1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Curr Opin Neurobiol. 2009 June ; 19(3): 263-274. doi:10.1016/j.conb.2009.06.001.

Semaphorin Function in Neural Plasticity and Disease

R. Jeroen Pasterkamp1 and Roman J. Giger2v3’4’*

1 Department of Neuroscience and Pharmacology, Rudolf Magnus Institute of Neuroscience,
University Medical Center Utrecht, Universiteitsweg 100, 3584 CG Utrecht, The Netherlands 2
Department of Cell & Developmental Biology, University of Michigan School of Medicine, 109 Zina
Pitcher Place, 3065 BSRB, Ann Arbor, MI 48109-2200 3 Department of Neurology, University of
Michigan School of Medicine, 109 Zina Pitcher Place, 3065 BSRB, Ann Arbor, MI 48109-2200 4
Multiple Sclerosis Center, University of Michigan School of Medicine, 109 Zina Pitcher Place, 3065
BSRB, Ann Arbor, Ml 48109-2200

4. Summary of recent advances

The semaphorins, originally discovered as evolutionarily conserved steering molecules for
developing axons, also influence neuronal structure and function in the early postnatal and juvenile
nervous systems through several refinement processes. Semaphorins control synaptogenesis, axon
pruning, and the density and maturation of dendritic spines. In addition, semaphorins and their
downstream signaling components regulate synaptic physiology and neuronal excitability in the
mature hippocampus, and these proteins are also implicated in a number of developmental,
psychiatric, and neurodegenerative disorders. Significant inroads have been made in defining the
mechanisms by which semaphorins regulate dynamic changes in the neuronal cytoskeleton at the
molecular and cellular levels during embryonic nervous system development. However,
comparatively little is known about how semaphorins influence neuronal structure and synaptic
plasticity during adult nervous system homeostasis or following injury and disease. A detailed
understanding of how semaphorins function beyond initial phases of neural network assembly is
revealing novel insights into key aspects of nervous system physiology and pathology.

5. Introduction

The Semaphorins are a large family of evolutionally conserved glycoproteins, and they are
divided into eight different subfamilies based on structural motifs and species of origin (Fig.
1A). Although initially identified as inhibitory axon guidance molecules, semaphorins include
both attractants and repellents [1]. How a neuron responds to a specific semaphorin family
member, including repulsion or attraction, is not absolute but instead regulated by the context
in which this cue is encountered. A detailed understanding of semaphorin signaling, including
the molecular switches that determine whether a neuron shows a positive (attractive) or
negative (inhibitory) response to a particular semaphorin is of considerable interest. These
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signaling events are likely to have important implications for neuronal plasticity, and also for
axonal regeneration following nervous system injury.

In the central nervous system (CNS), expression of prototypic axon guidance molecules
continues beyond the initial phase of process outgrowth, growth cone navigation, and target
innervation. Once the initial scaffold of neuronal connectivity has been established, a number
of refinement processes continue to sculpt and transform the immature network into the
complex and stereotypic pattern of connections observed in the mature brain and spinal cord.
Refinement processes include dendritic elaboration, synaptogenesis, experience-dependent
remodeling of synaptic connectivity, pruning of exuberant connections, and cell death. In the
mature mammalian CNS, neuronal connectivity is not hardwired and many neurons retain a
limited degree of structural plasticity throughout adulthood. Dendritic spines undergo
morphologic changes and spine shape is regulated, at least in part, by long-lasting changes in
synaptic strength [2]. While it has been speculated for some time that guidance molecules
expressed in the more mature CNS participate in network refinement processes and neuronal
plasticity, recent findings provide solid experimental evidence that members of the semaphorin
family and their receptors are important players in several refinement processes that help
transform an immature neural network into a fully functional adult nervous system.

Interestingly, altered expression and function of a growing number of semaphorin family
members are associated with neurologic disorders and regenerative failure following CNS
injury. Thus, a detailed understanding of semaphorin function at the molecular, cellular and
systems levels may provide insight into how cytoskeletal remodeling is regulated during axonal
outgrowth and growth cone steering in early development, during the subtle and more localized
structural changes at synapses in the mature nervous system, and following neural injury or
disease. Here, we highlight recent advances in our understanding of how semaphorins shape
and influence nervous system structure and function in the juvenile and adult CNS. We discuss
the significance of these findings and speculate about their importance for nervous system
plasticity, regeneration, and disease.

6. Main text

Semaphorins and their receptors

Semaphorins are secreted and membrane-associated (type-1 transmembrane or
glycosylphosphatidylinositol (GPI)-anchored) molecules defined by an amino-terminal
semaphorin (sema) domain and, with the exception of viral semaphorins, a plexin-semaphorin-
integrin (PSI) domain (Fig. 1). Semaphorins are further distinguished by distinct protein
domains, including immunoglobulin-like (lg), type-1 thrombospondin (TSR), and basic C-
terminal domains (Semaphorin Nomenclature Committee, 1999; [3].

The most prominent semaphorin receptors are the plexins (Fig. 1). Plexins are large,
phylogenetically conserved, type-1 transmembrane proteins that are subdivided into four
classes (PlexinA-D) [4]. Plexins function as both ligand-binding and as signaling receptors for
semaphorins. The Plexin ectodomain harbors a sema-like domain, and most interactions with
semaphorins are mediated through association with this domain. Class 3 secreted semaphorins
(Semas3s), except for Sema3E [1] require neuropilins as obligatory co-receptors to signal
through class A plexins (plexinAs) (Fig. 1A). Neuropilin-1 and neuropilin-2 are type-1
transmembrane proteins with overlapping, yet distinct, binding preferences toward Sema3s. In
addition to neuropilins, a number of co-receptors have been described that do not directly
support semaphorin binding but are part of a functional semaphorin holoreceptor complex.
Certain Ig-superfamily cell adhesion molecules (IgCAMs) serve as modulatory co-receptors
for specific attractive or repulsive axon guidance events mediated by Sema3s [5]. Furthermore,
heparan sulfate proteoglycans (HSPGs) and chondroitin sulfate proteoglycans (CSPGs) bind
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to the TSRs of Sema5A and are required for Sema5A-mediated axon attraction or repulsion,
respectively [6] (Fig. 1A). The only GPI-linked semaphorin, Sema7A, uses integrin receptors
to exert its neurite growth promoting and branching effects [7] (Fig. 1A). In addition to
integrins, Sema7A also binds plexinC1 [1]. At present, however, it is unclear whether Sema7A-
plexinC1 interactions mediate any neuronal functions.

The repertoire of semaphorin-plexin signaling may be further expanded by the ability of plexins
belonging to different subclasses to form heterodimers [8]. Accumulating evidence indicates
that transmembrane semaphorins (subclasses 1, 4-6) not only serve as ligands but also as
receptors, a process termed bi-directional signaling [9]. In Drosophila, Sema-1a, is both a
PlexA ligand for forward signaling and a receptor for reverse signaling during olfactory system
axon guidance events [10] [11]. In addition, transmembrane semaphorins and plexins may
interact in cis, leading to altered downstream signaling events [12] (Fig. 1A). While the
functional significance of plexin-plexin interactions and semaphorin-plexin cis associations
needs further characterization, they provide important clues about the diversity of interactions
in which semaphorins and their receptors may participate.

signaling

Great progress has been made in defining the intracellular signal transduction pathways that
mediate the diverse neuronal functions of semaphorins. Plexins are canonical semaphorin
receptors with a large cytoplasmic region that is highly conserved among family members. The
Plexin cytoplasmic region contains GTPase-activating motifs that are thought to bind to and
inactivate the monomeric G-protein R-Ras upon semaphorin binding to the Plexin ectodomain
[13]. The subsequent decrease in active R-Ras, downregulates (phosphoinositide-3 kinase)
PI13K activity and triggers the inhibition of integrin 1 signaling, leading to a decrease in growth
cone adhesion and allowing collapse responses (Fig. 1B, C). In addition to R-Ras, other
GTPases and proteins that regulate their activity, GTPase-exchange factors (GEFs), are known
to associate with the cytoplasmic region of plexinAs and plexinBs in neurons (Fig. 1B, C). For
example, upon stimulation of growth cones with Sema3A, the RacGEF (FERM, RhoGEF and
pleckstrin domain protein 2) FARP2 dissociates from plexinAl and activates Racl. Active
Racl facilitates the association of another GTPase, Rnd1, with plexinAl thereby stimulating
the plexinAl GAP activity toward R-Ras. Interestingly, a recent study places another FARP
family member, FARP1, downstream of Sema6A and plexinA4 in a subset of chick spinal
motor neurons. FARPL1 is necessary and sufficient to promote dendrite growth in motoneuron.
The FARP1 Rho-GEF domain is required for the dendrite growth-promoting effects of Sema6A
[14].

In addition, Rac1 has been shown to modulate actin dynamics through the p21-activated kinase
(PAK), LIM kinase 1 (LIMKZ1) and the cofilin pathway, interactions that have been directly
implicated in the regulation of neuronal growth [15,16] and synaptic plasticity [17]. The
growing list of signaling components regulated by neural Semaphorins reveals new insights
into how these cues exert their diverse functions but also poses new challenges. For example,
it is far from clear which of the pathway(s) discussed above are most prominent or bare
relevance to semaphorin signaling in vivo.

Cytoplasmic and receptor-type protein kinases constitute another important class of
semaphorin signaling molecules. In the multi-component receptor complexes that mediate
semaphorin function, plexins can alternatively associate with different kinase receptors to elicit
divergent signaling pathways and functional responses [4]. For example, upon Sema4D
binding, ErbB2 binds to and phosphorylates plexinB1, activating PDZ-RhoGEF and leukemia-
associated Rho-GEF (LARG). PDZ-RhoGEF and LARG activate Rho, which then activates
Rho kinase (ROCK) causing actin depolymerization and growth cone collapse [18] (Fig. 1C).
Cytoplasmic kinases can either bind directly to the cytoplasmic portion of plexins (e.g. Fyn,
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cyclin-dependent kinase 5 (Cdk5)), or one of its co-receptors, or operate further downstream
in the semaphorin signaling cascade (e.g. PI3K, GSK-3p, LIMKZ1). For example, Sema3A and
Sema4D trigger the sequential inhibition of PI3K and Akt, activation of glycogen synthase
kinase (GSK)3p and inactivation of collapsin response mediator protein (CRMP)-2 [19-21].
CRMP1-5 define a family of plexinA-interacting phosphoproteins that regulate microtubule
dynamics. GSK-3p-mediated CRMP-2 phosphorylation is dependent on a Cdk5- and Fyn-
dependent priming phosphorylation. Deactivation of CRMP2 by phosphorylation inhibits
microtubule assembly and axon elongation [22] [23].

In addition, several proteins unrelated to kinases and GTPases with important function in
neuronal semaphorin signaling have been identified, including Ran small GTPase binding
protein (RanBPM), the flavoprotein monooxygenase MICAL, and the A kinase anchoring
protein (AKAP) Nervy [4,24,25]. The precise role of these signaling components, where they
are located in the semaphorin signaling network, and the cellular context in which they are
most important, remains to be established.

Semaphorins regulate synapse development and physiology

In a recent study, members of the class 4 semaphorin family (Semad4s) were identified as
important regulators of both glutamatergic and GABAergic synapse development [26]. In
primary cultures of hippocampal neurons, RNAi knock-down of Sema4B, but not Sema4D,
results in a reduced density of synaptotagmin-1 and GIuR2 positive synaptic puncta and is
accompanied by a decrease in both frequency and amplitude of AMPA receptor-mediated
mEPSPs. Moreover, the number of PSD-95, but not synapsin-1-positive, puncta is selectively
reduced (Fig. 2A). This suggests that Sema4B functions postsynaptically, possibly through a
direct interaction with PSD-95 [27], to promote synapse maturation [26]. Interestingly, knock-
down of Sema4B also causes a decrease in GABAergic synapse number as assessed by GABA-
A immunolableing (Fig. 2B) [26]. This suggests that Sema4B may function in the assembly
of excitatory and inhibitory postsynaptic specializations.

Unlike Sema4B, Sema4D RNAI knock-down has no effect on glutamatergic synapses but
results in a significant decrease in GABAergic synapse density in hippocampal cultures.
Consistent with the idea that Sema4D regulates GABAergic synapse density, Sema4D~/~ mice
show a ~20% decrease in GAD67 immunoreactivity in the hippocampus in vivo [26].
Supporting a role in synapse development, exogenous application of Sema4D to primary
hippocampal neurons causes PlexinB1-dependent activation of the RhoA-ROCK pathway and
an increase in spine density [28]. In the same culture system, Sema4D also promotes dendritic
spine maturation as revealed by an increase in thin and mushroom shaped spines. Thus, in
hippocampal cultures loss of Sema4D appears to only influence GABAergic synapses, but
when applied exogenously, Sema4D regulates postsynaptic signaling of excitatory synapses.
How does Sema4D bring about these different effects on synapses? Interestingly, Sema4D has
the ability to positively or negatively regulate RhoA activity in vitro by either employing PDZ-
RhoGEF/LARG or p190RhoGAP, a ubiquitous GAP in the brain [29,30]. Thus, Sema4D may
be a bi-functional cue, capable of regulating dendritic spine density in a manner analogous to
other semaphorins that exhibit bi-functionality with respect to axon guidance activity. The
signaling mechanisms that either lead to activation or inhibition of the RhoA-ROCK pathway
downstream of Sema4D in neurons, however, have not yet been defined and little is known
about the mechanism of how Sema4D influences dendritic spine development, maturation, or
synaptic transmission in the hippocampus in vivo.

Sema3A is a positive regulator of dendritic spine density. In primary cortical neurons, Sema3A
increases the density of PSD95 and synaptophysin positive clusters [31]. Fewer synaptic
bouton-like structures are present on layer 5 pyramidal neurons of sema3A~~ and fyn deficient
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mice. Recent work suggests that sema3A modulates dendritic spine density in a Cdk5-
dependent manner in vitro and CRMP1-dependent manner in vivo [32].

Semaphorins as coordinators of structural and functional synaptic plasticity?

In the more mature CNS, semaphorins not only regulate synaptic structure but also influence
synaptic transmission (Fig. 2). In acute hippocampal slices, Sema3F modulates fast excitatory
synaptic transmission by increasing both frequency and amplitude of AMPA receptor-
mediated miniature excitatory postsynaptic currents (MEPSCs) in dentate granule cells and
CA1 pyramidal neurons [33]. Exogenous application of Sema3A, however, decreases the
efficacy of synaptic transmission evoked in the CA1 region of hippocampal slices [34]. This
suggests that Sema3A and Sema3F have opposing properties at the CA3-CA1 synapse.
Commensurate with a synaptic function for class 3 semaphorins, Npn-1 and Npn-2 are found
at synaptic sites. Npn-1 is localized presynaptically and Npn-2 is localized postsynaptically
[33]. The molecular events that binding of Sema3s to neuropilins evoke to regulate synaptic
transmission are still unknown. Because Sema3A intracellular trafficking and release is
regulated in an activity-dependent manner [35], this cue may be part of a negative feedback
loop that limits activity-dependent synaptic plasticity. The expression of several Sema3s is
regulated in an activity-dependent manner, and as discussed below, loss of Sema3F or its
receptor Npn-2 renders mice more susceptible to seizures [33,36].

Semaphorins regulate stereotypic pruning

An important event in the sculpting of neuronal connectivity is pruning of exuberant axonal
projections. Examples of neuronal pruning include stereotypic pruning of the distal portion of
the hippocampal mossy fiber infrapyramidal bundle (IPB) and the elimination of axon
collateral branches extending from layer 5 pyramidal cell projections to specific subcortical
targets. During early development, layer 5 cortical projection neurons from both motor and
visual areas have subcortical connections that are nearly identical. Neurons from each cortical
area send intermingling axon branches to the spinal cord, superior colliculus (SC), and inferior
colliculus (IC) (Fig. 3). Stereotyped removal of upper motor neuron axon collaterals to the SC,
IC, and removal of visual cortical axon collaterals to the IC and spinal cord results in the
connectivity observed in the mature CNS (Fig 3A, B). Studies in Npn-2 mutant mice, initially
focusing on hippocampal projections, identified an abnormal mossy fiber projection phenotype
[37,38]. Upon closer examination, it became clear that aberrant mossy fiber projections
observed along the outer rim of CA3 pyramidal neurons in Npn-2 and Plexin A3 null mice are
the result of impaired pruning of the IPB [39,40]. More recent studies reveal that stereotypic
pruning of corticospinal axon collaterals from visual area cortical neurons, but not collicular
collaterals of motor area cortical neurons, are eliminated in a manner dependent upon Npn-2,
plexinA3 and plexinA4 [41]. Based on previously reported interactions with the Npn-2/
PlexinA3 complex and its expression in areas from which axon collaterals are removed,
Sema3F is a strong candidate for providing the “punishing” signal that eventually leads to loss
of exuberant axonal collaterals (Fig. 3). Along these lines, it is also of interest that in
plexinA3 null mice, cell death of sensory neurons is decreased. Sema3A-plexinA3 signaling is
not required for axonal pathfinding of sensory peripheral projections, however, it has been
shown to trigger apoptosis in sensory neurons [42]. Thus, it is tempting to speculate that like
Sema3A, Sema3F-mediated activation of PlexinA3 in axon collaterals from visual cortical
projection neurons triggers local axonal death and pruning. These exciting observations may
provide a new entry point for future studies aimed at the elucidation of the molecular events
that regulate axonal health, stability, and degeneration.
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Neural disease and injury

A growing number of studies implicate semaphorins, their receptors and cytosolic signaling
components in psychiatric, neurodegenerative, and neurodevelopmental disorders.
Furthermore, semaphorins are thought to contribute to the regenerative failure of severed CNS
axons. It should be noted, however, that many of these observations are still correlative in
nature and may reflect changes in semaphorin expression as a consequence of disease, rather
than as causative role played by semaphorins in disease onset or progression.

A role for Semaphorins in CNS regeneration?

Following injury to the adult mammalian CNS, regenerative growth of severed axons is
extremely limited. This lack of axon regeneration is often associated with significant functional
deficits, and following spinal cord injury (SCI) may result in paralysis distal to the site of injury.
An important factor contributing to the lack of CNS axon regeneration is the growth inhibitory
environment near and at the site of injury. Both physical and chemical barriers prevent axons
from traversing the lesion site and reconnecting with their original targets. Following SCI,
meningeal fibroblasts invade the injury site and populate the center of the neural scar. Injured
axons are unable to cross this fibrotic scar and develop swollen endings just proximal to, or
within, the zone of reactive astrocytes (Fig. 4A). Sema3s are expressed by scar-associated
meningeal cells and based on their growth inhibitory nature may block axon regeneration
[43]. At the injury site, Sema3s are co-expressed with several other regeneration inhibitory
proteins, including chondroitin sulfate proteoglycans (CSPGSs). Intriguingly, Sema3s and
CSPGs have been reported to physically associate in the extracellular matrix (ECM), and
reduction of proteoglycan levels impedes Sema3A repulsion in vitro [43]. In addition, CSPGs
have been shown to convert Sema5A-induced axon attraction of primary thalamic neurons into
repulsion [6]. Therefore, it is tempting to speculate that CSPGs exert their inhibitory influences,
at least in part, by presenting Sema3s to regenerating axons and/or by modulating semaphorin
receptor function. Important future questions are to define how proteoglycans regulate
semaphorin function, and to determine the physiological role of such interactions in steady-
state (e.g. stabilization of existing networks), and following nervous system injury or disease.

Several lines of evidence suggest that regenerating axons can respond to Sema3s. Injured adult
neurons express functional Sema3 receptors, sprouting adult sensory axons are responsive to
Sema3A repulsion, and knockdown of neuropilin-1 receptors reduces the neurite growth-
inhibitory properties of human neural scar tissue in vitro [44,45]. Importantly, the fungus-
derived compound SM-216289 inhibits Sema3A signaling and induces considerable
anatomical and functional regeneration in spinal cord injured rats [46] (Fig. 4A, B). These
observations support the idea that scar-derived Sema3s inhibit regenerative axon growth in
vivo and thus may serve as therapeutic targets for improving functional regeneration. However,
further work employing genetically manipulated mice and independent means to acutely block
Sema3 function will be needed to more firmly establish the contribution of scar-associated
Sema3s to regeneration failure in vivo. Membrane-associated semaphorins may also contribute
to the regenerative failure of injured CNS axons: Sema4D (CD100), Sema6B, and Sema7A
are found in myelin and are strongly upregulated by oligodendrocytes located near the injury
site (Fig. 3A, B; [47-49]; R.J.P., unpublished observations). Future studies will undoubtedly
analyze the expression and function of membrane-associated semaphorins at sites of CNS
injury. A rapidly increasing body of evidence implicates semaphorins and their receptors in
modulating physiological and injury induced neuronal plasticity. To what extent targeting of
semaphorins results in improved anatomical and behavioral outcomes following CNS injury
is the subject of current and future studies. Recent studies have also begun to explore the idea
that semaphorins and other axon guidance molecules may not only negatively influence axon
regeneration, but could also help to limit inappropriate axon sprouting or redirect regenerating
axons to their synaptic targets once they have traversed the injury site in vivo [50].
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An important but still underexplored field is the interaction between the nervous system and
the immune system following neural injury or disease. At the molecular level, the convergence
of the players implicated in nervous system and immune system function is intriguing.
Molecular interactions of members of the semaphorin, plexin and neuropilin families, typically
implicated in nervous system function, can also be found in cells that control the immune
response. Thus, it is likely that there is extensive cross-talk between these two systems and it
will be important to determine the extent and functional significance of immune system-
nervous system cross-talk with a focus on semaphorin signaling following nervous system
injury or disease. Another important function of semaphorins to be considered within the
context of neural injury and disease is their ability to induce cell death. Growing evidence
suggests that semaphorins function as death molecules for different neural cell populations,
including neurons, neural progenitor cells, immature oligodendrocytes and activated microglia.
Cell death is prevalent in injury and neurodegeneration. This suggests that an important activity
of CNS injury- or disease-induced upregulation of semaphorin expression is in cell death.

Seizures and epilepsy

Epilepsies comprise a remarkably diverse collection of neurological disorders characterized
by the periodic and unpredictable occurrence of seizures. One mechanism proposed to facilitate
the development of seizures and epilepsy is the pathological reorganization of synaptic
connections. These structural aberrations can result from insults during development and also
pathological activity in the mature nervous system. Inherited forms of epilepsy account for
about 20% of all epilepsies, suggesting that genetic factors contribute to the etiology of this
disorder. A similar genetic predisposition for (injury-induced) epilepsy is observed in mice.
FVB/NJ mice develop chronic epilepsy and show synaptic reorganization following kainic
acid (KA) treatment, however C57BI/6J mice do not. Examination of the expression of
semaphorins and neuropilins in these two mouse strains revealed that genetic background has
a profound effect on the expression of semaphorins during injury-induced epileptogenesis. For
example, hippocampal Sema3F expression is down-regulated in KA treated FVVB/NJ but not
in C57B1/6J mice [51]. Sema3F-Npn2 signaling regulates different aspects of hippocampal
development. Both Sema3F~/~ and Npn2~~ mice show defects in hippocampal circuitry and
interneuron migration, and these mice are prone to seizures [33,36]. PlexinA3 mediates many
of these Sema3F neuronal effects, but it is unknown whether plexin expression is regulated
during epileptogenesis or whether plexinA3~~ mice develop seizures. In addition to Sema3F,
expression of Sema3A and Sema3C is dysregulated in rat models of temporal lobe epilepsy and
kainic acid (KA)-induced status epilepticus [52,53]. Additional studies are needed to determine
the functional role of Sema3A and Sema3C in epileptogenesis and to assess whether the
expression of other semaphorins and their receptors is regulated in epilepsy. Whether changes
in semaphorin expression and function contribute to seizures or epilepsy in humans remains
to be determined.

Neurodegenerative diseases

Although our understanding of neurodegenerative disease pathogenesis is incomplete, changes
in neural connectivity and loss of synaptic contacts and activity are a unifying hallmark of these
debilitating brain disorders. It has been suggested that aberrant semaphorin expression, or
function, may result in altered neuronal connectivity or synaptic function associated with a
number of developmental and degenerative neural disorders. Experimental evidence
supporting such a role for semaphorins is currently strongest for Alzheimer’s disease (AD) and
amyotrophic lateral sclerosis (ALS).

AD is a chronic, progressive, neurodegenerative disorder that predominantly affects the
cerebral cortex and hippocampus, and is accompanied by selective cognitive impairments and
behavioral disturbances. A hallmark of AD is the occurrence of intraneuronal structures known
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as neuritic plaques and neurofibrillary tangles. Compelling evidence for semaphorins playing
arole in AD is provided by the isolation and characterization of a multiprotein complex from
brain tissue of AD patients that contains phosphorylated microtubule-associated protein (MAP)
1B, Sema3A, CRMP-2, plexinAl and -A2 [54]. Interestingly, AD brain tissue contains a
hyperphosphorylated form of CRMP-2 that exhibits increased phosphorylation on both Ser522
and Thr509 residues [22]. Sequential phosphorylation of CRMP-2 at Ser522 and Thr509 by
Cdk-5 and GSK-3p, respectively, reduces its interaction with tubulin and is required for
repulsive Sema3A signaling [22,55] [23]. AD pathogenesis is associated with increased levels
of aggregated beta-amyloid protein (AB), a fragment of APP that at low doses inhibits activity-
dependent synaptic transmission and at higher doses is neurotoxic. Interestingly, Ap reduces
neurite length in vitro and regulates phosphorylation of CRMP-2 through a RhoA GTPase-
dependent mechanism [56]. Thus, there may be cross-talk between Sema3A and Ap signaling
mechanisms. In AD patients, Ap aggregation induces hyperphosphorylation of CRMP-2 which
then may lead to changes in Sema3A elicited regulation of microtubule dynamics [20].

ALS is a devastating disease characterized by the progressive degeneration of motor neurons
in brain and spinal cord. Motor neuron loss results in impaired voluntary movement, paralysis,
and death by respiratory failure. As is thought about AD, it is plausible that defects in neuronal
connectivity, axonal transport, or synaptic function could predispose individuals to ALS.
Semaphorins are instrumental in regulating motor axon pathfinding during development [57]
and have also been implicated in axonal transport and synaptic function [35]. Single-nucleotide
polymorphisms (SNPs) in semaphorins and other genes encoding axon guidance molecules in
ALS patients are of diagnostic value for disease susceptibility, onset and severity, suggesting
the existence of semaphorin genetic risk factors [58]. Additional support for semaphorins in
ALS stems from a study reporting that SOD193A transgenic mice, in comparison to control
mice, display a marked increase of Sema3A expression in terminal Schwann cells (TSCs) at
the neuromuscular junction (NMJ). Intriguingly, this increase is limited to TSCs of fast-
fatigable type I1b and I1x muscle fibers [59]. This subtype of muscle fiber is characterized by
its inability to stimulate nerve sprouting after injury and is the first muscle subtype that is lost
in ALS. Therefore, it is possible that increased expression of Sema3A in TSCs leads to de-
adhesion or repulsion of motor axons at the NMJ, eventually resulting in axonal denervation
and motor neuron degeneration (Fig. 4C).

7. Conclusions and future directions

An overriding theme of the diverse functions exerted by semaphorins is their ability to regulate
cytoskeletal dynamics and thereby influence cell morphology and function. This is most
apparent in the nervous system, where complex neuronal structure is the cellular substrate of
an elaborate and highly sophisticated network of connections. The importance of semaphorins
in nervous system development and neural network assembly has been appreciated for some
time, and considerable progress has been made in defining receptor systems and the associated
downstream signaling pathways essential for semaphorins to exert their effects on the neuronal
cytoskeleton. The rapidly expanding role for semaphorins in the more mature nervous system
poses a number of new questions: How similar are the mechanisms and signaling pathways
employed by semaphorins to regulate axon guidance events early in development, network
refinement processes during early postnatal life, and neuronal plasticity in adulthood? What
are the underlying molecular mechanisms that facilitate semaphorin-mediated axonal pruning
and cell death? How do semaphorins influence synaptic maturation and dendritic spine shape?
Are semaphorin-induced changes in synaptic transmission simply a reflection of altered spine
structure, or do semaphorins have more direct means to regulate synaptic function? Do
semaphorins regulate the presynaptic transmitter release machinery or postsynaptic surface
expression levels and turnover of NMDA or AMPA receptors? An intriguing possibility is that
semaphorins function as coordinators of both structural and functional neuronal plasticity. It
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appears likely that the cellular context in which specific semaphorins are encountered, e.g
neuronal cell type, age, and growth cone or synapse, determines which downstream signaling
pathways will predominate. Thus, a major challenge for future studies will be to define which
of the semaphorin signaling pathways identified are most relevant for the execution of specific
functions in vivo.

Accumulating evidence implicates semaphorins in the neuronal network changes that
characterize brain disease. Aberrant semaphorin function and misexpression has been proposed
to trigger neuronal structural changes observed during neurodegenerative disorders, but may
also mediate more subtle alterations of neuronal structure such as those underlying
neurodevelopmental and psychiatric disorders. Moreover, altered semaphorin expression is
likely to have a marked impact on immune system function and cell death. While a growing
number of semaphorins have been implicated in nervous system injury and disease, it should
be noted that many of these observations are still correlative in nature and may simply reflect
changes in semaphorin expression that are a consequence of disease rather than a direct
causative link. Nevertheless, semaphorins and their associated receptors and signaling proteins
are likely to represent valuable biomarkers for monitoring disease progression, and possibly
therapeutic targets to regulate neuronal connectivity, cell death, and synaptic plasticity
following nervous system injury and disease.
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Figure 1. Semaphorins and their receptors and signaling pathways in the nervous system

(a) Semaphorins exist as secreted, membrane-spanning, or glycosylphosphatidylinositol
(GPI)-anchored proteins many of which bind to plexin receptors. Invertebrate semaphorins in
classes 1 and 2 (Semals and Sema2s) utilize PlexinA (PlexA) and PlexinB (PlexB) receptors,
respectively. The co-receptor Off-track (OTK) functions with PlexA, and PlexA and PlexB
might form heteromultimeric receptor complexes. In vertebrates, PlexinAs are receptors for
Sema3s and Sema6s. In contrast to Sema3s, Sema6s do not require neuropilins (Npns) to direct
plexinA binding. Ig-superfamily cell adhesion molecules (IgCAMs) function with Npns and
plexinAs to mediate neuronal Sema3 functions. Unlike other Sema3s, Sema3E directly binds
plexinD1. Sema3E-plexinD1-mediated axon attraction, but not repulsion, requires Npn-1.
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Semad4s associate with plexinBs and plexinB-ErbB2 interactions are required for certain Sema4
functions. HSPGs are required for Semab5A-mediated axon attraction and CSPGs switch
SemabA from an attractant to a repellent presumably by facilitating interactions with an
unknown neuronal receptor. The GPI-linked semaphorin Sema7A binds neuronal integrin
receptors. Recent evidence indicates that some membrane-spanning semaphorins might
function both as ligands and receptors, and in addition might influence plexin receptors through
cis interactions. (b) Sema3A binding to the Npn—plexinA complex promotes FARP2
dissociation from plexinA. Dissociated FARP?2 activates Racl, which facilitates Rnd1-
plexinA associations and drives PIPKIy661-mediated inhibition of integrin function. Active
Racl also controls actin dynamics through a PAK-LIMKZ1-cofilin pathway. Rnd1-plexinA
interactions stimulate plexinA RasGAP activity which suppresses R-Ras and inactivates PI13K-
Akt signaling. Interestingly, Sema3s also regulate PI3K-Akt through PTEN. Downregulation
of PI3K-Akt signaling leads to the inhibition of integrin-mediated adhesion, activation of
myosin Il (Myoll), and reduced phosphorylation of ERM and GSK-3p. Phosphorylation of
CRMP2 by GSK-3p inactivates CRMP2 and relies on a Cdk5- and Fyn-dependent priming
phopshorylation. CRMP2 regulates microtubule dynamics. (c) Sema4D—plexinB1 interactions
promote phosphorylation of plexinB1 and ErbB2. Repulsive Sema4D-plexinB signaling
involves four GTPases; Rndl, R-Ras, Rho and Racl. Sema4D—plexinB1 binding promotes
Rnd1-dependent activation of the plexinB1 GAP domain and transient suppression of R-Ras
activity. R-Ras inactivation promotes PI3K and Akt inactivation followed by GSK-3p
activation and CRMP2 inactivation. In addition, plexinB1 associates with the RhoGEFs PDZ-
RhoGEF and LARG to regulate Rho and ROCK activity and to influence cytoskeletal
dynamics. Racl—plexinB1 binding might sequester Rac1 away from PAK.
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Figure 2. Class 3 and 4 semaphorins regulate synapse structure and physiology

A growing number of semaphorins have been implicated in the regulation of synaptogenesis,
dendritic spine density, dendritic spine maturation, and synaptic transmission. Effects of
decreased semaphorin signaling are shown on the left and effects in the presence of increased
semaphorin signaling are shown on the right. (a) Excitatory Synapses: In glutamatergic
neurons, Sema3A increases the density of clusters of synapsin I and postsynaptic density-95
in vitro. Loss of Sema3A results in a dendritic spine phenotype of layer 5 cortical projection
neurons in vivo. Physiological studies showed that exogenously applied Sema3F to acute
hippocampal slices modulates basal synaptic transmission by increasing the frequency and
amplitude of mESPCs in dentate granule cells and CA1 pyramidal neurons. Sema3A and
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Sema3F appear to have opposite effects on synaptic transmission in the hippocampus, as in
the presence of Sema3A CA1 neurons are more depressed. In primary hippocampal neurons,
RNAI knock-down of Sema4B, but not Sema4D, attenuates postsynaptic maturation, as
assessed by a decrease in the density of synapsin 1/PSD-95 colocalized puncta and a decrease
in AMPA-receptor containing synapses. Exogenous application of Sema4D promotes dendritic
spine density and spine maturation in vitro. In primary hippocampal neurons, RNAi knock-
down of Sema4B (but not Sema4D) results in a decrease of the frequency and amplitude of
AMPA-receptor mediated mESPCs.

(b) GABAergic Synapses: In GABAergic neurons, RNAI knock-down of Sema4B or Sema4D
attenuates postsynaptic maturation, as assessed by the density of GABA-A receptor puncta.
In vivo, loss of Sema4D attenuates the development of GABAergic synapses in the
hippocampus, as assessed by co-localization of GABA-A and GADG67 staining. In vivo,
Sema3A and Sema3F influence GABAergic function indirectly by regulating tangential
migration of cortical interneurons.

Curr Opin Neurobiol. Author manuscript; available in PMC 2010 June 1.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Pasterkamp and Giger

Page 18

A wrsey)

visual

B WT (P10-P14)

C Npn2; Plexin A3/A4 (P10-P14)

visual
motor SC IC
@/\
5,
s /e

Figure 3. Semaphorins regulate stereotypic pruning

(a) In early mouse postnatal development (P3-P5), layer 5 projection neurons located in the
visual cortex or motor cortex extend subcortical projections to similar target areas, including
the superior (SC) and inferior colliculus (IC) in the diencephalon, and the dorsal spinal cord.
Some of these targets are innervated by virtue of interstitial axon branching. Subsequent
elimination (pruning) of specific subsets of axon branches is used to establish the mature
innervation pattern. (b) In wild-type animals at P10-14, axon branches of upper motor neurons
to the SC and IC and projections of visual cortical neurons to the IC and corticospinal tract
(CST) are lost as a result of stereotypic pruning. As a consequence, visual cortical projections
terminate in the SC and basilar pons (BP) and layer 5 motor projections give rise to the CST.
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(c) In Npn-2 null or PlexinA3/PlexinA4 double mutant mice pruning of visual cortical
projections to the CST and IC is defective. Pruning of upper motorneuron axon collaterals to
the SC and IC is normal and thus, independent of Npn-2 and PlexinA3/PlexinA4. The Npn-2
ligand Sema3F (purple) is expressed in the I1C and dorsal spinal cord, and thus, a strong
candidate for a ligand that signals pruning of exuberant visual cortical axon projections. The
molecular mechanisms that regulate axon pruning of upper motorneuron projections to the SC
and IC have not yet been defined.
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Figure 4.

Role for semaphorins in regeneration failure and amyotrophic lateral sclerosis (ALS)? (a, b)
Schematic representation of the injured rodent spinal cord. Following injury to the central
nervous system (CNS), meningeal fibroblasts migrate into the injury site and form the fibrotic
core of the neural scar. This fibrotic scar is surrounded by a region of reactive astrocytes and,
more distantly, oligodendrocytes. Meningeal fibroblasts and oligodendrocytes in CNS injury
sites have been shown to express semaphorins, their receptors and signaling molecules which
may act to inhibit regrowth of severed axons. (b) Application of the fungus-derived inhibitor
SM-216289 into the lesion site of rats with spinal cord transection injuries enhances anatomical
and functional regeneration, presumably by preventing interactions between Sema3A and
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axonal neuropilin-1 (Npn-1). (c) Schematic representation of the neuromuscular junction
(NMJ) of wild-type and G93A-hSOD1 mice. G93A-hSOD1 mice, a mouse model for ALS,
display a marked increase of Sema3A expression in terminal Schwann cells (TSCs) at the NMJ.
Intriguingly, this increase is limited to TSCs of fast-fatigable type I1b and 11x muscle fibers
which are the first muscle subtype to be lost in ALS. Increased expression of Sema3A in TSCs
may lead to de-adhesion or repulsion of motor axons away from the NMJ, eventually resulting
in axonal denervation and motor neuron degeneration.
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