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Abstract

In the developing nervous system, synaptic connections are formed in excess and must remodel to
achieve the precise synaptic connectivity characteristic of the mature organism. Synaptic pruning
is a developmental process in which subsets of synapses are eliminated while the remaining
synapses are preserved and strengthened. Recent findings have demonstrated unexpected roles for
glial cells in this developmental process. These data demonstrate that phagocytic glia engulf
synaptic and/or axonal elements in the developing nervous system and disruptions in this process
result in sustained deficits in synaptic connectivity. These new findings highlight the importance
of glia for nervous system development and function and may shed new light on mechanisms
underlying nervous system disease.

INTRODUCTION

The synapse is a structure fundamental for the transmission of electrical and chemical
signals between neurons. In the mature nervous system, synapses form exquisitely precise
connections necessary for neural processing and function. In comparison, the developing
nervous system is characterized by a crude synaptic wiring diagram that must undergo a
significant degree of remodeling. In a process termed synaptic pruning, exuberant synaptic
connections formed early in development are selectively eliminated while the remaining
synapses are maintained and strengthened [1-5]. This may involve the elimination of axonal
input that overshoots its target and/or the elimination of exuberant axonal collaterals
innervating multiple targets [4] (Figure 1). Alternatively, pruning may involve the
elimination of local, intact synapses (i.e., juxtaposed pre and postsynaptic elements) (Figures
1and 2).

Surprisingly, a flurry of recent studies have implicated glia in the remodeling of synaptic
connections in the healthy, developing nervous system. In particular, a role for glia
possessing high phagocytic capacity has emerged. These cells include microglia, astrocytes,
and Schwann cells in mammals and their glial counterparts in Drosophila. Here, we review
recent findings demonstrating critical roles for phagocytic glia in developmental synaptic
pruning.
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Glia and Developmental Synaptic Pruning: Axonal Pruning in the CNS

Some of the first evidence suggesting phagocytic glia were involved in synaptic pruning was
a light and electron microscopy study in the developing cat corpus callosum undergoing
large-scale axonal pruning (Figure 1) [6]. Within a developmental pruning window (E53-
P39), there was an increase in callosal axon degeneration accompanied by the appearance of
microglia and astrocytes containing degenerating axonal material within their cytoplasm.

Since this early work, little is still little known regarding the role of glia in large-scale
axonal pruning in the mammalian CNS. However, elegant work in the developing
Drosophila CNS demonstrated that glia play a key role in axonal pruning during
metamorphosis from a larvae to a mature, adult insect [7-9]. During metamorphosis, y
neuron axons within the larval mushroom body are pruned away and new, adult-specific vy
axons grow to their targets. While local axon degeneration mediated by the intrinsic
ubiquitin-proteosome system (i.e., ecdysone) is an initiating step, two groups demonstrated
that glia participate in this process by engulfing y axons during the pruning period [7,8].
Furthermore, data suggest that these glial cells are not just passively scavenging leftover
debris but rather active participants in the pruning process (Figure 3). First, glial cells
accumulate within the mushroom body lobes prior to detectable degeneration and engulfed
axonal varicosities, thought to be synaptic boutons, before these varicosities became
fragmented [7]. In addition, blocking glial phagocytic function during development (i.e.,
glia-specific shibire mutant) resulted in a y axon pruning deficit; however, it was not clear
whether this effect was sustained into adulthood [8].

To more specifically assess the role of glia in pruning, recent work has genetically targeted
phagocytic pathways in Drosophila glia [9-11]. By deleting the glial engulfment receptor
Draper and downstream signaling molecule dCED-6, glial cell invasion into the larval
mushroom body was blocked. Furthermore, while there is still evidence of y axon
degeneration, larval y axon fibers persist in the adult mushroom body lobes in these mutants.
These results demonstrate that, within the context of the developing Drosophila, glial cells
have a significant and sustained impact on the elimination of axonal inputs. It remains to be
determined if similar mechanisms apply to large-scale axonal pruning in the developing
mammalian CNS.

Glia and Developmental Synaptic Pruning: Axonal Pruning in the PNS

Due to its simplicity, large size relative to its CNS counterpart, and accessibility for live
imaging, the mammalian neuromuscular junction (NMJ) has served as an exquisite model
system for studying pruning in the developing nervous system [1,12]. During early
development, a single NMJ is innervated by multiple motor neuron axons (Figure 1). These
multiple inputs are subsequently prune leaving a single remaining axon to be maintained and
strengthened. One known regulator of this process is neural activity where, by Hebbian
mechanisms, those synaptic inputs that are more active are more likely to retain postsynaptic
territory while less active inputs are eliminated [13-16].

Using the postnatal mouse NMJ, a live imaging and serial electron microscopy (EM)
revealed a role for perisynaptic Schwann cells, glial cells known to ensheath NMJ synapses,
in motor axon pruning [17]. This study demonstrated that motor axons destined for
elimination form large retraction bulbs containing degenerating presynaptic material, which
shed small fragments of presynaptic material termed “axosomes.” During this process,
Schwann cells were observed to enwrap retraction bulbs and engulf previously shed
axosomes. While intriguing, several questions remain. For example, it was unclear whether
Schwann cells were performing an active (i.e., initiating or facilitating retraction and
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pruning of axons) and/or passive (i.e., cleaning up debris) role during the pruning process
(Figure 3). In addition, the molecular mechanisms underlying Schwann cell-presynaptic
input interactions were unknown. Last, it remains unknown if Schwann cells are necessary
for developmental pruning of motor axons.

To address whether Schwann cells were playing a more active role in the activity-dependent
elimination of extranumerary presynaptic inputs at the mammalian NMJ, recent work used
simultaneous calcium imaging in perisynaptic Schwann cells and recording from dually
innervated neuromuscular junctions in the developing mouse [18]. The authors found that
purinergic receptor-mediated intracellular calcium fluxes in Schwann cells reflected the
relative synaptic strength of nerve terminals competing for postsynaptic ‘turf,” suggesting
that Schwann cells are able to detect relative strengths of synapses. However, it remains
unknown whether these calcium fluxes influence physical associations (e.g., phagocytosis)
between the Schwann cell and retracting presynaptic inputs.

Work in Drosophila has addressed more specific molecular mechanisms underlying activity-
dependent glia-axon interactions at the developing NMJ [19]. While relative levels of
activity between presynaptic inputs will result in a selective elimination of less active inputs
and strengthening of more active inputs, globally blocking neural activity in all inputs will
result in a reduced capacity to eliminate synapses and globally increasing activity results in
an increased rate of synapse elimination [1,13-15]. Based on this principle, Fuentes-Medel
et al. activated motor neurons with Channelrhodopsin in developing larvae and observed an
increase in presynaptic debris and unattached presynaptic terminals at the mammalian NMJ
[19]. Similar to the study in mice, this presynaptic material was engulfed by glial cells.
Furthermore, the authors demonstrated that deficits in glia-specific Draper/dCED-6
phagocytic signaling resulted in a sustained accumulation of presynaptic debris. These data
suggest that glia perform an active role in activity-dependent axonal pruning in the PNS by
engulfing presynaptic machinery and axonal arbors destined for removal.

Glia and Developmental Synaptic Pruning: Pruning of local synaptic

circuits

Recent work has revealed that glia also play a key role in pruning of local, intact synaptic
circuits. In contrast to the axonal pruning described above, this more localized synapse
elimination is thought to occur in the absence of significant degeneration and involves the
elimination of exuberant, intact presynaptic inputs (terminals and small axon branches) and/
or postsynaptic dendritic spines (Figure 2). Similar to axonal pruning, activity is known to
drive this process [1-4].

An interesting example of phagocytic signaling regulating local synaptic circuitry is in the
case of retinal pigmented epithelium (RPE), a glial-like cell, that has been shown to
phagocytose photoreceptor outer segments which are chemosensory receptive structures
reminiscent of structural, neuronal synapses [20]. Since this work, emerging evidence
implicates another phagocytic glial cell, microglia, in activity-dependent pruning of local
synaptic circuits throughout the CNS. These cells have long been recognized as resident
phagocytes that clear debris and dying cells in the injured and disease brain. However,
recent fate mapping studies have demonstrated that microglia, which are mesodermal in
origin, enter the CNS during early embryonic development (~E9) [21,22]. Therefore,
microglia are in the CNS at the right time to influence a wide range of developmental
processes, including synaptic pruning.

Using two-photon in vivo live imaging in the mouse, two landmark studies demonstrated
that microglial processes actively survey the extracellular environment (including
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surrounding synapses) in the healthy, intact brain [23,24]. Following this initial work, more
recent live imaging in the anesthetized mouse and electron microscopy studies revealed that
microglia were interacting with synaptic elements in their extracellular environment in a
manner dependent upon spontaneous and experiencedriven neural activation [25,26].

To address how sensory experience regulates microglia-synapse interactions during
development, authors utilized a developmental window of enhanced synaptic remodeling
within the juvenile primary visual cortex (\VV1; i.e., the “critical period’) [26]. During this
developmental window, microglia were observed by live imaging to more frequently
contacted smaller dendritic spines. These smaller spines tended to increase in size upon
microglial contact and were often no longer present during later imaging sessions. In
addition, to test experience-dependent changes in microglia-synapse interactions, mice were
placed in the dark during the V1 “critical period” (P20-P28/P30) followed by re-exposure to
light. Using this dark adaptation paradigm, microglia were observed to more frequently
contact synaptic elements (i.e., dendritic spines, synaptic boutons, synaptic clefts) in
response to changes in visual experience (dark adapted or dark adapted and then re-exposed
to light) as compared to light-reared controls. Furthermore, this increase in synaptic contact
was accompanied by an increase in phagocytic inclusions that resembled synaptic elements
by ultrastructure. These data suggested that microglia may be actively participating in small-
scale, activity-dependent pruning through a phagocytic mechanism. However, the functional
consequences of these microglia-synapse interactions in developing V1 and the underlying
molecular mechanisms are unknown.

Consistent with data from the visual cortex, another study in the postnatal mouse
hippocampus has provided evidence that microglia phagocytose synaptic elements [27].
Immunohistochemistry revealed that vesicles within microglial processes contain
immunoreactivity for pre and post-synaptic components (SNAP25 and PSD95,
respectively). In addition, these authors addressed functional consequences of manipulating
microglia function by assessing mice deficient in the fractalkine receptor (Cx3cr1X0). In the
context of the healthy CNS, Cx3cr1 is specific to microglia and its ligand, fractalkine
(Cx3cl1) is expressed by neurons. Postnatal Cx3cr1XO mice had a transient reduction in
microglial density in the postnatal hippocampus that was temporally correlated with
increases in structural dendritic spine density and immature synapses (measured by
electrophysiology and seizure susceptibility) as compared to wild-type controls. Importantly,
as microglial density returned to normal at later postnatal ages in Cx3cr1K© mice, spine
density and synapse maturation returned to wild-type levels. While correlative at this point,
these data offer a potential functional role for microglia in maturation of hippocampal
synapses. It remains to be determined if this delayed synapse maturation is due to a deficit in
the physical elimination of synapses or another mechanism. Furthermore, these data offer
fractalkine signaling as a potential mechanism by which microglia may be interacting with
synapses in the healthy, developing CNS. Given the transient decrease in microglia density,
it may be that Cx3cr1 is working as a signal to recruit microglia to synaptic sites. However,
because the effects were not sustained into adulthood, these data demonstrate that other
molecular mechanisms must be involved.

Increasing evidence implicates other immune-related molecules in developmental synaptic
pruning [28,29]. Included in these repertoire of immune molecules are the classical
complement cascade components C1g and C3, which have been shown to mediate synapse
elimination in the developing mouse visual system [30]. However, until recently, it was
unclear precisely how these molecules traditionally associated with peripheral immune
system function were mediating synaptic pruning. In the innate immune system, C1q and C3
work as opsins that “tag” unwanted cellular material (e.g. invading bacteria, cellular debris,
etc.) for removal by either cell lysis or clearance by professional phagocytes (e.qg.,
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macrophages) [31]. It was hypothesized that C1q and/or C3 could be ‘tagging’ synapses for
removal in the developing brain followed by elimination by microglia, the resident CNS
phagocyte. This hypothesis was recently tested in the developing mouse retinogeniculate
system, a classic system for studying synapse elimination in the CNS [32-35]. The
retinogeniculate system is comprised of retinal ganglion cells (RGCs) that project to the
dorsal lateral geniculate nucleus (dLGN) of the thalamus. During early postnatal
development, RGC presynaptic inputs within the dLGN undergo activity-dependent synaptic
pruning to achieve the precise connectivity characteristic of the adult system [33,34] (Figure
2). Using this system, high resolution confocal microscopy and EM showed that microglia
engulf RGC presynaptic inputs during the peak of early postnatal retinogeniculate pruning in
a complement-dependent manner [35]. Specifically, it was demonstrated that mice deficient
in complement component C3, which was enriched at synapses, or its receptor complement
receptor 3 (CR3), a surface receptor specific to microglia in the context of the healthy CNS,
resulted in a ~50% deficit in the ability of microglia to engulf presynaptic inputs.
Furthermore, consistent with microglial involvement in activity-dependent synaptic pruning,
engulfment was regulated by neural activity. When activity was either pharmacologically
blocked (TTX) or increased (forskolin) in one eye, microglia preferentially engulfed
presynaptic inputs from the less active eye. Accompanying the engulfment phenotype, CR3
KO and C3 KO mice also had an increase in structural synapses that was sustained into
adulthood. These data demonstrate that microglia engulf synaptic elements in the postnatal
brain in an activity and complement-dependent manner and disrupting this phagocytic
signaling results in sustained pruning deficits.

Several questions arose out of this work. One question was whether the upstream
component, C1q, could regulate microglia-mediated engulfment. As a result, very recent
data has now demonstrated that mice deficient in C1q and its upstream regulator TGF-beta
have deficits in microglia-mediated engulfment of presynaptic inputs [36¢]. Intriguing
questions remain as to whether complement molecules are regulated by neural activity and
whether complement-dependent and/or other phagocytic immune signaling regulates
engulfment of synapses in other brain regions. Indeed CR3 and C3 KO mice have ~50%
phenotype in the retinogeniculate system, data which suggests other pathways are involved.
Some interesting candidate pathways are fractalkine, which appears to be involved in
synapse development in the hippocampus, and MHC class | molecules, which are immune
molecules that have previously been shown to regulate synaptic pruning [27¢, 37, 38, 39
and 40]. Last, it is unknown whether astrocytes, which also have phagocytic capacity, play a
role in this system. Future work is necessary to address these important questions.

Conclusion

It is becoming increasingly clear that glia are active participants in synaptic pruning.
Importantly, phagocytic signaling is emerging as a primary mechanism. In the developing
Drosophila, glia engulf presynaptic terminals and axonal debris during developmental
pruning in a Draper/dCED-6-dependent manner. At the developing mammalian NMJ,
Schwann cells perform a similar function by an unknown mechanism. Finally, microglia
have emerged as active participants in activity-dependent pruning of local synaptic circuits
in the mammalian CNS through, in part, complement-dependent phagocytic signaling.

While these new findings offer significant insight into a cellular mechanism underlying
activity-dependent synaptic pruning, several critical questions remain. First, engulfment of
synaptic elements by phagocytic glia in the CNS has never been captured in real time.
Therefore, it remains unclear whether glia are actively engulfing intact pre and postsynaptic
components destined for elimination or rather more passively engulfing debris following
cell-autonomous retraction and/or degeneration (Figure 3). Second, the molecular
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mechanisms underlying glia-mediated phagocytosis of synaptic elements are still relatively
unknown. While it is clear in the Drosophila that the Draper pathway is involved, it still
remains to be determined whether the homologous pathway is involved in pruning in the
mammalian system. In addition, it is unclear whether complement-dependent phagocytosis
or other, yet to be identified phagocytic pathways, are involved in pruning throughout the
developing nervous system. Third, while disrupting microglial phagocytic function (CR3
and C3 KOs) results in a sustained deficit in synaptic pruning in the dLGN and a transient
decrease in microglia density (Cx3cr1KO) results in a temporally correlated delay in synapse
maturation in the hippocampus, the functional consequences of glia-synapse interactions
throughout the rest of the CNS and PNS are unknown. Last, while very early evidence
suggests that astrocytes may be engulfing axonal debris during large-scale pruning of CNS
callosal projections, it remains to be determined if these cells are active contributors to
pruning throughout the CNS. Given astrocytes express many phagocytic receptors [41],
these glial cells are a highly provocative candidate to work along with microglia to remove
excess synapses by phagocytosis.

Answers to the questions outlined above will offer significant insight into the basic
biological mechanisms underlying activity-dependent synaptic pruning in the developing
nervous system as well as synaptic plasticity associated with mature nervous system
function (e.g., learning and memory). Furthermore, synapse loss and glial cell activation
have been linked to several diseases ranging from neuropsychiatric disorders to
neurodegenerative disease [28,31,42-50]. Thus, elucidating mechanisms underlying
developmental synaptic pruning in the healthy nervous system will most certainly have far-
reaching implications.
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Figure 1. Axonal pruning in the nervous system

(a) A presynaptic input (orange) with interstitial branches overshoots its target or is
inappropriately targeted. Subsequently this input and small branches are pruned and
remaining interstitial branches are elaborated (e.g., callosal projections). (b) A presynaptic
input (orange) forms synapses on a postsynaptic target during early development (purple).
These synaptic connections are subsequently eliminated and reform to form circuitry
necessary for processing in the mature animal (e.g., Drosophila mushroom body). (c) Axon
pruning involving the elimination of an axon collateral (orange and green dotted lines) from
the postsynaptic target (purple) (e.g., NMJ). In all cases, axon pruning is driven by neural
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activity. Those synapses that are more active (lightning bolts) are maintained and
strengthened.
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Figure 2. Pruning of local synaptic circuitsin the CNS

(a) Small scale pruning (e.g., visual cortex) can involve the local elimination of dendritic
spines (light purple) and axon terminals (gray). Those presynaptic inputs (black) that are
more active (lightning bolts) will be maintained and strengthened. (b) In the case of the
retinogeniculate system, RGCs form transient, weak presynaptic inputs that innervate
primarily the soma of postsynaptic dLGN relay neurons. Inputs from both eyes (red and
green) are intermingled. During developmental pruning, smaller branches from both eyes
that are less active (dotted lines) are removed. The remaining inputs that are more active
(lightning bolts) are maintained, elaborated, and strengthened to form eye-specific territories
within the dLGN.
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Figure 3. Models of glia-mediated synaptic pruning

In both cases, glial cells may be attracted to sites of activity-dependent pruning by a local,
soluble recruitment signal (orange circles; e.g., Cx3cl1) which binds receptors (orange
squares; e.g., Cx3cr1) on the glial cell surface. Subsequently, glia engulf synaptic and/or
axonal material through a local “eat-me” signal (red starbursts; e.g., C3) localized to the
synapse and/or axon. This engulfment is mediated via a corresponding receptor (red
rectangle; e.g., CR3, Draper, etc.) localized to the glial cell surface. The remaining, more
active synapse (lightning bolt) is maintained and strengthened. This process could occur
through local elimination of (a) intact, pre and postsynaptic components and/or (b) following
intrinsic, degeneration (dotted line) of presynaptic components.
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