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Abstract

Activity-dependent remodeling of neuronal connections is critical to nervous system development
and function. These processes rely on the ability of synapses to detect neuronal activity and
translate it into the appropriate molecular signals. One way to convert neuronal activity into
downstream signaling is the proteolytic cleavage of cell adhesion molecules (CAMSs). Here we
review studies demonstrating the mechanisms by which proteolytic processing of CAMs direct the
structural and functional remodeling of excitatory glutamatergic synapses during development and
plasticity. Specifically, we examine how extracellular proteolytic cleavage of CAMs switches on or
off molecular signals to 1) permit, drive, or restrict synaptic maturation during development and 2)
strengthen or weaken synapses during adult plasticity. We will also examine emerging studies
linking improper activity-dependent proteolytic processing of CAMs to neurological disorders
such as schizophrenia, brain tumors, and Alzheimer’s disease. Together these findings suggest that
the regulation of activity-dependent proteolytic cleavage of CAMs is vital to proper brain
development and lifelong function.
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1. Introduction

Neuronal activity is at the heart of information transfer and processing in the brain. Neuronal
activity, in the form of synaptic transmission, also regulates synaptic development, strength,
and remodeling. An important question is how neuronal activity is detected and then
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converted into the molecular signals that regulate synaptic connectivity and function. One
answer to this question is the proteolytic cleavage of Cell Adhesion Molecules (CAMSs).
Proteolytic cleavage is the process by which proteins are cut into fragments in a rapid and
sequence-specific manner by enzymes known as proteases. The two major classes of
extracellular proteases that have been heavily linked to brain development and function are
Matrix Metalloproteinases (MMPs) and A Disintegrin and Metalloproteinases (ADAMS). A
number of /n vivo studies demonstrate the clear importance of these proteases in both
synapse development and function (Nagy et al., 2006; Michaluk et al., 2011; Zhuang et al.,
2015; reviewed in Sonderegger and Matsumoto-Miyai, 2014).

There are several reasons why proteolytic cleavage of CAMs is an effective regulator of
activity-dependent signaling. 1) Numerous CAMs undergo proteolytic cleavage in an
activity-dependent manner in the developing as well as the adult brain (Table 1). 2)
Proteolytic cleavage can activate or inactivate CAM-mediated signaling and also generate
novel, bioactive fragments to influence a broad range of signaling pathways. 3) In response
to synaptic transmission, activity-dependent CAM cleavage can occur rapidly (seconds to a
few minutes) and in a spatially restricted manner (Conant et al., 2010; Peixoto et al., 2012).
In this review, we will discuss the role of proteolytic cleavage of CAMs during synaptic
development and then in the adult brain. In particular, we will focus on the different yet
coordinated ways by which activity-dependent proteolytic cleavage can permit, drive and
then restrict the maturation of active synapses during development. Then, we will survey the
mechanisms by which proteolytic cleavage can strengthen or weaken synapses in response
to neuronal activity during synaptic plasticity in the adult brain. We will also discuss how
unregulated cleavage can result in neurological disorders such as schizophrenia, brain
tumors, and Alzheimer’s disease. Finally, we will examine the possible mechanisms by
which neuronal activity regulates the proteolytic cleavage of CAMs.

2. Proteolytic Cleavage in the Developing Brain

Synapses develop via multiple stages: 1) axon elongation and targeting, 2) synaptic
differentiation, and 3) synaptic refinement, which includes both the maturation of active
synapses and the elimination of inactive ones (Sanes and Lichtman, 1999; Fox and
Umemori, 2006; Johnson-Venkatesh and Umemori, 2010). The first two stages are thought
to be largely activity independent, but activity is critical for the synaptic refinement stage
(Figure 1). Proteolytic cleavage regulates each of these stages of synaptic development. The
regulation of axon elongation and targeting by proteolytic cleavage is well established. The
ectodomain cleavage of proteins such as DCC, Robo, and Ephrin A has been shown to be a
critical step during axon elongation and targeting (reviewed in Bai and Pfaff, 2011). The
cleavage of these proteins acts as a mechanism to switch between the attraction and
repulsion signals required to guide an axon to its appropriate target. Blocking proteolytic
cleavage during this stage results in axon guidance defects such as the aberrant outgrowth
and improper midline crossing of axons (Galko and Tessier-Lavigne, 2000; Hattori et al.,
2000; Nguyen Ba-Charvet et al., 2001).

Proteolytic cleavage, specifically the cleavage of Collagens, a family of Extracellular Matrix
(ECM) proteins, is implicated in the synaptic differentiation stage as well. Many Collagens

Neurosci Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagappan-Chettiar et al. Page 3

undergo proteolytic cleavage to generate bioactive fragments (termed matricryptins; Davis et
al., 2000; reviewed in Ricard-Blum and Vallet, 2016). At the neuromuscular junction (NMJ),
Collagen I'V-derived matricryptins direct the assembly of motor nerve terminals (Fox et al.,
2007). In the cerebellum, the cleaved product of Collagen XVII1 is both necessary and
sufficient to drive the differentiation of climbing fiber synapses (Su et al., 2012). In the
neocortex, the C-terminal peptide from Collagen X1X promotes inhibitory nerve terminal
formation (Su et al., 2016). Proteolytic cleavage during these two initial stages of synaptic
development is activity-independent.

During the final, activity-dependent stage of synaptic development, the synaptic refinement
stage, activity-dependent proteolytic cleavage occurs. Cleavage of CAMs, in response to
neuronal activity, plays three distinct, but coordinated roles in orchestrating the structural
and functional maturation of active synapses during synaptic refinement. Namely,
proteolytic cleavage 1) creates a permissive environment for maturation by switching off
signals that prevent maturation; 2) drives maturation by switching on maturation-promoting
signals and; 3) restricts synaptic maturation to maintain synapses at a stable state once the
synapse is sufficiently mature (Figure 2).

2.1. Permitting synaptic maturation

During the refinement process, active and functional synapses undergo maturation, while
inactive ones are eliminated. During synaptic maturation, immature synapses undergo
structural and functional reorganization to form mature synapses. Relative to the immature
synapse, the mature synapse is characterized by increases in the number of glutamatergic
vesicles in the presynaptic active zone and neurotransmitter receptors in the postsynaptic
density (PSD). Additionally, both the active zone and PSD widen, and immature, dendritic
filopodia morph into mature, mushroom-like spines (Fiala et al., 1998; Li and Sheng, 2003;
Yuste and Bonhoeffer, 2004). Synaptic maturation can also involve an increase in the ratio of
AMPA to NMDA receptors, changes to NMDA receptor subunits, and changes to the types
of presynaptic calcium channels (Reviewed in Yasuda and Umemori, 2009).

Given that only active synapses may undergo "activity-dependent™ maturation, there likely
are signals that keep the synapse in an immature state until that synapse is able to detect
neuronal activity. Once activity is detected, the brake on maturation is removed, allowing
synaptic maturation to occur. Full-length ICAM-5 (also known as Telencephalin) is one
signal maintaining the synapse in an immature state (Figure 2, top). At immature synapses,
full-length ICAM-5-mediated signaling has been shown to be a negative regulator of
postsynaptic maturation (Benson et al., 1998; Matsuno et al., 2006). ICAM-5 is enriched in
dendritic filopodia, the immature form of a dendritic spine, and is excluded from mature
spines. Overexpression of ICAM-5 increases the number of immature dendritic filopodia,
while the loss of ICAM-5 drives spine maturation /n7 vitro (Matsuno et al., 2006). ICAM-5
inhibits maturation via its interaction with presynaptic p1-integrin. ICAM-5 co-
immunoprecipitates with f1-integrin, and the application of a p1-integrin blocking antibody
to cultured neurons demonstrates enhanced spine maturation similar to the effect of blocking
ICAM-5 function (Ning et al., 2013). When the synapse is ready for maturation, ICAM-5 is
likely eliminated from active, functional filopodia via the disruption of the ICAM-5 and B1-
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integrin interaction followed by the activity-driven proteolytic cleavage of ICAM-5. The
pharmacological activation of NMDA receptors results in increased MMP-9-driven cleavage
of the ICAM-5 extracellular domain (Tian et al., 2007; Ning et al., 2013). In MMP-9 null
animals, ICAM-5 is not reduced at spines even after the age of maturation, supporting the
idea that activity-driven cleavage diminishes filopodial ICAM-5 (Kelly et al., 2014). The
extracellular domain cleavage of ICAM-5 may turn off the maturation-inhibiting signal in a
number of ways. One likely way is that the extracellular domain cleavage may be followed
by a subsequent internalization or removal of the remaining intracellular domain thereby
shutting off ICAM-5 signaling to the filopodia. Evidence for this hypothesis comes from
experiments indicating that the activity-driven, intracellular dissociation of ICAM-5 and a-
actinin, an actin binding protein, is rescued via the blockade of MMP activity. The cleavage-
driven dissociation of ICAM-5 from a-actinin permits spine maturation (Ning et al., 2015).
Additionally, the shed ICAM-5 ectodomain may help initiate synapse maturation through
the interaction with postsynaptic p1-integrins. This interaction can drive actin
polymerization, a process involved in spine enlargement, as well as an increase in AMPA
receptors (Wang et al., 2008; Conant et al., 2011; Lonskaya et al., 2013).

2.2. Driving synaptic maturation

While the cleavage of ICAM-5 switches off a signal that inhibits maturation, cleavage can
also drive maturation specifically at active synapses by sending a maturation-promoting
signal. The latter is a role of SIRPa., a member of the immunoglobulin superfamily. SIRPa
has been identified as a target-derived synaptic organizer necessary to drive synaptic
maturation of excitatory synapses (Figure 2, middle). The extracellular domain of SIRPa is
cleaved and released from neurons in response to neuronal activation. The bath application
of the soluble, extracellular fragment of SIRPa to cultured hippocampal or motor neurons is
sufficient to increase presynaptic vesicle clustering and the frequency of miniature excitatory
postsynaptic currents (Umemori and Sanes, 2008; Toth et al., 2013). Synapse maturation by
SIRPa requires both neuronal activity and proteolytic cleavage, because 1) the
overexpression of the cleavable, full-length SIRPa in cultured neurons drives synapse
maturation while the overexpression of a non-cleavable mutant does not and 2) the blockade
of neuronal activity deters the maturation-promoting effect of SIRPa. overexpression. These
suggest that the cleavage of SIRPa ectodomain by neuronal activity is necessary for SIRPa.-
dependent synaptic maturation (Toth et al., 2013). Proteolytic cleavage of SIRPa may be
necessary for SIRPa to bind its receptor CD47 because of the physical distance between the
two molecules. SIRPa is expressed postsynaptically, while CD47 is primarily expressed
presynaptically. Crystal structure modeling of SIRPa-CD47 demonstrates that the size of
this complex is smaller than the width of the synaptic cleft suggesting that direct interaction
between the two molecules across the cleft is unlikely (Hatherley et al., 2008). Therefore,
SIRPa can only bind CD47 after it is cleaved and released, allowing it to translocate across
the synaptic cleft. This process allows SIRPa-CD47 to send maturation signals specifically
at active, functional synapses where neuronal activity cleaves the extracellular domain of
SIRPa.. Other members of the SIRP family, such as SIRPB and SIRPy, could serve a similar
role at other synapses. Both SIRPB and SIRP+y extracellular domain fragments show
presynaptic organizing activity /n vitro, but whether they are cleaved by neuronal activity is
still unknown (Umemori and Sanes, 2008).
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2.3. Restricting synaptic maturation

Proteolytic cleavage can also regulate synaptic maturation by turning off synaptic growth-
promoting signals and allowing the mature synapse to be maintained at equilibrium. An
example of this process is the activity-dependent cleavage of Neuroligin-1, which terminates
Neuroligin-1/Neurexin signaling by destabilizing the interaction between these two proteins
(Figure 2, bottom). Full-length postsynaptic Neuroligin-1 drives the maturation of excitatory
presynaptic terminals via its interaction with the presynaptically expressed Neurexin. Thus,
full-length Neuroligin-1 acts as a retrograde synaptic organizer that drives excitatory
synapse maturation and increases neurotransmitter release (Scheiffele et al., 2000; Dean et
al., 2003; Varoqueaux et al., 2006; Futai et al., 2007; Wittenmeyer et al., 2009;). However,
Neuroligin-1 is also cleaved in an activity-dependent manner. Increases in neuronal activity
both /n vitroand in vivoresults in greater amounts of Neuroligin-1 extracellular domain
cleavage. Contrary to full-length Neuroligin-1 signaling, the cleavage of Neuroligin-1 results
in decreased neurotransmitter release, EPSC frequency and amplitude (Suzuki et al., 2012;
Peixoto et al., 2012). Furthermore, the application of the soluble Neuroligin-1 fragment
blocks the synaptogenic effect of Thrombospondin-1 in cultured hippocampal neurons likely
by interrupting the interaction of Thrombospondin-1 with full-length Neuroligin-1 (Xu et al.,
2010). Together, these data suggest that Neuroligin-1 cleavage not only turns off Neurexin-
mediated synaptogenic signaling but may also block the synaptogenic signaling mediated by
other molecules. Thus, while the physiological role of Neuroligin-1 cleavage still requires
elucidation, we speculate that the activity-dependent cleavage of Neuroligin-1 acts to restrict
the maturation of already mature synapses. The balance between full-length Neuroligin-1
signaling and Neuroligin-1 cleavage offers a mechanism for fine-tuning synaptic maturation,
thus, allowing the synapse to be maintained in an appropriately mature state.

2.4. When proteolytic cleavage goes amiss in the developing brain - Schizophrenia and
brain tumors

Since activity-dependent proteolytic cleavage plays crucial roles in synaptogenesis,
improper proteolytic processing can result in neurodevelopmental diseases that are
characterized by impaired synaptic development. One such case is the psychiatric disorder,
schizophrenia. Schizophrenia is characterized by alterations to synaptic circuitry, where the
spine density of cortical pyramidal neurons is markedly lower in schizophrenic patients
relative to healthy controls (Garey et al., 1998; Glantz and Lewis, 2000; Glausier and Lewis,
2013). Interestingly, levels of cleaved NCAM are increased in the prefrontal cortex and
hippocampus of human schizophrenia patients (Vawter et al., 2001). However, the effect or
function of these cleaved NCAM fragments in the human brain is still unknown.

To determine the role of NCAM cleavage in schizophrenia, a mouse model with increased
secretion of cleaved NCAM fragments has been created. These mice demonstrate
schizophrenia-like behaviors such as attenuated paired-pulse inhibition and hyperactivity. At
a cellular level, these mice also demonstrate decreases in cortical dendritic spine density,
mimicking schizophrenic patients (Pillai-Nair et al., 2005). While the signaling pathways
altered by NCAM cleavage still remain unknown, the fact that the proteolytic cleavage of
NCAM can be regulated by neuronal activity is known. High frequency stimulation of the
rat hippocampus leads to an increase in the cleavage and release of an 115kDa NCAM
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fragment. This fragment is similar in size to the cleaved NCAM fragment detected in
schizophrenic patients (Fazeli et al., 1994; Vawter et al., 2001). Therefore, further
understanding the mechanisms through which neuronal activity regulates NCAM cleavage
and what the functional consequences are for this cleavage as it pertains to schizophrenia are
important questions for future research.

Proteolytic cleavage has also been incriminated in the regulation of gliomas. Gliomas are a
leading cause of brain tumors in children as well as adults. Increases in neuronal activity
have been shown to drive the proliferation of human gliomas. This activity-dependent
increase in proliferation requires the proteolytic cleavage and ectodomain secretion of a
Neuroligin family member, Neuroligin-3 (Venkatesh et al., 2015). Activation of neurons in
cultured cortical slices results in an increase in cleaved Neuroligin-3 in the media.
Furthermore, the application of recombinant Neuroligin-3 protein is sufficient to drive the
proliferation of gliomas. Mechanistically, the secreted Neuroligin-3 may activate the growth-
promoting PI3BK-mTOR signaling pathway causing the increase in glioma proliferation.
Interestingly, the application of Neuroligin-3 results in a feed-forward increase in
Neuroligin-3 expression in glioma cells (\enkatesh et al., 2015). This feed-forward cycle
may explain the unchecked growth of tumors in the brain.

3. Proteolytic Cleavage in the Adult Brain

In the adult brain, synaptic connections still undergo constant activity and experience-
dependent strengthening and weakening. This synaptic remodeling is thought to underlie
learning, memory, and certain aspects of behavior. There are two general forms of synaptic
plasticity known as Hebbian and homeostatic plasticity (Figure 1). Both these forms of
plasticity consist of neuronal activity impacting synaptic structure and strength. Recent
studies implicate activity-dependent proteolytic cleavage of CAMs in both Hebbian and
homeostatic plasticity.

3.1. Hebbian plasticity

Hebbian plasticity consists of the well-known forms of plasticity, long-term potentiation
(LTP) and long-term depression (LTD). These forms of plasticity result in long-term changes
in synaptic strength. LTP can be triggered by the correlated firing of the presynaptic terminal
and activation of the postsynaptic terminal resulting in synaptic strengthening; whereas, LTD
can result from uncorrelated pre and postsynaptic activity, leading to synaptic weakening.
Structurally, dendritic spines of potentiated synapses become enlarged following LTP.
Functionally, potentiated synapses are strengthened through a number of mechanisms. The
most prominent of these are increases in postsynaptic surface AMPA receptor number and
presynaptic release probability (Reviewed in Herring and Nicoll, 2016).

The first evidence linking proteolytic cleavage to the regulation of Hebbian plasticity came
from studies of proteases. LTP-induction increases the levels of proteases (Qian et al., 1993).
Furthermore, the magnitude and duration of LTP is attenuated in MMP-9 null mice (Nagy et
al., 2006). Similarly, the inhibition of MMPs diminishes the magnitude of induced LTD in
hippocampal slices (Meighan et al., 2007). However, how affecting protease activity can
result in impaired LTP and LTD remains largely unknown. What we do know is that some
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CAM s such as N-Cadherin, ICAM-5, NCAM, and L1-CAM can be cleaved during the
induction of LTP, and disruptions to the function of these CAMs can result in impaired LTP
(Lathl et al., 1994; Fazeli et al., 1994; Reiss et al., 2005; Conant et al., 2010; Niedringhaus
etal., 2012). Another synaptic protein, NGL-3, undergoes cleavage following an LTD-
inducing stimulus (Lee et al., 2014). Although, the precise role of the CAM cleavage in LTP
and LTD is still unknown, activity-driven cleavage of CAMs may regulate Hebbian
plasticity.

One possible mechanistic example of activity-dependent proteolytic cleavage in Hebbian
plasticity is that of ICAM-5. ICAM-5 is cleaved by LTP-inducing stimuli such as chemical
LTP and tetanic stimulation of adult hippocampal slices (Conant et al., 2010; Niedringhaus
et al., 2012). The treatment of cultured neurons with the soluble ICAM-5 fragment causes an
increase in the surface localization of GIuA1 subunit-containing AMPA receptors (Lonskaya
et al., 2013). These observations suggest a possible model for activity-dependent ICAM-5
cleavage in LTP, where the induction of LTP at the synapse leads to an increase in ICAM-5
cleavage. This cleaved fragment then increases the number of AMPA receptors at that
synapse, resulting in potentiation.

3.2. Homeostatic plasticity

In contrast to Hebbian plasticity, homeostatic plasticity consists of compensatory changes in
synaptic strength as a way to maintain synaptic stability. Thus, during periods of high
activity, homeostatic plasticity works to decrease synaptic strength, and, during periods of
low activity, homeostatic plasticity works to increase synaptic strength. Proteolytic cleavage
of CAMs could either act to prevent synaptic silencing by increasing synaptic strength, or
prevent hyperactivity by decreasing synaptic strength.

Following the attenuation of postsynaptic receptor activity, one way to maintain synaptic
strength is to increase presynaptic neurotransmitter release. In Drosophila, the activity (or
more accurately, suppressed activity)-dependent proteolytic cleavage of Multiplexin, a
member of the Collagen family of ECM proteins, acts as a feedback mechanism to maintain
the efficacy of mature synaptic connections; where, the cleaved proteolytic product,
Endostatin, turns on a signaling pathway to increase presynaptic activity to maintain
synaptic homeostasis (Figure 3). Experiments at the Drosophila NMJ suggest that when
neurotransmission is impeded via the blockade of postsynaptic glutamate receptors,
Multiplexin is cleaved to form Endostatin. Endostatin is then shown to genetically interact
with presynaptic voltage-gated calcium channel, CaV2.1, leading to an increase in
presynaptic calcium influx. This increase of presynaptic calcium likely contributes to an
increase in neurotransmitter release, thereby offsetting the impeded neurotransmission
(Wang et al., 2014). The proteolytic cleavage of Multiplexin into Endostatin offers a way of
coordinating postsynaptic responses and presynaptic changes to maintain synaptic
homeostasis.

Multiplexin and its mammalian homolog, Collagen, are ubiquitously expressed in the
nervous system. In mammals, matricryptins, the cleaved fragments of Collagens, have been
implicated as synaptic organizers involved in the induction of pre and postsynaptic terminals
during development (see above; Fox et al., 2007; Su et al., 2012, 2016), but little is known
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about the mechanisms underlying this cleavage. Therefore, testing whether these (and other)
molecules are cleaved in an activity-dependent manner and act to regulate homeostatic
plasticity will be an interesting direction for future research.

In contrast to the proteolytic cleavage of Multiplexin, cleavage could also decrease the
activity of hyperactive synapses. For example, the cleaved extracellular domain of
Neuroligin-1 is detected in brain lysates even after synaptic development and well into
adulthood. Furthermore, this adult cleavage is driven by neuronal activity, as indicated by
the increased levels of cleaved Neuroligin-1 extracellular domain detected following
pilocarpine-induced seizures in the adult mouse brain (Suzuki et al., 2012; Peixoto et al.,
2012). While the function of this adult Neuroligin-1 proteolytic cleavage is unknown, the
activity-dependent cleavage of Neuroligin-1 could depress synaptic transmission and return
the synapse to a stable state (Figure 3, also see Figure 2, bottom). However, future studies
will need to confirm this hypothesis.

3.3. When proteolytic cleavage goes amiss in the adult brain - Alzheimer’s disease

Perhaps the most studied protein that undergoes improper proteolytic processing in the brain
is Amyloid Precursor Protein (APP), an important molecule in the devastating
neurodegenerative disorder, Alzheimer’s disease. APP is a single-pass transmembrane
protein with a large extracellular domain. Very little is known about the physiological
function of APP; however, the mechanism of APP cleavage is well characterized. The
improper cleavage of APP to Amyloid-p (Ap) is affected by aberrant levels of neuronal
activity both in humans and animal models. Some patients with elevated brain activity due to
epilepsy show earlier accumulation of AB plagues (Mackenzie and Miller, 1994). In mouse
models, the treatment of hippocampal slices with picrotoxin, a GABA receptor antagonist, to
raise activity, increases the amount of Ap detected. In contrast, blocking neuronal activity
via the application of tetrodotoxin decreases the amount of A (Kamenetz et al., 2003; Wu
et al., 2011). Accordingly, whisker stimulation increases the amount of Ap in the mouse
interstitial fluid, while whisker deprivation decreases the amount of Ap (Bero et al., 2011).

In a healthy individual, APP is normally cleaved via a-secretase. However, in Alzheimer’s
disease, APP is incorrectly cleaved by B-secretase and y-secretase to generate AB (Figure 4;
reviewed in Haass et al., 2012). This improper cleavage of APP to form A leads to a variety
of synaptotoxic effects that ultimately causes neurodegeneration. The application of soluble
AP to hippocampal slices and to cultured neurons has been shown to cause impaired LTP,
increased LTD, and decreased synapse density (Hsieh et al., 2006; Shankar et al., 2008).
These alterations to synaptic function and plasticity are believed to underlie the degenerative
pathophysiology of Alzheimer’s disease.

4. How Does Neuronal Activity Regulate Proteolytic Processing?

Clearly the activity-dependent proteolytic cleavage of CAMs is an important regulator of
synaptic function. However, not much is known about the molecular pathways guiding the
interplay between neuronal activity and the proteolytic cleavage. Various methods of
stimulating neuronal activity have been shown to regulate proteolytic cleavage of CAMs
both /n vitroand in vivo (Table 1). A closer look at these different forms of stimulation

Neurosci Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagappan-Chettiar et al. Page 9

reveals that proteolytic cleavage of CAMs often requires the activation of postsynaptic
glutamate receptors, especially the activation of NMDA receptors. In the case of N-Cadherin
and Nectin-1, activation of neurons using NMDA, but not AMPA, leads to increases in
extracellular domain cleavage. Furthermore, the cleavage of N-Cadherin, Nectin-1,
Neuroligin-1, and Nectin-3 can be inhibited by the application of APV or MK801 alone,
both specific antagonists of NMDA receptors (Uemura et al., 2006; Kim et al., 2010; Suzuki
et al., 2012; Peixoto et al., 2012; van der Kooij et al., 2014). This preference for NMDA
receptor-dependent activity suggests that perhaps a postsynaptic influx of calcium is
necessary for the activation of signaling pathways that may regulate cleavage. Accordingly,
the activation of CaMK is often necessary for activity-dependent proteolytic cleavage. For
example, the application of KN93, a CaMK inhibitor greatly diminishes the cleavage of
Neuroligin-1 and SIRPa. (Peixoto et al., 2012; Toth et al., 2013). However, what lies
downstream of this CaMK signaling leading to cleavage remains unknown.

To regulate proteolytic cleavage, neuronal activity could directly regulate proteases, their
cleavage substrates or both. In the case of proteases, studies suggest that the expression,
activation, and transport of proteases can be regulated by neuronal activity. For example,
MMP-9, an extracellular protease implicated in the cleavage of Neuroligin-1, ICAM-5, B-
Dystroglycan, Nectin-3, and SynCAM?2, is regulated by neuronal activity. MMP-9 is rapidly
activated following LTP induction, and more MMP-9 protein is expressed /n vivo following
kainate-induced seizures (Szklarczyk et al., 2002; Nagy et al., 2006). Also, MMP-9 mRNA
seems to be transported to and locally translated at specific synapses in an activity-
dependent manner (Dziembowska et al., 2012). This local regulation could provide a
mechanism by which proteolytic cleavage can be regulated in a synapse-specific manner;
whereby, cleavage only occurs at active synapses. Localized, activity-dependent cleavage is
known to occur where the activation of a single spine via glutamate uncaging results in the
cleavage of Neuroligin-1 almost exclusively at the activated spine (Peixoto et al., 2012).

As for the regulation of cleavage substrates, synaptic transmission could influence
proteolytic cleavage through the control of protein-protein interactions that may block or
expose specific cleavage sites on CAMs that are recognized by proteases. For example, the
binding of ICAM-5 and B1-integrin may block the cleavage of ICAM-5 by masking the
cleavage site detected by proteases. Disrupting the ICAM-5 and B1-integrin interaction
using blocking antibodies results in greater ICAM-5 cleavage, while enhancing the
interaction results in less ICAM-5 cleavage (Ning et al., 2013). While how neuronal activity
factors into the disruption of ICAM-5 and B1-integrin binding is unclear, it is clear that
protein-protein interaction is another regulatory mechanism for proteolytic processing.

Activity could also regulate the synaptic or surface localization of these CAMs. The surface
localization of Neuroligin-1 is regulated by neuronal activity. Mechanistically, synaptic
transmission activates CaMK that then phosphorylates the intracellular domain of
Neuroligin-1. This phosphorylation directs the surface localization of Neuroligin-1. The
inhibition of this phosphorylation event attenuates the activity-driven increase of surface
Neuroligin-1 expression (Bemben et al., 2014). The activity-regulated increase in surface
localization of Neuroligin-1 may regulate cleavage by allowing greater exposure to
extracellular proteases. Alternatively, by compelling the surface localization, activity may
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facilitate a protein-protein interaction that promotes cleavage. Evidence for the latter comes
from an experiment showing that the interaction between Neuroligin-1 and its presynaptic
partner, Neurexin can drive the cleavage of Neuroligin-1. The treatment of cultured neurons
with soluble Neurexin-1a and soluble Neurexin-1p augmented levels of cleaved
Neuroligin-1 detected in the culture media (Suzuki et al., 2012).

5. Concluding Remarks and Future Questions

Proteolytic cleavage of CAMs can be a deconstructive mechanism that turns off signaling
pathways or drives protein turnover. Proteolytic cleavage can also play more constructive
roles via the generation of functional protein fragments that activate a variety of signaling
pathways. To date, the neuronal activity-driven cleavage of ICAM-5, SIRPa, and
Neuroligin-1 during development have been best characterized. Studies suggest that the
cleavage of these molecules govern unique stages of activity-dependent synaptic maturation.
ICAM-5 creates a permissive environment for the maturation of active synapses by
removing maturation-inhibiting signals. SIRPa is then cleaved to drive maturation of active
synapses via CD47-mediated signaling. Finally, Neuroligin-1 is cleaved at active, maturated
synapses, leading to the loss of a Neurexin-mediated maturation-promoting signal, allowing
fine-tuning of the mature synapses. In the adult brain, proteolytic cleavage is linked to both
Hebbian and homeostatic plasticity. The cleavage of ICAM-5 may contribute to LTP. While
the cleavage of Multiplexin and Neuroligin-1 strengthen and weaken synapses, respectively,
in a homeostatic manner. Together, these constructive and deconstructive roles of CAM
cleavage allow the differential regulation of multiple molecular pathways that work in a
coordinated manner to ensure the appropriate activity-dependent remodeling of synapses
during development and plasticity. Nevertheless, we are only at the cusp of truly
understanding how activity-dependent proteolytic cleavage orchestrates synaptic
remodeling; thus, three key future questions stand out.

First, how do cleaved fragments of CAMs regulate synaptic remodeling? Thus far, the
interactions between the cleaved ectodomains of ICAM-5, SIRPa, and Neuroligin-1 with
B1-integrin, CD47, and Neurexin, respectively, have been described. However, in the case of
many other CAMs, such as Multiplexin, Agrin, and NCAM, the receptors for and the
signaling cascades regulated by the cleaved fragments remain largely unknown. Clearly
delineating which signaling cascades are involved is important because the cleavage of
different CAMs can perform distinct, yet coordinated roles in development and adult
plasticity.

Secondly, is there a role for activity-dependent proteolytic cleavage of CAMs at other, non-
glutamatergic synapses? In this review we specifically looked at the role of proteolytic
cleavage in the development and function of excitatory glutamatergic synapses. However,
growing evidence suggests that other synapses, especially inhibitory GABAergic synapses,
also undergo activity-dependent remodeling (Lin et al., 2008; Flores et al., 2014). There is
evidence that CAMs at GABAergic terminals, such as Neuroligin-2, Dystroglycan, and
Agrin, undergo proteolytic cleavage (Suzuki et al., 2012; Pribiag et al., 2014). This suggests
that cleavage could regulate the development and function of inhibitory and perhaps other
types of synapses as well.

Neurosci Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagappan-Chettiar et al. Page 11

The third question is, mechanistically, what is the consequence of impaired proteolytic
processing in neurological disorders? Here we looked at evidence showing that improper
proteolytic cleavage of CAMs occurs in Schizophrenia, brain tumors and Alzheimer’s
disease. However, many other studies have identified abnormal levels of protease expression
and activity in various neurological disorders such as Fragile X, epilepsy, and addiction in
both humans and well as mouse models (Brown et al., 2008; Suenaga et al., 2008; Janusz et
al., 2013; Konopka et al., 2013; Sidhu et al., 2014). Yet, if and what proteins are
subsequently cleaved erroneously, and what signaling pathways are altered in these diseases
remains unclear. Tackling these questions will allow a more comprehensive understanding of
how activity-dependent proteolytic cleavage guides synapse development and adult function,
and how disrupting this cleavage can underlie various nervous system disorders.
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CaMK Calcium-calmodulin dependent kinase
DCC Deleted in colorectal cancer

ECM Extracellular matrix

GABA ~y-aminobutyric acid

ICAM Intercellular adhesion molecule
LTD Long term depression
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MMP Matrix metalloproteinase

mTOR Mechanistic target of Rapamycin
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NGL Netrin G-ligand
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SIRP Signal regulatory protein
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FIGURE 1.
Stages of excitatory synaptic development and two forms of adult synaptic plasticity. The

synaptic development stage occurs in distinct steps: 1) axon elongation and targeting, 2)
synaptic differentiation, and 3) synaptic refinement. Synaptic refinement is regulated by
neuronal activity and includes both the maturation of active synapses and the elimination of
inactive ones. In the adult, synapses undergo further activity-dependent modification
primarily via two forms of synaptic plasticity: Hebbian plasticity and homeostatic plasticity.
Non-activity dependent cleavage of CAMs contributes to the first two stages of synaptic
development. Then, activity-dependent proteolytic cleavage of CAMs regulates synaptic
maturation and adult plasticity.
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FIGURE 2.
The activity-dependent proteolytic cleavage of CAMs’ extracellular domains play specific,

but coordinated roles in orchestrating synaptic maturation. First, activity-dependent cleavage
of ICAM-5 removes the postsynaptic maturation-inhibiting signal. Thus, upon cleavage,
postsynaptic maturation can begin. Second, the activity-dependent cleavage of SIRPa drives
presynaptic maturation of active synapses by enabling the interaction between SIRPa
ectodomain and CD47. Finally, when the synapse is mature, Neuroligin-1 is cleaved to
restrict maturation and maintain the synapse at a stable state by disrupting its interaction
with Neurexin.
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Activity-dependent proteolytic cleavage of CAMs in the adult brain regulates homeostatic
plasticity. Suppression of glutamate receptor activity at the Drosophila NMJ results in a
presynaptic increase of neurotransmitter release to maintain homeostasis. This plasticity
requires the cleavage of Multiplexin to form Endostatin that results in an increase in
presynaptic calcium levels. Contrarily, when synaptic activity is elevated, the cleavage of
Neuroligin-1 can return the synapse to a stable state by weakening the synapse. At
overactive synapses, the cleavage of Neuroligin-1 decreases presynaptic release via the
perturbation of Neuroligin-1/Neurexin signaling.
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FIGURE 4.

Improper proteolytic processing of APP in Alzheimer’s disease. Under physiological
conditions, APP is cleaved via a-secretase (a) followed by y-secretase (y) to generate non-
amyloidogenic fragments. However, when neuronal activity is altered, APP is incorrectly
cleaved by p-secretase (B) and -y-secretase to generate amyloidogenic Amyloid-p (Ap),

which leads to Alzheimer’s disease.
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