lapse
imaging and serial electron microscopy demonstrated that as inappropriate axons
disappeared, they shed small membrane particles that contained intact presynaptic
structures’®. These debris structures, termed axosomes, were formed by engulfment of the
tips of retreating axons by neighbouring Schwann cells. Further time-lapse imaging was
carried out in transgenic mice that differentially express fluorescent proteins in Schwann
cells and axons. This experiment directly showed that axosome shedding occurs entirely
within the confines of Schwann cells and depends on glial lysosome function80, The
molecules that drive Schwann cells to phagocytose retracting axons are unknown. However,
a recent study showed that, similar to mammals, during neuromuscular junction
development in Drosophila, there is activity-dependent elimination of immature synaptic
boutons and widespread appearance of presynaptic debris®l. Moreover, like Schwann cells,
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Drosophilaglia invade the neuromuscular junction and, together with muscle cells,
phagocytose the synaptic debris. The Draper signalling pathway is important for this process
because suppression of Draper function results in accumulation of presynaptic debris and
compromised synapse growth®L. These results show that the activity-dependent elimination
of presynaptic inputs in the neuromuscular junction through phagocytosis by glia is an
evolutionarily conserved phenomenon. The Draper—CED-6 pathway might also be important
as a regulator of glia-mediated axon pruning at the mammalian neuromuscular junction
because peripheral glia express a similar or identical pathway?®2.

A recent study showed that the classical complement cascade, which is part of the innate
immune system, helps to mediate synapse elimination in the developing CNS®3. During
development, immature astrocytes produce an unidentified signal that alters gene expression
in neurons, leading to the upregulated expression of C1q, the protein that initiates the
complement cascade. Early in development, C1q is localized to synapses that are destined
for elimination (Fig. 4). In support of this model, mice deficient in either C1q or the
downstream complement protein C3 fail to execute synapse elimination properly in the
CNS, as determined by the absence of anatomical refinement of retinogeniculate
connections and by the retention of excess retinal innervations by lateral geniculate neurons.
Moreover, this failure to eliminate synapses in C1g-deficient mice led to enhanced synaptic
connectivity and epileptic activity in the adult mice84, suggesting that defects in this
pathway could be involved in seizure disorders observed in humans.

These observations beg the question, how does C1q control synapse elimination? Looking to
the innate immune system, C1q functions as a molecular tag to mark unwanted cells or
debris for removal®®. So it is possible that C1q tags weak synapses for elimination (Fig. 4).
The molecular interactions that localize C1q specifically to weak synapses are unknown;
however, microglia, the resident immune cells of the brain, produce large amounts of the
receptors for C1g and C3 and thus are likely to be responsible for the removal of unwanted
synapses. Microglia also phagocytose the synaptic terminals of motor neurons after injury,
through a process known as synaptic stripping (discussed in the next section)86, and an
exciting question is whether synaptic stripping is also complement dependent. Interestingly,
homologues of C1q, such as precerebellins®” and C1q-like protein 1 (C1QL1), C1QL2 and
C1QL3 (ref. 88), are synaptic molecules that are expressed by neurons and are involved in
activity-dependent synapse plasticity and formation. It is thus likely that these molecules all
participate in a common mechanism that controls different aspects of synapse remodelling.
Perhaps these synaptic C1q-like molecules compete for a common synaptic receptor8?, and
their interaction with this receptor might be antagonized by C1q. The recent finding that the
synaptic pentraxins, which bind to C1q, mediate silent to active synapse conversion in the
developing visual system?, potentially provides an exciting link between activity-dependent
control of synapse elimination and regulation of synapse function, given that neuronal
pentraxins are implicated in postsynaptic glutamate-receptor recruitment.

Glia control synaptic connectivity in disease

Glia rapidly respond to injury in the nervous system. The activation of microglia is triggered
by injury-mediated signals, such as ATP released from dead cells and serum factors leaking
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into the extracellular environment as a result of the breakdown of the blood-brain barrier.
Similar signalling events also trigger a marked change in astrocyte behaviour. Both cell
types lose their ramified structures. Microglia migrate to the injury site and start to divide,
and astrocytes direct their processes towards the damaged region8: 9. This phenomenon is
known as reactive gliosis. The mechanisms that affect the behaviour of glia after insult to
the CNS are an active area of research. Whether reactive glia aid in CNS recovery after
injury or permanently impair CNS regeneration is not clear.

When injured, reactive astrocytes revert to an immature state and express molecules that
affect synapse formation. For example, the production of TSP1 and TSP2 increases after
traumatic brain injury, ischaemia or stroke®2. Purinoceptor signalling and mechanical
stimulation have been shown to mediate the upregulation of TSP production in cultured
astrocytes, and these proteins could be upregulated in a similar manner in vivo after injury®3.
TSP1 and TSP2 have been shown to be required for functional recovery after stroke because
mice deficient in both TSP1 and TSP2 (TSP1/2-nulls) showed impaired recovery of motor
function, synaptic density and axon sprouting?*. Another line of evidence suggests that the
TSP-a,8-1 interaction, and thus astrocyte-induced synapse formation, is necessary for the
correct execution of injury-mediated developmental plasticity in the mouse brain®2. This
was determined by using a well-characterized model of barrel-cortex plasticity. Inhibition of
TSP-mediated synapse formation, either by injection of gabapentin or in TSP1/2-null mice,
strongly perturbed the stereotypical reorganization of the barrel cortex.

TSP-a,5-1 signalling after injury might not always be beneficial. The fact that the anti-
analgesic, anti-epileptic drug gabapentin blocks the interaction between a,8-1 and TSP
suggests that under certain conditions this signalling might be pathological. In agreement
with this idea, both Cacna2d1 and TSP4 levels increase in the spinal-nerve ligation model of
neuropathic pain®: 9. The increase in the expression levels of Cacna2d-1 and TSPs could
be an essential part of synapse remodelling in response to synapse loss after injury.
However, aberrant synapse formation — or dysregulation of another cellular process that is
also regulated by the TSP—a.8-1 interaction (for example, increased trafficking of Ca2*
channels to the cell surface) — may lead to outcomes such as epilepsy and neuropathic pain.
If this is the case, then drugs that efficiently target the TSP-a8-1 interaction may help to
alleviate neuropathic pain or even to prevent the development of epilepsy following
traumatic brain injury.

Similar to the engulfing glia of Drosophila that were discussed earlier, microglia and
possibly astrocytes physically remove synaptic inputs after injury. For example, after
axotomy, activated microglia adhere to damaged motor neurons, spread across their soma
and dendrites, and actively denervate (remove neuron—neuron (nerve) connections in a way
that breaks down damaged synapses) the glutamate-containing presynaptic boutons®. This
process, generally referred to as synaptic stripping, is thought to protect neurons from
excitotoxicity and increase the overall inhibition of the damaged neuron. There are strong
indications that signalling between neurons and glia through receptors that are classically
involved in immune responses underlies this stripping response. Inhibition of classical MHC
class I molecule signalling led to an aberrant stripping response by microglia such that not
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only excitatory synapses were removed in response to injury but also a subclass of inhibitory
synapses¥’.

Synaptic stripping could also be harmful. Emerging evidence suggests that the loss of
synapses is an early hallmark of neurodegenerative diseases, including Alzheimer’s disease,
glaucoma and prion disease8®: 86: 91, nterestingly, components of the complement system,
such as Clg, the C1 complex and activated C3, have been shown to localize to senile
plaques in patients with Alzheimer’s disease but were not present in the brains of a control
group of non-demented, elderly individuals. Moreover, activated microglia and astrocytes
are present in the vicinity of these plaques, indicating that excessive synaptic stripping might
be occurring at these locations. Early in the course of a disease process, it might be useful to
strip away dying synapses so that healthy synapses can take over this synaptic territory. It
has been postulated that C1q and C3, which may initially be protective, are differentially
synthesized early in neurodegenerative diseases. However, as the insult to the CNS persists,
the remainder of the components of the complement cascade are synthesized, resulting in
synapse loss and cell death8® (Fig. 4). In agreement with this idea, C1q has been shown to be
synthesized in response to injury or during the early stages of neurodegeneration in the adult
CNS. For example, in the mouse model of glaucoma, C1q production was found to be
upregulated, and the protein was localized to RGC synapses in the inner plexiform layer of
the retina; however, this occurred only during the early stages of the disease, preceding the
substantial synapse loss and eventual RGC loss that is observed in this model®3. These
findings suggest that C1g-dependent synapse loss may be driving the neurodegenerative
process in glaucoma and other neurodegenerative disorders. This exciting finding could be
further investigated by determining whether C1q deficiency is protective against
neurodegenerative disease in animal models.

Future directions and outstanding questions

The exciting new findings highlighted here have vastly advanced the understanding of the
cellular and molecular mechanisms that glia use to achieve correct synaptic connectivity in
the nervous system. But many questions and mysteries remain unsolved. For example, even
though the importance and diversity of astrocytes is now recognized, the full extent of their
properties and the specific roles they have in the formation and function of the CNS are still
unclear. Why are astrocytes tiled into non-overlapping anatomical domains? What are the
functional consequences of localized and global changes in intracellular Ca* concentrations
in these cells in response to synapse function? Could astrocytes and other glia actively
influence neural circuits to control information processing? Do microglia have an active role
in synapse elimination during development? Furthermore, the precise function of OPCs in
the adult brain still needs to be uncovered, as well as the purpose and consequences of their
direct synaptic contacts with neurons. The good news is that many of the technical
difficulties that impeded glial research in the past are, to a great extent, solved. Recent
advances in methods to carry out cell-type-specific genetic manipulations in invertebrate and
vertebrate model organisms, as well as powerful in vivo imaging techniques, now allow the
study and observation of glial function at synapses in great detail. Today, neuroscientists are
in a better position than ever before for exploring and uncovering the long-standing
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mysteries of glia and for gaining new insight into the general workings of the nervous
system.
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Figure 1. Thetri-partite synapse
The processes of astrocytes are intimately associated with synapses. This association is both

structural and functional. a, Electron micrograph showing a tripartite synapse in the
hippocampus. The astrocyte process (blue) ensheaths the perisynaptic area. The axon of the
neuron is shown in green, with the dendritic spine in yellow and the postsynaptic density in
red and black. Reproduced, with permission, from ref. 22. b, Schematic representation of a
tripartite synapse. Perisynaptic astrocyte processes contain transporters that take up
glutamate (Glu, green circles) that has been released into the synapse and return it to
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neurons in the form of glutamine (GIn). Glutamate receptors on astrocytes (such as
metabotropic glutamate receptors) sense synaptic glutamate release, which in turn induces a
rise in Ca2* concentration in the astrocytes. One of the main functions of glia at the synapse
is to maintain ion homeostasis, for example regulating extracellular K* concentrations and
pH.
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Figure 2. Glial regulation of synaptic development
Several studies using the retinal ganglion cell culture system have shown that there are at

least three classes of factor secreted by astrocytes. These factors control different aspects of
the development of glutamate-mediated synapses. a, One type induces the formation of
structurally normal but postsynaptically silent synapses. Thrombospondins are an example
of this type of factor. b, Another type facilitates presynaptic activity and increases the
probability of neurotransmitter release. Cholesterol functions in this way. c, A third type
induces the formation of functional synapses or converts silent synapses into active ones by
facilitating the insertion of glutamate receptors into postsynaptic sites. These factors have
yet to be identified.
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Figure 3. Molecular pathways known to regulate axon pruning and synapse elimination by glia
in invertebrates

Two transmembrane proteins, Six-microns-under (SIMU) and Draper, regulate the
engulfment and phagocytosis of axosomes by glia in Drosophila. These proteins are
homologues and have large extracellular regions with multiple epidermal growth factor
(EGF)-like repeats and an EMILIN-like domain. SIMU and Draper function in the same
pathway, most probably recognizing synaptic debris by binding to unidentified ‘eat-me’
signals on degenerating axons. SIMU seems to be involved in the initial recognition and
uptake steps of engulfment, but it lacks an intracellular signalling domain. By contrast,
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Draper is capable of intracellular signalling and operates downstream of SIMU. The
cytoplasmic adaptor protein CED-6 functions downstream of Draper, mediating the
internalization and lysosomal degradation of debris. In addition, Draper triggers cytoskeletal
rearrangements and phagocytosis through an interaction with the non-receptor tyrosine
kinase SHARK. The kinase SRC42A facilitates the SHARK-Draper interaction by
phosphorylating Draper.
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Figure 4. Regulation of synapse elimination in the mammalian CNS by the complement cascade
An unidentified secreted signal from immature and reactive astrocytes upregulates

expression of the complement component C1q in neurons. It is proposed that C1q binds to
weaker synapses and tags them for elimination. This elimination might occur through
phagocytosis by microglia, mediated by complement receptors at the surface of microglia.
Other complement-cascade components such as C3 are also produced by glia in normal and
disease conditions, and another possibility is that synapse elimination is triggered by Clq
and C3 not only during development but also during the early stages of neurodegenerative
diseases.
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Table 1

Glial-cell signals that control synapse development

Gliatype Signal type | Signal Action
Rat astrocyte Secreted TSP1, TSP2, TSP3, TSP4 and Induce excitatory synapse formation (but synapses are
TSP5 postsynaptically silent, owing to a lack of AMPA receptors)*1:42
Unknown Induces excitatory synapse formation (and synapses are
postsynaptically active, given the presence of AMPA receptors at
the synapse)
Unknown Induces inhibitory synapse formation and neurite outgrowth by

activating TrkB signalling in neurons?® 50

Cholesterol and apolipoprotein E

Enhance synaptic function®’ by facilitating presynaptic release! and
dendritic maturation®®

D-Serine

Controls activity dependence of long-term potentiation and long-
term depression®®

(PKC-signalling dependent)

Cell surface | Unknown, possibility integrins

Regulates synaptic receptivity of embryonic neurons® in response
to contact-dependent astrocyte signals®®

y-Protocadherins

Facilitate correct execution of excitatory and inhibitory
synaptogenesis®?

Frog Schwann cell | Secreted TGF-B

Induces neuromuscular junction formations?

Unidentified low-molecular-mass
molecule (not ATP or glutamate)

Enhances synaptic activity at the neuromuscular junction®

C. elegansglia Secreted FIG-1

Regulates sensory organ formation and function®!

Cell surface | UNC-6 (also known as netrin)

Instructs axonal growth and presynaptic assemblyS°
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