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Abstract: With recent advances in the construction of synthetic glycans, selective targeting
of the extracellular matrix (ECM) as a potential treatment for a wide range of diseases has
become increasingly popular. The use of compounds that mimic the structure or bioactive
function of carbohydrate structures has been termed glycomimetics. These compounds are
mostly synthetic glycans or glycan-binding constructs which manipulate cellular
interactions. Glycosaminoglycans (GAGs) are major components of the ECM and exist as a
diverse array of differentially sulphated disaccharide units. In the central nervous system
(CNS), they are expressed by both neurons and glia and are crucial for brain development
and brain homeostasis. The inherent diversity of GAGs make them an essential biological
tool for regulating a complex range of cellular processes such as plasticity, cell interactions
and inflammation. They are also involved in the pathologies of various neurological
disorders, such as glial scar formation and psychiatric illnesses. It is this diversity of
functions and potential for selective interventions which makes GAGs a tempting target. In
this review, we shall describe the molecular make-up of GAGs and their incorporation into
the ECM of the CNS. We shall highlight the different glycomimetic strategies that are
currently being used in the nervous system. Finally, we shall discuss some possible targets
in neurological disorders that may be addressed using glycomimetics.
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1. Introduction

The extracellular matrix (ECM) in the nervous system is a complex meshwork of supporting
molecules arranged in diffuse, cell surface associated or tightly packed net-like formations surrounding
neurons [1]. It is fundamental in maintaining the homeostasis of the central nervous system (CNS): acting as
a scaffold for neuronal and glial cells, harbouring chemical signalling molecules and facilitating fast-spiking
neuronal firing. As such it is a tempting target for a number of different diseases that result in neuronal
disruption. Glycosaminoglycans (GAGs) are one of the major constituents in the CNS matrix [1,2]. Creating
compounds that mimic the binding of glycans, either as synthetic glycans or as bioactive molecules, by
competitively blocking either guidance cues or direct signalling with cells, has been termed
glycomimetics. This therapeutic strategy has shown great potential in recent years with possible benefits
for a range of conditions from cancer to CNS injury repair.

In this article, we shall briefly introduce the various GAGs in the nervous system, describe the unique
extracellular environment of the CNS and the challenges faced by the scientists in the field of
glycomimetics. We shall highlight promising research in the field of glycomimetics in both the CNS and
peripheral nervous system (PNS), illustrating the different ways glycomimetic strategies can be
employed to tackle different diseases. We shall conclude by providing examples of different
neurodegenerative diseases which affect the extracellular matrix and which we believe may be future
targets for glycomimetic interventions.

2. Glycosaminoglycans

Glycosaminoglycans (GAGs) are common extracellular glycans composed of linear polysaccharide
chains from chondroitin sulphate (CS), heparin/heparan sulphate (HS), dermatan sulphate (DS), keratan
sulphate (KS) and hyaluronan (HA) families, with CS, HS and HA being the most common members.
With the exception of KS, GAGs are formed of unbranched chains of repeating disaccharide subunits
composed of N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GIcNAc) or galactose (Gal), with
glucuronic acid (GIcA) or iduronic acid (IdoA). A single GAG chain can consist of up to
50-150 disaccharide units corresponding to a molecular mass of up to 70 kDa as in the case of shark CS
and CS-DS hybrid chains [3-5].

An integral feature of GAGs is that they can be modified with the addition of sulphate groups in a
number of different positions on either sugar in the disaccharide subunit, with HA being the only
exception. In the case of CS and HS, the disaccharide units are differentially sulphated on the C-4 or
C-6 carbon of the GalNAc or GlcNAc, on C-2, or occasionally on C-3, of the GIcA/IdoA subunit [2,6].
Sulphation for the KS disaccharide, which is composed of a Gal and GlcNAc subunits, occurs on the
C-6 position of either Gal or GlcNAc or can be left unsulphated [7]. Sulphation of DS can occur on the
C-2 carbon of the IdoA subunit (the presence of which distinguishes it from chondroitin sulphate) or the
C-4 and/or C-6 carbons of the GlcNAc residues [8]. The process of GAG sulphation has been widely
studied and is controlled by a number of carbohydrate sulphotransferases (Chsts) located in the
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endoplasmic reticulum (ER) and Golgi apparatus, such as chondroitin 4-O-sulphotransferases (C4STs),
chondroitin ~ 6-O-sulphotransferases (C6STs) and GalNAc-4-O-sulphate 6-O-sulfotransferase
(GalNAc4S-6ST), thus giving a number of distinct sulphation motifs.

The levels of spatiotemporal expression of GAGs changes dramatically during development and on
into adulthood [9]. The degree of glycosylation and polysaccharide chain length, together with the
variation in sulphation, give rise to hundreds of potential polysaccharide structural combinations,
allowing for the dynamic activation/deactivation of complex cell signalling pathways and protein
binding motifs. In the CNS, different sulphation motifs are thought to govern neuronal development and
adult brain homeostasis by selectively binding to axon guidance molecules and activating key cell
signalling pathways [10]. In addition, the negative charge of GAGs is believed to localise extracellular
ions to neurons, creating an ion reservoir which facilitates rapid neuronal firing patterns [11].

With the exception of HA, all GAGs are covalently attached to an amino acid residue on a core protein
to form a proteoglycan (PG). While CS, HS and DS attach to a protein via a serine residue, KS is capable
of attaching via serine, asparagine and threonine residues [7]. Chondroitin sulphate proteoglycans
(CSPGs) and heparan sulphate proteoglycans (HSPGs) are the two most common PGs in the CNS and
are produced by a number of cell types including both glial and neuronal cells [12—15].To date there
have been at least 16 CSPGs and 15 HSPGs identified in the CNS, with some core molecules having
more than one type of GAG side chain attached [15]. PGs differ in the size of the core molecule and the
number of GAG side chains, with aggrecan being the most common proteoglycan and having up to 100
GAG chains consisting of around 50—150 disaccharides each [3,16]. Additionally, it is thought that core
molecules like aggrecan can have different levels of glycosylation corresponding to different regions in
the brain and spinal cord, further adding to the complexity of the ECM [17].

Hyaluronan is unique in the fact that it is the only un-sulphated GAG and does not attach to any core
protein. It is produced in vertebrates by the transmembrane hyaluronan synthases (HAS) -1, -2 and -3
and is widely distributed throughout the body, such as in joints, connective and neural tissue [3]. Each
HAS produces different lengths of the HA at different speeds, with HAS-3 producing short HA chains
at slow speed and HAS-1 and -2 producing chains of up to 2000 kDa 10 times faster than HAS-3[18]. It
has been recently proposed that transmembrane HAS molecules, while producing the long HA chain on
the cell surface, are also acting as a docking receptors for the HA chains [19].

GAGs are known to be crucial for a range of biological functions such as cell division [20], regulation
of neuronal growth and plasticity [13—16,21-24], modulation of inflammatory responses [25], cell
adhesion and migration and blood brain barrier (BBB) support [20—25]. Given the importance, diversity
and distribution of GAGs, it is not surprising that GAGs and their core proteins have also been implicated
in a number of disease-related processes such as, tumour metastasis, toxic plaque formation and glial
scar formation following injury to the CNS [13,26-32].

3. Structure and Function: GAGs in the Brain

In the CNS, GAGs are present as part of a diffuse or membrane-associated extracellular matrix or as
part of a compact macromolecular structure which surround subpopulations of neurons and are termed
perineuronal nets (PNNs) [1,22,23]. The formation of PNNs during early adolescence signals the closure
of the “critical period”, a time during development when the brain is considered to be in its most plastic
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state [22]. Removing PNNs via enzymatic treatment in an adult brain reopens a critical period-like plastic
state. PNN removal in targeted areas of the CNS produces profound effects such as enhancing memory
retention [33] or enabling axonal regeneration following spinal cord injury (SCI) [34,35]. PNNs extend
around the cell body and proximal dendrites of neurons, preferentially but not exclusively on fast-spiking
GABAergic inhibitory interneurons [36]. In the CNS, they are found throughout the cortex, in a number of
sub-cortical structures and nuclei and also throughout the spinal cord. PNNs help in regulating the activities
of neurons in a number of ways: stabilising synaptic contacts and localising receptor turnover [37] and
continually providing chemical signals that regulate the plastic potential of the neuron [38—40]. Because
of the polyanionic properties of the PNNs, they may also act as a buffer to localise extracellular ions
around the neuron facilitating the rapid firing of GABAergic neurons [11].

PNNs are highly complex macromolecular structures which contain a number of components.
The transmembrane HASs produce long chains of the unsulphated HA GAGs and act as docking
receptors for the PNN, anchoring them to the membrane of the neuron [19]. HA provides the backbone
for the formation of the nets: while CSPGs (aggrecan, neurocan, versican, brevican) are attached via
their N-terminal domain, a binding which is secured by link proteins cartilage link protein 1 (Crtll) or
brain link protein 2 (Bral2). This aggregation condenses the matrix around the neuron. The C-termini of
the CSPGs will bind to the trimerictenascin-R. Up to three CSPGs can bind to one tenascin-R molecule
further condensing the structure [34]. In addition to being present in PNNs, brevican and versican, along
with tenascin-R also form a specialised net-like structure around nodes of Ranvier along the axon of a
neuron [41].

Unlike CSPGs, which are typically located in the extracellular space, heparan sulphate proteoglycans
are found both on the plasma membrane of all cells and in the ECMthroughout the body and brain [42].
In the CNS, there are 15 identified HSPGs which can be broadly classified as membrane-associated,
such as syndecans or glypicans, or secreted extracellular molecules, such as perlecan and agrin [6]. This
characterisation is not definitive as many HSPGs exist both as membrane attached and extracellular
forms, depending on post translational modifications. They are produced by both neuronal and glial
cells, and are essential in both early brain development and adult brains [43]. They interact with
signalling molecules such as fibroblast growth factor and Wnts to enable neural cell proliferation [44].
Expression of the same HSPG can have local effects when expressed by a neuron or more wide spread
effects when expressed by a glial cell. HSPGs like glypican 4 and glypican 6 act to establish and maintain
excitatory synapses in different regions of the developing brain: glypican 4 in the hippocampus and
glypican 6 in the cerebellum [45]. Pharmacological or genetic disruption of HSPGs in the hippocampus
inhibits longterm potentiation, an electrophysiological response correlate to memory [46,47]. HSPGs
are known to act in a range of ways with secreted factors and cell surface bound agents. They can act as
co-receptors for axon guidance factors, increasing the binding between guidance molecules and their
receptors as seen in the Slit/Robo signalling pathway[48].In addition, working in conjunction with
CSPGs through the common ligand receptor protein tyrosine phosphatase, the binding of HSPG
facilitates axon growth while the binding of CSPGs inhibits axon elongation [49]. Depending on their
sulphation patterns, HSPGs can be internalised into the cell and are localised in different cellular
compartments such as the nucleus, possibly aiding in the regulation of genetic expression [50,51].
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4. Existing Strategies of Mimetics
4.1. Anticoagulants

One of the first successes of glycomimetics began with the identification of a pentasaccharide within
heparin which facilitates its anticoagulant properties [52,53]. Heparin has been used as an antithrombotic
agent in the clinic since the 1940s and is structurally very similar to HS, in that they share a common
disaccharide unit [54]. The most distinguishing difference between heparin and HS in terms of
expression is that heparin is exclusively expressed in mast cells while HS is ubiquitously expressed [55].
However, it was not until the 1980s that a specific pentasaccharide domain (N-sulphate-6-O-sulphate-a-
D-glucosamine)1—4(B-D-glucuronic acid)1—4(N-sulphate-3,6-di-O-sulphate-a-D-glucosamine) 1 —4(2-
O-sulphate-a-L-iduronic acid)1—4(N-sulphate-6-O-sulphate-D-glucosamine) which exists in some
heparin chains [53] was successfully synthesised[52]. It was found that this pentasaccharide activates
antithrombin III, a serine protease inhibitor, which blocks the activity of thrombin and factor Xa in the
coagulation cascade. A synthetic analogue to this pentasaccharide was created and was successfully
commercialised in 2002 in the US and Europe as the drug Arixtra (GlaxoSmithKline, Five Moore Drive,
NC, USA). It is now widely used during post-operative care following invasive surgeries or in the sub-acute
stages following stroke [56].

More recently, refinements in the development of this pentasaccharide have utilised a
chemoenzymatic approach which has the potential to greatly reduce the time and cost of production.
Using a series of cloned enzymes, Kuberan et al. (2003) were able to mimic the processing of the Golgi
apparatus in vitro in order to create the antithrombin III-binding saccharide in sixsteps compared to the
10 steps required for chemical synthesis [57]. The authors report that the procedure produces the
pentasaccharide 100 times quicker than the conventional method with the yield at least 2-fold higher.
Although more work has to be performed before the chemoenzymatic approach is commercially
available, this method paves a way for the future glycomimetic creation. In fact, an Arixtra-like heptamer
and five HS-like oligosaccharides (two decamers, two dodecamers and one undecamer) have been
chemoenzymaticallysynthesisedusing the recently improved techniques [58,59].

4.2. Nerve Injury Mimetics

Recovery from injury in the CNS is extremely limited. Following a CNS injury, like spinal cord injury
or stroke, there is an acute glial response accompanied by cell death and inflammatory processes [60].
Astrocytes switch from a quiescent to a reactive state, moving to the site of injury and upregulating the
production of inhibitory CSPGs resulting in the formation of a glial scar [61]. This CSPG-rich glial scar
is inhibitory for the re-innervation of neurons and is thought to be one of the main hurdles for CNS
regeneration and functional recovery [36]. As a result, severe functional deficits following traumatic
injury persist into chronic stages forming lifelong debilitative conditions. In the PNS, the situation is
slightly better. Long distant axonal regeneration can take place facilitating reasonable, but not complete,
levels of functional recovery [62]. In an attempt to enhance recovery in both the CNS and PNS, a number
of glycomimetic approaches have been recently applied in animal injury models with promising results
which will be discussed below.
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Polysialic acid (PSA) is a carbohydrate which is post-translationally attached to the glycoprotein—neural
cell adhesion molecule (NCAM), an essential molecule for cell-cell adhesion, learning and memory,
neural development and repair [63,64]. NCAM is expressed on a number of different cells in the nervous
system, including neurons and glial cells. A synthetic peptide (H-NTHTDPYIYPID-OH) mimicking the
PSA carbohydrate has been shown to promote motor neuron recovery following peripheral nerve injury
(PNI) of the femoral nerve [65,66]. Mice treated with this glycomimetic peptide showed enhanced motor
recovery following the injury. Retrograde tracing on the neurons demonstrated that the enhanced
recovery was not due to improved neuronal survival nor re-innervation in the treated animals. However,
the degree of remyelination on surviving axons was enhanced when compared to the saline-injected or
control peptide injected animals, indicating that the mechanism is related to Schwann cell proliferation
and elongation via NCAM interaction. Recently, a small compound mimetic of PSA—Tegaserod, a drug
which has been approved for clinical application in an unrelated condition, has been shown to enhance
locomotor recovery and sprouting of axons in mouse models of femoral nerve injury and severe SCI [67,68].

Another glycomimetic which has been used successfully in PNI is the human natural killer (HNK)
cell glycan ((3'-sulfoglucuronyl beta-1,3-galactoside) epitope[66,69,70]. Like PSA, HNK-1 influences
a range of functions in the nervous system including effects on synaptic plasticity, motor neuron
re-innervation and learning and memory [69]. Application of the HNK-1 mimetic following PNI to the
femoral nerve in mice led to enhanced functional recovery [66,70]. The HNK-1 mimetic decreased the
level of neuronal deaths following injury, enhanced target re-innervation of the nerve stump and
increased myelination of the nerve. The translational potential of the HNK-1 mimetic as a safe and
effective therapy following PNI has been tested in non-human primates. Similar to the mouse study,
adult cynomolgus monkeys (Macaca fascicularis) received a femoral nerve transection were treated with
either a HNK-1 mimetic peptide or control peptide in silicone cuffs. Both gait and muscle force were
improved in HNK-1 mimetic-treated animals of up to 160 days post-surgery. Animals in the treated
group demonstrated enhanced motor reflexes. Regenerated axons were also observed to have a larger
diameter. Importantly, no adverse immune effects such as antibody production or immune cell
infiltration into the damaged nerve were observed after the treatment. This supports the possibility of
translation of this glycomimetic from animals to human [70].

Either alone or in combination, the two glycomimetic peptides for PSA and HNK-1 have been shown
to be successful in treating a PNI with a critical gap of up to 5 mm between injured segments when
tethered to a collagen hydrogel [66]. Implanting a polyethylene tube filled with PSA and/or HNK-1
glycomimetic infused collagen improved functional recover and axonal re-growth across the 5 mm
injury site. Because both PSA and HNK-1 glycans are attached to the extracellular matrix or cell surface
in vivo, attaching the glycans to collagen is reflective of reality and more beneficial than infusing directly
into the injury site as a suspension. This attachment not only reduces peptidase-mediated degradation of
the synthetic glycans but also retention in the injected area, therefore increasing their bioavailability [66].

Interestingly, when both PSA and HNK-1 glycomimetics were tested in central rather than PNIs, the
results were not as expected. Osmotic pumps were implanted subcutaneously into the backs of
thoracically injured mice with a catheter providing periodic infusions of either PSA and/or HNK-1
mimetics or saline directly into the lumbar region of the spinal cord. Infusions with PSA or PSA and
HNK-1, but not HNK-1 alone, immediately following injury provided the best locomotor recovery. The
HNK-1 mimetic infused mice only reached scores comparable with controls, unlike the positive results
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observedin PNI [66,70]. The HNK-1 mimetic was seen to increase myelination of axons in the vicinity
of the lesion; however, unlike the PSA mimetic, the HNK-1 mimetic failed to promote monoaminoergic
innervation and enhancement of cholinergic synaptic coverage of motor neurons. If PSA mimetic
infusions began 3 weeks prior to injury, the same levels of recovery could not be found, indicating that
the PSA mimetic needs to be used during the acute phases of injury [71]. The potential of PSA as a
therapeutic tool for SCI was confirmed in a more complete version of SCI, a thoracic dorsal hemisection
which severs the ascending sensory pathways. Animals treated with PSA mimetics showed enhanced
motor coordination and less reactive astrocytic gliosis which, as mentioned previously, is inhibitory to
axonal regrowth [72].

Other attempts to find additional glycomimetic peptides to enhance nervous system repair have,
however, been less successful. Lewis(X) is a terminal trisaccharide epitope characterised by
al,3-fucosyl-N-acetyl-lactosamine which is resident in the nervous system and believed to be important
in neurogenesis and brain development [73]. Conversely to what was expected in vitro, neurite
outgrowth triggered by CD24 (cluster of differentiation 24) was abolished by the Lewis(X)
glycomimetic. /n vivo assays in both peripheral and central neuroregeneration showed no benefit from
the mimetic [74].

4.3. Stroke Injury and Hydrogels

Immediately following a cerebrovascular accident (stroke) in the brain, an injury cascade is triggered.
Cells which are deprived of oxygen and glucose start to die. The result is a large cyst or cavity at the
injury site, devoid of any cells or extracellular matrix [75,76]. The damage causes extensive functional
impairment to an individual from which recovery is unlikely [77]. Recently, research into restoring
function following stroke has focused on transplanting various stem cells, such as neural stem cells or
embryonic stem cells, directly into the infarct site, to the surrounding peri-infarct region or via
administration into the blood system [78]. The main problems with these approachesare that direct
injection of cells into the infarct area causes the stem cells to die, and cells that have been injected into
the periphery home to peripheral organs instead of the brain [79].

In order to address these obstacles, glycomimetic hydrogels have been used to promote stem cell
survival when directly injected into the infarct site [80]. Hydrogels have certain benefits over more rigid
scaffolds. After injection into the brain, they expand to fit to the dimensions of the cavity and are
minimally invasive when compared to direct transplantation of scaffolds. Using a photothrombic stroke
model in mice, a heparin-HA-collagen hydrogel containing either neural precursor cells or embryonic
stem cells was transplanted into the infarct site 7 days after injury. Cells transplanted with the hydrogel
were twice as likely to survive at 14 days post transplantation when compared to cells that were
transplanted without a hydrogel. The gel modifies the local environment by decreasing the number of
activated microglia/macrophages infiltrated to the graft site [75].

In an attempt to improve the performance of injectable glycomimetic hydrogels, the extracellular
composition of different tissues has been investigated as potential hydrogel template substances [81].
Hydrogels derived from brain, spinal cord and urinary bladder matrices were tested using a three
dimensional in vitro culture assay with a neuroblastoma N1E-115 cell line. The CNS-derived hydrogels
proved to be advantageous in promoting cell differentiation and three dimensional neurite growth. There



Molecules 2015, 20 3534

were compositional differences between the brain-derived and spinal cord-derived gels, mainly in the
concentrations of sulphated GAGs and collagen. While the neurite elongation from the brain-derived
hydrogel was dose dependent, the spinal cord derived hydrogel was not. This indicates that there may
be a tissue specific effect on the brain derived cell line [81].

4.4. Blocking Viral Infections

Along with enhancing recovery following acute injury, glycomimetics have the potential to work in
a number of other diseases. One of these that shows promise is in antiviral interventions. By interrupting
the GAG-associated mechanisms of which a virus uses to gain access to host cells for replication,
glycomimetics have the ability to stop infections from taking hold and spreading [82].

One of the main glycomimetic approaches to reducing cell infections and viral replication has been
to target the cell surface dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN), which has been shown to bind to the human immunodeficiency virus (HIV) envelope
glycoprotein gp120, facilitating docking and internalisation of the virus into host cells [83]. DC-SIGN
is a C-type lectin receptor which is expressed on the surface of antigen presenting cells and macrophages.
It is crucial to the early infection stages of a number of different viral pathogens like HIV, Ebola,
hepatitis C or Dengue viruses [84]. Recently, a series of carbohydrate and glycomimetic DC-SIGN
ligands were created with the potential of selectively blocking the function of this molecule [85]. These
glycomimetics successfully compete withthe HIV-1 and Dengue viral particles in binding to the
DC-SIGN on potential host cells, therefore block theinternalisation of viral particles in vitro.

There are also other mimetics attempted to reduce the ability of a virus to attach and internalise into
a cell. A creative strategy using a combined CD4-heparan sulphate glycoconjugate has been designed to
target the gp120, which normally binds to CD4 on the cell surface, and simultaneously targets other
HS-binding domains required for entry that are typically hidden. The glycoconjugate, mCD4-HS12, was
able to inhibit HIV-1 infiltration in peripheral mononuclear cells [86].As well as being used to intervene
with the cycle of HIV and Dengue viruses, glycomimetics have also been tried in interrupting influenza
viruses. y-polyglutamic acid-based glycopeptides (y-PGA) with differing a2, 3/6 sialylatedglycans have
been studied in influenza virus. y-PGAglycopeptides with short glycans were found to be effective in
inhibiting avian influenza virus while y-PGA glycopeptides with long glycans were effective in
inhibiting human influenza virus in vitro[87].

4.5. Hyaluronan as a Drug Delivery System

Another way in which GAGs can be used in disease treatments is to harness the native characteristics
of GAGs in order to deliver desired molecules such as drugs. Hyaluronan, being biodegradable, non-
toxic, non-immunogenic and hydrophilic, is uniquely suited for this role.

Hyaluronan is a popular vehicle for drug delivery and gene regulation in cancer research. The primary
reason which makes HA an ideal choice for cancer intervention is that two HA receptors, the hyaluronan
receptor CD44 and the receptor for hyaluronic acid-mediated motility (RHAMM or CD168), are
strongly implicated in cancer cell signaling[88,89].In addition, HA interacts with intracellular adhesion
molecule-1 (ICAM-1), toll-like receptor-4 (TLR-4), hyaluronan receptor for endocytosis (HARE), and
lymphatic vessel endocytic receptor-1 (LY VE-1) [90-93]. CD44, which is a cell adhesion molecule
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(CAM), is the most studied HA receptor in cancer research and is commonly found on the cell surface
of epithelial, hematopoietic and neuronal cells. It is over-expressed in many cancer types [88,94]. The
CD44 receptor controls the internalisation and metabolism of HA and requires activation for its function.
HA has several chemical groups on which therapeutic drug molecules can be conjugated. The carboxyl
group on the GIcA, the hydroxyl group on the N-acetylglucosamine and the reducing terminus are sites
where modifications can be made. In addition, the acetyl group can be removed to create another site for
drug conjugation. A number of anticancer drugs for a range of different cancer types have been
successfully conjugated to HA chains, with HA plus irinotecan reaching phase III trials for colorectal
cancer [95].

Along with drugs, it is also possible to conjugate other non-organic materials for therapeutic and
diagnostic purposes. Boron atoms, which are used for boron neutron capture therapy for a number of
different cancers, have been designed to bind to HA via an ester linkage. Using two different
constructions, boron atoms were selectively internalised into a number of cancer cell lines [96]. For a
complete review on the uses of HA for the diagnosis and treatment of cancer, refer to the review by
Arpicco et al. [97].

5. Mimetics and Neurodegeneration: Possible Targets and Future Strategies

Although the field of glycomimetics is becoming well established, to date there is still a lack of
research into possible glycomimetic interventions for complex neurological and neuropsychiatric
disorders. This is surprising given the growing evidence that dysfunctions in the ECM play a significant
role in the pathogenesis of these complex disorders. Here, we introduce a handful of these disorders and
speculate how they can be served as targets of future glycomimetic interventions.

5.1. Schizophrenia

Schizophrenia is a chronic disorder characterised by abnormal psychotic symptoms which impair the
ability of an individual to function. Symptoms often first manifest at around the age of 20 and can be
broadly categorised into either positive or negative symptoms. Positive symptoms include sensory
hallucinations and delusions while negative symptoms include social withdrawal and apathy. Although
the causes of schizophrenia are still unknown, it is believed that a combination of genetic and
environmental factors play a role in its development.

There is a growing amount of evidence linking matrix abnormalities with schizophrenia [98—101].
The majority of this has come from histological and genetic analysis using post-mortem brains of
individuals who suffered from psychotic symptoms. Alterations in the number of PNN-positive neurons
have been observed in a number of brain regions. Individuals suffering from schizophrenia showed a
70%—76% decrease in PNNs in the prefrontal cortex, the brain region which is responsible for decision
making, planning complex action, personality, and the regulation of social behaviour [98]. This
discrepancy was not observed in their visual cortex, another region full of PNNs. Interestingly, this
deficit was also not observed in individuals with bipolar disorder, a related mental disorder. The
difference between the extracellular environment of schizophrenic and bipolar brains also extends to the
amygdala (memory, decision making, emotional reactions) [99] and the entorhinal cortex (declarative
memories and spatial memories) [100], highlighting a potential difference in the pathology between
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these similar disorders. This histological evidence has been confirmed with RNA analysis. The RNA
expression of layer 3 cortical pyramidal neurons was examined. The results suggest that the expression
of proteins that are key to PNN formation and stabilisation, such as HAPLN1, aggrecan and versican, is
downregulated in schizophrenic brains, while the expression of proteases that are known to digest on
ECM such as ADAMTs 1 and 6, and MMP-24 is increased [101].

The primary cause of the disruption to the extracellular environment in schizophrenia is currently
unknown. To date, disturbances in both PNNs and PNN-enwrapped neurons have been identified
in schizophrenia in a number of brain regions including the multiple layers of the cortex and
amygdala [98,101,102]. Whether it is the dysfunction of the cells that causes a PNN deficit in
schizophrenic brains or whether the malformation in the PNNs causes these cell types to be more
susceptible to processes like oxidative stress is unknown. It is more likely that one causes the other
leading to a cascade failure. Environment plays a crucial role inthe development of schizophrenia, it is
likely that deficits in this network cause behavioural problems resulting in social isolation and further
exasperating epigenetic factors, creating a behavioural feedback loop.

There are a number of potential glycomimetic targets for this disorder. Two single nucleotide
polymorphisms (SNPs) affecting the STX gene which encodes for polysialyltransferase STX (which
synthesises the polysialic acid glycan) have been reported in a genome-wide association study of
schizophrenic individual: SNP7 and SNP9, yielding two silent mutations [103]. In the brain, NCAM-
bound PSA was found to have a dopamine-binding affinity which was lost following SNP7 mutation. In
addition, PSA is known to interact with neurotrophic factors such as brain-derived neurotrophic factor.
PSA mimetics that have been used in CNS and PNS injury could have the potential to amelioriate this
disorder in individuals with these specific genetic mutations [66,70-72].

An additional mimetic strategy may be to target a chemorepulsive axon guidance molecule,
semaphorin 3a (Sema3a), which has been found to be increased in the cerebellum of schizophrenic
patients [104]. Sema3a has been recently found to be associated with PNNs in the adult brain [39],
binding specifically to the chondroitin 4,6-sulphate (or CS-E) glycan[40], and this binding is blocked by
an CS-E-binding antibody GD3G7 specifically in vitro[23,105].

5.2. Neurodegenerative Diseases

Neurodegenerative disease like Alzheimer's disease and Parkinson’s disease are characterised by
progressive loss of neurons, resulting in agradual cognitive and/or motor decline. These conditions lead
to a drastic reduction in the quality of life of patients. Although the exact mechanisms for cell death are
unknown, these neurodegenerative diseases have characteristic neuropathologies, such as
amyloidopathies that have been shown to be toxic to cells [106]. Pathologies like these are known to
have relationships with ECM molecules and are, therefore, open to glycomimetic interventions.

HSPGs, together with CSPGs in a lesser extent, have been associated with extracellular B-amyloid
(AP) senile plaques in the brain parenchyma and amyloid deposits around blood vessels, which are
characteristic pathological hallmarks of Alzheimer's disease (AD). AP has been shown to be toxic to
neurite growth in vitro [106]. AP plaques are known to have a defined zonal organisation, composed of
a core zone which has a complete loss of cellular structures and the more peripheral coronal zone. The
peripheral zone is characterised by damage and loss of neurons, dystrophic neurites and reactive
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astrocytes [107]. No changes in ECM molecules, such as aggrecan, link protein and tenascin-R, could
be detected in this region with the exception of hyaluronan, which showed an increase of 26% in the
temporal lobe of AD patients [108]. This increase could be a result of reactive astrocytes interacting with
hyaluronan via their CD44 receptors in the vicinity of the plaque [109]. PNNs have been found to be
protective of neurons, possibly from harmful reactive oxygen species [36,110].

In disease pathology where there is a progressive decline in the number of neuronal cells like that
found in AD, it may be necessary to encourage replacement of cells or re-establishment of neuronal
connections. By targeting the nerve growth factor (NGF)/neurotrophic tyrosine kinase receptor type 1
(TrkA) signalling pathway with a number of different CS-E constructs, it is possible to trigger
neuro-differentiation and neurite outgrowth in PC12 cells in vitro [111]. Complementary to this, these
CS-E constructs may also be useful in reopening plasticity in neurons. Orthodenticlehomeobox 2 (Otx2)
has been found to bind to the PNNs of GABAergic parvalbumin (PV)-expressing interneurons by means
of a 15 amino acid peptide domain containing an arginine-lysine doublet (RK peptide) within Otx2 [38].
This binding appears to be mediated by CS-D and CS-E motifs. Direct infusion of the RK peptide
competitively binds to the PNNs, hence reducing the amount of PNN-bound Otx2. This causes a
reduction in PNN and PV immunoreactivity and reopens plasticity in mice allowing new connections to
be made [38].

5.3. HIV-Associated Neurocognitive Disorders

Acquired immunodeficiency syndrome (AIDS) has a potential risk of leading to neurological disorder
termed HIV-associated neurocognitive disorders (HAND). In spite of antiviral treatment, approximately
40%—-50% of people infected with HIV are believed to suffer from HAND [112]. HIV-associated
dementia, the most severe form of HAND, affects 2%—8% of HIV sufferers despite of antiviral treatment.
In the brain, the HIV virus preferentially infects microglial cells, which then go on to release ECM
degrading factors such as matrix metalloproteinases (MMPs) [113]. Levels of MMP 2, 7 and 9 are
elevated in the cerebrospinal fluid of patients with HAND compared to controls. This observation has
been confirmed and verified in vitro. Cells infected with the virus also produce elevated levels of MMP2,
7 and 9 [114]. This activity has the potential to reduce the numbers of PNNSs in the cortex. HIV infected
brains seem to have higher PNN degradation in layers V to VII of the cortex than layers Il and III [115].
It is believed that this kind of degeneration can cause the dementia-like symptoms experienced in some
HIV patients. Given the success of targeting DC-SIGN in peripheral immune cells, it is interesting to
speculate if a similar strategy could be used in the CNS to minimise activation of microglia and therefore
the production of MMPs. Although microglia only seem to express DC-SIGN in low levels after
induction via IL-4 and GM-CNS and LPS (approximately 100-fold lower than in monocytes), they do
express a number of HSPGs that are thought to facilitate viral infection. The HSPGs syndecan-1 and
perlecan have been found to be essential for initial docking of the virus to monocyte-derived
macrophages. Treating cells with heparitinase which digests HS, inhibits HIV-1 binding to cells and
lowers viral infection. Considering the unique immunological and extracellular environment of the CNS,
different glycomimetic strategies are likely to be required when targeting viruses that can affect both the
CNS and PNS.
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5.4. Oxidative Stress

An imbalance between the presence of reactive oxygen species (ROS) and the ability of the body to
mitigate or repair the damage is known as oxidative stress, and is thought to play a key role in a number
of different neurological disorders. Alzheimer’s disease, Parkinson's disease, traumatic injury and
schizophrenia are all thought to have an element of oxidative stress in their pathologies. Emerging
evidence has pointed to a neuroprotective role of PNNs against ROS due to its polyanionic property.
Neurons positive for Wisteria floribunda agglutinin (WFA), a lectin which binds in high affinity to the
component in the PNNs, have been shown to be more resistant to iron-induced neuronal cell death
compared to neurons that lack PNNs [116]. In humans, cells with thinner PNNs, such as cortical
pyramidal neurons, appear to be more susceptible to iron oxidative stress. Neurons with PNNs also have
higher loads of inter lysosomal lipofuscin [117]. Lipofuscin is formed through ion-catalyzed oxidation,
and is thought to be a characteristic indicator of neurofibrillary degeneration. This has been found in
both control and AD brains [36]. Intact and mature WFA-labelled PNNs are spared from degeneration
in mice with a genetically induced redox imbalance compared to cells lacking WFA-nets [118]. This
protective quality is thought to decrease lipid peroxidation, DNA damage and protein oxidation.
Excessive oxidative stress has been shown to damage WFA-labelled nets, breaking down both HA and
CS GAGs [116].Considering all the evidence pointing towards a neuroprotective role of PNNs on
neurons, it might be beneficial to protect PNNs from degradation either by designing mimetics that block
the activity of matrix degrading factors, such as MMPs, or by overexpressing GAGs and GAG
production. This would be particularly beneficial in neurological disorders like HIV-dementia,
schizophrenia and epilepsy where PNNs are known to be degraded.

5.5. Differentially Affected GAGs/PGs in Different Diseases: Other Targets

The number of complex neurological disorders involving ECM dysregulation has been growing and
may be suitable targets for glycomimetic intervention. For example disturbances in HSPG expression
has been linked with autism spectrum disorders. Studies have identified autism-like social and
communication abnormalities in mice lacking HS [119]. Recently, post-mortem data from brain tissue
of autistic patients has identified a lack of HS in the subventricular zone, the site of neurogenesis in the
adult brain [120]. A more complete list of neurological diseases and associated type of ECM glycan
deficits is found in Table 1.

Table 1. A list of neurological diseases and their associated ECM deficits.

Disease Type ECM Involved Changes Reference
PNNs Decrease
HAPLNI1 D
Schizophrenia CEEAE 198 101,118,121,122]
Aggrecan Decrease
Versican Decrease
CSPG I
Stroke > fierease [123,124]

Hyaluronan Increase
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Table 1. Cont.

Disease Type ECM Involved Changes Reference
CSPGs Increase
) . Neurocan Increase
Spinal Cord Injury Brevican Increase [13]
Phosphocan Increase
Autism HSPGs Decrease [119,120,125]
) : Hyaluronan Increase
Amyloidopathies HSPGs Increase [27-29,126]
Prion’s Disease CSPGs and PNNs Decrease [127]
Neurocan(full length)  Increase
Epilepsy Phosphacan Decrease [128,129]
Brevican Cleaved
Hyaluronan Increase
Multiple Sclerosis Aggrecan Decrease [130,131]
Versican Decrease
Neurocan Decrease
Human Immunodeficiency Virus Dementia PNNs Decrease [113,115]

6. Conclusions

GAGs have proven to be exciting targets for intervention due to the wide range of biological functions
with which they are associated in the body and brain. Their complexity and diversity provide a large
number of potential glycomimetic strategies which could be employed as treatments for a range of
disorders. Recent advances in the production of synthetic GAGs have enabled scientists to be extremely
creative in their approach to disease.

Many different glycomimetics are already showing promise [63,65,66,70-72,75,85]. PSA and
HNK-1 mimetics have been used successfully to promote axon growth, even over long distances,
following axonal injury in both the PNS and CNS. HA hydrogels have been applied to stroke research
with positive results for stem cell graft survival. The ability to inject a scaffold directly into the brain
that conforms to the dimensions of the lesion site is a great step forward in creating an environment
facilitating the re-seeding of stem cells. Several studies have demonstrated the possibilities in blocking
viral transmission using a number of custom glycomimetics in different viral models. Although most of
these works have yet to be studied in detail in in vivo trials, these findings show great promises in the
future treatment of serious viral infections.

The field is still wide open to explore how glycomimetics could play a major role in the treatment of
neurological disorders, such as schizophrenia and Alzheimer’s disease. Although the exact pathology of
many of these diseases still remains a mystery, our understanding about processes of inflammatory
responses and neuronal cell death, offers a range of potential targets for intervention. Glycomimetic
strategies that aim to reduce inflammation, encourage cell proliferation and enhance synaptic plasticity
could go a long way in alleviating symptoms of these debilitating diseases.



Molecules 2015, 20 3540

Acknowledgments

JCFK is supported by the Wings for Life-Spinal Cord Research Foundation.

Author Contributions

DR, KS and JCFK have contributed equally to the general scheme and writing of review article. KS

and JCFK have contributed significantly to the critical review of the article.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

Deepa, S.S.; Carulli, D.; Galtrey, C.; Rhodes, K.; Fukuda, J.; Mikami, T.; Sugahara, K.; Fawcett, J.W.
Composition of perineuronal net extracellular matrix in rat brain: A different disaccharide
composition for the net-associated proteoglycans. J. Biol. Chem. 2006, 281, 17789—-17800.
Kwok, J.C. F.; Warren, P.; Fawcett, J.W. Chondroitin sulfate: A key molecule in the brain matrix.
Int. J. Biochem. Cell Biol. 2012, 44, 582—586.

Itano, N.; Kimata, K. Mammalian hyaluronan synthases. Life 2002, /, 195-199.

Matthews, M.B.; Decker, L. Determination of molecular weight of acid mucopolysaccharides by
gel electrophoresis. Biochim. Biophys. Acta 1971, 244, 30-34.

Nandini, C.D.; Itoh, N.; Sugahara, K. Novel 70-kDa chondroitin sulfate/dermatansulfate hybrid
chains with a unique heterogeneous sulfation pattern from shark skin, which exhibit neuritogenic
activity and binding activities for growth factors and neurotrophic factors. J. Biol. Chem. 2005,
280, 4058-4069.

Sarrazin, S.; Lamanna, W.C.; Esko, J.D. Heparan sulfate proteoglycans. Perspect. Biol. 2011, 1-33.
Pomin, V.H. Keratan sulfate: An up-to-date review. Int. J. Biol. Macromol. 2014, 72C, 282-289.
Trowbridge, J.M.; Gallo, R.L. Dermatan sulfate: New functions from an old glycosaminoglycan.
Glycobiology 2002, 12, 117R-125R.

Gama, C.L.; Tully, S.E.; Sotogaku, N.; Clark, P.M.; Rawat, M.; Vaidehi, N.; Goddard, W.A.; Nishi, A.;
Hsieh-Wilson, L.C.Sulfation patterns of glycosaminoglycans encode molecular recognition and
activity. Nat. Chem. Biol. 2006, 2, 467-473.

Héacker, U.; Nybakken, K.; Perrimon, N. Heparan sulphate proteoglycans: The sweet side of
development. Nat. Rev. Mol. Cell Biol. 2005, 6, 530-541.

Hartig, W.; Mader, M. Cortical neurons immunoreactive for the potassium channel Kv3. 1b subunit
are predominantly surrounded by perineuronal nets presumed as a buffering system for cations.
Brain Res. 1999, 842, 15-29.

Properzi, F.; Lin, R.; Kwok, J.; Naidu, M.; van Kuppevelt, T.H.; Ten Dam, G.B.; Camargo, L.M.;
Raha-Chowdhury, R.; Furukawa, Y.; Mikami, T.; et al. Heparan sulphate proteoglycans in glia and
in the normal and injured CNS: Expression of sulphotransferases and changes in sulphation.
Eur. J. Neurosci. 2008, 27, 593-604.



Molecules 2015, 20 3541

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26

Jones, L.L.; Margolis, R.U.; Tuszynski, M.H. The chondroitin sulfate proteoglycans neurocan,
brevican, phosphacan, and versican are differentially regulated following spinal cord injury.
Exp. Neurol. 2003, 182,399-411.
Lander, C.; Zhang, H.; Hockfield, S. Neurons produce a neuronal cell surface-associated
chondroitin sulfateproteoglycan. J. Neurosci. 1998, 18, 174—183.
Farhy Tselnicker, I.; Boisvert, M.M.; Allen, N.J. The role of neuronal versus astrocyte-derived
heparan sulfate proteoglycans in brain development and injury. Biochem. Soc. Trans. 2014, 42,
1263-1269.
Chandran, P.L.; Horkay, F. Aggrecan, an unusual polyelectrolyte: Review of solution behavior and
physiological implications. Acta Biomater. 2013, 8, 3—12.
Matthews, R.T.; Kelly, G.M.; Zerillo, C.A.; Gray, G.; Tiemeyer, M.; Hockfield, S. Aggrecan
glycoforms contribute to the molecular heterogeneity of perineuronal nets. J. Neurosci. 2002, 22,
7536-7547.
Itano, N.; Sawai, T.; Yoshida, M.; Lenas, P.; Yamada, Y.; Imagawa, M.; Shinomura, T.;
Hamaguchi, M.; Yoshida, Y.; Ohnuki, Y.; et al. Three isoforms of mammalian hyaluronan
synthases have distinct enzymatic properties. J. Biol. Chem. 1999, 274, 25085-25092.
Kwok, J.C.F.; Carulli, D.; Fawcett, J.W. In vitro modeling of perineuronal nets: Hyaluronan
synthase and link protein are necessary for their formation and integrity. J. Neurochem. 2010, 114,
1447-1459.
Mizuguchi, S.; Uyama, T.; Kitagawa, H.; Nomura, K.H.; Dejima, K.; Gengyo-Ando,K.; Mitani, S.;
Kohara, Y.; Sugahara, K.; Nomura, K. Chondroitin proteoglycans are involved in cell division of
Caenorhabditis elegans. Nature 2003, 423, 443—-448.
Brook, S.; York, N. Differential effects of glycosaminoglycans, laminin and Li substrates on
neurite growth on. J. Neurosci. 1995, 15, 8053-8066.
Carulli, D.; Pizzorusso, T.; Kwok, J.C.F.; Putignano, E.; Poli, A.; Forostyak, S.; Andrews, M.R.;
Deepa, S.S.; Glant, T.T.; Fawcett, J.W. Animals lacking link protein have attenuated perineuronal
nets and persistent plasticity. Brain 2010, 133, 2331-2347.
Purushothaman, A.; Fukuda, J.; Mizumoto, S.; Ten Dam, G.B.; van Kuppevelt, T.H.; Kitagawa,
H.;Mikami, T.; Sugahara, K. Functions of chondroitin sulfate/dermatan sulfate chains in brain
development: Critical roles of E and iE disaccharide units recognized by a single chain antibody
GD3G7. J. Biol. Chem. 2007, 282, 19442—-19452.
Mitsunaga, C.; Mikami, T.; Mizumoto, S.; Fukuda, J.; Sugahara, K. Chondroitin sulfate/dermatan
sulfate hybrid chains in the development of cerebellum: Spatiotemporal regulation of the
expression of critical disulfated disaccharides by specific sulfotransferases. J. Biol. Chem. 2006,
281, 18942-18952.
Cripps, J.G.; Crespo, F.A.; Romanovskis, P.; Spatola, A.F.; Fernandez-Botran, R. Modulation of
acute inflammation by targeting glycosaminoglycan-cytokine interactions. /nt. Immunopharmacol.
2005, 5, 1622—-1632.
Mizumoto, S.; Watanabe, M.; Yamada, S.; Sugahara, K. Expression of N-acetylgalactosamine
4-sulfate 6-O-sulfotransferase involved in chondroitin sulfate synthesis is responsible for pulmonary
metastasis. Biomed Res. Int. 2013, 2013, doi:10.1155/2013/656319.



Molecules 2015, 20 3542

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Snow, A.D.; Sekiguchi, R.; Nochlin, D.; Fraser, P.; Kimata, K.; Mizutani, A.; Arai, M.; Schreier, W.A.;
Morganll, D.C. An importantrole of heparan sulfate proteoglycan (perlecan) in a model system for
the deposition and persistence of fibrillar AP-amyloid in rat brain. Neuron 1994, 12, 219-234.
Snow, A.D.; Mar, H.; Sekiguchi, R.T.; Kimata, K.; Koike, Y.; Wight, T.N. Early accumulation of
heparansulfate in neurons and in the beta-amyloidprotein-containing lesions of Alzheimer’s
diseaseand Down’s syndrome. Am. J. Pathol. 1990, 137, 1253-1270.

Snow, A.D.; Mar, H.; Nochlin, D.; Kimata, K.; Kato, M.; Suzuki, S.; Hassell, J.; Wight, T.N. The
presence of heparan sulfate proteoglycans in the neuritic plaques and congophilic angiopathy in
Alzheimer’s disease. Am. J. Pathol. 1988, 133, 456-463.

Cotman, S.L.; Halfter, W.; Cole, G.J. Agrin binds to beta-amyloid (Abeta), accelerates abeta fibril
formation, and is localized to Abeta deposits in Alzheimer’s disease brain. Mol. Cell. Neurosci.
2000, 75, 183-198.

Donahue, J.; Berzin, T.; Rafii, M.S.; Glass, D.J.; Yancopoulos, G.D.; Fallon, J.R.; Stopa, E.G.
Agrin in Alzheimer’s disease: Altered solubility and abnormal distribution within microvasculature
and brain parenchyma. Proc. Natl. Acad. Sci. USA 1999, 96, 6468—6472.

McKeon, R.J.; Schreiber, R.C.; Rudge, J.S.; Silver, J. Reduction of neurite outgrowth in a model
of glial scarring CNS injury is correlated with the expression of inhibitory molecules on reactive
astrocytes. J. Neurosci.1991, 7, 3398-3411.

Romberg, C.; Yang, S.; Melani, R.; Andrews, M.R.; Alexa, E.; Spillantini, M.G.; Bussey, T.J.;
Fawcett, J.W. Depletion of perineuronal nets enhances recognition memory and long-term
depression in the perirhinal cortex. J. Neurosci. 2013, 33, 7057-7065.

Wang, D.; Fawcett, J. The perineuronal net and the control of CNS plasticity. Cell Tissue Res.
2012, 349, 147-160.

Bradbury, E.J.; Moon, L.D.F.; Popat, R.J.; King, V.R.; Bennett, G.S.; Patel, P.N.; Fawcett, J.W_;
McMahon, S.B. Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature
2002, 416, 636—639.

Morawski, M.; Briickner, M.K.; Riederer, P.; Briickner, G.; Arendt, T. Perineuronal nets
potentially protect against oxidative stress. Exp. Neurol. 2004, 188, 309-315.

Frischknecht, R.; Heine, M.; Perrais, D.; Seidenbecher, C.I.; Choquet, D.; Gundelfinger, E.D.
Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic
plasticity. Nat. Neurosci. 2009, 12, 897-904.

Beurdeley, M.; Spatazza, J.; Lee, H.H.C.; Sugiyama, S.; Bernard, C.; di Nardo, A.A.; Hensch,
T.K.;Prochiantz, A. Otx2 binding to perineuronal nets persistently regulates plasticity in the mature
visual cortex. J. Neurosci. 2012, 32, 9429-9437.

Vo, T.; Carulli, D.; Ehlert, EM.E.; Kwok, J.C.F.; Dick, G.; Mecollari, V.; Moloney, E.B.; Neufeld, G.;
de Winter, F.; Fawcett, J.W.; ef al. The chemorepulsive axon guidance protein semaphorin3A is a
constituent of perineuronal nets in the adult rodent brain. Mol. Cell. Neurosci. 2013, 56, 186-200.
Dick, G.; Tan, C.L.; Alves, J.N.; Ehlert, E.M.E.; Miller, G.M.; Hsieh-Wilson, L.C.; Sugahara, K.;
Oosterhof, A.; van Kuppevelt, T.H.; Verhaagen, J.; Fawcett, J.W.; Kwok, J.C. F. Semaphorin 3A
binds to the perineuronal nets via chondroitin sulfate type E motifs in rodent brains. J. Biol. Chem.
2013, 288, 27384-27395.



Molecules 2015, 20 3543

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bekku, Y.; Rauch, U.; Ninomiya, Y.; Oohashi, T. Brevican distinctively assembles extracellular
components at the large diameter nodes of Ranvier in the CNS. J. Neurochem. 2009, 108, 1266—1276.
Céssaro, C.M.; Dietrich, C.P. Distribution of sulfated mucopolysaccharides in invertebrates.
J. Biol. Chem. 1977, 252, 2254-2261.

Wu, Y.J.; Leong, G.S.; Bao, Z.M.; Yip, G.W. Organization of the neuroepithelial actin
cytoskeleton is regulated by heparan sulfation during neurulation. Neurosci. Lett. 2013, 533, 77-80.
Ford-Perriss, M.; Turner, K.; Guimond, S.; Apedaile, A.; Haubeck, H.-D.; Turnbull, J.; Murphy, M.
Localisation of specific heparan sulfate proteoglycans during the proliferative phase of brain
development. Dev. Dyn. 2003, 227, 170—184.

Allen, N.J.; Bennett, M.L.; Foo, L.C.; Wang, G.X.; Chakraborty, C.; Smith, S.J.; Barres, B.A.
Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors.
Nature 2012, 486, 410—414.

Kaksonen, M.; Pavlov, 1.; Voikar, V.; Lauri, S.E.; Hienola, A.; Riekki, R.; Lakso, M.; Tomi, T.;
Rauvala, H.Syndecan-3-deficient —mice exhibit enhanced LTP and impaired
hippocampus-dependent memory. Mol. Cell. Neurosci. 2002, 21, 158—172.

Lauri, S.E.; Kaukinen, S.; Kinnunen, T.; Ylinen, A.; Imai, S.; Kaila, K.; Taira, T.; Rauvala, H.
Reglulatory role and molecular interactions of a cell-surface heparan sulfate proteoglycan
(N-syndecan) in hippocampal long-term potentiation. J. Neurosci. 1999, 19, 1226—1235.
Chanana, B.; Steigemann, P.; Jackle, H.; Gerd, V. Reception of slit requires only the
chondroitin-sulphate-modified extracellular domain of syndecan at the target cell surface. Proc. Natl.
Acad. Sci. USA 2009, 106, 11984—11988.

Coles, C.H.; Shen, Y.; Tenney, A.P.; Siebold, C.; Sutton, G.C.; Lu, W.; Gallagher, J.T.; Jones, E.Y ;
Flanagan, J.G.; Aricescu, A.R. Proteoglycan-specific molecular switch for RPTPc clustering and
neuronal extension. Science 2011, 332, 484—488.

Richardson, T.P.; Trinkaus-randall, V.; Nugent, M.A. Regulation of heparan sulfate proteoglycan
nuclear localization by fibronectin. J. Cell Sci. 2001, 114, 1613—-1623.

Raman, K.; Mencio, C.; Desai, U.R.; Kuberan, B. Sulfation patterns determine cellular
internalization of heparin-like polysaccharides. Mol. Pharmacol. 2013, 10, 1442—-1449.

Choay, J.; Petitou, M.; Lormeau, J.C.; Sinay, P.; Casu, B.; Gatti, G. Structure-activity relationship
in heparin: A synthetic pentasaccharide with high affinity for antithrombin III and eliciting high
anti-factor Xa activity. Biochem. Biophys. Res. Commun. 1983, 116, 492—499.

Lindahl, U.; Backstrom, G.; Thunberg, L.; Leder, I. Evidence for a 3-O-sulfated D-glucosamine
residue in the antithrombin-binding sequence of heparin. Biochemistry 1980, 77, 6551-6555.
Gallagher, J.T.; Walker, A. Molecular distinctions between heparan sulphate and heparin.
Biochem. J. 1985, 6, 665—674.

Forsberg, E.; Pejler, G.; Ringvall, M.; Lunderius, C.; Tomasini-johansson, B.; Kusche-gullberg, M.;
Eriksson, I.; Ledin, J.; Hellman, L.; Kjellen, L. Abnormal mast cells in mice deficient in a
heparin-synthesizing enzyme. Nature 1999, 400, 2-5.

Petitou, M.; van Boeckel, C.A. A synthetic antithrombin III binding pentasaccharide is now a drug!
What comes next? Angew. Chem. Int. Ed. Engl. 2004, 43, 3118-33.

Kuberan, B.; Lech, M.Z.; Beeler, D.L.; Wu, Z.L.; Rosenberg, R.D. Enzymatic synthesis of
antithrombin III-binding heparan sulfate pentasaccharide. Nat. Biotechnol. 2003, 21, 1343—1346.



Molecules 2015, 20 3544

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Liu, R.; Xu, Y.; Chen, M.; Weiwer, M.; Zhou, X.; Bridges, A.S.; DeAngelis, P.L.; Zhang, Q.;
Linhardt, R.J.; Liu, J. Chemoenzymatic design of heparan sulfate oligosaccharides. J. Biol. Chem.
2010, 285, 34240-34249.

Xu, Y.; Masuko, S.; Takieddin, M.; Xy, H.; Liu, Re.; Jing, J.; Mousa, S.; Linhardt, R.J.; Liu, J.
Chemoenzymatic synthesis of homogenous ultralow molecular weight heparins. Science 2012,
334, 498-501.

Silver, J.; Miller, J.H. Regeneration beyond the glial scar. Nat. Rev. Neurosci. 2004, 5, 146—156.
Fawcett, J.W.; Asher, R.A. The glial scar and central nervous system repair. Brain Res. Bull. 1999,
49,377-391.

Faroni, A.; Mobasseri, S.A.; Kingham, P.J.; Reid, A.J. Peripheral nerve regeneration: Experimental
strategies and future perspectives. Adv. Drug Deliv. Rev. 2014, doi:10.1016/j.addr.2014.11.010.
Becker, C.G.; Artola, A.; Gerardy-Schahn, R.; Becker, T.; Welzl, H.; Schachner, M. The polysialic
acid modification of the neural cell adhesion molecule is involved in spatial learning and
hippocampal long-term potentiation. J. Neurosci. Res. 1996, 45, 143-52.

Dityatev, A.; Dityateva, G.; Sytnyk, V.; Delling, M.; Toni, N.; Nikonenko, I.; Muller, D.;
Schachner, M. Polysialylated neural cell adhesion molecule promotes remodeling and formation
of hippocampal synapses. J. Neurosci. 2004, 24, 9372-82.

Mehanna, A.; Mishra, B.; Kurschat, N.; Schulze, C.; Bian, S.; Loers, G.; Irintchev, A.; Schachner, M.
Polysialic acid glycomimetics promote myelination and functional recovery after peripheral nerve
injury in mice. Brain 2009, 132, 1449-1462.

Simova, O.; Irintchev, A.; Mehanna, A.; Liu, J.; Dihné, M.; Béchle, D.; Sewald, N.; Loers, G.;
Schachner, M. Carbohydrate mimics promote functional recovery after peripheral nerve repair.
Ann. Neurol. 2006, 60, 430-437.

Bushman, J.; Mishra, B.; Ezra, M.; Gul, S.; Schulze, C.; Chaudhury, S.; Ripoll, D.; Wallqgvist, A.;
Kohn, J.; Schachner, M.; et al. Tegaserod mimics the neurostimulatory glycan polysialic acid and
promotes nervous system repair. Neuropharmacology 2014, 79, 456—466.

Pan, H.C.; Shen, Y.Q.; Loers, G.; Jakovcevski, I.; Schachner, M. Tegaserod, a small compound
mimetic of polysialic acid, promotes functional recovery after spinal cord injury in mice.
Neuroscience 2014, 277, 356-366.

Kizuka, Y.; Oka, S. Regulated expression and neural functions of human natural killer-1 (HNK-1)
carbohydrate. Cell. Mol. Life Sci. 2012, 69, 4135-4147.

Irintchev, A.; Wu, M.-M.; Lee, H.J.; Zhu, H.; Feng, Y.-P.; Liu, Y.-S.; Bernreuther, C.; Loers, G.;
You, S.-W.; Schachner, M. Glycomimetic improves recovery after femoral injury in a non-human
primate. J. Neurotrauma 2011, 28, 1295-1306.

Mehanna, A.; Jakovcevski, I.; Acar, A.; Xiao, M.; Loers, G.; Rougon, G.; Irintchev, A.; Schachner, M.
Polysialic acid glycomimetic promotes functional recovery and plasticity after spinal cord injury
in mice. Mol. Ther. 2010, 18, 34-43.

Marino, P.; Norreel, J.C.; Schachner, M.; Rougon, G.; Amoureux, M.C. A polysialic acid mimetic
peptide promotes functional recovery in a mouse model of spinal cord injury. Exp. Neurol. 2009,
219,163-174.

Capela, A.; Temple, S. LeX is expressed by principle progenitor cells in the embryonic nervous
system, is secreted into their environment and binds Wnt-1. Dev. Biol. 2006, 291, 300-313.



Molecules 2015, 20 3545

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Katagihallimath, N.; Mehanna, A.; Guseva, D.; Kleene, R.; Schachner, M. Identification and
validation of a Lewisxglycomimeticpeptide. Eur. J. Cell Biol. 2010, 89, 77-86.

Zhong, J.; Chan, A.; Morad, L.; Kornblum, H.I.; Fan, G.; Carmichael, S.T. Hydrogel matrix to
support stem cell survival after brain transplantation in stroke. Neurorehabil. Neural Repair 2010,
24, 636644,

Ashioti, M.; Beech, J.S.; Lowe, A.S.; Hesselink, M.B.; Modo, M.; Williams, S.C. Multi-modal
characterisation of the neocortical clip model of focal cerebral ischaemia by MRI, behaviour and
immunohistochemistry. Brain Res. 2007, 1145, 177-189.

Dhamoon, M.S.; Moon, Y.P.; Paik, M.C.; Boden-Albala, B.; Rundek, T.; Sacco, R.L.; Elkind, M.S.
Quality of life declines after first ischemic stroke. The Northern Manhattan Study. Neurology 2010,
75,328-334.

Bliss, T.M.; Andres, R.H.; Steinberg, G.K. Optimizing the success of cell transplantation therapy
for stroke. Neurobiol. Dis. 2010, 37, 275-283.

Lappalainen, R.S.; Narkilahti, S.; Huhtala, T.; Liimatainen, T.; Suuronen, T.; Nérvinen, A.;
Suuronen, R.; Hovatta, O.; Jolkkonen, J. The SPECT imaging shows the accumulation of neural
progenitor cells into internal organs after systemic administration in middle cerebral artery
occlusion rats. Neurosci. Lett. 2008, 440, 246-250.

Wang, F.; Li, Z.; Khan, M.; Tamama, K.; Kuppusamy, P.; Wagner, W.R.; Sen, C.K.; Guan, J.
Injectable, rapid gelling and highly flexible hydrogel composites as growth factor and cell carriers.
Acta Biomater. 2010, 6, 1978-1991.

Medberry, C.J.; Crapo, P.M.; Siu, B.F.; Carruthers, C.A.; Wolf, M.T.; Nagark, S.P.; Agrawal, V_;
Jones, K.E.; Kelly, J.; Johnson, S.A.; et al. Hydrogels derived from central nervous system
extracellular matrix.Biomaterials 2013, 34, 1033—1040.

Yamada, S.; Sugahara, K. Potential therapeutic application of chondroitin sulfate/dermatan sulfate.
Curr. Drug Discov. Technol. 2008, 5, 289-301.

Cambi, A.; de Lange, F.; van Maarseveen, N.M.; Nijhuis, M.; Joosten, B.; van Dijk, E.M.;
de Bakker, B.1.; Fransen, J.A.M.; Bovee-Geurts, P.H.; van Leeuwen, F.N.; ef a/. Microdomains of
the C-type lectin DC-SIGN are portals for virus entry into dendritic cells. J. Cell Biol. 2004, 164,
145-155.

Van Kooyk, Y.; Geijtenbeek, T.B. DC-SIGN: Escape mechanism for pathogens. Nat. Rev. Immunol.
2003, 3, 697-709.

Varga, N.; Sutkeviciute, I.; Ribeiro-Viana, R.; Berzi, A.; Ramdasi, R.; Daghetti, A.; Vettoretti, G.;
Amara, A.; Clerici, M.; Rojo, J.; et al. A multivalent inhibitor of the DC-SIGN dependent uptake
of HIV-1 and Dengue virus. Biomaterials 2014, 35, 4175-4184.

Baleux, F.; Loureiro-Morais, L.; Hersant, Y.; Clayette, P.; Arenzana-Seisdedos, F.; Bonnaff¢, D.;
Lortat-Jacob, H. A synthetic CD4-heparan sulfate glycoconjugate inhibits CCRS and CXCR4
HIV-1 attachment and entry. Nat. Chem. Biol. 2009, 5, 743—748.

Ogata, M.; Hidari, K.I.P.J.; Murata, T.; Shimada, S.; Kozaki, W.; Park, E.Y.; Suzuki, T.; Usui, T.
Chemoenzymatic synthesis of sialo glycopolypeptides as glycomimetics to block infection by
avian and human influenza viruses. Bioconjug. Chem. 2009, 20, 538-549.



Molecules 2015, 20 3546

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Kaufmann, M.; Heider, K.-H.; Sinn, H.-P.; von Minckwitz, G.; Ponta, H.; Herrlich, P. CD44
variant exon epitopes in primary breastcancer and length of survival. Lancet 1995, 345, 615-619.
Ishigami, S.; Ueno, S.; Nishizono, Y.; Matsumoto, M.; Kurahara, H.; Arigami, T.; Uchikado, Y ;
Setoyama, T.; Arima, H.; Yoshiaki, K.; et al. Prognostic impact of CD168 expression in gastric
cancer. BMC Cancer 2011, 11, 106.

Oertli, B.; Beck-schimmer, B.; Fan, X.; Wiithrich, R.P. Mechanisms of hyaluronan-induced
up-regulation of ICAM-1 and VCAM-1 expression by murine kidney tubular epithelial cells:
Hyaluronan triggers cell adhesion molecule expression through a mechanism involving activation
of nuclear factor-kappa B activating protein-1. J. Immunol. 1998, 161, 3431-3437.

Wu, M.; Du, Y.; Liu, Y.; He, Y.; Yang, C.; Wang, W.; Gao, F. Low molecular weight
hyaluronan induces lymphangiogenesis through LY VE-1-mediated signaling pathways. PLoS One
2014, 9, €92857.

Pandey, M.S.; Baggenstoss, B.A.; Washburn, J.; Harris, E.N.; Weigel, P.H. The hyaluronan
receptor for endocytosis (HARE) activates NF-kB-mediated gene expression in response to
40-400-kDa, but not smaller or larger, hyaluronans. J. Biol. Chem. 2013, 288, 14068—14079.
Muto, J.; Yamasaki, K.; Taylor, K.R.; Gallo, R.L. Engagement of CD44 by hyaluronan suppresses
TLR4 signaling and the septic response to LPS. Mol. Immunol. 2010, 47, 449-456.

Wielenga, V.J.; Heider, K.H.; Offerhaus, G.J.; Adolf, G.R.; van den Berg, F.M.; Punta, H.;
Herrlich, P.; Pals, S.T. Advances in brief expression of CD44 variant proteins in human colorectal
cancer is related to tumor progression. Cancer Res. 1993, 53, 4754-4757.

Gibbs, P.; Clingan, P.R.; Ganju, V.; Strickland, A.H.; Wong, S.S.; Tebbutt, N.C.; Underhill, C.R.;
Fox, R.M.; Clavant, S.P.; Leung, J.; et al. Hyaluronan-Irinotecan improves progression-free
survival in 5-fluorouracil refractory patients with metastatic colorectal cancer: A randomized phase
II trial. Cancer Chemother. Pharmacol. 2011, 67, 153—163.

Di Meo, C.; Panza, L.; Campo, F.; Capitani, D.; Mannina, L.; Banzato, A.; Rondina, M.; Rosato, A.;
Crescenzi, V. Novel types of carborane-carrier hyaluronan derivatives via “click chemistry”.
Macromol. Biosci. 2008, 8, 670-681.

Arpicco, S.; Milla, P.; Stella, B.; Dosio, F. Hyaluronic acid conjugates as vectors for the active
targeting of drugs, genes and nanocomposites in cancer treatment. Molecules 2014, 19,3193-3230.
Mauney, S.A.;Athanas, K.M.; Pantazopoulos, H.; Shaskan, N.; Passeri, E.; Berretta, S.; Woo, T.U.
Developmental pattern of perineuronal nets in the human prefrontal cortex and their deficit in
schizophrenia. Biol. Psychiatry 2013, 74, 427-435.

Maren, S.; Quirk, G.J. Neuronal signalling of fear memory. Nat. Rev. Neurosci.2004, 5, 844—852.
Bannerman, D.M.; Yee, B.K.; Lemaire, M.; Wilbrecht, L.; Jarrard, L.; Iversen, S.D.; Rawlins, J.N.;
Good, M.A. The role of the entorhinal cortex in two forms of spatial learning and memory.
Exp. Brain Res. 2001, 141, 281-303.

Pietersen, C.Y.; Mauney, S.A.; Kim, S.S.; Lim, M.P.; Rooney, R.J.; Goldstein, J.M.; Petryshen,
T.L.;Seidman, L.J.; Shenton, M.E.; McCarley, R.W.; et al. Molecular profiles of pyramidal neurons
in the superior temporal cortex in schizophrenia. J. Neurogenet. 2014, 28, 53—69.

Pantazopoulos, H.; Woo, T.W.; Lim, M.P.; Lange, N.; Berretta, S. Extracellular matrix-glial
abnormalities in the amygdala and entorhinal cortex of subjects diagnosed with schizophrenia.
Arch. Gen. Psychiatry 2014, 67, 155-166.



Molecules 2015, 20 3547

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Isomura, R.; Kitajima, K.; Sato, C. Structural and functional impairments of polysialic acid by a
mutated polysialyltransferase found in schizophrenia. J. Biol. Chem. 2011, 286, 21535-21545.
Eastwood, S.L.; Law, A.J.; Everall, I.P.; Harrison, P.J. The axonal chemorepellant semaphorin 3A
is increased in the cerebellum in schizophrenia and may contribute to its synaptic pathology.
Mol. Psychiatry 2003, 8, 148—155.

Ten Dam, G.B.; van de Westerlo, E.M.; Purushothaman, A.; Stan, R.V; Bulten, J.; Sweep, F.C.;
Massuger, L.F.; Sugahara, K.; van Kuppevelt, T.H. Antibody GD3G7 selected against embryonic
glycosaminoglycans defines chondroitin sulfate-E domains highly up-regulated in ovarian cancer
and involved in vascular endothelial growth factor binding. Am. J. Pathol. 2007, 171, 1324-1333.
Larner, A.J. Neurite growth-inhibitory properties of amyloid B-peptides in vitro: AB25-35, but not
aP1-40, is inhibitory in vitro. Neurosci. Res. Commun. 1997, 20, 147-155.

Kumar-Singh, S.; Cras, P.; Wang, R.; Kros, J.M.; van Swieten, J.; Liibke, U.; Ceuterick, C.;
Serneels, S.; Vennekens, K.; Timmermans, J.P.; et al. Dense-core senile plaques in the Flemish
variant of Alzheimer’s disease are vasocentric. Am. J. Pathol. 2002, 161, 507-520.

Morawski, M.; Bruckner, G.; Jager, C.; Seeger, G.; Matthews, R.T.; Arendt, T. Involvement of
perineuronal and perisynaptic extracellular matrix in Alzheimer’s disease neuropathology.
Brain Pathol. 2013, 22, 547-561.

Akiyama, H.; Tooyama, I.; Kawamata, T.; Ikeda, K.; McGeer, P.L. Morphological diversities of
CD44 positive astrocytes in the cerebral cortex of normal subjects and patients with Alzheimer’s
disease.Brain Res. 1993, 632, 249-259.

Miyata, S.; Nishimura, Y.; Nakashima, T. Perineuronal nets protect against amyloidbeta-protein
neurotoxicity in cultured cortical neurons. Brain Res. 2007, 1150, 200-206.

Liu, P.; Chen, L.; Toh, JK.C.; Ang, Y.L.; Jee, J.-E.; Lim, J.; Lee, S.S.; Lee, S.-G.
Tailored chondroitin sulfate glycomimetics via a tunable multivalent scaffold for potentiating
NGF/TrkA-induced neurogenesis. Chem. Sci. 2014, 6, 450-456.

Sanmarti, M.; Ibafiez, L.; Huertas, S.; Badenes, D.; Dalmau, D.; Slevin, M.; Krupinski, J.;
Popa-Wagner, A.; Jaen, A. HIV-associated neurocognitive disorders. J. Mol. Psychiatry 2014,
doi:10.1186/2049-9256-2-2.

Louboutin, J.-P.; Reyes, B.A.; Agrawal, L.; van Bockstaele, E.J.; Strayer, D.S. HIV-1 gp120
upregulates matrix metalloproteinases and their inhibitors in a rat model of HIV encephalopathy.
FEur. J. Neurosci. 2011, 34, 2015-2023.

Conant, K.; McArthur, J.C.; Griffin, D.E.; Sjulson, L.; Wahl, L.M.; Irani, D.N. Cerebrospinal fluid
levels of MMP-2, 7, and 9 are elevated in association with human immunodeficiency virus
dementia. Ann. Neurol.1999, 46, 391-398.

Belichenko, P.V.; Miklossy, J.; Celio, M.R. HIV-I induced destruction of neocortical extracellular
matrix components in AIDS victims. Neurobiol. Dis. 1997, 310, 301-310.

Suttkus, A.; Rohn, S.; Jager, C.; Arendt, T.; Morawski, M. Neuroprotection against iron-induced
cell death by perineuronal nets—An in vivo analysis of oxidative stress. Am. J. Neurodegener. Dis.
2012, 7, 122-129.

Morawski, M.; Briickner, G.; Jager, C.; Seeger, G.; Arendt, T. Neurons associated with
aggrecan-based perineuronal nets are protected against tau pathology in subcortical regions in
Alzheimer’s disease. Neuroscience 2010, 169, 1347-1363.



Molecules 2015, 20 3548

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Cabungcal, J.-H.; Steullet, P.; Morishita, H.; Kraftsik, R.; Cuenod, M.; Hensch, T.K.; Do, K.Q.
Perineuronal nets protect fast-spiking interneurons against oxidative stress. Proc. Natl. Acad. Sci. USA
2013, 710,9130-9135.

Irie, F.; Badie-Mahdavi, H.; Yamaguchi, Y. Autism-like socio-communicative deficits and
stereotypies in mice lacking heparan sulfate. Proc. Natl. Acad. Sci. USA 2012, 109, 5052—-5056.
Pearson, B.L.; Corley, M.J.; Vasconcellos, A.; Blanchard, D.C.; Blanchard, R.J. Heparan sulfate
deficiency in autistic postmortem brain tissue from the subventricular zone of the lateral ventricles.
Behav. Brain Res. 2013, 243, 138-145.

Fournier, M.; Ferrari, C.; Baumann, P.S.; Polari, A.; Monin, A.; Bellier-Teichmann, T.; Wulff, J.;
Pappan, K.L.; Cuenod, M.; Conus, P.; ef al. Impaired metabolic reactivity to oxidative stress in
early psychosis patients. Schizophr. Bull. 2014, 40, 973-983.

Pantazopoulos, H.; Boyer-Boiteau, A. Proteoglycan abnormalities in olfactory epithelium tissue
from subjects diagnosed with schizophrenia. Schizophr. Res. 2013, 150, 366-372.

Al’Qteishat, A.; Gaffney, J.; Krupinski, J.; Rubio, F.; West, D.; Kumar, S.; Kumar, P.; Mitsios, N.;
Slevin, M. Changes in hyaluronan production and metabolism following ischaemic stroke in man.
Brain 2006, 129, 2158-2176.

Carmichael, S.T. Cellular and molecular mechanisms of neural repair after stroke: Making waves.
Ann. Neurol. 2006, 59, 735-742.

Meyza, K.Z.; Blanchard, D.C.; Pearson, B.L.; Pobbe, R.L.H.; Blanchard, R.J. Fractone-associated
N-sulfated heparan sulfate shows reduced quantity in BTBR T+tf/J mice: A strong model of
autism. Behav. Brain Res. 2012, 228, 247-253.

Verbeek, M.M.; Otte-Holler, I.; van den Born, J.; van denHeuvel, L.P.; David, G.; Wesseling, P.;
de Waal, R.M.Agrinis a major heparan sulfate proteoglycan accumulating in Alzheimer’s disease
brain. Am. J. Pathol. 1999, 155, 2115-2125.

Belichenko, P.V; Miklossy, J.; Belser, B.; Budka, H.; Celio, M.R. Early destruction of the
extracellular matrix around parvalbumin-immunoreactive interneurons in Creutzfeldt-Jakob
disease. Neurobiol. Dis. 1999, 279, 269-279.

Okamoto, M.; Sakiyama, J.; Mori, S.; Kurazono, S.; Usui, S.; Hasegawa, M.; Oohira, A. Kainic
acid-induced convulsions cause prolonged changes in the chondroitin sulfate proteoglycans
neurocan and phosphacan in the limbic structures. Exp. Neurol. 2003, 184, 179—195.

Yuan, W.; Matthews, R.T.; Sandy, J.D.; Gottschall, P. Association between protease-specific
proteolytic cleavage of brevican and synaptic loss in the dentate gyrus of kainate-treated rats.
Neuroscience 2002, 114, 1091-1101.

Van Horssen, J.; Bo, L.; Dijkstra, C.D.; de Vries, H.E. Extensive extracellular matrix depositions
in active multiple sclerosis lesions. Neurobiol. Dis. 2006, 24, 484—491.

Van Horssen, J.; Dijkstra, C.D.; de Vries, H.E. The extracellular matrix in multiple sclerosis
pathology. J. Neurochem. 2007, 103, 1293—1301.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



