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Semaphorins, originally discovered as guidance cues for developing axons, are involved
in many processes that shape the nervous system during development, from neuronal
proliferation and migration to neuritogenesis and synapse formation. Interestingly, the
expression of many Semaphorins persists after development. For instance, Semaphorin
3A is a component of perineuronal nets, the extracellular matrix structures enwrapping
certain types of neurons in the adult CNS, which contribute to the closure of the
critical period for plasticity. Semaphorin 3G and 4C play a crucial role in the control
of adult hippocampal connectivity and memory processes, and Semaphorin 5A and
7A regulate adult neurogenesis. This evidence points to a role of Semaphorins in the
regulation of adult neuronal plasticity. In this review, we address the distribution of
Semaphorins in the adult nervous system and we discuss their function in physiological
and pathological processes.
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INTRODUCTION
The development of complex tissues depends on proliferation, differentiation and migration of
cells. Cell guidance cues regulate these events and continue to be essential throughout life to
maintain tissue homeostasis. Semaphorins constitute a large family of cell guidance cues, which
are present in some viruses and conserved across animal species, from worms and flies to humans.
Thirty Semaphorin proteins have been identified so far. They can be divided into eight classes
(Sema1-7 and the viral Semaphorins, SemaV) on the basis of phylogenetic relationships and
structural features. Sema1, Sema2, and Sema5C are found in invertebrates, whereas all the other
Semaphorin classes are found in vertebrates (Bamberg et al., 1999; Pasterkamp, 2012; Alto and
Terman, 2017; Figure 1). Semaphorins can be secreted (Sema2, Sema3, and SemaV), membranespanning (Sema1, Sema4, Sema5, and Sema6) or glycosylphosphatidylinositol-anchored (Sema7A).
The structural hallmark of the Semaphorin protein family is an extracellular domain at the
N-terminal region, important for dimerization and interaction specificity, called Sema domain,
which is followed by a Plxn–Semaphorin–integrin domain and by distinct protein domains that
further define Semaphorins (Zhou et al., 2008; Figure 1).
First characterized by their ability to act as repulsive cues for growing neurites (Kolodkin
et al., 1992, 1993; Luo et al., 1993), Semaphorins are now known to be crucial molecules
also for the development and functioning of the musculoskeletal, cardiovascular, respiratory,
immune, endocrine, reproductive, hepatic, and renal system. In addition, Semaphorin signaling
has been linked to diseases affecting these systems, as well as to cancer (Roth et al., 2009;
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FIGURE 1 | Semaphorins and their receptors. Semaphorins can be categorized into eight classes. Viral Sema is found in the genomes of certain DNA viruses;
Sema1, Sema2, and Sema5c comprise the invertebrate Semaphorins; the other Semaphorin classes are found in vertebrates. Semaphorins are secreted (viral
Sema, Sema2, and Sema3), membrane-spanning (Sema1, Sema4, Sema5, and Sema6) or glycosylphosphatidylinositol-anchored proteins (Sema7A). Semaphorins
bind to Plxn receptors (PlxnA1–PlxnA4, PlxnB1–PlxnB3, PlxnC1, and PlxnD1) – see arrows for specific interactions. Sema3 require Npn for binding to PlxnA.

on other cells, a phenomenon known as reverse signaling
(Battistini and Tamagnone, 2016).
Class 3 Semaphorins require Npn as co-receptors (Npn1 and -2). Npn-1 homodimers function as ligand-binding
receptors for Sema3A and Sema3D; Npn-2 homodimers as
receptors for Sema3F; and Npn-1 and Npn-2 heterodimers
as receptors for Sema3B, 3C, 3E, and 3G (He et al., 2019;
Toledano et al., 2019). Npn are transmembrane proteins with
short intracellular domains that lack intrinsic enzymatic or
signaling activity. They do not seem to act as a direct
bridge between Plxn and Semaphorins but may function in
the presentation of Semaphorin to Plxn. In addition, Npn
can bind vascular endothelial growth factor (VEGF) in coreceptor complexes with VEGF receptors (Kruger et al., 2005;
Pasterkamp, 2012), regulating blood and lymphatic vessel growth
(Tammela et al., 2005).
Additional receptors can directly bind Semaphorins, including
CD72 (Kumanogoh et al., 2000), Tim2 (Kumanogoh et al., 2002),
and integrins (Pasterkamp et al., 2003). Moreover, co-receptors
that associate with Sema binding receptors affect the signaling
outcome of Sema-receptor interactions (Sharma et al., 2012).
Cell adhesion molecules, such as Nr-CAM and L1 CAM can
associate with Npn receptors and can be required for transducing
class 3 Sema signals (Castellani et al., 2000, 2004; Falk et al.,
2005). In addition, a number of receptor tyrosine kinases, such
as VEGF receptor 2, Met, ErbB2 and off-track, associate with
Plxns and Npns and become transactivated upon Sema binding
(Sharma et al., 2012). Interestingly, Semaphorin function can

Neufeld et al., 2012; Pasterkamp, 2012; Tamagnone, 2012;
Giacobini and Prevot, 2013; Kang and Kumanogoh, 2013;
Kumanogoh and Kikutani, 2013).
The effects of Semaphorins occur through binding to their
receptors, the neuropilin (Npn) and plexin (Plxn) protein families
(Figure 1). Plxns are grouped in four classes, from A to D,
with four A-type, three B-type, one C-type and one D-type.
The Plxn extracellular region contains several sema domains,
which are important for binding to Semaphorins, whereas the
intracellular region contains GTPase-activating protein domains
(Takahashi et al., 1999; Tamagnone et al., 1999). In general,
Semaphorins exist as homodimers, both in an unbound state
and when interacting with Plxns. Semaphorin homodimers
bring together two Plxn monomers or disrupt existing Plxn
homodimers, relieving Plxn autoinhibition, which might be
caused by an interaction between the sema domain of Plxn
and the rest of the Plxn extracellular domain (Takahashi and
Strittmatter, 2001; Kong et al., 2016). Once activated, Plxn
signals through downstream molecules, including GTPases of
the Rho family, protein kinases such as MAPK, and enzymes
such as MICAL (molecule interacting with casL), which induce
the phosphorylation of intracellular proteins of the collapsin
responsive mediator protein (CRMP) family (Vikis et al., 2000;
Hu et al., 2001; Liu and Strittmatter, 2001; Terman et al., 2002;
Pasterkamp et al., 2003; Hota and Buck, 2012). CRMPs, in turn,
affect actin and microtubule dynamics (Hung et al., 2010, 2011;
Alto and Terman, 2017). Membrane-associated Semaphorins can
also act as receptors or co-receptors for Semaphorins located
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Sema3A mRNA expression persists in several discrete areas of
the adult CNS and PNS (Luo et al., 1993; Giger et al., 1996, 1998;
Pasterkamp et al., 1998; de Wit and Verhaagen, 2003). Since then,
the role of Sema3A and other Semaphorins in the physiology
of the adult nervous system has been progressively unveiled,
pointing to a role of these axon guidance cues in the regulation
of neuroplasticity.

be modulated by binding to proteoglycans (Kantor et al., 2004;
de Wit et al., 2005; Zimmer et al., 2010; Cho et al., 2012; Dick
et al., 2013). For example, class 5 Semaphorins demonstrate
axon repulsive properties on neurites that co-express chondroitin
sulfate proteoglycans and Plxns, while they turn into attractive
cues if neurites express heparan sulfate proteoglycans adjacent to
Plxns (Kantor et al., 2004).
Semaphorins have been discovered in the early 1990s as
repulsive axon guidance molecules, enabling axons to find their
targets and thus contributing to nervous system development
(Kolodkin et al., 1992, 1993; Luo et al., 1993). In the peripheral
nervous system, Semaphorins of several classes form molecular
boundaries to prevent axons of dorsal root ganglion neurons,
cranial nerves, spinal motoneurons or sympathetic neurons from
entering inappropriate areas (Masuda and Taniguchi, 2016).
Repulsive Semaphorin signaling is also crucial in the control of
axon pathfinding of several classes of central nervous system
(CNS) neurons during development (Sahay et al., 2003; Kolk
et al., 2009; Pignata et al., 2016; Alto and Terman, 2017; Okada
et al., 2019). The main mechanism how Semaphorins act as
guidance molecules is through activation of Plxn signaling, which
induces cytoskeletal changes in the growth cone of developing
axons, such as depolymerization of actin filaments, attenuation
of microtubule dynamics, and collapse of microtubule arrays
(Goshima et al., 1997; Fritsche et al., 1999; Hung et al., 2010).
In the last three decades, Semaphorins have been shown to be
involved in many other developmental processes that shape the
nervous system, including axon defasciculation (Kolodkin et al.,
1992; Tran et al., 2007; Claudepierre et al., 2008; Pecho-Vrieseling
et al., 2009; Imai, 2012; Assens et al., 2016), lamina-specific
patterning of synaptic connectivity (Skutella and Nitsch, 2001;
Pasterkamp, 2012; Xie et al., 2019), axon terminal branching
(Bagnard et al., 1998; Bagri et al., 2003; Dent et al., 2004;
Cioni et al., 2013; Jung et al., 2019), dendritic morphogenesis
and arborization (Polleux et al., 2000; Fenstermaker et al., 2004;
Vodrazka et al., 2009; Ng et al., 2013; Cheadle and Biederer, 2014;
Yamashita et al., 2014; Danelon et al., 2020), synapse formation
(Godenschwege et al., 2002; Morita et al., 2006; Paradis et al.,
2007; Yamashita et al., 2007; Tran et al., 2009; Kuzirian et al.,
2013; Inoue et al., 2018; McDermott et al., 2018), subcellular
target recognition by specific axons (Telley et al., 2016), pruning
(Bagri et al., 2003; Sahay et al., 2003; Faulkner et al., 2006; Low
et al., 2008; Uesaka et al., 2014), and removal of ectopic synapses
(O’Connor et al., 2009; Tran et al., 2009; Mohan et al., 2018,
2021).
Many excellent reviews have addressed the functions of
Semaphorins during nervous system development. Here, we
will provide an overview of the role of Semaphorins in
adult CNS physiology and pathology, including the role of
Sema3A in plasticity processes through its interaction with the
extracellular matrix (ECM).

Class 3 Semaphorins in Perineuronal
Nets
Transcripts for Sema3A are found in distinct neuronal
populations throughout the rostro-caudal axis of the adult CNS,
as well as in meninges, pituitary gland and pineal gland, in rats
as well in humans (Giger et al., 1998). Immunohistochemistry
for Sema3A confirmed the expression of Sema3A in several
regions of the adult rat and mouse CNS (Carulli et al., 2013;
Vo et al., 2013; Giacobini et al., 2014; de Winter et al., 2016).
Interestingly, Sema3A protein distribution can display different
expression patterns. First, Sema3A can be diffusely localized in
the neuropil. Secondly, Sema3A can be observed in or around
myelinated axons. Thirdly, one of the more striking features
of the anatomical distribution of Sema3A in the CNS is its
accumulation in perineuronal nets (PNNs; Vo et al., 2013;
Figure 2). PNNs are lattice-like aggregates of extracellular matrix
molecules enwrapping the cell body and proximal dendrites
of many types of CNS neuron. They form during postnatal
development, contributing to the closure of critical periods
for plasticity. The main scaffold of the PNN is composed by
chondroitin sulfate proteoglycans (CSPGs), hyaluronan, link
proteins and tenascin-R. Hyaluronan is a long unbranched
polysaccharide, to which several CSPGs bind through their
N-terminal domains, and this binding is strengthened by
link proteins. CSPGs are cross-linked by Tenascin-R, which
is a trimeric molecule which binds the CSPG C-terminal
domain (Fawcett et al., 2019). The interaction of Sema3A with
the PNN occurs through its binding to CSPG sugar chains
(i.e., chondroitin sulfate glycosaminoglycans – CS-GAGs).
The first indication of Sema3A interacting with CS-GAGs
comes from the work by de Wit et al. (2005). Addition of
CS-GAGs to the culture medium of Neuro2a cells (a murine
neuroblastoma cell line) displaces cell surface bound Sema3A.
Moreover, enzymatic removal of CS-GAGs using chondroitinase
ABC releases Sema3A into the culture medium. Interestingly,
injection of chondroitinase ABC in vivo abolishes Sema3Alabeling of PNNs which indicates that Sema3A is released
from PNN following digestion of CSPGs (Vo et al., 2013).
CS-GAGs consist of repeated disaccharide units made of
glucuronic acid (GlcA) and N-acetylgalactosamine (GalNAc),
and can present sulfate groups at various locations, resulting
in extensive molecular heterogeneity. The most common CSGAG isoform in the adult brain are: CS-A (C-4 sulfation on
GalNAc), CS-C (C-6 sulfation on GalNAc), CS-D (C-2 sulfation
on GlcA and a C-6 sulfation on GalNAc), and CS–E (C-4 and
C-6 sulfation on GalNAc; Sugahara and Kitagawa, 2000). The
interaction between Sema3A and PNNs is sulfation-dependent,
with Sema3A interacting preferentially to CS-E extracted
from adult brain PNNs (Dick et al., 2013) via two specific

SEMAPHORINS IN ADULT NERVOUS
SYSTEM PHYSIOLOGY
Semaphorins are found in the nervous system not only during
development but also in adulthood. Early studies showed that
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FIGURE 2 | Sema3A in perineuronal nets in the adult mouse brain. Panel (A) shows a parasagittal section of the adult mouse brain in which Sema3A immunostaining
(brown) is apparent throughout the whole rostro-caudal axis. In blue, thionin counterstaining. Reprinted with permission from Vo et al. (2013). (B) Sema3A (green)
displays a lattice-like pattern, which is typical of perineuronal nets, around a parvalbumin (PV)+ neuron of the rat visual cortex. Scale bar: 2 mm (A), 5 µm (B).

and transported through the cerebrospinal fluid into the brain
parenchyma. Here, it is captured by PNNs and then internalized
in PNN-bearing neurons, where it acts as a transcription factor
(Spatazza et al., 2013).
What is the function of Sema3A in PNNs? Sema3A in PNNs
contributes to the end of the critical period in the visual cortex.
Critical periods are time windows of intense brain development
in which neuronal connections are highly plastic and shaped
under the influence of environmental stimuli (Reh et al., 2020).
Accumulation of Sema3A in PNNs in the rat visual cortex
begins between postnatal day 28 and postnatal day 45, in
coincidence with the closure of the critical period for ocular
dominance plasticity. When rats are raised in darkness, plasticity
persists into adulthood, and this is correlated with reduced levels
of Sema3A-positive PNN structures. Notably, interfering with
Sema3A signaling enhances ocular dominance plasticity in adult
rats (Boggio et al., 2019). Overall, those data point to a role
of perineuronal-Sema3A in closure of the critical period and
repression of juvenile plasticity in the adult brain.
Another function of Sema3A may be related to restriction
of structural plasticity, with Sema3A acting as an inhibitory
cue for rewiring of existing connections or formation of new
connections on PNN-bearing neurons. Indeed, when adult mice
are reared in an enriched environment, a condition known to
promote neuronal plasticity (Sale et al., 2014), a strong reduction
in PNN CS-GAGs as well as Sema3A expression in PNN is
observed in the cerebellar nuclei, in parallel with substantial
remodeling of synaptic terminals (Foscarin et al., 2011; Carulli
et al., 2013). Moreover, changes in Sema3A expression have been
found during compensatory sprouting occurring after injury.
Partial deprivation of cerebellar nuclei neurons of their main
inputs, the Purkinje cells, results in a strong decrease of PNN
and Sema3A labeling around denervated neurons, in association
with structural reorganization of the local connectivity (Carulli
et al., 2013). Overall, these studies suggest that Sema3A in PNNs
is actively modulated to facilitate or restrict plasticity according
to specific functional requirements.
In addition, Sema3A in PNN may affect molecular processes
in the cell body of PNN-bearing neurons, as Sema3A receptors
PlexinAs are detected on the soma of PNN+/PV+ neurons
(Vo et al., 2013), and PV+ neurons in the visual cortex also

peptidic sequences located in the Sema3A C-terminal domain
(Djerbal et al., 2019). Interestingly, one of these sequences is
very similar to a sequence found in orthodenticle homeobox 2
(Otx2), which is involved in PNN formation and modulation
of plasticity (Bernard and Prochiantz, 2016). This sequence
mediates accumulation of Otx2 into PNNs, through binding
to CS-GAGs (Beurdeley et al., 2012), raising the possibility
that Sema3A and Otx2 could compete with one another for
PNN binding. Interestingly, the lack of binding of Sema3A to
CS-D (which is a disulfated CS-GAG structure, similar to CS-E,
bearing two highly negatively charged sulfate groups) suggests
that the interaction with CS-E is specific and is not due to a
non-specific charge interaction (Dick et al., 2013). Recent data
in vivo, however, show that the main CS types binding Sema3A
are non-sulfated GalNAc residues at the non-reducing termini
of CS-GAG chains (Nadanaka et al., 2020). Binding of Sema3A
(and possibly other secreted Semaphorins) to CS-GAGs may be
crucial for the presentation of Semaphorin to their receptors,
and thus for the activation of Semaphorin signaling in specific
brain locations.
The presence of Sema3A-positive PNN around neurons that
do not express Sema3A mRNA (such as cortical interneurons)
suggests that Sema3A is not necessarily produced by neurons
endowed with a PNN, but it might be derived from nearby
neurons or afferent ones. Indeed, in embryonic rat cortical
neurons, Sema3A is actively transported in vesicles through
the axon and dendrites of the cell. In axons, Sema3A is
almost exclusively transported in an anterograde direction, and
this transport is activity-dependent. Blocking action potentials
results in an acceleration of Sema3A transport, whereas cell
depolarization induces a transport arrest, which is accompanied
by release of Sema3A at the cell surface (de Wit et al., 2006).
Therefore, presynaptic neurons may produce Sema3A, transport
it to their terminals, and subsequently deposit it in the PNN
in an activity-dependent manner. In addition, Sema3A is highly
expressed by meningeal cells (Giger et al., 1998; Niclou et al.,
2003), suggesting that Sema3A is released by those cells into the
cerebrospinal fluid and the parenchyma, traveling through the
extracellular space from where it might be captured by PNNs.
This is indeed what occurs to another PNN component, Otx2,
in the adult brain. Otx2 is secreted from the choroid plexus
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or upscaling, whereas increasing neuronal activity leads to
decreased synaptic strength, or downscaling. Modulation of
synaptic strength is largely dependent on distribution and
function of postsynaptic receptors, such as AMPA receptors
(Turrigiano, 2012). In cultured rat cortical neurons, elevating
neuronal activity by bicuculline promotes Sema3F secretion,
which contributes to a reduction in AMPA receptor number on
the cell post-synaptic membrane. Indeed, no change in AMPA
receptor has been found in Sema3F KO neurons. Thus, Sema3F,
possibly by disrupting the interaction that exists between Npn2 and AMPA receptors, mediates AMPA receptor downscaling
following increased neuronal activity (Wang et al., 2017).
In conclusion, secreted semaphorins affect homeostatic
plasticity by causing cytoskeleton modifications leading to
increased release of pre-synaptic vesicles, or by attenuating
the binding between Semaphorin receptors and postsynaptic neurotransmitter receptors, thereby affecting channel
localization, trafficking, or biophysical properties.

express CRMP4 (Cnops et al., 2006). Here, we can speculate that
Sema3A signaling may cause cytoskeletal changes, which may
affect the distribution of post-synaptic channels and/or receptors,
and thus synaptic plasticity and/or connectivity. Finally, Sema3A
has been found to rigidify CS-E based matrices. Therefore, it
may cross-link PNN-GAGs and thus contribute to PNN stability
(Djerbal et al., 2019).
Another class 3 Semaphorin, Sema3B, shows a perineuronal
net-like pattern (Vo et al., 2013), but its expression throughout
the brain is more restricted than that of Sema3A. For example,
whereas Sema3A in the hippocampal system is detected in
the subiculum, CA1, CA2, CA3, and dentate gyrus, Sema3Blabeled PNNs are only observed in the subiculum. In the
thalamic area, Sema3A labeling is associated with PNNs in
the medial septal nucleus and the reticular thalamic nucleus,
whereas Sema3B immunoreactivity is only found in the reticular
thalamic nucleus (Vo et al., 2013). In the adult brain Sema3B
mRNA is apparent in the choroid plexus (Kaiser and Bryja,
2020). It may thus be released into the cerebral spinal fluid
and travel in the parenchyma extracellular space from where
it could be incorporated into PNNs. Because Sema3B does not
contain the PNN-binding peptide sequence shared by Sema3A
and Otx2, it may interact with PNNs through differentially
sulfated CS-GAGs, which may be found only on a small
sub-population of PNNs.

Hippocampal Plasticity, Learning and
Memory
The adult hippocampus shows a remarkable capacity for
changes in synaptic activity and structural reorganization during
learning and memory. Modifications in synaptic strength,
dendritic complexity and synapse number have been proposed
to underlie memory processes (Leuner and Gould, 2010).
Secreted Semaphorins, and particularly Sema3A, Sema3F, and
Sema3G, are important players in the control of synaptic
and structural plasticity in the adult hippocampus. In the
work by Bouzioukh et al. (2006), exogenous application of
Sema3A in hippocampal acute slices induces a striking reduction
of pre- and post-synaptic excitatory puncta, and a strong
depression of excitatory synaptic transmission in CA1 neurons,
which are mediated by extracellular signal-regulated kinase
(ERK) activation. Because Npn-1 is shown to be present in
presynaptic terminals, Sema3A-induced depression of synaptic
transmission could be the consequence of initial structural
changes in presynaptic elements, which may then change the
size of the synaptic cleft, reducing transmitter concentrations
at postsynaptic receptors. Alternatively, Sema3A may destabilize
the presynaptic membrane, causing then the retraction of the
postsynaptic membrane (Bouzioukh et al., 2006).
Sema3A mRNA in vivo is shown to be expressed by stellate
cells of the entorhinal cortex. They project to dendrites of granule
cells, which are located in the molecular layer of the dentate
gyrus and express Npn-1, but not Sema3A, transcripts (Giger
et al., 1998). Induction of epileptic seizures in rats leads to
a downregulation of Sema3A expression, which is correlated
with aberrant sprouting of granule cell axons into the molecular
layer of the dentate gyrus, resulting in the formation of a
recurrent excitatory network (de Wit and Verhaagen, 2003;
Holtmaat et al., 2003). These results suggest that Sema3A
may be involved in constraining structural changes in the
adult hippocampus.
Sema3F modulates the morphology and function of synapses
in the adult hippocampus, but it has opposite effects from

Homeostatic Synaptic Plasticity
Homeostatic plasticity is referred to all biological processes
that neurons and neuronal circuits use to stabilize their activity
around some set-point value in the face of perturbations, such
as changes in cell size, synapse number or synapse strength,
which would alter excitability (Turrigiano, 2008). An example
of homeostatic plasticity is the increase in neurotransmitter
release that follows an impairment in postsynaptic receptor
function. Homeostatic plasticity is conserved from fly to humans
(Davis, 2006). Recent evidence points to a role of Semaphorins
in the control of homeostatic plasticity in the adult nervous
system. For instance, at the neuromuscular junction (NMJ)
in Drosophila, Semaphorin 2b is a muscle-derived, secreted
signal that mediates the homeostatic control of presynaptic
neurotransmitter release. After decreasing the amplitude of
miniature excitatory postsynaptic potentials (by applying
a glutamate-receptor antagonist), a significant increase in
presynaptic neurotransmitter release occurs, which compensates
for the postsynaptic perturbation and restores normal muscle
excitation. This presynaptic homeostatic plasticity does not occur
in Drosophila larvae containing a null mutation in the sema2b
gene or the plxnB gene. Regulation of presynaptic homeostatic
plasticity by Sema2b–PlxnB signaling occurs through the
cytoplasmic protein Mical, which is present presynaptically and
mediates actin depolymerization, which is necessary to release
synaptic vesicles from the reserve pool and, thus, expand the
readily releasable pool (Orr et al., 2017).
Another form of homeostatic plasticity is homeostatic
scaling, which allows neurons to maintain their firing rates
in the presence of changes in neuronal activity. For instance,
blocking neuronal activity leads to increased synaptic strength,

Frontiers in Synaptic Neuroscience | www.frontiersin.org

5

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

newborn neurons to replace those in existing circuits. In the
SGZ, NSCs give rise to intermediate progenitor cells, which
generate neuroblasts. Neuroblasts will develop into dentate
granule neurons. NSCs in the SVZ give rise to transient
amplifying progenitors, which become neuroblasts. Neuroblasts
will form a chain and migrate into the olfactory bulb, where
they differentiate into interneurons (Obernier and AlvarezBuylla, 2019). Semaphorins control different aspects of adult
NSC development. In the hippocampus, Sema7A has been
shown to suppress NSC proliferation at early stages, and to
regulate dendrite growth and spine development of granule
cells at later stages. Interestingly, control of NSC proliferation
is mediated by PlxnC1, whereas dendritic regulation relies on
integrin receptors (Jongbloets et al., 2017). Another Semaphorin
involved in morphological maturation of adult born granule cells
is Sema5A. Sema5A-PlxnA2 signaling prevents the formation
of supernumerary dendritic spines on adult-born granule cells
(Duan et al., 2014).
In the adult SVZ, Sema3A is expressed in both migratory
neuroblasts and NeuN−positive mature neurons, where it
inhibits the proliferation of NSCs and enhances neuronal
differentiation (Sun et al., 2016).
In addition, it has been shown that PlxnB2 is expressed
by neuroblasts in the adult SVZ. Knock-out mice for PlxnB2
show reduced neuroblast proliferation, faster migration and
accelerated transition from tangential to radial migration
(Saha et al., 2012). Because Sema4C is expressed in the
olfactory bulb and along the rostral migratory stream (Wu
et al., 2009), a classic Semaphorin/PlxnB2 repulsive mechanism
may prevent neuroblasts from prematurely leaving the rostral
migratory stream.

Sema3A. Sema3F mRNA is abundantly expressed in adult granule
cells of the dentate gyrus and pyramidal neurons of CA1 and CA3
regions (Giger et al., 1998; Hirsch et al., 1999; Holtmaat et al.,
2002; Bagri et al., 2003; Barnes et al., 2003). Sema3F has been
shown to play a crucial role in modulating hippocampal basal
synaptic transmission. Incubation of acute hippocampal slices
with recombinant Sema3F induces an increase in the frequency
and amplitude of miniature EPSCs in granule cells and CA1
pyramidal neurons. These effects may occur through binding of
Sema3F to Npn-1, which is present in granule cells axons (mossy
fibers) and infrapyramidal tract axons and terminals (Sahay et al.,
2005). Furthermore, mice lacking Sema3F are prone to seizures
(Sahay et al., 2005), suggesting that Sema3F is essential for the
normal functioning of hippocampal circuits.
Sema3G is secreted by the vascular system in the CNS
and has been shown to be essential for maintenance of fear
memories. Mice lacking Sema3G in vascular endothelial cells
display a significant impairment in retrieval of fear memories,
and this is accompanied by a strong decrease in hippocampal
LTP, in frequency of miniature excitatory postsynaptic currents
in CA1 pyramidal neurons, and in number of spines on
pyramidal neurons. Sema3G effects are mediated by Npn2/PlxnA4 signaling and Rac1 activation in the postsynaptic
compartment (Tan et al., 2019). These data indicate that Sema3G
is essential for the control of neural circuit stability and cognitive
functions exerted by endothelial cells through intercellular
communication with neurons in the hippocampus.
Another Semaphorin, Sema4C, plays an important role in
hippocampal plasticity and memory. Sema4C and its receptor
PlxnB2 are expressed in the dentate gyrus, CA1 and CA3
regions of the adult mouse and are upregulated upon fear
conditioning. When Sema4C signaling is disturbed in adult
forebrain excitatory neurons, mice show a dramatic impairment
in their ability to retain both recent and remote fear memories,
pointing to a role of Sema4C-PlxnB2 signaling in the process of
consolidation of this type of memory (Simonetti et al., 2019).
Moreover, while normally fear conditioning is accompanied
by an increase in dendritic complexity and spine number
on CA1 pyramidal neurons (Trabalza et al., 2012; Abate
et al., 2018), no anatomical changes are observed in the
absence of functional Sema4C-PlxnB2 signaling (Simonetti et al.,
2019). In addition, both inducible PlxnB2 knock-out mice
and mice expressing a PlxnB2 loss-of-function mutant for the
RhoA pathway display a reduced number of glutamatergic
synapses and an increased number of GABAergic synapses
in the hippocampus in naïve conditions. Overall, Sema4CPlxnB2, via RhoA signaling, is involved in the maintenance
of a stable synaptic connectivity in the adult hippocampus
(Simonetti et al., 2019).

Target Re-innervation in the Taste
System
In the adult taste system, Semaphorins maintain their role
of guidance molecules to ensure specific target innervation of
adult nerve fibers. Taste receptor cells turn over continuously
throughout life and, as a consequence, functional connections
between existing ganglion axons (fibers of the VII, IX and
X cranial nerves) and newly born taste receptor cells need
to be continuously established. Each taste quality (sweet,
bitter, sour, salty and umami) is encoded by a unique
population of taste receptor cells, which is innervated by a
matching set of ganglion neurons. Therefore, when new taste
receptor cells are produced, they must express instructive
cues to establish proper connectivity. Interestingly, among
these cues are Sema3A and Sema7A, which are expressed by
bitter and sweet taste receptor cells, respectively. Experiments
employing conditional loss-of-function or gain-of-function
approaches demonstrated that Sema3A or Sema7A mediate
the connectivity between receptor cells coding a specific
taste modality and their partner ganglion neurons, which
are endowed with specific Sema receptors (Lee et al., 2017).
Therefore, Semaphorins play a crucial role in allowing the
taste system to maintain fidelity of signaling despite turnover
of receptor cells.

Neurogenesis
Replacement of neurons by generation of new neurons
(neurogenesis) does not occur in the adult mammalian brain
with the exception of two regions: the subgranular zone
(SGZ) of the hippocampal dentate gyrus and the subventricular
zone (SVZ) of the lateral ventricles. These neurogenic regions
contain neural stem cells (NSCs), which continuously provide
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neurohormone to the pituitary portal circulation is impeded, and
gonadotropin levels in the bloodstream are low. However, at the
onset of the preovulatory surge, when GnRH has to be released
to trigger ovulation, GnRH-secreting axon terminals undergo
extensive axonal growth toward the vascular wall. Specialized
ependymal cells called tanycytes enwrap the terminals of GnRH
neurons, insulating the pericapillary space of pituitary portal
vessels from GnRH nerve terminals. Interestingly, tanycytes
show fluctuating expression of Sema7A during the estrous cycle.
Sema7A induces the retraction of GnRH nerve terminals as well
as the expansion of tanycytic processes, therefore hampering
the access of GnRH axons to the portal vasculature (Parkash
et al., 2015). In addition, vascular endothelial cells of the
pituitary portal system express Sema3A. In contrast to Sema7A,
Sema3A, released by endothelial cells during proestrus, promotes
the growth of GnRH axons toward the vascular plexus
(Giacobini et al., 2014).

Target Re-innervation in the Olfactory
System
The olfactory epithelium contains olfactory sensory neurons
(OSNs) and supporting sustentacular cells (Farbman, 1994). OSN
axons form the olfactory nerve and project to the olfactory bulb
(OB), where they contact the dendrites of mitral, tufted and
juxtaglomerular neurons in globular structures called glomeruli
(Mombaerts, 1996). In most animals, the olfactory epithelium
is a site of continual adult neurogenesis. Olfactory neurogenesis
occurs throughout life in response to normal turnover, as mature
OSNs have a limited lifespan of approximately 30–90 days
(Graziadei et al., 1979). New OSNs derive from a population
of precursor cells in the olfactory epithelium and are able to
re-innervate their target, establishing functional synaptic contacts
(Oley et al., 1975; Jane Roskams et al., 1994). During development
Sema3A mRNA is expressed by OSNs and olfactory ensheathing
cells in the nerve layer of the ventral OB (Giger et al., 1996;
Schwarting et al., 2000; Williams-Hogarth et al., 2000). Sema3A
may be secreted by OSNs into the local epithelial environment,
where it may inhibit their own axons from reentering the
epithelium and autosynapsing (Williams-Hogarth et al., 2000).
In the ventral midline of the OB, Sema3A acts as a repulsive
guidance cue for Npn-1+ axons, which avoid the ventral OB
and instead project to either medial or lateral targets. Indeed,
in Sema3A knock-out mice, many Npn-1+ axons are misrouted
(Schwarting et al., 2000, 2004). Sema3F is secreted by early
arriving OSN axons and is deposited in the dorsal OB, where
it repels late-arriving OSN axons that express Npn-2 (Takeuchi
et al., 2010). The expression of Sema3A in OSNs is gradually
down-regulated during development. However, in the adult,
Sema3A is up-regulated after unilateral lesioning of the OB,
a manipulation that induces increased OSN neurogenesis, and
there is a temporal correlation between Sema3A expression and
the generation of new OSNs. Interestingly, Sema3A levels decline
when the axons of regenerating neurons reach the region of
their ablated target (Williams-Hogarth et al., 2000). These results
suggest that Sema3A plays a role in guiding OSN axons out of
the epithelium and to the OB not only during development but
also during adult regeneration. It would be interesting to interfere
with the expression/signaling of Sema3A to elucidate its role in
the process of reinnervation of existing targets.

Semaphorin Expression in Adult Retina,
Striatum and Cortex
A bulk of evidence revealed important roles for Semaphorins
in retina lamination and circuit assembly during development
(Matsuoka et al., 2011a,b, 2012). However, the function of
Semaphorins in the adult retina is still poorly characterized.
The expression of mRNAs for all class-3 Semaphorins and
their receptor components is apparent in the rat retina during
postnatal development and persists well into adulthood. The
highest expression is found in retinal ganglion cells, whereas
lower transcript levels are detected in different cell types in the
inner nuclear layer (de Winter et al., 2004), which contains
the cell bodies of horizontal, bipolar, amacrine cells, and
Muller glia cells. Based on evidence from other CNS regions,
it can be hypothesized that, once secreted within the retina
or from retinal ganglion cells into retino-recipient areas in
the brain, Semaphorins may contribute to the maintenance of
established connections.
The striatum of the adult mouse shows high levels of
expression of Npn-2, which is localized in the soma and dendrites
of spiny projection neurons, as well as in axon terminals of
cortical pyramidal neurons. Inducible deletion of Npn-2 in
cortical pyramidal neurons in adult mice leads to increased
spine numbers on those neurons, alteration of corticostriatal
short-term plasticity, and impairment of striatum-dependent
motor skill learning (Assous et al., 2019). This suggests that
Npn-2 signaling, likely mediated by Sema3F, is essential for the
maintenance and function of the adult corticostriatal circuitry.
While many studies unveiled the role of Semaphorins in
cortical development during both embryonic and postnatal
life (Polleux et al., 1998; Canty and Murphy, 2008; Chen
et al., 2008; Bribián et al., 2014; Carcea et al., 2014), the
function of Semaphorins in the adult neocortex has only
been partially studied. As mentioned above, Sema3A in PNNs
around PV+ neurons of the visual cortex restricts visual
cortex plasticity (Boggio et al., 2019). In addition, Sema3E
is reported in adult excitatory and inhibitory neurons of
layers V and VI, but in monkeys it is found only in a

Control of Gonadotropin Release
In recent years it has been discovered that Semaphorins,
particularly Sema3A and Sema7A, play a pivotal role in
orchestrating the control of reproduction in the hypothalamus.
The reproductive cycle of mammals is regulated by hypothalamic
gonadotropin-releasing hormone (GnRH) neurons. In females,
GnRH neurons periodically extend their axons in the median
eminence toward the pituitary portal circulation, into which they
release GnRH. GnRH is then carried into the anterior pituitary,
where it stimulates the release of gonadotropins (luteinizing
hormone and follicle stimulating hormone), which in turn act
on peripheral reproductive organs to regulate the estrous cycle.
When GnRH-secreting axon terminals are distant from the
pericapillary space of the median eminence, the access of the
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to the spinal cord, at the time when they start colonizing the
prospective white matter to form myelin (Moreau-Fauvarque
et al., 2003). In Sema4D deficient mice, the number of
mature oligodendrocytes is significantly increased, while the
number of OPCs is not affected (Taniguchi et al., 2009;
Yamaguchi et al., 2012), suggesting that Sema4D may act as an
intrinsic inhibitory regulator of oligodendrocyte differentiation
by promoting apoptosis. Although Sema4D expression in the
CNS is generally decreased after 1 month of age, it is still
apparent in adult oligodendrocytes (Moreau-Fauvarque et al.,
2003). The receptor for Sema4D, PlxnB1, is highly expressed
in axons of mature neurons (Worzfeld et al., 2004; Fazzari
et al., 2007; Foscarin et al., 2009), pointing to a role of Sema4D
signaling in stabilizing myelin-axon interaction. Indeed, during
axonal sprouting of adult mouse Purkinje cells, PlxnB1 receptors
are withdrawn from the membrane of neuritic segments where
sprouting occurs, in concomitance with retraction of myelin
sheath (Gianola and Rossi, 2004; Foscarin et al., 2009). These
data suggest that Sema4D signaling may help stabilize myelinaxon interaction in adult Purkinje cells, which in turn may be
important for restricting aberrant axon growth.
Another class 4 Semaphorin implicated in OPC migration
and differentiation is Sema4F (Armendáriz et al., 2012). Both
OPCs and oligodendrocytes express Sema4F. Incubation of optic
nerve explants with conditioned media from Sema4F-transfected
293T cells reduces the outward migration of OPCs, without
affecting proliferation. Conversely, incubation with the antiSema4F antibodies results in increased OPC migration. These
data suggest that Sema4F contributes to the correct migration
of OPCs along the optic nerve, ensuring no dispersion of
cells or intermingling between them. In addition, when OPCs
derived from neonatal rat brain are exposed to Sema4F, OPC
differentiation is increased, as shown by the increased percentage
of myelin basic protein expressing cells (Armendáriz et al., 2012).
Thus, Sema4F would control not only the migration of precursors
but also their differentiation into myelinating oligodendrocytes.
The timing of oligodendrocyte differentiation and myelination
is regulated by Sema6A (Bernard et al., 2012). Oligodendrocytes
express increasing levels of Sema6A mRNA between P0 and P15.
Later on, the number of Sema6A+ oligodendrocytes decrease,
although a few cells still express Sema6A mRNA in the adult
white matter. In Sema6A-deficient mice, the differentiation of
oligodendrocytes is delayed, but in the adult age the expression
of myelin genes and the number and appearance of the nodes
of Ranvier are similar to controls. This suggests that the lack
of Sema6A is compensated by other molecular cues, such as
Sema6B (Cohen et al., 2003; Bernard et al., 2012).

subpopulation of excitatory layer VI neurons. In both species,
the mRNA for PlxnD1, the receptor for Sema3E, exhibits a
complementary lamina pattern (Watakabe et al., 2006). However,
no functional data are available for a role of Sema3E-PlxnD1
signaling in adult cortical functions, but we can speculate that
it may control the maintenance of lamina-specific synaptic
connectivity in the cortex.

Semaphorins and Myelin
In addition to the plethora of roles played in neuron development
and formation of neuronal connections, class 3 Semaphorins, as
well other classes of Semaphorins, control oligodendrogenesis.
Oligodendrocytes develop from NSC−derived oligodendrocyte
precursor cells (OPCs), which are generated in the ventricular
zones of the embryonic neural tube and then migrate
throughout the CNS. During rodent CNS development, OPCs
are mostly generated during the first few postnatal weeks.
After reaching their final destination, OPCs differentiate into
mature oligodendrocytes. They wrap around neighboring axons,
forming myelin sheaths, which are essential for the rapid and
efficient conduction of electrical impulses along axons, as well
as for preserving axonal integrity (Richardson et al., 2006; Butt
et al., 2019). In vitro work by Cohen et al. (2003) shows that
OPCs isolated from postnatal rat brainstem express several
secreted and membrane-bound Semaphorins as well as Npn
receptors. By using a stripe assay, they demonstrate that class
3 Semaphorins (Sema3A, B, C, F) inhibit the migration of
OPCs, redirect OPC process outgrowth and cause OPC growth
cone collapse, suggesting that Sema3s are repulsive guidance
cues for OPCs during their migration through the CNS. The
role of Sema3A as repulsive cue for OPCs has been confirmed
in vivo in the optic nerve. The embryonic optic nerve is
colonized by OPCs (Raff et al., 1983; Skoff, 1990), which migrate
in a chiasmal-to-retinal direction (Small et al., 1988; Spassky
et al., 2002). In a functional migration assay, Sema3A acts as
a repulsive signal for OPCs migrating into the optic nerve,
whereas Sema3F acts as an OPC attractive signal. Consistently
with those observations, Sema3A is found to be produced by
cells of the perineural mesenchyme, which surrounds the nerve,
while Sema3F is expressed by retinal cells (Spassky et al., 2002).
OPCs express Npn-1 and -2, as well as PlxnAs (Spassky et al.,
2002; Okada et al., 2007; Piaton et al., 2011). Interestingly,
expression of Npn and Plxn receptors, with the exception of
PlxnA4, persists in adult OPCs throughout the CNS (Okada
et al., 2007; Piaton et al., 2011), but their role in adult OPC
physiology is not known.
Axon myelination relies onto an exact matching between
the number of oligodendrocytes and the number and lengths
of axons (Barres and Raff, 1999). During normal development,
many more oligodendrocytes than needed are produced.
Subsequently, a selection occurs, which results in the deprivation
of excess oligodendrocytes by apoptosis (Barres et al., 1992;
Trapp et al., 1997). Sema4D is part of a regulatory mechanism
underlying the maintenance of the appropriate number of
mature oligodendrocytes and myelin sheaths. In the mouse
CNS, Sema4D is expressed in oligodendrocytes in all major
fiber tracts, from the olfactory bulb and the corpus callosum
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Although most of our knowledge on Semaphorins still comes
from development, recent evidence point to an involvement
of Semaphorins in many physiological functions of the adult
brain, from control of plasticity and memory to regulation of
adult NSC proliferation and migration (Table 1). The importance
of Semaphorins for brain physiology is also corroborated by
the evidence that several brain diseases are associated with
alterations in Semaphorin expression or Semaphorin signaling,
which, depending on the disease, may impact brain function

8

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

the prefrontal cortex (Garey et al., 1998; Glantz and Lewis, 2000;
Wong and Van Tol, 2003; van Swam et al., 2012; Weissleder
et al., 2019). These observations suggest that schizophrenia
may arise from defects in neuronal migration and synaptic
connectivity (Conrad and Scheibel, 1987; Weinberger, 1987;
Murray, 1994; Waddington et al., 1998), including excessive
synaptic pruning, particularly during adolescence, when usually
the first symptoms appear (Feinberg, 1982; Keshavan et al., 1994).
Changes in the expression of Semaphorins or their downstream
effectors were hypothesized to be involved in the pathogenesis
of schizophrenia. Sema3A expression is highly increased in the
cerebellum (namely in the Purkinje cell layer) and prefrontal
cortex of schizophrenia patients compared to control subjects
(Eastwood et al., 2003; Gilabert-Juan et al., 2015). Moreover,
transcripts for the Sema3A receptor PlxnA1 are downregulated
(Gilabert-Juan et al., 2015). However, it is not clear whether
there is also increased expression of Sema3A in PNNs. CSPGs in
PNNs are reported to be diminished in the brain of subjects with
schizophrenia, including the prefrontal cortex (Pantazopoulos
et al., 2010, 2015). An altered expression is also found for
other Semaphorins and plexins in the prefrontal cortex of
schizophrenic patients, with transcripts for PlxnB1 and Sema4D
being upregulated, and transcripts for Sema3D downregulated
(Gilabert-Juan et al., 2015). Two studies reported an alteration in
Sema6C levels in schizophrenic prefrontal cortex, although with
contrasting results (Arion et al., 2010; Gilabert-Juan et al., 2015).
The expression of members of the CRMP family has also been
found to be altered in animal models of schizophrenia as well as
in the human brain (Quach et al., 2015).
Genome-wide association studies found a significant
association between single nucleotide polymorphisms (SNPs)
in PlxnA2 gene and schizophrenia in patients with European,
European-American, or Latin-American descent (Mah et al.,
2006). Follow-up studies expanded these findings to a Japanese
population (Takeshita et al., 2008). However, other studies
found no significant association between SNPs in PlxnA2
and schizophrenia in Japanese or Chinese populations (Fujii
et al., 2007; Budel et al., 2008). This suggests that, in different
populations, PlxnA2 may confer varying genetic risk to
schizophrenia. SNPs in PlxnA2 may induce changes in PlxnA2
conformations, which in turn may influence its cellular
localization, function, or affinity for its ligands [Sema3B,
Sema5A, Sema6A (Renaud et al., 2008; Sabag et al., 2014;
Zhao et al., 2018)]. Interestingly, mice deficient for PlxnA2
show defective hippocampal neurogenesis and impairments
in sociability, associative learning and sensorimotor gating,
which are traits commonly observed in schizophrenia patients
(Zhao et al., 2018).
It is not clear whether changes in the expression levels of
Semaphorins or molecules of their signaling pathway play a
causal role in schizophrenia onset/progression or are simply a
consequence of the disease. However, a link between PlxnA2
mutation and schizophrenia has been found in both humans
and mouse models, pointing to an involvement of PlxnA2
signaling in the etiology of schizophrenia. We can speculate
that impaired PlxnA2 signaling may be responsible for circuits
defects that are typically found in the schizophrenic brain.

TABLE 1 | Overview of the main known functions of Semaphorins in
the adult brain.
Semaphorin

Function

References

Sema3A

Restriction of visual cortex plasticity
Inhibition of SVZ neurogenesis
Specific re-innervation of bitter
taste receptor cells
Control of axon growth of GnRH
neurons
Affecting the rigidity of PNN

Boggio et al. (2019)
Sun et al. (2016)
Lee et al. (2017)
Giacobini et al. (2014)
Djerbal et al. (2019)

Sema3F

Homeostatic synaptic plasticity
Hippocampal synaptic transmission
Npn-2: maintenance and function
of corticostriatal circuitry

Wang et al. (2017)
Sahay et al. (2005)
Assous et al. (2019)

Sema3G

Maintenance of hippocampal
synaptic connectivity and retention
of fear memories

Tan et al. (2019)

Sema4C

Maintenance of hippocampal
synaptic connectivity and retention
of fear memories

Simonetti et al. (2019)

Sema5A

Control of maturation of adult-born
hippocampal granule cells

Duan et al. (2014)

Sema7A

Inhibition of hippocampal
neurogenesis
Specific re-innervation of sweet
taste receptor cells
Control of GnRH release in the
pituitary circulation

Jongbloets et al. (2017)
Lee et al. (2017)
Parkash et al. (2015)

GnRH, gonadotropin releasing hormone; SVZ, subventricular zone.

during development or in adulthood. This topic is discussed in
the following section.

SEMAPHORINS IN CNS DISEASE
Given the variety of functions that Semaphorins have during
formation and maintenance of neuronal connections, it
is not unexpected that they have been implicated in
neurodevelopmental or psychiatric disorders characterized
by dysfunctional neuronal networks. In the following sections
we will highlight recent evidence of the involvement of
Semaphorins in CNS disease.

Schizophrenia
Schizophrenia is a psychiatric disease characterized by
hallucinations, delusions, disorganized or catatonic behavior, and
confused speech. Most patients experience cognitive symptoms,
such as deficits in working memory, executive functioning and
attention. A genetic component is recognized as a central factor
in the development of the disease. A number of genes, as well
as the possibility of complex gene-gene interactions, have been
implicated (Insel, 2010). Abnormalities of brain development
are increasingly recognized as culprits in the insurgence
of schizophrenia. In post-mortem studies of patients with
schizophrenia, several brain abnormalities are found, including
alterations in cortical thickness, reduced hippocampal volume
and hippocampal neurogenesis, neuronal misalignment in cortex
and hippocampus, and decreased density of dendritic spines in
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changes in information processing, rather than a deficiency
in monoaminergic neuromodulators, are a key component of
this condition. Indeed, despite fast drug-induced elevations
of monoamine levels, symptom improvement requires weeks
of antidepressant treatment. Recent evidence suggests that
recovery from depression is based on structural and functional
changes in critical neuronal networks (Castrén and Hen, 2013).
The antidepressant fluoxetine has been shown to restore juvenilelike plasticity in the adult brain (Maya-Vetencourt et al., 2008;
Karpova et al., 2011). Therefore, antidepressants may promote
reorganization of neuronal networks (Lesnikova et al., 2021),
which, guided by activity, would allow them to better adapt to
environmental conditions. In this framework, Sema3A or other
plasticity inhibitors of the Semaphorin family may be interesting
targets to treat depression.

However, further studies in which the expression of PlxnA2
or its ligands is modulated spatio-temporally, for instance by
employing inducible conditional knock-out mice, may help
elucidate this issue.

Anxiety and Depression
Anxiety and depression are among the major causes of disability
worldwide. Defective hippocampal neurogenesis is suggested to
facilitate the development of anxiety and depression (Jacobs et al.,
2000), and recent data indicate that the effect of antidepressants
depends on their ability to induce hippocampal neurogenesis
(Kong et al., 2009; Mateus-Pinheiro et al., 2013). As seen in
the previous section, PlxnA2 deficiency in mice leads to altered
hippocampal neurogenesis, as well as schizophrenia-like traits
(Zhao et al., 2018). When testing the hypothesis that PlxnA2
might be associated with other psychiatric conditions, Wray
et al. (2007) found evidence of an association between a SNP
in plxnA2 gene and anxiety, as well as depression, neuroticism,
and psychological distress, particularly in individuals who were
comorbid for anxiety. This suggests that variants of PlxnA2 may
play a causal role in anxiety disorders.
An additional indication that semaphorin signaling may be
implicated in the development of anxiety comes from the study
by Matsuda et al. (2016) on mice deficient for Sema3F. These
mice show anxiety-related behaviors in novel environments, as
demonstrated by increased latency to enter the light chamber in
the light/dark transition test, reduced time spent in the center
area in the open field, and decreased locomotor activity in
the elevated plus maze, when compared to wild-type mice. In
addition, in the social interaction test, which has also been used to
assess anxiety (File and Seth, 2003), Sema3F knock-out mice show
reduced duration of active social contact with a stranger mouse
compared with controls (Matsuda et al., 2016).
Alcohol dependence and depression are frequently comorbid,
although causal links between the two disorders are unknown
(Grant and Harford, 1995). Interestingly, genome-wide
association studies identified a risk variant in the sema3A
gene in African American participants. No association was
detected in this gene in European American participants,
indicating a population-specific genetic risk (Zhou et al., 2017).
Sema3A risk locus was not identified in genome-wide association
analysis of either disease separately, maybe due to the small
sample size used. The specific contribution of Sema3A mutations
to the possible causes of alcohol dependence and depression
remains to be elucidated.
Overall, only a few studies have implicated semaphorin
signaling in psychiatric disorders such as anxiety and
depression. Although a role of PlxnA2 has been demonstrated
in anxiety, from association results it is not possible to
determine whether the putative functional role of PlxnA2
takes place during development or in the adult brain (possibly
acting on mechanisms regulating neurogenesis). Further
research on mutant mice may help clarify the involvement of
Semaphorins/plexins in psychiatric diseases.
Depression is often associated with structural abnormalities
within specific neuronal networks (Ressler and Mayberg,
2007; Price and Drevets, 2010), raising the possibility that

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Epilepsy
Epilepsy is a chronic neurological disease characterized by
spontaneous recurrent seizures. Seizures are due to synchronous
firing of neurons in the CNS, which results from an imbalance
between GABAergic and glutamatergic neurotransmission.
Seizures can be focal, affecting only a discrete part of the
brain, or generalized, encompassing larger brain regions in both
hemispheres. Mesial temporal lobe epilepsy (TLE), one of the
most common forms of epilepsy, is characterized by deficits
in memory, language, attention, and executive functions. The
main causes of epilepsy are genetic variants in neural genes,
brain insults, infections, and developmental malformations.
Inherited forms of epilepsy account for 20% of all epilepsies
(Shin and McNamara, 1994). Nonetheless, following brain injury,
the genetic background of an individual is likely to affect the
probability of insurgence of epilepsy. A genetic predisposition for
injury-induced epilepsy is evident in mice. While the FVB/NJ
mouse strain develops permanent epilepsy following neuronal
injury induced by kainic acid, the C57Bl/6J mouse strain does not
(Copping et al., 2019).
A sequela of molecular and cellular alterations (e.g.,
changes in ion channel activity, post-translational changes to
neurotransmitter receptors, induction of immediate early genes)
underlie epileptogenesis. These alterations are followed by
chronic anatomical changes, including mossy fiber sprouting,
network reorganization, and gliosis in the hippocampus
(Rakhade and Jensen, 2009). Because Semaphorins are involved
in many steps of neuronal networks development, they have
been studied as potential candidates in the etiology of epilepsy.
Sema3F was identified as a gene that is downregulated in
hippocampal pyramidal cells of FVB/NJ mice (which are
epileptogenic sensitive) but not in C57Bl/6J mice (which
are epileptogenic resistant) following kainic acid induction
(Yang et al., 2005). The expression of other members of the
Semaphorin family (e.g., Sema3A, Sema4C) remains unchanged,
demonstrating that kainic acid does not generally effect the
expression of Semaphorins in the brain (Yang et al., 2005). In
addition, Sema3F knockout mice are more prone to seizures than
wild-type animals, even in the absence of neuronal injury (Sahay
et al., 2005). Anatomic and electrophysiologic studies have
demonstrated the presence of anomalous recurrent excitatory
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the entorhinal cortex has been observed concomitantly with an
upregulation of mRNA for the growth-associated protein GAP43 in granule cells. At later time points, mossy fibers vigorously
sprout into the dentate gyrus molecular layer (Gorter et al., 2001,
2002). These results suggest that a reduction of Sema3A protein
in the molecular layer would allow the growth of mossy fibers
during epilepsy.
Sema3A is abundantly expressed in PNNs. Interestingly, PNNs
are decreased in the hippocampus of animal models of epilepsy,
possibly due to altered expression of PNN degrading enzymes
(Mcrae et al., 2012; Rankin-Gee et al., 2015). As a consequence,
Sema3A protein may be displaced from the synapses and this
may favor aberrant neurite outgrowth and synapse formation on
PNN-bearing neurons.
Recent evidence shows that the expression of CRMP-1 and 2 is strongly decreased in the temporal cortex of TLE patients
(Czech et al., 2004; Luo et al., 2012). In a rat pilocarpine-induced
epilepsy model, which is characterized by mossy fiber sprouting
and spontaneous seizure generation (Shibley and Smith, 2002),
CRMP-1 labeling in CA1 and CA3 pyramidal cells and adjacent
neocortex is decreased (Luo et al., 2012). The reduction of CRMP
proteins may contribute to the formation of recurrent excitatory
networks in TLE.
Overall, studies in knock-out mice suggest that Sema3F
signaling may be implicated in the etiology of epilepsy.
Sema3F downregulation may induce changes in neuronal wiring,
resulting in seizures. However, it is still unclear if changes in
expression of other Semaphorins, such as Sema3A, may play
a causative role in the onset of the disease or occurs as a
consequence of the disease. Nonetheless, downregulation of
Semaphorin signaling induced by seizures may cause changes in
neuronal circuitry, which may result in further seizures and, thus,
exacerbation of disease symptoms.

synapses among dentate granule cells as well as CA1 pyramidal
cells in models of TLE (Perez, 1996; Wuarin and Dudek, 1996;
Esclapez et al., 1999). Because secretion of Sema3F by CA1
pyramidal cells may constrain axonal sprouting, reduced levels
of Sema3F after induced status epilepticus may favor axonal
remodeling and synapse reorganization, which are likely to
provoke seizures. Similarly, the expression of Sema3F protein in
the dentate gyrus is decreased in a lithium-pilocarpine-induced
status epilepticus mouse model, in parallel to mossy fiber
sprouting occurring in that region, suggesting that reduced
expression of Sema3F may facilitate anomalous growth of
mossy fibers (Cai et al., 2016). Experiments in rats confirmed a
reduction in the expression of Sema3F mRNA in the CA1 and
CA3 regions of the hippocampus following kainic acid injection
(Barnes et al., 2003).
The aberrant development of GABAergic circuitry is a
possible risk factor in epilepsy. Interestingly, a knockout of
the Sema3F gene specifically in interneurons results in a
reduced number of interneurons, decreased interneuron neurite
outgrowth, and increased excitability, which are accompanied
by spontaneous seizures. Elevated levels of antigens of oxidative
stress, inflammation, and microglia activation are also found in
Sema3F knock-out mice, suggesting that Sema3F signaling in
the immune system may affect the developing brain (Li et al.,
2019). Notably, decreased numbers of interneurons have been
found in the temporal lobe of patients with epilepsy and animal
models of epilepsy (Spreafico et al., 2000; André et al., 2001;
Sundstrom et al., 2001). In accordance with the abovementioned
evidence, mutant mice for Npn-2 (which is a Sema3F receptor)
show hippocampal wiring defects and develop seizures (Giger
et al., 2000), and a deficit in Npn-2 during development induces a
reduction in dendritic length and complexity and spine numbers
on CA1 pyramidal neurons, as well as decreased survival of
many types of interneuron, which result in spontaneous recurrent
seizure activity after chemical challenge (Gant et al., 2009).
Although dysregulation of Semaphorins in epileptic humans
has not yet been reported, the mRNA encoding Sema3F is a
target of the fragile X mental retardation protein (FMRP) and
is decreased in polysomes from fragile X syndrome patients’
cells, suggesting that Sema3F is downregulated in these patients
(Darnell et al., 2001). The knockout mouse of Fmr1, the gene
that encodes for FMRP, demonstrates defects in the mossy
fiber infrapyramidal tract that are similar to those observed in
the Sema3F, Npn-2, and PlxnA3 knockout animals, suggesting
that regulation of Sema3F by FMRP may be important for the
correct wiring of the hippocampus (Ivanco and Greenough,
2002). Interestingly, 10–20% of individuals with the fragile X
syndrome also develop epilepsy (Berry-Kravis, 2002), raising the
possibility that dysregulation of Sema3F predisposes humans to
epilepsy as well.
Changes in expression levels of other Semaphorins have been
also documented in animal models of epilepsy (Barnes et al.,
2003; Holtmaat et al., 2003). Neurons of layer II of the adult
entorhinal cortex (stellate cells) express Sema3A mRNA (Giger
et al., 1998). Stellate cells project to the molecular layer of the
dentate gyrus, where they may secrete Sema3A. After induction
of status epilepticus, a downregulation of Sema3A mRNA in
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Autism
Autism spectrum disorder (ASD) is a neurodevelopmental
syndrome characterized by repetitive behaviors and deficits
in social skills and language. Although the etiology of ASD
is yet unclear, in the majority of the cases (50–90%) it
is thought to be genetic. A unifying model proposes that
ASD is the consequence of aberrant developmental wiring
of brain regions that are involved in higher-order functions
(Kelleher and Bear, 2008). Indeed, a growing number of ASDassociated genes encode synaptic proteins (Peça and Feng, 2012;
Voineagu and Eapen, 2013). Interestingly, several Semaphorins
have been linked to ASD. Weiss et al. (2008) identified
microdeletions and microduplications of chromosome 16p11.2
that carry substantial susceptibility to ASD, accounting for
approximately 1% of cases. One of the genes from the affected
region encodes for TAOK2 (thousand-and-one-amino acid 2
kinase), a member of the MAP kinase family that interacts
with Npn-1. Sema3A induces TAOK2 phosphorylation, thereby
activating it. TAOK2, in turn, modulates the Sema3A–Npn-1
pathway that controls basal dendrite arborization of cortical
pyramidal neurons (Fenstermaker et al., 2004). It has been
shown that TAOK2 downregulation impairs the formation of
basal dendrites, whereas TAOK2 overexpression restores deficits
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various degrees of axonal damage and neurodegeneration occur
in MS patients, which contribute to MS progression and
permanent disability involving motor and cognitive functions
(Compston and Coles, 2008). OPCs are the main source of
remyelinating cells. Interestingly, in active demyelinating lesions
in human MS brains, numerous glial cells, including OPCs,
express transcripts for Sema3A and Sema3F as well as Npn,
which are normally not detected in the intact white matter
(Williams et al., 2007). Moreover, an increased number of PlxnA1
expressing oligodendrocytes is found in the white matter of
MS patients (Binamé et al., 2019). Because Semaphorins are
known inhibitors of axon regeneration (Mecollari et al., 2014),
in MS lesions they may hinder the attempts of lesioned, but also
intact neurons to reorganize their connections in response to
injury. Expression levels of Sema3A and 3F are also increased
in neurons projecting to the lesion site (Williams et al., 2007),
suggesting that Semaphorin upregulation in neurons may be
a consequence of axon demyelination or a response to axonal
insult/degeneration. On the other hand, since Sema3A and
Sema3F are expressed in OPCs during white matter development,
where they act as OPC chemorepulsive or chemoattractant cues,
respectively (Sugimoto et al., 2001; Spassky et al., 2002; Tsai
and Miller, 2002), they may influence OPC recruitment toward
demyelinated lesions. Sema3F expressing cells are particularly
abundant in MS lesions characterized by strong inflammation,
suggesting that inflammatory lesions are associated with higher
levels of OPC attractive cues to promote OPC migration and,
as a consequence, myelin repair. On the contrary, Sema3A is
more abundant in less inflammatory lesions, where myelination
is lower, suggestive of a chemorepulsive role of Sema3A on OPC
migration (Williams et al., 2007). Indeed, lentiviral-mediated
overexpression of Sema3F in demyelinated areas induces an
increase in the number of OPCs as well as remyelination.
Overexpression of Sema3A results instead in decreased OPC
recruitment, while an opposite effect is found by Sema3A lossof-function experiments (Piaton et al., 2011). When Sema3A
is administered to an oligodendroglial precursor cell line or
cultured NSCs, cell migration and expression of myelin basic
protein are strongly reduced, reinforcing the notion that Sema3A
inhibits both OPC differentiation and oligodendrocyte migration
(Binamé et al., 2019). Moreover, following infusion of Sema3A
into demyelinated rat cerebellar peduncle, OPC differentiation
and remyelination are strongly inhibited although the number
of OPCs in demyelinated lesions is not altered (Syed et al.,
2011). Interestingly, injection of a peptide inhibiting Sema3A
signaling (by antagonizing Npn-1-PlxnA1 dimerization) is able
to induce myelin recovery and rescue motor deficits in mouse
models of MS (Binamé et al., 2019). The combination of antiinflammatory drugs (which are current treatments for MS) with
therapies aiming at inhibiting Sema3A signaling in order to repair
myelin and enhancing neuronal plasticity would be an interesting
strategy toward a regenerative treatment for MS.
Other Semaphorins have been recently implicated in MS.
Sema7A has been detected in neurons close to MS lesions
as well as in reactive astrocytes and oligodendrocytes in the
damaged white matter in mice and human tissue (Costa
et al., 2015; Gutiérrez-Franco et al., 2016), suggesting it may

in basal dendrite formation induced by inactivation or knockout of Npn-1 (de Anda et al., 2012). This suggests that loss-offunction of TAOK2 may affect Sema3A-mediated regulation of
dendritic formation, leading to abnormal development of the
cortical network.
Semaphorins dysfunction has also been linked to Rett
syndrome (Degano et al., 2009), an autism spectrum disorder
that results from mutations in the transcriptional regulator
methyl-CpG binding protein 2 (MECP2; Ip et al., 2018).
Mouse models lacking MeCP2 or expressing a mutant form
of MeCP2 share many features of the human disorder (Chen
et al., 2001; Shahbazian et al., 2002; Pelka et al., 2006). By
employing these mice, Degano et al. (2009) observed severe
defects in axonal guidance in the developing olfactory system,
and altered expression levels of components of the Sema3F–Npn2–PlxnA3 and Sema3A–Npn-1–PlxnA4 pathways, suggesting
that MeCP2 controls the expression of Sema3A and Sema3F
and their receptors during development. Indeed, olfactory
axons from Mecp2 mutant mice display reduced repulsion
when co-cultured with mutant olfactory bulb explants, but
not with wild-type olfactory bulbs (Degano et al., 2009).
Thus, time and space-dependent transcriptional dysregulation
of Semaphorins and/or their receptors could account for
defects in the development of neural connectivity caused
by Mecp2 mutation.
Finally, both Sema3F and Npn-2 null mice recapitulate some
aspects of autistic behaviors (Shiflett et al., 2015; Matsuda
et al., 2016). In addition, mice in which Npn-2 is selectively
knocked-out in interneurons show neuropathological traits
similar to those found in ASD brains (Gant et al., 2009).
Similarly, interneuron-specific knockout mice of Sema3F display
reductions in sociability and increased repetitive behaviors
(Li et al., 2019).
In a genome wide association study, Sema5A has been
identified as ASD susceptibility gene (Weiss et al., 2008).
Moreover, Sema5A expression is found to be reduced in
Brodmann area 19 as well as in lymphocytes of autistic
subjects (Melin et al., 2006; Weiss et al., 2008). Sema5A−/−
mutants exhibit several alterations, from deficits in sociability,
to exuberant excitatory synapses and increased excitatory
synaptic transmission in dentate granule cells (Duan et al.,
2014). Additional studies are needed to determine the cellular
basis of the behavioral deficits observed in Sema5A−/− mice.
Studies utilizing Sema5A conditional mutants that lack Sema5A
in specific neural cell-types or specific brain structures may
help identify where Sema5A function is required for proper
neural circuit development. Additional evidence that Sema5A
dysfunction could lead to ASD comes from the study by MoscaBoidron et al. (2016), which reports a de novo translocation
in the Sema5A gene, associated with a partial deletion, in a
patient with ASD.

Multiple Sclerosis
Multiple sclerosis (MS) is a CNS disease characterized by
multifocal inflammation and immune-mediated damage to
myelin sheaths, which disrupts axonal signal conduction. As
demyelinated axons are prone to injury and degeneration,
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survival of ALS mice (Moloney et al., 2014; Venkova et al., 2014).
In contrast, in ALS mice with chronically diminished Sema3A
signaling, the decline in motor functions is not improved
(Moloney et al., 2017). However, in the latter case, processes
compensating the chronic defect in Sema3A signaling may
mask the role of Sema3A in ALS. In presymptomatic ALS
mice, CRMP4a is upregulated in a subset of lumbar motor
neurons, and overexpression of CRMP4a leads to degeneration
of 30% of spinal motoneurons (Duplan et al., 2010). In human
patients, a missense mutation within the CRMP4a gene has
been found in a French population, and overexpression of
CRMP4a protein bearing such mutation in motoneurons in vitro
accelerates cell death through a detrimental effect on axonal
growth (Blasco et al., 2013). CRMP4 may mediate Sema3A effects
on ALS pathology, as Sema3A may signal through CRMP4
(Niisato et al., 2012).
Furthermore, Birger et al. (2018) demonstrated the ability
of Sema3A to reduce cell survival of human cortical neurons
and, in contrast, to stimulate neuronal survival of human
spinal motoneurons. These observations are consistent with the
upregulation of Sema3A in the cortex of ALS patients (Korner
et al., 2016), suggesting that this protein may be a contributing
factor in the loss of neurons in the cortex of ALS patients.
Interestingly, astrocytes are involved in ALS progression in
mice (Yamanaka et al., 2008), and patient-derived astrocytes are
toxic toward wild-type motoneurons in vitro (Haidet-Phillips
et al., 2011; Meyer et al., 2014). Astrocytes regulate many
neuronal functions including axon maintenance, and part of
this communication is regulated through secreted extracellular
vesicles (EVs; Frühbeis et al., 2013). Specifically, EV miRNA
cargo can modulate neuronal and astrocytic function in health
and disease (Chaudhuri et al., 2018). Varcianna et al. (2019)
showed that induced astrocytes derived from human fibroblasts
secrete miRNAs regulating transcripts for proteins involved
in axonal growth and maintenance. Notably, EVs isolated
from the conditioned medium of induced astrocytes derived from
fibroblasts of ALS patients are sufficient to cause motoneuron
death even in presence of trophic factors, demonstrating that
EVs carry toxic factors. Moreover, conditioned medium from
ALS astrocytes causes axonal suffering before motor neuron
cell body loss. In conditioned medium derived from ALS
astrocytes, there is a significant downregulation of a miRNA
(miR-494-3p) involved in the regulation of several genes,
including the inhibition of Sema3A expression. Treatment
of cultured mouse motoneurons with conditioned medium
from ALS astrocytes supplemented with miR-494-3p reduces
Sema3A levels, rescues neurite length and motor neuron survival
(Varcianna et al., 2019).
Additionally, Sema3A may be involved in the myogenic
program necessary for muscle regeneration after muscle injury.
Namely, Sema3A, which is expressed by satellite cells after muscle
injury or denervation (Do et al., 2011), may be beneficial for
skeletal muscle regeneration by delaying neuronal sprouting
and re-attachment of nerve terminals until damaged muscle
fibers have been repaired. Thus, it is possible that, upon ALSrelated denervation, satellite cells begin to produce Sema3A.
The myogenic pathway is indeed active in presymptomatic ALS

have an inhibitory role in compensatory axonal remodeling
in lesioned areas. Moreover, Sema7A is upregulated in mice
in inflammatory cells infiltrating the CNS and in blood
immune cells during the inflammatory phase of experimental
autoimmune encephalomyelitis (EAE, a widely accepted model
of MS), suggestive of a role in the immune response (GutiérrezFranco et al., 2016). Indeed, microglia and macrophages express
Sema7A receptors (Costa et al., 2015) and Sema7A induces
a strong activation of monocytes and macrophages as well as
production of pro-inflammatory cytokines (Holmes et al., 2002).
Moreover, in Sema7A knock-out mice with EAE, the disease
is milder than in wild-type mice, suggesting that Sema7A is
involved in peripheral immunity and inflammation during MS
(Gutiérrez-Franco et al., 2016, 2017).
Furthermore, Sema4D participates in several processes
which are compromised during MS, including migration and
differentiation of OPCs, immune cell regulation and blood brain
barrier integrity (Giraudon et al., 2004, 2005; Suzuki et al.,
2008; Yamaguchi et al., 2012). Inhibiting Sema4D activity by
anti-Sema4D antibodies that block the interaction of Sema4D
with its receptors results in improvement of clinical scores
in EAE-rodents and in enhanced myelin integrity. In vitro
experiments show that administering Sema4D to OPCs decreases
their differentiation, and this effect is reversed by anti-Sema4D
antibodies (Smith et al., 2015). At present a clinical trial is
ongoing to test the potential of the antibodies-based inhibition
of Sema4D as a novel therapeutic strategy for MS, and the phase
I has been successfully completed (LaGanke et al., 2017).

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease. It is characterized by gradual degeneration of
motoneurons in the brain and spinal cord, leading to progressive
paralysis of skeletal muscles and death within 5 years of diagnosis
due to respiratory failure. The vast majority of ALS cases (90%)
are considered sporadic, with various genetic or environmental
factors influencing the disease. Fast-fatigable motoneurons
are the most vulnerable in ALS. The mechanisms leading to
motoneuron death are not yet completely elucidated. However,
the observation that the first pathophysiological changes
observed in patients occur at the NMJ has given rise to the
theory that ALS is a distal axonopathy, caused by alterations
in skeletal muscles, muscle satellite cells or terminal Schwann
cells, before motoneuron degeneration occurs (Moloney et al.,
2014). Interestingly, aberrant expression or function of axon
guidance cues, including Semaphorins and ephrins, have been
recently proposed to be linked to the pathogenic mechanism
of ALS. Sema3A is upregulated in terminal Schwann cells at
the NMJ in type IIb muscle fibers (which are innervated by
fast-fatigable motoneurons) in pre-symptomatic ALS mice,
suggesting that it may induce the retraction of these terminals
from the neuromuscular synapse (de Winter et al., 2006).
Moreover, increased Sema3A expression has been found in
cortical motoneurons of ALS patients, where it may cause axonal
degeneration or prevent regeneration of motor axons (Korner
et al., 2016). Notably, interfering with Sema3A-Npn-1 binding
in adult motoneurons leads to improved motor functions and
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mice, but the function of satellite cells becomes impaired as
ALS progresses (Pradat et al., 2011; Manzano et al., 2013) and
levels of myogenic proteins decrease (Manzano et al., 2011). If
the myogenic process is unable to maintain muscle regeneration,
muscle fibers are not restored and Sema3A may keep on delaying
the re-attachment of terminals, contributing to the progression of
muscle weakening and paralysis.
Based on this bulk of evidence, we can conclude that
hyperactive Sema3A signaling may be the leading cause of axonal
degeneration and motoneuron death in ALS, making Sema3A a
potential therapeutic target in this disease.

TABLE 2 | Overview of the involvement of Semaphorins or their receptors in
neuropsychiatric/neurological diseases.

Alzheimer’s Disease
Alzheimer disease (AD) is the most common age-related
dementia, characterized by progressive degeneration of neurons
in the neocortex and hippocampus (Braak and Braak, 1991; Price
et al., 1991).
Alzheimer disease is divided into familial AD and sporadic
AD (Dorszewska et al., 2016). The vast majority of AD is
sporadic, and is caused by a combination of genetic and
environmental risk factors. Only 5% of the AD cases are
familial, which might be caused by autosomal mutations in
β−amyloid precursor protein, presenilin 1 and/or presenilin
2 (Waring and Rosenberg, 2008). AD is characterized by
extraneuronal deposition of amyloid β (Aβ) protein in the
form of plaques and intraneuronal aggregation of microtubuleassociated protein tau in the form of filaments. Braak et al.
(1994) proposed that abnormal tau phosphorylation is a
crucial step leading to the formation of tau filaments, and
that, unlike Aβ accumulation, the spread of tau filaments is
associated with the clinical progression of AD. Interestingly,
immunohistochemical studies performed by Good et al. (2004)
in adult human brains reveal that Sema3A shows a punctate
pattern on the membrane of neurons (although it is not
clear if it is associated with perineuronal nets), whereas in
AD patients individual neurons display either punctate surface
labeling staining or granular intracellular labeling. Interestingly,
at the onset of neurofibrillary tangle formation the majority of
CA1 neurons labeled for Sema3A are devoid of neurofibrillary
tangles, suggesting that Sema3A accumulation may precede
tau phosphorylation during the development of AD. Later
on during the disease process, accumulation of Sema3A is
found to colocalize with phosphorylated tau and microtubule
associated protein 1B (MAP1B) in many neurons. Neurons
responding to Sema3A may activate kinases that promote
phosphorylation of tau. Although a number of kinases have
been shown to phosphorylate tau in vitro, the key players
in vivo are GSK-3b and Cdk5 (Lew et al., 1994; Lovestone
et al., 1994; Wagner et al., 1996; Patrick et al., 1999; Lau
et al., 2002), and these kinases have been suggested to mediate
the functions of Sema3A (Eickholt et al., 2002). Sustained
activation of Cdk5 and GSK-3, or inhibition of phosphatase
activities (Bennecib et al., 2000; Planel et al., 2001), may result
in pathogenic hyperphosphorylation of tau and MAP1B during
AD. Altogether, degeneration of neurons in the CA1 during the
early stages of AD may be caused by aberrant Sema3A signaling
following intracellular accumulation of Sema3A, which may

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Disease

Human
mutation

Expression
changes in
human brain

Mutant mice that
develop the disease or
modulation of gene
expression in mice

Schizophrenia

PlexinA2

↑ Sema3A
↑ Sema4D
↑ PlxnB1
↓ PlxnA1
↓ Sema3D

PlxnA2 -/- mice

Anxiety

PlexinA2

–

Sema3F -/- mice

Depression
(comorbidity
with alcohol
dependence)

Sema3A

–

–

↓ CRMP-1
↓ CRMP-2

Sema3F -/- mice
Npn-2 -/- mice

Sema5A

↓ Sema5A

Sema5A -/- mice
Sema3F -/- mice
Npn-2 -/- mice

Multiple
sclerosis

–

↑ Sema3A
↑ Sema3F
↑ Sema4D
↑ Sema7A
↑ Npn
↑ PlexinA1

Milder symptoms/increased
remyelination:
- In Npn-1 -/- mice;
- In Sema7A -/- mice;
- After inhibition of Sema3A
signaling;
- After overexpression of
Sema3F;
- After infusion of
anti-Sema4D antibodies
More severe
symptoms/decreased
remyelination:
- After overexpression of
Sema3A

ALS

–

↑ Sema3A

–

Alzheimer’s
disease

–

↑ PlexinA4
↑ PlexinB1

–

Epilepsy
Autism

–

contribute to the acceleration of tau phosphorylation, leading
to neurofibrillary tangle formation (Good et al., 2004). In this
respect, phosphorylated CRMP2 protein has been observed in
neurofibrillary tangles in the brain of AD patients, suggesting
that phosphorylation of CRMP, activated by Sema3A, may
be relevant for the pathological aggregations of microtubuleassociated proteins (Uchida et al., 2005).
In addition, since Sema3A can directly induce
neurodegeneration and apoptosis of neural progenitor cells
(Bagnard et al., 2001), sensory neurons (Gagliardini and
Fankhauser, 1999), cerebellar granule cells and sympathetic
neurons in vitro (Shirvan et al., 1999, 2000), it may play a direct
role in neurodegeneration in AD.
From a genetic perspective, two SNPs in Sema3A gene,
which lead to an amino acid substitution, were deposited in
the genome browser “Ensemble”1 , but they were not detected in
an Italian population of AD patients, suggesting that Sema3A
does not act as risk factor toward the development of AD
1

14

http://ensembl.org/Homo_sapiens

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

pivotal molecules in the control of structure and function of
neural circuits throughout life. However, it is not known whether
they employ similar molecular mechanisms throughout different
stages of development and in the adulthood. It is possible
that specific Semaphorin downstream signaling pathways are
employed for the execution of specific functions, depending on
neuronal cell type, neuronal compartment (growth cone, synapse,
dendrites, etc.), and age.
Interestingly, Semaphorin expression is altered in several
disorders characterized by neuronal circuits alterations (Table 2).
However, in many instances it is difficult to discriminate between
a causal role of Semaphorins in the disease and a change
in expression occurring during the disease process. In the
latter case, however, Semaphorins may amplify the severity
of the disease. Furthermore, it is complicated to distinguish
between developmental and adult effects of Semaphorin
alterations on a disease. Employing mutant mice in which
Semaphorin expression is spatio-temporally regulated may help
elucidate those issues.
Overall, Semaphorins and their associated receptors and
signaling proteins may represent valuable biomarkers for
monitoring disease progression as well as promising therapeutic
targets for treating debilitating brain diseases.

(Villa et al., 2010). On the contrary, a significant association
between AD risk and SNPs in PlxnA4 has been recently identified,
and higher levels of PlxnA4 isoforms in cortical brain tissue
were observed in late stage AD cases compared to controls,
which were significantly correlated with the clinical dementia
rating score, plaque density, and Braak stage (Jun et al., 2014).
In addition, by using RNA sequence data from AD patients
and building a molecular network using modules of coexpressed
genes, PlxnB1 gene has been found to be strongly correlated
with β-amyloid burden as well as cognitive decline in older
individuals, and with extracellular β-amyloid levels in astrocyte
cultures (Mostafavi et al., 2018).
Based on the data showing a correlation between
Semaphorins/Plxns and AD pathology, it would be interesting
to investigate whether targeted overexpression of Semaphorins,
such as Sema3A, or Plxns, such as PlxnA4 or PlxnB1, in
the hippocampus or cortex of mice is sufficient to induce an
AD-like phenotype.
In order to overcome the progressive loss of functional
connections due to neurodegeneration in AD, new neuronal
connections may help bypass non-functional neurons, leading to
functional improvements. In order to increase axonal plasticity
to compensate for neuronal loss in AD, interfering with Sema3A
in PNNs may be an interesting path to explore. In this context,
enzymatic digestion of PNN-CSPGs in the perirhinal cortex of
AD mice with neurodegenerative tauopathy results in restoration
of normal synaptic transmission and memory improvement
(Yang et al., 2015).

AUTHOR CONTRIBUTIONS
All authors contributed to the article and approved the
submitted version.

DISCUSSION
FUNDING
Semaphorins regulate several processes during nervous system
development, from cell proliferation, differentiation and
migration to neuritogenesis and synapse formation. In recent
years it has become increasing clear that Semaphorins are also

The work was supported by La Marato’ de TV3 and
the Netherlands Organization for Scientific Research (Grant
Number: 2019/ENW/00772598).

REFERENCES

maturation promotes glomerular shifts along distinct axes in the olfactory bulb.
Development 143, 3817–3825. doi: 10.1242/dev.138941
Assous, M., Martinez, E., Eisenberg, C., Shah, F., Kosc, A., Varghese, K., et al.
(2019). Neuropilin 2 signaling mediates corticostriatal transmission, spine
maintenance, and goal-directed learning in mice. J. Neurosci. 39, 8845–8859.
doi: 10.1523/JNEUROSCI.1006-19.2019
Bagnard, D., Lohrum, M., Uziel, D., Püschel, A. W., and Bolz, J.
(1998). Semaphorins act as attractive and repulsive guidance signals
during the development of cortical projections. Development 125,
5043–5053.
Bagnard, D., Vaillant, C., Khuth, S. T., Dufay, N., Lohrum, M., Püschel, A. W.,
et al. (2001). Semaphorin 3A-vascular endothelial growth factor-165 balance
mediates migration and apoptosis of neural progenitor cells by the recruitment
of shared receptor. J. Neurosci. 21, 3332–3341. doi: 10.1523/jneurosci.21-1003332.2001
Bagri, A., Cheng, H. J., Yaron, A., Pleasure, S. J., and Tessier-Lavigne, M. (2003).
Stereotyped pruning of long hippocampal axon branches triggered by retraction
inducers of the semaphorin family. Cell 113, 285–299. doi: 10.1016/S00928674(03)00267-8
Bamberg, J. A., Baumgartner, S., Betz, H., Bolz, J., Chedotal, A.,
Christensen, C. R. L., et al. (1999). Unified nomenclature for the
semaphorins/collapsins [1]. Cell 97, 551–552. doi: 10.1016/S0092-8674(00)
80766-7

Abate, G., Colazingari, S., Accoto, A., Conversi, D., and Bevilacqua, A. (2018).
Dendritic spine density and EphrinB2 levels of hippocampal and anterior
cingulate cortex neurons increase sequentially during formation of recent and
remote fear memory in the mouse. Behav. Brain Res. 344, 120–131. doi: 10.1016/
j.bbr.2018.02.011
Alto, L. T., and Terman, J. R. (2017). Semaphorins and their signaling mechanisms.
Methods Mol. Biol. 1493, 1–25. doi: 10.1007/978-1-4939-6448-2_1
André, V., Marescaux, C., Nehlig, A., and Fritschy, J. M. (2001). Alterations of
hippocampal GABAergic system contribute to development of spontaneous
recurrent seizures in the rat lithium-pilocarpine model of temporal lobe
epilepsy. Hippocampus 11, 452–468. doi: 10.1002/hipo.1060
Arion, D., Horváth, S., Lewis, D. A., and Mirnics, K. (2010). Infragranular gene
expression disturbances in the prefrontal cortex in schizophrenia: signature of
altered neural development? Neurobiol. Dis. 37, 738–746. doi: 10.1016/j.nbd.
2009.12.013
Armendáriz, B. G., Bribian, A., Pérez-Martínez, E., Martínez, A., de Castro, F.,
Soriano, E., et al. (2012). Expression of Semaphorin 4F in neurons and brain
oligodendrocytes and the regulation of oligodendrocyte precursor migration in
the optic nerve. Mol. Cell. Neurosci. 49, 54–67. doi: 10.1016/j.mcn.2011.09.003
Assens, A., Dal Col, J. A., Njoku, A., Dietschi, Q., Kan, C., Feinstein, P., et al.
(2016). Alteration of Nrp1 signaling at different stages of olfactory neuron

Frontiers in Synaptic Neuroscience | www.frontiersin.org

15

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Barnes, G., Puranam, R. S., Luo, Y., and McNamara, J. O. (2003). Temporal specific
patterns of semaphorin gene expression in rat brain after kainic acid-induced
status epilepticus. Hippocampus 13, 1–20. doi: 10.1002/hipo.10041
Barres, B. A., Hart, I. K., Coles, H. S. R., Burne, J. F., Voyvodic, J. T., Richardson,
W. D., et al. (1992). Cell death and control of cell survival in the oligodendrocyte
lineage. Cell 70, 31–46. doi: 10.1016/0092-8674(92)90531-G
Barres, B. A., and Raff, M. C. (1999). Axonal control of oligodendrocyte
development. J. Cell Biol. 147, 1123–1128. doi: 10.1083/jcb.147.6.1123
Battistini, C., and Tamagnone, L. (2016). Transmembrane semaphorins, forward
and reverse signaling: have a look both ways. Cell. Mol. Life Sci. 73, 1609–1622.
doi: 10.1007/s00018-016-2137-x
Bennecib, M., Gong, C. X., Grundke-Iqbal, I., and Iqbal, K. (2000). Role of protein
phosphatase-2A and -1 in the regulation of GSK-3, cdk5 and cdc2 and the
phosphorylation of tau in rat forebrain. FEBS Lett. 485, 87–93. doi: 10.1016/
S0014-5793(00)02203-1
Bernard, C., and Prochiantz, A. (2016). Otx2-PNN interaction to regulate cortical
plasticity. Neural Plast. 2016:7931693. doi: 10.1155/2016/7931693
Bernard, F., Moreau-Fauvarque, C., Heitz-Marchaland, C., Zagar, Y., Dumas, L.,
Fouquet, S., et al. (2012). Role of transmembrane semaphorin Sema6A in
oligodendrocyte differentiation and myelination. GLIA 60, 1590–1604. doi: 10.
1002/glia.22378
Berry-Kravis, E. (2002). Epilepsy in fragile X syndrome. Dev. Med. Child Neurol.
44, 724–728. doi: 10.1017/S0012162201002833
Beurdeley, M., Spatazza, J., Lee, H. H. C., Sugiyama, S., Bernard, C., Di Nardo, A. A.,
et al. (2012). Otx2 binding to perineuronal nets persistently regulates plasticity
in the mature visual cortex. J. Neurosci. 32, 9429–9437. doi: 10.1523/jneurosci.
0394-12.2012
Binamé, F., Pham−Van, L. D., Spenlé, C., Jolivel, V., Birmpili, D., Meyer,
L. A., et al. (2019). Disruption of Sema3A/Plexin−A1 inhibitory signalling in
oligodendrocytes as a therapeutic strategy to promote remyelination. EMBO
Mol. Med. 11, 1–16. doi: 10.15252/emmm.201910378
Birger, A., Ottolenghi, M., Perez, L., Reubinoff, B., and Behar, O. (2018). ALSrelated human cortical and motor neurons survival is differentially affected by
Sema3A article. Cell Death Dis. 9:256. doi: 10.1038/s41419-018-0294-6
Blasco, H., Bernard-Marissal, N., Vourc’h, P., Guettard, Y. O., Sunyach, C.,
Augereau, O., et al. (2013). A rare motor neuron deleterious missense mutation
in the DPYSL3 (CRMP4) gene is associated with ALS. Hum. Mutation 34,
953–960. doi: 10.1002/humu.22329
Boggio, E. M., Ehlert, E. M., Lupori, L., Moloney, E. B., De Winter, F., Vander Kooi,
C. W., et al. (2019). Inhibition of Semaphorin3A promotes ocular dominance
plasticity in the adult rat visual cortex. Mol. Neurobiol. 56, 5987–5997. doi:
10.1007/s12035-019-1499-0
Bouzioukh, F., Daoudal, G., Falk, J., Debanne, D., Rougon, G., and Castellani,
V. (2006). Semaphorin3A regulates synaptic function of differentiated
hippocampal neurons. Eur. J. Neurosci. 23, 2247–2254. doi: 10.1111/j.14609568.2006.04783.x
Braak, F., Braak, H., and Mandelkow, E. M. (1994). A sequence of cytoskeleton
changes related to the formation of neurofibrillary tangles and neuropil threads.
Acta Neuropathol. 87, 554–567. doi: 10.1007/BF00293315
Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimerrelated changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/BF0030
8809
Bribián, A., Nocentini, S., Llorens, F., Gil, V., Mire, E., Reginensi, D., et al. (2014).
Sema3E/PlexinD1 regulates the migration of hem-derived Cajal-Retzius cells in
developing cerebral cortex. Nat. Commun. 5:4265. doi: 10.1038/ncomms5265
Budel, S., Shim, S. O., Feng, Z., Zhao, H., Hisama, F., and Strittmatter, S. M. (2008).
No association between schizophrenia and polymorphisms of the PlexinA2
gene in Chinese Han Trios. Schizophr. Res. 99, 365–366. doi: 10.1016/j.schres.
2007.10.033
Butt, A. M., Papanikolaou, M., and Rivera, A. (2019). Physiology of
oligodendroglia. Adv. Exp. Med. Biol. 1175, 117–128. doi: 10.1007/978981-13-9913-8_5
Cai, X., Long, L., Yang, L., Chen, Z., Ni, G., Qin, J., et al. (2016). Association
between mossy fiber sprouting and expression of semaphorin-3f protein in
dentate gyrus of hippocampus in lithium-pilocarpine-induced status epilepticus
mouse model. Neurol. Res. 38, 1035–1040. doi: 10.1080/01616412.2016.
1243639

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Canty, A. J., and Murphy, M. (2008). Molecular mechanisms of axon guidance in
the developing corticospinal tract. Prog. Neurobiol. 85, 214–235. doi: 10.1016/j.
pneurobio.2008.02.001
Carcea, I., Patil, S. B., Robison, A. J., Mesias, R., Huntsman, M. M., Froemke, R. C.,
et al. (2014). Maturation of cortical circuits requires Semaphorin 7A. Proc. Natl.
Acad. Sci. U.S.A. 111, 13978–13983. doi: 10.1073/pnas.1408680111
Carulli, D., Foscarin, S., Faralli, A., Pajaj, E., and Rossi, F. (2013). Modulation
of semaphorin3A in perineuronal nets during structural plasticity in the
adult cerebellum. Mol. Cell. Neurosci. 57, 10–22. doi: 10.1016/j.mcn.2013.
08.003
Castellani, V., Chédotal, A., Schachner, M., Faivre-Sarrailh, C., and Rougon, G.
(2000). Analysis of the L1-deficient mouse phenotype reveals cross-talk between
Sema3A and L1 signaling pathways in axonal guidance. Neuron 27, 237–249.
doi: 10.1016/S0896-6273(00)00033-7
Castellani, V., Falk, J., and Rougon, G. (2004). Semaphorin3A-induced receptor
endocytosis during axon guidance responses is mediated by L1 CAM. Mol. Cell.
Neurosci. 26, 89–100. doi: 10.1016/j.mcn.2004.01.010
Castrén, E., and Hen, R. (2013). Neuronal plasticity and antidepressant actions.
Trends Neurosci. 336, 259–267. doi: 10.1016/j.tins.2012.12.010
Chaudhuri, A. D., Dastgheyb, R. M., Yoo, S. W., Trout, A., Talbot, C. C., Hao,
H., et al. (2018). TNFα and IL-1β modify the miRNA cargo of astrocyte shed
extracellular vesicles to regulate neurotrophic signaling in neurons article. Cell
Death Dis. 9:363. doi: 10.1038/s41419-018-0369-4
Cheadle, L., and Biederer, T. (2014). Activity-dependent regulation of dendritic
complexity by Semaphorin 3A through Farp1. J. Neurosci. 34, 7999–8009. doi:
10.1523/JNEUROSCI.3950-13.2014
Chen, G., Sima, J., Jin, M., Wang, K. Y., Xue, X. J., Zheng, W., et al.
(2008). Semaphorin-3A guides radial migration of cortical neurons during
development. Nat. Neurosci. 11, 36–44. doi: 10.1038/nn2018
Chen, R. Z., Akbarian, S., Tudor, M., and Jaenisch, R. (2001). Deficiency of methylCpG binding protein-2 in CNS neurons results in a Rett-like phenotype in mice.
Nat. Genet. 27, 327–331. doi: 10.1038/85906
Cho, J. Y., Chak, K., Andreone, B. J., Wooley, J. R., and Kolodkin, A. L. (2012).
The extracellular matrix proteoglycan perlecan facilitates transmembrane
semaphorin-mediated repulsive guidance. Genes Dev. 26, 2222–2235. doi: 10.
1101/gad.193136.112
Cioni, J. M., Telley, L., Saywell, V., Cadilhac, C., Jourdan, C., Huber, A. B., et al.
(2013). SEMA3A signaling controls layer-specific interneuron branching in the
cerebellum. Curr. Biol. 23, 850–861. doi: 10.1016/j.cub.2013.04.007
Claudepierre, T., Koncina, E., Pfrieger, F. W., Bagnard, D., Aunis, D., and Reber,
M. (2008). Implication of neuropilin 2/semaphorin 3F in retinocollicular map
formation. Dev. Dyn. 237, 3394–3403. doi: 10.1002/dvdy.21759
Cnops, L., Hu, T. T., Burnat, K., Van der Gucht, E., and Arckens, L. (2006). Agedependent alterations in CRMP2 and CRMP4 protein expression profiles in cat
visual cortex. Brain Res. 1088, 109–119. doi: 10.1016/j.brainres.2006.03.028
Cohen, R. I., Rottkamp, D. M., Maric, D., Barker, J. L., and Hudson, L. D.
(2003). A role for semaphorins and neuropilins in oligodendrocyte guidance.
J. Neurochem. 85, 1262–1278. doi: 10.1046/j.1471-4159.2003.01722.x
Compston, A., and Coles, A. (2008). Multiple sclerosis. Lancet 372, 1502–1517.
doi: 10.1016/S0140-6736(08)61620-7
Conrad, A. J., and Scheibel, A. B. (1987). Schizophrenia and the hippocampus: the
embryological hypothesis extended. Schizophr. Bull. 13, 577–587. doi: 10.1093/
schbul/13.4.577
Copping, N. A., Adhikari, A., Petkova, S. P., and Silverman, J. L. (2019). Genetic
backgrounds have unique seizure response profiles and behavioral outcomes
following convulsant administration. Epilepsy Behav. 101(Pt A):106547. doi:
10.1016/j.yebeh.2019.106547
Costa, C., Martínez-Sáez, E., Gutiérrez-Franco, A., Eixarch, H., Castro, Z., OrtegaAznar, A., et al. (2015). Expression of semaphorin 3A, semaphorin 7A and
their receptors in multiple sclerosis lesions. Mult. Scler. 21, 1632–1643. doi:
10.1177/1352458515599848
Czech, T., Yang, J. W., Csaszar, E., Kappler, J., Baumgartner, C., and Lubec, G.
(2004). Reduction of hippocampal collapsin response mediated protein-2 in
patients with mesial temporal lobe epilepsy. Neurochem. Res. 29, 2189–2196.
doi: 10.1007/s11064-004-7025-3
Danelon, V., Goldner, R., Martinez, E., Gokhman, I., Wang, K., Yaron, A.,
et al. (2020). Modular and distinct Plexin-A4/FARP2/Rac1 signaling controls

16

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

dendrite morphogenesis. J. Neurosci. 40, 5413–5430. doi: 10.1523/JNEUROSCI.
2730-19.2020
Darnell, J. C., Jensen, K. B., Jin, P., Brown, V., Warren, S. T., and Darnell,
R. B. (2001). Fragile X mental retardation protein targets G quartet mRNAs
important for neuronal function. Cell 107, 489–499. doi: 10.1016/S00928674(01)00566-9
Davis, G. W. (2006). Homeostatic control of neural activity: from phenomenology
to molecular design. Annu. Rev. Neurosci. 29, 307–323. doi: 10.1146/annurev.
neuro.28.061604.135751
de Anda, F. C., Rosario, A. L., Durak, O., Tran, T., Gräff, J., Meletis, K., et al. (2012).
Autism spectrum disorder susceptibility gene TAOK2 affects basal dendrite
formation in the neocortex. Nat. Neurosci. 15, 1022–1031. doi: 10.1038/nn.3141
de Winter, F., Cui, Q., Symons, N., Verhaagen, J., and Harvey, A. R. (2004).
Expression of class-3 semaphorins and their receptors in the neonatal and adult
rat retina. Invest. Ophthalmol. Visual Sci. 45, 4554–4562. doi: 10.1167/iovs.040173
de Winter, F., Kwok, J. C. F., Fawcett, J. W., Vo, T. T., Carulli, D., and Verhaagen,
J. (2016). The chemorepulsive protein Semaphorin 3A and perineuronal netmediated plasticity. Neural Plast. 2016:3679545. doi: 10.1155/2016/3679545
de Winter, F., Vo, T., Stam, F. J., Wisman, L. A. B., Bär, P. R., Niclou, S. P., et al.
(2006). The expression of the chemorepellent Semaphorin 3A is selectively
induced in terminal Schwann cells of a subset of neuromuscular synapses
that display limited anatomical plasticity and enhanced vulnerability in motor
neuron disease. Mol. Cell. Neurosci. 32, 102–117. doi: 10.1016/j.mcn.2006.
03.002
de Wit, J., De Winter, F., Klooster, J., and Verhaagen, J. (2005). Semaphorin 3A
displays a punctate distribution on the surface of neuronal cells and interacts
with proteoglycans in the extracellular matrix. Mol. Cell. Neurosci. 29, 40–55.
doi: 10.1016/j.mcn.2004.12.009
de Wit, J., Toonen, R. F., Verhaagen, J., and Verhage, M. (2006). Vesicular
trafficking of semaphorin 3A is activity-dependent and differs between axons
and dendrites. Traffic 7, 1060–1077. doi: 10.1111/j.1600-0854.2006.00442.x
de Wit, J., and Verhaagen, J. (2003). Role of semaphorins in the adult nervous
system. Prog. Neurobiol. 71, 249–267. doi: 10.1016/j.pneurobio.2003.06.001
Degano, A. L., Pasterkamp, R. J., and Ronnett, G. V. (2009). MeCP2 deficiency
disrupts axonal guidance, fasciculation, and targeting by altering Semaphorin
3F function. Mol. Cell. Neurosci. 42, 243–254. doi: 10.1016/j.mcn.2009.
07.009
Dent, E. W., Barnes, A. M., Tang, F., and Kalil, K. (2004). Netrin-1 and Semaphorin
3A promote or inhibit cortical axon branching, respectively, by reorganization
of the cytoskeleton. J. Neurosci. 24, 3002–3012. doi: 10.1523/JNEUROSCI.496303.2004
Dick, G., Liktan, C., Alves, J. N., Ehlert, E. M. E., Miller, G. M., Hsieh-Wilson, L. C.,
et al. (2013). Semaphorin 3A binds to the perineuronal nets via chondroitin
sulfate type E motifs in rodent brains. J. Biol. Chem. 288, 27384–27395. doi:
10.1074/jbc.M111.310029
Djerbal, L., Vivès, R. R., Lopin-Bon, C., Richter, R. P., Kwok, J. C. F., and
Lortat-Jacob, H. (2019). Semaphorin 3A binding to chondroitin sulfate E
enhances the biological activity of the protein, and cross-links and rigidifies
glycosaminoglycan matrices. bioRxiv [Preprint]. doi: 10.1101/851121
Do, M.-K. Q., Sato, Y., Shimizu, N., Suzuki, T., Shono, J. I., Mizunoya, W., et al.
(2011). Growth factor regulation of neural chemorepellent sema3A expression
in satellite cell cultures. Am. J. Physiol. Cell Physiol. 301, C1270–C1279. doi:
10.1152/ajpcell.00257.2011
Dorszewska, J., Prendecki, M., Oczkowska, A., Dezor, M., and Kozubski, W. (2016).
Molecular basis of familial and sporadic Alzheimer’s disease. Curr. Alzheimer
Res. 13, 952–963. doi: 10.2174/1567205013666160314150501
Duan, Y., Wang, S. H., Song, J., Mironova, Y., Ming, G., Kolodkin, A. L., et al.
(2014). Semaphorin 5A inhibits synaptogenesis in early postnatal- and adultborn hippocampal dentate granule cells. eLife 3:e04390. doi: 10.7554/eLife.
04390
Duplan, L., Bernard, N., Casseron, W., Dudley, K., Thouvenot, E., Honnorat,
J., et al. (2010). Collapsin response mediator protein 4a (CRMP4a) is
upregulated in motoneurons of mutant SOD1 mice and can trigger motoneuron
axonal degeneration and cell death. J. Neurosci. 30, 785–796. doi: 10.1523/
JNEUROSCI.5411-09.2010
Eastwood, S. L., Law, A. J., Everall, I. P., and Harrison, P. J. (2003). The axonal
chemorepellant semaphorin 3A is increased in the cerebellum in schizophrenia

Frontiers in Synaptic Neuroscience | www.frontiersin.org

and may contribute to its synaptic pathology. Mol. Psychiatry 8, 148–155. doi:
10.1038/sj.mp.4001233
Eickholt, B. J., Walsh, F. S., and Doherty, P. (2002). An inactive pool of GSK-3 at the
leading edge of growth cones is implicated in Semaphorin 3A signaling. J. Cell
Biol. 157, 211–217. doi: 10.1083/jcb.200201098
Esclapez, M., Hirsch, J. C., Ben-Ari, Y., and Bernard, C. (1999). Newly formed
excitatory pathways provide a substrate for hyperexcitability in experimental
temporal lobe epilepsy. J. Comp. Neurol. 408, 449–460. doi: 10.1002/(SICI)
1096-9861(19990614)408:4<449::AID-CNE1<3.0.CO;2-R
Falk, J., Bechara, A., Fiore, R., Nawabi, H., Zhou, H., Hoyo-Becerra, C., et al.
(2005). Dual functional activity of semaphorin 3B is required for positioning
the anterior commissure. Neuron 48, 63–75. doi: 10.1016/j.neuron.2005.08.033
Farbman, A. I. (1994). Developmental biology of olfactory sensory neurons. Semin.
Cell Dev. Biol. 5, 3–10. doi: 10.1006/scel.1994.1002
Faulkner, R. L., Low, L. K., and Cheng, H. J. (2006). Axon pruning in the developing
vertebrate hippocampus. Dev. Neurosci. 29, 6–13. doi: 10.1159/000096207
Fawcett, J. W., Oohashi, T., and Pizzorusso, T. (2019). The roles of perineuronal
nets and the perinodal extracellular matrix in neuronal function. Nat. Rev.
Neurosci. 20, 451–465. doi: 10.1038/s41583-019-0196-3
Fazzari, P., Penachioni, J., Gianola, S., Rossi, F., Eickholt, B. J., Maina, F., et al.
(2007). Plexin-B1 plays a redundant role during mouse development and in
tumour angiogenesis. BMC Dev. Biol. 7:55. doi: 10.1186/1471-213X-7-55
Feinberg, I. (1982). Schizophrenia: caused by a fault in programmed synaptic
elimination during adolescence? J. Psychiatric Res. 17, 319–334. doi: 10.1016/
0022-3956(82)90038-3
Fenstermaker, V., Chen, Y., Ghosh, A., and Yuste, R. (2004). Regulation of
dendritic length and branching by Semaphorin 3A. J. Neurobiol. 58, 403–412.
doi: 10.1002/neu.10304
File, S. E., and Seth, P. (2003). A review of 25 years of the social
interaction test. Eur. J. Pharmacol. 463, 35–53. doi: 10.1016/S0014-2999(03)
01273-1
Foscarin, S., Gianola, S., Carulli, D., Fazzari, P., Mi, S., Tamagnone, L., et al.
(2009). Overexpression of GAP-43 modifies the distribution of the receptors for
myelin-associated growth-inhibitory proteins in injured Purkinje axons. Eur. J.
Neurosci. 30, 1837–1848. doi: 10.1111/j.1460-9568.2009.06985.x
Foscarin, S., Ponchione, D., Pajaj, E., Leto, K., Gawlak, M., Wilczynski, G. M., et al.
(2011). Experience-dependent plasticity and modulation of growth regulatory
molecules at central synapses. PLoS One 6:e16666. doi: 10.1371/journal.pone.
0016666
Fritsche, J., Reber, B. F. X., Schindelholz, B., and Bandtlow, C. E. (1999). Differential
cytoskeletal changes during growth cone collapse in response to hSema III
and thrombin. Mol. Cell. Neurosci. 14, 398–418. doi: 10.1006/mcne.1999.
0777
Frühbeis, C., Fröhlich, D., Kuo, W. P., and Krämer-Albers, E. M. (2013).
Extracellular vesicles as mediators of neuron-glia communication. Front. Cell.
Neurosci. 7:182. doi: 10.3389/fncel.2013.00182
Fujii, T., Iijima, Y., Kondo, H., Shizuno, T., Hori, H., Nakabayashi, T., et al. (2007).
Failure to confirm an association between the PLXNA2 gene and schizophrenia
in a Japanese population. Prog. Neuro Psychopharmacol. Biol. Psychiatry 31,
873–877. doi: 10.1016/j.pnpbp.2007.01.027
Gagliardini, V., and Fankhauser, C. (1999). Semaphorin III can induce death in
sensory neurons. Mol. Cell. Neurosci. 14, 301–316. doi: 10.1006/mcne.1999.
0787
Gant, J. C., Thibault, O., Blalock, E. M., Yang, J., Bachstetter, A., Kotick, J., et al.
(2009). Decreased number of interneurons and increased seizures in neuropilin
2 deficient mice: implications for autism and epilepsy. Epilepsia 50, 629–645.
doi: 10.1111/j.1528-1167.2008.01725.x
Garey, L. J., Ong, W. Y., Patel, T. S., Kanani, M., Davis, A., Mortimer, A. M.,
et al. (1998). Reduced dendritic spine density on cerebral cortical pyramidal
neurons in schizophrenia. J. Neurol. Neurosurg. Psychiatry 65, 446–453. doi:
10.1136/jnnp.65.4.446
Giacobini, P., Parkash, J., Campagne, C., Messina, A., Casoni, F., Vanacker, C.,
et al. (2014). Brain endothelial cells control fertility through ovarian-steroiddependent release of Semaphorin 3A. PLoS Biol. 12:e1001808. doi: 10.1371/
journal.pbio.1001808
Giacobini, P., and Prevot, V. (2013). Semaphorins in the development, homeostasis
and disease of hormone systems. Semin. Cell Dev. Biol. 24, 190–198. doi: 10.
1016/j.semcdb.2012.11.005

17

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Gianola, S., and Rossi, F. (2004). GAP-43 overexpression in adult mouse Purkinje
cells overrides myelin-derived inhibition of neurite growth. Eur. J. Neurosci. 19,
819–830. doi: 10.1111/j.0953-816X.2004.03190.x
Giger, R. J., Cloutier, J. F., Sahay, A., Prinjha, R. K., Levengood, D. V., Moore,
S. E., et al. (2000). Neuropilin-2 is required in vivo for selective axon guidance
responses to secreted semaphorins. Neuron 25, 29–41. doi: 10.1016/S08966273(00)80869-7
Giger, R. J., Pasterkamp, R. J., Heijnen, S., Holtmaat, A. J. G. D., and Verhaagen,
J. (1998). Anatomical distribution of the chemorepellent semaphorin
III/collapsin- 1 in the adult rat and human brain: predominant expression
in structures of the olfactory-hippocampal pathway and the motor system.
J. Neurosci. Res. 52, 27–42.
Giger, R. J., Wolfer, D. P., De Wit, G. M., and Verhaagen, J. (1996). Anatomy of rat
semaphorin III collapsin−1 mRNA expression and relationship to developing
nerve tracts during neuroembryogenesis. J. Comp. Neurol. 375, 378–392. doi:
10.1002/(SICI)1097-4547(19980401)52:1<27::AID-JNR4<3.0.CO;2-M
Gilabert-Juan, J., Sáez, A. R., Lopez-Campos, G., Sebastiá-Ortega, N., GonzálezMartínez, R., Costa, J., et al. (2015). Semaphorin and plexin gene expression
is altered in the prefrontal cortex of schizophrenia patients with and without
auditory hallucinations. Psychiatry Res. 229, 850–857. doi: 10.1016/j.psychres.
2015.07.074
Giraudon, P., Vincent, P., and Vuaillat, C. (2005). T-cells in neuronal injury and
repair: semaphorins and related T-cell signals. Neuro Mol. Med. 7, 207–216.
doi: 10.1385/NMM:7:3:207
Giraudon, P., Vincent, P., Vuaillat, C., Verlaeten, O., Cartier, L., Marie-Cardine,
A., et al. (2004). Semaphorin CD100 from activated T lymphocytes induces
process extension collapse in oligodendrocytes and death of immature neural
cells. J. Immunol. 172, 1246–1255. doi: 10.4049/jimmunol.172.2.1246
Glantz, L. A., and Lewis, D. A. (2000). Decreased dendritic spine density on
prefrontal cortical pyramidal neurons in schizophrenia. Arch. Gen. Psychiatry
57, 65–73. doi: 10.1001/archpsyc.57.1.65
Godenschwege, T. A., Hu, H., Shan-Crofts, X., Goodman, C. S., and Murphey,
R. K. (2002). Bi-directional signaling by semaphorin 1a during central synapse
formation in Drosophila. Nat. Neurosci. 5, 1294–1301. doi: 10.1038/nn976
Good, P. F., Alapat, D., Hsu, A., Chu, C., Perl, D., Wen, X., et al. (2004). A role for
semaphorin 3A signaling in the degeneration of hippocampal neurons during
Alzheimer’s disease. J. Neurochem. 91, 716–736. doi: 10.1111/j.1471-4159.2004.
02766.x
Gorter, J. A., Van Vliet, E. A., Aronica, E., and Da Silva, F. H. L. (2001). Progression
of spontaneous seizures after status epilepticus is associated with mossy fibre
sprouting and extensive bilateral loss of hilar parvalbumin and somatostatinimmunoreactive neurons. Eur. J. Neurosci. 13, 657–669. doi: 10.1046/j.14609568.2001.01428.x
Gorter, J. A., Van Vliet, E. A., Proper, E. A., De Graan, P. N. E., Ghijsen, W. E. J. M.,
Lopes da Silva, S. H., et al. (2002). Glutamate transporters alterations in the
reorganizing dentate gyrus are associated with progressive seizure activity in
chronic epileptic rats. J. Comp. Neurol. 442, 365–377. doi: 10.1002/cne.10101
Goshima, Y., Kawakami, T., Hori, H., Sugiyama, Y., Takasawa, S., Hashimoto,
Y., et al. (1997). A novel action of collapsin: collapsin-1 increases anteroand retrograde axoplasmic transport independently of growth cone collapse.
J. Neurobiol. 33, 316–328. doi: 10.1002/(SICI)1097-4695(199709)33:3<316::
AID-NEU9<3.0.CO;2-4
Grant, B. F., and Harford, T. C. (1995). Comorbidity between DSM-IV alcohol
use disorders and major depression: results of a national survey. Drug Alcohol
Depend. 39, 197–206. doi: 10.1016/0376-8716(95)01160-4
Graziadei, P. P. C., Levine, R. R., and Monti Graziadei, G. A. (1979). Plasticity of
connections of the olfactory sensory neuron: regeneration into the forebrain
following bulbectomy in the neonatal mouse. Neuroscience 4, 713–727. doi:
10.1016/0306-4522(79)90002-2
Gutiérrez-Franco, A., Costa, C., Eixarch, H., Castillo, M., Medina-Rodríguez, E. M.,
Bribián, A., et al. (2016). Differential expression of sema3A and sema7A in a
murine model of multiple sclerosis: implications for a therapeutic design. Clin.
Immunol. 163, 22–33. doi: 10.1016/j.clim.2015.12.005
Gutiérrez-Franco, A., Eixarch, H., Costa, C., Gil, V., Castillo, M., Calvo-Barreiro,
L., et al. (2017). Semaphorin 7A as a potential therapeutic target for multiple
sclerosis. Mol. Neurobiol. 54, 4820–4831. doi: 10.1007/s12035-016-0154-2

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Haidet-Phillips, A. M., Hester, M. E., Miranda, C. J., Meyer, K., Braun, L., Frakes,
A., et al. (2011). Astrocytes from familial and sporadic ALS patients are toxic to
motor neurons. Nat. Biotechnol. 29, 824–828. doi: 10.1038/nbt.1957
He, Z., Crenshaw, E., and Raper, J. A. (2019). Semaphorin/neuropilin binding
specificities are stable over 400 million years of evolution. Biochem. Biophys.
Res. Commun. 517, 23–28. doi: 10.1016/j.bbrc.2019.06.133
Hirsch, E., Hu, L. J., Prigent, A., Constantin, B., Agid, Y., Drabkin, H., et al. (1999).
Distribution of semaphorin IV in adult human brain. Brain Res. 823, 67–79.
doi: 10.1016/S0006-8993(99)01103-8
Holmes, S., Downs, A. M., Fosberry, A., Hayes, P. D., Michalovich, D., Murdoch,
P., et al. (2002). Sema7A is a potent monocyte stimulator. Scand. J. Immunol.
56, 270–275. doi: 10.1046/j.1365-3083.2002.01129.x
Holtmaat, A. J. G. D., De Winter, F., De Wit, J., Gorter, J. A., Lopes da Silva,
F. H., and Verhaagen, J. (2002). Semaphorins: contributors to structural stability
of hippocampal networks? Prog. Brain Res. 138, 17–38. doi: 10.1016/S00796123(02)38068-3
Holtmaat, A. J. G. D., Gorter, J. A., De Wit, J., Tolner, E. A., Spijker, S., Giger,
R. J., et al. (2003). Transient downregulation of Sema3A mRNA in a rat model
for temporal lobe epilepsy: a novel molecular event potentially contributing to
mossy fiber sprouting. Exp. Neurol. 182, 142–150. doi: 10.1016/S0014-4886(03)
00035-9
Hota, P. K., and Buck, M. (2012). Plexin structures are coming: opportunities for
multilevel investigations of semaphorin guidance receptors, their cell signaling
mechanisms, and functions. Cell. Mol. Life Sci. 69, 3765–3805. doi: 10.1007/
s00018-012-1019-0
Hu, H., Marton, T. F., and Goodman, C. S. (2001). Plexin B mediates axon guidance
in Drosophila by simultaneously inhibiting active Rac and enhancing RhoA
signaling. Neuron 32, 39–51. doi: 10.1016/S0896-6273(01)00453-6
Hung, R. J., Pak, C. W., and Terman, J. R. (2011). Direct redox regulation of
F-actin assembly and disassembly by mical. Science 334, 1710–1713. doi: 10.
1126/science.1211956.Direct
Hung, R.-J., Yazdani, U., Yoon, J., Wu, H., Yang, T., Gupta, N., et al. (2010). Mical
links semaphorins to F-actin disassembly. Nature 463, 823–827. doi: 10.1038/
nature08724
Imai, T. (2012). Positional information in neural map development: lessons from
the olfactory system. Dev. Growth Differ. 54, 358–365. doi: 10.1111/j.1440-169X.
2012.01334.x
Inoue, N., Nishizumi, H., Naritsuka, H., Kiyonari, H., and Sakano, H.
(2018). Sema7A/PlxnCl signaling triggers activity-dependent olfactory synapse
formation. Nat. Commun. 9:1842. doi: 10.1038/s41467-018-04239-z
Insel, T. R. (2010). Rethinking schizophrenia. Nature 468, 187–193. doi: 10.1038/
nature09552
Ip, J. P. K., Mellios, N., and Sur, M. (2018). Rett syndrome: insights into genetic,
molecular and circuit mechanisms. Nat. Rev. Neurosci. 19, 368–382. doi: 10.
1038/s41583-018-0006-3
Ivanco, T. L., and Greenough, W. T. (2002). Altered mossy fiber distributions in
adult Fmr1 (FVB) knockout mice. Hippocampus 12, 47–54. doi: 10.1002/hipo.
10004
Jacobs, B. L., Van Praag, H., and Gage, F. H. (2000). Adult brain neurogenesis
and psychiatry: a novel theory of depression. Mol. Psychiatry 5, 262–269. doi:
10.1038/sj.mp.4000712
Jane Roskams, A., Bredt, D. S., Dawson, T. M., and Ronnett, G. V. (1994).
Nitric oxide mediates the formation of synaptic connections in developing and
regenerating olfactory receptor neurons. Neuron 13, 289–299. doi: 10.1016/
0896-6273(94)90347-6
Jongbloets, B. C., Lemstra, S., Schellino, R., Broekhoven, M. H., Parkash,
J., Hellemons, A. J. C. G. M., et al. (2017). Stage-specific functions of
Semaphorin7A during adult hippocampal neurogenesis rely on distinct
receptors. Nat. Commun. 8:14666. doi: 10.1038/ncomms14666
Jun, G., Asai, H., Zeldich, E., Drapeau, E., Chen, C., Chung, J., et al.
(2014). PLXNA4 is associated with Alzheimer disease and modulates tau
phosphorylation. Ann. Neurol. 76, 379–392. doi: 10.1002/ana.24219
Jung, J. S., Zhang, K. D., Wang, Z., Mcmurray, M., Tkaczuk, A., Ogawa, Y.,
et al. (2019). Semaphorin-5B controls spiral ganglion neuron branch refinement
during development. J. Neurosci. 39, 6425–6438. doi: 10.1523/JNEUROSCI.
0113-19.2019

18

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Kaiser, K., and Bryja, V. (2020). Choroid plexus: the orchestrator of long-range
signalling within the CNS. Int. J. Mol. Sci. 21, 1–21. doi: 10.3390/ijms2113
4760
Kang, S., and Kumanogoh, A. (2013). Semaphorins in bone development,
homeostasis, and disease. Semin. Cell Dev. Biol. 24, 163–171. doi: 10.1016/j.
semcdb.2012.09.008
Kantor, D. B., Chivatakarn, O., Peer, K. L., Oster, S. F., Inatani, M., Hansen, M. J.,
et al. (2004). Semaphorin 5A is a bifunctional axon guidance cue regulated
by heparan and chondroitin sulfate proteoglycans. Neuron 44, 961–975. doi:
10.1016/j.neuron.2004.12.002
Karpova, N. N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N.,
Ágústsdóttir, A., et al. (2011). Fear erasure in mice requires synergy between
antidepressant drugs and extinction training. Science 334, 1731–1734. doi: 10.
1126/science.1214592
Kelleher, R. J., and Bear, M. F. (2008). The autistic neuron: troubled translation?
Cell 135, 401–406. doi: 10.1016/j.cell.2008.10.017
Keshavan, M. S., Anderson, S., and Pettergrew, J. W. (1994). Is Schizophrenia
due to excessive synaptic pruning in the prefrontal cortex? The Feinberg
hypothesis revisited. J. Psychiatric Res. 28, 239–265. doi: 10.1016/0022-3956(94)
90009-4
Kolk, S. M., Gunput, R.-A. F., Tran, T. S., Van Den Heuvel, D. M. A.,
Prasad, A. A., Hellemons, A. J. C. G. M., et al. (2009). Semaphorin 3F
is a bifunctional guidance cue for dopaminergic axons and controls their
fasciculation, channeling, rostral growth, and intracortical targeting. J. Neurosci.
29, 12542–12557. doi: 10.1523/JNEUROSCI.2521-09.2009
Kolodkin, A. L., Matthes, D. J., and Goodman, C. S. (1993). The semaphorin
genes encode a family of transmembrane and secreted growth cone guidance
molecules. Cell 75, 1389–1399. doi: 10.1016/0092-8674(93)90625-Z
Kolodkin, A. L., Matthes, D. J., O’Connor, T. P., Patel, N. H., Admon, A., Bentley,
D., et al. (1992). Fasciclin IV: sequence, expression, and function during growth
cone guidance in the grasshopper embryo. Neuron 9, 831–845. doi: 10.1016/
0896-6273(92)90237-8
Kong, H., Sha, L. L., Fan, Y., Xiao, M., Ding, J. H., Wu, J., et al. (2009).
Requirement of AQP4 for antidepressive efficiency of fluoxetine: implication
in adult hippocampal neurogenesis. Neuropsychopharmacology 34, 1263–1276.
doi: 10.1038/npp.2008.185
Kong, Y., Janssen, B. J. C., Malinauskas, T., Vangoor, V. R., Coles, C. H., Kaufmann,
R., et al. (2016). Structural basis for plexin activation and regulation. Neuron 91,
548–560. doi: 10.1016/j.neuron.2016.06.018
Korner, S., Boselt, S., Wichmann, K., Thau-Habermann, N., Zapf, A., Knippenberg,
S., et al. (2016). The axon guidance protein semaphorin 3A is increased in the
motor cortex of patients with amyotrophic lateral sclerosis. J. Neuropathol. Exp.
Neurol. 75, 326–333. doi: 10.1093/jnen/nlw003
Kruger, R. P., Aurandt, J., and Guan, K. L. (2005). Semaphorins command cells to
move. Nat. Rev. Mol. Cell Biol. 6, 789–800. doi: 10.1038/nrm1740
Kumanogoh, A., and Kikutani, H. (2013). Immunological functions of the
neuropilins and plexins as receptors for semaphorins. Nat. Rev. Immunol. 13,
802–814. doi: 10.1038/nri3545
Kumanogoh, A., Marukawa, S., Suzuki, K., Takegahara, N., Watanabe, C., Ch’ng,
E. S., et al. (2002). Class iv semaphorin sema4a enhances t-cell activation and
interacts with tim-2. Nature 419, 629–633. doi: 10.1038/nature01037
Kumanogoh, A., Watanabe, C., Lee, I., Wang, X., Shi, W., Araki, H., et al. (2000).
Identification of CD72 as a lymphocyte receptor for the class IV semaphorin
CD100: a novel mechanism for regulating B cell signaling. Immunity 13,
621–631. doi: 10.1016/S1074-7613(00)00062-5
Kuzirian, M. S., Moore, A. R., Staudenmaier, E. K., Friedel, R. H., and Paradis,
S. (2013). The class 4 semaphorin Sema4D promotes the rapid assembly of
GABAergic synapses in rodent hippocampus. J. Neurosci. 33, 8961–8973. doi:
10.1523/JNEUROSCI.0989-13.2013
LaGanke, C., Samkoff, L., Edwards, K., Henson, L. J., Repovic, P., Lynch, S., et al.
(2017). Safety/tolerability of the anti-semaphorin 4D antibody VX15/2503 in
a randomized phase 1 trial. Neurol. Neuroimmunol. NeuroInflamm. 4:e367.
doi: 10.1212/NXI.0000000000000367
Lau, L. F., Seymour, P. A., Sanner, M. A., and Schachter, J. B. (2002). Cdk5 as a drug
target for the treatment of Alzheimer’s disease. J. Mol. Neurosci. 19, 267–273.
doi: 10.1385/JMN:19:3:267
Lee, H., MacPherson, L. J., Parada, C. A., Zuker, C. S., and Ryba, N. J. P. (2017).
Rewiring the taste system. Nature 548, 330–333. doi: 10.1038/nature23299

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Lesnikova, A., Casarotto, P. C., Fred, S. M., Voipio, M., Winkel, F., Steinzeig,
A., et al. (2021). Chondroitinase and antidepressants promote plasticity by
releasing TRKB from dephosphorylating control of ptpσ in parvalbumin
neurons. J. Neurosci. 41, 972–980. doi: 10.1523/JNEUROSCI.2228-20.
2020
Leuner, B., and Gould, E. (2010). Structural plasticity and hippocampal function.
Annu. Rev. Psychol. 61, 111–140. doi: 10.1146/annurev.psych.093008.100359
Lew, J., Huang, Q. Q., Qi, Z., Winkfein, R. J., Aebersold, R., Hunt, T., et al. (1994).
A brain-specific activator of cyclin-dependent kinase 5. Nature 371, 423–426.
doi: 10.1038/371423a0
Li, Z., Jagadapillai, R., Gozal, E., and Barnes, G. (2019). Deletion of Semaphorin
3F in interneurons is associated with decreased GABAergic neurons, autismlike behavior, and increased oxidative stress cascades. Mol. Neurobiol. 56,
5520–5538. doi: 10.1007/s12035-018-1450-9
Liu, B. P., and Strittmatter, S. M. (2001). Semaphorin-mediated axonal guidance via
Rho-related G proteins. Curr. Opin. Cell Biol. 13, 619–626. doi: 10.1016/S09550674(00)00260-X
Lovestone, S., Reynolds, C. H., Latimer, D., Davis, D. R., Anderton, B. H., Gallo,
J. M., et al. (1994). Alzheimer’s disease-like phosphorylation of the microtubuleassociated protein tau by glycogen synthase kinase-3 in transfected mammalian
cells. Curr. Biol. 4, 1077–1086. doi: 10.1016/S0960-9822(00)00246-3
Low, L. K., Liu, X. B., Faulkner, R. L., Coble, J., and Cheng, H. J. (2008). Plexin
signaling selectively regulates the stereotyped pruning of corticospinal axons
from visual cortex. Proc. Natl. Acad. Sci. U.S.A. 105, 8136–8141. doi: 10.1073/
pnas.0803849105
Luo, J., Zeng, K., Zhang, C., Fang, M., Zhang, X., Zhu, Q., et al. (2012). Downregulation of CRMP-1 in patients with epilepsy and a rat model. Neurochem.
Res. 37, 1381–1391. doi: 10.1007/s11064-012-0712-6
Luo, Y., Raible, D., and Raper, J. A. (1993). Collapsin: a protein in brain that induces
the collapse and paralysis of neuronal growth cones. Cell 75, 217–227.
Mah, S., Nelson, M. R., DeLisi, L. E., Reneland, R. H., Markward, N., James,
M. R., et al. (2006). Identification of the semaphorin receptor PLXNA2 as
a candidate for susceptibility to schizophrenia. Mol. Psychiatry 11, 471–478.
doi: 10.1038/sj.mp.4001785
Manzano, R., Toivonen, J. M., Calvo, A. C., Oliván, S., Zaragoza, P., Rodellar,
C., et al. (2013). Altered in vitro proliferation of mouse SOD1-G93A skeletal
muscle satellite cells. Neurodegener. Dis. 11, 153–164. doi: 10.1159/000338061
Manzano, R., Toivonen, J. M., Olivan, S., Calvo, A. C., Moreno-Igoa, M., Munoz,
M. J., et al. (2011). Altered expression of myogenic regulatory factors in the
mouse model of amyotrophic lateral sclerosis. Neurodegener. Dis. 8, 386–396.
doi: 10.1159/000324159
Masuda, T., and Taniguchi, M. (2016). Contribution of semaphorins to the
formation of the peripheral nervous system in higher vertebrates. Cell Adh.
Migr. 10, 593–603. doi: 10.1080/19336918.2016.1243644
Mateus-Pinheiro, A., Pinto, L., Bessa, J. M., Morais, M., Alves, N. D., Monteiro,
S., et al. (2013). Sustained remission from depressive-like behavior depends on
hippocampal neurogenesis. Transl. Psychiatry 3:e210. doi: 10.1038/tp.2012.141
Matsuda, I., Shoji, H., Yamasaki, N., Miyakawa, T., and Aiba, A. (2016).
Comprehensive behavioral phenotyping of a new Semaphorin 3 F mutant
mouse. Mol. Brain 9:15. doi: 10.1186/s13041-016-0196-4
Matsuoka, R. L., Chivatakarn, O., Badea, T. C., Samuels, I. S., Cahill, H., Katayama,
K., et al. (2011a). Class 5 transmembrane semaphorins control selective
mammalian retinal lamination and function. Neuron 71, 460–473. doi: 10.1016/
j.neuron.2011.06.009
Matsuoka, R. L., Jiang, Z., Samuels, I. S., Nguyen-Ba-Charvet, K. T., Sun,
L. O., Peachey, N. S., et al. (2012). Guidance-cue control of horizontal cell
morphology, lamination, and synapse formation in the mammalian outer
retina. J. Neurosci. 32, 6859–6868. doi: 10.1523/JNEUROSCI.0267-12.2012
Matsuoka, R. L., Nguyen-Ba-Charvet, K. T., Parray, A., Badea, T. C., Chédotal, A.,
and Kolodkin, A. L. (2011b). Transmembrane semaphorin signalling controls
laminar stratification in the mammalian retina. Nature 470, 259–264. doi: 10.
1038/nature09675
Maya-Vetencourt, J. F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R.,
O’Leary, O. F., et al. (2008). The antidepressant fluoxetine restores plasticity
in the adult visual cortex. Science 320, 385–388. doi: 10.1126/science.11
50516
McDermott, J. E., Goldblatt, D., and Paradis, S. (2018). Class 4 Semaphorins
and Plexin-B receptors regulate GABAergic and glutamatergic synapse

19

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

development in the mammalian hippocampus. Mol. Cell. Neurosci. 92, 50–66.
doi: 10.1016/j.mcn.2018.06.008
Mcrae, P. A., Baranov, E., Rogers, S. L., and Porter, B. E. (2012). Persistent decrease
in multiple components of the perineuronal net following status epilepticus.
Eur. J. Neurosci. 36, 3471–3482. doi: 10.1111/j.1460-9568.2012.08268.x
Mecollari, V., Nieuwenhuis, B., and Verhaagen, J. (2014). A perspective on the role
of class iii semaphorin signaling in central nervous system trauma. Front. Cell.
Neurosci. 8:328. doi: 10.3389/fncel.2014.00328
Melin, M., Carlsson, B., Anckarsater, H., Rastam, M., Betancur, C., Isaksson, A.,
et al. (2006). Constitutional downregulation of SEMA5A expression in autism.
Neuropsychobiology 54, 64–69. doi: 10.1159/000096040
Meyer, K., Ferraiuolo, L., Miranda, C. J., Likhite, S., McElroy, S., Renusch, S.,
et al. (2014). Direct conversion of patient fibroblasts demonstrates non-cell
autonomous toxicity of astrocytes to motor neurons in familial and sporadic
ALS. Proc. Natl. Acad. Sci. U.S.A. 111, 829–832. doi: 10.1073/pnas.1314085111
Mohan, V., Wade, S. D., Sullivan, C. S., Kasten, M. R., Sweetman, C., Stewart,
R., et al. (2021). Close homolog of l1 regulates dendritic spine density in the
mouse cerebral cortex through semaphorin 3B. J. Neurosci. 39, 6233–6250.
doi: 10.1523/JNEUROSCI.2984-18.2019
Mohan, V., Wyatt, E. V., Gotthard, I., Phend, K. D., Diestel, S., Duncan, B. W., et al.
(2018). Neurocan inhibits semaphorin 3F induced dendritic spine remodeling
through NrCAM in cortical neurons. Front. Cell. Neurosci. 12:346. doi: 10.3389/
fncel.2018.00346
Moloney, E. B., de Winter, F., and Verhaagen, J. (2014). ALS as a distal
axonopathy: molecular mechanisms affecting neuromuscular junction stability
in the presymptomatic stages of the disease. Front. Neurosci. 8:252. doi: 10.3389/
fnins.2014.00252
Moloney, E. B., Hobo, B., De Winter, F., and Verhaagen, J. (2017). Expression of
a mutant SEMA3A protein with diminished signalling capacity does not alter
ALS-related motor decline, or confer changes in NMJ plasticity after BotoxAinduced paralysis of male gastrocnemic muscle. PLoS One 12:e0170314. doi:
10.1371/journal.pone.0170314
Mombaerts, P. (1996). Targeting olfaction. Curr. Opin. Neurobiol. 6, 481–486.
doi: 10.1016/S0959-4388(96)80053-5
Moreau-Fauvarque, C., Kumanogoh, A., Camand, E., Jaillard, C., Barbin, G.,
Boquet, I., et al. (2003). The transmembrane semaphorin Sema4D/CD100, an
inhibitor of axonal growth, is expressed on oligodendrocytes and upregulated
after CNS lesion. J. Neurosci. 23, 9229–9239. doi: 10.1523/jneurosci.23-2709229.2003
Morita, A., Yamashita, N., Sasaki, Y., Uchida, Y., Nakajima, O., Nakamura,
F., et al. (2006). Regulation of dendritic branching and spine maturation
by semaphorin3A-fyn signaling. J. Neurosci. 26, 2971–2980. doi: 10.1523/
JNEUROSCI.5453-05.2006
Mosca-Boidron, A. L., Gueneau, L., Huguet, G., Goldenberg, A., Henry, C., Gigot,
N., et al. (2016). A de novo microdeletion of SEMA5A in a boy with autism
spectrum disorder and intellectual disability. Eur. J. Hum. Genet. 24, 838–843.
doi: 10.1038/ejhg.2015.211
Mostafavi, S., Gaiteri, C., Sullivan, S. E., White, C. C., Tasaki, S., Xu, J., et al.
(2018). A molecular network of the aging human brain provides insights into
the pathology and cognitive decline of Alzheimer’s disease. Nat. Neurosci. 21,
811–819. doi: 10.1038/s41593-018-0154-9
Murray, R. M. (1994). Neurodevelopmental schizophrenia: the rediscovery of
dementia praecox. Br. J. Psychiatry 165(Suppl. 25), 6–12. doi: 10.1192/
s0007125000293148
Nadanaka, S., Miyata, S., Yaqiang, B., Tamura, J. I., Habuchi, O., and Kitagawa,
H. (2020). Reconsideration of the semaphorin-3a binding motif found in
chondroitin sulfate using galnac4s-6st-knockout mice. Biomolecules 10, 1–16.
doi: 10.3390/biom10111499
Neufeld, G., Sabag, A. D., Rabinovicz, N., and Kessler, O. (2012). Semaphorins in
angiogenesis and tumor progression. Cold Spring Harb. Perspect. Med. 2, 1–14.
doi: 10.1101/cshperspect.a006718
Ng, T., Ryu, J. R., Sohn, J. H., Tan, T., Song, H., Ming, G. I., et al. (2013).
Class 3 Semaphorin mediates dendrite growth in adult newborn neurons
through Cdk5/FAK pathway. PLoS One 8:e65572. doi: 10.1371/journal.pone.
0065572
Niclou, S. P., Franssen, E. H. P., Ehlert, E. M. E., Taniguchi, M., and Verhaagen, J.
(2003). Meningeal cell-derived semaphorin 3A inhibits neurite outgrowth. Mol.
Cell. Neurosci. 24, 902–912. doi: 10.1016/S1044-7431(03)00243-4

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Niisato, E., Nagai, J., Yamashita, N., Abe, T., Kiyonari, H., Goshima, Y., et al. (2012).
CRMP4 suppresses apical dendrite bifurcation of CA1 pyramidal neurons in the
mouse hippocampus. Dev. Neurobiol. 72, 1447–1457. doi: 10.1002/dneu.22007
Obernier, K., and Alvarez-Buylla, A. (2019). Neural stem cells: origin, heterogeneity
and regulation in the adult mammalian brain. Development 146:dev156059.
doi: 10.1242/dev.156059
O’Connor, T. P., Cockburn, K., Wang, W., Tapia, L., Currie, E., and Bamji, S. X.
(2009). Semaphorin 5B mediates synapse elimination in hippocampal neurons.
Neural Dev. 4:18. doi: 10.1186/1749-8104-4-18
Okada, A., Tominaga, M., Horiuchi, M., and Tomooka, Y. (2007). Plexin-A4
is expressed in oligodendrocyte precursor cells and acts as a mediator of
semaphorin signals. Biochem. Biophys. Res. Commun. 352, 158–163. doi: 10.
1016/j.bbrc.2006.10.176
Okada, T., Keino-Masu, K., Suto, F., Mitchell, K. J., and Masu, M. (2019).
Remarkable complexity and variability of corticospinal tract defects in adult
Semaphorin 6A knockout mice. Brain Res. 1710, 209–219. doi: 10.1016/j.
brainres.2018.12.041
Oley, N., DeHan, R. S., Tucker, D., Smith, J. C., and Graziadei, P. P. (1975).
Recovery of structure and function following transection of the primary
olfactory nerves in pigeons. J. Comp. Physiol. Psychol. 88, 477–495. doi: 10.1037/
h0076401
Orr, B. O., Fetter, R. D., and Davis, G. W. (2017). Retrograde semaphorin-plexin
signalling drives homeostatic synaptic plasticity. Nature 550, 109–113. doi: 10.
1038/nature24017
Pantazopoulos, H., Markota, M., Jaquet, F., Ghosh, D., Wallin, A., Santos, A., et al.
(2015). Aggrecan and chondroitin-6-sulfate abnormalities in schizophrenia
and bipolar disorder: a postmortem study on the amygdala. Transl. Psychiatry
5:e496. doi: 10.1038/tp.2014.128
Pantazopoulos, H., Woo, T. U., Lim, M. P., Lange, N., and Berretta, S. (2010).
Extracellular matrix-glial abnormalities in the amygdala and entorhinal cortex
of subjects diagnosed with schizophrenia. Arch. Gen. Psychiatry 67, 155–166.
Paradis, S., Harrar, D. B., Lin, Y., Koon, A. C., Hauser, J. L., Griffith, E. C.,
et al. (2007). An RNAi-based approach identifies molecules required for
glutamatergic and GABAergic synapse development. Neuron 53, 217–232. doi:
10.1016/j.neuron.2006.12.012
Parkash, J., Messina, A., Langlet, F., Cimino, I., Loyens, A., Mazur, D., et al. (2015).
Semaphorin7A regulates neuroglial plasticity in the adult hypothalamic median
eminence. Nat. Commun. 6:6385. doi: 10.1038/ncomms7385
Pasterkamp, R. J. (2012). Getting neural circuits into shape with semaphorins. Nat.
Rev. Neurosci. 13, 605–618. doi: 10.1038/nrn3302
Pasterkamp, R. J., Giger, R. J., and Verhaagen, J. (1998). Regulation of semaphorin
III/collapsin-1 gene expression during peripheral nerve regeneration. Exp.
Neurol. 153, 313–327. doi: 10.1006/exnr.1998.6886
Pasterkamp, R. J., Peschon, J. J., Spriggs, M. K., and Kolodkin, A. L. (2003).
Semaphorin 7A promotes axon outgrowth through integrins and MAPKs.
Nature 424, 398–405. doi: 10.1038/nature01790
Patrick, G. N., Zukerberg, L., Nikolic, M., De La Monte, S., Dikkes, P., and Tsai,
L. H. (1999). Conversion of p35 to p25 deregulates Cdk5 activity and promotes
neurodegeneration. Nature 402, 615–622. doi: 10.1038/45159
Peça, J., and Feng, G. (2012). Cellular and synaptic network defects in autism. Curr.
Opin. Neurobiol. 22, 866–872. doi: 10.1016/j.conb.2012.02.015
Pecho-Vrieseling, E., Sigrist, M., Yoshida, Y., Jessell, T. M., and Arber, S.
(2009). Specificity of sensory-motor connections encoded by Sema3e-Plxnd1
recognition. Nature 459, 842–846. doi: 10.1038/nature08000
Pelka, G. J., Watson, C. M., Radziewic, T., Hayward, M., Lahooti, H.,
Christodoulou, J., et al. (2006). Mecp2 deficiency is associated with learning and
cognitive deficits and altered gene activity in the hippocampal region of mice.
Brain 129, 887–898. doi: 10.1093/brain/awl022
Perez, Y. (1996). Axonal sprouting of CA1 pyramidal cells in hyperexcitable
hippocampal slices of kainate-treated rats. Eur. J. Neurosci. 8, 736–748. doi:
10.1111/j.1460-9568.1996.tb01259.x
Piaton, G., Aigrot, M. S., Williams, A., Moyon, S., Tepavcevic, V., Moutkine, I., et al.
(2011). Class 3 semaphorins influence oligodendrocyte precursor recruitment
and remyelination in adult central nervous system. Brain 134, 1156–1167. doi:
10.1093/brain/awr022
Pignata, A., Ducuing, H., and Castellani, V. (2016). Commissural axon navigation:
control of midline crossing in the vertebrate spinal cord by the semaphorin 3B
signaling. Cell Adh. Migr. 10, 604–617. doi: 10.1080/19336918.2016.1212804

20

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Planel, E., Yasutake, K., Fujita, S. C., and Ishiguro, K. (2001). Inhibition of
protein Phosphatase 2A overrides Tau protein Kinase I/Glycogen synthase
Kinase 3β and cyclin-dependent Kinase 5 inhibition and results in tau
hyperphosphorylation in the hippocampus of starved mouse. J. Biol. Chem. 276,
34298–34306. doi: 10.1074/jbc.M102780200
Polleux, F., Giger, R. J., Ginty, D. D., Kolodkin, A. L., and Ghosh, A.
(1998). Patterning of cortical efferent projections by semaphorin-neuropilin
interactions. Science 282, 1904–1906. doi: 10.1126/science.282.5395.1904
Polleux, F., Morrow, T., and Ghosh, A. (2000). Semaphorin 3A is a chemoattractant
for cortical apical dendrites. Nature 404, 567–573.
Pradat, P. F., Barani, A., Wanschitz, J., Dubourg, O., Lombès, A., Bigot, A., et al.
(2011). Abnormalities of satellite cells function in amyotrophic lateral sclerosis.
Amyotrophic Lateral Sclerosis 12, 264–271. doi: 10.3109/17482968.2011.566618
Price, J. L., Davis, P. B., Morris, J. C., and White, D. L. (1991). The distribution
of tangles, plaques and related immunohistochemical markers in healthy aging
and Alzheimer’s disease. Neurobiol. Aging 12, 295–312. doi: 10.1016/01974580(91)90006-6
Price, J. L., and Drevets, W. C. (2010). Neurocircuitry of mood disorders.
Neuropsychopharmacology 35, 192–216. doi: 10.1038/npp.2009.104
Quach, T. T., Honnorat, J., Kolattukudy, P. E., Khanna, R., and Duchemin,
A. M. (2015). CRMPs: critical molecules for neurite morphogenesis and
neuropsychiatric diseases. Mol. Psychiatry 20, 1037–1045. doi: 10.1038/mp.
2015.77
Raff, M. C., Miller, R. H., and Noble, M. (1983). Glial cell lineages in the rat
optic nerve. Cold Spring Harb. Symp. Quantitative Biol. 48(Pt 2), 569–572.
doi: 10.1101/sqb.1983.048.01.061
Rakhade, S. N., and Jensen, F. E. (2009). Epileptogenesis in the immature brain:
emerging mechanisms. Nat. Rev. Neurol. 5, 380–391. doi: 10.1038/nrneurol.
2009.80
Rankin-Gee, E. K., McRae, P. A., Baranov, E., Rogers, S., Wandrey, L., and Porter,
B. E. (2015). Perineuronal net degradation in epilepsy. Epilepsia 56, 1124–1133.
doi: 10.1111/epi.13026
Reh, R. K., Dias, B. G., Nelson, C. A., Kaufer, D., Werker, J. F., Kolbh, B., et al.
(2020). Critical period regulation acrossmultiple timescales. Proc. Natl. Acad.
Sci. U.S.A. 117, 23242–23251. doi: 10.1073/pnas.1820836117
Renaud, J., Kerjan, G., Sumita, I., Zagar, Y., Georget, V., Kim, D., et al.
(2008). Plexin-A2 and its ligand, Sema6A, control nucleus-centrosome coupling
in migrating granule cells. Nat. Neurosci. 11, 440–449. doi: 10.1038/nn
2064
Ressler, K. J., and Mayberg, H. S. (2007). Targeting abnormal neural circuits in
mood and anxiety disorders: from the laboratory to the clinic. Nat. Neurosci.
10, 1116–1124. doi: 10.1038/nn1944
Richardson, W. D., Kessaris, N., and Pringle, N. (2006). Oligodendrocyte wars. Nat.
Rev. Neurosci. 7, 11–18. doi: 10.1038/nrn1826
Roth, L., Koncina, E., Satkauskas, S., Crémel, G., Aunis, D., and Bagnard, D. (2009).
The many faces of semaphorins: from development to pathology. Cell. Mol. Life
Sci. 66, 649–666. doi: 10.1007/s00018-008-8518-z
Sabag, A. D., Smolkin, T., Mumblat, Y., Ueffing, M., Kessler, O., Gloeckner, C. J.,
et al. (2014). The role of the plexin-A2 receptor in Sema3A and Sema3B signal
transduction. J. Cell Sci. 127, 5240–5252. doi: 10.1242/jcs.155960
Saha, B., Ypsilanti, A. R., Boutin, C., Cremer, H., and Chédotal, A. (2012). PlexinB2 regulates the proliferation and migration of neuroblasts in the postnatal
and adult subventricular zone. J. Neurosci. 32, 16892–16905. doi: 10.1523/
JNEUROSCI.0344-12.2012
Sahay, A., Kim, C. H., Sepkuty, J. P., Cho, E., Huganir, R. L., Ginty, D. D., et al.
(2005). Secreted semaphorins modulate synaptic transmission in the adult
hippocampus. J. Neurosci. 25, 3613–3620. doi: 10.1523/JNEUROSCI.5255-04.
2005
Sahay, A., Molliver, M. E., Ginty, D. D., and Kolodkin, A. L. (2003). Semaphorin
3F is critical for development of limbic system circuitry and is required in
neurons for selective CNS axon guidance events. J. Neurosci. 23, 6671–6680.
doi: 10.1523/jneurosci.23-17-06671.2003
Sale, A., Berardi, N., and Maffei, L. (2014). Environment and brain plasticity:
towards an endogenous pharmacotherapy. Physiol. Rev. 94, 189–234. doi: 10.
1152/physrev.00036.2012
Schwarting, G. A., Kostek, C., Ahmad, N., Dibble, C., Pays, L., and Puschel, A. W.
(2000). Semaphorin 3A is required for guidance of olfactory axons in mice.
J. Neurosci. 20, 7691–7697. doi: 10.1523/jneurosci.20-20-07691.2000

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Schwarting, G. A., Raitcheva, D., Crandall, J. E., Burkhardt, C., and Püschel,
A. W. (2004). Semaphorin 3A-mediated axon guidance regulates convergence
and targeting of P2 odorant receptor axons. Eur. J. Neurosci. 19, 1800–1810.
doi: 10.1111/j.1460-9568.2004.03304.x
Shahbazian, M. D., Young, J. I., Yuva-Paylor, L. A., Spencer, C. M., Antalffy, B. A.,
Noebels, J. L., et al. (2002). Mice with truncated MeCP2 recapitulate many
Rett syndrome features and display hyperacetylation of histone H3. Neuron 35,
243–254. doi: 10.1016/S0896-6273(02)00768-7
Sharma, A., Verhaagen, J., Harvey, A. R., and Wicher, D. (2012). Receptor
complexes for each of the Class 3 Semaphorins. Front. Cell. Neurosci. 6:28.
doi: 10.3389/fncel.2012.00028
Shibley, H., and Smith, B. N. (2002). Pilocarpine-induced status epilepticus results
in mossy fiber sprouting and spontaneous seizures in C57BL/6 and CD-1 mice.
Epilepsy Res. 49, 109–120. doi: 10.1016/S0920-1211(02)00012-8
Shiflett, M. W., Gavin, M., and Tran, T. S. (2015). Altered hippocampal-dependent
memory and motor function in neuropilin 2-deficient mice. Transl. Psychiatry
5:e521. doi: 10.1038/tp.2015.17
Shin, C., and McNamara, J. O. (1994). Mechanism of epilepsy. Annu. Rev. Med. 45,
379–389. doi: 10.1146/annurev.med.45.1.379
Shirvan, A., Shina, R., Ziv, I., Melamed, E., and Barzilai, A. (2000). Induction
of neuronal apoptosis by Semaphorin3A-derived peptide. Mol. Brain Res. 83,
81–93. doi: 10.1016/S0169-328X(00)00198-4
Shirvan, A., Ziv, I., Fleminger, G., Shina, R., He, Z., Brudo, I., et al. (1999).
Semaphorins as mediators of neuronal apoptosis. J. Neurochem. 73, 961–971.
doi: 10.1046/j.1471-4159.1999.0730961.x
Simonetti, M., Paldy, E., Njoo, C., Bali, K. K., Worzfeld, T., Pitzer, C., et al.
(2019). The impact of Semaphorin 4C/Plexin-B2 signaling on fear memory
via remodeling of neuronal and synaptic morphology. Mol. Psychiatry 26,
1376–1398. doi: 10.1038/s41380-019-0491-4
Skoff, R. P. (1990). Gliogenesis in rat optic nerve: astrocytes are generated in a
single wave before oligodendrocytes. Dev. Biol. 139, 149–168. doi: 10.1016/
0012-1606(90)90285-Q
Skutella, T., and Nitsch, R. (2001). New molecules for hippocampal development.
Trends Neurosci. 24, 107–113. doi: 10.1016/S0166-2236(00)01717-3
Small, R. K., Riddle, P., and Noble, M. (1988). Evidence for migration of
oligodendrocyte-type-2 astrocyte progenitor cells into the developing rat optic
nerve. Nature 328, 155–157. doi: 10.1038/328155a0
Smith, E. S., Jonason, A., Reilly, C., Veeraraghavan, J., Fisher, T., Doherty, M.,
et al. (2015). SEMA4D compromises blood-brain barrier, activates microglia,
and inhibits remyelination in neurodegenerative disease. Neurobiol. Dis. 73,
254–268. doi: 10.1016/j.nbd.2014.10.008
Spassky, N., De Castro, F., Le Bras, B., Heydon, K., Quéraud-LeSaux, F., BlochGallego, E., et al. (2002). Directional guidance of oligodendroglial migration
by class 3 semaphorins and netrin-1. J. Neurosci. 22, 5992–6004. doi: 10.1523/
jneurosci.22-14-05992.2002
Spatazza, J., Lee, H. H. C., DiNardo, A. A., Tibaldi, L., Joliot, A., Hensch, T. K., et al.
(2013). Choroid-plexus-derived Otx2 homeoprotein constrains adult cortical
plasticity. Cell Rep. 3, 1815–1823. doi: 10.1016/j.celrep.2013.05.014
Spreafico, R., Tassi, L., Colombo, N., Bramerio, M., Galli, C., Garbelli, R., et al.
(2000). Inhibitory circuits in human dysplastic tissue. Epilepsia 41(Suppl. 6),
S168–S173. doi: 10.1111/j.1528-1157.2000.tb01576.x
Sugahara, K., and Kitagawa, H. (2000). Recent advances in the study of the
biosynthesis and functions of sulfated glycosaminoglycans. Curr. Opin. Struct.
Biol. 10, 518–527. doi: 10.1016/S0959-440X(00)00125-1
Sugimoto, Y., Taniguchi, M., Yagi, T., Akagi, Y., Nojyo, Y., and Tamamaki, N.
(2001). Guidance of glial precursor cell migration by secreted cues in the
developing optic nerve. Development 128, 3321–3330.
Sun, T., Li, W., and Ling, S. (2016). miR-30c and semaphorin 3A determine adult
neurogenesis by regulating proliferation and differentiation of stem cells in the
subventricular zones of mouse. Cell Proliferation 49, 270–280. doi: 10.1111/cpr.
12261
Sundstrom, L. E., Brana, C., Gatherer, M., Mepham, J., and Rougier, A. (2001).
Somatostatin- and neuropeptide Y-synthesizing neurones in the fascia dentata
of humans with temporal lobe epilepsy. Brain 124, 688–697. doi: 10.1093/brain/
124.4.688
Suzuki, K., Kumanogoh, A., and Kikutani, H. (2008). Semaphorins and their
receptors in immune cell interactions. Nat. Immunol. 9, 17–23. doi: 10.1038/
ni1553

21

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Syed, Y. A., Hand, E., Möbius, W., Zhao, C., Hofer, M., Nave, K. A., et al. (2011).
Inhibition of CNS remyelination by the presence of semaphorin 3A. J. Neurosci.
31, 3719–3728. doi: 10.1523/JNEUROSCI.4930-10.2011
Takahashi, T., Fournier, A., Nakamura, F., Wang, L. H., Murakami, Y., Kalb, R. G.,
et al. (1999). Plexin-neuropilin-1 complexes form functional semaphorin-3A
receptors. Cell 99, 59–69. doi: 10.1016/S0092-8674(00)80062-8
Takahashi, T., and Strittmatter, S. M. (2001). PlexinA1 autoinhibition by the Plexin
sema domain. Neuron 29, 429–439. doi: 10.1016/S0896-6273(01)00216-1
Takeshita, M., Yamada, K., Hattori, E., Iwayama, Y., Toyota, T., Iwata, Y., et al.
(2008). Genetic examination of the PLXNA2 gene in Japanese and Chinese
people with schizophrenia. Schizophr. Res. 99, 359–364. doi: 10.1016/j.schres.
2007.11.002
Takeuchi, H., Inokuchi, K., Aoki, M., Suto, F., Tsuboi, A., Matsuda, I., et al. (2010).
Sequential arrival and graded secretion of Sema3F by olfactory neuron axons
specify map topography at the bulb. Cell 141, 1056–1067. doi: 10.1016/j.cell.
2010.04.041
Tamagnone, L. (2012). Emerging role of semaphorins as major regulatory signals
and potential therapeutic targets in cancer. Cancer Cell 22, 145–152. doi: 10.
1016/j.ccr.2012.06.031
Tamagnone, L., Artigiani, S., Chen, H., He, Z., Ming, G. L., Song, H. J., et al.
(1999). Plexins are a large family of receptors for transmembrane, secreted, and
GPI-anchored semaphorins in vertebrates. Cell 99, 71–80. doi: 10.1016/S00928674(00)80063-X
Tammela, T., Enholm, B., Alitalo, K., and Paavonen, K. (2005). The biology of
vascular endothelial growth factors. Cardiovasc. Res. 65, 550–563. doi: 10.1016/
j.cardiores.2004.12.002
Tan, C., Lu, N. N., Wang, C. K., Chen, D. Y., Sun, N. H., Lyu, H., et al. (2019).
Endothelium-derived Semaphorin 3G regulates hippocampal synaptic structure
and plasticity via neuropilin-2/PlexinA4. Neuron 101, 920–937.e13. doi: 10.
1016/j.neuron.2018.12.036
Taniguchi, Y., Amazaki, M., Furuyama, T., Yamaguchi, W., Takahara, M., Saino,
O., et al. (2009). Sema4D deficiency results in an increase in the number of
oligodendrocytes in healthy and injured mouse brains. J. Neurosci. Res. 87,
2833–2841. doi: 10.1002/jnr.22124
Telley, L., Cadilhac, C., Cioni, J. M., Saywell, V., Jahannault-Talignani, C., Huettl,
R. E., et al. (2016). Dual function of NRP1 in axon guidance and subcellular
target recognition in cerebellum. Neuron 91, 1276–1291. doi: 10.1016/j.neuron.
2016.08.015
Terman, J. R., Mao, T., Pasterkamp, R. J., Yu, H. H., and Kolodkin, A. L.
(2002). MICALs, a family of conserved flavoprotein oxidoreductases, function
in plexin-mediated axonal repulsion. Cell 109, 887–900. doi: 10.1016/S00928674(02)00794-8
Toledano, S., Nir-Zvi, I., Engelman, R., Kessler, O., and Neufeld, G. (2019). Class-3
semaphorins and their receptors: potent multifunctional modulators of tumor
progression. Int. J. Mol. Sci. 20:556. doi: 10.3390/ijms20030556
Trabalza, A., Colazingari, S., Sgobio, C., and Bevilacqua, A. (2012). Contextual
learning increases dendrite complexity and EphrinB2 levels in hippocampal
mouse neurons. Behav. Brain Res. 227, 175–183. doi: 10.1016/j.bbr.2011.
11.008
Tran, T. S., Kolodkin, A. L., and Bharadwaj, R. (2007). Semaphorin regulation
of cellular morphology. Annu. Rev. Cell Dev. Biol. 23, 263–292. doi: 10.1146/
annurev.cellbio.22.010605.093554
Tran, T. S., Rubio, M. E., Clem, R. L., Johnson, D., Case, L., Tessier-Lavigne,
M., et al. (2009). Secreted semaphorins control spine distribution and
morphogenesis in the postnatal CNS. Nature 462, 1065–1069. doi: 10.1038/
nature08628
Trapp, B. D., Nishiyama, A., Cheng, D., and Macklin, W. (1997). Differentiation
and death of premyelinating oligodendrocytes in developing rodent brain.
J. Cell Biol. 137, 459–468. doi: 10.1083/jcb.137.2.459
Tsai, H. H., and Miller, R. H. (2002). Glial cell migration directed by axon guidance
cues. Trends Neurosci. 25, 173–175. doi: 10.1016/S0166-2236(00)02096-8
Turrigiano, G. (2012). Homeostatic synaptic plasticity: local and global
mechanisms for stabilizing neuronal function. Cold Spring Harb. Perspect. Biol.
4:a005736. doi: 10.1101/cshperspect.a005736
Turrigiano, G. G. (2008). The self-tuning neuron: synaptic scaling of excitatory
synapses. Cell 135, 422–435. doi: 10.1016/j.cell.2008.10.008
Uchida, Y., Ohshima, T., Sasaki, Y., Suzuki, H., Yanai, S., Yamashita, N.,
et al. (2005). Semaphorin3A signalling is mediated via sequential Cdk5 and

Frontiers in Synaptic Neuroscience | www.frontiersin.org

GSK3β phosphorylation of CRMP2: implication of common phosphorylating
mechanism underlying axon guidance and Alzheimer’s disease. Genes Cells 10,
165–179. doi: 10.1111/j.1365-2443.2005.00827.x
Uesaka, N., Uchigashima, M., Mikuni, T., Nakazawa, T., Nakao, H., Hirai, H.,
et al. (2014). Retrograde semaphorin signaling regulates synapse elimination
in the developing mouse brain. Science 344, 1020–1023. doi: 10.1126/science.12
52514
van Swam, C., Federspiel, A., Hubl, D., Wiest, R., Boesch, C., Vermathen, P.,
et al. (2012). Possible dysregulation of cortical plasticity in auditory verbal
hallucinations-A cortical thickness study in schizophrenia. J. Psychiatr. Res. 46,
1015–1023. doi: 10.1016/j.jpsychires.2012.03.016
Varcianna, A., Myszczynska, M. A., Castelli, L. M., O’Neill, B., Kim, Y., Talbot,
J., et al. (2019). Micro-RNAs secreted through astrocyte-derived extracellular
vesicles cause neuronal network degeneration in C9orf72 ALS. EBioMed. 40,
626–635. doi: 10.1016/j.ebiom.2018.11.067
Venkova, K., Christov, A., Kamaluddin, Z., Kobalka, P., Siddiqui, S., and Hensley,
K. (2014). Semaphorin 3A signaling through neuropilin-1 is an early trigger
for distal axonopathy in the SOD1G93A mouse model of amyotrophic
lateral sclerosis. J. Neuropathol. Exp. Neurol. 73, 702–713. doi: 10.1097/NEN.
0000000000000086
Vikis, H. G., Li, W., He, Z., and Guan, K. L. (2000). The semaphorin
receptor plexin-B1 specifically interacts with active Rac in a ligand-dependent
manner. Proc. Natl. Acad. Sci. U.S.A. 97, 12457–12462. doi: 10.1073/pnas.2204
21797
Villa, C., Venturelli, E., Fenoglio, C., De Riz, M., Scalabrini, D., Cortini, F.,
et al. (2010). Candidate gene analysis of semaphorins in patients with
Alzheimer’s disease. Neurol. Sci. 31, 169–173. doi: 10.1007/s10072-0090200-1
Vo, T., Carulli, D., Ehlert, E. M. E., Kwok, J. C. F., Dick, G., Mecollari, V.,
et al. (2013). The chemorepulsive axon guidance protein semaphorin3A is a
constituent of perineuronal nets in the adult rodent brain. Mol. Cell. Neurosci.
56, 186–200. doi: 10.1016/j.mcn.2013.04.009
Vodrazka, P., Korostylev, A., Hirschberg, A., Swiercz, J. M., Worzfeld, T.,
Deng, S., et al. (2009). The semaphorin 4D-plexin-B signalLing complex
regulates dendritic and axonal complexity in developing neurons via diverse
pathways. Eur. J. Neurosci. 30, 1193–1208. doi: 10.1111/j.1460-9568.2009.
06934.x
Voineagu, I., and Eapen, V. (2013). Converging pathways in autism spectrum
disorders: interplay between synaptic dysfunction and immune responses.
Front. Hum. Neurosci. 7:738. doi: 10.3389/fnhum.2013.00738
Waddington, J. L., Buckley, P. F., Scully, P. J., Lane, A., O’Callaghan, E., and
Larkin, C. (1998). Course of psychopathology, cognition and neurobiological
abnormality in schizophrenia: developmental origins and amelioration by
antipsychotics? J. Psychiatr. Res. 32, 179–189. doi: 10.1016/S0022-3956(97)
00012-5
Wagner, U., Utton, M., Gallo, J. M., and Miller, C. C. J. (1996). Cellular
phosphorylation of tau by GSK-3β influences tau binding to microtubules and
microtubule organisation. J. Cell Sci. 109, 1537–1543.
Wang, Q., Chiu, S. L., Koropouli, E., Hong, I., Mitchell, S., Easwaran, T. P., et al.
(2017). Neuropilin-2/PlexinA3 receptors associate with GluA1 and mediate
Sema3F-dependent homeostatic scaling in cortical neurons. Neuron 96, 1084–
1098.e7. doi: 10.1016/j.neuron.2017.10.029
Waring, S. C., and Rosenberg, R. N. (2008). Genome-wide association studies
in Alzheimer disease. Arch. Neurol. 65, 329–334. doi: 10.1001/archneur.65.
3.329
Watakabe, A., Ohsawa, S., Hashikawa, T., and Yamamori, T. (2006). Binding and
complementary expression patterns of Semaphorin 3E and Plexin D1 in the
mature neocortices of mice and monkeys. J. Comp. Neurol. 499, 258–273. doi:
10.1002/cne.21106
Weinberger, D. R. (1987). Implications of normal brain development for the
pathogenesis of schizophrenia. Arch. Gen. Psychiatry 44, 660–669. doi: 10.1001/
archpsyc.1987.01800190080012
Weiss, L. A., Shen, Y., Korn, J. M., Arking, D. E., Miller, D. T., Fossdal, R., et al.
(2008). Association between microdeletion and microduplication at 16p11.2
and Autism. N. Engl. J. Med. 358, 667–675. doi: 10.1056/nejmoa075974
Weissleder, C., North, H. F., and Shannon Weickert, C. (2019). Important
unanswered questions about adult neurogenesis in schizophrenia. Curr. Opin.
Psychiatry 32, 170–178. doi: 10.1097/YCO.0000000000000501

22

May 2021 | Volume 13 | Article 672891

Carulli et al.

Semaphorins in the Adult CNS

Williams, A., Piaton, G., Aigrot, M. S., Belhadi, A., Théaudin, M., Petermann, F.,
et al. (2007). Semaphorin 3A and 3F: key players in myelin repair in multiple
sclerosis? Brain 130, 2554–2565. doi: 10.1093/brain/awm202
Williams-Hogarth, L. C., Puche, A. C., Torrey, C., Cai, X., Song, I., Kolodkin,
A. L., et al. (2000). Expression of semaphorins in developing and regenerating
olfactory epithelium. J. Comp. Neurol. 423, 565–578. doi: 10.1002/10969861(20000807)423:4<565::AID-CNE3<3.0.CO;2-F
Wong, A. H. C., and Van Tol, H. H. M. (2003). Schizophrenia: from
phenomenology to neurobiology. Neurosci. Biobehav. Rev. 27, 269–306. doi:
10.1016/S0149-7634(03)00035-6
Worzfeld, T., Püschel, A. W., Offermanns, S., and Kuner, R. (2004). PlexinB family members demonstrate non-redundant expression patterns in the
developing mouse nervous system: an anatomical basis for morphogenetic
effects of Sema4D during development. Eur. J. Neurosci. 19, 2622–2632. doi:
10.1111/j.0953-816X.2004.03401.x
Wray, N. R., James, M. R., Mah, S. P., Nelson, M., Andrews, G., Sullivan, P. F., et al.
(2007). Anxiety and comorbid measures associated with PLXNA2. Arch. Gen.
Psychiatry 64, 318–326. doi: 10.1001/archpsyc.64.3.318
Wu, H., Fan, J., Zhu, L., Liu, S., Wu, Y., Zhao, T., et al. (2009). Sema4C expression
in neural stem/progenitor cells and in adult neurogenesis induced by cerebral
ischemia. J. Mol. Neurosci. 39, 27–39. doi: 10.1007/s12031-009-9177-8
Wuarin, J. P., and Dudek, F. E. (1996). Electrographic seizures and new recurrent
excitatory circuits in the dentate gyrus of hippocampal slices from kainatetreated epileptic rats. J. Neurosci. 16, 4438–4448. doi: 10.1523/jneurosci.16-1404438.1996
Xie, X., Tabuchi, M., Corver, A., Duan, G., Wu, M. N., and Kolodkin, A. L. (2019).
Semaphorin 2b regulates sleep-circuit formation in the drosophila central brain.
Neuron 104, 322–337.e14. doi: 10.1016/j.neuron.2019.07.019
Yamaguchi, W., Tamai, R., Kageura, M., Furuyama, T., and Inagaki, S. (2012).
Sema4D as an inhibitory regulator in oligodendrocyte development. Mol. Cell.
Neurosci. 49, 290–299. doi: 10.1016/j.mcn.2011.12.004
Yamanaka, K., Chun, S. J., Boillee, S., Fujimori-Tonou, N., Yamashita, H.,
Gutmann, D. H., et al. (2008). Astrocytes as determinants of disease progression
in inherited amyotrophic lateral sclerosis. Nat. Neurosci. 11, 251–253. doi: 10.
1038/nn2047
Yamashita, N., Morita, A., Uchida, Y., Nakamura, F., Usui, H., Ohshima, T., et al.
(2007). Regulation of spine development by semaphorin3A through cyclindependent kinase 5 phosphorylation of collapsin response mediator protein 1.
J. Neurosci. 27, 12546–12554. doi: 10.1523/JNEUROSCI.3463-07.2007

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Yamashita, N., Usui, H., Nakamura, F., Chen, S., Sasaki, Y., Hida, T., et al.
(2014). Plexin-A4-dependent retrograde semaphorin 3A signalling regulates
the dendritic localization of GluA2-containing AMPA receptors. Nat. Commun.
5:3424. doi: 10.1038/ncomms4424
Yang, J., Houk, B., Shah, J., Hauser, K. F., Luo, Y., Smith, G., et al. (2005).
Genetic background regulates semaphorin gene expression and epileptogenesis
in mouse brain after kainic acid status epilepticus. Neuroscience 131, 853–869.
doi: 10.1016/j.neuroscience.2004.09.064
Yang, S., Cacquevel, M., Saksida, L. M., Bussey, T. J., Schneider, B. L., Aebischer, P.,
et al. (2015). Perineuronal net digestion with chondroitinase restores memory
in mice with tau pathology. Exp. Neurol. 265, 48–58. doi: 10.1016/j.expneurol.
2014.11.013
Zhao, X. F., Kohen, R., Parent, R., Duan, Y., Fisher, G. L., Korn, M. J., et al.
(2018). PlexinA2 forward signaling through Rap1 GTPases regulates dentate
gyrus development and schizophrenia-like behaviors. Cell Rep. 22, 456–470.
doi: 10.1016/j.celrep.2017.12.044
Zhou, H., Polimanti, R., Yang, B. Z., Wang, Q., Han, S., Sherva, R., et al. (2017).
Genetic risk variants associated with comorbid alcohol dependence and major
depression. JAMA Psychiatry 74, 1234–1241. doi: 10.1001/jamapsychiatry.2017.
3275
Zhou, Y., Gunput, R. A. F., and Pasterkamp, R. J. (2008). Semaphorin signaling:
progress made and promises ahead. Trends Biochem. Sci. 33, 161–170. doi:
10.1016/j.tibs.2008.01.006
Zimmer, G., Schanuel, S. M., Burger, S. B., Weth, F., Andrésteinecke, A.,
Rgen Bolz, J., et al. (2010). Chondroitin sulfate acts in concert with
Semaphorin 3A to guide tangential migration of cortical interneurons in
the ventral telencephalon. Cereb. Cortex 20, 2411–2422. doi: 10.1093/cercor/
bhp309
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Carulli, de Winter and Verhaagen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

23

May 2021 | Volume 13 | Article 672891

