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Central nervous system (CNS) damage caused by traumatic injuries, iatrogenicity due to surgical interventions,
stroke and neurodegenerative diseases is one of the most prevalent reasons for physical disability worldwide.
During development, axons must elongate from the neuronal cell body to contact their precise target cell and
establish functional connections. However, the capacity of the adult nervous system to restore its functionality after
injury is limited. Given the inefficacy of the nervous system to heal and regenerate after damage, new therapies are
under investigation to enhance axonal regeneration. Axon guidance cues and receptors, as well as the molecular
machinery activated after nervous system damage, are organized into lipid raft microdomains, a term typically used
to describe nanoscale membrane domains enriched in cholesterol and glycosphingolipids that act as signaling

platforms for certain transmembrane proteins.

axonal regeneration sphingolipid neurodegeneration axonal growth-inhibitory molecules

| 1. Background

The capacity of damaged axons to regenerate and re-innervate after injury is very limited in the adult central
nervous system (CNS). In the 1980s, Aguayo and colleagues demonstrated that certain neuronal types are able to
regrow their axons only in specific permissive environments . Neuronal damage can be classified into two
different groups: (i) traumatic lesions that are often caused by sudden mechanical forces, which results in the rapid
displacement of the neural tissue and abrupt disruption of neural connections and (ii) nontraumatic lesions that are
caused by neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease or multiple sclerosis,
also resulting in irreversible damage to nerve fibers. To regain functionality of the injured circuit, it is necessary to
initiate the molecular mechanisms associated with two key processes: axon regeneration [ and myelin sheath
repair Bl. Unfortunately, the new extracellular environment that surrounds the damaged area has inhibitory effects
on neuronal repair ¥, where the presence of molecules such as myelin-associated inhibitors (MAIs) and
chondroitin sulfate proteoglycans (CSPGs) curtails the ability of axons to regenerate. In addition to intrinsic
features of the extracellular environment that prevent axonal regrowth, the release of several axon guidance
molecules including netrins, semaphorins and ephrins also plays a pivotal role in axonal regeneration, either

promoting or preventing axonal sprouting in lesioned nerves &l

The peripheral nervous system (PNS) has a striking ability to regenerate axons. Experiments after PNS lesion
revealed that CNS neurons are able to regenerate their axons in a PNS environment 8 This led to the

assumption that the limited capacity of regeneration of the CNS neurons is due to extrinsic cellular features in the
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damaged tissue. A key difference between the PNS and the CNS is the myelin composition, leading to the

hypothesis that CNS myelin forms a non-permissive environment for axon regeneration.

In recent years, a multitude of signaling molecules and receptors have been shown to be associated with specific
cell membrane microdomains termed lipid rafts. Lipid rafts are cholesterol- and glycosphingolipid-enriched
nanoscale assemblies that associate and disassociate in a subsecond timescale (Eigure 1) [, These
microdomains act as signaling and trafficking platforms [ and are important modulators of the activity of signaling
pathways and effector molecules by either excluding or embedding these proteins into raft domains 2. Since their
discovery in the 1970s, a wide range of methodologies, from biochemical techniques to super-resolution
microscopy, have allowed the obtention of a profound knowledge of these membrane microstructures (Table 1). In
particular, the latest advances in the study of lipid rafts and their associated proteins pointed to the importance of
these microdomains during axon regrowth after lesion. Manipulation of these membrane microstructures may
become a potential therapeutic target to promote nerve repair. Lipid rafts differ in their lipid composition; however,
there is a clear consensus about the enrichment in cholesterol and sphingolipids, and their biophysical properties.
Lipid rafts commonly confer lateral heterogenicity to the cell membrane and are able to include or exclude certain
membrane proteins whose functionality is regulated 19. Post-translational modifications such as myristoylation,
palmytoylation, or the incorporation of glycosylphosphatidylinositol (GPI) groups are common between raft-resident

proteins (24,
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Figure 1. Schematic representation of a lipid bilayer of a cell membrane depicting lipid raft-associated proteins
(green) and transmembrane proteins (yellow) excluded from these domains. Lipid rafts are membrane fractions

enriched in cholesterol (red) and sphingolipids (blue), as well as harboring GPI-anchored proteins (light blue).

Table 1. Methodologies used to study lipid-raft-associated proteins.
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Method Type Description References
Membrane fractionation Biochemical S PP GRS [12][13]

membrane proteins

Selective probe for

Cholera Toxin B-subunit . . Specifically binding to GM1 [14]
membrane microdomains
Laurdan Environmentally sensitive Photoshlftlng between lipid- [15][16]
fluorescence probe ordered and -disordered phases
Giant unilamellar vesicles Artificial model membrane Behavior of different lipid species [L7)[L8)
Fluorescence Recovery After Biophysical Study of lateral mobllllty of [19][20]
Photobleaching (FRAP) photolabeled proteins
Super-resolution microscopy Biophysical Visualization of molecules beyond [21]

the diffraction limit

Visualization of dynamic signaling
Biophysical events at membrane [22][23]
microdomains

Fluorescence Resonance
Energy Transfer (FRET)

| 2. Extracellular Matrix Molecules
2.1. Chondroitin Sulfate Proteoglycans (CSPGs)

CSPGs are extracellular matrix (ECM) molecules widely expressed in the CNS during development and are a
family of glycoproteins that share a common structure formed by a protein core and side chains of chondroitin
sulfate, which are sulfated glycosaminoglycan (GAG) sugars. These molecules act as guidance cues during cell
migration and axon elongation during brain development, as well as modulators of synaptic connections in adult
brains 24, However, CSPGs act as inhibitory ECM molecules that are highly expressed after CNS damage, being
one of the most important known components that severely restrict axonal elongation after injury. After CNS
damage, a structure enriched in reactive glial cells known as the glial scar is formed, surrounding the damaged
area and reducing the spreading of the inflammatory response to other regions by delimiting the site of injury 23],

Elevated levels of CSPGs expressed by activated astrocytes are also found in neurodegenerative diseases [28],

Although the ability of CSPGs to restrict axonal regeneration and plasticity has been well documented 24, the
molecular mechanisms by which CSPGs hinder neurite outgrowth are poorly understood. Studies on the
degradation of GAG chains by chondroitinase ABC treatment have shown that the inhibitory nature of CSPGs
partially relies on the integrity of GAG 28, as digestion of the GAG side chains confers the glial scar a more
permissive environment after injury, which promotes axon elongation 29, To date, a number of CSPGs receptors
have been identified in the cell membrane of neurons, and they are the main cause by which axon regeneration is
restricted after CNS injury. These molecules establish a non-permissive environment by interfering with the growth-

promotion action of adhesion molecules and by facilitating the function of some chemorepulsive cues. The
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transmembrane protein tyrosine phosphatase PTPo binds with high affinity to CSPGs, causing axon retraction after
CNS damage B9, The Nogo Receptor 1 and 3 (NgR1 and NgR3, respectively) are GPI-linked membrane protein
receptors for three myelin-associated inhibitors (MAIs), Nogo, Myelin Associated Glycoprotein (MAG) and
oligodendrocyte-myelin glycoprotein (OMgp) BUE2E3 NgR1 and NgR3 have also been shown to interact with

CSPGs to promote the inhibition of axon regeneration 24!,

Lecticans are members of the CSPG family. One of the major lecticans in the CNS is Aggrecan, which is abundant
in the developing and injured CNS. Lectican is known to inhibit axon regeneration and neurite extension through
structures located on the core glycoprotein, rather than the CS chains 22 Interestingly, Brevican, another member
of the lectican family not exclusively found in the ECM, is also linked to the cell membrane via a GPl-anchor €,

being associated with raft domains.

2.2. Heparan Sulfate Proteoglycans (HSPGs)

HSPGs are another type of ECM glycoprotein that, similarly to CSPGs, are expressed in the CNS during
developmental stages BZ and in the adult CNS only after injury 28], However, and contrarily to CSPGs, HSPGs
play a role as growth-supportive molecules. Glypican-2 is a GPIl-anchored HSPG highly expressed in the
mammalian CNS during neuritogenesis B9 that acts as a receptor of the differentiation factor heparin-binding
growth-associated molecule (HB-GAM). In regeneration studies, HB-GAM injection after spinal cord injury (SCI)
has been shown to reverse the inhibitory effects of CSPGs through its binding to Glypican-2 in cholesterol-enriched
microdomains 49, On the contrary, the homologous Glypican-1 serves as a high-affinity receptor for Slit proteins
41 and it is highly expressed in reactive astrocytes after injury 42, Siit2 and Glypican-1 are highly expressed and
have been shown to interact in experimental models of brain injury, preventing regenerating axons from entering

the lesioned area [42.

Syndecan is another HSPG that is necessary for growth cone stabilization after axotomy in C. elegans. In this
model, Syndecan plays a canonical function in axon guidance that relies on the expression of HS chains and the
Syndecan core protein, which exert an intrinsic function in growth cone stabilization 3. Moreover, Syndecan
knockdown in cultured DRG neurons induces a reduction in neurite extension 24l Interestingly, Syndecan has

been shown to be preferentially distributed into lipid rafts microdomains after growth factor stimulation 22!,

Both CSPGs and HSPGs bhind to the receptor-type protein tyrosine phosphatase PTPRao, which affects axon
regeneration 48 The patterns of sulfate and sulfamate groups within the CS and HS determine the binding to
PTPRo 48], CSPGs activate PTPRa and disrupt the autophagy flux at the autophagosome, sufficient for dystrophic
end ball formation and the consequent inhibition of axonal regeneration, which can be reversed with the addition of

HS oligosaccharides holding sulfate and sulfamate groups, resulting in receptor clustering 48,

2.3. Tenascins (TNs)

TN glycoproteins are expressed by oligodendrocytes, interneurons and motoneurons and are characteristic

constituents of the perineuronal net (PNN), the reticular scaffold of ECM molecules that surrounds neuronal cell
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bodies, dendrites and the axonal initial segment of some neuronal populations in the CNS, including the visual
cortex, the deep cerebellar nuclei, the substantia nigra, the hippocampus and the spinal cord 2. Two of the known
TN proteins are TN-C and TN-R, which are expressed in the brain and are developmentally regulated 28!, Together
with CSPGs, TNs are highly expressed in the glial scar after CNS damage 2. After spinal cord injury in rats, TN-C
expression is detected in the scar just 24 h post-injury, with peak levels observed 7 days later 49, In the mice
developing olfactory bulb, TN-C is expressed in a boundary-like pattern, inhibiting olfactory sensory neuron axons
to grow beyond this region B9, Thus, axonal extension remains restricted to the olfactory nerve layer, being crucial
for axon sorting during development 1. TN-R mediates its inhibitory neurite outgrowth through the cell surface
receptor F3/contactin 52, F3/contactin is a well-characterized GPI-anchored molecule abundantly found in lipid raft
microdomains 23, Antibody cross-linking of F3/contactin in lipid rafts activates Fyn in the inner membrane leaflet
541 which has been associated with growth cone collapse 2. TN-C is detected in brain raft microdomains 28, and
both TN-C and TN-R are distributed in membranes of mice cerebellar oligodendrocytes, forming patches that are
reduced after the incubation of the lipid raft destabilizing agent, MBCD B8, The lipid raft association of TN and its
receptor F3/contactin manifests the importance of their specific membrane localization in the signaling associated
with the arrest of the growth cone extension. Taking into account that TN glycoproteins are highly expressed by
oligodendrocytes in the vicinity of the damaged CNS, the association of these proteins to lipid rafts are of great

potential in tackling the restricted axon growth after nervous tissue injury.

Integrins consist of a and B chains and are heterodimeric receptors of ECM molecules and other ligands. Several
studies have addressed the importance of lipid rafts in the regulation of integrins signaling. For instance, the
activation and clustering of a4f1 integrin is raft-dependent 7. B1 integrin has been found to be distributed in
membrane rafts. Furthermore, MBCD inhibits the cell adhesion dependent on integrin-fibronectin interaction (28!,
Thus, some integrin subunits may rely on the association to lipid rafts in cell adhesion and signal transduction
processes, which are key features during axon regeneration in non-permissive environments. Interestingly, the
expression of TN-C binding integrin subunits enhances the capacity of axons to regenerate in a TN-C rich
environment, such as the injured spinal cord B9, a9B1 integrin is able to specifically bind to TN-C €9, Both in vitro
and in vivo studies have shown that a9 integrin, an absent subunit in adult neurons, promotes axonal regeneration
B9 By overexpressing the a9 integrin subunit, TN-C inhibitory signaling can not only be prevented but can also be

used as a gene therapy strategy to enhance axonal regeneration in SCI models.

| 3. Myelin-Associated Inhibitors (MAIs)

Research efforts in recent years have focused on defining the molecular players within the myelin sheaths
curtailing potential axon regeneration, establishing the concept of MAIs. To date, three prototypical MAIs have been
identified: myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp) and Nogo. Each of

the three identified MAIs signal through different receptors located in the cell membrane of neurons.

3.1. Myelin-Associated Glycoprotein (MAG)
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MAG is a transmembrane glycoprotein produced by oligodendrocytes in the CNS B2, Some discrepancies exist in
the function of MAG in response to injury and disease. Genetic deletion of MAG reduced corticospinal tract (CST)
axon sprouting, an important tract widely studied in SCI models 2. Conversely, MAG has been extensively used

as an inhibitory substrate for axon elongation in mature neurons €3],

Gangliosides are glycosphingolipids that carry one or more sialic acid residue(s). A particularity of brain
gangliosides is that due to the biophysical properties of their ceramide moiety, they tend to aggregate in lipid
microdomains 4. Among the gangliosides expressed in the brain, GD1a and GT1b have been shown to interact
with MAG to induce the inhibition of axon regeneration [£2l. Both gangliosides reside in membrane rafts, where they
interact with the GPI-linked NgR2 protein to inhibit axon outgrowth after CNS damage (8!, |solated MAG from
whole-brain extracts and oligodendrocytes are found in lipid raft compartments B2, Localization within these
domains is dependent on cell membrane cholesterol, as demonstrated after MBCD treatment 7. Moreover, the
localization of NgR1 and GT1b within cholesterol-enriched membrane microstructures is required for the interaction
of MAG and these receptors 7. This molecular environment may facilitate the downstream signaling required for
the response to MAG. Furthermore, MAG or the antibody against GT1b and GDla promote the recruitment of
p75NTR to lipid rafts, suggesting the importance of these gangliosides in the recruitment of p75NTR to cholesterol-
enriched microdomains (€8l Disruption of lipid rafts abolishes the inhibitory effects induced by MAG and Nogo
peptides in postnatal cerebellar neurons, indicating that raft microdomains play an important role in the initiation of
its signal transduction during neurite outgrowth 88, MAG also binds to the lipoprotein-receptor-related protein-1
(LRP1), which is involved in the activation of RhoA, thereby facilitating the collapse of growth cones and inhibiting
neurite outgrowth 89, MAG-mediated activation of RhoA may involve both LRP1 and p75NTR, as its binding
induces colocalization of both receptors 9 In neurons and neuronal-derived cell lines like PC12 and N2a cells,
LRP1 has been found to partially localize in lipid rafts 9. Upon raft disruption with MBCD, LRP1-mediated
signaling is impaired, while its ligand-binding capacity remains intact 9. This indicates that MAG plays an
important role in recruiting LRP1 and p75NTR receptors to lipid rafts, where the MAG-dependent signaling cascade
that promotes axon retraction is initiated. Therefore, targeting lipid raft stability can become a novel strategy to

prevent axonal retraction after damage induced by MAG and their receptors.

Many pieces of evidences suggest that integrins participate in the regulation of neurite extension, axonal guidance
and neuronal migration 2. B1 integrin has been shown to act as a receptor for MAG, mediating growth cone
responses independent of NgRs in rat hippocampal neurons. 31 integrin signaling has been demonstrated to be

required for both MAG-induced attraction in developmental stages of the CNS and repulsion in mature CNS [Z2],

3.2. Oligodendrocyte Myelin Glycoprotein (OMgp)

OMgp is a GPIl-anchored protein and a ligand of the NgR protein. OMgp is expressed not only by oligodendrocytes
but also by neurons in the adult CNS 3. This protein was shown to inhibit axon regeneration after CNS injury in
vivo because its deletion enhances axon sprouting in SCI models 74, OMgp is anchored solely in the outer leaflet
of the plasma membrane through its GPI linker. Detergent solubility assays have demonstrated that OMgp is a lipid

raft component in myelin mouse extracts and that associates with caveolin-1 2],
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3.3. Nogo

Nogo is a transmembrane protein expressed by oligodendrocytes, which is known to induce growth cone collapse
and neurite retraction through its extracellular 66 amino acid loop 8. As previously reviewed in this article, Nogo
has been found to be closely associated with lipid raft microdomains, as well as their receptors and coreceptors,
NgR and p75NTR, a prerequisite to inhibit neurite outgrowth 478,

NgR and p75NTR are the receptor and coreceptor of Nogo, respectively, and have been shown to reside in lipid
raft microdomains 4. Their inhibitory function can be hampered after destabilizing lipid rafts in cells treated with
methyl-B-cyclodextrin (MBCD), a pharmacological reagent that forms inclusion complexes with membrane
cholesterol 2. In the cell membrane of the cerebellar granule cells, while the coreceptor p75NTR can be found in
raft and non-raft regions, NgR receptors are located within cholesterol-enriched microdomains 2, where the
interaction between these two proteins takes place 8. The MAI Nogo-A acts as a potent neurite growth inhibitor
that represses axonal regeneration and structural plasticity in the adult CNS 9. This Nogo-induced neurite growth
inhibition involves the Rho-associated protein kinase (ROCK) [l a kinase that also localizes with raft membrane
microdomains 82, After MBCD treatment, Nogo stimulation fails to promote neurite inhibition in cerebellar granule
cells due to abrogated activation of RhoA 4. Recent studies using specific function-blocking antibodies against
Nogo have been shown to improve locomotion recovery in rodents after spinal cord injury B3l Thus, dodging
neurite outgrowth inhibition by halting the signaling cascade triggered by Nogo and their receptors NgR and

p75NTR represents a promising strategy to enhance axon regeneration after CNS damage.

Nogo-A also interacts with integrins, which are the most important cell surface transmembrane receptors of ECM
proteins 4], Integrins are involved mainly in developmental processes such as migration, adhesion or axon growth
and are highly downregulated in the mature CNS [, Integrins have been studied as pivotal players during axon
regeneration in the CNS [ZLI83I88] pNS neuronal types that express relatively high levels of integrins B4, such as
dorsal root ganglion (DRG) neurons, have been shown to regenerate most readily, a feature that might be
associated with the enhanced ability of the PNS to regenerate after injury [B&. Through the interaction of Nogo-A
with integrins, Nogo-A suppresses the integrin signaling by inactivating them in vitro 8 and in vivo 2. Nogo-A
interferes with the function of fibronectin-associated integrins, resulting in the attenuation of the neurite outgrowth
in DRG neurons B4, Moreover, after optic nerve crush, Nogo-A downregulates the expression of aV integrins,
which results in the inhibition of the phosphorylation of the Focal Adhesion Kinase (FAK) B2 and consequently

halts the axonal regeneration.

| 4. Axon Guidance Cues

Over the decades, several studies have focused on the role of guidance molecules and the signaling pathways
involved in axonal growth and pathfinding during development. However, little is known about their role in the adult
CNS when it comes to repair and regrowth axons to achieve functionality. A number of axon guidance cues follow a
determined pattern of expression after CNS injury, to which injured axons are responsive. Interestingly, some of

these molecules and their receptors exert inhibitory effects in the regenerating axons.
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4.1. Netrins

Netrin-1 was the first axon guidance cue to be discovered in vertebrates. Netrin-1 is a bifunctional cue that acts as
a chemoattractive molecule through the Deleted in Colorectal Cancer (DCC) receptor and the Neogenin receptor,
or as a chemorepellent through the Uncoordinated receptor 5 A-D (UNC5A-D) (Figure 2A) 29, More recently, Down
Syndrome Cell Adhesion Molecule (DSCAM) has also been shown to be a Netrin-1 receptor 1. Both DCC and
UNCS5 receptors are dependence receptors, meaning that their expression creates a cellular state depending on
the availability of their ligand. DCC is able to trigger apoptotic signaling upon cleaving of its intracellular domain
when it is not interacting with Netrin-1 [22l. UNCS5 receptors display a death domain cassette in their intracellular
domain, equivalent to the one observed in other dependence receptors such as p75NTR. Similarly to DCC, UNC5
receptors are able to trigger apoptosis signaling, which is blocked by the presence of Netrin-1 23], Altogether, these

receptors not only play a key role in axon guidance processes but also act as survival factors.
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Figure 2. Lipid raft-dependent inhibitory axonal growth signaling of guidance cues and their receptors. (A) Axonal
growth inhibition exerted by Netrin occurs in the presence of UNC5 receptors, either when bound to UNC5 alone or
when heterodimerizing with the DCC receptor. Ig: Immunoglobulin domain (green); TSPI: Thrombospondin type |
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domain (blue); ZU5: Zona Occludens (light blue); DB: DCC-binding domain (yellow); DD: Death Domain (red);
FNIII: Fibronectin type Il domain (light blue); EGF:. Epidermal Growth Factor repeats (gray). (B) Eph
transmembrane receptors bind to both, GPI-anchored ephrinA or ephrinB, resulting in contact-mediated repulsion.
PDZ: Postsynaptic Density 95-Discs large-Zonula occludens-1-protein (purple); SAM: Sterile Alpha Motif (yellow).
(C) Semaphorin first interacts with the NRP receptors, which is the initial step for a receptor complex assembly.
Transmembrane Semaphorins are also recognized by plexins, which are their binding receptor. PSI: Plexin-Sema-
Integrin domain (gray); CUB: Complement-like domain (blue); CF V/VIII: V/VIII Clotting Factor domain (red); MAM:
Meprin-like domain (orange); IPT: Immunoglobin-like fold shared by plexins and transcription factors (blue); GAP:
GTPase Activating Protein domain (yellow); RBD: Rho-binding domain (purple). (D) Slit is able to bind the Robo
receptor, which in turn inactivates intracellular machinery blocking the axonal extension. In the presence of both Slit
and Netrin, the Robo and the DCC receptors interact, causing the inhibition of chemoattraction expected by the
Netrin-DCC pair. Heparan sulfate chains are co-receptors for Robo and Slit, which stabilize the Slit-Robo complex,

resulting in axonal repulsion.

Many pieces of evidence have shown the importance of Netrin-1 in axon regeneration processes after CNS and
PNS injury 24, After SCI, overall Netrin-1 expression is dramatically reduced, but it is still expressed by neurons
and oligodendrocytes immediately adjacent to the lesion area [22. UNC5 and DCC levels are also reduced in the
damaged spinal cord. However, UNC5 levels recover with time, while DCC levels remain at 50% of pre-injury
values 23, Netrin-1 expression patterns after SCI are similar to those of other MAIs in CNS lesion models 28, The
dominant expression of the UNC5A-C receptors and the persistent expression of Netrin-1 support the hypothesis
that regenerating axons are not able to enter the damaged tissue due to the hostile environment produced by

Netrin-1 and its receptors UNCS5.

Interestingly, several studies have demonstrated that Netrin-1 receptors reside in lipid raft microdomains. The
specific localization of UNC5 and DCC in these regions appears to be necessary for cell death signaling and axon
guidance events. The DCC/Netrin-1 pair regulates neuron survival during nervous system development, conferring
a dependent state to those cells expressing this receptor 2. Localization of DCC to lipid rafts microdomains is
requisite for its apoptotic activity in immortalized cells and primary neurons 24, Axon attraction elicited by Netrin-1
through its receptor DCC has also been found to depend on lipid raft localization. The embedding of DCC in
cholesterol-enriched microdomains depends on the palmitoylation in its transmembrane region 28, Destabilization
of membrane microdomains with MBCD or Cholesterol Oxidase (ChOx), or mutation of the amino acid residue that
is palmitoylated, prevents the association of DCC to lipid rafts and the Netrin-1-mediated axon outgrowth (81,
UNCS receptors are also embedded in cholesterol-enriched microdomains, and this specific membrane localization
is necessary for their proapoptotic functions when unbound to Netrin-1 22, Presumably, lipid raft targeting is
mediated through adaptor proteins within their intracellular death domain 2. The interaction between the UNC5B
receptor with the pro-apoptotic death-associated protein kinase 1 (DAPK1) depends on the localization into lipid
rafts 29, Similar to the DCC receptor, association with raft membranes has also been proven to be essential during
axonal guidance events, as shown not only by biochemical fractionation, but also with biophysical tools. Using
Fluorescence Recovery After Photobleaching (FRAP) and single-particle tracking Photoactivated Localization

Microscopy (PALM), we have demonstrated that UNC5 receptors reside in raft membrane microdomains 299, Such
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properties are modified after MBCD or cholesterol oxidase (ChOx) treatment 199, Destabilization of lipid rafts in
primary neuronal cultures and brain cerebellar explants inhibits the chemorepulsive response of growth cones and

axons against Netrin-1 (1091,

4.2. Ephrins

Ephrins are membrane-bound molecules that work as the ligands of the Eph (erythropoietin-producing
hepatocellular carcinoma) tyrosine kinase receptors, which represent the largest family of receptor tyrosine
kinases. To date, 14 Eph receptors have been identified in vertebrates, divided into two subgroups, EphA and
EphB. All Eph receptors are composed of seven conserved structural domains. An N-terminal domain is located in
the extracellular part including the Ephrin-binding domain, forming a globular p-barrel 294, There are nine different
types of ephrins, which can be subdivided into two groups: ephrinA and ephrinB. All ephrins share a conserved
extracellular domain but differ in their attachment to the cell membrane. EphrinAs are linked through a GPI group at
their C-terminus, whereas ephrinBs contain a single transmembrane and a short cytoplasmic domain. Eph
receptors and ephrin ligands have been found to be implicated in numerous processes during CNS development,
such as delimiting migration patterns of neural crest cells, boundary formation between different hindbrain

segments and the proper formation of CST [202],

Both Eph receptors and ephrin ligands are membrane-attached molecules that, when interacting in trans, initiate a
bidirectional signal transduction that will propagate simultaneously in both contacting cells (Eigure 2B). Thus, signal
transduction occurs bidirectionally, influencing the behavior of both interacting cells 1981, The predominant neural
response to ephrins is repulsive . Activation of the EphA receptors by clustered ephrinAs initiates a repulsive
response leading to growth cone turning or collapse. Small GTPases of the Rho family link the EphA receptors to
actin/microtubule dynamics. RhoA activation and its downstream effectors ROCK induce growth cone collapse and
retraction (104, After SCI in rats, EphA4 receptors tend to accumulate in sectioned CST axons, suggesting a
responsiveness to ephrinB ligands expressed in the myelin, which results in the inhibition of regeneration 03],
Moreover, upregulation of EphA3 and EphA7 receptors in astrocytes after SCI 198 js suspected to be responsible
for inducing the apoptosis of these cells 297, which results in a second prolonged wave of cell death, responsible

for the secondary damage following trauma in the CNS.

Class A ephrins are bound to the cell membrane through a GPI anchor, facilitating their embedding into plasma
membrane lipid rafts 298, EphrinA2 and A5 have been shown to signal through lipid rafts when bound to their Eph
receptors 1991 and ephrinA-dependent retraction of retinal ganglion cell axons involves cAMP signaling restricted
to lipid raft microdomains 119, Transmembrane ephrinB ligands have also been shown to be localized in lipid raft
discrete microdomains 211, Stimulation of ephrinB1 with EphB receptors induces the reorganization of membrane
rafts-containing ephrinB1 into larger raft microdomains. These larger microdomains concentrate glutamate
receptor-interacting proteins (GRIP) in the cell membrane, resulting in the formation of a scaffold for the assembly

of a multiprotein signaling complex downstream of ephrinB1 ligands 2111,

4.3. Semaphorins
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Semaphorins comprise a large family of more than 20 different molecules. They are widely expressed in the
developing CNS, being crucial not only as axonal guidance cues but as key regulators of cell migration, cell death
and synapse formation 112l Semaphorins can be soluble proteins, transmembrane proteins or GPl-anchored
proteins that localize in rafts. Semaphorins mainly signal through the Neuropilin (NRP) receptors and the Plexin
receptors (Eigure 2C). Stimulation of NRP1-expressing endothelial cells with Sema3C results in the recruitment of
NRP1 receptors in lipid rafts, and their subsequent raft-dependent internalization. Therefore, it is likely that their
internalization via rafts facilitates the coupling of NRP1 and its associated signaling partners to downstream
effectors, resulting in the contribution to a different signaling specificity depending on their membrane association
(1131 After inducing ischemia in the rodent brain, NRP1 translocates from non-raft domains to lipid rafts, together
with Fer kinase, which regulates axon extension inhibition, and collapsing response mediator proteins (CRMPSs)

(1141 known to mediate NRP1 response to Sema3A during axonal retraction of DRG neurons 1151,

Sema3A, the most studied Semaphorin to date, is a soluble repulsive guidance molecule. It has been
demonstrated that growth cone repulsion by Sema3A can be blocked after MBCD incubation in Xenopus
laevis spinal cord neurons. Turning assays demonstrated that upon lipid raft destabilization, Sema3A stimulation
did not result in a clear chemorepulsive response [118l. CRMPs have been shown to be intracellular messengers
required for the growth cone collapse induced by Sema3A 171, |nterestingly, CRMPs are distributed in a punctate
fashion in neurites and growth cones in cortical neurons, and this punctate distribution is altered after MBCD
treatment (118l CRMPs can be isolated by membrane fractionation in detergent-resistant fractions after
solubilization of brain membranes 118, Thus, the molecular machinery involved in the collapsing of growth cones
induced by Sema3A is tightly dependent on the integrity of lipid rafts 28, Moreover, in leukemic T cells, Sema3A
has been demonstrated to trigger a proapoptotic program after its receptor plexinAl is stimulated. Activation of
plexinAl results in the recruitment of Fas into lipid rafts microdomains, where the apoptotic cascade is originated.
Disruption of lipid rafts reduces sensitivity to Fas-mediated apoptosis 222l Cell death signaling is a hallmark of
CNS damage 129 that needs to be overcome in order to preserve the integrity of the affected neural population. In
these studies, Sema3A has been found to trigger cell death from lipid rafts microdomains in blood cell lines.
Sema3A is highly expressed in the PNN, which has been shown to interact with CSPGs 221, This association
might be responsible for regulating the repulsive function of Sema3A in neurodegenerative processes [471122]
Further investigations to test whether Sema3A induces apoptosis from lipid rafts in neurons may be a promising
approach to avoid cell death after CSPGs expression in the damaged area of the nervous tissue. Demonstration of
Sema3A-induced apoptosis from lipid rafts would represent a promising approach to overcome cell death derived

from CNS damage.

Semaphorins are highly expressed in the glial scar after injury, together with the plexin and NTR receptors 123],
Many investigations have targeted the association between Sema3A and its receptors NRPs and plexin to enhance
axon regeneration by blocking their inhibitory effects 12411251 Association of Semaphorins and their receptors to
lipid raft microdomains requires further investigations in order to design new regeneration therapies to control their

function by manipulating the stability of these microdomains.

4.4. Slits
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Slits are secreted proteins that bind to Roundabout (Robo) receptors. Robo receptors are expressed in the growth
cones of developing commissural axons in the spinal cord and are well known for mediating axon repulsion in the
developing CNS (Figure 2D). Expression of Slits in the floor plate of the developing spinal cord prevents Robo-
expressing axons from re-crossing the midline 228!, Furthermore, Robol is able to bind the Netrin-1 DCC receptor,
resulting in the inhibition of Netrin-1 attraction (Eigure 2D) 127, As stated previously, axonal attraction exerted by
Netrin-1 through the DCC receptor relies on the association of the DCC to lipid raft microdomains 28l Thus, further
investigation is needed to decipher the importance of lipid raft integrity on harboring the interaction of Robol and

DCC receptors.

The involvement of Slit-Robo signaling during CNS regeneration remains unclear. Slits and their Robo receptors
are upregulated after CNS damage, apparently being involved in the regenerative failure of CNS axons by either
inhibiting axon outgrowth or by participating in the formation of the glial scar 128 Neural stem cells (NSCs)
transplantation is a promising therapy to promote neural regeneration in a damaged CNS 222 |n a mouse model
for ischemic stroke, neuroblast migration is restricted by reactive astrocytes located in the lesioned area. These
neuroblasts use Slitl-Robo2 signaling to migrate near the injury 39 |nterestingly, transplanted Slitl-
overexpressing neuroblasts migrate closer to the poststroke lesion than non-overexpressing neuroblasts,
regenerating neuronal circuits and resulting in partial functional recovery 139, |n vitro, silencing of Slit2 in NSCs

inhibits cell proliferation and migration and enhances axon outgrowth 1311,

Several studies suggest that Slits can bind to Glypican-1, a GPI-anchored heparan sulfate that resides in lipid rafts
microdomains (Figure 2D) 1221 All Slit family members are found to be expressed in reactive astrocytes together
with Glypican-1 after cryo-injured brain, a procedure consisting of stereotactical injection of liquid nitrogen in the
brain that is known to mimic traumatic brain injury in humans, thereby suggesting that both types of proteins may
have a role in preventing regenerating axons from entering into the lesioned area [#2l. Moreover, in a mouse model
of SCI, high mRNA levels of Glypican-1 and Robo3 receptor are detected at the site of injury. This upregulation of
their expression is believed to increase the sensitivity of regenerating axons towards repulsive axon guidance cues
(1331 Whether the interaction between Glypican-1 and Slit occurs specifically in lipid rafts is still unknown. However,
it is plausible to think that these microdomains may play an important role in the signaling of Slit molecules after
CNS damage, as Glypican-1 is a GPl-anchored molecule that is highly upregulated, together with Slits and Robo

receptors.

5. Modulation of Membrane Lipids to Enhance Axonal
Regeneration

Lipid rafts are cell membrane microstructures enriched in cholesterol and sphingolipids, which are important for
many cellular processes (Figure 1). The integrity of lipid rafts is crucial for a multitude of signaling pathways in the
CNS, such as cell migration, axon guidance and neuronal plasticity. Aberrant composition of membrane lipid rafts
can lead to abnormal neurological functions and debut of neurodegenerative diseases 234, Many of the elements
that curtail the regeneration of axons after the injury of the CNS (Nogo, MAIs, CSPGs and guidance cues) are

tightly linked to lipid rafts microdomains and rely on their specific membrane localization to be functional. Thus,
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systemically targeting and depleting lipid rafts may open the possibility of novel therapies to enhance axon
regeneration, circuitry establishment and functional recovery of transplanted cells in injured brains. Different lipid
raft destabilizing agents, summarized in Table 2, have been used over the years to study these membrane
microstructures. Targeting either cholesterol or sphingolipid moieties opens a wide range of possible mechanisms
to disrupt raft microdomains.

Table 2. Lipid raft destabilizing agents.

Agent Type Mechanism References
: . . Il hol I
Cyclodextrins Cyclic oligosaccharides ce membrane'c B 135
depletion
Statins HMG-CoA inhibitor Cholest_ero_l k?l_osynthe3|s [136][137]
inhibition
Cholesterol Oxidase Enzymatic flavoprotein Cholesterol oxidation [138][139]
_— . Il hol I
Filipins Polyene macrolides Cell membrane cho estero [140][141]
sequestration

Protein encoded by

; AL RinA ; ; 142
Apolipoprotein A-1 Binding Protein the APOA1BP gene Cholesterol efflux promotion
Triparanol A’-Reductase inhibitor Cholestgro_l k?l_o synthesis [136]
inhibition
Gchophosphatldyll|n05|tol-speC|f|c Enzymatic phospholipase Cleaving of GPI-ar.lchored [143][144]
Phospholipase C surface proteins
. Cholesterol-catabolic Cholesterol conversion to 145
R R enzyme (24S)-24-hydroxycholesterol
Fumonisin B1 Sphlnggllp]d' synthesis SytheS|s |nh|b|t.|on of [146][147]
inhibitor dihydroceramide

Because the main components of lipid rafts are cholesterol and sphingolipids, the majority of the efforts to
overcome the inhibitory signaling after CNS damage have been focused on the disruption of these components, as
summarized in Table 3. Neogenin, for example, promotes neural apoptosis in the absence of its ligand, the
repulsive guidance molecule A (RGMa). However, when bound to RGMa, Neogenin initiates the repulsion of the
axons in a process dependent on its association with lipid raft microdomains 2481, The reduction of membrane
cholesterol hence blocks Neogenin raft localization, promotes axonal outgrowth and prevents neuronal apoptosis in
injured adult optic nerve and the spinal cord 1481 Moreover, providing RGMa to neurons after stroke blocks
Neogenin-induced neuronal death 242, A newly designed human anti-RGMa antibody prevents the localization of
Neogenin to lipid rafts, protecting the CNS from further ischemic damage, together with an increment in the

neuronal network complexity, resulting in a significant improvement in functional recovery 49 Cholesterol
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synthesis inhibition with Lovastatin or with the siRNA against the enzyme 7-dehydrocholesterol reductase inhibits

the association of Neogenin to lipid rafts and enhances axonal growth in inhibitory myelin and RGMa substrates

(1301 Fyrthermore, both strategies to dampen cholesterol synthesis allow for robust axonal regeneration and

neuronal survival after optic nerve crush 2% Prominin-1 has been identified as a regulator of the axon

regeneration program. Elevated Prominin-1 levels in cultured DRG neurons enhance axon regeneration 221 and

induce a dramatic down-regulation of cholesterol synthesis associated genes, with a consequent reduction in

cholesterol levels [131],

Table 3. Studies of cholesterol-lowering drugs in axonal regeneration models.

Compound Model Effect References
MBCD and ChOx Temporal explants (in vitro) Axonal growth on inhibitory RGMa L
substrate
Axotomized retinal ganglion . . . [148]
MBCD o Neogenin-dependent apoptosis blocking
cells (in vivo)

MBCD SCI (in vivo) Motor functional recovery [148]
Lovastatin Optic nerve injury (in vivo) Regeneration and axonal sprouting [150]
Prommm-} Cultured DRG neurons (in Enhanced axonal regeneration [151]

overexpression Vitro)

Statins Spinal motor neurons (in vitro) Axonal growth on inhibitory substrates [152]

. . . - L Regeneration of retinal ganglion cell
Cerivastatin Optic nerve injury (in vivo) egeneration of retinal gangfion ce 152
axons
. Increased growth cone area, density of
MBCD, ChOx and CNS and PNS developing ' . : 153
. . filopodium-like structures and the
Nystatin neurons (in vitro) . . .
number of neurites branching points
Axotomized hippocampal
Nystatin neurons in a microfluidic Increased axonal regeneration [153]
chamber (in vitro)
Axotomized entorhinal-
Nystatin hippocampal projection in Increased axonal regeneration 153
organotypic culture (ex vivo)
L . o Axonal regeneration and functional [153]
MBCD Sciatic nerve injury (in vivo)
recovery
2-hydroxypropyl-3- . .
ydroxyp opy B SCI (in vivo) Increased axon regeneration [154]
cyclodextrin
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Statins are widely used cholesterol-lowering drugs. Several types of statins were tested for their ability to enhance
axon regeneration, and cerivastatin was found to be the most potent by increasing neurite outgrowth in a MAG or
CSPGs enriched inhibitory substrates 1521 |nhibitory effects were retrieved upon addition of mevalonate, a key
component of cholesterol biosynthesis inhibited by statins 232, Cholesterol depletion and cholesterol biosynthesis
inhibition cause an increment in the size of growth cones, the density of filopodium-like structures and the number
of neurite branching points of developing neurons isolated from the CNS and the PNS 23], Cholesterol depletion
with Nystatin results in enhanced capacity of axon regeneration in axotomized neurons in vitro 1531, Furthermore,
axonal regeneration and functional recovery can be achieved in a model of sciatic nerve axotomy after cholesterol
depletion by MBCD 258l Similarly, acute treatment of Nystatin enhances growth cone area in cultured hippocampal
neurons, while chronic treatment enhances axon length, axon branching and axon regeneration post-axotomy 1531,
Interestingly, depending on the duration of the treatment with Nystatin, distinct signaling pathways are activated.
After acute treatment, Nystatin promotes growth cone expansion through Akt phosphorylation; meanwhile, chronic
treatment results in an increment of nitric oxide levels, responsible for an additional enhancement of axon

regeneration (1331,

Not only myelin-associated proteins but also myelin lipids are involved in the creation of an inhibitory environment
for axon regeneration. Cholesterol and sphingomyelin, two essential lipid components of myelin, operate through a
Rho-dependent mechanism, having inhibitory effects on neurite outgrowth in different neuronal types. Thus,
decreasing the levels of membrane cholesterol and sphingomyelin using 2-hydroxypropyl-B-cyclodextrin leads to
increments of axon regeneration after SC| 1541,

References

1. David, S.; Aguayo, A. Axonal elongation into peripheral nervous system “bridges” after central
nervous system injury in adult rats. Science 1981, 214, 931-933.

2. Fawcett, J.W.; Verhaagen, J. Intrinsic Determinants of Axon Regeneration. Dev. Neurobiol. 2018,
78, 890-897.

3. Liu, B.; Xin, W.; Tan, J.-R.; Zhu, R.-P.; Li, T.; Wang, D.; Kan, S.-S.; Xiong, D.-K.; Li, H.-H.; Zhang,
M.-M.; et al. Myelin sheath structure and regeneration in peripheral nerve injury repair. Proc. Natl.
Acad. Sci. USA 2019, 116, 22347-22352.

4. Uyeda, A.; Muramatsu, R. Molecular Mechanisms of Central Nervous System Axonal
Regeneration and Remyelination: A Review. Int. J. Mol. Sci. 2020, 21, 8116.

5. Giger, R.J.; Hollis, E.R.; Tuszynski, M.H. Guidance Molecules in Axon Regeneration. Cold Spring
Harb. Perspect. Biol. 2010, 2, a001867.

6. Lutz, A.B.; Barres, B.A. Contrasting the Glial Response to Axon Injury in the Central and
Peripheral Nervous Systems. Dev. Cell 2014, 28, 7-17.

https://encyclopedia.pub/entry/9770 15/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Hancock, J.F. Lipid rafts: Contentious only from simplistic standpoints. Nat. Rev. Mol. Cell Biol.

2006, 7, 456-462.

. Lingwood, D.; Simons, K. Lipid Rafts As a Membrane-Organizing Principle. Science 2009, 327,

46-50.

. Grassi, S.; Giussani, P.; Mauri, L.; Prioni, S.; Sonnino, S.; Prinetti, A. Lipid rafts and

neurodegeneration: Structural and functional roles in physiologic aging and neurodegenerative
diseases. J. Lipid Res. 2020, 61, 636—654.

Sezgin, E.; Levental, |.; Mayor, S.; Eggeling, C. The mystery of membrane organization:
Composition, regulation and roles of lipid rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361-374.

Munro, S. Lipid Rafts: Elusive or lllusive? Cell 2003, 115, 377-388.

Brown, D.A. Lipid Rafts, Detergent-Resistant Membranes, and Raft Targeting Signals. Physiology
2006, 21, 430-439.

Magee, A.l.; Parmryd, |. Detergent-resistant membranes and the protein composition of lipid rafts.
Genome Biol. 2003, 4, 234.

Day, C.A.; Kenworthy, A.K. Functions of cholera toxin B-subunit as a raft cross-linker. Essays
Biochem. 2015, 57, 135-145.

Owen, D.M.; Williamson, D.J.; Magenau, A.; Gaus, K. Sub-resolution lipid domains exist in the
plasma membrane and regulate protein diffusion and distribution. Nat. Commun. 2012, 3, 1256.

Gaus, K.; Gratton, E.; Kable, E.P.W.; Jones, A.S.; Gelissen, |.; Kritharides, L.; Jessup, W.
Visualizing lipid structure and raft domains in living cells with two-photon microscopy. Proc. Natl.
Acad. Sci. USA 2003, 100, 15554-15559.

Dietrich, C.; Bagatolli, L.; Volovyk, Z.; Thompson, N.; Levi, M.; Jacobson, K.; Gratton, E. Lipid
Rafts Reconstituted in Model Membranes. Biophys. J. 2001, 80, 1417-1428.

Klymchenko, A.S.; Oncul, S.; Didier, P.; Schaub, E.; Bagatolli, L.; Duportail, G.; Mély, Y.
Visualization of lipid domains in giant unilamellar vesicles using an environment-sensitive
membrane probe based on 3-hydroxyflavone. Biochim. Biophys. Acta (BBA) -Biomembr. 2009,
1788, 495-499.

Day, C.A.; Kenworthy, A.K. Tracking microdomain dynamics in cell membranes. Biochim. Biophys.
Acta (BBA) -Biomembr. 2009, 1788, 245-253.

Pincet, F.; Adrien, V.; Yang, R.; Delacotte, J.; Rothman, J.E.; Urbach, W.; Tareste, D. FRAP to
Characterize Molecular Diffusion and Interaction in Various Membrane Environments. PLoS ONE
2016, 11, e0158457.

https://encyclopedia.pub/entry/9770 16/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sezgin, E. Super-resolution optical microscopy for studying membrane structure and dynamics. J.
Phys. Condens. Matter 2017, 29, 273001.

Loura, L.M.S. FRET in membrane biophysics: An overview. Front. Physiol. 2011, 2, 82.

Rao, M.; Mayor, S. Use of Forster’s resonance energy transfer microscopy to study lipid rafts.
Biochim. Biophys. Acta (BBA) -Bioenerg. 2005, 1746, 221-233.

Siebert, J.R.; Steencken, A.C.; Osterhout, D.J. Chondroitin Sulfate Proteoglycans in the Nervous
System: Inhibitors to Repair. BioMed Res. Int. 2014, 2014, 1-15.

Mukherjee, N.; Nandi, S.; Garg, S.; Ghosh, S.; Ghosh, S.; Samat, R.; Ghosh, S. Targeting
Chondroitin Sulfate Proteoglycans: An Emerging Therapeutic Strategy to Treat CNS Injury. ACS
Chem. Neurosci. 2020, 11, 231-232.

Yang, X. Chondroitin sulfate proteoglycans: Key modulators of neuronal plasticity, long-term
memory, neurodegenerative, and psychiatric disorders. Rev. Neurosci. 2020, 31, 555-568.

Snow, D.M.; Lemmon, V.; Carrino, D.A.; Caplan, A.l.; Silver, J. Sulfated proteoglycans in astroglial
barriers inhibit neurite outgrowth in vitro. Exp. Neurol. 1990, 109, 111-130.

Laabs, T.L.; Wang, H.; Katagiri, Y.; McCann, T.; Fawcett, J.W.; Geller, H.M. Inhibiting
Glycosaminoglycan Chain Polymerization Decreases the Inhibitory Activity of Astrocyte-Derived
Chondroitin Sulfate Proteoglycans. J. Neurosci. 2007, 27, 14494-14501.

Tan, A.M.; Colletti, M.; Rorai, A.T.; Skene, J.H.P.; Levine, J.M. Antibodies against the NG2
Proteoglycan Promote the Regeneration of Sensory Axons within the Dorsal Columns of the
Spinal Cord. J. Neurosci. 2006, 26, 4729-4739.

Shen, Y.; Tenney, A.P.; Busch, S.A.; Horn, K.P.; Cuascut, F.X.; Liu, K.; He, Z.; Silver, J.; Flanagan,
J.G. PTP Is a Receptor for Chondroitin Sulfate Proteoglycan, an Inhibitor of Neural Regeneration.
Science 2009, 326, 592-596.

Fournier, A.E.; Grandpre, T.; Strittmatter, S.M. Identification of a receptor mediating Nogo-66
inhibition of axonal regeneration. Nat. Cell Biol. 2001, 409, 341-346.

Fournier, A.E.; GrandPré, T.; Gould, G.; Wang, X.; Strittmatter, S.M. Chapter 25 Nogo and the
Nogo-66 receptor. Prog. Brain Res. 2002, 137, 361-369.

Liu, B.P.; Cafferty, W.B.; Budel, S.O.; Strittmatter, S.M. Extracellular regulators of axonal growth in
the adult central nervous system. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2006, 361, 1593-1610.

Dickendesher, T.L.; Baldwin, K.T.; Mironova, Y.A.; Koriyama, Y.; Raiker, S.J.; Askew, K.L.; Wood,
A.; Geoffroy, C.G.; Zheng, B.; Liepmann, C.D.; et al. NgR1 and NgR3 are receptors for
chondroitin sulfate proteoglycans. Nat. Neurosci. 2012, 15, 703-712.

https://encyclopedia.pub/entry/9770 17/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Lemons, M.L.; Sandy, J.D.; Anderson, D.K.; Howland, D.R. Intact aggrecan and chondroitin
sulfate-depleted aggrecan core glycoprotein inhibit axon growth in the adult rat spinal cord. Exp.
Neurol. 2003, 184, 981-990.

Seidenbecher, C.1.; Gundelfinger, E.D.; Bockers, T.M.; Trotter, J.; Kreutz, M.R. Transcripts for
secreted and GPI-anchored brevican are differentially distributed in rat brain. Eur. J. Neurosci.
1998, 10, 1621-1630.

Halfter, W. A heparan sulfate proteoglycan in developing avian axonal tracts. J. Neurosci. 1993,
13, 2863-2873.

Moon, L.; Asher, R.; Rhodes, K.; Fawcett, J. Relationship between sprouting axons,
proteoglycans and glial cells following unilateral nigrostriatal axotomy in the adult rat.
Neuroscience 2002, 109, 101-117.

Stipp, C.S.; Litwack, E.D.; Lander, A.D. Cerebroglycan: An integral membrane heparan sulfate
proteoglycan that is unique to the developing nervous system and expressed specifically during
neuronal differentiation. J. Cell Biol. 1994, 124, 149-160.

Paveliev, M.; Fenrich, K.K.; Kislin, M.; Kuja-Panula, J.; Kulesskiy, E.; Varjosalo, M.; Kajander, T;
Mugantseva, E.; Ahonen-Bishopp, A.; Khiroug, L.; et al. HB-GAM (pleiotrophin) reverses inhibition
of neural regeneration by the CNS extracellular matrix. Sci. Rep. 2016, 6, srep33916.

Ronca, F.; Andersen, J.S.; Paech, V.; Margolis, R.U. Characterization of Slit Protein Interactions
with Glypican. J. Biol. Chem. 2001, 276, 29141-29147.

Hagino, S.; Iseki, K.; Mori, T.; Zhang, Y.; Hikake, T.; Yokoya, S.; Takeuchi, M.; Hasimoto, H.;
Kikuchi, S.; Wanaka, A. Slit and glypican-1 mRNAs are coexpressed in the reactive astrocytes of
the injured adult brain. Glia 2003, 42, 130-138.

Edwards, T.J.; Hammarlund, M. Syndecan Promotes Axon Regeneration by Stabilizing Growth
Cone Migration. Cell Rep. 2014, 8, 272-283.

Murakami, K.; Tanaka, T.; Bando, Y.; Yoshida, S. Nerve injury induces the expression of
syndecan-1 heparan sulfate proteoglycan in primary sensory neurons. Neuroscience 2015, 300,
338-350.

Lambaerts, K.; Wilcox-Adelman, S.A.; Zimmermann, P. The signaling mechanisms of syndecan
heparan sulfate proteoglycans. Curr. Opin. Cell Biol. 2009, 21, 662—669.

Sakamoto, K.; Ozaki, T.; Ko, Y.-C.; Tsai, C.-F.; Gong, Y.; Morozumi, M.; Ishikawa, Y.; Uchimura, K.;
Nadanaka, S.; Kitagawa, H.; et al. Glycan sulfation patterns define autophagy flux at axon tip via
PTPRo-cortactin axis. Nat. Chem. Biol. 2019, 15, 699-709.

Kwok, J.C.; Dick, G.; Wang, D.; Fawcett, J.W. Extracellular matrix and perineuronal nets in CNS
repair. Dev. Neurobiol. 2011, 71, 1073-1089.

https://encyclopedia.pub/entry/9770 18/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Pesheva, P.; Probstmeier, R. The yin and yang of tenascin-R in CNS development and pathology.
Prog. Neurobiol. 2000, 61, 465-493.

Tang, X.; Davies, J.E.; Davies, S.J. Changes in distribution, cell associations, and protein
expression levels of NG2, neurocan, phosphacan, brevican, versican V2, and tenascin-C during
acute to chronic maturation of spinal cord scar tissue. J. Neurosci. Res. 2003, 71, 427-444,

Shay, E.L.; Greer, C.A.; Treloar, H.B. Dynamic expression patterns of ECM molecules in the
developing mouse olfactory pathway. Dev. Dyn. 2008, 237, 1837-1850.

Treloar, H.B.; Ray, A.; Dinglasan, L.A.; Schachner, M.; Greer, C.A. Tenascin-C Is an Inhibitory
Boundary Molecule in the Developing Olfactory Bulb. J. Neurosci. 2009, 29, 9405-9416.

Pesheva, P.; Gennarini, G.; Goridis, C.; Schachner, M. The F3/11 cell adhesion molecule
mediates the repulsion of neurons by the extracellular matrix glycoprotein J1-160/180. Neuron
1993, 10, 69-82.

Faivre-Sarrailh, C.; Gauthier, F.; Denisenko-Nehrbass, N.; Le Bivic, A.; Rougon, G.; Girault, J.-A.
The Glycosylphosphatidyl Inositol-Anchored Adhesion Molecule F3/Contactin Is Required for
Surface Transport of Paranodin/Contactin-Associated Protein (Caspr). J. Cell Biol. 2000, 149,
491-502.

Kramer, E.-M.; Klein, C.; Koch, T.; Boytinck, M.; Trotter, J. Compartmentation of Fyn Kinase with
Glycosylphosphatidylinositol-anchored Molecules in Oligodendrocytes Facilitates Kinase
Activation during Myelination. J. Biol. Chem. 1999, 274, 29042—-29049.

Sasaki, Y.; Cheng, C.; Uchida, Y.; Nakajima, O.; Ohshima, T.; Yagi, T.; Taniguchi, M.; Nakayama,
T.; Kishida, R.; Kudo, Y.; et al. Fyn and Cdk5 Mediate Semaphorin-3A Signaling, Which Is
Involved in Regulation of Dendrite Orientation in Cerebral Cortex. Neuron 2002, 35, 907-920.

Kappler, J.; Baader, S.L.; Franken, S.; Pesheva, P.; Schilling, K.; Rauch, U.; Gieselmann, V.
Tenascins are associated with lipid rafts isolated from mouse brain. Biochem. Biophys. Res.
Commun. 2002, 294, 742-747.

Leitinger, B.; Hogg, N. The involvement of lipid rafts in the regulation of integrin function. J. Cell
Sci. 2002, 115, 963-972.

Yanagisawa, M.; Nakamura, K.; Taga, T. Roles of lipid rafts in integrin-dependent adhesion and
gp130 signalling pathway in mouse embryonic neural precursor cells. Genes Cells 2004, 9, 801—
809.

Andrews, M.R.; Czvitkovich, S.; Dassie, E.; Vogelaar, C.F.; Faissner, A.; Blits, B.; Gage, F.H.;
Ffrench-Constant, C.; Fawcett, J.W. 9 Integrin Promotes Neurite Outgrowth on Tenascin-C and
Enhances Sensory Axon Regeneration. J. Neurosci. 2009, 29, 5546-5557.

https://encyclopedia.pub/entry/9770 19/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Yokosaki, Y.; Matsuura, N.; Higashiyama, S.; Murakami, I.; Obara, M.; Yamakido, M.; Shigeto, N.;
Chen, J.; Sheppard, D. Identification of the Ligand Binding Site for the Integrin a931 in the Third
Fibronectin Type Il Repeat of Tenascin-C. J. Biol. Chem. 1998, 273, 11423-11428.

Mukhopadhyay, G.; Doherty, P.; Walsh, F.S.; Crocker, P.R.; Filbin, M.T. A novel role for myelin-
associated glycoprotein as an inhibitor of axonal regeneration. Neuron 1994, 13, 757-767.

Lee, J.K.; Geoffroy, C.G.; Chan, A.F.; Tolentino, K.E.; Crawford, M.J.; Leal, M.A.; Kang, B.; Zheng,
B. Assessing Spinal Axon Regeneration and Sprouting in Nogo-, MAG-, and OMgp-Deficient
Mice. Neuron 2010, 66, 663-670.

Geoffroy, C.G.; Zheng, B. Myelin-associated inhibitors in axonal growth after CNS injury. Curr.
Opin. Neurobiol. 2014, 27, 31-38.

Sonnino, S.; Mauri, L.; Chigorno, V.; Prinetti, A. Gangliosides as components of lipid membrane
domains. Glycobiology 2007, 17, 1R-13R.

Vinson, M.; Strijbos, P.J.L.M.; Rowles, A.; Facci, L.; Moore, S.E.; Simmons, D.L.; Walsh, F.S.
Myelin-associated Glycoprotein Interacts with Ganglioside GT1b. J. Biol. Chem. 2001, 276,
20280-20285.

Venkatesh, K.; Chivatakarn, O.; Lee, H.; Joshi, P.S.; Kantor, D.B.; Newman, B.A.; Mage, R.;
Rader, C.; Giger, R.J. The Nogo-66 Receptor Homolog NgR2 Is a Sialic Acid-Dependent
Receptor Selective for Myelin-Associated Glycoprotein. J. Neurosci. 2005, 25, 808-822.

Vinson, M.; Rausch, O.; Maycox, P.R.; Prinjha, R.K.; Chapman, D.; Morrow, R.; Harper, A.J.;
Dingwall, C.; Walsh, F.S.; Burbidge, S.A.; et al. Lipid rafts mediate the interaction between myelin-
associated glycoprotein (MAG) on myelin and MAG-receptors on neurons. Mol. Cell. Neurosci.
2003, 22, 344-352.

Fujitani, M.; Kawai, H.; Proia, R.L.; Kashiwagi, A.; Yasuda, H.; Yamashita, T. Binding of soluble
myelin-associated glycoprotein to specific gangliosides induces the association of p75NTR to lipid
rafts and signal transduction. J. Neurochem. 2005, 94, 15-21.

Stiles, T.L.; Dickendesher, T.L.; Gaultier, A.; Fernandez-Castaneda, A.; Mantuano, E.; Giger, R.J.;
Gonias, S.L. LDL receptor-related protein-1 is a sialic-acid-independent receptor for myelin-
associated glycoprotein that functions in neurite outgrowth inhibition by MAG and CNS myelin. J.
Cell Sci. 2013, 126, 209-220.

Laudati, E.; Gilder, A.S.; Lam, M.S.; Misasi, R.; Sorice, M.; Gonias, S.L.; Mantuano, E. The
activities of LDL Receptor-related Protein-1 (LRP1) compartmentalize into distinct plasma
membrane microdomains. Mol. Cell. Neurosci. 2016, 76, 42-51.

Cheah, M.; Andrews, M.R. Integrin Activation: Implications for Axon Regeneration. Cells 2018, 7,
20.

https://encyclopedia.pub/entry/9770 20/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Goh, E.L.K.; Young, J.K.; Kuwako, K.; Tessier-Lavigne, M.; He, Z.; Griffin, J.W.; Ming, G.-L. betal-
integrin mediates myelin-associated glycoprotein signaling in neuronal growth cones. Mol. Brain
2008, 1, 10.

Lee, J.K.; Case, L.C.; Chan, A.F.; Zhu, Y.; Tessier-Lavigne, M.; Zheng, B. Generation of
anOMgpallelic series in mice. Genes 2009, 47, 751-756.

Ji, B.; Case, L.C.; Liu, K.; Shao, Z.; Lee, X.; Yang, Z.; Wang, J.; Tian, T.; Shulga-Morskaya, S.;
Scott, M.; et al. Assessment of functional recovery and axonal sprouting in oligodendrocyte-myelin
glycoprotein (OMgp) null mice after spinal cord injury. Mol. Cell. Neurosci. 2008, 39, 258-267.

Boyanapalli, M.; Kaottis, V.; Lahoud, O.; Bamri-Ezzine, S.; Braun, P.E.; Mikol, D.D.
Oligodendrocyte-myelin glycoprotein is present in lipid rafts and caveolin-1-enriched membranes.
Glia 2005, 52, 219-227.

GrandPré, T.; Nakamura, F.; Vartanian, T.; Strittmatter, S.M. Identification of the Nogo inhibitor of
axon regeneration as a Reticulon protein. Nat. Cell Biol. 2000, 403, 439-444.

Yu, W.; Guo, W.; Feng, L. Segregation of Nogo66 receptors into lipid rafts in rat brain and
inhibition of Nogo66 signaling by cholesterol depletion. FEBS Lett. 2004, 577, 87-92.

Wang, K.C.; Kim, J.A.; Sivasankaran, R.; Segal, R.; He, Z. p75 interacts with the Nogo receptor
as a co-receptor for Nogo, MAG and OMgp. Nat. Cell Biol. 2002, 420, 74-78.

Mahammad, S.; Parmryd, I. Cholesterol Depletion Using Methyl-3-cyclodextrin. Methods Mol.
Biol. 2014, 1232, 91-102.

Huber, A.; Schwab, M. Nogo-A, a Potent Inhibitor of Neurite Outgrowth and Regeneration. Biol.
Chem. 2000, 381, 407-419.

Niederost, B.; Oertle, T.; Fritsche, J.; McKinney, R.A.; Bandtlow, C.E. Nogo-A and Myelin-
Associated Glycoprotein Mediate Neurite Growth Inhibition by Antagonistic Regulation of RhoA
and Racl. J. Neurosci. 2002, 22, 10368-10376.

Soderstrom, T.S.; Nyberg, S.D.; Eriksson, J.E. CD95 capping is ROCK-dependent and
dispensable for apoptosis. J. Cell Sci. 2005, 118, 2211-2223.

Sartori, A.M.; Hofer, A.-S.; Schwab, M.E. Recovery after spinal cord injury is enhanced by anti-
Nogo-A antibody therapy—From animal models to clinical trials. Curr. Opin. Physiol. 2020, 14, 1—
6.

Hu, F.; Strittmatter, S.M. The N-Terminal Domain of Nogo-A Inhibits Cell Adhesion and Axonal
Outgrowth by an Integrin-Specific Mechanism. J. Neurosci. 2008, 28, 1262—-1269.

Nieuwenhuis, B.; Haenzi, B.; Andrews, M.R.; Verhaagen, J.; Fawcett, J.W. Integrins promote
axonal regeneration after injury of the nervous system. Biol. Rev. 2018, 93, 1339-1362.

https://encyclopedia.pub/entry/9770 21/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Tan, C.L.; Kwok, J.C.F.; Patani, R.; Ffrench-Constant, C.; Chandran, S.; Fawcett, J.W. Integrin
Activation Promotes Axon Growth on Inhibitory Chondroitin Sulfate Proteoglycans by Enhancing
Integrin Signaling. J. Neurosci. 2011, 31, 6289-6295.

Eva, R.; Fawcett, J. Integrin signalling and traffic during axon growth and regeneration. Curr.
Opin. Neurobiol. 2014, 27, 179-185.

Werner, A.; Willem, M.; Jones, L.L.; Kreutzberg, G.W.; Mayer, U.; Raivich, G. Impaired Axonal
Regeneration in a7 Integrin-Deficient Mice. J. Neurosci. 2000, 20, 1822-1830.

Huo, Y.; Yin, X.-L.; Ji, S.-X.; Zou, H.; Lang, M.; Zheng, Z.; Cai, X.-F,; Liu, W.; Chen, C.-L.; Zhou,
Y.-G.; et al. Amino-Nogo Inhibits Optic Nerve Regeneration and Functional Recovery via the
Integrin av Signaling Pathway in Rats. Cell. Physiol. Biochem. 2015, 35, 616—626.

Sun, K.L.W.; Correia, J.P.; Kennedy, T.E. Netrins: Versatile extracellular cues with diverse
functions. Development 2011, 138, 2153-2169.

Ly, A.; Nikolaev, A.; Suresh, G.; Zheng, Y.; Tessier-Lavigne, M.; Stein, E. DSCAM Is a Netrin
Receptor that Collaborates with DCC in Mediating Turning Responses to Netrin-1. Cell 2008, 133,
1241-1254.

Mehlen, P.; Rabizadeh, S.; Snipas, S.J.; Assa-Munt, N.; Salvesen, G.S.; Bredesen, D.E. The DCC
gene product induces apoptosis by a mechanism requiring receptor proteolysis. Nat. Cell Biol.
1998, 395, 801-804.

Llambi, F.; Causeret, F.; Bloch-Gallego, E.; Mehlen, P. Netrin-1 acts as a survival factor via its
receptors UNC5H and DCC. EMBO J. 2001, 20, 2715-2722.

Dun, X.-P.; Parkinson, D.B. Role of Netrin-1 Signaling in Nerve Regeneration. Int. J. Mol. Sci.
2017, 18, 491.

Manitt, C.; Wang, D.; Kennedy, T.E.; Howland, D.R. Positioned to inhibit: Netrin-1 and netrin
receptor expression after spinal cord injury. J. Neurosci. Res. 2006, 84, 1808-1820.

Low, K.; Culbertson, M.; Bradke, F.; Tessier-Lavigne, M.; Tuszynski, M.H. Netrin-1 Is a Novel
Myelin-Associated Inhibitor to Axon Growth. J. Neurosci. 2008, 28, 1099-1108.

Furne, C.; Corset, V.; Hérincs, Z.; Cahuzac, N.; Hueber, A.-O.; Mehlen, P. The dependence
receptor DCC requires lipid raft localization for cell death signaling. Proc. Natl. Acad. Sci. USA
2006, 103, 4128-4133.

Hérincs, Z.; Corset, V.; Cahuzac, N.; Furne, C.; Castellani, V.; Hueber, A.-O.; Mehlen, P. DCC
association with lipid rafts is required for netrin-1-mediated axon guidance. J. Cell Sci. 2005, 118,
1687-1692.

Maisse, C.; Rossin, A.; Cahuzac, N.; Paradisi, A.; Klein, C.; Haillot, M.-L.; Hérincs, Z.; Mehlen, P.;
Hueber, A.-O. Lipid raft localization and palmitoylation: Identification of two requirements for cell

https://encyclopedia.pub/entry/9770 22/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

death induction by the tumor suppressors UNC5H. Exp. Cell Res. 2008, 314, 2544—-2552.

Hernaiz-Llorens, M.; Rosell6-Busquets, C.; Durisic, N.; Filip, A.; Ulloa, F.; Martinez-Marmol, R.;
Soriano, E. Growth cone repulsion to Netrin-1 depends on lipid raft microdomains enriched in
UNCS receptors. Cell. Mol. Life Sci. 2021, 78, 2797-2820.

Reber, M.; Hindges, R.; Lemke, G. Eph Receptors and Ephrin Ligands in Axon Guidance. In Axon
Growth and Guidance; Bagnard, D., Ed.; Springer: New York, NY, USA, 2007; pp. 32-49. ISBN
978-0-387-76715-4.

Klein, R. Eph/ephrin signalling during development. Development 2012, 139, 4105-4109.

Murai, K.K.; Pasquale, E.B. ‘Eph’ective signaling: Forward, reverse and crosstalk. J. Cell Sci.
2003, 116, 2823-2832.

Yuan, X.-B.; Jin, M.; Xu, X.; Song, Y.-Q.; Wu, C.-P.; Poo, M.-M.; Duan, S. Signalling and crosstalk
of Rho GTPases in mediating axon guidance. Nat. Cell Biol. 2003, 5, 38-45.

Fabes, J.; Anderson, P.; Thrasher, A.; Brennan, C.; Bolsover, S.; Yafiez-Mufioz, R.J. Accumulation
of the inhibitory receptor EphA4 may prevent regeneration of corticospinal tract axons following
lesion. Eur. J. Neurosci. 2006, 23, 1721-1730.

Irizarry-Ramirez, M.; Willson, C.A.; Cruz-Orengo, L.; Figueroa, J.; Velazquez, |.; Jones, H.;
Foster, R.D.; Whittemore, S.R.; Miranda, J.D. Upregulation of EphA3 Receptor after Spinal Cord
Injury. J. Neurotrauma 2005, 22, 929-935.

Figueroa, J.D.; Benton, R.L.; Velazquez, I.; Torrado, A.l.; Ortiz, C.M.; Hernandez, C.M.; Diaz, J.J.;
Magnuson, D.S.; Whittemore, S.R.; Miranda, J.D. Inhibition of EphA7 up-regulation after spinal
cord injury reduces apoptosis and promotes locomotor recovery. J. Neurosci. Res. 2006, 84,
1438-1451.

Marquardt, T.; Shirasaki, R.; Ghosh, S.; Andrews, S.E.; Carter, N.; Hunter, T.; Pfaff, S.L.
Coexpressed EphA Receptors and Ephrin-A Ligands Mediate Opposing Actions on Growth Cone
Navigation from Distinct Membrane Domains. Cell 2005, 121, 127-139.

Davy, A.; Gale, N.W.; Murray, E.W.; Klinghoffer, R.A.; Soriano, P.; Feuerstein, C.; Robbins, S.M.
Compartmentalized signaling by GPI-anchored ephrin-A5 requires the Fyn tyrosine kinase to
regulate cellular adhesion. Genes Dev. 1999, 13, 3125-3135.

Averaimo, S.; Assali, A.; Ros, O.; Couvet, S.; Zagar, Y.; Genescu, |.; Rebsam, A.; Nicol, X. A
plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune
developing retinal axon arbors. Nat. Commun. 2016, 7, 12896.

Brickner, K.; Labrador, J.P.; Scheiffele, P.; Herb, A.; Seeburg, P.H.; Klein, R. EphrinB Ligands
Recruit GRIP Family PDZ Adaptor Proteins into Raft Membrane Microdomains. Neuron 1999, 22,
511-524.

https://encyclopedia.pub/entry/9770 23/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Koncina, E.; Roth, L.; Gonthier, B.; Bagnard, D. Role of Semaphorins during Axon Growth and
Guidance. Adv. Exp. Med. Biol. 2007, 621, 50-64.

Salikhova, A.; Wang, L.; Lanahan, A.A.; Liu, M.; Simons, M.; Leenders, W.P.J.; Mukhopadhyay,
D.; Horowitz, A. Vascular Endothelial Growth Factor and Semaphorin Induce Neuropilin-1
Endocytosis via Separate Pathways. Circ. Res. 2008, 103, e71—-e79.

Whitehead, S.N.; Gangaraju, S.; Slinn, J.; Hou, S.T. Transient and bilateral increase in Neuropilin-
1, Fer kinase and collapsin response mediator proteins within membrane rafts following unilateral
occlusion of the middle cerebral artery in mouse. Brain Res. 2010, 1344, 209-216.

Shapovalova, Z.; Tabunshchyk, K.; Greer, P.A. The Fer tyrosine kinase regulates an axon
retraction response to Semaphorin 3A in dorsal root ganglion neurons. BMC Dev. Biol. 2007, 7,
133.

Guirland, C.; Suzuki, S.; Kojima, M.; Lu, B.; Zheng, J.Q. Lipid Rafts Mediate Chemotropic
Guidance of Nerve Growth Cones. Neuron 2004, 42, 51-62.

Charrier, E.; Reibel, S.; Rogemond, V.; Aguera, M.; Thomasset, N.; Honnorat, J. Collapsin
Response Mediator Proteins (CRMPS): Involvement in Nervous System Development and Adult
Neurodegenerative Disorders. Mol. Neurobiol. 2003, 28, 51-64.

Rosslenbroich, V.; Dai, L.; Franken, S.; Gehrke, M.; Junghans, U.; Gieselmann, V.; Kappler, J.
Subcellular localization of collapsin response mediator proteins to lipid rafts. Biochem. Biophys.
Res. Commun. 2003, 305, 392-399.

Moretti, S.; Procopio, A.; Lazzarini, R.; Rippo, M.R.; Testa, R.; Marra, M.; Tamagnone, L.;
Catalano, A. Semaphorin3A signaling controls Fas (CD95)-mediated apoptosis by promoting Fas
translocation into lipid rafts. Blood 2008, 111, 2290-2299.

Egawa, N.; Lok, J.; Washida, K.; Arai, K. Mechanisms of Axonal Damage and Repair after Central
Nervous System Injury. Transl. Stroke Res. 2017, 8, 14-21.

Vo, T.; Carulli, D.; Ehlert, E.M.; Kwok, J.C.; Dick, G.; Mecollari, V.; Moloney, E.B.; Neufeld, G.; de
Winter, F.; Fawcett, J.W.; et al. The chemorepulsive axon guidance protein semaphorin3Ais a
constituent of perineuronal nets in the adult rodent brain. Mol. Cell. Neurosci. 2013, 56, 186—200.

De Wit, J.; De Winter, F.; Klooster, J.; Verhaagen, J. Semaphorin 3A displays a punctate
distribution on the surface of neuronal cells and interacts with proteoglycans in the extracellular
matrix. Mol. Cell. Neurosci. 2005, 29, 40-55.

Pasterkamp, R.J.; Verhaagen, J. Semaphorins in axon regeneration: Developmental guidance
molecules gone wrong? Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1499-1511.

Montolio, M.; Messeguer, J.; Masip, |.; Guijarro, P.; Gavin, R.; Del Rio, J.A.; Messeguer, A.;
Soriano, E. A Semaphorin 3A Inhibitor Blocks Axonal Chemorepulsion and Enhances Axon

https://encyclopedia.pub/entry/9770 24/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Regeneration. Chem. Biol. 2009, 16, 691-701.

Kikuchi, K.; Kishino, A.; Konishi, O.; Kumagai, K.; Hosotani, N.; Saji, |.; Nakayama, C.; Kimura, T.
In Vitro and in Vivo Characterization of a Novel Semaphorin 3A Inhibitor, SM-216289 or
Xanthofulvin. J. Biol. Chem. 2003, 278, 42985—-42991.

Blockus, H.; Chédotal, A. Slit-Robo signaling. Development 2016, 143, 3037-3044.

Stein, E. Hierarchical Organization of Guidance Receptors: Silencing of Netrin Attraction by Slit
Through a Robo/DCC Receptor Complex. Science 2001, 291, 1928-1938.

Wehrle, R.; Camand, E.; Chedotal, A.; Sotelo, C.; Dusart, |. Expression ofnetrin-1,slit-1andslit-
3but not ofslit-2after cerebellar and spinal cord lesions. Eur. J. Neurosci. 2005, 22, 2134-2144.

Niclis, J.C.; Turner, C.; Durnall, J.; McDougal, S.; Kauhausen, J.A.; Leaw, B.; Dottori, M.; Parish,
C.L.; Thompson, L.H. Long-Distance Axonal Growth and Protracted Functional Maturation of
Neurons Derived from Human Induced Pluripotent Stem Cells after Intracerebral Transplantation.
STEM CELLS Transl. Med. 2017, 6, 1547-1556.

Kaneko, N.; Herranz-Pérez, V.; Otsuka, T.; Sano, H.; Ohno, N.; Omata, T.; Nguyen, H.B.; Thali,
T.Q.; Nambu, A.; Kawaguchi, Y.; et al. New neurons use Slit-Robo signaling to migrate through
the glial meshwork and approach a lesion for functional regeneration. Sci. Adv. 2018, 4,
eaav0618.

Wang, H.; Shen, H.; Wang, J.; Yao, L.; Xu, D.; Ding, X. Expression of Slit2 in neural stem cell
differentiation and maturation and its inhibitory effect on axon growth. Pharmazie 2018, 73, 454—
458.

Liang, Y.; Annan, R.S.; Carr, S.A.; Popp, S.; Mevissen, M.; Margolis, R.K.; Margolis, R.U.
Mammalian Homologues of the Drosophila Slit Protein Are Ligands of the Heparan Sulfate
Proteoglycan Glypican-1 in Brain. J. Biol. Chem. 1999, 274, 17885-17892.

Bloechlinger, S.; Karchewski, L.A.; Woolf, C.J. Dynamic changes in glypican-1 expression in
dorsal root ganglion neurons after peripheral and central axonal injury. Eur. J. Neurosci. 2004, 19,
1119-1132.

Hussain, G.; Wang, J.; Rasul, A.; Anwar, H.; Imran, A.; Qasim, M.; Zafar, S.; Kamran, S.K.S.;
Razzaq, A.; Aziz, N.; et al. Role of cholesterol and sphingolipids in brain development and
neurological diseases. Lipids Health Dis. 2019, 18, 1-12.

Leventis, R.; Silvius, J.R. Use of Cyclodextrins to Monitor Transbilayer Movement and Differential
Lipid Affinities of Cholesterol. Biophys. J. 2001, 81, 2257-2267.

Sanchez-Wandelmer, J.; Davalos, A.; Herrera, E.; Giera, M.; Cano, S.; De La Pefia, G.;
Lasuncién, M.A.; Busto, R. Inhibition of cholesterol biosynthesis disrupts lipid raft/caveolae and

https://encyclopedia.pub/entry/9770 25/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

affects insulin receptor activation in 3T3-L1 preadipocytes. Biochim. et Biophys. Acta (BBA) -
Biomembr. 2009, 1788, 1731-1739.

Zhuang, L.; Kim, J.; Adam, R.M.; Solomon, K.R.; Freeman, M.R. Cholesterol targeting alters lipid
raft composition and cell survival in prostate cancer cells and xenografts. J. Clin. Investig. 2005,
115, 959-968.

Liu, J.; Xian, G.; Li, M.; Zhang, Y.; Yang, M.; Yu, Y.; Lv, H.; Xuan, S.; Lin, Y.; Gao, L. Cholesterol
oxidase from Bordetella species promotes irreversible cell apoptosis in lung adenocarcinoma by
cholesterol oxidation. Cell Death Dis. 2014, 5, e1372.

Cahuzac, N.; Baum, W.; Kirkin, V.; Conchonaud, F.; Wawrezinieck, L.; Marguet, D.; Janssen, O.;
Z0rnig, M.; Hueber, A.-O. Fas ligand is localized to membrane rafts, where it displays increased
cell death—inducing activity. Blood 2006, 107, 2384—2391.

Schnitzer, J.E.; Oh, P.; Pinney, E.; Allard, J. Filipin-sensitive caveolae-mediated transport in
endothelium: Reduced transcytosis, scavenger endocytosis, and capillary permeability of select
macromolecules. J. Cell Biol. 1994, 127, 1217-1232.

Li, Y.C.; Park, M.J.; Ye, S.-K.; Kim, C.-W.; Kim, Y.-N. Elevated Levels of Cholesterol-Rich Lipid
Rafts in Cancer Cells Are Correlated with Apoptosis Sensitivity Induced by Cholesterol-Depleting
Agents. Am. J. Pathol. 2006, 168, 1107-1118.

Fang, L.; Miller, Y.I. Regulation of lipid rafts, angiogenesis and inflammation by AIBP. Curr. Opin.
Lipidol. 2019, 30, 218-223.

Staudt, E.; Ramasamy, P.; Plattner, H.; Simon, M. Differential subcellular distribution of four
phospholipase C isoforms and secretion of GPI-PLC activity. Biochim. Biophys. Acta (BBA) -
Biomembr. 2016, 1858, 3157-3168.

Miller, G.; Schulz, A.; Wied, S.; Frick, W. Regulation of lipid raft proteins by glimepiride- and
insulin-induced glycosylphosphatidylinositol-specific phospholipase C in rat adipocytes. Biochem.
Pharmacol. 2005, 69, 761-780.

Martin, M.G.; Trovo, L.; Perga, S.; Sadowska, A.; Rasola, A.; Chiara, F.; Dotti, C.G. Cyp46-
mediated cholesterol loss promotes survival in stressed hippocampal neurons. Neurobiol. Aging
2011, 32, 933-943.

Sarnataro, D.; Campana, V.; Paladino, S.; Stornaiuolo, M.; Nitsch, L.; Zurzolo, C.
PrPCAssociation with Lipid Rafts in the Early Secretory Pathway Stabilizes Its Cellular
Conformation. Mol. Biol. Cell 2004, 15, 4031-4042.

Michel, V.; Bakovic, M. Lipid rafts in health and disease. Biol. Cell 2007, 99, 129-140.

Tassew, N.G.; Mothe, A.J.; Shabanzadeh, A.P.; Banerjee, P.; Koeberle, P.D.; Bremner, R.; Tator,
C.H.; Monnier, P.P. Modifying Lipid Rafts Promotes Regeneration and Functional Recovery. Cell

https://encyclopedia.pub/entry/9770 26/27



Axonal Regeneration in CNS Damage | Encyclopedia.pub

Rep. 2014, 8, 1146-1159.

149. Shabanzadeh, A.P.; Tassew, N.G.; Szydlowska, K.; Tymianski, M.; Banerjee, P.; Vigouroux, R.J.;
Eubanks, J.H.; Huang, L.; Geraerts, M.; Koeberle, P.D.; et al. Uncoupling Neogenin association
with lipid rafts promotes neuronal survival and functional recovery after stroke. Cell Death Dis.
2015, 6, el744.

150. Shabanzadeh, A.P.; Charish, J.; Tassew, N.G.; Farhani, N.; Feng, J.; Qin, X.; Sugita, S.; Mothe,
A.J.; Waélchli, T.; Koeberle, P.D.; et al. Cholesterol synthesis inhibition promotes axonal
regeneration in the injured central nervous system. Neurobiol. Dis. 2021, 150, 105259.

151. Lee, J.; Shin, J.E.; Lee, B.; Kim, H.; Jeon, Y.; Ahn, S.H.; Chi, S.W.; Cho, Y. The stem cell
markerPromlpromotes axon regeneration by down-regulating cholesterol synthesis via Smad
signaling. Proc. Natl. Acad. Sci. USA 2020, 117, 15955-15966.

152. Li, H.; Kuwajima, T.; Oakley, D.; Nikulina, E.; Hou, J.; Yang, W.S.; Lowry, E.R.; Lamas, N.J.;
Amoroso, M.W.; Croft, G.F,; et al. Protein Prenylation Constitutes an Endogenous Brake on
Axonal Growth. Cell Rep. 2016, 16, 545-558.

153. Rosell6-Busquets, C.; De La Oliva, N.; Martinez-Marmol, R.; Hernaiz-Llorens, M.; Pascual, M.;
Muhaisen, A.; Navarro, X.; Del Valle, J.; Soriano, E. Cholesterol Depletion Regulates Axonal
Growth and Enhances Central and Peripheral Nerve Regeneration. Front. Cell. Neurosci. 2019,
13, 40.

154. Mar, F.M.; Da Silva, T.F.; Morgado, M.M.; Rodrigues, L.G.; Rodrigues, D.; Pereira, M.I.L.;
Marques, A.; Sousa, V.F.; Coentro, J.; Sa-Miranda, C.; et al. Myelin Lipids Inhibit Axon
Regeneration Following Spinal Cord Injury: A Novel Perspective for Therapy. Mol. Neurobiol.
2015, 53, 1052-1064.

Retrieved from https://encyclopedia.pub/entry/history/show/23842

https://encyclopedia.pub/entry/9770 27/27



