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Abstract

The success of investigations on the structure and function of the genome (genomics) has been paralleled by an equally awe-
some progress in the analysis of protein structure and function (proteomics). We propose that the investigation of carbohydrate
structures that go beyond a cell’s metabolism is a rapidly developing frontier in our expanding knowledge on the structure
and function of carbohydrates (glycomics). No other functional system appears to be suited as well as the nervous system to
study the functions of glycans, which had been originally characterized outside the nervous system. In this review, we describe
the multiple studies on the functions of Lewis¥, the human natural killer cell antigen-1 (HNK-1), as well as oligomannosidic
and sialic (neuraminic) acids. We attempt to show the sophistication of these structures in ontogenetic development, synaptic
function and plasticity, and recovery from trauma, with a view on neurodegeneration and possibilities to ameliorate deterio-
ration. In view of clinical applications, we emphasize the need for glycomimetic small organic compounds which surpass
the usefulness of natural glycans in that they are metabolically more stable, more parsimonious to synthesize or isolate, and
more advantageous for therapy, since many of them pass the blood brain barrier and are drug-approved for treatments other
than those in the nervous system, thus allowing a more ready access for application in neurological diseases. We describe
the isolation of such mimetic compounds using not only Western NIH, but also traditional Chinese medical libraries. With
this review, we hope to deepen the interests in this exciting field.
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Introduction interactions between cells, cells and pathogens, and ligands
and their receptors. Carbohydrates (hereafter called more
briefly ‘glycans’) can display their motifs in a seemingly

unlimited wealth of diverse structures. A multitude of mono-

Interest in carbohydrates was historically founded on their
importance in the physiology of cell metabolism. Research in

this area led to important insights into the molecular mecha-
nisms that allow cells to survive by generation of energy via,
for instance, glycolysis used by cells to produce the energy
source adenosine triphosphate (ATP). Later, the biological
value of carbohydrates became apparent in their capacity
to represent recognition motifs that allow a multitude of
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mers of sophisticated chemistry linked by diverse covalent
linkages into short and long linear or branched polymers
are attached to protein and lipid backbones. This structural
diversity has opened a vast spectrum of individualities at
the level of recognition between cells and organisms which
has laid the basis of a rapidly expanding platform ushering
anew era: glycomics. We expect this era not only to follow,
but also to interdigitate with the highly successful eras of
genomics and proteomics.

Glycans are biological molecules occurring as monosac-
charides or polymers of various combinations of monosac-
charides of different lengths. At least several hundred dis-
tinct monosaccharides and their derivatives are known with
800 monosaccharides described in the international glycan
structure repository (https://glytoucan.org/ [1]). Monosac-
charides are either aldehydes or ketones that have multiple
hydroxyl groups attached to the asymmetric chiral carbon
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«Fig. 1 The structures of the glycan epitopes described in the text.
Monosaccharide compositions of the LewisX (a), HNK-1 (b), oli-
gomannosidic glycans, mono-O-mannosyl glycans, the core struc-
ture of O-mannosyl glycans, and O-mannosyl glycan with matrigly-
can (c), PSA, o2,3-sialic acid and branched sialylated N-glycan (d),
non-sulfated hyaluronic acid, chondroitin 4-sulfate, dermatan sulfate
and heparan sulfate (e), fucose(al-2)galactose epitope (f), bisecting
N-acetylglucosamine (g), and lactosamine (h) are shown

atoms forming the backbone chain of the molecule (e.g., five
groups in the six-carbon monosaccharide glucose). Mono-
saccharide stereoisomers have the same chemical composi-
tion but differ in the position of the hydroxyl groups relative
to the chiral carbon atoms and have distinct properties. L and
D isomers of the monosaccharide are mirror images differing
in the position of the hydroxyl group relative to the carbon
before the last carbon atom in the carbon chain. Most of
vertebrate monosaccharides are p isomers with the excep-
tion of fucose and iduronic acid (IdoA) which are L sugars
[2]. Hydroxyl groups in the monosaccharides serve to form
glycosidic linkages to different carbon atoms within another
monosaccharide resulting in a large number of possible com-
binations. Further diversity is generated by differences in the
glycosidic linkages at the anomeric carbon atoms that can be
either in a or  configuration [3]. Formation of three or more
glycosidic linkages to one monosaccharide results in the for-
mation of branched glycans [4]. Complex glycans are found
in all naturally occurring organisms. Glycosylation in bacte-
ria and archaea is far more diverse, both in terms of diversity
of monosaccharides and types of linkages and modifications,
than in eukaryotic cells, but is less studied [5].

Glycans can be conjugated by glycosidic bonds to a wide
variety of molecules including proteins and lipids, resulting
in the formation of glycoproteins and glycolipids. Conju-
gation via an ether group, i.e., via an oxygen connecting
the glycan to another molecule, is called O-glycosylation.
This type of glycosylation plays a key role in conjugation
of glycans to lipids [6]. In N-glycosidic bonds, the oxygen
is replaced by nitrogen. In eukaryotic cells, N-glycosylation
and O-glycosylation are the most abundant forms of attach-
ment of glycans to proteins. N-glycosidic bonds between
p-glucose (Glc) or N-acetyl-p-glucosamine (GIcNAc) and
the amide side chain of asparagine result in N-glycosylation.
O-glycosidic bonds between D-galactose (Gal), b-mannose
(Man), p-fucose (Fuc), p-xylose (Xyl), b-arabinose (Ara),
N-acetyl-p-galactosamine (GalNAc) or GIcNAc and the
amino acids containing a hydroxyl group, i.e., serine, threo-
nine, tyrosine, hydroxylysine or hydroxyproline, result in
O-glycosylation [7]. C-type glycosylation is also present in
many eukaryotic proteins and displays the attachment of a
single a-mannopyranosyl residue to carbon atom 2 of the
indole nucleus of tryptophan [8].

The central and peripheral nervous system of ver-
tebrates is the predominantly rich source of glycans in

comparison to other organs. Large-scale analysis of gly-
coproteins in the mouse brain shows over 4000 N-glyco-
sylation sites on over 1500 N-glycoproteins [9]. Proteins
that play essential roles in brain development, such as cell
adhesion molecules of the immunoglobulin superfamily,
which contain immunoglobulin and fibronectin-homol-
ogous domains, are enriched among the N-glycosylated
carriers [9]. Not surprisingly, nearly all glycosylation dis-
orders caused by genetic defects in the activity of enzymes
involved in glycosylation pathways are characterized by
neurological abnormalities [10], and high N-glycosylation
site multiplicity is critical for neural adhesion underlying
development [11].

In this review, we summarize current knowledge on
glycans highly expressed in the nervous system and their
role in neural development and function. We also describe
changes in glycan expression in response to pathologi-
cal conditions and discuss the efficiency of glycomimetic
peptides and small organic compounds mimicking glycan
structure and functions in improving regeneration of the
injured nervous system.

Glycans that are highly expressed
in the nervous system

Lewis®

The Lewis™ structure (Fig. 1a) was identified as an epitope
detected by a monoclonal antibody derived by fusion of
mouse myeloma cells with spleen cells from a mouse
immunized with F9 teratocarcinoma cells. It was origi-
nally termed stage-specific embryonic antigen-1 (SSEA-1)
or cluster of differentiation 15 (CD15), because the anti-
body reacted with preimplantation stage mouse embryos
[12]. The Lewis* epitope is comprised of a trisaccha-
ride (Galp1-4 (Fucal-3) GIcNAc). Lewis® expression is
lost in brains of mice with ablated expression of al,3-
fucosyltransferase 9 (FUT9), indicating that this enzyme is
responsible for the biosynthesis of most Lewis™ structures
in the nervous system [13]. LewisX can also be synthesized
by al,3-fucosyltransferase 10 (FUT10) in neural stem
cells, where its activity is required for the maintenance of
stem cells in an undifferentiated state [14].

Lewis® is present on O- and N-linked glycans in the
nervous system [15, 16]. O-mannosylated glycans play a
key role in presenting the Lewis* epitope: Lewis™ expres-
sion is reduced in mouse brains with ablated expression of
O-linked-mannose f1,2-N-acetylglucosaminyl transferase
1 (POMGnT1), a N-acetylglucosaminyl transferase that is
essential for the synthesis of O-mannosylated glycans [17].
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Lewis* carriers

Several proteins have been identified as LewisX carriers,
including the astrocytic glycoforms of the cell adhesion
molecule CD24 [18], synapsin I [19] and lipoprotein
receptor-related protein 1 (LRP1) [20]. The carrier pro-
teins of Lewis™ change from embryonic toward postna-
tal central nervous system development [20]. LewisX is
detected on phosphacan in the postnatal but not embry-
onic mouse brain. Similarly, tenascin-C and the L1 cell
adhesion molecule (L1) carry more Lewis® postnatally
than in the embryo [20]. The O-mannose-linked glycans
on phosphacan/receptor protein tyrosine phosphatase
B (RPTPP) are the major glycan structures carrying the
LewisX epitope in postnatal brains [17] (Fig. 2).

LewisX receptors

LewisX can interact with Lewis*, thereby mediating homo-
philic adhesion [21] and, possibly, clustering of Lewis car-
riers, such as synaptic vesicle-associated synapsin I (Fig. 2).
Contactin-1 and -2 are receptors for the LewisX carried by
CD24 [18]. Interestingly, contactin-1 and -2 bind to CD24
and mediate CD24-induced and Lewis*-dependent effects
on neurite outgrowth of cerebellar and dorsal root ganglion
neurons. Yet, only contactin-2 but not contactin-1 interacts
with a synthetic Lewis® glycan [18], suggesting that bind-
ing to the glycan depends on its presentation by the protein
backbone that it is attached to. In the developing nervous
system, Lewis*-presenting molecules bind to and regulate
activity of growth factors, including fibroblast growth factor
2 (FGF2) [22, 23] and wingless-type MMTYV integration site

Neuro-
trimin

« LewisX
HNK-1

A Oligomannosidic glycans
W Branched sialylated N-glycans
(XaHeparan sulfate glycosaminoglycan

Fig.2 Examples of glycan carriers and glycan-mediated interactions
in excitatory synapses. The LewisX epitope is carried by RPTPp,
NCAM and L1. LewisX epitopes interact homophilically, and these
interactions can potentially strengthen homophilic interactions of
NCAM (a), mediate heterophilic interactions of other proteins, such
as RPTPP and L1 (d), or promote clustering of the intracellular
LewisX carrier, synapsin I, and synaptic vesicles that it binds to (f).
The HNKI1 epitope is carried by NCAM, L1, RPTPf and the GluR2
subunit of the AMPA receptor (AMPAR). It mediates the heterophilic

@ Springer

interaction of GluR2 with N-cadherin (¢) and can also modulate the
homophilic interactions of NCAM (a). L1 is a carrier of oligoman-
nosidic glycans, which mediate its interactions with NCAM (e). Neu-
rexin is a carrier of the heparan sulfate glycosaminoglycan, which
binds neuroligins, and may potentially link neurexins to other heparan
sulfate binding proteins, such as NCAM (b). NCAM is the major car-
rier of PSA, which interacts with and potentiates currents through
AMPAR (g)
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family member 1 (Wnt-1) [24]. Myelin basic protein (MBP)
binds to L1 in a Lewis*-dependent manner, leading to the
generation of a functionally important L1 fragment [25].

Lewis* expression during brain development

During mouse embryonic development, Lewis* is expressed
already at embryonic day 9.5 (E9.5) by neural progenitor
cells, including neural stem cells, neuroblasts and glioblasts,
but not by their more differentiated descendants [24, 26].
The Lewis*-carrying N-glycans in neural stem cells modu-
late the expression level of Musashi-1, an activator of the
Notch signaling pathway, and thereby promote cell prolifera-
tion [27]. During postnatal mouse development, expression
of the Lewis* epitope increases after birth reaching the high-
est level at 14 days with high expression levels maintained
also in adult brain [17]. Interestingly, different antibodies
against the Lewis™ epitope label different cell populations
at postnatal stages, indicating that cells express structurally
distinct Lewis® glycans [28].

Lewis* expression in the adult brain

In the adult mouse nervous system, Lewis* expression is
particularly strong in glial cells [29] and in neurogenic zones
[30].

Lewis* in synaptic plasticity

Glycan analysis of chicken synaptic plasma membrane
glycoproteins demonstrated that Lewis* is one of the most
abundant synaptic glycans [31]. Mice lacking FUT9 show
reduced numbers of calbindin-positive neurons in the
basolateral amygdala and exhibit increased anxiety-like
responses in dark-light preference and in elevated plus maze
tests [13] suggesting that Lewis™ plays a role in regulating
some aspects of emotional behavior in mice.

Lewis* mimicking compounds

Since glycans are metabolically labile, thus leading to their
rapid degradation under physiological conditions, it appears
important to find ways that allow stabilization of their struc-
tural and thus functional properties. This view led to efforts
to find compounds that would mimic glycans. First attempts
succeeded in identification of more stable compounds by
screening phage display libraries that express peptides at the
tip of their pili, thus presenting them to an antibody or lectin
that recognizes the glycan of interest. In this approach, the
glycan is substrate-coated in multiwell plates and detected
by the relevant antibodies by enzyme-linked immunosorb-
ent assay (ELISA, see for instance [32]). Mimicking pep-
tides, or later on small organic compounds from libraries

commercially available from the National Institutes of
Health (NIH) or from traditional Chinese medicine col-
lections, are screened in the so-called competition ELISA.
Competition signifies the fact that the glycan-specific anti-
body is incubated with individual compounds such that the
antibody is saturated with a reactive compound, prior to its
addition to the glycan substrate-coated ELISA plate. If the
compound interacts with the antibody, the antibody is inhib-
ited in its binding to the glycan, representing an endpoint
that can easily be measured in multiwell spectrophotometers.
Examples for this approach are referenced here and will be
referred to in subsequent chapters.

A glycomimetic peptide of Lewis™ was identified by its
inhibition of a Lewis™ specific antibody to Lewis. Like the
LewisX oligosaccharide, the identified Lewis™ glycomimetic
peptide inhibited the CD24-induced neurite outgrowth of
cultured cerebellar neurons [33]. Competitive ELISA also
served to identify small organic compounds that mimic this
glycan. Gossypol, orlistat, ursolic acid, folic acid and tosu-
floxacin were thereby identified as glycomimetics of LewisX.
These enhanced neurite outgrowth and promoted survival
of cultured mouse cerebellar neurons by activating distinct
intracellular signal transduction pathways, in agreement with
the findings on the Lewis® mimicking peptide [32].

Human natural killer-1 (HNK-1) glycan

The HNK-1 epitope is recognized by a monoclonal anti-
body against a membrane antigen on a cultured T cell line
and prominently expressed on natural killer cells [34]. The
antigenic HNK-1 epitope consists of sulfated glucuronic
acid attached to the non-reducing terminal of a N-acetyllac-
tosamine residue (HSO3-3GlcAB1-3Galp1-4GIcNAc-) [35,
36] (Fig. 1b). The sulfate moiety is a required epitope for
some HNK-1 antibodies, but not for others [35, 36]. HNK-1
biosynthesis depends on the activities of glucuronyl trans-
ferase P (GIcAT-P) encoded by the beta-1,3-glucuronyltrans-
ferase 1 (B3GAT1) gene [37] and HNK-1 sulfotransferase
(HNK1ST) encoded by the carbohydrate sulfotransferase
14 (CHST14) gene [38, 39]. The Galp1-4GlcNAc struc-
ture in HNK-1 is mainly synthesized by beta4-galactosyl
transferase-II [40]. In mice deficient in GIcAT-P, the HNK-1
epitope is retained in perineuronal nets [41]. This GIcAT-P-
independent HNK-1 epitope is carried by aggrecan and rep-
resents a sulfated linkage region comprising HSO3-GIcA-
Gal-Gal-Xyl-R in glycosaminoglycans (GAGs) synthesized
by glucuronyl transferase GIcAT-I [41].

HNK-1 carriers
HNK-1 glycan is carried by a number of cell adhesion mol-

ecules, including neural cell adhesion molecule (NCAM)
[42], neural cell adhesion molecule 2 (NCAM?2) [43], cell
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adhesion molecule L1 [42], myelin protein zero (P0O) [44]
and myelin-associated glycoprotein (MAG) [42]. HNK-1
was therefore suggested to be a marker for adhesion mol-
ecules. In agreement with this view was the observation
that adhesion molecules contactin-1 and -2 carry HNK-1
[45]. HNK-1 is also carried by components of the extra-
cellular matrix, including chondroitin sulfate proteoglycan
[46], tenascin-C and -R [45], aggrecan [41] and phosphacan
[47]. Interestingly, also neurotransmitter receptors, such as
the glutamate ionotropic receptor alpha-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid (AMPA) type subunit
2 (GluR?2) [48], and receptor-associated glycolipids are
HNK-1 positive [35]. Of note also, early studies demon-
strated that HNK-1 is present on some but not all NCAM
molecules, suggesting that this specialization results in
molecular and thus functional heterogeneity [42].

HNK-1 receptors

Laminin was the first receptor discovered for HNK-1 [49].
The binding domain of 21 amino acids [50] was thereaf-
ter discovered in the adhesion molecule N-cadherin, the
receptor of advanced glycation end products (RAGE) and
high mobility group box 1 (HMGB1) (also called ampho-
terin) which also function as HNK-1 receptors [51, 52]. In
developing neurons, contactin-1 at the neuronal surface is
a receptor for HNK-1 carried by tenascin-C [45]. Interest-
ingly, the neurite-promoting activity of HNK-1 attached
to tenascin-C requires neuronal HNK-1 expression [45].
In excitatory synapses of mature neurons, N-cadherin is a
receptor for HNK-1 carried by GluR2 [48]. In inhibitory
perisomatic synapses, HNK-1 binds to gamma aminobutyric
acid B (GABAg) receptors [53]. Similar to the homophilic
feature of LewisX, HNK-1 may also engage in homophilic
adhesion and in mediating homophilic interaction of the
immunoglobulin superfamily peripheral nervous system
myelin glycoprotein PO [54]. HNK-1 may also be involved
in regulation of NCAM-mediated homophilic adhesion [55],
indicating that NCAM and PO are not only carriers but also
receptors for HNK-1. This feature will have to be verified
using the glycans without their protein backbones to which
they are attached.

HNK-1 expression during brain development

Antibodies against HNK-1, HNK-1 carrying glycolipids and
the HNK-1 glycan itself inhibit neuron-to-neuron, neuron-
to-astrocyte, astrocyte-to-astrocyte adhesion and neurite
outgrowth [56, 57], indicating that HNK-1 is required for
interactions between different neural cell types and may
therefore be essential for brain development. In mice,
HNK-1 is expressed starting from embryonic day 11 in
most regions of the developing nervous system, with high
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levels in postmigratory cells located around proliferative
zones [58]. HNK-1 expression peaks at postnatal day 0 and
gradually decreases in adulthood [40, 58]. Mouse embryonic
neural stem cells express HNK-1, which is mostly carried by
tenascin-C, and HNK-1 promotes neural stem cell prolifera-
tion by enhancing expression of the epidermal growth factor
receptor and inducing rat sarcoma viral oncogene homolog
(Ras)—mitogen-activated protein kinase (MAPK) activation
[59]. In the developing sciatic nerve, HNK-1 is expressed
before myelination by both motor and sensory fibers. How-
ever, starting from 8 weeks after birth, HNK-1 is mostly
associated with compact myelin associated with motor fib-
ers and is largely excluded from sensory non-myelinated
axons [60].

HNK-1 expression in the adult brain

HNK-1 accumulates in synapses at early postnatal ages,
thereafter declining in adult mouse brains [48]. In the adult
hippocampus, HNK-1 is highly expressed at the cell surface
of parvalbumin-positive somata of interneurons and at the
terminal fields of their axons surrounding somata of neu-
rons in the pyramidal cell layer [61]. In the adult cerebel-
lum, HNK-1 is expressed in stripes of Purkinje cells in the
molecular layer and by Golgi cells [62] possibly indicating
topographic specificity in function. In NCAM knock-out
mice, HNK-1 expression in Purkinje cells is lost, indicating
that NCAM is the major carrier of HNK-1 in these cells [62].

The role of HNK-1 in synaptic plasticity and Alzheimer’s
disease

Acute antibody-mediated perturbation of HNK-1 functions
in mice with antibodies against the HNK-1 epitope inhibits
GABA ,-dependent perisomatic inhibitory postsynaptic cur-
rents and enhances long-term potentiation (LTP), which is
reduced by a HNK-1 mimetic peptide [61]. HNK-1 antibod-
ies do not affect inhibitory currents in tenascin-R knock-
out mice, suggesting that covalent attachment of HNK-1
to tenascin-R is important for synaptic plasticity. Further,
a HNK-1 antibody constitutively activates GABAy recep-
tors, whereas synthetic HNK-1 and HNK-1 mimetic peptide
inhibit activity of GABAp receptors, suggesting that HNK-1
regulates the homeostasis of GABA , receptor-mediated
perisomatic inhibition by suppressing postsynaptic GABAg
receptor activity [53]. Intra-hippocampal administration of
an antibody against HNK-1 impairs memory consolidation
in a learning task in mice [63]. Similarly, antibodies against
HNK-1 inhibit memory consolidation after active avoidance
conditioning in zebrafish [64].

In mice deficient in HNK-1 sulfotransferase, basal syn-
aptic transmission in pyramidal cells of hippocampal CA1
is increased, LTP is reduced, and long-term memory and
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spatial learning are impaired [65]. Similarly, LTP at Schaf-
fer collateral-CA1 synapses is reduced in GlcAT-P-defi-
cient mice, leading to defective spatial memory formation
[66]. p4-galactosyltransferase II-deficient mice also show
impaired spatial learning and memory as well as abnormal
motor coordination [40]. In GlcAT-P-deficient mice, pyrami-
dal neurons are characterized by higher densities of filopo-
dium-like immature spines, suggesting that HNK-1 promotes
memory formation by regulating spine morphogenesis [67].
Also, HNK-1 is attached to GluR2 and promotes interaction
with N-cadherin and cell surface expression of GluR2 [48].

Levels of HNK-1 are decreased in the brain of individu-
als with Alzheimer’s disease, in amyloid precursor protein
(APP)-overexpressing transgenic mice and in cultured
human neuroblastoma cells and cortical neurons treated
with AP [68, 69], suggesting that HNK-1 biosynthesis is
disrupted in this disease. Alzheimer’s disease is also asso-
ciated with increased proteolysis of several adhesion mol-
ecules, including HNK-1 carriers NCAM, NCAM2 and L1
[70, 71]. How the loss of HNK-1 contributes to synapse
dysfunction and loss of spines and synapses in Alzheimer’s
disease remains to be investigated.

The role of HNK-1 in regeneration after trauma

HNK-1 is carried by MAG in Schwann cells associated with
motor, but remarkably not sensory axons in the femoral
nerves of adult mice [72] (Fig. 3). After transection, motor
axons preferentially reinnervate distal motor branches, a pro-
cess termed “preferential motor reinnervation”. Regrowing
axons from the muscle branch induce HNK-1 expression
by Schwann cells of the muscle branch, which promotes
preferential regrowth of motor axons into the muscle rather
than sensory branch, but does not affect the growth of sen-
sory neurons [73, 74]. After nerve transection, the density
of HNK-1 positive structures in the distal nerve branches
declines, and this decline can be prevented by short-term

Fig.3 Expression of the
HNK-1 epitope in the femoral
nerve. HNK-1 is expressed by
Schwann cells in the motor
branch of the femoral nerve
innervating the skeletal muscle,
but not in the sensory branch
innervating the sensory organs.
DRG, dorsal root ganglion

Spinal cord

® Interneurons

® Motoneurons
@ Sensory neurons

low-frequency electrical stimulation of the lesioned and sur-
gically repaired femoral nerve. Preferential motor reinner-
vation and functional recovery are reduced in heterozygous
brain-derived neurotrophic factor (BDNF) or tropomyosin
receptor kinase B (TrkB)-deficient mice indicating that
BDNF/TrkB signalling is involved in the control of HNK-1
expression [75].

In the mouse sciatic nerve, HNK-1 is expressed starting
at the end of the second post-natal week and is localized on
the outer profiles of thick myelin sheaths. Transection of the
sciatic nerve results in the loss of HNK-1 expression, which
recovers only after the nerve fascicles return to the normal
state of myelination at up to 1 year after transection [76].

In zebrafish, levels of glucuronyl transferase and HNK-1
sulfotransferase are increased in neurons that are intrinsically
capable of regeneration. Reducing levels of the glucuronyl
transferase but not HNK-1 sulfotransferase by application
of anti-sense morpholinos results in reduction of locomotor
recovery, indicating that HNK-1 contributes to regeneration
after spinal cord injury in adult zebrafish in the absence of
its sulfate moiety [77].

HNK-1 glycomimetics

The HNK-1 mimetic peptide was isolated using the phage
display method using a HNK-1 antibody [78]. The peptide
binds to motor neurons, preferentially promotes outgrowth
of motor rather than sensory axons in vitro [78] and pro-
motes functional recovery after transection of the femoral
nerve in mice [79] and monkeys [80].

Although the HNK-1 mimetic peptide does not improve
locomotor recovery after mouse spinal cord injury, it
improves myelination in the proximal part of the lesion site
[81]. Yet, the HNK-1 mimetic small compound ursolic acid
promotes functional recovery in spinal cord injured mice
[82].

”Schwann cells
N, Schwann cells expressing the HNK-1 epitope
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Oligomannosidic glycans

Research on oligomannosidic glycans (Fig. 1¢) was facili-
tated by the development of monoclonal antibodies recog-
nizing N-linked oligomannosidic glycans which were raised
by immunizing rats with membrane glycoproteins from the
mouse brain [83]. The findings that oligomannosides are
present at the cell surface were unexpected, since this glycan
was considered mainly to be a transient structure initiating
glycan synthesis in the Golgi apparatus, where N-glycosidic
synthesis on glycoproteins and glycolipids is kicked off [84].

Carriers of oligomannosidic glycans

Synapsin 1 was identified as a major carrier of oligomanno-
sidic glycans in the mouse brain [19]. Oligomannosidic gly-
cans are also carried by some adhesion molecules including
L1, ATPase Na+/K+ transporting subunit beta 2 [also called
adhesion molecule on glia (AMOG)] and MAG, but not by
NCAM and tenascin-C [85, 86]. Oligomannosidic glycans
are also detected on other molecules at the cell surface, such
as the dopamine D1 receptor [87].

Receptors for oligomannosidic glycans

The fourth immunoglobulin-like domain of NCAM con-
tains a carbohydrate recognition domain for oligomanno-
sidic glycans, which mediate its interaction with L1 [85]
and synapsin 1 [19]. A similar domain is present in the first
immunoglobulin-like domain of basigin, which binds to
oligomannosidic glycans carried by L1, MAG and AMOG
[88]. Synapsin 1 not only carries oligomannosidic glycans,
but also is an oligomannose-binding lectin [19]. The high-
molecular weight complexes with proteins carrying oli-
gomannosidic glycans contain the cellular prion protein
(PrP°) adhesion molecule [89]. Whether PrP¢ binds to oli-
gomannosidic glycans is unknown.

Expression of oligomannosidic glycans during brain
development

In cultures of mouse cerebellar cells, oligomannosidic
glycans are expressed by neurons and a subpopulation of
oligodendrocytes, but not by astrocytes. These glycans are
not detectable on cultured dorsal root ganglia neurons and
Schwann cells from the peripheral nervous system [86]. The
levels of oligomannosidic glycans in mouse brain are devel-
opmentally regulated and decline during development [90].

Expression of oligomannosidic glycans in the adult brain

Oligomannosidic glycans constitute approximately 15%
of the total pool of N-glycans in the adult rat brain [15].
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Oligomannosidic glycans with 9, 8, 7, 6 and 5 mannose
residues are the major glycans accumulating in synapses of
chicken [31]. Glycans containing five mannoses are the pre-
dominant species in adult synapses whereas synaptic levels
of glycans with eight mannoses decrease during develop-
ment [91].

The role of oligomannosidic glycans in synaptic plasticity

Soluble oligomannosides inhibit theta-burst stimulation-
induced LTP in rat CA1 hippocampal neurons [92]. Peptides
derived from the fourth immunoglobulin-like domain of
NCAM containing the lectin binding domain and mediating
the interaction with oligomannosides also partially inhibit
LTP induction and maintenance [92]. Oligomannosidic gly-
cans are highly expressed in the brain regions involved in
the motor control of song production in zebra finches and
their expression is enhanced after subcutaneous injection of
testosterone [93].

The role of oligomannosidic glycans in regeneration
after trauma.

Peptides carrying oligomannosidic glycans infused into the
tectum of goldfish interfere with the sharpening of retino-
tectal projections that regenerate after optic nerve crush,
indicating that the regrowth of axons depends on oligoman-
nosidic glycans for accuracy in regeneration [94].

Oligomannose mimicking compounds

The oligomannose-recognizing antibodies were used to iden-
tify the oligomannose-mimicking peptide TISWWHLWP-
SPA in a phage display screen [19]. This peptide stimulates
neurite outgrowth and disturbs adhesion between neurons
and astrocytes [19].

Polysialic acid

The observation that the apparent molecular weight of the
embryonic form of NCAM is higher than the molecular
weight of the adult form led to the discovery of polysialic
acid (PSA), a unique carbohydrate predominantly carried by
NCAM [95]. PSA constitutes approximately 30% of embry-
onic NCAM’s apparent molecular weight, whereas in the
adult brain only 10% of NCAM molecules carry this carbo-
hydrate [95, 96]. PSA is an N-linked polymer of a2-8 linked
neuraminic acid units [96, 97] (Fig. 1d). The core structures
of PSA comprise predominantly fucosylated, partially sul-
fated 2,6-branched isomers of triantennary and tetraanten-
nary complex-type glycans [98, 99]. PSA is synthesized
in the Golgi apparatus and takes as much as several days
to reach the cell surface [100]. Polysialylation of NCAM
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is catalyzed by two polysialyltransferases, ST8Sia II [also
called sialyltransferase X (STX)] and ST8Sia IV [also called
polysialyltransferase-1 (PST)] [101, 102], which belong to
the family of a2,-sialyltranferases [103]. While STX is pri-
marily expressed in embryonic tissues, PST is expressed in
the adult brain [104]. Polysialylation depends on the highly
specific recognition of NCAM by polysialyltransferases.
Polysialyltransferase ST8Sia-IV binds to the first fibronec-
tin type III repeat and fifth immunoglobulin-like domain
of NCAM [105], and NCAM binds to the polybasic region
of ST8Sia-IV [106]. Thus, complex interactions determine
PSA functions.

Carriers of the polysialic acid

A comparison of NCAM and PSA concentrations in the
brain led to the conclusion that NCAM is the major carrier
of PSA in the brain [96]. In agreement with this idea, nearly
all PSA expression is lost in NCAM knock-out mice [107].
In lower amounts, PSA is also found on voltage-sensitive
Na channels [108, 109], on N-glycans of the first immuno-
globulin-like domain of the synaptic cell adhesion molecule
SynCAMI [110] and neuropilin 2 [111].

Binding partners of PSA

Multiple functions of PSA have become evident in many
studies: aggregation of lipid vesicles containing the embry-
onic form of NCAM is strongly reduced when compared to
the aggregation of vesicles with the adult form of NCAM.
This effect is lost after removal of PSA by treating vesicles
with neuraminidase resulting in a fourfold increase in vesicle
aggregation, indicating that PSA reduces homophilic inter-
actions of NCAM [112, 113]. PSA also inhibits homophilic
interactions of SynCAMI1 [110]. Injection of endoneurami-
nidase into the eye of 3.5-day-old chicken embryos results in
abnormalities consistent with abnormally increased adhesion
between cells, such as thickening of the neural epithelium
in the posterior eye, showing a failure of cells to elongate
radially and form an ectopic optic fiber layer [113] thereby
indicating that lack of PSA results in enhanced adhesion (see
also below). Interestingly, PSA can also promote adhesion.
Adhesion of PSA-expressing mouse F11 cells and chick
embryonic brain cells to the heparan sulfate proteoglycans
agrin and 6C4 is inhibited by PSA and antibodies against
PSA, indicating that PSA can either bind to these proteogly-
cans or promote binding between these proteoglycans and
the NCAM heparin-binding domain [114].

Cell surface-exposed PSA binds to the neurotrophins
brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), neurotrophin (NT)-3, and NT-4 [115]. PSA-
bound BDNF can interact with and activate BDNF recep-
tors, trkB and p75NTR [115]. Enzymatic removal of PSA

results in a decreased activity of trkB and addition of
BDNEF restores trkB activation [116]. PSA potentiates syn-
aptic AMPA receptor currents [117] (Fig. 2) and reduces
the glutamate-elicited extrasynaptic N-methyl-p-aspartate
(NMDA) receptor currents [118, 119] via mechanisms prob-
ably involving direct PSA-AMPA receptor and PSA-NMDA
receptor interactions. PSA also binds to the neurotransmitter
dopamine [120].

PSA can bind to the antennapedia homeodomain peptide,
a synthetic peptide that corresponds to the homeodomain
sequence of antennapedia protein (pAntp), which is cap-
tured by neurons, delivered to the nucleus, where it induces
morphological differentiation of neurons [121]. Structural
analysis suggests that a sequence of eight sialic acid resi-
dues mimics one large groove of the deoxyribonucleic acid
(DNA) double helix allowing binding of the homeodomain
peptide [121]. Cellular secretion of homeodomain pro-
teins may play an important role in cell-cell interactions
[122]. Yet, interactions of PSA with homeodomain proteins
and other transcription factors remain to be characterized.
Recent studies show that PSA is delivered from the cell sur-
face via importins into the cell nucleus, where PSA regu-
lates circadian thythm activities [123, 124]. PSA can bind to
DNA and DNA-binding proteins involved in gene expression
regulation, including histones and lactoferrin [125]. These
findings suggest that PSA may function in the nucleus by
regulating transcription. Another intracellular binding part-
ner of PSA is myristoylated alanine-rich C kinase substrate
(MARCKS), which is required for PSA-dependent neurite
outgrowth [126]. That a cell surface glycan can interact with
an intracellular binding partner is a noteworthy feature of
glycan biology: It shows that PSA penetrates the surface
membrane, possibly by exhibiting hydrophobic characteris-
tics in a helical conformation, allowing interaction with the
hydrophobic cell surface plasma membrane.

PSA expression in brain development

The essential role of PSA in brain development is under-
scored by studies showing that high levels of sialic acid are
present in human milk [127] and that sialic acid as a milk
supplement promotes expression of PST in piglets [128].
Expression of PST and STX in mouse brain starts at embry-
onic day 9, and, accordingly, PSA is not expressed during
the early phases of neurogenesis in the developing brain
[129-132], while levels of PSA increase starting at embry-
onic day 9 in neuronal and glial membranes in areas which
are enriched in moving cells [129, 133—-135]. Levels of STX
decline within 10 days after birth, whereas PST expression
persists in the adult brain [136].

At the subcellular level, PSA expression is higher in
growth cones and filopodia of developing neurons than,
for instance, immobile somata [137] in agreement with
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the view that PSA is important for cell migration, neuri-
togenesis and guidance of neurites. In agreement, removal
of PSA from NCAM results in accumulation of olfactory
precursors in the subependymal germinal cell layer and
reduces formation of growth cone-like processes oriented
along the cell migration route [138]. PSA also increases
collateral sprouting and defasciculation of mossy fibers
and leads to aberrant innervation of the hippocampal
pyramidal cell layer by mossy fibers [139]. PSA-NCAM
also promotes survival of neuronal progenitors, and lack
of PSA reduces the survival of newly generated neurons
[140].

Negative charge and bulky hydration of PSA can impede
molecular interactions between apposing membranes and,
specifically, interactions of NCAM with other proteins at the
cell surface in cis- or trans-interactions [141]. Simultaneous
deletion of murine PST and STX results in a severely abnor-
mal phenotype showing neuronal network wiring defects,
progressive hydrocephalus, postnatal growth retardation and
precocious death [142]. In the forebrain of doubly deficient
mutants, the following abnormal phenotypes are observed:
apoptotic cell death, defects in tangential and radial migra-
tion of neural precursors during development, aberrant posi-
tioning of neuronal and glial cells, and increased glial cell
differentiation [143]. These abnormalities are rescued by
deletion of NCAM, demonstrating that they are due to aber-
rant interactions of NCAM with presently unknown binding
partners that depend on PSA [142].

PSA expression in the adult brain

PSA expression is retained in the adult brain, but its dis-
tribution is restricted to cell populations and cellular
domains undergoing remodeling. For example, while PSA
is expressed broadly in hippocampus and substantia nigra
in the brains of 3-day-old rats, punctate PSA immunore-
activity is found in 2- to 3-month-old rats, probably repre-
senting synapses [133]. PSA expression is retained in the
functionally active adult brain structures: olfactory bulb and
piriform cortex in neurons of layer II, which receive input
from the olfactory bulb, where neurogenesis and formation
of neural circuits take place [129, 135]; in the supraoptic
and paraventricular nuclei of the hypothalamus and in the
neurohypophysis, which undergo neuronal-glial and synaptic
rearrangements in response to physiological stimuli [144]; in
the hippocampal dentate gyrus, where postnatal neurogen-
esis continues into adulthood in the deep part of the granule
cell layer [145]. At the subcellular level, PSA is often found
in synapses, for example in some, but not all spine synapses
in the outer third of the molecular layer of the dentate gyrus
[146], suggesting that PSA contributes to synaptic activity
and plasticity.
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PSA in synaptic plasticity

PSA is selectively expressed in immature synaptic boutons
of hippocampal mossy fibers, whereas mature synaptic bou-
tons are negative for PSA, indicating that PSA expression is
required for remodeling of synapses [147]. Polysialylation
of NCAM transiently increases during learning in multiple
brain regions suggesting that PSA is involved in learning and
memory. Polysialylation of the largest postsynaptic isoform
of NCAM, NCAM180, transiently increases in a subpopula-
tion of granule-like cells in the dentate gyrus of adult rats
during acquisition and consolidation of a passive avoidance
response [148, 149]. Spatial learning also induces polysia-
lylation of NCAM in the hippocampal CA1-CA3 regions and
in the enthorinal cortex [150].

Expression of PSA-NCAM is increased in response to
NMDA receptor activation in oligodendrocyte precursor
cells [151]. However, PSA is also synthesized in a NMDA
receptor-independent manner in the dentate gyrus of rats
following LTP induction [152]. Polysialylation of NCAM is
negatively regulated by protein kinase C delta, which phos-
phorylates polysialyltransferases [153]. PSA expression
can therefore also be regulated by downregulation of this
signal transduction pathway. STX and PST mRNA levels
increase after induction of LTP [154] suggesting that poly-
sialylation is also regulated at the transcriptional level via
the relevant glucoronyl synthesizing enzymes and sulfunoryl
transferases.

Acquisition and retention of the spatial memory in the
Morris water maze are impaired by localized enzymatic
removal of PSA in the adult rat hippocampus, whereas visual
and motor functions are not affected [155]. These changes
correlate with defects in synaptic plasticity induced by
removal of PSA. Tetanic stimulation-induced LTP in Schaf-
fer collaterals is blocked in hippocampal slices of adult rats
after enzymatic removal of PSA [155]. Similarly, enzymatic
removal of PSA results in inhibition of LTP and long-term
depression (LTD) in hippocampal organotypic cultures
[156].

NCAM knock-out mice are impaired in spatial learn-
ing in the Morris water maze, whereas activity and motor
abilities appear normal [107]. Similarly, ST8SialV/PST-1
knockout mice are reduced in spatial and reversal learning
[157]. LTP and LTD in the synapses of Schaffer collater-
als, which express PSA in the wild types, are impaired in
adult PST knock-out mice, whereas these forms of synaptic
plasticity are not affected in young PST knock-out animals
[158]. In contrast, loss of STX does not impair hippocam-
pal synaptic plasticity, but instead results in misguidance
of infrapyramidal mossy fibers and abnormal formation of
ectopic hippocampal synapses [159].

Enzymatic removal of PSA with endoneuramini-
dase-N abolishes preferential formation of synapses on
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NCAM-expressing cells in heterogenotypic cocultures of
wild-type and NCAM-deficient hippocampal neurons and
blocks the increase in numbers of perforated spine synapses
associated with NMDA receptor-dependent LTP in CA1l
of organotypic hippocampal cultures, indicating that PSA-
NCAM promotes synaptogenesis and activity-dependent
remodeling of synapses [160]. PSA carried by NCAM also
regulates plasticity and learning by inhibiting the GluN2B-
Ras-GRF1-p38 MAPK signaling pathway [119]. In the
cortex, NCAM and ephrinAs/EphA3 constrain GABAer-
gic interneuronal arborization and perisomatic innervation,
and PSA is required for ephrinAS-induced axon remodeling
of basket interneurons [161]. Enzymatic removal of PSA
results in increased spine density on spiny interneurons in
the hippocampus, indicating that PSA is also involved in
regulating inhibitory connectivity [162].

PSA is also involved in other types of neural plasticity.
Suprachiasmatic nuclei express high levels of PSA-NCAM,
and enzymatic removal of PSA disrupts circadian rhythmic-
ity [163] and reduces photic induction of FBJ murine osteo-
sarcoma viral oncogene homolog (Fos) and light-induced
phase-resetting of the circadian locomotor activity rhythm
[164]. Levels of PSA-NCAM decrease during lactation in
supraoptic nuclei and neurohypophysis and return to initial
levels after weaning, whereas levels of total NCAM protein
are not affected [165]. Enzymatic removal of PSA by micro-
injection of endoneuraminidase close to the hypothalamic
magnocellular nuclei prevents withdrawal of astrocytic pro-
cesses and increase in synaptic contacts normally induced
by lactation and dehydration [166].

PSA in regeneration after trauma and in brain disorders

Following injury, PSA is re-expressed in neurons in organo-
typic hippocampal cultures, where CA3-CA1 synapses
express PSA, being required for axonal regrowth and forma-
tion of new synapses [167]. Similarly, lesions in the sensori-
motor cortex of adult rats induce an increase in the levels of
NCAM-PSA in the subventricular zone [168]. After femoral
nerve injury, axons of the motor neurons and, to a lesser
extent, sensory neurons re-express high levels of PSA. Pref-
erential motor reinnervation is inhibited in NCAM-deficient
mice and wild-type mice after enzymatic removal of PSA
from the regrowing axons, indicating that PSA promotes
correct regeneration [169].

These observations led to the idea that regeneration can
be improved by increasing levels of PSA at the injury site.
Indeed, virus-mediated overexpression of polysialyltrans-
ferase in glial scar astrocytes results in sustained expres-
sion of high levels of PSA and promotes regrowth of sev-
ered corticospinal tract axons through the injury site [170].
Regeneration of cortical lesions is also improved when PSA
is overexpressed in a pathway extending from subventricular

zone to the lesion site, thereby allowing better migration
of precursor cells [170]. While Purkinje cells are generally
unable to survive after axotomy, transplanted Schwann cells
overexpressing PST promote axonal regrowth from Purkinje
cells after a cerebellar stab wound [171]. It should be noted,
however, that persistent overexpression of PSA may be
detrimental, because down-regulation of polysialic acid is
required for efficient myelin formation, and continuous PSA
overexpression causes axonal degeneration in transgenic
mice expressing the polysialyltransferase ST8SialV under
control of the myelin-specific proteolipid protein promoter
[172].

PSA expression is increased in the hippocampus and
entorhinal cortex of humans with temporal lobe epilepsy, a
condition associated with neuronal loss and axonal sprouting
[173]. Enzymatic removal of PSA counteracts the status epi-
lepticus-induced increase in neurogenesis in rats. Although
absence of PSA does not impact the development of spon-
taneous seizures in this animal model, it reduces cognition
deficits in the Morris water maze paradigm, suggesting that
transient modulation of NCAM polysialylation may be ben-
eficial for ameliorating long-term deficits [174]. Levels of
PSA are increased in the hippocampus of Alzheimer’s dis-
ease patients [175] suggesting attempts for remodeling by
surviving neurons; however the disease is also associated
with loss of PSA due to loss of PSA-positive interneurons in
the entorhinal cortex [176]. PSA expression is increased in
the substantia nigra pars reticulata of some patients with Par-
kinson’s disease [177], i.e., in the brain region characterized
by extensive loss of dopaminergic neurons. This increase
could be explained by an attempt to counteract cell death by
enhancing synaptic plasticity in surviving neurons. Changes
in PSA levels also occur in schizophrenia and other mental
disorders (extensively reviewed in [178]).

PSA mimicking compounds

A PSA mimicking peptide was identified by screening of
a linear 12-mer phage display peptide library with a PSA-
specific monoclonal antibody. This PSA mimetic peptide,
applied in a polyethylene cuff used to surgically reconnect
the severed stumps of the femoral nerve before it bifurcates
into the motor and sensory branches, improves motor recov-
ery by enhancing Schwann cell proliferation and remyelina-
tion of regenerated axons distal to the injury site [179]. Inter-
estingly, this peptide acts via NCAM and fibroblast growth
factor receptor (FGFR) since it cannot enhance prolifera-
tion of NCAM-deficient Schwann cells, and its effects are
reduced by FGFR inhibitors [179]. Further research identi-
fied several small organic compounds (Fig. 4), which mimic
the neurostimulatory functions of PSA, promote nervous
system repair and stimulate neuronal survival and neurite
outgrowth by signaling via protein kinase C [180-182].
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Fig.4 The structure of the sialic acid and small organic compounds
mimicking the neurostimulatory functions of PSA

Glycosaminoglycans

Glycosaminoglycans (GAGs) or mucopolysaccharides were
first detected biochemically and immunocytochemically in
nervous tissue in the 1950s and 1960s [183, 184]. These
early studies showed that non-sulfated hyaluronic acid and
chondroitin 4-sulfate are the most abundant GAGs, while
chondroitin 6-sulphate, dermatan sulfate and heparan sulfate
are present at lower levels [185, 186]. GAGs are long chains
of repeating disaccharide units with disaccharides of glucu-
ronic acid and N-acetylgalactosamine found in chondroitin
sulfate and dermatan sulfate, while disaccharides of glucu-
ronic acid and N-acetylglucosamine are found in heparan
sulfates and hyaluronic acid (Fig. 1e). In dermatan sulfate,
disaccharides containing iduronic acid instead of glucuronic
acid are also present at varying proportions.

Carriers of GAGs and GAG sulfation
GAG biosynthesis is initiated via the addition of a linker
tetrasaccharide consisting of xylose, two galactose units and

a glucuronic acid to a serine residue in the core protein,
followed by addition of disaccharide units and resulting
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in formation of proteoglycans [187]. GAG chains are then
sulfated in the Golgi apparatus by sulfotransferases, which
transfer sulfate groups to specific positions on the sugar moi-
eties in some but not all monosaccharides in GAG chains,
resulting in different sulfation patterns which are the basis
of appropriate function [188]. Mature proteoglycans can
either be cell membrane-bound (e.g., syndecans, receptor-
type protein tyrosine phosphatase zeta (PTPRZ)) or form
part of the extracellular matrix (e.g., neurocan, agrin, phos-
phacan) (reviewed in [189]). Sulfation of heparan sulfates in
the extracellular space is further regulated by extracellular
sulfatases, which remove sulfate from GAGs [190]. Interest-
ingly, a recent study reported that heparan sulfate can also be
carried by the synaptic adhesion molecules neurexins [191].
Whether other adhesion molecules carry GAGs is an intrigu-
ing question for future research.

GAG expression in brain development

Early studies noted already that levels of mucopolysac-
charides and rates of their synthesis measured by estimat-
ing incorporation of [*H]glucosamine into GAGs increase
transiently within several days after birth and then decline
with age until reaching a plateau in the adult brain [185,
192], suggesting that GAGs are important for brain develop-
ment. Further studies on changes in GAG levels induced by
enzymes degrading specific GAGs or via application of puri-
fied GAGs reported that these manipulations cause defects
in axonal growth, guidance and fasciculation verifying that
GAGs are important for brain development (reviewed in
[189]). Early studies also reported that an enzyme incorpo-
rating *°S into rat brain mucopolysaccharides is more active
at birth and decreasingly in age, suggesting that sulfation
of mucopolysacchirides is developmentally regulated [193].
The importance of GAG sulfation during development has
been extensively reviewed [194]. Not only is the GAG sulfa-
tion rate during biosynthesis important, but also crucial is
sulfation pattern remodeling by extracellular sulfatases Sulfl
and Sulf2, which specifically remove 6-O-sulfate groups
from heparan sulfate chains [195]. Neurite outgrowth in
cultures of hippocampal and cerebellar neurons from Sulfl
and Sulf2 knock-out mice is decreased, and Sulf2 deficiency
causes higher embryonic lethality and congenital hydroceph-
alus in mice [196].

GAG expression in adult brain, synaptic plasticity and brain
disorders

In the adult brain, GAG-containing proteoglycans show dif-
fuse and condensed forms of extracellular matrix deposi-
tion. Condensed extracellular matrix is observed in perineu-
ronal nets and at the nodes of Ranvier of myelinated axons,
whereas the diffuse form is seen in the neuropil (reviewed
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in [197]). Early studies showed that GAGs are present at
high levels in isolated synaptosomes and synaptic vesicles
[198]. Severe neurological impairment in cats caused by
removal of GAGs by chronic administration of testicular
hyaluronidase to the brain was described in probably the first
study, demonstrating the importance of GAGs for the normal
brain function [199]. Following work showed that GAGs are
important modulators of the structural and functional syn-
aptic plasticity [197]. For example, enzymatic digestion of
chondroitin sulfates promotes motility and functional plas-
ticity of dendritic spines in the visual cortex of adult mice
indicating that chondroitin sulfate proteoglycans restrain
structural changes [200]. A developmental increase in the
4-sulfation/6-sulfation ratio of chondroitin sulfate proteogly-
cans leads to the termination of the critical period for ocu-
lar dominance plasticity in the mouse visual cortex [201].
Spine density and LTP are impaired in the CA1 region of
Sulf1-deficient mice, and Sulf1 and Sulf2-deficient mice are
characterized by behavioral alterations, further indicating
that remodeling of sulfation is involved in regulation of syn-
aptic plasticity [196]. Mice lacking heparan sulfate chains
on neurexin-1 also show structural and functional deficits at
central nervous system synapses [191]. The importance of
GAG remodeling in normal brain function is highlighted by
the fact that impaired GAG degradation, caused by deficien-
cies in lysosomal enzymes, results in mucopolysaccharidosis
characterized by short life span, various multiple anatomical
changes, and severe cognitive and behavioral disturbances
(reviewed in [202, 203]). Altered abnormal expression of
GAGs has also been found in mental and neurodegenerative
disorders, including schizophrenia and Alzheimer’s disease
(reviewed in [204]).

Receptors for GAGs

GAG functions in the developing and adult nervous sys-
tem depend on a large number of proteins that GAGs inter-
act with at the neuronal cell surface and in the extracel-
lular matrix. The binding partners include cell adhesion
molecules, receptor protein tyrosine phosphatases, growth
factors and their receptors, and other proteins (summa-
rized in [194, 205, 206]). In addition to limiting structural
changes, GAGs of the extracellular matrix limit the mobil-
ity of proteins at cell surface membranes and regulate their
functions. For example, GAGs limit the mobility of AMPA
receptors at synapses [207]. The chondroitin sulfate pro-
teoglycan neurocan inhibits spine remodeling by binding
to synaptic adhesion molecule NrCAM and blocking the
semaphorin3F-induced spine elimination, which is mediated
through NrCAM and other subunits of the semaphorin3F
holoreceptor, neuropilin-2, and plexinA3 [208]. In addition,
heparan sulfate chains on neurexins enhance their interac-
tions with postsynaptic adhesion molecules neuroligins and

leucine-rich repeat transmembrane neuronal (LRRTM) gly-
coproteins [191]. The proteins that GAGs bind to also regu-
late the distribution of the GAG-containing proteoglycans
in neural tissues: For example, neuronal pentraxin 2 binds
to GAGs in perineuronal nets via both chondroitin sulfate
and hyaluronic acid, and enhances perineuronal net forma-
tion [209].

GAGs in regeneration after trauma

Early studies demonstrated that GAGs are present at high
levels in spinal cord and peripheral nerves [210]. Expression
of chondroitin sulfate proteoglycans increases at the spinal
cord lesion site and around denervated synaptic targets in
the spinal dorsal column nuclei [211]. These GAGs are con-
sidered to be most abundant and potent inhibitors of axonal
regrowth and regeneration. Removal of chondroitin sulfates
with chondroitinase ABC promotes regeneration after the
spinal cord injury [212]. A similar effect is observed in
transgenic mice with inhibited synthesis of chondrotin sul-
fates, for example in mice deficient in chondroitin sulfate
N-acetylgalactosaminyl transferase 1 (CSGALNACT1), an
enzyme responsible for transferring the first GalNAc to the
protein linker region during chondroitin sulfate synthesis
[213]. Interestingly, regeneration after severe compression
injury of the spinal cord is reduced in dermatan-40-sul-
fotransferasel-deficient mice, which express chondroitin
sulfates, but not dermatan sulfates [214] suggesting that
dermatan sulfates may promote regeneration. It should be
noted, however, that peripheral nerve regeneration is acceler-
ated in dermatan-4O-sulfotransferase1-deficient mice [215].

GAG function inhibiting compounds

A screen of a phage display library for peptides binding to
chondroitin-4-sulfate led to the discovery of three peptides
that bind to chondroitin-4-sulfate, but not chondroitin-6-sul-
fate, heparin sulfate or dermatan sulfate. The peptides neu-
tralized the inhibitory functions of chondroitin sulfate pro-
teoglycans on cell adhesion, neuronal migration and neurite
outgrowth in cultured mouse cerebellar neurons [216]. Pep-
tides binding to chondroitin-6-sulfate have been identified
through peptide array screening [217] and shown to block
the inhibitory activity of chondroitin-6-sulfate on neurite
outgrowth of cultured cortical neurons [218].

Other glycans
Fucose(a1-2)galactose
Terminal galactose residues in brain glycopro-

teins can be fucosylated in the o(1-2) position
(Fig. 1f). Fuca(1-2)Galp moieties are synthesized
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by the GDP-l-fucose:p(1 — 4)-p-galactosyl-R2-a-1-
fucosyltransferases (FUT1 and FUT2) [219]. Analysis of
immunoprecipitates with antibodies against the fuca(1-2)
Galp epitope showed the presence of this linkage in a sub-
fraction of cadherin, neuroplastin (also called gp65) and
NMDA receptor subunit 1 (NR1), but not in NCAM [220].
Fuca(1-2)Galp is highly expressed by pyramidal and gran-
ule neurons and glial cells of the hippocampus [220].

Fuca(1-2)Galp recognized by the Ulex europeaus agglu-
tinin I lectin is expressed in developing hippocampal neu-
rons and treatment of neurons with either the lectin or syn-
thetic fuca(1-2)Galp glycan promotes neurite outgrowth
[221]. A fucose analog, 2-deoxygalactose, disrupts the
synthesis of fuca(1-2)Galp on glycoproteins and inhibits
neurite outgrowth and synapse formation [221]. 2-Deoxyg-
alactose suppresses the maintenance of hippocampal LTP
[222] and blocks long-term memory formation in several
learning tasks [223, 224].

a2,3-Sialyl containing glycans

CD24 is a carrier of a2,3-sialic acid (Fig. 1d) specifically
recognized by the lectin M. amurensis agglutinin. The
glycan mediates the interaction of CD24 with L1, which
function as a receptor for a2,3-sialic acid [225]. «2,3-Sialyl
residues of CD24 bind to L1 within a structural motif in the
first fibronectin type III domain [18]. This glycan is also
recognized by sialoadhesins including sialoadhesin, CD22,
MAG and CD33 [226]. Inhibition of neurite outgrowth by
MAG depends on its binding to a2,3-sialic acid presented
by the ganglioside GT1b at the neuronal cell surface [227].

Mono-0-mannosyl glycans

Rabbit monoclonal antibody recognizing mono-O-mannosyl
glycans (Fig. 1c) showed that these glycans are present in all
regions of the adult mouse brain. Mono-O-mannosyl con-
taining glycans are particularly present in inhibitory neu-
rons, such as Purkinje cells in the cerebellum [228]. Mono-
O-mannosyl glycans are carried by the components of the
extracellular matrix and perineuronal nets, such as neurocan,
and cell adhesion molecules, including neurexin 3, cadherins
and protocadherins [228].

O-mannosidic glycans

O-mannose containing glycans predominantly represent
different types of the tetrasaccharide NeuAca2-3Galf1-
4GlcNAcf1-2Manal-Ser/Thr, which can differ in length
(e.g., with or without sialic acid) and content of fucose
al,3-linked to GIcNAc, and can also display the HNK-1
epitope in the form of HSO4-3GIcAB1-3Galp1-4GlcNacp1-
2Man-Ser/Thr glycans (reviewed in [229]). An additional
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1-6 linkage to mannose results in formation of the branched
forms of O-mannose glycans. The major carriers of O-man-
nosidic glycans are cadherins and protocadherins [230]. The
characterized carrier of O-mannosdic glycans in the brain is
a-dystroglycan, a cell surface glycoprotein anchored to the
plasma membrane by binding to the transmembrane glyco-
protein f-dystroglycan. A small subset of O-mannosidic sites
in a-dystroglycan extend into the GalNAcP1-3GIcNAcp1-
4Man-Ser/Thr trisaccharide, which serves as a carrier for
matriglycan with its repeating Xyl-GIcA disaccharide [231]
(Fig. 1c). O-mannose containing glycans are also found on
RPTPp [232], CD24 [233], neurofascin [234], proteins of the
perineural net, lecticans [235], plexins and other glycopro-
teins [230]. O-mannosidic glycans mediate the interaction
of a-dystroglycan with laminin G-like domain containing
proteins, including laminin, agrin and neurexin [236, 237].
Defects in the O-mannosylation pathway result in reduced
glycosylation of a-dystroglycan and cause several human
disorders, including muscle-eye-brain disease (MEB),
Walker-Warburg syndrome (WWS), Fukuyama congeni-
tal muscular dystrophy (FCMD), and congenital muscular
dystrophy 1C and 1D (MDCI1C and MDC1D) (reviewed in
[238]).

Bisecting GIcNAc

N-glycan structures are characterized by several GIcNAc
branches, which are synthesized by specific glycosyltrans-
ferases of the Golgi apparatus. N-glycans can contain a
central GlcNAc branch designated as “bisecting GIcNAc”,
which is not elongated or capped by sialic acid (Fig. 1g).
Synthesis of a-Gal and sialyl N-glycans and other branches
is reduced in N-glycans with the bisecting GIcNAc, suggest-
ing that it suppresses synthesis of other epitopes in N-gly-
cans (reviewed in [239]). The bisecting GIcNAc modifica-
tion is carried by NCAM [240] and betal integrin [241]
and plays a role in regulating neural development. Glyco-
syltransferase GnT-III responsible for bisecting GlcNAc
modifications is expressed in the brain starting at mouse
embryonic day 10.5 and deficiency in GnT-III activity leads
to neurological problems [242]. GnT-III overexpression pro-
motes serum deprivation-induced betal integrin-dependent
neurite outgrowth in mouse neuroblastoma cells [241] but
inhibits neurite outgrowth in rat pheochromocytoma PC12
cells in response to co-stimulation of epidermal growth
factor and integrins [243]. Bisecting GlcNAc is also car-
ried by the Beta-Site APP-Cleaving Enzyme 1 (BACEI)
[244]. GnT-III is upregulated in Alzheimer disease affected
brains [245], which have higher levels of bisecting GIcNAc
on BACEI [244]. Bisecting GlcNAc on BACE1 promotes
BACEI] localization to early endosomes, stabilizes this pro-
tein and reduces its targeting to lysosomes for degradation
[246], thereby promoting generation of cytotoxic Af [244].
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Levels of N-glycans containing bisecting GIcNAc are also
increased in the cerebrospinal fluid from patients with Alz-
heimer’s disease [247]. Other carriers of bisecting GIcNAc
have been described outside of the nervous system and in
cancers, including basigin, L1, Thy-1 and others [248]. The
functions of bisecting GIcNAc on these carriers in neurons
remain to be characterized.

Branched sialylated N-glycans

Branched sialylated N-glycans (Fig. 1d) on the immunoglob-
ulin superfamily adhesion molecules neurotrimin and limbic
system-associated membrane protein (LAMP) accumulate in
synapses, where they mediate the interactions of dendritic
spines with microglia via interactions with the microglia-
specific sialic acid-binding immunoglobulin-like lectin H
[249].

Lactosamine disaccharide

Olfactory sensory neurons are unique in their expression of a
terminal lactosamine [250] that is recognized by monoclonal
antibody 1B2 [251]. The lactosamine disaccharide (Fig. 1h)
occurs widely on N-glycans and is typically capped by sialic
acid or other glycans, and p1,3-N-acetylglucosaminyl trans-
ferase 1 (B3GnT1) plays a key role in its synthesis. Lac-
tosamines can be extended by B3Gn transferase and f4GalT
transferase to form polylactosamines, which frequently occur
on alpha-1,6-mannosylglycoprotein 6-beta-N-acetylglucosa-
minyl transferase (MGATS5)-generated branched glycans and
are preferentially recognized by the 1B2 antibody. Defi-
ciency in B3GnT1 in mice results in the loss of a subset of
odorant receptor-expressing neurons and in a severely disor-
ganized olfactory bulb, indicating that terminal lactosamine
is important for axonal pathfinding [250].

Concluding remarks

In this review, we have tried to describe the sophistication of
glycans with regard to their overwhelming functional impact
as structurally diverse molecules. We focused on the most
well-known glycans and are aware that we may have not
covered them all in their complexity. Also, it may well be
that we have neglected mentioning glycans and their protein
carriers other than those here described, considering that a
focus on these glycans would deem sufficient to expose the
vast range of functions that glycans display in the nervous
system. The functional versatility of glycans is of tremen-
dous impact not only in ontogenetic development, but also in
the adult, where they influence the most challenging features
of the nervous system: synaptic plasticity and regeneration
not only in the acutely injured nervous system, but also in

mental and neurodegenerative diseases. It is noteworthy that
the glycans of the nervous system were discovered outside
the nervous system, before they attracted attention for under-
standing neural functions. Their structural and functional
versatility would seem well placed in the nervous system,
since it is a most complex organ. Finally, we would like to
point out that glycans are metabolically very demanding in
their biosynthesis, more so than proteins or nucleic acids
on a molar basis. It seems that this expense in energy has
been invested well, since it has led to what we would like to
call a most beautiful embellishment bestowed onto neural
glycoproteins.
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