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Abstract

The assembly of functional neural circuits requires the combined action of progressive and
regressive events. Regressive events encompass a variety of inhibitory developmental processes,
including axon and dendrite pruning, which facilitate the removal of exuberant neuronal
connections. Most axon pruning involves the removal of axons that had already made synaptic
connections, thus, axon pruning is tightly associated with synapse elimination. In many instances
these developmental processes are regulated by the interplay between neurons and glial cells that
act instructively during neural remodeling. Owing to the importance of axon and dendritic
pruning, these remodeling events require precise spatial and temporal control, and this is achieved
by a range of distinct molecular mechanisms. Disruption of these mechanisms results in abnormal
pruning, which has been linked to brain dysfunction. Therefore, understanding the mechanisms of
axon and dendritic pruning will be instrumental in advancing our knowledge of neural disease and
mental disorders.

Keywords
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INTRODUCTION

Establishment of proper connections in the developing brain is essential for perception,
language, thought, consciousness, learning and memory. Although neural circuits are
initially assembled through progressive events that include cell migration, neuronal process
growth, target recognition, and synaptogenesis, regressive events play crucial roles in neural
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NOTE ADDED IN PROOF

A recent study (Kakegawa et al. 2015) sheds light on molecular mechanisms that underlie the later stages of CF elimination in the
establishment of CF-PC connectivity. C1gl1, a component of the innate immunity system, is expressed by CFs, signaling in an
anterograde fashion to establish and also maintain single winner CF connections to PCs. C1ql1 signals through the brain-specific
angiogenesis inhibitor 3 (Bai3) receptor, which is expressed on PCs. Loss of either C1ql1 or Bai3 in vivo results in failure to eliminate
less dominant CF inputs and defects in motor learning (Figure 2). This work provides interesting links between synapse elimination in
the cerebellum and in other CNS circuits, most notably in the retinogeniculate system. It will be interesting to determine how the
action of C1ql1 is coordinated with the other signaling events that contribute to CF pruning that we discuss in this review.
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circuit refinement. Regressive events encompass a variety of processes such as synapse
elimination, dendritic spine constraint, and axon and dendrite pruning. Axon pruning events
facilitate the removal of exuberant axonal branches, many of which have already formed
functional synaptic connections prior to their removal (Liu et al 2005, Low et al 2008).
Thus, synapse elimination usually precedes pruning. Disruption of normal pruning events
during circuit maturation and refinement can lead to brain dysfunction and neurological
disease. On the other hand, excessive cortical pruning during puberty is strongly correlated
with the early onset of schizophrenia (Lewis & Levitt 2002). Furthermore, certain axon
pruning events and pathological neural degeneration events show striking histological
resemblance to one another, implying that the underlying molecular mechanisms might be
similar. Therefore, uncovering mechanisms that direct pruning is instrumental for advancing
our knowledge about normal brain development, mental disorders and neuronal
regeneration. Here, we review the current understanding of axon pruning and related
regressive events, and we reflect upon potential implications of these processes in the
context of neural pathology.

AXON PRUNING AND SYNAPSE ELIMINATION: GENERAL
CONSIDERATIONS

Regressive events occur during the development of many neural circuits and provide a
means to refine preexisting circuits. Synapse elimination and axon pruning are widespread
in the central nervous system (CNS) and have also been observed in the peripheral nervous
system (PNS). While it is not clear why exuberant connections are made in the first place,
one possible explanation is the limited availability of unique cues to establish a myriad of
specific mature circuits. Given these limited resources, sequential steps of circuit
establishment and refinement allow for fine tuning of connections. Another reason for the
establishment of more connections than are ultimately needed is to allow for activity-
dependent sculpting of neural circuits and refinement of connections through competition.
Finally, these exuberant connections themselves may play functional physiological or
structural roles during early development, and though important during larval or embryonic
stages they must be refined or eliminated prior to adulthood.

There are two basic types of axon pruning: pruning of short axon terminal branches and
stereotyped pruning of long axons. The former normally involves integration of
environmental factors such as trophic support or neuronal activity, however, during
stereotyped pruning elimination of axons is genetically predetermined. Several examples of
the first class can be found in the PNS. Sensory and sympathetic axons compete for
neurotrophic support provided by intermediate and final targets (Hamburger & Levi-
Montalcini 1949, Harrington & Ginty 2013, Levi-Montalcini 1987). This competition is
enhanced by the presence of punishment signals that further penalize the losing axons,
ultimately resulting in their removal (Deppmann et al 2008). In most instances, pruning of
sensory and sympathetic axons is accompanied by apoptosis (Harrington & Ginty 2013,
Levi-Montalcini 1987). Motor axons also compete for occupancy of the neuromuscular
junction (NMJ), and after a period of competition mediated by neuronal activity individual
muscle fibers end up innervated by a single motor axon (Balice-Gordon & Lichtman 1994,
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Colman et al 1997, Walsh & Lichtman 2003). A classic example of short axon collateral
pruning in the developing CNS is the refinement that occurs in the climbing fiber circuit of
the cerebellum (Crepel et al 1976, Mariani & Changeux 1981). This process is mostly
dependent on neuronal activity, similar to the NMJ. Initially, multiple climbing fibers
innervate a single Purkinje cell. However, during the first postnatal weeks only one climbing
fiber remains associated with each Purkinje cell and translocates to the Purkinje cell
dendritic arbor, while CF axons that remain on the Purkinje cell soma are lost (Altman 1972,
Chedotal & Sotelo 1992).

Many examples of large-scale stereotyped pruning are found throughout CNS development.
These pruning events can be further subdivided into two classes based on anatomical and
histological observations: (1) degenerative-like axon elimination, in which axons become
fragmented during the course of pruning; and (2) retraction-like pruning, whereby axons
draw back without shedding axon fragments. Examples falling into the first class include
axon remodeling in the Drosophila mushroom body (MB) (Lee et al 1999), and in mammals
the removal of visual cortical spinal tract projections (Stanfield et al 1982) and over
extending retinocolicular projections (McLaughlin et al 2003). An example of retraction-like
axon pruning in the rodent CNS is the pruning of the hippocampal infrapyramidal tract (IPT)
during postnatal development (Bagri et al 2003). These and other examples of axon pruning
and synapse elimination, and also the mechanisms that underlie these regressive events, will
be discussed in detail below.

MOLECULAR MECHANISMS OF NEURONAL PROCESS PRUNING AND
SYNAPSE ELIMINATION

Pruning of axons and synapses can be triggered by many intrinsic and extrinsic factors.
However, these processes must be tightly regulated to generate precise circuit organization.
What are the molecular mechanisms that underlie these developmental processes? Genetic
and biochemical studies implicate activation of pro-apoptotic caspases, the proteosome-
ubiquitin pathway, repulsive guidance cue signaling, neuronal activity, and growth-
promoting signaling in developmental pruning events.

Self destruction pathways

Recent studies highlight the importance of the caspase cascade in axon pruning and synapse
elimination. Caspases are well known integral regulators of apoptosis, and they can be
activated by a variety of cell death pathways (Denault & Salvesen 2002). Extracellular
triggers involve the activation of receptors such as Fas, TNFa receptor 1 (TNF-R1), and
other death receptors (DRS) by their respective ligands (Haase et al 2008). One such
receptor, the orphan-receptor DR6, binds to amyloid precursor protein (APP) to regulate
degeneration-like pruning in the PNS and CNS (Nikolaev et al 2009, Olsen et al 2014).
Activation of the same caspase-dependent signaling pathway is observed when both sensory
and sympathetic axons are deprived of neurotrophic factors (Cusack et al 2013, Nikolaev et
al 2009, Simon et al 2012). This type of degeneration-like pruning requires classical
apoptotic signaling, including the apoptotic factor Bcl2-associated X protein (Bax) and also
Caspase-9 activation of Caspase-6 and Caspase-3. However, in contrast to apoptosis, this
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signaling event does not require apoptotic protease activating factor 1 (APAF1) (Cusack et
al 2013, Simon et al 2012). In the presence of neurotrophic support, axons are protected by
the axon-specific translation of B cell lymphoma w (Bclw), a Bax inhibitor (Cosker et al
2013). Interestingly, although caspases are involved in cell death and degeneration-like
pruning, they are dispensable for Wallerian degeneration (WD), the programmed
degeneration of the axonal fragment distal to a PNS or CNS injury site (discussed below).

Competition for neurotrophic support is a key driving force for circuit assembly and
refinement in the PNS. Seminal experiments done by Hamburger and Levi-Montalcini
demonstrated the requirement for target derived neuron survival factors (Hamburger & Levi-
Montalcini 1949, Levi-Montalcini 1987), establishing a foundation for the neurotrophic
factor hypothesis (Oppenheim 1989). This hypothesis states that neurons compete for
limited target-derived survival factors. The ‘winning’ neurons achieve a competitive
advantage and survive, while neurons that fail to compete initially loose their axons by
degeneration-like pruning and later die. Neurotrophins, the best characterized of these
target-derived survival factors, signal through specific tyrosine-kinase receptors and have
been long known to sculpt PNS and CNS circuits (Harrington & Ginty 2013). It is
interesting to note that neurotrophin deprivation triggers axon pruning and cell death in a
caspase-dependent manner (Cusack et al 2013, Simon et al 2012). Because neurotrophin
deprivation-induced pruning usually accompanies cell death, it is often hard to distinguish
between these two developmental events.

An interesting example of PNS circuit refinement that sheds light on this issue is the
sexually dimorphic innervation of the murine mammary gland (Figure 1). The neurotrophin
brain-derived neurotrophic factor (BDNF) is secreted by the mammary mesenchyme and is
required for establishing mammary gland sensory innervation in both sexes at early
embryonic developmental stages (Liu et al 2012). These effects of BDNF on sensory axon
innervation of the developing mammary gland are mediated by the TrkB receptor tyrosine-
kinase (RTK). Later in development, androgens promote expression of a truncated TrkB
receptor isoform lacking its cytoplasmic signaling domain in the mammary mesenchyme of
males, but not in females (Klein et al 1990, Liu et al 2012). This attenuates BDNF-TrkB
signaling in the sensory axons of male embryos and leads to a rapid loss of mammary gland
innervation that is independent of neuronal apoptosis. Thus, sex hormone regulation of
BDNF-TrkB signaling directs sexually dimorphic refinement of sensory innervation, which
ultimately results in the generation of a sex-specific neural circuit. Since formation of
sexually dimorphic mammary gland sensory circuitry is not due to apoptotic loss of male
sensory neurons, these data reveal a distinction between BDNF deprivation-mediated cell
death and axon pruning.

The ubiquitin proteosome system (UPS) provides another example of a self-destruction
pathway that participates in axon and dendritic pruning (Hoopfer et al 2006, Kuo et al 2005,
Watts et al 2003). Activation of the UPS is required for mushroom body (MB) remodeling
in the brains of Drosophila pupae. After larval MB circuit establishment, two classes of MB
neurons (a’/p’ and v) elaborate axonal projections. However, in early pupae, y neuron axons
and dendrites are selectively pruned, while o’ and B’ projections remain intact through
metamorphosis (Yu & Schuldiner 2014). MB pruning proceeds through local neurite
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1duosnuely Joyiny |AHH duosnuely Joyiny [INHH

1duosnuey Joyiny [INHH

Riccomagno and Kolodkin Page 5

degeneration, starting with dendrites and followed by axons (Watts et al 2003, Yu &
Schuldiner 2014). The whole process of MB remodeling is ecdysone-dependent and requires
a functional UPS, and in the absence of either the ubiquitin activating enzyme (E1), or two
of the proteosome subunits, severe axon pruning defects occur. The ubiquitin E3 ligase
complex, which includes the core proteins Cullinl and Slimb, is also necessary for MB
pruning (Wong et al 2013). This same molecular machinery is required during dendrite
severing of dendritic arborization (da) neurons, which are sensory neurons that extend their
dendrites along the epidermis. Interestingly, the substrate-recognition protein Slimb
functions during da dendritic pruning by promoting ubiquitination of Akt, an activator of the
PI3K/TOR signaling pathway. AKT ubiquitination leads to its degradation and also
inactivation of the PI3K/Tor pathways. These results suggest a functional link between the
UPS and PI3K/TOR signaling pathways during neural circuit remodeling.

Although many of the molecular effectors used during axon pruning are also required for
dendrite pruning, there are some interesting differences. Inactivation of PI3K/Tor signaling
pathways is required for da dendrite severing in the body of developing Drosophila pupae,
but not for MB axon pruning (Wong et al 2013, Yu & Schuldiner 2014). Another example
of a molecular distinction between axon and dendrite remodeling is the requirement for the
flavoprotein oxidoreductase Mical during da dendritic pruning, but not during MB axon
remodeling (Kirilly et al 2009). Although some of these differences can be attributed to
intrinsic characteristics of MB and da neurons, fundamental differences in microtubule
polarity between dendritic and axonal compartments likely underlie some of the signaling
distinctions between the pruning of axons and dendrites. Electron microscopic ultrastructural
analysis revealed that axons of mature vertebrate neurons contain microtubules that are
oriented exclusively with plus-ends projecting away from the soma, whereas the dendrites
contain microtubules with mixed polarity (Baas et al 1988). More recently, using dynamic
imaging of MTs it was shown that polymerization of MTs in mature neurons occurs almost
exclusively in the anterograde direction for axons, while both anterograde and retrograde
polymerization was observed in dendrites (Kollins et al 2009). It is therefore not surprising
that although many signaling events in dendrite and axon pruning are shared, there are
differences that likely reflect unique cytoskeletal architecture and compaosition between
axons and dendrites.

Repulsive guidance cue signaling and pruning

During early neural development axons navigate the extracellular milieu guided by attractive
and repulsive cues. These attractive and repulsive guidance cues are reused throughout
neural development and into adulthood, and they mediate a myriad of cellular guidance
events ranging from cell migration to circuit refinement. Of particular interest is the function
of repulsive cues during axon pruning and synapse elimination. Two families of repellents
play major roles during the later stages of circuit refinement and maturation: semaphorins
and ephrins.

The role of semaphorin (Sema) signaling during initial circuit assembly in vertebrates and
invertebrates is well documented (Bashaw & Klein 2010, Koropouli & Kolodkin 2014,
Pasterkamp & Giger 2009). Intriguingly, semaphorins are expressed in many regions of the
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CNS well after axons have arrived at their targets. This raises the possibility of these
guidance cues playing later roles in circuit maturation and refinement. One member of the
Class 3 secreted Semas, semaphorin 3F (Sema3F), participates in axon pruning and synapse
constraint in several brain regions (Bagri et al 2003, Koropouli & Kolodkin 2014, Low et al
2008, Tran et al 2009). For example, Sema3F acts through its holoreceptor complex
comprised of neuropilin-2 (Npn2) and plexin A3/plexin A4 (PlexA3/PlexA4) to direct the
pruning of visual corticospinal tract axons in the mouse (Low et al 2008). During late
embryogenesis and early postnatal development, axons extending from layer V pyramidal
neurons in the visual cortex project along with layer V axons from the motor cortex into the
spinal cord (Stanfield et al 1982). However, during the second postnatal week transient
synapses previously formed by layer V visual cortical axons in the spinal cord are
eliminated, and these axons are removed by Npn2-dependent degeneration-like stereotyped
pruning (Low et al 2008).

Sema3F also participates in the stereotyped pruning of axons that originate in the
hippocampal dentate gyrus (DG) and extend beneath the main mossy fiber bundle in the
infrapyramidal tract (IPT), which is also known as the infrapyramidal bundle (Bagri et al
2003). The IPT forms synapses on basal dendrites of CA3 pyramidal neurons (Liu et al
2005). Stereotyped pruning of the IPT occurs during postnatal murine development by
neurite retraction and superficially resembles axon repulsion (Bagri et al 2003). This
retraction-like pruning event is accompanied by synapse elimination within the IPT (Liu et
al 2005). Sema3F is required for IPT axon pruning and synapse elimination, in addition to
dendritic spine remodeling and repulsion of DG axons (Bagri et al 2003, Liu et al 2005,
Sahay et al 2003, Tran et al 2007). The underlying signaling events that regulate IPT
pruning involve the inhibition of the small G-protein Racl by the Rac GTPase activating
protein (GAP) f2-Chimaerin (32Chn), an event that is essential for Sema3F-mediated IPT
axon pruning (Riccomagno et al 2012). 2Chn selectively binds to the cytoplasmic domain
of the Sema3F receptor neuropilin-2 (Npn-2), and activation of B2Chn by Sema3F is
necessary for pruning both in vitro and in vivo. However, $2Chn is dispensable for axon
repulsion and also for DG dendritic spine remodeling. This selective requirement for $2Chn
in IPT pruning defines a mechanistic distinction among axon pruning, repulsion, and
dendritic spine remodeling, all of which are mediated by the same chemorepellent, Sema3F.
Taken together, these studies reveal the important roles of secreted semaphorins in postnatal
axon pruning and circuit refinement.

A second family of repulsive cues, the ephrins and their Eph receptors, also plays key roles
during axon pruning and refinement of CNS circuits. Ephrins act as ligands for Eph
receptors (forward signaling), and also as receptors for Ephs (reverse signaling) (Klein
2012). Ephrin-Eph forward and reverse signaling play crucial roles in retinocollicular circuit
establishment and refinement (Cang & Feldheim 2013, Feldheim et al 1998, McLaughlin &
O'Leary 2005). Retinal ganglion cells (RGCs) are the only cell type in the retina that
projects axons to the brain, and initially RGC axons extend along the length of the SC and
sprout axon collaterals in their target area (Nakamura & O'Leary 1989, Simon & O'Leary
1990). Later during visual system development, an ephrinA-EphA counter-gradient in the
SC acts instructively in the fragmentation-mediated degeneration-like pruning of
overshooting RGC axons, setting up a template for topographic map formation. The roles of

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2016 November 13.
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ephrins and Ephs in retinorecipient topographic mapping have been extensively reviewed
and so will not be discussed here in detail (Cang & Feldheim 2013, McLaughlin & O'Leary
2005). Refinement of these rough topographic maps is provided by spontaneous waves of
neural activity in the retina (Cang et al 2008). These retinal waves during the first postnatal
week require cholinergic neurotransmission, and normal patterns of retinal activity are
disrupted in the absence of the f2 subunit of the nicotinic acetylcholine receptor (Feller et al
1996, Picciotto et al 1995, Xu et al 1999). In B2/~ mice, several facets of dLGN and SC
circuit remodeling are distorted, including retinotopy and segregation of inputs from each
eye (Cang & Feldheim 2013, Cang et al 2005, Grubb et al 2003, McLaughlin et al 2003,
Muir-Robinson et al 2002). This demonstrates a strong correlation between waves of neural
activity and retinorecipient circuit remodeling. Thus, the combination of cholinergic waves
and ephrinA signaling facilitates the establishment of topographic maps, highlighting the
importance of the coordinated actions of neural activity and guidance-cue signaling during
circuit refinement by axon pruning.

Ephrin signaling also participates in synapse elimination and refinement in several regions
of the forebrain. Recent data suggest that reverse ephrinB signaling participates in
hippocampal IPT remodeling (Xu & Henkemeyer 2009). EphB1, EphB2 and EphB3 act as
redundant ligands for presynaptically expressed ephrin-B3 during IPT pruning. This process
requires tyrosine phosphorylation-dependent reverse signaling mediated by the adaptor
protein Grb4. Grb4, in turn, recruits effectors that activate Racl signaling. Ephrin-B3 also
acts as a postsynaptic receptor in CA1 pyramidal neurons to mediate dendritic branch and
spine constraint, and these effects are also mediated, in part, by Grb4-mediated activation of
Rac1(Xu et al 2011). As described above, Sema3F acts instructively by activating a Rac-
GAP, f2-Chimaerin, to direct IPT pruning (Riccomagno et al 2012). Given the opposing
activities of Sema3F and Eph-reverse signaling on Racl activation, tight temporal and
spatial regulation of Rac activity is likely important for IPT pruning. Rac activation has been
shown to be a prerequisite for PlexinAl activation during DRG axon guidance (Toyofuku et
al 2005). Thus, one possibility is that Rac activation by EphB/Grb4 acts to keep PlexinA3
competent to signal. Subsequently, Sema3F expressed by interneurons in the distal
infrapyramidal region triggers IPT pruning by binding to the Npn2/PlexA3 holoreceptor,
activating f2Chn and inhibiting Racl activity.

Recent work in zebrafish highlights the importance of heparan sulfate proteoglycans
(HSPGs) during the degeneration-like pruning events that eliminate mis-sorted axons in the
optic tract during retinotectal development (Poulain & Chien 2013). HSPGs act non-cell-
autonomously to correct mis-sorted axons, however whether HSPGs act directly on
misrouted axons as a signaling cue or indirectly by modulating repulsive guidance cue
signaling remains to be determined. It is intriguing that although HSPGs are known to
modulate ephrin, slit and semaphorin signaling, guidance cue pathways with known roles in
topographic mapping and retinal axon guidance (Cang & Feldheim 2013, Cho et al 2012, de
Wit & Verhaagen 2007, McLaughlin & O'Leary 2005, Van Vactor et al 2006), HSPGs do
not seem to be involved in ordering axonal projections along the optic tract (Poulain &
Chien 2013).

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2016 November 13.
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Neuronal activity and pruning — molecular effectors

Neuronal activity plays a significant role in sculpting neural circuits. Neuronal activity can
drive changes at single synapses, strengthening or weakening individual connections, but it
can also act as a powerful regulator of overall circuit organization and function in the
context of complex neural networks. A classical example of activity-dependent circuit
maturation, pruning and refinement in the CNS is the postnatal development of the climbing
fiber (CF) system in the cerebellum. Climbing fibers (CFs) originate in the inferior olive and
make synaptic contacts with Purkinje Cells (PCs) in the cerebellum. Initially, each PC
receives somatic innervation from multiple CFs with similar strength (Crepel et al 1976,
Mariani & Changeux 1981). During the first weeks after birth, CFs undergo extensive axon
pruning, and the synapses formed by the “weaker” CFs are progressively removed. By the
end of this pruning period, a single “winning” CF will take over the PC dendritic field and
completely displace the weaker CFs (Altman 1972, Chedotal & Sotelo 1992, Watanabe &
Kano 2011). In the mature cerebellum, a single CF will form hundreds of synapse on the
proximal dendrite of the PC by wrapping around it, making the CF-PC connection one of the
strongest excitatory connections in the CNS (Ito 1984, Watanabe 2008). Depolarization of a
single CF strongly depolarizes the PC that it innervates and triggers Ca2* entry (Kano et al
1992, Regehr & Mintz 1994). CFs play a critical role in motor learning, and disruption of
CF pruning has severe neuropathological consequences that include ataxia (Watanabe &
Kano 2011).

Neural activity is the main driving force for sculpting connectivity in the CF system.
Translocation/extension of CFs on to PC dendrites is an activity-dependent process:
administration of tetrodotoxin or AMPA receptor blockers leads to CF atrophy even in adult
rats and mice (Bravin et al 1999, Cesa et al 2007, Kakizawa et al 2005). CF presynaptic
activity followed by Ca2* influx into the PC and activation of Ca2* -dependent signaling
constitute key events during the early phases of CF synaptic pruning. Early postnatal
alteration of normal CF activity patterns resulting from pharmacological application of
harmaline, or genetic manipulation by transgenic overexpression of a chloride channel,
results in multiple CFs innervating individual PCs (Andjus et al 2003, Lorenzetto et al
2009). Not surprisingly, PC-specific genetic ablation of CAv2.1, the pore forming subunit of
a P/Q type voltage dependent Ca2* channel that accounts for the major CaZ* current in PCs
(Mintz et al 1992, Stea et al 1994), results in a severe impairment of CF synapse elimination
during the early pruning phase (Hashimoto et al 2011). How these changes in PC neural
activity are communicated to the CF is discussed below. The end result of this activity-
dependent CF homosynaptic competition is that only the CF with the strongest synaptic
connection to the PC is allowed to extend axon branches to PC dendrites (Altman 1972,
Chedotal & Sotelo 1992, Hashimoto et al 2009a).

Following extension of CF axons along the dendrites of the PC to which it is most strongly
connected, the early phase of synapse elimination begins in which somatic synapses formed
by both stronger and weaker CFs are non-selectively eliminated. This is accompanied by
further distal extension of axon branches from the stronger CF (Hashimoto et al 20093,
Hashimoto et al 2009b). As a result, weaker CFs that have only established synapses on to
the PC soma are further weakened, while stronger CFs become comparatively stronger since

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2016 November 13.
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they have already formed synapses on the PCs dendritic arbors. After the second postnatal
week in the mouse, a second phase of CF synapse refinement that is dependent upon normal
parallel fiber (PF) innervation of PCs begins (Crepel et al 1981). PFs are the bifurcated
axons of cerebellar granule cells (GCs), and they innervate distal PC dendrites. Although
each PC receives up to 108 PF synapses, individual PFs only make a few synapses onto each
PC (Napper & Harvey 1988). CF elimination in this later phase is driven by heterotypic
competition with PFs. Early genetic studies of spontaneous mutants revealed that normal
formation of PF-PC synapses is essential for CF synapse elimination (Crepel & Mariani
1976, Mariani et al 1977, Watanabe & Kano 2011). If either GCs or PF-PC contacts are
disrupted, CF synapse elimination does not proceed normally (Crepel & Delhaye-Bouchaud
1979, Hashimoto et al 2009b). PF-PC innervation acts in two ways to drive this later phase
of CF pruning: first, it restricts CF innervation trans-synaptically through a cerebellin-1
(CblInl)/glutamate receptor 62 (GluR&2)-dependent process; second, neural activity
transmitted trough the PF-PC circuit activates a metabotropic glutamate receptor 1
(mGIluR1) signaling cascade in PCs that drives the perisomatic elimination of CF synapses
(Hashimoto et al 2001, Ichise et al 2000, Kakizawa et al 2000, Kano et al 1997). Thus,
neural activity, first in the CF-PC pathway and later in the PF-PC pathway, is a powerful
driving force for both phases of CF refinement (Figure 2).

Although much emphasis has been placed on identifying factors acting in postsynaptic PCs
that regulate CF pruning, very little is known about the molecular mechanisms that instruct
the presynaptic CFs to prune. In this regard, a signal produced by the PC in response to
mGIuR1 activation has been proposed to trigger the nonselective elimination of perisomatic
CF synapses during the second phase of pruning, but the identity of this signal/s has
remained elusive (Watanabe & Kano 2011). One idea is that repulsive cues secreted by the
PCs in an activity dependent manner contribute to the CF selection process. Recent work
highlights the importance of Sema7a, a GPI-linked semaphorin, in this process (Uesaka et al
2014). Knock-down of Sema7A in PCs, or its receptors PlexinC1 and f1-Integrin in CFs,
results in impaired CF elimination during the later phase of refinement. Another semaphorin
secreted by PCs, Sema3A, apparently acts in an opposing fashion by stabilizing CF synapses
(Uesaka et al 2014). Interestingly, Sema7A expression is reduced in the absence of mGIuR1,
and overexpression of Sema7A can rescue the effects of mGIuR1 knock-down in PCs,
suggesting that Sema7A acts downstream of mGIuR1 during the second phase of CF
pruning to influence CF innervation of PCs (Uesaka et al 2014) (Figure 2). Overall, these
data reveal essential crosstalk between neural activity and repulsive guidance cues during
cerebellar circuit refinement.

Transcriptional control of axon pruning

A well-studied example of degeneration-like pruning is the stereotyped pruning of
Drosophila mushroom body (MB) y neurons during metamorphosis (Yu & Schuldiner
2014). Although the final steps of v neuron pruning events are executed by the UPS, as
described above, the initiation of this process is tightly controlled by transcriptional cascades
(Watts et al 2003, Yu & Schuldiner 2014). The TGF-f ligand myoglianin (Myo), acting
through its receptor baboon (Babo), promotes the expression of ecdysone receptor isoform
B1 (EcR-B1) in y neurons, but not in a’/p’ neurons (Awasaki et al 2011, Zheng et al 2003).
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Recently, an immunoglobulin superfamily (IgSF) transmembrane protein called Plum was
shown to facilitate Myo signaling upstream of Babo (Yu et al 2013). Plum, like Myo and
Babo, is essential for ECR-B1 expression and pruning. ECR-B1 and ultraspiracle (USP) form
a nuclear hormone receptor complex that, when bound by the molting hormone ecdysone,
triggers the onset of pruning by activating downstream transcriptional pruning programs
(Lee et al 2000). This results in the expression of the transcription factor Sox14, which in
turn regulates expression of the aforementioned E3 ubiquitin ligase Cullinl (Kirilly et al
2011, Wong et al 2013). A Myo/Plum/Babo/EcR-B1 pathway also participates during
refinement of synaptic arborizations at the neuromuscular junction (NMJ) in Drosophila, but
to what extent the same downstream effectors participate in MB pruning and NMJ
remodeling is not known (Yu et al 2013).

A signaling cascade that results in transcriptional control of developmental axon pruning has
also been described in mammals, albeit in the context of a different set of signaling
components (Chen et al 2012). The kinase Gsk3f, which among its many functions
participates in the regulation of transcriptional programs (Hur & Zhou 2010), is required for
NGF deprivation—induced sensory DRG neuron degeneration in vitro and developmental
pruning in vivo (Chen et al 2012). Using Campenot chambers it was shown that Gsk3p acts
in sensory neuron somata and nuclei, but not in axons, to promote pruning in vitro. This
effect is mediated in part by the regulation of gene expression. Two of the genes regulated
by Gsk3p, the transcription factor t-box 6 (tbx6) and the long noncoding RNA deleted in
lymphocytic leukemia 2 (dleu?2), are also necessary for NGF-withdrawal-induced
degeneration-like pruning of sensory neurons in vitro. Given that tbx6 is a transcription
factor and that dleu2 encodes two miRNAs, it is possible that a transcriptional/post-
transcriptional mechanism regulates pruning events remotely from the soma and nucleus.
Whether any of these transcriptional cascades act instructively or only as necessary
permissive players during these pruning events is an interesting subject for future
investigation.

Cytoskeletal remodeling and pruning

The neuronal cytoskeleton is composed of three major components: actin, microtubules
(MTs) and neurofilaments (NFs). Though neurofilaments serve well-characterized structural
roles (Perrot et al 2008), actin filaments are highly dynamic during neural development
(Andersen et al 2010, Gomez & Letourneau 2014). Actin remodeling has been indirectly
implicated in retraction-like pruning, as exemplified by the opposing roles of EphB and
Sema3 signaling in modulating Racl activity during IPT refinement (Riccomagno et al
2012, Xu & Henkemeyer 2009). MTs are also highly dynamic polymers, and they are
essential for trafficking in neurons, neuronal structure, and certain aspects of growth cone
steering (Kollins et al 2009, Prokop 2013). MT breakdown is one of the initial steps in
axonal degeneration-like pruning, and MT fragmentation in both flies and mammalian
neurons accompanies this class of pruning (Watts et al 2003, Zhai et al 2003). Moreover,
MT destabilization is sufficient to induce axon fragmentation in vitro (Luduena et al 1986).
The molecular machinery that participates in this process is beginning to be uncovered
(Schuldiner & Yaron 2014). The kinesin superfamily protein 2a (Kif2A) is a key player in
the breakdown of microtubules during axon pruning in mammals (Maor-Nof et al 2013).
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Kif2A is required in vitro for MT disassembly in DRG neurons upon trophic factor
deprivation, and mice carrying mutations in Kif2A show skin hyperinnervation phenotypes
suggestive of defects in competition-dependent pruning (Maor-Nof et al 2013). In
Drosophila, the katanin-like molecule Kat60L plays similar roles in dendritic arborization
(da) dendrite severing, but not in MB remodeling (Lee et al 2009). These observations
suggest an overall conservation of the underlying mechanisms that mediate degeneration-
like remodeling in both axons and dendrites.

Synapse Elimination and Axon Pruning: Are they Separable Events?

Histological studies in mouse neurological disease models reveal a strong correlation
between axon pruning and defects in synapse elimination (Holmes et al 1999, Ivanco &
Greenough 2002). For example, pruning of the IPT is aberrant in the mouse model for
Fragile-X, the Fmr1~'~ mouse, which also shows defects in the constraint of synapses and
spines in several forebrain regions (Comery et al 1997). Axon pruning is almost always
preceded by synapse elimination. For example, during IPT pruning distal infrapyramidal
synapses are eliminated prior to IPT axonal retraction (Liu et al 2005). This was observed by
detailed immunohistological and electron microscopic analysis of nescient IPT synapses
during pruning. Similarly, synapses are eliminated just prior to pruning of the visual branch
of the CST and pruning of retinocollicular axons that have overshot their SC targets (Cheng
et al 2010, Low et al 2008). It remains to be seen, however, whether synapse elimination and
axonal pruning within these axon tracts are distinct, sequential, cellular events, or if both
developmental processes are intrinsically linked and controlled by the same molecular
mechanisms. Since synapses are normally actively maintained, one likely mechanism
underlying synapse elimination events that precede axon pruning is the inhibition of
synapse-maintenance pathways, including actin cytoskeleton regulators, adhesion receptors
and scaffolding proteins (Lin & Koleske 2010). Supporting this notion is the observation
that signaling events with known roles in synapse maintenance, including activation of Racl
and inhibition of Rho, are actively disrupted during axon pruning (Lin & Koleske 2010,
Nakayama et al 2000). Is then axon pruning a by-product of synapse elimination? To answer
this complex question will likely require a combination of molecular genetics, histology and
careful time lapse imaging of these developmental processes. Androgen-dependent pruning
of the male mammary gland is very likely not preceded by synapse formation and
elimination (Liu et al 2012)), suggesting that in this system there is a mechanistic separation
between these developmental processes. Importantly, a recent study shows that in the
retinogeniculate system axon complexity remains stable while extensive synapse elimination
is taking place (Hong et al 2014). Presynaptic boutons cluster and grow in size during this
synapse remodeling process, and axon elimination only occurs after the completion of the
critical period for eye-specific retinogeniculate axon sorting, highlighting a temporal
separation between synapse elimination and axon pruning.

THE ROLE OF GLIA DURING PRUNING AND SYNAPSE ELIMINATION

The importance of glial cells acting as phagocytes for fragmented axons and cell debris
during axon pruning is well established. For example, in the Drosophila mushroom body
(MB) glial cells infiltrate the MB lobes that are undergoing degenerative-pruning, and
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inhibition of endocytosis specifically in glia results in axon clearance defects (Awasaki &
Ito 2004, Watts et al 2004). In line with these observations, the glial cell surface engulfment
receptor draper (an ortholog of Ced-1 in C. elegans) and the scavenger receptor Ced-6 are
required for efficient clearance of axon fragments during developmental MB axon
degeneration (Awasaki et al 2006, Hoopfer et al 2006). Surprisingly, the main glial cell type
that participates in the clearance of MB degenerating axons in Drosophila pupae turns out to
be astrocytes (Hakim et al 2014, Tasdemir-Yilmaz & Freeman 2014). The draper signaling
pathway is required in astrocytes for MB pruning and acts in a partially redundant fashion
with the Crk/Mbc/dCed-12 complex. Drosophila astrocytes serve widespread roles during
neuronal pruning since they participate in clearing of axon fragments and the cell bodies of
peptidergic neurons in the ventral nerve cord (Tasdemir-Yilmaz & Freeman 2014). In the
mammalian PNS, perisynaptic Schwann cells (SCs) carry out similar roles during synapse
elimination at the NMJ: they engulf and eliminate presynaptic terminals by a process known
as “axosome” shedding (Bishop et al 2004, Smith et al 2013).

More recently, it has become clear that glial cells participate in an instructive fashion during
axon and synapse pruning events. At least two different glial cell types, astrocytes and
microglia, actively participate in synapse elimination and axon pruning in the mammalian
CNS. One region of the CNS where the involvement of glial cells during pruning has been
studied in some detail is the retinogeniculate system. During early postnatal development,
retinal ganglion cell (RGC) axons form transient synapses with relay neurons in the dorsal
lateral geniculate nucleus of the thalamus (Stevens et al 2007). However, many of these
synapses are eliminated, and the remaining axons elaborate arbors before eye opening (P14
in the mouse). This refinement process is regulated by TGF- secreted by retinal astrocytes
(Bialas & Stevens 2013), drawing an interesting parallel with Drosophila MB pruning,
which is also regulated by TGF-f secreted by astrocytes. In the mammalian retina, TGF-
promotes the expression of the complement cascade initiator C1q by RGCs. Clq
translocates to distal axons in the thalamus, is secreted, and tags weak synapses by currently
unknown mechanisms (Bialas & Stevens 2013, Stevens et al 2007). C1q then triggers the
classical complement cascade and causes the activation of C3. C3-tagged synapses are
recognized by microglia expressing the complement receptor CR3 and then engulfed,
resulting in the elimination of weak retinogeniculate synapses (Schafer et al 2012). Genetic
disruption of any of these steps results in eye-specific RGC axon arbor segregation deficits
in the LGN caused by the retention of excess RGC inputs onto post-synaptic neurons. The
mechanisms that facilitate the tagging of weaker synapses and the preservation of stronger
synapses remain to be studied. Microglia may play a broader role during pruning, since
disrupting the migration of microglia or their development results in synaptic pruning
defects in the hippocampus and cortex, and these defects correlate with changes in social
behavior (Paolicelli et al 2011, Zhan et al 2014). Interestingly, activation of microglia might
also be essential in the adult to provide neuroprotection and to modulate synaptic plasticity
through the regulation of AMPA receptor and dendritic spine number (Chen et al 2014, Ji et
al 2013).

Microglia-dependent synapse elimination only accounts for some of the retinogeniculate
circuit refinement that establishes eye-specific segregation of retinal input to the dLGN
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(Stevens et al 2007). Recently, astrocytes have been shown to actively engulf synapses in
the dLGN (Chung et al 2013). This mode of circuit refinement is dependent upon neuronal
activity and requires Megf10- and MERTK-dependent phagocytic pathways. Interestingly,
Megf10 is an orthologue of Draper which, as described above, is essential for astrocyte-
dependent MB pruning in Drosophila (Hakim et al 2014, Tasdemir-Yilmaz & Freeman
2014). Astrocytes deficient for Megf10 or MERTK show decreased engulfment activity in
vitro. Disruption of these phagocytic pathways leads to an overabundance of functional
synapses and also to defects in eye-specific segregation of retinal input to the dLGN.
Whether these pathways act exclusively in an astrocyte-autonomous manner in vivo remains
to be explored. In adults, astrocytes also engulf cortical synapses, suggesting that astrocyte-
dependent synapse elimination might be a widespread event (Chung et al 2013). Overall,
these studies highlight the importance of glial cells in sculpting neural circuits during
development. In the mammalian CNS, the two cell types that play essential roles during
axon remodeling and synapse refinement are astrocytes and microglia. Interestingly,
astrocytes participate in axon refinement in both vertebrates and invertebrates, suggesting
yet another mechanistic conservation of neuronal process pruning.

HOW IS PRUNING LOCALLY RESTRICTED?

An interesting issue is how pruning is restricted to particular subsets of axons, branches,
dendrites or synapses. Depending on the main driving force for a particular pruning event,
the mechanisms that locally restrict pruning vary. If repulsive cues are the trigger for
pruning, restricted expression of the ligand or its receptor could limit pruning to a few
axons, axon branches, or dendrites. An example of this strategy is the pruning of the
hippocampal IPT; in this system, only axons in the infrapyramidal bundle are pruned,
sparing the main mossy fiber bundle. The local constraint of IPT pruning is achieved by
restricting the expression of the ligand, Sema3F, to interneurons in the infrapyramidal area
(Bagri et al 2003, Tran et al 2009). The timing of IPT pruning seems to be a consequence of
the onset of Sema3F expression in these neurons, which commences around P25 (Figure
3A). This temporal control of axon pruning might be reinforced by an increase in the
expression of the necessary cytoplasmic effector 2Chn, which also peaks between P25 and
P35 (Riccomagno et al 2012).

Other types of developmental strategies have been adopted to spatially restrict caspase-
dependent pruning (Figure 3B). In the case of caspase signaling, it is critical to restrict these
signaling events to the axonal compartment so as not to trigger apoptosis in the soma. One
strategy employed to do this is the local release of cytochrome C within this cellular
compartment. This is reinforced by the combined actions of the proteasome-mediated
degradation and X-linked inhibitor of apoptosis Protein (XIAP) (Cusack et al 2013, Unsain
et al 2013). The proteasome activity restricts caspase activation to axons during axon-
specific degeneration, likely acting on Caspase-6, a known target of the proteasome
degradation complex (Gray et al 2010, Tounekti et al 2004). Endogenous XIAP is a potent
inhibitor of neural caspases and protects the soma from caspase activation during axon-
specific degeneration in mammals, and also serves to confine caspase activity to sensory
dendrites in Drosophila (Cusack et al 2013, Kuo et al 2006, Potts et al 2003, Unsain et al
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2013, Williams et al 2006). Thus, a multilayered strategy is in place to restrict caspase
activation during degeneration-like pruning to the axonal compartment.

An example of local activity-dependent pruning of dendritic branches is the control of this
process by calcium transient activation of the protease calpain. Drosophila Class IV da
neurons undergo dramatic pruning during metamorphosis. The UPS and caspases participate
in these pruning events (Kuo et al 2005, Kuo et al 2006, Williams et al 2006), but how
specific dendritic branches that undergo pruning are selected for removal was not known.
Intriguing new data demonstrate that calcium transients restricted to particular dendritic
branches spatially and temporally control pruning (Kanamori et al 2013) (Figure 3C).
Calcium transients are reliable predictors of which dendritic branches will be pruned, and
calcium entry is controlled by local increases in intrinsic excitability that in turn activate the
opening of voltage-gated calcium channels (VGCCs) (Kanamori et al 2013). Given the role
played by calcium entry and VGCCs in regulating climbing fiber pruning in the mammalian
cerebellum (Hashimoto et al 2011), it is tempting to speculate that this defines an
evolutionarily conserved mechanism capable of locally restricting neuronal process pruning
to select neurons in specific locations. In da neurons in Drosophila, the calcium-activated
protease calpain functions downstream of calcium transients and is required for dendritic
pruning (Kanamori et al 2013). Calpain has also been shown to participate in axonal
degeneration in mammals (George et al 1995, Ma et al 2013), and the calpain inhibitor
calpastatin acts as a key checkpoint for axonal survival following injury and during
development (Yang et al 2013). Thus, regulated expression and localization of calpastatin
expression could provide an additional level of spatial and temporal control over pruning.

These examples of spatial and temporal control of neuronal process pruning illustrate the
broad array of developmental strategies that have evolved to tightly control neural circuit
refinement. Future studies will most certainly reveal additional phylogenetically conserved
mechanisms, given the importance of restricting developmental pruning to specific cellular
compartments. In this regard, two recent studies provide intriguing new evidence supporting
a role for the endocytic machinery in down regulating inhibitory signals produced by the
synapse to promote neuronal process pruning in Drosophila (Issman-Zecharya & Schuldiner
2014, Zhang et al 2014). This novel function for endocytosis during neural development
highlights an additional mechanism for achieving spatiotemporal regulation of
developmental pruning.

PRUNING VERSUS DEGENERATION

As we have discussed, there are two main classes of neuronal process pruning: retraction-
like pruning and degeneration-like pruning. The later shows a striking histological similarity
with Wallerian Degeneration (WD). WD is a mode of degeneration that occurs after an axon
is severed in the periphery or in the CNS; it begins with a latent phase and continues with
the extensive fragmentation of the axon cytoskeleton and disintegration of internal
organelles distal to the injury site, concluding with the complete breakdown of the axon
distal to the injury site (Coleman & Freeman 2010, Lee 1963, Thomas 1964, Thomas &
Sheldon 1964). WD was initially thought to be the passive degradation of the distal axon
due to the lack of soma-derived trophic support. However, with the discovery of a
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neomorphic spontaneous mutation in the mouse that delays WD following axotomy for
weeks, called Wallerian Degeneration slow (WId®), it became evident that WD is indeed an
active process (Lunn et al 1989, Mack et al 2001). WIdS encodes a chimeric fusion of the E4
ubiquitin ligase Ube4b and the NAD™ scavenging enzyme nicotinamide mono-nucleotide
adenylyltransferase 1 (Nmantl). WIdS acts cell-autonomously to protect axons in a dominant
manner. Although the mechanisms by which WId® provides axonal protection are not fully
understood, its protective effects require an intact Nmantl domain and are phylogenetically
conserved across diverse species (Freeman 2014, Neukomm & Freeman 2014).

Though there are similarities between WD and degeneration-like pruning at the
neuroanatomical level, there are both parallels and distinctions at the molecular level
between these two processes. Calcium signaling is likely one of the earliest triggers for WD
following axon injury. Calcium entry from the extracellular space is both required and
sufficient to drive WD and acts by activating calpain family proteases (George et al 1995,
Ma et al 2013). As we have seen, activation of calcium signaling in dendritic branches is
predictive of select pruning events in Drosophila (Kanamori et al 2013) and is also a key
step in climbing fiber pruning (Hashimoto et al 2011), suggesting mechanistic similarities
between developmental pruning and WD. Another similarity is the involvement of the UPS
system in both processes. As mentioned above, the UPS is an essential player during the
developmental pruning of the MB axons (Watts et al 2003) and da dendrites (Kuo et al
2005), and the UPS also acts cell-autonomously to regulate WD. Inhibiting the UPS slows
down WD in Zebrafish, mice, Drosophila and neural cultures (Martin et al 2010, Zhai et al
2003), demonstrating the importance of the UPS in both WD and developmental
degeneration-like pruning.

On the other hand, WIdS is sufficient to delay WD for weeks, but it does not affect
developmental pruning, highlighting an important molecular distinction between these two
processes (Hoopfer et al 2006). A recently discovered scaffolding protein that is essential for
WD in both Drosophila and mouse, ASSARM/SARM1 (Drosophila sterile a/Armadillo/Toll-
interleukin receptor homology domain protein), is dispensable for developmental pruning,
providing additional genetic evidence that WD and pruning are distinct biological processes
(Osterloh et al 2012). Another distinction between WD and axon pruning is the requirement
for the E3 ubiquitin ligase highwire. Initially identified in Drosophila as a regulator of
synapse elaboration (Wan et al 2000), both highwire and its mammalian homolog Phrl
(PAM, Highwire, RPM-1) are essential for WD, but are not required for developmental
pruning (Babetto et al 2013, Watts et al 2003, Xiong et al 2012). Furthermore, although
caspase signaling is important for developmental pruning induced by neutrophin
deprivation, it is not required for injury-induced WD (Cusack et al 2013, Osterloh et al
2012, Simon et al 2012). These studies demonstrate that there are mechanistic similarities,
and also clear distinctions, between developmental regulated pruning and WD (Figure 4).

PRUNING IN HUMAN DEVELOPMENT AND DISEASE — THE EXAMPLE OF
SCHIZOPHRENIA

In humans, axonal and synaptic pruning occurs in two main waves: the first during the first
two years after birth, and the second during adolescence. Adolescence is a time of extensive
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CNS circuit refinement, coinciding with emotional reactivity, and it is a developmental
period when symptoms of many psychiatric disorders, including schizophrenia and anxiety,
become manifest (Casey et al 2008). Prefrontal cortex (PFC) development during puberty
and adolescence plays an important role in the maturation of higher cognitive abilities such
as decision-making and emotional control (Casey et al 2008). Experiments in animal
models, from rodents to primates, establish that the prefrontal cortex is a brain area that
undergoes massive refinement during adolescence. For example, in rats medial PFC
dendrites undergo refinement, and axonal projections from the PFC to the amygdala undergo
axon pruning during adolescence (Cressman et al 2010, Koss et al 2014). Adolescent
hamsters also show extensive dendritic pruning in the amygdala (Zehr et al 2006). In the
PFC of monkeys, pyramidal neurons that form intrinsic neural circuits within layer 3
undergo large-scale pruning of axonal arbors (Woo et al 1997). Consistent with animal
model data, electron microscopy (EM) studies in postmortem human brains show that
synapse number peaks between 2 and 4 years of age, and that most synapse elimination in
the PFC occurs during puberty and adolescence (Huttenlocher & Dabholkar 1997). Data
supporting these observations come from MRI studies that suggest the human brain reaches
approximately 90% of its adult size by age six, but the gray and white matter
subcomponents of the brain continue to undergo dynamic changes throughout adolescence
(Giedd 2004, Gogtay et al 2004, Sowell et al 2003). Similar to what was observed through
direct histological assessment, MRI analysis in humans revealed that brain regions involved
in primary functions, such as motor and sensory systems, are refined prior to higher-order
association areas, such as the PFC, that integrate these primary functions. Therefore,
primary cortex is refined mainly during childhood, whereas higher-order association cortical
areas are remodeled during puberty and adolescence. For example, there is a loss of grey
matter in the somatosensory cortex before any loss is observed in the dorsal PFC (Gogtay et
al 2004, Sowell et al 2004). This PFC refinement and reduction in grey matter during
adolescence is consistent not only with EM analysis of synapse number in humans, but also
with histological analyses in nonhuman primates (Bourgeois et al 1994, Huttenlocher 1979,
Huttenlocher & Dabholkar 1997).

Schizophrenia is a severe and chronic brain disorder that occurs in 1% of the population and
affects men and women equally. It usually produces a lifetime of disability and emotional
distress for affected individuals (Lewis & Levitt 2002). The onset of symptoms such as
hallucinations and delusions occurs between ages 16 and 30. Although, prenatal and
perinatal traumatic stimuli might contribute to schizophrenia, the first symptoms are seen
after adolescence. Since connections in the brain undergo major refinement during puberty,
these changes could trigger symptom onset. Thus, abnormal pruning during adolescence has
been proposed as a contributing factor to the onset of the disease (Feinberg 1982). This
hypothesis is supported by the observation that the expression of numerous synaptic vesicle
markers, including synaptophysin, synaptosomal-associated protein 5 and rab3, among
others, is decreased in the brains of adult patients (Davidsson et al 1999, Glantz & Lewis
1997, Halim et al 2003, Honer et al 2002). Consistent with these data, neuropil volume is
decreased, but the number of neurons remains intact, in the PFC of schizophrenics (Selemon
& Goldman-Rakic 1999). Furthermore, dendritic spines, the sites of excitatory synaptic
transmission, are decreased in number in PFC pyramidal neurons in patients with
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schizophrenia (Broadbelt et al 2002, Glantz & Lewis 2000, Kalus et al 2000). This reduction
in spine number and in the expression of the presynaptic marker vesicular glutamate
transporter 1 (vglutl) is evident in layer 3, but not layer 5, of the PFC in patients with
schizophrenia, suggesting layer specificity is part of this synaptic pruning phenotype
(Bitanihirwe et al 2009). Although these studies are informative, they were performed in the
postmortem adult brains and do not indicate how such synaptic defects became prominent in
the brains of these schizophrenia patients.

Advanced brain imaging techniques provide an excellent tool to understand these abnormal
developmental changes as they occur in the nervous system of schizophrenia patients. A
recent MRI longitudinal study demonstrates that the prefrontal lobes of both control and
patients undergo significant surface contraction, consistent with a grey matter decline as a
function of normal developmental pruning (Sun et al 2009). Interestingly, PFC surface
contraction is significantly enhanced in schizophrenia patients, and it correlates with
decreases in grey matter volume. These exaggerated regressive changes seen in these
patients support the idea that there is an increased rate of developmental synaptic pruning
that results in excessive loss of neuronal connections during the early stages of
schizophrenia (Sun et al 2009). Using a similar approach, in this case structural Magnetic
Resonance (SMR), Andreasen and colleagues have recently performed an extensive
longitudinal study looking at brain volume changes in young adults after the patients had
their first schizophrenic episode (Andreasen et al 2011). They found a significant decrease
in grey and white matter, and this decrease was most severe during the first few years after
symptom onset. This is remarkably coincident with the normal timing of extensive brain
circuit refinement that occurs during adolescence. This idea is further supported by
metabolic studies using magnetic resonance spectroscopy (MRS) on first episode
schizophrenia patients that suggest an increase in membrane phospholipid catabolism/
breakdown in the prefrontal cortex of these patients right after onset, yet no changes in
membrane catabolism in older patients (Pettegrew et al 1991, Stanley et al 1995). Taken
together, these studies suggest an enhanced period of refinement in the early stages of
schizophrenia.

A complex neurological disease such as schizophrenia is likely to arise as the result of many
collaborating causal factors, and a multitude of small developmental disturbances could
converge to contribute to its etiology. These data described here highlight the strong
correlation between pruning and schizophrenia. Although a direct association between
schizophrenia and mutations in genes with known functions during pruning has been hard to
establish, it is interesting that several genes important for calcium signaling and synapse
development, stability and refinement have been linked to this neurological disease (Boksa
2012, Schizophrenia Working Group of the Psychiatric Genomics 2014). Taken together,
these studies point to developmental circuit refinement as one of the contributing factors to
be considered when analyzing the etiology of this debilitating disease.

CONCLUDING REMARKS

Regressive events such as axon pruning and synapse elimination are developmental
processes that play essential roles in establishing brain circuitry and plasticity. These
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regressive events normally follow the initial assembly of neural circuits, and they provide
additional opportunities for circuit refinement, allowing genetic programs and experience-
mediated neuronal activity to be integrated to sculpt connections. While some interesting
parallels exist between pruning and Wallerian degeneration, many of the molecular players
that participate in pruning are unique to this type of regressive event. Future studies will
likely reveal more distinctions, and perhaps similarities, between these events, emphasizing
the need for continued intensive investigation in multiple neural systems directed toward
understanding regressive process removal during neural development and following
neuronal injury.

As we begin to understand the molecular mechanisms underlying axon pruning and circuit
refinement, clear connections to neurological disease are starting to emerge. In this regard,
mis-regulated axon pruning remains a likely contributing factor to developmental
neurological disorders such as schizophrenia and, possibly, autism. As more information
becomes available highlighting the importance of axon pruning and synapse elimination in
the etiology of human disease, it is evident that we must gain further insight into the
mechanisms that regulate these regressive developmental events.
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Figurel.
Sex hormone regulation of the neurotrophic signal BDNF directs sexually dimorphic axonal

maintenance and pruning. During early mammary gland development in the mouse (E12.5),
TrkB* axons receive trophic support from BDNF-expressing mammary mesenchyme in both
males and females. At E13 androgens in males induce expression of a truncated form of the
TrkB receptor (TrkB.T1) by the mammary mesenchyme. TrkB.T1 sequesters BDNF,
neutralizing BDNF signaling. As a result, sensory axons in males are deprived of
neurotrophic support and are rapidly pruned (E13.5).
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Figure 2.
Antagonistic signals regulate climbing fiber refinement. C1ql1/Bai3, and Sema3A/PlexinA4

signaling promote maintenance and strengthening of synapses by acting through receptors
expressed by the postsynaptic Purkinje Cell (PC) and presynaptic climbing fiber (CF),
respectively. At earlier phases (P7 to P14), AMPA receptor-mediated PC neural activity,
driven by CFs, promotes elimination of weaker climbing fibers by an as yet unclear
mechanism involving P/Q-type Voltage Gated Calcium Channels (VGCC) that is modulated
by gabaergic inhibition. Later (Late phase Il, from P15 onward), activation of mGIluR1
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signaling by neural activity in the Parallel Fiber-PC circuit becomes the main driver for
elimination of weaker CFs. This mGIuR1 signaling cascade promotes the PC expression of
Sema7A that, in turn, acts through presynaptic receptors Integrin $1 and also PlexinC1.
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Figure 3.
Spatiotemporal control of pruning. Three examples of spatiotemporal control strategies are

presented. (a) Expression of the axonal repellent Sema3F (green) commences at P25 and is
restricted to neuropeptide Y (NPY)* interneurons in the infrapyramidal region, resulting in
pruning of the infrapyramidal tract (IPT) alone while sparing the main bundle (MB) of the
mossy fibers. (b) Caspase-dependent signaling is regulated at multiple levels so as to restrict
its activity to the degenerating axon (blue box) without triggering cell death or dendritic
pruning (yellow box). (c) Calcium influx in specific dendritic branches acts as a spatial and
temporal cue to trigger pruning in Drosophila. Intrinsic excitability increases locally,
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activating calcium influx via voltage-gated calcium channels (VGCCs), which results in the
activation of the calcium-activated protease calpain. Abbreviations: CA3, cornu ammonis 3;
DG, dentate gyrus.
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Figure4.
Parallels and distinctions between degeneration-like pruning and Wallerian degeneration.

Despite broad similarities (blue box), as we investigate deeper into the mechanisms of these
regressive events clear molecular distinctions arise (yellow box).
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