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  Pref ace   

 The growing recognition of the structural complexity and functional importance of 
glycoconjugates, including glycoproteins, glycolipids, and glycosaminoglycans, in 
biological systems has prompted the need for intensive research in recent years. 
These molecules are known to not only serve as cell surface biomarkers at various 
stages of cellular differentiation and proliferation but also play important func-
tional roles in cell–cell recognition, adhesion, and signal transduction. Despite the 
critical roles of these molecules in biological systems, their investigation remains 
an under-explored and under-appreciated area for neurobiological exploration. 
Some of the reasons for the lack of attention could be due to the structural diversity 
of these molecules and their temporal and spatial expression in tissues, especially 
in the nervous system. To promote more attention to research on glycoconjugates 
in the nervous system, the Editors organized a Colloquium entitled “Glycobiology 
of the Nervous System” at the 43rd meeting of the American Society for 
Neurochemistry, Baltimore, MD. This prompted Springer Publishing Company to 
endorse the publication of this monograph with the objective of introducing stu-
dents and researchers to this fascinating and important facet of biological sciences. 
We are particularly encouraged by the recent publication of a National Academy of 
Sciences-sponsored Committee Report “Transforming Glycoscience, a Roadmap 
for the Future” that reiterates the importance and impact of glycomics and glyco-
sciences (The National Academies Press 2012). In the present volume, we have 
assembled a broad range of topics, contributed by experts knowledgeable in the 
specifi c areas to provide a framework on glycobiology as related to neurobiology 
in health and disease. It is our sincere hope that the monograph with 25 topics on 
the chemistry, structure, and biological functions of glycoconjugates will provide a 
stimulus for further research on this important topic. 

 Glycomics, youngest of the “omics” and perhaps the most diffi cult to study, 
deals with identifi cation of sugar moieties added to proteins or lipids and their 
functional roles. Unlike proteins that are synthesized using a template, addition of 
sugar moieties is dependent upon the presence of specifi c glycosyltransferases, 
sugar nucleotides, and the environment within the cell. Glycoconjugates formed 
upon addition of one sugar to another on either a protein or lipid can have more  
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variability than compounds formed by addition of one amino acid to another 
(Chap.   1    ). The importance of an appropriately functioning nervous system is a 
given, but that functioning can be severely disrupted by errors in glycosylation. 
An introduction to the cellular complexity of the central nervous system (CNS) is 
provided in Chap.   2    . Understanding the interplay between various cell types, such 
as glia and neurons, is essential if we are to understand neurodegenerative diseases 
and develop approaches for their treatment. Specifi cs regarding the pathways used 
by cells to synthesize N- and O-linked glycoconjugates including glycosaminogly-
cans are provided in Chaps.   3    –  5    . 

 Over time a number of methods have been developed to enhance our ability to 
characterize glycoconjugates. These range from the use of glycan-targeted antibod-
ies and lectins to indicate what types of glycans are present (Chap.   6    )  to the use of 
mass spectrometry to identify new glyco-epitopes and to confi rm structural details 
(Chap.   7    ) and nuclear magnetic resonance spectroscopy which enables one to defi ne 
the stereochemistry of carbohydrates comprising the glycan portion of a molecule 
(Chap.   8    ). The latter is also capable of providing solution conformation of a glyco-
conjugate, which is important for deciphering its biological function. 

  Accumulating evidence indicates that glycoconjugates play a signifi cant role in 
neural development. Expression of both glycoproteins and glycolipids changes dur-
ing development where they function in cell proliferation, differentiation, interac-
tions, migration, and signal transduction (Chap.   9    ). Because glycosylation is 
affected by the activity of both glycosyltransferases and glycosidases (glycohydro-
lases) (Chap.   10    ), understanding the mechanism by which their activities are con-
trolled in order to maintain expression of specifi c glycans during development is 
essential. Defi ning the roles of sialic acid-binding lectins, siglecs, such as MAG 
(myelin-associated glycoprotein), SMP (Schwann cell myelin protein), and neural 
cell adhesion molecules (NCAM), has enhanced our understanding of myelination 
and of the problems such interactions can cause in axon regeneration (Chap.   11    ). 
More detailed information about the interaction of oligodendrocytes and myelin is 
provided by identifi cation of interactions between the carbohydrate components of 
galactosylceramide and sulfatide that provide transmembrane signaling. Interestingly, 
both GSLs are also needed for normal neuronal function (Chap.   12    ). 

 The observations that carbohydrate–carbohydrate interactions occur and that 
glycosphingolipids (GSLs) are enriched in lipid rafts, sites enriched in molecules 
needed for signal transduction, indicate the need to be aware of the roles played by 
glycans (Chap.   13    ).  Research into the possible roles of lipid raft-associated GSLs 
has led to the hypothesis that in some cases their function is nonspecifi c and can be 
carried out by multiple GSLs while others are specifi c (Chap.   14    ). At a more basic 
level, possible roles for GSLs and N-glycosylated glycoproteins in the regulation 
of ion transport are being investigated (Chap.   15    ). The exciting observation that 
failure to appropriately modify specifi c proteins by addition of single O-GlcNAcs 
can affect learning and memory (too few) or the neurodegeneration seen in disease 
(too many or too few) points out just how important characterization of the gly-
come is to our understanding of the nervous system (Chap.   16    ). Specifi c roles of 
N-glycans in the regulation of neural transmission is a current fi eld of investigation. 
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Because results obtained from in vitro studies can vary with cell type and the metabolic 
state of the cell the study of in vivo model organisms such as Drosophila can be 
advantageous for looking at conserved functions of N-glycosylation (Chap.   17    ). 
As our understanding of specifi c pathways affected by glycans develops it may 
provide clues that can be applied for developing treatments to ameliorate clinical 
problems that arise from defects in those pathways. 

 The ability of oligo-/poly-saccharides to function as ligands for proteins and/or 
other saccharides has been co-opted by various pathogens. Many viruses, bacteria, and 
bacterial toxins use either a carbohydrate-binding protein on their surface or a sac-
charide recognized by the target cell, as a fi rst step in the infection process (Chap.   18    ). 
Development of inhibitors of this binding is an expanding area of research. While 
pathogens can use carbohydrate–carbohydrate and carbohydrate–protein interactions 
to facilitate infection, accruing evidence indicates that glycoconjugate changes during 
aging may contribute to age-related diseases (Chap.   19    ). In this regard, the ability of 
ganglioside GM1 to ameliorate damage to the nervous system has been extensively 
studied. Of particular importance was the observation that it might be useful in 
treating patients with Parkinson’s disease (PD) (Chap.   20    ). While exogenous GM1 
was used in the treatment of PD, inborn errors affecting GSL catabolism, resulting in 
their accumulation in CNS neurons and glia, can have severe consequences on affected 
individuals (Chap.   21    ).  Current investigations are studying the possibility that 
caloric restriction coupled with use of inhibitors of GSL synthesis might pro-
vide relief in those instances where enzyme replacement therapy is not yet a viable 
option (Chap.   22    ). Transformation of cells may be accompanied by changes in their 
glycan composition. An example of this is the expression of ganglioside GD2 by 
neuroblastomas, a GSL that can be detected in the circulation prior to detection of 
recurrent tumors (Chap.   23    ). Evidence indicates that the ganglioside patterns of these 
tumors may provide an insight into their lethality and has been hypothesized to 
correlate with the degree of differentiation of the cells. 

 The question of whether the CNS is “immune privileged” has been re-evaluated 
with the result that it is now thought to interact with the immune system and that 
these interactions are needed to maintain neuronal function and aid in control of 
CNS infection and injury. While galactose-binding lectins (galectins) participate in 
a variety of functions in the CNS, they also have important immune modulatory 
functions and may be of use in the treatment of infl ammatory diseases (Chap.   24    ). 
Neuroimmunological diseases can affect the nervous system and a number of 
peripheral neuropathies have been identifi ed in which the auto-antibodies recognize 
specifi c glycan structures. Knowledge of the biology of the glycan recognized has 
enhanced our ability to understand resultant clinical symptoms and in some cases to 
develop successful treatments (Chap.   25    ). 

 From this brief introduction to the material covered it can be seen that under-
standing the role(s) of specifi c glycans is essential for understanding cell function. 
As one reads the chapters, one will note that despite the progress made the deter-
mination of glycan structures is not as easy as determining the amino acid sequence 
of a protein. The fact that glycan synthesis is not encoded by a template but depends 
on the expression of glycosyltransferases and glycosidases and the environment in  
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which they exist further complicates the issue as it can result in molecules of a 
specifi c protein being glycosylated differently. If nothing else it should be obvious 
that errors in glycosylation and degradation can have a severe impact on develop-
ment and function of the CNS and that it is only when we understand the biological 
functions of specifi c glycans that we will be able to develop treatments to correct 
those errors. 

 Finally, we wish to thank all the authors for their contributions, which made this 
monograph possible. We are also deeply indebted to the staff of Springer whose 
invaluable logistical support facilitated its publication. It is our sincere hope that 
readers fi nd this a useful source of information about the glycan-decorated mole-
cules that comprise the fourth set of “omics,” glycomics, methods for their study, 
and their functions in the highly heterogeneous nervous system.  

  Hershey, PA, USA      Cara-Lynne     Schengrund        
  Augusta, GA, USA  Robert     K.    Yu  
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    Abstract     This chapter provides an overview of structures and functions of complex 
carbohydrates (commonly called glycans) that are covalently linked to proteins or 
lipids to form glycoconjugates known as glycoproteins, glycolipids, and proteogly-
cans. To understand the complexity of the glycan structures, the nature of their mono-
saccharide building blocks, how the monomeric units are covalently linked to each 
other, and how the resulting glycans are attached to proteins or lipids are discussed. 
Then, the classifi cation, nomenclature, structural features, and functions of the glycan 
moieties of animal glycoconjugates are briefl y described. All three classes of glyco-
conjugates are constituents of plasma membranes of all animal cells, including those 
of the nervous system. Glycoproteins and, particularly, proteoglycans are also found 
abundantly as constituents of tissue matrices. Additionally, glycan-rich mucin glyco-
proteins are the major constituents of mucus secretions of epithelia of various organs. 
Furthermore, the chapter draws attention to the incredible structural complexity and 
diversity of the glycan moieties of cell surface and extracellular glycoconjugates. 
Finally, the involvement of the glycans as informational molecules in a wide range of 
essential functions in almost all known biological processes, which are crucial for 
development, differentiation, and normal functioning of animals, is discussed.  

  Keywords     Complex carbohydrates   •    N -Glycans   •    O -Glycans   •   Glycosaminoglycans   
•   Glycoconjugates   •   Glycoproteins   •   Glycolipids   •   GPI anchors   •   Proteoglycans   
•   Structure and functions of glycoconjugates  
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1.1         Introduction 

 Carbohydrates are the most abundant, structurally complex, and functionally diverse 
organic compounds found on earth. They comprise monosaccharides (e.g., glu-
cose), oligosaccharides (e.g., sucrose, lactose, components of glycoproteins, and 
glycolipids; see below), and polysaccharides (e.g., starch, cellulose, plant and 
microbial cell wall polysaccharides, arthropod chitin, and animal glycosaminogly-
cans). Carbohydrates are important dietary components for animals, including 
humans, and play crucial roles in energy metabolism as exemplifi ed by glucose 
homeostasis. In addition to their occurrence as free molecules, when conjugated to 
proteins and lipids, they form glycoconjugates (glycoproteins, proteoglycans, and 
glycolipids) (Brooks et al.  2002 ; Gabius  2009 ; Taylor and Drickamer  2011 ;    Varki 
et al.  2008 ). The oligo- and polysaccharides covalently conjugated to proteins and 
lipids are referred to as complex carbohydrates or glycans. The glycan moieties of 
glycoconjugates are structurally complex and are involved in a myriad of functions, 
which are crucial for differentiation, development, and all aspects of normal func-
tioning of animals. For instance, they constitute the major blood group and other 
antigens, serve as informational molecules in cell–cell and cell–molecule interac-
tions, function as receptors for biological processes, and assist in protein folding, 
targeting, and secretion. The glycan moieties of glycoconjugates are also involved 
in tissue organization, traffi cking of lymphocytes, cell signaling, and immune regu-
lation. In many cases, the true functions of glycan moieties are still not fully under-
stood. Research during the past several decades and recent technological 
developments have deciphered the structures of thousands of glycans and substan-
tially increased our knowledge of their biological roles. However, it is not exagger-
ating to state that what we know about the functions of these molecules represents 
only the tip of an iceberg. 

 Glycoconjugates occur extensively in all cells and tissues of animals, including 
those of the nervous system (Brooks et al.  2002 ; Gabius  2009 ; Taylor and Drickamer 
 2011 ; Varki et al.  2008 ). They are found in tissue matrices and extracellular fl uids 
such as serum, spinal fl uid, saliva, and are especially highly abundant in respiratory, 
gastrointestinal, and urogenital mucus. However, the main reason for the increased 
interest in these molecules is that they occur ubiquitously on cell surfaces, where 
they play important roles in many biological processes. The intrinsic plasma mem-
brane glycoconjugates of cells have their glycan moieties projecting outward far 
and wide and thus are disposed for functional interactions. The anionic sugar residues 
of glycans, which impart hydrophilicity and bestow negative charges to the cell 
surface, are important determinants in the social behavior of cells. 

    In this introductory chapter, we will briefl y discuss (1) the nature of the mono-
meric building blocks of glycans, (2) how they are linked to one another to form 
glycans, (3) how glycans are conjugated to proteins and lipids to form different 
glycoconjugates, and (4) provide an overview of the classifi cation, key structural 
features, and functions of glycans. Since it is impossible to cover all aspects of gly-
can biology in this brief overview, readers are referred to more detailed books, 
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 monographs, and reviews for additional information (Allen and Kisailus  1992 ; 
Bertozzi and Rabuka  2008 ; Brooks et al.  2002 ; Gabius  2009 ; Miljkovic  2010 ; 
Taylor and Drickamer  2011 ; Varki et al.  2008 ; Voet and Voet  2010 ; Yuriev and 
Ramsland  2012 ).  

1.2     Monosaccharides: Building Blocks of Glycans 

 The structural complexity of glycans arises from the fact that monosaccharides, the 
monomeric units or building blocks of these molecules, have multiple functional 
groups and exhibit stereoisomerism (Allen and Kisailus  1992 ; Bertozzi and Rabuka 
 2008 ; Brooks et al.  2002 ; Gabius  2009 ; Miljkovic  2010 ; Taylor and Drickamer 
 2011 ; Varki et al.  2008 ; Voet and Voet  2010 ; Yuriev and Ramsland  2012 ). 
Monosaccharides (generally called sugars) are polyhydroxy aldehydes or ketones 
with the general formula (CH 2 O)  n   and are referred to as aldoses or ketoses, respec-
tively. Both aldoses and ketoses are classifi ed into different groups based on the 
number of carbon atoms they contain; for example, tetroses, pentoses, and hexoses 
are aldoses containing 4, 5, and 6 carbon atoms, respectively. Each of these groups 
is further classifi ed into  D - and  L -series. All  D -sugars have the same stereochemistry 
(i.e., identical absolute confi guration) as  D -glyceraldehyde at the asymmetric car-
bon atom that is most remote (e.g., C-5 in hexoses; Fig.  1.1 ) from the carbonyl 
group. As mentioned above, a detailed discussion of the structures and stereochem-
istry of various sugars is beyond the scope of this chapter as it is available in the 
introductory chapters of biochemistry textbooks and in specialty glycobiology 
books (Bertozzi and Rabuka  2008 ; Brooks et al.  2002 ; Gabius  2009 ; Miljkovic 
 2010 ; Taylor and Drickamer  2011 ; Varki et al.  2008 ; Voet and Voet  2010 ). The pre-
dominant constituents of the glycan moieties of animal glycoconjugates are hexoal-
doses and their derivatives. The structures and stereochemistry of the eight possible 

  Fig. 1.1    Structures of eight possible  D -aldohexoses are shown as open-chain Fischer projection 
formulas. They all have the same stereochemistry as that of  D -glyceraldehyde at C-5, the asym-
metric carbon that is most remote from the carbonyl group. The eight  L -aldohexoses are the mirror 
images of these  D -sugars. Please see refs. (Brooks et al.  2002 ; Taylor and Drickamer  2011 ; Varki 
et al.  2008 ; Voet and Voet  2010 ) for the structures of aldopentoses and other monosaccharides. 
Ketopentoses and ketohexoses are not present as constituents of the glycan moieties of animal 
glycoconjugates       

 

1 Introduction to the Complexity of Cell Surface and Tissue Matrix Glycoconjugates



4

 D -series hexoses in open-chain Fischer projection formula are depicted in Fig.  1.1 ; 
the  L -series sugars are the mirror images of  D -sugars. Of the eight hexoses shown in 
Fig.  1.1 ,  D -galactose and  D -mannose are found widely in glycoproteins.  D -Glucose 
is present in glycolipids but is rarely found in glycoproteins. Glucose is also the 
biosynthetic precursor for all other sugars, which occur in nature. Similarly, there 
are four each of the  D -series and  L -series pentoses, namely, ribose, arabinose, xylose, 
and lyxose. Of these, xylose occurs in animals as a constituent of proteoglycans.

   Because of the tetrahedral bond angle requirement for carbon, sugars are not 
present as highly strained open-chain linear structures. They are folded in such a 
way that either C-4 or C-5 hydroxyl groups come in close proximity to the electro-
philic carbonyl group and react to form intramolecular hemiacetal bonds; Fig.  1.2  
shows the cyclic structure of  D -glucose. Thus, fi ve or more carbon atom-containing 
monosaccharides exist as thermodynamically stable six-membered or fi ve- 
membered cyclic structures, designated as pyranose or furanose, respectively. The 
formation of ring structures, which are depicted by Haworth projection formulas, 
results in the creation of an additional chiral center at C-1, and thus, each sugar 
exists as two isomers. These isomers are referred to as α- and β-anomers, and the 
carbonyl carbon of sugar in the ring form is the anomeric carbon. By convention, 
hexopyranoses in which the –OH group at C-1 and the –CH 2 OH group at C-5 have 
a  trans  or  cis  confi guration when depicted by Haworth formulas are named α- and 
β-anomers, respectively (Fig.  1.2 ). In aqueous solutions the cyclic anomers are in 
equilibrium with open chain forms having either a free aldehyde or a keto group. 

  Fig. 1.2    The folding of open-chain monosaccharides (e.g.,  D -glucose shown here) to relieve car-
bon bond angle strain facilitates intramolecular nucleophilic condensation of the C-5 hydroxyl 
group to the carbonyl group. This intramolecular reaction results in the formation of cyclic hemi-
acetal structures and the creation of a chiral center at carbon atom 1 (C-1). Therefore, the majority 
of sugars exist primarily as two thermodynamically stable six-membered cyclic structures called 
α- and β-anomers. Haworth projection formulas and the chair conformational structures of α-D - 
glucopyranose and β- D -glucopyranose are also shown. Some pentoses and hexoses can exist as 
fi ve-membered cyclic structures see refs. (Brooks et al.  2002 ; Taylor and Drickamer  2011 ; Varki 
et al.  2008 ; Voet and Voet  2010 )       
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This allows sugars to display the characteristic properties of aldehydes and ketones 
by shifting the equilibrium toward the open chain forms. For example, all aldoses 
exhibit reducing property. If the anomeric hydroxyl group of a sugar in cyclic struc-
ture is locked in covalent bond formation, for example, with alcohols forming 
glycosides, the reducing property of the sugar is lost.

   Two sugars differing in confi guration at a specifi c carbon, other than C-1, are 
referred to as epimers. Thus, glucose and mannose, which differ in confi guration 
only at C-2, are C-2 epimers. Similarly, glucose and galactose, which differ in con-
fi guration only at C-4, are C-4 epimers, and  D -glucuronic acid and  L -iduronic acid 
(see below) are C-5 epimers. Because mannose and galactose differ in confi guration 
at more than one position, they are not epimers; they are isomers. 

 The ring carbon and oxygen atoms of six-membered pyranose structures of aldo-
hexoses and their derivatives, including those that constitute glycoconjugate gly-
cans, do not adopt coplanar structures as depicted in Haworth projection formulas 
(Fig.  1.2 ). To relieve bond angle strain and steric interactions between bulky func-
tional groups, in most cases, sugars assume “chair” conformations with a large 
number of different arrangements of their various functional groups in space. The 
conformations in which bulky substituents occupy equatorial positions (lying in 
parallel to plane of the ring) are the more stable ones. The stable chair conforma-
tions of α- and β-anomers of  D -glucose are illustrated in Fig.  1.2 . 

 As mentioned above,  D -galactose ( D -Gal),  D -mannose ( D -Man),  D -glucose 
( D - GLC ), and  D -xylose ( D -Xyl) are the unmodifi ed sugars that occur as constituents of 
glycans in animal glycoconjugates (Brooks et al.  2002 ; Gabius  2009 ; Taylor and 
Drickamer  2011 ; Varki et al.  2008 ). In addition, several modifi ed forms of sugars are 
also common constituents of glycans. These include: 6-deoxy- L   -galactose known as 
 L -fucose ( L -Fuc); the C-6 carboxyl derivative of  D -Glc and  L -idose ( L -Ido), called 
 D -glucuronic acid ( D -GlcA) and  L -iduronic acid ( L -IdoA), respectively; and the 
 N -acetylated forms of 2-amino-2-deoxy- D -glucose ( D -GlcN) and 2-amino-2-deoxy-
galactose ( D -GalN), called  N -acetyl- D -glucosamine ( D -GlcNAc) and  N -acetyl- D -
galactosamine ( D -GalNAc), respectively. Other types of modifi ed sugars found in 
animal glycans have certain hydroxyl groups acetylated, sulfated, or phosphorylated. 
An unusual 9-carbon monosaccharide acid widely distributed in animals is  D -neur-
aminic acid (5-amino-3,5-dideoxy- D - nonulosonic  acid) (Yu and Ledeen  1969 ), 
which has –COOH, –C = O, and –NH 2  functions (Schauer  2004 ; Varki  1992 ; Varki 
and Schauer  2008 ). The amino group is either acetylated (–NHCOCH 3 ) or gly-
colylated (–NHCOCH 2 OH) resulting in  N -acetylneuraminic acid (NANA, NeuAc) 
or  N -glycolylneuraminic acid (NeuGc); humans synthesize only NeuAc, but traces 
of NeuGc are found as a result of eating meat (Bardor et al.  2002 ). Some of the 
hydroxyl groups of these neuraminic acids are either acetylated, methylated, or sul-
fated forming a family of more than 20 derivatives, which are collectively called 
sialic acid (SA) (Schauer  2004 ; Varki  1992 ). Sialic acid occurs abundantly in brain 
as a constituent of glycolipids (Nagai and Iwamori  1995 ; Wang et al.  1998 ). 

 All these modifi cations of monosaccharides contribute to the incredible struc-
tural diversity of glycans. The monosaccharides and their derivatives commonly 
found as constituents of glycans of animal glycoconjugate are shown in Fig.  1.3 ; 
note that, of these sugars,  L -iduronic acid occurs only in proteoglycans.

1 Introduction to the Complexity of Cell Surface and Tissue Matrix Glycoconjugates
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1.3        Formation of Oligosaccharides 

 The anomeric hydroxyl group of monosaccharides is more reactive than the other 
hydroxyl groups and undergoes protonation, becoming a relatively good leaving 
group (Brooks et al.  2002 ; Miljkovic  2010 ). This makes C-1 relatively electrophilic 
and susceptible to attack by negatively charged or electron-rich atoms such as the 
oxygen of hydroxyl groups. Thus, alcohols and other compounds containing 
hydroxyl groups can condense with the carbonyl group of monosaccharides, and the 

  Fig. 1.3    Haworth projection formulas of monosaccharides and their derivatives found in glycans 
of animal glycoconjugates. Note that of these ten sugars, eight are  D -sugars and two are  L -sugars       

 

V.P. Bhavanandan and D.C. Gowda



7

bond formed by this condensation is called a glycosidic bond or a glycosidic linkage 
(Brooks et al.  2002 ; Gabius  2009 ; Taylor and Drickamer  2011 ; Varki et al.  2008 ). 
If the attacking nucleophile is a hydroxyl group of another monosaccharide, then 
the two monosaccharides are linked to each other, forming a disaccharide (Fig.  1.4 ). 
When a glycosidic bond is formed by involving the anomeric hydroxyl of one sugar 
with a non-anomeric hydroxyl of another sugar, the anomeric hydroxyl of the latter 
sugar is free. Therefore, this sugar retains its reducing property and is called the 
reducing end of the resulting disaccharide. The other monosaccharide moiety whose 
anomeric group is involved in the stable glycosidic bond has no reducing power and 
is called the nonreducing end sugar. The nonreducing and reducing ends of linear 
oligo- and polysaccharide chains are analogous to the N- and C-terminal amino 
acids of polypeptides. The α- or β-anomers of one sugar can form two different 
glycosidic bonds with multiple hydroxyl groups (fi ve in the case of hexopyranoses) 
of a second sugar to form several different disaccharides. Thus, two molecules of 
the same sugar, for example, glucose, can form a total of 11 disaccharides, and two 
different monosaccharides can form 20 disaccharides (Fig.  1.4 ).

   An additional complexity is involved when more than two sugars are attached to 
form higher oligosaccharides (Bertozzi and Rabuka  2008 ; Brooks et al.  2002 ). For 
example, in the case of trisaccharides that are formed from three molecules of the same 
sugar,  D -Glc, the third molecule can be attached to either the nonreducing glucose of 
disaccharides, Glc–Glc, to form linear trisaccharides [Glc–Glc–Glc] or the reducing 
end glucose to form branched trisaccharides [Glc–(Glc)–Glc]. Thus, oligosaccharides 
have three ways of generating structural diversity: one is by using different hydroxyl 
groups, the second is by the formation of α- and β-anomeric linkages, and the third is 
by branching. Thus, three molecules of the same sugar can form 176 trisaccharides, 
and three different sugars can form 1,056 trisaccharides. Four or more different sugars 
can form several thousands of tetra- or higher oligosaccharides. Note that linear oligo-
saccharides will have one each of reducing and nonreducing sugar ends. Whereas, 
branched oligosaccharides will have one reducing and multiple nonreducing sugar 
ends and the number of nonreducing ends indicate the degree of branching. 

 Since several sugars (see Fig.  1.3 ) and their acetylated, methylated, and sulfated 
derivatives constitute the glycan moieties of glycoconjugates, the combinatorial 

  Fig. 1.4    Glycosidic bond formation between the α- or β-anomeric hydroxyl group of 
 D - galactopyranose  and the hydroxyl groups on carbons 2, 3, 4, and 6 of  D -glucopyranose results in 
eight different disaccharides with glucose at the reducing end ( a ). When the positions of the sugars 
are reversed as in ( b ), eight disaccharides with galactose at the reducing end are formed. Four 
additional nonreducing disaccharides are formed when the anomeric hydroxyls of both sugars are 
involved in the interaction       
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diversity of glycan structures is incredibly large and literally thousands of glycans 
occur in glycoconjugates (Brooks et al.  2002 ; Gabius  2009 ; Taylor and Drickamer 
 2011 ; Varki et al.  2008 ). Since a single glycoprotein molecule may contain hun-
dreds of different glycans at different glycosylation sites and even one glycosylation 
site may contain different glycan chains, determining the structures and understand-
ing functional roles of glycans is challenging. However, recent technological advance-
ments, particularly mass spectrometry (Leymarie and Zaia  2012 ; Li et al.  2009 ; 
Nishimura  2011 ; North et al.  2009 ; Orlando  2013 ; Schiel  2012 ; Taylor and Drickamer 
 2011 ; Zaia  2010 ), have greatly eased structural determination efforts, and the struc-
tures of tens of thousands of glycans have been determined (Taylor and Drickamer 
 2011 ; Consortium for Functional Glycomics:   http://www.functionalglycomics.org/
glycomics/common/jsp/fi rstpage.jsp    ). However, as mentioned above, our under-
standing of the functional roles of glycans is still limited.  

1.4     Classifi cation of Glycans 

 The glycans of glycoconjugates (glycoproteins and proteoglycans) are classifi ed 
into two major groups: (1)  N -glycans and (2)  O -glycans (Bhavanandan and 
Furukawa  1995 ; Brockhausen et al.  2008 ; Brooks et al.  2002 ; Fukuda  2000 ; Patsos 
and Corfi eld  2009 ; Stanley and Cummings  2008 ; Stanley et al.  2008 ; Taylor and 
Drickamer  2011 ; Zuber and Roth  2009 ).  N -Glycans are linked via an  N -glycosidic 
bond formed between the reducing terminal of GlcNAc and the amide nitrogen 
atom of asparagine (Asn) residues of proteins that are found in the sequon Asn-Xaa- 
Ser/Thr, where Xaa is any amino acid other than proline. Although serum glycopro-
teins such as alpha-1-acid glycoprotein contain exclusively  N -linked glycans, the 
vast majority of glycoproteins contain both  N - and  O -glycans. Some examples of 
these are fetuin, immunoglobulin A, human chorionic gonadotropin, and many cell 
surface glycoproteins.  O -Glycans are linked via an  O -glycosidic bond formed 
between anomeric hydroxyl groups of sugars and the hydroxyl group of serine (Ser) 
or threonine (Thr) residues of proteins. The sugars involved in  O -glycosidic link-
ages are predominantly GalNAc and to lesser extents Man, Fuc, Glc, and Gal. In the 
case of mucins and the mucin-type glycoproteins of the plasma membrane and 
secreted glycoproteins, the glycan substituents are linked via GalNAc. In mannan-
type yeast glycoproteins, and in certain neuronal glycoproteins and proteoglycans 
and in a few animal muscle glycoproteins,  O -glycans are linked through α-Man to 
Ser/Thr (Brooks et al.  2002 ; Kleene and Schachner  2004 ; Krusius et al.  1986 ; 
Nakamura et al.  2010 ; Patsos and Corfi eld  2009 ; Stanley and Cummings  2008 ). In 
proteoglycans, the glycosaminoglycan polysaccharide chains are  O -linked via β- D -
Xyl to Ser residues of proteins (see below). In proteins such as Notch, coagulation 
factors, and urokinase-type and tissue-type plasminogen activator,  O -glycans are 
linked through α- L -Fuc to Ser/Thr (Brooks et al.  2002 ; Freeze and Haltiwanger 
 2008 ; Gebauer et al.  2008 ; Luther and Haltiwanger  2009 ; Patsos and Corfi eld  2009 ; 
Stanley and Cummings  2008 ). In collagens, Galβ1- monosaccharides and Glcα1-
2Galβ1- disaccharides are O-linked to the hydroxyl group of hydroxylysines. 
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In various nuclear and cytoplasmic proteins, a special type of glycosylation involving 
single β-GlcNAc  O -linked to Ser/Thr is found in almost all eukaryotes and believed 
to be involved in the regulation of signaling, transcription, and various other bio-
logical processes. This special type of glycan modifi cation is discussed by Lagerlof 
and Hart in Chap.   16    .  

1.5     Structural Features of  N -Glycans 

 All  N -glycans have a common pentasaccharide “inner core,” consisting of three 
Man and two GlcNAc (residues shown in blue/bold in Fig.  1.5 ). The occurrence of 
this conserved core structure is due to the involvement of common biosynthetic 

  Fig. 1.5    The structural features of  N -glycans of animal glycoproteins. Because of the involvement 
of a common biosynthetic lipid-linked oligosaccharide precursor, all  N -glycans contain a common 
inner core structure, consisting of three  D -mannose (Man) and two  N -acetyl- D -glucosamine 
(GlcNAc) residues (shown in  blue/bold ). After transferring to proteins, the common oligosaccha-
ride precursor is modifi ed differently, but retaining the pentasaccharide core, to yield three sub-
classes of  N -glycans referred to as high-mannose- or oligomannose-type ( a ), complex- or 
 N -acetyllactosamine-type ( b ), and hybrid-type ( c )  N -glycans. The complex di-antennary  N -glycans 
( b ) may be further modifi ed to form tri-antennary, tetra-antennary (e.g.,  d ), and penta-antennary 
structures;  n  = 2 to ~50       
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pathway for all types of  N -glycan chains found in glycoproteins (Brooks et al.  2002 ; 
Fukuda  2000 ; Stanley et al.  2008 ; Stanley and Cummings  2008 ; Taylor and 
Drickamer  2011 ; Zuber and Roth  2009 ). The  N -glycans are classifi ed into three 
subgroups based on the types of modifi cations peripheral to the inner core structures 
and are referred to as the (1) oligomannose or high mannose type, (2) complex type, 
and (3) hybrid type (Fig.  1.5 ). All these subgroups show enormous structural varia-
tions due to different types of peripheral modifi cations, including variation in chain 
lengths, attachment of different terminal sugars, incomplete addition of terminal 
sugars, and incomplete chain formation.

   Oligomannose-type  N -glycans contain only Man and GlcNAc residues (Fig.  1.5a ), 
and the heterogeneity in this type of  N -glycans is due to variations in the numbers 
and locations of outer Man residues linked to the two α-Man of the inner core. 
Complex-type  N -glycans (Fig.  1.5b ) exhibit a far wider spectrum of structural varia-
tion compared to high-mannose-type  N -glycans (Brooks et al.  2002 ; Fukuda  2000 ; 
Stanley et al.  2008 ; Stanley and Cummings  2008 ; Taylor and Drickamer  2011 ; 
Zuber and Roth  2009 ). Typically, each of the two α-Man residues of the inner core 
is substituted with one or more  N -acetyllactosamine (Galβ1-4GlcNAcβ1-) moieties, 
which form outer chains. Those  N -glycans that carry two  N -acetyllactosamine sub-
stituents—one chain on each of the α-linked Man are called complex-type di-anten-
nary oligosaccharides (Fig.  1.5b ). The glycans that contain more than one 
 N -acetyllactosamine substituent on either one or both α-Man are called multi-anten-
nary structures and are referred to as tri-, tetra-, penta-antennary based on the total 
number of antennas present; an example of a complex tetra- antennary structure is 
shown in Fig.  1.5d . In  N -glycans of many animal glycoproteins, the 
 N -acetyllactosamine moieties are elongated with repetitive sequential additions of 
β-GlcNAc and β-Gal, resulting in poly- N -acetyllactosamine chains containing two 
to as many as fi fty or more of the repeating disaccharide,  -3Galβ1-4GlcNAcβ1-  
(type 2  N -acetyllactosamine), or -3Galβ1-3GlcNAcβ1- (type 1  N -acetyllactosamine) 
units; for example, Fig.  1.5d  in which  n  = 2 to ~50. The sugar chains are terminated 
by the substitution of β-Gal with α(2-3)- and/or α(2-6)-linked SA, α(1-2)-linked 
Fuc, α(1-3)-linked Gal, α(1-3)-linked GalNAc or sulfate groups. The terminal resi-
dues within one  N -glycan may be the same sugar or two or more different α-linked 
sugars (SA, Fuc, Gal or GalNAc). In some  N -glycans, terminal β-Gal residues are 
unsubstituted or even absent, exposing β-GlcNAc as the terminal sugar. Additionally, 
a wide range of different types of substitutions on the inner and subterminal type 
2  N -acetyllactosamine moieties exist, including substitution of inner GlcNAc with 
α(1-3)-linked Fuc and that of β-Gal with β(1-6)-linked GlcNAc on which 
 N -acetyllactosamine chains can be formed and elongated (Stanley and Cummings 
 2008 ). Type 1  N -acetyllactosamine (-3Galβ1-3GlcNAcβ1-) structures carrying α(1-4)-
linked Fuc substitution on GlcNAc also occur (Brockhausen et al.  2008 ; Brooks 
et al.  2002 ; Fukuda  2000 ; Stanley and Cummings  2008 ). Moreover, β-Man of the 
core structure is substituted with a single GlcNAc, forming bisecting structures 
(Fig.  1.5 ). The  N -glycans of secretory glycoproteins and erythrocyte surface pro-
teins exhibit blood A, B, H, Lewis a , Lewis b , and other blood group antigenic struc-
tures (Brooks et al.  2002 ; Schachter and Brockhausen  1992 ; Cummings  1992 ; 
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Stanley and Cummings  2008 ). Many  N -glycans of animal cells carry sialyl Lewis x  
and related antigens, and their expression is regulated during development and dif-
ferentiation; highly expressed in fetuses but rarely in adults. Sialyl Lewis x  and 
related structures are also highly expressed by cancer cells and therefore, are referred 
to as onco-fetal antigens. The hybrid-type  N -glycans contain structural features of 
both oligomannose-type and complex-type oligosaccharides (see Fig.  1.5c ). These 
glycans also show variations in the number of Man substitutions and length and 
substitutions of the complex-type chain, resulting in multiple structures. Because of 
all the different modifi cations mentioned above, literally tens of thousands of 
 N -glycans occur as constituents of various glycoproteins. 

 In the central nervous system, in addition to many of the  N -glycans described 
above, some unique structures are present (Bruses and Rutishauser  2000 ; Fukuda 
 2000 ; Gascon et al.  2007 ; Hildebrandt and Dityatev  2013 ; Kleene and Schachner 
 2004 ; Ledeen and Wu  2009 ; Stanley and Cummings  2008 ). For example, the neuro-
nal cell adhesion molecules (N-CAMs) of developing brain contains α(2-8)-linked 
polysialic acid chains made up of as many as 50 or more sialic acid residues that are 
attached to β-Gal of one or more outer chains of  N -glycans. This unique modifi ca-
tion is implicated in cell migration, neurite outgrowth, and the development of ner-
vous system. Another example of an uncommon glycan present in neural cells is the 
HNK-1 antigen, sulfate-3GlcAβ1-3Galβ1-4GlcNAc-, found as a terminal structure 
in glycan chains (Fukuda  2000 ; Freeze and Haltiwanger  2008 ; Gebauer et al.  2008 ; 
Kleene and Schachner  2004 ; Luther and Haltiwanger  2009 ; Schachter and 
Brockhausen  1992 ; Stanley and Cummings  2008 ). HNK-1 epitope specifi city is 
provided by the terminal sulfate-3GlcAβ1-3Galβ1- moiety (Tokuda et al.  1998 ). 
The HNK1 antigen was originally identifi ed in human natural killer cells and sub-
sequently found as an antigen involved in the autoimmune disease, peripheral 
demyelinative neuropathy (Ariga et al.  1987 ). The antigen is regulated both tempo-
rally and spatially in the developing nervous system (Schwarting et al.  1987 ) and is 
found in several neuronal cell adhesion molecules, including N-CAM, myelin-asso-
ciated protein, contactin, L1, and P0. HNK-1 mediates cell–cell and cell–substrate 
interactions (Ariga  2011 ; Fukuda  2000 ; Kizuka and Oka  2012 ; Kleene and 
Schachner  2004 ; Morita et al.  2008 ; Stanley and Cummings  2008 ).  

1.6     Structural Features of  O -Glycans 

 As discussed above, mucin-type glycans that are linked via α-GalNAc to Ser/Thr of 
proteins are the most abundant  O -linked glycans in eukaryotic cells, including cells 
of the central nervous system (Bhavanandan and Furukawa  1995 ; Brockhausen et al. 
 2008 ; Brooks et al.  2002 ; Patsos and Corfi eld  2009 ; Schachter and Brockhausen 
 1992 ; Taylor and Drickamer  2011 ). The α-GalNAc  O -linked to Ser/Thr can be sub-
stituted with β-Gal and/or β-GlcNAc or with an additional α-GalNAc residue, form-
ing eight distinct core structures (Fig.  1.6 ). The wide variety of  O -glycans found in 
animal cells is formed by the addition of different sugars to the core structures. 
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 O -Glycans having core structures 1–4 are widely distributed in animal cells and 
 tissues, and those with core structures 5–8 are rarely found (Brockhausen et al.  2008 ; 
Brooks et al.  2002 ; Fukuda  2000 ; Schachter and Brockhausen  1992 ; Taylor and 
Drickamer  2011 ). The unsubstituted GalNAcα1 linked to Ser/Thr constitutes the Tn 
antigen (Brooks et al.  2002 ). The substitution of α-GalNAcα1 linked to Ser/Thr with 
sialic acid forms NeuAcα2-6GalNAcα1, the simplest sialylated disaccharide called 
the sialyl Tn antigen. The core 1 structure, Galβ-1-3GalNAcα1, is known as the 
Thomsen–Friedenreich antigen or T antigen. The Tn and T antigens are found at low 
levels in normal tissues, but are highly expressed in certain tumors (Brooks et al. 
 2002 ; Varki et al.  2008 ). The β-Gal residue of core 1 structure Galβ-1- 3GalNAcα1-
Ser/Thr can be substituted with α(2-3)-linked NeuAc, and the α-GalNAc can be 
substituted with α(2-6)-linked NeuAc. Further, the β-Gal residue of the core 2 struc-
ture can be substituted with α(2-3)-linked NeuAc, and β-GlcNAc can be substituted 
with β(1-4)-linked Gal to form a type 2  N -acetyllactosamine structure (Fig.  1.6 ). 
Similarly, both β-GlcNAc of core 4 can be substituted with β(1,3)-linked Gal to form 
two branches having type 1  N -acetyllactosamine structure. As in the case of 
 N -glycans, in both core 2 and core 4 structures, the  N -acetyllactosamine is either 
terminated by the substitution of α-linked NeuAc, Fuc, Gal, and GalNAc or elon-
gated to form polymeric  N -acetyllactosamine chains, which are then terminated with 
α-linked sugars. The  O -linked glycans of some animal mucins are also sulfated, 

  Fig. 1.6    The structures of core sugar moieties of  O -glycans and structures of representative 
 O -glycans found in animal cells and tissues       
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typically at the terminal ends and/or on internal Gal and GlcNAc. Many  O -glycans 
of secretary proteins also contain the repeating units of type 1  N -acetyllactosamine 
-3Galβ1-3GlcNAcβ1- or type 2  N -acetyllactosamine structure, -3Galβ1-4GlcNAcβ1- 
structures (Brockhausen et al.  2008 ; Brooks et al.  2002 ; Patsos and Corfi eld  2009 ; 
Schachter and Brockhausen  1992 ; Taylor and Drickamer  2011 ). As in  N -glycans, the 
inner β-Gal can be substituted with β(1-6)-linked GlcNAc to form a branched struc-
ture, which can also be elongated with  N -acetyllactosamine moieties. In addition, 
the β-GlcNAc residues of type 1 and type 2  N -acetyllactosamine can be substituted 
with, respectively, α(1-4)-linked and α(1-3)-linked Fuc. These and the substitution of 
subterminal β-Gal with α-linked sugars results in the formation of  O -glycans carrying 
the blood group A, B, H, and Lewis antigens, and development- and differentiation-
specifi c sialyl Lewis antigens (Brockhausen et al.  2008 ; Brooks et al.  2002 ; Patsos 
and Corfi eld  2009 ; Schachter and Brockhausen  1992 ; Taylor and Drickamer  2011 ). 
All the above mentioned and various other type of modifi cations give rise to numer-
ous distinct  O -glycans found in animal glycoproteins.

   Although  O -glycans linked via α-GalNAcα1-Ser/Thr are found in most glycopro-
teins, they are abundantly present in two groups of glycoproteins: (1) mucins pro-
duced by epithelia of salivary glands, and the respiratory, gastrointestinal and 
urogenital tracts, and (2) membrane-associated mucin-like glycoproteins 
(Bhavanandan and Furukawa  1995 ; Brockhausen et al.  2008 ; Brooks et al.  2002 ; 
Patsos and Corfi eld  2009 ; Schachter and Brockhausen  1992 ; Taylor and Drickamer 
 2011 ). Epithelial mucin glycoproteins contain hundreds of α-GalNAc-linked 
 O -glycans, which account for as much as 50–80 % of the mass of mucin molecules. 
In these mucin molecules, the  O -glycans are found clustered at certain regions of the 
protein backbones. Because of the high levels of  O -glycan substitution, mucin mol-
ecules can hold large amount of water and assume extended structures. In addition, 
because of the high net negative charge imparted by sialic acid and sulfate groups, 
mucin molecules in solution are randomly oriented, exhibiting high viscosity. This 
property allows mucin to serve as a protective barrier for epithelia against physical 
abrasion and inhibit infection by functioning as decoys for the adherence of patho-
gens. The latter is a double-edged sword since pathogens such as infl uenza virus and 
 Helicobacter pylori  exploit these molecules for their invasion/attachments and infect 
the respiratory system and stomach, respectively. Abnormality in mucin structure/
function is implicated in the pathobiology of several human diseases (Brooks et al. 
 2002 ; Hennet et al.  2009 ; Taylor and Drickamer  2011 ; Varki and Freeze  2008 ). These 
include cystic fi brosis, chronic bronchitis, Crohn’s disease, duodenal ulceration, 
colonic adenocarcinomas, infertility problems, and infl ammatory ulcerative colitis. 

 Compared to secretory epithelial mucins, the carbohydrate content in many 
membrane-associated cell surface glycoproteins is relatively less because they have 
fewer and shorter glycan chains. Examples of such glycoproteins are the erythrocyte 
membrane glycophorins, and most of the cell membrane and tissue matrix glycopro-
teins of animal tissues, including the central nervous system. Other examples of 
membrane-associated, mucin-like glycoproteins are human white blood cell-associated 
leukosialin (CD43, sialophorin), red blood cell membrane decay-accelerating fac-
tor, low-density lipid receptor, platelet membrane-associated CD42b (glycocalicin   ), 
and human milk fat granule membrane glycoproteins. These glycoproteins contain 
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hundreds of shorter  O -glycans and are present as highly extended structures, 
projecting far beyond the cell surface (Bhavanandan and Furukawa  1995 ; Brooks 
et al.  2002 ; Fukuda  2000 ; Taylor and Drickamer  2011 ). As in the case of  N -glycans, 
expression of the membrane-associated cell surface  O -glycans is markedly 
increased or altered in malignantly transformed cells. Because of their important 
role in the pathobiology of cancer there has been extensive research on this 
subclass of  O -glycans. These glycans are also widely implicated as ligands for 
selectins, which are involved in thrombosis, infl ammation, allergy, auto immunity, 
and cancer metastasis. For example, the endothelial cell- associated mucin-type 
glycoproteins such as GlyCAM-1, CD34, and MAdCAM-1 function as ligands for 
 L -selectin, and the leukocyte membrane mucin-type glycoprotein PSGL-1 has been 
shown to be a ligand for P-selectin and E-selectin. Thus, these mucin-like glyco-
proteins are involved in recognition, binding and recruitment of immune cells to 
the site of injury, and in homing of the circulating lymphocytes to lymph nodes 
(Homeister and Lowe  2000 ). 

 It has been shown that Fuc  O -linked to the Ser/Thr residues of EGF-like repeat- 
containing proteins is substituted to form GlcNAcβ1-3Fucα1-, Galβ1-4GlcNAcβ1- 
3Fucα1-, Galβ1-4GlcNAcβ1-3Fucα1, NeuAcα2-6 Galβ1-4GlcNAcβ1-3Fucα1-
oligosaccharides, which play important roles in intracellular signaling (Brooks et al. 
 2002 ; Gebauer et al  2008 ; Freeze and Haltiwanger  2008 ; Kleene and Schachner 
 2004 ; Luther and Haltiwanger  2009 ; Stanley and Cummings  2008 ; Taylor and 
Drickamer  2011 ). Some glycoproteins and proteoglycans of the nervous system, 
and neuronal and muscle α-dystroglycan, in addition to having the GalNAc-linked 
 O -glycans, are modifi ed with signifi cant levels of  O -glycans linked via α-Man to 
Ser/Thr (Chai et al. 1999; Krusius et al.  1986 ; Nakamura et al.  2010 ). The α-Man 
that is  O -linked to Ser/Thr is substituted with either β1-2-linked GlcNAc residues or 
β1-2- and β1-6-linked GlcNAc residues. These GlcNAc residues are further substi-
tuted by sequential addition of β(1-4)-linked Gal and terminated with NeuAc or 
3-sulfated glucuronic acid; the latter forming the HNK-1 epitope (Ariga  2011 ; 
Fukuda  2000 ; Kleene and Schachner  2004 ; Kizuka and Oka  2012 ; Morita et al. 
 2008 ; Stanley and Cummings  2008 ). Defi ciency in the  O -Man-linked oligosaccha-
ride modifi cation is associated with several types of severe brain and eye abnor-
malities, mental retardation, severely impaired mobility, muscle weakness, reduced 
muscle bulk, and dystrophic muscle (Kleene and Schachner  2004 ; Nakamura 
et al.  2010 ).  

1.7     Biosynthesis of  N - and  O -Glycans 

 One important difference in the biosynthesis of glycans compared to nucleic acids 
and proteins is that the synthesis of glycans is not template dependent. Instead the 
genetic control is exerted by the expression of enzymes called glycosyltransferases, 
which catalyze the biosynthesis of glycans (Brockhausen et al.  2008 ; Brooks et al. 
 2002 ; Cummings  1992 ; Stanley et al.  2008 ; Schachter and Brockhausen  1992 ; Taylor 
and Drickamer  2011 ; Zuber and Roth  2009 ). The glycosidic bond formation involves 
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the transfer of sugars from activated donors (nucleotide sugars) to acceptor monosac-
charide or oligosaccharide substrates, which exist either as free molecules or as moi-
eties linked to proteins/lipids. The activated sugars are derivatives of either uridine or 
guanidine diphosphate and of cytidine monophosphate in the case of sialic acids. The 
biosynthesis occurs at several locations, cytoplasm, lumen of the endoplasmic reticu-
lum (ER), and lumen of the Golgi. The nucleotide sugars are formed in the cytoplasm 
and, for glycan biosynthesis, are transported to the Golgi by membrane transporters. 
In contrast, the ER membrane has no nucleotide-sugar transporters; sugar donors for 
glycan synthesis in the ER lumen are dolichol phosphate sugars formed by the trans-
fer of sugars from nucleotide sugars in the cytoplasm to dolichol phosphate in the 
membrane. The dolichol phosphate sugars in which the sugar residues face the cyto-
plasmic side are then fl ipped to the luminal side and thus can donate sugar residues 
to acceptor molecules.  N -Glycans are initially synthesized in the ER as dolichol 
diphosphate- linked high-mannose-type oligosaccharides containing three terminal 
Glc, eight Man, and two internal GlcNAc residues, and the oligosaccharide is trans-
ferred en bloc to the Asn residues of Asn-X-Ser/Thr motifs of polypeptide chains 
while the latter are still being synthesized. The oligosaccharides on proteins are then 
processed beginning in the ER but mostly in the Golgi to complex-type or hybrid 
oligosaccharides (Fig.  1.5 ). The  O -glycans and glycosaminoglycans are synthesized 
in the Golgi by the addition of sugars sequentially after the fi rst sugar is added to the 
Ser/Thr residues of proteins. 

 The general reaction for glycan biosynthesis is represented as the following: 
nucleotide-sugar donors + acceptor substrates → products + nucleotide diphosphate. 
The reaction is driven by the energy released by the hydrolysis of nucleoside diphos-
phate into nucleoside monophosphate and phosphate. Sugars are transferred from 
donor nucleotide sugars to different hydroxyl groups of acceptor monosaccharides, 
oligosaccharides, proteins, or lipids. The glycosidic linkages thus formed vary with 
respect to their positions and animeric confi garations. The glycosyltransferases 
determine the types of glycosidic linkages formed by exhibiting specifi city toward 
the donor sugars and acceptor mono- or oligosaccharide substrates. Therefore, it is 
the specifi city of glycosyltransferases that primarily directs and controls the forma-
tion of a particular glycan. In general, one glycosyltransferase is required for the 
formation of each type of glycosidic linkage between two sugars in glycans, 
although a few exceptions exist. The glycosyltransferases involved in  N -and 
 O -glycan biosynthesis are membrane-bound enzymes and are involved in an assem-
bly line-like process in the synthesis of specifi c glycans. The biosyntheses of O-and 
N-glycans are discussed in detail in Chap.   3      and   4    , respectively.  

1.8     Glycosphingolipids 

 Glycosphingolipids (GSLs) are a class of glycolipids that are conjugates of glycans 
and ceramide-containing lipids and are distributed widely in all organisms (Brooks 
et al.  2002 ; Kopitz  2009 ; Kundu  1992 ; Leeden and Wu  2009 ; Schnaar et al.  2008 ; 
Taylor and Drickamer  2011 ). They are ubiquitous plasma membrane components 
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and are primarily localized in the outer leafl et with their hydrophilic sugar moieties 
projecting outside of the cell. GSLs are abundantly found in the brain. The glycan 
moieties on the cell surface function as specifi c receptors for certain pituitary hor-
mones, growth factors, viruses, and cholera, tetanus, and botulinum bacterial toxins. 
They also serve as specifi c determinants of cell–cell interactions and as tumor- 
associated antigens. Disorders of GSL catabolism are responsible for several 
genetic diseases, which are referred to as glycosphingolipid storage diseases. 
These diseases are caused by defects in specifi c lysosomal glycosidases, involved 
in the  degradation of the glycan chains or in sphingolipid activator proteins. For 
example, Tay–Sachs and Gaucher’s diseases are caused by defects in  N -acetyl-β- 
hexosaminidase and β-glucosidase, respectively. The inborn errors of GSL catabo-
lism are discussed in detail in Chap.   21    .  

1.9     Structural Features of the Glycan Moieties 
of Glycosphingolipids 

 In the majority of glycolipids, glycans are conjugated to the terminal (C-1) pri-
mary hydroxyl group of ceramides (Cer), which are  N -acyl fatty acid derivatives 
of sphingosine. Both the fatty acid (acyl chain) and sphingosine moieties of 
ceramides are heterogeneous (Brooks et al.  2002 ; Hakomori  2003 ; Kopitz  2009    ; 
Kundu  1992 ; Leeden and Wu  2009 ; Schnaar et al.  2008 ; Taylor and Drickamer 
 2011 ). The acyl chain can be 14–26 carbons in length, saturated, unsaturated, or 
2-hydroxylated. The sphingosine can be 14–20 carbons in length. The carbohy-
drate moieties of the GSLs consist of the following sugars:  D -Glc,  D -Gal,  L -Fuc, 
 D -GlcNAc,  D -GalNAc, and NeuAc. The simplest GSLs are the monohexosylcere-
brosides, glucocerebroside (Glcβ1-1Cer), and galactocerebroside (Galβ1-1Cer). 
While the Glc residue of Glcβ1-1Cer is the link sugar in complex GSLs having a 
wide range of short to large glycan chains, the Gal residue of Galβ1-1Cer is elabo-
rated only to a limited degree to form GSLs with only short glycan chains and the 
sulfatide, 3- O -sulfo-Galβ1-ceramide (Kundu  1992 ). Thus, the glycan chains of 
different compositions, linkage types, and chain lengths are formed by the sequen-
tial addition of other sugars to the core Glc residue linked to Cer. Further, like in 
the case of glycoprotein glycans, the glycan chain lengths of glycolipids in certain 
cells such as erythrocytes and granulocytes are highly extended with repeating 
 N- acetyllactosamine units, and inner GlcNAc are substituted with Fuc to form 
Lewis antigens (Fukuda et al.  1986 ; Fukuda and Hakomori  1982 ; Müthing  1996 ; 
Stanley and Cummings  2008 ). In addition, these chains may be terminated by one 
or more of α-linked NeuAc, Fuc, Gal, or GalNAc to yield various blood group and 
sialyl Lewis antigens (Stanley and Cummings  2008 ). Based on the core structures 
of glycan moieties that are attached to the Cer moiety, GSLs are classifi ed into 
different subclasses: lacto-, lactoneo-, globo-, isoglobo-, ganglio-, muco-, and gal-
series (Table  1.1 ). Lactosylceramide (Galβ1-4Glcβ1-1Cer) serves as the precursor 
for the synthesis of fi ve families of GSLs. The GSLs that contain sialic acid are 
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called gangliosides. As in glycoproteins, the structures of GSLs are defi ned by the 
specifi city of glycosyltransferase and their relative levels and distribution in the cells.

   GSLs are present ubiquitously in cells, and the subclasses are differentially dis-
tributed in different tissues (Kundu  1992 ). For example, gangliosides are present at 
high levels in neural tissues. Among the non-sialylated GSLs, only Gal-Cer and 
sulfatide, SO 3 -3Gal-Cer, but not Glc-Cer are present in brain and other neural tis-
sues. However, fetal and neonatal brains contain almost equal amounts of Gal-Cer 
and Glc-Cer. Erythrocytes contain mainly Glc-Cer and complex GSLs having large 
glycan chains, whereas the kidney and intestine have substantial levels of both Glc- 
Cer and Gal-Cer (Kundu  1992 ). 

 Sialic acid-containing GSLs were fi rst isolated in high yield from the brain and 
were thought to be exclusively present in ganglia and hence named gangliosides. 
However, gangliosides were subsequently found to be present throughout the body, 
albeit at relatively lower levels. NeuAc is the almost exclusive sialic acid in 
 gangliosides of humans, whereas animal gangliosides contain both NeuAc and 
NeuGc and their acetylated and/or methylated derivatives (Brooks et al.  2002 ; 
Schauer  2004 ; Varki  1992 ; Varki et al.  2008 ). The gangliosides of various animal 
brains contain one to as many as fi ve sialic acid residues. Gangliosides are named 
according to the rules proposed by Dr. Lars Svennerholm ( 1994 ). G M , G D , G T , G Q , 
and G P , where G stands for ganglio, and the subscript letters defi ne the total number 
of sialyl residues, indicating mono-, di- tri-, tetra- and penta-sialylated gangliosides, 
respectively. The numerical numbers 1, 2, 3, and 4 following these letters defi ne 5 
minus the number of neutral sugars in the molecule. The lowercase letters,  a, b,  or  c  
after the numerical number defi ne, respectively, one, two, or three SA residues on 
the inner Gal. For example, GT1b refers to trisialyl globotetraosyl ganglioside having 
SAα2-8SA linked through α(1-3) glycosidic bond to the inner Gal residue. The SA 
residues on Gal are α(2-3)-linked, while the SA–SA glycosidic bond is α(2-8)-
linked. One or more SA residues can be similarly linked to the terminal Gal. The 
structures of the lacto-ceramide G M  gangliosides are shown in Fig.  1.7  and examples 
of other gangliosides are available elsewhere (Hakomori  2003 ; Kopitz  2009 ; Kundu 
 1992 ; Schnaar et al.  2008 ).

   An important difference in GSLs compared to glycoproteins and proteoglycans is 
the absence of heterogeneity at specifi c glycosylation sites. Glycan microheterogeneity 
is an inherent factor in glycoproteins and proteoglycans. Not only does the number 

  Table 1.1    The core 
structures of major 
glycolipids found 
in animals  

 Type  Structure 

 Lacto  Galβ1-3GlcNAcβ1-3 Gal β 1-4Glc β 1-1- ceramide          
 Lactoneo  Galβ1-4GlcNAcβ1-3 Gal β 1-4Glc β 1-1- ceramide          
 Globo  GalNAcβ1-3Galα1-4 Gal β 1-4Glc β 1-1- ceramide          
 Globoneo  GalNAcβ1-3Galα1-3 Gal β 1-4Glc β 1-1- ceramide          
 Isoglobo  GalNAcβ1-3Galα1-3 Galb1-4Glc β 1-1- ceramide          
 Ganglio  Galβ1-3GalNAcβ1-4 Gal β 1-4Glc β 1-1- ceramide          
 Muco  Galβ1-3Galβ1-3 Gal β 1-4Glc β 1-1- ceramide          
 Galacto  Galα1-4Galβ1-1-ceramide 
 Sulfatides  3- O -Sulfo-Galβ1-ceramide 

  The sugars highlighted in bold represent common core residues  
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of glycan chains attached to core proteins vary widely, there can also be heterogene-
ity in the glycan at a single site. For example, the single  N -linked oligomannose 
chain attached to a specifi c Asn residue in ribonuclease varies widely in its number 
of mannose residues. In contrast, in GSLs such as G D1a  ganglioside (NeuAcα2-
3Galβ1-3GalNAcb1-4(NeuAc2α-3)Galβ1-4Glcβ1-ceramide) and G M3  ganglioside 
(NeuAcα2-3Galβ1-4Glcβ1-ceramide), the glycan chains are well defi ned and 
homogenous. While there is heterogeneity in the length of fatty acyl chain and 
sphingosine moiety of ceramide as explained earlier, there is no glycan 
chain heterogeneity. In fact, if one monosaccharide is missing in the carbohydrate 
chain, the molecule becomes a different glycolipid.  

1.10     Synthesis and Functions of the Glycan Moieties 
of Glycolipids 

 As in the case of glycoprotein  O -glycans, glycolipids are synthesized in the Golgi 
by the sequential addition of sugars to the C-1 hydroxyl group of ceramide. The 
newly synthesized glycolipids are then transported to plasma membranes (Brooks 
et al.  2002 ; Kopitz  2009 ; Kundu  1992 ; Schnaar et al.  2008 ). 

 Like  N - and  O -glycans of glycoproteins, GSLs perform numerous physiological 
functions, including cell–cell and cell–molecule interactions that are critical for bio-
logical processes such as development, differentiation, defi ning cell–cell communi-
cations, cell social behavior, antigenicity, modulation of immune responses, and cell 
signaling. As in the case of glycoproteins, the glycan moieties of GSLs can also 
function as various blood group- and development- and differentiation-specifi c anti-
gens such as sialyl Lewis antigen (Stanley and Cummings  2008 ). In the central 
nervous system, GSLs are involved in many tissue-specifi c functions, including 
neuritogenesis, nerve repair, inhibition of neurite outgrowth, neuromuscular forma-
tion, cell social behavior, and various other functions (Hakomori  2003 ; Kopitz 
 2009 ; Kundu  1992 ; Schnaar et al.  2008 ). 

  Fig. 1.7    The structures of 
monosialogangliosides, G M1 , 
G M2 , and G M3 , containing 
four, three, and two neutral 
monosaccharides, 
respectively. G M4  is 
NeuAcα2-3Galβ1-1Cer       
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 Alterations in GSL composition, levels of expression, and distribution appear to 
contribute to tumor growth and spreading. For example, high levels of G M2  and G D2  
gangliosides are found in melanoma and neuroectodermal tumors, and G D3  ganglio-
side containing 9- O -acetyl neuraminic acid is highly expressed by melanoma 
tumors (Kundu  1992 ). Various sialyl Lewis antigen-containing GSLs are also highly 
expressed by teratocarcinoma, colorectal adenocarcinoma, pancreatic cancer, ovar-
ian cancer, and other cancers. A number of monoclonal antibodies such as CA50, 
N-19-9, OFA-1, and OFA-2 that specifi cally recognize GSL glycan antigens are 
being used for diagnosis of cancers, including breast cancer, brain tumors, and 
colon cancer (Kundu  1992 ).  

1.11     Glycosylphosphatidylinositol Anchors: 
A Special Group of Glycolipids 

 Glycosylphosphatidylinositol (GPI) anchors represent a distinct class of glycolipids 
and consist of glycan moieties attached to the C-6 position of the  myo -inositol resi-
due of phosphatidylinositol (PI) (Brooks et al.  2002 ; Ferguson et al.  2008 ; Paulick 
and Bertozzi  2008 ; Shams-Eldin et al.  2009 ; Taylor and Drickamer  2011 ). The gly-
can moieties of GPIs consist of a conserved trimannosyl core substituted with 
 ethanolamine at the C-6 hydroxyl group of the terminal mannose, ethanolamine-
phosphate-6Manα1-2Manα1-6Manα1-4GlcNα1-. The trimannosyl core moiety in 
GPIs from many sources is modifi ed with additional sugars and one or more etha-
nolamine phosphate residues (Fig.  1.8 ). The lipid portion contains saturated or 

  Fig. 1.8    Representative structure of a GPI anchor. The inner trimannosyl moiety is usually modi-
fi ed with additional sugars and ethanolamine phosphate residue(s). The lipid chains on glycerol are 
either acyl/acyl or acyl/alkyl chains. The chains lengths of both acyl and alkyl residues are variable 
and may contain unsaturated bonds (see ref. (Ferguson et al.  2008 ) for GPIs from many sources). 
GPIs from some sources carry acyl substituent, usually C16:0 at C-2 of  myo -inositol       
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unsaturated fatty acyl/alkyl residues of 16–24 carbon atoms in length at the C-1 and 
C-2 positions of glycerol. In addition, the C-2 position of the  myo -inositol residue 
is either substituted with fatty acid or unsubstituted. GPIs from different cells and 
species exhibit broad structural diversity due to heterogeneity in the structures of 
the glycan and lipid moieties (Ferguson et al.  2008 ).

   GPIs are expressed ubiquitously by all eukaryotic cells and are found in all ani-
mal tissues. GPIs are particularly abundant in parasites, including species of the 
genus  Trypanosoma ,  Leishmania , and  Plasmodium  (Ferguson et al.  2008 ; Shams- 
Eldin et al.  2009 ). The primary role of GPIs is to anchor certain proteins, glycopro-
teins, and proteoglycans of cells, including those in the brain, to the plasma 
membrane via formation of an amide bond between the amino group of the ethanol-
amine residue and the C-terminal carboxyl group of the protein. In addition to 
anchoring proteins to the plasma membrane, GPIs seem to be involved in many 
biological functions (Ferguson et al.  2008 ; Paulick and Bertozzi  2008 ; Shams-Eldin 
et al.  2009 ). GPI modifi cation is not limited to a specifi c class of proteins/glycoproteins. 
Proteins including enzymes, receptors, cell surface antigens, cell adhesion mole-
cules, transporters, and other functional proteins are anchored to plasma membranes 
via GPIs. Specifi c examples of GPI-anchored proteins include acetylcholine ester-
ase and decay-accelerating factor present on the erythrocyte membrane, placental 
membrane alkaline phosphatase, the Thy-1 antigen of lymphocytes, the neural cell 
adhesion molecule and brevican proteoglycan. 

 Biosynthesis of GPIs occurs exclusively in the ER, although some modifi cations 
to the glycan moieties may occur after the GPI-anchored proteins move to the Golgi. 
In the ER, fi rst GlcNAc is added to the membrane PI moiety on the cytoplasmic 
side, and after  N -deacetylation of GlcNAc and acylation of  myo -inositol residue at 
C-2, the GlcN-PI intermediate fl ips over to the luminal side of the ER, where Man 
residues donated by dolichol phosphate-Man are sequentially added. The fully 
assembled GPI is then transferred to the carboxyl group of the C-terminal amino 
acid of the acceptor protein to form an amide bond by the action of a transamidase, 
thereby anchoring the protein to the membrane.  

1.12     Glycosaminoglycans and Proteoglycans 

 Glycosaminoglycans (GAGs) are linear, anionic polysaccharides consisting of 
alternating residues of an uronic acid or galactose and an  N -acetylhexosamine 
(Bhavanandan and Davidson  1992 ; Buddecke  2009 ; Esko et al.  2008 ;    Hascall and 
Esko  2008 ; Sasisekharan et al.  2008 ; Volpi  2006 ). An additional structural feature 
is that all GAGs except hyaluronic acid (see below) contain sulfate. GAGs are made 
up of repeating disaccharide units    with or without sulfate; two such repeats of each 
GAG are illustrated in Fig.  1.9 . Several types of GAGs occur in animals and are 
classifi ed into two broad groups based on the type of  N -acetylhexosamine present: 
(1) Glucosaminoglycans, containing either GlcNAc or  N -sulfated glucosamine 
(GlcNSO 3  − ), include hyaluronic acid (HA), heparan sulfate (HS), heparin, and 
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keratan sulfate (KS). (2) Galactosaminoglycans, containing GalNAc, are  chondroitin 
sulfates (CS). In early studies, three types of galactosaminoglycans were discovered 
and initially named CSA, CSB, and CSC. After the structures were elucidated, these 
GAGs were renamed chondroitin-4-sulfate (C4S), dermatan sulfate (DS), and 
chondroitin- 6-sulfate (C6S), respectively. DS differs from C4S and C6S in having 
predominantly IdoA instead of GlcA. There are several other chondroitin sulfates 
that can be distinguished based on the position and number of sulfate groups pres-
ent, for example, chondroitin 2,6-sulfate (C2,6diS; CSD) and chondroitin 4,6- sulfate 
(C4,6diS or CSE) (Malavaki et al.  2008 ; Nandini and Sugahara  2006 ). In CS and 
DS, the sulfate groups are mainly present on GalNAc residues. However, in DS and 
in C2,6diS, additional sulfate groups are present at C-2 of certain IdoA and GlcA 
residues, respectively.

   The nonsulfated GAG, HA, consists exclusively of uniformly defi ned repeating 
disaccharide units (see Fig.  1.9 ). In contrast, the sulfated GAGs from various tissues 
of different animals are highly heterogeneous with respect to uronic acid composi-
tion and sulfate content. In addition, the disaccharide moieties with different com-
positions are variously distributed in the polymer chains. Thus, not all repeating 
disaccharide units of C4S and C6S from different animal tissues are exclusively and 

  Fig. 1.9    The structural 
features of 
glycosaminoglycans (GAGs) 
that are commonly found 
in animal cells and tissues. 
Two repeating disaccharide 
units each consisting of 
alternating residues of an 
uronic acid or galactose 
and an  N -acetylated or 
 N -sulfated hexosamine are 
shown. Note that all GAGs 
except hyaluronic acid (HA) 
are sulfated       
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uniformly sulfated at C-4 and C-6, respectively. C4S from many sources contains 
signifi cant amounts of nonsulfated and 6-sulfated disaccharide units. For example, 
bovine cartilage C4S consists of ~53 % 4-sulfated, ~39 % 6-sulfated, and ~8 % 
nonsulfated disaccharide units. CS from some sources, including those of the brain, 
have, in addition to signifi cant levels of both C4S and C6S repeating disaccharide 
units, one or more elements of 2,4-di-, 3,4-di-, 3,6-di-, and 3,4,6-trisulfated disac-
charide moieties (Malavaki et al.  2008 ; Nandini and Sugahara  2006 ). Some tissues 
such as the cornea and placenta contain uniquely low sulfated CS with 80–95 % of 
the disaccharides not sulfated. In placental CS, only 5–10 % of the disaccharides are 
sulfated exclusively at C-4, and in corneal CS, the sulfation is mainly at C-4 and to 
certain extent at C-6 (Achur et al.  2000 ,  2004 ). DS from different tissues, including 
those from nervous tissues, while containing mainly IdoA, have low to moderate 
levels of GlcA. As in the case of oversulfated CS, 2,4-di-, 3,6-di, 4,6-di, and 2,4,6-tri-
sulfated disaccharide units are also found in some DS (Nandini and Sugahara  2006 ). 
The variations in uronic acid composition and the position and degree of sulfation 
lead to incredible structural diversity and enormous microheterogeneity in the struc-
tures of GAGs. Interestingly, as in the case of  N - and  O -glycans, it is this structural 
variation and microheterogeneity that confer the ability for GAGs to perform a wide 
range of biological functions. The structure and functions of GAGs of the nervous 
system are discussed in detail in Chap.   5    . 

 Heparan sulfate (HS) and heparin vary substantially in the proportions of GlcA 
and IdoA as well as sulfate content (Bhavanandan and Davidson  1992 ; Buddecke 
 2009 ; Esko et al.  2008 ). Usually, HS contains nearly equal levels of GlcA and 
IdoA, whereas in heparin, >80 % of the uronic acid is IdoA and the remainder is 
GlcA. HS has 0.5–1.5 sulfate groups per disaccharide unit, but the average sulfate 
content of heparin varies from 1.5 to 2.5 sulfate groups per disaccharide moiety. 
In heparin, the majority of glucosamine is, in addition to having sulfate at C-6, 
 N -sulfated, and some  N -sulfated glucosamine residues are sulfated at both C-3 and 
C-6. Because of variations in GlcA and IdoA contents, the level of sulfate, and 
sulfation at different positions, including  N -sulfation and variations in modifi ca-
tions at different regions of the polymer chains, both HS and heparin exhibit enor-
mous microheterogeneity. The microheterogeneity in HS and heparin is far higher 
than that of CS and DS. 

 GAGs are ubiquitous constituents of all animal tissues and are expressed by 
almost all cell types of eukaryotes (Achur et al.  2000 ,  2004 ; Bernfi eld et al.  1999 ; 
Bhavanandan and Davidson  1992 ; Bishop et al.  2007 ; Brooks et al.  2002 ; Buddecke 
 2009 ; Esko et al.  2008 ; Hascall and Esko  2008 ; Malavaki et al.  2008 ; Nandini and 
Sugahara  2006 ; Sasisekharan et al  2008 ; Taylor and Drickamer  2011 ; Volpi  2006 ). 
CS, DS, and HA occur abundantly as gel-like ground substances in the extracellular 
matrix of connective tissues such as cartilage, tendon, skin, cornea, blood vessels, 
and umbilical cord. They also occur at substantial levels in matrices of almost all 
other tissues, including those of the central nervous system, and at moderate levels 
in the form of proteoglycans in plasma membrane. Although present at signifi cant 
levels in the matrices of connective and skeletal tissues and brain (Funderburgh 
 2000 ; Krusius et al.  1986 ; Zhang et al.  2006 ), keratan sulfate (KS) is particularly 
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abundant in the cornea (Funderburgh et al.  1987 ). HS is ubiquitously found as a cell 
surface component and also occurs as an extracellular component in blood vessels, 
in the brain, and in basement membranes, particularly in the kidney, where it is 
involved in fi ltration (Bhavanandan and Davidson  1992 ). Heparin, on the other 
hand, is exclusively found in intracellular granules of mast cells that line the arterial 
walls. It is secreted in response to injury and functions as an anticoagulant to regu-
late the blood-clotting cascade (Bhavanandan and Davidson  1992 ). 

 Because of the presence of numerous hydrophilic hydroxyl groups and the high 
net negative charge imparted by carboxyl and sulfate groups, GAGs have the capac-
ity to hold large amounts of water and stay as extended molecules in solution. They 
form highly viscous and slimy mucus-like solutions and hence their older name, 
mucopolysaccharides, which is still used occasionally. The ability to form gel-like 
substance enables GAGs to function as shock absorbers and lubricants in joints and 
umbilical cord and to impart resilience to tissues. GAGs also provide nutrients to 
cartilage and other connective tissues lacking blood vessels by their property to 
absorb and release extracellular fl uid in the absence and presence of mechanical 
shear force and to regulate tissue calcifi cation (Bhavanandan and Davidson  1992 ). 
More importantly, GAGs are involved in cell–cell and cell–molecule interactions, 
cell–pathogen binding, cell signaling, binding and mobilizing growth factors, che-
mokines and cytokines, promoting growth, and regulating immune responses 
(Achur et al.  2000 ,  2004 ; Bernfi eld et al.  1999 ; Bishop et al.  2007 ; Bhavanandan 
and Davidson  1992 ; Brooks et al.  2002 ; Buddecke  2009 ; Esko et al.  2008 ; 
Funderburgh  2000 ; Funderburgh et al.  1987 ; Hascall and Esko  2008 ; Iozzo and 
Schaefer  2010 ; Malavaki et al.  2008 ; Nandini and Sugahara  2006 ; Sasisekharan 
et al  2008 ; Taylor and Drickamer  2011 ; Varki et al.  2008 ; Volpi  2006 ; Zhang et al. 
 2006 ). Through these interactions, GAGs play important roles in biological pro-
cesses such as development, differentiation, cell migration, tissue organization, car-
tilage and bone formation, wound healing, and in disease processes, including 
cancer and atherosclerosis. Furthermore, defi ciencies in GAG catabolism due to 
lysosomal enzyme defi ciencies lead to many diseases called mucopolysaccharido-
ses, which are discussed in detail in Chap.   5    . 

 All GAGs, except HA, regardless of whether they are the components of various 
extracellular matrices or cell membranes, occur as moieties conjugated to proteins 
to form proteoglycans (PGs). A common tetrasaccharide core covalently attaches 
GAG (CS, DS, HS, and heparin) chains via xylose to the hydroxyl groups of Ser 
residues:  [HexNR-HexA]   n  -GlcA β 1-4Gal β 1-3Gal β 1-4Xyl β 1-Ser, where HexNR 
is variously sulfated GlcNAc or GalNAc, HexA is nonsulfated or sulfated GlcA or 
IdoA, and n is number of repeating disaccharide units. 

 In proteoglycan biosynthesis, the addition of GlcNAc to the protein-linked tetra-
saccharide core commits to the formation of heparan sulfate and heparin chains, 
whereas the addition of GalNAc leads to the formation of CS or DS chains. Once 
commitment to synthesize either CS or HS is made, presumably by the specifi c 
recognition of core proteins by the glycosyltransferase, the GAG chains are synthe-
sized by the sequential addition of HexNAc and GlcA. Then, the sulfate residues are 
added, and in the case of DS, HS, and heparin, IdoA residues are formed by the 
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epimerization of  D -GlcA to  L -IdoA residues. The Ser–Gly motifs of proteins are sites 
for the attachment of GAG chains. If several Ser–Gly are present, the proteins are 
modifi ed with multiple GAG chains. For example, the core proteins of serglycin and 
aggrecan contain 49 and >100 tandem repeats of Ser–Gly motifs, respectively, and 
all or most of these motifs are substituted with CS chains. The majority of PGs con-
tain one type of GAG chain, CS, DS, or HS, and are designated as CSPGs, DSPGs, 
and HSPGs, respectively. However, some PGs contain two types of GAG chains 
such as CS plus HS on the same core protein molecule and thus are hybrid PGs. For 
example, syndecan, a cell surface PG expressed by a number of cell types, contains 
both CS and HS chains. KS also is found in PGs, and examples of KS containing 
PGs include lumican, keratocan, fi bromodulin, mimecan, and aggrecan. In the case 
of KS, the disaccharide- containing polymer chains are built on the core residues of 
either  N -linked or  O -linked glycans in a manner similar to those of poly- N -acetyl-
lactosamine chains. The KS are classifi ed into three types, KS-I, KS-II, and KS-III 
(Funderburgh  2000 ). KS-I chains are mainly found in the cornea and are linked to 
proteins via the core glycan moiety of  N -glycans to Asn residues. KS-II chains are 
present mainly in skeletal tissues and are linked through α-GalNAc to Ser/Thr of 
proteins. KS-III is present in the brain and is linked via  O -linked β-Man residues to 
Ser/Thr of proteins (Krusius et al.  1986 ). 

 In many PGs, including those of the central nervous system, the GAG chains 
defi ne their functions, and hence the functions of PGs are the same as those men-
tioned above for GAGs. In addition, the core proteins of many PGs contain func-
tional domains, including the C-type lectin domain that interacts with HA, FGF, 
fi bronectin III, laminin-G, and fi bronectin. As such, PGs interact with cell surface 
and extracellular matrix proteins and these interactions defi ne their function.  

1.13     Glycans of Cell Surface Glycoconjugates 
Perform a Variety of Functions 

 The majority of animal cell surface proteins, including those on cells of the central 
nervous system, are modifi ed with variable amounts of  N - and  O -linked glycans 
and/or glycosaminoglycan chains (Brooks et al.  2002 ; Collins and Paulson  2005 ; 
Fukuda  2000 ; Hattrup and Gendler  2008 ; Iozzo and Schaefer  2010 ; Schauer  2009 ; 
Springer and Gagneux  2013 ; Taylor and Drickamer  2011 ;    Varki and Lowe  2008 ). In 
some instances, such as in mucin-type glycoproteins, the mass of glycans exceeds 
that of proteins to which they are conjugated. In addition, a signifi cant portion of the 
outer head group of cell surface ceramide is modifi ed with glycans. Thus, the  N - and 
 O -glycans of glycoproteins, the glycan moieties of glycolipids, and the chondroitin 
sulfate and heparan sulfate chains of proteoglycans are prominently displayed on 
the outer leafl et of the plasma membrane (Fig.  1.10 ). As mentioned earlier, because 
of high hydrophilicity, glycans have a large capacity to hold water and exist as bulky 
and highly extended molecules. The eukaryotic cell surface is thus covered with a 
glycan-rich zone, referred to as the glycocalyx (Weinbaum et al.  2007 ; Salmon and 
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Satchell  2012 ). Moreover, many glycan chains of glycoproteins and glycolipids 
carry terminal sialic acid residues and proteoglycans carry anionic chondroitin and 
heparan sulfate chains. Therefore, the glycocalyx is negatively charged and can be 
seen by electron microscopy after staining cells with a dye such as ruthenium red. 
The thickness of the glycocalyx is typically greater than that of the plasma mem-
brane itself.

   Because of their strategic locations, the cell surface glycans that constitute the 
glycocalyx play several nonspecifi c yet crucial physical roles. By holding large 
amounts of water, they help to maintain cell shape, assist tissues in their function 
(e.g., keeping the lungs and airways moist and open), protect epithelial barrier 
against mechanical damage and proteolysis, and provide an aqueous environment 
for biochemical interactions. They also function to stabilize protein conformation 

  Fig. 1.10    Schematic illustration of a section of animal cell plasma membrane showing the place-
ment of glycan moieties of glycoconjugates in the outer leafl et of the lipid bilayer. The  N - and 
 O -glycans of glycoproteins, the glycan moieties of glycolipids, and the GAG chains of integral 
membrane and secreted proteoglycans that together form the glycocalyx are shown. Also shown is 
a highly glycosylated mucin-type glycoprotein present as an extended molecule on the cell 
surface       
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and provide the aqueous environment essential for cell–cell and cell–matrix interactions 
and communication. More importantly, cell surface glycans perform numerous 
 specifi c, biological functions through interactions with proteins and glycans of 
other cells and tissue matrices (Brooks et al.  2002 ; Gabius  2009 ; Taylor and 
Drickamer  2011 ; Varki et al.  2008 ). These functions are dependent on specifi c struc-
tural features of glycans and also on their clustering patterns and densities. The wide 
range of structural diversity, microheterogeneity, and distributions along protein 
chains enable glycans to serve as specifi c recognition and information molecules. 
Thus, they play essential and specifi c roles in almost all biological processes 
involved in fertilization and embryogenesis through the sperm–egg interactions, dif-
ferentiation and development, and survival. Other biological processes in which 
glycans play important roles include cell migration and recruitment of cells to spe-
cifi c sites; turnover of cells and proteins; removal of hormones, receptors, and aged 
erythrocytes from the circulation; cell signaling; and immune modulation. 

 The glycans also play important roles in the pathogenesis of various dis-
eases (Brooks et al.  2002 ; Gabius  2009 ; Taylor and Drickamer  2011 ; Varki et al. 
 2008 ). For example, when cells become transformed to a malignant state, the cell 
surface glycan structures and profi les are drastically altered, promoting tumor 
growth and metastasis. Glycoproteins expressed by most tumors have altered gly-
can structures and are shed into the circulation (Brooks et al.  2002 ; Gabius  2009 ; 
Taylor and Drickamer  2011 ; Varki et al.  2008a ). Monoclonal antibodies recognizing 
the cancer-associated glycan antigens are used clinically for cancer diagnosis and 
management. For example, neuroblastomas express high levels of ganglioside G D2 , 
and antibodies to the glycan portion of the G D2  are currently being used experimen-
tally to target drugs to these tumors (Tivnan et al.  2012 ). Furthermore, glycans are 
involved in bacterial, viral, and parasitic infections. Infectious diseases such as 
infl uenza, stomach ulcer caused by  H. pylori , and several airway and urinary tract 
infections arise by the glycan-dependent recognition and binding of viruses and 
bacteria to host target cells and tissues (Brooks et al.  2002 ; Gabius  2009 ; Taylor 
and Drickamer  2011 ; Varki et al.  2008 ). For example, infl uenza infection involves 
the viral hemagglutinin-mediated attachment to cell surface sialic acid residues. The 
surface of the causative agent of AIDS, the human immunodefi ciency virus (HIV-1), 
is studded with a major envelope glycoprotein (gp120). About 50 % of the molecu-
lar mass of gp120 is carbohydrate, and it is involved in the viral invasion of 
lymphocytes.  

1.14     Summary 

 Carbohydrates in the form of oligosaccharides and polysaccharides (called glycans) 
occur widely in almost all animal cells as moieties linked to proteins or lipids to 
form glycoproteins, glycolipids, and proteoglycans, which are collectively called 
glycoconjugates. The glycan moieties are structurally highly complex, and their 
complexity is attributed to the multiple ways the constituent sugar residues are 
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linked to one another. More importantly, the glycan structural complexity arises 
from the variations in their sugar composition and size. The biosynthesis of these 
complex glycan structures is not template dependent as in the case of proteins, but 
instead is determined by the specifi city of glycosyltransferases that catalyze their 
formation and the orderly manner these enzymes are organized in the biosynthetic 
compartments. The glycans function as informational molecules through varied and 
specifi c interactions with partner proteins and complementary glycans. As such, the 
wide range of glycan structural complexity is translated to a myriad of biological 
roles. The glycoconjugates are abundantly found in extracellular matrix and on cell 
surfaces, where the glycan moieties participate in numerous biological interactions, 
which are crucial for differentiation and development and life of the organism. 
Therefore, abnormal glycan metabolism leads to disease pathogenesis. Ironically, 
many pathogens and toxins produced by them exploit the cell surface glycans to 
attach and invade cells, causing debilitating and fatal disease.     
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    Abstract     The brain consists of neurons and glial cells. Neurons are responsible for 
integrating input and responding to stimuli from both the internal and the external 
environment. The integration occurs via electrical and chemical signals that 
impinge on the receptive area of neurons known as dendrites, and the response is 
via propagation of an axonal potential. Glial cells have three functionally distinct 
subtypes, astrocytes, oligodendrocytes, and microglia. Astrocytes perform a variety 
of functions responsible for maintaining homeostasis in the brain through functions 
such as formation of the blood–brain barrier, preserving osmolarity, and the uptake, 
degradation, and secretion of neurotransmitters. Oligodendrocytes are responsible 
for the production of myelin, a lipid-rich substance that encapsulates neuronal 
axons. Microglia are responsible for immune surveillance and remodeling of the 
CNS during both normal development and injury. Together the cells of the brain 
form a highly metabolic and dynamic unit with robust requirements for oxygen 
and nutrients.  

  Keywords     Neuron   •   Axon   •   Glia   •   Oligodendrocyte   •   Myelin   •   Astrocyte   •   Microglia  
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  MAP    Microglia-associated protein   
  MBP    Myelin basic protein   
  OPC    Oligodendrocyte precursor cell   
  RER    Rough endoplasmic reticulum   

2.1           Introduction 

 The intricate network of cells in the central nervous system (CNS) consists of 
 neurons and glial cells. For the most part, these cells develop from the neuroecto-
derm and neural crest during embryogenesis in a preprogrammed activity-independent 
manner. Neurons and glial cells have special protein expressions that subserve their 
function within the CNS. For example, neurons are primarily responsible for prop-
agation of action potential so they contain evenly distributed voltage-gated ion 
channels to propagate these electrical signals. There are multiple types of glial cells 
(astrocytes, microglia, and oligodendrocytes), and each of these subtypes subserves 
a different function that will be discussed later. In addition to their specifi c respon-
sibilities within the brain, the various cell types within the CNS contain many simi-
lar components present in eukaryotes found in cells outside the brain. 

 The cell body of all cells in the brain contains a nucleus and cytoplasmic organ-
elles. The nucleus is surrounded by a nuclear envelope, which is continuous with the 
rough endoplasmic reticulum (RER). The RER is studded with ribosomes, which 
help translate mRNAs transported from the nucleus into protein. Vesicles that bud 
from the endoplasmic reticulum fuse with the Golgi complex, which further modi-
fi es proteins for cell sorting to specifi c organelles or secretion outside of the cell. 
Within neurons, areas with an increased need for ATP, such as the presynaptic and 
postsynaptic terminals, active growth cones or branch points of axons and dendrites, 
and the nodes of Ranvier, have a greater density of mitochondria than other parts of 
the neuron (Sheng and Cai  2012 ). Other organelles found in cells of the brain are 
proteasomes which are large multi-enzymatic organelles that identify and degrade 
proteins tagged with ubiquitin and lysosomes which are smaller organelles that uti-
lize vesicular transportation to collect molecules to degrade. 

 The cells of the brain share similar cytoskeletal components to other cell types, 
but these components support unique functions and enable cells of the brain, espe-
cially neurons, to have complex and unique morphological appearances. There are 
three main components of the cytoskeleton classifi ed by diameter: microfi laments 
(7 nm), intermediate fi laments (10 nm), and microtubules (25 nm). Actin is the pre-
dominant microfi lament in neurons where it clusters at presynaptic terminals, den-
dritic spines, and growth cones. The breakdown and elongation of actin fi bers are 
highly dynamic and responsive to both extracellular and intracellular factors. 
Intermediate fi laments convey structural rigidity and are not found in dynamic 
structures. There are six classes of intermediate fi laments with distinctive patterns 
of expression specifi c to cell type and developmental stage (see Table  2.1 ). The 
unique biochemical composition of the intermediate fi laments among cell types has 
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been exploited by immunocytologists for identifying cell types. Microtubules are 
comprised of tubulin subunits that form polarized hollow tubes with plus and minus 
ends. Posttranslational modifi cations of tubulin subunits and microtubule- associated 
proteins (MAPs) increase microtubule diversity and confer unique microtubule 
functional regions (Wloga and Gaertig  2010 ). Tau is a MAP with 71 phosphoryla-
tion sites that are regulated by more than 20 protein kinases (Sergeant et al.  2008 ). 
 O -glycosylation of tau occurs on phosphorylated serine and threonine residues adja-
cent to proline residues.  O -glycosylation is involved in protein formation and deg-
radation (Hart et al.  2007 ). It is possible that  O -glycosylation is involved in the 
molecular pathology or neuronal dysfunction observed in neurological disorders, 
such as Alzheimer’s disease, but further work is necessary to address this.

2.2        Neurons 

 Neurons in their cytological entirety were fi rst visualized using the silver staining 
techniques of the Italian physician Camillo Golgi. The extensive dendritic patterns 
of neurons led Golgi to develop the Reticular Theory for the cell-based function of 
the brain, in which he postulated that the nervous system is a continuous structure 
of networked neurons. However, the Spanish histologist Ramón y Cajal countered 
with the Neuron Doctrine, which states that the brain is composed of individual 
neuron units that are functionally linked. Identifi cation of the functional linkage of 
neurons, by units subsequently named “synapses” by Sherrington, supported 
the Neuron Doctrine which is the cellular basis of nervous system function used 
today (Grant  2007 ). 

    Table 2.1    Types of intermediate fi laments   

 Class  Example  Cell types/location  Cell function 

 I/II (acidic/basic)  Cytokeratin  Epithelial cells/cytoplasm  Cell–cell adhesion, 
tensile strength, 
and intracellular 
communication 

 III  Glial fi brillary acidic 
protein (GFAP) 

 Astrocytes/cytoplasm  Cell structure and 
intercellular 
communication 

 IV  α-Internexin, 
neurofi laments 

 Neurons/cytoplasm  Axon structure and 
growth 

 V  Lamins  Ubiquitous/nucleus  Help form the nuclear 
envelope and position 
nuclear pores 

 VI  Nestin  Neural precursor/
extracellular surface 

 Axon guidance and 
growth cone anchor 
during development 
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 Neurons are the specialized cells in the CNS that serve as units of information 
processing, integrating an organism’s response to external stimuli. The human brain 
is comprised of about 100 billion neurons with roughly 100 trillion synapses 
between them. There are about 100 unique types of neurons within the CNS. They 
come in many different sizes and forms but have common components that subserve 
their specifi c functions. The basic form of a neuron is polarized, consisting of cell 
body or soma with a receptive bundle of dendrites on one side and a transmitting 
axon on the other side. A neuron’s unique ability to transmit directional information 
is due to their asymmetry and polarization. An    example of a tyrosine hydroxylase- 
positive (TH+) dopaminergic neuron in the substantia nigra pars compacta is shown 
in Fig.  2.1 . These neurons receive information via synapses from other neurons and 
output information to the striatum, and they subserve voluntary movement as well 
as other broad behavioral processes.

   Neurons communicate with one another via polarizing waves generated by 
action potentials. An action potential is a short-lived “all-or-none” depolarizing 
wave that begins at the neuronal body and ends at the axon terminal. It is initiated 
when the membrane potential shifts from a resting state of −65 mV to the threshold 
−50 mV due to the infl ux of Na + . Voltage-gated Na +  channels embedded within the 
axon help propagate the signal. Since these voltage-gated Na +  channels automati-
cally close upon a membrane potential of +50 mV, the electrical signal is propagated 
unidirectionally. Also at around +50 mV, voltage-gated K +  channels open, and 

  Fig. 2.1    Mouse tyrosine hydroxylase-positive (TH+) dopaminergic neurons in the substantia 
nigra pars compacta (SNc) (200×). In this image the neuronal cell bodies appear with a central 
 light- colored   nuclei (examples are indicated by  thin arrows ). The immunostained processes run-
ning throughout the image are dendrites that have emanated from the cell bodies (two examples are 
shown by the  thicker arrows ). These dendrites receive excitatory inputs from axons of glutamater-
gic and cholinergic cells (Image provided by Dr. Amanda Snyder)       
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potassium fl ows out of the cell. This shifts the membrane potential toward the 
 resting potential, and the membrane reaches steady-state basal levels due primarily 
to the constitutively opened potassium leak channels. 

 The neuronal cell body receives direct depolarizing (excitatory) and hyperpolar-
izing (inhibitory) impulses from other neurons via synapses on its cell surface. The 
synapse is a region where the cell membrane of the signaling (presynaptic) neuron 
comes into close proximity to the target (postsynaptic) neuron by means of synaptic 
cell adhesion molecules (synCAMs). Certain synCAMs can increase or decrease 
their adhesion by means of site-specifi c  N -glycosylation, thus altering synapse for-
mation (Fogel et al.  2010 ). Membranous vesicles are formed and packed with neu-
rotransmitter within the presynaptic neuron. Neurotransmitter vesicles fuse with the 
presynaptic neuron upon binding with calcium. The neurotransmitter enters 
the space between the pre- and postsynaptic neuron called the synaptic cleft. There, the 
neurotransmitter can bind a specifi c receptor on the postsynaptic neuron, leading to 
an excitatory or inhibitory signal depending on the type (positive or negative) and 
direction (inward or outward) of ion fl ux. The fl ow of polarizing waves travels from 
dendrites to the cell body. Summation is the combination of temporal and spatial 
polarizing waves. The closer the depolarizing waves occur in time and space, the 
more likely they are to overlap and reach the action potential threshold. Summation 
of synaptic inputs occurs at a region between the soma and axon called the axon 
hillock, which is characterized by microtubules packed into bundles that enter the 
axon as parallel fascicles. The axon hillock is where an action potential is generated. 
A region adjacent to the axon hillock termed the initial segment has a thickened 
specialized membrane, which contains many voltage-gated ion channels. Inhibitory 
synapses on this region may act to prevent an action potential from occurring 
(O’Rourke et al.  2012 ). 

2.2.1     Dendrites 

 Multiple dendrites can radiate from the neuronal cell body. These dendrites branch 
locally, and the differences in the morphological appearance of the dendritic mass 
of different types of neurons are used to characterize them (i.e., unipolar, bipolar, 
and multipolar). Dendrites increase a neuron’s receptive fi eld by as much as 95 %. 
Dendrites are highly plastic, meaning that they can rapidly change size with devel-
opment, activity, and aging. Experiments have shown that enriched environments 
are essential for facilitating proper dendritic arborization in a variety of animals at 
different ages (Uylings et al.  1978 ; Connor et al.  1981 ). Some dendrites contain 
small, actin- and tubulin-rich protrusions scattered across their surface, which are 
known as dendritic spines. Most of these spines contain the postsynaptic compo-
nents of excitatory synapses. These tiny dendritic spines are also highly plastic. 
Findings of mRNA and ribosomes at the base of the spine suggest local synthesis of 
proteins and local regulation of the spine morphology.  
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2.2.2     Axon 

 All neurons have a single axon emanating from the soma. An axon is an elongated 
process by which a neuron makes contact with a target cell and facilitates site-to- 
site conduction. Axon diameter and length can vary; however, the diameter of a 
given axon remains the same so as not to alter the fl ow of the action potential. 
Axons in short pathways, for example, within the associative cortex, may be as 
short as 1 mm, whereas those within the spinal cord may be up to a meter long 
(Debanne et al.  2011 ). Longer axons are usually myelinated and project from neu-
rons with large cell bodies, which facilitates propagation of the axon potential 
( infra vide ). 

 Axons are dynamic structures composed of long expanses of polarized micro-
tubules. The alignment of microtubules varies throughout a neuron. However, in 
axons, the “plus” (growing) end of parallel microtubules faces away from the soma 
and the “minus” (shrinking) end toward it. The alignment of microtubules allows 
for axonal transport. Because ribosomes are not present in the axon to generate 
protein and passive diffusion is too slow for shipping molecules over long expanses, 
essential proteins and growth signals need to be actively transported in both antero-
grade and retrograde fashion between the soma and axonal terminal. For example, 
membrane-bound organelles are transported in both the retrograde and anterograde 
systems at a rate faster than 400 mm per day via motor proteins by a process termed 
fast axonal transport. Whereas cytosolic and cytoskeletal proteins are transported 
in an anterograde direction at a slower rate, ~2.5 mm per day, by a process termed 
slow axonal transport. The transport method utilizes the sliding action of short 
preassembled microtubules along existing microtubules. The short microtubule 
segments are connected to their protein cargo with cross-linked protein bridges. 
The molecular motor proteins responsible for axonal transport are dynein and 
kinesin. In most cases, cytoplasmic dynein directs cargo toward the “minus end” 
of microtubules and soma via retrograde transport. Whereas kinesin moves its 
cargo toward the “plus end” of microtubules and the axonal terminal in a process 
termed anterograde transport. Early experiments showed that microtubules were 
essential for fast transport because addition of alkaloids known to disrupt microtu-
bules blocked it.   

2.3     Glia 

 Glial cells were discovered by Rudolf Virchow and were given their name because 
they were fi rst believed to just hold neurons in place, like glue (Kettenmann and 
Verkhratsky  2008 ). But over time, these cells have emerged as vital to maintaining 
CNS homeostasis—increasing synaptic fi delity, providing trophic support, and con-
tributing to the immune response within the brain. The three main types of glial 
cells found in the CNS are astrocytes, oligodendrocytes, and microglia. 
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2.3.1     Astrocytes 

 Astrocytes are the most numerous of the glial cells in the vertebrate brain, taking up 
20–50 % of all cerebral volume and outnumbering neurons 5–1 (Sofroniew and 
Vinters  2010 ). Immunostaining for astrocyte-associated markers, such as GFAP, 
S-100, glutathione-S-transferase-μ, and glutamine synthetase, has helped to charac-
terize astrocytes as highly branched and stellated cells and to reveal their unique 
metabolic roles (see Fig.  2.2 ). They are organized in a tile-like web throughout the 
brain and can be divided into two main morphological types: fi brous and protoplas-
mic. Fibrous astrocytes are found predominantly in white matter and display many 
long thin fi laments projecting from oval-shaped nuclei, while protoplasmic astro-
cytes found in gray matter have short thick processes around spherical nuclei. The 
morphological differences between the two subtypes are most likely artifi cial based 
on their ability to adapt to location. In development, astrocytes divide from radial 
glial cells in the ventricular zone and progenitors in the subventricular zone 
(Ge et al.  2012 ). After development, astrocytes are retained to radial glial domains, 
perhaps important for establishing and sustaining an astrocyte network (Merkle 
et al.  2007 ). Astrocytes also play a role in forming the blood–brain barrier (BBB) by 
secreting angiogenic factors and making bidirectional connections with blood ves-
sels through glial end feet.

  Fig. 2.2    Astrocytes in the mouse hippocampus following immunostaining for glial fi brillary 
acidic protein (GFAP), a cytoskeletal protein specifi c to astrocytes (Table  2.1 ). The  thinner arrows  
indicate one of many short processes extending from a protoplasmic astrocyte. The  thicker arrow  
indicates the outline of a small capillary that traverses the image form the  upper right  to the  middle  
that is surrounded by the GFAP-positive glial end feet. An example of an astrocyte with a foot 
process leading to the blood vessel is indicated by the  thin arrow  on the  right  (Image provided by 
Dr. Wint Nandar)       
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   Astrocytes form a syncytium, whereby gap junctions between neighboring 
 astrocytes act to relay nutrients and ions between the blood and neurons. They are 
responsible for preserving osmolarity in the brain by means of ion intake, spatial 
buffering, and controlled water diffusion through expression of aquaporins. Since 
the brain is contained inside a rigid skull, minor changes in water metabolism may 
lead to compressive cerebral edema, hydrocephalus, or alterations in neuronal activ-
ity (Rash et al.  1998 ). Astrocytes can also take up, degrade, and secrete neurotrans-
mitters and their precursors (i.e., glutamate) thereby helping to regulate synaptic 
activity. Thus, astrocytes are key in prevention of excitotoxicity. Astrocytes are 
the only storage site in the brain for glycogen and are therefore an important regula-
tor of brain glucose levels. They    also secrete neurotrophins, such as BDNF, GDNF, 
and HGF, which are important for neuron growth, survival, and synaptogenesis 
(Sofroniew and Vinters  2010 ). 

 Astrocytes also migrate and change shape as they react to an acute trauma in a 
process called astrogliosis. During this time, astrocytes become bigger, more plas-
tic, mobile, and metabolically active. Astrogliosis has a positive and negative impact 
on brain recovery. Immediately after injury, astrocytes scavenge for debris and con-
trol proinfl ammatory events dependent on the type of stimulation. Eventually, astro-
cytes mesh together with microglia and other astrocytes to form a dense glial scar. 
The scar compartmentalizes the injury and infl ammation, which helps modulate a 
local immune response, prevents abhorrent axonal growth, and helps revascularize 
the damaged tissue (Rolls et al.  2009 ). Initially, astrogliosis helps to preserve neu-
ronal survival and homeostasis in the brain; however, the scars produced can restrict 
axonal growth and thus attempts to reestablish functional connections.  

2.3.2     Oligodendrocytes and Myelin 

 Oligodendrocytes are unique glial cells responsible for providing support and insu-
lation of axons within the CNS. Unlike astrocytes, oligodendrocytes do not contain 
a large number of integral transport proteins to maintain metabolic and ion distribu-
tion within the CNS. Oligodendrocytes arise from a large population of oligoden-
drocyte precursor cells (OPC), often called NG2 cells because they express the 
proteoglycan protein NG2 (Nave  2010 ). NG2 cells have been shown to have a vari-
ety of complex cellular processes that are preserved even after cell division 
(Ge et al.  2009 ). Oligodendrocytes are similar to Schwann cells found in the periph-
eral nervous system because both are responsible for enveloping axons with their 
plasma membranes. There are some mechanistic differences as Schwann cells will 
envelope one axon segment of one neuron, while oligodendrocytes can envelope 
axonal segments of up to 30 different neurons (Butt  2012 ). Mature oligodendrocytes 
wrap their cell membranes several times around an axonal segment in a spiral pat-
tern, leaving a multilayered lipid sheath termed myelin. Mature oligodendrocytes 
align in rows in white matter tracts but can also be present individually (Fig.  2.3 ).
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   Myelin is an extension of an oligodendrocyte’s plasma membrane. It contains 
bilipid membrane layers interspersed between layers of protein. The proteins includ-
ing myelin basic protein (MBP), myelin-associated glycoprotein (MAG), and pro-
teolipid protein help to stabilize the myelin. MBP is a small positively charged 
protein located on the cytoplasmic side of the myelin. MAG is an adhesive cell 
surface protein with a structure similar to that of members of the Ig superfamily (see 
Chap.   11    ). MAG contains a carbohydrate epitope necessary for the adhesion and 
enzymatic interactions between neurons and oligodendrocytes, inhibiting neurite 
outgrowth. The carbohydrate moieties linked to MAG have also been implicated as 
possible antigens for autoimmune neuropathies (Quarles  2007 ). Proteolipid protein 
is a large hydrophobic integral membrane protein. 

 There are several ways in which neurons benefi t from myelination. Firstly, it 
reduces the number of Na+/K+ ATPase channels on the axonal surface, greatly 
decreasing the energy needed to create a resting membrane potential. The areas of 
axon between myelin segments termed nodes of Ranvier contain high concentrations 
of Na +  channels responsible for propagating a depolarizing action potential wave. 
This process is called saltatory conduction. Secondly, myelin increases the resis-
tance across the membrane surface, reducing the ions that leak across and increasing 
the conductive velocity of action potentials. Thirdly, myelin is important for axonal 
longevity and health. Some recent work claims that the lactate transporter, monocar-
boxylate transporter 1 (MCT1), found in the extracellular membrane of oligodendro-
cytes provides metabolic support to axons and neurons (Lee et al.  2012 ). MCT1 also 
transports pyruvate, ketone bodies and protons, needed for neuronal metabolism 
(Morrison et al.  2013 ). However, it is unclear whether  oligodendrocytes provide a 
direct energy link to neurons or if astrocytes are a necessary intermediary.  

  Fig. 2.3    Oligodendrocytes in the white matter from a mouse brain. The oligodendrocytes in this 
micrograph are expressing transferrin, an iron mobilization protein, which has been detected using 
immunocytochemistry. The oligodendrocytes appear in  rows  ( thick arrows ) but also individual 
cells can be observed ( thin arrows ). A single immunostained oligodendrocyte is magnifi ed in the 
 inset  ( top right ). In this cell the eccentric nucleus ( unstained area ) is clearly demarcated from the 
cytoplasm (appears as a  cap  in the image) that contains the immunoreaction product for transferrin 
(This image was provided by Dr. Wint Nandar)       
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2.3.3     Microglia 

 Microglia are the smallest glial cells with highly branched processes and dense, 
heterochromatic nuclei when in the resting state. They are the only resident immune 
cells of the CNS, and they belong to a monocyte–macrophage lineage (Prinz and 
Mildner  2011 ). Microglia are identifi ed histologically using antibodies against 
F4/80, Mac-1, and Iba-1 (macrophage antigens), lectins (plant proteins binding car-
bohydrates), CD11, and CD45 (see Fig.  2.4 ). Microglia are not formed from the 
neuroectoderm like other cells in the CNS but are derived from erythromyeloid 
precursors in the yolk sack. The erythromyeloid precursors migrate to early brain 
structures beginning at embryonic day 9 (E9) in a process termed early embryonic 
hematopoiesis (EHp) (Neumann and Wekerle  2013 ). This process is short lived dur-
ing embryogenesis. Beyond embryogenesis, circulatory monocytes derived from 
bone marrow have also been shown to enter the brain in response to microglial loss 
in the brain and infl ammation. This process branches from “defi nitive,” lifelong 
hematopoiesis (DHp), which is also responsible for generating neutrophils, periph-
eral phagocytes, and perivascular macrophages important for forming the BBB 
(Neumann and Wekerle  2013 ). Upon entering the brain, the monocytes differentiate 
into active microglia (Soulet and Rivest  2008 ). Microglia, with their small circum-
scribed dendritic mass, act as an immune-like surveillance cell, patrolling the 
healthy brain in a quiescent state and making temporary contacts with pre- and 
postsynapses, perisynaptic astrocytes, and the synaptic cleft (Nimmerjahn et al. 
 2005 ; Miyamoto et al  2013 ). Microglia can quickly sample multiple factors in their 
environment and respond accordingly to alter multiple elements in the brain’s 
milieu. The surfaces of microglia are covered with receptors indicating their involve-
ment in innate, bacterial, and viral immunity. They also express receptors for 

  Fig. 2.4    Ionized calcium-binding adapter molecule 1 (IBA-1) was used to visualize rat microglial 
cells (200×) in the spinal cord. Microglia have two major appearances. In  Panel A , we show resting 
microglia. These cells have small cell bodies ( arrows ) from which short branching processes 
are  learly visible. When microglia encounter infl ammatory cytokines or cellular debris, they 
become activated ( Panel B ; examples indicated by the  arrows ). In this state their cell bodies 
become enlarged, more rounded, and processes are short or no longer present (Image provided by 
Dr. Wint Nandar)       
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neurotransmitters and trophic factors. Activation of microglia can be induced by the 
presence of a foreign substance (i.e., viral particle) or the absence of a normal signal 
(i.e., trophic factor). When activated, microglia retract their processes and become 
rounded and move in response to a gradient of chemokines (Nimmerjahn et al. 
 2005 ). Once at the end of their guided course, microglia have been shown to phago-
cytose neuronal debris, sequester heavy metals, shape synaptic connections, and 
alter synaptic transmission by removing synapses (Graeber and Streit  2010 ; Pascual 
et al.  2012 ). Thus, activation of microglia can be related to normal neuronal devel-
opment, normal neuronal function, as well as response to infection or trauma.

   Microglia are functionally distinguished by classifi cation as M1 or M2. M1 
microglia are commonly associated with pro-infl ammation, and M2 microglial are 
associated with anti-infl ammation and phagocytosis. Microglia can express the M1 
or M2 phenotype upon activation. Active microglia have been shown to secrete a 
variety of factors that may be either neuroprotective or neurotoxic depending on the 
response and cytokines released. Recent research suggests that this variation in 
responsive profi le may allow microglia to respond differently at different times, 
perhaps contributing to age-associated brain diseases (Crain et al.  2013 ). For exam-
ple, M2 microglia induce oligodendrocyte differentiation during remyelination, and 
thus they may be a critical target in multiple sclerosis therapies (Miron et al.  2013 ). 
In addition, a study of Rett syndrome, an autistic spectral disorder, showed that 
microglial engraftment via bone marrow transplant to the mouse model brain 
arrested many facets of the pathology (Derecki et al.  2012 ). It is assumed that the 
therapeutic microglia in this experiment are M2 because preventing phagocytosis 
with annexin V reduced their benefi t. In contrast, as an example of the M1 pheno-
type, in a neuron–microglia coculture model of Alzheimer’s activation of microglia 
increases release of interleukin-1 (IL-1), leading to a loss of synaptophysin through 
tau phosphorylation (Li et al.  2003 ). Moreover, selectively inhibiting M1 expres-
sion reduced the onset of progressive amyotrophic lateral sclerosis in mice 
(Kobayashi et al.  2013 ).   

2.4     Summary 

 Throughout life, the cells of the central nervous system are dynamic. They form 
direct, indirect, and complementary networks to enhance the metabolism and 
homeostasis of the brain. Neurons and glial cells are able to modify their shape and 
normal physiological function when there is a signifi cant change in their environ-
mental milieu. The stochastic interplay of countless enzymatic pathways affecting 
transcriptional, translational, and posttranslational alterations allows all the cells of 
the CNS to adapt to changes in input and alterations in their milieu. A failure of 
adaptation results, particularly in terminally differentiated neurons, in cell death. 
Understanding the interplay between glia and neurons, including oligodendrocytes 
and myelin surrounding neuronal axons, is key to understanding neurodegenerative 
diseases. How the adaptive mechanisms can be utilized to enhance neuronal 
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survival and how stress responses may be minimized are critical areas requiring 
additional investigation if we are going to optimize cognitive performance follow-
ing disease or injury.     

   Confl ict of Interest    The authors declare no confl icts of interest.  
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    Abstract     Many membrane-resident and secrected proteins, including growth 
 factors and their receptors, are N-glycosylated. The initial N-glycan structure is 
synthesized in the endoplasmic reticulum (ER) as a branched structure on a lipid 
anchor (dolichol pyrophosphate) and then co-translationally, “en bloc” transferred 
and linked via  N -acetylglucosamine to asparagine within a specifi c N-glycosylation 
acceptor sequence of the nascent recipient protein. In the ER and then the Golgi 
apparatus, the N-linked glycan structure is modifi ed by hydrolytic removal of sugar 
residues (“trimming”) followed by re-glycosylation with additional sugar residues 
(“processing”) such as galactose, fucose, or sialic acid to form complex 
N-glycoproteins. While the sequence of the reactions leading to biosynthesis, “en 
bloc” transfer and processing of N-glycans is well investigated, it is still not com-
pletely understood how N-glycans affect the biological fate and function of 
N-glycoproteins. This review discusses the biology of N-glycoprotein synthesis, 
processing, and function with specifi c reference to the physiology and pathophysi-
ology of the nervous system.  
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  Abbreviations 

   CDG    Congenital disorders of glycosylation   
  COG    Conserved oligomeric Golgi   
  dNM    Deoxynojirimycin (dNJ)   
  Dol-PP    Dolichol pyrophosphate   
  ER    Endoplasmic reticulum   
  ERAD    ER-assisted degradation   
  Gal    Galactose   
  GalNAc     N -acetylgalactosamine   
  GD2    Ganglioside GD2   
  GD3    Ganglioside GD3   
  Glc    Glucose   
  GlcNAc     N -acetylglucosamine   
  GM1    Ganglioside GM1   
  GM3    Ganglioside GM3   
  M6P    Mannose-6-phosphate   
  Man    Mannose   
  OST    Oligosaccharyl transferase   

3.1           Introduction 

 Throughout the life cycle of neural cells undergoing a “metamorphosis” from neural 
stem cells to mature neurons, astrocytes, and oligodendrocytes (or Schwann cells in 
the peripheral nervous system), the differentiation and function of these cells relies 
upon their response to extracellular and intracellular signaling cues. This response 
depends on the specifi city and sensitivity of receptor proteins. It becomes increas-
ingly clear that the sensitivity of receptors is regulated by specifi c N-glycan residues 
that affect: (1) secretion, stability, and clearance of the receptor ligands; (2) surface 
expression, internalization, and recycling or turnover of the receptors; (3) adhesion 
of neurons and other cells via cell surface receptors and extracellular matrix pro-
teins; and (4) signal induction and transduction by growth factor and neurotransmit-
ter receptors and ion channels. In many of these cases, the N-glycan enhances (1) 
proper folding of ligand or receptor; (2) solubility or polarity of the ligand or recep-
tor; and (3) binding to extracellular or intracellular factors that induce cell signaling 
pathways or mediate further processing of the N-glycoprotein. In particular, the 
latter has gained recent attention since specifi c N-glycans can regulate protein asso-
ciation in receptor/ligand complexes or sugar-specifi c binding proteins in the plasma 
membrane (e.g., galectins) that mediate endocytosis or exocytosis, transport or sort-
ing, and recycling or turnover of the receptor (Boscher et al.  2011 ,  2012 ; Dennis 
et al.  2009a ,  b ; Lajoie et al.  2009 ; Lajoie and Nabi  2010 ). 

 While these mechanisms are critical for the proportion of receptors expressed on 
the cell surface or the retrograde transport of signalosomes (protein complexes 
between ligand and receptor), it can also modulate the exocytotic transport and 
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secretion of proteins with pathological effects such as amyloid or prion protein 
(Browning et al.  2011 ; McFarlane et al.  1999 ). It is not surprising that the particular 
structure of N-glycans and therefore, the sequence of enzymatic processing steps 
leading to their structure is the focus of intensive research, in particular for the iden-
tifi cation of new drug targets. For more than three decades, specifi c inhibitors of 
glycosidases involved in N-glycoprotein processing have been tested for their appli-
cation in antiviral and tumor therapy (Wohlfarth and Efferth  2009 ; Nash et al.  2011 ; 
Robina et al.  2004 ; Wrodnigg et al.  2008 ). On the other hand, mutations in proteins 
that mediate N-glycosylation and N-glycan processing can lead to severe diseases, 
including those of the nervous system (Goreta et al.  2012 ; Jaeken  2010 ,  2011 ; 
Freeze  2002 ). This is not limited to mutations in trimming or processing glycosi-
dases, but encompasses proteins mediating the transport of N-glycoproteins for 
their processing in the ER or Golgi, as found in human congenital disorders of 
glycosylation (CDG) (Fung et al.  2012 ; Reynders et al.  2011 ; Kelleher and Gilmore 
 2006 ). To defi ne the function of N-glycans in normal physiology and disease one 
needs to know their precise structure and the enzymatic steps generating this struc-
ture. Currently, the rapid progress in high throughput mass spectrometric analysis 
has opened a growing fi eld of comprehensive glycomics studies on N-glycans and 
other proteinogenic glycoconjugates such as O-glycans and proteoglycans 
(Moremen et al.  2012 ). Mutation analysis and the genome projects have provided us 
with the information and tools needed to study proteins involved in N-glycoprotein 
biosynthesis and processing. And yet, the dynamics of biochemistry on the cellular 
level requires knowledge beyond the statics of structure and sequence, an insight 
into the fl ux of biological reactions. 

 To understand this fl ux, one may envision the cell as a gigantic factory with 
sequential assembly lines for the generation and functional editing of N-glycans. 
This processing works like a fl ow chart with individual yes/no decision points for: 
(1) glycosylation leading to non-glycosylated or glycosylated proteins; (2) trim-
ming and reglucosylation leading to “high mannose” and “reglucosylated” 
 intermediates; and (3) further processing and re-glycosylation leading to “mannose-
6-phosphate,” “hybrid,” or “complex” N-glycoproteins as end products. As the 
result of this editing process, N-glycans act as specifi c addresses or tags that regu-
late the processing or function of their attached proteins by a simple rule: N-glycan-
dependent association kinetics between enzymes, receptor proteins, and other 
factors keeping the N-glycoprotein in a particular compartment or moving it to the 
next. As a fi rst step of understanding processing of N-glycans, we will discuss the 
initial assembly of the N-glycan and its transfer to the protein.  

3.2     N-Glycans Are First Born on a Lipid and then Transferred 
“En Bloc” onto the Nascent N-Glycoprotein in the ER 

 N-glycans are oligosaccharides by their chemical nature: branched chains of sugar 
residues attached to each other by α- and β-glycosidic linkages (Fig.  3.1 ). However, 
the N-glycan is not made on the protein, but pre-manufactured on an ER-resident 
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lipid, the polyprenol dolichol pyrophosphate. Further, while after attachment to the 
protein, the N-glycan points to the lumen of the ER, the assembly of the initial 7 of 
the 14 sugar residues in the dolichol pyrophosphate (Dol-PP)-linked precursor oli-
gosaccharide is accomplished at the cytosolic side. Hence, the N-glycosylation 
reaction relies on two critical steps: transport of the partial precursor oligosaccha-
ride (Dol-PP-GlcNAc2Man5) across the ER membrane from the cytosolic to the 
luminal side and then after further glycosylation reactions, “en bloc” transfer of the 
mature precursor to the protein. In eukaryotes, the assembly of this precursor oligo-
saccharide is achieved by a set of ER-resident, transmembrane protein glycosyl-
transferases of the types (a),  N -aceytylglucosaminyltransferases that attach two 
GlcNAc residues to Dol-PP in a β1-N and then β1-4 linkage, (b) mannosyltransfer-
ases catalyzing four different glycosidic linkages: β-1,4 (fi rst mannose attached to 

  Fig. 3.1    Co-translational, “en bloc” transfer of the Glc3Man9GlcNAc2 precursor oligosaccharide 
from dolichol pyrophosphate to asparagine, catalyzed by oligosaccharyl transferase in the ER 
lumen       
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second GlcNAc), α-1,3 and α-1,6 (mannose at the two branching points of the 
 biantennary oligosaccharide), and α-1,2 (mannose elongation of the middle (B) and 
two outer (A and C) branches, see Fig.  3.1 ) that attach a total of nine mannose resi-
dues to Dol-PP-GlcNAc2 to form a branched Dol-PP-GlcNAc2Man9 structure, and 
(c) glucosyltransferases that attach the terminal three glucose residues in two α1,3- 
and one terminal α1,2-glycosidic linkage onto the outer α1,3-mannosidic branch 
(A branch) of the precursor oligosaccharide (Fig.  3.1 ). These reactions depend on 
activated sugars that are provided on the cytosolic and luminal side of the ER in the 
form of UDP-GlcNAc, GDP-mannose (GDP-man), and UDP-glucose (UDP-glc).

   Mutations in glycosyltransferases and the fl ippase transporting the Dol-PP- 
GlcNAc2Man5 partial precursor from the cytosol into the ER lumen lead to a spec-
trum of diseases known as congenital disorders of glycosylation type I (CDGs type I) 
(Leroy  2006 ; Mohorko et al.  2011 ). The symptoms of CDGs type I often involve the 
nervous system. For example, mutations of the RFT1 (requiring fi fty three 1, 
CDG-In) yeast homolog, the mammalian fl ippase, cause sensorineural deafness 
(Jaeken  2010 ; Leroy  2006 ; Goreta et al.  2012 ). CDG-In is an extremely rare disease, 
only six patients are known so far. Other CDGs type I resulting from mutations in 
precursor glycosyltransferases often show defects in multiple tissues that can lead 
to multiorgan failure as observed with glucosyltransferase II defi ciency (CDG-Ih). 
It should be noted that while CDGs type I can be very severe it is not clear which 
N-glycoprotein dysfunction due to hypoglycosylation accounts for a specifi c dis-
ease phenotype or symptom. The diagnosis of CDG type I is commonly based on 
testing for hypoglycosylation of transferrin in patient plasma, although this aberrant 
glycosylation does not account for the entire spectrum of symptoms observed with 
this disease. As discussed later, the consequences of hypoglycosylation can be 
severe for a variety of proteins, the proper folding of which relies on the intact 
N-glycan residue. Therefore, it may not be surprising that CDGs type I can lead to 
multiple tissue and organ failures. 

 Following assembly and the fl ipping reaction of the precursor oligosaccharide, 
co-translational “en bloc” transfer of the N-glycan from Dol-PP onto the nascent 
polypeptide is the next critical step in N-glycoprotein biosynthesis. This step is 
catalyzed by oligosaccharyl transferase (OST), a multimeric enzyme complex com-
posed of nine subunits in yeast and four subunits in higher eukaryotes (Moremen 
et al.  2012 ; Roth et al.  2010 ; Ruiz-Canada et al.  2009 ; Parodi  2000 ; Kelleher et al. 
 1992 ; Kelleher and Gilmore  2006 ; Bause et al.  1995 ; Hardt et al.  2000 ; Sharma 
et al.  1981 ; Kaplan et al.  1987 ; Pless and Lennarz  1977 ). The precise function of 
these subunits is still a subject of ongoing research; however, it is clear that OST 
manages association with the ribosome and signal recognition particle receptor for 
the nascent membrane glycoprotein, the recognition of the acceptor sequence Asn-
X- Ser/Thr (X cannot be proline), and the catalytic transfer of the oligosaccharide 
from Dol-PP onto an asparagine (Fig.  3.1 ). 

 As with mutations in glycosyltransferases involved in the precursor oligosac-
charide assembly, defi ciencies of OST subunits lead to several CDGs of type I. The 
catalytic subunit of OST, Stt3 in yeast or Stt3A and B in mammals, is a conserved 
subunit that is already expressed in archaebacteria. It has been speculated that 
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because of the redundancy conferred by the two mammalian Stt3 homologs, CDGs 
have not yet been discovered (Kelleher and Gilmore  2006 ; Vleugels et al.  2009 ; 
Mohorko et al.  2011 ; Ruiz-Canada et al.  2009 ). However, mutations in other OST 
subunits have been associated with various CDGs of type Ix. For example, defi cien-
cies of the ribophorin I subunit RPN2 have been found by screening for hypoglyco-
sylation defects without impairment of precursor oligosaccharide assembly 
(Vleugels et al.  2009 ). At present, the pathology of these CDGs is unclear, but it is 
likely to involve nervous system defects. Once OST has transferred the precursor 
oligosaccharide onto the nascent polypeptide, a process starts that entails an impor-
tant decision for the newly born N-glycoprotein:  fold  or  fail . In particular, the glu-
cose residues on the outer mannosidic (α1,3- or A) branch are instrumental in 
assisting the protein folding proofreading and refolding process, which will be dis-
cussed in the next section.  

3.3     Trimming, Reglycosylation, and Remodeling: There 
Are Many Ways of N-Glycoprotein Processing 
in the ER and Golgi 

 There are two pathways by which the N-linked Glc3Man9GlcNac2 oligosaccha-
rides are processed (“trimmed”): the glucosidase-dependent and independent path-
way (Fig.  3.2 ). The glucosidase-dependent pathway occurs in the ER and is mediated 
by a sequential hydrolytic cleavage of the terminal glucose residues by glucosidases 
I and II (Fig.  3.2 ). This sequence is embedded into chaperone-assisted proofreading 
of protein folding: the calnexin–calreticulin cycle. The glucosidase-independent 
pathway is catalyzed by an endomannosidase which cleaves off a Glc1-3Man1 resi-
due in the Golgi (Hamilton et al.  2005 ; Lubas and Spiro  1987 ; Alonzi et al.  2013 ). 
The function and regulation of this reaction is not known. Therefore, we will focus 
on the glucosidase-dependent pathway and its interaction with the calnexin– 
calreticulin cycle for protein folding.

   To date, the calnexin–calreticulin cycle has been discussed as one of the most 
important processes underlying the function of N-glycosylation (Deprez et al.  2005 ; 
Ellgaard et al.  1999 ; Hammond et al.  1994 ; Hammond and Helenius  1993 ,  1994 ; 
Molinari and Helenius  2000 ). It was fi rst described by Ari Helenius in 1994 based 
on two important observations: (a) calnexin and calreticulin are chaperones in the 
ER that bind to monoglucosylated (GlcMan9GlcNAc2) N-glycoproteins and (b) the 
ER harbors a glucosyltransferase that reattaches glucose to N-linked Man9GlcNAc2 
(Hammond and Helenius  1993 ,  1994 ; Hammond et al.  1994 ; Trombetta et al.  1989 , 
 1991 ; Sousa et al.  1992 ; Trombetta and Parodi  1992 ). Trimming or processing of 
the terminal glucose residues is thus crucial for the chaperone function of calnexin 
and calreticulin. The function of a chaperone is to recognize and bind misfolded 
proteins and then mediate refolding until the proper conformation of the protein is 
accomplished. If the misfolded protein cannot adopt its proper conformation it will 
be degraded in the ER by the ERAD (ER-assisted degradation) system, a rather 
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complicated organized sequential process of “unfolded protein response” that fi rst 
shuttles the misfolded protein into the cytosol, where it is ubiquitinated and then 
removed by proteasomal degradation (Banerjee et al.  2007 ). Another ERAD- 
associated system transports the misfolded proteins to the Golgi and then the lyso-
some for proteolysis. Failure of ERAD can result in severe diseases due to the 
accumulation and aggregation of misfolded proteins. A prominent example related 
to neurobiology is Parkinson’s disease that can result from ERAD malfunction 
involving the E3-ubiquitinase parkin (Ron et al.  2010 ). Mutations in glucocerebro-
sidase (GCase), a lysosomal β-glucosidase defi cient in Gaucher’s disease, can lead 

  Fig. 3.2    N-glycoprotein processing: sequential removal (trimming) of glucose and mannose resi-
dues from the N-linked glycan in the ER and Golgi, followed by re-glycosylation. N-glycan pro-
cessing generates signals for chaperone-assisted refolding, mannose-6-phosphate receptor-mediated 
transport of lysosomal enzymes, and other functions in protein traffi cking, enzyme complex for-
mation, and cell adhesion       
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to the accumulation of aberrant GCase attached to parkin, which is currently 
 discussed as one of the causes of Parkinson’s disease (Ron et al.  2010 ). Since GCase 
cleaves off glucose form glucosylceramide to generate ceramide, it is an example 
for the interdependence of N-glycoprotein and glycosphingolipid metabolism, 
which will be discussed later in this chapter. In addition to the aggregation and 
accumulation of aberrant proteins, ERAD malfunction may also lead to premature 
degradation of proteins that are still in the process of refolding, which has been 
discussed as one of the causes of cystic fi brosis (Farinha and Amaral  2005 ). From 
these examples, it is evident that the N-glycan assisted calnexin–calreticulin cycle 
for protein folding and thus the function of ERAD critically relies on proper 
N-glycan processing. 

 To generate the monoglucosylated N-glycan, glucosidases I and II remove the 
fi rst two glucose residues from the N-linked Glc3Man9GlNAc2 oligosaccharide 
(Peyrieras et al.  1983 ; Kalz-Fuller et al.  1995 ; Parodi  2000 ; Volker et al.  2002 ). The 
resulting GlcMan9GlcNAc2 is bound to calreticulin or calnexin and the protein 
(partially) refolded, which is followed by removal of the innermost glucose residue 
by glucosidase II. After this, the N-glycan (Man9GlcNAc2) is transiently regluco-
sylated to GlcMan9GlcNAc2 by UDP-glucose:glycoprotein glucosyltransferase to 
prevent further N-glycan trimming of a glycoprotein that has not yet adopted its 
proper folding state. After glucosidase II has cleaved off the newly added glucose 
residue, the Man9GlcNAc2 oligosaccharide reenters the reglucosylation–refolding–
trimming cycle until the native conformation of the N-glycoprotein is accomplished. 
Once the protein is correctly folded, the chaperones do not bind to the protein 
 anymore and the Man9GlcNAc2 oligosaccharide is processed by a series of man-
nosidases (Fig.  3.2 ). 

 The removal of mannose residues from Man9GlcNAc2 is initiated in the ER and 
intimately associated with the ERAD response to misfolded proteins (Banerjee et al. 
 2007 ; Tokunaga et al.  2000 ; Wang and White  2000 ; Ruddock and Molinari  2006 ; 
Alonzi et al.  2013 ). If correct folding cannot be achieved the N-glycoprotein is not 
reglucosylated and ER mannosidase I cleaves off the terminal alpha1,2- mannose 
residue of the middle (B) branch in the N-glycan (Fig.  3.1 ) generating a 
Man8GlcNAc2 oligosaccharide (Fig.  3.2 ). How exactly the ERAD machinery dis-
tinguishes between properly folded and misfolded Man8GlcNAc2 bearing glyco-
proteins is not yet fully understood. However, it has been shown that overexpression 
of ER mannosidase I yields to the acceleration of ERAD-mediated protein degrada-
tion. In vivo, this function is thought to be mediated by EDEM (ER degradation 
enhancing alpha mannosidase like) proteins that accelerate the ERAD response to 
misfolded N-glycoproteins instead of allowing further exit to the Golgi (Helenius 
and Aebi  2004 ; Ruddock and Molinari  2006 ; Hosokawa et al.  2010 ). It is expected 
that mutations in trimming enzymes, in particular glucosidase I, II, and ER manno-
sidase I would lead to another type of CDGs, called CDG type II since these muta-
tions will affect the N-glycan structure after assembly and transfer to the protein. 

 Indeed, the fi rst CDG type II known to be caused by trimming glycosidase defi -
ciency is CDG type IIb, which results from mutations in ER glucosidase I (Volker 
et al.  2002 ). CDG type IIb shows multiorgan defi ciencies leading to a variety of 
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symptoms such as hepatomegaly, hypoventilation, feeding problems, seizures, and 
in one patient a fatal outcome at 74 days after birth. Interestingly, other CDG type 
II diseases are not directly associated with mutations of trimming enzymes (or have 
not yet been found), but with proteins of the intercisternal Golgi transport machin-
ery such as the “conserved oligomeric Golgi” (COG) complex proteins. Since trim-
ming glycosidases and N-glycan-associated glycosyltransferases are located in 
distinct Golgi compartments it is expected that mutations in these transport proteins 
would also lead to disorders of N-glycosylation (Kelleher and Gilmore  2006 ; 
Reynders et al.  2011 ; Fung et al.  2012 ). The COG proteins form a complex of eight 
proteins critical for retrograde vesicle transport within the Golgi. It is known to 
regulate Golgi distribution of mannosidases and glycosyltransferases important for 
N- and O-glycoprotein processing (Moremen et al.  2012 ). Mutations in COG pro-
teins are known to cause CDGs of type II, many of those with presentation of ner-
vous system disorders. 

 The majority of CDGs caused by COG proteins are associated with abnormal 
reglycosylation of processed N-glycans due to mislocalization of the respective gly-
cosyltransferases. This process of reshaping the N-linked oligosaccharide by regly-
cosylation is initiated by three distinct Golgi-resident mannosidases and follows 
(at least) two different routes (Fig.  3.2 ). The transport of lysosomal hydrolases 
requires the attachment of a Mannose-6-phosphate tag (mannose-6-phosphate or 
M6P- dependent pathway), while other N-glycoproteins of the “hybrid” and “com-
plex” type are further trimmed by removal of additional mannose residues. We will 
discuss the pathway of further trimming fi rst. 

 Golgi mannosidase I is distinct from ER mannosidase I in that it cleaves off 3 
α1,2-residues from the Man8GlcNAc2 precursor to yield Man5GlcNAc2 (Helenius 
and Aebi  2004 ; Dunphy et al.  1981 ; Cummings et al.  1983 ; Moremen et al.  2012 ). 
This α1,2 exomannosidase is also different from Man9 mannosidase, which has 
been cloned and characterized by the author’s former group and cleaves three man-
nose residues from Man9GlcNAc2 to yield Man6GlNAc2, which can then be sub-
strate of Golgi mannosidase I that removes one additional mannose residue 
(Schweden et al.  1986 ; Bause et al.  1993 ; Bieberich and Bause  1995 ; Bieberich 
et al.  1997 ). Regardless of how the Man5GlcNAc2 oligosaccharide is generated, 
further trimming proceeds after attachment of one GlcNAc residue to the outer 
mannose (A) branch by UDP-GlcNAc transferase I (Fig.  3.2 ). The resulting 
GlcNAcMan5GlcNAc2 oligosaccharide is then either elongated by the addition of 
sugar derivatives such as GalNAc or sialic acid (hybrid N-glycans), or it is sub-
jected to removal of an additional two mannose residues by Golgi mannosidase II, 
which generates N-linked GlcNAcMan3GlcNAc2, the “core” glycan structure that 
is the initial building block for all complex N-glycoproteins (Arumugham and 
Tanzer  1983 ; Cummings et al.  1983 ; Moremen and Touster  1985 ; Moremen and 
Robbins  1991 ; Herscovics et al.  1994 ; Moremen  2002 ). As with hybrid N-glycans, 
complex N-linked oligosaccharides are reglycosylated with additional sugar deriv-
atives such as GalNAc or sialic acid, or fucose (Fig.  3.2 ). These complex N-glycans 
come in a large variety of highly branched structures, which can exceed the initial 
biantennary (two branching points) structure of high mannose oligosaccharides by far. 
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Biochemically, high mannose N-glycans can be distinguished from hybrid or com-
plex ones by the use of two endoglycosidases that either cleave off the complete 
N-glycan (glycopeptidase F) or hydrolyze the β-glycosidic linkage between the two 
GlcNAc residues (chitobiose) of high mannose N-glycoproteins (endoglycosidase 
H). These enzymes and other glycosidases were discovered early in the history of 
glycobiology, which in combination with metabolic labeling using  radioactive sug-
ars tremendously facilitated the structural analysis of N-glycans (Tarentino et al. 
 1974 ). 

 Several glycosylation defi ciencies are known to result from mutations of enzymes 
in the M6P-dependent pathway or from aberrant reglycosylation of hybrid or com-
plex N-glycoproteins. In the M6P-dependent pathway for lysosomal enzymes, the 
Man8GlcNAc glycan is fi rst endowed with two GlcNAc phosphate residues that are 
attached by a Golgi transferase to the subterminal mannose residues of the two 
outer mannose branches (Coutinho et al.  2012 ; Lemansky et al.  1984 ; Ghosh et al. 
 2003 ; Gary-Bobo et al.  2007 ; Waheed et al.  1981 ; Chao et al.  1990 ; Lubke et al. 
 1999 ). Next, the mannose-bound phosphate residues are uncovered by 
 N -acetylglucosaminidase and the terminal mannose residues of the outer (A and C) 
branches are removed by Golgi mannosidase I (Fig.  3.2 ). The resulting 
P2Man6GlcNAc2 oligosaccharide is now recognized by the M6P receptor in the 
trans-Golgi, which binds to the N-glycoprotein and initiates its transport to the late 
endosome. While the late endosome matures to lysosomes, the pH value drops and 
the M6P receptor releases the lysosomal enzyme. The M6P receptor is then recycled 
to the trans-Golgi for further transport of lysosomal enzymes. Defi ciencies in the 
M6P-dependent pathway, in particular caused by mutations of GlcNAc phos-
photransferase, the enzyme attaching the GlcNAc phosphate residues to the N-glycan, 
can lead to severe disorders of glycosylation. Well-known examples are I-cell dis-
ease or mucolipidosis type II, and pseudo-Hurler polydystrophy or mucolipidosis 
type III (Coutinho et al.  2012 ). These diseases are usually not classifi ed as CDG type 
II but as oligosaccharidosis or mucolipidosis-type lysosomal storage diseases 
because failure of transporting enzymes to lysosomes will lead to the accumulation 
and lysosomal storage of the enzyme substrates, in particular glycosaminoglycans. 
Mucolipidosis type II and III lead to severe abnormalities in multiple organs (hepa-
tomegaly, splenomegaly) and delay in cognitive and motor skills development. 

 As mentioned earlier, the majority of CDGs type II are caused by mutations in 
glycosyltransferases that generate the complex N-glycan, e.g., CDG IId, a defi -
ciency of β1,4 galactosyltransferase I, which leads to psychomotor delay and mac-
rocephaly (Leroy  2006 ; Jaeken  2010 ). Also, as discussed earlier, many CDGs type II 
of complex N-glycoprotein processing are caused by aberrant COG proteins, e.g., 
CDG-IIe or COG7 defi ciency, which leads to hyposialylation of complex N-glycans. 
In contrast to lysosomal storage diseases related to aberrant M6P-dependent trans-
port of lysosomal enzymes, the molecular cause of the defi ciency aka the malfunc-
tion of the N-glycoprotein in various CDGs is not clearly defi ned. The reason is 
twofold: (a) glycosylation defects affect not only one but a variety of complex 
N-glycoproteins; and (b) for many N-glycoproteins it is not well understood what 
the physiological function of the N-glycan is, which makes it diffi cult to understand 
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the malfunction as well. In the next two sections, we will discuss some of these 
functions, in particular with respect to the signifi cance of N-glycoproteins for brain 
development and physiology. However, before we move on to these sections, it is 
necessary to briefl y discuss important tools that have helped to elucidate the 
sequence of N-glycoprotein processing and the function of N-glycoproteins: trim-
ming enzyme-specifi c inhibitors.  

3.4     The Essential Toolbox of a Glycobiologist: A Brief 
History of the Discovery of N-Glycoprotein Biosynthesis 
Inhibitors and Their Impact on Our Understanding 
of N-Glycan Processing 

 The discovery and development of N-glycosylation and processing inhibitors is 
 intimately linked to the history and progress in N-glycoprotein research—and the 
professional careers of many leading glycobiologists. The fi rst inhibitor of 
N-glycosylation, tunicamycin was found more than 40 years ago in an attempt to 
screen for antiviral drugs made by bacteria, in particular strains of  Streptomyces  
(Takatsuki et al.  1971 ; Takatsuki and Tamura  1971a ,  b ,  c ; Schwarz et al.  1976 ; 
Ericson et al.  1977 ; Leavitt et al.  1977 ; Hart and Lennarz  1978 ). This fi nding is not 
as surprising as it may seem today since the screening procedures at that time were 
often based on virus hemagglutination and in vitro proliferation assays, which were 
critically affected by the glycoprotein nature of serum proteins and the virus enve-
lope, a well-known fact even decades ago (Hewitt  1937 ). Therefore, one of the tests 
routinely performed was a competition assay determining whether addition of sug-
ars, in particular N-acetylamino sugars would reverse the effect of the antiviral anti-
biotic, as seen with tunicamycin (Takatsuki and Tamura  1971b ). Later, Alan Elbein 
discovered that tunicamycin inhibits the transfer of  N -acetylglucosamine to dolichol 
phosphate, the fi rst step in the synthesis of the lipid-linked oligosaccharide that 
serves as the precursor for all N-glycoproteins (Ericson et al.  1977 ; Chambers and 
Elbein  1975 ). It was also found early on that tunicamycin induces the degradation 
of viral glycoproteins and it was hypothesized that proteolysis was due to the lack 
of glycosylation, the fi rst inkling of what would later be known as chaperone- 
assisted N-glycoprotein proofreading or the calreticulin–calnexin cycle in the 
ERAD response to unfolded proteins (Schwarz et al.  1976 ). Nowadays, tunicamy-
cin is commonly used to induce the “unfolded protein response” or ER stress, unfor-
tunately often without paying attention to its effect on N-glycoprotein biosynthesis. 
Because of its toxicity tunicamycin has never made its way into use as a virus ther-
apy, although recent studies suggest that it may have antiviral effects against 
Hepatitis C virus at subtoxic doses (Reszka et al.  2010 ). 

 Another antibiotic acting on N-glycoprotein biosynthesis and isolated from 
 Streptomyces , the imino sugar deoxynojirimycin (dNM or dNJ) was also discovered 
more than 40 years ago. It was identifi ed as a member of the validamycin family in 
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a screening assay for antifungal agents that would inhibit the breakdown of  trehalose, 
the storage disaccharide in insects and fungi (Nash et al.  2011 ). Deoxynojirimycin 
is an inhibitor of α-glucosidases and was fi rst designed for treatment of type II dia-
betes because of its ability to prevent the breakdown of amylase (starch) and mobi-
lization and uptake of glucose in the intestine. Nowadays, acarbose, a natural 
tetrasaccharide containing a structural isomer of deoxynojirimycin is widely used as 
an oral medication for diabetes type II. Deoxynojirimycin itself has done more to 
shape the history of research on N-glycoprotein processing than it has as a therapeu-
tic for diabetes. 

 At the time when acarbose and dNM were discovered, it was well known that 
neuraminidase-sensitive, glycoprotein-bound sialic acid is important in virus agglu-
tination. Gilbert Ashwell and Anatol Morell reported for the fi rst time a galactose- 
specifi c receptor for asialoglycoproteins (Van Den Hamer et al.  1970 ; Morell et al. 
 1971 ). Yet, besides knowing that many glycoprotein-linked oligosaccharides con-
tained terminal sialic acid, units of galactose-β1,4- N -acetylglucosamide, and other 
disaccharides, trisaccharides, and tetrasaccharides, the actual (branched) structure 
of the N-linked glycan remained unclear until 1978, when Ellen Li and Stuart 
Kornfeld proposed a structure with branched mannose chains linked to asparagine 
via  N -acetylglucosamine (Li and Kornfeld  1978 ). The 1970s and early 1980s 
became a wellspring of new discoveries in glycobiology. Willam Lennarz worked 
out the biosynthesis pathway of the dolichol-linked precursor oligosaccharide and 
Amando Parodi reported the “en bloc” transfer of this precursor onto the nascent 
glycoprotein (Parodi et al.  1972 ; Waechter et al.  1973 ; Lucas et al.  1975 ). 

 Deoxynojirimycin and other inhibitors such as castanospermine played essential 
roles in this discovery since they inhibited not only broad spectrum α-glucosidases 
but also glucosidase I and II, which are the other components of the N-glycan- 
driven proofreading machinery. Similar to tunicamycin, dNM and castanospermine 
prevented correct folding and secretory exit of viral N-glycoproteins and induced 
ER-resident protein degradation instead. However, inhibitors of Golgi mannosi-
dases such as swainsonine or deoxymannojirimycin did not. Based on this observa-
tion and the concurrent characterization of GlcMan9GlcNAc2-binding ER 
chaperones, Ari Helenius then proposed the calreticulin–calnexin cycle, which is 
probably the most prominent example for the general function of N-glycans 
(Hammond et al.  1994 ). Besides their value in understanding the unfolded protein 
response to N-glycoproteins, glucosidase I and II inhibitors were also instrumental 
in the discovery of the M6P-dependent pathway by Kurt von Figura et al. in 1984 
(Lemansky et al.  1984 ). 

 I came into contact with dNM through my graduate student mentor Dr. Gunter 
Legler, who contributed much to our understanding of the catalytic mechanism of 
α- and β-glucosidases. He and his mentee, who then became my fi rst postdoctoral 
mentor, Dr. Ernst Bause, were among the fi rst to use dNM and its derivatives to 
characterize and purify glycosidases, including those involved in trimming of 
N-glycoproteins (Hettkamp et al.  1982 ,  1984 ; Peyrieras et al.  1983 ; Schweden et al. 
 1986 ). At this time, the pre-human genome era, one could not just “blast search” for 
cDNA sequences, but actually had to purify a protein to homogeneity and then 
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 identify the amino acid sequence in order to synthesize oligonucleotide primers that 
could be used for RT-PCR to generate a probe for screening of a lambda gt11 library, 
and eventually, isolate the protein-specifi c cDNA; a long-forgotten and extremely 
tedious technique. Using alkylated dNM derivatives for affi nity chromatography of 
trimming enzymes proved to be extremely helpful in this endeavor. Despite this 
progress, it took several years and thousands of plasmid minipreps to generate spe-
cifi c probes that then led to the fi rst cloned cDNAs for glucosidase I and Man9 
mannosidase (Bause et al.  1993 ; Bieberich and Bause  1995 ; Kalz-Fuller et al.  1995 ). 

 Currently, alkylated dNM derivatives such as N-butyl dNM are being tested as 
antibiotics for treatment of several viral diseases, including HIV (Robina et al.  2004 ; 
Ratner and Vander  1993 ). Grabowski’s and Legler’s groups have reported that alkyl-
ated dNM derivatives inhibit the two enzymes that regulate the metabolic conver-
sion of ceramide and glucosylceramide into each other, lysosomal β-glucosidase 
(the “Gaucher enzyme”) and glucosyltransferase, with longer alkyl chain length 
being more specifi c for β-glucosidase and shorter chain length for glucosyltransfer-
ase (Greenberg et al.  1990 ; Osiecki-Newman et al.  1986 ,  1987 ; Legler and Liedtke 
 1985 ; Legler and Bieberich  1988 ). Therefore, N-butyl dNM (miglustat) has been 
discussed as a possible treatment for several lysosomal storage diseases involving 
accumulation of sphingolipids, including Gaucher’s disease (glucosylceramide 
accumulation), Niemann–Pick disease (sphingomyelin accumulation), and Tay–
Sachs and Sandhoff disease (GM2 accumulation) (Nash et al.  2011 ; Platt et al.  1994 ; 
Chavany and Jendoubi  1998 ; Jeyakumar et al.  1999 ; Baek et al.  2008 ; Mistry  2000 ; 
Venier and Igdoura  2012 ; Abian et al.  2011 ; Patterson et al.  2007 ; Cox et al.  2000 ). 
While the use of trimming enzyme inhibitors has not (yet) led to breakthroughs in 
virus therapy, dNM and swainsonine have certainly been invaluable in elucidating 
the sequence of trimming enzymes and the function of N-glycans. One of these 
more recently discovered functions intertwines N-glycoprotein processing with gly-
colipid biosynthesis: the role of N-glycosylation in the subcellular localization and 
enzyme complex formation of glycosyltransferases in ganglioside biosynthesis.  

3.5     Sweet Encounters of Proteins and Lipids: N-Glycans 
Affect the Subcellular Distribution and Complex 
Formation of Enzymes in Glycolipid Biosynthesis 

 Glycosyltransferases transfer sugar residues not only onto protein linked-glycans 
but also onto lipids, in particular sphingolipids. Glycosphingolipids are synthesized 
from ceramide, a sphingolipid consisting of sphingosine attached to various fatty 
acids, by sequential glycosylation reactions catalyzed by a series of ER- or Golgi- 
resident glycosyltransferases (Gault et al.  2010 ; Sandhoff and Kolter  2003 ; Maccioni 
et al.  2011a ,  b ; Yu et al.  2010 ; Ngamukote et al.  2007 ). As expected, the substrate 
specifi city of these enzymes is different from that of glycosyltransferases in 
N-glycoprotein biosynthesis and processing. After attachment of glucose and 
then galactose to ceramide, which generates lactosylceramide, the most basic 
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ganglioside, GM3, is synthesized by attachment of sialic acid. This reaction, 
 catalyzed by GM3 synthase, is followed by enzymatic reactions that split ganglio-
side biosynthesis into three distinct pathways: a-, b-, and c-series gangliosides 
(Yu et al.  1988 ,  2004 ,  2012    ; Svennerholm  1956 ; Yu and Ledeen  1972 ; Yu  1984 , 
 1994 ; Ando and Yu  1977 ; Yu and Ando  1980 ). If  N -acetylgalactosamine is the next 
sugar residue added to GM3, a reaction catalyzed by GM2/GD2 synthase, ganglio-
side biosynthesis will exclusively follow the a-series pathway. However, if another 
sialic acid residue is added fi rst, a reaction catalyzed by GD3 synthase, then gan-
glioside biosynthesis follows the b- or c-series pathway. Note that GD3 synthase 
can only act on GM3 (thereby generating GD3), while GM2/GD2 synthase can use 
GM3 (thereby generating GM2) or GD3 (thereby generating GD2) as the substrate. 
Therefore, the relative location of GD3 and GM2/GD2 synthase determines which 
pathway of ganglioside biosynthesis is taken. If GM2/GD2 synthase acts fi rst, only 
a-series gangliosides are made, whereas a sequential reaction of fi rst GD3 synthase 
and then GM2/GD2 synthase channels ganglioside biosynthesis towards the b-series 
pathway. Likewise, c-series gangliosides are made if GT3 synthase acts on GD3 
before GM2/GD2 synthase does. 

 Regulation of biosynthetic pathways by the relative location of enzymes in a 
reaction sequence is not just of academic curiosity, but may actually determine the 
composition of gangliosides in an organism, tissue, or cell. Robert K. Yu, whose 
laboratory I joined after my postdoctoral work on N-glycoproteins, found more 
than 25 years ago that the ganglioside pathways undergo a rapid switch from a- to 
b-series during embryonic brain development (Yu et al.  1988 ), just at the time 
point when neuroprogenitor cells start to divide asymmetrically and many interme-
diate neurons are born (Yu  1994 ; Yu et al. 2012; Bieberich and Yu  1999 ). Bob Yu 
gave me the opportunity to pursue my own ideas about the regulation of ganglio-
side biosynthesis by the interdependence of glycosylation reactions in glycolipid 
and glycoprotein biology. 

 To understand the meaning of this interdependence one has to know that most 
glycosyltransferases are type II transmembrane proteins with 3–4 N-glycosylation 
sites. Hence, bearing in mind what we have discussed before—N-glycans are criti-
cal for protein folding and transport—N-glycoprotein processing may regulate the 
subcellular localization, and therefore relative location, of glycosyltransferases in 
ganglioside biosynthesis. I quickly realized that I was not the only one who pursued 
this idea. Hugo Maccioni’s and our group published in 1998 that inhibition of trim-
ming glucosidases I and II with dNM and castanospermine, but not inhibition of 
Golgi mannosidase I and II with deoxymannojirimycin and swainsonine prevented 
transport of GD3 synthase from the ER to the Golgi (Martina et al.  1998 ; Bieberich 
et al.  2000 ). There was some discrepancy between both studies with respect to the 
effect of glucosidase inhibition on enzyme activity. While in Maccioni’s study, 
dNM and castanospermine still preserved the activity of GD3 synthase, castano-
spermine increased proteolytic turnover of this enzyme in our study. Since it was 
known from the Helenius model that N-glycans are required to achieve chaperone- 
assisted protein folding via the calreticulin–calnexin cycle, both groups concluded 
that N-glycosylation was necessary to attain and maintain catalytic activity, while 
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glucose trimming was required for the ER-to-Golgi exit of the enzyme (Martina 
et al.  1998 ; Bieberich et al.  2000 ) . 

 In the following years, Maccioni’s group made great strides toward understand-
ing the regulation of glycosyltransferase transport and enzyme complex formation, 
and its signifi cance for glycolipid biosynthesis (Maccioni et al.  1999 ,  2002 ,  2011a , 
 b ; Martina et al.  2000 ; Giraudo et al.  2001 ; Giraudo and Maccioni  2003 ; Maccioni 
 2007 ; Ferrari et al.  2012 ; Spessott et al.  2012 ). However, it still remained unclear 
how this would switch a- to b-series gangliosides and whether N-glycans are actu-
ally critical for this pathway switch. I was working in Bob Yu’s group on this prob-
lem and discovered that GD3 synthase forms a disulfi de bridge-mediated homodimer 
that turns into a heterodimer with GM2/GD2 synthase (Bieberich et al.  1998 ). 
Interestingly, binding to GM3 as well as inhibition of trimming by glucosidases I 
and II retained the GD3 synthase homodimer in the ER, suggesting that the enzyme- 
substrate complex may participate in protein folding or transport (Fig.  3.3 ). The 
observation of enzyme (–substrate) complexes in ganglioside metabolism was in 

  Fig. 3.3    Regulation of ganglioside biosynthetic pathways by N-glycan-dependent glycosyltrans-
ferase distribution and complex formation. Inhibition of trimming by glucosidases I and II 
increases proteolytic turnover of GD3 synthase and prevents enzyme complex formation with 
GM2/GD2 synthase in the Golgi, suggesting that N-glycoprotein processing of glycosyltransfer-
ases is critical for ganglioside metabolism. The GD3 synthase-GM2/GD2 synthase complex is 
hypothesized to promote b-series complex ganglioside biosynthesis. Moreover, our group has pro-
posed that binding of GD3 synthase to GM3 may facilitate enzyme complex formation (“lipid 
co-chaperone” hypothesis)       
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line with Saul Roseman’s original idea that the biosynthesis of specifi c gangliosides 
is best achieved by forming multi-enzyme complexes of glycosyltransferases 
(“cooperative sequential specifi city” model) (Roseman  1970 ). Moreover, by form-
ing the complex between GD3 synthase and GM2/GD2 synthase, we calculated that 
ganglioside biosynthesis would be effi ciently channeled into the b-series pathway, 
an enzymatic switch that provided an explanation for the rapid change in the com-
position of gangliosides during embryonic brain development (Bieberich et al. 
 1998 ; Bieberich and Yu  1999 ).

   In addition to the GD3 synthase homodimer and GD3 synthase-GM2/GD2 syn-
thase heterodimer complex identifi ed by Bob Yu’s group, Hugo Maccioni’s group 
discovered that enzyme complexes were also formed between LacCer-, GM3-, and 
GD3-synthase, and GM2/GD2- and GM1/GD1a synthase (Spessott et al.  2012 ; 
Ferrari et al.  2012 ; Maccioni et al.  2011b ; Giraudo and Maccioni  2003 ; Giraudo 
et al.  2001 ; Martina et al.  2000 ). Common to two of these glycosyltransferase com-
plexes described so far is that the stability and/or subcellular localization of at least 
two of their subunits, GD3 synthase and GM1/GD1a synthase, are critically depen-
dent on N-glycosylation and trimming by glucosidases I and II. Moreover,  inhibition 
of this trimming (by castanospermine) dramatically changes the ganglioside com-
position by preventing synthesis of higher sialylated, complex b-series gangliosides 
such as GT1b, the most prominent ganglioside after the “a-to-b series switch” in 
mouse (and human) embryonic brain at a time point of intense neural progenitor 
(and intermediate neuron) proliferation and migration (Bieberich et al.  1998 ). It 
should be noted that Bob Yu’s group not only was the fi rst to discover this ganglio-
side pathway switch but also demonstrated that the simplest b-series ganglioside, 
GD3, is a robust cell surface marker for mouse (and human) neural progenitor cells 
(Nakatani et al.  2010 ; Ngamukote et al.  2007 ; Yanagisawa et al.  2004 ). Yet it 
remains to be determined which functional role the pathway switch plays for brain 
development and how it is integrated with the regulation for N-glycan processing of 
glycosyltransferases in ganglioside metabolism.  

3.6     Conclusions and Epilogue: The Tale of the Tail 
That Wags the Dog 

 At the end of this chapter on N-glycosylation and N-glycoprotein processing, one 
may miss a discussion of the important functions that cell surface N-glycans play in 
cell-to-cell recognition and adhesion, in particular in the brain. For example, galec-
tins, cell surface lectins that bind to  N -acetylgalactosamine in N-linked glycans, 
have been found to regulate growth factor receptor endocytosis/recycling, which 
may contribute to glioma metastasis (Le Mercier et al.  2010 ). Another non- discussed 
example for lectin-like cell surface binding is the interaction of myelin-associated 
glycoprotein (MAG) with specifi c gangliosides, which has been suggested to be 
critical for myelination of axons (Yang et al.  1996 ). Loss of b-series complex gan-
gliosides as well as abnormal N-glycoprotein processing of MAG leads to severe 
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nervous system symptoms such as Wallerian degeneration and demyelination 
(Konat et al.  1987 ; Sheikh et al.  1999 ). The tail (protein or lipid-linked glycan) wags 
the dog (neuron or glia), so to speak. 

 One may also criticize that other types of protein glycosylation such as 
O-glycosylation or protein-associated glycans in general, such as proteoglycans are 
not mentioned (see Moremen et al. ( 2012 ) for a comprehensive review on these). 
The reason for this is twofold: for one, these glycoconjugates are reviewed in Chaps. 
  4     and   5    . More importantly, I wanted to focus on biological processes that are 
dynamically regulated by the morphing and reshaping of protein-linked N-glycans. 
As we have seen, the glycosylation and trimming machinery is intimately connected 
with proofreading and editing of N-glycoproteins. In this regard, it should be noted 
that the stability, subcellular distribution, and complex formation of glycosyltrans-
ferases in ganglioside biosynthesis is the fi rst example of enzymes in a metabolic 
pathway that may actually be regulated by N-glycoprotein processing. Moreover, as 
we have discussed, the function of N-glycoprotein processing is by far not com-
pletely understood and may involve substrates such as the ganglioside GM3 as 
“lipid co-chaperones.” And fi nally, the interdependence between protein-linked 
N-glycan processing and glycolipid metabolism, a theme that brought me as a 
researcher trained in glycoprotein biology to pursue studies on glycolipids, holds 
promise to make future discoveries in uncharted territories with impact on systems 
biology; a fascinating area of research that tears down the boundaries between over- 
specialized disciplines in biology and goes back to a more classical, Humboldtian 
view on life as emerging from the self-organized biology of interacting metabolic 
systems, such as glycoprotein processing and glycolipid biosynthesis. Therefore, 
this chapter is not only meant to give an account of what is known about 
N-glycosylation (certainly not in an exhaustive manner) but also to ignite interest in 
young scientists to pursue this area of research in their careers.     
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    Abstract     Glycoproteins carrying O-linked N-acetylgalactosamine, N-acetylgluco-
samine, mannose, fucose, glucose, and xylose are found in the nervous system. 
Lipids can be glycosylated as well. Membrane lipid, ceramide, is modifi ed by the 
addition of either glucose or galactose to form glycosphingolipid, galactosylce-
ramide, or glucosylceramide. Recent analyses have identifi ed glucosylated lipids of 
cholesterol and phosphatidic acid. These O-linked carbohydrate residues are found 
primarily on the outer surface of the plasma membrane or in the extracellular space. 
Their expression is cell or tissue specifi c and developmentally regulated. Due to 
their structural diversity, they play important roles in a variety of biological pro-
cesses such as membrane transport and cell–cell interactions.  

  Keywords     Ceramide   •   Glycosphingolipid   •   Glucosylceramide   •   Ganglioside   • 
  Heparan sulfate   •   Chondroitin sulfate   •   Keratan sulfate   •   Mucin   •   Glycosyltransferase   
•   Sulfation  

  Abbreviations 

   CGT    UDP-Gal:ceramide galactosyltransferase   
  ChlGlc    Cholesterylglucoside   
  CST    Cerebroside sulfotransferase   
  GalCer    Galactosylceramide or cerebroside   
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  GalNAc-T    UDP-GalNAc: polypeptide N-acetylgalactosaminyltransferase   
  GCS    UDP-Glc:ceramide glucosyltransferase, UGCG or GlcT-1   
  GlcCer    Glucosylceramide   
  GSL    Glycosphingolipid   
  LacCer    Lactosylceramide   
  LARGE    The like-acetylglucosaminyltransferase   
  NCAM    Neural cell adhesion molecule   
  POFUT1    Protein O-fucosyltransferase 1   
  POMGNT1    Protein O-linked mannose N-acetylglucosaminyltransferase 1 (beta 1,2-)   

4.1           Introduction 

 O-linked glycans are found in proteins and lipids, both of which can carry a great 
variety of glycan chains. Most typical protein/peptide O-glycans in nonneural tis-
sues possess an αGalNAc residue linked to a serine or threonine hydroxyl group to 
which other sugars can be added. These protein/peptide O-glycans are classifi ed as 
mucin-type glycans and they also exist in brain. Glycoproteins carrying O-linked 
mannose, fucose, glucose, and xylose are also present in the nervous system. Lipids 
can be glycosylated as well. Ceramide, a membrane sphingolipid, can be modifi ed 
by the addition of either glucose or galactose through a β-glycosidic linkage to form 
the glycosphingolipid identifi ed as a cerebroside (ceramide-O-glc/gal). Recent 
analyses have identifi ed glucosylated lipids of cholesterol and phosphatidic acid. 
These O-linked carbohydrate residues are found primarily on the outer surface of 
the plasma membrane or in the extracellular space. Their expression is cell or tissue 
specifi c and developmentally regulated. Due to their structural diversity, they play 
important roles in a variety of biological processes such as membrane transport and 
cell–cell interactions. The glycosylation reactions occur primarily in the Golgi 
apparatus and/or in ER membranes. Protein O-β-GlcNAc modifi cation can also 
occur in the cytoplasm. This review describes the basic structures of O-glycans and 
the synthetic enzymes involved with focus on the initial step of glycosylation.  

4.2     Biosynthesis of O-Linked Proteins 

 Cell surface glycan chains in the nervous system have critical roles during differen-
tiation, development, regeneration, synaptic plasticity, and aging (Kleene and 
Schachner  2004 ). Their tremendous structural diversity contributes to cell–cell 
communication, including neuron–glia and cell–matrix interactions. There are at 
least six different O-glycan-protein linkages that have been identifi ed in the 
 mammalian nervous system (Fig.  4.1 ).
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4.2.1       O-GalNAcylation 

 O - GalNAc modifi cation of proteins occurs most frequently and is abundant in 
mucin-type glycoproteins. The glycan chains are very heterogeneous, and eight 
different core structures are known (Fig.  4.2 ). However, little is understood about 
their detailed structure, distribution, and function in the nervous system. To under-
stand precisely how and where O-GalNAc is attached to each protein, a novel 
method of O-GalNAc glycoproteome was developed (Steentoft et al.  2013 ). This 
type of approach is absolutely necessary for advancing our knowledge of O-GalNAc 
 glycans in the brain.

   UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase (GalNAc-T) is 
the key Golgi enzyme catalyzing the initial step in the biosynthesis of O-GalNAc 
glycans. Among the 20 or 21 GalNAc-T genes ( GALNT ) that have been identifi ed 
to date (Bennett et al.  2012 ), only a few genes, such as  GalNAc-T9 ,  T-13 , and  T-17  
(also called  T-16 ), have been isolated and found in brain tissues. The latter gene is 
also known as WBSCR17 and is associated with Williams–Beuren syndrome 
(WBS) (Nakayama et al.  2012 ). Syndecan-3 is suggested to carry this type of glycan 
(   Zhang et al.  2003 ). 

 Neural cell adhesion molecule (NCAM) and neuropilin-2 contain O-glycans, 
which are polysialylated with α2-8 sialosyl residues. Although a detailed functional 
study has not yet been carried out, modifi cation of O-GalNAc chains is most likely 
to be involved with important physiological functions in the central nervous system.  

  Fig. 4.1    Molecular diversity of vertebrate brain O-glycans       
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  Fig. 4.2    ( a ) Synthesis of O-GalNAc glycan (Cores 1–4). Sugar species are depicted using the 
symbols given in “Essentials of Glycobiology” (Varki et al.  2009 ). ( b ) Synthesis of O-GalNAc 
glycans (Cores 5–8)         
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4.2.2     O - Mannosylation 

 Krusius and co-workers fi rst reported that more than half of the carbohydrate– 
peptide linkages in brain proteoglycans are of the mannosyl-O - serine/threonine 
type and contain keratan sulfate (Krusius et al.  1986 ). The same group identifi ed the 
sialylated tetrasaccharide NeuAcα2-3Galβ1-4GlcNAcβ1-3Man-Ser/Thr and its 
related glycans (Krusius et al  1986 ). 

 O-Mannosylated glycans, isolated from peripheral nerve tissues, have slight 
structural differences compared to sialylated tetrasaccharides present in central ner-
vous system tissues (Endo  1999 ). This glycan has the following structure: NeuAcα2-
3Galβ1- 4GlcNAcβ1-2Man-Ser/Thr. The linkage between the GlcNAc and the Man 
residue is 3-substituted in the case of the brain tetrasaccharide. The O-glycan in 
peripheral nerve tissue is a major sialylated O-glycan in α-dystroglycan. The 
O-glycans isolated from α-dystroglycan possess an evolutionarily conserved struc-
ture, being observed in animals from  Drosophila  to mammals. They have been 
found in only a limited number of proteins in the brain, such as α-dystroglycan, 
chondroitin sulfate, and PTPRZ1/RPTPβ (Krusius et al.  1986 ; Nakamura et al. 
 2010 ). Because O-mannosylated glycans in α-dystroglycan have essential biologi-
cal roles as well as pathobiological roles in muscle and the nervous system, their 
structures have been extensively studied (Fig.  4.3 ) (Endo  1999 ).

   O-Mannosylation is catalyzed by O-mannosyltransferase, which is encoded by 
the  POMT1  and  POMT2  genes. POMT1 and POMT2 complex formation is essen-
tial for POMT activity. Unlike other peptide O-glycosyltransferases, POMT is a 

  Fig. 4.3    Synthesis of O-Man glycans       
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member of the dolichyl-phosphate-mannose-dependent mannosyltransferase 
located in ER membranes. Mutations in either  POMT1  or  POMT2  cause Walker–
Warburg syndrome, a congenital muscular dystrophy with abnormal neuronal 
migration (Reeuwijk et al.  2005 ). 

 Mannose residues are further glycosylated by protein O-linked mannose 
N-acetylglucosaminyltransferase 1 (POMGnT1) to form disaccharides that are fur-
ther elongated by glycosyltransferases to make three major forms: non-branched, 
branched, and LARGE-dependent glycan chains (Fig.  4.3 ).  LARGE  encodes a 
bifunctional glycosyltransferase that has both xylosyltransferase and glucuronyl-
transferase activities. It is of interest to note that LARGE-dependent glycan struc-
tures have a phosphate residue at the 6-position of the core mannose. Recent studies 
indicated that SGK196 is a typical kinase that phosphorylates the 6-hydroxy  position 
of mannose and is required for dystroglycan receptor function (Yoshida- Moriguchi 
et al.  2013 ).  

4.2.3     O-GlcNAcylation 

 O-GlcNAc is covalently attached to serine or threonine residues of intracellular 
proteins through a β-glycosidic linkage. This modifi cation is evolutionarily con-
served and is found in nuclear and cytoplasmic proteins, such as nuclear pore pro-
teins, chromatic histone proteins, transcriptional factors, and P53 (Wells et al. 
 2001 ). The GlcNAc residue is not modifi ed by further glycosylation. Importantly, 
the modifi cation site can also be phosphorylated by a serine/threonine kinase. 
O-GlcNAc modifi cation is suggested to be involved in the homeostatic mechanism 
of energy metabolism, since UDP-GlcNAc—the donor for O-GlcNAc transferase 
(OGT)—is metabolically derived from all metabolites, including glucose, nucleo-
tides, fatty acids, and nitrogen (Ruan et al.  2013 ). Further detailed information on 
the physiological signifi cance of O-GlcNAc modifi cation is described in Chap.   16     
by Lagerlof and Hart.  

4.2.4     O-Xylosylation 

 O-Xylosylated proteins are present in proteoglycans including chondroitin sulfate/
dermatan sulfate and heparan sulfate (Fig.  4.4 ), important components for brain 
development and physiology. The most characteristic feature of these two groups is 
that they have highly complicated, heterogeneous glycan chains. These proteogly-
cans are found as constituents of the extracellular matrix and function as cell 
 adhesion molecules in the brain. Proteoglycans interact with extracellular or cell 
surface molecules expressed in neighboring cells. Both chondroitin sulfate/dermatan 
sulfate and heparan sulfate have common basic tetrasaccharide structures: GlcUAβ1-
3Galβ1- 3Galβ1-4Xyl(±2-O-phosphate) β-Ser (Fig.  4.4 ). Xylosyltransferase encoded 
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by the  XYLT1  gene catalyzes the transfer of xylose from UDP-xylose to  serine   
 residues within the transferase recognition sequences of protein substrates. The 
enzyme is localized in the early  cis- Golgi apparatus (Sarrazin et al.  2011 ), and its 
activity is upregulated during myofi broblast differentiation in skin fi brosis 
(Faust et al.  2013 ).

      Heparan Sulfate 

 The basic tetrasaccharide is further modifi ed by an α4GlcNAc-transferase, termed 
Extl3. Then, an enzyme complex composed of Ext1 and Ext2 alternately adds 
GlcA and GlcNAc to the nascent chain (Fig.  4.4 ).  Ext  genes are evolutionarily 
conserved and are characterized as tumor suppressors. The oligosaccharide chains 
simultaneously undergo a series of processing reactions, including N-deacetylation 
and sulfation, to yield mature glycans (for details, see Ruan et al.  2013 ). Variation 
in the number and length of the chains produces enormous chemical diversity. 
Brain heparan sulfate glycan structures are typically found in neuropilin-1, syn-
decan-3, and glypican-1. Recent studies on proteoglycan syntheses and core pro-
teins in genetically engineered animals have demonstrated that neural 
proteoglycans play critical roles not only in brain development and neuronal net-
work formation but also in neuronal regeneration in injured nervous tissues, in 
formation and deposition of Aβ-amyloid peptide in Alzheimer brains, and in 
autism (Irie et al.  2012 ).  

  Fig. 4.4    Synthesis of both heparan sulfate and chondroitin sulfate       
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    Chondroitin Sulfate 

 In the case of chondroitin sulfate, the core tetrasaccharide is fi rst modifi ed by the 
addition of GalNAc catalyzed by a β4GalNAc-transferase and then by the addition 
of GlcA catalyzed by a β4GlcA-transferase. The combination of the two glycosyl-
transferases is responsible for forming the repeating disaccharide unit (GlcA- 
GalNAc). Sulfation on the disaccharide unit generates the diverse structures of 
chondroitin sulfate proteoglycans (Fig.  4.4 ; structures A to E) (Silbert and 
Sugumaran  2002 ).    The chondroitin-sulfated proteoglycans, NG2 and neurocan, are 
synthesized by both neurons and glia. Accumulating evidence has shown that chon-
droitin sulfate proteoglycans play key roles in neural development, axon guidance 
cues, neural plasticity, and neural repair after injury (Kwok et al.  2012 ).   

4.2.5     O-Fucosylation 

 O-Fucosylation is a conserved posttranslational modifi cation of proteins that is cat-
alyzed by two glycosyltransferases, protein O-fucosyltransferase 1 (POFUT1) and 
protein O-fucosyltransferase 2 (POFUT2). Molecular genetic studies have proven 
that POFUT1 is essential for normal development in both fl ies and mice. Analysis 
of  POFUT1  null embryos demonstrated that it is implicated in the Notch signaling 
pathway (Okajima and Irvine  2002 ).  

4.2.6     O-Glucosylation 

 O-Glc is present in glycogenin (GYG1 and 2). Transfer of glucose to glycogenin is 
catalyzed by the glycogen initiator synthases (UDP-glucose-glycogen α-glucosyl-
transferases;  GYS1, GYS2 ), which enable the glucose residue to act as an acceptor 
for subsequent glucosylation. The glucose molecules are attached through a 
hydroxyl group on a specifi c tyrosine side chain of the glycogenin. Elongation of 
the chain is accomplished by formation of an α1,4-glycosidic linkage that is cata-
lyzed by glycogen synthase. Recent studies have shown that the brain contains gly-
cogen (Brown and Ransom  2007 ). Brain glycogen functions as an energy source 
when the ambient glucose concentration is unable to meet immediate energy 
demands (Brown and Ransom  2007 ).   

4.3     Biosynthesis of O-Linked Lipids 

 There are three major classes of membrane lipids: cholesterol, glycerolipids, and sphin-
golipids. All of these lipids can be modifi ed by the addition of sugars. Among the three, 
sphingolipids are the most abundant glycolipids in the brain. They have been exten-
sively studied in efforts to elucidate their biological functions in the nervous system. 
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4.3.1     Glucosylceramide and Glycosphingolipids 

 Glycosphingolipids (GSLs) are a large and heterogeneous family of sphingolipids 
that form complex patterns on eukaryotic cell surfaces. Their diverse structures 
result from various combinations of their long-chain (sphingoid) bases, amide- 
linked fatty acids, and hundreds of head group variants. The subcellular biosyn-
thetic machinery of GSLs is summarized in Fig.  4.5 . Most GSLs are generated from 
glucosylceramide (GlcCer), which is formed when glucose is attached to the pri-
mary alcohol group (C1-OH) of a ceramide molecule of the endoplasmic reticulum 
(ER)/Golgi compartment. This glucosylation is catalyzed by UDP-Glc:ceramide 
glucosyltransferase, UGCG/GlcT-1/GCS (Ichikawa and Hirabayashi  1998 ).

   Glycan chains of GSLs are mainly synthesized in the lumen of the Golgi appara-
tus. Especially notable is that GlcCer is biosynthesized on the cytoplasmic leafl et of 
the Golgi membrane. To execute further elongation, GlcCer has to be translocated 
from the cytosolic leafl et to the inner leafl et of the Golgi membrane by a specifi c 
translocase, which has yet to be identifi ed. This topological orientation of the cata-
lytic sites of glycosyltransferases is supported by their membrane protein type III 
structures. GlcCer synthase is a type III membrane protein with an N-terminal 
signal- anchor sequence, whereas other glycosyltransferases are type II membrane 
proteins with an N-terminal membrane-spanning domain and catalytic domains in 
the C-terminal region. 

 GlcCer is then modifi ed by a β1-4galactosyltransferease to generate lactosylce-
ramide (LacCer). LacCer plays a pivotal role as a precursor for the synthesis of 

  Fig. 4.5    The subcellular biosynthesis of GSLs       
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 complex GSLs. The common LacCer structure is then elongated by different 
 glycosyltransferases, to form the six classes of GSLs bearing the core structures 
known as gala-, globo- (Gb), isoglobo- (iGb), ganglio (Gg), lacto (Lc), and neolacto- 
(nLc). Detailed maps of the biosynthetic pathways for each class of GSL in mammals 
are depicted schematically in Figs.  4.5 ,  4.6 ,  4.7 ,  4.8 ,  4.9 ,  4.10 , and  4.11 . Gangliosides 
are typical membrane GSLs and are found in both neurons and glia. Some ganglio-
sides are markers for particular sets of neuronal cells. For example, α-series ganglio-
sides such as GQ1bα are specifi c to cholinergic neurons (see also Chap.   19    ).

        Every tissue or cell has a unique set of glycosyltransferases, which can be regu-
lated via tissue- or cell-specifi c transcriptional control and by posttranslational 
modifi cations. Additionally, the possibility of an epigenetic control mechanism for 
glycosyltransferases has been demonstrated, which could result from environmental 
factors (Tsai and Yu  2013 ). Many genetically modifi ed animal models, including 
tissue-specifi c (conditional) glycosyltransferase knockout mice, have been gener-
ated. These models have contributed greatly to our understanding of the evolutional, 
physiological, and pathological signifi cance of GSL synthesis. In particular, studies 
of mice in which the GlcCer synthase gene ( Ugcg ) was knocked out in specifi c tis-
sues indicated that GSLs have tissue-specifi c biological functions (Ishibashi et al. 
 2013 ; Jennemann and Gröne  2013 ). Importantly, GlcCer itself is thought to play an 
important role in the homeostatic regulation of energy metabolism (Fig.  4.12 ) 
(Ishibashi et al.  2013 ).

  Fig. 4.6    Overview of the biosynthetic pathways for the different classes of GSLs       
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  Fig. 4.7    Ganglio-type GSLs (I)       

  Fig. 4.8    Ganglio-type GSLs (2)       
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4.3.2        Galactosylceramide and Glycosphingolipids 

 GalCer is characteristically abundant in the myelin membranes of oligodendrocytes. 
GalCer formation occurs on the luminal side of ER membranes in a reaction cata-
lyzed by UDP-Gal:ceramide galactosyltransferase (CGT). GalCer is translocated 
from the inner leafl et of the ER to the lumen of the Golgi apparatus prior to 

  Fig. 4.9    Globo-type GSLs       

  Fig. 4.10    Lacto-type GSLs       
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synthesis of NeuAcα2-3GalCer (GM4) and sulfated GalCer (SM4), both of 
which are also abundant in myelin membranes. The sialylation and sulfation of 
GalCer to form GM4 and sulfatide are catalyzed by GM3 synthase (ST3Gal5) and 
sulfotransferase (CST), respectively. These glycolipids play an essential role in 
myelin functions.  

  Fig. 4.11    Neolacto-type GSLs (1). Neolacto-type GSLs (2)         
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4.3.3     Other O-Linked lipids 

 Recent studies show that cholesterol and phosphatidic acid are also modifi ed with 
glucose (Fig.  4.13 ) to form cholesterylglucoside and phosphatidylglucoside, 
respectively.

      Cholesterylglucoside 

 Mammalian glucosylated cholesterol (1-O-cholesteryl-β- D -glucopyranoside, ChlGlc) 
is found in mouse brain (Nakajima and Akiyama, unpublished observations). 
Mammalian ChlGlc synthesis is not dependent on UDP-Glc. Interestingly, GlcCer 
is a glucose donor for ChlGlc synthesis. UGCG-defi cient GM-95 cells are 
 incapable of synthesizing ChlGlc without the addition of exogenous GlcCer. The 
physiological function of brain ChlGlc is still unknown. Glucocerebrosidase has 
been shown to transfer glucose residues from GlcCer to cholesterol in vitro 
(Akiyama et al.  2013 ).  

  Fig. 4.12    Glucosylceramide synthesis links to cellular energy metabolism. Animal model studies 
show that glycolipid synthesis regulates the accumulation and release of stored lipids, such as tria-
cylglycerides in adipose tissue. This regulatory role of glucosylceramide and its downstream GSLs 
on energy homeostasis is not surprising, since the basic building blocks of glucosylceramide syn-
thesis, namely, UDP-glucose, palmitoyl-CoA, and serine (derived from glucose), are directly 
related to energy metabolism       
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    Phosphatidylglucoside 

 PtdGlc was fi rst isolated from fetal rodent brains and purifi ed to homogeneity in 
2006 (Nagatsuka et al.  2006 ). Its complete structure is 1-stearyl-2-arachidoyl- 
sn - glycerol   -3-phosphoryl-β- D -glucopyranoside (Fig.  4.13 ). Acetylated PtdGlc 
(1-stearyl- 2-arachidoyl- sn -glycerol-3-phosphoryl β- D -(6-O-acetyl)glucopyrano-
side) also exists in fetal rat brain. Very interestingly and importantly, PtdGlc iso-
lated from fetal rat brain has only one fatty acid combination: its  sn -1 and  sn -2 
chains are exclusively stearic acid (C18:0) and arachidic acid (C20:0), respectively. 
A single molecular species rarely occurs in natural phospholipids. It is not fully 
understood how this glycolipid is biosynthesized in cells. Glycosylation is depen-
dent on UDP- glucose synthesized by a β-glucosyltransferase in the ER. The glyco-
lipid is localized in lipid rafts and is involved in astroglial differentiation (Ishibashi 
et al.  2013 ). PtdGlc is degraded by phospholipase A2 to form a water-soluble Lyso-
PtdGlc. This lyso-glycolipid is thought to play an important role in neuron–glia 
communication.    

4.4     Conclusions 

 Brain contains a large number of carbohydrate chains with different core structures 
on both proteins and lipids. To understand their physiological and pathophysiologi-
cal functions, it is crucial to identify and characterize the glycosyltransferases 
involved in the initial step in the synthesis of each type of glycan. While many of the 

  Fig. 4.13    Novel glucosylated lipids       
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glycosyltransferases have been identifi ed, endogenous structures of O-GalNAc 
chains and the corresponding GalNAc-Ts have not been completely identifi ed. 

 Many questions remain to be addressed including how glycosyltransferase 
expression is regulated during development and how their glycosylation activities 
are related to neural activities such as memory and learning, formation, and 
maintenance. 

 Recent developments in MS-technology (see Chap.   7    ) have resulted in the iden-
tifi cation of cell-type-specifi c and disease-associated glycan chains present in mam-
malian cell surface membranes. Examples of this can be seen in the identifi cation of 
an O-mannose modifi ed with phosphate in α-dystroglycan and of new lipids modi-
fi ed with glucose in the nervous system. Since glucose is a conserved essential 
compound for life, it is anticipated that all glucosylated lipids will have conserved, 
basic biological functions. The sialic acid containing GlcCer-derived lipid, GM3, is 
dominantly expressed in insulin responsive organs such as human skeletal muscle, 
liver and adipose tissue, and brain. GM3-dependent membrane microdomains (lipid 
rafts) involved in regulation of energy metabolism. In order to understand the pre-
cise roles of GlCer- and/or GM3-depedent lipid rafts, generation of tissue-specifi c 
knockout mice for each synthase is essential since metabolic homeostasis is main-
tained by communication between tissues. 

 Although not discussed in detail in this chapter, characterization of the structural 
diversity of the sphingoid base and the N-acyl chain of ceramide is essential for 
understanding the dynamics of GSLs in living cell membranes as well as their inter-
actions with lipid raft-associated proteins. “Sphingolipidomics” should enable 
investigators to determine the precise structure of sugar chains as well as ceramide 
components of GSLs. This will aid in elucidation of the functional supra- 
biomolecular complex consisting of GSLs (gangliosides) and functional proteins in 
lipid microdomains. Here again, the advancements made in MS will accelerate our 
ability to understand the physiological role(s) of each glycosylated lipid.     
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    Abstract     The glycosaminoglycan (GAG) family is characterized by covalently 
linked repeating disaccharides forming long unbranched polysaccharide chains. 
Thus far in higher eukaryotes, the family consists of chondroitin sulfate (CS), 
 heparin/heparan sulfate (HS), dermatan sulfate (DS), and hyaluronan (HA). All 
GAG chains (except HA) are characteristically modifi ed by varying amounts of 
esterifi ed sulfate. One or more GAG chains are usually found in nature bound to 
polypeptide backbones in the form of proteoglycans; HA is the exception and is not 
synthesized covalently bound to a protein. Proteoglycans, and especially their GAG 
components, participate in numerous biologically signifi cant interactions with 
growth factors, chemokines, morphogens, guidance molecules, survival factors, and 
other extracellular and cell-surface components. These interactions are often critical 
to the basic developmental processes of cellular proliferation and differentiation, as 
well as to both the onset of disease sequelae and the prevention of disease progres-
sion. In the nervous system, GAG/proteoglycan-mediated interactions participate in 
proliferation and synaptogenesis, neural plasticity, and regeneration. This review 
focuses on the structure, chemistry, and function of GAGs in nervous system 
 development, disease, and injury response.  

  Keywords     Proteoglycan   •   Glycosaminoglycan   •   Chondroitin sulfate   •   Heparan 
 sulfate   •   Glycosyltranferase   •   Sulfotransferase   •   Brain injury response   •   Axon guid-
ance molecule   •   Growth factor interaction  
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  Abbreviations 

   APP    β-Amyloid precursor protein   
  CS    Chondroitin sulfate   
  DS    Dermatan sulfate   
  Ext1    Exostosin glycosyltransferase 1   
  FGF    Fibroblast growth factor   
  GAG    Glycosaminoglycan   
  Gal    Galactose   
  GalNAc     N -Acetylgalactosamine   
  GalNAc4S6ST     N -Acetylgalactosamine 4-sulfate 6- O -sulfotransferase   
  Gdf5 Growth differentiation factor 5
GlcA    Glucuronic acid   
  GlcAT-1    Glucuronosyltransferase-I   
  GlcN    Glucosamine   
  GlcNAc     N- Acetylglucosamine   
  HA    Hyaluronan   
  HS    Heparan sulfate   
  IdoA    Iduronic acid   
  LAR    Leukocyte common antigen-related phosphatase   
  NDST    N-Deacetylase/N-sulfotransferases   
  NSC    Neural stem cell   
  PAPS    3′-Phosphoadenosyl 5′-phosphosulfate   
  PNN    Perineuronal net   
  VZ    Ventricular zone   

5.1           Introduction 

 Glycosaminoglycan (GAG) chains are predominantly found in nature covalently 
attached to multidomain core proteins, together denoted as proteoglycans (Schwartz 
 2000 ). Proteoglycans are chemically complex and structurally diverse due to varia-
tion in: (1) primary sequence, modular arrangements and repetition of domains; (2) 
abundance, distribution and composition of the GAG chains; and (3) position and 
distribution of GAG modifi cations including sulfation, phosphorylation, and 
epimerization. From their early discovery, proteoglycans were characterized based 
on their GAG constituents, of which there are six distinct classes: heparan sulfate 
(HS), heparin, chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate 
(KS), and hyaluronan (HA) (only HA is not synthesized covalently bound to pro-
tein). Increasingly, this nomenclature of proteoglycans is complicated by the identi-
fi cation of molecules having more than one type of GAG chain attached to the same 
core protein. Both proteoglycan core proteins and their GAG constituents contribute 
signifi cantly to the structural and functional roles proteoglycans play in numerous 
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biological interactions critical to development and disease progression. In  particular, 
the brain contains signifi cant amounts and types of proteoglycans and HA that 
change with stage of development and state of cellular differentiation, migration, 
and regional specifi city. In this review, we focus on the chemistry and function of 
GAGs as components of proteoglycans in the nervous system. Some of the major 
types of proteoglycans in brain are represented in Fig.  5.1 .

5.2        Glycosaminoglycan Structure and Chemistry 

 Although six classes of GAGs exist, certain features are common across classes: (1) 
the long, unbranched heteropolysaccharide chains consist largely of repeating 
disaccharide units composed of a hexosamine and uronic acid which is characteris-
tic of each type of GAG; (2) the most common substituents are sulfate groups, 
linked either by ester bonds to certain monosaccharides or by amide bonds to the 
amino group of the hexosamine; the exception again is HA which is not modifi ed. 
The abundance of sulfate groups on the GAG chains, as well as the carboxyl groups 
of the uronic acids, contributes to the high net negative charges on GAG chains. 
Recent fi ndings that correlate structural and chemical properties of the various GAG 
families with biological activity are summarized in this section. 

  Fig. 5.1    Representation of the extracellular and membrane-bound proteoglycan families in the 
central nervous system. Potential GAG modifi cations are color-coded according to the type.  Yellow 
bar  signifi es the plasma membrane. All the members of the lectican family of CSPGs are repre-
sented, while only representative member of the syndecan, glypican, and small leucine-rich repeat 
PG (biglycan) families are shown. Many of the PGs have also alternative splice forms       
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5.2.1      Chondroitin Sulfate 

 Throughout nature, chondroitin sulfate (CS) is the most abundant type of GAG. 

    Structure and Chemistry 

 CS chains are characterized by a repeating disaccharide of  N -acetylgalactosamine 
(GalNAc) linked by a β1,3-glycosidic bond to a glucuronic acid (GlcA), which is 
then linked via a β1-4 bond to another disaccharide unit (Fig.  5.2 ). The disaccharide 
units may be sulfated on the C-4 (designated CS-A) or C-6 (CS-C) position of 
GalNAc. A functionally important disulfated CS disaccharide has been identifi ed 
that is sulfated on both the 4 and 6 position of GalNAc (CS-E), is expressed in brain, 
and may modulate neurite out-growth (Mikami et al.  2009 ). CS chains typically 
contain between 30 and 50 disaccharide units (15–25,000 Da) and are linked cova-
lently to the various protein cores of different chondroitin sulfate proteoglycans 
(CSPG) via a specifi c tetrasaccharide linkage region, consisting of xylose-galactose- 
galactose-glucuronic acid, which is O-glycosyl linked to serines within the various 
core proteins, i.e., GlcAβ1-3Galβ1-3 Galβ1-4Xylβ1- O -Ser (Schwartz  2009 ). The 
number, length, distribution, and degree of sulfation of the CS chains are highly 
variable among the various CSPGs.

  Fig. 5.2    Chemical structure of GAGs. The repeating disaccharide backbone structure of the six 
classes of GAGs is shown.  Arrows  indicate possible modifi cations       
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       Synthesis and Modifi cation of CS Chains 

 In general, all GAG chains are synthesized by the sequential action of glycosyl-
transferases which transfer a monosaccharide from a nucleotide-linked derivative to 
an appropriate acceptor, either the non-reducing end of another sugar or a polypep-
tide, rather than en bloc as in glycoprotein or bacterial polysaccharide synthesis. 
This mechanism imposes strict substrate specifi city for donor, acceptor and linkage 
type. For CS chains, formation of the unique tetrasaccharide linkage region is the 
fi rst step, sequentially catalyzed by xylosyltransferase, β1-4-galactosyltransferase, 
β1-3-galactosyltransferase, and β1-3-glucuronosyltransferase activities, which 
exist in multiple isoforms for each activity (Schwartz  2000 ). Polymerization then 
proceeds via alternating addition of GlcA and GalNAc catalyzed by repeated gluc-
uronosyltransferase and  N -acetylgalactosaminyltransferase activities, respectively, 
to form the characteristic CS disaccharide units (Schwartz  2010 ). To date, six 
homologous glycosyltransferases responsible for synthesis of the repeating disac-
charide regions have been cloned. A recent review by Mikami and Kitagawa pro-
vides a comprehensive summary of CS biosynthetic enzymes (Mikami and 
Kitagawa  2013 ). Sulfation of GalNAc on the C-4 or C-6 positions occurs concomi-
tantly with, or shortly after, chain polymerization, and is catalyzed by two types of 
sulfotransferases, 4-O-sulfotransferases forming CS-A and 6-O-sulfotransferases 
forming CS-C; multiple isoforms have been cloned and characterized for each. 
These may be functionally redundant, except for one of the 4-O-sulfotransferases 
(C4ST-1), which may play a distinct regulatory role in CS synthesis (Izumikawa 
et al.  2011 ). To form the disulfated CS-E species, a GalNAc 4-sulfate 
6-O-sulfotransferase catalyzes the transfer of sulfate to the C-6 position of a preex-
isting 4- O -sulfated GalNAc residue (Ohtake et al.  2001 ). An uronyl 
2- O -sulfotransferase catalyzes 2-O sulfation of a GlcA residue in CS, resulting in 
formation of a second disulfated disaccharide designated CS-D. For sulfation of all 
GAGs, the sulfate donor is 3′-phosphoadenosyl 5′-phosphosulfate (PAPS), which is 
formed from ATP and sulfate in two steps catalyzed by the bifunctional PAPS syn-
thetase (Schwartz  2005 ,  2010 ). 

 Lastly, it has been reported that the tetrasaccharide linkage region can be modi-
fi ed by a phosphate group on the C-2 position of xylose and by sulfate groups on 
the C-6 position of the fi rst galactose (Gal) and the C-4 and/or C-6 positions of the 
second Gal (Sugahara and Kitagawa  2000 ; Uyama et al.  2007 ). These modifi ca-
tions may be involved in the processing of the growing linkage region, although 
the biological signifi cance of these modifi cations is still under investigation 
(Koike et al.  2009 ; Tone et al.  2008 ). Formation of the tetrasaccharide linkage 
region starts in the endoplasmic reticulum with addition of xylose, continues with 
addition of the two galactoses in the  cis /medial Golgi and addition of the fi rst 
GlcA in the medial/trans Golgi (Kearns et al.  1993 ; Vertel et al.  1993 ). Most ensu-
ing sulfation/polymerization reactions occur in the trans Golgi (Silbert and 
Sugumaran  2002 ).  
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    CS Proteoglycans in Brain 

 The nervous system is rich in proteoglycans, especially CS proteoglycans (CSPGs) 
( 5.2.1 ), which function in neural cell growth and plasticity (Yamaguchi  2000 ) and 
are upregulated in scar formation thereby inhibiting axonal regeneration after 
injury. Two types of CSPGs are found in the brain: (1) secreted extracellular CSPGs 
called lecticans that bind to HA and link proteins and include aggrecan, neurocan, 
versican, and brevican; and (2) membrane-bound CSPGs such as neuroglycan C 
and PTPRζ. The transcript encoding the latter CSPG also can be alternatively 
spliced to generate an extracellular variant, phosphacan (Sakurai et al.  1996 ; Snyder 
et al.  1996 ). The expression of these CSPGs is developmentally and spatially regu-
lated; moreover, the CS composition changes during development: CS-C is 
expressed in developing brain, while CS-A is more highly expressed in adult brain 
(Sakurai et al.  1996 ; Snyder et al.  1996 ). Presumably these changes refl ect the 
observed interactions of CSPGs with various growth factors, chemokines, and 
guidance molecules during brain development. Various fi broblast growth factors 
(FGFs) bind highly sulfated CS/DS chains and guidance molecules such as slit2, 
netrin1, and ephrin A1 and A5. Semaphorin 3A, 5A, and 5B bind CS in a sulfate-
dependent manner (Maeda  2010 ) (see Sect. II.1. for further discussion of functions 
of CSPGs in the nervous system).   

5.2.2     Dermatan Sulfate 

 Dermatan sulfate (DS) is a stereoisomer of CS, differing from CS in that some of its 
GlcA residues are converted to iduronic acid (IdoA) by dermatan sulfate epimer-
ases, although the glycosidic linkages have the same positions and confi gurations as 
in CS (Fig.  5.2 ). Two DS epimerases have been identifi ed, and one (DS-epi2) is 
expressed in developing brain and appears to regulate the proportion of IdoA- 
containing units in cerebellar DS during postnatal development. The iduronated 
disaccharides are sulfated in the C-4 position of GalNAc by a dermatan sulfate 
4-O-sulfotransferase. IdoA may also be sulfated at the C-2 position by the same 
uronyl 2-O-sulfotransferase that sulfates GlcA in CS, yielding another type of di- 
sulfated disaccharide (IdoA (2-SO 4 )-GalNAc (4-SO 4 )). Interestingly, over-sulfated 
DS has been implicated in neuritogenesis in the brain (Hikino et al.  2003 ).  

5.2.3     Heparin 

 Heparin (and HS, see Sect.  5.2.4    ) differ from other GAGs by containing ∝-glyco-
sidic linkages and having glucosamine (GlcN) as the hexosamine joined with either 
GlcA or IdoA to form the disaccharide repeat. Because of their highly varied modi-
fi cations, heparin and HS are considered the most complex GAGs. In heparin, 
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almost all GlcN residues contain sulfamide linkages, and some GlcN residues are 
N-acetylated. Heparin may be N-sulfated or O-sulfated on C-6 of GlcN, and 
O-sulfated on C-3 of the hexosamine and C-2 of GlcA, with the average disaccha-
ride unit having 2.5–2.7 sulfate groups. Heparin functions mainly as an anticoagu-
lant and lipid-clearing agent (Cui et al.  2012 ; Hughes  2012 ; Oyagi and Hara  2012 ), 
although heparin binds strongly to numerous brain-specifi c chemokines and growth 
factors (see Section II for further discussion).  

5.2.4      Heparan Sulfate 

 As a proteoglycan, heparan sulfate (HS) may be extracellular or an integral mem-
brane component of many cell types, including those that constitute blood vessel 
walls and brain. 

    Structure and Chemistry 

 HS contains disaccharide repeat units similar to those of heparin, i.e., GlcA/IdoA 
β1-4GlcN, but has more N-acetyl groups and fewer N-sulfate and O-sulfate groups 
in general (Fig.  5.2 ). However, structural heterogeneity arises due to variability in 
epimerization at the C-5 of uronic acid, in having either acetyl or sulfo groups on 
the N-position of GlcN, and in the sulfation at the C-2 of the uronic acid or at C-6 
and C-3 of GlcN. In addition to this microheterogeneity, an HS chain can be dif-
ferentially modifi ed in specifi c regions, leading to domain-specifi c patterns along 
the GAG chain, many of which may be biologically important (Kreuger and Kjellen 
 2012 ; Shriver et al.  2012 ).  

    Synthesis and Modifi cation of HS Chains 

 The structural diversity of HS is biosynthetically generated in a non-template- 
dependent manner by specifi c glyco- and sulfo-transferases and sugar-modifying 
enzymes acting in a highly sequential pattern. Modifi cation of a growing HS chain, 
consisting of the same tetrasaccharide linkage region found in CS and repeating 
disaccharide units of GlcU and GlcNAc, is initiated by N-deacetylation of GlcNAc 
residues and replacement of the acetyl groups with sulfate groups on the resulting 
GlcN residues by N-deacetylase/N-sulfotransferases (NDST). Some of the GlcA 
residues are epimerized to IdoA by heparan sulfate C-5-epimerase, followed by 
O-sulfation at either the C-2 of uronic acid by heparan sulfate 2-O-sulfotransferase 
or on the C-6 of GlcN by heparan sulfate 6-O-sulfotransferase. The fi nal modifi ca-
tion step is O-sulfation of the C-3 of GlcN by heparan sulfate 3-O-sulfotransferases. 
Each subsequent reaction is dependent to some extent on the preceding modifi ca-
tion, i.e., the product of one reaction is the substrate for the next. While reactions 
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often do not proceed to completion, yielding chains with variable modifi cations in 
different regions, the ultimate structure is not entirely random and seems to be regu-
lated during development in a tissue-specifi c manner (Maeda et al.  2011 ). Although 
HS contains the same modifi cations found in heparin, the modifi cations are not as 
complete leading to greater structural heterogeneity; an average sulfate content of 
only one sulfate group per disaccharide is common in HS chains. Interestingly, due 
to the presence of IdoA in their linear sequences, heparin and HS exhibit conforma-
tional fl exibility, allowing better binding to some proteins (Shriver et al.  2012 ).  

    HS Proteoglycans in Brain 

 HS-containing proteoglycans are usually associated with cell surfaces, either as inte-
gral membrane proteins such as syndecans, as glycosylphosphatidylinositol (GPI)-
anchored proteins like glypican, or as secreted extracellular HSPGs, e.g., like 
perlecan (Fig.  5.1 ). Each heparan sulfate proteoglycan ( HSPG ) type has multiple 
family members that may be differentially expressed temporally or spatially. The HS 
GAG constituents of these HSPGs are the preferred binding partners for target pro-
teins due to their specifi c sulfated and modifi ed motifs within the HS chains. The 
structure/chemistry-dependent binding of HS has been demonstrated for several bio-
logically critical interactions: e.g., FGF family members fall into fi ve distinct groups 
based on specifi c HS structures required for effi cient binding (Ashikari- Hada et al. 
 2004 ); axon guidance molecules like slit2 prefer HS with 6-O- and N-sulfate, netrin1 
prefers 2-O-, 6-O- and N-sulfate, and semaphorin 5B, ephrin A1 and ephrin A5 pre-
fer 2-O- and N-sulfate modifi cations (Shipp and Hsieh-Wilson  2007 ). Also notable 
is that many HSPGs are found to be hybrids containing CS and HS chains (Fig.  5.1 ).   

5.2.5     Keratan Sulfate 

 Keratan sulfate (KS) is composed predominantly of a repeating disaccharide in 
which Gal is linked β1-4 to  N -acetylglucosamine (GlcNAc), and it differs from the 
other GAGs by containing no uronic acid but may contain other monosaccharides 
such as mannose, fucose, sialic acid, or GalNAc (Fig.  5.2 ); it is the only GAG that 
may contain these sugars in branched positions. Sulfate content is variable, with 
sulfation on C-6 of either or both of the Gal and hexosamine residues. KS also exists 
in two types that differ in their linkage to protein, carbohydrate content and tissue 
distribution. KS-I is linked to protein by a GlcNAc asparaginyl bond, typical of 
glycoproteins, and KS-II is linked through GalNAc to serine or threonine and is 
often found on the same core proteins as CS. KS expression, as well as the previ-
ously mentioned CS, is upregulated in glial scar formation in response to injury; this 
has been shown both by detection of KS with a KS-specifi c monoclonal antibody 
and in a mouse model defi cient in  N -acetylglucosamine 6-O-sulfotransferase-1 
(Zhang et al.  2006a ,  b ).  
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5.2.6     Hyaluronan 

 Hyaluronan (HA) is a copolymer of GlcNAC and GlcA (Fig.  5.2 ). HA differs from 
other GAGs in several respects: (1) it contains no modifi cations (no sulfation); (2) it 
is not covalently linked to a core protein (not a proteoglycan component); and (3) it 
is produced by bacteria as well as by eukaryotic cells. Although often considered to 
be the least complex GAG structurally and chemically, HA chains can reach molec-
ular masses of 10 5 –10 7  Da, which contributes to its roles as a lubricant and shock 
absorber in many tissues. In brain it helps, along with CSPGs, to structure the extra-
cellular milieu and is especially abundant in developing brain (Frischknecht and 
Gundelfi nger  2012 ; Preston and Sherman  2011 ).   

5.3     Function of GAGs in the Brain 

 GAGs, as components of proteoglycans, have been implicated in an extensive list of 
brain-development, aging, and disease processes. The structural differences between 
GAG chain types may dictate distinct binding partners, thus associating them with 
unique functionalities. The types of core proteins to which they are covalently 
bound determine distinct subcellular localizations, association with unique recep-
tors, and participation in intracellular-signaling cascades. Furthermore, GAG local-
ization can be controlled by transcriptional regulation of core protein expression, 
availability of biosynthetic enzymes, intracellular degradation, and extracellular 
modifi cation by proteases, sulfatases, and deacetylases. All these aspects have 
added to the complexity of studying these molecules and continue to limit our 
understanding of GAG function; nonetheless, the problems posed maintain continu-
ing and enthusiastic interest in this fi eld. This section covers recent advances in 
understanding the functional properties of GAG chains with respect to brain devel-
opment and disease. 

5.3.1     GAG Interactions and Binding Partners 

 As mentioned, HS chains interact specifi cally and in a structure-dependent manner 
with growth factors (FGFs, midkine, pleiotrophin), axon guidance molecules (slit2, 
netrin1, semaphorin 5B, ephrins), chemokines (chemokine ligand 2), and morpho-
gens (hedgehogs, Wnts) (Bornemann et al.  2008 ; Haerry et al.  1997 ; Lin  2004 ; 
Mizumoto    et al.  2013a ; Shipp and Hsieh-Wilson  2007 ; Sweeney et al.  2006 ; Zou 
et al.  2003 ). Consequently, they play critical roles in cell proliferation, survival, dif-
ferentiation, and migration during brain development. One of the best-described 
systems is the tripartite molecular complex of FGF2, FGFR1, and the HS chain of a 
proteoglycan. This interaction is required to induce receptor dimerization and 

5 Chemistry and Function of Glycosaminoglycans in the Nervous System



98

ensuing intracellular signaling. The functional dependency on particular sulfation 
and acetylation patterns has been highlighted by results of studies using carbohy-
drate microarrays (Shipp and Hsieh-Wilson  2007 ) which indicated that even for 
modifi cations resulting in equal charge distribution, binding is dependent on the 
specifi c position of the charge. Thus, the expression of specifi c sulfotransferases in 
a tissue or cell type may dictate the type of composition and/or concentration gradi-
ent that a particular HS-binding protein can form. 

 CS chains also have been implicated in interactions with many of the same mol-
ecules reported to interact with HS and heparin (Deepa et al.  2002 ; Kawashima 
et al.  2002 ; Kuschert et al.  1999 ; Nandini et al.  2005 ) but often do so with reduced 
affi nity. In general, higher binding affi nities are found with CS-E polysaccharides. 
For example, netrin1, slit2, and semaphorin 5B bind to CS-E with higher affi nity 
than to heparin and HS, while they bind weakly to CS-A, CS-B, CS-C, and CS-D 
(Shipp and Hsieh-Wilson  2007 ) while heparin-binding proteins such as midkine 
and pleiotrophin bind highly sulfated CS-E with an affi nity similar to that of heparin 
(Deepa et al.  2002 ; Maeda et al.  2006 ) and with lower affi nity to CS-A, CS-C, and 
CS-D (Mizumoto et al.  2013a ). Usually, HSPGs are on the cell surface while CSPGs 
for the most part are secreted; in general, HSPGs are found in lower concentrations 
than CSPGs. Together, all of these differing properties can lead to complex biologi-
cal consequences. 

 Structural infl uence also has been observed in the axon-guidance action of sema-
phorin 5A in the diencephalon, where HS exerts an attractive signal and CS a repul-
sive one (Kantor et al.  2004 ). Furthermore, functional complexity may be based in 
variants of one PG class, as occurs in neural stem niches during brain development, 
where signifi cant changes in types and quantity of HSPGs occur during neurogen-
esis (Hagihara et al.  2000 ; Litwack et al.  1998 ). Likewise, later in development 
CSPG composition changes also occur during the critical switch from neurogenesis 
to gliogenesis (Domowicz et al.  2008 ; Ishii and Maeda     2008 ; Shimazaki et al.  2005 ).  

5.3.2     GAG Functions 

 The above-mentioned interactions are critical to the function of GAGs in neural 
development, disease and injury response. 

    Neural System Development 

 Knockout animal models for the individual proteoglycan core proteins exhibit rela-
tively mild phenotypes (Brakebusch et al.  2002 ; Rauch et al.  2005 ), indicating pos-
sible redundant functions for HSPGs and CSPGs; while knockout animal models for 
GAG-synthesizing enzymes suggest that GAGs are essential for early embryogene-
sis (reviewed in Izumikawa and Kitagawa  2010  and Maeda et al.  2011 ). In fact, 
because of embryonic lethality due to loss of some enzymes, such as GlcAT1 −/−     
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(Izumikawa et al.  2013 ) which dies at E2.5 and Ext1 −/−  which dies at E8.5 (Lin et al. 
 2000 ), studying GAG function during brain development has required the use of 
conditional knockout mice. Furthermore, the multiple isoforms of some biosynthetic 
enzymes have made it diffi cult to ascertain many essential functions. On the other 
hand, the use of GAG-degrading enzymes like chondroitinase and hyaluronidase has 
become a common strategy for assessing the functions of CS chains under various 
experimental conditions (Maeda  2010 ).  

    Brain Patterning 

 Based on the important interactions of HS in FGF-signaling paradigms, it is not 
surprising that brain patterning defects are associated with HS-biosynthetic-enzyme 
mutations. Nestin-Cre;Ext1 conditional-knockout mice (Inatani et al.  2003 ) lack a 
cerebellum due to defects in establishing the midbrain/hindbrain boundary, which is 
known to be controlled by FGF8 and Wnt signaling, rather than to specifi cation 
defects (reviewed in Yamaguchi et al.  2010 ). Another patterning defect in this model 
is agenesis of the olfactory bulb; however, the molecular basis for this phenotype is 
less clear, although both FGF8 hypomorphic mutants (Meyers et al.  1998 ) and 
FGFR1-null mice (Hebert et al.  2003 ) lack olfactory bulb formation. Also, pattern-
ing defects with variable penetrance have been observed in heparan-sulfate- Ndst1 −/−  
mutants, leading to lack of olfactory bulbs, absence of the hippocampal and anterior 
commissures, and microcephaly (Grobe et al.  2005 ). However, it is diffi cult to inter-
pret these brain defects due to the constrains imposed by the craniofacial pheno-
types. No other mutations affecting HS or CS synthesis have associated patterning 
defects, but this could be due to the existence of multiple isoforms for the various 
enzymes involved.  

    Neurite Outgrowth and Migration 

 Several lines of evidence have strongly supported the participation of GAGs in 
axon guidance and pathfi nding in both the peripheral and central nervous systems. 
Axonal-guidance defects have been described in many of the HS-synthesizing 
enzyme mutants. Most notably, Nestin-cre;Ext1 knockouts show severe axon guid-
ance defects in three major commissural fi ber tracts of the forebrain (corpus callo-
sum, hippocampal commissure, and anterior commissure) (Inatani et al.  2003 ), and 
even though these defects, as well as defects in guidance through the optic chiasm, 
are similar to those of slit1 and 2 double mutants, it is possible that some of these 
defects are due to defective FGF signaling (Yamaguchi et al.  2010 ). Studies in a 
Wnt1-Cre-mediated ablation of Ext1, in which HS was eliminated only in the dor-
sal part of the spinal cord, also found commissural axon-pathfi nding defects, dem-
onstrating that commissural neurons need to express HS for their axons to respond 
to netrin1 signals (Matsumoto et al.  2007 ). Brain phenotypes of Ndst1 −/−  mice 
include axon guidance defects similar to those of the Nestin-cre;Ext1 knockout, 
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implying that sulfation of HS chains is essential to their axonal-guidance function 
(Grobe et al.  2005 ). The subtle phenotypes in axon-guidance observed in 
2-O-sulfotransferase- (HS2ST), 6-O-sulfotransferase- (HS6ST1), and C5-epimerase- 
knockout mice further support this notion (Li et al.  2003 ; McLaughlin et al.  2003 ; 
Pratt et al.  2006 ). Recently, the proteoglycan perlecan has been identifi ed as a 
requirement for sema-1a-PlexA-mediated repulsive guidance of motor axons in 
Drosophila (Cho et al.  2012 ). 

 Despite strong evidence for the infl uence of CS chains on dendritic and axonal 
growth in culture, similar evidence for their function in axonal guidance in vivo is 
limited, in part due to the lack of effective models for neural knockdown of CS-chain 
expression. Most studies rely on de-glycosylation experiments with chondroitinase 
or tissue culture studies in artifi cial matrices. In culture, CS and purifi ed CSPG have 
been shown to inhibit neuritogenesis and axonal growth by a number of neuronal 
types on different substrates (Bandtlow and Zimmermann  2000 ; Bao et al.  2005 ; 
Schmalfeldt et al.  2000 ; Ughrin et al.  2003 ), but there have also been reports of CS 
and DS promoting neurite outgrowth (Fernaud-Espinosa et al.  1994 ; Hikino et al. 
 2003 ; Lafont et al.  1992 ). In primary hippocampal neuronal cultures, CS is local-
ized to focal contacts between neurons, and its removal by chondroitinase treatment 
or by knockdown of sulfotransferases involved in CS-E synthesis was followed by 
destabilization of focal contacts and induced formation of multiple axons (Nishimura 
et al.  2010 ). Thus, in culture the effects of CS chains and their core proteins on 
neurogenesis strongly depend on the type of neuron, plating substrate, and develop-
mental stage. 

 In vivo, CSPGs also participate in axonal pathfi nding in different areas of the 
brain and at different developmental stages. Trigeminal-ganglion neurons show 
abnormal axon growth into mesenchymal regions after treatment with chondroitin-
ase, and this effect is mediated by semaphorin 5A (Kantor et al.  2004 ). CS also 
modulates retinal axonal growth towards the optic nerve (Brittis et al.  1992 ) and 
across the chiasm (Chung et al.  2000a ,  b ; Ichijo and Kawabata  2001 ), and lastly, 
prevents the axons from crossing the midline when they reach the optic tectum 
(Carulli et al.  2005 ; Hoffman-Kim et al.  1998 ). Surprisingly, no biosynthetic knock-
out model of a single CSPG has exhibited major axonal-guidance problems, per-
haps highlighting the functional redundancy of individual CSPGs (Rauch and 
Kappler  2006 ), e.g., defects in axonal pathfi nding have not been described in a 
mouse knockout of chondroitin-6-sulfotransferase (Uchimura et al.  2002 ). 
Nevertheless, a zebrafi sh model of morpholino-knockdown of chondroitin-4-sulfate 
exhibited aberrant projections from spinal motor axons, implying a function in axo-
nal guidance (Mizumoto et al.  2009 ).  

    Differentiation and Stem-Cell Niche 

 During development the brain is formed in a complex sequence of events from a 
simple neuroepithelium that lines the cerebral ventricles and spinal canal. 
Differentiation is characterized by a progressive wave of neurogenesis from radial 
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glial progenitors, and later by gliogenesis which predominantly depletes the 
radial glial progenitors from the brain ventricular zone (VZ), leaving only two adult 
neurogenic niches (Rowitch and Kriegstein  2010 ). Complex changes in proteogly-
cans and associated GAG-chains have been described in the areas where neural stem 
cells reside during brain development, supporting the idea that proteoglycans could 
regulate neural stem cell survival, proliferation, and/or differentiation (Akita et al. 
 2008 ; Sirko    et al.  2010a ). Even though we are in the early stages of understanding 
how proteoglycans infl uence neural stem cell niches, several lines of evidence in vivo 
and in culture indicate interesting connections in this area (see also Chap.   9    ). 

 Members of the glypican family of HSPGs have been found to be expressed in a 
developmentally regulated manner in the VZ during neurogenesis. In rodents, glyp-
ican- 4 expression in neural stem cells is down-regulated after neuronal commitment 
(Hagihara et al.  2000 ), while glypican-1 continues to be expressed in postmitotic 
neurons (Litwack et al.  1998 ). Glypicans-2 and -5 are only expressed in committed 
neurons and not in their precursors (Saunders et al.  1997 ). Interestingly, knockout of 
glypican-1 is characterized by a reduction in brain size, accompanied by impairment 
in FGF signaling and premature differentiation of post-mitotic neurons (Jen et al. 
 2009 ). The HSPG perlecan is a component of the basal lamina of the neuroepithe-
lium during development, and null mutants also display microcephaly with variable 
penetrance due to reduction of early mitotic precursors and impaired cell-cycle pro-
gression (Giros et al.  2007 ). Other HSPGs, like syndecan-1 and -4, also are local-
ized in the VZ where neural precursors reside (Ford-Perriss et al.  2003 ). Knock-down 
of syndecan-1 in vivo by in utero electroporation reduces neural stem cell prolifera-
tion and induces premature neuronal differentiation, possibly acting through the 
Wnt signaling pathway (Wang et al.  2012 ). Furthermore, in models of altered HSPG 
biosynthesis like the Nestin-cre;Ext1 knockout and Ndst1 −/−  mutants, thinning of the 
frontal cortex was also observed (Grobe et al.  2005 ; Inatani et al.  2003 ). 

 CSPGs have also been linked to neural stem/progenitor cell proliferation, sur-
vival and differentiation in culture. Several CSPGs are enriched in the VZ of the 
telencephalon during neurogenesis, and their expression is maintained in neuro-
sphere cultures derived from VZ cells (Ida et al.  2006 ). Degradation of CS with 
chondroitinase in neural stem cell (NSC) cultures results in reduced cell prolifera-
tion and impaired neurosphere formation (Sirko et al.  2007 ), while addition of exog-
enous proteoglycans to these cultures increase survival of the precursors (Tham 
et al.  2010 ), and alter their differentiation potential resulting in increased numbers 
of astrocytic precursors and decreases in neurogenesis (Sirko et al.  2007 ). 
Intrauterine injection of chondroitinase into the lateral ventricle during mid- 
neurogenesis provided results consistent with the  in culture  observations (Sirko 
et al.  2007 ), indicating a function for CSPG in precursor self-renewal, proliferation, 
and differentiation during the neuron-glial differentiation switch. Also, studies in 
neurosphere cultures established that CS mediates proliferation and maintenance 
through FGF-2, and that CS restrains maturation and gliogenesis through an EGF- 
dependent pathway (Sirko et al.  2010b ). CSPG regulation of radial glial cell 
 differentiation and maturation was also linked to the integrin signaling pathways 
(Gu et al.  2009 ). 
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 Some members of the lectican family are more fi rmly associated with the 
 gliogenesis process. Brevican in rodents and aggrecan in birds starts to be expressed 
in radial glial cells of the VZ during the  switch  from  neuronal  to  glial  precursor 
production (Domowicz et al.  2008 ; Jaworski et al.  1995 ); in particular, aggrecan 
expression is developmentally regulated and observed only in glial precursors and 
not in mature cells (Domowicz et al.  2008 ). Furthermore, in mutants in which 
expression of aggrecan is knocked out, increased differentiation to the astrocytic 
pathway is observed in vivo and  in culture ; addition of purifi ed aggrecan into the 
culture system rescues this phenotype (Domowicz et al.  2008 ). 

 Interestingly, there is increasing evidence that HA, the main binding partner of 
lecticans, is also an important component of many stem cell niches (Preston and 
Sherman  2011 ), and in particular, HA in brain may play a role in neural stem cell 
precursor proliferation and differentiation during development and possibly in adult 
brain-stem-cell niches as well (Preston and Sherman  2011 ). HA degradation induces 
proliferation of quiescent astrocytes in adult spinal cord (Struve et al.  2005 ), indi-
cating that HA might act to slow proliferation. On the other hand, an HA-rich matrix 
has been hypothesized to inhibit oligodendrocyte differentiation (Back et al.  2005 ).  

   Synaptic Plasticity 

 GAGs are important components of the perineuronal nets (PNNs). PNNs are spe-
cialized extracellular matrices surrounding many neurons and their dendrites in the 
CNS, and PNNs are established as the fi nal, mature synaptic circuitry is stabilized. 
Importantly, PNN components have been linked to regulating brain plasticity during 
synapse stabilization and maturation. Neurocan, versican, and phosphacan/PTPRζ 
are components of some PNNs, while aggrecan and link protein expression is 
upregulated postnatally during PNN formation, suggesting they also play a role in 
PNN formation (Galtrey et al.  2008 ; Wang and Fawcett  2012 ). 

 The mammalian visual cortex has the ability to undergo plastic changes con-
trolled by visual experiences during a critical period of postnatal development. 
Monocular deprivation causes an ocular dominance shift toward the non-deprived 
eye after enzymatic degradation of CS chains, indicating that GAGs are inhibitory 
for experience-dependent plasticity and their removal reactivates ocular plasticity, 
further suggesting GAGs play an essential role in the age-dependent decrease in 
ocular dominance plasticity (Pizzorusso et al.  2002 ,  2006 ). Furthermore, enhance-
ment of long-term recognition memory has been observed after in vivo treatment 
with chondroitinase, and these effects are lost over time as PNNs are rebuilt (Carulli 
et al.  2010 ; Romberg et al.  2013 ). Similar memory effects also have been described 
in link protein (Hapln1) knockout mice, which retain juvenile levels of ocular domi-
nance plasticity (Pizzorusso et al.  2006 ), suggesting that regulation of memory and 
experience-driven synaptic plasticity may involve lectican-rich matrices (Carulli 
et al.  2010 ; Romberg et al.  2013 ). Other examples of synaptic plasticity implicating 
action by the proteoglycan components of PNNs have been described in rodent bar-
rel cortex after sensory deprivation (McRae et al.  2007 ), in hippocampal slices after 
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inducing spine remodeling (Orlando et al.  2012 ) and by interfering with induction 
of long-term potentiation (Bukalo et al.  2001 ), in neuronal hippocampal cultures by 
regulating AMPA receptor motility (Frischknecht et al.  2009 ), in the lateral vestibu-
lar nucleus of the rat after unilateral labyrinthectomy (Deak et al.  2012 ), and in 
neostriatum during the emergence of behavior (Lee et al.  2008 ). The proteoglycan- 
interacting axonal-guidance molecule, semaphorin 3 (Vo et al.  2013 ), and the 
recently described CSPG receptors (Ye and Miao  2013 ), LAR (leukocyte common 
antigen-related phosphatase) (Fisher et al.  2011 ) and Nogo-receptor (Dickendesher 
et al.  2012 ), have also been localized to PNNs. The mechanisms through which 
CSPGs might regulate synaptic plasticity have been elusive, but it has been sug-
gested that PNN components could inhibit axonal growth and sprouting (Crespo 
et al.  2007 ; Fitch and Silver  1997 ; Grumet et al.  1996 ; Oohira et al.  1991 ; Wang and 
Fawcett  2012 ). Further support comes from the area of axonal injury and regenera-
tion, where clear evidence of inhibition of axonal growth by proteoglycans contin-
ues to be accumulated (See next section). 

 In contrast with CSPGs, association of HSPGs with late synaptic maturation has 
been only minimally documented, in particular for syndecan-2 (Ethell and 
Yamaguchi  1999 ) and -3 (Reizes et al.  2001 ), but as mentioned earlier HSPGs are 
important to the synapse-formation process (Irie and Yamaguchi  2004 ; Johnson 
et al.  2006 ; Raulo et al.  2005 ). Recently, mice with a conditional Ext1-knockout 
targeted to postnatal neurons developed autistic-like socio-communicative defi cits 
with attenuation of excitatory synaptic transmission in glutaminergic amygdala 
pyramidal neurons (Irie et al.  2012 ), strongly linking HS to synaptic plasticity.   

5.3.3     Injury Response 

 CSPGs are major components of the glial scar after CNS injury and are largely 
responsible for the inhibition of axonal growth that hampers functional recovery 
after injury (Bradbury and Carter  2011 ; Galtrey et al.  2007 ; Galtrey and Fawcett 
 2007 ; Silver and Miller  2004 ). The effi cacy of removing GAGs with chondroitinase 
treatment in improving axonal growth and/or functional recovery has been demon-
strated in numerous adult-injury models (Bradbury and Carter  2011 ; Bradbury et al. 
 2002 ; Cafferty et al.  2007 ; Carter et al.  2011 ; Fawcett  2009 ; Garcia-Alias et al. 
 2011 ; Moon et al.  2001 ; Tom et al.  2009 ; Zhao et al.  2013 ; Zuo et al.  2002 ). Even 
though functional connections below the injury level have been confi rmed in some 
cases (Bradbury et al.  2002 ), activation of alternative sprouting patterns cannot be 
discarded as a mechanism of repair (Bradbury and Carter  2011 ; Massey et al.  2006 ), 
nor can neuroprotective effects due to release of growth factors from the digested 
areas (Carter et al.  2011 ; Dudas and Semeniken  2012 ). The type of CS sulfation that 
mediates these effects is still not totally clear, but C6ST-1 knockout in mice has a 
positive infl uence on axonal regeneration in the CNS (Lin et al.  2011 ), while down-
regulation of CS-E by siRNA targeting GalNAc4S6ST ( N -acetylgalactosamine 
4-sulfate 6-O-sulfotransferase) produced inhibition of neuronal attachment and 
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neurite extensions in culture (Karumbaiah et al.  2011 ). This type of dichotomy 
could explain the lack of functional recovery often observed after chondroitinase 
treatment (Tom et al.  2009 ). However, other possibilities have been suggested such 
as an inhibitory effect on axonal growth by the remainder core protein, which pro-
vides potential therapeutic targets that could be exploited like extracellular matrix 
proteases (Cua et al.  2013 ) and transcription factors that regulate proteoglycan syn-
thesis in the glia scar (Iseki et al.  2012 ). Toward this end, conditional ablation of 
Sox9, a transcription factor known to regulate matrix synthesis, reduced levels of 
CSPG biosynthetic enzymes and increased hind-limb function and locomotor 
recovery after spinal cord injury (McKillop et al.  2013 ). 

 This area of research has also unveiled a number of CSPG receptors that may 
regulate CSPG inhibition of axonal growth through the glia scar. PTPRζ binds to 
GAG chains, and RPTPσ knockout mice show enhanced axonal growth after spinal 
cord injury (Shen et al.  2009 ). Similarly, LAR binds CSPGs with high affi nity, and 
treatment with LAR-targeting peptides after thoracic spinal cord transection injuries 
in mice also promotes axonal growth (Fisher et al.  2011 ). More recently, Nogo- 
receptors have been shown to bind CSPGs, and triple-null mutants for Nogo- 
receptors 1, 2, and 3 exhibited enhanced axonal regeneration after retro-orbital optic 
nerve crush injury (Dickendesher et al.  2012 ). All these receptors could represent 
new therapeutic targets for novel traumatic-injury treatments. 

 Fewer examples exist for potential roles of HSPGs in regulation of axonal growth 
after injury although increased levels of HS and HS2ST mRNA levels in glial scars 
after injury have been reported (Properzi et al.  2008 ). Glypican-1 is expressed by 
reactive astrocytes after brain injury in concert with its binding partner slit2, which 
is known to be a negative regulator of axonal growth (Hagino et al.  2003a ,  b ; Lau 
and Margolis  2010 ). Testican-1, a heparan/chondroitin sulfate hybrid proteoglycan, 
is also expressed around necrotic areas in similar experimental paradigms (Iseki 
et al.  2011 ). Glypican infusion into the brain infarct cavity after cerebral ischemia 
produced the same level of improvement in functional recovery after injury as chon-
droitinase treatment (Hill et al.  2012 ), indicating that HS can also exert a positive 
infl uence on axonal regeneration.  

5.3.4     GAGs and Human Neural Diseases 

 A number of genetic diseases are rooted in mutations of GAG biosynthetic and 
degrading enzymes and some of them exhibit neural phenotypes. In addition, GAG 
changes have been described in several neuro-pathological conditions such as 
Alzheimer’s disease, schizophrenia, Parkinson’s disease and epilepsy; how these 
changes affect the disease pathologies is currently an area of active investigation. 

 Accumulation of GAGs is the biochemical hallmark of human mucopolysac-
charidoses. These are genetic metabolic diseases caused by mutations in genes 
encoding GAG-degrading (hydrolyzing) lysosomal enzymes. Some mucopolysac-
charidoses have no neurological involvement, while some are characterized by 
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intellectual disabilities and/or a variety of CNS defi cits such as hydrocephalus, 
spasticity, seizures, cerebral infarction, ataxia, sleep apnea, optic atrophy, hearing 
impairment, and hyperactivity/aggressive behavior. Extensive examination of this 
family of diseases can be found in the reviews from Zafeiriou and Batzios  2013 ; 
Banecka-Majkutewicz et al.  2012 ; Lehman et al.  2011 . Although there are muco-
polysaccharidoses associated with failure to degrade CSPGs, the most severe neu-
rological symptoms are linked with accumulation of HS in neural cells (Wegrzyn 
et al.  2010 ). The mucopolysaccharidoses with associated neurological impact illus-
trate that normal brain function requires dynamic turnover of GAGs and appropriate 
homeostasis of proteoglycans. 

 Genetic diseases associated with defects in GAG biosynthetic enzymes have 
been recently reviewed by Mizumoto et al. ( 2013b ). Some of these are embryonic 
lethal, many exhibit skeletal and muscle defects with no neurological involvements, 
and some manifest clear neurological pathologies. Two missense mutations in chon-
droitin β1,4- N -acetylgalactosaminyltransferase-1 have been found in patients with 
different types of motor and sensory neuropathy (Saigoh et al.  2011 ); in both cases, 
total loss of enzymatic activity was associated with recombinant enzymes bearing 
the mutated amino acids. In studies of two large cohorts of European ancestry 
genetic association was found between autism and the HS3ST5 gene encoding one 
of the heparan sulfate 3-O-sulfotransferases (Wang et al.  2009 ). Chondroitin syn-
thase- 1 mutations were reported in patients with Temtamy preaxial brachydactyly 
who exhibit numerous skeletal defects, sensorineural hearing loss, and varied 
degrees of learning disabilities (Li et al.  2010 ; Tian et al.  2010 ). Evidence of dis-
rupted Gdf5 (Li et al.  2010 ) and Notch (Tian et al.  2010 ) signaling was found in two 
animal models created with chondroitin synthase-1 mutations, and a patient with 
neuropathy harbored a missense mutation of the chondroitin synthase-1 gene which 
reduced the enzymatic activity by half (Izumikawa et al.  2013 ). In familial and 
 sporadic cases of two connective tissue diseases, Ehlers–Danlos syndrome and 
Adducted thumb-clubfoot syndrome, patients harbored mutations in dermatan 
4-O-sulfotransferase, and exhibited mild cranial ventricular enlargement and psy-
chomotor retardation as part of their pathological manifestations (Dundar et al. 
 2009 ; Malfait et al.  2010 ; Miyake et al.  2010 ). 

 A genome-wide association study carried out on subjects with recurrent early- 
onset major depressive disorder revealed a chromosome 18q22.1 site as having the 
strongest evidence for association (Shi et al.  2011 ). This site encompasses the pro-
moter regulatory area for the DS epimerase-2 gene, which has also been linked to 
other bipolar disorders (Goossens et al.  2003 ). In light of the recent fi ndings indi-
cating that DS epimerase-2 is the predominant epimerase expressed in postnatal 
developing mouse brain (Akatsu et al.  2011 ), and that over-sulfated dermatan struc-
tures could actively promote neurite growth, the association study results make 
phosphacan (Hikino et al.  2003 ), the major DS proteoglycan in PNNs (Deepa et al. 
 2006 ), an attractive target for future studies in the schizophrenia fi eld. Interestingly, 
over- expression in mice of PTPRζ1, of which phosphacan is an alternative splicing 
form, produces schizophrenia-like behavior (Takahashi et al.  2011 ), and removal of 
PNNs with chondroitinase produced defi cits in dopamine system function and 
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enhanced response to psychostimulants, as is observed in schizophrenia patients 
(Shah and Lodge  2013 ). 

 A number of degenerative diseases exhibit abnormal GAG distribution, includ-
ing Alzheimer’s and Parkinson’s diseases (van Horssen et al.  2003 ). The accumula-
tion of Aβ peptide in Alzheimer’s disease is produced by sequential cleavage of 
β-amyloid precursor protein (APP) by the β-site APP cleaving enzyme, BACE1, 
and γ-secretase. Aβ peptide in senile plaques and neurofi brillary tangles colocalized 
with HS- and CSPGs (reviewed in Ariga et al.  2010 ; Cui et al.  2013 ). Sulfated 
GAGs regulate aggregation and/or stabilization of Aβ amyloid in a structure depen-
dent manner (Cui et al.  2012 ), and heparin treatment reduces Aβ production by 
disrupting BACE-1 processing of APP. Treatment with low-molecular-weight hepa-
rin also reduces plaques and Aβ accumulation in a mouse model of Alzheimer’s 
disease (Beckman et al.  2006 ; Klaver et al.  2010 ; Leveugle et al.  1997 ). Thus, the 
design of GAG derivatives which act specifi cally to inhibit BACE-1 cleavage of 
APP and effi ciently cross the blood–brain barrier is being actively pursued.   

5.4     Concluding Remarks 

 This brief synopsis of the structure-function relationship of GAGs and GAG con-
taining proteoglycans highlights the importance of these cell-surface and extracel-
lular constituents in numerous biologically signifi cant interactions critical to the 
basic developmental processes of proliferation, differentiation, patterning, axonal 
pathfi nding and synapsis formation which underlie the formation of a functional 
nervous system. Increasingly, GAGs are implicated in regeneration, injury response 
and disease pathology of the brain, functional revelations that have been made con-
comitantly with elucidation of the complex chemistry and structure of these intri-
cate molecules.     
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    Abstract     In the nervous system, various unique glycans not found in other tissues 
are expressed on glycoproteins, and their expression/functions have been studied 
using specifi c antibodies/lectins. Among brain-specifi c glycans in mammals, we 
focus on human natural killer-1 (HNK-1) and related Cat-315 epitopes, which can 
be detected using specifi c antibodies. It is known that the HNK-1 epitope is 
expressed on N- and O-mannosylated glycans and that Cat-315 mAb preferentially 
recognizes the HNK-1 epitope on brain-specifi c “branched O-mannose glycan.” 
The β1,6-branched O-mannose structure is synthesized by a brain-specifi c glycos-
yltransferase, N-acetylglucosaminyltransferase-IX (GnT-IX, also designated as 
GnT-Vb). Using GnT-IX gene-defi cient mice and specifi c antibodies/lectins, the 
function of GnT-IX was found to be quite different from that of its ubiquitous homo-
logue, GnT-V. Using Cat-315 mAb, the receptor protein tyrosine phosphatase-beta 
(RPTPβ) was identifi ed as an in vivo target glycoprotein for GnT-IX. Analysis of the 
function of branched O-mannose glycan on RPTPβ indicated that its loss promoted 
the recovery process after myelin injury (called remyelination) in brain and that this 
phenomenon is probably caused in vivo by reduced activation of astrocytes in GnT-
IX-defi cient brain.  

  Keywords     HNK-1   •   GnT-V   •   GnT-IX(Vb)   •   Cat-315   •   Demyelination   •   O-mannose 
glycan   •   RPTPβ  
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6.1         Introduction 

 The mammalian nervous system is composed of various cell types, including 
 neurons, astrocytes, myelinating cells (oligodendrocytes and Schwann cells), and 
microglia. Each type of cell communicates with the others to elaborate a compli-
cated neural network. In the nervous system, unique glycan structures are expressed 
which are quite different from those in other tissues and are exemplifi ed by the 
human natural killer-1 (HNK-1) epitope and polysialic acid (PSA) (Kleene and 
Schachner  2004 ). Accumulating evidence has shown that brain-specifi c glycans are 
essential for maintaining brain functions, such as learning/memory, cognition, and 
behavior (Weinhold et al.  2005 ; Yamamoto et al.  2002 ). Specifi c lectins and anti-
bodies are useful for both carbohydrate detection and expression/functional studies. 
For instance, good monoclonal antibodies for detecting HNK-1 and PSA, anti-
HNK- 1 and 12E3 mAbs, respectively, are now widely used (Yamamoto et al.  2000 ; 
 2002 ). In addition to the use of these antibodies for the identifi cation of target gly-
coproteins (e.g., neural cell adhesion molecule), they are used for elucidation of the 
biosynthetic pathways of glycosylation. 

 Lectins, proteins which recognize specifi c glycan structures, are now widely 
used to detect glycans. Plant lectins such as conA (concanavalin A), WGA (wheat 
germ agglutinin), PHA (phytohemagglutinin), etc. (Sharon and Lis  2004 ), are often 
used to characterize glycans in cells or tissues. Meanwhile, in mammals, the func-
tions of animal lectins have been well studied in the immune system. For instance, 
some Siglecs (sialic acid-binding immunoglobulin type lectins) or C-type lectins 
are specifi cally expressed in subsets of immune cells and involved in regulation of 
immune cell activity or recognition of pathogens (Crocker et al.  2007 ; Hardison and 
Brown  2012 ). Recent advances in lectin biology allowed us to perform cellular 
glycomic analyses using lectin microarrays (Tateno et al.  2010 ). Although lectins 
are a useful tool, their affi nity and specifi city for their ligand glycans are often lower 
than that of anti-carbohydrate antibodies, which sometimes makes it diffi cult to use 
them to determine glycan structure. 

 This chapter focuses on a brain-specifi c glycan, the HNK-1 epitope. We describe 
its expression on branched O-mannose glycans and the function of a brain-specifi c 
glycosyltransferase, N-acetylglucosaminyltransferase-IX (GnT-IX) (Inamori et al. 
 2006 ), in its synthesis. Using specifi c antibodies/lectins, an in vivo target glycopro-
tein expressing this modifi cation was identifi ed. Using a mouse model, we also 
found that branched O-mannose glycans play key roles in the remyelination process 
after myelin injury by regulating astrocyte activation (Kanekiyo et al.  2013 ).  

6.2     HNK-1 Epitope 

 The HNK-1 epitope was fi rst found as an antigen on the surface of human natural killer 
cells in 1981 (Abo and Balch  1981 ). However, subsequent studies revealed that the 
HNK-1 glycan is almost exclusively found in the nervous system (Kruse et al.  1984 ). 
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The glycan structure of HNK-1 was identifi ed as HSO 3 -3GlcAβ1- 3Galβ1-4GlcNAc- 
(Fig.  6.1 ) (Ariga et al.  1987 ; Chou et al.  1986 ; Tokuda et al.  1998 ). The terminal 
sulfated glucuronic acid residue is a rare structure in mammalian N- and O-glycans 
other than glycosaminoglycans. A key step in its biosynthesis is the addition of GlcA, 
and the major enzyme responsible for this step, glucuronyltransferase- P (GlcAT-P), is 
specifi cally expressed in the nervous system (Terayama et al.  1997 ). Later, by expres-
sion cloning and use of an HNK-1 mAb, the sulfotransferase designated HNK-1ST 
was cloned (Bakker et al.  1997 ).

   Function of the HNK-1 glycan was examined using GlcAT-P-defi cient mice in 
which HNK-1 mAb reactivity almost disappears. GlcAT-P-defi cient mice have 
reduced synaptic plasticity and impaired learning/memory functions (Yamamoto 
et al.  2002 ). Spine (postsynapse) structure in primary neurons from GlcAT-P- 
defi cient brains was consistently abnormally immature (Morita et al.  2009b ). To 
explore the molecular mechanism by which the HNK-1 glycan regulates spine 
maturation and learning, HNK-1 mAb was used to identify glycoproteins express-
ing the HNK-1 glycan. This resulted in identifi cation of the glutamate receptor 

  Fig. 6.1    Putative structure of 
the Cat-315 epitope and 
unique O-mannose glycan 
structure on αDG. Cat-315- 
reactive glycan, which 
possesses terminal HNK-1 
epitope(s), is specifi cally 
expressed in brain. The 
Cat-315-reactive glycan is 
expressed on RPTPβ and 
other molecules expressed in 
brain. In contrast, unique 
phosphorylated O-mannose 
glycans that have never been 
identifi ed on other 
glycoproteins are expressed 
on αDG. Phosphorylated 
O-mannose glycan is 
essential for binding to 
ligands or IIH6 mAb       
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subunit GluA2 (Morita et al.  2009a ). Compared with other HNK-1-carrying 
 glycoproteins, GluA2 is highly enriched in the postsynaptic density fraction, and 
among glutamate receptor subunits was the one selectively modifi ed with HNK-1. 
GluA2 is also known to be an essential molecule for spine maturation and synaptic 
plasticity (Isaac et al.  2007 ), and the loss of HNK-1 in GlcAT-P-defi cient neurons 
causes instability of GluA2 at the synaptic membrane. These fi ndings strongly 
suggest that the HNK-1 glycan on GluA2 plays a key role in learning and memory 
function in vivo. 

 HNK-1 glycan is expressed on both N-glycan and O-mannose glycans in brain. 
Although the glycan structure and carrier glycoprotein for N-linked HNK-1 are well 
characterized (Kruse et al.  1984 ; Morita et al.  2009a ; Voshol et al.  1996 ), the expres-
sion pattern and function of O-mannose-linked HNK-1 are not. In the following 
sections, the expression and function of O-mannose glycans in brain are described 
prior to focusing on brain-specifi c “branched” O-mannose glycans carrying a termi-
nal HNK-1 modifi cation.  

6.3     O-Mannose Glycans in the Brain 

 Although O-mannose glycans are abundantly expressed in mammalian brain, with 
evidence that one third of brain O-glycans are O-mannosylated (Chai et al.  1999 ), 
their functions remain to be clarifi ed. The most well-studied O-mannosylated gly-
coprotein in mammals is α-dystroglycan (αDG), and a number of studies have dem-
onstrated that O-mannosylation of αDG is essential for skeletal muscle function in 
mice and humans (Godfrey et al.  2011 ). Previous reports have shown that αDG 
binds to ligands such as laminin or pikachurin via its unusual phosphorylated 
O-mannose glycan, which was detected using the IIH6 mAb (Fig.  6.1 ) (Chiba et al. 
 1997 ; Inamori et al.  2012 ; Sato et al.  2008 ; Yoshida-Moriguchi et al.  2010 ). 
However, in brain, the content of O-mannose glycan on αDG is almost negligible 
(Stalnaker et al.  2011 ), indicating that the O-mannose glycan in brain modulates 
functions of glycoproteins other than αDG. To date, several neural glycoproteins 
such as neurocan, neurofascin 186, and CD24, enriched and purifi ed using specifi c 
lectins or antibodies, have been shown to be modifi ed by O-mannose glycans 
(Bleckmann et al.  2009 ; Pacharra et al.  2012 ;  2013 ); however, the functions of their 
O-mannose glycans are still unclear. Meanwhile, a neural phosphatase, receptor 
protein tyrosine phosphatase-beta (RPTPβ), was found to be modifi ed by branched 
O-mannose glycans with terminal HNK-1 epitope(s) (Abbott et al.  2008 ; Kanekiyo 
et al.  2013 ). These glycans are detected by the HNK-1 mAb as well as the Cat-315 
mAb. Although the epitope for the Cat-315 mAb has not been accurately deter-
mined, it binds preferentially to O-mannosylated HNK-1 (6.1) (Dwyer et al.  2012 ). 
Moreover, the major glycoprotein carrying the Cat-315 epitope changes from 
RPTPβ to aggrecan during mouse brain development (Dino et al.  2006 ). Using these 
specifi c mAbs, the biological function of O-mannose modifi cations in brain was 
studied as described below. 
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 Expression in brain of a “branched” O-mannose glycan not found in 
O-mannosylated glycans from other tissues (Figs.  6.1  and  6.2 ) (Chai et al.  1999 ; 
Yuen et al.  1997 ) indicated the unique activity of a branching enzyme present spe-
cifi cally in brain. We and others identifi ed the brain-specifi c enzyme as GnT-IX (Vb).

6.4        GnT-IX Is a Brain-Specifi c O-Mannose Branching 
Enzyme 

 GnT-IX was originally identifi ed in silico as a homologue of GnT-V by both our 
laboratory and that of Dr. Pierce (Inamori et al.  2003 ; Kaneko et al.  2003 ), and for 
that reason, GnT-IX is also designated as GnT-Vb. GnT-V is ubiquitously expressed 
and is responsible for N-glycan branching at the α6-mannose arm (Fig.  6.2 ). Many 
studies have shown that GnT-V is involved in cancer progression and growth factor 
receptor signaling (Granovsky et al.  2000 ; Lau et al.  2007 ). In brain, the GnT-V 
product, which can be detected with the L4-PHA lectin, is involved in depression- 
like behavior (Soleimani et al.  2008 ). Although GnT-IX shows high sequence iden-
tity to GnT-V (42 % in the case of humans), its expression and function are different 
from those of GnT-V. GnT-IX is highly specifi c to brain (Kizuka et al.  2011 ) and 
exhibits weak activity toward N-glycans in vitro. We and others have reported that 
GnT-IX has preferential branching activity toward O-mannose glycans (Fig.  6.2 ) 
(Alvarez-Manilla et al.  2010 ; Inamori et al.  2004 ). As described above, branched 

  Fig. 6.2    Structures of a 
branched O-mannose glycan 
and an N-glycan. GnT-IX 
catalyzes formation of the 
β1,6-branch of an O-mannose 
glycan. GnT-V catalyzes 
β1,6-branch formation on the 
α6-mannose arm in an 
N-glycan. GnT-IX also 
shows modest activity 
toward N-glycans in vitro       
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O-mannosyl glycans terminally modifi ed with sialic acid, Lewis epitope, or HNK-1 
are found only in the brain (Chai et al.  1999 ; Yuen et al.  1997 ). To date, no lectin/
antibody has been developed that can specifi cally detect all O-mannose glycans or 
distinguish linear O-mannose glycans from branched ones. However, using some 
specifi c detection probes and mouse models, the functions and expression patterns 
of O-mannose glycans in brain have been gradually identifi ed.  

6.5     In Vivo Enzymatic Functions of GnT-IX and GnT-V 

 Our group and Dr. Pierce’s group independently generated GnT-IX (Vb) gene- 
defi cient mice (Kanekiyo et al.  2013 ; Lee et al.  2012 ). These mutant mice showed 
no overt phenotype in terms of brain morphology and fertility. However, they 
showed reduced reactivity to both Cat-315 and HNK-1 mAbs, supporting the idea 
that Cat-315 recognizes O-mannosylated glycans with terminal HNK-1 
modifi cation(s) in brain. Using immunoprecipitation, we identifi ed RPTPβ as one 
of the major target proteins for GnT-IX in brain, consistent with previous fi ndings 
in cultured cells (Abbott et al.  2008 ). Dr. Pierce’s group analyzed glycan structures 
from GnT-V- or GnT-IX-defi cient brain and found that GnT-IX acts on O-mannose 
glycans but not on N-glycans and that GnT-IX cannot compensate for GnT-V’s 
function in the biosynthesis of N-glycans in vivo (Lee et al.  2012 ). In addition, 
lectin blot analysis using L4-PHA showed that loss of lectin reactivity is solely 
caused by knockout of GnT-V but not by knockout of GnT-IX, indicating that 
GnT-V acts on N-glycans, while GnT-IX acts on O-mannose glycans in vivo 
(Kanekiyo et al.  2013 ). These fi ndings indicate that the in vivo function of GnT-IX 
is different from that of its homologue GnT-V. Moreover, Dr. Pierce’s group 
observed no apparent change in αDG binding to IIH6 mAb or laminin in GnT-IX-
defi cient mouse brain tissue, indicating that the target glycoprotein for GnT-IX 
function is probably not αDG.  

6.6     GnT-IX-Defi cient Mice Show Enhanced Recovery 
from Demyelinating Damage 

 Based on the fact that a target of GnT-IX, RPTPβ, is known to be critical for recov-
ery from demyelinating damage in vivo (Harroch et al.  2002 ), we hypothesized that 
O-mannose glycans on RPTPβ produced by GnT-IX are also involved in the demy-
elination/remyelination process. Demyelination is found in many pathological con-
ditions including multiple sclerosis, and promoting remyelination is a rational 
strategy for treating demyelinating diseases (Fancy et al.  2011 ). We induced demy-
elination in wild-type and GnT-IX-defi cient mice using the copper chelator “cupri-
zone,” which induces oligodendrocyte damage through oxidative stress (Torkildsen 
et al.  2008 ). In wild-type mouse brain, myelin is progressively damaged by 
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cuprizone. In contrast, in GnT-IX-defi cient mouse brain, once early-phase 
 demyelination has occurred as in the case of wild-type mice, signifi cant recovery of 
myelin (remyelination) was observed (Fig.  6.3 ) (Kanekiyo et al.  2013 ).

   As a potential mechanism for this effect, we found that astrocyte activation was 
reduced in the damaged region in GnT-IX-defi cient brain (Kanekiyo et al.  2013 ). In 
wild-type brain, Cat-315-positive astrocytes accumulated in demyelinated corpus 
callosum, and astrocyte activation is one of the mechanisms underlying suppression 
of the remyelination process by inhibiting oligodendrocyte differentiation from oli-
godendrocyte precursor cells (OPCs) (Wang et al.  2011 ). Concomitantly, oligoden-
drocyte lineage analysis revealed that oligodendrocyte differentiation is actually 
enhanced in GnT-IX-defi cient mice (Kanekiyo et al.  2013 ). Based on these data, we 
suggest that the branched O-mannose glycans on RPTPβ are involved in astrocyte 
activation, which probably suppresses oligodendrocyte differentiation and remye-
lination. A schematic model for the role of branched O-mannosyl glycans on astro-
cytic RPTPβ in remyelination is shown in Fig.  6.4 . Cultured primary astrocytes 
isolated from nascent pups also showed decreased activation in vitro (Kanekiyo 
et al.  2013 ), strongly suggesting that GnT-IX can regulate the astrocyte activation 
process with or without cuprizone treatment. Further analysis of the role of GnT-IX 

  Fig. 6.3    Recovery from 
myelin injury is promoted in 
GnT-IX-defi cient mice. 
Myelin in the corpus 
callosum was stained with 
anti-myelin basic protein 
antibody. Cuprizone feeding 
for 4 weeks causes 
demyelination in both 
wild-type and GnT-IX- 
defi cient mice. Further 
treatment with cuprizone 
causes more severe 
demyelination in wild-type 
mice, while GnT-IX-defi cient 
mice show recovery from 
myelin damage 
(remyelination). Figure is 
modifi ed from that published 
previously by Kanekiyo 
et al. ( 2013 )       
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is needed to clarify how branched O-mannose glycans are involved in astrocyte 
activation. On the basis of these fi ndings, we suggest that targeting of protein glyco-
sylation may be a novel therapeutic strategy for demyelinating disorders.

         Confl ict of Interest    No confl ict of interest is declared.  
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    Abstract     Mass spectrometry (MS) is the pivotal technique driving most current 
day protein glycosylation analysis. It is unrivaled in combining high sensitivity, 
resolution, and precision for de novo identifi cation and therefore most conducive to 
discovery mapping of new or biologically implicated glyco-epitopes. This chapter 
attempts to provide an account of current advances and limitations in MS-based 
glycosylation analysis as it rapidly evolves into all-encompassing glycomics and 
glycoproteomics. Given the omic-scale complexity, an urgent need is to orchestrate 
advances in chromatographic separation, chemical derivatization, and innovative 
online LC-MS/MS scan functions for more penetrative and purposeful data acquisi-
tion, along with empowering computational tools to overcome the bottleneck in 
automated data analysis, in order to increase the breadth and depth of glycomic 
coverage. This entails not only MS  n  -level resolution and mapping of isomeric varia-
tions but also addressing often overlooked structural features such as poly-N   - 
acetyllactosamine extension and the widespread occurrence of sulfation in relation 
to immuno-activation and malignant transformation. Only then can functional 
glycotopes of relevance be uncovered, and further localized to particular glycan and 
protein carriers, the latter by means of target glycoproteomics. Mapping of site 
occupancy without addressing the full range of occupying glycans by direct 
sequencing of glycopeptides is essentially inadequate for any glycobiology driven 
venture. This chapter aims to conceptualize the required experimental workfl ows 
from glycomics to glycoproteomics, with MS analysis of permethylated glycans 
occupying the central node.  
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  Abbreviations 

   CID    Collision induced dissociation   
  DMB    1,2-Diamino-4,5-methylenedioxybenzene   
  DMSO    Dimethyl sulfoxide   
  ECD    Electron capture dissociation   
  EDD    Electron detachment dissociation   
  EI    Electron impact   
  ESI    Electrospray   
  ETD    Electron transfer dissociation   
  FAB    Fast atom bombardment   
  GAGs    Glycosaminoglycans   
  GC    Gas chromatography   
  GSL    Glycosphingolipid   
  HCD    Higher energy (C-trap) collision dissociation   
  Hex    Hexose   
  HexNAc     N -acetylhexosamine   
  HILIC    Hydrophilic interaction   
  HPAEC    High performance anion exchange chromatography   
  HPLC    High performance liquid chromatography   
  IRMPD    Infrared multiple photon dissociation   
  LacdiNAc     N,N′ -diacetyllactosamine   
  LacNAc     N -acetyllactosamine   
  LC    Liquid chromatography   
  MALDI    Matrix-assisted laser desorption ionization   
  MS    Mass spectrometry   
  MS/MS    Tandem mass spectrometry   
  MS  n      Multistage fragmentation   
  PAD    Pulsed amperometric detection   
  PGC    Poros graphitized carbon   
  polyLacNAc    Poly- N -acetyllactosamine   
  Q/TOF    Quadrupole/time-of-fl ight   
  RP    Reverse phase   
  SPE    Solid phase extraction   
  TMT    Tandem mass tags   
  TOF/TOF    Time-of-fl ight/time-of-fl ight   

7.1           Overview and Scope 

 Over the course of the last decade, mass spectrometry (MS)-based protein glycosyl-
ation analysis has evolved into glycomics and glycoproteomics, which largely sig-
nifi es the increasingly holistic scale and systems view being taken by the scientifi c 
community rather than representing fundamental changes in how we determine the 
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structural details of glycoconjugates. This chapter aims to provide a concise account 
of the current status of mammalian glycosylation analysis without aiming to be 
comprehensive. First, it presupposes the readers have some basic knowledge of the 
diverse range of mammalian glycoconjugates that exist in nature. Although there 
may be some nervous system-specifi c glycoconjugates, the underlying structural 
features are universal and the occurrence of N- and O-glycans, glycosphingolipids, 
and proteoglycans is ubiquitous. So are the analytical methods employed to defi ne 
their precise structures or to simply map their occurrences and changes in develop-
ment and disease states, in response to activation or malignant transformation. This 
chapter does not attempt to tailor the discussion specifi cally to the nervous system 
but takes a broader perspective. Readers are referred to Chaps.   1    ,   3    ,   4    ,   5     of this 
monograph for an introduction to distinct classes of glycoconjugates found in the 
nervous system. 

 This chapter does not aim to provide an extensive review of published work on 
methodology developments and applications, nor does it provide experimental pro-
tocols and technical details (see North et al.  2010b ; Bleckmann et al.  2011 ; Doherty 
et al.  2012 ; Hayes et al.  2012 ; Jensen et al.  2012 ; Kolarich et al.  2012 ; Ruhaak et al. 
 2012 ; Patrie et al.  2013 ; Kenny et al.  2013 ; Lin and Lubman  2013 ; Orlando  2013 ; 
Zauner et al.  2013 ; Zhao et al.  2013 ) because many such articles including excellent 
introductory overviews and perspectives can be found in the recent literature 
(Marino et al.  2010 ; Zaia  2010 ; Pan et al.  2011 ; Leymarie and Zaia  2012 ; Zauner 
et al.  2012 ; Alley et al.  2013 ; Han and Costello  2013 ; Novotny et al.  2013 ; Wuhrer 
 2013 ; Mechref et al.  2013 ; Reinhold et al.  2013 ). It is more a summary of what is 
currently feasible and where we are headed to. A few take home simple and unify-
ing conceptual understandings are presented. The discussion is restricted to 
MS-based approaches most often used to study the prevalent forms of protein N- 
and O-glycosylation. Finally, while analysis of naturally occurring free glycans or 
those released from the glycosphingolipids (GSLs) may be appropriately consid-
ered as part of the glycomics venture, the term lipidomics or glycosphingolipido-
mics (Levery  2005 ; Meisen et al.  2011 ) has been additionally introduced when not 
only the glycans but also the heterogeneity of the sphingolipid anchors to which 
they attached is considered and mapped in total. The polymeric sulfated glycosami-
noglycans (GAGs) carried on proteoglycans should likewise be included in the gly-
comic constituency (Zaia  2013 ) but often are treated separately, as the requisite 
techniques and experimental approaches are distinct. Neither the GSLs nor the 
GAGs are discussed individually although some of the general principles elaborated 
are equally applicable. 

 MS analysis distinguishes itself from other analytical techniques for glycosyl-
ation analysis by virtue of being most conducive to discovery of new glyco-epitopes 
(glycotopes) or features and to validate structural details, such as identifi cation of 
its underlying glycan and protein carriers. In that respect, it is unrivaled in resolu-
tion, sensitivity and precision, capable of handling complex mixtures as necessi-
tated by omics ventures, and not precluded by the need of reference standards. 
NMR analysis, as covered in Chap.   8    , is the only complementary biophysical tech-
nique capable of discovery and de novo sequencing. Its major limitations are 
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sensitivity and throughput while its most obvious strength is its ability to defi ne 
stereochemistry, which is the Achilles’ heel of MS analysis. On the other hand, the 
highest sensitivity and multiplexing capabilities is afforded not by MS analysis but 
by use of a range of biological probes such as antibodies and lectins, which also 
permits analysis of live cells and real time imaging. The most serious drawback, 
however, is that these probes only detect predefi ned or anticipated glycotopes, 
sometimes with severe cross-reactivities and are not always available for the target 
of interest. It also selectively “sees” only the target it is meant to “see” without 
giving a full picture of all glycomic constituents acting in concert as would be 
expected in most biological processes. Overall, MS-based mapping offers the best 
prospect for an unbiased view and this chapter aims to convey a personal view on 
what is currently limiting MS-based glycomic analysis from completely meeting 
expectations of glycobiologists.  

7.2     Mass Spectrometry for Glycosylation Analysis 

7.2.1     A Primer for MALDI-MS and LC-ESI-MS 

 For readers who are not familiar with MS, the fi rst thing to know is that MS  measures 
the molecular weight of molecules in the form of  m / z  values, which stipulates that 
the analytes need to be ionized in the fi rst instance. Although many ionization tech-
niques exist, electrospray ionization (ESI) and matrix-assisted laser desorption 
 ionization (MALDI) are currently dominant in biological MS. The former ioniza-
tion technique is most often coupled with online liquid chromatography (LC)-MS 
applications although direct infusion of analytes in an appropriate solvent without 
LC separation is also possible. In contrast, the latter is essentially an offl ine tech-
nique requiring the analytes to be co-crystallized with matrix on a target plate before 
being subjected to laser induced desorption. Consequently, MALDI-MS takes an 
overall picture, or mass profi le, of whatever analyte is placed onto the target spot, 
whereas an online LC-MS experiment takes hundreds or thousands of snapshots 
across the entire LC period, each corresponding to a mass profi le of what is coming 
out of the capillary LC column at that time-point. 

 A common practice for achieving the highest sensitivity is to take advantage of a 
nanofl ow system delivering an LC fl ow rate of about a few hundred nL/min using a 
75-μm capillary column of variable length, dictated by the separation needed, and 
coupled to the MS system via a nanospray (nanoESI) ionization source. However, 
in applications where sample amount is not limiting it may be advantageous to 
increase sample loading capacity by using a micro fl ow rate and spray interface, 
which is more robust than the nanoLC system preferred by most laboratories. For the 
purpose of this chapter, LC-MS is used as a generic term covering all fl ow rates and 
respective ESI sources. More importantly, it implies an online ESI coupling distinct 
from an offl ine LC-MALDI-MS. For the latter, the LC eluates are sequentially 
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 spotted onto a MALDI target plate along with added matrix in predefi ned steps of 
volume or time span and then analyzed offl ine by MALDI-MS at a later stage 
instead of being directly sprayed into the MS system in real time. 

 By far, online LC-MS and offl ine MALDI-MS are the most common comple-
mentary set ups used by most glyco-analytical laboratories today. MALDI-MS is 
used for a rapid fi rst screen of released glycans before subjecting them to further 
bulk fractionation if needed, while LC-MS provides the additional dimension of 
online separation immediately preceding MS analysis. LC-MS is also the prevalent 
mode of glycoproteomic analysis of peptides and glycopeptides.  

7.2.2      LC Separation 

 Due to mutual ion suppression or suppression by analytes of better ionization 
 effi ciency or higher abundance, any MS profi ling covering a specifi ed mass range 
can afford only a limited number of signals spanning several orders of ion intensity 
as defi ned by the inherent dynamic range of the detector. Thus, even without inter-
ference from matrix peaks, adducts, salts, and detergent signals, there is a fi nite 
number of glycan or glycopeptide peaks that can be detected at any one time. The 
main advantage afforded by LC preceding MS is to reduce crowding of ion signals 
either among themselves, or from other contaminants while allowing species of 
lower abundance or poorer ionization effi ciency to be better detected or resolved 
from background noise. This is particularly true if as many molecular ion signals as 
possible are to be selected for MS/MS analysis. A preliminary screen by MALDI-MS 
can inform about the complexity of the sample being analyzed, indicating whether 
it is contaminated, and, in the case of chemically derivatized glycan samples, the 
completeness of the chemistry. Except for relatively clean samples of low complex-
ity, further offl ine and/or online fractionation is always benefi cial. 

 In the case of peptides and glycopeptides, from either a single protein or sub- 
proteomic digests, a reverse phase (RP) C18 LC preceding MS is the “standard” 
practice. In this respect, the glycopeptides of interest would need to be retained 
effi ciently during sample loading and wash while being readily eluted off upon 
increasing the concentration of organic solvent, typically acetonitrile, in acidic con-
ditions. Different brands of C18 packing materials offer slightly different retention 
and separation but, in general, retention is determined by the hydrophobicity of the 
peptide backbone. In contrast, different glycoforms are poorly separated and usu-
ally elute within a few minutes in an average 1–2 h LC run. Less commonly used 
but a potentially complementary approach is hydrophilic interaction (HILIC) phase 
chromatography (Wuhrer et al.  2009a ; Zauner et al.  2011 ). It is particularly effective 
for glycopeptides not retained on a RP column. Neither RP nor HILIC phase chro-
matography adequately resolves glycoforms carrying isomeric glycans. At present, 
only a porous graphitized carbon (PGC) column may allow a reasonable degree of 
isomeric separation, but the peptide portion of the glycopeptides needs to be 
trimmed down to only a few amino acids. This requirement means that this approach 
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is mostly used for analysis of nonspecifi c proteolytic digests such as those provided 
by pronase or proteinase K digestions (Hua et al.  2013a ; Zauner et al.  2013 ). The 
gain in isomeric glycan separation is thus at the expense of being able to confi dently 
identify specifi c glycosylated peptides unless one is dealing with glycosylation 
analysis of single or several known proteins with only a limited total number of 
potential N-glycosylation sites. 

 The ability of PGC chromatography to separate glycan isomers is actually more 
commonly utilized in glycan (Ruhaak et al.  2009 ; Jensen et al.  2012 ) than glycopep-
tide analysis. One of the most successful applications is LC-MS analysis of reduced, 
native O-glycans from mucins (Hayes et al.  2012 ; Kenny et al.  2013 ), in which 
isomers of different glycosidic linkages can be resolved. Even so, it should be noted 
that no single dimensional LC is capable of resolving the full complexity of the 
glycan repertoire and therefore two or multiple dimensional online separations have 
been attempted. These were initially developed not for LC-MS but for conventional 
HPLC mapping. To allow high sensitivity detection, a fl uorescent tag most com-
monly in the form of 2-aminopyridine (Tomiya et al.  1988 ; Takahashi et al.  1995 ), 
2-aminobenzamide (Bigge et al.  1995 ), or 2-aminobenzoic acid (Bigge et al.  1995 ; 
Anumula and Dhume  1998 ), is introduced via reductive amination at the reducing 
end of each released glycan (Anumula  2006 ; Ruhaak et al.  2010 ). Since the detector 
response is solely dependent on the single fl uorescent tag per glycan chain, this 
approach allows a relatively straightforward quantifi cation based on peak area, 
without the need to derive a full complement of standard glycans. By virtue of car-
rying a suffi ciently hydrophobic tag, it allows native glycans to be retained on a RP 
C18 column allowing for a more effi cient separation of isomers than that which can 
be accomplished by amide or amine-based normal phase size separation. These two 
complementary approaches are also commonly preceded by the use of anion ion 
exchange chromatography to bulk separate the glycan pool according to charge as 
contributed by degree of sialylation and sulfation. 

 An inherent problem with the HPLC mapping approach is that glycan identifi ca-
tion relies solely on ability to match the multidimensional LC coordinates against 
information in a pre-derived database defi ned by standards (Takahashi and Kato 
 2003 ; Royle et al.  2008 ) and is therefore less likely to identify novel structures. 
Often, sequential exoglycosidase digestions are needed to stepwise convert the peak 
of interest into expected smaller core structures, that can then be used to infer the 
original structure or for confi rmation of structural assignment. To increase the con-
fi dence of assignment, one can couple LC with MS detection, either offl ine for each 
collected peak (Yagi et al.  2005 ) or, more effi ciently, via online LC-MS concomitant 
with miniaturization to micro or nanoscale (Wuhrer et al.  2009b ; Doherty et al. 
 2013 ). To date, practical LC-MS applications of reducing end tagged glycans have 
not been as widely adopted as PGC-based LC-MS analysis of native glycans. 
Fluorescent detection is still the norm for quantitative 2D or 3D HPLC-mapping 
analysis with supplementary offl ine MS analysis for select peaks, but such an 
approach is ultimately too laborious to cope with the demands of current glycomics. 
The highest added value of LC-MS is separation by isomeric structural features and 
not by size since MS alone provides the highest resolution possible in that respect. 
Thus, a PGC-based LC-MS appears to offer the best orthogonal coupling permutation, 
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which can be further preceded by bulk charge separation. However, its wider 
 application to resolving a full range of larger complex N-glycans (Hua et al.  2013b ) 
as opposed to the smaller O-glycans remain to be demonstrated. 

 Newer column matrices are being developed and introduced commercially, 
which capitalize mostly on size separation by HILIC but also offering certain 
degree of resolution for important isomeric features such as differences in sialylation 
positions and antennary extensions (Ahn et al.  2010 ). These may not be suffi cient 
for full-blown glycomics but are more than adequate for a variety of biopharmaceu-
tical applications including high resolution mapping of the precise glycosylation 
profi le of recombinant glycoprotein therapeutics such as IgG (Doherty et al.  2013 ). 
Another commonly used analytical LC mapping method capable of resolving 
structural isomers uses the Dionex high performance anion exchange chromatogra-
phy (HPAEC) LC system using high pH and hydroxide eluent conditions and 
pulsed amperometric detection (PAD) (Townsend et al.  1989 ). Its popularity has 
waned recently probably because it needs a dedicated LC system and is less readily 
adapted to online LC-MS analysis due to the high salt content. Finally, RP C18 
remains the only viable option for LC-MS analysis of permethylated glycans 
(Alley et al.  2010 ; Hu and Mechref  2012 ; Ritamo et al.  2013 ) despite poor chro-
matographic resolution. This refl ects its inability to resolve isomeric components 
adequately, which leads to many tailing and split peaks. Currently this is a major 
limitation for analysis of permethylated glycans, which to be addressed will require 
strategically different thinking and implementation of the LC-MS/MS data acquisi-
tion functions (see later Sect.  7.3.4 ).  

7.2.3      Chemical Derivatization 

 For any structural analysis, it is important to remember that MS only provides 
molecular weight and therefore is blind to isomeric structures unless the isomeric 
differences can be translated into mass differences or chromatographic retention 
time differences. An obvious approach is to rely on the stereospecifi city of exogly-
cosidases to resolve the epimeric and anomeric confi guration of the non-reducing 
terminal glycosyl residue, and possibly its linkage position. A combination of exo-
glycosidases can be judiciously employed in a sequential manner or as distinct sets 
of cocktails and the digestion products determined by LC and/or MS mapping. A 
major limitation of this approach is uncertainty in tracing the products back to spe-
cifi c precursor  glycans when applied to glycomic mixtures. It is less of a problem 
when applied to purifi ed or non-overlapping components in conjunction with 2D 
LC mapping techniques. Other possible issues include structure-dependent incom-
plete digestion due to steric hindrance, inactivity of stored enzymes, incorrect or 
suboptimal buffer conditions, which can introduce ambiguity especially when deal-
ing with negative results. Another problem is the nonavailability of enzymes able to 
afford both the required digestion effi ciency and specifi city, a particular problem 
when handling novel glycotopes. 
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 A number of chemical derivatizations have been used to introduce structure- 
specifi c mass differences, e.g., the use of chromium trioxide to distinguish anomeric 
confi guration (Khoo and Dell  1990 ), periodate oxidation to determine linkage posi-
tion and branching pattern (Khoo et al.  1995 ; Reinhold et al.  1995 ), and sialic acid 
derivatization to differentiate 2–3 versus 2–6 sialylation (Wheeler et al.  2009 ; Tousi 
et al.  2013 ). Most have not been used routinely possibly because the chemistry is 
not suffi ciently clean, complete, and/or specifi c. This can translate into messy MS 
data with many unassigned by-products. In practice, the single most widely used 
chemical derivatization for glycan analysis other than the aforementioned reducing 
end tagging is permethylation (Wada et al.  2007 ,  2010 ). This converts every exposed 
OH group to an O-methyl (OMe), which is stable under most conditions including 
acid hydrolysis. In fact, the fi rst use of permethylation in the history of glycosyl-
ation analysis was for linkage analysis by gas chromatography (GC)-electron impact 
(EI)-MS, also referred to as methylation analysis (Bjorndal et al.  1970 ). The per-
methylated glycans are acid hydrolyzed, reduced and then further peracetylated to 
yield partially methylated alditol acetates, which can be resolved by GC and give 
distinctive EI-fragmentation patterns depending on the relative positions of OMe 
versus O-acetyl. Larger permethylated oligosylalditols can also be analyzed by EI 
directly, but the fi eld of MS analysis of intact glycans really took off with the intro-
duction of fast-atom-bombardment (FAB)-MS of permethylated glycans in the 
1980s (Dell  1987 ; Egge and Peter-Katalinic  1987 ). 

 The disadvantages of permethylation boil down largely to two issues. First, it 
was often argued that it is not amenable to non-specialists or chemists but, in fact, 
the NaOH/DMSO slurry method (Ciucanu and Kerek  1984 ) as opposed to the origi-
nal methylsulfi nyl carbanion method introduced by Hakomori ( 1964 ) is quite robust 
and can be performed by any initiated laboratory. Efforts are being made not only to 
offer practical courses but also to introduce commercial kits for high throughput 
solid phase permethylation (Kang et al.  2008 ). High sensitivity and high yield for 
routine microscale derivatization is now possible although admittedly it does intro-
duce additional steps of chemistry and cleanup, which lead to loss that may not be 
compensated for by the overall MS detection sensitivity gained when only picomo-
lar amounts of starting material are available. Second, alkaline-labile non-glycosyl 
substituents are lost during the reaction and this is particularly relevant for the natu-
rally occurring and biologically important O-acetyl groups. However, phosphates 
and sulfates can be fully retained. In fact, the phosphodiester can be readily methyl-
ated, the monoester can acquire up to two O-Me groups, whereas the sulfate remains 
unmethylated and therefore offers a simple mass difference to distinguish between 
sulfate and phosphate (Yu et al.  2009 ). 

 Countering the perceived disadvantages are the many positive gains obtained by 
permethylation. First, permethylated glycans ionize better than native glycans 
thereby affording a lower detection limit. However, the most important and practical 
advantage gained by permethylation is a more reliable sequence and linkage infor-
mative MS/MS fragmentation than that afforded by native glycans (see Sect.  7.2.4 ). 
Any extra effort incurred and possible shortcomings are more than compensated for 
by better MS/MS sequencing prospects, which provide overall more structural 
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information. Moreover, permethylation is the necessary fi rst step for methylation 
analysis by GC–MS, which remains the only defi nitive technique available for 
establishing the linkage positions of the glycosyl constituents of a glycan or 
 glycome. Finally, permethylation neutralizes the sialic acids (and uronic acids if 
present) and results in non-charged glycans except for those carrying sulfates. 
It thus provides a better overall quantitative profi ling of the sialylated complex gly-
cans alongside those non-sialylated ones in positive ion mode (Wada et al.  2007 ), 
while allowing selective detection of the low abundant sulfated glycans in negative 
ion mode (Yu et al.  2009 ). This has in fact formed the technical basis of the recently 
developed sulfoglycomics platform (Khoo and Yu  2010 ) (see Sect.  7.3.3 ), allowing 
one to explore the hitherto underappreciated realm of the glycome.  

7.2.4      MS/MS Sequencing 

 Molecular mass measurement at the MS level provides at most the overall glycosyl 
composition of a detected glycan species. An experienced analyst can, however, 
proceed to deduce structures in terms of how many LacNAcs (Hex 1 HexNAc 1 ), ter-
minal NeuAc/NeuGc, Fuc, extra Hex (usually due to α3-Gal cap in nonhuman 
structures), extra HexNAcs (due to incomplete β-galactosylation, bisecting 
β-GlcNAc, GalNAcβ1-4GlcNAc), etc. that can be sensibly fi tted onto a trimannosyl 
core (Man 3 GlcNAc 2 ) structure for the N-glycans or simple core 1 (Galβ1-3GalNAc) 
structure for mucin type O-glycans, within the presumptive constraints imposed by 
known mammalian glycan biosynthetic pathways (Moremen et al.  2012 ). Preceding 
or subsequent compositional analysis may provide the missing stereochemistry and 
linkages of individual monosaccharide constituents, while sequential exoglycosi-
dase digestion and/or selective chemical derivatization followed by MS analysis of 
the products may allow piecing together of tentatively assigned structures repre-
sented by the  m / z  values of the detected molecular ion signals. 

 It is clear that the structures thus defi ned would be “ambiguous” since most 
structural information except the molecular mass itself is inferred indirectly from 
analysis of the total glycan pool. On the other hand, detailed analysis of purifi ed 
individual glycans is incompatible with the sensitivity and throughput required for 
current day glycomic complexity. This is compounded further by the inherent prob-
lems associated with chemo-enzymatic manipulations and chromatographic resolu-
tion (see preceding Sects.  7.2.2  and  7.2.3 ). Only direct tandem MS analysis, namely 
MS/MS, or MS  n   if more than one stage of MS/MS is needed, on isolated precursor 
ions can defi ne the precise terminal epitopes, core type, overall sequence and 
branching pattern of a glycan at suffi ciently high sensitivity and speed within the 
online chromatographic time scale. 

 By and large, current MS/MS analysis of glycans relies predominantly on low 
energy collision induced dissociation (CID) usually introduced by resonance 
 excitation and/or collision gas although more recently, other MS/MS modes such as 
infrared multiple photon dissociation (IRMPD), electron capture dissociation 
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(ECD), electron transfer dissociation (ETD), electron detachment dissociation 
(EDD), etc. have been developed and applied in select applications (reviewed in 
Han and Costello  2013 ). CID, as implemented on a quadruple/time-of-fl ight (Q/
TOF) MS instrument or ion trap, and the higher energy collision dissociation (HCD) 
available on the hybrid Orbitrap series (Olsen et al.  2007 ) are all considered to be 
low energy cleavages and the most favored pathways are similar irrespective of 
instrument type (Fig.  7.1a ).

   A key to obtaining sequence and linkage information is to fragment glycans 
selectively and reproducibly through well-defi ned pathways to yield the so-called 
diagnostic fragment ions. This is the case when CID or HCD is applied to permeth-
ylated glycans. By virtue of having an OMe tag on each non-substituted OH posi-
tion, product ions generated by single cleavage are readily distinguishable from 
those arising via multiple cleavages (Fig.  7.2a ). This useful feature is not afforded 
by analysis of native glycans in which loss of one or more glycosyl residues attached 
to different sites would give rise to products having the same mass as one losing the 
same glycosyl residues consecutively from a single site. When in source fragmenta-
tion occurs, fragment ions arising through loss of one or more glycosyl residues 
cannot be differentiated from genuinely existing glycosylation heterogeneity 
(Fig.  7.2b ). Moreover for native glycans subjected to CID in positive ion mode, 
neutral losses of the more labile terminal glycosyl residues such as sialic acids and 
fucoses occur far more readily than cleavages along the glycan chains constituted 
by LacNAc repeats and therefore often informs only their presence without being 
able to localize them to a particular site along the chain. For all these plus the short-
comings described in the preceding section, MS and MS/MS analysis of permethyl-
ated glycans is preferable to analysis of native glycans as it gives more defi nitive 
sequencing, based on well conserved and characterized sets of fragment ions (Dell 
 1987 ; Lemoine et al.  1991 ,  1993 ; Reinhold et al.  1995 ; Viseux et al.  1998 ; Morelle 
et al.  2004 ; Yu et al.  2006 ).

   In brief, protonated molecular ions of permethylated glycans yield abundant 
oxonium ions due primarily to glycosidic cleavages at HexNAc, often followed by 
secondary cleavage amounting to elimination of the glycosyl substituent from the 
C3-position (Dell  1987 ) (Fig.  7.1b ). These two features alone are often suffi cient to 
defi ne the terminal glycotopes in the form of R-(R′)HexNAc-, which includes all 
the commonly found epitopes such as ±NeuAc-Hex-(±Fuc)HexNAc- (sialyl and 
non-sialyl Lewis a/x or LacNAc), Fuc-Hex-(Fuc)HexNAc- (Lewis b/y), Hex-Hex- 
HexNAc- (αGal-capped LacNAc), HexNAc-HexNAc- (LacdiNAc), ±Hex/HexNAc-
(Fuc)Hex-HexNAc- (blood group ABH). Type 1 and 2 chains, along with the 
corresponding Lewis a/b or x/y epitopes, can be inferred from elimination of the 
3-substituents although ambiguity will arise if different terminal epitopes coexist on 
different antennae. Unfortunately this is usually the norm rather than exception. 
In such cases, it is benefi cial to select the respective oxonium ions for a second stage 
of fragmentation, i.e., MS 3 , so that the secondary loss from the 3-position can be 
directly attributed to a particular epitope in question. 

 Despite its simplicity, it is often inadequate to rely solely on the oxonium ions to 
pin down detailed glycan structures. Moreover, unless special cleanup or reducing 
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  Fig. 7.1    CID MS/MS fragmentation pathways for permethylated glycans. ( a ) The commonly 
adopted Domon and Costello nomenclature (Domon and Costello  1988 ) for glycosidic and ring 
cleavage ions. Also depicted on the right is how the preferred low energy cleavages at HexNAc 
result in major diagnostic fragment ions that allow determination of the non-reducing terminal 
glycotopes and core types for the N- and O-glycans. With low energy CID, the protonated molec-
ular ions tend to give mostly oxonium ions corresponding to the b ions by the nomenclature ( b ), 
whereas sodiated precursor ions would afford the sodiated b and y ions via glycosidic cleavage at 
HexNAc and less frequently c and z ions ( c ). In contrast, high energy CID by MALDI-TOF/TOF 
gives additional series of D, E, F, G, and H ions at each residue, allowing a more complete linkage 
specifi c sequencing ( d ). Also shown are the mass differences between some of the major ion 
series and how the high energy cleavages can be utilized to determine branching of polyLacNAc, 
as well as 3-arm versus 6-arm extension from the trimannosyl cores. Practical applications can be 
found in many published works (Wu et al.  2007 ; Fan et al.  2008 ; Yu et al.  2008 ; Lin et al.  2011 ; 
Wang et al.  2011 )       
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end tagging is applied, direct infusion nanoESI or MALDI-MS analysis of 
 permethylated glycans most often produces sodiated and not protonated molecular 
ions. Even in LC-MS with extensive wash applied to the pre-column, followed by 
elution with an acidic solvent, one still gets sodiated molecular ions along with 
protonated and/or ammoniated ones. This propensity to form sodiated molecular 
ions may be taken advantage of and further promoted by addition of low (mM) lev-
els of sodium hydroxide to the LC eluent (Aoki et al.  2007 ; Ritamo et al.  2013 ), so 
that all glycans ionize primarily as sodiated species and thus eliminating ion inten-
sity spread caused by multiple distinct cation adducts. 

 Instead of producing mainly the oxonium ions, the sodiated glycan species tend 
to yield the complementary pairs of sodiated B and Y ions due to glycosidic 
 cleavages at HexNAc, and occasionally also sodiated C and Z ions at other glycosyl 
residues particularly if they are 3-substituted (Fig.  7.1c ). Even with these additional 
ions, which allow one to readily identify the R-(Rʹ)HexNAc- termini along with the 
core types, information is still lacking with respect to linkage. The preferred B/Y 
glycosidic cleavages directed to the HexNAc residue facilitates mapping of the non- 

  Fig. 7.2    General principles for defi ning branching pattern and to elicit linkage specifi c fragmenta-
tion via low energy CID MS/MS. ( a ) Permethylation allows better discrimination between losing 
glycosyl substituents from a single site or two separate sites. In this example, the two isomers can 
be distinguished by virtue of the trimannosyl core ion at  m / z  1,157 versus 1,143, the latter carrying 
an extra free OH group. The presence of diLacNAc is further indicated by detecting the B ion at 
 m / z  935 in only the monoantennary and not the biantennary structure. ( b ) The single sialyl moiety 
is prone to loss upon ionization of native glycans, and therefore would not be differentiated from 
non-sialylated molecular ions. In contrast, for permethylated glycans, any in source loss of the 
sialic acids is similar to CID MS/MS loss, creating a free OH group. In this case, the desialylated 
fragment ion at  m / z  2,056 would be readily distinguished from genuine non-sialylated molecular 
ions at  m / z  2,070. ( c ) The readily formed B and Y ions by MS 2  will not allow defi ning the linkage 
between the Gal and GlcNAc. Either it is assumed to be 4-linked as would be expected for the most 
common LacNAc unit, or MS  n   can be performed. If one selects the MS 2  ion at  m / z  857 for MS 3 , it 
is likely to lose sialic acid and give  m / z  472 as the major MS 3  ion without yielding any linkage 
information. Only when this MS 3  ion at  m / z  472 is subjected to further MS 4  would a  3,5 A ion be 
produced to confi rm its 4-linkage. Thus, one needs to be able to select  m / z  472 and 486 and not 857 
among the MS 2  ion for MS 3  to avoid a non-informative MS 3  stage. Alternatively, the same informa-
tion can also be obtained by direct high energy CID MS/MS (Fig.  7.1d )       
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reducing terminal epitopes extending from the last HexNAc of the glycan chain but 
produce virtually no sequence or linkage information with respect to the specifi c 
moiety. It is also not possible to identify from which antenna of a multiantennary 
glycan the terminal epitope extends, whether it is from the 3- or 6-arm of the triman-
nosyl core or core 2 O-glycans, or a branch point along the polyLacNAc chains. 
To allow complete sequencing, linkage specifi c cleavages in the form of the various 
ring cleavages or concerted cleavages around the ring at each HexNAc and Hex site 
(Fig.  7.1d ), particularly at branch points or multiply substituted residues, are needed. 

 At present, there are only two practical solutions to this problem of lacking link-
age information. The fi rst is to resort to multi-stage MS  n  , based on the premise that 
the unfavorable ring cleavage type of fragmentation at less preferred sites would 
only occur when the isolated precursor ion is already devoid of the more labile 
glycosidic bonds. Often, many successive stages of isolation and fragmentation are 
needed to achieve the cleavage needed to obtain the necessary linkage information 
(Ashline et al.  2005 ; Reinhold et al.  2013 ) (Fig.  7.2c ). Previously, Q/TOF or triple 
quadrupole types of instruments only allowed up to MS 2  unless they were coupled 
with in source fragmentation to give pseudo-MS 3 . This applies also to the HCD 
now available on the Orbitrap series. However, a Q/TOF platform confi gured with 
two collision cells sandwiching an ion mobility cell has recently become available 
(Pringle et al.  2007 ). Intriguing and potentially very useful applications are emerg-
ing as investigators explore ion mobility separation of MS 2  products coupled with 
further MS 3  analysis (Olivova et al.  2008 ). It is also now possible using the new 
Orbitrap Fusion Tribrid system (Hebert et al.  2014 ) to subject the HCD MS 2  prod-
ucts to further MS 3  although its practical applications and effectiveness await fur-
ther investigation. Other than these developments, ion trap remains the only genuine 
mass analyzer capable of MS  n  . The obvious advantage is being able to successively 
go through deeper levels of fragmentation. However, this requires more sample and 
an increase level of expertise in manual selection. In fact, a major problem is that 
an intelligent decision tree is required in order to automate on the fl y which product 
ions of each MS  n   stage should be selected for the next MS  n  + 1  fragmentation in order 
to obtain productive information (Lapadula et al.  2005 ). 

 An alternative and more straightforward approach is to rely on high energy CID 
cleavages which, at present, is offered only by a handful of MALDI–TOF/TOF 
instruments. At suffi ciently high collision energy, usually a few kV, it has been 
noted that  1,5 X ions formed at each glycosyl residue are preferred over Y ions at 
HexNAc (Harvey et al.  1997 ; Mechref et al.  2003 ; Spina et al.  2004 ; Stephens et al. 
 2004 ; Yu et al.  2006 ). This allows precise sequencing along the entire glycan chain 
without gaps. Importantly, the plethora of reducing end fragment ions particularly 
of the A, D, and E ion series coupled with the non-reducing end G ion series are 
characteristic enough to allow systematic but painstaking de novo assignment of the 
linkages and branching pattern (Yu et al.  2006 ) (Fig.  7.1d ). In this context, a com-
plementary use of both low and high energy CID MS/MS is most effective since the 
low energy CID spectrum is easier to interpret and allows one to rapidly sketch out 
the overall sequence of the glycan, if not already known, whereas the additional 
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cleavages afforded by high energy CID allow one to fi ll in the missing information 
(Yu et al.  2006 ). Only a single MS 2  spectrum and no decision making for higher 
order of MS  n   is needed resulting in a far more effi cient data acquisition process. 
Unfortunately, sensitivity is equally limiting. The truly useful high energy cleavages 
should also be distinguished from essentially just a lifting of energy fragment ions 
afforded by post-source decay mode, or in source prompt fragmentation (Wuhrer 
and Deelder  2006 ), or when energy is not suffi ciently high and only the fragmenta-
tion pattern akin to low energy CID mode is attained despite the use of MALDI MS 
instruments capable of high energy CID.  

7.2.5     Summary and Perspectives 

 Considering everything, the most productive MS platform for glycosylation analy-
sis should include both MALDI-MS /MS and LC-MS/MS as a two-tier setup, a 
MALDI-TOF/TOF instrument for rapid mass profi ling followed by low and high 
energy MALDI CID MS/MS on select peaks to confi rm tentatively assigned struc-
tures. Such a setup is unrivaled in its simplicity, robustness for walk-in analysis by 
nonexpert users, rapid turnover, ease of handling MS and MS/MS data, as well as 
ease of comparative analysis across several samples to see which glycan peaks may 
change in relative intensity. Assignment of signals relies primarily on fi tting 
observed  m / z  values against probable glycosyl composition from which tentative 
structures including the types of terminal epitopes and core can be sensibly deduced 
based on well founded glycobiology knowledge. Representative peaks carrying 
such inferred structural features, as well as those that do not appear to fi t the usual 
suspects, should then be selected for MS/MS analysis, to either confi rm assignment 
or for de novo sequencing. If needed, reiterative rounds of analysis can be per-
formed after sequential exoglycosidase treatments, the choice of which is informed 
by the tentatively assigned structures based on preceding MS and MS/MS data. 

 This fi rst-screen by MALDI-MS will suffi ce for most applications. Importantly, 
it will inform if the sample quality and complexity merit a follow-up, more compre-
hensive but also more time-consuming and labor-consuming offl ine nanoESI-MS/
MS and/or online LC-MS/MS analysis and, if so, which structural aspects or target 
epitopes should be focused on. This is needed to specifi cally tailor the desirable 
MS/MS data acquisition functions and to facilitate ensuing data analysis that other-
wise would be too intimidating and manual intensive, since prototype informatics 
solutions are still being developed (Ceroni et al.  2008 ; Maxwell et al.  2012 ; 
Peltoniemi et al.  2013 ; Tsai et al.  2013 ; Yu et al.  2013a ,  b ) and most are not up and 
running for routine general use. With current advances in LC-MS/MS systems, it is 
now possible to auto-select up to 20 precursors for MS/MS analysis per second 
across the entire LC duration and still mass measure each of the product ion spectra 
at high mass accuracy and sensitivity (Michalski et al.  2012 ; Jones et al.  2013 ; 
Hebert et al.  2014 ). Alternatively, less MS 2  can be performed but each can be further 
accompanied by one or more MS 3  events if certain predefi ned criteria are met 
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including the production of desirable neutral losses or diagnostic fragment ions. 
Thus, in theory at least one can attempt a comprehensive global glycomic analysis 
in a manner similar to global proteomics, complemented further by more targeted 
analysis. In practice, the glycomic fi eld is limited not by brute force data acquisition 
but by data analysis and ability to intelligently reach down to the least abundant 
isomeric components while covering as broadly as possible diverse classes of gly-
cans under a single optimized LC-MS/MS condition. The questions are: can we 
achieve suffi cient depth and breadth for a biologically meaningful glycomic cover-
age, including discovery and characterization in fi ne structural detail of any novel 
glyco-feature or epitope? How can one sensibly utilize the extra dimensions afforded 
by LC-MS/MS analysis to obtain these goals?   

7.3     Increasing the Breadth and Depth of MS-Based 
Glycomic Coverage 

 A glycobiology driven glycomic venture attempts to identify or confi rm the occur-
rence of specifi c glycosylation events having possible biological relevance. It aims 
to describe either the key glycomic features of a cell or tissue at a particular patho-
physiological state or the corresponding glycosylation profi le of target glycopro-
teins. The latter is ultimately limited by the need to fi rst identify the glycoproteins 
of interest and then to isolate them in suffi cient purity and amount for MS-based 
analysis. This may not always be feasible especially when one targets the endoge-
nous membrane glycoproteins and not the secreted and/or over-expressed ones. 
Without a priori reason to presuppose protein-specifi c glycosylation changes, it is 
arguably more sensible to fi rst identify glycosylation anomalies and onco- 
developmental changes by a global high throughput approach with suffi cient speci-
fi city and sensitivity at the glycomic level. Under this premise, one can initiate the 
discovery by either MS-based glycomic analysis leading eventually to the use of 
specifi c monoclonal antibody detection coupled with genetic manipulations for bio-
logical validation or, in reverse order, to prescreen the biological samples with lectin 
array and glycogene-targeted transcriptomics before using MS to home in on vali-
dating the observed changes, along with identifi cation of the underlying glycan 
chains and protein carriers. 

 Using MS-based glycomics as a discovery mapping tool will ultimately test its 
ability to detect subtle changes that could be carried on minor components that 
appear after immuno-activation, malignant transformation or genetic manipulation. 
Often these appear as minor quantitative changes, and may not be apparent at the 
MS level but only when subjected to MS 2  or higher levels of MS  n  . If it is a protein 
specifi c glycosylation change, the glycans implicated will constitute only a very 
minor proportion of the glycomic repertoire analyzed as a total pool. Similarly, 
using MS-based glycomics in reverse for target validation also often fails to meet 
expectations. It is possible that a change in expression of glycosyltransferases or 
other known glycogenes does not directly translate into distinctive glycomic 
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 phenotypes due to higher order controls, redundancies of the implicated glycosyl-
transferases, and/or other less well defi ned contributing factors. It is also diffi cult to 
ascertain epitope specifi city of the biological probes used, whether they cross-react 
and thus nonspecifi c and misleading, or the MS-based technique is of insuffi cient 
sensitivity or penetrative depth to reveal the glycomic change. Added to these short-
comings, there are several problematic structural features and/or glycan classes that 
are often rendered cryptic to current glycomic analysis. 

7.3.1     Addressing Poly- N -acetyllactosaminoglycans 

 In MS terms, any N- or O-glycan assigned with a number of LacNAc units in excess 
of the implicated maximum number of antennae is assumed to have a poly-N - 
acetyllactosmine (-[3Galβ1-4GlcNAcβ1-]  n  , polyLacNAc) extension. However, this 
simplistic picture does not reveal structural details of functional relevance, e.g., 
which of the few or all antennae are extended, the absolute and average length of the 
polyLacNAc, their length distribution, terminal capping, internal branching, and 
substituents. A fundamental problem is that as the number of LacNAc units carried 
increases, so does the size of the glycan, which can easily extend beyond  m / z  5,000 
thereby preventing not only high sensitivity detection but also productive and 
detailed sequencing by current MS/MS (Wang et al.  2011 ). Despite recent advances 
made (Sutton-Smith et al.  2007 ; North et al.  2010a ; Bern et al.  2013 ) in extending 
the maximum number of LacNAc units carried on a permethylated glycan that can 
be detected by MALDI-MS, along with impressive MS/MS that can be directly 
applied, it is still not feasible to compare, for example, a glycomic content that car-
ries at most 30 LacNAcs per glycan versus one carrying up to 50 LacNAcs or more, 
in order to “confi rm” by MS that there is an increase in polyLacNAc extension. 
It does not distinguish between a change in the length but “amount” as implied by 
tomato lectin staining (Merkle and Cummings  1987 ), whether there is an increase 
in polyLacNAc extension from the 6-arm of the trimannosyl core as indicated by 
L-PHA lectin (Fernandes et al.  1991 ), and identifying an increase in branching or an 
alteration in terminal substituents, is almost impossible. 

 For mammalian protein glycosylation, polyLacNAc extension from the cores is 
the main contributing factor for increasing the size of N- and O-glycans beyond that 
which can be feasibly detected and sequenced by MS in detail. The current best bet 
for assaying polyLacNAc from the glycomic perspective is to incorporate a digestion 
step using endo-β-galactosidases, a method used 30 years ago (Fukuda et al.  1984a ,  b ; 
Spooncer et al.  1984 ; Oates et al.  1985 ) but can now be coupled with MS and MS/
MS analysis of greater sensitivity. The released GlcNAc-Gal disaccharide units can 
be mapped and quantifi ed against the non-reducing terminal cap in the form of 
R-GlcNAc-Gal, where R is most commonly ±NeuAc-Gal-, with or without prior 
separation from the resistant glycomic pool (Fig.  7.3 ). A caveat though is that any 
α3-fucosylation of the internal GlcNAc or β6-branching of the internal Gal of the 
LacNAc units renders it resistant to digestion by a normal dose of endo-β- 
galactosidase (Wang et al.  2011 ). This results in the production of internal resistant 
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units other than the expected disaccharides. This can complicate quantifi cation for an 
estimation of length based on the internal units but, on the positive side, allows one 
to map internal structural details of polyLacNAc other than simple linear extension 
(Wang et al.  2011 ). By comparison with an untreated sample, it is possible to identify 
antennae that carry the polyLacNAc extension by virtue of their being trimmed to a 
non-extended GlcNAc. Considering many reports of glycomic changes attributed to 
increase in polyLacNAc extension from the 6-arm of N-glycans based primarily on 
tomato lectin and L-PHA lectin staining (Fernandes et al.  1991 ; Demetriou et al. 
 2001 ), a better developed quantitative MS-based analysis along the line described 
above is clearly needed. Likewise the functional relevance of the degree of branching 
and extension of polyLacNAc, along with the internal fucosylation, is still largely 
unknown and unexplored due to lack of defi nitive mapping tools.

7.3.2        Addressing Terminal Disialyl Motif and Polysialylation 

 Similar to polyLacNAc, the degree of polysialylation cannot be accurately and 
quantitatively mapped by MS analysis of intact glycans (Galuska et al.  2007 ,  2010 , 
 2012 ). In fact the mere presence of polysialic acids may prevent the glycan carri-
ers from ionization and being detected at all. The most prevailing mode of detection 
still relies on antibody staining, often complemented by 1,2-diamino-4,5- 
methylenedioxybenzene (DMB)-derivatization of the released polysialic acid chains 

  Fig. 7.3    Specifi city of endo-β-galactosidase and expected digestion products. The  arrows  indicate 
positions that should be cleaved by a normal dose of endo-β-galactosidase but will be resistant if 
fucosylated at an adjacent GlcNAc or 6-branched at the Gal. Released products can be readily 
distinguished from the resistant core by virtue of mass differences at the reducing end if the gly-
cans are pre-reduced prior to digestion. Reduction will not be an extraneous step since it would 
normally be performed for N-glycans or effected through the reductive elimination step for 
O-glycans in the fi rst place in order to avoid chromatographic splitting due to different reducing 
end anomeric confi gurations. The free reducing ends of the released products can be further tagged 
with a fl uorescent probe to facilitate their purifi cation and quantifi cation. The extent of polyLac-
NAc can be quantifi ed based on the relative amount of product II compared to product III but one 
may need to consider other non-reducing end products such as product V. Product IV would inform 
the existence and degree of branching       
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for an estimation of the degree of polymerization (Sato et al.  1998 ,  1999 ). Thus far, 
the occurrence of polysialylation appears to be rather restricted to a couple of pro-
teins (Liedtke et al.  2001 ; Galuska et al.  2010a ), with the best known being N-CAM, 
which functions in the development of the nervous system. However, it may not be 
ubiquitous enough to be considered in a generic glycomic mapping strategy. On the 
other hand, it is increasingly found that both N- and O-glycans carry a terminal 
NeuAcα2-8NeuAc disialyl capping motif (Sato et al.  2000 ; Sato  2004 ). The occur-
rence of such disialyl units on simple core 1 and 2 O-glycan structures can be readily 
identifi ed by MS analysis (Fukuda et al.  1987 ; Avril et al.  2006 ; Powlesland et al. 
 2009 ; Canis et al.  2010 ; Wang et al.  2013 ). However, those on N-glycans cannot 
(Lin et al.  2011 ; Wang et al.  2013 ) because the additional sialic acids may be due to 
internal 6-sialylation of GlcNAc or simply not apparent when the total number of 
sialic acids does not exceed that of the number of antennae, unless subjected to MS/
MS analysis. Thus, glycomic mapping of terminal disialylation may require no spe-
cifi c treatment other than MS/MS analysis of each of the multi-sialylated glycans. 
Use of endo-β-galactosidase digestion as described above is also helpful in mapping 
the occurrence of sialic acid on the termini of polyLacNAc chains (Fukuda et al. 
 1985 ; Wang et al.  2013 ).  

7.3.3      Addressing Sulfoglycomics 

 Other than its presence in GAGS, the occurrence of sulfate is best known and most 
commonly associated with the epithelial and secreted mucins. Together with 
sialylation, sulfates endow glycans with a high negative charge and contribute to 
the lubricant property of the mucosae. Moreover, the great diversity of glycotopes 
including the various combinations of sulfates, fucoses, and sialic acids on the 
O-glycans are a rich source of target ligands serving the interests of our microbiota 
and infectious pathogens (Robbe et al.  2004 ; Kufe  2009 ; McGuckin et al.  2011 ; 
Johansson et al.  2013 ). Specifi c sulfated epitopes on other N- or O-glycans can 
mediate a variety of biological processes (see Khoo and Yu  2010 ). For example, 
sulfated LacdiNAc on the pituitary hormones (Baenziger and Green  1988 ) serves as 
a recognition code for the hepatic receptor in mediating their clearance from blood 
circulation (Fiete et al.  1991 ), and sulfo-sialyl Lewis X on the high endothelial 
venule of peripheral lymph nodes mediates the rolling and recruitment of leuko-
cytes to secondary lymphoid organs (Rosen  2004 ; McEver  2005 ). The HNK-1 epi-
tope is a well-known sulfated glycotope of the nervous system (Morita et al.  2008 ) 
but its function is unclear. More recently, due to advances in MS and the associated 
development of optimized sample preparation techniques (Khoo and Yu  2010 ; 
Cheng et al.  2013 ; Kumagai et al.  2013 ), sulfation of N- and O-glycans is now 
known to have a wider and almost ubiquitous occurrence. In parallel, sulfated gly-
cotopes in glycan arrays were often found to be better ligands for several C-type 
lectins, galectins, and Siglecs than unsulfated ones (Ideo et al.  2002 ; Galustian et al. 
 2004 ; Bochner et al.  2005 ; Tateno et al.  2005 ; Campanero-Rhodes et al.  2006 ; 
Kimura et al.  2007 ). This prompted a search for the naturally occurring sulfated 
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glycotopes, a few of which have not been found including the 6′-sulfo 3′-sialyl 
LacNAc or Lewis X, thought to be the preferred ligands of Siglec F/8 (Tateno et al. 
 2005 ; Patnode et al.  2013a ). 

 An inherent problem in detecting sulfated glycans is their extra negative charge 
and generally lower abundance relative to sialylated ones. Thus, other than the 
secreted and epithelial mucins and the pituitary hormones, sulfated versions of 
N- and O-glycans are generally not detected in conventional glycomic analysis, be 
it for the native or permethylated glycans. For native glycans, the main problem is 
due to their low abundance. They tend to be overshadowed by the sialylated glycans 
since the additionally charged sulfo-sialylated glycans are not expected to ionize as 
well. For the permethylated glycans, the main technical issues are (1) the often used 
chloroform/water partitioning after the NaOH/DMSO slurry permethylation, can 
result in sulfated glycans that retain a negative charge being partitioned into the 
discarded aqueous layer; and (2) when not particularly anticipated, the permethyl-
ated glycans were normally analyzed in positive ion mode, whereby ionization of 
sulfated permethylated glycans can be suppressed by the non-sulfated ones. Both 
issues can be solved by not cleaning up the permethylated glycans by simple organic 
solvent partitioning but by applying them directly to a reverse phase (RP) C18 
 column or by using another suitable solid phase fractionation after careful neutral-
ization of the reaction mixtures (Yu et al.  2009 ). For fully methylated samples, the 
sulfate would remain the only substituent carrying a negative charge and hence can 
be selectively detected in negative ion mode, with or without being separated from 
non-sulfated ones. The fi eld of sulfoglycomics was created using this simple 
approach (Khoo and Yu  2010 ; Yu et al.  2013c ; Cheng et al.  2013 ). 

 In essence, what transpires is that sulfation is more ubiquitous than previously 
appreciated but often rendered cryptic because most analyses do not specifi cally 
look for it using the appropriate method. To be more precise, sulfoglycomics is 
simply a subbranch of glycomics just as phosphoproteomics is part of proteomics. 
Both share the common point that if no specifi c sample preparation treatment is car-
ried out, one will not detect these ubiquitous modifi cations. A more comprehensive 
analytical scheme should incorporate these additional steps in order to obtain a 
more complete glycomic picture (Fig.  7.4 ). In most cases the function gained as a 
result of the extra sulfation may is unknown although examples exist in which sulfa-
tion was shown to increase affi nity of the glycotope against its cognate lectins, such 
as sulfated sialyl LacNAc for Siglec 2 or CD22 on B cells and that the degree of 
sulfation decreased upon B cell activation (Kimura et al.  2007 ).

   In general, if one analyzes permethylated sulfated glycans in positive ion mode, 
there is a tendency to observe loss of sulfi te along with its counter-cation via in 
source fragmentation (Yu et al.  2009 ). For example, it is possible to detect disulfated 
glycans as [M + 3Na–2H] +  by MALDI-MS, but most likely they will be accompa-
nied by species having lost one and two sodium sulfi tes, creating free OH groups in 
place of OSO 3 Na in the MS spectrum. If full methylation is achieved, such species 
carrying additional OH groups may be considered as fragment ions that originated 
from parents initially carrying a sulfate at that position but this is less defi nitive than 
observing the species with both sulfates retained. The general trend, when one ana-
lyzes by MALDI-MS in positive ion mode, is that monosulfated species retain the 
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single sulfate giving rise to disodiated molecular ions, whereas di- and higher 
 sulfated species rarely retain more than one sulfate (Dell et al.  1991 ; Lei et al.  2009 ; 
Cheng et al.  2013 ). In addition, poor ionization effi ciency often precludes their 
detection in positive ion mode even when purifi ed away from the predominantly 
non-sulfated glycans. In contrast, when relatively free of suppressing non-sulfated 
glycans, either due to prior removal or online LC separation, it is possible to achieve 

  Fig. 7.4    Integrated workfl ows for MS-based glycomics and glycoproteomics. For a concerted 
workfl ow, a portion of the glycopeptides derived from cell extracts can be subjected to direct gly-
coproteomic analysis after the selective enrichment as dictated by the information gleaned from 
biological studies and/or preceding glycomic analysis. Another portion of the same glycopeptide 
pool, or from separate extractions, can be taken through sequential N- and O-glycan releases based 
on PNGase F and reductive elimination, respectively. The N-glycans can fi rst be separated from 
the de- N -glycosylated peptides by C18 solid phase extraction (SPE) and reduced to oligoglycosyl 
alditols to facilitate subsequent LC-MS/MS analysis, or be kept in the same pool and subjected to 
reductive elimination. Endo-β-galactosidase digestion may best be performed at the glycopeptide 
level but is equally applicable at the glycan level. The separate or total glycan pools obtained will 
then be permethylated and directly cleaned up by an Oasis-Max SPE, which allows one step sepa-
ration into non-sulfated fl ow-through, mono- and higher sulfated fractions for separate analysis 
(Cheng et al.  2013 ). Alternatively, a C18 SPE can be used and all permethylated glycans collected 
into one pool, and subjected to negative ion mode MALDI-MS screening, before further fraction-
ation by amine-based SPE if sulfated glycan signals are detected (Yu et al.  2009 ). Glycomic analy-
sis of permethylated glycans are further complemented in subsequent glycoproteomic analysis of 
native glycopeptides during which CID or HCD MS/MS produce abundant non-reducing end oxo-
nium ions informing the presence of for example an O-acetyl group, if present. These oxonium 
ions also guide triggering of additional ETD MS/MS (Saba et al.  2012 ) and can be utilized in 
informatics solution for fi ltering out glycopeptides (Mayampurath et al.  2011 ), while peptide core 
sequencing is ultimately dependent upon the ability to produce suffi cient b and y ions by HCD or 
 c  and  z  ions by ETD in multimode, decision tree-dependent MS/MS acquisition       
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reasonably good mapping of mono and disulfated glycans in positive ion modes by 
LC-MS/MS, where multiple positive charges tend to bring down the effective  m / z  
for facile CID fragmentation. The number of sodium cations acquired often corre-
sponds to those required to balance the sulfates plus additional ones imparting the 
multiply positive charge. 

 In negative ion mode, MALDI-MS analysis primarily yields single negatively 
charged [M-H] −  molecular ions and is thus fairly robust for detecting monosulfated 
glycans even in the presence of non-sulfated glycans which would not be observed 
(Yu et al.  2013c ) unless under-methylated at the sialic acid residue to give negative 
charge at the carboxylic group. However, the same problem exists for glycans car-
rying more than one sulfate in that the additional sulfate is prone to loss (Khoo and 
Yu  2010 ; Cheng et al.  2013 ). By negative ion mode LC-MS/MS, the charge state 
afforded by the sulfated glycans tends to equal the number of sulfates they carried 
in the absence of anion adducts and therefore disulfated glycans can be readily 
picked up as doubly charged, whereas monosulfated ones are seen as singly charged 
(Patnode et al.  2013a ,  b ). 

 Despite the tendency to lose sulfi te from multiply sulfated glycans during ioniza-
tion, if one selects the sulfated glycan species for CID MS  n   analysis, the sulfate 
surprisingly appears to be fairly stable compared to glycosidic cleavage. This trait 
allows one to readily sequence the sulfated glycans in a manner similar to the 
sequencing of non-sulfated glycans. It should be noted that in the positive ion mode, 
both sulfated and non-sulfated fragment ions can be detected along with other cleav-
ages at the core and thus it is more informative in defi ning the overall glycan structure 
(Yu et al.  2009 ; Khoo and Yu  2010 ; Kobayashi et al.  2011 ). However, the location 
of sulfate is diffi cult to ascertain without resorting to successive stages of MS  n  , 
which is often not feasible due to low sample amount. In contrast, CID or HCD in 
negative ion mode only allows fragment ions retaining the sulfate group and hence 
the negative charge to be detected. Importantly, diagnostic cleavages allow one to 
readily defi ne the location of sulfate on the 3 or 6 position of Gal or GlcNAc of the 
LacNAc unit (Patnode et al.  2013a ,  b ), thus generating very useful and specifi c 
information at the expense of defi ning the structural details of other parts of the 
glycans. A dual positive and negative ion mode analysis either in one LC-MS/MS 
run with successive polarity switch or as separate runs is therefore very desirable for 
sulfoglycomics.  

7.3.4      Summary and Perspectives 

 In view of the not-too-diffi cult to adapt experimental approaches discussed above, 
all glycomic analyses should now incorporate the extra steps that would enable 
effi cient mapping of the polyLacNAcs and sulfated glycans with or without the 
additional use of exoglycosidases. In essence, this broadens the glycomic coverage 
by tackling the larger size glycans and those endowed with extra negative charges 
due to sulfation but are often overwhelmed by the more abundant and ubiquitous 
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sialylation. Although single dimensional PGC-based LC-MS/MS analysis of native 
O-glycans in negative ion mode is effective and sequence informative with linkage 
specifi c cleavages (Thomsson et al.  1999 ,  2000 ; Karlsson and McGuckin  2012 ), 
applications to more challenging samples, e.g., sulfated and multiply sialylated 
N-glycans, or glycomic samples with very low abundance of sulfated glycans, have 
yet to be demonstrated. For reasons already described at length, the permethyl 
derivatives offer the best sensitivity and versatility in an integrated glycomic work-
fl ow with multifaceted MS/MS analysis (Fig.  7.4 ). 

 First, permethylation allows facile fractionation of abundant non-sulfated 
sialylated glycans away from sulfated ones, a rather effi cient enrichment step not 
readily accomplished with native glycans since negative charges are contributed by 
both sialic acids and sulfates. Second, it signifi cantly improves sensitivity of detec-
tion by both MALDI and LC-MS/MS analysis. This is particularly relevant for spe-
cies of lower abundance, larger size, and/or sulfated. Third, the permethylated 
sulfated glycans are amenable to both positive and negative ion mode analysis to 
take advantage of complementary fragmentation. Fourth, it directs more sequence- 
informative and linkage specifi c fragmentation and allows more defi nitive assign-
ment of either the high energy CID MS/MS ions or the low energy sequential MS  n   
cleavages without the problem of glycosyl residue or sulfate migration often 
reported for native glycans (Kenny et al.  2011 ; Wuhrer et al.  2011 ). These last 
aspects are critical for increasing the depth of glycomic coverage, which is dictated 
by the ability to comprehensively or selectively perform at least MS 2  and preferably 
MS  n  , as needed to at least resolve all coexisting structural isomers, if not all stereo-
isomers. The only drawback for permethylated derivatives is that individual  isomeric 
species are not as well resolved by either offl ine or online chromatography. However, 
since suffi cient chromatographic resolution is not currently available, a more prom-
ising approach may be to focus on developing innovative MS  n   scan functions such 
as product ion dependent MS 3 , which is a glycotope centric data acquisition mode 
to ensure obtaining the necessary linkage information out of all detectable glyco-
features as defi ned by a repertoire of diagnostic ions, followed by  post- acquisition 
data fi ltering and mining. 

 Committing to extensive fractionation and comprehensive MS  n   is not only sam-
ple and time-consuming, it requires an expertise not available in most non-specialist 
laboratories or general MS facilities. It makes no sense to prepare more than 10 8  
cells from precious biological tissues or cell lines if the sole purpose is “discovery” 
in the absence of either a particular scientifi c rationale or supporting preliminary 
biological data that would make it hypothesis or target driven. It is a diffi cult prob-
lem, particularly for the fi eld of glyco-biomarker discovery, since without investing 
much from the onset, one is unlikely to fi nd any interesting differences in glycomic 
features among the most abundant species to make a biological, and hopefully clini-
cally, important discovery! Conversely, it is equally frustrating if one cannot extract 
useful glycomic insights from the vast chunk of MS/MS data acquired. Added to 
that is the acute problem of quantifi cation. Taking a cue from proteomics, efforts are 
being made to incorporate stable isotopes either metabolically or chemically onto 
glycans, most commonly at the reducing end, but so far success has been limited to 
proof of concept for relatively simple glycomic ventures (Orlando et al.  2009 ; 
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Orlando  2013 ; Mechref et al.  2013 ). The quantifi cation problem at the glycomic 
level is essentially a chromatographic resolution problem and there is no easy solu-
tion on the horizon unless one glosses over the many co-eluting or near co-eluting 
isomeric forms and treats them as one composite peak. Often, these many slightly 
different isomers can only be resolved not by chromatography nor at MS 2  level but 
require MS  n   analysis to demonstrate their presence, which renders quantifi cation by 
extracted ion chromatograms unreliable if not impossible. Otherwise, a great many 
label free quantifi cation software developed for proteomics (Cappadona et al.  2012 ; 
Nahnsen et al.  2013 ) can be readily imported to glycomics. Notwithstanding the 
quantitative impasse, an informatics solution is urgently needed in order to handle 
the increasingly large and rich dataset that an automated LC-MS/MS run can pro-
vide. Only when analysis of glycomic data is as simple and rapid as it is for 
 proteomics allowing for identifi cation and accurate quantifi cation of thousands of 
glycans by a nonexpert will glycomics really take off, yielding the much-coveted 
results. Unfortunately we still have a long way to go to reach that point.   

7.4     From Glycomics to Glycobiology-Driven 
Glycoproteomics 

7.4.1     Raison d’etre and the Inadequacy of Only Defi ning Site 
Occupancy 

 It has been discussed from the start that a natural extension of glycomics is glyco-
proteomics. Based on the biological data which implicates a particular glycotope 
and MS data which not only confi rms its structure but also the glycan carriers, the 
next key question is which proteins carry the glycotope and at which sites. Given 
that the biosynthesis of any glycotope is dependent on the concerted action of the 
requisite glycosyltransferases, one would expect all glycoproteins that pass through 
the ER/Golgi secretory pathway would be equally susceptible to similar modifi ca-
tions unless one or more of the glycosyltransferases are protein site-specifi c. There 
are currently a handful of such examples including the β4-GalNAcT which appar-
ently recognizes specifi cally the pituitary hormones and synthesizes the LacdiNAc 
epitope that is subsequently 4-O-sulfated (Miller et al.  2008 ; Fiete et al.  2012a ,  b ). 
Even so, this seemingly tight specifi city is currently being challenged as LacdiNAc, 
with and without the sulfate, has been found elsewhere (see Yu et al.  2013c ). 
Alternatively, a particular subset of proteins may share some common structural 
conformation, a certain unique physicochemical patch surrounding the glycosyl-
ation site, or some yet unknown traits that collectively allow them to be sought out 
from among hundreds or thousands of other proteins in order to be acted upon by 
the glycosylation machinery in a specifi c way. A simple question here is that as 
MS-based glycoproteomics becomes more powerful, will it be successfully 
employed to address the issue of protein specifi c glycosylation? The idea is that if 
one can identify most, if not all, proteins within a cell carrying a particular 
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glycotope, one may then be able to defi ne any common underlying recognition 
 elements or sequence motifs. Identifi cation of such elements will permit, investiga-
tion of how they function. 

 It may well turn out that no glycosylation is really site-specifi c or protein- 
specifi c. Each glycosylation site may carry any permutation of the glycomic con-
stituents based simply on chance encounter with glycosyltransferases as permitted 
by local accessibility constraint. Such fundamental glycobiology puzzles cannot be 
solved if glycoproteomics is simply to defi ne occupied glycosylation sites rather 
than the full repertoire of the occupying glycans. Unfortunately analysis of de-N   - 
glycosylated peptides is still the most prevalent mode of glycoproteomic analysis at 
present (Pan et al.  2011 ; Kaji et al.  2003 ,  2012 ,  2013 ; Larsen et al.  2007 ; McDonald 
et al.  2009 ; Wollscheid et al.  2009 ; Zielinska et al.  2010 ,  2012 ). By virtue of the 
action of PNGase or endoF/endoH, the de- N -glycosylated peptides are mass-tagged 
by conversion of Asn to Asp within the consensus sequon or retention of a GlcNAc 
at the Asn, respectively. These can then be subjected to LC-MS/MS analysis and the 
MS/MS data searched against database for rapid identifi cation of the glycosylation 
sites. Apart from not being able to inform the glycoforms, the most commonly criti-
cized aspect of this approach is false positives introduced by spontaneous deamida-
tion of Asn to Asp, which has nothing to do with the action of the PNGase (Palmisano 
et al.  2012 ). Even the use of heavy water to incorporate  18 O does not rule out this 
possibility, it just makes the site assignment more confi dent due to providing a mass 
difference of 3 instead of 1 (Kaji et al.  2003 ). By comparison, the action of endoF/
endoH and any other recently identifi ed endoglyosidases provides a more reliable 
identifi cation of  N -glycosylation sites (Hagglund et al.  2004 ,  2007 ; Segu et al.  2010 ; 
Zhang et al.  2011 ) but often suffers from incomplete digestion, and again does not 
inform the natural glycoforms. More recently, an innovative approach using the zinc 
fi nger nuclease gene targeting technique to impair O-glycosylation pathways by 
preventing extension of the GalNAc core has led to the so-called SimpleCell 
(Steentoft et al.  2011 ; Vakhrushev et al.  2013 ) in which all mucin type O-glycans 
synthesized carry only a single GalNAc or sialyl GalNAc. This greatly facilitated 
glycoproteomic analysis and led to a spectacular explosion of experimentally 
defi ned O-glycosylation sites (Steentoft et al.  2013 ). A caveat is that it actually only 
defi ned all the potential sites that could be O-glycosylated by the expressed ppGaN-
Tases of a cell under the unnatural conditions seen when the GalNAc cannot be 
extended. The actual sites occupied under any particular physiological state remain 
unknown. As seen with the N-glycosylation sites one is still not defi ning the respec-
tive O-glycoforms for each known site.  

7.4.2     MS/MS Sequencing and Identifi cation of Glycopeptides 

 The obvious defi ciency of current glycoproteomics as discussed above stems from 
the simple fact that direct LC-MS/MS analysis of intact glycopeptides cannot be 
completed in an automated fashion to allow simple database search of the 
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generated MS/MS datasets for glycopeptide identifi cation. For N-glycopeptides, 
any CID be it carried out in ion trap or the Q/TOF platform, or increasingly by 
HCD on LTQ- Orbitrap, would induce mostly glycosidic cleavage, giving rise to 
highly abundant glycan oxonium ions at low mass region, to be complemented by 
successive neutral losses of glycosyl residues from the precursors down to a single 
GlcNAc at the Asn (Wuhrer et al.  2007 ; Stavenhagen et al.  2013 ; Wu et al.  2013 ). 
In favorable cases, either manually or assisted by software, this so-called Y1 ion 
(peptide backbone + GlcNAc) can be identifi ed and the  m / z  used to defi ne the 
molecular mass of the peptide. This information alone does not allow unambigu-
ous peptide identifi cation in a shotgun glycoproteomic analysis of enriched glyco-
peptides derived from whole cell or the sub-proteome, instead of a single known, 
purifi ed glycoprotein. 

 To allow confi dent identifi cation of N-glycopeptides, there are currently two 
general approaches, both aimed at achieving or enhancing fragmentation along the 
peptide backbone. The fi rst and perhaps most straightforward is to employ ETD 
instead of CID mode of MS 2  fragmentation (Yin et al.  2013 ). In principle, ETD leads 
mostly to c/z type of peptide bond cleavages along the peptide backbone without 
inducing much glycosidic cleavages. The practical problem though is that its effi -
ciency is highly dependent on charge density, namely signifi cant intensity of c and 
z series of ions will only be produced if the  z  is high while the overall  m / z  remain 
low. It does not work well with doubly and triply charged glycopeptides occurring 
at  m / z  over 1,400 or so (Alley et al.  2009 ), which one gets predominantly for a nor-
mal tryptic digests. Hence the trick is to increase the charge state by chemical 
derivatization such as using the tandem mass tag (TMT) (Yin et al.  2013 ) and/or 
using proteolytic enzyme such as LysC instead of trypsin. 

 The second approach is to increase the number of sequence informative b and y 
ions produced via CID and/or to mass measure them at high mass accuracy. Recent 
generations of Q/TOF and the Orbitrap instruments equipped with HCD are increas-
ingly capable of meeting these challenges without compromising the required speed 
and thus the number of MS 2  per run. Alternatively the Y1 ion pre-identifi ed in previ-
ous runs can be target isolated in the ion trap during a second run for MS 3  and the 
data obtained integrated. In this case, informatics is needed to facilitate Y1 identifi -
cation in the fi rst place. This is not trivial but computational tools are currently 
available (Goldberg et al.  2007 ; Irungu et al.  2007 ; Joenvaara et al.  2008 ; Ozohanics 
et al.  2008 ; Mayampurath et al.  2011 ; Wu et al.  2013 ). The handling of the second 
stage target MS 3  data is more straightforward since it requires only a direct database 
search using an existing search engine. Even so, it would benefi t from a further 
optimized algorithm to discriminate among the few already narrowed down possi-
bilities based on only a few b and y ions rather than implementing a de novo search. 
A direct database search with ETD or HCD MS 2  data is still problematic because 
one needs to take into consideration the fact that the glycan moiety is not a fi xed 
mass but rather heterogeneous. A potential solution is to use either a manually input 
and thus customized glycan library or a full public library curated from an existing 
public glycan database, as implemented by the commercially available Byonics 
software (Bern et al.  2012 ; Zhu et al.  2013 ). 
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 None of the methods described above provides an immediate foolproof solution 
for identifi cation of N- and O-glycopeptides but we are getting there. MS instru-
ments have gained in sensitivity, speed, and MS 2  versatility over the years while 
improved software is being developed and introduced by both the academic and 
commercial sectors. With time, it is conceivable that the technical platform will be 
established for glycopeptide MS/MS analysis leading to automated LC-MS/MS 
analysis. What remains to be developed is the critical step of target capture or selec-
tive enrichment of specifi c subsets of glycopeptides since no single LC-MS/MS run 
on any instrument will be suffi cient to handle the full dynamic range of the entire 
glycopeptide pool derived from a glycoproteome. It would be prohibitively costly 
for instrument time, data mining and storage to undertake such an endeavor, which 
can probably be tackled as the human genome was, i.e., by several leading centers 
working together as a consortium. For each individual laboratory engaged in glyco-
biology, and for most small to middle scale central facilities for glyco-analysis, the 
most practically useful approach will always be selective or targeted, based on the 
biological problems in hand.   

7.5     Closing and Future Prospects 

 The holy grail of MS-based glycomics and glycoproteomics is to progress from 
discovery mode glycomic mapping to target glycoproteomics, in order to not just 
identify specifi c glycosylation features associated with a particular process or 
 disease, which would then be validated using a large human sample cohort, but also 
to localize the implicated glyco-features to a handful of specifi c glycoprotein carri-
ers. It is a general belief, until experimentally proven otherwise, that a protein 
 site- specifi c glycosylation or glycotope exists and the ability to sort these out among 
more universal protein glycosylation features is the driving force behind glycopro-
teomics. While glycomics aims to be as comprehensive as possible in both breadth 
and depth of coverage in order to “discover” and to defi ne the full repertoire unique 
to each cell type at any particular pathophysiological state, glycoproteomics would 
more sensibly be focused. Whether it starts from global mapping or from target-
captured subsets, the endpoint is the same. Applied MS/MS analysis is required to 
unambiguously defi ne whether a predefi ned glycotope of interest is indeed carried 
on one or more glycosylation sites of the identifi ed glycoproteins. To accomplish 
this, effi cient MS/MS sequencing of glycopeptides and ensuing data analysis are 
indispensable. 

 Much remains to be done to harness the power of intelligent MS/MS data 
acquisition so that it is more directed and penetrative. Equally and perhaps even 
more urgently needed are informatics solutions to automate the process of data 
analysis via a combination of de novo sequencing and database search algorithms. 
The fundamentals governing MS-based protein glycosylation analysis are essen-
tially the same as those guiding glycomics and glycoproteomics—only on a larger 
scale. Extra considerations needed are more fractionation versus target capture, 
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more MS/MS data acquisition versus target analysis, and the ability to handle them 
effi ciently. We can confi dently predict that MS instruments and MS/MS scan func-
tions will keep improving in performance, notably in speed and sensitivity. Likewise 
informatics solutions along with the glycan database (Campbell et al.  2011 ; Hayes 
et al.  2011 ; Ranzinger et al.  2011 ; Artemenko et al.  2012 ) and the required Web 
interface and algorithms to interrogate them (Aoki-Kinoshita  2013 ) will be per-
fected. Eventually we will be back to square one in contemplating what biological 
questions we can ask and want to solve and, with it, the requisite sample preparation 
and enrichment steps at all levels—from subcellular fractionation, effi cient mem-
brane glycoprotein extractions, solubilization and digestions, down to enrichment 
of target glycopeptides and glycans, all of which require a separate treatise on their 
own as these are the true limiting factors, not mass spectrometry.     
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Abstract Carbohydrate chains play critical roles in cellular recognition and subse-
quent signal transduction in the nervous system. Furthermore, gangliosides are tar-
gets for various amyloidogenic proteins associated with neurodegenerative disorders. 
To better understand the molecular mechanisms underlying these biological phe-
nomena, atomic views are essential to delineate dynamic biomolecular interactions. 
Nuclear magnetic resonance (NMR) spectroscopy provides powerful tools for study-
ing structures, dynamics, and interactions of biomolecules at the atomic level. This 
chapter describes the basics of solution NMR techniques and their applications to the 
analysis of 3D structures and interactions of glycoconjugates in the nervous system.
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Abbreviations

Aβ Amyloid β
DIS Deuterium-induced isotope shift
FID Free induction decay
HSQC Heteronuclear single-quantum coherence
MD Molecular dynamics
NMR Nuclear magnetic resonance
NOE Nuclear Overhauser effect
NOESY NOE spectroscopy
PCS Pseudocontact shift
PRE Paramagnetic relaxation enhancement
REMD Replica exchange MD
RF Radio frequency
STD Saturation transfer difference
TRNOE Transferred NOE
TROSY Transverse relaxation optimized spectroscopy

8.1  Introduction

In the nervous system, cellular processes, including division, development,
 migration, and morphological changes, are dynamically controlled through molecu-
lar recognition events on cell surfaces. In these bio-organization processes, carbo-
hydrate chains that modify proteins and lipids play critical roles in recognition and 
adhesion during cell–cell communication. To better understand the molecular 
mechanisms underlying these neurophysiological functions, atomic views are desir-
able to describe dynamic interactions of biomolecules such as glycoconjugates. In
addition, recent evidence has demonstrated that gangliosides on neuronal cell mem-
branes are targets for various amyloidogenic proteins that are associated with neu-
rodegenerative disorders, e.g., α-synuclein in Parkinson’s disease, amyloid β (Aβ) 
in Alzheimer’s disease, and prion proteins in Creutzfeldt–Jakob disease (Taylor and
Hooper 2006; Ariga et al. 2008; Fantini and Yahi 2010; Matsuzaki et al. 2010). 
Atomic descriptions of these pathological processes provide a basis for designing 
novel therapeutic molecules.

Nuclear magnetic resonance (NMR) spectroscopy is one of the most widely used 
techniques for atomic visualizations of biomolecules. The unique feature of this
method is its ability to determine atomic coordinates of biomacromolecules in solu-
tion and those embedded in membranes and to characterize their dynamic motion at
the atomic level. NMR spectroscopy also serves as a powerful tool for detailed 
analyses of functional intermolecular interactions and is now routinely used by a 
wide range of researchers, including glycobiologists. This chapter provides the 
basics of biomolecular NMR spectroscopy needed for applying this useful  technique 
to address neuroglycobiological issues.

Y. Yamaguchi et al.
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8.2  Basic NMR Phenomena

NMR is a physical phenomenon that reflects quantum mechanical magnetic proper-
ties of atomic nuclei in orientation with a strong magnetic field (Abragam 1961; 
Levitt 2008). Although all isotopes containing odd numbers of protons and/or neu-
trons have intrinsic magnetic moments and are therefore NMR active, the most 
commonly studied nuclei are 1H and 13C, which have spin quantum numbers of 1/2 
and therefore exhibit high-resolution NMR spectra. These nuclei have two spin
states with energy differences that depend on intrinsic magnetic moments and a 
given magnetic field. In comparison with 1H-NMR, 13C-NMR measurements suffer 
from low sensitivity because of the lower natural abundance of this isotope (1.1%) 
and its smaller magnetic moment. Hence, NMR samples are often enriched with 13C 
using metabolic labeling and chemical synthesis (Yamaguchi and Kato 2007b; Ohki
and Kainosho 2008; Kato et al. 2010; Zhang et al. 2013).

Alignment of the nuclear magnetic moment in the magnetic field is perturbed by 
an electromagnetic field with a resonant radio frequency (RF) pulse that corresponds 
with the energy difference. After applying the RF pulse, nonequilibrium magnetiza-
tion, as the sum of all the individual nuclear magnetic moments in the sample, pre-
cesses around the magnetic field with the resonant frequency and  produces 
corresponding voltage oscillations in the detection coil. The duration of the oscillat-
ing signal is limited and decays exponentially. This time-domain NMR signal,
known as free induction decay (FID), is Fourier transformed to produce a frequency-
domain spectrum. Figure 8.1a shows FID and Fourier-transformed 1H- NMR 
spectrum of the pentasaccharide of ganglioside GM1 dissolved in D2O. The real part
of the complex spectrum is typically displayed as the NMR spectrum, showing the
absorptive Lorentzian line shape.

8.3  Chemical Shifts as Structural Probes

Individual protons in molecules are generally surrounded by differing electronic
environments, which shield each proton against the magnetic field with various 
modes. As a result, resonant frequencies differ among protons depending on chemi-
cal environments, even under the same magnetic field. Hence, a 1H-NMR spectrum 
exhibits a number of peaks at different positions, and these chemical shifts are each
assigned to distinct protons in the molecule. The same is true for the other NMR- 
active nuclei.
In practice, chemical shift (δ) is measured in parts per million (ppm) relative to a 

reference resonance signal from a standard compound:

 
d n n n= -( ) ´ref ref/ 106

 

In the equation above, ν and νref represent the resonance frequencies of sample 
and reference signals, respectively.
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In carbohydrate NMR spectroscopy, 1H-NMR chemical shifts have traditionally 
been used as structural reporters for identifying chemical structures of oligosac-
charides (Vliegenthart 1980). Chemical shifts also offer unique conformational 
probes for biomolecules. For example, secondary structures of proteins can be
determined by inspecting chemical shifts of backbone 1H and 13C atoms (Wishart 
and Sykes 1994; Cornilescu et al. 1999).

Fig. 8.1 NMR spectral examples of the GM1 pentasaccharide. (a) A free induction decay (FID)
and Fourier-transformed 1H-NMR spectrum and (b) 1H–13C HSQC spectrum of the GM1
pentasaccharide
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In carbohydrate NMR spectra, signals are typically in very close proximity of
one another (Fig. 8.1a). To resolve chemical shift degeneracy, applications of higher 
magnetic fields are certainly advantageous (Kato et al. 2008).

8.4  Through “BOND” and Through “SPACE” Interactions

Chemical shift values are influenced by surrounding chemical environments. In
contrast, scalar coupling (or J-coupling) splits NMR peaks and reflects indirect
interactions between NMR-active nuclei that are mediated by the electrons partici-
pating in chemical bonds between nuclei. Scalar coupling constants (J) are defined 
by magnitudes of peak splitting and are independent of molecular orientations with
respect to the magnetic field but depend on molecular geometry. The vicinal scalar 
coupling constant 3J, which pertains to atoms separated by three covalent bonds, is 
typically employed for conformational analyses of biomolecules. This constant is 
related to the dihedral angle θ as described by the Karplus equation as follows:

 
3 2J q q q( ) = + +A B Ccos cos

 

In this equation, A, B, and C are coupling coefficients, and θ is the dihedral 
angle. This relationship has been applied to determinations of sugar-ring stereo-
chemistry and characterization of glycosidic linkage conformations of oligosaccha-
rides (Zhao et al. 2007). In Fig. 8.1a, the anomeric proton (H1) of the β-glucose 
residue at the reducing terminus of the GM1 pentasaccharide exhibits peak spits that
originate from vicinal scalar coupling between H1 and H2 protons (3JH1, H2=8.0 Hz).
In many two- and multidimensional NMR experiments, migration of magnetiza-

tion among correlated nuclei is a crucial process. Magnetization transfer that pro-
ceeds from one spin to another is mostly achieved through scalar coupling. Due to 
increased numbers and line widths of resonances, 2D homonuclear 1H-NMR meth-
ods are ineffective for biomolecules with molecular masses >10 kDa. In addition,
larger line widths result in decreased sensitivity for 1H correlation experiments that
rely on small (<10 Hz) homonuclear 3J scalar coupling for coherence transfer. The 
efficiency of magnetization transfer in heteronuclear NMR spectroscopy is improved
by employing relatively large one-bond scalar coupling interactions of 1H with 15N 
or 13C. To measure 1H–13C heteronuclear single-quantum coherence (HSQC) spectra
(Bodenhausen and Ruben 1980) (Fig. 8.1b), one-bond scalar coupling 1JC–H (approx-
imately 145 Hz) is used to transfer magnetization from 1H to 13C and vice versa.
In addition to the through-bond scalar coupling interaction, through-space dipo-

lar interactions are utilized to transfer magnetization between spins. Due to the
nuclear Overhauser effect (NOE), perturbation of populations of stationary states
within a spin system causes time-dependent changes in the intensity of dipolar- 
coupled resonance signals, which follows polarization transfers between spin popu-
lations via dipolar cross-relaxation. The efficiency of the NOE depends on the
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distance between interacting spins. Thus, through-space rather than through-bond 
magnetization transfer generates cross-peaks according to the NOE in NMR spectra.
1H–1H NOE spectroscopy (NOESY) provides a measure of interproton distances of
up to 5 Å, enabling identification of atomic coordinates of biomacromolecules such 
as proteins (Wüthrich 1986). The intensity of the NOE (I) is related to the distance 
(r) between proton pairs, as in

 
I f r= ( )´ -t c

6 ,
 

where f(τc) is a function of the rotational correlation time τc of the molecule. 
Figure 8.2a shows a part of the 1H–1H NOESY spectrum of micellar lyso-GM1. In
addition to intraresidue NOEs, interresidue NOEs are observed between spatially
proximal pairs of protons, as exemplified by the NeuAc H3 (axial)–GalII H4 proton
pair. Interresidual NOE observations are used to identify glycosidic linkages of
unknown compounds and estimate dihedral angles along glycosidic bonds (Homans
et al. 1987; Cumming and Carver 1987; Voisin et al. 2005). Combined NMR analy-
ses based on through-bond and through-space interactions enable sequence-specific 
resonance assignments of oligosaccharide NMR signals and subsequently provide 
3D structural information (Acquotti et al. 1990; Brocca et al. 2000; Prestegard et al.
1982;Yagi-Utsumi et al. 2010; Yu et al. 1986) (Fig. 8.2b).

Fig. 8.2 Atomic distance information provided through NOEs. (a) A part of 1H–1H NOESY spec-
trum of the micellar lysoGM1 and (b) the lowest-penalty 3D models of the GM1 pentasaccharide
calculated from interresidue NOE data. Reprinted from (Yagi-Utsumi et al. 2010) with permission 
from Elsevier
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8.5  Relaxation and Molecular Motion

In principle, NMR experiments begin from the equilibrium state, in which all
populations of energy levels of the system are described by the Boltzmann distribu-
tion. Although multiple pulses and multidimensional NMR techniques permit gen-
eration of nonequilibrium states, the equilibrium state is eventually restored. As in 
other spectroscopic techniques, recovery from the nonequilibrium state to equilib-
rium is called relaxation. Relaxation in NMR involves recovery of the nuclear spin
magnetization component with an orientation that is parallel to the static magnetic
field (called spin–lattice relaxation) and/or loss of phase coherence of individual
nuclear spins (called spin–spin relaxation). Time constants of these two processes
are termed T1 and T2, respectively. In solution NMR spectroscopy, relaxation is
governed by the dynamic properties of molecules, including overall molecular tum-
bling and internal motions. For example, T2 determines natural line widths of reso-
nances detected during the acquisition period. In the comparison of 1H-NMR spectra 
for micellar ganglioside GM1 and the free oligosaccharide derived from it shown in
Fig. 8.3, molecules with slower tumbling rates exhibit broader signal line widths,
which are inversely proportional to T2. Thus, T2 is a critical factor for detecting 
NMR peaks with higher signal-to-noise ratios. A sophisticated pulse sequence
(transverse relaxation optimized spectroscopy (TROSY)) has been developed for

Fig. 8.3 One-dimensional 1H-NMR spectra of (a) liberated GM1 pentasaccharide (1.0 kDa) and
(b) GM1 micelle with an approximate molecular mass of 140 kDa. Peaks originating from a low-
molecular-weight contaminant are indicated by an asterisk
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NMR analyses of larger macromolecular complexes, in combination with optimal
(generally higher) magnetic fields and sample deuteration for suppressing the mag-
netic dipole–dipole interactions caused by protons that are strong sources of relax-
ation (Pervushin et al. 1997).

8.6  Paramagnetic Effects as Sources of Long-Distance 
Information

Unpaired electrons can dramatically perturb NMR spectra, due to stronger dipole–
dipole interactions with nuclei that have much larger magnetic moments than atomic 
nuclei. For example, through-space interactions between a paramagnetic center and
neighboring protons cause increased relaxation rates with r−6 dependence between 
paramagnetic spin-proton distances (Solomon 1955). Such paramagnetic relaxation
enhancement (PRE) offers long-distance information. Paramagnetic probes such as
nitroxide radicals are used to characterize oligosaccharide conformations and
lectin–carbohydrate interactions (Johnson et al. 1999; Jain et al. 2001; Yamaguchi 
et al. 2013a).

Chemical shifts can also be modulated in the presence of paramagnetic lantha-
nide ions (such as Er3+ and Tm3+). This perturbation is known as pseudocontact shift
(PCS), which occurs when the magnetic susceptibility of metal ion is anisotropic.
PCS is exploited to determine geometrical arrangements of individual nuclei in rela-
tion to the position of the metal ion with r−3 dependence (McConnell and Robertson 
1958; Kurland and McGarvey 1970). Therefore, the atomic long-distance informa-
tion for determining biomacromolecular conformations can be obtained by observ-
ing PCS following introduction of lanthanide probes into specific target molecule
sites. Several NMR studies have used PCS to restrain protein and oligosaccharide
conformations (Bertini et al. 2005; Otting 2010; Zhang et al. 2013). Recently, PCS
of the GM3 trisaccharide (NeuAcα2-3Galβ1-4Glc) and the GM2 tetrasaccharide
(GalNAcβ1-4(NeuAcα2-3) Galβ1-4Glc) were analyzed by attaching a lanthanide-
chelating tag to reducing ends (Yamamoto et al. 2012; Zhang et al. 2012). Using
two-dimensional 1H–13C HSQC spectra, PCS values were measured as differences
between 1H and 13C chemical shifts and those of diamagnetic compounds (Fig. 8.4). 
These analyses provide conformational information related to oligosaccharides. 
However, in general, oligosaccharide conformations dynamically fluctuate in solu-
tion. Therefore, observed PCS should be interpreted as averages of the dynamic
conformational ensemble (vide infra).

8.7  Chemical Exchange: Dynamic Aspects in NMR

NMR spectroscopy provides unique information on the exchange of nuclei between 
different environments due to conformational transitions and/or intermolecular 
interactions (Lian and Roberts 1993). Suppose that a given nucleus exchanges with
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rate constant k between two sites with resonance frequencies that differ by ∆ω 
(Fig. 8.5a). If k is slow in terms of the frequency of chemical shift differences 
(k << ∆ω), then two distinct signals corresponding to the nuclei of two sites are 
observed. In contrast, if the exchange rate is fast (k >> ∆ω), then a single resonance is 
observed, which reflects the population-weighted average chemical shift. Because
conformational transitions of free oligosaccharides occur in nanosecond time 
range (Yamamoto et al. 2012), the observed PCS shown in Fig. 8.4 are analyzed in
the fast exchange regime. If the exchange rate is of the order of the chemical shift
difference between two sites, the lines become considerably broad and coalesce at 
k ~ ∆ω. This is known as the intermediate exchange regime or coalescence, where k 
and ∆ω as well as populations of individual states can be estimated using sophisti-
cated relaxation dispersion experiments (Loria et al. 1999; Mittermaier and Kay
2006; Sugase et al. 2007).
Biomolecules possess exchangeable protons, such as those in hydroxyl and

amide groups. Proton exchange rates of these groups provide useful probes for char-
acterizing conformational fluctuations and interactions of biomolecules such as oli-
gosaccharides, because slower exchange rates indicate protecting factors such as
hydrogen-bonding interactions at corresponding sites (Englander and Mayne 1992; 
Englander et al. 2007). Exchanges between protein amide protons and water occur
in the slow exchange regime. The rates of these processes can be measured in sev-
eral ways depending on the rate of exchange.When the exchange rate is comparable
to or faster than the spin–lattice relaxation rate (typically, kex>0.1 s−1), the rate constant 

Fig. 8.4 Comparison of 1H–13CHSQC spectra of the GM3 trisaccharide with lanthanide-chelating
tag complexed with paramagnetic Tm3+ (red) and diamagnetic La3+ (blue). Reprinted from 
(Yamamoto et al. 2012) with permission from The Royal Society of Chemistry
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is most easily determined in saturation transfer experiments (Forsén and Hoffman
1963, 1964). In these experiments, saturation is performed by selectively irradiating
the frequency of the water signal, and the exchange of amide protons with saturated
water protons is quantitatively assessed according to NMR signal intensities (Spera

Fig. 8.5 13C-NMR isotope shifts for analyzing proton exchange rates of sugar hydroxyl groups.
(a) Schematic of NMR experiment using isotope shifts. All hydroxyl protons on glycans rapidly
exchange to deuterons in H2O/D2O=50:50 solution. The 13C-NMR signal of the geminal carbons 
at the H/D exchanging hydroxyl protons shows characteristic signal shape, which is dependent on
the H/D exchanging rate. Especially under significantly slow exchange conditions, a set of sharp
doublet is provided due to isotope shifts (β-shifts). The chemical shifts difference is ~0.15 ppm. kex; 
exchanging rates of protons. (b) Parts of 13C-NMR spectra of 40 mM Lewis X trisaccharide with-
out 1.0 M CaCl2 (upper) and with 1.0 M CaCl2 (lower) at 5 °C. Adapted with modifications from 
(Hanashima et al. 2011) with permission from The Royal Society of Chemistry
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et al. 1991). For slower rates (kex<0.01 s−1), exchanges are measured by observing
progressive changes of NMR spectra, which exhibit time-dependent attenuation of
peak intensities after rapidly transferring proteins from H2O into D2O (Jeng et al.
1990; Paterson et al. 1990).
Deuterium exchanges of rapidly exchanging protons, such as hydroxyl protons

of oligosaccharides, cannot be quantitatively characterized using conventional H2O/
D2O exchange monitoring. To overcome this difficulty in aqueous solution, an NMR
strategy has been developed using deuterium-induced isotope shifts (DIS;
Hanashima et al. 2011). This method provided detailed characterization of Ca2+-
dependent homophilic interactions of Lewis X trisaccharides (Fucα1-3(Galβ1-4)
GlcNAc), which have been implicated as having a role in mediating compaction of
the mouse embryo at the morula stage (Fenderson et al. 1984; Eggens et al. 1989). 
13C-NMR of this trisaccharide was measured in a 50:50 mixture of H2O/D2O
(Fig. 8.5). DISs were observed to be dependent on Ca2+ concentrations. Sample
conditions of 1.0 M Ca2+ provided doublets originating from Fuc-C2, Fuc-C4, and
Gal-C2. In contrast, under Ca2+-free conditions, no doublets originated from these 
carbon atoms, indicating that proton exchange became significantly slower upon
Ca2+ coordination.

8.8  NMR Tools for Intermolecular Interaction Analysis

8.8.1  Oligosaccharide–Protein Interactions

Analysis of sugar–protein interactions is an important step for elucidating structure–
function relationships of glycans and designing drugs that target carbohydrate rec-
ognition systems (Kamiya et al. 2011). NMR spectroscopy provides invaluable 
tools for this purpose because it allows detection of weak sugar–protein interactions
(Kd~mM), identification of glycotopes that are recognized by proteins, character-
ization of protein-bound oligosaccharide conformations, and determination of the
modes of atomic interaction between oligosaccharides and proteins in solution 
(Fig. 8.6) (Yamaguchi and Kato 2007a).
Saturation transfer difference (STD) NMR is now frequently used to analyze

protein–ligand interactions (Mayer and Meyer 1999, 2001). One of the great advan-
tages of this method is that it does not require expensive time-consuming stable-
isotope labeling of either proteins or ligands. STD-NMR requires the alternate
collection of an on-resonance spectrum for saturation of protein protons and an 
off-resonance spectrum, for reference. Upon irradiation of the protein with a satura-
tion pulse, the saturation effect immediately spreads from irradiated points over the 
entire protein–ligand complex (Fig. 8.7). If ligand exchange between free and
bound states is fast in terms of the time scale of spin–lattice relaxation, the satura-
tion effect is readily transferred to the free fraction of the ligand, particularly to 

8 Structural Analysis of Oligosaccharides and Glycoconjugates Using NMR



176

ligand protons located at the interaction interface. An example of STD-NMR is
shown in Fig. 8.7, in which the interaction between trisialic acid and a specific 
monoclonal antibody is analyzed (Hanashima et al. 2013). The nonreducing termi-
nus residue (c) and the central residue (b) showed higher relative values of STD
amplification factor compared with the reducing terminal residue (a). The protons 
at C4, C6, and C7 on residues b and c also had higher values than those at C3, C5,
and C8, indicating that this antibody preferentially binds to the α-face of pyranose 
rings at residues b and c.
Atomic contacts can be identified by observing intermolecular NOE correlations

between proteins and cognate ligands. Conformations of protein-bound ligands can 
also be determined by analyzing intramolecular NOE connectivities within ligands.
The sign of the NOE signal depends on τc of the molecular tumbling motion and 
becomes opposite when a fast-tumbling low-molecular-weight ligand binds to a 
slow-tumbling protein. Under conditions of excess ligand, if the ligand undergoes
chemical exchange between the free and bound state more rapidly than longitudinal
relaxation, intramolecular NOE connectivities reflecting the protein-bound state can
be observed even for peaks exhibiting chemical shifts of free ligand (Clore and
Gronenborn 1982, 1983; Glaudemans et al. 1990; Ni and Scheraga 1994). This type 
of NOE is referred to as transferred NOE (TRNOE). Figure 8.8 displays TRNOE
data that characterize conformations of a trimannosyl ligand bound to the carbohy-
drate recognition domain of VIP36, an animal lectin involved in vesicular transport
of glycoproteins between the endoplasmic reticulum and the Golgi (Yamaguchi and
Kato 2008). TRNOE can also determine atomic contacts between proteins and car-
bohydrate ligands (Satoh et al. 2010).

Fig. 8.6 A strategy for analyzing carbohydrate–protein interactions. Adapted with modifications
from (Yamaguchi and Kato 2007a) with permission from Yodosha Co., Ltd.
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8.8.2  Protein Binding to Glycolipid Clusters

In cell membranes, glycolipids such as gangliosides form clusters and play important
roles in various biomolecular recognition events (Hakomori 2004). Because of their
dynamic properties, crystallographic structural analyses of these glycolipid clusters 

Fig. 8.7 STD experiment. (a) Schematic of saturation transfer used for characterizing a carbohy-
drate–protein interaction; in this experiment, saturation transfer from protein to ligand is observed,
thereby identifying the protons involved in the interaction, i.e., HA, HC, and HE; (b) Overlay of 2D
1H–13C STD-HSQC spectra of octyl-(NeuAc)3 (50 equiv) with 20 μM anti-oligo/polysialic acid 
IgM antibody 12E3 (red) and 2D 1H–13C HSQC spectrum (black) in PBS with 99 % D2O; Protein
signal at 7 ppm was irradiated for saturation. Adapted with modifications from (Hanashima et al.
2013) with permission from Elsevier
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are difficult. In contrast, NMR techniques provide detailed structural analyses of
such dynamic clusters of glycolipids and their specific interactions with proteins.

Aβ has been reported to interact with GM1 gangliosides in Alzheimer’s disease
patients, thereby undergoing conformational transitions that result in pathogenic 
assemblies (Matsuzaki et al. 2010). To determine the interaction modes of Aβ with 
ganglioside clusters,NMRexperimentswere conducted using deuterated 15N-labeled 
Aβ(1–40) and aqueous gangliosidic micelles (Utsumi et al. 2009). Analyses of 
backbone chemical shift data of Aβ(1–40) indicated that this peptide forms discon-
tinuous α-helices upon binding to GM1 micelles. The saturation transfer data dem-
onstrate that Aβ(1–40) lies on the hydrophobic/hydrophilic interface of the
ganglioside clusters, exhibiting an up-and-down topological mode in which the two
α-helices (His14-Val24 and Ile31-Val36) and the C-terminal dipeptide are in contact
with the hydrophobic interior (Fig. 8.9).

Fig. 8.8 TRNOE
experiment. (a) Schematic  
of TRNOE used for
characterizing carbohydrate–
protein interactions; in this 
experiment, a spatially
proximal proton pair, HA  
and HB, in the protein-bound 
state provides an NOE peak
corresponding to chemical 
shifts of the unbound state 
under conditions of excess
ligand. A part of NOESY
spectrum of Manα1-3Manα1- 
3Man in (b) the absence and 
(c) the presence of the 
carbohydrate recognition 
domain of VIP36. An
interglycosidic NOE between
ManC-H1 and Man4-H3 
(boxed) is observed only in 
the presence of lectin, 
indicating that these protons 
are spatially in close 
proximity of each other in the
lectin-bound state of the 
trimannose. Reprinted from 
(Yamaguchi and Kato 2008) 
with permission from 
Springer
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The Aβ–glycolipid interaction was also characterized by PRE (Yagi-Utsumi
et al. 2010). The Aβ(1–40) peptide with an extra C-terminal cysteine residue was
recombinantly produced and conjugated through a disulfide bond with a spin- 
labeled probe. On addition of the spin-labeledAβ peptide to the solution containing 
micellar lyso-GM1, the 1H–13C HSQC peaks originating from Glc and GalII and 
those originating from the head group of the lyso-GM1 lipid moiety exhibited sig-
nificant attenuation of intensity due to PRE line broadening (Fig. 8.9). These results 
indicate that the sugar–lipid interface was primarily perturbed upon interactions of 
Aβ with the micelles.
Ganglioside micelle assemblies vary in size and curvature, depending on the size

of the carbohydrate moiety. Such morphological variability can be a determining
factor for ganglioside–protein interactions. Hence, for structural characterization of
biomolecular interactions of glycolipid clusters, it is crucial to design appropriate 
membrane models that are suitable for sophisticated high-resolution spectral mea-
surements. Small bicelles, in which a series of gangliosides were successfully
embedded, have been developed as mimics of ganglioside-containing membranes 
for detailed NMR studies (Yamaguchi et al. 2013b). Using these standardized
bicelles, chemical shift perturbation and relaxation data clearly indicated the
ganglioside- specific involvement of N-terminal regions of α-synuclein in mem-
brane interactions (Yamaguchi et al. 2013b).

Fig. 8.9 A topological model of Aβ(1–40) bound to a ganglioside cluster, as deduced from NMR
experiments; the regions ofAβ(1–40) buried inside the hydrophobic interior of lyso-GM1 micelles
and those exposed to hydrophilic environments were identified using saturation transfer experi-
ments. Moreover, the PRE effect was used to identify atomic groups of lyso-GM1 that are proxi-
mal to the spin-labeled Aβ peptide. The observed PRE effects are mapped on the 3D model of the
carbohydrate moiety of lyso-GM1 with a color gradient from red to white. Adapted with modifica-
tions from (Utsumi et al. 2009; Yagi-Utsumi et al. 2010) with permission from Springer and
Elsevier, respectively
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8.9  Liaisons Between NMR and Computation

As mentioned above, NMR data for flexible oligosaccharides, including chemical
shifts, J, NOE, and PCS, should be interpreted as population-weighted averages of
dynamic conformational ensembles rather than as one or two conformational states. 
Therefore, quantitative interpretations of NMR data are supported by theoretical 
calculations such as molecular dynamics (MD) simulations (Fadda and Woods 
2010; Woods and Tessier 2010). Although motional properties of systems can be 
obtained from suitable conditions under Newton’s law, an inherent problem of this
approach is its heavy dependence on simulation protocols, including initial struc-
tures, computational times, and force fields. It is therefore important to validate
simulations by comparing with experimental observations. For example, the PCS-
assisted NMR method has been successfully used to validate oligosaccharide con-
formational spaces sampled by MD simulations (Yamamoto et al. 2012; Zhang 
et al. 2012). Replica exchange MD simulations (REMD) can enhance sampling
using a parallel tempering technique (Sugita and Okamoto 1999). This method 
overcomes the multiple-minima problem by exchanging noninteracting replicas of
the system at several temperatures. REMD simulations were recently applied to
biantennary N-glycan and were consistent with both experimental NMR data (Re
et al. 2011; Nishima et al. 2012) and with the collisional cross sections determined 
using ion mobility spectrometry (Yamaguchi et al. 2012). Thus, the combination of 
NMR spectroscopy and theoretical approaches promises atomic descriptions of 
dynamic conformations and interactions of glycoconjugates of neurophysiological 
and neuropathological interest.
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    Abstract     In mammals, the central and peripheral nervous systems are 
 developmentally derived from cells in the neural plate. Specifi c ectodermal cells in 
this area form the neural tube and neural crest during the early developmental stage. 
The neural tube is the origin of the central nervous system which consists of both 
the brain and spinal cord, whereas neural crest cells are precursors of the peripheral 
nervous system. During neural tube formation and neural crest development, 
carbohydrate- rich molecules, including glycolipids, glycoproteins, and proteogly-
cans, are expressed primarily on the outer surface of cell plasma membranes. The 
structural diversity of their carbohydrate moieties coupled with their expression at 
different stages of development makes these molecules excellent biomarkers for 
various cell types. In addition, these molecules play crucial functional roles in cell 
proliferation, differentiation, interaction, migration, and signal transduction. In this 
chapter, we discuss the expression profi les and potential functional roles of glyco-
conjugates during neural development.  
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  Abbreviations 

   BLBP    Brain lipid-binding protein   
  BMB    Bone morphogenetic protein   
  CD    Cluster of differentiation   
  Cer    Ceramide   
  CNS    Central nervous system   
  CNTF    Ciliary neurotrophic factor   
  CS    Chondroitin sulfate   
  CSPG    Chondroitin sulfate proteoglycan   
  CST    Cerebroside sulfotransferase   
  Dll1    Delta-like1   
  EGF    Epidermal growth factor   
  FABP7    Fatty acid-binding protein 7   
  FGF    Fibroblast growth factor   
  Fuc    Fucose   
  FUT    Fucosyltransferase   
  GAG    Glycosaminoglycan   
  GalCer    Galactosylceramide   
  GalNAcT     N -acetylgalactosaminyltransferase   
  GalT    Galactosyltransferase   
  GFAP    Glial fi brillary acidic protein   
  GlcAT-P    UDP-glucuronyltransferase-P   
  GlcCer    Glucosylceramide   
  GlcT    Glucosyltransferase   
  GRP    Glial-restricted precursor   
  GSL    Glycosphingolipid   
  HA    Hyaluronic acid   
  HNK-1    Human natural killer-1 antigen   
  HS    Heparin sulfate   
  HSPG    Heparin sulfate proteoglycan   
  IL-6    Interleukin 6   
  INP    Intermediate neuronal progenitor cell   
  IPC    Intermediate progenitor cell   
  JAK-STAT    Janus kinase (JAK)-signal transducer and activator of transcription 3 

(STAT3)   
  LacCer    Lactosylceramide   
   Lfng     Lunatic fringe   
  MA    Cerebral mantle   
  mAb    Monoclonal antibody   
  MAPK    Mitogen-activated protein kinase   
  MZ    Marginal zone   
  NEC    Neuroepithelial cell   
  NG-2    Nerve/glial antigen 2   
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  NRP    Neuronal restricted progenitor   
  NSC    Neural stem cell   
  OPC    Oligodendrocyte precursor cell   
  PDGF    Platelet-derived growth factor   
  PG    Proteoglycan   
  PHA-E4     Phaseolus vulgaris  erythroagglutinating lectin   
  PNA    Peanut agglutinin   
  PNS    Peripheral nervous system   
  PSA-NCAM    Polysialic acid-neural cell adhesion molecule   
  PST    ST8SiaIV   
  RGC    Radial glial cell   
  SGZ    Subgranular zone   
  SSEA    Stage-specifi c embryonic antigen   
  ST    Sialyltransferase   
  STX    ST8SiaII   
  SVZ    Subventricular zone   
  VZ    Ventricular zone   

9.1           Introduction 

    During neural development, dramatic and consistent changes in the composition of 
glycoconjugates, including glycolipids, glycoproteins, and proteoglycans (PGs), 
occur (Ngamukote et al.  2007 ; Yanagisawa and Yu  2007 ; Yu et al.  1988 ). It is known 
that changes in the expression of glycolipids, including gangliosides, in the nervous 
system correlate with neurodevelopmental events (Yu et al.  2009 ). For example, in 
fertilized eggs, the globo-series of glycolipids are robustly expressed. As cell divi-
sion proceeds, the lacto-series glycosphingolipids (GSLs) are expressed, followed 
by the ganglio-series GSLs in the developing brain. The lipid portion of GSLs, 
including gangliosides, is the ceramide, which is synthesized in the endoplasmic 
reticulum (ER) from a sphingosine base and a fatty acid residue. Ceramide is trans-
ferred to the Golgi apparatus where it is modifi ed by the sequential addition of car-
bohydrate moieties (Fig.  9.1 ) (Yu et al.  2012 ). Each step is catalyzed by a unique, 
specifi cally controlled glycosyltransferase. In early embryonic rodent brains, the 
pattern of ganglioside expression is characterized by the expression of a large 
amount of simple gangliosides, such as GM3 and GD3. In the later developmental 
stages, more complex gangliosides prevail, particularly GM1, GD1a, GD1b, and 
GT1b (Fig.  9.2 ). Correlations between ganglioside expression in the nervous system 
and neurodevelopmental events are summarized schematically in Fig.  9.3 . This 
unique expression pattern suggests that the presence of specifi c gangliosides may 
refl ect the functional roles they play at specifi c developmental stages. Abundant 
evidence supports the notion that GSLs, including gangliosides, serve regulatory 
roles in cellular events, including proliferation and neural differentiation, as exem-
plifi ed by neuritogenesis, axonogenesis, and synaptogenesis (Bieberich et al.  2001 ; 
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Fang et al.  2000 ; Ngamukote et al.  2007 ; Wu et al.  1998 ,  2001 ; Yu et al.  2004 ,  2009 ). 
In recent years, with the advent of contemporary molecular genetics and biology, 
several lines of genetically modifi ed mice have been established in which the 
expression of gangliosides and other GSLs has been altered or depleted, and this has 
greatly facilitated the unraveling of their biological functions. For example, GM2/
GD2 synthase (GalNAcT) is one of the key enzymes needed for synthesis of the 
major “brain-type” gangliosides, including GM1, GD1a, GD1b, and GT1b. Mice 
lacking this enzyme do not express GalNAc-containing gangliosides. As a result 

  Fig. 9.1    Structures and biosynthetic pathways of glycosphingolipids (GSLs). The nomenclature 
for gangliosides and their components are based on that of Svennerholm ( 1963 ) and the IUPAC–
IUBMB Joint Commission on Biochemical Nomenclature ( 1977 ).  Cer  ceramide,  CST  cerebroside 
sulfotransferase ( Gal3st1 , sulfatide synthase),  GalNAc-T N -acetylgalactosaminyltransferase I 
( B4galnt1 , GA2/GM2/GD2/GT2 synthase),  GalT-I  galactosyltransferase I ( B4galt6 , lactosylce-
ramide synthase),  GalT-II  galactosyltransferase II ( B3galt4 , GA1/GM1/GD1b/GT1c synthase), 
 GalT-III  galactosyltransferase III ( Ugt8a , galactosylceramide synthase),  GlcT  glucosyltransferase 
(Ugcg, glucosylceramide synthase),  ST-I  sialyltransferase I ( St3gal5 , GM3 synthase),  ST-II  sialyl-
transferase II ( St8Sia1 , GD3 synthase),  ST-III  sialyltransferase III ( St8Sia3 , GT3 synthase),  ST-IV  
sialyltransferase IV ( St3gal2 , GM1b/GD1a/GT1b/GQ1c synthase),  ST-V  sialyltransferase V 
( St8sia5 , GD1c/GT1a/GQ1b/GP1c synthase),  ST-VII  sialyltransferase VII ( St6galnac6 , GD1aα/
GT1aα/GQ1bα/GP1cα-synthase). Offi cial symbols of genes are represented in  italics  in this fi gure 
legend. GM3 and GD3 are abundant in embryonic brain ( blue ) and NSCs express GD3 ( light blue ). 
c-series gangliosides are A2B5 antigens ( green ) and astrocytes express GM3 ( green ). GM1, GD1a, 
GD1b, and GT1b are the most abundant ganglioside species in adult mammalian brain ( red ). 
Oligodendrocyte markers O1 and O4 are GalCer and sulfatide, respectively ( orange )       
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  Fig. 9.2    Ganglioside and glycosyltransferase expression in the developing mouse brain. ( a ) Ganglioside 
expression patterns analyzed by thin-layer chromatography. Expression in mouse brain shift, with 
age, from simple gangliosides such as GM3 and GD3 to complex gangliosides such as GM1 and 
GD1a. ( b ) Glycosyltransferases expressed in developing mouse brains analyzed by RT-PCR. During 
early development, the message levels of GalNAcT (GA2/GM2/GD2/GT2 synthase) and ST-II 
(GD3 synthase) are developmentally regulated. “A” indicates adult mouse brain (reproduced from 
Ngamukote et al.  2007 )       

  Fig. 9.3    Neurodevelopmental events and concurrent changes in GSL expression. “E” denotes 
embryonic day and “P” postnatal day       
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they are developmentally abnormal and appear to have neurological problems such 
as axonal degeneration; sensory, motor, and behavioral defi cits; and other neuro-
logical dysfunctions (Furukawa et al.  2008 ; Sheikh et al.  1999 ; Sugiura et al.  2005 ; 
Susuki et al.  2007 ; Takamiya et al.  1996 ; Wu et al.  2011 ). During brain develop-
ment, gangliosides are assumed to modulate ceramide (Cer)-induced apoptosis and 
to maintain cellular survival and differentiation (Bieberich et al.  2001 ). GM3 syn-
thase (sialyltransferase I, ST-I) is a critical enzyme for the synthesis of all complex 
gangliosides. Mutation of GM3 synthase is associated with human autosomal reces-
sive infantile-onset symptomatic epilepsy syndrome (Simpson et al.  2004 ). This 
study clearly demonstrated that deletion of complex gangliosides can be associated 
with human diseases. A lack of b- and c-series gangliosides results in clear and 
subtle developmental and behavioral defi cits with mice lacking these gangliosides 
exhibiting sudden death from audiogenic seizures (Kawai et al.  2001 ). Both 
GalNAcT- and ST-I-defi cient mice, which lack all gangliosides, die soon after 
weaning at 3 weeks of age (Yamashita et al.  1999 ). Combined these observations 
clearly indicate that gangliosides have important biological functions in the devel-
oping nervous system.

     In addition to glycolipids, proteoglycans and glycoproteins are also known to 
modulate cellular proliferation and differentiation by participating in signal trans-
duction in response to external stimuli and in mediating cell–cell interactions and 
adhesion. In this chapter, we will introduce these glycoconjugates expressed during 
neural development (Fig.  9.4 ).

  Fig. 9.4    A model for neural cell lineages derived from mouse neural stem cells (NSCs). The 
known glycoconjugate markers are  underlined. NSC  neural stem cell,  NRP  neuronal restricted 
precursor,  GRP  glial restricted precursor,  OPC  oligodendrocyte precursor cell       
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9.2        Glycobiology During Early Embryogenesis 

 After fertilization, the fertilized egg undergoes cleavage to 2-, 4-, and 8-cell stages. 
From the 8-cell to 32-cell stage, the spherical cells undergo changes in morphology 
to a cubic shape. The cells bind tightly to each other forming compact spheres, and 
this stage is called the compaction stage (Purves and Lichtman  1985 ). At this stage, 
cell surface glycoconjugate markers, composed of fucose,  N -acetyllactosamine, 
stage-specifi c embryonic antigen-1 (SSEA-1), and others, start to emerge (Fig.  9.5 ). 
SSEA-1 is also known as Lewis X antigen, belonging to cluster of differentiation 
(CD) 15. Strictly, “SSEA-1” is not equal to “Lewis X.” Lewis X structure is defi ned 
by a minimal Lewis X motif consisting of the structural element Galβ1-4(Fucα1-3)
GlcNAcβ-. The structure of SSEA-1 is shown in Fig.  9.5 . However, in this chapter 
we will describe both as SSEA-1 because SSEA-1 and Lewis X have not been 
clearly distinguished in the literature. Since Lewis haptens have been reported to 
inhibit the cell compaction process in mouse embryos (Fenderson et al.  1984 ; Solter 
and Knowles  1978 ), it is believed that SSEA-1 may play an important role in early 
embryogenesis. Other stage-specifi c antigens, such as SSEA-3 and SSEA-4, are 

  Fig. 9.5    Expression of SSEAs and their biosynthetic pathways in early embryogenesis. ( a ) Structures 
and synthetic pathway of globo- and neolacto-series glycosphingolipids (GSLs). The abbrevia-
tions for GSLs follow the nomenclature systems of IUPAC–IUBMB Joint Commission on 
Biochemical Nomenclature ( 1977 ) and Svennerholm ( 1963 ). SSEA-1 is carried not only by 
neolacto- series GSLs but also by proteoglycans, glycoproteins, and lacto-, ganglio-, and globo- 
series GSLs. ( b ) A summary of the expression patterns of SSEAs in mouse early embryogenesis 
and embryonic stem (ES) cells       
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also expressed at the early stages of mouse embryogenesis. The expression of 
SSEA-3 usually peaks at the 4- to 8-cell stages, whereas SSEA-4 peaks at the mor-
ula and early blastocyst stages with some overlap with that of SSEA-3 (Fenderson 
et al.  1990 ). The expression patterns of these stage-specifi c antigens are different in 
human and mouse (Fig.  9.5 ). Thus, SSEA-1 has been utilized as a specifi c marker 
of mouse embryonic stem (ES) cells. SSEA-1 is not expressed in human ES cells. 
Instead, human ES cells express SSEA-3, SSEA-4, and keratan sulfate antigens 
(TRA)-1-60, TRA-181, GCTM2, and GCT343 (Adewumi et al.  2007 ; Muramatsu 
and Muramatsu  2004 ).

   Analysis of mice defi cient in SSEA-1 [fucosyltransferase 9 (FUT9)-defi cient 
mice] revealed increased anxiety-like behavior, but no distinguishable morphologi-
cal phenotypes in brain development (Kudo et al.  1998 ,  2007 ). While mice defi cient 
in SSEA-3 and SSEA-4 expression (α1,4galactosyltransferase-defi cient mice) were 
resistant to Shiga-like toxins, they showed no apparent abnormality in development 
(Okuda et al.  2006 ). These studies suggest that the functions of SSEAs may be 
compensated for by other carbohydrate molecules or are not essential for neural 
development.  

9.3     Neural Tube Formation 

 Both the central nervous system (CNS) and peripheral nervous system (PNS) origi-
nate from ectodermal cells in the neural plate (Purves and Lichtman  1985 ). Cells at 
the neural plate undergo a series of divisions and morphological changes, and they 
form a neural groove that has neural folds on either side (Fig.  9.6 ). Cells in the neu-
ral folds constitute the precursors of neural crest cells. In mice, these neural folds 
approach each other in the median plane, become fused at embryonic day (E) 8.5, 
and eventually form the neural tube. All the cells for the CNS emanate from the 
neural tube. On the other hand, the PNS originates from the neural crest cells. With 
   respect to neural tube formation, glycosaminoglycans (GAGs) and high molecular 
weight unbranched polysaccharides made up of repeating disaccharide subunits of 
an amino sugar and a uronic acid play an important role in its genesis. In addition, 
nonsulfated GAGs, hyaluronans, or hyaluronic acid (HA)-containing glycoconju-
gates support structural and tensile strengths during neural tube folding and closure 
(Morris-Wiman and Brinkley  1990a ,  b ). Enzymatic degradation of the HA matrix in 
the neural plate with exogenous hyaluronidase leads to incomplete closure of the 
neural tube in chick embryos (Schoenwolf and Fisher  1983 ). Other GAGs are also 
important for early embryogenesis. For example, mice defi cient in heparin sulfate 
(HS) die by E8.5, indicating that HS also has an important role(s) in early embryo-
genesis. In addition, mice defi cient in glucuronyltransferase I (GlcAT-1), an enzyme 
required for the synthesis of the linkage tetrasaccharide for both HS and chondroitin 
sulfate (CS), fail to express either, and these knockout mice die before the 8-cell 
stage as the result of cytokinesis failure (Izumikawa et al.  2010 ). To identify the 
contributor of this lethality, specifi c glycanase treatments were performed. Treatment 
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   of 2-cell embryos with chondroitinase ABC which degrades CS had marked effects 
on cell division were observed. At    the same time, many heparitinase, which specifi -
cally degrade HS, treated embryos normally developed to blastocysts. Thus, CS is 
indispensable for embryonic cell division. These examples underscore the impor-
tance of glycoconjugates in embryonic cell division.

9.4        Neuroepithelial Cells and Radial Glial Cells 

9.4.1     Neural Stem Cells in Development 

 Neuroepithelial cells (NECs) proliferate by repeating symmetric cell division at the 
wall of the neural tube, and as NECs accumulate the wall gradually becomes thicker. 
At fi rst, an NEC elongates its fi bers and becomes a radial glial cell (RGC) whose 

  Fig. 9.6    Neural tube and neural crest formation. Cells in the neural plate undergo a series of divi-
sions and form a neural groove that has neural folds on both sides. Cells in the neural fold are the 
future neural crest cells. The neural folds then approach each other in the median plane, become 
fused, and eventually form the neural tube. All the cells for the CNS are derived from neuroepithe-
lial cells (NECs) of the neural tube. The PNS originates from neural crest cells. The precursors of 
neural crest cells reside in the dorsal neural tube, and these cells undergo epithelial to mesenchy-
mal transition (EMT) and delaminate from the neural tube as neural crest cells. The known carbo-
hydrate markers are  underlined        
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cell body lines the ventricular zone (VZ) and the apical surface meets the ventricles 
with the radial fi bers reaching the pial surface (Fig.  9.7 ). Previously, RGCs were 
thought of as specialized glial cells whose function was to guide neuronal migration 
(Alvarez-Buylla et al.  2001 ; Fishell and Kriegstein  2003 ,  2005 ; Fujita  2003 ; Gotz 
and Huttner  2005 ; Miller and Gauthier  2007 ; Shimojo et al.  2011 ). Recently, RGCs 
were recognized as the precursors of neurons and glia. By asymmetric cell division, 
an RGC generates another RGC and an intermediate progenitor cell (IPC) or imma-
ture neuron (Malatesta et al.  2000 ; Miyata et al.  2001 ; Noctor et al.  2001 ). IPCs stay 
in the subventricular zone (SVZ) to proliferate and give rise to more neurons. 
Immature neurons migrate along with radial fi bers into the cortical plate and then 
become mature neurons. At fi rst, RGCs give rise to inner layer neurons and later to 
outer layer neurons. RGCs also give rise to oligodendrocytes and ependymal cells 
and can eventually differentiate into astrocytes. Both NECs and RGCs are consid-
ered NSCs (Franco and Muller  2013 ; Shimojo et al.  2011 ). The NSC niche is a 
specialized microenvironment that maintains stem cells in a multipotent and undif-
ferentiated state. The NSC niche hosts a variety of stem/progenitor cells, such as 
NECs, RGCs and IPCs. Altogether, these versatile progenitors cooperate for neuro-
genesis and gliogenesis in the developing CNS (Fig.  9.7 ). In the following sections, 
some of the key glycoconjugate biomarkers are described.

  Fig. 9.7    Neuroepithelial cells (NECs) proliferate at the wall of the neural tube, and NECs elongate 
their fi bers and become radial glial cells (RGCs). An RGC generates an RGC and an intermediate 
progenitor cell (IPC).  nIPC  neuronal intermediate progenitor (also called basal progenitor),  oIPC  
oligodendrocyte IPC (also called oligodendrocyte precursor cell, OPC),  aIPC  astrocyte IPC,  MZ  
marginal zone,  MA  mantle,  SVZ  subventricular zone,  VZ  ventricular zone. The known carbohy-
drate markers are  underlined . Whether aIPCs are involved in this pattern is not well known       
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      Notch 

 Notch receptors are transmembrane proteins whose signaling has been shown to 
regulate a wide range of developmental processes (Hori et al.  2013 ; Koch et al. 
 2013 ). Notch signaling plays essential roles in neurogenesis, including inhibition of 
neurogenesis and oligodendrocyte differentiation, maintenance of the RGC pool, 
and promotion of astrocyte differentiation (de la Pompa et al.  1997 ; Gaiano and 
Fishell  2002 ). Notch signaling is activated by interaction with ligand molecules, 
such as  Delta-like1  ( Dll1 ,  Delta  in  Drosophila ) or  Jagged  1 ( Serrate  in  Drosophila) . 
Neuronal IPCs (nIPCs) or intermediate neuronal progenitor cells (INPCs) are known 
to be a source of Dll1 to activate Notch signaling in RGCs (Mizutani et al.  2007 ). 
nIPCs/INPCs provide intrinsic neuronal differentiation information to new neurons 
by themselves and by extrinsic inhibitory signals to maintain the stemness of RGCs. 
 Fringe  is a major regulator of    Notch signaling, serving as a promoter of Delta–
Notch signaling and as an inhibitor of  Serrate –Notch signaling in  Drosophila wing  
(Hou et al.  2012 ; Panin et al.  1997 ). In mammals, there are three  Fringe  genes ( Lfng, 
Mfng, Rfng ) expressed in different populations of cells in the developing cortex. 
 Lunatic fringe  ( Lfng ) is expressed in immature cells, presumed to be NECs and 
RGCs, in the VZ (Ishii et al.  2000 ; Kato et al.  2010 ). It is known that  O -glycosylation 
of the Notch extracellular domain is essential for Notch activity by affecting protein 
folding, ligand interaction, and endocytosis of the Notch receptor (Okajima et al. 
 2008 ). The Notch receptor contains epidermal growth factor (EGF)-like repeats, 
which have  O -fucose glycan modifi cations on the serine or threonine residues 
(Haines and Irvine  2003 ). These  O -fucose glycans modulate protein–protein inter-
actions and their resultant functional roles in regulating Notch signaling (Haines and 
Irvine  2003 ; Luther and Haltiwanger  2009 ; Stanley and Okajima  2010 ). The synthe-
sis of the  O -Fuc glycan is initiated by  O -fucosyltransferase (OFUT) catalyzing the 
O-linked fucosylation of serine or threonine residues. Knockdown of  Drosophila  
OFUT1 by RNA interference (RNAi) leads to defects in Notch signaling, indicating 
the importance of  O -Fuc or the  O -Fuc glycan in this process (Okajima and Irvine 
 2002 ). In cell culture, RNAi of OFUT1 inhibits both Delta–Notch and Serrate–
Notch binding, whereas OFUT1 overexpression increases  Serrate –Notch binding 
but inhibits Delta–Notch binding (Okajima et al.  2003 ). Deletion of OFUT1 in 
 Drosophila  prompts a severe Notch-like phenotype, exemplifi ed by an overabun-
dance of neurons due to failure of Notch-dependent lateral inhibition (Sasamura 
et al.  2003 ). Elimination of OFUT1 in mice causes the embryos to die in mid- 
gestation with defects in neurogenesis, somitogenesis, vasculogenesis, and cardio-
genesis. The knockout mice present similar phenotypes as other mutants of Notch 
signaling molecules (Shi and Stanley  2003 ), suggesting that  O -Fuc modifi cation is 
conserved in various animal species. Interestingly, in addition to its role in glycosyl-
ation, OFUT 1 has been reported to have a distinct function as a molecular chaper-
one of Notch molecules (Okajima et al.  2005 ).  O -Fuc residues are further modifi ed 
by a series of glycosyltransferases, including β1-3 N - acetylglucosaminyltransferase, 
β1-4galactosyltransferase, and α2-3sialyltransferase.  O -Fuc glycan (SAα2-3Galβ1-
4GlcNAcβ1-3Fuc-Ser/Thr) is synthesized by sequential addition of sugar residues, 
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depending on the activities of these enzymes (Moloney et al.  2000 ). Intriguingly, 
 Fringe  protein, a promoter of  Delta  and an inhibitor of  Serrate , has 
 N -acetylglucosaminyl (GlcNAc) transferase activity and is required for modulation 
of Notch signaling (Bruckner et al.  2000 ; Moloney et al.  2000 ). Because the elon-
gated  O -Fuc glycans by  Fringe  leads to a higher affi nity for Notch to  Delta  than to 
 Serrate , the promoter activities of  Fringe  for  Delta  and inhibitor activities for 
 Serrate  are presumed to be modulated by the elongated O-Fuc glycans on Notch 
(Okajima et al.  2003 ). Recently it was reported that  Lfng , which is distinctly 
expressed in the VZ, enhances the self-renewal of NSCs in the developing mouse 
brain (Kato et al.  2010 ).  Lfng  was also reported to be associated with neurogenesis 
in the chick spinal cord (Skaggs et al.  2011 ). These studies clearly indicate the 
importance of carbohydrate chains in the regulation of stem cell self- renewal and 
differentiation via Notch signaling.   

9.4.2     Neuroepithelial Cells, Radial Glial Cells, 
and Intermediate Progenitor Cells 

    NECs 

 In the brain, neurons and glia originate from NSCs derived from the neuroectoderm. 
These cells have many epithelial cell characteristics and are known as NECs. 
Around E8, NECs undergo rapid proliferation by symmetric division to expand the 
progenitor pools (Smart  1973 ). From E9 to E10, the anterior portion of the neural 
tube, which later becomes the telencephalon, closes to form the lateral ventricle. 
Proliferative NECs are layered at the lateral ventricles as a pseudostratifi ed neuro-
epithelium with epithelial apicobasal polarity. Tight junctions and adherent junc-
tions are present at the most lateral end of the lateral plasma membrane. At the pial 
surface, NSCs make contact with the basal lamina (Aaku-Saraste et al.  1996 ; Graus- 
Porta et al.  2001 ; Lui et al.  2011 ; Smart  1973 ).  

    RGCs 

 NECs begin to transform into RGCs at E9.5. NECs lose some of their epithelial 
properties in favor of certain glial characteristics, but retain contacts with the ven-
tricular and pial surfaces that give them their radial morphology. NEC-to-RGC 
transition is characterized by the loss of tight junctions, acquisition of glycogen 
storage granules, and the expression of astroglial genes, such as brain lipid-binding 
protein (BLBP) or fatty acid-binding protein 7 (FABP7), astrocyte-specifi c gluta-
mate transporter (GLAST), and tenascin-C. RGCs still retain many NEC character-
istics, such as adherent junctions, apical surface at ventricles, basal lamina contact, 
and expression of nestin, an NSC selective marker. During this period of develop-
ment, the two cell types, NECs and RGCs, coexist. Although it was believed that 
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mitotic cells in the VZ were the progenitors that generate neurons, astrocytes, and 
 oligodendrocytes, more recent investigations have provided evidence that RGCs are 
the progenitors of most neurons, astrocytes, and oligodendrocytes in the CNS. The 
primary role of NECs is to expand the progenitor pool before transitioning to RGCs 
(Aaku- Saraste et al.  1996 ; Bruckner and Biesold  1981 ; Franco and Muller  2013 ; 
Hartfuss et al.  2001 ).  

    IPCs 

 Before their transformation to RGCs, only a small population of postmitotic neu-
rons are generated directly from NECs. An RGC tends to divide asymmetrically and 
generates a RGC and a non-RGC daughter cell (Noctor et al.  2002 ). Only about 
10 % of asymmetrically dividing RGCs are directly transformed into neurons 
(Attardo et al.  2008 ). Most RGCs divide into RGCs and IPCs. Unlike NEC and 
RGC, an IPC can undergo symmetric terminal division into two neurons. To gener-
ate more IPCs, certain IPCs can also undergo a limited number of additional sym-
metric divisions to paired IPCs (Noctor et al.  2004 ). The majority of RGCs can 
produce only neuronal or glial precursor cells (Malatesta et al.  2003 ). Occasionally, 
but rarely, RGCs host multipotent progenitor cells that generate both neurons and 
glia. The glial-specifi c progenitors typically generate either astrocytes or oligoden-
drocytes, but not both in vivo (McCarthy et al.  2001 ).  

    SSEA-1 

 SSEA-1 is expressed on NECs at early stages of development and the expression 
remains by E19 in the VZ and SVZ, where the NSC populations reside (Capela and 
Temple  2006 ; Hennen et al.  2011 ; Mai et al.  1998 ). This suggests a functional role 
for SSEA-1 in sustaining stem and progenitor cell growth. SSEA-1 can bind and 
regulate fi broblast growth factor 2 (FGF-2), which is known as a mitogen that main-
tains the stemness of NSCs (Dvorak et al.  1998 ; Jirmanova et al.  1999 ). In addition, 
the SSEA-1 epitope is also associated with chondroitin sulfate proteoglycan (CSPG) 
(Kabos et al.  2004 ), β1 integrin, glycolipids (Yanagisawa et al.  2005 ), lysosome- 
associated membrane protein 1 (LAMP-1) (Yagi et al.  2010a ), extracellular matrix 
protein tenascin-C (Hanjan et al.  1982 ), phosphacan (Hanjan et al.  1982 ; Tole et al. 
 1995 ), and Wnt-1 (Capela and Temple  2006 ). Strong SSEA-1 expression can be 
observed during embryonic development on NSCs in neurogenic regions, such as 
the hippocampal primordium and the embryonic cerebral cortex; its expression 
remains clearly visible until E19 (Hennen et al.  2011 ; Mai et al.  1998 ). SSEA-1+ 
cells typically have bipolar morphology, radial orientation, and glial processes, and 
they resemble a subtype of RGCs (E12-E14) (Mai et al.  1998 ; Mo et al.  2007 ). In 
vitro experiments revealed that blockage of SSEA-1 by anti-SSEA-1 antibody 
inhibits cell migration from neurospheres, but does not affect cellular proliferation 
(von Holst et al.  2006 ; Yanagisawa et al.  2005 ). Recently, knockdown of FUT9 
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(a key enzyme for the biosynthesis of SSEA-1) in mouse NSCs was shown to 
 downregulate Musashi-1 expression and NSC proliferation (Yagi et al.  2012 ). 
Musashi-1 plays a crucial role in maintaining the undifferentiated state of NSCs via 
activation of the Notch signaling pathway (Imai et al.  2001 ; Okano et al.  2005 ). 
SSEA-1 may regulate proliferation of NSCs via modulation of the expression of 
Musashi-1 (Yagi et al.  2012 ).  

    Prominin-1 

 Prominin-1, also known as CD133 or AC133 (the human homologue), is a pentas-
pan membrane glycoprotein originally identifi ed as an antigen expressed on the 
apical surface of mouse NECs at E8.5 (Marzesco et al.  2005 ; Shmelkov et al.  2005 ; 
Weigmann et al.  1997 ). Prominin-1 is specifi cally associated with plasma mem-
brane protrusions that have a microvilli-like structure on the apical surface of NECs 
(Weigmann et al.  1997 ). During development at E10.5–12.5, the apical plasma 
membrane protrusions containing prominin-1 are released into the lumen of the 
neural tube as a novel class of extracellular membrane particles (Marzesco et al. 
 2005 ). After E12.5, the release of prominin-1-containing extracellular particles is 
decreased (Marzesco et al.  2005 ; Yanagisawa et al.  2004a ). At the same time, NEC 
proliferation decreases and NECs transit into RGCs. Prominin interacts with cho-
lesterol and gangliosides in the plasma membrane to modulate the membrane 
microdomains (lipid rafts) at the membrane protrusions (Huttner and Zimmerberg 
 2001 ; Janich and Corbeil  2007 ; Roper et al.  2000 ). Analysis of mice defi cient in 
prominin-1 revealed progressive degeneration of mature photoreceptors with com-
plete loss of vision, but no other obvious abnormalities in brain development 
(Zacchigna et al.  2009 ). In prominin-1-defi cient mice, upregulation of prominin-2, 
which is structurally related to prominin-1, was detected, and it seems that 
prominin- 2 compensates for the loss of prominin-1.  

    Gangliosides 

 Expression of GD3 ganglioside (CD60a) in neural tubes early in development was 
detected using the GD3-specifi c monoclonal antibody (MAb) R24 (Rosner et al. 
 1992 ). Upon closer examination it was found to be expressed in NECs in neural 
tubes, in RGCs in the VZ of embryos, and in the SVZ of postnatal and adult 
rodents (Bannerman et al.  1996 ; Cammer and Zhang  1996a ,  b ; Goldman et al. 
 1984 ; Nakatani et al.  2010 ). GD3 +  cells are also co-localized with SSEA-1 in the 
SVZ of mouse brains (Nakatani et al.  2010 ). In mouse neurosphere cultures, GD3 
is the predominant ganglioside species (Nakatani et al.  2010 ; Yanagisawa et al. 
 2004b ), accounting for more than 80 % of the total gangliosides. For this reason, 
it has been proposed that it can serve as a biomarker for mouse NSCs (Nakatani 
et al.  2010 ).  
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    Heparin Sulfate Proteoglycans and Chondroitin 
Sulfate Proteoglycans 

 Proteoglycans, the major components of extracellular matrices (ECM), are a class 
of glycosylated proteins possessing covalently linked GAGs, sulfated carbohydrate 
chains made of repeating disaccharides. Proteoglycans are categorized into a num-
ber of subclasses, based on the components of disaccharides. For example, proteo-
glycans containing heparan sulfate GAGs are classifi ed as heparin sulfate 
proteoglycans (HSPGs), whereas proteoglycans containing chondroitin sulfate 
GAGs are classifi ed as CSPGs. Both HSPGs and CSPGs are known to be expressed 
in NSCs. (See Chap.   5     for more details about HSPGs and CSPGs.)    

9.5     Neurogenesis 

 Neurons and astrocytes are generated in the CNS by a defi ned temporal sequence. 
At early developmental stages, a preplate consisting of the earliest-born neurons 
and possibly other cell types are formed between the VZ and meninges at the brain 
surface. The VZ is a densely packed cell layer formed by morphologically homoge-
neous RGCs, and the SVZ is a second proliferative layer. Newly generated neurons 
migrate radially out of the proliferative zones and form a new laminar structure. 
This preplate is subsequently split into the marginal zone and subplate by waves of 
migrating neurons. The neurons in the lower layers VI and V are born fi rst, followed 
by those in layers IV, III, and II in the cortex. During development, the VZ becomes 
smaller, and after neurogenesis is completed, the VZ is replaced by an ependymal 
cell layer. Postnatally, most of the SVZ disappears except along the lateral wall of 
the lateral ventricles, where it is considered an NSC niche in the adult state (Franco 
and Muller  2013 ; Pinto and Gotz  2007 ; Qian et al.  2000 ). 

9.5.1     Polysialic Acid–Neural Cell Adhesion Molecule 

 The polysialic acid (PSA) carbohydrate structure (Finne et al.  1983 ), carried 
exclusively by the neural cell adhesion molecule (NCAM), is expressed in neuro-
nal precursor cells (nIPCs, INPs). PSA is a linear homopolymer containing up to 
200 α2–8-linked sialic acid residues (SAα2-8SAα2-). Polysialyltransferases, 
ST8SiaII (also known as STX) and ST8SiaIV (also known as PST), are the 
responsible enzymes catalyzing the synthesis of PSA (Angata and Fukuda  2003 ; 
Kleene and Schachner  2004 ; Rutishauser and Landmesser  1996 ). PSA has inter-
esting properties, including its highly negative charges, a high level of hydration, 
and an excellent ability to bind cations. Its remarkable structure enables 
 PSA-NCAM to regulate myelination, axon guidance, synapse formation, and 
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functional plasticity of the nervous system (Angata and Fukuda  2003 ; Aubert 
et al.  1995 ; Charles et al.  2000 ; Kleene and Schachner  2004 ; Seki and Rutishauser 
 1998 ). PSA-NCAM is  prominently expressed during neural development; enzy-
matic deletion of PSA represses cell migration and induces premature neuronal 
differentiation as seen in the sprouting of axons, outgrowth of dendrites and 
axons, and dendritic branching (Durbec et al.  2001 ; Petridis et al.  2004 ; Yamamoto 
et al.  2000 )   . Polysialyltransferase- defi cient mice show developmental and behav-
ioral defects, such as reduction of long-term potentiation and long-term depres-
sion, misguidance of mossy fi bers, and ectopic synapse formation in the 
hippocampus (Angata et al.  2004 ; Eckhardt et al.  2000 ). In mouse NSC overex-
pressing PSA, cell migration is enhanced and oligodendrocyte genesis is sup-
pressed (Franceschini et al.  2004 ). Thus, it is considered that the chemical 
structure of PSA-NCAM may modify cell fate.  

9.5.2     9-O-Acetyl GD3 

 Ganglioside 9-O-acetyl GD3 (CD60b) was detected in neuroblasts during neural 
development using the JONES antibody (Blum and Barnstable  1987 ; Mendez-Otero 
et al.  1988 ). 9-O-acetyl GD3 is expressed in the SVZ and along the rostral migration 
stream (RMS) in both embryonic and adult brains (Mendez-Otero and Cavalcante 
 1996 ). Most of migrating neuroblasts expressing 9-O-acetyl GD3 also express PSA- 
NCAM (Miyakoshi et al.  2012 ). A more recent study casts some doubt on the 
importance of 9-O-acetyl GD3 in these studies. GD3 synthase knockout mice, in 
which GD3 and its downstream products, including 9-O-acetyl GD3, are missing, 
appear “grossly” normal in development (Yang et al.  2007 ). This raises the intrigu-
ing question whether the 9-O-acetyl sialic acid residue is conjugated with a protein 
and it functions in a similar manner as 9-O-acetyl GD3.  

9.5.3     Gangliosides 

 During neuronal differentiation, the concentration of GD3, which is the predomi-
nant ganglioside in NSCs, is rapidly decreased. Concomitantly, the levels of GM1, 
GD1a, GD1b, and GQ1b continuously increase in young animals, reaching a pla-
teau during adulthood (Hirschberg et al.  1996 ; Nakatani et al.  2010 ; Ngamukote 
et al.  2007 ). This pattern change follows closely with the upregulation of 
 N -acetylgalactosaminyltransferase (GalNAcT) expression (Ngamukote et al.  2007 ). 
The dramatic changes in the expression profi le of gangliosides during neuronal cell 
differentiation clearly refl ect the biological needs at the particular stages during 
brain development (Fig.  9.3 ).   
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9.6     Gliogenesis 

9.6.1     Oligodendrogenesis 

 Oligodendrocytes, the chief myelin-forming cells in the CNS, are derived from 
RGCs. The myelin structures provide effi cient axon insulation and facilitate con-
duction of nerve impulses. At E12.5, the earliest oligodendrocyte progenitor cells 
(OPCs) are located in the developing cerebral cortex. The number of OPCs in the 
cortex increases between E16 and birth. However, most of the early generated oli-
godendrocytes disappear after birth. This suggests that most of the oligodendrocytes 
present in the adult cortex are generated at a later stage (Kriegstein and Alvarez- 
Buylla  2009 ; Rowitch and Kriegstein  2010 ). Many glial cell biomarkers are glyco-
conjugates and are described below. 

    A2B5 

 The fi rst ganglioside antigen expressed in cells of glial lineage is the A2B5 antigen. 
A2B5 is a monoclonal antibody originally developed by Eisenbarth et al. using 
embryonic retina cells as the immunogen (Eisenbarth et al.  1979 ). The antigens 
recognized by the A2B5 monoclonal antibody have been established as the c-series 
gangliosides, including GQ1c, GT1c, and GT3 (Kasai and Yu  1983 ; Saito et al. 
 2001 ). These c-series gangliosides are abundant in fi sh brains and in mammalian 
embryonic, but not adult brains (Ando and Yu  1979 ; Freischutz et al.  1994 ,  1995 ; 
Rosner et al.  1988 ; Yu and Ando  1980 ). During development, the expression of 
c-series gangliosides is diminished in favor of the a- and b-series gangliosides, and 
the rate-limiting enzyme appears to be ST-III (Freischutz et al.  1994 ). Glial- 
restricted precursors (GRPs) have been recognized by the expression of A2B5 (Rao 
and Mayer-Proschel  1997 ). It is uncertain, however, whether GRPs exist in vivo.  

    NG2 

 Nerve/glial antigen 2 (NG2)/CSPG4 is one of the important CSPGs and was origi-
nally identifi ed in rat (Stallcup  1981 ). The mouse homologue is also known as AG2. 
NG2 is a CSPG highly expressed in embryonic and adult brains (Jones et al.  2002 ). 
NG2+ cells are considered to be committed OPCs in developing brain. O-2A pro-
genitor cells, glial precursor cells capable of differentiating into oligodendrocytes 
and Type 2 astrocytes, are positive for NG2 (Levine and Stallcup  1987 ; Raff et al. 
 1983b ). O-2A progenitors exist in the ventricular germinal zones of the embryonic 
CNS and proliferate, migrate, and disseminate throughout the developing CNS 
(Richardson et al.  2011 ). Although the number of O-2A progenitors is decreased 
after birth, they are still found albeit in smaller numbers in the adult nervous system. 
O-2A progenitors are uniformly distributed throughout the CNS and are associated 
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with axons where they generate myelinating oligodendrocytes (Dawson et al.  2003 ; 
Ffrench-Constant and Raff  1986a ,  b ). Since O-2A cells exclusively generate oligo-
dendrocytes during normal development, the term O-2A has been replaced as oligo-
dendrocyte precursor (OLP) or OPCs. It has been reported that NG2 +  cells in 
postnatal mouse brain exhibit characteristics of NSCs, such as multipotency to dif-
ferentiate into oligodendrocytes and astrocytes as well as neurons; this claim, how-
ever, has not been confi rmed. More recently, Cre-lox fate mapping experiments 
revealed that embryonic NG2 +  cells generate mainly oligodendrocytes and some 
astrocytes, but not neurons, in the ventral zone (Zhu et al.  2011 ). None of the cells 
express either astrocyte or oligodendrocyte lineage markers, suggesting that at least 
two distinct types (either oligodendrocyte precursors or astrocyte precursors) of 
NG2 +  cells exist in the embryonic CNS. On the other hand, postnatal NG2 +  cells 
generate only oligodendrocytes in vivo (Zhu et al.  2011 ). 

 With respect to its functional roles, NG2 has been shown to have a high affi nity 
for FGF-2 and platelet-derived growth factor-AA (PDGF-AA); both are important 
mitogens for OPCs (Goretzki et al.  1999 ). The high affi nity between NG2 and 
growth factors is similar to that of HSPGs, which possess a strong affi nity for FGF2. 
NG2 is required for the responsiveness of PDGFα-receptor to PDGF-induced cell 
proliferation or migration. Interestingly, NG2 knockout mice do not exhibit an obvi-
ous mutant phenotype during CNS development (Grako et al.  1999 ; Thallmair et al. 
 2006 ). However, the observation that mice defi cient in the Olig2 basic helix–loop–
helix (bHLH) transcription factor exhibit severe defects in NG2 +  cells in the devel-
oping CNS (Ligon et al.  2006 ) indicates that development of NG2 +  cells requires 
Olig transcription factors, especially Olig2.  

    O4 and O1 

 As oligodendrocyte development proceeds, unique GSLs appear on the oligoden-
drocyte plasma membrane and myelin. These GSLs include the O4 (sulfatide; 
HSO 3 -3Galβ1-1′Cer) and O1 antigens (galactosylceramide; GalCer; Galβ1-1′Cer), 
which also have been used as specifi c markers to defi ne immature and mature oligo-
dendrocytes, respectively (Zhang  2001 ). The O1 and O4 antigens play important 
roles as modulators of oligodendrocyte development and function as well as major 
components of the myelin sheath to facilitate nerve conduction. (Please see 
Chap.   12    .) A series of studies have clearly shown that knockout mice defi cient in 
GalCer synthase or sulfatide synthase present severe neurological defi cits, such as 
tremor, progressive ataxia, and reduction of nerve conduction velocity (Bosio et al. 
 1996 ; Coetzee et al.  1996 ; Honke et al.  2002 ). In these knockout mice, morphologi-
cally normal-appearing compact myelin is preserved, but paranodal loops are absent 
from the axon, and paranodal junctions are abnormal (Honke et al.  2002 ). The num-
ber of oligodendrocytes is increased in sulfatide knockout mice, indicating that the 
O4 antigen, sulfatide, is a critical molecule for the negative regulation of terminal 
differentiation of oligodendrocytes (Hirahara et al.  2004 ). GalCer expression 
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factor- 1, a rat homologue of hepatocyte growth factor-regulated tyrosine kinase 
substrate, has been cloned as an inducer of O1 antigen expression (Ogura et al. 
 1998 ). Overexpression of this molecule causes suppression of cell proliferation, 
causing dramatic change in morphology to become fi broblast-like in appearance 
(Ogura and Tai  2002 ). Although GalCer expression factor-1 may regulate the 
expression of O1 and O4 antigens during glial development, the function of GalCer 
expression factor-1 in NSC and glial precursor cells remains to be investigated.   

9.6.2     Astrogliogenesis 

 The cell bodies of RGCs remain in the VZ throughout the period of neurogenesis 
and neuronal migration. At the end of cortical development, most RGCs lose their 
ventricular attachment and migrate toward the cortical plate by a process of somal 
translocation. Most RGCs transform into astrocytes. Some astrocytes may divide 
locally before terminal differentiation as a population of astrocyte IPCs is present in 
embryonic and postnatal stages (Hajos et al.  1981 ; Ichikawa et al.  1983 ). On the day 
of birth [postnatal day (P) 0], most astrocyte precursors are found in the inner half 
of the cortical width. On P4, the majority of astrocyte precursors are distributed in 
the outer half of the cortical width. The pattern of gliogenesis in the early postnatal 
rat thus shows an inside-out tendency, in analogy to neurogenesis (Kriegstein and 
Alvarez-Buylla  2009 ; Rowitch and Kriegstein  2010 ). 

    gp130 

 The cell surface glycoprotein gp130, also known as CD130, is a receptor compo-
nent and signal transducer of interleukin (IL)-6 (Taga et al.  1989 ). This molecule 
mediates signaling activated by all of the eight members of the IL-6 family of 
 cytokines: IL-6, IL-11, leukemia inhibitory factor (LIF), ciliary neurotrophic factor 
(CNTF), oncostatin M, cardiotrophin-1, cardiotrophin-like cytokines/novel 
neurotrophin- 1/B-cell stimulating factor 3, and neuropoietin. The signaling path-
ways that are activated by the IL-6 family of cytokines via gp130 include the fol-
lowing: the Janus kinase (JAK)-signal transducer and activator of transcription 3 
(STAT3) pathway, the Ras–MAPK pathway, and the phosphatidylinositol 3 kinase–
Akt pathway (Fukuda and Taga  2005 ). The IL-6 family of cytokines induces astro-
cyte differentiation of NSCs via activation of gp130 and the JAK–STAT pathway 
(Bonni et al.  1997 ). Thus, gp130 is involved primarily in the induction of astrocytic 
differentiation. Cardiotrophin-1 is proposed to be a bona fi de inducer of astrocytic 
differentiation via the gp130 pathway in the developing brain (Barondes et al.  1994 ). 
Deletion of gp130 results in reduction of the number of astrocytes in the developing 
mouse brain (Nakashima et al.  1999a ). Astrocytic differentiation, however, is not 
regulated only by the IL-6 family of cytokines, gp130, and downstream JAK–STAT 
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pathway signaling molecules. For instance, positive and negative cross talk between 
gp130 signaling and that of bone morphogenetic proteins (BMP) (Nakashima et al. 
 1999b ), or Notch-hairy-enhancer of split (HES) signaling (Kamakura et al.  2004 ), 
as well as with neurogenin-2 (a bHLH transcription factor) (Sun et al.  2001 ), has 
been identifi ed. Also, the epigenetic status of astrocytic genes in NSCs is critical for 
astrocyte differentiation via the gp130 pathway (Takizawa et al.  2001 ). In addition, 
gp130 is involved in maintenance of the proliferation of NSCs. CNTF maintains 
embryonic and adult NSCs in an undifferentiated state by blocking differentiation 
via gp130 signaling in cultured NSCs (Shimazaki et al.  2001 ). Conversely, CNTF 
lacking a secretory signal sequence is localized in the cytosol. Therefore, CNTF is 
not considered a secreted cytokine during brain development. Another member of 
the IL-6 family of cytokines, neuropoietins, was postulated to share the biological 
functions of CNTF (Derouet et al.  2004 ). Thus, NSC proliferation may be main-
tained by more than one IL-6 cytokine. Gp130 signaling has also been reported to 
support NSC survival via activation of the phosphatidylinositol 3 kinase–Akt path-
way (Chang et al.  2004 ). Recently, unglycosylated gp130 present on the outer sur-
face of the plasma membrane was found to be unable to form a heterodimer with the 
LIF receptor resulting in failure for signaling, because the unglycosylated gp130 
could not be phosphorylated in response to LIF stimulation (Yanagisawa and Yu 
 2009 ). The above examples clearly show the N-glycans of gp130 are crucial for its 
activation, but not its cellular localization.  

    PtdGlc 

 A phosphoglycerolipid, phosphatidylglucoside (PtdGlc), is expressed in astrocytes 
and radial glia in rat embryonic brain (Nagatsuka et al.  2001 ). PtdGlc is localized 
in the lipid rafts, which are thought to operate as sorting platforms that bring 
together molecules for effi cient cross talk that controls cellular signaling cascades, 
including those regulating cell proliferation and differentiation (Nagatsuka et al. 
 2003 ). A PtdGlc monoclonal antibody DIM21 has been developed that labels RGCs 
at E12.5-E14.5, astrocytes in late embryo to early postnatal stages, and RGC-like 
cells in the adult SVZ (Kinoshita et al.  2009a ,  b ; Nagatsuka et al.  2006 ). In an 
in vitro study, the association of EGF receptors and PtdGlc-enriched lipid rafts was 
confi rmed in NSCs, and PtdGlc-enriched lipid rafts were found to control NSC to 
astrocyte differentiation through EGF signaling (Kinoshita et al.  2009a ). (See also 
Chap.   4    .)  

    Gangliosides 

 GM3 and GD3 represent about 70 % and 10–20 %, respectively, of the total gan-
gliosides in astrocytes bulk-isolated from neonatal rat brains (Asou et al.  1989 ; 
Murakami et al.  1999 ; Sbaschnig-Agler et al.  1988 ). Both Type 1 and Type 2 astro-
cytes express GM3. On the other hand, a recent study indicated that GD3 is 

R.K. Yu and Y. Itokazu

http://dx.doi.org/10.1007/978-1-4939-1154-7_4


205

expressed only in Type 2, but not in Type 1 astrocytes (Murakami et al.  1999 ). Type 
2 astrocytes are known to express c-series gangliosides, which are recognized by 
mAb A2B5. The expression of GD3 and c-series gangliosides (A2B5 + ) in Type 2 
astrocytes indicates that these cells might have more similar properties as progenitor 
or immature cells than Type 1 astrocytes. mAb A2B5 has been recognized to iden-
tify GRPs (Rao and Mayer-Proschel  1997 ). On the other hand, Type 1 astrocytes are 
GFAP + /A2B5 − , whereas Type 2 astrocytes express both GFAP and A2B5 (Raff et al. 
 1983a ). For other cells of glial lineage, OPCs have been identifi ed by NG2 + /
PDGFR-α +  (Goretzki et al.  1999 ). In addition, immature oligodendrocytes express 
NG2 and can be identifi ed by the phenotypic marker O4 (sulfatide), whereas mature 
oligodendrocytes express the O1 antigen (GalCer) (Fig.  9.4 ).    

9.7     Adult NSCs and Niche 

 Although neurogenesis is mostly complete at the time of the development in most 
mammals, it continues to occur at a much slower pace and in a limited manner 
throughout the entire adult life. In the adult brain of mammals, neurogenesis per-
sists primarily in two germinal zones, the SVZ of the lateral ventricles (Doetsch 
et al.  1997 ,  1999 ) and the subgranular zone (SGZ) in the dentate gyrus of the hip-
pocampus (Seri et al.  2001 ; Suhonen et al.  1996 ). 

9.7.1     SVZ 

 In the adult SVZ, four distinct cell types are present (Fig.  9.8 ). Type B cells are 
RGC-like cells and have been considered as NSCs. Type B NSCs are slow dividing 
(duration of cell cycle >15 days) and express GFAP. Type C cells are transient 
amplifying cells that are rapidly proliferating (duration of cell cycle about 13 h) 
and express the transcription factor Mash1. Type A cells are neuronal precursors 
that have already committed to differentiate into neurons, and these cells express 
PSA- NCAM on the cell surface (duration of cell cycle about 13 h) (Morshead 
 2004 ). Ependymal cells are lined on the wall of the ventricle and have multi-motile 
cilia, which are important for controlling the fl ow of cerebrospinal fl uid (CSF). 
Multipotency of the ependymal cells has been reported (Johansson et al.  1999 ), 
although this is not settled (Chiasson et al.  1999 ; Doetsch et al.  1999 ; Laywell 
et al.  2000 ). Recently, ependymal cells were shown to be the most quiescent type 
of NSCs whose cell cycle is strictly regulated and reinitiated under specifi c circum-
stances. In certain restricted situations, a subpopulation of ependymal cells may 
develop into neurons, and these cells are considered as NSCs (Carlen et al.  2009 ; 
Coskun et al.  2008 ).

9 Glycolipid and Glycoprotein Expression During Neural Development



206

9.7.2        SGZ 

 Five types of cells have been described in the SGZ (Filippov et al.  2003 ). Type 1 
cells are considered quiescent neural progenitors that are RGC-like cells and largely 
equivalent to Type B NSCs in the SVZ. Type 2 cells express nestin, and this cell 
type has been classifi ed into two cell populations: Type 2a cells are amplifying neu-
ral progenitors that are similar to Type C transient amplifying cells in the SVZ; Type 
2b and 3 cells are neuroblasts that express PSA-NCAM (Encinas et al.  2006 ; Steiner 
et al.  2006 ). The other type of cells is mature granule neurons. Recently, it has been 
reported that Mash1 +  cells do not amplify and are therefore not Type 2a amplifying 
neural progenitors that can directly differentiate into early neuroblasts without 
mitosis (Lugert et al.  2012 ).  

  Fig. 9.8    Neural stem cell niche at the subventricular zone (SVZ) on the surface of the lateral 
ventricle in the adult mouse brain. Type B cells are radial glial cell (RGC)-like cells and have been 
considered as neural stem cells (NSCs). Type C cells are transient amplifying cells that are rapidly 
proliferating. Type A cells are neuronal precursors that have already committed to becoming neu-
rons expressing PSA-NCAM on the cell surface. The known carbohydrate markers are 
 underlined        
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9.7.3     Glycoconjugates in Adult NSCs 

 Ganglioside GD3, SSEA-1, and prominin-1 are expressed in Type B NSCs in the 
SVZ and in Type 1 quiescent neural progenitors in the SGZ of the adult brain 
(Beckervordersandforth et al.  2010 ; Cammer and Zhang  1996a ; Capela and Temple 
 2002 ; Nakatani et al.  2010 ; Walker et al.  2013 ). The intensity of prominin-1 expres-
sion in the SGZ is heterogeneous. Cells that do not express prominin-1 are not 
NSCs, but cells with    intermediary or low levels of prominin-1 expression possess 
NSC properties. Analysis of cells defi cient in prominin-1 indicates that there is no 
difference in the number of astrocytes, oligodendrocytes, neural precursor cells, or 
adult-born early postmitotic neurons, nor is there any difference in the ability for 
neurosphere formation.  

9.7.4     Lectins 

 Lectins are carbohydrate-binding proteins that do not act enzymatically on their 
corresponding ligands. They are found in all kinds of organisms, including plants, 
microorganisms, animals, and humans. Each lectin specifi cally recognizes a 
monosaccharide or oligosaccharide structure and binds to glycoconjugates pres-
ent in insoluble or soluble form (Sharon  2008 ; Sharon and Lis  1972 ). As neural 
and glial cells express various glycoconjugates, specifi c lectins can be used effec-
tively for histochemical identifi cation or sorting of specifi c cell types from hetero-
geneous NSC populations (Yanagisawa and Yu  2007 ). For example, the low 
expression of peanut agglutinin (PNA) ligand and the heat stable antigen (HSA, 
CD24a) in adult NSCs permit them to be effectively separated by negative selec-
tion (Rietze et al.  2001 ). PNA binds to the Galβ1-3GalNAc structure that is part of 
the ganglio-series ganglioside structure. For this reason, PNA is useful in recog-
nizing those gangliosides. Another lectin,  Phaseolus vulgaris  erythroagglutinat-
ing lectin (PHA- E4), which binds to biantennary complex type N-glycans, has 
been used to isolate embryonic and adult NSCs by positive selection (Hamanoue 
et al.  2009 ), while  Ricinus communis  agglutinin (RCA), which binds to Galβ1-
4GlcNAc-, has been used to detect Type A neuronal precursors (Kitada et al. 
 2011 ). Other lectins, such as  Agaricus bisporus  agglutinin (ABA) that shows 
specifi city for Galβ1-3GalNAcα1, and PHA-E4 and wheat germ agglutinin 
(WGA) that show specifi city for GlcNAc1- 4GlcNAc recognize Type B NSCs and 
Type C transient amplifying cells in the SVZ as well as Type 1 quiescent neural 
progenitors and Type 2a amplifying neural progenitors in the SGZ (Kitada et al. 
 2011 ). These lectins are useful for the identifi cation and purifi cation of specifi c 
populations of NSCs.   
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9.8     Neural Crest Cells 

 The precursors of neural crest cells reside in the dorsal neural tube, and these cells 
undergo epithelial to mesenchymal transition (EMT) and detach from the neural 
tube and migrate during development to diverse locations (Fig.  9.6 ) (Anderson 
 1997 ; Sauka-Spengler and Bronner-Fraser  2008 ). Neural crest cells contain a popu-
lation of neural crest stem cells (Bronner-Fraser and Fraser  1988 ; Morrison et al. 
 1999 ; Stemple and Anderson  1992 ). Neural crest stem cells are capable of self- 
renewal and have the multipotency to differentiate into Schwann cells upon induc-
tion with glial growth factor (Shah et al.  1994 ), autonomic neurons by induction 
with BMP (Shah et al.  1996 ), and smooth muscles by induction with transforming 
growth factor-β (Shah et al.  1996 ). 

9.8.1     HNK-1 

 The human natural killer-1 (HNK-1) antigen (CD57) is a carbohydrate antigen 
whose structure has been established as HSO3-3GlcAβ1-3Galβ1-4GlcNAc- (Ariga 
et al.  1987 ; Chou et al.  1986 ). HNK-1 is distributed on the surface of neural crest 
cells and is required for their proper migration during development in avian, rat, and 
human (Bronner-Fraser  1987 ; Holley and Yu  1987 ; Nagase et al.  2003 ; Tucker et al. 
 1988 ). However, mouse neural crest cells are negative for HNK-1 expression by 
immunohistochemistry in fi xed cryo-sections (Tucker et al.  1988 ). In a careful study 
using synthetic model compounds, the minimal carbohydrate unit for the HNK-1 
epitope was shown to reside in the terminal disaccharide structure HSO3-3GlcAβ1- 
(Tokuda et al.  1998 ). A commonly used HNK-1 immunoreagent is an IgM mono-
clonal antibody, e.g., mouse mAb Leu 7, whose large molecular size (about 970 kDa) 
could sterically hinder its ability to cross-react with epitopes in fi xed whole-mount 
tissues (Abo and Balch  1981 ). It is well known that fi xed cells and living cells have 
far different staining patterns in studies using immunohistochemistry and fl ow 
cytometry. Loss of antigenicity with fi xation could be caused by the conditions of 
immunohistochemical detection. Neural crest stem cells are isolated not only from 
the neural fold and neural tube but also from fetal peripheral nerve (Morrison et al. 
 1999 ) and fetal and postnatal gut (Bixby et al.  2002 ). Most recently Walters and 
colleagues found murine living neural crest stem cells do express HNK-1 (Walters 
et al.  2010 ). Less than half of murine HNK-1 +  cells express SRY (sex determining 
region Y) - box 10 (Sox10), known to be expressed in neural crest stem cells. Thus, 
the expression of HNK-1 alone is not suffi cient to isolate a population of pure neu-
ral crest stem cells. The HNK-1 epitope is associated with a number of cell adhesion 
molecules (Jungalwala  1994 ; Kruse et al.  1984 ). Of particular interest is the fact that 
carrier molecules of the HNK-1 epitope can be a glycoprotein or a glycolipid. 
Among the glycoprotein antigens are L1, P0, MAG, and NCAM (Kruse et al.  1984 ), 
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while the glycolipid antigens include just the two sulfated glucuronosyl glycolipids 
(SGGLs), sulfated glucuronosyl paragloboside (SGPG), and sulfated glucuronosyl 
lactosaminyl paragloboside (SGLPG) (Ariga et al.  1987 ; Chou et al.  1986 ). 
Interestingly, certain proteoglycans, e.g., CSPGs (Domowicz et al.  1995 ; Margolis 
et al.  1987 ; Pettway et al.  1996 ), cross-react with the HNK-1 antibody. Because of 
its wide distribution on various glycoconjugates, the HNK-1 epitope is expected to 
have important roles in neural development. So far, studies of brains from mice 
defi cient in glucuronyltransferase P (GlcAT-P) or HNK-1 sulfotransferase, the two 
key enzymes of HNK-1 antigen synthesis, have not revealed any overt defect in 
brain development (Yamamoto et al.  2002 ). However, adult mice defi cient in 
GlcAT-P or HNK-1 sulfotransferase exhibit reduced long-term potentiation and 
defective spatial memory formation, suggesting a functional role of the HNK-1 
antigen in synaptic plasticity of the hippocampus, but not in brain development. 
Recently, HNK-1 expression in mouse embryonic NPCs was confi rmed, and the 
HNK-1 epitope was present almost exclusively on tenascin-C (Yagi et al.  2010b ; 
Yanagisawa et al.  2005 ).  

9.8.2     PSA-NCAM 

 As a marker of neuronal precursor cells, PSA-NCAM is expressed not only in the 
CNS but also in the PNS. Sensory and autonomic neurons of rodents express PSA- 
NCAM (Boisseau et al.  1991 ; Stemple and Anderson  1992 ). Also PSA-NCAM 
expression is seen in the development of the enteric nervous system. PSA-NCAM +  
precursor cells from vagal, sacral, and rostral truncal regions of the neural crest 
migrate to the gut, stop at appropriate locations, proliferate and differentiate into 
the many different phenotypes of enteric neurons, form two ganglionated plex-
uses, and establish correct interconnections (Epstein et al.  1991 ; Heuckeroth et al. 
 1998 ; Le Douarin and Teillet  1973 ). The expression of high PSA-NCAM is 
restricted to early neuronal lineage cells derived from neural crest cells (Boisseau 
et al.  1991 ). In the rat gut, polysialyltransferases PST and STX are highly 
expressed at E14 to E18 and then downregulated postnatally (Faure et al.  2007 ). 
Approximately 30 % of neuron-committed cells in the myenteric layer express 
PSA-NCAM at E12. The number of PSA-NCAM +  cells in the mesenteric plexus 
increases to 50 % at E14 and E16 and 80 % at E18 to E20 and then declines gradu-
ally during postnatal life. About 50 % of the cells committed to neuronal differen-
tiation in the submucosal layer are PSA-NCAM +  at E18 to E20. At P14 to P24, 
less than 10 % of the cells express PSA- NCAM in the submucosal plexus. In the 
development of the enteric nervous system, BMP enhances migration, neurite fas-
ciculation, and clustering of neuronal cells via promotion of polysialylation of 
NCAM in the enteric nervous system formed from neural crest cells (Faure et al. 
 2007 ; Fu et al.  2006 ).  
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9.8.3     Other Glycoconjugates 

 Other glycoconjugate markers reported to be present in neural crest stem cells and 
neural crest-derived cells include GD3 in mouse neural crest cells (Stainier et al. 
 1991 ); SSEA-1 in cells committed to differentiating into sensory neurons in quail 
(Sieber-Blum  1989 ); B30 gangliosides, which are unidentifi ed gangliosides recog-
nized by the B30 antibody (one migrates between GM2 and GM1 and the other 
migrates between GD3 and GD1a on thin-layer chromatography) in mouse sensory 
neurons (Stainier et al.  1991 ); and O4 antigen (sulfatide) in Schwann cells and their 
precursors (Dong et al.  1999 ; Stemple and Anderson  1992 ).   

9.9     Future Studies 

 Since their discovery, progress in the biology of NSCs has been made owing to 
their importance in the development of the nervous system. NSCs are characterized 
by their capacity for self-renewal and their ability to differentiate into neurons and 
glia (multipotency). Remarkably, they can be isolated not only from embryonic 
brains (Stemple and Anderson  1992 ) but from adult CNS tissue as well (Reynolds 
and Weiss  1992 ). NSCs cultured using the fl oating culture method with EGF and 
FGF-2 in a defi ned serum-free medium form neurospheres, which consist not only 
of NSCs, but of rather heterogeneous undifferentiated cell populations. A more 
homogenous population of cells can be prepared using monolayer, serum-free cul-
ture. NSCs from neurospheres or monolayer cultures can be induced to differenti-
ate into multiple neural lineages upon growth factor withdrawal (Reynolds and 
Weiss  1992 ). The availability of relatively pure NSCs in culture has greatly 
enhanced current knowledge about the molecular mechanisms underlying cell fate 
determination and ultimately brain development. Moreover, cell reprogramming 
studies have indicated that lineage-restricted neuronal and glial precursors can dis-
play acquired properties that are not evident in vivo (Gabay et al.  2003 ; Kondo and 
Raff  2000 ; Palmer et al.  1999 ). For example, treatment of cells with fetal serum or 
BMPs can reprogram NG2 positive cells to generate NSCs containing repro-
grammed multipotential stem cells that can differentiate into neurons, astrocytes, 
and oligodendrocytes (Kondo and Raff  2000 ). During reprogramming from OPCs 
to NSCs, chromatin remodeling and histone modifi cations occurred (Kondo and 
Raff  2004 ). The ability to manipulate NSC cell fate determination in vitro has 
greatly facilitated understanding of the properties and regulatory mechanisms of 
NSCs in the developing nervous system and adult brain that would have been dif-
fi cult to decipher in vivo .  

 Glycoconjugates, including glycolipids and glycoproteins, are predominantly 
expressed on the cell surface. Because of their structural diversity, they have been 
used effectively as cell surface biomarkers for identifi cation and isolation of specifi c 
cell types. During neural development and neuronal/glial cell differentiation, these 
glycoconjugates frequently undergo dramatic qualitative and quantitative changes 
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that correlate with cellular changes. There is an urgent need to answer the question 
of whether these changes are merely consequences of differentiation needed to sat-
isfy biological needs, such as cell–cell recognition, migration, and adhesion. More 
importantly, recent evidence has shed light on their roles in modulating signaling 
pathways during cellular differentiation and reprogramming. For example, we found 
that cell surface SSEA-1 modulates NSC proliferation mediated by the Notch signal-
ing pathway and migration (Yagi et al.  2012 ; Yanagisawa et al.  2005 ). In addition, it 
was shown that GM3 can modulate EGF receptor function by inhibiting its tyrosine 
kinase activity. Most recently, we showed that GD3 associated with EGF receptor to 
modulate NSC proliferation (unpublished data). Additionally, GSLs have been 
shown to play an important role in the epithelial mesenchymal transition (EMT); 
changes in cell surface glycolipid expression by inhibition of glucosylceramide syn-
thesis convert epithelial cells to a fi broblastic morphology (Guan et al.  2009 ). 
Conversely, overexpression of prominin in fi broblasts induces an epithelial cell-like 
phenotype with an abundance of microvilli-like protrusions (mesenchymal epithe-
lial-like cell transition; MET) (Singh et al.  2013 ). These studies indicate that cell 
surface glycoconjugates may control cell fate in order to effect transdifferentiation 
of one cell type into another. Clearly this represents a fruitful area of future research. 

 Another critical area for future investigation is the basis of induced pluripotent 
stem cell (iPSC) generation. Cell surface glycoconjugates again occupy an impor-
tant area for study. For example, in human fi broblasts, less than 1 % of the cells 
express SSEA-3 and SSEA-3 +  dermal fi broblast-enhanced iPSC generation, while 
no iPSCs could be generated from the SSEA-3 −  fraction (Reijo Pera et al.  2009 ; 
Wakao et al.  2011 ). SSEA-3 +  fi broblast and bone marrow stromal cells host a mul-
tipotent stem cell population that can generate the three germ layers without 
Yamanaka factors, such as Oct3/4, Sox2, c-Myc, and Klf4 (Kuroda et al.  2010 ). It 
clearly shows that SSEA-3 plays a crucial role during reprogramming of fi broblasts 
to stem cells in maintaining stemness. Although SSEA-1, SSEA-3, SSEA-4, GD3, 
and prominin-1 are all expressed in stem cells, mice defi cient in one of these mol-
ecules show only subtle phenotypic abnormalities compared with the wild-type ani-
mals. Clearly, the biological function of one glycoconjugate can be substituted by 
another, albeit with less effi ciency. The “biological redundancy” phenomenon 
 governing cellular events needs to be further defi ned. Future studies in this regard 
should contribute greatly to regenerative and reparative biology.     
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    Abstract     Gangliosides are a large group of complex lipids found predominantly 
on the outer layer of the plasma membranes of cells, and they are particularly con-
centrated in nerve endings. Their half-life in the nervous system is short, and their 
membrane composition and content are strictly connected to their metabolism. 
Their neobiosynthesis starts in the endoplasmic reticulum and is completed in the 
Golgi; catabolism occurs primarily in the lysosomes. However, the fi nal content of 
gangliosides in the plasma membrane is affected by other cellular processes. 

 In this chapter structural changes in the oligosaccharide chains of gangliosides 
induced by the activity of glycohydrolases and in some cases by glycosyltransfer-
ases that are associated with plasma membranes are discussed. Some of the plasma 
membrane enzymes arise from fusion processes between intracellular fractions and 
the plasma membrane; however, other plasma membrane enzymes display a struc-
ture different from that of the intracellular enzymes. Several of these plasma mem-
brane enzymes have been characterized and some of them seem to have a specifi c 
role in the nervous system.  

  Keywords     Ganglioside   •   Glycosphingolipid   •   Glycohydrolases   •   Sphingolipid 
metabolism   •   Central nervous system   •   Neuronal differentiation   •   Neurodegeneration  
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10.1         Gangliosides 

 Gangliosides are glycosphingolipids (GSLs) that contain one or more sialic acid 
residues. They are components of the external layer of all animal cell plasma mem-
branes and are particularly abundant in brain where they are tenfold higher than in 
extra-nervous tissues, representing one-twelfth of the outer layer of glycerophos-
pholipids. Neuronal gangliosides are lipids with strong amphiphilic character due to 
their acidic and, in general, large saccharide head group and double-tailed hydro-
phobic moiety. The lipid moiety of gangliosides, as well as that of all sphingolipids, 
is ceramide (Fig.  10.1a ), which consists of a long-chain amino alcohol connected to 
a fatty acid by an amide linkage. As a peculiar characteristic of the nervous system, 
the amino alcohol can be either 2 S ,3 R , 4E ,2-amino-1,3-dihydroxy-octadecene, 
known as sphingosine, or 2 S ,3 R , 4E ,2-amino-1,3-dihydroxy-eicosene, known as 
eicosasphingosine. The ratio between the two long-chain alcohols is variable, with 
eicosasphingosine barely detectable in the brains of fetuses but progressively 
increasing with age to become the major species in the elderly. A few percent of the 
saturated species, sphinganine and eicosasphinganine, have also been identifi ed 
(Valsecchi et al.  1996 ; Valsecchi et al.  1993 ).

   In nonnervous tissue gangliosides exhibit heterogeneity in their acyl chains, with 
a very long fatty acid moiety often being a major component of the ceramide struc-
ture. In gangliosides of the nervous system, stearic acid is the most common fatty 
acid accounting for 90–95 % of the total fatty acid content. This characteristic of 
neuronal gangliosides may be necessary for neuronal membrane plasticity. 

 The oligosaccharide chain of neuronal gangliosides varies widely due to the neu-
tral sugar content and number of sialic acid residues. This, together with the hetero-
geneity of the ceramide moiety, makes gangliosides a very large family of 
compounds. Table  10.1  shows the main ganglioside structures found in the human 
nervous system, together with trivial and commonly used abbreviations.

   Sialic acid is the name that identifi es all the derivatives of 5-amino-3,5-dideoxy- 
D   - glycero - D - galacto -non-2-ulopyranosonic acid, or neuraminic acid. Among the 
sialic acids, the 5- N -acetyl (Fig.  10.1b ), the 5- N -acetyl-9- O -acetyl (Fig.  10.1c ), and 
the 5- N -glycolyl derivatives (Fig.  10.1d ) are the most common. Healthy humans 
have only the fi rst two sialic acids, in the ratio of 9:1 (Kamerling and Vliegenthart 
 1975 ). Also ganglioside lactones, containing polysialyl chains where the sialic acids 
are linked together with ketosidic and ester linkages (Fig.  10.1e ), have been found 
in human brains (Riboni et al.  1986 ).  

10.2     Gangliosides and Membrane Organization 

 Gangliosides are enriched in confi ned areas of the plasma membrane known as 
“lipid rafts” (Sonnino et al.  2006 ). Lipid rafts are enriched in sphingolipids and 
cholesterol with respect to glycerophospholipids and contain about 1–4 % of the 
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  Fig. 10.1    Chemical structures of ceramide and the sialic acids. ( a ) Ceramide, a long-chain amino 
alcohol (sphingosine base) connected to a fatty acid by an amide linkage. R: phosphocholine, 
glucose, or oligosaccharides. ( b ) Sialic acid is the name that identifi es all the derivatives of 
5-acetamido- 3,5-dideoxy- D - glycero - D - galacto -non-2-ulopyranosonic acid, or neuraminic acid. ( c ) 
5-acetamido-9- O -acetyl-3,5-dideoxy- D - glycero - D - galacto -non-2-ulopyranosonic acid. ( d ) 3,5 
dideoxy-5-glycolamido- D - glycero - D - galacto -non-2-ulopyranosonic acid. ( e ) Sialic acids linked 
together with ketosidic and ester linkage. R1: saccharides or oligosaccharide chain       

 

10 Gangliosides and Cell Surface Ganglioside Glycohydrolases in the Nervous System



226

total protein content of the cell (Sonnino et al.  2006 ). Many lipid raft proteins are 
involved in cell signaling, and this led to the concept that ganglioside–protein inter-
actions are instrumental in signal transduction and cell function. Protein properties 
might be affected by specifi c interactions but could also be modifi ed by the physi-
cochemical properties of the membrane which are determined by the lipid pattern, 
lipid amphiphilic and geometric properties, and lipid organization. Gangliosides, 
with their complex and bulky oligosaccharide structures, need a larger interfacial 
area than that required by glycerolipids. Phase separation with clustering of GSLs 
in a phospholipid bilayer is a spontaneous process driven by minimization of the 
interfacial free energy. The segregation of amphiphilic molecules with a bulky 
hydrophilic head group implies acquisition of a positive membrane curvature. The 
interfacial area increases with size of the oligosaccharide chain, along with a more 
positive membrane curvature and more pronounced segregation. The geometric 
properties of individual gangliosides inserted into the membrane depend primarily 
on the structural features of their oligosaccharides (Sonnino et al.  1994 ) and to a 
lesser extent on those of ceramide. Any variation in either the head group and/or the 
ceramide portion can have marked effects on the membrane surface, particularly on 
lipid rafts, where gangliosides are highly enriched. The dramatic effect on 

   Table 10.1    The main oligosaccharide series in the human nervous system   

 Structure of the oligosaccharide chain  Series 

 β-Gal-  Gal 
 β-Gal-(1-4)-β-Glc-  Lac 
 β-GalNAc-(1-4)-β-Gal-(1-4)-β-Glc-  Gg 3  
 β-Gal-(1-3)-β-GalNAc-(1-4)-β-Gal-(1-4)-β-Glc-  Gg 4  
 β-GalNAc-(1-4)-β-Gal-(1-3)-β-GalNAc-

(1-4)-β-Gal-(1-4)-β-Glc- 
 Gg 5  

 β-Gal-(1-4)-β-GlcNAc-(1-3)-β-Gal-(1-4)-β-Glc-  nLc 4  
 The main gangliosides from the human nervous system 
 Svennerholm nomenclature  IUPAC-IUB nomenclature 
 GM4  Neu5AcGalCer 
 GM3  II 3 Neu5AcLacCer 
 GD3  II 3 (Neu5Ac) 2 LacCer 
 GM2  II 3 Neu5AcGg 3 Cer 
 GD2  II 3 (Neu5Ac) 2 Gg 3 Cer 
 GM1  II 3 Neu5AcGg 4 Cer 
 3′-LM1  IV 3 nLc 4 Cer 
 GD1a  IV 3 Neu5AcII 3 Neu5AcGg 4 Cer 
 GalNAc-GD1a  IV 3 Neu5AcII 3 Neu5AcGg 5 Cer 
 GD1b  II 3 (Neu5Ac) 2 Gg 4 Cer 
 GD1b-lactone  II 3 [Neu5Ac-(2-8,1-9)-Neu5Ac]Gg 4 Cer 
 GT1b  IV 3 Neu5AcII 3 (Neu5Ac) 2 Gg 4 Cer 
  O -Acetyl-GT1b  IV 3 Neu5AcII 3 [Neu5,9Ac 2 -(2-8)-

Neu5Ac]Gg 4 Cer 
 GQ1b  IV 3 (Neu5Ac) 2 II 3 (Neu5Ac) 2 Gg 4 Cer 
  O -Acetyl-GQ1b  IV 3 (Neu5Ac) 2 II 3 (Neu5Ac) 2 Gg 4 Cer 
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membrane curvature/organization seen when sialidase was used to convert the 
 disialoganglioside GD1a to monosialoganglioside GM1, in an artifi cial membrane 
(Del Favero et al.  2011 ), supports the hypothesis that the effect of sequential hydro-
lysis of gangliosides to ceramide by coordination of plasma membrane-associated 
GSL hydrolases, as it occurs in senescent neurons and during neurodegeneration, 
should be much greater (Aureli et al.  2011c ). Due to its two hydrocarbon chains, 
ceramide is very hydrophobic and almost insoluble in an aqueous solution. In a 
membrane it can be considered amphiphilic due to the primary hydroxyl group and 
the amide planar linkage located at the water–lipid interface. It is claimed that when 
a large amount of ceramide is produced from complex sphingolipids, it rapidly 
segregates forming macrodomains instrumental for cell signaling (Gulbins and 
Grassme  2002 ). Ceramide has a very high packing parameter suitable for negative 
curvature. The removal of the head group from sphingomyelin leads to ceramide-
enriched endocytic vesicles, in artifi cial membranes (Holopainen et al.  2000 ). In a 
natural membrane this process would require rearrangement of the membrane, with 
exclusion of some components and sorting of others. In this context, the original 
lipid–protein interactions, or the forces exerted by the lipid environment on the 
protein conformation, would change with concomitant modifi cations of protein bio-
logical properties.  

10.3     Metabolic Pathways of Gangliosides 

 The dynamic plasma membrane ganglioside content and pattern are determined by 
neobiosynthesis, catabolism, and complex traffi cking into and out of the cell. 
Change in any of these pathways can lead to alterations in plasma membrane 
 ganglioside content that can affect neuronal differentiation and neurodegeneration. 
A general scheme for GSL metabolism is shown in Fig.  10.2 .

   De novo biosynthesis of GSLs requires ceramide which is synthesized in the 
endoplasmic reticulum. In contrast to other cells, neurons have two different serine 
acyl-CoA acyltransferases: one specifi c for palmitoyl-CoA and the other for 
stearoyl- CoA. They are expressed in different ratios and in a spatiotemporal manner 
during neuronal development (Chigorno et al.  1997a ) and are necessary for the fi rst 
step in the synthesis of sphinganine and eicosasphinganine, respectively. The bio-
synthetic process leading to ceramide is shown in Fig.  10.3 . Ceramide can be trans-
ported to the Golgi apparatus, the site of ganglioside synthesis, by either vesicular 
or non-vesicular (protein mediated) traffi cking (Olayioye and Hausser  2012 ); neo-
biosynthesized gangliosides are transferred to the plasma membrane by a vesicle 
transport system, becoming external leafl et components. Catabolism of  sphingolipids 
occurs in lysosomes, from which less complex products obtained in the degradation 
pathway can escape (Kolter and Sandhoff  2005 ). In neurons, only a minor portion 
of endocytic vesicles become lysosomes, while the rest rapidly reassociate with 
the plasma membrane. Among the more hydrophilic gangliosides, only a minor 
portion is released from the plasma membranes into the extracellular environment 
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(Chigorno et al.  2006 ). Sphingolipids present in the extracellular milieu are, at least 
in part, taken up by cells, becoming components of membranes where they may 
modify their composition, or they may be directly sorted to the lysosomes (Saqr 
et al.  1993 ). Finally, recent evidence indicates that both sphingolipid catabolic 

  Fig. 10.2    Scheme depicting glycosphingolipid metabolism. Different metabolic pathways 
involved in changing plasma membrane glycosphingolipids composition. 1—plasma membrane 
uptake of extracellular glycolipids shed by different cells; 2—shedding of glycolipid monomers, 
some directly reenter the membrane, while others interact with the extracellular proteins or lipo-
proteins and are subsequently taken up by the cells and catabolized into lysosomes; 3—release of 
glycolipid-containing vesicles from the plasma membrane; 4—membrane endocytosis followed by 
sorting to lysosomes and lysosomal catabolism; 5—biosynthetic modifi cations by plasma 
membrane- associated glycosyltransferases and glycosidases; 6—neobiosynthesis of glycosphin-
golipids and their transport to the cell surface; 7—recycle in the biosynthetic pathway of partially 
catabolized molecules       
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(hydrolases) and biosynthetic (transferases) enzymes are associated with the plasma 
membrane where they may act on membrane components (Aureli et al.  2011b ).

   While steps in the biosynthesis of GSLs are now well defi ned, little is known 
about how it is regulated. It is generally assumed that it is primarily regulated at the 
transcriptional level by control of expression of glycosyltransferases and/or trans-
porter proteins. Indeed, changes in cellular GSL pattern such as that seen during 
neuronal development and upon oncogenic transformation and acquisition of drug 
resistance by tumor cells are paralleled by changes in expression of the corre-
sponding glycosyltransferases. However, it is also possible that differences in 
intracellular metabolic fl ow and/or half-life of each GSL infl uence the GSL pattern 
(Veldman et al.  2002 ). In fact, regulation of intracellular traffi cking may be as 
important as control of enzyme expression in determining the fi nal GSL composi-
tion of the plasma membrane. Reliance of cells on neobiosynthesis and subsequent 
transport of the GSLs to the plasma membrane could require too much time to 
modify the plasma membrane GSL composition in response to extracellular sig-
nals. In addition, even though the half-life of GSLs may be short in neurons 
(Prinetti et al.  2001 ), it is long or very long in the majority of cells. In fi broblasts, 
where the half-life of gangliosides is long (Chigorno et al.  1997b ), their major loss 
is by shedding into the extracellular environment (Chigorno et al.  2005 ), not catab-
olism. It has been  determined that up to 7–8 % of the total cell sphingolipids are 
shed every day by cells in culture (Chigorno et al.  2006 ), making neobiosynthesis 
of GSLs a necessity. 

 The fact that some enzymes involved in GSL metabolism are found in the plasma 
membrane modifi es the generalized concept that glycohydrolases are only in the 

  Fig. 10.3    Biosynthetic pathway for brain ceramide. Ceramide is synthesized in the endoplasmic 
reticulum. Neurons have two different serine acyl-CoA acyltransferases: one specifi c for palmitoyl- 
CoA and the other for stearoyl-CoA. They are expressed in different ratios and in a spatiotemporal 
manner during neuronal development and are necessary for the fi rst step in the synthesis of sphin-
ganine and eicosasphinganine, respectively       
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lysosomes and glycosyltransferases are only in the Golgi. The association of 
enzymes needed for GSL metabolism with the plasma membrane, accumulating 
information about their activity on natural substrates in living cells, along with iden-
tifi cation of the presence of pairs of enzymes, like sialidase and sialyltransferase, 
able to catalyze opposing reactions, suggest that changes in plasma membrane 
GSLs could occur rapidly in response to different conditions. These changes would 
be dependent only on kinetic properties of the enzymes, which can change very 
rapidly in response to ligand-triggered interactions.  

10.4     Plasma Membrane-Associated Enzymes 
and Ganglioside Pattern 

 Enzymes involved in GSL metabolism that are associated with the plasma mem-
brane include sialidase and sialyltransferase, β-hexosaminidase, β-galactosidase, 
and β-glucosidase (Fig.  10.4 ). In gangliosides sialic acid is usually linked by an 
α-linkage to the C3 position of galactose or to the C8 position of another sialic acid 
residue. Four different sialidases capable of catalyzing release of ganglioside sialic 
acid moieties have been identifi ed. Neu1 is the lysosomal enzyme, known to be 
needed for catabolism of sialo-compounds; Neu2 is cytosolic and Neu4 is mito-
chondrial, but their role in vivo is not clear. Neu3 is associated with the plasma 
membrane and seems to be involved in functional processes. Small amounts of 
Neu1 and Neu2 have been also found in association with the plasma membrane.

   Publications in the 1970s and 1980s described the association of sialidase 
(Schengrund and Rosenberg  1970 ; Tettamanti et al.  1972 ; Tettamanti et al.  1973 ; 
Tettamanti et al.  1975 ) and sialyltransferase (Preti et al.  1980 ) with synaptosomal 
membranes. These observations led to the hypothesis that a sialylation–desialylation 
cycle existed for gangliosides at the plasma membrane level and might be involved 
in the function of gangliosides in neurons. The sialylation–desialylation cycle 

  Fig. 10.4    Schematic representation of the glycosyltransferases and glycohydrolases associated 
with the cell surface. The presence of different glycosyltransferases and glycohydrolases at the cell 
plasma membrane allows the in situ modifi cation of the cell surface glycolipid composition. The 
availability of a series of couples of enzymes catalyzing the same reaction in opposite directions 
extends the concept of cycle, originally reported for the sphingomyelin, to several other sphingo-
lipids. HexA, hexosaminidase A; GalNac-T, UDP-N-UDP-N-acetylgalactosaminyltransferase; 
β-Gal, β-galactosidase; SMase, sphingomyelinase; SMS2       
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 predates by 20 years the elucidation of the “sphingomyelin cycle” (Venable et al. 
 1995 ), in which the two enzymes sphingomyelinase and sphingomyelin synthase 
modulate cell proliferation and apoptosis through the level of ceramide. The exis-
tence of a plasma membrane-associated sialidase distinct from the lysosomal 
enzyme was fi rst suggested by enzymatic and immunological studies (Schengrund 
et al.  1976 ; Miyagi et al.  1990a ; Miyagi et al.  1990b ; Schneider-Jakob and Cantz 
 1991 ; Kopitz et al.  1994 ), as well by metabolic studies (Riboni et al.  1991 ; Kopitz 
et al.  1997a ); a membrane- bound sialidase was purifi ed from human brain grey mat-
ter (Kopitz et al.  1997b ) and from bovine brain (Hata et al.  1998 ; Oehler et al.  2002 ). 
In 1999, the existence of a specifi c membrane-associated sialidase, coded as Neu3, 
that was distinct from other known sialidases, was unambiguously proven by the 
cloning of its cDNA sequence for human (Wada et al.  1999 ) bovine (Miyagi et al. 
 1999 ) and mouse (Hasegawa et al.  2000 ). 

 Neu3 and gangliosides co-localize in Triton X-100-insoluble lipid rafts (Kalka 
et al.  2001 ). The nonrandom distribution of Neu3 at the cellular surface introduces 
the possibility that the biological effects of this enzyme might be due to the local 
reorganization of GSL-based signaling units. Remarkably, Neu3 modulates cell sur-
face GSL composition by  trans  interactions, hydrolyzing substrates on the surface 
of neighboring cells (Papini et al.  2004 ). 

 In colon and renal cancer, this sialidase appears to be responsible for acting on 
GM3, thereby maintaining high cellular levels of lactosylceramide that can exert a 
Bcl-2-dependent antiapoptotic effect, contributing to survival of the cancer cells and 
subsequent tumor progression (Kakugawa et al.  2002 ; Ueno et al.  2006 ). 

 Neu3, together with plasma membrane-associated β-galactosidase and 
β-glucosidase, can act on gangliosides to produce bioactive ceramide at the cell 
surface of cultured human fi broblasts (Valaperta et al.  2006 ). The structure of 
plasma membrane-associated ß-galactosidase is still unknown; it could be the lyso-
somal enzyme, transferred to the plasma membrane by the fusion of lysosomes with 
the plasma membrane. Two distinct β-glucosidases are associated with the plasma 
membranes of fi broblasts. One is the lysosomal enzyme GBA1; the other, GBA2, 
displays a different structure. Expression of either Neu3, β-galactosidase, or 
β-glucosidase can affect the expression/activity of the others. Overexpression of 
Neu3 resulted in increased expression/activity of β-galactosidase and β-glucosidase. 
This resulted in an increase in ceramide and a shift from cell proliferation to cell 
death by apoptosis. Nevertheless the increase of cell surface ceramide was paral-
leled by a very scant reduction in ganglioside GM3, a substrate for Neu3, and the 
main ganglioside in fi broblasts. In fact, overexpression of Neu3 led to increased 
expression of GM3 synthase. This may be how cells avoid reduction of GM3 by the 
concomitant increase in Neu3, β-galactosidase, and β-glucosidase activities that 
combined catalyze conversion of GM3 to ceramide. The increased expression of 
sialyltransferase 1 (SAT1) increases its action on lactosylceramide depleting its 
availability for the biosynthesis of globotrihexosylceramide. Figure  10.4  shows 
relationships between several enzymes of GSL metabolism. As for Neu3, plasma 
membrane β-galactosidase and β-glucosidase display  trans  activity in living cells by 
acting on substrates on neighboring membranes in the absence of activator proteins 
or detergents (Papini et al.  2004 ; Aureli et al.  2009 ). 
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 The presence of active β-hexosaminidase A in the external leafl et of the plasma 
membrane has also been found in cultured fi broblasts (Mencarelli et al.  2005 ). 
Immunological and biochemical characterization of the membrane-associated 
β-hexosaminidase indicated that this enzyme has the same structure as the lyso-
somal enzyme. This led to the hypothesis that a regulated fusion of lysosomes with 
the plasma membrane might be a general mechanism of repair for the plasma mem-
brane (Reddy et al.  2001 ) and could also provide a way for lysosomal GSL- 
metabolizing enzymes to reach the cell surface where, together with specifi c and 
different membrane-associated enzymes, they could play an active role in remodel-
ing the GSL composition of the plasma membrane. 

 Information is also available about in situ sialylation of cell surface gangliosides. 
The original report on the presence of a synaptosomal membrane sialyltransferase 
in calf brain (Preti et al.  1980 ) was confi rmed by metabolic studies in chicken 
embryos (Matsui et al.  1986 ) and rat brains (Durrie et al.  1988 ; Durrie and Rosenberg 
 1989 ). More recently, it was shown that exposure to dexamethasone markedly 
increased GM3 synthesis, due to enhanced gene expression and increased enzyme 
activity of SAT1. Metabolic studies indicated that this event is localized at the 
plasma membrane (Iwamori and Iwamori  2005 ), thus confi rming that glycolipid 
sialylation might occur outside the Golgi compartment, contributing to the local 
modulation of the cell surface GSL pattern. 

 A further possibility for modifi cation of the oligosaccharide structure of ganglio-
sides is by the lactonization of molecules containing a disialosyl residue, such as 
GD1b. Ganglioside lactones are present as minor components in vertebrate brains 
(Sonnino et al.  1983 ; Riboni et al.  1986 ). GD1b monolactone formation, in the pres-
ence of catalytic protons, has been studied in vitro (Bassi et al.  1989 ) (Fig.  10.5 ), 
and it has been shown that lactonization infl uences the conformation, aggregative 

  Fig. 10.5    Monolactone 
formation due to the acidic 
plasma membrane 
microenvironment. The 
catalytic protons are 
generated by the sodium/
proton pump located at the 
cell surface and activated 
through the action of protein 
kinase C (PKC). The local 
acidic microenvironment is 
directly responsible for 
lactone formation       
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(Acquotti et al.  1987 ) and biological properties of GD1b (Bassi et al.  1991 ). GD1b 
is able to directly interact with several cellular proteins (Prinetti et al.  2000b ) and to 
modulate several plasma membrane-associated protein kinase activities (Bassi et al. 
 1991 ), while GD1b-lactone does not or does so in a very reduced way (Bassi et al. 
 1991 ; Sonnino et al.  1990 ). This suggests that lactonization/delactonization might 
represent a localized event able to trigger specifi c ganglioside-mediated cellular 
events. In vivo GD1b lactonization occurs in neurons through a process that sug-
gests the presence of a specifi c enzyme associated with the plasma membrane 
(Bassi et al.  1994 ).

10.5        Plasma Membrane Glycosphingolipid 
Hydrolases in the Nervous System 

10.5.1     Sialidase Neu3 

 The fi rst plasma membrane-associated enzyme identifi ed that was involved in 
 ganglioside catabolism was the sialidase Neu3 (NEU3, EC 3.2.1.18). It can be con-
sidered an ubiquitous enzyme as it is expressed albeit at different levels in the 
plasma membranes of most normal and pathological human tissues such as the 
human brain (Kopitz et al.  1994 ), normal colon, as well as colon rectal carcinoma 
tissues, hepatic tumors, and kidney carcinomas (Monti et al.  2002 ; Miyagi et al. 
 2008b ; Miyagi et al.  2008a ; Ueno et al.  2006 ; Kakugawa et al.  2002 ). In addition, 
its expression and activity were also found in normal and pathological cell lines 
such as erythroid and erythroleukemic cells (Venerando et al.  2002 ; Tringali et al. 
 2007b ; Tringali et al.  2007a ), fi broblasts (Chigorno et al.  1986 ), neurons, neuroblas-
toma cells (Schengrund and Repman  1982 ), breast ductal cancer T47D cells, colon 
carcinoma CaCo2 cells, colorectal adenocarcinoma HT29 cells, different types of 
ovarian cancer cells and cervix adenocarcinoma HeLa cells (Kakugawa et al.  2002 ). 

 Neu3 catalyzes the hydrolysis of both α2–8 and α2–3 external ketosidic linkages 
but is ineffective on inner α2–3 sialyl residues. An increase in Neu3 activity  modifi es 
cell surface ganglioside composition by catalyzing the conversion of polysialylated 
species of Gg4 and Gg3 to monosialoderivatives and GM3 to lactosylceramide. 
These changes have signifi cant effects on neuronal differentiation and apoptosis in 
both normal and pathological cells (Kakugawa et al.  2002 ; Valaperta et al.  2007 ; 
Valaperta et al.  2006 ). In mouse and human neuroblastoma cells, the pharmacologi-
cally induced neuronal differentiation is accompanied by an increase in Neu3 
expression and activity (Proshin et al.  2002 ). Neurite outgrowth can also be induced 
by transfection of cells with Neu3. In addition, an increase in Neu3 activity enhanced 
extension and/or branching of neurites promoted by exposure of neuroblastoma 
cells to 5-bromodeoxyuridine (Hasegawa et al.  2000 ). Conversely, in SK-N-MC 
neuroblastoma cells, inhibition of Neu3 activity resulted in the loss of neuronal dif-
ferentiation markers (Kopitz et al.  1994 ; von Reitzenstein et al.  2001 ). 
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 In cultured rat granule cells, Neu3 increased during differentiation and remained 
constant during aging (Aureli et al.  2011c ). In cultured hippocampal neurons, Neu3 
activity regulated the plasma membrane content of GM1 and was essential for axo-
nal growth and regeneration after axotomy (Rodriguez et al.  2001 ). In these neu-
rons, Neu3 activity is asymmetrically concentrated at the end of a single neurite and 
determines its axonal fate by a local increase in TrkA activity (Da Silva et al.  2005 ). 
However, reduction of Neu3 expression did not prevent induction of neuroblastoma 
cell differentiation (Valaperta et al.  2006 ). The nonrandom distribution of Neu3 at 
the cell surface (Kalka et al.  2001 ) introduces the possibility that the biological 
effects of this enzyme might be due to local reorganization of GSL-based signaling 
units, not just on cells with which Neu3 is associated, but on neighboring cells as 
well, due to  trans  interactions (Papini et al.  2004 ). 

 Taking into account the high concentration of gangliosides in the nervous system, 
and the very high and progressive increase of Neu3 and total sialyltransferase during 
neuronal differentiation, it is possible to hypothesize that a sialylation–desialylation 
cycle on the plasma membrane has a specifi c role during neuronal cell specialization, 
especially during cell stages in which it is necessary to build specialized membranes 
such as axonal protrusion and elongation, dendritic arborization, and synaptogenesis. 
These enzymes could also be essential for axon repair and/or synaptic function.  

10.5.2     β-Glucocerebrosidases 

 At least three different β-glucocerebrosidases have been described: a β-
glucocerebrosidase (GBA, GBA1, EC 3.2.1.45) sensitive to inhibition by conduritol 
B epoxide (CBE), associated primarily with lysosomes (Neufeld et al.  1996 ); a 
cytosolic β-glucosidase (GBA3, EC 3.2.1.21) (Daniels et al.  1981 ); and a non- 
lysosomal β-glucosylceramidase (GBA2, EC 3.2.1.45) (van Weely et al.  1993 ). 

 GBA2 is able to catalyze the hydrolysis of glucosylceramide both at the cell 
surface and in the endoplasmic reticulum (van Weely et al.  1993 ; Korschen et al. 
 2012 ). In fact, the cellular localization of GBA2 is still controversial, since it has 
been described as being associated with endosomal vesicles, the plasma membrane, 
and the endoplasmic reticulum. Analysis of data describing its localization indicates 
that it depends on the cell type and cell stage. Up to now, most of the information 
about GBA2 localization came from studies performed on cells overexpressing 
GBA2 as a fusion protein with green fl uorescence protein (GFP); therefore, further 
investigation is needed to defi ne its cellular topology. Database searching of GBA2 
cDNA sequences revealed apparent orthologs of this enzyme in species ranging 
from Drosophila to Arabidopsis to vertebrates, indicating that the protein is highly 
conserved and suggesting its functional importance. Study of GBA2 expression and 
activity showed that in humans, this enzyme is abundant in the brain, heart, skeletal 
muscle, and kidney (Matern et al.  2001 ), whereas in mouse it is most abundant in 
the testis and brain (Yildiz et al.  2006 ). 

M. Aureli et al.



235

 A recent study using GBA2 knockout (KO) mice showed an abnormal 
 accumulation of glucosylceramide in multiple tissues, including the brain, liver, and 
testis. The KO mice had normal bile acid metabolism and, apparently, no impair-
ment in the CNS; however, the accumulated glucosylceramide led to decreased fer-
tility due to formation of misshapen spermatozoa (Yildiz et al.  2006 ). More recent 
studies indicated that mutations in GBA2 caused autosomal recessive cerebellar 
ataxia with spasticity in humans (Martin et al.  2013 ; Hammer et al.  2013 ). Moreover, 
antisense morpholino oligonucleotides targeting the GBA2 orthologous gene in 
zebrafi sh led to abnormal motor behavior and axonal shortening/branching of moto-
neurons. This condition could be rescued by transfection with human wild-type 
mRNA for GBA2 but not with the mRNA containing the missense mutation found 
in GBA2 in patients affected by autosomal recessive cerebellar ataxia with spastic-
ity. These data suggest a specifi c role for GBA2 in the control of the cellular gluco-
sylceramide–ceramide balance that could be responsible for the onset of motoneuron 
defects (Martin et al.  2013 ). As mentioned before, homozygous GBA2 knockout 
mice showed no apparent neurological signs, liver dysfunction, or reduced viability 
when observed at 4 months of age even when an accumulation of glycolipid species 
was observed by mass spectrometry in the brain, liver, and testis (Yildiz et al.  2006 ). 
Longer times may be required to observe a neurological phenotype in these mice, as 
was found in other mouse models of hereditary spastic paraplegia. The latter may 
refl ect the fact that the neurological signs are very subtle during the fi rst months of 
life (Ferreirinha et al.  2004 ; Soderblom et al.  2010 ). Impairment of their nervous 
system could also be obscured by the different structure of mouse corticospinal 
tracts compared to humans or zebrafi sh or by a compensation for the loss in GBA2 
activity by other GBA enzymes during early stages of development (Martin et al. 
 2013 ). It should be noted that the GBA2 knockout mice lacked only exons 5 to 10 
and retained 50 % of normal glucosidase activity. On this basis it has been hypoth-
esized that accumulation of glucosylceramide in the ER and/or plasma membrane 
did not reach the threshold needed to cause neurological symptoms. 

 It has also been shown that GBA2 activity increases more than threefold during 
neuronal differentiation (Aureli et al.  2011a ). β-Glucosidase activity also increases 
during differentiation of murine neuronal stem cells (Aureli et al.  2011a ). However, 
in primary neuronal cultures, cell surface β-glucosidase activity is due primarily to 
the GBA2 enzyme whose activity increases more than threefold during neuronal 
differentiation. While the CBE-sensitive β-glucosidase enzyme contributes to 
the total plasma membrane (PM) β-glucosidase activity, the CBE-sensitive 
β-glucosidase/GBA2 ratio is 0.4 in the fi rst stage of neuronal differentiation and 
drops to 0.25 in fully differentiated neurons (Aureli et al.  2011c ). Conversely, in 
murine neuronal stem cells, plasma membrane β-glucosidase activity was largely 
due to the CBE-sensitive β-glucosidase enzyme, with the CBE-sensitive 
β-glucosidase/GBA2 ratio 0.75 in precursors and 2.3 in differentiated cells. The dif-
ferent behaviors of these enzymes in the two different cellular models could refl ect 
the fact that, as a result of serum-induced murine neuronal stem cell differentiation, 
the neuronal component in the differentiated cells accounted for only about 10 % of 
the cells, with about 70–80 % by glial cells, whose contribution in terms of the two 
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different β-glucosidase activities could be very different than that of neurons. In 
fact, in nonneuronal cell lines such as human fi broblasts, we observed a ratio 
between CBE-sensitive β-glucosidase and GBA2 that was around 7 (Aureli et al. 
 2009 ). The lack of data on the activity of PM-associated glycohydrolases in cultures 
of astrocytes and oligodendrocytes indicates that future studies need to be done to 
assess this issue. Interestingly in studies of fi broblasts derived from patients affected 
by different variants of Gaucher disease (GD), the reduction in total GBA1 activity 
was paralleled by an increase in GBA2 activity and expression. This was particu-
larly evident in fi broblasts from patients affected by type 2 GD (GD2), the most 
severe form of the neuronopathic type of GD (Aureli et al.  2012 ). Despite all of 
these observations, the link between GBA2 and neuronal differentiation    as well as 
neurodegeneration is still unclear and merits further study. 

 Several years ago the presence of a cell surface CBE-sensitive β-glucosidase 
activity was described (Aureli et al.  2009 ). Studies of human fi broblasts derived 
from patients affected by GD showed that this plasma membrane-associated activ-
ity was signifi cantly reduced with respect to fi broblasts from healthy patients per-
mitting one to ascribe this activity to a defi ciency in the GBA1 enzyme (Aureli 
et al.  2012 ). 

 Increased GBA1 and GBA2 activities on the plasma membrane of human 
 fi broblasts and concomitant increase in ceramide are responsible for cell cycle arrest 
and apoptosis (Valaperta et al.  2006 ). This activity is due to both enzymes (Aureli 
et al.  2009 ). 

 A recent multicentre study demonstrated that mutations of GBA1 represent, to 
date, the most common genetic risk factor for Parkinson’s disease (PD) (Sidransky 
et al.  2009 ). Importantly, a recent paper demonstrated that in neurons and brains 
from this type of PD patients, the lysosomal accumulation of glucosylceramide, the 
substrate for GBA1, directly infl uenced the abnormal lysosomal storage of 
α-synuclein oligomers resulting in a further inhibition of GBA1 activity (Mazzulli 
et al.  2011 ). These fi ndings suggest for the fi rst time that the bidirectional effect of 
decreased GBA1 activity and α-synuclein accumulation forms a positive feedback 
loop that may lead to self-propagating disease (Mazzulli et al.  2011 ). Up to now this 
process has just been described for the lysosomal function of GBA1, but due to its 
involvement in the production of apoptotic ceramide at the PM level, GBA1 associ-
ated with the cell PM could contribute to neuronal impairment in neurodegenera-
tive diseases.  

10.5.3     β-Galactosidases 

    Two different β-galactosidases involved in GSL metabolism have been described: 
β-galactocerebrosidase (β-Gal-ase, GALC EC 3.2.1.46), which catalyzes the hydro-
lysis of galactose from galactosylceramide, lactosylceramide, and galactosylsphin-
gosine, and the β-galactosidase (GAL, EC 3.2.1.23), which catalyzes hydrolysis of 
the terminal galactose of GM1 (Li and Li  1999 ). As is well known, loss of function 
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of β-galactosidase EC 3.2.1.46 is responsible for the disease globoid  leukodystrophy 
(GLD, Krabbe disease), while defi ciency of β-galactosidase EC 3.2.1.23 is the 
cause of GM1 gangliosidosis (Xu et al.  2010 ). Both these sphingolipidoses are char-
acterized by an impairment of the CNS although the molecular bases are unclear. 

 In addition to the lysosomal enzymes, PM-associated β-galactosidase activity 
has been found in several cell lines (Aureli et al.  2011b ). The identity of the pro-
tein, or proteins, responsible for the β-galactosidase activity present at the cell sur-
face is still unknown. However, in living human fi broblasts, the presence of a 
β-galactosidase which displays a  trans  activity (on substrates belonging to the cell 
surface of neighboring cells) has been verifi ed. It is active in the absence of deter-
gents or activator proteins, suggesting that on the cell surface there is at least one 
enzyme with a β-galactocerebrosidase-like activity (Aureli et al.  2009 ). Using the 
same cells, it was shown that its expression is up-regulated by Neu3 overexpression 
and correlated with the onset of ceramide-mediated apoptosis (Valaperta et al. 
 2006 ). β-Galactosidase activity was measured during neuronal cell differentiation 
and aging, in both the total cell lysate and the plasma membrane fraction from rat 
cerebellar granule cells. Both activities were up-regulated during cell differentia-
tion. As expected, β-galactosidase activity associated with the plasma membranes 
was much less than that found in the total cell homogenate. Total cell activity 
remained constant during differentiation and then increased fourfold during aging. 
In contrast, cell surface activity increased tenfold during differentiation and then 
doubled during neuronal senescence (Aureli et al.  2011c ). Similar behavior was 
described for PM-associated β-galactosidase activity during neuronal differentia-
tion of NSCs (Aureli et al.  2011a ). β-Galactosidase activity has been proposed as a 
marker for senescence (Coates  2002 ; Dimri et al.  1995 ; Severino et al.  2000 ; Geng 
et al.  2010 ). The behavior of the PM-associated enzyme in rat cerebellar granule 
cells suggests that β-galactosidase activity could be used as hallmark of both neu-
ronal differentiation and aging as well as of apoptosis in fi broblasts. Little is known 
regarding the functional role of PM-associated β-galactosidases. It has been 
hypothesized that they may act as cell surface receptors mediating various cell–cell 
and cell–matrix interactions responsible for cell migration, differentiation, and 
axonal protrusion (Evans et al.  1993 ; Huang et al.  1995 ). No data are available on 
their enzymatic properties.  

10.5.4     β-Hexosaminidases 

 β-Hexosaminidase is a dimeric enzyme that exists in three different isoforms. There 
are two different subunits for β-hexosaminidase, α (528 residues) and β (556 resi-
dues), encoded by two different but evolutionarily related genes, HEX A and HEX 
B (Triggs-Raine et al.  2001 ). Each subunit has its own active site: the β-subunit 
hydrolyzes uncharged substrates, whereas the α-subunit catalyzes cleavage of 
GalNAc from negatively charged ones (Bearpark and Stirling  1978 ; Kytzia and 
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Sandhoff  1985 ). However, dimerization is necessary for the enzymes in order to 
become fully functional. Thus, the α- and β-subunits can form three different 
β-hexosaminidase isoenzymes: Hex A (αβ), Hex B (ββ), and Hex S (αα). Only the 
αβ heterodimer Hex A is able to remove β-linked nonreducing terminal GalNAc 
from ganglioside GM2 and GalNAc-GD1a, in the presence of the GM2 activator 
protein, a specifi c cofactor of Hex A (Kolter and Sandhoff  2006 ). 

 Genetic defects in either of the genes encoding the α- and β-subunits of Hex A or 
the GM2 activator protein can result in GM2 accumulation in neural tissue leading 
to one of the three forms of GM2-gangliosidosis: Tay–Sachs disease, due to defects 
in the α-subunit (TSD, OMIN 2728800); Sandhoff disease, characterized by defects 
in the β-subunit (SD, OMIN 268800); and the AB variant of Sandhoff disease 
(OMIN 272750), in which both the subunits are affected (Bateman et al.  2011 ). The 
massive neuronal accumulation of GM2 is accompanied by progressive neurologi-
cal deterioration affecting motor, cerebral, and spinocerebellar functions. 

 The presence of active β-hexosaminidase A in the external leafl et of the plasma 
membrane was found in studies of cultured fi broblasts (Mencarelli et al.  2005 ). 
Immunological and biochemical characterization of the membrane-associated 
β-hexosaminidase indicated that the enzyme has the same structure as that in lyso-
somes. This suggests that a regulated fusion process between lysosomes and the 
plasma membrane might be responsible for transport of lysosomal enzymes to the 
cell surface where the enzymes could function in the remodeling of the glycolipid 
content and pattern on the external leafl et of the plasma membrane. During differ-
entiation of murine neuronal stem cells, plasma membrane β-hexosaminidase 
increased its activity, reaching a maximum in fully differentiated cells (Aureli et al. 
 2011a ). On the other hand, analysis of the PM-associated glycohydrolase activity in 
fi broblasts derived from patients affected by different variants of Gaucher disease 
indicated that the PM-associated β-hexosaminidase increased only in cells derived 
from patients affected by the most severe neuronopathic form of GD (GD2) (Aureli 
et al.  2012 ). 

 Analysis of epithelial cells indicated the presence on the cell surface of an UDP- 
GalNAc: LacCer/GM3/GD3  N -acetylgalactosaminyl transferase able to act on 
exogenous GM3 (Crespo et al.  2010 ). Currently, no data are available regarding its 
activity on endogenously synthesized GSLs. However, its ability to act on exoge-
nous substrates could be important in the plasma membrane remodeling process. 
In fact, the glycolipid composition of the plasma membrane could also be remod-
eled by the uptake of glycolipids from the extracellular environment (e.g., from 
other cells, lipoproteins, or molecules shed by other cells). These compounds, 
depending on the “cellular request” and on their aggregation, could be endocytosed 
or become components of the cell surface directly or after modifi cation by the 
action of PM-associated enzymes. The coexistence of β-hexosaminidase and 
β-hexosaminyl transferase activity on the cell surface supports the hypothesis that 
there is a glycolipid cycle occurring on the plasma membrane that can have impor-
tant biophysical effects on the membrane itself and affect events that regulate the 
“cell social life.”   
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10.6     Conclusions 

 During neuronal development dramatic changes occur in GSL content along with a 
parallel reorganization of PM lipid domains enriched in GSLs (Yu  1994 ; Prinetti et al. 
 2001 ; Yu et al.  2004 ). While the driving forces guiding these modifi cations are not 
completely understood, some information regarding the possibility of fi ne- tuning the 
cell PM GSL composition has been obtained regarding a synergy in activity by differ-
ent plasma membrane glycohydrolases (Valaperta et al.  2006 ; Aureli et al.  2009 ). 

 In rat cerebellar granule cells, increases in total cell ceramide content (eightfold 
from the 2nd to the 17th day in culture) and in that belonging to the sphingolipid- 
enriched domains (tenfold from the 2nd to the 17th day in culture) were observed. 
A parallel reduction in the endogenous content of both sphingomyelin and ganglio-
sides was observed in sphingolipid-enriched domains of senescent cells relative to 
fully differentiated neurons (Prinetti et al.  2000a ). The increase of ceramide could 
be explained by the well-known ceramide–sphingomyelin cycle that is known to 
correlate with apoptotic phenomena (Venable et al.  1995 ). The increased activity of 
the PM-associated glycohydrolases during cell aging supports speculation that the 
augmented ceramide in the PM could be derived from cell surface catabolism of the 
glycosphingolipids, as found in human fi broblasts (Valaperta et al.  2006 ). As 
reported (Rodriguez et al.  2001 ; Da Silva et al.  2005 ), the sialidase Neu3 is able to 
infl uence extension and symmetry of axons in neuronal cells, possibly by inducing 
a local change in PM sphingolipid composition at the axonal cones. All these data 
support the idea that modulation of the activities of other PM-associated glycohy-
drolases during neuronal differentiation could affect differentiation itself and could 
also help defi ne the curvature properties of specifi c areas of the PM (such as syn-
apses or the negative curvature of the membrane near the axon protrusion) by a 
rapid in situ modifi cation of GSL components. An example of the latter is provided 
by the geometry of synapses. Typically it is characterized by a succession of PM 
regions with negative or positive curvatures that correlate respectively to an enrich-
ment of the area with simple sphingolipids or the enrichment of more complex 
GSLs (Sonnino et al.  1994 ; Brocca and Sonnino  1997 ). On the other hand, an aber-
rant increase in cell surface glycohydrolases can increase production of apoptotic 
ceramide and lead to the onset of neuronal impairment. For these reasons, the bal-
ance between glycosylation and de-glycosylation events at the cell surface could be 
a very important mechanism for maintaining the appropriate neuronal physiology.     
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    Abstract     Myelin-associated glycoprotein (MAG) is a 100 kDa glycoprotein 
located at the innermost layer of myelin sheets that remains in intimate contact with 
the axonal membrane. It is selectively expressed by myelinating cells including 
Schwann cells in the peripheral nervous system (PNS) and oligodendrocytes in the 
central nervous system (CNS). Due to its selective location and its effects on neu-
rons, it was originally thought to be involved in axon–glia communication. The 
generation of MAG-defi cient mice greatly expanded our knowledge about the phys-
iological role of MAG, which helped to establish its critical roles in the normal 
formation and maintenance of myelinated axons. Interest in MAG was revived 
when it was described as the fi rst myelin-derived inhibitor of axon regeneration. 
Since then numerous publications have provided detailed information about its axo-
nal receptors and their signaling pathways. Recently, the nurture role of MAG on 
neurons was confi rmed. On the other hand, MAG mediates signals coming from the 
axons that strongly impact on oligodendrocytes and Schwann cells, highlighting the 
bidirectional nature of axon–glia communication. Overall, MAG is a critical com-
ponent of axon–glia interactions with multiple functions in the biology of both neu-
rons and glial cells.  

  Keywords     MAG   •   Myelin-associated glycoprotein   •   Siglec-4a (sialic acid-binding 
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11.1         Introduction 

 MAG, also known as Siglec-4a, is a type I integral glycoprotein member of the 
   immunoglobulin superfamily (IgSF) gene. It was fi rst identifi ed in 1973 by Richard 
Quarles and colleagues who isolated it as the major glycoprotein from myelin 
extracts (1 % of the total protein in the CNS, 0.1 % of the total protein in the PNS) 
(Everly et al.  1973 ). MAG is a cell surface member of the Siglec family, a subgroup 
of the IgSF that share structural and functional characteristics in addition to the 
common feature of recognition of sialic acid-bearing glycoconjugates (Crocker 
et al.  1998 ). It is encoded by a single gene that is conserved among vertebrates 
(Arquint et al.  1987 ). Together with the structurally related Schwann cell myelin 
protein (SMP, also known as Siglec-4b), they are the only two members of the 
Siglec family whose expression outside the hematopoietic system is restricted to the 
nervous system (Dulac et al.  1992 ). A third member of the family, Siglec-11, is 
expressed, but not restricted to, by the brain microglia (Wang et al.  2012 ; Hayakawa 
et al.  2005 ). Due to the fact that Siglec-4b and Siglec-11 expression is exclusive to 
avians and humans, respectively, this chapter will focus on the role of MAG in the 
nervous system, for which the extensive fi ndings published during the past 40 years 
have helped to unmask many biological functions.  

11.2     MAG Structure and Expression 

 The structure of MAG consists of an extracellular segment (which mediates binding 
to axons) containing fi ve disulfi de-bonded immunoglobulin-like domains, a single 
intramembrane segment, and a cytoplasmic domain (Lai et al.  1987 ; Arquint et al. 
 1987 ; Salzer et al.  1987 ). In    the nervous system, MAG exists predominantly as two 
isoforms that arise from an alternative splicing that produces two proteins with 
identical extracellular and transmembrane domains but that differ in the length of 
their cytoplasmic tails and are identifi ed as S-MAG (short) and  L-MAG ( long) (Lai 
et al.  1987 ; Salzer et al.  1987 ; Frail and Braun  1984 ). The difference in their cyto-
plasmic domains is traduced in unique signaling capacities that will be discussed 
later in this chapter. In addition, a soluble form of MAG containing only the extra-
cellular domain as a result of proteolytic cleavage has been described (Tang et al. 
 1997b ; Milward et al.  2008 ; Sato et al.  1982 ). 

 MAG is selectively expressed by myelinating cells including Schwann cells and 
oligodendrocytes in the nervous system and its expression correlates with the initia-
tion of myelination during postnatal development (Quarles  1983 ). During myelina-
tion MAG appears to be expressed in cell bodies and processes as well as at the 
loose myelin layers of myelinating axons soon after completion of the fi rst myelin 
loop. In mature CNS and PNS myelinated axons, MAG is expressed at the inner-
most layer of myelin sheets that remain in intimate contact with the axonal mem-
brane (Trapp et al.  1989 ). In the PNS, MAG can also be found in paranodal loops 
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and Schmidt–Lanterman incisures (strand of cytoplasm within the myelin sheath), 
as well as at the external surface of myelinating Schwann cells (   Owens et al.  1989 ; 
Trapp et al.  1982 ; Trapp et al.  1989 ). More recent studies done using mice express-
ing a green fl uorescent protein-tagged variant of MAG indicated that paranodal 
loops from most axons in the CNS also express MAG to some extent (Erb et al. 
 2006 ). MAG is also found in perisynaptic non-myelinating Schwann cells covering 
motor nerve terminals at neuromuscular junctions (Georgiou and Charlton  1999 ). 
Due to the specifi c periaxonal location and its effects on neurons, MAG was origi-
nally associated to axon–glia interactions (Johnson et al.  1989 ; Trapp et al.  1982 ; 
   Attia et al.  1989 ). 

 MAG expression is regulated temporally and spatially in the nervous system. 
L-MAG predominates during CNS development and is the major protein during 
myelination, whereas S-MAG accumulates in later stages (Inuzuka et al.  1991 ; 
Ishiguro et al.  1991 ; Tropak et al.  1988 ). In contrast, S-MAG is the main isoform at 
all stages in the PNS while L-MAG remains as a minor constituent (Tropak et al. 
 1988 ; Inuzuka et al.  1991 ). MAG contains about 30 % by weight carbohydrates, 
consisting of heterogeneous N-linked oligosaccharides at eight extracellular sites 
(Everly et al.  1973 ; Quarles  1983 ; Tropak and Roder  1997 ,    Sgroi et al.  1996 ). Most 
of them are of the complex type and negatively charged because of sialic acid and/
or sulfate content, and many are bisected by N-acetylglucosamine (   Yim et al.  1992 ; 
Noronha et al.  1989 ; Matthieu et al.  1975 ). It was reported that N-linked glycosyl-
ation of MAG and sialylation of MAG’s expressing cells can modulate the structural 
conformation of the extracellular domain, probably by the folding back of the two 
outmost Ig-like domains (which includes the domain carrying the sialic acid- binding 
site) over the rest of the molecule (Tropak and Roder  1997 ; Attia et al.  1993 ). 
Another posttranslational modifi cation of MAG includes phosphorylation of the 
cytoplasmic domains and palmitylation via an intramembranous thioester linkage 
(Pedraza et al.  1990 ; Edwards et al.  1988 ; Edwards et al.  1989 ; Afar et al.  1990 ; 
Agrawal et al.  1990 ).  

11.3     Role of MAG in Axon–Myelin Interaction/Stability 

 Most of the knowledge about the functional role of MAG derives from studies per-
formed on two different lines of MAG-defi cient mice established for studying the 
role of MAG in myelination (Montag et al.  1994 ; Li et al.  1994 ). In the absence of 
MAG, mice were able to generate mature myelin in the nervous system with only 
subtle alterations, some of which are depicted in Fig.  11.1 . These alterations 
included increased periaxonal spacing, reduced or loss of the cytoplasmic pericollar    
(cytoplasm in the innermost layer of myelin) in both the PNS and CNS, delayed 
myelination, redundant compact myelin (multiply myelinated axons) and disrupted 
compact myelin lamella (disorganized myelin), as well as an increased number of 
unmyelinated axons in the CNS (Fig.  11.1 ) (Li et al.  1994 ; Montag et al.  1994 ). On 
the other hand, young adult mice displayed altered maintenance of node of Ranvier 
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organization (loss of myelin microvilli) associated with altered distribution of nodal 
and paranodal markers, although these alterations seemed to have a minor impact on 
the electrophysiological properties of nerves (Marcus et al.  2002 ; Weiss et al.  2001 ; 
Yin et al.  1998 ). Also original studies of MAG-defi cient mice identifi ed a late-onset 
axonal degeneration in the PNS, and further studies extended this observation to the 
CNS (Fruttiger et al.  1995 ; Pan et al.  2005 ; Nguyen et al.  2009 ). Interestingly, a 
recent time-course study revealed a constant rate of actively degenerating axons in 
both the PNS and CNS from adult MAG-defi cient mice, which was hypothesized to 
be due to a loss of axonal stabilizing and protective effects of MAG (Nguyen et al. 
 2009 ). Mice engineered to express a truncated form of L-MAG only display 

  Fig. 11.1    MAG-defi cient mice display subtle alterations in myelin morphology in the PNS ( upper 
panel ) and CNS ( lower panel ). ( a ,  b ) Light micrographs of 1 μm sections of spinal roots show 
normal gross myelination in 3-month-old Wt ( a ) and MAG-defi cient ( b ) mice. ( c ) Electron micro-
graph (EM) of a myelinated axon (Ax) from spinal roots of a MAG-defi cient mouse, displaying 
increased periaxonal space ( arrowheads ). ( d ,  e ) EMs of spinal roots from Wt ( d ) and MAG- 
defi cient ( e ) mice. Loss of the normal 12–14 nm periaxonal space ( asterisk ) and the Schwann cell 
cytoplasmic collar ( arrow ) is observed in MAG-defi cient mice. ( f ,  g ) EMs from optic nerve from 
Wt ( f ) and MAG-defi cient ( g ) mice show that the normal periaxonal space (see  insert ,  arrowhead ) 
and cytoplasmic collar ( insert ,  arrow ) are reduced or missing in oligodendrocytes from a MAG- 
defi cient mice (except in the mesaxon region, where the cytoplasmic collar is present,  arrowhead ). 
( h ) Longitudinal section of optic nerves from MAG-defi cient mice showing an oligodendrocyte 
(ODC) with focal disorganization of the periaxonal cytoplasmic collar ( asterisk ). (i) Transverse 
section of optic nerve from a MAG-defi cient mouse shows disrupted compact myelin lamella 
( asterisks ) and multiply compact myelin ( arrowheads ). Scale bars: ( a ,  b ) 10 μm; c, ( f ,  g ,  h ) 0.5 μm; 
( d ,  e ) 0.05 μm. Reprinted with permission from Li, Tropak, Gerlai, ClapoV, Abramow- Newerly, 
Trapp, Peterson, and Roder, 1994, Nature 369, 747–750, 1994, Macmillan Publishers Ltd       
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alterations in axon–myelin integrity in the CNS similar to MAG-defi cient mice, but 
do not display alterations in axon–myelin interactions or axon degeneration, empha-
sizing the role of S-MAG in maintaining the integrity of the PNS (Fujita et al.  1998 ).

   Studies in aging MAG-defi cient mice have shown sparse but clear structural 
alterations in oligodendrocytes characterized by dystrophic oligodendrocyte pro-
cesses and cytoplasmic changes including the accumulation of vesicular material 
and granules (Weiss et al.  2000 ; Lassmann et al.  1997 ). Another important observa-
tion in MAG-defi cient mice is the altered morphology of axons in the PNS, charac-
terized by a reduced caliber and densely packed neurofi laments of myelinated axons 
(Yin et al.  1998 ). This was associated with reduced neurofi lament phosphorylation 
as a consequence of decreased activities of extracellular signal-regulated kinases 1 
and 2 (ERK1/2)    and cyclin-dependent kinase-5 (cdk5) (Dashiell et al.  2002 ). The 
fi nding seems to be specifi cally associated with MAG since (a) neurons cultured on 
cell layers expressing MAG show increased expression and phosphorylation of neu-
ronal cytoskeletal proteins and their associated kinases (Dashiell et al.  2002 ); (b) 
mice defi cient in major myelin proteins displayed normal spacing of neurofi laments 
(Sanchez et al.  1996 ); and (c) human autoimmune demyelinating neuropathies char-
acterized by the presence of high titers of anti-MAG antibodies in their sera are 
associated with reduced axon caliber (Lunn et al.  2002 ). 

 One important aspect to consider when interpreting the fi ndings observed in 
MAG-defi cient mice is that physical disruption of axon–myelin interactions that 
characterize these mice could affect other critical interactions beyond the ones 
established by MAG. Secondly, changes in the expression of other myelin proteins 
have been described in MAG-defi cient mice, some of which could account for some 
compensatory mechanisms described in these mice (Li et al.  1994 ; Uschkureit et al. 
 2000 ; Pernet et al.  2008 ). Finally, the physiological functions of MAG can be under-
estimated due to molecular redundancy in the nervous system. Overall, these data 
emphasize the critical role of MAG in the maintenance of axon–glia interactions.  

11.4     MAG as an Inhibitor of Axon Regeneration 

 As mentioned earlier, the identifi cation of MAG as the fi rst myelin-derived inhibi-
tor of axon regeneration has generated a burst of research in the fi eld. In the hunt 
for the causes of the contact inhibition CNS myelin had on neuritogenesis, MAG, 
isolated from myelin, was identifi ed as a major inhibitor of neurite outgrowth using 
the motor neuron-like cell line NG108-15 (McKerracher et al.  1994 ). MAG was 
simultaneously described to inhibit neurite outgrowth from developing cerebellar 
granule cells and dorsal root ganglion (DRG) neurons (Mukhopadhyay et al.  1994 ). 
At the same time, MAG was identifi ed as a sialic acid-dependent adhesion mole-
cule of the IgG superfamily together with sialoadhesin and CD22 (Kelm et al. 
 1994 ). This study revealed a high specifi city of MAG toward the terminal oligosac-
charide NeuAcα2–3Galβ1–3GalNAc, which led to the identifi cation of ganglio-
sides GD1a and GT1b (glycosphingolipids bearing this terminal oligosaccharide 
structure) as the fi rst functional axonal receptors (Yang et al.  1996 ; Vyas et al.  2002 ) 
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  Fig. 11.2    Model for MAG-mediated signaling in axon–glia interactions. The fi gure summarizes 
knowledge about the complex signaling mechanisms associated with MAG. At present fi ve func-
tional neuronal receptors for MAG have been described including complex gangliosides GD1a and 
GT1b, Nogo receptors 1 and 2 (NgR1 and NgR2), paired immunoglobulin-like receptor B (PirB), 
β1-integrin, and LDL receptor-related protein 1 (LRP1). All of the receptors are associated with 
MAG-mediated inhibitory or repulsive signals of neurite outgrowth at the growth cone level. 
NgR1 and gangliosides are part of a multimeric signaling complex at the axonal membrane that 
includes the neurotrophin receptor p75 NTR  and Lingo-1. A signal for MAG-mediated inhibition of 
neurite outgrowth is transduced through p75 NTR , which binds to a Rho GDP dissociation inhibitor 
(Rho- GDI) and induces the subsequent activation of the small GTPase RhoA and its associated 
kinase ROCK. Gangliosides can also signal via p75 NTR -independent pathways by using an uniden-
tifi ed transducer molecule. NgR2 signaling mechanisms have not been resolved. PirB and LRP1 
signal via p75 NTR -dependent pathways. Gangliosides, NgR receptors, and β1-integrin are also 
linked to stabilizing/neuroprotective effects of MAG on neurons. Gangliosides are additionally 
associated with interactions determining the node of Ranvier integrity. MAP-1B completes the list 
of MAG receptors. Although its functional role has not been elucidated, it was postulated that it 
could have a role in modulating the neuronal cytoskeleton, thereby controlling axonal caliber. 
MAG isoforms (S-MAG and L-MAG) are located at the oligodendrocyte/Schwann cell membrane, 
where they can signal via their cytoplasmic domain. While both isoforms can interact with PKC, 
S-MAG is able to bind tubulin and zinc through its specifi c cytoplasmic sequence. On the other 
hand, L-MAG containing a longer cytoplasmic sequence that can bind to Fyn, S-100β, and PLCγ. 
Activation of MAG at the oligodendrocyte membrane is associated with stability and survival of 
oligodendrocytes       
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(Fig.  11.2 ). Subsequently, it was demonstrated that the founding member of the 
NgR family named NgR1, a glycophosphatidylinositol-anchored protein acting as 
receptor for the myelin-derived inhibitors NogoA and OMgp, could also act as 
functional receptor for MAG (Liu et al.  2002 ; Domeniconi et al.  2002 ; Lauren 
et al.  2007 ) (Fig.  11.2 ). In contrast a second member of the NgR family, NgR2, 
interacts selectively with MAG in a sialic acid-dependent manner (Venkatesh et al. 
 2005 ) (Fig.  11.2 ). MAG interacts with gangliosides via the Ig-like domain 1 (criti-
cal residue is alanine-118), while Ig-like domains 4 and 5 are involved in recogni-
tion by NgRs (Lauren et al.  2007 ; Tang et al.  1997a ; Cao et al.  2007 ; Robak et al. 
 2009 ). Gangliosides and NgRs are not likely to transduce signals on their own, but 
rather depend on specifi c carrier proteins (Schnaar and Lopez  2009 ). Research 
results indicate that the NgR1 transduces its inhibitory action on neurite outgrowth 
as part of a tripartite receptor complex via the neurotrophin receptor p75 NTR  or 
alternatively the orphan neurotrophin receptor TROY/TAJ, two members of the 
tumor necrosis factor receptor superfamily (Shao et al.  2005 ; Park et al.  2005 ; 
Wang et al.  2002 ; Wong et al.  2002 ). The complex is completed by the presence of 
Lingo-1, a transmembrane leucine-rich repeat protein that links P75 NTR  to NgR1 
(Mi et al.  2004 ) (Fig.  11.2 ). An alternative receptor for Lingo-1, named AMIGO3, 
was recently identifi ed (Ahmed et al.  2013 ). Upon receptor binding MAG can 
stimulate the regulated proteolytic cleavage of p75 NTR , which releases its cytoplas-
mic domain allowing its interaction with Rho-GDI (a Rho GDP dissociation inhib-
itor) and the subsequent activation of the small GTPase RhoA (Domeniconi et al. 
 2005 ; Niederost et al.  2002  (Fig.  11.2 ). Growth cone collapse and prevention of 
neurite extension are later achieved by a signaling cascade including Rho- 
associated protein kinase (ROCK) and its downstream effectors collapsin response 
mediator proteins 2 and 4 (CRMP2/4) and LIM domain kinase-1 (LIMK-1), which 
regulate microtubules and actin cytoskeleton, respectively (Mimura et al.  2006 ; 
Nagai et al.  2012 ; Hsieh et al.  2006 ). Gangliosides are able to signal in a p75 NTR - 
dependent manner via direct interaction with NgR1 and Lingo-1 (Williams et al. 
 2008 ; Saha et al.  2011 ) (Fig.  11.2 ). Gangliosides may also signal via p75 NTR - 
independent pathways by using other unidentifi ed transducer molecules, although 
this is still controversial (Mehta et al.  2007 ; Tang et al.  1997a ) (Fig.  11.2 ). Paired 
immunoglobulin-like receptor B (PirB), LDL receptor-related protein 1 (LRP1), 
and β1-integrin are three other functional receptors for MAG (Stiles et al.  2013 ; 
Goh et al.  2008 ; Atwal et al.  2008 ) (Fig.  11.2 ). PirB and LRP1 suppress axon 
regeneration in a p75 NTR -dependent manner (Fujita et al.  2011a ; Fujita et al.  2011b ; 
Stiles et al.  2013 ). β1-Integrin receptor has been associated with repulsive signal-
ing events in neuronal growth cones acting through focal adhesion kinase (FAK) 
activation and independently of the NgR/Lingo-1/p75 NTR  pathway (Goh et al. 
 2008 ). The repertoire of axonal MAG receptors described so far includes microtu-
bule-associated protein 1B, although a functional role for this receptor has not yet 
been described (Franzen et al.  2001 ) (Fig.  11.2 ). In addition MAG has been associ-
ated with the activation of downstream signaling pathways such as 
phosphatidylinositol-3,4,5- trisphosphate 3-phosphatase (PTEN), intracellular cal-
cium signaling, and protein kinase C (PKC) that could cross talk with the above 
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signaling cascades (Song et al.  1998 ; Wong et al.  2002 ; Wong et al.  2003 ). Finally, 
it is important to emphasize that MAG receptors can signal independently but in a 
synergistic manner to inhibit neurite outgrowth in a cell-type-specifi c combination 
(Mehta et al.  2007 ; Venkatesh et al.  2007 ) (Fig.  11.3 ).

    Despite the vast in vitro evidence about the inhibitory role of MAG on axon regen-
eration, the in vivo role remains controversial. Initial studies using the optic nerve 
crush injury model failed to demonstrate improved regeneration in MAG- defi cient 
mice (Bartsch et al.  1995 ). On the contrary, antibody-based strategies targeting MAG 
in the same optic nerve crush injury model resulted in modest regeneration (Wong 
et al.  2003 ). Also MAG-defi cient mice crossbred with C57BL/WldS mutant mice, 
characterized by a delayed clearance of myelin debris, showed slightly improved 
regeneration in the PNS (Schafer et al.  1996 ). However, assessment of spinal cord 
regeneration in MAG-defi cient mice was not conclusive, in part due to the presence 
of other myelin-derived and non-myelin-derived inhibitors of axon regeneration shar-
ing functional receptors with MAG (Cafferty et al.  2010 ; Lee et al.  2010 ; Dickendesher 
et al.  2012 ). In conclusion, the presence of multiple inhibitors of axon regeneration 
sharing axonal receptors/pathways and compensatory expression of other myelin 
inhibitory proteins mask the in vivo role of MAG on axon regeneration. 

 Finally, there is evidence that MAG could promote neurite outgrowth of imma-
ture/young neurons and that the switch from stimulation to inhibition of neurite 
growth is associated with a reduction of cAMP levels in neurons (Mukhopadhyay 
et al.  1994 ; Cai et al.  2001 ; Hasegawa et al.  2004 ; Johnson et al.  1989 ). Moreover, 
outgrowth inhibition by MAG can be converted to neurite extension by inhibiting 
PKC activity, while the opposite effect can be achieved by inhibiting inositol 
1,4,5-trisphosphate (IP3) (Hasegawa et al.  2004 ). Thus, a balance between cAMP/
PKC and IP3 seems critical for bidirectional regulation of axon regeneration by 
MAG. These results could represent a redundancy rather than a functional role of 
MAG given that axons have already reached their targets by the time MAG expres-
sion starts in the nervous system.  

11.5     Nurturing/Protective Properties of MAG on Neurons 

 As mentioned earlier, the generation of MAG-defi cient mice unmasked a protective/
stabilizing role of MAG on axons it ensheathes as evidenced by the fi nding of pro-
gressive late-onset axon degeneration and reduced axon caliber (Montag et al.  1994 ; 

Fig. 11.3 (continued) or 10 μM Y-27632 (a specifi c inhibitor of Rho-associated protein kinase 
(ROCK)). After 24 h, the cultures were fi xed and stained with anti-tubulin mAb. Representative 
fl uorescence micrographs are presented as reverse grayscale images to enhance clarity ( bar , 
50 μm). Neurite outgrowth (mean ± S.E.) was quantifi ed using image analysis and normalized with 
respect to the control.  Symbols  indicate statistical comparison with myelin- inhibited neurite 
outgrowth: * p  ≤ 0.01; ** p  ≤ 0.001. This research was originally published by Mehta et al. ( 2007 ) 
with permission from © the American Society for Biochemistry and Molecular Biology       
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  Fig. 11.3    MAG inhibition of neurite outgrowth from DRG neurons (DRGNs) is mainly via NgR 
and glycosphingolipids. DRGNs were cultured on control surfaces or the same surfaces adsorbed 
with detergent- extracted myelin proteins ( Myelin ). One hour after plating, cultures were treated 
with either 1 μM P4 (an inhibitor of ganglioside biosynthesis), 1 μM NEP1–40 (NgR blocking 
peptide), 200 nM of TAT-Pep5 (a cell-permeable peptide that blocks the intracellular association 
of p75 NTR  with the Rho GDP dissociation inhibitor, blocking its ability to activate RhoA),
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Nguyen et al.  2009 ; Pan et al.  2005 ). Mice lacking complex gangliosides develop 
late-onset axonal degeneration, and further studies comparing neuropathology and 
behavioral defi cits in single- and double-null mice for complex gangliosides and 
MAG supported the notion that gangliosides mediate axon stability in the nervous 
system (Pan et al.  2005 ; Sheikh et al.  1999 ) (Fig.  11.2 ). However, it was not until 
recently that the protective effects of MAG on axons were studied in in vitro set-
tings. MAG was reported to stabilize axons from DRG neurons against vincristine, 
a potent microtubule-destabilizing agent used for cancer treatment that is also asso-
ciated with human neuropathies due to its neurotoxicity (Nguyen et al.  2009 ). 
Further studies demonstrated that this effect requires gangliosides and involves 
ROCK-mediated activation of CRMP4, to induce microtubule stability (Mehta et al. 
 2010 ; Nagai et al.  2012 ) (Fig.  11.2 ). MAG also prevented axonal degeneration in 
response to neurotoxins such as acrylamide, granzyme B, and supernatants from 
activated cytotoxic T cells (Nguyen et al.  2009 ). In addition a protective role against 
axonal injury induced by acrylamide and the T cell-mediated infl ammatory toxicity 
was confi rmed in vivo using MAG-defi cient mice (Nguyen et al.  2009 ; Jones et al. 
 2013 ). Interestingly, the neuroprotective role of MAG is not restricted to the axons 
that it engages; instead, MAG also seems to provide signals that contribute to neu-
ron survival (Fig.  11.4 ). Thus, MAG protects hippocampal neurons in vitro from 
kainic acid-induced excitotoxicity predominantly via NgR and β1-integrin recep-
tors and involves ROCK activation (Lopez et al.  2011 ) (Fig.  11.2 ). The fact that 
MAG inhibited neurite outgrowth in these neurons mainly via its interactions with 
gangliosides demonstrated that MAG can exert dual roles (neuroprotection and 
inhibition of neurite outgrowth) via different receptors in the same cell. These stud-
ies also showed increased susceptibility of MAG-defi cient mice to kainic acid- 
induced seizure activity and increased susceptibility to excitotoxicity induced by 
intrastriatal injection of N-methyl- D -aspartate (Lopez et al.  2011 ). In the later 
model, pretreatment with a chimeric soluble form of MAG reduced brain damage. 
It is important to mention here that acute insults can induce the downregulation of 
MAG expression and disruption of axon–glial integrity, which ultimately highlights 
the dynamic nature of this interaction (Reimer et al.  2011 ; Xie et al.  2010 ). Overall, 
these studies emphasize the contribution of MAG to the nurturing/protective role of 
myelin on axons under physiological as well as pathological conditions of the ner-
vous system.

11.6        MAG as a Functional Receptor in Oligodendrocytes 

 It has been proposed that the two isoforms of MAG present in the rodent nervous 
system, which differ in the length and sequence of their cytoplasmic domains, have 
different functions in the oligodendroglial cell cytoplasm. S-MAG and L-MAG 
share a common intracellular domain of 37 amino acids apposed to the plasma 
membrane (Lai et al.  1987 ). In addition, S-MAG contains a specifi c sequence of 10 
amino acids that binds tubulin and zinc (Kursula et al.  2001 ;    Kursula et al.  1999a ) 
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(Fig.  11.2 ). On the other hand, L-MAG contains a specifi c cytoplasmic sequence of 
54 amino acids that binds several signaling molecules including Fyn tyrosine kinase, 
phospholipase C-γ, and S100β (Kursula et al.  1999b ; Jaramillo et al.  1994 ; Umemori 
et al.  1994 ) (Fig.  11.2 ). These fi ndings suggest that MAG serves as a docking pro-
tein that allows the interaction between different signaling molecules. Several stud-
ies have addressed whether MAG can be phosphorylated in vivo and in vitro. The 
data obtained can be summarized as follows: (a) L-MAG and S-MAG are the major 
in vivo forms found in the CNS and PNS, respectively (Agrawal et al.  1990 ; Edwards 
et al.  1988 ; Edwards et al.  1989 ). (b) While both isoforms can be phosphorylated 
in vitro mainly on serine residues, L-MAG phosphorylation predominates on oligo-
dendrocyte cultures and S-MAG is the major phosphorylated form in Schwann cell 
cultures (Agrawal et al.  1990 ; Yim et al.  1995 ). (c) Both isoforms contain potential 
phosphorylation sites on tyrosine residues, and tyrosine kinases v-fps and v-src can 
bind and phosphorylate MAG in vitro (Edwards et al.  1988 ; Jaramillo et al.  1994 ). 
(d) PKC can bind and phosphorylate in vitro both isoforms of MAG, while protein 

  Fig. 11.4    MAG protects hippocampal neurons (HNs) from kainic acid-induced excitotoxicity 
in vitro. ( Left ) HNs were cultured onto control surfaces or the same surfaces adsorbed with 
detergent- extracted proteins from rat brain myelin. One hour after plating, some cultures were 
treated with 10 μg/mL of anti-MAG mAb. After 48 h, HNs were treated with 130 μM kainic acid 
(KA) to induce excitotoxicity. After an additional 24 h, cultures were incubated for 30 min with 
medium containing propidium iodide and then were fi xed and stained with anti-tubulin mAb. 
Representative fl uorescent micrographs are presented as reverse grayscale images to enhance clar-
ity. ( Right ) Cell survival (mean ± SEM) was normalized with respect to control surface. Live cell 
counts from four microscopic fi elds from each of nine microwells from three independent experi-
ments were averaged. Growth on myelin-adsorbed surfaces provided signifi cant neuroprotection 
from KA (* p  < 0.001) compared to cells grown on control surfaces. Addition of anti-MAG anti-
body reversed this protection, resulting in cell loss that was not signifi cantly different from 
KA-treated cells grown on control surfaces (* p  > 0.7). Reprinted with permission from Lopez, 
Ahmad, Mehta, Toner, Rowland, Zhang, Dorè, Schnaar. 2011, J Neurochem 116, 900–908, 2011, 
Johns Wiley and Sons Publishers Ltd. © 2011 International Society for Neurochemistry       
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kinase A (PKA)-dependent phosphorylation is specifi c on L-MAG and inhibited by 
S100β (Kirchhoff et al.  1993 ; Kursula et al.  2000 ). 

 In addition, antibody-mediated cross-linking of MAG on cultured oligodendro-
cytes (to mimic axonal binding) was shown to trigger its redistribution to rafts and 
produce the activation of signaling cascades that includes dephosphorylation of ser-
ine and threonine residues in specifi c proteins and hyperphosphorylation of Fyn, a 
central integrator and mediator of axon–glia communication (Marta et al.  2004 ; 
Kramer-Albers and White  2011 ). Fyn signaling downstream of MAG has been 
hypothesized to play a critical role in the initiation of myelination in vivo (Umemori 
et al.  1994 ; Biffi ger et al.  2000 ). An interesting functional consequence of antibody- 
mediated cross-linking of MAG on oligodendrocytes in vitro is an increased resis-
tance to glutamate toxicity by mechanisms that remain to be elucidated (Irving et al. 
 2005 ). However, further studies are needed to fully understand the impact of signal-
ing cascades downstream of MAG on oligodendrocytes.  

11.7     Future Perspectives 

 Despite many years of prolifi c research in the fi eld, our understanding of the biologi-
cal roles of MAG remains incomplete. Part of this problem is related to the variety 
of molecular interactions associated with MAG and the multiple downstream signal-
ing pathways associated with each receptor. In addition, the lack of a resolved crys-
tal structure conspires against a comprehensive knowledge of its structural properties 
and functions. A future challenge will be to completely elucidate its biological roles 
under physiological and pathological conditions from a point of view that includes 
MAG as a critical player capable of supporting bidirectional communication 
between myelin and axons. These studies should include the complete dissection of 
the molecular mechanisms underlying its stabilizing effect on neurons, its modula-
tory role on the axon cytoskeleton, and its inhibitory effect on axon regeneration. It 
will also be crucial to study the neuronal survival properties of MAG in different 
experimental paradigms related to human diseases which, in addition to clarifying 
its protective role on axons, could eventually open a therapeutic opportunity to miti-
gate demyelinating as well as dysmyelinating diseases. Finally, efforts must be made 
to translate the discoveries in the fi eld into a unifying view of MAG signaling.     
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    Abstract     The two major glycosphingolipids of myelin, galactosylceramide (GalC) 
and sulfatide (SGC), interact with each other by  trans  carbohydrate–carbohydrate 
interactions in vitro. They face each other in the apposed extracellular surfaces of 
the multilayered myelin sheath produced by oligodendrocytes and could also con-
tact each other between apposed oligodendrocyte processes. Multivalent galactose 
and sulfated galactose, in the form of GalC/SGC-containing liposomes or silica 
nanoparticles conjugated to galactose and galactose-3-sulfate, interact with GalC 
and SGC in the membrane sheets of oligodendrocytes in culture. This interaction 
causes transmembrane signaling, loss of the cytoskeleton and clustering of mem-
brane domains, similar to the effects of cross-linking by anti-GalC and anti-SGC 
antibodies. These effects suggest that GalC and SGC could participate in glycosyn-
apses, similar to neural synapses or the immunological synapse, between GSL- 
enriched membrane domains in apposed oligodendrocyte membranes or extracellular 
surfaces of mature myelin. Formation of such glycosynapses in vivo would be 
important for myelination and/or oligodendrocyte/myelin function.  

  Keywords     Carbohydrate–carbohydrate interactions   •   Glycosphingolipids   • 
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  Abbreviations 

   Ab    Antibody   
  CGT    UDP-galactose:ceramide galactosyltransferase   
  CM-DiI    Cell tracker lipophilic red fl uorescent dye   
  CNP    2′,3′-Cyclic nucleotide 3′-phosphodiesterase   
  CST    Galactosylceramide 3′-sulfotransferase   
  DIGs    Detergent-insoluble glycosphingolipid-enriched membrane 

domains   
  FA2H    Fatty acid 2-hydroxylase   
  Gal-BSA    Galactose conjugated to bovine serum albumin   
  GalC    Galactosylceramide   
  GlcC    Glucosylceramide   
  Glyco-nanoparticles    Where glyco = Gal, S-Gal, Glc, Man, silica nanoparticles 

conjugated to galactose, galactose-3-sulfate, glucose, or 
mannose   

  GPI    Glycosylphosphatidylinositol   
  GSLs    Glycosphingolipids   
  HFA    Hydroxy fatty acid form of GSL   
  KO    Gene knockout   
  LacC    Lactosylceramide   
  MAG    Myelin-associated glycoprotein   
  MAPK    Mitogen activated protein kinase (p42 and p44, 42 and 

44 kDa isoforms)   
  MBP    Myelin basic protein   
  MCT    Lactate transporter   
  MGDG    Monogalactosyldiglyceride   
  MOG    Myelin/oligodendrocyte glycoprotein   
  NFA    Nonhydroxy fatty acid form of GSL   
  NMDA     N -methyl- D -aspartate   
  OLG    Oligodendrocyte   
  PLP    Proteolipid protein   
  SGC    Sulfatide sulfated form of GalC, galactosylceramide 

I 3 -sulfate   
  SGG    Seminolipid sulfogalactosyldiglyceride, 3-sulfated form of 

MGDG   
  SM    Sphingomyelin   

12.1           Requirement for Myelin Glycosphingolipids 
for Maintenance of the Myelin Sheath 

 Oligodendrocytes (OLGs), the cells that form myelin in the central nervous 
system (CNS), contain large amounts of the simple glycosphingolipids (GSLs), 
galactosylceramide (GalC) and sulfatide (SGC) (the sulfated form of GalC, 
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galactosylceramide I 3 -sulfate). Myelin is especially enriched in these two GSLs. 
GalC is 23 wt% and SGC is 4 wt% of the total lipid of myelin (Norton  1977 ). 
Myelin also contains low concentrations of two glyco-glycerolipids with the same 
sugar head groups, monogalactosyldiglyceride (MGDG) and sulfogalactosyldiglyc-
eride (SGG). Their synthesis peaks at the time of most rapid myelination in the rat, 
and in cultured OLGs at the time of formation of membrane sheets, suggesting a 
role in myelin formation (   Ishizuka and Inomata  1979 ; Pieringer et al.  1977 ; 
Burgisser et al.  1988 ; Shimomura and Kishimoto  1984 ). 

 The galacto and sulfated galactolipids are not essential for formation of myelin, 
but are essential for its maintenance and stability, to maintain axonal health, and for 
survival of the animal. Their absence, due to knocking out the genes encoding the 
enzymes that are necessary for their synthesis, uridine diphosphate- galactose:ceramide 
galactosyltransferase (CGT) and galactosylceramide 3′-sulfotransferase (CST), 
causes a more severe phenotype (Coetzee et al.  1996 ; Bosio et al.  1996 ; Honke et al. 
 2002 ) than knocking out the genes for several myelin-specifi c proteins (proteins that 
are much more abundant in myelin than other tissues) including proteolipid protein 
(PLP) (Boison and Stoffel  1994 ; Rosenbluth et al.  2009 ), which is the most abun-
dant protein of myelin and 15 % of the mass of myelin, myelin-associated glycopro-
tein (MAG) (Roder  1994 ; Li et al.  1994 ), 2′,3′-cyclic nucleotide 3′-phosphodiesterase 
(CNP) (Edgar et al.  2009 ), and others. The only structural protein known to be even 
more essential for myelin formation and similarly essential for survival is myelin 
basic protein (MBP), which is the second most abundant protein in myelin (Readhead 
et al.  1990 ). 

 In the CGT and CST mutants, compact myelin is formed and is almost as thick 
as normal myelin. However, interaction of the paranodal loops with the axon is 
abnormal (Marcus et al.  2002 ,  2006 ; Hirahara et al.  2004 ). Delocalization of axo-
lemmal proteins occurs around the node and paranode in these mutants (Marcus 
et al.  2002 ). The CGT-null mice have a more severe clinical phenotype than the 
CST-null mice, with nerve conduction defi cits, paralysis, extensive myelin vacuola-
tion and splitting at the intraperiod line, and early death. With age in the CST knock-
out (KO), the nodal structure also deteriorates, the amount of cytoplasm in myelin 
increases, and myelin vacuolar degeneration occurs (Marcus et al.  2006 ). Terminal 
differentiation of OLGs from the CST KO is enhanced in vitro and in vivo, suggest-
ing that SGC is a negative regulator of OLG differentiation (Hirahara et al.  2004 ; 
Bansal and Pfeiffer  1989 ; Bansal et al.  1999 ). The number of terminally differenti-
ated OLGs is also increased in vivo and this increase persists into adulthood in CST- 
null mice, due to increased proliferation and decreased apoptosis (Shroff et al.  2009 ; 
Honke  2013 ). In addition to changes observed in the CNS of the CST KO mouse, 
the number of Schmidt-Lanterman incisures was remarkably increased in the 
peripheral nervous system (PNS) (Hoshi et al.  2007 ). 

 Myelin galactosphingolipids contain either hydroxy fatty acids (HFA) or non- 
hydroxy fatty acids (NFA). The fatty acid 2-hydroxylase (FA2H) gene responsible 
for synthesis of hydroxy fatty acids is highly enriched in the brain, especially in 
OLGs (Edvardson et al.  2008 ). The myelin produced in the CGT mutant contains 
the hydroxy-fatty acid form of glucosylceramide (HFA-GlcC) (normally absent in 
OLGs) instead of GalC and SGC, and also increased ceramide and sphingomyelin 
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(SM) levels (Coetzee et al.  1996 ; Bosio et al.  1996 ). However, elimination of 
 HFA- GlcC by knockout of the gene for uridine diphosphate-glucose:ceramide glu-
cosyltransferase, targeted to OLGs in the CGT mutant, had no signifi cant effect on 
phenotype, indicating that the HFA-GlcC produced does not compensate for the 
loss of GalC and SGC (Saadat et al.  2010 ). 

 Indeed, elimination of the HFA forms of myelin GSLs, by knocking out the fatty 
acid 2-hydroxylase (FA2H) gene, had little effect in young animals, although NFA- 
GalC was also decreased in amount (Zoller et al.  2008 ; Potter et al.  2011 ). Compact 
myelin formed and appeared normal and there was no signifi cant effect on nerve 
conduction velocity, although some behavioral changes occurred. However, aged 
mice (18 months) had scattered axonal and myelin sheath degeneration in the spinal 
cord and even more pronounced loss of myelin sheaths in sciatic nerve, but not in 
the brain, indicating impairment of long-term maintenance of myelin. Progressive 
hind limb paralysis occurred at 22 months. These changes also occurred in mice in 
which FA2H was knocked out only in OLGs and Schwann cells (Fa2hfl ox/fl ox 
Cnp1-Cre mice) (Potter et al.  2011 ). Axonal degeneration started before myelin 
degeneration suggesting that the OLG/myelin HFA-GSLs were required for glial 
support of axonal function rather than myelin formation. The ratio of HFA to NFA- 
SGC increases in the brain with age (Shimomura and Kishimoto  1983 ). Mice over-
expressing CGT had unstable myelin with progressive demyelination and a 
decreased ratio of HFA- to NFA-GalC (Fewou et al.  2005 ), suggesting that the 
HFA–NFA ratio may be important for myelin maintenance. However, MGDG was 
also increased in these mice and might also contribute to the myelin instability. 

 Several mutations of FA2H have been found in humans that cause decreased 
synthesis of the HFA-species of myelin GSLs, resulting in leukodystrophy and 
spastic paraplegia, with severity depending on the site of the mutation (Edvardson 
et al.  2008 ; Dick et al.  2010 ). These mutations affected only the CNS (contrary to 
the mouse) suggesting an additional FA2H is present in the PNS in humans. 
Compact myelin was formed initially in the CNS, but with age, thinning of the cor-
pus callosum and the pons, as well as volume depletion of the cerebellum occurred, 
suggestive of demyelination, as found in the mouse. This is the fi rst identifi ed defi -
ciency in the lipid composition of myelin that results in disease in humans. 

 If both CGT and FA2H were knocked out in the mouse, the mice lacked Sulf, 
GalC, HFA-GlcC, and HFA-SM. The amount of NFA-GlcC was also reduced and 
NFA-SM was signifi cantly increased. However, the mice still formed compact 
myelin initially and there was no obvious phenotypic difference from the CGT KO 
(Meixner et al.  2011 ). 

 Myelin GSLs have primarily long chain C24:0 and 24:1 fatty acids (both HFA 
and NFA species). Knockout of ceramide synthase 2, which uses C22–24 acyl chain 
CoAs to synthesize the long fatty acid chain forms of ceramide, caused reduced 
levels of GalC, especially long chain NFA and HFA forms, in myelin, resulting in 
myelin degeneration and detachment at 5 months. The HFA-18:0-GalC species was 
elevated instead (Ben-David et al.  2011 ). Thus, fatty acid chain length in addition to 
the HFA–NFA ratio and carbohydrate moiety of GSLs is important for myelin 
maintenance. 
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 The importance of glycolipids in formation of compact myelin has also been 
revealed by phylogenetic studies. Earthworm myelin, with only traces of glycolip-
ids, and shrimp myelin with only GlcC, have a loosely wrapped, noncompacted 
form of myelin (Okamura et al.  1985 ; Kishimoto  1986 ). The space at the extracel-
lular apposition of myelin teleost and higher vertebrates (Inouye and Kirschner 
 1990 ), correlates inversely with their proportions of galactolipids (Selivonchick and 
Roots  1976 ; Burgisser et al.  1986 ). In addition, a phylogenetically lower order of 
deep sea fi sh, the Gadiformes, whose myelin has an unusual glycolipid composi-
tion, including GlcC and its fatty acid ester, and galactoglycerolipids rather than 
galactosphingolipids, have thin loosely compacted myelin compared to more 
advanced species of fi sh (Tamai et al.  1992 ). 

 These studies indicate that galactolipids, especially galactosphingolipids, are 
necessary for maintenance of compact myelin structure with age, although they are 
not necessary for the process of myelination. They, including their HFA and long 
chain fatty acid species, are also necessary within compact myelin to sustain the 
myelinated axon and prevent neurodegeneration, as found also for myelin proteins 
that are not necessary for formation of compact myelin, such as PLP and MAG, but 
are necessary to prevent neurodegeneration with age.  

12.2     Functions of Myelin Glycosphingolipids 

 The special properties of GSLs, and sphingolipids in general, could allow them to 
perform a number of roles in OLGs and myelin (Jackman et al.  2009 ). GSLs have 
longer, more saturated fatty acids than phospholipids, and can also participate in an 
intermolecular hydrogen bonding network (Boggs  1987 ; Boggs et al.  1984 ), which 
causes them to form more ordered membrane domains or rafts that may be involved 
in protein traffi cking and signaling (Gielen et al.  2006 ). The hydroxyl group on the 
HFA species can also participate in intermolecular hydrogen bonding interactions 
(Boggs et al.  1984 ), and contribute to ordering and membrane domain formation. 
Interestingly, in the FA2H KO, the ratio of saturated 24:0 to unsaturated 24:1 spe-
cies of Sulf and GalC was increased (Zoller et al.  2008 ), which might partially 
compensate for the loss of HFA species and help maintain ordered membrane 
domains. 

 The absence of some paranodal proteins in the CGT/CST mutant may be partly 
due to altered traffi cking of these proteins to the plasma membrane resulting in 
abnormal paranodal loop formation. Indeed, the content of a number of proteins 
involved in regulation of cytoskeletal dynamics, energy metabolism, vesicular traf-
fi cking, or adhesion was altered, with some being increased and others decreased, in 
the myelin from the CGT and CST mutants (Fewou et al.  2010 ). Some proteins that 
were decreased in myelin were increased in the OLG cell body, suggesting transport 
from the OLG cell bodies into myelin may be differentially dysregulated in the 
absence of these GSLs. Similar loss of a lactate transporter (MCT) may occur in 
spermatocytes in the CST mutant due to impaired traffi cking, since CST is also 
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responsible for sulfation of SGG (also called seminolipid) in spermatocytes (Honke 
 2013 ). However, the increase in SM in the CGT/CST KO’s may partially compen-
sate for the loss of GSLs in raft formation and protein traffi cking. The CGT/FA2H 
double knockout had signifi cantly increased NFA-SM and still formed low density 
CHAPS-insoluble membrane domains (Meixner et al.  2011 ). 

 These GSLs, especially sulfatide, could also interact with various protein ligands. 
SGC has been described as a multifunctional lipid (Honke  2013 ). It interacts with a 
variety of cell adhesion molecules including fi brinogen, von Willebrand factor, 
P-selectin, thrombospondin and laminin and could interact with extracellular matrix 
proteins in the CNS. Impaired interaction of SGC with axonal proteins has been 
suggested to be involved in altered paranodal loop formation in the CGT/CST KO’s. 
SGC, but not GalC, is one of the constituents in myelin responsible for myelin inhi-
bition of CNS axonal outgrowth further suggestive of its interaction with an axonal 
constituent (Winzeler et al.  2011 ). 

 GSLs also organize specifi c proteins into signaling complexes. GalC is concen-
trated with cholesterol, GM1, the raft marker fl otillin, caveolin, GPI-linked pro-
teins, and kinases (Simons et al.  2000 ; Arvanitis et al.  2005 ; DeBruin and Harauz 
 2007 ; Gielen et al.  2006 ; Fitzner et al.  2006 ; Dupree and Pomicter  2010 ) in low 
density detergent-insoluble GSL-enriched fractions (DIGs), believed to come from 
membrane domains or rafts in OLG and myelin membranes. These DIGs from 
myelin also contain SGC but are not enriched in it compared to myelin (Arvanitis 
et al.  2005 ). They also contain some myelin proteins including MBP, which is a 
peripheral membrane protein bound to the cytoplasmic side of the membrane, and 
phosphorylated MBP (Arvanitis et al.  2005 ; DeBruin and Harauz  2007 ). The GalC 
and SGC in these membrane domains can also behave as receptors and receive 
extracellular signals that are then transmitted to the cytosol. 

 There is much evidence that GSLs and raft proteins are receptors for extracellu-
lar signals as indicated by the ability of antibodies to these constituents to trigger 
signaling. Antibodies, especially IgM antibodies, or IgG antibodies after cross- 
linking by second antibodies, or ligands such as cholera toxin B (for GM1), cause 
cross-linking of raft constituents and clustering of rafts, which may bring different 
signaling molecules in different raft domains into contact with each other and con-
centrate them into one domain (Sonnino et al.  2009 ; Harder and Simons  1999 ; 
Iwabuchi et al.  1998 ; Prinetti et al.  1999 ). These antibodies mimic natural ligands 
that are multivalent, such as agrin, which cross-links the acetylcholine receptor and 
is essential for neural synapse formation (Khan et al.  2001 ). Galectins, which bind 
Gal-GlcNAc branches of N-glycans of glycoproteins, are another type of multiva-
lent ligand that can cross-link receptors in cells and regulate receptor signaling 
(Lajoie et al.  2009 ). Other multivalent interactions with cell receptors are due to 
 trans  interaction with a membrane domain in another cell, which allows for interac-
tions between a number of constituents in the apposed membrane domains. This 
creates a multi-molecular complex with a multivalent cross-linking effect, such as 
the T cell receptor complex interacting with MHC proteins on antigen presenting 
cells, forming the immunological synapse (Vogt et al.  2002 ). Interestingly, agrin is 
also expressed in lymphocytes, and reorganizes lipid rafts in T cells and sets the 
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threshold for T cell signaling (Khan et al.  2001 ). The immunological synapse is an 
example of an intermembrane intercellular interaction that triggers signaling in one 
or both cells. Similar synaptic interactions may occur in multilayered compact 
myelin, in which the extracellular surfaces face each other and are separated only by 
a small distance, and between the paranodal loops and the axon.  

12.3     Involvement of OLG/Myelin GSLS in Signaling 

 Anti-GalC and anti-SGC antibodies (Abs) have long been known to have diverse 
effects on cultured mouse OLGs and Schwann cells suggesting that they can activate 
GSL-enriched signaling domains in these cells (Ranscht et al.  1987 ). The extracel-
lular signals imparted by the Abs have effects on the cytoskeleton (Dyer  1993 ; 
Benjamins and Dyer  1990 ; Dyer et al.  1994 ) and affect OLG differentiation (Bansal 
et al.  1999 ; Bansal and Pfeiffer  1994 ,  1989 ), indicating that these signals are trans-
mitted across the membrane to the cytoplasmic side. Anti-GalC and anti-SGC Abs 
caused redistribution of GalC and SGC on the extracellular surface over domains 
containing MBP on the cytoplasmic side in OLGs, and depolymerization of a lacy 
network of microtubules in the membrane sheets (Dyer  1993 ; Benjamins and Dyer 
 1990 ; Dyer et al.  1994 ). Anti-GalC Ab caused an infl ux of extracellular Ca 2+ , rapid 
cycling of the phospholipid polar head groups, and a decrease in phosphorylation of 
MBP. Signifi cantly, it did not have these effects on cultured OLGs from the  shiverer  
mutant mouse, which lacks MBP, indicating that MBP is required to mediate the 
effects of anti-GalC Ab on OLGs (Dyer et al.  1994 ). Anti-SGC Ab inhibited differ-
entiation of progenitor OLGs (Bansal et al.  1999 ; Bansal and Pfeiffer  1989 ) and 
downregulated gene expression in mature OLGs (Bansal and Pfeiffer  1994 ) consis-
tent with the accelerated developmental time course of cultured OLGs from the CGT 
and CST mutants. This suggests that SGC is involved in signaling mechanisms that 
regulate differentiation (Hirahara et al.  2004 ; Bansal et al.  1999 ; Shroff et al.  2009 ).  

12.4     Natural Ligands That Interact with GalC and SGC 
and Transmit Signals Across Apposed Membranes 

 The effects of anti-GalC and anti-SGC Abs on cultured OLGs suggest that there 
must be natural ligands that interact with these GSLs in signaling domains to confer 
signals that are transmitted across the membrane. These ligands may include axo-
nal, OLG, or extracellular matrix proteins, but can also be glycolipids in apposed 
membranes.  Trans  carbohydrate–carbohydrate interactions between sugars, medi-
ated by divalent cations, occur between simple sugars in crystals (Cook and Bugg 
 1975 ), and between multivalent polysaccharides in the presence of water. They 
mediate processes such as cellulose fi bril formation and their subsequent cross- 
linking by xyloglucan (Gorshkova et al.  2010 ), as well as proteoglycan-mediated 
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self-association of sponge cells (Bucior  2004 ; Bucior and Burger  2004 ). Interactions 
between single sugar molecules are disrupted by water, but the interactions between 
polymeric multivalent glycoconjugates in solution or in membrane lipid domains 
are stronger and persist in water. Furthermore, the water at the membrane surface is 
more ordered than bulk water and less likely to hydrate the carbohydrate groups 
(Vogler  1998 ). The forces between multivalent glycoconjugates have been mea-
sured by atomic force microscopy, surface plasmon resonance and other techniques 
and can be strong enough to cause specifi c adhesion of sponge cells into a multicel-
lular organism (reviewed in Boggs et al.  2004 ,  2008a ). 

 Membrane domains present glycolipids as a multivalent array of carbohydrate 
head groups. Hakomori’s pioneering work on GSL-enriched signaling domains 
demonstrated that they interact by homotypic or heterotypic  trans  carbohydrate–
carbohydrate interactions with each other across apposed cell membranes, similar 
to the neurosynapse or the immunological synapse, and he has termed these inter-
acting domains a “glycosynapse” (Hakomori  1991 ,  2002 ). The interactions between 
these GSLs in GSL-enriched microdomains in apposed membranes trigger signals, 
probably due to noncovalent cross-linking or patching of the GSLs by the multiva-
lent array of sugars, similar to the effect of Abs cross-linked by anti-Ig Abs, multi-
valent ligands, or multi-protein complexes in membrane domains. These signals are 
transmitted across the membrane to cytosolic signal transduction proteins (Iwabuchi 
et al.  1998 ; Prinetti et al.  1999 ). 

 Like several other GSLs in various cells, the myelin GSLs, GalC and SGC, can 
also participate in  trans  carbohydrate–carbohydrate interactions between apposed 
membranes (Hakomori  1991 ; Stewart and Boggs  1993 ). The HFA species interact 
more strongly than the NFA species (Stewart and Boggs  1993 ; Koshy et al.  1999 ). 
Bilayers of GalC only, or containing up to 15 mol% of a negatively charged phospho-
lipid, are separated by a narrow space less than the diameter of a single water mole-
cule, indicating an attractive interaction between them (Kulkarni et al.  1999 ). The 
adhesive forces between GalC and SGC bilayers have not been measured, but must 
be larger than for GalC alone, because heterotypic interactions between liposomes 
containing GalC and liposomes containing SGC were greater than their homotypic 
interactions (   Stewart and Boggs  1993 ). Similar behavior was observed by mass spec-
trometry for GalC and SGC micelles in methanol/water (Koshy and Boggs  1996 ). If 
these GSLs are present only on the extracellular surface of myelin, the extracellular 
lipid must be about 40 mol% glycolipid, with cholesterol estimated to be also about 
40 mol% (Inouye and Kirschner  1988 ). The extracellular surfaces of myelin, which 
face each other at the intraperiod line in the multilayered myelin sheath (Fig.  12.1c ), 
would thus be covered with the simple sugars, galactose and sulfated galactose.

   GalC and SGC are likely to act as ligands for each other in OLGs and myelin 
since  trans  interactions between them cause similar signaling effects as the Abs, as 
we showed by adding multivalent forms of galactose/sulfated galactose to cultured 
rat OLGs (Boggs et al.  2004 ,  2008a ). Multivalent forms used included phospho-
lipid/cholesterol liposomes containing GalC/SGC (Boggs and Wang  2001 ,  2004 ), a 
polyvalent form of galactose conjugated to bovine serum albumin (Gal-BSA) 
(Boggs and Wang  2004 ; Boggs et al.  2008b ), and silica nanoparticles bearing 
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 galactose (Gal) and sulfated-galactose (SGal) (Boggs et al.  2010 ; Zhao et al.  2012 ). 
These glycoconjugates can be used to mimic interactions which are postulated to 
occur between GalC and SGC in apposed membranes, such as between the facing 
pairs of extracellular surfaces of myelin, or between OLGs or their processes in 
contact with each other (Fig.  12.1 ). 

 Although liposomes have the advantage that they can be made to resemble the 
extracellular surface of myelin or its GSL-enriched membrane domains, and 

  Fig. 12.1    Sites where glycosynapses between GalC/SGC-enriched domains in OL/myelin mem-
branes might occur, resulting in signaling and depolymerization of the cytoskeleton. A  double 
headed orange arrow  represents glycosynapse formation between two apposed OLG membranes 
(panels  a ,  b ), or a series of glycosynapses between the multilayers of the myelin sheath (panel  c ). 
These glycosynapses are postulated to form transiently under certain conditions. ( a ) Glycosynapse 
between two different OLGs—could be a signal for process retraction or cessation of growth of a 
membrane sheet. ( b ) Glycosynapse between extracellular surfaces of membranes of a process of 
the same cell wrapping around an axon (tan, labeled A)—could be a signal for elimination of 
cytosol and formation of closely packed (compact) myelin layers. ( c ) Series of glycosynapses 
between the extracellular surfaces (at intraperiod line shown in  light green ) of compact myelin 
surrounding a nerve axon—could transmit extracellular or axonal signals throughout myelin layers. 
Major dense line where cytosolic surfaces are apposed is shown in  darker green . The outer loop 
and inner loop containing cytoplasm are shown in  green . Reprinted from Boggs et al. ( 2008a , 
 2010 ) with permission from Elsevier       
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 therefore, the putative natural multivalent ligand, they have the disadvantage that 
they can affect cells not just by adhering to them, but possibly by exchange of lipids 
between the liposomes and the cell membranes or by internalization into the cell. 
The use of Gal-BSA or glyco-nanoparticles eliminates this possibility.  

12.5     Binding and Effect of Multivalent 
Glyco-nanoparticles on OLGS 

 Dendrimers or silica nanoparticles conjugated with saccharides are multivalent gly-
coconjugates that have been used to mimic  trans  interactions between cell surface 
glycans (Seah et al.  2009 ). Azide-functionalized silica nanoparticles were conju-
gated with propargyl derivatives of sugars or fl uorescent FITC-labeled sugars by 
copper-promoted azide–alkyne cycloaddition. We examined the binding and effect 
of these silica nanoparticles bearing galactose (Gal-nanoparticles), galactose-3- 
sulfate (SGal-nanoparticles), or a combination of galactose and galactose-3-sulfate 
(Gal/SGal-nanoparticles) on OLGs, as well as control glyco-nanoparticles bearing 
glucose (Glc-nanoparticles) or mannose (Man-nanoparticles) (Boggs et al.  2010 ; 
Zhao et al.  2012 ). Unglycosylated control particles were capped with propargyl alco-
hol to provide a hydroxyl-terminated nanoparticle (OH-nanoparticles). In each case, 
the nanoparticles carried about 78,000 carbohydrate groups per particle, and thus 
were highly multivalent. They bound specifi cally to microtiter plates coated with 
galactolipid, but not glucolipid, and bound to each other in a heterotypic fashion 
(   Zhao et al.  2012 ). The binding did not require divalent cations.  Trans  interactions 
between many sugars require divalent cations (Hakomori  1991 ) as did the interac-
tions between GalC and SGC in phosphatidylcholine/cholesterol liposomes (Stewart 
and Boggs  1993 ), but those between pure GalC bilayers and pure SGC bilayers did 
not (Boggs et al.  2000 ), similar to the glyco-nanoparticles where galactose and sul-
fated galactose are highly concentrated. The requirement for divalent cations for a 
lipid or lipid/protein composition resembling that of the extracellular surface of 
OLGs or myelin is not known.  Trans  interactions between the galactoglycerolipids 
of myelin, MGDG and SGG, have not been investigated but would probably occur 
since the interaction between Gal-nanoparticles and SGal- nanoparticles does not 
depend on a lipidic moiety. Furthermore, divalent cations have been shown to com-
plex digalactosyldiglyceride membranes to each other (Webb et al.  1988 ). 

 The Gal- and SGal-nanoparticles also bound specifi cally to live or fi xed OLGs 
(Fig.  12.2e, f ) and did not bind to astrocytes present in the culture, which lack GalC 

Fig. 12.2 (continued) fi xation and staining with anti-MAG Ab ( red );  yellow  indicates overlap. 
Similar results were obtained by addition of nanoparticles to fi xed OLGs; ( e ) Gal/SGal-
nanoparticles; ( f ) Gal- nanoparticles; ( g ) Cells were preincubated with anti-GalC O1 Ab prior to 
binding of fl uorescent Gal/SGal-nanoparticles; binding was greatly diminished; ( h ) Cells were 
preincubated with anti- GalC O1 Ab prior to binding of Gal-nanoparticles; binding was not affected 
as expected for a heterotypic interaction of galactose with SGC. Scale bars = 20 μm. Panels  a – d ,  e , 
 f , and  h  are reprinted with permission from Zhao et al. ( 2012 ). Copyright (2012) American 
Chemical Society       
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  Fig. 12.2    ( a – d ) Fluorescence microscope images of fl uorescein-labeled nanoparticles ( green ) 
bound to myelin fragments labeled with CD-DiI ( red );  yellow  indicates overlap. ( a ) Gal/SGal- 
nanoparticles; ( b ) control OH-nanoparticles; ( c ) 4× excess nonfl uorescent Gal/SGal nano particles 
followed by fl uorescent Gal/SGal-nanoparticles; ( d ) myelin was preincubated with anti-GalC IgG 
Fab fragments followed by fl uorescent Gal/SGal-nanoparticles. Bar = 20 μm. ( e – h ) Fluorescence 
microscope images of fl uorescein-labeled nanoparticles ( green ) bound to live OLGs followed by
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and SGC (Zhao et al.  2012 ). Pre-incubation of OLGs with the O1 anti-GalC 
 monoclonal antibody greatly reduced binding of the Gal/SGal (Fig.  12.2g ) or SGal- 
bearing particles to the OLGs, but had no effect on the binding of Gal-particles 
(Fig.  12.2h ), as expected for a heterotypic interaction. The Gal/SGal nanoparticles 
also bound specifi cally to purifi ed myelin fragments (Fig.  12.2a ). Control nanopar-
ticles bound much less to OLGs and myelin (shown for OH-nanoparticles and 
myelin in Fig.  12.2b ). The binding was inhibited by an excess of nonfl uorescent 
versions of Gal/SGal nanoparticles (Fig.  12.2c ) and also by preincubation of myelin 
with monovalent anti-GalC IgG Fab fragments (Fig.  12.2d ).

   The Gal/SGal nanoparticles, GalC/SGC-containing liposomes and Gal-BSA all 
had sugar-specifi c and relatively similar effects on the distribution of GalC and 
MBP in cultured OLGs. They caused redistribution and clustering of GalC on the 
extracellular side, and MBP on the cytosolic side, into clusters of varying size such 
that the GalC domains usually overlaid the MBP domains (Boggs and Wang  2001 , 
 2004 ; Boggs et al.  2010 ) (MBP clustering is shown for Gal-nanoparticles in panels 
d–f of Fig.  12.3 , compared to untreated cells in panels a–c, and MBP or GalC clus-
tering is shown for GalC/SGC-containing liposomes in Fig.  12.4c, g , compared to 
control liposome-treated cells in Fig.  12.4a, e ). Pre-incubation of the OLGs with 
anti-GalC IgG Fab fragments prevented the effect of the Gal/SGal-nanoparticles on 
GalC and MBP distribution and OLG morphology (Boggs et al.  2010 ). Untreated 
mature cells have a complex cytoskeletal network with major veins and a lacy net-
work of microtubules (Dyer  1993 ) (Fig.  12.4f ). The Gal/SGal nanoparticles and 
GalC/SGC-containing liposomes also caused loss of the microtubular network 
(Fig.  12.4h ) (Boggs and Wang  2001 ,  2004 ; Boggs et al.  2010 ).

    The glyco-nanoparticles had a quantitatively greater effect on the OLGs than 
GalC/SGC-containing liposomes or Gal-BSA, with some effect seen after 6 h and a 
greater effect after overnight culture, whereas overnight culture was required in 
order to detect an effect of GalC/SGC-containing liposomes or Gal-BSA. At 8 days 
in culture, when the glyco-nanoparticles are added, the cell population typically 
consists of about 30 % mature cells with fl at membrane sheets (resembling 
Fig.  12.3a–c ) and the cells are almost completely GalC and MBP positive, even 
when less mature, with only thin processes instead of membrane sheets. However, 
after treatment with glyco-nanoparticles, more cells appeared less mature than in 
the control cell population, with many narrow processes, and only about 5 % appear-
ing mature with membrane sheets. In many of these less mature GalC +  cells, MBP 
staining was very low or absent, in contrast to untreated OLGs (Boggs et al.  2010 ). 
An example of this type of cell after treatment with Gal/SGal-nanoparticles, is 
shown in Fig.  12.3g–i . These effects, particularly the almost complete absence of 
MBP staining, were not commonly observed after liposome treatment (e.g., 
Fig.  12.4c ). Since MBP appears relatively late in OLG differentiation (Bansal and 
Pfeiffer  1994 ), its loss in the treated cells suggests that dedifferentiation may have 
occurred. The Gal, SGal, or mixed Gal/SGal-nanoparticles had signifi cantly more 
effect than Glc-, Man-, or unglycosylated-nanoparticles. Similarly, control lipo-
somes with no GSL, or with GlcC or lactosylceramide (LacC) instead of GalC, had 
much less effect on GalC redistribution than those containing GalC and/or 
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SGC. BSA conjugated to glucose and mannose had signifi cantly less effect than 
Gal-BSA (Boggs and Wang  2004 ). The nanoparticles bearing both Gal and SGal 
had a signifi cantly greater effect on GalC redistribution than those with only Gal or 
SGC (Boggs et al.  2010 ). Similarly, liposomes containing both myelin GSLs had a 
greater effect than those with only SGC or GalC (Boggs et al.  2004 ). 

 Using liposomes, effects on clustering of other proteins and on the cytoskeleton 
were also determined. Similar clustering of GPI-linked proteins and of two trans-
membrane proteins, proteolipid protein (PLP) and myelin/OLG glycoprotein 

  Fig. 12.3    Confocal microscope images of OLGs fi xed and stained externally with monoclonal 
anti-GalC Ab (O1) ( b ,  e ,  h ); then stained internally with anti-MBP Ab ( a ,  d ,  g ). Merge is shown in 
( c ,  f ,  i ) (MBP,  red ; GalC,  green ). Untreated OLGs ( a – c ); OLGs treated overnight with 2 μg/ml 
Gal-nanoparticles ( d – i ). Panels ( d – f ) show MBP and GalC redistribution/clustering in a more 
mature cell typical of that caused by GalC/SGC-containing liposomes. Panels ( g – i ) represent a cell 
which looks less mature and has lost most of its MBP; this occurs frequently after nanoparticle 
treatment but is much less frequent with liposome treatment. Bar = 20 μm. Reprinted from Boggs 
et al. ( 2010 ), with permission from Elsevier       
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  Fig. 12.4    Confocal microscope images of cultured OLGs treated overnight with control phospho-
lipid/cholesterol liposomes ( a ,  b ,  e ,  f ) or GalC/SGC-containing phospholipid/cholesterol lipo-
somes ( c ,  d ,  g ,  h ). ( a ,  c ) OLGs fi xed, permeabilized, and stained with monoclonal anti-MBP and 
FITC-labeled second Ab and then ( b ,  d ) stained with Texas Red-phalloidin. The MBP-negative 
astrocytes present in the fi eld in  b  above the OLG and in  d  to the far right of the OLG are 
stained only with phalloidin ( white arrows  in  b ,  d ). The GalC/SGC-containing liposomes caused
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(MOG), occurred, suggesting that the domains which cluster are membrane rafts 
(Boggs and Wang  2004 ; Boggs et al.  2004 ,  2008a ). Several proteins or phosphory-
lated proteins involved in signal transduction, MAPK, phosphorylated MBP, and 
some phospho-tyrosine-containing proteins also clustered with MBP and GalC 
(Boggs and Wang  2004 ), suggesting that these rafts are membrane signaling 
domains. Indeed, the GalC/SGC-containing liposomes also caused depolymeriza-
tion of microtubules (Fig.  12.4h , compare to Fig.  12.4f ), and actin fi laments 
(Fig.  12.4d , compare to Fig.  12.4b ) that form a lacy cytoskeletal network in the 
membrane sheets, indicating that the interaction of GalC/SGC-containing lipo-
somes with the extracellular surface of the OLG caused transmission of a signal 
across the membrane (Boggs and Wang  2001 ,  2004 ). Note that the GalC/SGC- 
containing liposomes had no effect on the actin cytoskeleton of an astrocyte (MBP 
negative, white arrow) also present in the culture (Fig.  12.4d , compare to Fig.  12.4b ). 
The Gal/SGal nanoparticles also caused loss of the microtubular network (Boggs 
et al.  2010 ), but their effect on actin has not been examined. Inhibition, using vari-
ous reagents, of a number of kinases, such as Rho kinase, and phosphatases that are 
involved in regulation of the cytoskeleton prevented the liposome-mediated effects 
on the cytoskeleton (Boggs et al.  2008a ,  b ). 

 These results show that a lipidic form of the sugar is not necessary for the effect; 
rather a multivalent form of the sugar, as found on the surface of GSL-containing 
liposomes, or bound to a polymer or nanoparticle, is suffi cient. Finally, the effects 
are specifi c for Gal and SGal.  

12.6     Receptors in OLGS Which Interact with Multivalent 
Gal/SGal by  Trans  Interactions 

 The receptor(s) in the OLG membrane which interact with the multivalent Gal/SGal 
presented by liposomes or polymers could be protein(s), but are likely to be GalC 
and SGC (and possibly also MGDG and SGG) for the following reasons: (1) GalC 
and SGC bind to each other by  trans  interactions across apposed surfaces and SGal- 
bearing nanoparticles bind to Gal-nanoparticles and to galactolipid in vitro (Hakomori 
 1991 ; Stewart and Boggs  1993 ; Zhao et al.  2012 ); (2) The effects of multivalent 
presentations of Gal/SGal on OLGs resemble the effects of anti-GalC/SGC Abs on 

 Fig. 12.4 (continued) depolymerization of the actin fi laments only in the MBP-positive OLG and 
not in the astrocyte. ( e ,  g ) OLGs fi xed, stained externally with polyclonal anti-GalC Ab and FITC-
labeled second Ab and then ( f ,  h ) permeabilized and stained internally with monoclonal anti-α,β-
tubulin Abs. Cell has large veins of microtubules and a lacy network of smaller microtubules in the 
membrane sheets ( f ). The GalC/SGC-containing liposomes caused loss of the lacy network of 
microtubules but the major veins remain ( h ). Scale bar = 20 μm. Panels  a – d  reprinted from Boggs 
and Wang ( 2001 ) with permission from John Wiley and Sons. Panels  e – h  reprinted from Boggs 
et al. ( 2004 ) with permission from Springer       
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OLGs reported by Dyer and Benjamins (Benjamins and Dyer  1990 ; Dyer  1993 ); (3) 
Fab fragments of anti-GalC IgG Ab, which had no effects on OLGs themselves, 
prevented the binding and effects of the Gal/SGal-nanoparticles on GalC and MBP 
distribution and OLG morphology (Boggs et al.  2010 ; Zhao et al.  2012 ); (4) The 
multivalent Gal/SGal did not bind to and had no effect on the cytoskeleton of astro-
cytes that were also present in the culture, and that lack these two GSLs, indicating 
a specifi c effect on GalC/SGC-containing OLGs (Boggs and Wang  2001 ; Boggs 
et al.  2004 ; Zhao et al.  2012 ); (5) Inhibition of GSL synthesis by treatment of OLGs 
with fumonisin B1 prevented the effect of liposomal GalC/SGC on MBP redistribu-
tion in the GalC/SGC-negative OLGs (Boggs et al.  2008a ,  b ). These results support 
our suggestion that the natural ligand(s) for GalC and SGC in OLGs that are mim-
icked by anti-GalC/SGC Abs or multivalent Gal/SGal are, or include, a multivalent 
array of GalC and SGC (and possibly also MGDG and SGG) in apposed OL/myelin 
membranes. However, proteins with terminal galactose and galactose-3-sulfate 
moieties might also be able to serve as ligands for GalC and SGC; this has not been 
investigated. 

 We suggest that  trans  interactions between these GSLs clustered in apposed 
membrane domains can occur transiently under certain conditions between extra-
cellular OLG membranes or the extracellular surfaces of compact myelin mem-
branes. They cannot cause strong adhesion of these surfaces, but might contribute 
weak adhesive forces. Interestingly, in the PLP knockout mouse, compact myelin is 
formed with a smaller separation between the extracellular surfaces than in wild 
type mouse, although the myelin is more unstable and separates more easily under 
fi xation conditions used for electron microscopy (Rosenbluth et al.  2009 ). Myelin 
particles have been shown to bind to cultured OLGs, and myelin particles bind to 
each other (Bakhti et al.  2013 ). The interaction between them is reduced, but still 
signifi cant, if PLP is absent, indicating that although PLP contributes to adhesive 
interactions, other constituents, such as GalC and SGC, also contribute. 

 Loss of sialic acid on the OLG surface and downregulation of proteins with large 
extracellular domains, such as chondroitin sulfate proteoglycan 4 (NG2) and CD44, 
occur with maturation of OLGs and their production of myelin membranes. This 
prevents the electrostatic repulsion which occurs between other cell surfaces (Bakhti 
et al.  2013 ). Nevertheless, X-ray diffraction and electron microscopy indicate that 
the static separation of the extracellular surfaces of compact myelin is too great for 
the carbohydrate head groups of these GSLs to be in constant contact (Kirschner 
et al.  1989 ). However, they may come into transient contact under some conditions 
that cause protein clustering away from GSL-enriched domains, such as increased 
extracellular Ca 2+  concentration (Hollingshead et al.  1981 ; Boggs et al.  2004 , 
 2008a ). Furthermore, membrane surfaces in multibilayers undulate, allowing the 
intermembrane separation to fl uctuate (Niles et al.  1996 ) so that transient contact 
between GalC and SGC could occur. Transient, weak interactions between myelin 
GSLs, in addition to PLP, would allow myelin layers to slip by each other as the 
axon is ensheathed by growing OLG processes.  
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12.7     GalC/SGC Signaling Releases Cytoskeletal 
Restriction of Membrane Domains 

 Jasplakinolide, a reagent that stabilizes actin fi laments, inhibited liposome-induced 
redistribution of all the membrane constituents that were clustered in its absence, 
including GalC, on the extracellular surface (Boggs and Wang  2004 ). It also pre-
vented depolymerization of the microtubules. This result indicates that depolymer-
ization of the actin fi laments is required both for redistribution of the membrane 
constituents and for depolymerization of the microtubules. Thus, it is an early event 
in the transmembrane signaling mediated by multivalent Gal/SGal. The fact that 
jasplakinolide also prevented clustering of GalC on the extracellular surface sug-
gests that it is not just individual GalC molecules that redistribute, but rather entire 
membrane domains/rafts that redistribute and coalesce (Fig.  12.5 ).

   Since actin depolymerization is an early event following interaction of multiva-
lent Gal/SGal with the OLG membrane, this interaction must fi rst cause transmis-
sion of a signal across the membrane that affects actin. This initial signal may be 
Ca 2+  entry, as found when anti-GalC Ab was added to OLGs (Dyer  1993 ; Benjamins 
and Dyer  1990 ; Paz Soldan et al.  2003 ), or a mechanical signal due to GalC/SGC 
cross-linking. Depolymerization of the cytoskeleton then allows for redistribution 
and coalescence of microdomains enriched in GalC, MBP, and the other membrane 
constituents examined. This sequence of events suggests that the cytoskeleton 
restricts lateral diffusion of these membrane constituents, either by binding to them 
or by binding to other transmembrane proteins. This is consistent with the mem-
brane skeleton fence or picket fence model (Kusumi et al.  1999 ,  2012 ) as well as 
with studies indicating that lipids and transmembrane proteins undergo hop diffu-
sion in compartmentalized membrane domains of 50–200 nm (Fujiwara et al.  2002 ; 
Marone et al.  2006 ). Upon depolymerization of the cytoskeleton, these domains are 
able to redistribute and coalesce into large clusters (Fig.  12.5 ). Multivalent Gal/
SGal cross-linking or patching of the small membrane domains/rafts restrained 
within these compartments would facilitate this redistribution. 

 In some cells, such as T cells, receptor clustering causes actin polymerization or 
requires the actin cytoskeleton for clustering to occur (Harder and Simons  1999 ; 
Mitchell et al.  2009 ; Rodgers and Zavzavadjian  2001 ; Gomez-Mouton et al.  2001 ; 
Baumgartner et al.  2003 ). However, in other cells, receptor clustering increased on 
depolymerization of the cytoskeleton (Wang et al.  2001 ; Treanor et al.  2010 ; Hao 
and August  2005 ). Coclustering of separate GM1-containing rafts with GM3- 
containing rafts in fi broblasts increased signifi cantly after actin depolymerization 
(Fujita et al.  2009 ). In B cells, activation by cross-linking of the B cell receptor 
caused rapid (15–30 s) global actin depolymerization, although actin repolymeriza-
tion later recurred (Hao and August  2005 ), resulting in “corrals” around individual 
microclusters of B cell receptors that had formed (Treanor et al.  2011 ). Cross- 
linking of glycan moieties on retinal pigment epithelial cells with galectin-3 also 
caused depolymerization of the cytoskeleton, resulting in their failure to form pseu-
dopodia and to attach and spread on a fi bronectin-coated surface (Alge-Priglinger 
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  Fig. 12.5    Schematic of effects of multivalent Gal/SGal on OLG membrane sheets. GalC and 
SGC-enriched membrane domains (rafts) in OLG membrane sheets also contain MBP, a peripheral 
membrane protein on the cytoplasmic side, and are linked to the membrane skeleton (made up of 
linked  blue spheres ) via MBP (Boggs  2006 ; Harauz and Boggs  2013 ), transmembrane proteins 
and/or other membrane-actin binding proteins. Some transmembrane proteins ( blue oblongs ) 
bound to the membrane skeleton serve as picket fences, according to the hypothesis of Kusumi and 
colleagues (Kusumi et al.  1999 ,  2012 ; Fujiwara et al.  2002 ; Marone et al.  2006 ), which restrict 
lateral diffusion of both lipids and proteins in the membrane domains.  Upper panel —binding of 
multivalent Gal/SGal (GalC/SGC-containing liposomes or glyco-nanoparticles conjugated to Gal 
and SGal, depicted by large  orange spheres  bearing Gal ( magenta hexagon ) and SGal ( blue hexa-
gon )), cross-links GalC and SGC molecules in the membrane domains, and triggers an initial sig-
nal, possibly Ca 2+  entry, which causes dissociation of actin fi laments and microtubules and their 
depolymerization.  Lower panel —loss of the membrane skeleton permits lateral diffusion of the 
membrane domains so that they coalesce into larger clusters. The membrane domains may contain 
a number of other transmembrane proteins such as PLP and MOG, and signaling proteins such as 
MAPK (not shown), since they redistribute together with GalC, SGC, and MBP (Boggs and Wang 
 2004 ). MBP on the cytoplasmic side may be linked to GalC/SGC on the extracellular side via one
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et al.  2011 ). An IgM that reacted with a raft constituent of neurons caused raft 
clustering and signaling, and coupled the rafts to microtubules, but caused F-actin 
networks to recede from the growth cone periphery (Xu et al.  2011 ). Thus, receptor 
cross-linking and clustering is coupled to dynamic reorganization of the cytoskele-
ton in many cells.  

12.8     Role of MBP in Transmission 
of GalC/SGC-Mediated Signal 

 MBP on the cytosolic side may play an important role in transmission of the GalC/
SGC-mediated signal to the cytoskeleton. Earlier studies by Dyer et al. ( 1994 ) 
showed that anti-GalC Ab did not cause effects in OLGs from the  shiverer  mutant 
mouse, which lacks MBP. Suppression of MBP synthesis in normal rat OLGs using 
MBP siRNA signifi cantly inhibited the effect of GalC/SGC-containing liposomes 
on GalC redistribution in the MBP-negative OLGs (Boggs et al.  2008b ) and on the 
cytoskeleton (Boggs et al.  2010 ). Coculture of OLGs with neurons induced dra-
matic lipid condensation or ordering, as detected by laurdan fl uorescence, in OLG 
membranes and clustering of GalC-containing domains (Fitzner et al.  2006 ), which 
may be related to the GalC clustering induced by anti-GalC liposomes or multiva-
lent Gal/SGal arrays. This effect of neurons was not observed in OLGs from  shiv-
erer  mice indicating that MBP was required for this phenomenon also. 
CHAPS-insoluble membrane domains prepared from the OLGs contained more 
PLP and MBP after coculture with neurons, indicating protein redistribution in the 
membrane had also occurred. 

 MBP binds to and assembles actin fi laments and microtubules and binds actin 
and microtubules to a lipid bilayer, and it may tether the cytoskeleton to the plasma 
membrane in OLGs (Boggs  2006 ; Harauz and Boggs  2013 ). Dynamic changes in 
co-localization of MBP with actin and tubulin, occurred in transfected N19- 
oligodendroglial cells during membrane ruffl ing stimulated by PMA, with enrich-
ment of these proteins in the membrane ruffl es, and in membrane domains 
resembling focal adhesion contacts induced by IGF-1 (Smith et al.  2012 ). MBP was 
coimmunoprecipitated with actin, tubulin, and signaling molecules from detergent 
extracts of primary OLGs (Boggs et al.  2014 ). Low density DIGs isolated from 
OLGs and myelin also contained actin and tubulin (Arvanitis et al.  2005 ; Taguchi 
et al.  2005 ; Marta et al.  2003 ) in addition to MBP. These studies indicate that OLG 

Fig. 12.5 (continued) of these transmembrane proteins, since it is infl uenced by the GalC/SGC 
cross-linking and is necessary for transmission of the extracellular signal to the cytoskeleton 
(Boggs et al.  2008b ; Dyer et al.  1994 ). The head groups of the lipids are depicted as GalC ( green ) 
SGC ( purple ), gangliosides ( yellow ), phospholipids (PL) ( pink ); cholesterol ( red rod ). Similar 
 trans  interactions between GalC/SGC-enriched domains in apposed OLG or myelin membranes 
are postulated to create a glycosynapse and have a similar signaling effect       
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membrane domains/rafts may be linked to the membrane skeleton via MBP, in addi-
tion to other proteins (Fig.  12.5 ). They also suggest that MBP may be linked to 
cytoskeletal proteins even in myelin. DIGs from myelin also contain the radial com-
ponent, a junctional specialization within intermodal CNS myelin that passes 
through many layers of compact myelin (Karthigasan et al.  1994 ). It appears as a 
radial array by electron microscopy and has a similar appearance in isolated DIGs. 
It is made up of tight junctions that may control the ionic content of the extracellular 
space in myelin (Dyer  2002 ; Boggs et al.  2008a ).  

12.9     Role of Glycosynapses in OLGS or Myelin 

 GalC/SGC-enriched microdomains in the OL/myelin membrane may form glyco-
synapses at different sites and under certain conditions in OLG or myelin mem-
branes. Glycosynapses could occur between apposed membranes of OLG processes 
in contact with each other, or between the extracellular surfaces of compact myelin 
(Fig.  12.1 ). If OLGs are in contact at high densities, or if OLG processes contact an 
already myelinated axon, this contact might cause process retraction requiring dis-
ruption of the cytoskeleton (Fig.  12.1a ). Contact inhibition of oligodendrocyte pro-
genitor cells occurs for cells grown at high density (Zhang and Miller  1996 ), but it 
is not known if this also occurs for more mature SGC and GalC-containing OLGs. 
However, in vivo and in vitro time lapse imaging shows that OLG processes often 
seem to withdraw after contact with a nearby process or myelinated axon, suggest-
ing that they infl uence one another (Kirby et al.  2006 ; Ioannidou et al.  2012 ). This 
may be a mechanism to ensure uniform myelination. A signal applied to SGC via a 
glycosynapse between two OLG processes might be expected to inhibit differentia-
tion and process extension (Hirahara et al.  2004 ) as observed with anti-SGC Ab 
(Bansal et al.  1999 ). The increased number and decreased apoptosis of OLGs in the 
CST-null mouse (Shroff et al.  2009 ) may be partly due to a failure of contact inhibi-
tion normally mediated by GalC–SGC interactions. 

 Dynamic regulation of the cytoskeleton is necessary for various stages of myelin-
ation (Bauer et al.  2009 ; Boggs et al.  2008a ; Harauz and Boggs  2013 ). When mature 
myelinating OLGs initially ensheath axons, the fi rst few layers of membrane around 
the axon contain cytosol (Remahl and Hildebrand  1990 ). Disruption of the cytoskel-
eton in these layers is necessary for the cytoplasmic surfaces to adhere and create 
compact myelin. GalC–SGC interactions could occur as the membrane sheets wrap 
around the nerve axon allowing GSLs in apposed surfaces to come into contact at 
least transiently and/or in localized domains and confer a signal for compaction 
(Fig.  12.1b ). In CST-null mice, the processes which myelinate are thicker and retain 
more cytoplasm than in wild-type mice (Shroff et al.  2009 ), perhaps due to retention 
of the cytoskeleton in the absence of GalC–Sulf interactions. Formation of compact 
myelin requires close apposition between each pair of facing extracellular surfaces, 
and between each pair of facing cytoplasmic surfaces, which may be promoted by 
protein and GSL clustering. Fitzner et al. ( 2006 ) have shown that coculture of OLGs 
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with neurons induced GalC ordering in OLG membranes, which was probably due 
to GalC clustering, and increased MBP distribution into DIGs. Thus, a neuronal 
signal inducing OLG processes to ensheath the axon could be followed by GalC–
SGC contact between the apposed membranes, depolymerization of the cytoskele-
ton, and protein and GSL clustering, leading to elimination of cytosol and adhesion 
of the cytosolic surfaces. 

 Signaling resulting from  trans  GalC–SGC interactions may also occur in the 
mature myelin sheath (Fig.  12.1c ). These signals may in turn be transmitted across 
the membrane to MBP and the cytoskeletal elements and junctions in the radial 
component in myelin, as found in cultured OLGs for anti-GalC antibody and GalC/
sulfatide-containing liposomes, possibly by causing Ca 2+  entry into the cytosolic 
domains. The accumulation of Ca 2+  into the cytosolic space of compact myelin, 
mediated by  N -methyl- D -aspartate (NMDA) receptors, has been detected within 
compact myelin (Micu et al.  2005 ). Subsequent effects on tight junctions or gap 
junctions between myelin layers may regulate their permeability (Morita et al. 
 1999 ; Dyer  2002 ) as occurs for intestinal epithelial cells (van Itallie and Anderson 
 2004 ). This process may allow for transmission of signals from the axon throughout 
compact myelin. 

 Communication between the myelin sheath and the axon may regulate both axo-
nal and myelin function and is necessary to prevent neurodegeneration (Witt and 
Brady  2000 ; Edgar and Garbern  2004 ). Myelination affects the axon caliber, phos-
phorylation of axonal neurofi laments, the axonal cytoskeleton, and ion channel 
organization (Baba et al.  1999 ). Phosphorylation of MBP occurs in myelin in 
response to the nerve action potential (Murray and Steck  1984 ; Atkins and Sweatt 
 1999 ), and lipids and metabolic precursors are transferred from the axon to the 
myelin sheath (Chakraborty et al.  1999 ). The myelin sheath provides trophic sup-
port to the axon, which may compensate for its shielding of the axon from extracel-
lular metabolic support (Nave and Trapp  2008 ; Simons and Lyons  2013 ). Lactate is 
one substance taken up by OLGs and myelin that may allow for such trophic sup-
port. MCT1, a lactate and pyruvate transporter, has been localized to OLGs and also 
shown to be in compact myelin by immunogold labeling, whereas a different lactate 
transporter, MCT2, is in axons. Lactate uptake causing a pH change was detected in 
both OLG cell bodies and processes aligned with axons (Rinholm, et al.  2011 ). 
Downregulation of MCT1 selectively in OLGs caused axonal damage and neuronal 
loss in animal and cell culture models, indicating a new mechanism by which OLGs 
support neurons and axons (Lee et al.  2012 ). It would be interesting to determine 
whether MCT1 is expressed normally in OLGs and myelin from the CGT/CST 
KO’s since a lactate transporter in spermatocytes in the CST KO is suspected to be 
absent due to altered traffi cking (Honke  2013 ). 

 The myelin sheath also produces ATP through generation of a proton gradient 
across the lamellae, and has been postulated to be a site of oxygen absorption and 
aerobic metabolism for the axons (Ravera et al.  2009 ). Neuronal activity also results 
in release of glutamate and ATP causing shifts in extracellular pH (Ro and Carson 
 2004 ; Butt et al.  2004 ). A Na + /H +  exchanger, Na + /HCO 3  −  cotransporter and carbonic 
anhydrase II are present in OLGs that can respond to shifts in pH of the extracellular 
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space during neuronal activity (Ro and Carson  2004 ). pH microdomains in OLGs 
occur which differ in pH by over 0.1 pH unit. Similar pH fl uctuations may be able 
to occur in the cytosolic spaces of myelin if the permeability of tight and gap junc-
tions can be infl uenced by GSL-mediated signaling. 

 It appears to be necessary to have compact myelin containing all of its normal 
constituents surrounding an axon in order to provide trophic support to neurons, 
since neurodegeneration occurs in mutant mice in which one of several myelin 
proteins, such as PLP, 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP), or 
myelin- associated glycoprotein (MAG), is eliminated (Edgar and Garbern;  2004 ; 
Edgar et al.  2009 ). Neurodegeneration also occurs in the CST, CGT, and FA2H 
KO’s, even though a compact myelin sheath is formed initially in all cases. 
Participation of transient GalC and SGC interactions between the apposed extracel-
lular surfaces of mature myelin might allow for transmission of signals throughout 
the myelin sheath regulating its metabolic activity, and thus facilitate myelin–
axonal communication and trophic support of the axon. In support of this conclusion, 
deletion of SGC in the CST-null mouse decreased the caliber and shape of the axon 
with age (Marcus et al.  2006 ), suggesting that the lack of SGC decreased signaling 
from myelin to the axon.  

12.10     Treatment of Demyelinating Disease by Stimulation 
of OLGS by GSL Cross-Linking 

 Interestingly, IgM antibody to GalC or SGC, produced by hybridoma cells implanted 
in the spinal cord of neonatal pups in vivo, or in an in vitro myelinating culture, 
resulted in formation of myelin with a large space between the extracellular surfaces 
and paranodal loops, without tight junctions between them (Rosenbluth et al.  1996 ; 
Rosenbluth and Moon  2003 ). Thus, the multivalent IgM Ab replaced normal inter-
actions between the extracellular surfaces. The abnormal myelin was stable enough 
to persist at least 18 days; the effect at longer times was not examined. A similar 
IgG Ab, however, which would not be able to link the apposed extracellular sur-
faces, prevented myelin formation. These results indicate that some type of interac-
tion between the extracellular surfaces is necessary for myelin to form and function, 
but that the spacing can be wider than normal as long as the surfaces are linked via 
a molecular interaction. IgM Abs produced in peripheral neuropathies and in mul-
tiple sclerosis, including anti-GalC and anti-SGC Abs (Ilyas et al.  2003 ), cause 
formation of myelin with similar wide-spaced lamellae (Jacobs and Scadding  1990 ). 
The Ab linking of apposed myelin lamellae could mediate signals that could have 
both positive and negative effects on myelin maintenance and function. 

 Anti-GalC and anti-SGC Abs produced in these diseases may also have signaling 
effects on OLGs in vivo, as found in the in vitro studies. Indeed, IgM antibodies to 
these and other myelin constituents have been found to increase Ca 2+  entry into 
OLGs, inhibit apoptotic signaling and OLG differentiation, and ameliorate demye-
linating disease in animal models (Warrington et al.  2007 ; Asakura et al.  1998 ; 
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Paz Soldan et al.  2003 ; Watzlawik et al.  2010 ). IgM monoclonal antibodies O1 and 
O4 bind to GalC and SGalC (in lipid bilayers of phosphatidylcholine with 6 % SGC 
and 16 % GalC) with unusually small apparent dissociation constants ( K  D  = 0.9 nM) 
for natural antibodies, although they have similar properties to natural antibodies 
(Wittenberg et al.  2012 ). Such IgM antibodies for OLG/myelin constituents are now 
in clinical trials to treat multiple sclerosis (Wootla et al.  2013 ). Similarly, multiva-
lent arrays of Gal and SGal, such as the Gal/SGal-nanoparticles used here, could 
have potential benefi cial effects on myelination or myelin function, a possibility that 
warrants further investigation.     
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    Abstract     The concept of glycosignaling, in which neural cell-surface glycoconjugates 
form microdomains (Lipid Rafts) to facilitate the recruitment of signaling molecule 
components to form a transient signaling unit, is helping us understand the reason 
for glycoheterogeneity in the brain and is leadings to important translational efforts 
in medicine. In this review we fi rst describe the origins of the concept of glycomi-
crodomains, how lipid heterogeneity might have relevance for the brain develop-
ment, pathology and how the glycocalyx acts as a barrier in glia. After a discussion 
of how such microdomains are isolated and studied using modern technology such 
as nanoparticle labeling and molecular microscopy, we will present examples of 
how glycosignaling can function in such brain-specifi c situations as axonal growth 
and protein phosphorylation-mediated signaling.  

  Keywords     Glycosphingolipids   •   Gangliosides   •   Proteoglycans   •   Glycoproteins   • 
  Microdomains   •   Lipid rafts   •   Neural stem cells   •   Quantum dots   •   Molecular micros-
copy   •   Protein phosphorylation  

13.1         Introduction: Defi nition of “Glycosignaling” 

 The major membrane glycosphingolipids of brain contain typically up to four neu-
tral sugars and up to fi ve sialic acid residues within the ganglio series (GalNAcβ1–
4Gal) and only trace amounts of the different core globo-series (Galα1–4-Gal), the 
neolactose series (Galβ1–4GlcNAc), or the lacto series (Galβ1–3GlcNAcβ1–4Gal) 
glycolipids (Hakomori  2008 ). Quantitatively dominant are the sulfated and 
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non-sulfated galactosylceramides associated with the myelin sheath. Of the other 
glycoconjugates in brain, proteoglycans contain extensively sulfated uronic acid- 
GlcNAc/GalNAc repeating polymers and glycoproteins have extensively branched 
chains of oligosaccharides, which uniquely contain mannose and sialic acids. These 
are discussed extensively in other chapters. All these molecules appear to be 
involved in many types of cell recognition and signaling within the brain and there 
is increasing evidence for the importance of “glycosignaling” in all aspects of brain 
function. 

 The term “glycosignaling” was introduced by Hakomori et al. ( 1998 ) on the 
basis of their studies, mostly on non-CNS tissue. They described an assembly of 
glycosphingolipids and signal transducer molecules, which formed what they 
termed a “ glycosignaling domain ” ( GSD ). They ascribed to this GSD a functional 
role in cell interaction/adhesion, which involved second messenger signaling. An 
original difference from previously described sphingolipid-rich microdomains 
(Lipid rafts) was the absence of cholesterol and glycoprotein clusters from the 
GSDs. The GSL clustering could be imaged on EM using gold sol coated anti- 
polysialoganglioside antibody and a clustering of GSLs above a critical threshold 
was necessary for both antibody binding and cell adhesion. The glycosignaling con-
cept has since been expanded to include glycoproteins and proteoglycans and the 
glyco-modifi cation of lipids and proteins and many of these processes are associ-
ated with more conventional “Lipid Rafts” (Hakomori et al.  1998 ; Lingwood et al. 
 2008 ). Since isolated Lipid Rafts (LRs) also contain the elements of many G-protein 
signaling systems, there is also considerable interest in how the glycosignaling 
through lipid rafts (LRs) could infl uence the many signaling pathways critical for 
the functioning of the brain. 

 The original ideas of how glycosignaling systems might function in brain were 
laid out in a review by Saul Roseman ( 1970 ) which was based on many years of 
studying glycosyltransferases in developing chick brains. In this model, cell-surface 
glycosyltransferases interacted with cell surface glycolipid substrates to facilitate 
intercellular adhesion and recognition. This concept was refi ned by Hakomori/
Prinetti (   Hakomori  2008 ) whereby stimulation of GSDs by their ligands (comple-
mentary GSLs, cognins, antibodies, etc.) induces conformational changes in trans-
ducer molecules which activate positive or negative signals and then regulate such 
things as cell adhesion. They envisioned transducer molecules to include Src, and 
Ras kinase family proteins and Rho GTPases, all of which are active in brain. 
Evidence came from a mouse melanoma B16 cell which displays GM3-dependent 
adhesion to plates coated with Gg3 or anti-GM3 antibody. This resulted in enhanced 
c-Src phosphorylation, but there was no response when GM3 was absent or replaced 
with other gangliosides such as GM1 or GD1a, or asialo-glycolipids such as LacCer. 
From such data they concluded (Hakomori  2008 ) that many transducer molecules 
controlled cell motility and proliferation in response to various glyco- mediated 
stimuli. Thus, glycolipid-enriched microdomains are believed to be functionally 
involved in initiating or inhibiting signal transduction through interaction of their 
carbohydrate moiety with their ligands, hence the term “glycosignaling domain.” 
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 Mounting evidence suggests that glycosignaling operates in the heterogeneous 
mammalian CNS as it arises from undifferentiated neural stem cells (NSCs), with 
their high proliferative potential and capacity for self-renewal and multipotency (Yu 
and Yanagisawa  2007 ). Neuronal and Glial cells certainly express a suffi ciently 
complex glycocalyx (made up from membrane-associated glycolipids, and mem-
brane and extracellular glycoproteins and proteoglycans) to be critical participants 
in recognition, patterning, barrier formation and in dynamic signaling systems 
(Parker and Kohler  2009 ). A combination of a negatively charged polymer and a 
cluster of glycosphingolipids and glycoproteins plus heparan sulfates or a posttrans-
lational modifi cation to a protein could have a critical role in using glycosignaling 
to drive CNS development, function, and regeneration in either a positive or nega-
tive direction.  

13.2     Isolation of Glycosignaling Complexes from Brain 

 Glycosphingolipids (GSLs) are enriched in membranes immersed in an insoluble 
matrix and glycosignaling complexes can be isolated by virtue of their insolubility 
in detergents such as 1 % Triton X-100 at 4 °C. The terms “detergent-insoluble 
material” (DIM) and “detergent-insoluble substrate attachment matrix” (DISAM) 
were originally applied to designate a special membrane compartment enriched in 
GSLs (Hakomori et al.  1998 ; Lingwood et al.  2008 ) but we typically now refer to 
all such preparations as a “Lipid Raft” (LR). For example (Dawson et al.  2012 ), one 
can extract 50 mg fresh weight of mouse cerebral hemisphere with 2 ml of 1 % 
Triton X-100/MES buffer–NaCI (pH 6.5) using 50 strokes of a Dounce homoge-
nizer. Following centrifugation at 700 ×  g  to remove insoluble material such as 
myelin membranes, the extract is mixed with 2 ml of 1 % Triton X-100 in 80 % 
sucrose/MES buffer and placed in an ultracentrifugation tube. Five milliliter of 
30 % sucrose/MES is layered on top of this fraction, followed by 3 ml of 5 % 
sucrose/MES and the samples ultracentrifuged at 39,000 ×  g  for 17 h. Typically, an 
opalescent band is seen in Fraction 4 and this band contains LR protein markers 
such as Flotillin-1 (Dawson et al.  2012 ) as well as almost all the sphingolipids. 
Sphingolipid modifying enzymes and other glycoproteins such a G-protein-coupled 
receptors may occur in this Fraction 4 or may translocate to fraction 4 after specifi c 
stimulation of the cell, for example with neurotransmitters. In brain, virtually all the 
gangliosides are present in the LR fraction, including those found only in fetal or 
pathological tissue such as GM3, GM2, GD3, and GD2. GM1 ganglioside is the 
cholera toxin receptor in brain but is also present in non-neural cells in a similar 
detergent-insoluble fraction along with virtually all other glycolipids. Lipid rafts 
can be visualized by transfecting cells (for example a human oligodendroglioma 
cell line HOG with green fl uorescent protein-tagged GPI-anchored protein sequence 
which always localizes to Lipid Rafts (Fig.  13.1a, b )). The detergent- insolubility 
(and presence in insoluble LRs) of GM3 or GM1 in cells is usually interpreted to 
mean that these gangliosides are complexed with a cell adhesion system or 
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cytoskeletal system, since gangliosides are all soluble in aqueous detergent solu-
tions such as Triton X-100.

   Further evidence for LR-based glycosignaling in the brain comes from a study 
(Sekino-Suzuki et al.  2012 ) which showed that both R24 anti-GD3 antibody, and an 
antibody (GGR12), that specifi cally recognizes GD1b ganglioside, were able to 
induce Lyn tyrosine kinase activation in rat primary cerebellar granule cells. 
Immunoprecipitation studies on similar Triton X-100 LRs from these cells showed 
a complex containing Lyn, the transmembrane phosphoprotein Cbp and the physi-
ological regulator of Src family kinases, Csk. The interaction of Cbp and Csk 
required the phosphorylation of Cbp at Tyr-314 by activated Lyn and they proposed 
(Sekino-Suzuki et al.  2012 ) that phosphorylated Cpb negatively regulated Lyn 
through the recruitment of Csk into LRs. Since both GD3 and GD1b contain the 
same Neu5Ac-(2–8)-Neu5Ac-(2–3)-Gal sequence and trigger the same response in 
neurons they suggest that this is the critical glycosignaling element in forming or 
stabilizing the LR complex. As discussed by Sonnino et al. ( 2013 ) it remains to be 
seen if these studies in cultured neurons have physiological signifi cance in the brain.  

13.3     Glycosignaling, Biosynthesis, and Brain Development 

 Notch signaling is critical for brain development and Notch is only active when 
glycosylated by an O-fucosylation step and the addition of GlcNAc to specifi c ser-
ine residues (Parker and Kohler  2009 ). Such glyco-posttranslational modifi cations 

  Fig. 13.1    Visualization of glycomicrodomains. GPI anchored proteins are exclusively localized to 
sphingolipid-enriched microdomains (LRs) and are involved in glycosignaling, for example the 
OMPR protein involved in forming a complex with gangliosides in regulating axonal growth (Saha 
et al.  2011 ) (as shown in Fig.  13.3 ). Fluorescent images were obtained after expression of 
LR-associated green fl uorescent protein (GFP)-labeled GPI-anchored protein cDNA in neurotumor-
derived HOG cells. These cells show increased concentration of GFP expression in plasma mem-
branes ( a ), especially at adjacent cell membranes ( b ). These concentrations of GFP could represent 
aggregates of LRs corresponding to glycomicrodomains involved in cell adhesion and signaling       
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of proteins are common and are likely initiators of glycosignaling in brain develop-
ment and function since their presence is essential for recognition and this recogni-
tion triggers biological events. Regulation of such glycosylation (and  therefore 
regulation of glycosignaling) can also occur at the level of nucleotide sugar avail-
ability, glycosyltransferase activation, or secretion and is therefore both complex 
and dynamic. 

 For example, gangliosides are attached through ceramides to LR membranes but 
free ceramides inhibit protein kinase B (Akt) through activation of a phosphatase. 
When ceramide is low (as in the  Fro / Fro  mouse and in many tumors) (Qin et al. 
 2012 ), Akt is activated (phosphorylated) together with the mTOR, p70D6k pathway 
to upregulate genes such as HAS2, which cause synthesis and secretion of the extra-
cellular matrix proteoglycan, hyaluronic acid (Qin et al.  2012 ). This results in accel-
erated metastasis of a tumor if localized or impaired bone and brain development if 
occurring in all tissues, as in the  Fro / Fro  mouse (Qin et al.  2012 ). Additional control 
of such glycosignaling can be exerted by means of the many secreted and cell sur-
face glycosidases, sulfatases, phosphatases, etc. (Aureli et al.  2012 ) acting on gan-
gliosides and other cell surface glycoconjugates. Such modifi cations can also be 
shown to affect many critical developmental signaling systems such as the Wnt, 
EGF, and FGF pathways (Parker and Kohler  2009 ). Thus, glycosignaling must be 
thought of as an ongoing dynamic process, which involves many glycoconjugates 
and can impinge on many brain functions.  

13.4     The Glycocalyx as a Barrier to Glycosignaling 

 The glycocalyx is a negatively charged barrier in brain because of the high content 
of lipid- and protein-linked sialic acids, sulfated lipids, and sulfated sugar and 
uronic acid-containing polymers (Parker and Kohler  2009 ; Sonnino et al.  2012 ) sur-
rounding the cells. The glycocalyx is extensively produced by glial cells in the form 
of chondroitin and heparan sulfates and ceramide-galactosylsulfates, but neurons 
also produce lesser amounts of specifi c types of chondroitin sulfates. Both neurons 
and glia produce heparan sulfates, which are extensively involved in growth regula-
tion via glycosignaling complexes with the EGF receptor. In contrast, gangliosides 
are synthesized by neurons. This negative surface charge difference between neu-
rons and glia is most dramatically demonstrated by exposing brain slices containing 
differentiating, integrated brain cell types to intrinsically highly fl uorescent nanopar-
ticles. These consist of a CdSe/ZnS core/shell luminescent semiconductor or “quan-
tum dot” (QD) approximately 6–10 nm in size (the same size as a typical lysosomal 
hydrolase) which are coated with a stabilizing/solubilizing polymer through dihy-
drolipoic acid (DHLA) residues (Fig.  13.2a ). This polymer can be neutral (such as 
polyethyleneglycol) or negatively charged (CL4) (Walters et al.  2012 ; Boeneman 
et al.  2013 ). The Zn on the surface of the QDs is able to bind to histidine residues 
(H 6 ) incorporated into a peptide or lipopeptide cargo such as WGDap(Palmitoyl)
VKIKKP 9 GGH 6  (palm-1) or any His 6 - tagged protein. The original GDap(Palmitoyl)
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VKIKK sequence was based on the region of Ras-4B which is dynamically palmi-
toylated in vivo (Walters et al.  2012 ; Boeneman et al.  2013 ). The coating on the QD 
provides colloidal stability and Palm-1 uniquely allows the QDs to be taken up by 
cultured cells and readily exit the endosome into the soma (Walters et al.  2012 ; 
Boeneman et al.  2013 ). Electron microscopic images confi rmed the endosomal 
egress only occurred in the presence of the Palm1 peptide, showing a much more 
dispersed cytosolic distribution of the CL4 QDs conjugated to Palm1 compared 
with CL4 QDs alone. Replacing a neutral polyampholyte coating (PEG) with a 
negatively heterocharged compact ligand, (“CL4”), was able to specifi cally target 
the palmitoylated peptide (palm-1) to neurons in the developing rat hippocampal 
brain slice cultures (Fig.  13.2b ). There was no noticeable uptake of such Quantum 
dots by astrocytes, oligodendrocytes, and very little by microglia (identifi ed by 
immunocytochemistry (Walters et al.  2012 )). However, pretreatment of the cultures 
with chondroitinase ABC to reduce the surface negative charge, promoted uptake 
into oligodendrocytes. Thus, although neurons receive nutrients and signals by ret-
rograde axonal transport they respond to external negatively charged glycosignals 
(sulfation, sialic acids, etc.), whereas glial cells are more resistant.

  Fig. 13.2    Structure of Quantum dots showing site of attachment of His6-tagged peptides and 
proteins. ( a ) Quantum dot-Palm1 structure. This is a representation of a Cd/SeZnS Quantum dot 
coated with a dihydrolipoic acid (DHLA)-negatively charged (Zwitterionic) molecule (compact 
ligand 4 (CL4)). Membrane penetrating peptides such as AcWDapVKIKKP 9 G 2 H 6  or His 6 -protein 
or His 6 -glycoconjugate bind tightly to the Zn coat.    These intensely fl uorescent particles are 
10–15 nm in diameter and can deliver various types of glycosignaling-modifying compounds to 
facilitate correction of brain mis-development or injury. ( b ) Confocal microscopic image showing 
QD delivery to hippocampal neurons. Rat hippocampal brain slices take up the highly fl uorescent 
(625 nm) coated Quantum dots plus peptides initially into endosomes and then distribute it 
throughout the neuron.  Blue-staining  is DAPI (nor the intensely staining astrocyte nuclei with no 
QDs),  green staining  is Nissl body, neuron-specifi c, and  red staining  is Quantum dot–lipopeptide 
complexes       
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13.5        Glycosignaling Heterogeneity in Specifi c Brain Regions 

 Because glycoconjugates exist as both linear and branched structures and hydroxyl 
group modifi cations such as sulfation and acylation are common, the number of 
possible targets for glyco-binding proteins exceeds 7,000 (Lingwood et al.  2010 ). 
The importance of glycolipids to the CNS is amply demonstrated by the ability of 
bacteria and viruses to gain entry to cells by fi rst binding to a specifi c carbohydrate 
sequence. Advances in technology have increased our understanding of how such 
glyco-recognition can be fi nely tuned. For example a ganglioside such as GD1a can 
be O-acetylated and contain either or both  N -acetyl- and  N -glycolyl-neuraminic 
acids and this affects where the GD1a is localized within the brain (Colsch et al. 
 2011 ) and which glycosignaling system it modifi es. 

 A recent study using matrix-assisted laser desorption/ionization (MALDI) mass 
spectrometry (Colsch et al.  2011 ) showed that the qualitative localization of gan-
glioside species in the rat hippocampus depended both on the degree of glycosyl-
ation and type of sialylation (e.g., O-acetylation), and also the ceramide structure as 
defi ned by the presence of either sphingoid bases C18:1 or C20:1. Previous immu-
nostaining with antibodies, lectins, or toxins to detect ganglioside molecules recog-
nized the headgroup, but imaging mass spectrometry is able to recognize all 
components of a molecule, both oligosaccharide as well as ceramide core. The 
information obtained by molecular fragmentation produces “molecular micros-
copy” (Colsch et al.  2011 ) and enabled insights into modifi cations critical for gly-
cosignaling. Thus, in the rat hippocampus, the molecular layer of the dentate gyrus 
(ML), is made up of three distinct layers, the inner molecular layer (IML), which 
contains gangliosides with C18-sphingosine exclusively, the middle molecular layer 
(MML), and the outer molecular layer (OML) where C20:1-sphingosine is the only 
sphingosine base in the gangliosides. 

 Intriguingly, the gangliosides which occur in embryonic development and reoc-
cur in brain pathological conditions (GM3, GM2, GD3, and GD2) all contain pre-
dominantly C18-sphingosine and are predominantly present in cell layers made up 
of the pyramidal cell layer (Py) and the granular layer of the dentate gyrus (GL). In 
contrast, when the major mature brain gangliosides (GM1, GD1, and GT1) and 
GQ1s were mapped they were found to be predominantly in the substantia nigra, 
cerebral peduncle, hippocampus, and midbrain. However, C20:1 sphingosine GM1 
was minimally present in the corpus callosum and midbrain and was mostly found 
in the hippocampus and the substantia nigra, Minor gangliosides GQ1 and the 
O-acetylated forms of GD1, GT1, and GQ1 gangliosides, contained both C18- and 
C20-sphingosines and their distribution was based on the degree of sialylation and 
acetylation of the oligosaccharide chains in the neuronal cell bodies. These are 
potentially exciting fi ndings for glycosignaling (Colsch et al.  2011 ) since they sug-
gest that the ceramide part of the glycosphingolipid may infl uence glycosignaling 
in the brain.  
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13.6     Evidence That Fatty Acids and Sphingosine Base 
Heterogeneity Can Affect Glycosignaling: Toxins 

 Although most glycolipids are typically fi rmly attached to membrane LR complexes 
(an exception being the “shedding” observed in cancer cells) the reactivity of the 
GSL sugars with binding proteins and antibodies does appear to be somewhat 
dependent upon the fatty acid composition. Most GSLs show extensive fatty acid 
heterogeneity (C16–24) with highly antigenic lipids such as galactosylceramides 
and sulfatides containing a wide range of fatty acids, about 50 % of which are alpha- 
hydroxylated and/or monounsaturated. This affects their reactivity, possibly because 
it affects their mobility in the plasma membrane lipid Raft (   Lingwood  1999 ). A 
marked exception to this fatty acid heterogeneity rule are brain gangliosides which 
are almost exclusively C18:0 but do contain a mixture of C18 and C20 sphingoid 
bases. Gangliosides are very minor components of non-neural tissue and when they 
do occur, typically in cancerous cells, they show fatty acid heterogeneity typical of 
non-CNS glycolipids. So there is something unique to the fatty acid behavior of 
brain gangliosides, which affects the structure of microdomains (LRs) and most 
probably relates to some glycosignaling function. For example, fatty acid heteroge-
neity has been clearly shown to regulate the binding of toxins such as veratoxin to 
neutral glycolipids (GbOse3cer) (Lingwood  1999 ), so this phenomenon needs to be 
better investigated in brain.  

13.7     Glycosignaling, Rho-GTPase, and Axonal Growth 

 The GalNAc transferase knockout mouse with absence of the major gangliosides 
appeared to have very little phenotype until Schnaar discovered that recovery from 
nerve injury was signifi cantly improved and went on to show that sialidase treat-
ment, which converted complex gangliosides to GM1, improved recovery from spi-
nal cord injury (Mountney et al.  2010 ). Spinal cord injury typically results in 
lifelong loss of nerve function and morbidity (Barritt et al.  2006 ) and recent reports 
suggest that glycosignaling errors could contribute to this loss of function (Mountney 
et al.  2013 ). Studies have implicated the glycocalyx in inhibition of nerve injury 
recovery and both digestion of chondroitin sulfates and sialo-oligosaccharides has 
been of some therapeutic value in rat models of SC injury. Recently, Schnaar and 
associates (Mountney et al.  2013 ) showed that delivery of bacterial chondroitinase 
ABC or bacterial sialidase (but not the concomitant delivery of both) to the site of 
experimental spinal cord injuries resulted in improved spinal axon outgrowth, loco-
motor recovery, and cardiovascular refl ex recovery. 

 The explanation for this is that CNS axons have the capacity to regenerate, but 
are inhibited from doing so by endogenous glycosylated-axon regeneration inhibi-
tors, such as myelin-associated glycoprotein (MAG), Nogo, and oligodendrocyte- 
myelin glycoprotein in the myelin sheath and chondroitin sulfate proteoglycans 
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(CSPGs) at the site of the glial scar. The glial glycoconjugates are believed to bind 
to complementary receptors on axons (possibly glyco sequences), thus preventing 
axonal regeneration. A simplifi ed model is shown in Fig.  13.3 . In this model, MAG, 
NOGO bind to NOGO receptors, OMGP/NOGO bind to LINGO receptors and p75/
TAJ, bind to p75/TAJ receptors which are critically held together in a glycocluster 
by either of two gangliosides GTib/GD1a (Saha et al.  2011 ). Elimination of any of 
these components reverses some of the inhibition of nerve regeneration directed by 
activated RhoA. Thus, glycosignaling through this complex on the surface of the 
cell results in the negative signaling by RhoA inside the cell (Fig.  13.3 ).

13.8        Glycosignaling and Protein Phosphorylation 

 Yu and Yanagisawa ( 2007 ) presented a model in 2007 that described the involve-
ment of a wide variety of glycoconjugates in signaling pathways critical for the 
proliferation and self-renewal of neural stem cells and which involved the regula-
tion of protein phosphorylation. Our current view is summarized in Fig.  13.4 . Such 
brain-derived cells the LRs are enriched in GD3 ganglioside, which activates a 
growth factor glycosignaling pathway, which in turn activates the Ras-MAPK path-
way but not the Janus kinase (JAK-STAT) pathway. The latter is associated with 

  Fig. 13.3    Glycosignaling model for inhibition of nerve repair following injury. Gangliosides 
GT1b and GD1a (with terminal sialo 2–3 Gal) facilitate clustering of receptors for MAG, OMGP, 
p75 NGF, and most likely other glycoproteins to form a signaling complex which activates Rho 
A. In a 2-step procedure, GT1b/GD1a gangliosides associate with NgR1/LINGO-1 to form a func-
tional receptor/co-receptor complex and this is followed by simultaneous recruitment of the trans-
ducer p75 and the myelin inhibitor Nogo-54. Once the initial GT1b/GD1a-mediated tripartite 
receptor/co-receptor complex is formed between NgR1/LINGO-1 and p75, the overall affi nity of 
NgR1 for the Nogo-54 ligand is most likely enhanced and glycosignaling ensues [21]       
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astrocyte differentiation and cell survival (Yu and Yanagisawa  2007 ). Other studies 
have emphasized a link between glycosignaling and protein phosphorylation, for 
example Shigatoxin binds to a LR glycolipid and this activates a tyrosine kinase 
(Katagiri et al.  1999 ). A similar phenomenon has been described in a neural-derived 
cell line, the GQ1b-dependent neuritogenesis of human neuroblastoma cell line, 
GOTO. This was associated with GQ1b-dependent ecto-type protein phosphoryla-
tion (Tsuji et al.  1992 ) of several cell surface proteins. The protein kinase inhibitor, 
K-252b (a non-membrane-permeable derivative of K-252a) inhibited both the 
GQ1b-dependent neuritogenesis as well as the GQ1b-stimulated phosphorylation, 
suggesting a direct coupling between the two cell events. Such events could be 
important in the CNS.

   Another more complex glycosignaling system involves the non-sphingo- 
glycolipid. (PhGlc) and tyrosine phosphorylation. In this study (Kaneko et al.  2011 ) 

  Fig. 13.4    Possible Glycosignaling pathways in Brain. ( 1 ) Heparan sulfate (HSPG) and chondroi-
tin sulfate (CSPG) proteoglycans, proteins such as Cystalin C and Galectin-1, together with spe-
cifi c gangliosides promote a growth factor (GF) binding complex in a glycodomain which activates 
Ras and MAPK and promotes brain growth and development. ( 2 ) Activation of Rho GTPase which 
maintains synaptic fi delity and integrity by inhibition of axonal growth in the mature animal (see 
Fig.  13.3 ). ( 3 ) Activation of the phosphatidylinositol (P13K)/Akt pathway critically important for 
growth and development. This pathway can be negatively regulated by Ceramide (generated within 
a Lipid Raft whose integrity is maintained by glyco-glyco and hydrophobic interactions). Tumor 
cells accentuate this pathway and reduce ceramide either by glycosylation to form glucosylce-
ramide (GlcCer) and more complex gangliosides Gang such as GD1a, increasing sphingomyelin 
(SM) by inhibition of sphingomyelinase or reducing de novo synthesis of ceramide. ( 4 ) G-Protein 
receptors (e.g., muscarinic M1) are activated following recruitment into Lipid Rafts where they 
activate palmitoylated/farnesylated modifi ed G-proteins and promote signaling protein phosphory-
lation. This results in signaling under the control of complex glycosignaling pathways as discussed 
in the text       
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the novel lipid, phosphatidylglucoside (PhGlc), present in brain LRs, induced 
 differentiation of cells as measured by the appearance of CD38 (a multifunctional 
ectoenzyme which acts as an NAD(+) glycohydrolase, an ADP-ribosyl cyclase, and 
a cyclic ADP-ribose hydrolase) and c-Myc downregulation. Reduction of endoge-
nous cholesterol and dissociation of LRs with methyl-beta-cyclodextrin suppressed 
the associated tyrosine phosphorylation and signaling, suggesting that these had 
previously colocalized in the LR. Ligation of known components of LRs such as 
sphingomyelin and ganglioside GM1, with corresponding antibodies failed to 
induce differentiation or tyrosine phosphorylation, suggesting that PhGlc can 
directly glycosignal by inducing protein phosphorylation. More importantly, by 
using a specifi c anti-PhGlc antibody (Kaneko et al.  2011 ), they were able to show 
robust PhGlc staining in the two primary neurogenic regions of the adult rodent 
brain, the subventricular zone (SVZ) lining the lateral ventricle and the subgranular 
zone of the dentate gyrus. The staining pattern of PhGlc appeared to overlap that of 
glial fi brillary acidic protein, an adult neural stem cell marker and PhGlc expression 
overlapped with other proposed adult neural stem cell markers (Kaneko et al.  2011 ). 

 Thus, a glycosignaling hypothesis would propose that ceramide-enriched lipid 
platforms (LRs), and gangliosides contribute to receptor (for example CD38) acti-
vation to produce cADPR in response to receptor stimulation, (for example by mus-
carinic type 1 (M(1) agonists)). Thus, the M(1) receptor agonist, oxotremorine, 
should increased LR clustering on the membrane to form a complex of CD38 with 
LR components such as GM1, acid sphingomyelinase (ASMase), and ceramide, 
and the complex GSD should be abolished by LR disruptors, such as methyl-beta- 
cyclodextrin or fi lipin (Jia et al.  2008 ) There is experimental evidence for this. 
Further, fl uorescence resonance energy transfer (FRET) showed the close proximity 
of ganglioside and CD38, and thus the formation of ceramide-enriched lipid macro-
domains (LRs) appears to be crucial for agonist-induced activation of CD38 to pro-
duce cADPR. We can conclude that following translocation into lipid glycodomains 
transmembrane signaling through the G-protein-coupled M(1) receptor produces 
the second messenger cADPR (Jia et al.  2008 ). 

 However, the situation is more complex since the association of ganglioside and 
CD38 signaling also involves a role for sulfated glycoconjugates. This association 
was confi rmed when the extracellular catalytic domain of CD38 was expressed as a 
fusion protein with maltose-binding protein, and then co-crystallized with one of its 
likely physiological brain ganglioside inhibitors (GT1b) in a 1:1 ratio per each 
asymmetric unit (Zhao et al.  2012 ). Three kinds of novel sulfated gangliosides 
structurally related to the Chol-1 (alpha-series) ganglioside GQ1b-alpha were tested 
and found to be potent inhibitors of the NADase activity of CD38 (Zhao et al.  2012 ). 
The disulfate of iso-GM1b was surprisingly found to be the most potent structure 
for both NADase inhibition and MAG-binding activity. Such sulfated gangliosides 
could bind to the internal sialic acid residues linked alpha2–3- to Gal as well as to 
siglec-dependent recognition sites with a terminal sialic acid residue. Thus, 
sialylated oligosaccharides binding to minor sulfated gangliosides could be a good 
model for carbohydrate–carbohydrate interactions at the cell membrane in the ner-
vous system and much exciting work lies ahead in order to unravel the complex 
system we call “glycosignaling.” 

13 Glycosignaling: A General Review



304

 So the role of the sphingolipid/cholesterol microdomain glycolipid or other 
 glycoconjugate is to create an environment (the lipid raft (LR)) which recruits pro-
teins and facilitates protein interactions leading to kinase activation and biological 
effects in the brain. The evidence for such a mechanism in neural stem cells involv-
ing growth factors, integrins, and the Ras-MAPK pathway has been well-summa-
rized (Yu and Yanagisawa  2007 )) and the limitations in evidence duly noted. 
A summary scheme is presented in Fig.  13.4 . Much of the evidence supporting these 
ideas comes from the immune system since many pathogens target glycosphingo-
lipids in LRs but the results have relevance for the brain. Thus lactosylceramide 
(LacCer, CDw17) binds to  Candida albicans  and forms membrane microdomains 
together with the Src family tyrosine kinase Lyn. These LacCer-enriched membrane 
microdomains can mediate superoxide generation, migration, and phagocytosis, 
indicating that LacCer functions as a Pattern Recognition Receptor in innate immu-
nity (Nakayama et al.  2013 ). Other studies in non-neural cells suggest that lactosyl-
ceramide may directly activate phospholipase A2 by a translocation mechanism 
(Nakamura et al.  2013 ). Thus we may conclude that glycosignaling in the brain is 
most likely all about recruiting signaling partners into microdomains with associ-
ated glycoconjugate and fatty acid/sphingosine heterogeneity offering the addi-
tional binding specifi cities necessary for the brain to function as an amazingly 
complex organ.  

13.9     Lysosomal Storage Modifi es Glycosignaling 

 The failure to degrade complex carbohydrates results in lysosomal storage diseases 
and often the destruction of the nervous system prenatally or before adolescence. 
This is the most dramatic demonstration of the power of quantitatively abnormal or 
unique glyco-structures to disrupt brain function. Although the pathology of these 
diseases suggests that physical accumulation of glycoconjugates can be a primary 
cause of neural cell death and resultant seizures and demyelination, it has been 
shown that critical glycosignaling systems involving ion channels etc. may be com-
promised by the storage of glycoconjugates and that this contributes to the  pathology 
of these diseases (Futerman and van Meer  2004 ). 

 Since in lysosomal storage diseases there could be perturbations in late endocytic 
functions leading to abnormal lipid raft composition and traffi cking (Futerman and 
van Meer  2004 ) we carried out a detailed lipidomics study of a pathological lyso-
somal storage disease in the brain of a mouse with a typical lysosomal storage dis-
ease (San Filippo Type3a (Dawson et al.  2012 )). The major gangliosides GM1, 
GD1a, GD1b, and GT1a were C18/20 sphingosine with C18 fatty acid (as expected) 
and all were exclusively present in LRs. However, although the heparan sulfate- 
derived storage material was not in LRs (as expected), the abnormal gangliosides 
(GD2, GD3, and GM2 and GM3) were all in LRs. Thus, the glyco-part could be 
modifying the formation of complexes, which then disrupted normal glycosignaling 
in the brain, leading to seizures, blindness, and loss of all cortical functions.  
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13.10     Future Directions for Glycosignaling in the Brain 

 Any system involving modifi cation of multiple membrane glycoproteins, proteogly-
cans, gangliosides, sulfated oligosaccharides, and glycosylated phosphoglycerides 
will take a while to understand, but no one doubts that the human brain has evolved 
into a very complex yet capable organ, so we look forward with eager anticipation 
to the secrets that will be revealed by the continued improvement and application of 
new technology to glycosignaling.     
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    Abstract     The highest expression of gangliosides, sialic acid-containing glyco-
sphingolipids (GSLs), is found in the nervous tissue of vertebrates. Changes in the 
profi les of gangliosides during the development of nervous tissues indicate that they 
are involved in the regulation of neurogenesis and synaptogenesis. Their distinct 
distribution patterns support the suggestion that they are involved in both the dif-
ferentiation and function of neural cells. In addition to results of studies of GSLs 
done using biochemical, histopathological, and cell biological approaches, recent 
progress in the genetic engineering of glycosyltransferase genes has resulted in 
novel fi ndings and concepts about their roles in the nervous system. Roles of GSLs 
in the regulation of signaling that determine cell fates in membrane microdomains 
such as lipid rafts have been extensively studied. In particular, gene targeting of 
glycosyltransferases in mice has enabled investigation of the in vivo functions of 
GSLs. The majority of abnormal phenotypes exhibited by knockout (KO) mice may 
refl ect an abnormal structure and a resultant altered function of lipid rafts caused by 
alterations in their GSL composition. Generally speaking, abnormal phenotypes 
found in most KO mice were milder than expected, suggesting that the remaining 
GSLs compensate for the functions of those lost. There are also functions that 
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 cannot be replaced by the remaining GSLs. Thus, there may be two modes of 
 function of GSLs: one is nonspecifi c and can be carried out by multiple GSLs, the 
second mode is that in which the function of the missing GSL(s) cannot be compen-
sated by others. Identifi cation of natural ligands for individual GSLs is crucial in 
order to clarify the functions of each structure.  

  Keywords     Glycosphingolipids   •   Microdomains   •   Gangliosides   •   Knockout   •   NGF   
•   Lipid rafts  

   Abbreviations 

  GSLs    Glycosphingolipids   
  KO    Knockout   
  GlcCer    Glucosylceramide   
  LacCer    Lactosylceramide   
  GalCer    Galactosylceramide   
  DKO    Double KO   
  NGF    Nerve growth factor   
  CNS    Central nervous system   
  GPI    Glycosylphosphatidylinositol.   

14.1          Introduction 

 Glycosphingolipids (GSLs) are unique amphipathic molecules consisting of a 
hydrophilic carbohydrate moiety and a hydrophobic lipid portion (Wiegandt  1985 ) 
majority of which is synthesized from glucosylceramide (GlcCer). The carbohy-
drate moiety can usually be classifi ed into one of 4 major series. They are the gan-
glio-, globo-, lacto/neolacto-, and asialo-series. Lactosylceramide (LacCer), a 
common precursor of most GSLs is synthesized by addition of galactose (in a β1,4-
linkage) to GlcCer. In addition, gala-series GSLs generated from galactosylce-
ramide (GalCer) are also present. The GalCer-derived GSLs is limited in number as 
are their sites of expression. In addition to polymorphism in the carbohydrate moi-
ety of GSLs, variability is seen in both their fatty acid and long-chain base compo-
sition. Thus, regulatory systems needed for proper expression of GSLs should be 
present in tissues in which they are found as well as at specifi c stages of cell/tissue 
differentiation. 

 Histopathological and biochemical studies of cells maintained in vitro and of 
various organs and tissues resulted in the identifi cation of a number of biological 
functions for individual GSLs (Schengrund  1990 ; Yu et al.  1988 ). In particular, 
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interrogation of neural cell lines sensitive to well-defi ned differentiation factors 
resulted in novel fi ndings regarding mechanisms by which GSLs may affect cell 
function (Greene and Tischler  1976 ; Levi et al.  1988 ; Mutoh et al.  1995 ). Since the 
isolation of cDNA encoding the glycosyltransferase responsible for synthesis of 
GM2 and GD2 (Nagata et al.  1992 ), a number of other glycosyltransferase cDNAs 
have been isolated (Lloyd and Furukawa  1998 ). The synthetic pathways and 
enzymes for GSL synthesis are shown in Fig.  14.1 . Isolation of the specifi c cDNAs 
facilitated studies of knockout (KO) animals, in which specifi c glycosyltransferase 
genes were genetically disrupted (Furukawa et al.  2001 ). Functions of missing 
GSLs were identifi ed based on the phenotypes seen in the various glycosyltransfer-
ase gene KO mice (Furukawa et al.  2001 ). However, KO of specifi c glycosyltrans-
ferase genes in mice often resulted in milder abnormal phenotypes than expected 
(Furukawa et al.  2001 ,  2004 ).

   In this chapter we summarize the roles of GSLs in the nervous system as identi-
fi ed using cultured cells and mice in which specifi c GSL synthase genes were 
knocked out, and discuss anticipated future research.  

  Fig. 14.1    Synthetic pathway and enzymes needed for GSL synthesis. The synthetic pathway and 
main enzymes responsible for GSL synthesis are shown. Deleted structures in individual knockout 
mice are indicated by  squares        
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14.2    Glycosphingolipids in Cultured Cells 

14.2.1     Gangliosides Modulate Signals Transduced by 
Neurotrophic Factors/Receptors 

 Gangliosides are highly expressed in nervous tissue, and have been considered to be 
involved in the regulation of their development, differentiation, and function 
(Schengrund  1990 ). A number of studies have reported that gangliosides play roles 
as neurotrophic factors in cultured neural cell lines and anti-apoptotic factors (Ferrari 
et al.  1983 ). Studies of a rat pheochromocytoma cell line PC12 demonstrated that 
gangliosides regulate proliferation (Fukumoto et al.  2000 ) and differentiation 
(Nishio et al.  2004 ) of cells by modulating cell signaling. Nerve growth factor (NGF) 
binds TrkA and triggers phosphorylation of the receptor and subsequent activation 
of Ras/Raf/MEK/Erk pathway leading to neurite extention (Vaudry et al.  2002 ). To 
our surprise, over-expression of ST8SIA1 (GD3 synthase) cDNA resulted in the 
constitutive activation of TrkA and Erk1/2, and consequently unresponsiveness to 
NGF. These cells showed continuous cell growth even after NGF treatment. GD3 
synthase cDNA transfectant cells may represent the features of neural cells during 
early brain development, a time period in which GD3 is a dominant ganglioside (Yu 
et al.  1988 ). On the other hand, over-expression of GM1 synthase induced unrespon-
siveness to nerve growth factor (NGF). In this case, no phosphorylation of TrkA and 
subsequent signaling molecules could be found even after NGF treatment. In these 
transfectant cells, a dramatic alteration in the intracellular localization (inside to 
outside of lipid rafts) of the NGF receptor TrkA and other signaling molecules such 
as p75 NTR  and H-Ras was observed. Results of earlier studies had indicated that 
GM1 could act as a neurotrophic factor in the rescue of serum- deprived PC12 cells 
(Ferrari et al.  1983 ) as well as in the enhancement of neurite extension (Mutoh et al. 
 1995 ). Although the reason for the difference in the effects of GM1 (exogenous vs 
endogenous) on PC12 cells are not known, relative GM1 levels might be critical for 
the direction of cell signaling. The aberrant signaling seen in transfected cells is 
shown in Fig.  14.2 . These observations are examples of the roles of lipid raft-asso-
ciated gangliosides in the regulation of signal transduction.

14.2.2        Essential Roles of GSLs for Development 
of Multicellular Organisms 

 As shown by a UGCG (GlcCer synthase)-defi cient cell line (Ichikawa et al.  1996 ), 
GSLs are not essential for the growth and survival of mammalian cells in culture. 
On the other hand, in GlcCer synthase-KO mice GSLs were needed for develop-
ment at embyonic day E6.5–7.5. The GlcCer synthase-defi cient mutant mice 
showed embryonal lethality by E7.5 accompanied by intensive apoptotic changes 
particularly in the ectoderm. This observation indicated that GSLs are essential for 
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development of multicellular organisms (Yamashita et al.  1999 ). Conditional knock-
out (KO) of GlcCer synthase in mice, in which the gene was destroyed after birth, 
resulted in severe dysfunction of cerebellum and peripheral nerves that was associ-
ated with structural defects (Jennemann et al.  2005 ). The fact that the mice died 
within 3 weeks after birth again indicated that GSLs are indispensable for the main-
tenance and survival of organisms.   

14.3     Impact of KO of Glycosyltransferase Genes 
Located at Stem Steps of GSL Synthesis 

14.3.1    KO of ST3GAL5 (GM3 Synthase) in Mice 

 GM3 synthase is essential for the synthesis of GM3 from LacCer, and therefore, for 
the synthesis of all ganglio-series gangliosides. However, KO of the gene in mice 
resulted in no apparent abnormal phenotype except increased sensitivity to insulin 
(Yamashita et al.  2003 ). This phenotype is in dramatic contrast to that seen in 
patients with GM3 synthase defi ciency (Simpson et al.  2004 ). Patients with the 
mutated GM3 synthase gene exhibit “infantile-onset symptomatic epilepsy” with 
growth and mental retardation. The basis for this marked difference between human 
and mouse is not known.  

  Fig. 14.2    Aberrant signaling seen in cells transfected with specifi c glycosyltransferase cDNAs. 
( a ) Transfection of GD3 synthase cDNA into a PC12 cell line resulted in constitutive activation of 
TrkA and ERK1/2, which was accompanied by enhanced cell proliferation and unresponsiveness 
to NGF. ( b ) Transfection of PC12 cells with B3galt4 (GM1/GD1b synthase) cDNA resulted in the 
cells being unresponsive to NGF stimulation both in neurite extension and in TrkA/Erk1/2 
activation       
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14.3.2     KO of UGT8 (GalCer Synthase) and GAL3ST1 
(Sulfatide Synthase) in Mice 

 GalCer-derived GSLs were shown in studies of mutant mice lacking the GalCer 
synthase gene (Coetzee et al.  1996 ) to generate myelin that contained glucocerebro-
side. In addition to lacking GalCer these mice also lacked sulfatide (another myelin- 
enriched GSL) and seminolipid. The fact that these mice had severe neurological 
defects (Coetzee et al.  1996 ) indicated that GalCer and/or sulfatide has an important 
role in myelin. The mutants also showed male sterility (Fujimoto et al.  2000 ). 

 Sulfatide synthase is essential for synthesis of both sulfatides and seminolipids, 
neither of which was expressed in sulfatide synthase KO mice (Honke et al.  2002 ). 
Sulfatides are expressed mainly in oligodendrocytes in the CNS and in Schwann 
cells in peripheral nerves. As expected the sulfatide synthase KO mice had pheno-
types similar to those of GalCer synthase-disrupted mice, but the abnormalities 
were milder (Honke et al.  2002 ).  

14.3.3    LacCer Synthase KO Mice 

 B4galt6 (Lactosylceramide synthase, LacCer synthase) KO mice showed no defi -
nite abnormal phenotypes (Tokuda et al.  2013 ). In contrast, KO of B4galt5 resulted 
in severe defects in development, indicating that β1,4Gal-T5 might be the main 
LacCer synthase (Kumagai et al.  2009 ; Nishie et al.  2010 ). The phenotype resulting 
from disruption of the LacCer synthase was similar to that induced by KO of GlcCer 
synthase.   

14.4    Compensation for Lost Functions by Remaining GSLS 

 Generally, disruption of ganglioside synthases resulted in milder phenotypes than 
expected. In particular, the fact that KO mice lacking the B4galnt1 (GM2/GD2 syn-
thase) gene had an almost normal architecture of the central nervous system (CNS) 
at birth despite the lack of all complex gangliosides was quite surprising (Takamiya 
et al.  1996 ). No clear differences between KO and wild-type mice were found in 
brain morphology, myelination, and behavior. The only change observed was a 
reduction in nerve conductivity. Male infertility due to aspermatogenesis appeared 
to be the most serious phenotype (Takamiya et al.  1998 ). However, KO mice under-
went neuronal degeneration that increased gradually with aging (Sugiura et al. 
 2005 ). The degenerative disorders were detected primarily in peripheral nerves and 
the dorsal horn of the spinal cord (Sugiura et al.  2005 ). These KO mice showed 
sensory nerve-dominant neurodegeneration, while another group using the same 
kind of KO mice reported Wallerian degeneration and abnormal neurological 
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function in a motor-neuron-dominant manner (Sheikh et al.  1999 ; Chiavegatto et al. 
 2000 ). Morphological changes in synaptic vesicles and dendrites in the central ter-
minals, and in glia processes indicated that compensatory modifi cation of neural 
tissue took place after nerve degeneration, i.e., remodeling or regeneration. 
Furthermore, regeneration of resected hypoglossal nerves was strongly disturbed 
(Kittaka et al.  2008 ). These results indicated that complex gangliosides are not 
essential in morphogenesis, but important in the maintenance and repair of nerve 
tissue. Aberrant Ca 2+ -regulating properties in the cerebellar neurons found in the 
same type of KO mice (Wu et al.  2001 ) may correspond with the neurological dis-
orders described above. All these results indicate that increased GM3 and GD3 play 
important roles in compensating for the loss of more complex gangliosides as seen 
in GM2/GD2 synthase KO mice. 

 Despite the fact that genetic disruption of the GD3 synthase gene resulted in loss 
of all b-series and c-series gangliosides (Kawai et al.  1998 ; Okada et al.  2002 ), 
almost no apparent abnormalities were seen in either morphology or behavior. 
Although GD3 was reported to mediate the apoptotic signals mediated by Fas–Fas 
ligands (De Maria et al.  1997 ), sensitivity of thymocytes from these KO mice to 
apoptosis induced by anti-Fas antibody appeared unaffected. While no morphologi-
cal abnormalities were detected in neural tissue of GD3 synthase KO mice, signifi -
cantly reduced regenerative activity was found in hypoglossal nerve resection 
experiments (Okada et al.  2002 ). This indicated that b-series gangliosides have a 
crucial role in nerve regeneration, and supported observations indicating that 
b-series gangliosides were the most effective at stimulating rat hypoglossal nerve 
regeneration (Itoh et al.  2001 ).  

14.5    Double KO Exhibited More Severe Phenotypes 

 As summarized in Fig.  14.3 , profi les of GSL species in the individual KO mice sup-
port the hypothesis that remaining ones might compensate for the roles of lost 
GSLs. This could be due to two important possibilities. The fi rst is that the total cell 
concentration of GSLs is strictly regulated so that their total concentration is similar 
despite variability in their composition. The second is that functions of some GSLs 
can be replaced by others. In order to evaluate the roles of each GSL we generated 
complex KO mice in which remaining GSLs were reduced as much as possible.

   In double KO (DKO) mice lacking both GD3 synthase and GM2/GD2 synthase 
genes, animals only synthesized GM3 (Inoue et al.  2002 ), no obvious changes were 
detected at birth. However, they gradually died of unknown causes about 12 weeks 
after birth. They also exhibited refractory skin lesions on the face and neck. Reduced 
sensitivity to mechanical pain seemed to trigger the skin lesions. Neurodegenerative 
changes at a fairly young age may explain the dysfunction in the sensory system 
(Inoue et al.  2002 ). Audiogenic seizures and consequent sudden death by noise 
were observed in another group of the double DKO mice (Kawai et al.  2001 ). 
Interestingly, our DKO mice did not show the same response to noise. This  difference 
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may be due to the different genetic backgrounds of the ES lines used. Phenotypic 
analyses of these mutant mice indicated that GM3 alone enabled them to undergo 
almost normal neurogenesis, birth, and development up to a certain point. However, 
the correct composition of gangliosides seemed to be essential for maintenance of 
intact morphology and function. Subsequent analyses to clarify the cause of neuro-
degeneration seen in the DKO mice revealed that in order to maintain integrity in 
the architecture and function of nervous tissue cells lipid rafts containing the appro-
priate composition of GSLs were needed (Ohmi et al.  2009 ,  2011 ). 

 Mice in which both GM3 synthase and GM2/GD2 synthase genes were knocked 
out were also generated (Yamashita et al.  2005 ) and used to examine the signifi -
cance of asialo-series gangliosides. These animals eventually showed severe nerve 
degeneration, leading to an early death. The severity of this phenotype indicates that 
GM3 itself is essential for survival as well as maintenance of the CNS. Although 
GM3 has been reported to suppress EGF/EGFR-mediated signals by forming com-
plexes with tetraspanin (Yoon et al.  2006 ), the specifi c effect of its loss in the DKO 
mice remains to be further clarifi ed.  

14.6     Response to Neurodegeneration by Modifi cation 
of Gene Expression in the DKO mice 

 Changes in gene expression profi les in DKO mice were examined using DNA 
microarrays. The results indicated that an up- (or down-) regulation in expression of 
genes encoding proteins involved in infl ammation- and immunological reaction- 
related events, and of those encoding proteins that react to infl ammation and/or 
degeneration took place in KO brains. This grouping scheme is shown in Fig.  14.4 . 
Up-regulation of expression of genes encoding proteins such as complement C4 and 

  Fig. 14.3    Profi les of GSL species synthesized by various KO mice. GSLs found in the KO mice 
lines are shown. These structures may compensate for the role(s) of GSLs missing in the individual 
KO mice. DKO, double knockout of GD3 synthase and GM2/GD2 synthase genes. n- GSLs  neutral 
glycosphingolipids,  Emb. Lethal  embyonal lethal       
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C3a receptor 1, indicated that infl ammation could be a major cause of the neurode-
generation seen. Support for this hypothesis was provided by results obtained in 
studies of triple KO mice lacking GM2/GD2 synthase, GD3 synthase, and C3 
(Ohmi et al.  2009 ).

   An increased expression of genes encoding anti-apoptotic proteins was also 
observed (Ohmi et al.  2011 ). Among upregulated genes in cerebellum of the DKO 
mice, was Wisp2/CCN5. This was of interest because expression of this gene in the 
CNS had not been previously reported. Its over-expression resulted in increased cell 
proliferation and neurite outgrowth upon serum withdrawal from cultured Neuro2a 
cells (Ohkawa et al.  2011 ). Integrin appears to be a receptor for secreted Wisp2/
CCN5. The cDNA-transfected cells also exhibited resistance to H 2 O 2 -induced apop-
tosis. These results indicate that the Wisp2/CCN5 induced in neurons of DKO mice 
serves to protect them from neurodegeneration caused by ganglioside defi ciency. 
Changes found in nervous tissue of DKO mice are summarized in Fig.  14.5 .

14.7        Mechanisms by Which Gangliosides May 
Maintain the Integrity of the CNS 

 DKO of two major glycosyltransferase genes showed more severe neurodegenera-
tion than those detected in single KO animals. Studies of potential mechanisms 
underlying neurodegeneration identifi ed a role for gangliosides in regulation of the 
complement system (Inoue et al.  2002 ; Ohmi et al.  2009 ). Gangliosides in mem-
brane microdomains were found to control the complement system and suppression 
of infl ammation and neurodegeneration (Ohmi et al.  2012 ). Results of studies of 

  Fig. 14.4    Genes strongly upregulated or downregulated in nervous tissue of DKO mice. cDNA 
microarray analyses were performed to compare gene expression profi les between wild-type and 
DKO mouse brain tissue. One group seemed to include infl ammation- and immunological reaction- 
related genes. The other group contained those regulated as a reaction to infl ammation and/or degen-
eration in DKO brains. The former might be results of defects of gangliosides, and the latter might 
represent host reaction to infl ammation and/or degeneration caused by ganglioside defi ciency       
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mice in which specifi c ganglioside synthases were knocked out indicated that the 
disruption of lipid rafts was accompanied by up-regulation of complement-related 
genes associated with proliferation of astrocytes and infi ltration of microglia. 
Severity of the effect depended on the defects in ganglioside composition. 
Glycosylphosphatidylinositol (GPI)-anchored molecules such as DAF, CD59, and 
NCAM tended to disperse most severely from the raft fraction from DKO 
mice > GM2/GD2 synthase KO > GD3 synthase KO > WT. Even lipid raft markers 
such as fl otillin-1 dispersed from the raft fractions in a similar order. These results 
indicated that the architecture of the lipid rafts was destroyed by deletion of gan-
gliosides and that the degree of disruption depended on the severity of the change in 
GSL composition (Ohmi et al.  2011 ).  

14.8     Potential Relationships Between the Role(s) of GSLS 
in the Regulation of the Architecture and Function 
of Lipid Rafts and Human Neurodegenerative Diseases 

 The infl ammatory responses seen in nervous tissue in KO mice are similar to those 
seen in human neurodegenerative diseases such as Alzheimer and Parkinson’s dis-
eases (Rogers et al.  1992 ; Shen et al.  2001 ). Neurodegeneration in these diseases is 

  Fig. 14.5    Defects and reactions observed in nervous tissue of DKO mice       

 

K. Furukawa et al.



317

frequently associated with autoimmune reactions. As shown in the triple KO mice 
described previously, immune suppression such as deprivation of complement com-
ponents has been tried as a therapeutic approach (Sardi et al.  2011 ; Shen and Meri 
 2003 ). In addition, administration of antibodies or vaccination with disease-related 
proteins often alleviates pathological and clinical features associated with these 
neurodegenerative diseases (Delrieu et al.  2012 ; Shah and Federoff  2011 ). 

 The majority of studies on lipid rafts have been performed using cultured cell 
lines (Patra  2008 ; Simons and Gerl  2010 ), and not by experimental animals 
(Furukawa et al.  2007 ). On the other hand, many fi ndings described in this chapter 
were substantially proven by analyzing molecular reactions in/near lipid rafts in the 
individual experimental systems with some done using brain tissue as the source of 
microdomains (Ohmi et al.  2009 ,  2011 ,  2012 ; Furukawa et al.  2011 ). Thus, it is 
reasonable to conclude that the majority of abnormal phenotypes observed in KO 
mice are due to disruption of the architecture and function of lipid rafts due to 
altered expression of GSLs.  

14.9    Conclusions/Future Directions 

 We propose that there are two ways by which GSLs in lipid rafts function in the 
maintenance of structure and function of nervous tissue. The fi rst is to help maintain 
the fundamental environment of the cell membrane, and the second is for each GSL 
to serve a particular function(s) that cannot be replaced by other glycoconjugates. 

 The availability of glycosyltransferase genes and mutant mice lacking them has 
provided a powerful tool for studying their role(s) in biological processes, such as 
development, cell growth, differentiation, and cell death. Interestingly, many of the 
novel fi ndings obtained by analysis of the mutant mice are more complicated than 
expected, indicating that GSLs may have multiple functions. While some functions 
of the gangliosides can be compensated for by other molecules, others seem to be 
indispensable. In particular, it was quite surprising that GM3 synthase gene knock-
out mice (Yamashita et al.  2003 ) had no apparent morphological or behavioral 
abnormalities, suggesting that asialo-series gangliosides may have compensated for 
the loss of all GM3-derived gangliosides. Use of mice genetically engineered to 
lack specifi c glycosyltransferases should help clarify the role(s) of functional redun-
dancy among GSLs. In cases where a specifi c role of a particular GSL cannot be 
replaced by other species it is possible that their function depends upon the interac-
tion of the GSL with a specifi c ligand(s). Therefore, identifi cation of these ligands 
is needed in order to understand how each GSL functions. 

 Finally, the question of where gangliosides/GSLs are located on the membranes 
of living cells remains to be interrogated. It may be possible to address this question 
as well as the question of whether they are located in close juxtaposition of the pro-
teins with which they putatively interact using single molecule imaging with high 
spatiotemporal resolution (Suzuki et al.  2012 ,  2013 ).     
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    Abstract     The nervous system is richly endowed with large transmembrane pro-
teins that mediate ion transport, including gated ion channels as well as energy- 
consuming pumps and transporters. Transport proteins undergo N-linked 
glycosylation which can affect expression, location, stability, and function. The 
N-linked glycans of ion channels are large, contributing between 5 and 50 % of their 
molecular weight. Many contain a high density of negatively charged sialic acid 
residues which modulate voltage-dependent gating of ion channels. Changes in the 
size and chemical composition of glycans are responsible for developmental and 
cell- specifi c variability in the biophysical and functional properties of many ion 
channels. Glycolipids, principally gangliosides, exert considerable infl uence on 
some forms of ion transport, either through direct association with ion transport 
proteins or indirectly through association with proteins that activate transport 
through appropriate signaling. Examples of both pumps and ion channels have been 
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revealed which depend on ganglioside regulation. While some of these processes 
are localized in the plasma membrane, ganglioside-regulated ion transport can also 
occur at various loci within the cell including the nucleus. This chapter will describe 
ion channel and ion pump structures with a focus on the functional effects of 
 glycosylation on ion channel availability and function, and effects of alterations in 
glycosylation on nervous system function. It will also summarize highlights of the 
research on glycolipid/ganglioside-mediated regulation of ion transport.  

  Keywords     Ion channels   •   Voltage-gated sodium channel   •   Transporters   •   GM1 and 
Ca 2+  modulation   •   Sodium-calcium exchanger   •   TRP channels  

  Abbreviations 

   N’ase (also called sialidase)    Neuraminidase   
  TRP (TRPC3, TRPC5, TRPC6, 

TRPV1, TRPM8)    Transient receptor potential channel   
  AChR    Nicotinic acetylcholine receptor   
  CtxB    Cholera toxin B subunit   
  DRG    Dorsal root ganglion   
  ER    Endoplasmic reticulum   
  NCX    Sodium-calcium exchanger   
  PMCA    Plasma membrane Ca 2+ -ATPase   
  SERCA    Sarco/endoplasmic reticulum Ca 2+ -ATPase   

15.1           Introduction 

 The transport of charged ions across impermeant lipid membranes is a critical 
 physiological process in all cells. Pumps, transporters, and channels are found in the 
plasma membrane, as well as the membranes of organelles such as mitochondria, 
the endoplasmic reticulum (ER), and nucleus. Excitable cells, particularly neurons 
of the central and peripheral nervous system, are endowed with an unusually rich 
variety of voltage-gated and ligand-gated ion channels that are used for rapid elec-
trical signaling and signal processing. 

 All transport proteins, and many of their auxiliary subunits, are glycosylated. As 
with most transmembrane proteins, changes in glycosylation affect both the expres-
sion and stability of proteins at the plasma membrane thereby changing the electri-
cal properties of cells. In addition, the negative charges contributed by sialic acid 
residues in the glycan structures can affect the electrical potential near the pore of 
ion channels thereby infl uencing channel characteristics and behavior. In this 
 chapter voltage-gated sodium channels will be used as exemplars to describe the 
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functional effects of glycosylation on ion channel activity. We will focus on 
N-glycosylation of ion channels which is common to all transmembrane proteins. 
O-linked glycosylation has been described for a few channels (see e.g. Schwetz 
et al.  2011 ), however, it is much less well studied. 

 Glycolipids also contribute importantly to ion transport, gangliosides with their 
variety of oligosaccharide chains being the major species so engaged. As with gly-
coproteins, negatively charged sialic acid is crucial to such functional roles. These 
behave in many cases as modulatory agents through direct association with proteins 
that function as ion channels or pumps, while indirect modulation can also occur 
through association with proteins that infl uence ion transport downstream through 
appropriate signaling. Such processes are abundant in the plasma membrane but a 
growing number have been identifi ed at various intracellular loci as well. The 
monosialo-ganglioside, GM1, has been the major focus of such activities, while the 
disialoganglioside, GD1a, has subsumed a supporting role as metabolic precursor to 
GM1. Our survey of such modulatory activities will include the especially promi-
nent role that appears to have been assigned the GM1/GD1a duo in relation to Ca 2+  
transport.  

15.2     Glycosylation of Ion Transport Proteins 

15.2.1     Glycosylation of Voltage-Gated Na Channel 

 Voltage-gated Na channels are responsible for generating action potentials in neu-
rons and other excitable cells. Structurally, they are representative of an ancient 
protein superfamily that includes voltage-gated channels selective for Na + , Ca 2+ , 
and K + . The sodium channel was the fi rst member of the family of voltage-gated ion 
channels to be sequenced and cloned [for historical review see Catterall  2012 ]. 
Early structural studies identifi ed a large glycoprotein containing a major α subunit 
as well as a noncovalently associated β1 subunit and a disulfi de-linked β2 subunit 
(Hartshorne and Catterall  1981 ,  1984 ; Barchi  1983 ). Currently, there are ten known 
isoforms of alpha subunits (proteins Na v 1.1 through Na v 1.9, genes SCN1A–
SCN11A), and four isoforms of beta subunits (proteins β1–β4 and genes SCNB1–
SCNB4). The β1 and β3 subunits are noncovalently associated with the main 
subunit, while the β2 and β4subunit are disulfi de-linked (Isom et al.  1992 ). 

 Sodium channels, similar to essentially all membrane proteins, undergo 
“N-linked” glycosylation of an asparagine residue. The target sequence is Asn-X- 
Ser/Thr, where X is any amino acid other than proline. Both the main α subunit and 
auxiliary β subunits are heavily glycosylated. Glycosylation accounts for 15–40 % 
of the MW of the main pore-forming α subunit, depending on factors such as the 
channel isoform, cell type, and developmental or pathological state (see below). For 
example, the mature α subunit protein isolated from rat brain has a MW of 260 kDa 
(Schmidt and Catterall  1987 ). Inhibition of glycosylation with tunicamycin lowered 
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the apparent MW to 203 kDa, a value close to that predicted for the ~2,000 amino 
acid sequence. The β subunits are also heavily glycosylated. Mutation of the puta-
tive glycosylation sites of the β1 subunit reduced the MW from 38 to 22 kDa, a 
value predicted for the amino acid sequence (Johnson et al.  2004 ). 

 The structure of the α subunit of voltage-gated Na channels is typical of the 
voltage-gated ion channel family: the subunit consists of 4 domains (I–IV) each 
with six alpha helical transmembrane segments (S1–S6) arranged to form a cylin-
drical structure in the membrane (Fig.  15.1 ). The four sets of S5–S6 segments form 
the inner wall of the pore, while the corresponding S1–S4 segments are arranged 
around them. The long extracellular loop between S5 and S6 is called the P loop 
( P ore) and is reentrant: it projects extracellularly, then dips half-way into the mem-
brane before again emerging extracellularly. The S4 segment is the main voltage- 
sensor for activation or opening of voltage-gated channels, while the amino acids 
along the inward dip of the P loop are primary determinants of ion selectivity and 
conductance.

   Despite the modular structure of the channel, all the putative glycosylation sites 
of the α subunit are restricted to the large extracellular S5–S6 loop of Domain I 

  Fig. 15.1    Model of the primary structure of a voltage-gated sodium channel. The structure of the 
channel is illustrated with transmembrane α-helical regions represented as cylinders. S4 segments 
of domains I–IV are the primary voltage-sensing regions. S5–S6 with the re-entrant loop line the 
pore. Glycosylation sites on the α subunit are limited to the extracellular loop between S5 and 
S6 in domain I and indicated with Ψ. The lengths of lines are approximately proportional to the 
lengths of each extra- or intracellular poplypeptide segment. The extracellular domains of the β1 
and β2 subunits are shown as immunoglobulin-like folds. Reprinted from Catterall ( 2012 ) with 
permission from John Wiley and Sons       
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(Bennett  2002 ). Deleting putative sites in the Domain I S5–S6 loop eliminated 
 glycosylation (Bennett et al.  1997 ). When chimeric channels were formed by 
switching the Domain I S5–S6 loop of human isoform Nav1.4 (hSkM1), a heavily 
glycosylated isoform, with the loop from human Nav1.5 (hH1), an isoform with 
little glycosylation, both chimeric channels exhibited the glycosylation properties 
appropriate to the channel from which the loops were derived (Bennett  2002 ). 

 β subunits are single-pass transmembrane proteins of the Ig superfamily, with a 
short cytoplasmic C-terminus and large extracellular portion that has a V-type 
Ig-like fold (Fig.  15.1 ). The β1 subunit has 3–4 N-linked carbohydrate chains as 
determined by sequential treatment with neuraminidase and endoglycosidase 
(Messner and Catterall  1985 ). This corresponds well with the four putative extracel-
lular glycosylation sites predicted by “sequence gazing” (Isom et al.  1992 ). 

 An unusual characteristic of ion channel glycosylation is the high sialic acid resi-
due content of the glycan structures. In an analysis of carbohydrate content of the 
main subunit of the eel electroplax voltage-gated sodium channels, Miller et al. 
( 1983 ) estimated that sialic acid residues made up 11.8 % of the alpha subunit MW 
and 39.7 % of total carbohydrate. Roberts and Barchi ( 1987 ) estimated that the main 
subunit molecule of the skeletal muscle sodium channel contained over 100 sialic 
acid residues. James and Agnew ( 1989 ) estimated a very high degree of polysialic 
acid for the same channel—~113 negative charges to the protein surface. The ratio 
of sialic acid residues to consensus glycosylation sites suggests that the terminal 
chains are well over ten sialosyl residues in length, potentially extending 10–30 nm 
into the extracellular environment (James and Agnew  1989 ). Polysialic acid in gly-
can structures of vertebrate proteins is rare and is most often associated with neural 
cell adhesion molecules (James and Agnew  1989 ; Rutishauser and Landmesser 
 1996 ). In electroplax membranes from  Torpedo , the sodium channel is the only 
protein that is immunoreactive for sialic acid (James and Agnew  1989 ).  

15.2.2     Functional Consequences of Ion Channel 
Glycosylation 

 The high degree of sialic acid content found in ion channels has consequences for 
their biophysical properties and function. Each sialic acid residue usually carries a 
negative charge at physiological pH. The cloud of negative charges created by a 
high density of sialic acid residues, particularly when localized just above the chan-
nel pore as it is for voltage-gated sodium channels, can have functional effects on 
voltage-dependent properties. Complete enzymatic removal of sialic acid from rat 
skeletal muscle sodium channels modifi ed several parameters of voltage-dependent 
gating (Bennett et al.  1997 ). The voltage dependence of the time constants of chan-
nel activation and inactivation and the voltage for steady-state half-activation were 
~10 mV more depolarized for neuraminidase-treated channels compared to con-
trols. A similar shift was observed when channels were expressed in a sialylation-
defi cient cell line (lec2) or following deletion of likely glycosylation sites. 
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Desialylated channels were also less sensitive to the charge screening effects of 
external calcium. The authors concluded that sialic acid most likely contributed to 
the negative surface potential and altered the electric fi eld sensed by channel gating 
elements (Bennett et al.  1997 ). 

 In a later study, the same group compared two human isoforms of sodium chan-
nels: Nav1.4 from skeletal muscle (hSkM1) and Nav1.5 (hH1) from heart (Bennett 
 2002 ). Native hSkM1 has numerous sialic acid residues while hH1 does not. 
Consistent with the predicted role of sialic acid, neuraminidase caused a depolariz-
ing shift in channel gating of hSkM1 but not hH1. When the S5–S6 loop of domain 
I was exchanged between the two isoforms, the loop determined the degree of 
sialylation of the chimeric channels, indicating that the primary sequence of the 
S5–S6 linker of domain I to some extent regulates the composition of the glycan 
structure attached to the channel (Bennett  2002 ). 

 In addition to the effects of sialic acid residues attached to the main pore-forming 
subunit, Johnson et al. ( 2004 ) reported that glycosylation of the auxiliary β subunits 
also modifi es the activation and inactivation range of voltage-gated Na channels. 
The fully sialylated β1 subunit caused a hyperpolarizing shift in the voltage range of 
gating for the cardiac and two neuronal α subunit isoforms. Mutation of the 
N-glycosylation sites abolished the effects of the β1 subunit. Interestingly, the β1 
subunit had no effect on the gating properties of the heavily glycosylated skeletal 
muscle α subunit. The authors proposed a saturating electrostatic mechanism in 
which a spectrum of differentially sialylated α and β subunits could modulate chan-
nel gating and infl uence the excitability properties of cells (Johnson et al.  2004 ). 

 Variability in glycosylation of ion channels can have profound effects on the 
excitability characteristics of a cell. Stocker and Bennett ( 2006 ) proposed mecha-
nisms by which cardiac voltage-gated sodium channel gating and subsequently car-
diac rhythms are modulated by changes in channel-associated sialic acids. Changes 
in neuronal excitability and function have been reported for various regions of the 
nervous system. Isaev et al. ( 2007 ) reported that the activation and inactivation 
properties of voltage-gated Na channels from CA3 pyramidal cells were shifted 
towards depolarizing potentials by treatment of hippocampal slices by neuramini-
dase. This led to an increase in the action potential threshold due to enhanced 
steady-state inactivation. Neuraminidase treatment had powerful anticonvulsive 
action both in vitro and in acute and chronic in vivo models of epilepsy (Isaev et al. 
 2007 ; Isaeva et al.  2011 ). Large diameter dorsal root ganglion (DRG) cells (Aα and β) 
become hyperexcitable following chronic constriction injury. The hyperexcitability 
of injured DRG neurons was reduced substantially by neuraminidase treatment 
(Peng et al.  2004 ). Desialylation had no effect on normal intact neurons. Such 
effects may indicate plasticity in the glycosylation of ion channels. 

 Sialic acid residues modify the function of other voltage-gated channels in addi-
tion to Na channels. The channel gating of voltage-gated Kv1.1 (potassium) chan-
nels expressed in CHO cells was shifted in a depolarizing direction by tunicamycin 
and neuraminidase treatment (Thornhill et al.  1996 ). Kv3.1, a voltage-gated 
 potassium channel expressed throughout the nervous system, was studied in its 
 glycosylated (wild type), partially glycosylated (N220Q or N229Q) and unglyco-
sylated (N220Q/N229Q) states (Hall et al.  2011 ). Wild-type Kv3.1 channel currents 
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had faster activation and deactivation rates than the mutated forms. When channels 
were expressed in the B35 neuroblastoma cell line, cells with wild-type Kv3.1 chan-
nels migrated more rapidly in a wound-healing assay (Hall et al.  2011 ). Potassium 
channel activity can also be modulated by glycosylation of auxiliary subunits. 
Tunicamycin blocked the glycosylation of DPP10, an auxiliary subunit of the Kv4 
channel and a key determinant of cardiac and neuronal excitability (Cotella et al. 
 2010 ). This abolished the effects of DPP10 on Kv4.3 inactivation and recovery from 
inactivation. 

 Glycosylation can also affect ion channels gated by ligands or other activators. 
Glycosylation affects the stability, assembly, and open times of the GABA A ionotropic 
channel (Lo et al.  2010 ) Although more work needs to be done, the authors postu-
late that the N-glycans of at least one of the channel’s glycosylation sites (N173) 
make stabilizing contacts with adjacent subunits or perhaps with chaperone proteins 
during the assembly process. A particularly intriguing observation is the role of 
glycosylation in regulation of TRPC6 and TRPC3, two closely related channels of 
the TRP family. TRPC6 has 2 glycosylation sites and is tightly regulated while 
TRPC3 has a single glycosylation site and is constitutively active. Mutation of the 
unique NX(S/T) motif in TRPC6 converted it to a constitutively active channel, 
while addition of the second glycosylation site to TRPC3 reduced TRPC3 basal 
activity (Dietrich et al.  2003 ). Glycosylation also regulates the ligand binding and 
gating properties of the TRP vanilloid 1 receptor (TRPV1; Wirkner et al.  2005 ). A 
mutant channel lacking the potential N-glycosylation site at position N604 had a 
depressed maximum of the dose–response curve for capsaicin, altered dependence 
of the capsaicin effect on extracellular pH, and decreased sensitivity to the antago-
nist capsazepine. Thus glycosylation affects both the gating, ligand binding, and 
pharmacology of TRP channels.  

15.2.3     Plasma Membrane Expression 

 N-linked glycosylation plays an important role in the expression, insertion, and sta-
bility of many plasma membrane proteins. Expression and localization of ion chan-
nels is tightly regulated by multiple factors such as targeting to lipid rafts, anchoring 
to scaffolding proteins, and coassembly with essential or auxiliary subunits. 
Glycosylation, while important, is only one factor infl uencing expression. 
Consequently, the role of glycosylation varies for different ion channels, between 
cell types, and under specifi c physiological conditions. 

 As with most proteins expressed on the surface membrane, the number and den-
sity of voltage-gated Nachannels is decreased when glycosylation is inhibited by 
tunicamycin. In neuroblastoma cells, tunicamycin reduced the number of voltage- 
gated Na channels as measured by high-affnity saxitoxin binding to 20–28 % of 
control values over a 60 h period or by batrachotoxin-activated  22 Na +  infl ux 
(Waechter et al.  1983 ). In embryonic rat neocortical neurons, tunicamycin applica-
tion decreased the voltage-clamped Na current to ~40 % of control values (Zona 
et al.  1990 ). The effect was much more rapid for neurons that were actively growing 
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in culture (days 5–14 after dissociation) compared to more established neurons 
(days 20–40 after dissociation). Currents were reduced to 40 % within 24 h for more 
recently plated neurons compared with 68 h for neurons that were fully grown 
(Zona et al.  1990 ). 

 In squid giant fi ber lobe neurons of the stellate ganglion, voltage-gated Na 
 channels are present at high density in axons but are absent from its somata in vivo. 
This distribution is maintained in culture except for the appearance of low-level 
expression in cell bodies (Gilly et al.  1990 ). Tunicamycin disrupted the expression 
of Na channels in axonal membranes in vitro with no effect on low levels in the 
soma. Disruption of glycosylation did not affect voltage-gated Na channel turnover, 
axon viability, or K channel distribution, indicating that glycosylation had a specifi c 
effect on voltage-gated Na channel localization in this system (Gilly et al.  1990 ). 

 The effect of glycosylation on other channels is highly variable. Glycosylation 
has profound effects on the stability of the Shaker K channel, although it is not 
needed for expression (Khanna et al.  2001 ). In pulse chase experiments, the wild- 
type protein was stable with little degradation after 48 h, however, a mutant form 
with glycosylation sites removed (N259Q, N263Q) was rapidly degraded (t 1/2  ~ 18 h). 
Glycosylation regulates effi cient multimerization and transport of the TRPM8 chan-
nel (Erler et al.  2006 ). Similarly, mutation of two putative glycosylation sites within 
α2δ, a subunit that regulates traffi cking and function of voltage-gated calcium chan-
nels, decreased the number of functional charges in the plasma membrane (Sandoval 
et al.  2004 ). The pentameric nicotinic acetylcholine receptor (AChR) assembles 
when glycosylation is blocked, however, it is not inserted into the plasma mem-
brane, remaining stuck in internal compartments (Sumikawa and Miledi  1989 ).  

15.2.4     Variability of Glycosylation 

 The extent of glycosylation is highly variable not only for ion channel isoforms, but 
also for any given isoform expressed in different cells or at various developmental 
stages. Differences in glycosylation affect both channel expression levels and may 
manifest as profound alterations of biophysical properties. These, in turn, can affect 
neuronal excitability and function. 

 The degree of glycosylation can be due to differences in the primary sequence of 
an isoform. An example was provided earlier in the studies of the heavily glycosyl-
ated Nav1.4 channel compared to the lightly glycosylated Nav1.5 (Bennett  2002 ). 
Exchange of the domain I S5–S6 linker regions demonstrated that the extent of 
glycosylation was determined by the amino acids of the loop structure. Alternatively, 
the primary amino acid sequence distant from the glycosylation site may have an 
effect. Kv1.4 and Kv1.1 are two isoforms of a mammalian Shaker family channel 
involved in action potential repolarization. Block of N-glycosylation affected the 
protein traffi cking, stability, and cell surface expression of Kv1.4, while Kv1.1 was 
unaffected. However, exchanging a traffi cking pore region—a site distant from the 
glycosylation loop—from Kv1.4 into Kv1.1, caused changes in Kv1.1 comparable 
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to those of Kv1.4 (Watanabe et al.  2004 ). The authors conclude that multiple regions 
of the protein must participate in proper folding, traffi cking, and glycosylation of 
the channel. 

 Much of the variability in glycosylation is due to the expression and activity of 
the glycosylation machinery. N-linked glycosylation is a complex process that takes 
place within the ER and Golgi and involves numerous enzymes (see Chap.   3     for 
details). Briefl y, the glycan structure is preformed in the endoplasmic reticulum 
attached to a lipid anchor. It is transferred to a target asparagine cotranslationally, 
while the peptide is synthesized. The N-linked glycan is further modifi ed by removal 
of sugars (trimming) and re-addition of sugar residues (processing). Dozens of 
genes participate in this process. The enzymes are controlled through gene expres-
sion or through regulation or targeting of the proteins (Ohtsubo and Marth  2006 ). 

 Variability in the glycosylation of a single ion channel isoform can arise because 
of differences in expression of specifi c glycosylation enzymes between cells, at 
various stages of the developmental process, or in pathological conditions. A par-
ticularly striking example of the cell-type variability that can be observed is seen for 
cells derived from the various chambers of the heart. Montpetit et al. ( 2009 ) com-
pared the expression of 239 genes coding for glycosyltransferases, glycosidases, 
and sugar nucleotide synthesis/transporter genes in four myocyte types: neonatal 
and adult atrium, and neonatal and adult ventricle. Of these, 110 glycogenes tested 
in mice were signifi cantly differentially expressed among the four myocyte types 
(see Montpetit et al.  2009 , their Fig.  15.1 ). 

 Stocker and Bennett ( 2006 ) found that the channels from neonatal atria, com-
pared to adult atria or neonatal or adult ventricles, are much more heavily sialylated 
with approximately 15 more sialic acid residues attached to each alpha subunit. 
They showed that the difference is due to the expression of ST8sia2, a polysialyl-
transferase, that is expressed only in the neonatal atrium but not in adult atrium or 
in ventricles at any age (Montpetit et al.  2009 ). Comparison of action potential 
waveforms in neonatal atrial cells to those from ST8sia2 −/− mice showed distinct 
differences in time-to-peak and AP duration. These were consistent with the nega-
tive shift of gating of voltage-gated Na channels observed after ST8sia2 expression, 
while there was no effect on the level of expression of voltage-gated Na channels. 
The authors conclude that the expression of a single glycogene is suffi cient to mod-
ulate cardiomyocyte excitability. 

 Similar changes in glycosylation and functional consequences also occur in neu-
rons. The degree of sialylation can be developmentally regulated and accounts for 
variability in the biophysical properties of channels expressed at different stages of 
an animal’s life. The tetrodotoxin-resistant voltage-gated Na channel isoform 
Nav1.9 exists in two glycosylated states in neonatal rat DRG neurons (but only in a 
less glycosylated isoform in adult DRG (Tyrrell et al.  2001 )). Deglycosylation of 
Nav1.9 caused an 8 mV depolarizing shift in steady-state inactivation in the neona-
tal but not adult DRG (Tyrrell et al.  2001 ). Castillo et al. ( 1997 ) demonstrated a 
progressive shift in the gating characteristics of forebrain Na channels from P0, 
P15, and adult P30/P180 rats. The shifts in the midpoint potential of activation 
 paralleled an increase in apparent size. Both were reversed by neuraminidase 
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 treatment, indicating the increased amount of sialylation during development. In 
addition to variability due to glycosylation of the main pore-forming subunit of 
voltage- gated Na channels, glycosylation of auxiliary subunits also contributes to 
the complexity of effects. For example, the β4 subunit is expressed in a 35 kDa form 
between P0 and P6, but shifts to a heavily glycosylated 38 kDa form on P7 (Zhou 
et al.  2012 ).   

15.3     Glycolipids and Ion Transport 

 Glycolipids infl uence ion transport primarily through association with and modula-
tion of transport-associated proteins, which are often glycoconjugates themselves. 
Two general approaches have been employed in such investigations: (a) study of 
endogenous glycolipids through manipulations such as genetic alteration or struc-
turally specifi c perturbing agents, and (b) application of exogenous glycolipids to 
isolated transport systems or cultured cells containing the transport system. The 
implied assumption with the exogenous approach is that the applied glycolipid 
inserts into the membrane or associates with the isolated transporter in a manner 
corresponding to its natural topography. This is often the reality, in which case the 
observed glycolipid-induced effects are viewed as true manifestations of their phys-
iological function. However, exogenous glycolipids are known to associate with 
cellular membranes in three distinct modes: (a) a loosely attached pool removable 
with serum, (b) a somewhat more tightly associated pool released by trypsin, and (c) 
a serum- and trypsin-stable component consisting of the membrane-inserted pool 
(Wu and Ledeen  1994 ). The latter fraction, normally a small portion of associated 
glycolipid, is the one most likely to mimic endogenous glycolipid in relation to 
natural function, although the other two pools can conceivably give rise to pharma-
cological effects of potential therapeutic interest. With those caveats in mind, we 
will recount examples where the exogenous approach has been employed, while 
emphasizing studies based on endogenous glycolipid function for which powerful 
research tools have become available. 

 In most cases the glycolipid under study has been one or another ganglioside, the 
negatively charged sialic acid being crucial to their role in mediating cation move-
ment. GM1 ganglioside, the prototypic member of the ganglio-series (Fig.  15.2 ) is 
often considered in conjunction with GD1a, the other prominent member of the 
a-series (Ando and Yu  1979 ). A primary function of this disialoganglioside is that 
of metabolic precursor to GM1 by virtue of neuraminidase (N’ase, also called siali-
dase), most forms of which remove only the terminal sialic acid. These two glyco-
lipids have received prominent attention in regard to Ca 2+  transport mechanisms. 
GM1 is one of the few sialoglycoconjugates in nature resistant to most types of 
N’ase, a property that facilitates elevation of its concentration on membrane sur-
faces while retaining its negative charge. The fact that it binds with high affi nity and 
relative selectivity to the B subunit of cholera toxin (CtxB) (   Schengrund and Ringler 
 1989 ) has provided a useful tool for probing its functional roles as well as its loca-
tion in and within specifi c cells.
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   A rare example of a neutral glycolipid infl uencing ion transport is that of 
 glucosylceramide, which was shown to increase Ca 2+  mobilization from intracellu-
lar stores in the ER, via activation of the ryanodine receptor (Lloyd-Evans et al. 
 2003 ; Korkotian et al.  1999 ). This property, proposed as an explanation for the 
pathophysiology of neuronopathic forms of Gaucher disease, was not shared with 
galactosylceramide and several other sphingolipids. Whether this is a normal func-
tion of glucosylceramide in nonpathological cells remains to be determined. 

  Fig. 15.2    Structure of GM1 ganglioside (R=H) and GD1a, a disialoganglioside in which R is an 
additional sialic acid (Neu5Ac). Also shown is LIGA20, a semi-synthetic, membrane permeable 
analog of GM1 in which the stearoyl unit (C18) of ceramide has been replaced with dichloroacetyl       
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15.3.1     Ganglioside Modulation of Na+ Transport 

 A role for GM1 in retaining neuronal conduction and excitability has been  suggested 
in relation to its effect on Na +  channels. In some neurological or neuroimmunologi-
cal patients, clusters of voltage-gated Na +  channels in nodes of Ranvier were shown 
to suffer damage by complement-mediated disruption through anti- GM1 antibod-
ies, thought to represent disruption of axon-Schwann cell interactions at GM1 foci 
(Suzuki et al.  2007a ). Mutant mice lacking the GM1 (ganglio) family of ganglio-
sides due to disruption of the  B4galnt1  gene (GM2/GD2 synthase) were initially 
shown to have a slight reduction in the neural conduction velocity of the tibial nerve 
(Takamiya et al.  1996 ), whereas subsequent studies indicated altered paranodal 
junctions, broadened Na v  channel clusters, and aberrant Kv channel localization at 
the paranodes of peripheral motor nerves (Suzuki et al.  2007b ). The fact that GD3 
synthase gene knockout mice showed no loss of peripheral nerve conduction veloc-
ity (Handa et al.  2005 ) pointed to a-series gangliosides (GM1, GD1a) as the caus-
ative agents. These features further suggested that the GM1 contribution to Na v  
channel function resided in maintenance of microdomain (raft) integrity. However, 
more intimate association of GM1 with Na v channels was suggested by the observa-
tion that current densities of both tetrodotoxin-sensitive and insentitive Na +  chan-
nels were signifi cantly decreased by CtxB (Qiao et al.  2008 ). That study provided 
evidence that endogenous GM1 plays a crucial role via modulation of Na v  channels 
in retaining the afferent conduction velocity of not only myelinated fi bers of motor 
nerves but also of myelinated and unmyelinated fi bers of visceral afferents. Sodium 
transport mediated by the antiporter, Na + /K + -ATPase was shown to be activated by 
nmolar concentrations of GM1, an effect that was diminished at higher concentra-
tions (Leon et al.  1981 ). The fact that this regulatory property was shared with other 
ganglio-series gangliosides suggested the possible presence of N’ase in the 
employed crude membrane fraction that could have produced GM1.  

15.3.2     Ganglioside Modulation of Ca 2+  Transport 
at the Plasma Membrane 

 Effi cient regulation of free intracellular Ca 2+  is essential for maintaining viability 
and excitability of neurons, and GM1 ganglioside has been widely implicated in 
regulatory roles for this ion (Ledeen and Wu  2002 ). One approach to elucidating 
the relevant mechanisms has been to elevate its endogenous level on the cell sur-
face with applied N’ase,which triggered Ca 2+  infl ux in Neuro2a, B104, and B50 
neuroblastoma cells but not N1A-103 or N18 cells (Wu and Ledeen  1991 ; Fang 
et al.  2000 ). Those cells experiencing an elevation of intracellular Ca 2+  in this man-
ner extended neurites which were subsequently shown to have axonal character 
(Wu et al.  1998a ). Both N’ase-induced Ca 2+  infl ux and neuritogenesis were blocked 
by CtxB, indicating that GM1 elevation, as opposed to other effects of N’ase, was 
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key to the changes. Activation of a specifi c channel type by elevated GM1 was 
 suggested based on blockade by low concentrations of amiloride, described as a 
specifi c inhibitor of low threshold voltage dependent T type channels (Tang et al. 
 1988 ). The physiological signifi cance of these phenomena was suggested by the 
involvement of endogenous plasma membrane-localized ganglioside-reactive N’ase 
(Miyagi et al.  1999 ; Monti et al.  2000 ) that regulates axonal growth in Neuro2a cells 
(Hasegawa et al.  2000 ) and primary hippocampal neurons (Rodriguez et al.  2001 ). 

 As mentioned, some cell lines did not respond to N’ase with Ca 2+  infl ux and 
axon outgrowth, but instead showed a different regulatory mechanism mediated by 
GM1. Contrary to the inhibitory effect of CtxB on Neuro2a cells, N18 cells 
responded to CtxB with Ca 2+  infl ux (Masco et al.  1991 ; Carlson et al.  1994 ), the 
response being more robust if preceded by N’ase treatment (Fang et al.  2002 ). Thus, 
N’ase-mediated elevation of surface GM1 facilitated Ca 2+  entry in both mechanisms 
but through activation of different channel types. Similar CtxB effects analogous to 
those in N18 cells were observed in primary neurons of both the PNS (Milani et al. 
 1992 ) and CNS (Wu et al.  1996 ), but not with microglia or oligodendrocytes 
(Nedelkoska and Benjamins  1998 ) or in Schwann cells (Skoff and Benjamins 
 1998 ). In a study with cerebellar granule neurons, CtxB-induce Ca 2+  infl ux occurred 
during the fi rst 7 days in culture after which CtxB inhibited Ca 2+  infl ux. A some-
what similar developmental sequence was observed in NG108-15 cells, these 
responding to CtxB with Ca 2+  infl ux only during the initial phase of axon outgrowth 
(Fang et al.  2002 ). In addition to this CtxB-mediated effect, NG108-15 cells also 
showed the above N’ase-induced Ca 2+  infl ux, indicating coexistence of both GM1-
regulated Ca 2+  channels (Fang et al.  2002 ). Both mechanisms of Ca 2+  infl ux resulted 
in axon-like neurite outgrowth, in contrast to dendrite-like processes that resulted 
from agents (e.g., retinoic acid, dibutyrylcAMP) that did not stimulate Ca 2+  infl ux 
(Wu et al.  1998a ). Paradoxically, elevation of cellular ganglioside through applica-
tion of exogenous gangliosides resulted in Ca 2+  infl ux that gave rise to dendrite-like 
processes (Wu et al.  1990 ;  1998a ). Exogenous gangliosides were also shown to 
reduce intracellular Ca 2+  elevated in Neuro2a cells by ionomycin (Wu and Ledeen 
 1994 ), suggesting ganglioside promotion of Ca 2+  homeostasis as part of its neuro-
protective mechanism (Nakamura et al.  1992 ). 

 Whereas Ca 2+  infl ux induced by N’ase elevation of surface GM1 appeared to 
involve T type channels, the GM1-regulated mechanism activated by CtxB was 
eventually shown to involve the TRPC5 channel (Wu et al.  2007 ). TRPC5 is an 
isoform of the canonical subgroup of mammalian genes homologous to the transient 
receptor potential (TRP) family in  Drosophila  (Montell  2004 ). GM1 does not asso-
ciate directly with this channel but rather with α5β1 integrin heterodimers, these 
becoming cross-linked concurrently upon binding of CtxB to the ganglioside 
(Wu et al.  2007 ). Integrin cross-linking in this manner was shown to induce auto-
phosphorylation of associated focal adhesion kinase, which in turn activated phos-
pholipase Cγ and phosphoinositide-3 kinase. These effects were fi rst revealed in 
NG108-15 cells following N’ase-induced elevation of cell surface GM1, which 
greatly enhanced the level of Ca 2+  infl ux and neurite outgrowth induced by 
CtxB. This also promoted neurite outgrowth in murine cerebellar granule neurons 

15 Glycobiology of Ion Transport in the Nervous System



334

without the need for N’ase pretreatment, this apparently being accomplished by 
upregulation of endogenous N’ase during neuronal differentiation. TRPC5 is prom-
inently expressed in the soma of primary neurons and neuroblastoma cells only at 
an early stage of differentiation, consonant with selective activity of CtxB at that 
stage. The natural, endogenous cross-linking agent remained in doubt until studies 
with T cells in the immune system revealed that homodimeric galectin-1 exerts 
similar GM1 cross-linking as CtxB with similar TRPC5 Ca 2+  channel activation 
(Wang et al.  2009a ; Wu et al.  2011 ). Comparison of galectin-1 binding to GM1- 
defi cient T cells vs wild type T cells suggested primary binding to GM1 (rather than 
glycoproteins) in that system (Wang et al.  2009a ), consistent with the interaction of 
these two molecules in neuroblastoma cells and primary neurons (Kopitz et al. 
 1998 ; Gabius  2009 ). A schematic illustration has been presented (Ledeen et al. 
 2012 ) of homodimeric galectin-1 binding to the oligosaccharide structure of GM1 
according to the Coulomb/van der Waals energy term obtained by computational 
interaction analysis (Siebert et al.  2003 ). Analogous to CtxB, anti-GM1 antibodies 
of the cross-linking IgM type were shown to induce similar Ca 2+  changes (Quattrini 
et al.  2001 ) and neurite outgrowth (O’Hanlon et al.  2003 ) in neuroblastoma cells. 

 An additional example of GM1 modulation of Ca 2+  infl ux, albeit indirectly, was 
seen in opioid activity of a certain type. Opioids are known to be capable of dual 
modulatory activities, as shown with action potential duration of sensory neurons 
(Shen and Crain  1989 ), neurotransmitter release in SK-N-SH cells (Keren et al. 
 1994 ), and calcium infl ux in NG108-15 cells (Jin et al.  1992 ). The excitatory mode, 
which promotes Ca 2+  infl ux, was blocked by CtxB, implicating GM1 as facilitator 
of the excitatory response. This was verifi ed in experiments showing conversion 
from inhibitory to excitatory mode by bath application of GM1 to CHO cells 
expressing the δ-opioid receptor (Wu et al.  1997a ). The importance of the nega-
tively charged carboxyl group of sialic acid was illustrated in loss of excitatory 
promotion by this modifi ed GM1 (Wu et al.  1998b ). Site-directed mutagenesis of 
the δ-opioid receptor involving replacement of the positively charged arginine resi-
due at 192 with alanine also abolished the GM1-modulated excitatory response, 
suggesting this as the likely locus for charge-charge interaction of GM1 with this 
receptor (Wu et al.  1998b ). This conformational interaction of GM1 with the 
δ-opioid receptor was seen as uncoupling of the receptor from G i  and facilitated 
coupling to G s  (Wu et al.  1997b ). Neuronal Ca 2+  infl ux stimulated by GM1 in this 
manner was postulated to occur through modulation of N-type Ca 2+  channels 
(Keren et al.  1997 ). 

 Plasma membrane gangliosides have also been shown to infl uence Ca 2+  effl ux 
mechanisms, these often accounting for the neuroprotective activities observed with 
exogenously applied gangliosides (see above). Plasma membrane Ca 2+ -ATPase 
(PMCA), the high affi nity mechanism for extrusion of cytosolic Ca 2+ , was studied in 
porcine brain synaptosomes and found to vary in response to different ganglioside 
structures in a manner refl ecting the number of sialic acids: GD1b (two sialic acids) 
stimulated activity in contrast to GM1 (one sialic acid) which slightly reduced activ-
ity while asialo GM1 (no sialic acids) was strongly inhibitory (Zhao et al.  2004 ). 
Chain length was also considered important since GM2 and GM3 were both more 
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inhibitory than GM1. The experimental procedure consisted of adding  ganglioside 
to either synaptosomes or reconstituted proteo-liposomes containing purifi ed synap-
tosomal PMCA followed by measurement of Ca 2+  uptake, both procedures showing 
the same ganglioside modulatory effects. Purifi ed PMCA was inactive due to delipi-
dation during isolation, but was restored to full activity by reconstituting into lipo-
somes containing phosphatidylcholine. Interestingly, a similar study with PMCA 
from pig erythrocytes gave very different results, all gangliosides being stimulatory 
up to sevenfold in the sequence: GD1b > GM1 > GM2 > GM3 = asialo- GM1 (Zhang 
et al.  2005 ). This difference was attributed to PMCA isoforms, PMCA1 and PMCA4 
predominating in erythrocytes in contrast to PMCA2 and PMCA3 which are 
restricted to nerve cells. As these studies were carried out with applied gangliosides, 
it would be of interest to know whether the modulatory effect applied as well through 
in situ association with PMCA.  

15.3.3     Ganglioside Modulation of Ca 2+  Transport at 
Intracellular Loci 

 A number of studies on lysosomal storage disorders suggested a mechanistic link 
between ganglioside accumulation and disrupted Ca 2+  homeostasis based on modu-
lation of the sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) (Ginzburg et al. 
 2004 ). Thus a reduction in Ca 2+ -uptake via the SERCA pump was observed in neu-
rons and brain microsomes of the Hexb−/− mouse, a model of Sandhoff disease 
(Pelled et al.  2003 ). The latter study also demonstrated reduction in the rate of Ca 2+  
uptake in normal brain microsomes by exogenous GM2, to a lesser extent by GM1 
and least by GM3. A more detailed follow up study with brain microsomes revealed 
the necessity of  N -acetylneuraminic acid with a free carboxyl group for inhibitory 
activity (Ginzburg et al.  2008 ). That study further proposed that the GalNAc residue 
of GM2 and GM1 may be an additional structural requirement for SERCA inhibi-
tion. The oligosaccharides alone had no activity. Similar studies on skeletal muscle 
sarcoplasmic reticulum also reported an inhibitory effect of GM1 on SERCA activ-
ity but in contrast a positive modulatory effect by GM3 (Wang et al.  1999a ). Using 
intrinsic and time-resolved fl uorescence in addition to fl uorescence quenching, the 
conformational changes observed indicated that GM1 could render the SERCA 
molecules less compact in the hydrophilic domain but more compact in the hydro-
phobic domain; GM3 on the other hand made the enzyme more compact in both the 
hydrophilic and hydrophobic domains. Further study of this system employing cir-
cular dichroism showed that both GM1 and GM3 reduced the α-helical content of 
the protein, with GM1 causing the stronger decrease; study of the proteo-liposomes 
containing this Ca 2+ -ATPase using DPH as the probe showed that GM1 decreased 
membrane lipid fl uidity while GM3 tended to increase it (Wang et al.  1999b ). All 
the above SERCA studies were carried out with applied (exogenous) gangliosides, 
underscoring the desirability of ascertaining whether endogenous gangliosides have 
similar modulatory effects. 
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 Nuclear GM1 was shown to have a prominent role in regulation of nuclear Ca 2+  
homeostasis through association with a sodium-calcium exchanger (NCX) in the 
inner nuclear membrane (Xie et al.  2002 ). This NCX, which mediates transfer of 
Ca 2+  between the nucleoplasm and the luminal space of the nuclear envelope, is 
potently and specifi cally activated by GM1. Immunoblot analysis revealed an 
unusually tight association of GM1 with the nuclear NCX, so strong that it survived 
SDS-PAGE; this differed from the NCX of the plasma membrane for which a looser 
association with GM1 was suggested. A key feature proposed for the nuclear topol-
ogy based on colocalization of GM1 and NCX in the inner nuclear membrane is 
interaction of the negative charge of N-acetylneuraminic acid of GM1 with the 
alternative splice region of the NCX loop containing positively charged amino 
acid(s) (Xie et al.  2004 ). For the plasma membrane, this NCX loop is seen as resid-
ing on the opposite side of the bilayer as GM1, thus accounting for the lower affi nity 
association. Nuclear NCX is activated in developing neurons upon upregulation of 
GM1 synthesis, a process that also occurs in some but not all extraneural cell types 
(Xie et al.  2004 ). Use of a variety of cell types with and without nuclear NCX 
together with specifi c Ca 2+  fl uorescent indicators revealed transport of nucleoplas-
mic Ca 2+  into the nuclear envelope followed by transfer to the ER lumen; in keeping 
with cytosolic Ca 2+  fl ux through nuclear pores, the nuclear NCX/GM1 complex was 
shown to gate Ca 2+  transfer from cytosol to ER, thus constituting an alternative 
mechanism to the SERCA pump for such transfer (Wu et al.  2009 ). As with plasma 
membrane NCX, the driving force for such transfer is the Na +  gradient created by 
Na + /K + -ATPase, and the latter transporter was shown to occur in the nuclear mem-
brane suggesting concerted physiological coupling between these transporters 
(Galva et al.  2012 ). The relatively simple ganglioside pattern of the nuclear enve-
lope includes GD1a which serves as metabolic precursor to GM1 owing to the pres-
ence of N’ase at the same locus (Wang et al.  2009b ). 

 The nuclear NCX/GM1 complex was shown to serve a neuroprotective role in 
shielding the nucleus against prolonged elevation of nucleoplasmic Ca 2+ , as seen in 
studies with mice lacking GM1 due to deletion of GM2/GD2 synthase [ B4galnt1(-/-) ]. 
Cultured cerebellar granule neurons from such mice were shown to have lost the 
ability  possessed by wild-type cells to regulate Ca 2+  homeostasis, resulting in apop-
totic death when the cells were exposed to high K +  (Wu et al.  2001 ). This neuropro-
tective role was demonstrated in vivo with the above mice which showed enhanced 
susceptibility to kainate-induced seizures and neuronal apoptosis (Wu et al.  2005 ). 
Seizure activity and deterioration of pyramidal neurons in the CA3 of the hippo-
campus were signifi cantly alleviated by intraperitoneal administration of LIGA20, 
a membrane permeable analog of GM1 (Fig.  15.2 ). This was coincident with 
LIGA20 entering the brain and brain cells, including neuronal nuclear membrane, 
with restoration of attenuated NCX activity. GM1 itself, with limited membrane 
permeability, showed little benefi t when administered intraperitoneally. 

 The above reports on SERCA and nuclear NCX, examples of intracellular glyco-
lipid regulation of ion transport, indicate the importance of considering the whole 
cell, not the plasma membrane alone. Additional examples of intracellular regula-
tion are being revealed, such as the role of GM1 in modulating Ca 2+  levels in the ER, 
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with potential for initiating a UPR-mediated apoptotic cascade (Tessitore et al. 
 2004 ). Further work in this area employing the GM1 gangliosidosis mouse model 
revealed GM1 accumulation in the raft fraction of mitochondria-associated ER 
membranes that infl uence Ca 2+  fl ux between these organelles (Sano et al.  2009 ). The 
accumulated GM1 was shown to interact with the phosphorylated form of IP3 
receptor-1, infl uencing the activity of that channel. It will be of interest to have more 
detail on the nature of this interaction and to know whether it occurs as well in non-
pathological neurons. The numerous ways in which GM1 regulates neuronal Ca 2+  
homeostasis, as revealed to date, are summarized in Fig.  15.3 .

15.4         Ion Transport and the Sugar Code 

 Considering the crucial role of ion transport in numerous aspects of nervous system 
functioning, it is not unexpected to fi nd glycosylation in its multiple forms fulfi lling 
a wide variety of essential modulatory roles. The relatively simple glycosylation 
patterns that characterize invertebrate nervous systems contrasts with the myriad 
arrays of protein and lipid glycoconjugates that occur and appear essential to the 
nervous systems of higher forms. The complexity of glycan confi gurations that 
mediate neural phenomena increases in tandem with complexity of evolutionary life 
forms. Carbohydrates, it has been pointed out, “…are second to no other class of 

  Fig. 15.3    Summary of GM1 modulatory roles for neuronal Ca 2+ . For the plasma membrane, Ca 2+  
infl ux is promoted by GM1 via T type channels and by GM1 association with α5β1 integrin, cross- 
linking of which leads to TRPC5 channel activation. Calcium effl ux is infl uenced positively in the 
plasma membrane by GM1 association with Na + /Ca 2+  exchanger (NCX) and negatively by GM1 
association with plasma membrane Ca 2+ -ATPase (PMCA). Intracellular mechanisms include GM1 
association with NCX in the inner nuclear membrane that mediates transfer of Ca 2+  from nucleo-
plasm to the nuclear envelope (and hence the ER); also inhibition of the SERCA pump. GM1 in 
the ER infl uences Ca 2+  fl ux from that organelle to mitochondria       
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biomolecules in the capacity of information coding using oligomers” (Gabius 
 2009 ). A more complete understanding of such coding as applied to ion transport 
awaits elucidation of the detailed mechanisms by which glycosylation infl uences 
channel/pump transport, conformational folding, and the stereochemistry of molec-
ular interactions.     

   Confl ict of Interest    The authors declare that they have no confl ict of interest.  

      References 

    Ando S, Yu RK. Isolation and characterization of two isomers of brain tetrasialogangliosides. 
J Biol Chem. 1979;254:12224–9.  

    Barchi RL. Protein components of the purifi ed sodium channel from rat skeletal muscle sarco-
lemma. J Neurochem. 1983;40:1377–85.  

        Bennett ES. Isoform-specifi c effects of sialic acid on voltage-dependent Na +  channel gating: func-
tional sialic acids are localized to the S5-S6 loop of domain I. J Physiol. 2002;538:675–90.  

      Bennett E, Urcan MS, Tinkle SS, Koszowski AG, Levinson SR. Contribution of sialic acid to the 
voltage dependence of sodium channel gating. A possible electrostatic mechanism. J Gen 
Physiol. 1997;109:327–43.  

    Carlson RO, Masco D, Brooker G, Spiegel S. Endogenous ganglioside GM1 modulates  L -type 
calcium channel activity in N18 neuroblastoma cells. J Neurosci. 1994;14:2272–81.  

    Castillo C, Diaz ME, Balbi D, Thornhill WB, Recio-Pinto E. Changes in sodium channel function 
during postnatal brain development refl ect increases in the level of channel sialidation. Brain 
Res Dev Brain Res. 1997;104:119–30.  

     Catterall WA. Voltage-gated sodium channels at 60: structure, function and pathophysiology. 
J Physiol. 2012;590:2577–89.  

   Cotella D, Radicke S, Bortoluzzi A, Ravens U, Wettwer E, Santoro C, et al. Impaired glycosylation 
blocks DPP10 cell surface expression and alters the electrophysiology of  I to channel complex. 
Pfl ugers Arch. 2010;460:87–97.  

    Dietrich A, Mederos y Schnitzler M, Emmel J, Kalwa H, Hofmann T, Gudermann T. N-linked 
protein glycosylation is a major determinant for basal TRPC3 and TRPC6 channel activity. 
J Biol Chem. 2003;278:47842–52.  

    Erler I, Al-Ansary DM, Wissenbach U, Wagner TF, Flockerzi V, Niemeyer BA. Traffi cking and 
assembly of the cold-sensitive TRPM8 channel. J Biol Chem. 2006;281(50):38396–404.  

    Fang Y, Wu G, Xie X, Lu Z-H, Ledeen RW. Endogenous GM1 ganglioside of the plasma mem-
brane promotes neuritogenesis by two mechanisms. Neurochem Res. 2000;25:931–40.  

      Fang Y, Xie X, Ledeen RW, Wu G. Characterization of cholera toxin B subunit-induced Ca 2+  infl ux 
in neuroblastoma cells: evidence for a voltage independent GM1-associated Ca 2+  channel. 
J Neurosci Res. 2002;57:1–10.  

     Gabius H-J, editor. The sugar code. Fundamentals of glycosciences. Weinheim, Germany: Wiley- 
VHC; 2009.  

    Galva C, Artigas P, Gatto C. Nuclear Na + K + -ATPase plays an active role in nucleoplasmic Ca 2+  
homeostasis. J Cell Sci. 2012;125:6137–47.  

     Gilly WF, Lucero MT, Horrigan FT. Control of the spatial distribution of sodium channels in giant 
fi ber lobe neurons of the squid. Neuron. 1990;5:663–74.  

    Ginzburg L, Kacher Y, Futerman AH. The pathogenesis of glycosphingolipid storage disorders. 
Semin Cell Dev Biol. 2004;15:417–31.  

    Ginzburg L, Li S-C, Li Y-T, Futerman AH. An exposed carboxyl group on sialic acid is essential 
for gangliosides to inhibit calcium uptake via the sarco/endoplasmic reticulum Ca 2+ -ATPase: 
relevance to gangliosidoses. J Neurochem. 2008;104:140–6.  

M.C. Nowycky et al.



339

     Hall MK, Cartwright TA, Fleming CM, Schwalbe RA. Importance of glycosylation on function of 
a potassium channel in neuroblastoma cells. PLoS One. 2011;6:e19317.  

    Handa Y, Ozaki N, Honda T, Furukawa K, Tomita Y, Inoue M, et al. GD3 synthase gene knockout 
mice exhibit thermal hyperalgesia and mechanical allodynia but decreased response to 
formalin- induced prolonged noxious stimulation. Pain. 2005;117:271–9.  

    Hartshorne RP, Catterall WA. Purifi cation of the saxitoxin receptor of the sodium channel from rat 
brain. Proc Natl Acad Sci U S A. 1981;78:4620–4.  

    Hartshorne RP, Catterall WA. The sodium channel from rat brain. Purifi cation and subunit compo-
sition. J Biol Chem. 1984;259:1667–75.  

    Hasegawa T, Yamaguchi K, Wada T, Takeda A, Itoyama Y, Miyagi T. Molecular cloning of mouse 
ganglioside sialidase and its increased expression in Neuro2a differentiation. J Biol Chem. 
2000;275:8007–15.  

     Isaev D, Isaeva E, Shatskih T, Zhao Q, Smits NC, Shworak NW, et al. Role of extracellular sialic 
acid in regulation of neuronal and network excitability in the rat hippocampus. J Neurosci. 
2007;27:11587–94.  

    Isaeva E, Lushnikova I, Savrasova A, Skibo G, Holmes GL, Isaev D. Effect of neuraminidase treat-
ment on persistent epileptiform activity in the rat hippocampus. Pharmacol Rep. 2011;63:
840–4.  

     Isom LL, De Jongh KS, Patton DE, Reber BF, Offord J, Charbonneau H, et al. Primary structure 
and functional expression of the beta 1 subunit of the rat brain sodium channel. Science. 1992;
256:839–42.  

       James WM, Agnew WS. Alpha-(2–8)-polysialic acid immunoreactivity in voltage-sensitive sodium 
channel of eel electric organ. Proc R Soc Lond B Biol Sci. 1989;237:233–45.  

    Jin W, Lee NM, Loh HH, Thayer SA. Dual excitatory and inhibitory effects of opioids on intracel-
lular calcium in neuroblastoma X glioma NG108-15 cells. Mol Pharmacol. 1992;42:1083–9.  

      Johnson D, Montpetit ML, Stocker PJ, Bennett ES. The sialic acid component of the beta1 subunit 
modulates voltage-gated sodium channel function. J Biol Chem. 2004;279:44303–10.  

    Keren O, Garty M, Sarne Y. Dual regulation by opioids of [ 3 H]norepinephrine release in the human 
neuroblastoma cell line SK-N-SH. Brain Res. 1994;646:319–23.  

    Keren O, Gafni M, Sarne Y. Opioids potentiate transmitter release from SK-N-SH human neuro-
blastoma cells by modulating N-type calcium channels. Brain Res. 1997;764:277–82.  

    Khanna R, Myers MP, Laine M, Papazian DM. Glycosylation increases potassium channel stabil-
ity and surface expression in mammalian cells. J Biol Chem. 2001;276:34028–34.  

    Kopitz J, Von Reitzenstein C, Burchert M, Cantz M, Gabius H-J. Galectin-1 is a major receptor for 
ganglioside GM1, a product of the growth controlling activity of a cell surface ganglioside 
sialidase, on human neuroblastoma cells in culture. J Biol Chem. 1998;273:11205–11.  

    Korkotian E, Schwarz A, Pelled D, Schwarzmann G, Segal M, Futerman AH. Elevation of intracel-
lular glucosylceramide levels results in an increase in endoplasmic reticulum density and in 
functional calcium stores in cultured neurons. J Biol Chem. 1999;274:21673–8.  

    Ledeen RW, Wu G. Ganglioside function in calcium homeostasis and signaling. Neurochem Res. 
2002;27:637–47.  

    Ledeen RW, Wu G, André S, Bleich D, Huet G, Kaltner H, et al. Beyond glycoproteins as galectin-
counterreceptors: tumor-effector T cell growth control via ganglioside GM1. Ann N Y Acad 
Sci. 2012;1253:206–21.  

    Leon A, Facci L, Toffano G, Sonnino S, Tettamanti G. Activation of (Na+, K+)-ATPase by nano-
molar concentrations of GM1 ganglioside. J Neurochem. 1981;37:350–7.  

    Lloyd-Evans E, Pelled D, Riebeling C, Bodennec J, de-Morgan A, Waller H, Schiffmann R, 
Futerman AH. Glucosylceramide and glucosylsphingosine modulate calcium mobilization 
from brain microsomes via different mechanisms. J Biol Chem. 2003;278:23594–9.  

    Lo WY, Lagrange AH, Hernandez CC, Harrison R, Dell A, Haslam SM, et al. Glycosylation of β2 
subunits regulates GABA A  receptor biogenesis and channel gating. J Biol Chem. 2010;
285:31348–61.  

    Masco D, Van de Walle M, Spiegel S. Interaction of ganglioside GM1 with the B subunit of cholera 
toxin modulates growth and differentiation of neuroblastoma N18 cells. J Neurosci. 1991;
11:2443–52.  

15 Glycobiology of Ion Transport in the Nervous System



340

    Messner DJ, Catterall WA. The sodium channel from rat brain. Separation and characterization of 
subunits. J Biol Chem. 1985;260:10597–604.  

    Milani D, Minozzi MC, Petrelli L, Guidolin D, Skaper SD, Spoerri PE. Interaction of ganglioside 
GM1 with the B subunit of cholera toxin modulates intracellular free calcium in sensory neu-
rons. J Neurosci Res. 1992;33:466–75.  

    Miller JA, Agnew WS, Levinson SR. Principal glycopeptide of the tetrodotoxin/saxitoxin binding 
protein from electrophorus electricus: isolation and partial chemical and physical characteriza-
tion. Biochemistry. 1983;22:462–70.  

    Miyagi T, Wada T, Iwamatsu A, Hata K, Yoshikawa Y, Tokuyama S, et al. Molecular cloning and 
characterization of plasma membrane-associated sialidase specifi c for gangliosides. J Biol 
Chem. 1999;274:5004–11.  

    Montell C. Exciting trips for TRPs. Nat Cell Biol. 2004;6:690–2.  
    Monti E, Bassi MT, Papini N, Riboni M, Manzoni M, Venerando B, et al. Identifi cation and expres-

sion of NEU3, a novel human sialidase associated to the plasma membrane. Biochem 
J. 2000;81:284–96.  

      Montpetit ML, Stocker PJ, Schwetz TA, Harper JM, Norring SA, Schaffer L, et al. Regulated and 
aberrant glycosylation modulate cardiac electrical signaling. Proc Natl Acad Sci U S A. 
2009;106:16517–22.  

    Nakamura K, Wu G, Ledeen RW. Protection of Neuro-2a cells against calcium ionophore cytotox-
icity by gangliosides. J Neurosci Res. 1992;31:245–53.  

    Nedelkoska L, Benjamins JA. Binding of cholera toxin B subunit: a surface marker for murine 
microglia but not oligodendrocytes or astrocytes. J Neurosci Res. 1998;53:605–12.  

    O’Hanlon GM, Hirst TR, Willison HJ. Ganglioside GM1 binding toxins and human neuropathy- 
associated IgM antibodies differentially promote neuritogenesis in a PC12 assay. Neurosci Res. 
2003;47:383–90.  

    Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of health and disease. Cell. 2006;
126:855–67.  

    Pelled D, Lloyd-Evans E, Riebeling C, Jeyakumar M, Platt FM, Futerman AH. Inhibition of cal-
cium uptake via the sarco/endoplasmic reticulum Ca 2+ -ATPase in a mouse model of Sandhoff 
disease and prevention by treatment with N-butyldeoxynojirimycin. J Biol Chem. 
2003;278:29496–501.  

    Peng XQ, Zhang XL, Fang Y, Xie WR, Xie YK. Sialic acid contributes to hyperexcitability of 
dorsal root ganglion neurons in rats with peripheral nerve injury. Brain Res. 2004;1026(2):
185–93.  

    Qiao GF, Cheng ZF, Huo R, Sui XH, Lu YJ, Li BY. GM1 ganglioside contributes to retain the 
neuronal conduction and neuronal excitability in visceral and baroreceptor afferents. 
J Neurochem. 2008;106:1637–45.  

    Quattrini A, Lorenzetti I, Sciorati C, Corbo M, Previtali SC, Feltri ML, et al. Human IgM anti-
 GM1 autoantibodies modulate intracellular calcium homeostasis in neuroblastoma cells. 
J Neuroimmunol. 2001;114:213–9.  

    Roberts RH, Barchi RL. The voltage-sensitive sodium channel from rabbit skeletal muscle. 
Chemical characterization of subunits. J Biol Chem. 1987;262:2298–303.  

    Rodriguez JA, Piddini E, Hasegawa T, Miyagi T, Dotti CG. Plasma membrane ganglioside siali-
dase regulates axonal growth and regeneration in hippocampal neurons in culture. J Neurosci. 
2001;21:8387–95.  

    Rutishauser U, Landmesser L. Polysialic acid in the vertebrate nervous system: a promoter of 
plasticity in cell-cell interactions. Trends Neurosci. 1996;19:422–7.  

    Sandoval A, Oviedo N, Andrade A, Felix R. Glycosylation of asparagines 136 and 184 is necessary 
for the alpha2delta subunit-mediated regulation of voltage-gated Ca 2+  channels. FEBS Lett. 
2004;576:21–6.  

    Sano R, Annunziata I, Patterson A, Moshiach S, Gomero E, Opferman J, et al. GM1 ganglioside 
accumulation at the mitochondria-associated ER membranes links ER stress to Ca 2+ -dependent 
mitochondrial apoptosis. Mol Cell. 2009;36:500–11.  

M.C. Nowycky et al.



341

    Schengrund C-L, Ringler NJ. Binding of  Vibrio cholera  toxin and the heat labile enterotoxin of 
 Escherichia coli  to GM1 and derivatives of GM1, and nonlipid, oligosaccharide polyvalent 
ligands. J Biol Chem. 1989;264:13233–7.  

    Schmidt JW, Catterall WA. Palmitylation, sulfation, and glycosylation of the alpha subunit of the 
sodium channel. Role of post-translational modifi cations in channel assembly. J Biol Chem. 
1987;262:13713–23.  

    Schwetz TA, Norring SA, Ednie AR, Bennett ES. Sialic acids attached to O-glycans modulate 
voltage-gated potassium channel gating. J Biol Chem. 2011;286:4123–32.  

    Shen KF, Crain SM. Dual modulation of the action potential duration of mouse dorsal root gan-
glion neurons in culture. Brain Res. 1989;491:227–42.  

    Siebert HC, André S, Lu SY, Frank M, Kaltner H, van Kuik JA, et al. Unique conformer selection 
of human growth-regulatory lectin galectin-1 for ganglioside GM1 versus bacterial toxins. 
Biochemistry. 2003;42:14762–73.  

    Skoff AM, Benjamins JA. Antibodies to glycolipids and cholera toxin B subunit do not initiate Ca 2+  
signaling in rat Schwann cells. J Peripher Nerv Syst. 1998;3:19–27.  

     Stocker PJ, Bennett ES. Differential sialylation modulates voltage-gated Na +  channel gating 
throughout the developing myocardium. J Gen Physiol. 2006;127:253–65.  

    Sumikawa K, Miledi R. Assembly and N-glycosylation of all ACh receptor subunits are required 
for their effi cient insertion into plasma membranes. Brain Res Mol Brain Res. 1989;5:
183–92.  

    Susuki K, Rasband MN, Tohyama K, Koibuchi K, Okamoto S, Funakoshi K, et al. Anti-GM1 
antibodies cause complement-mediated disruption of sodium channel clusters in peripheral 
motor nerve fi bers. J Neurosci. 2007a;27:3956–67.  

    Susuki K, Baba H, Tohyama K, Kanai K, Kuwabara S, Hirata K, et al. Gangliosides contribute to 
stability of paranodal junctions and ion channel clusters in myelinated nerve fi bers. Glia. 
2007b;55:746–57.  

    Takamiya K, Yamamoto A, Furukawa K, Yamashiro S, Shin M, Okada M, et al. Mice with dis-
rupted GM2/GD2 synthase gene lack complex gangliosides but exhibit only subtle defects in 
their nervous system. Proc Natl Acad Sci U S A. 1996;93:10662–7.  

    Tang C-M, Presser F, Morad M. Amiloride selectively blocks the low threshold (T) calcium chan-
nel. Science. 1988;240:213–5.  

    Tessitore A, del P Martin M, Sano R, Ma Y, Mann L, Ingrassia A, et al. GM1-ganglioside-mediated 
activation of the unfolded protein response causes neuronal death in a neurodegenerative gan-
gliosidosis. Mol Cell. 2004;15:753–66.  

    Thornhill WB, Wu MB, Jiang X, Wu X, Morgan PT, Margiotta JF. Expression of Kv1.1 delayed 
rectifi er potassium channels in Lec mutant Chinese hamster ovary cell lines reveals a role for 
sialidation in channel function. J Biol Chem. 1996;271:19093–8.  

     Tyrrell L, Renganathan M, Dib-Hajj SD, Waxman SG. Glycosylation alters steady-state inactiva-
tion of sodium channel Na v  1.9/NaN in dorsal root ganglion neurons and is developmentally 
regulated. J Neurosci. 2001;21(24):9629–37.  

    Waechter CJ, Schmidt JW, Catterall WA. Glycosylation is required for maintenance of functional 
sodium channels in neuroblastoma cells. J Biol Chem. 1983;258:5117–23.  

    Wang Y, Tsui Z, Yang F. Antagonistic effect of ganglioside GM1 and GM3 on the activity and 
conformation of sarcoplasmic reticulum Ca 2+ -ATPase. FEBS Lett. 1999a;457:144–8.  

    Wang Y, Tsui Z, Yang F. Mechanistic study of modulation of SR Ca 2+ -ATPase activity by ganglio-
sides GM1 and GM3 through some biophysical measurements. Glycoconj J. 1999b;16:781–6.  

     Wang J, Lu Z-H, Gabius H-J, Rolhowsky-Kochan C, Ledeen RW, Wu G. Cross-linking of GM1 
ganglioside by galectin-1 mediates regulatory T cell activity involving TRPC5 channel activa-
tion: possible role in suppressing experimental autoimmune encephalomyelitis. J Immunol. 
2009a;182:4036–45.  

    Wang J, Wu G, Miyagi T, Lu Z-H, Ledeen RW. Sialidase occurs in both membranes of the nuclear 
envelope and hydrolyzes endogenous GD1a. J Neurochem. 2009b;111:547–54.  

    Watanabe I, Zhu J, Recio-Pinto E, Thornhill WB. Glycosylation affects the protein stability and 
cell surface expression of Kv1.4 but not Kv1.1 potassium channels. A pore region determinant 
dictates the effect of glycosylation on traffi cking. J Biol Chem. 2004;279:8879–85.  

15 Glycobiology of Ion Transport in the Nervous System



342

    Wirkner K, Hognestad H, Jahnel R, Hucho F, Illes P. Characterization of rat transient receptor 
potential vanilloid 1 receptors lacking the N-glycosylation site N604. Neuroreport. 2005;16:
997–1001.  

    Wu G, Ledeen RW. Stimulation of neurite outgrowth in neuroblastoma cells by neuraminidase: 
putative role of GM1 ganglioside in differentiation. J Neurochem. 1991;56:95–104.  

     Wu G, Ledeen RW. Gangliosides as modulators of neuronal calcium. Prog Brain Res. 
1994;101:101–12.  

    Wu G, Vaswani KK, Lu Z-H, Ledeen RW. Gangliosides stimulate calcium fl ux in Neuro-2A cells 
and require exogenous calcium for neuritogenesis. J Neurochem. 1990;55:484–91.  

    Wu G, Lu Z-H, Nakamura K, Spray DC, Ledeen RW. Trophic effect of cholera toxin B subunit in 
cultured cerebellar granule neurons: modulation of intracellular calcium by GM1 ganglioside. 
J Neurosci Res. 1996;44:243–54.  

    Wu G, Lu Z-H, Ledeen RW. Interaction of the δ-opioid receptor with GM1 ganglioside: conversion 
from inhibitory to excitatory mode. Brain Res Mol Brain Res. 1997a;44:341–6.  

    Wu G, Lu Z-H, Alfi nito P, Ledeen RW. Opioid receptor and calcium channel regulation of adenylyl 
cyclase, modulated by GM1, in NG108-15 cells: competitive interactions. Neurochem Res. 
1997b;22:1281–9.  

      Wu G, Fang Y, Lu Z-H, Ledeen RW. Induction of axon-like and dendrite-like processes in neuro-
blastoma cells. J Neurocytol. 1998a;27:1–14.  

     Wu G, Lu ZH, Wei TJ, Howells RD, Christoffers K, Ledeen RW. The role of GM1 ganglioside in 
regulating excitatory opioid effects. Ann N Y Acad Sci. 1998b;845:126–38.  

    Wu G, Xie X, Lu Z-H, Ledeen RW. Cerebellar neurons lacking complex gangliosides degenerate 
in the presence of depolarizing levels of potassium. Proc Natl Acad Sci U S A. 2001;98:
307–12.  

    Wu G, Lu ZH, Wang J, Wang Y, Xie X, Meyenhofer MF, et al. Enhanced susceptibility to kainate- 
induced seizures, neuronal apoptosis, and death in mice lacking gangliotetraosegangliosides: 
protection with LIGA20, a membrane-permeant analog of GM1. J Neurosci. 2005;25:
11014–22.  

     Wu G, Lu Z-H, Obukhov ASG, Nowycky MC, Ledeen RW. Induction of calcium infl ux through 
TRPC5 channels by cross-linking of GM1 ganglioside associated with α5β1 integrin initiates 
neurite outgrowth. J Neurosci. 2007;27:7447–58.  

    Wu G, Xie X, Lu Z-H, Ledeen RW. Sodium-calcium exchanger complexed with GM1 ganglioside 
in nuclear membrane transfers calcium from nucleoplasm to endoplasmic reticulum. Proc Natl 
Acad Sci U S A. 2009;106:10829–34.  

    Wu G, Lu Z-H, Gabius H-J, Ledeen RW, Bleich D. Ganglioside GM1 defi ciency in effector T cells 
from NOD mice induces resistance to regulatory T-cell suppression. Diabetes. 2011;60:
2341–9.  

    Xie X, Wu G, Lu Z-H, Ledeen RW. Potentiation of a sodium-calcium exchanger in the nuclear 
envelope by nuclear GM1 ganglioside. J Neurochem. 2002;81:1185–95.  

     Xie X, Wu G, Lu Z-H, Rohowsky-Kochan C, Ledeen RW. Presence of sodium-calcium exchanger/
GM1 complex in the nuclear envelope of non-neural cells: nature of the exchanger-GM1 inter-
action. Neurochem Res. 2004;29:2135–46.  

    Zhang J, Zhao Y, Duan J, Yang F, Zhang X. Gangliosides activate the phosphatase activity of the 
erythrocyte plasma membrane Ca 2+ -ATPase. Arch Biochem Biophys. 2005;444:1–6.  

    Zhao Y, Fan X, Yang F, Zhang Z. Gangliosides modulate the activity of the plasma membrane Ca 2+ -
ATPase from porcine brain synaptosomes. Arch Biochem Biophys. 2004;427:204–12.  

    Zhou TT, Zhang ZW, Liu J, Zhang JP, Jiao BH. Glycosylation of the sodium channel β4 subunit is 
developmentally regulated and involves in neuritic degeneration. Int J Biol Sci. 2012;8:
630–9.  

     Zona C, Eusebi F, Miledi R. Glycosylation is required for maintenance of functional voltage- 
activated channels in growing neocortical neurons of the rat. Proc R Soc Lond B Biol Sci. 
1990;239:119–27.    

M.C. Nowycky et al.



343R.K. Yu and C.-L. Schengrund (eds.), Glycobiology of the Nervous System, 
Advances in Neurobiology 9, DOI 10.1007/978-1-4939-1154-7_16,
© Springer Science+Business Media New York 2014

    Abstract     O-GlcNAc is the attachment of β-N-acetylglucosamine to the hydroxyl 
group of serine and threonine in nuclear and cytoplasmic proteins. It is generally not 
further elongated but exists as a monosaccharide that can be rapidly added or 
removed. Thousands of proteins involved in gene transcription, protein translation, 
and degradation as well as the regulation of signal transduction contain O-GlcNAc. 
Brain is one of the tissues where O-GlcNAc is most highly expressed and deletion 
of neuronal O-GlcNAc leads to death early in development. O-GlcNAc is also 
important for normal adult brain function, where dynamic processes like learning 
and memory at least in part depend on the modifi cation of specifi c proteins by 
O-GlcNAc. Conversely, too much or too little O-GlcNAc on other proteins partici-
pates in neurodegenerative processes underlying diseases such as Alzheimer’s and 
Parkinson’s. In this chapter, we describe the expression and regulation of O-GlcNAc 
in the nervous system.  

  Keywords     O-linked  N -acetylglucosamine   •   O-GlcNAc   •   Learning and memory   • 
  Neurodegeneration   •   Alzheimer’s disease   •   Signaling   •   Nutrient sensing   •   Post- 
translational modifi cations  

16.1           Introduction 

    O-GlcNAc is the attachment of β-N-acetylglucosamine to the hydroxyl group of 
serine and threonine in nuclear and cytoplasmic proteins (Torres and Hart  1984 ). It 
is generally not further elongated but exists as a monosaccharide that can be rapidly 

    Chapter 16   
 O-GlcNAcylation of Neuronal Proteins: 
Roles in Neuronal Functions 
and in Neurodegeneration 

             Olof     Lagerlöf     and     Gerald     W.     Hart    

        O.   Lagerlöf    •    G.  W.   Hart      (*) 
     Department of Biological Chemistry ,  Johns Hopkins University School of Medicine , 
  725 N. Wolfe Street ,  Baltimore ,  MD   21205-2185 ,  USA   
 e-mail: gwhart@jhmi.edu  

mailto:gwhart@jhmi.edu


344

added or removed (Hart et al.  2011 ). Thousands of proteins involved in gene tran-
scription, protein translation, and degradation as well as the regulation of signal 
transduction contain O-GlcNAc (Trinidad et al.  2012 ; Alfaro et al.  2012 ). Brain is 
one of the tissues where O-GlcNAc is most highly expressed and deletion of neuro-
nal O-GlcNAc leads to death early in development (Kreppel et al.  1997 ; O'Donnell 
et al.  2004 ). O-GlcNAc is also important for normal adult brain function, where 
dynamic processes like learning and memory at least in part depend on the modifi -
cation of specifi c proteins by O-GlcNAc (Tallent et al.  2009 ; Rexach et al.  2012 ). 
Conversely, too much or too little O-GlcNAc on other proteins participates in neu-
rodegenerative processes underlying diseases such as Alzheimer's and Parkinson's 
(Arnold et al.  1996 ; Liu et al.  2004 ; Yuzwa et al.  2012 ;    Wang et al.  2010a ,  b ; Marotta 
et al.  2012 ). In this chapter, we describe the expression and regulation of O-GlcNAc 
in the nervous system.  

16.2      O-GlcNAc Is a Ubiquitous Monosaccharide That Cycles 
onto and off Serine and Threonine 

16.2.1      O-GlcNAc Is Not Elongated to Yield Complex 
Oligosaccharides 

 O-GlcNAc is the covalent modifi cation of nuclear and cytoplasmic proteins by β-N- 
acetylglucosamine (Torres and Hart  1984 ). O-GlcNAc is formed as a derivative of 
glucose through the hexosamine biosynthesis pathway (HBP). In the HBP, the oxy-
gen on the second carbon of fructose-6-phosphate is exchanged for nitrogen form-
ing GlcN-6-P, prior to acetylation of the nitrogen to yield GlcNAc-6-P. This is then 
coupled to the high-energy molecule uridine diphosphate (UDP), UDP-GlcNAc 
(Fig.  16.1 ). Upon modifi cation of proteins by O-GlcNAc, the GlcNAc is cleaved 
from the UDP and attached in β-position to the hydroxyl group of serine or threo-
nine (O-β-GlcNAc, O-GlcNAc). The reaction is catalyzed by the O-GlcNAc trans-
ferase, OGT. The removal of GlcNAc is catalyzed by the O-GlcNAc hydrolase, 
O-GlcNAcase (OGA).

   Unlike “classical” O- and N-linked protein glycosylation the GlcNAc is gener-
ally not elongated but exists as a monosaccharide. In fact, when O-GlcNAc is artifi -
cially capped by galactose, its biological function is lost (Fang and Miller  2001 ). 
Although, O-GlcNAc is smaller than complex oligosaccharides, it is still much 
larger than many other protein modifi cations, such as protein methylation or protein 
phosphorylation (Hart et al.  2011 ).  
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16.2.2            O-GlcNAc Is Mostly Expressed on the Inside 
of Cells in Multicellular Organisms 

 O-GlcNAc is a highly conserved posttranslational modifi cation. It has been found in 
evolutionary distinct clades like plantae, fungi, and animalia (Kreppel et al.  1997 ; 
Webster et al.  2009 ). In multicellular organisms, all types of cells investigated so far 
contain O-GlcNAc (Hart et al.  2011 ). O-GlcNAc has also been identifi ed in some 
unicellular organisms, e.g. giardia—the oldest eukaryote, and inside several types 
of virus (Banerjee et al.  2009 ; Benko et al.  1988 ; Caillet-Boudin et al.  1989 ). 
Nonetheless, most studies on unicellular organisms fail to report the presence of 
β-O-GlcNAc. Protozoans modify proteins by O-linked GlcNAc but primarily on 
extracellular proteins and in α-linkage rather than in β-linkage. Yeasts appear to 
lack O-GlcNAc entirely. Bacteria are also largely devoid of cytoplasmic O-GlcNAc 
even though some bacterial proteins have been shown to carry O-linked GlcNAc 
(Schirm et al.  2004 ; Fredriksen et al.  2012 ). Interestingly, the bacterium  Clostridium 
novyi  exploits O-GlcNAc by encoding an O-GlcNAc transferase that modifi es small 
G-proteins in the infected cell (Selzer et al.  1996 ; Hart et al.  2007 ,  2011 ). 

  Fig. 16.1    O-GlcNAc cycling is regulated by two enzymes, OGT and OGA, and total O-GlcNAc 
levels depend on several metabolic pathways. The donor substrate for O-GlcNAc, UDP-GlcNAc, 
is produced by the hexosamine biosynthesis pathway (HBP). Many metabolites feed into the HBP 
and thereby modulate UDP-GlcNAc production. In the nucleus and cytosol of cells, the O-GlcNAc 
transferase (OGT) cleaves the UDP-GlcNAc and adds the GlcNAc to serine or threonine on pro-
teins. The GlcNAc can then be removed from the protein by another nucleocytoplasmic protein, 
the O-GlcNAc hydrolase, OGA       
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 O-GlcNAc is expressed almost exclusively on the inside of cells (Torres and Hart 
 1984 ). Until the discovery of O-GlcNAc protein glycosylation was known to occur 
only on proteins exposed to the extracellular matrix, or in cellular organelles topo-
graphically similar to the outside of the cell such as the endoplasmatic reticulum 
(ER) and the Golgi apparatus. In contrast, nearly all proteins that contain O-GlcNAc 
are expressed in the cytosolic or nuclear fraction of the cell. Proteins anchored to the 
cell membrane are modifi ed with O-GlcNAc but usually only on parts stretching 
into the cytosol. This comes as no surprise as the O-GlcNAc transferase, OGT, is 
mainly nucleocytoplasmic rather than present in the Golgi or ER as other glycosyl-
transferases (there are at least two O-GlcNAc transferases with their active sites in 
the lumen of the ER, called, eOGTs, but these enzymes are distinct from the enzyme 
regulating nucleocytoplasmic O-GlcNAc. O-GlcNAc has been detected on extracel-
lular domains of a handfull of proteins, e.g. Notch) (see Sect.  16.2.2 ; Alfaro et al. 
 2012 ). Also the hexosaminidase removing O-GlcNAc, OGA, is cytosolic and active 
at neutral pH (see Sect.  16.2.3 ). By comparison, cellular glycosidases breaking 
down glycoconjugates retrieved from the cell surface are primarily found in the 
lysosome and prefer an acidic milieu. 

 Importantly, the concentration of O-GlcNAc is not uniform across the cell. Some 
parts, like the nuclear membrane, are heavily modifi ed whereas other parts, like the 
mitochondria, contain O-GlcNAc but to a lesser degree. All major organelles and 
other cytosolic substructures, e.g. the proteasome and ribosome, express O-GlcNAc 
(Holt and Hart  1986 ; Zhang et al.  2003 ; Zeidan et al.  2010 ). The precise level varies 
over time and is fi nely tuned to meet the conditions of the cell (see Sects.     16.2.3 , 
 16.3  and  16.4 ).  

16.2.3        O-GlcNAc Can Be Dynamically Attached and Removed 

 Whether or not a protein is modifi ed by O-GlcNAc varies substantially over time. 
On many proteins, including the heat-shock protein αB-crystallin, the O-GlcNAc 
half-life is much shorter than the half-life of the peptide backbone (Roquemore 
et al.  1996 ). In fact, studies using selective inhibitors of the enzyme that removes 
O-GlcNAc from proteins, OGA, show that cycling rates are often on the order of 
minutes, making O-GlcNAc more akin to protein phosphorylation than “classical” 
protein glycosylation. “Classical” N- and O-linked glycosylation of proteins, glyco-
sylation of proteins exposed to the extracellular matrix or within the secretory path-
way, is, largely, stable once the mature glycan has been attached. There are examples 
of proteins, e.g. the nucleoporins that form pores through the nuclear membrane, 
where the O-GlcNAc does not appear to turnover faster than the protein itself (Holt 
et al.  1987 ; Miller et al.  1999 ). 

 It has been proposed that O-GlcNAc cycling works like a light switch with only 
two modes of operation—either “on” or “off.” One argument in favor of this idea is 
the fact that there are only two enzymes that add and remove O-GlcNAc from pro-
teins, OGT and OGA, respectively (see Sect.  16.2 ). Indeed, in some situations cells 
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react by either elevating or suppressing global O-GlcNAc levels. For example, 
abundant nutrient supply leads to a general increase in O-GlcNAc and scant supply 
to a general decrease (see Sects.  16.2.2  and  16.4.3 ). Likewise, cellular stress is asso-
ciated with raised O-GlcNAc throughout the cell (Zachara et al.  2004 ). All the 
same, early studies showed that activation of lymphocytes causes O-GlcNAc levels 
in the cytosol to go up while they go down in the nucleus (Kearse and Hart  1991 ). 
A recently developed FRET (fl uorescence resonance energy transfer) reporter that 
measures OGT activity in real-time demonstrated further that during serum stimula-
tion of transformed cell lines, OGT was activated manifold in some parts of the 
cytosol whereas in nearby areas OGT activity remained at baseline (Carillo et al. 
 2011 ). Work on the regulation of signal transduction by O-GlcNAc describes the 
same picture; upon stimulation, in a single pathway there can be proteins that 
become better substrates for OGT but also proteins that become worse substrates for 
OGT (Whelan et al.  2010 ). Thus, despite there being only two enzymes that add and 
remove O-GlcNAc, changes in O-GlcNAc can occur “locally” within the cell. For 
example, by forming dynamic multipartner complexes OGT and OGA can be 
directed towards select targets among a broader range of available substrates (see 
Sects  16.2.2 – 16.3 ; Whelan et al.  2008 ; Cheung and Hart  2008 ; Housley et al.  2009 ). 

 The spatiotemporal regulation of O-GlcNAc cycling is complex and occurs on 
many levels. While nutrients and stress can cause global changes in O-GlcNAc, 
binding partners to OGT and OGA tune O-GlcNAc occupancy locally. Below we 
will discuss in detail how O-GlcNAc cycling is controlled in the nervous system and 
how the dynamic modifi cation of proteins by O-GlcNAc helps the brain to develop 
and respond to challenges in the environment.   

16.3        O-GlcNAc Is Added to Proteins by OGT 
and Removed by OGA 

16.3.1      Only Two Enzymes Regulate the Cycling of O-GlcNAc 

 O-GlcNAc exists as a monosaccharide on nuclear and cytoplasmic proteins and can 
cycle rapidly and repeatedly over the lifetime of the polypeptide chain (see 
Sect.  16.1 ). In a single cell, including neurons, thousands of proteins carry 
O-GlcNAc (Trinidad et al.  2012 ; see Sect.  16.3.2 ). Change in O-GlcNAc can hap-
pen globally throughout the cell but also locally on individual proteins or sites 
within a protein (see Sect.  16.2.3 ). In mammals, there are only two enzymes that 
add and remove O-GlcNAc. The O-GlcNAc transferase (OGT) adds O-GlcNAc to 
proteins (Haltiwanger et al.  1990 ; Kreppel et al.  1997 ). The O-GlcNAc glycosidase, 
O-GlcNAcase (OGA), removes O-GlcNAc from proteins (Dong and Hart  1994 ; 
Gao et al.  2001 ). As we will see in Sects.  16.4  and  16.5  loss or deregulation of 
O-GlcNAc cycling leads to severe developmental brain defects, impaired brain 
function in the adult and risk for many neurodegenerative disorders, e.g. Alzheimer's 
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disease. In this section we will discuss how OGT and OGA are both promiscuous in 
order to accept a broad range of targets while at the same time specifi c to ensure that 
O-GlcNAc cycles on the correct site at the correct time and place.  

16.3.2        O-GlcNAc Transferase; A Highly Conserved 
Glycosyltransferase Present in the Nucleus and Cytosol 

 In mammals, O-GlcNAc transferase (OGT) is encoded by a single gene. The gene 
is highly conserved and lies close to the centromeric region of the X chromosome 
(Xq13) (Shafi  et al.  2000 ; Nolte and Muller  2002 ; Kreppel et al.  1997 ). It spans 
about 45 kilobase pairs (kb) and its locus is linked to Parkinsonian dystonia, a neu-
rodegenerative movement disorder (Nolte and Muller  2002 ; Muller et al.  1998 ). In 
most organs there are fi ve major OGT transcripts ranging from 4.2 kb to 9.5 kb. The 
transcripts undergo alternative splicing and two 4 kb transcripts may arise from an 
internal promoter. In brain the larger 9.5 and 6.4 kb transcripts, which include exons 
located 5′ of the internal promoter, dominate (Hanover et al.  2003 ; Nolte and Muller 
 2002 ). Most studies so far argue that the total expression of  OGT  is stable during 
most conditions. However, little is known about the regulation of the OGT gene and 
at least in neuroblastoma cells OGT mRNA increases after depriving the cells of 
glucose (Cheung and Hart  2008 ). 

 The protein encoded by  OGT  contains two major domains. The N-terminal half 
is comprised of several tetratricopeptide (TPR) repeats and the C-terminal half 
binds UDP-GlcNAc and harbors the glycosyltransferase activity. The TPR repeats 
form a fl exible superhelix that can accommodate many protein–protein interactions 
(Lyer et al.  2003 ; Kreppel et al.  1997 ; Kreppel and Hart  1999 ; Jinek et al.  2004 ). 
The C-terminus exhibits a more compact structure and resembles members of the 
GT-B superfamily of glycosyltransferases (Gtfs) but adopts some unique folds as 
well (Lazarus et al.  2011 ). While most OGT-interacting proteins are believed to 
bind the TPR repeats the C-terminus includes regions that are necessary and suffi -
cient for some interactions, e.g. to the mitogen-activated kinase (MAPK) p38 in 
neurons (Cheung and Hart  2008 ). The C-terminus also mediates translocation to the 
cell membrane upon insulin stimulation, probably via a cluster of lysines that pairs 
electrostatically with negatively charged phosphatylinositol (3,4,5)-triphosphate 
(PIP3) (Yang et al.  2008 ). 

 Catalysis occurs by an ordered sequential mechanism where OGT binds fi rst 
UDP-GlcNAc and then the substrate. A hydroxyl group on the incoming substrate 
performs a direct nucleophilic attack on the anomeric carbon on GlcNAc, thereby 
inverting the glycosidic bond from UDP-α-GlcNAc to (serine/threonine-) O-β- 
GlcNAc. In the catalytic groove, there is a general base (histidine 498) and a general 
acid (probably lysine 842) that catalyze the nucleophilic attack by activating the 
hydroxyl group (Lazarus et al.  2011  Banerjee et al.  2013 ). In vitro experiments have 
shown that if the TPR domain is removed from OGT, the C-terminus alone can 
modify peptides with O-GlcNAc. In contrast, for protein substrates to be modifi ed, 
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the TPR domain is required (Kreppel and Hart  1999 ; Lyer and Hart  2003 ). It has 
been hypothesized based on computer simulations that the TPRs induce a confor-
mational change in the substrate that enables the O-GlcNAc site to dock at the cata-
lytic groove. Most likely, OGT goes through a conformational change as well; the 
TPR helix pivots around the intervening region between the TPRs and the C-terminus 
exposing the entrance to the groove (Trinidad et al.  2012 ; Lazarus et al.  2011 . 

 Three major isoforms of OGT have been described (Hanover et al.  2003 ). All 
share the same catalytic domain but differ in their N-terminus. Nucleocytoplasmic 
OGT (ncOGT) is the full-length variant and includes 11–12 TPRs, depending on the 
species. Mitochondrial OGT (mOGT) starts with a mitochondrial targeting 
sequence, followed by a membrane-spanning region and continues with the last 
nine TPRs found in ncOGT. The third, and shortest, isoform is soluble OGT (sOGT). 
It contains only three TPRs. According to most studies, only ncOGT is present in 
total brain lysate (Kreppel et al.  1997 ; Marz et al.  2006 ). However, sOGT may 
become upregulated in older animals and little is known about whether mOGT or 
sOGT is present in specifi c regions of the brain or in specifi c subcellular compart-
ments (Liu et al.  2012 ). Apart from mOGT, which is anchored to the inner mem-
brane of the mitochondria, almost all OGT activity is found in the nucleocytoplasm 
or as a nonintegral membrane protein associated with the cytosolic face of cell 
membranes (Hanover et al.  2003 ; Haltiwanger et al.  1990 ) 

 In vivo, OGT oligomerizes into a dimer or trimer (Kreppel et al.  1997 ; Marz 
et al.  2006 ). OGT was fi rst purifi ed from rat liver and described as a heterotrimer 
consisting of two ncOGT and one 78 kDa unit. The 78 kDa unit is enriched in cer-
tain tissues and may correspond to sOGT, but may also be a proteolytic fragment of 
ncOGT (Haltiwanger et al.  1992 ; Kreppel et al.  1997 ). The major form of OGT 
expressed in brain is more likely a homodimer of ncOGT (Marz et al.  2006 ). 
Dimerization occurs over an evolutionary conserved hydrophobic region in the 
TPR domain (TPR 6). Dimerization is stable even in very high salt concentrations 
and probably not subject to posttranslational regulation (Kreppel and Hart  1999 ; 
Jinek et al.  2004 ). 

 OGT is exquisitely regulated adding O-GlcNAc only to particular sites at any 
given time and place. In vitro, OGT exhibits sequence specifi city. If purifi ed OGT 
is mixed with UDP-GlcNAc and a peptide that contains several possible O-GlcNAc 
sites, often only one or a few sites become signifi cantly modifi ed. Likewise, sub-
strate peptides derived from different proteins are often modifi ed with different effi -
ciency (Kreppel and Hart  1999 ). Also UDP-GlcNAc levels infl uence peptide 
substrate specifi city (Kreppel and Hart  1999 ; Shen et al.  2012 ). Nevertheless, there 
is no absolute substrate consensus sequence for OGT. Indeed, the catalytic site of 
OGT interacts primarily with the peptide backbone of the substrate and not particu-
lar side chains (Lazarus et al.  2011 ). In vivo, O-GlcNAc sites concentrate on disor-
dered regions of proteins and close to proline and valine, the so called PVS motifs 
(Alfaro et al.  2012 ; Trinidad et al.  2012 ; Hart et al.  2011 ). Presumably, the reason is 
that such regions can be made to fi t OGT's catalytic groove more easily. 

 Primary sequence plays a role in determining the major O-GlcNAc sites on a 
given protein. However, in cells, whether a particular protein will be modifi ed 
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depends also on OGT-binding proteins. OGT operates as a holoenzyme, where its 
interacting proteins direct OGT to its substrates (Whelan et al.  2008 ; Cheung and 
Hart  2008 ; Cheung et al.  2008 ; Housley et al.  2009 ; Marz et al.  2006 ; Yang et al. 
 2002 ). For example, in neurons, neurofi laments become O-GlcNAcylated only after 
activated p38 binds OGT (Cheung et al.  2008 ). OGT-interacting proteins can 
enhance OGT activity towards peptide substrates as well (Marz et al.  2006 ). 
Moreover, OGT is multiple phosphorylated and it modifi es itself with O-GlcNAc 
(Kreppel et al.  1997 ;    Song et al.  2008 ; Whelan et al.  2008 ). Phosphorylation of 
OGT can both activate OGT, e.g. CaMKIV during neuronal depolarization, and 
alter OGT's substrate specifi city (Whelan et al.  2008 ; Song et al.  2008 ; Bullen and 
Hart Forthcoming paper). OGT is strongly inhibited by free UDP but, unlike most 
other glycosyltransferases that utilize a UDP-bound sugar as donor, OGT does not 
require divalent cations (Haltiwanger et al.  1990 ). For a summary of the regulation 
of OGT, see Fig.  16.2 .

   OGT has emerged as a key cellular nutrient sensor. The donor for O-GlcNAc, 
UDP-GlcNAc, is produced by the hexosamine biosynthesis pathway, the HBP (see 
Sect.  16.2.1 ). UDP-GlcNAc is an abundant high-energy small molecule and ranges 
in concentrations within cells from 0.1 to 1 mM. Almost all metabolic pathways 
feed into the HBP and contribute to the production of UDP-GlcNAc, including fatty 
acids, nitrogen and 2–5 % of all cellular glucose. A rich energy supply elevates 

  Fig. 16.2    The regulation of the O-GlcNAc transferase, OGT, is complex. In cells, OGT forms an 
oligomer that interacts with many other proteins. The composition of the oligomer depends on 
what OGT isoforms are transcribed and probably also on proteolytic processing. The interacting 
proteins direct OGT to its substrates at specifi c points in time and space. OGT activity can also be 
regulated by posttranslational modifi cations such as O-GlcNAc and O-phosphate and UDP- 
GlcNAc abundance       
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UDP-GlcNAc, and, subsequently, protein O-GlcNAcylation whereas a scarce 
 supply is associated with reduced levels of both UDP-GlcNAc and O-GlcNAc (Hart 
et al.  2011 ; Hart et al.  2007 ). Also in the brain fasting has been shown to decrease 
O-GlcNAc generally, a change reversed upon re-feeding (Liu et al.  2004 ; Li et al. 
 2006 ). Interestingly, depending on the substrate, the K m  for UDP-GlcNAc can vary 
more than 20-fold but most become better substrates in the presence of higher con-
centrations of UDP-GlcNAc (Shen et al.  2012 ; Kreppel and Hart  1999 ). Therefore, 
although metabolic fl ux is associated with global changes in O-GlcNAc, some 
 proteins are more sensitive to nutrient supply than others. In Sects.  16.4  and  16.5  we 
will discuss how OGT as a nutrient sensor is involved in the pathology behind neu-
rodegenerative disease.  

16.3.3     O-GlcNAcase; A Cytosolic O-β-GlcNAc 
Hydrolase with Neutral pH Optima 

 In accord with the O-GlcNAc transferase, the enzyme that removes O-GlcNAc from 
proteins, the O-GlcNAcase (OGA), is expressed from a single gene. The gene was 
fi rst cloned as an antigen associated with meningioma and it is localized to the long 
arm of chromosome 10 (10q24), a locus tightly linked to late-onset Alzheimer's 
disease (Heckel et al.  1998 ; Bertram et al.  2000 ). In addition, alternatively spliced 
OGA transcripts have been associated with sporadic cases of Alzheimer’s disease 
(Twine et al.  2011 ). 

 OGA hydrolyses GlcNAc from proteins using substrate-assisted catalysis. Two 
aspartates activate the acetamido group on GlcNAc's second carbon to perform a 
nucleophilic attach on its anomeric carbon. This results in the displacement of 
GlcNAc from the protein (Macauley et al.  2005 ; Dennis et al.  2006 ). Contrary to 
many other hexosaminidases, OGA has neutral pH optima and is not inhibited by 
GalNAc. Nor does it remove GalNAc from proteins but is specifi c for β-linked 
O-GlcNAc (Dong and Hart  1994 ). OGA is also genetically and immunogenically 
distinct from other glycosidases (Gao et al.  2001 ). 

 OGA has been identifi ed in all tissues so far investigated. It is expressed in the 
nucleus and cytoplasm of cells and the highest expression is found in brain (Gao 
et al.  2001 ). OGA is highly conserved but contains a middle, intrinsically unfolded 
region that exhibits more variability (Gao et al.  2001 ; Heckel et al.  1998 ; Butkinaree 
et al.  2008 ). Like OGT, OGA consists of two major domains. The glycosidase 
domain is C-terminal. The N-terminus contains a histone acetyl transferase (HAT) 
domain. While the HAT domain was reported to be functionally active (Toleman 
et al.  2004 ; Toleman et al.  2006 ), other groups have not been able to repeat this fi nd-
ing (Butkinaree et al.  2008 ). Caspase 3 cleaves OGA between the glycosidase 
domain and the HAT domain during apoptosis without any loss of O-GlcNAcase 
activity (Butkinaree et al.  2008 ). 
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 Very little is known about the regulation of OGA. It is believed that OGA forms 
multipartner complexes that direct OGA to its substrates, much like how OGT is 
regulated (Hart et al.  2011 ; see above). Recently, highly specifi c pharmacological 
inhibitors of OGA have been developed (Yuzwa et al.  2008 ; Yuzwa et al.  2012 ). In 
Sects.  16.4  and  16.5  we will learn more about the way in which OGA is important 
for the brain's ability to learn and form memories and serves as a drug target for 
neurodegenerative disorders.   

16.4          O-GlcNAc Is Highly Expressed in the Nervous System 

16.4.1     O-GlcNAc is Found Throughout the Brain 

 Brain is one of the organs where O-GlcNAc is the most abundant. OGT and OGA 
are expressed in comparatively high levels in the brain (Kreppel et al.  1997 ; Lubas 
et al.  1997 ; Gao et al.  2001 ). Both enzymes are present across brain regions, includ-
ing cortex, the cerebellum, and subcortical nuclei such as the amygdala (Liu et al. 
 2012 ; Rexach et al.  2012 ). Within neurons, O-GlcNAc has been identifi ed in all 
subcellular structures investigated, albeit to differing degrees. Biochemical fraction-
ation was used to show that O-GlcNAc transferase activity was present in synapses 
(Cole and Hart  2001 ). Immunoelectron microscopy indicated that OGT and 
O-GlcNAc were present in both the post- and presynapse. In the presynapse, OGT 
is concentrated on synaptic vesicles storing neurotransmitter (Akimoto et al.  2003 ). 
Most research on O-GlcNAc in the brain has focused on O-GlcNAc's role in neu-
rons of the central nervous system. Less is known about its expression in neurons of 
the peripheral nervous system or in glia.  

16.4.2      Thousands of Neuronal Proteins Are Modifi ed by 
O-GlcNAc 

 One diffi culty in studying the role of O-GlcNAc for brain function is its vast abun-
dance. Technical breakthroughs have allowed identifi cation of O-GlcNAc sites  en 
masse  by coupling selective enrichment of O-GlcNAc-modifi ed proteins with elec-
tron capture dissociation (ECD) or electron transfer dissociation (ETD) mass spec-
trometry (types of mass spectrometry that can fragment peptides without losing the 
GlcNAc) (Wang et al.  2010a ,  b ; Trinidad et al.  2012 ). According to some estimates, 
about 40 % of all neuronal proteins are modifi ed by O-GlcNAc (Trinidad et al. 
 2012 ). Some proteins, like bassoon, which is important for neurotransmitter release, 
have more than a dozen O-GlcNAc sites. On other proteins, e.g. CaMKII, only a 
single site has been detected (Trinidad et al.  2012 ). As discussed in Sect.  16.2.2  
O-GlcNAc sites concentrate on structurally disordered regions of proteins and there 
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is some preference for a sequence context rich in  proline and valine. For any par-
ticular site, O-GlcNAc is usually present in substochiometric levels (Hart et al. 
 2007 ). The absolute occupancy is dynamic and depends on the activity of the neu-
ron, possibly due to CaMK-dependent stimulation of OGT (Khidekel et al.  2007 ; 
Rexach et al.  2010 ; Song et al.  2008 ). 

 Proteins modifi ed by O-GlcNAc belong to all functional classes (Fig.  16.3 ). 
Many O-GlcNAc proteins are shared across cell types and underlie constitutive cel-
lular functions such as transcription, translation, and protein degradation. 
Nevertheless, the role played by O-GlcNAc on these factors is often neuron- specifi c. 
For example, in neurons, the common transcription factor cyclic AMP-response 
element binding protein (CREB) is modifi ed by O-GlcNAc on serine 40 upon cell 
depolarization. Once modifi ed, CREB is prevented from binding to its coactivator 
CRTC (CREB-regulated transcription coactivator). This inhibits CREB and leads 
to an inactivation of several transcription pathways involved in synaptic plasticity 
(see Sect.  16.4.2 ; Rexach et al.  2012 ). Other O-GlcNAc proteins are particular to 
neurons, including certain scaffolding proteins, signaling proteins, and cytoskeletal 
proteins. Many of these are proteins found in the synapse. One interesting case is 
CaMKII-α. CaMKII-α is modifi ed by O-GlcNAc in a small region known to contain 
one phosphorylation site that can activate the enzyme and another phosphorylation 
site that deactivates it (Trinidad et al.  2012 ). The regulation of CaMKII-α activity is 
crucial for synaptic events that underlie learning and memory (Lisman et al.  2002 ). 
Therefore, elucidation of how O-GlcNAc may fi ne tune CaMKII-α activity is 
important not only to our understanding of synapse biology but also higher-order 
brain function. Moreover, in the synapse, there is a signifi cant overrepresentation of 
kinases, the enzymes that add O-phosphate to proteins, among the proteins that are 
modifi ed by O-GlcNAc (Trinidad et al.  2012 ).

   Several proteins that contribute to the development of neurocognitive disease 
carry O-GlcNAc. The transcription factor methyl CpG binding protein 2 (MeCP2) 

  Fig. 16.3    O-GlcNAc modifi ed proteins in neurons belong to all functional classes. In neurons, 
more than a 1,000 proteins carry O-GlcNAc. The O-GlcNAc-modifi ed proteins include chromatin, 
transcription factors, cytoskeletal proteins, and enzymes like kinases. Many of these are present in 
the synapse. The fi gure shows the distribution of O-GlcNAc in brain across cell compartments, 
modifi ed from Alfaro et al. Proc Natl Acad Sci USA. (2012) 109(19):7280–5       
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coordinates activity-dependent gene transcription and is modifi ed by O-GlcNAc. 
Loss of MeCP2 causes Rett syndrome, a developmental disorder classically associ-
ated with repetitive and stereotypical hand movements and mental retardation. It has 
been shown that only the MeCP2 molecules that do not carry O-GlcNAc were acti-
vated in response to neuronal depolarization (Wang et al.  2010a ,  b ; Rexach et al. 
 2012 ). Seemingly on MeCP2, O-GlcNAc serves as a checkpoint for turning on or 
off activity-dependent gene transcription. Other O-GlcNAc proteins that are inti-
mately involved in neurocognitive disease include tau (Alzheimer’s disease) and 
α-synuclein (Parkinson’s disease) (Arnold et al.  1996 ; Wang et al.  2010a ,  b ).  

16.4.3      O-GlcNAc Regulates Diverse Cellular Processes 

 Proteins modifi ed by O-GlcNAc regulate diverse cellular processes such as gene 
transcription, protein translation and degradation and signal transduction. The func-
tion of the O-GlcNAc modifi cation depends on the specifi c protein that is modifi ed 
as well as the site on that protein that is modifi ed (Hart et al.  2007 ; Hart et al.  2011 ). 
Here we will briefl y discuss different mechanisms by which O-GlcNAc underlies 
normal cell function. 

    Gene Transcription 

  RNA polymerase II . O-GlcNAc may directly affect basal transcription by inactivat-
ing RNA polymerase II. RNA polymerase II in the so-called pre-initiation complex 
is heavily modifi ed by O-GlcNAc in its carboxyl terminal domain (CTD). However, 
the RNA polymerase II in the so-called elongation complex is devoid of O-GlcNAc. 
Instead, upon transcription initiation the CTD of RNA polymerase II becomes phos-
phorylated. It has been suggested that the loss of O-GlcNAc is required before it can 
be phosphorylated and thereby activated (Kelly et al.  1993 ; Comer and Hart  1999 ; 
Ranuncolo et al.  2012 ). 

  Histones . Histones are modifi ed by multiple posttranslational modifi cations, includ-
ing O-GlcNAc (Sakabe et al.  2010 ). The combination of these modifi cations is 
hypothesized to form a “code” that either facilitates or prevents the access of tran-
scription factors to DNA. The O-GlcNAc on serine 112 enhances the (mono-) ubiq-
uitination of histone 2B thereby activating gene transcription (Fujiki et al.  2011 ). 

  Transcription factors . O-GlcNAc takes advantage of several different mechanisms 
to regulate the activity of transcription factors toward gene transcription (Ozcan 
et al.  2010 ). O-GlcNAc activates NeuroD by promoting its shuttling from the cyto-
sol to the nucleus and protects p53 by saving it from ubiquitin-mediated degradation 
(Andrali et al.  2007 ). O-GlcNAc on serine 228 on Oct4 does not affect its general 
activity but infl uences its promoter specifi city (Jang et al.  2012 ).  
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    Protein Translation 

 O-GlcNAc plays several distinct roles during the translation of messenger RNA to 
polypeptide chains. OGT and OGA bind very tightly to the ribosome and overex-
pression of OGT was shown to facilitate ribosome assembly. Several ribosomal 
proteins are modifi ed by O-GlcNAc, including the mammalian target of rapamycin 
(mTOR) pathway protein S6 (Zeidan et al.  2010 ). Also associated translational fac-
tors are modifi ed by O-GlcNAc. The eukaryotic initiation factor 2 (eIF2) initiates 
translation by forming a complex with p67. It has been suggested that the O-GlcNAc 
on p67 is required for p67’s ability to protect eIF2 from phosphorylation and thereby 
inactivation (Datta et al.  1989 . Ray et al.  1992 ).  

    Protein and Vesicle Traffi cking 

 The subcellular distribution of multiple proteins has been shown to depend on 
O-GlcNAc (Sayat et al.  2008 ; Geng et al.  2012 ). For instance, E-cadherin is a cell 
junction protein that, among other things, is important for inhibitory synapse forma-
tion (Fiederling et al.  2011 ). If the O-GlcNAc on E-cadherin's cytosolic tail is not 
removed, E-cadherin becomes trapped in the endoplasmatic reticulum (ER) and 
cannot be transported further to the Golgi apparatus (Geng et al.  2012 ). O-GlcNAc 
may also play a role in the transport of microvesicles within cells, e.g. vesicles that 
mediate the release of neurotransmitter. There is no direct evidence showing that 
O-GlcNAc regulates microvesicle traffi cking per se. However, proteins such as 
adaptor protein complex 2 (AP-2) that mediates clathrin-dependent endocytosis and 
 N -ethylmaleimide-sensitive fusion protein (NSF), which is an ATPase involved in 
vesicle fusion, are modifi ed by O-GlcNAc (Clark et al.  2008 ).  

    Protein Degradation 

 O-GlcNAc is intimately involved in the control of protein degradation. O-GlcNAc 
sites often fall in regions with high PEST-scores (the Pro-Glu-Ser-Thr sequence is 
associated with rapid degradation of proteins) and an increase in global O-GlcNAc 
leads to an increased ubiquitination of proteins whereas a decrease in global 
O-GlcNAc decreases protein ubiquitination (Hart et al.  2007 ; Guinez et al.  2008 ). 
In addition, O-GlcNAc can directly inhibit the proteasome by modifying the 26S 
and 19S proteasomes (Zang et al.  2003 ).  

    Signaling and the Crosstalk Between O-GlcNAc and O-Phosphate 

 An emerging theme in the regulation of signal transduction pathways is the cross-
talk between O-GlcNAc and O-phosphate. Many O-phosphorylated proteins are 
also O-GlcNAc proteins (Trinidad et al.  2012 ). O-GlcNAc and O-phosphate can 
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directly and reciprocally inhibit each other by sharing the same site, as in the case 
of threonine 58 in the trans-activation domain of the transcription factor c-myc 
(Chou et al.  1995a ; Chou et al.  1995b ). On other proteins the crosstalk is indirect 
and can be both negative and positive. Removal of O-GlcNAc from threonine 57/
serine 58 on CaMKIV, for example, prevents the phosphorylation of threonine 200, 
the main activation site on CaMKIV. At the same time, loss of O-GlcNAc on serine 
189 facilitates threonine 200 phosphorylation (Dias et al.  2009 ). In fact, on a global 
level, the occupancy of most dynamic phosphorylation sites is affected by acute 
inhibition of O-GlcNAc cycling (Wang et al.  2008 ). As a group, kinases, the 
enzymes that add O-phosphate to proteins, are more often modifi ed by O-GlcNAc 
than other kinds of proteins (Dias et al.  2012 ; Trinidad et al.  2012 ). Furthermore, as 
we discussed in Sect.  16.2.2 , phosphorylation of OGT can activate OGT and infl u-
ence its substrate specifi city.    

16.5        O-GlcNAc Is Essential for Brain Function 

 In Sects.  16.1 – 16.4  we have learned that O-GlcNAc dynamically modifi es a vast 
array of neuronal proteins involved in many cellular processes, such as gene tran-
scription and signal transduction. In the following section we will discuss how the 
regulation of neuronal function by O-GlcNAc underlies normal brain function and 
contributes to neurocognitive disease (summarized in Fig.  16.4 ).

16.5.1       Early and Late Brain Development Depends 
Upon O-GlcNAc Cycling 

 In vertebrates, O-GlcNAc is essential for normal development. In many different 
cell types, it has been shown that perturbations of O-GlcNAc cycling interrupt the 
cell cycle by preventing cytokinesis (Slawson et al.  2005 ; Slawson et al.  2008 ; 
Wang et al.  2010a ,  b ). In the embryo, this leads to failure of stem cell proliferation 
and subsequent death at the single cell stage (Shafi  et al.  2000 ). Studies taking 
advantage of partial depression of OGT expression, where cell proliferation is pre-
served, indicated that renewal of stem cell pluripotency and stem cell differentiation 
depends upon O-GlcNAc. In fact, two members of the core pluripotency network in 
embryonic stem cells, Oct4 and Sox2, are modifi ed by O-GlcNAc. Loss of 
O-GlcNAc on threonine 228 of Oct4 alters its promoter specifi city disrupting tran-
scription of dozens of genes, including some that are involved in neuronal differen-
tiation (e.g. Nanog) (Jang et al.  2012 ; Wang et al.  2012 ). 

 Later in development, O-GlcNAc plays a role in brain morphogenesis and pat-
terning. Loss of OGT decreases brain size, while overexpression of OGT blurs the 
organization and distinction of hind-, mid-, and forebrain regions in zebra fi sh 
(Webster et al.  2009 ). Likewise, when OGT was deleted from neurons specifi cally 
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  Fig. 16.4    O-GlcNAc underlies normal brain development and function and contributes to the 
development of neurocognitive disease by regulating diverse cellular processes. ( A ) O-GlcNAc is 
expressed in the brain from early development until late in life. O-GlcNAc is essential for brain 
development and modulates many normal functions in the adult, e.g. learning and memory. 
Disturbed O-GlcNAc cycling may contribute to the pathology behind many neurodegenerative 
diseases. How O-GlcNAc impacts neuron function is exemplifi ed in ( B ). ( a ) When the transcrip-
tion factor CREB is modifi ed by O-GlcNAc, it cannot bind the coactivator CRTC. This leads to the 
repression of many genes that are involved in synaptic plasticity. ( b ) Tau is normally modifi ed by 
O-GlcNAc. In Alzheimer’s disease, tau loses its O-GlcNAc and precipitates into cytotoxic aggre-
gates. ( c ) It is believed that dynamic changes in synaptic function underlie learning and memory. 
At presynaptic terminals, O-GlcNAc may regulate synaptic plasticity by affecting the recycling of 
neurotransmitter-containing vesicles, possibly through affecting the function of the vesicle- binding 
protein synapsin I. In the postsynapse, the O-GlcNAc effect on learning and memory may be 
related to modulation of neurotransmitter receptor traffi cking. ( d ) One mechanism by which 
O-GlcNAc impacts normal development is its regulation of axonal growth and branching       
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by crossing fl oxed OGT mice with mice expressing Cre recombinase under the 
 synapsin I promoter, viability until term was reduced. The pups that survived failed 
to develop any locomotor activity and died within 10 days (O'Donnell et al.  2004 ). 
In postmitotic neurons, the O-GlcNAc glycosylation of CREB underlies both axo-
nal and dendritic growth and may, at least partly, explain the impaired development 
of brain function (Rexach et al.  2012 ). O-GlcNAc is also known to affect axonal 
branching (Francisco et al.  2009 ).  

16.5.2     O-GlcNAc Underlies Learning and Memory 

 Learning and memory are fundamental properties of the brain. Over the past decades 
it has been shown that the brain is a highly malleable organ that dynamically 
responds to challenges in the environment. It is believed that memories are encoded 
by neurons through changes in their synaptic communications with other neurons, 
so-called synaptic plasticity. A prevailing model for how such changes occur is 
long-term potentiation (LTP) and depression (LTD), occurring mainly at the post-
synapse (see, e.g., Hanley  2008 ; Lynch  2004 ). Multiple disorders involving mental 
retardation such as Fragile X and Rett syndrome have been linked to proteins under-
lying synaptic plasticity (Verpelli and Sala  2012 ; Grant  2012 ). OGT is present in the 
synapse and many postsynaptic proteins involved in LTP and LTD carry O-GlcNAc 
(see Sects.  16.3.1–2  and  16.4.2–3 ). Using electrophysiology, it was further estab-
lished that O-GlcNAc cycling is necessary for normal expression of LTP; pharma-
cological inhibition of OGT diminished LTP whereas OGA inhibition elevated LTP 
(Tallent et al.  2009 ). The effect may relate to the synaptic relocation of the α-amino-
3- hydroxy-5-methyl-4-isoxazoleproprionic (AMPA) receptor, the glutamate neu-
rotransmitter receptor responsible for most fast synaptic transmission in the central 
nervous system (CNS). O-GlcNAc modifi es CaMKII in close proximity to a phos-
phorylation site that regulates its activity (see Sect.  16.3.2 ). CaMKII, in turn, is one 
of the major pathways that can induce the synaptic insertion of the AMPA receptor 
(Tallent et al.  2009 ; Shepherd and Huganir  2007 ). Interestingly, an OGT-dependent 
increase in AMPA receptor conductivity was absent in AMPA receptors where the 
main CaMKII phosphorylation site was mutated to alanine (Kanno et al.  2010 ). 

 O-GlcNAc cycling is important for dynamic synaptic function at the presynapse. 
Acute OGA inhibition in vivo decreases paired-pulse facilitation (PPF). PPF is a 
measurement of vesicle release of neurotransmitter. O-GlcNAc may regulate PPF 
via synapsin I. The presynaptic protein synapsin I is extensively modifi ed by 
O-GlcNAc and inhibition of OGA increases the phosphorylation of synapsin I 
(Tallent et al.  2009 ). 

 The studies investigating the effect of O-GlcNAc on learning and memory have 
so far relied heavily upon pharmacological manipulation of OGT and 
OGA. Unfortunately, some of the drugs used are known to cause off-target effects 
in cells. This may explain some apparent contradictions in published results (e.g. 
Tallent et al.  2009  argues that O-GlcNAc does not affect basal synaptic transmission 
whereas Kanno et al.  2010  does see a large effect on basal AMPA receptor  function). 
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For future research, it will be important to develop mouse models of O-GlcNAc 
function and focus on mechanisms for the way in which O-GlcNAc may underlie 
learning and memory. One good example is a recent study that compared wild-type 
CREB with an O-GlcNAc loss-of-function mutant of CREB. This study overex-
pressed these proteins in vivo and showed that the O-GlcNAc mutant enhanced 
CREB-dependent transcription of several synaptic plasticity associated genes as 
well as short-term memory in mice (Rexach et al.  2012 ).  

16.5.3     Impaired O-GlcNAc Cycling Contributes 
to Neurodegenerative Disease 

 Neurodegenerative disease is a collection of disorders that are characterized by gen-
eral cognitive decline and loss of neurons and neuronal synapses. They become 
more common with age but early-onset variants exist (Koffi e et al.  2011 ; Schulz- 
Schaeffer  2010 ). Impaired O-GlcNAc cycling is implicated in the development of 
several types of neurodegenerative disease, including Alzheimer's, Parkinsonism, 
and Huntington's (Arnold et al.  1996 ; Dias and Hart  2007 ; Wang et al.  2012 ; Hart 
et al.  2011 ). The loci for the genes encoding OGT and OGA are linked to 
Parkinsonian dystonia and Alzheimer's disease, respectively. In addition, OGA tran-
scripts are alternatively spliced in the brain in patients with sporadic Alzheimer’s 
(see Sects.  16.2.2 – 16.3 ). 

 Two pathological hallmarks of Alzheimer’s disease are neurofi brillary tangles and 
amyloid plaques (Koffi e et al.  2011 ; Dias and Hart  2007 ). The neurofi brillary tangles 
consist of paired helical fi laments of tau, a protein that is important for microtubuli 
stability. Tau is extensively modifi ed by O-GlcNAc, including in the region that 
binds to microtubuli (Arnold et al.  1996 ; Wang et al.  2010a ,  b ). Results from both 
in vitro and in vivo experiments indicated that increasing O-GlcNAc on tau protected 
it from fi lament precipitation (Yuzwa et al.  2012 ). O-GlcNAc may save tau from 
precipitating either directly or indirectly by protecting it from hyperphosphorylation 
(Yuzwa et al.  2012 ; Yuzwa et al.  2008 ). Alzheimer’s patients present with hyperphos-
phorylated and hypo-O-GlcNAc glycosylated tau. No O-GlcNAc can be found on 
the tau tangles isolated from these patients (Liu et al.  2004 ). Importantly, in mouse 
models of neurodegenerative disease resulting from  expressing mutant forms of tau 
prone to precipitate, elevating global O-GlcNAc, including O-GlcNAc on tau, by 
selectively inhibiting OGA pharmacologically, slowed symptom progression (Yuzwa 
et al.  2012 ). Interestingly, the main contributor amyloid plaques, amyloid precursor 
protein (APP), is also modifi ed by O-GlcNAc (Griffi th et al.  1995 ). 

 Alzheimer's disease is intimately associated with dysregulated glucose metabo-
lism and insulin resistance (Biessels et al.  2006 ; de la Monte and Wands  2008 ). Due 
to the regulation of O-GlcNAc by nutrient supply and metabolic hormones, OGT 
has emerged as a key nutrient sensor in cells (see Sect.  16.2.2 ). Much of the toxicity 
associated with excessive intake of glucose is mediated by the hexosamine 
 biosynthesis pathway, the same pathway that produces the O-GlcNAc donor sub-
strate UDP-GlcNAc. Many forms of insulin resistance are also related to OGT 
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(Hart et al.  2007 ). Overexpression of OGT can independently lead to insulin 
resistance (Yang et al.  2008 ). From this perspective, impaired O-GlcNAc signaling 
represents a model, and pharmacological target, for how metabolic dysfunction may 
result in neurodegenerative disease. 

 O-GlcNAc may also be involved in neurodegenerative diseases other than 
Alzheimer’s. For example, in transgenic models where a polyglutamine expansion 
of huntingtin (the protein that causes Huntington's disease) was overexpressed, dele-
tion of OGT attenuated neuron loss while deletion of OGA exacerbated neuron loss 
(Wang et al.  2012 ). In addition, α-synuclein, the protein found in lesions overrepre-
sented in Parkinson's disease, carries O-GlcNAc in the region known to induce self-
aggregation (Wang et al.  2010a ,  b ). It should also be noted that O-GlcNAc in other 
cell types becomes elevated from many different types of stress and that deletion of 
OGT makes cells more vulnerable to stress (Zachara et al.  2004 ; Kazemi et al.  2010 ).   

16.6     Summary and Outlook 

 Every time we think, act, and feel information is passed between neurons in the 
brain. Neurons are extraordinary cells with complex morphology and a lifespan that 
matches the lifespan of the organism. The posttranslational modifi cation O-GlcNAc, 
the attachment of β-N-acetylglucosamine to serine and threonine, is expressed in all 
compartments of the neuron. By the help of only two enzymes, OGT and OGA, 
O-GlcNAc regulates thousands of proteins underlying diverse cellular processes 
such as gene transcription and signal transduction. The big challenge for the future 
will be to derive a mechanistic picture for how specifi c O-GlcNAc sites affect pro-
tein function and thereby synaptic transmission. Recently, several new techniques 
have been developed that improve and simplify the detection of O-GlcNAc. 
Nevertheless, more tools such as site-specifi c antibodies for O-GlcNAc are needed 
to make the O-GlcNAc fi eld more accessible to the broader neuroscience research 
community. Understanding the way O-GlcNAc works in the nervous system will 
not only afford fundamental principles of brain function but also provide novel 
 targets for the treatment of neurocognitive disease.     
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    Abstract     Protein N-glycosylation can infl uence the nervous system in a variety of 
ways by affecting functions of glycoproteins involved in nervous system develop-
ment and physiology. The importance of N-glycans for different aspects of neural 
development has been well documented. For example, some N-linked carbohydrate 
structures were found to play key roles in neural cell adhesion and axonal targeting 
during development. At the same time, the involvement of glycosylation in the reg-
ulation of neural physiology remains less understood. Recent studies have impli-
cated N-glycosylation in the regulation of neural transmission, revealing novel 
roles of glycans in synaptic processes and the control of neural excitability. 
N-Glycans were found to markedly affect the function of several types of synaptic 
proteins involved in key steps of synaptic transmission, including neurotransmitter 
release, reception, and uptake. Glycosylation also regulates a number of channel 
proteins, such as TRP channels that control responses to environmental stimuli and 
voltage-gated ion channels, the principal determinants of neuronal excitability. 
Sialylated carbohydrate structures play a particularly prominent part in the modula-
tion of voltage- gated ion channels. Sialic acids appear to affect channel functions 
via several mechanisms, including charge interactions, as well as other interactions 
that probably engage steric effects and interactions with other molecules. 
Experiments also indicated that some structural features of glycans can be particu-
larly important for their function. Since glycan structures can vary signifi cantly 
between different cell types and depend on the metabolic state of the cell, it is 
important to analyze glycan functions using in vivo approaches. While the com-
plexity of the nervous system and intricacies of glycosylation pathways can create 
serious obstacles for in vivo experiments in vertebrates, recent studies have 
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 indicated that more simple and experimentally tractable model organisms like 
 Drosophila  should provide  important advantages for elucidating evolutionarily 
conserved functions of N-glycosylation in the nervous system.  

  Keywords     Glycosylation   •   Sialylation   •   N-Glycan   •   Neural transmission   •   Neural 
excitability   •   Ion channel   •    Drosophila   

  Abbreviations 

   β4GalNAcTA    β1,4- N -acetylgalactosaminyltransferase A   
  AMPA    α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid   
  ASIC    Acid-sensing ion channel   
  CDGs    Congenital disorders of glycosylation   
  ConA    Concanavalin A   
  CSAS    CMP-sialic acid synthetase   
  DSiaT     Drosophila  sialyltransferase   
  GABA    γ-Aminobutyric acid   
  GalNAc     N -Acetylgalactosamine   
  GnTI     N -Acetylglucosaminyltransferase I   
  iGluR    Ionotropic glutamate receptor   
  LacNAc     N -Acetyllactosamine   
  nAChR    Nicotinic acetylcholine receptor   
  NCAM    Neural cell adhesion molecule   
  NMDA     N -Methyl- D -aspartate   
  NMJ    Neuromuscular junction   
  Para    Paralytic   
  PSA    Polysialic acid   
  Sia    Sialic acid(s)   
  SV2    Synaptic vesicle protein 2   
  TRP    Transient receptor potential   

17.1           Introduction 

 N-Linked glycan modifi cations of proteins exist in all three domains of life, Eukarya, 
Bacteria, and Archaea (Abu-Qarn et al.  2008 ). N-Glycosylation is especially abun-
dant in eukaryotic cells, where it represents one of the most frequent and ubiquitous 
posttranslational protein modifi cations (Stanley et al.  2009 ; Moremen et al.  2012 ). 
In human cells, the majority of N-glycosylation sequon-containing proteins likely 
acquire N-glycans in the secretory pathway (Apweiler et al.  1999 ). Although 
N-glycosylation is not a prerequisite for the viability of mammalian cells in cultured 
conditions (Gottlieb et al.  1975 ; Stanley et al.  1975 ), the biosynthesis of N-glycans 
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appears to be essential for cell communication as defects in N-glycosylation result 
in embryonic lethality (Ioffe and Stanley  1994 ; Metzler et al.  1994 ). The best known 
functions of N-glycosylation concentrate on promoting protein folding and mediat-
ing quality control within the secretory pathway inside the cell (Helenius and Aebi 
 2001 ). While biological functions of N-glycans outside of the cell are signifi cantly 
less understood, they are involved in many essential processes, including cell com-
munication and adhesion. It is more challenging to study these functions because 
they are less amenable to cell culture approaches and require in vivo analyses that 
are commonly complicated by pleiotropic effects and complex regulation of glyco-
sylation pathways. The repertoire of N-glycan structures present on a protein can be 
very heterogeneous at the tissue and cellular level. Their biosynthesis is intimately 
linked to cell metabolism, refl ecting a dynamic read-out of a physiological state of 
the cell (Dennis et al.  2009 ). 

 Many extracellular functions of N-glycans depend on interactions with specifi c 
lectins, proteins that bind particular carbohydrate structures (Varki et al.  2009 ). 
Glycoprotein-lectin interactions are known to affect a multitude of cell adhesion 
and signaling processes. These interactions are also involved in building a func-
tional molecular landscape of cell surfaces (Sharon  2007 ; Dennis et al.  2009 ). 
Moreover, N-glycosylation can promote glycoprotein functions via stabilizing ste-
ric interactions that protect from proteolysis ((Wittwer and Howard  1990 ), reviewed 
in (Wormald and Dwek  1999 )). All these functional outcomes of N-glycosylation 
are pertinent to the development and physiology of different organs and tissues, 
including the nervous system. In this review, we will focus on several novel para-
digms of neural functions of N-glycans. Our goal is not to provide an extensive 
review of experimental data in this fi eld. Instead, we will concentrate on the discus-
sion of a number of recent studies that unraveled some interesting functional mech-
anisms underlying these paradigms.  

17.2     N-Glycosylation in Neural Development 

 The critical involvement of N-glycosylation in development of the nervous system 
is evident from the studies of human congenital disorders of glycosylation (CDGs). 
They revealed that genetic defects in the N-glycosylation pathway are almost 
always associated with severe neurological abnormalities (reviewed in (Freeze et al. 
 2012 )). Gene inactivation experiments in mice have shed light on the in vivo func-
tions of several key glycosyltransferase genes and their glycan products in the ner-
vous system (Lowe and Marth  2003 ). For example, brain-specifi c inactivation of 
GlcNAcT-I, a glycosyltransferase that mediates the biosynthesis of hybrid and com-
plex N-linked carbohydrates, was found to result in severe neurological defects, 
including abnormal locomotion, tremors, and paralysis (Ye and Marth  2004 ). 
However, pleiotropic effects of glycosylation on the development and physiology 
commonly obstruct conclusive analyses and interpretation of phenotypes produced 
by knockouts that affect core structures. On the other hand, mutations affecting 
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more specialized and some terminal structures of glycans have proven to be more 
amenable to study. Phenotypes of such mutations demonstrated the involvement of 
certain N-glycan structures in specifi c regulatory events. Thus, genetic inactivation 
of ST8Sia II and ST8Sia IV polysialyltransferases that modify N-glycans of the 
neural cell adhesion molecule (NCAM) with polysialic acid (PSA) unveiled the 
prominent role of PSA in the nervous system (Weinhold et al.  2005 ; Angata et al. 
 2007 ; Hildebrandt et al.  2009 ). PSA is a long polymer of α2,8-linked sialic acid 
residues that can be attached to the termini of glycans on some glycoproteins, 
including N-glycans of NCAM. The PSA structure was shown to regulate brain 
development, neurite outgrowth and targeting, and to affect synaptic plasticity, 
learning, and memory (for reviews on the structure and functions of NCAM-PSA 
see (Muhlenhoff et al.  1998 ,  2009 ; Rutishauser  2008 ; Colley  2010 )). Remarkably, 
the most severe phenotypes associated with PSA defi ciency, including early postna-
tal lethality, defects in major axonal tracts and progressive hydrocephalus, result 
from the gain-of-function effect of NCAM that lacks proper PSA modifi cation, and 
the genetic inactivation of NCAM rescues all gross morphological defects in the 
brain of PSA-defi cient mice (Weinhold et al.  2005 ). Another notable example of a 
N-glycan structure that plays a specialized role in neural development is repre-
sented by poly- N -acetyllactosamine oligosaccharides (PLN). The synthesis of PLN 
in the developing olfactory system depends on the activity of β1,3- N -
acetylglucosaminyltransferase (β3GnT2) that initiates and participates in the elon-
gation of PLN on the terminal β1-linked galactose residues of N-glycans (Zhou 
et al.  1999 ). Targeted genetic inactivation of the β3GnT2 glycosyltransferase results 
in numerous abnormalities in the olfactory system in mice, including defects of 
axonal guidance and failure of glomeruli formation. The primary cause of this phe-
notype appears to be the hypoglycosylation of adenylyl cyclase 3. This enzyme 
generates cAMP, a key signaling molecule that functions in olfactory axon target-
ing, and the loss of PLN dramatically downregulates the activity of adenylyl cyclase 
and the production of cAMP (Henion et al.  2011 ). 

 These examples likely correspond to just the tip of the iceberg of numerous yet 
unknown important roles of N-glycosylation in the development of the nervous 
system. The nervous system is regulated by a broad spectrum of N-glycosylated 
proteins, including cell surface and extracellular matrix (ECM) glycoproteins par-
ticipating in cell adhesion and signaling (Kleene and Schachner  2004 ; Dityatev 
et al.  2010 ). Intriguingly, the functions of a number of these glycoproteins are 
affected by N-glycosylation outside of the nervous system. Thus,  β1,6 -branching 
GlcNAc modifi cations were found to modulate cell adhesion and cell motility by 
affecting the functions of laminin 332 and α3β1 integrins (Zhao et al.  2006 ; Kariya 
et al.  2008 ). Another example of a carbohydrate structure that can markedly affect 
molecular interactions is  α2,6- sialylation. It was found to regulate the functions of 
α4β1 integrins and receptor protein tyrosine phosphatase CD45 by modifying their 
conformation or interactions with functionally important partners in immune sys-
tem cells (Amano et al.  2003 ; Woodard-Grice et al.  2008 ). Laminins, integrins, and 
receptor protein tyrosine phosphatases also function in the nervous system, affect-
ing neuronal migration, axonal growth and myelination, neuromuscular junction 
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development, neuronal survival, etc. (Wang et al.  2009 ; Barros et al.  2010 ; Tan et al. 
 2011 ), and glycosylation of these proteins may be implicated in these neural func-
tions. Several studies demonstrated that  α2,6 -linked sialic acids play an important 
role as negative regulators of galectin binding, which revealed a paradigm that is 
expected to be pertinent in many cellular and molecular contexts (reviewed in (Zhuo 
and Bellis  2011 )). These and other examples suggest that similar glycan-dependent 
regulatory mechanisms may operate in the nervous system, and they need to be 
explored. 

 Several novel mechanisms implicating N-glycosylation in the modulation of 
neural transmission have been recently elucidated, and are discussed in more detail 
below.  

17.3     N-Glycans in Neural Physiology 

17.3.1     Glycans in Synaptic Transmission 

 Recent research revealed a connection between mutations in the gene encoding 
glutamine-fructose-6-phosphate transaminase 1 (GFPT1) and a group of congenital 
myasthenic syndromes (CMS, e.g. OMIM 608931) characterized by hereditary 
defects in synaptic transmission at neuromuscular junctions (Engel  2012 ). GFPT1 
mediates the fi rst, rate-limiting step in the synthesis of hexosamine needed for gly-
can biosynthesis (Senderek et al.  2011 ). The importance of protein glycosylation for 
different aspects of synaptic transmission was unveiled by a number of studies (see 
reviews (Kleene and Schachner  2004 ; Dityatev et al.  2010 ; Dani and Broadie 
 2012 )). However, the molecular and cellular bases for the effects seen on synaptic 
transmission are complex and not well understood. Combined, these observations 
indicate that glycosylation in general is required for normal synaptic functions. 

 N-Glycosylation controls the function of many key players in synaptic processes 
and its effect on synaptic physiology is multifaceted. For instance, the function of 
synaptic vesicle protein 2 (SV2), ubiquitously present at vertebrate synapses, was 
found to depend on its N-glycosylation. Targeted gene inactivation in mice demon-
strated the importance of SV2 for neural transmission as the deletion of two out of 
three existing SV2 isoforms resulted in postnatal lethality due to severe seizures. 
Notably, no developmental defects were found in the brains of these mutants, which 
indicated that SV2 proteins function mainly in synaptic physiology (Janz et al. 
 1999 ). It was suggested that they mediate a novel maturation step of primed synap-
tic vesicles, which potentiates responsiveness of synaptic vesicles to Ca 2+  regula-
tion. All SV2 isoforms have multiple N-linked glycan chains attached to their 
intravesicular loop. The most ubiquitous SV2 isoform, SV2a, has three glycosyl-
ation sites, and the removal of all of them inhibits the synaptic targeting of SV2a 
along with its function (Chang and Sudhof  2009 ). These results suggest that 
N-glycans are required for proper folding and traffi cking of SV2 within the neuron. 

17 N-Glycosylation in Regulation of the Nervous System



372

More recent analyses of SV2 mutants lacking individual glycosylation sites 
 indicated that single N-glycans are partially dispensable and their function is redun-
dant for the proper sorting of SV2a to synaptic vesicles (Kwon and Chapman  2012 ). 
Similar approaches were used to examine the role of N-glycosylation in the regula-
tion of two other major glycoproteins of synaptic vesicles, synaptotagmin 1 and 
synaptophysin. It was found that the role of glycosylation in glycoprotein sorting to 
synaptic vesicles can range from dispensable (synaptotagmin 1) to essential (synap-
tophysin) (Kwon and Chapman  2012 ). These results illustrated that glycans can 
play highly individualized regulatory roles that are tailored for a particular glyco-
protein and its specifi c function in the nervous system. 

 Another type of prominent players in synaptic transmission is represented by 
neurotransmitter receptors that function as ligand-gated channel proteins and medi-
ate communication among neurons within the nervous system, or between neurons 
and muscles at neuromuscular junctions. Neurotransmitter receptors are commonly 
glycosylated, having several N-glycans attached to their extracellular domains. 
Substantial evidence indicating the functional importance of these carbohydrate 
modifi cations has started to emerge. Thus, a number of studies have demonstrated 
that N-linked carbohydrate chains are involved in the function of nicotinic acetyl-
choline receptors (nAChRs). nAChR proteins correspond to founding members of 
the pentameric ligand-gated super family of ion channels, that also includes sero-
tonin, γ-aminobutyric acid (GABA), and glycine receptors (Chen  2010 ). nAChRs 
regulate postsynaptic responses at neuromuscular junctions and a variety of synap-
tic connections in the brain. These receptors are implicated in diverse neural func-
tions, including the processing of sensory information and learning and memory 
(Miwa et al.  2011 ). Results of studies on the involvement of N-glycosylation in the 
function of nAChRs indicate that glycosylation affects functional properties of the 
receptors. It was proposed that N-glycans can promote the local folding of some 
functional protein domains, without infl uencing interactions between receptor sub-
units or their cell surface expression (Gehle et al.  1997 ; Chen et al.  1998 ). Using 
 Torpedo  nAChRs as a model system, experiments revealed that N-glycosylation is 
implicated in receptor modulation, as receptors with mutated glycosylation sites 
have abnormal conductance and desensitization (the rate of current decay) (Nishizaki 
 2003 ). Interestingly, the pharmacological application of concanavalin A (ConA) to 
in vitro assays of wild type receptors mimicked the effect of mutations affecting 
N-glycosylation. ConA is a lectin that binds N-linked glycans, and thus its effect on 
nAChRs was interpreted as evidence that the glycans may function as a modulating 
“lid” at the channel pore, and the lack of sugar chains or the inhibition of its move-
ment by lectin binding caused the decreased rate of desensitization (Nishizaki 
 2003 ). More recent experiments indicated that carbohydrate modifi cations of 
nAChRs can infl uence their surface expression and cholinergic agonist-dependent 
gating. However, glycosylation does not change their binding affi nity for the ago-
nists or the stability of folded receptors (Dacosta et al.  2005 ; Dellisanti et al.  2007 ). 

 The role of N-glycosylation of ionotropic glutamate receptors (iGluRs) was also 
analyzed. iGluRs mediate fast transmission at the majority of excitatory synapses 
within the mammalian nervous system, and they play essential roles in synaptic 
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plasticity and extrasynaptic modulation of neurons (reviewed in (Traynelis et al. 
 2010 )). These receptors form tetrameric complexes that function as ligand-gated ion 
channels. iGluRs encompass large subfamilies of AMPA, kainate, and NMDA 
receptors (Traynelis et al.  2010 ). The majority of these receptors appear to be 
N-glycosylated, with consensus glycosylation sites in their amino-terminal domains 
involved in receptor assembly and modulation, as well as in their ligand-binding 
domains (Partin et al.  1993 ; Everts et al.  1997 ; Everts et al.  1999 ; Mah et al.  2005 ). 
While the presence of glycans at these sites has not been well characterized, 
N-glycans were found to affect desensitization of AMPA and kainite receptors 
(Hollmann et al.  1994 ; Everts et al.  1997 ). At the same time, N-glycosylation is not 
generally required for iGluR function since the synthesis, transport, and subunit 
assembly of functional receptors on the plasma membrane are not signifi cantly 
affected by the lack of glycosylation (Sumikawa et al.  1988 ; Everts et al.  1997 ; Gill 
et al.  2009 ). In agreement with these data, crystallization studies of kainate recep-
tors showed that N-linked sugar chains are not directly involved in ligand binding 
and subunit association of iGluRs (Armstrong et al.  1998 ; Nanao et al.  2005 ). In 
contrast to the AMPA and kainite receptors, functional expression of NMDA-type 
receptors was found to be dramatically downregulated by inhibition of 
N-glycosylation. This effect was shown to be associated with a specifi c reduction in 
expression of the NR1 subunit, suggesting that glycans are required for its folding 
and/or traffi cking (Everts et al.  1997 ). 

 Some specialized carbohydrate structures that can be present on N-linked gly-
cans were found to be involved in the functional modulation of glycoproteins par-
ticipating in neural transmission. These structures include HNK-1 and sialic acid 
(discussed below). The HNK-1 glycoepitope (initially discovered on  h uman  n atural 
 k iller cells (Abo and Balch  1981 )) was shown to be involved in regulation of the 
AMPA-type receptor subunit GluR2. The HNK-1 epitope can be also present on 
some glycolipids. Using these glycolipids, two research groups independently dem-
onstrated that the HNK-1 epitope represents a sulfated glucuronic acid linked to 
 N -acetyllactosamine on the nonreducing termini of oligosaccharides (HSO3–
3GlcAβ1–3Galβ1–4GlcNAc) (Chou et al.  1986 ; Ariga et al.  1987 ). The expression 
of HNK-1 is highly enriched in the nervous system. Genetic inactivation of enzymes 
responsible for the biosynthesis of this epitope (glucuronyltransferase GlcAT-P, sul-
fotransferase HNK-1 ST, and β4-galactosyltransferase-2) lead to neurological phe-
notypes in mice, including reduced long-term potentiation in hippocampal CA1 
synapses, electrophysiological abnormalities of hippocampal interneurons, defects 
in neural plasticity, and learning and memory, which suggest that HNK-1 is impor-
tant for synaptic functions (Senn et al.  2002 ; Yamamoto et al.  2002 ; Gurevicius 
et al.  2007 ; Yoshihara et al.  2009 ). It was found that the HNK-1 epitope downregu-
lates endocytosis of the AMPA glutamate receptor subunit GluR2 and stabilizes its 
expression on neuronal plasma membranes. Moreover, the presence of HNK-1 pro-
motes the interaction between GluR2 and  N -cadherin, which probably regulates the 
stability of GluR2 on the cell surface at synaptic connections (Morita et al.  2009 ). 
The HNK-1 epitope is present on a number of glycoproteins involved in intracellu-
lar adhesion, cell migration, and synaptic plasticity (reviewed in (Kleene and 
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Schachner  2004 ; Yanagisawa and Yu  2007 )). More recently this epitope was found 
to be expressed on a tenascin-C spliced variant and involved in the regulation of 
mouse neural stem cells (Yagi et al.  2010 ). 

 Synaptic transmission can be signifi cantly infl uenced by the function of neu-
rotransmitter transporters, synaptic proteins essential for control of the concentra-
tion of neurotransmitters in the synaptic cleft. The SLC6 (solute carrier) family of 
membrane proteins includes a subfamily of transporters that mediate the transloca-
tion of neurotransmitters across the plasma membrane by coupling it to the cotrans-
port of Na+ and Cl− (reviewed in (Kristensen et al.  2011 )). The members of this 
subfamily include the transporters for serotonin (5-hydroxytryptamine, or 5-HT), 
dopamine, norepinephrine, GABA, and glycine. All these transport proteins appear 
to be N-glycosylated at the large extracellular loop 2 region, suggesting that this 
modifi cation is functionally important. While removal of this glycosylation by 
mutagenesis or glycosidase treatment reduces the number of transporters at the cell 
surface, it usually does not have a strong effect on ligand binding and transporter 
activity. This reduction in transporter amount was attributed to a decrease in protein 
stability or a disruption in traffi cking of nonglycosylated transporters to the plasma 
membrane (Tate and Blakely  1994 ; Olivares et al.  1995 ; Melikian et al.  1996 ; 
Nguyen and Amara  1996 ; Martinez-Maza et al.  2001 ; Li et al.  2004 ; Kristensen 
et al.  2011 ). N-Glycosylation of GAT1, the predominant GABA transporter in the 
brain, was found to promote both, the stability of the protein and its traffi cking to 
the cell surface. Moreover, N-glycans were found to be important for GABA-uptake 
activity of the transporter, with sialic acids appearing to play an essential part in this 
regulation as the absence of sialylation slowed down the kinetics of the GABA 
transport cycle and reduced the apparent affi nity of GAT1 for extracellular Na+ (Cai 
et al.  2005 ; Hu et al.  2011 ). Interestingly, a nonsynonymous single nucleotide poly-
morphism (SNP) in the human  SLC6A4  gene encoding the serotonin transporter 
(hSERT) creates an ectopic glycosylation site (K201N) that was found to enhance 
glycosylation of hSERT with a concomitant increase in the level of transporter 
expression and activity. Although it is not yet known whether this SNP is associated 
with a neurological phenotype, by analogy to a well-studied polymorphism that 
also changes the expression level of hSERT, it was suggested that the K201N allele 
may affect personality traits and psychiatric disease susceptibility (Rasmussen et al. 
 2009 ).  

17.3.2     N-Glycosylation Regulates Ion Channels 
in Vertebrate Neurons 

 N-Glycosylation can be an important modulator of ion channels in the nervous sys-
tem. In general, glycans can regulate channels via at least three different mecha-
nisms: (1) by promoting their folding and traffi cking to the cell surface, (2) by 
affecting their stability and distribution on the cell surface (e.g., via regulating pro-
tein endocytosis and/or recycling at the plasma membrane), and (3) by changing 
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their molecular properties and thus potentiating channel functions (e.g., affecting 
biophysical characteristics and/or functional interactions with other molecules) 
(Fig.  17.1 ). Outcomes of the fi rst two mechanisms impinge on the control of the 
number of channels on the cell surface. The effect of N-glycosylation on channel 
cell surface expression was demonstrated for several types of neuronal channels, 
including acid-sensing channels (e.g., ASIC1a and 1b (Kadurin et al.  2008 ; Jing 
et al.  2012 )) and voltage-gated ion channels (e.g., potassium channels Kv1.3, Kv1.4, 
and HERG (Gong et al.  2002 ; Watanabe et al.  2004 ; Zhu et al.  2012 ), and calcium 
channels Cav3.2 (Weiss et al.  2013 )). The effect on biophysical properties is fre-
quently mediated by glycans attached to channel pore loops that can infl uence chan-
nel gating. Channel pore N-glycan modifi cations can effectively modulate the 
function of the TRPM8 channel, a member of a large family of transient receptor 
potential (TRP) ion channels playing essential roles in sensory physiology. TRPM8 
glycosylation was found to cause a marked shift in the voltage dependence of chan-
nel activation (Pertusa et al.  2012 ). TRPM8 is expressed in sensory neurons that 
respond to cold (Mckemy et al.  2002 ; Peier et al.  2002 ). The N-linked glycans affect 
the temperature threshold of TRPM8 activation, and therefore they can function as 
critical molecular determinants that establish cold sensitivity in primary sensory 
neurons (Pertusa et al.  2012 ). Notably, the membrane localization of channels in 
this case appears to be unaffected by glycosylation and therefore the effect of 

  Fig. 17.1    Main effects of protein N-glycosylation. N-glycans can potentiate glycoprotein func-
tions by facilitating protein folding and traffi cking to the cell surface ( a ), promoting protein stabil-
ity on the cell surface via regulation of protein uptake and recycling to the plasma membrane ( b ), 
and by enhancing protein activity via changing protein biophysical properties ( c ). N-Glycosylation 
is sketched as a single generic N-glycan (not to scale). The number of glycans can be different for 
distinct proteins, while glycan structures can vary and have different effects on protein functions       
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glycans is concentrated on the regulation of channel biophysical properties (Pertusa 
et al.  2012 ). Similarly, glycosylation was found to be an essential factor for agonist- 
mediated regulation of TRPV1 (TRP Vanilloid Type 1), a nonspecifi c cation chan-
nel that functions as a key sensor of pain-sensing nerve fi bers. A nonglycosylated 
mutant TRPV1 (N604T) was shown to be properly expressed on the plasma mem-
brane; however, it did not undergo sustained regulation by capsaicin and had sub-
stantially altered desensitization properties (Veldhuis et al.  2012 ). While glycans 
affect the biophysical properties of several TRP channels (e.g., TRPC3 and TRPC6 
(Dietrich et al.  2003 ; Wirkner et al.  2005 )), glycosylation can also promote the func-
tion of TRP channels by regulating their expression and subcellular localization and 
thus infl uencing the number of available functional channels (TRPV4 and TRPV5 
(Chang et al.  2005 ; Xu et al.  2006 )). These different mechanisms mediated by 
N-glycosylation do not appear to be mutually exclusive. They could operate at the 
same time, while one of them could become more prominent, depending on particu-
lar molecular and cellular contexts.

17.3.3        N-Glycans and Interactions with Lectins 

 Exogenous lectins that interact with N-linked glycan structures were found to have 
a strong modulatory effect on some neurotransmitter receptors in pharmacological 
assays. As mentioned above, ConA can bind to N-glycans of nAChRs and infl uence 
desensitization of wild-type receptors in a way that mimics the effect of mutations 
that eliminate N-glycosylation sites (Nishizaki  2003 ). The modulatory effect of 
ConA was also demonstrated for iGluR subfamilies of AMPA, kainate, and NMDA 
receptors (Traynelis et al.  2010 ). ConA exerts a pronounced effect on kainate recep-
tors by inhibiting their desensitization (Partin et al.  1993 ; Everts et al.  1997 ,  1999 ). 
Experiments indicate that ConA can interact with N-glycans attached to the amino- 
terminal domain of iGluRs and affect receptor conformational changes. This action 
appears to depend on the conformational state of the channel, since agonist-induced 
desensitization prior to ConA application eliminates the effect (Everts et al.  1997 , 
 1999 ; Fay and Bowie  2006 ). Some other lectins, such as wheat germ agglutinin, 
soybean agglutinin, and succinyl-ConA, were also shown to potentiate kainate 
receptors (Thio et al.  1993 ; Yue et al.  1995 ). The in vitro effects of these lectins sug-
gested that glycans may play a specialized role in the modulation of receptors 
in vivo (Everts et al.  1997 ; Nanao et al.  2005 ), while some endogenous, yet unknown 
lectins can potentially bind to these glycans and regulate the function of neurotrans-
mitter receptors. A related mechanism of lectin-dependent regulation has recently 
been described for the Ca2+ TRPV5 channel in renal epithelial cells. Retention of 
TRPV5 on the cell surface is an essential regulatory process in the control of chan-
nel function. This regulation is mediated by Klotho, a humoral factor with glycosi-
dase activity that appears to directly modify channel glycans, which in turn 
potentiates interactions with galectin and facilitates cell surface retention of the 
channel (Chang et al.  2005 ; Cha et al.  2008 ; Leunissen et al.  2013 ). However, the 
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regulation of TRPV5 is not fully understood, and it is likely mediated by the 
 converging effects of several mechanisms, also including sialylation that appears to 
work in parallel to promote lipid raft-mediated internalization of the channel 
(Leunissen et al.  2013 ). It will be important to investigate whether lectin-mediated 
regulation can also operate in the nervous system to regulate channels involved in 
neural transmission.  

17.3.4     N-Glycans in Regulation of Voltage-Gated Ion 
Channels and Membrane Excitability 

 A large group of voltage-gated ion channels represents principal regulators of cell 
excitability. Glycosylation can affect cell excitability of neurons by modulating the 
function of various members of this channel superfamily, including channels that 
regulate membrane permeability for Na + , K + , and Ca 2+  ions (e.g., (Recio-Pinto et al. 
 1990 ; Zhang et al.  1999 ; Bennett  2002 ; Gong et al.  2002 ; Watanabe et al.  2003 ; 
Johnson et al.  2004 ; Watanabe et al.  2007 ; Schwetz et al.  2010 ; Weiss et al.  2013 )). 
In mammals, N-glycosylation of voltage-gated Na +  and K +  channels was found to 
be regulated developmentally and in a cell-specifi c manner in the heart and the ner-
vous system, suggesting that glycans participate in setting the distinct levels of 
excitability required in different cells and at various developmental stages (Castillo 
et al.  1997 ; Tyrrell et al.  2001 ; Schwalbe et al.  2008 ; Montpetit et al.  2009 ). 

 In addition to the direct effects of channel glycans, N-glycosylation can infl u-
ence ion channels indirectly, in a molecule nonautonomous manner, by regulating 
other glycoproteins that control channel functions. For example, glycosylation of 
auxiliary subunits that interact with channels can promote cell surface localization 
and modify channel biophysical properties (Johnson et al.  2004 ; Cotella et al.  2010 ). 
The nonautonomous effect of N-glycans can be potentially pertinent for regulation 
of many channels; however, this possibility remains largely unexplored. 

 Numerous studies of channel glycosylation have concentrated on sialylated gly-
cans (reviewed in (Ednie and Bennett  2012 )). Sialylated carbohydrate chains are 
negatively charged and can participate in electrostatic interactions with ions and other 
charged groups located on the cell surface, thus potentially affecting channel func-
tions. Vertebrate voltage-gated Na +  channels are heavily decorated with sialylated 
structures. It was estimated that up to 30 % of Na +  channel molecular mass is repre-
sented by carbohydrate chains, with sialic acids (Sia) comprising nearly 50 % of 
channel glycans (Miller et al.  1983 ; Elmer et al.  1985 ; Messner and Catterall  1985 ; 
James and Agnew  1987 ; Roberts and Barchi  1987 ). Electrophysiological assays indi-
cated that sialylated glycans can markedly affect the gating properties of Na +  channels 
(Recio-Pinto et al.  1990 ; Bennett et al.  1997 ; Zhang et al.  1999 ; Cronin et al.  2005 ). 
This effect varies signifi cantly for different channels, and it can also be isoform- and 
subunit-specifi c (Bennett  2002 ; Johnson et al.  2004 ; Johnson and Bennett  2006 ). 

 The role of sialylation in the modulation of vertebrate voltage-gated Na +   channels 
has been generally explained by the electrostatic effect of the large negative charge 
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provided by the numerous Sia residues present in the vicinity of the channel pore. 
Remarkably, more than 100 Sia residues can be attached to a channel protein, with 
the majority of them being incorporated as PSA structures (Miller et al.  1983 ; James 
and Agnew  1987 ; Zuber et al.  1992 ). The specifi c role of PSA in the regulation of 
voltage-gated Na +  channels was uncovered by analyses of mouse mutant cardiomyo-
cytes that had genetically inactivated ST8Sia II polysialyltransferase, an enzyme 
involved in PSA biosynthesis. The ST8Sia II defi ciency was found to cause defects in 
cell excitability and channel gating, including abnormal action potentials with a sig-
nifi cantly broader waveform and a delayed peak, considerable depolarizing shifts of 
gating curves, and compromised fast inactivation of channels (Montpetit et al.  2009 ). 

 While the effect of PSA was confi rmed by several studies, a line of evidence sug-
gested that sialylation can also affect voltage-gated channels via mechanisms that 
cannot be attributed to PSA or the signifi cant charge of numerous Sia residues 
attached to channel glycans. These data indicated that Sia can play a more specifi c 
role in the modulation of channel functions. Thus, electrophysiological analyses of 
the cardiac sodium channel in cell culture revealed that its function can be affected 
by some “functional” Sia residues rather than by the total charge of channel 
sialylation (Stocker and Bennett  2006 ). Furthermore, experiments with rat hippo-
campal organotypic slice cultures suggested that PSA does not always infl uence the 
function of voltage-gated Na +  channels, since treatment with Endo-N sialidase, a 
glycosidase that specifi cally removes PSA, was found to have no apparent impact 
on intracellularly recorded action potentials and evoked synaptic transmission 
(Muller et al.  1996 ). Additionally, the effects of PSA and non-PSA Sia residues on 
the function of α-Na V 1.4 channels were found to be distinct when they were ana-
lyzed using mutant Chinese hamster ovary (CHO) cell lines with defects in 
sialylation or polysialylation pathways. The loss of Sia and PSA in these mutant 
cells results in opposite shifts of voltage-dependent activation and steady-state inac-
tivation of α-Na V 1.4, while only the loss of Sia has a signifi cant effect on recovery 
from fast inactivation (Ahrens et al.  2011 ). Finally, unnatural Sia residues with 
 N -acetyl groups changed to  N -pentanoyl or  N -propanoyl structures, when intro-
duced metabolically, were found to have a notable effect on conductance properties 
of the Kv3.1 voltage-gated K+ channel. Collectively, these data suggest that 
sialylation can modulate channels through specifi c steric effects, in addition to its 
role in electrostatic interactions (Hall et al.  2011 ). 

 It is worth noting that most studies on the role of glycosylation in the regulation 
of ion channels and synaptic glycoproteins have been performed in vitro or in cell 
culture using transgenic approaches in various types of heterologous cells (for exam-
ple, using frog oocytes (Everts et al.  1997 ; Gehle et al.  1997 ; Nishizaki  2003 ), dif-
ferent mammalian cell cultures (Bennett  2002 ; Dellisanti et al.  2007 ; Watanabe et al. 
 2007 ; Hu et al.  2011 ; Gurba et al.  2012 ), or in vitro reconstituted lipid  membranes 
(Recio-Pinto et al.  1990 ; Castillo et al.  2003 ; Cronin et al.  2005 )). It is important to 
keep in mind that the structure of glycosylation and its functional implications can 
vary signifi cantly between different cell types, and between cultured cells and neural 
cells in vivo. Furthermore, the glycosylation of multisubunit protein complexes 
could also depend on a particular combination of subunits expressed by the cell (e.g., 
the glycosylation of GABA A  β3 subunits can be affected by the coexpression of 
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other receptor subunits (Gurba et al.  2012 )). Therefore, it is important to exercise 
caution when interpreting data from in vitro and cell culture experiments in terms of 
mechanisms that operate in vivo. Nevertheless, taken together, experimental data 
clearly indicate that glycosylation can substantially infl uence the function of glyco-
proteins playing key roles in neural transmission (Fig.  17.2 ). This infl uence can be 
dissimilar for distinct types of factors regulating the nervous system. Moreover, even 
within the same family of related proteins (e.g., iGluRs) glycosylation can underlie 
distinct modulatory mechanisms that can also depend on the structure and location 
of carbohydrate chains. These effects of N-glycosylation potentially create an extra 
layer of regulatory processes that control neural physiology.

17.3.5        In Vivo Functions of Sialylated N-glycans 

 Studies that investigate the function of sialic acids in vivo remain relatively scarce. 
The biological importance of sialylation of voltage-gated Na +  channels was most 
unambiguously demonstrated in the context of cardiac functions. Analyses of car-
diomyocytes with defective channel sialylation (using mouse genetic models with 
diminished sialylation or glycosidase-treated rat cardiomyocytes) suggested that 

  Fig. 17.2    N-Glycosylation 
can affect neural transmission 
by modulating voltage-gated 
ion channels that generate 
action potentials and 
determine neuronal 
excitability, and by 
infl uencing synaptic 
transmission via impact on 
the function of synaptic 
proteins, such as synaptic 
vesicle proteins and 
neurotransmitter receptors. 
N-Glycosylation is sketched 
as a generic N-glycan. 
Glycans can also include 
some specifi c modifi cations, 
such as polysialylation and 
the HNK-1 epitopes (not 
shown). Modifi ed from 
(Scott and Panin 2014)       
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abnormal channel sialylation can result in cardiac excitability phenotypes and heart 
failure (Ufret-Vincenty et al.  2001 ; Stocker and Bennett  2006 ; Montpetit et al. 
 2009 ). Murine models were also used to examine the role of channel sialylation in 
the nervous system. These experiments analyzed neural excitability after treatment 
with glycosidases to remove sialylated glycans, as well as upon inhibition of endog-
enous neuraminidases that trim sialic acids from carbohydrate chains in vivo. It was 
found that glycoprotein sialylation can signifi cantly affect the excitability of neural 
networks and infl uence seizure threshold in kindling epilepsy models. These studies 
suggested that sialic acids can effectively modulate voltage-gated Na +  channels in 
brain neurons (Tyrrell et al.  2001 ; Isaev et al.  2007 ,  2011 ; Isaeva et al.  2010 ). 

 Recent analyses of the mouse model of Angelman syndrome revealed the pos-
sibility that an abnormal sialylation of cell surface proteins plays a key role in the 
etiology of the syndrome (Condon et al.  2013 ). This neurological genetic disorder 
is caused by the maternal loss of the E3 ubiquitin ligase Ube3a and is associated 
with motor dysfunction, mental retardation, speech impairment, seizures, and a high 
prevalence of autism (Williams et al.  2006 ). Loss of Ube3a causes defects in synap-
tic development and function, including a defi cit in experience-dependent synaptic 
plasticity and decreased plasma membrane localization of AMPA receptors at excit-
atory synapses (Jiang et al.  1998 ; Dindot et al.  2008 ; Yashiro et al.  2009 ; Greer et al. 
 2010 ). Intriguingly, the Ube3a defect also causes a dramatic reduction of glycopro-
tein sialylation due to the structural and homeostatic disruption of the Golgi appara-
tus, which indicated that the defi ciency of glycoprotein sialylation likely underlies 
the pathobiological mechanism of Angelman syndrome (Condon et al.  2013 ). 

 Although a number of in vivo experiments indicate that glycoprotein sialylation 
can signifi cantly infl uence the excitability of neural networks, it remains unknown 
whether this effect is primarily due to the sialylation of voltage-gated channels or 
some other glycoproteins. It is challenging to address this question in vertebrates 
because of the complexity of the nervous system, intricacies of glycosylation path-
ways, potential functional redundancy of glycosylation genes, as well as the ubiq-
uity of sialylation that affects a panoply of glycoconjugates in the majority of 
vertebrate cells. With its power of genetic approaches, a spectrum of well- established 
neurobiological approaches, and simplifi ed glycosylation pathways,  Drosophila  has 
recently emerged as a promising model for elucidating conserved genetic and 
molecular mechanisms of neural glycosylation.   

17.4     N-Glycosylation Regulates the Nervous System 
of  Drosophila  

17.4.1      Drosophila  Mutations Affecting N-Glycosylation 

 Recent glycoproteomic approaches characterized in detail the totality of  Drosophila  
N-glycosylated proteins, identifying more than 450 glycoproteins expressed in 
the head (Koles et al.  2007 ; Vandenborre et al.  2010 ; Baycin-Hizal et al.  2011 ). 
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These proteins comprise ion channels, transporters, cell surface receptors, cell 
adhesion molecules, molecules involved in proteolysis and carbohydrate metabo-
lism, and some other protein families, including a large proportion of proteins with 
unknown functions (Fig.  17.3 ) (Koles et al.  2007 ; Baycin-Hizal et al.  2011 ). The 
repertoire of N-glycan structures in  Drosophila  is different from that in mammalian 
organisms. Detailed mass spectrometry analyses of the  Drosophila  N-glycome 
revealed that paucimannose and high mannose structures dominate the spectrum of 
N-glycosylation (Aoki et al.  2007 ; Koles et al.  2007 ). In contrast to mammalian 
N-glycans that are represented by abundant complex structures (Antonopoulos et al. 
 2011 ), complex and hybrid-type oligosaccharides that correspond to more pro-
cessed mature structures represent only 12 % of the total  Drosophila  N-glycan pro-
fi le (Aoki et al.  2007 ). Nevertheless, these minor glycan species play prominent 
roles in the nervous system, suggesting that their functions are evolutionarily con-
served (Schachter  2010 ). The importance of these glycans for the nervous system 
was revealed in a number of studies that analyzed mutants with defects in the 
N-glycosylation pathway. Thus, genetic inactivation of the  MGAT1  gene that 
encodes GlcNAcT I, a key enzyme in the production of processed N-glycan struc-
tures, was found to result in severe neurological phenotypes, including locomotor 
abnormalities, signifi cantly decreased life span, and the “fused lobes” phenotype, a 
developmental defect affecting a specialized brain structure involved in memory 
formation, the mushroom bodies (Sarkar et al.  2006 ,  2010 ).  MGAT1  mutants have 
prominent synaptic defects, including overgrowth of neuromuscular junctions and 
abnormal synaptic vesicle cycling.  MGAT1  mutant synapses have disrupted extra-
cellular synaptomatrix and the accumulation of Mind the gap, a lectin-like extracel-
lular matrix protein of the synaptic cleft. They also show a decreased expression of 

  Fig. 17.3    Distribution of the different protein classes among N-glycosylated proteins identifi ed in 
 Drosophila  head by glycoproteomics approaches. Figure adapted with permission from Koles 
et al. ( 2007 )       
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several key markers of functional synaptic morphology, such as Bruchpilot, a 
 presynaptic active zone protein, and GLURIIB, a postsynaptic iGluR subunit B 
(Parkinson et al.  2013 ). Mutations of  fused lobes  cause cell-lethal phenotype in 
mosaic clones of olfactory projection neurons and result in mushroom body defects 
similar to those found in  MGAT1  mutants (the mushroom body  lobes  become  fused ) 
(Boquet et al.  2000 ; Sekine et al.  2013 ).  Fused lobes  encodes Golgi β-N - 
acetylglucosaminidase that inhibits the biosynthesis of hybrid and complex 
N-glycans and concomitantly promotes the production of paucimannose structures 
(Leonard et al.  2006 ). Downregulation of  sugar-free frosting,  a gene encoding a 
 Drosophila  homolog of SAD kinase that regulates secretory fl ux through the Golgi, 
inhibits synthesis of the HRP glycoepitope (α3-linked core fucose) and increases 
the amount of hybrid and complex N-glycan structures.  Sugar-free frosting  muta-
tions lead to neuromuscular junction defects in larvae and locomotor abnormalities 
in adult fl ies (Baas et al.  2011 ). Meigo, a putative nucleotide sugar transporter, 
appears to specifi cally regulate the targeting of neurite projections in the olfactory 
system by affecting N-glycosylation of ephrin (Sekine et al.  2013 ). Defi ciency of 
β1,4-N-acetylgalactosaminyltransferase A (β4GalNAcTA), a glycosyltransferase 
potentially involved in the biosynthesis of complex and hybrid N-glycans, results in 
prominent neurological phenotypes, including defects of locomotion, reduction in 
the number of synaptic boutons at neuromuscular junctions and decreased fre-
quency of spontaneous release of neurotransmitters (Haines and Irvine  2005 ; Haines 
and Stewart  2007 ; Nakamura et al.  2012 ). Taken together, these examples highlight 
the notion that protein N-glycosylation plays important and specifi c functions in the 
 Drosophila  nervous system, and that these functions require the structural diversity 
of N-glycans. These data also indicate an intriguing possibility that many genes 
involved in the N-glycosylation pathway could be associated with evolutionarily 
conserved mechanisms that regulate the nervous system in a wide range of animals, 
from arthropods to mammals.

17.4.2        Sialylated N-Glycans Control Neural Excitability 
in  Drosophila  

 Sialylated glycans represent less than 0.1 % of the total glycan profi le of the 
 Drosophila  N-glycome. As a result, they can only be unambiguously detected and 
analyzed by the most sensitive glycomic approaches, such as multidimensional 
mass spectrometry (Aoki et al.  2007 ; Koles et al.  2007 ). Despite the fact that 
sialylation is so scarce, it has a prominent function in the nervous system of 
 Drosophila , which was revealed by analysis of mutant phenotypes of the  Drosophila 
sialyltransferase  ( DSiaT ) and  CMP-sialic acid synthetase  ( CSAS ) genes that play 
key roles in the sialylation pathway (Koles et al.  2009 ). Unlike mammalian organ-
isms that have 20 different sialyltransferases,  Drosophila  possesses only one sialyl-
transferase, DSiaT, which signifi cantly simplifi es the in vivo analysis of sialylation 
functions (Koles et al.  2009 ). DSiaT shows a close evolutionary relationship to the 
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ST6Gal family of mammalian sialyltransferases; it modifi es glycoproteins by 
attaching α 2,6 -linked sialic acids to LacNAc termini of N-glycans (Koles et al. 
 2004 ; Repnikova et al.  2010 ). The expression of DSiaT is dynamic and largely 
restricted to subsets of fully differentiated CNS neurons during development and in 
adult fl ies, which indicates that the pattern of sialylation is tightly controlled in a 
cell-specifi c and developmentally regulated manner (Koles et al.  2009 ; Repnikova 
et al.  2010 ; Islam et al.  2013 ). The expression of CSAS, an enzyme generating the 
CMP-sialic acid sugar donor for sialylation, is similarly restricted, which can par-
tially explain the low overall amount of sialylated glycans present in  Drosophila  
(Koles et al.  2007 ; Repnikova et al.  2010 ; Islam et al.  2013 ), even when DSiaT was 
ectopically expressed throughout the CNS (North et al.  2006 ). 

 Genetic inactivation of the sialylation pathway in vivo revealed that sialylated 
N-glycans play a prominent and specifi c role in the regulation of the nervous system. 
Targeted deletion of  DSiaT  results in a signifi cantly shortened life span, locomotion 
abnormalities, and temperature-sensitive paralysis phenotype.  DSiaT  mutant larvae 
have structural and physiological defects in their neuromuscular junction synaptic 
connections. Electrophysiological assays of  DSiaT  mutants indicated that DSiaT 
activity is required for normal neuronal excitability and specifi cally affects the func-
tion of Para, the main voltage-gated Na +  channel in  Drosophila  (Repnikova et al. 
 2010 ). Similar phenotypes result from  CSAS  mutations that are predicted to also 
block the sialylation pathway (Islam et al.  2013 ). Interestingly, the paralysis pheno-
type of  CSAS  mutants can be signifi cantly ameliorated by an extra gene copy of  para , 
which suggests that sialylation potentially controls the number of functional voltage-
gated channels on the cell surface (Islam et al.  2013 ). Moreover, the genetic interac-
tions between  DSiaT  and  β4GalNAcTA  indicated that sialic acids may function as 
masking residues hindering the recognition of LacNAc termini of glycans by some 
endogenous lectins (Nakamura et al.  2012 ). While further experiments are required 
to test these intriguing hypotheses, taken together, these results reveal an important 
novel, nervous system-specifi c function for α 2,6 -sialylated N-glycans in the regula-
tion of neural transmission. It is tempting to speculate that this regulatory role cor-
responds to one of the most ancient evolutionarily conserved functions of sialylation 
in metazoan organisms. This intriguing hypothesis requires further investigation.   

17.5     Conclusions 

 N-Glycosylation can affect glycoproteins by a number of mechanisms, e.g., by 
facilitating protein folding and stability, supporting traffi cking, participating in 
interactions with other molecules, including lectins, as well as by mediating electro-
static and steric effects on protein dynamics and conformation. In the nervous sys-
tem, many key players of neural transmission bear N-linked carbohydrate 
modifi cations. The roles of these modifi cations usually depend on molecular and 
cellular contexts and can vary from nonessential effects to obligatory requirements 
for protein functions (Table  17.1 ). This broad range of possible effects is expected 
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to create a full gamut of states of neural transmission that can be controlled by 
 glycosylation pathways (Fig.  17.2 ). Collectively, these data suggest that N-glycans 
can function in vivo as potent regulators of synaptic transmission and excitability of 
neural circuits, while also providing an important link between neural transmission 
and metabolism. These data also pose a number of outstanding questions about 
molecular, cellular, and genetic mechanisms that can underlie the glycan-mediated 
neural regulation in vivo, as well as a potential involvement of neural N-glycosylation 
in the pathobiology of neurological disorders. Obtaining answers to these challenging 
but fundamentally important questions is expected to require a combination of 
in vitro and in vivo approaches, and should be facilitated by studies using geneti-
cally tractable model organisms with simplifi ed glycosylation pathways and a 
decreased complexity of the nervous system.
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    Abstract     Numerous pathogens that can affect neural function utilize oligosaccha-
ride–protein interactions as a fi rst step in the infection process. The variability in 
carbohydrate structures as well as the presence of carbohydrate binding receptors 
on the surface of cells provides a plethora of potential binding sites for viruses, 
bacteria, and bacterial toxins. This chapter discusses scenarios for how carbohy-
drates may affect the ability of infectious agents to interact with neural cells, pro-
vides examples of problems that may result from development of antibodies to 
carbohydrate antigens found on pathogens that are similar to epitopes expressed on 
mammalian cells, and presents approaches either in use or under consideration for 
translational uses of this information.  

  Keywords     Bacterial toxins   •   Molecular mimicry   •   Glycodendrimers   •   Multivalency   
•   Latency   •   Lipid rafts   •   Peptide mimetics  
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  CTx    Cholera toxin   
  DC-SIGN    Dendritic cell-specifi c intercellular molecule-grabbing nonintegrin   

    Chapter 18   
 Roles of Carbohydrates in the Interaction 
of Pathogens with Neural Cells 

             Cara-Lynne     Schengrund    

        C.-L.   Schengrund      (*) 
     Department of Biochemistry and Molecular Biology ,  The Pennsylvania State 
University College of Medicine ,   Hershey ,  PA   17033 ,  USA   
 e-mail: cxs8@psu.edu  

mailto:cxs8@psu.edu


396

  GABA    Gamma-aminobutyric acid   
  GAG    Glycosaminoglycan   
  Gb3    Globotriaosylceramide   
  GBS    Guillain–Barre syndrome   
  GSL    Glycosphingolipid   
  H    Hemagglutinin   
  HIV    Human immunodefi ciency virus   
  Iv    Intravenous   
  MßCD    Methyl-ß-cyclodextrin   
  SNAP-25    Synaptic vesicle-associated protein with a mass of 25 kilodaltons   
  SV2    Synaptic vesicle glycoprotein 2   
  TeNT    Tetanus neurotoxin   
  TNFα    Tumor necrosis factor-alpha   
  TTC    Carboxyl terminal half of the heavy chain of tetanus toxin   
  VAMP-1-2    Vesicle-associated membrane protein-1-2 or synaptobrevin-1 and -2   

       In previous chapters you learned about the various types of glycoconjugates 
expressed in the nervous system and the almost limitless diversity they can display 
when considered from a structural point of view. Also discussed were some of the 
myriad number of problems that may occur as a result of incorrect glycosylation. 
The variability in carbohydrate structures as well as the presence of carbohydrate- 
binding receptors on the surface of cells provides a plethora of potential binding 
sites for viruses, bacteria, and bacterial toxins. This chapter will present (1) sce-
narios for how carbohydrates may affect the ability of infectious agents to interact 
with neural cells, (2) examples of problems that may result from development of 
antibodies to carbohydrate antigens found on pathogens that are similar to epitopes 
found on mammalian cells, and (3) approaches either in use or under consideration 
for translational uses of this information.

18.1        Bacterial Toxins: Lessons Learned 

 Cholera toxin (CTx), the heat labile enterotoxin of  Escherichia coli , and Shiga-like 
toxin, causative agents for the symptoms of cholera, travelers’ diarrhea, and hemolytic-
 uremic syndrome, respectively, are well-studied examples of carbohydrate- binding 
agents. Except for Shiga-like toxin produced by  E. coli  O157:H7 that can also infect 
the CNS (Hamano et al.  1993 ), these toxins do not induce neuronal disease. CNS 
involvement induced by Shiga-like toxin 2 is thought to result from infl ammatory 
responses in the brain initiated by Shiga-like toxin binding to globotriaosylceramide 
(Gb3, sugar compositions of sphingolipids discussed are shown in Table  18.1 ) on 
brain endothelial cells, not neurons and glia. Resultant neuronal death appears to 
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be caused by infl ammatory responses as seen in the up-regulation of mRNA for 
interleukin-1ß and tumor necrosis factor-alpha (TNFα, Takahashi et al.  2008 ). 
Regardless of the effects of these toxins on the CNS, identifi cation of their glyco-
sphingolipid receptors promoted our understanding of infection by other carbohy-
drate-binding pathogens. Each of the three toxins can be described as being of the 
AB 5  type. This indicates that the binding subunit is made up of fi ve identical poly-
peptide chains while the A subunit, or a part of it, mediates activity of the toxin. In 
the case of cholera toxin, the fi ve identical binding subunits were shown to each 
contain components of a single binding site that was formed by the intersection of 
one peptide with the next, resulting in a binding subunit able to adhere to fi ve recep-
tors (Merritt et al.  2002 ). While individual protein–carbohydrate interactions are 
often of low affi nity, the adherence of multiple binding subunits present on the AB 5  
toxins to multiple carbohydrate residues present on either a single or multiple recep-
tors was shown to result in a much higher binding affi nity, one that was greater than 
the sum of the individual interactions (Lee and Lee  2000 ). This observation pro-
vided an explanation for why “multivalent” carbohydrate inhibitors, termed glyco-
dendrimers, were observed to be more effective inhibitors of the binding of AB 5  
toxins than the free oligosaccharide (e.g. Thompson and Schengrund  1997 ; Kitov 
et al.  2000 ) and provided the basis for understanding how pathogens may use cell 
surface carbohydrates as high-affi nity binding sites. 

 As indicated above protein–sugar interactions are often strengthened as a result 
of the protein adhering to multiple carbohydrates supporting the hypothesis that 
when the receptor is a glycosphingolipid (GSL) with just a single oligosaccharide 

      Table 18.1    Carbohydrate composition of oligosaccharides discussed   

 Name  Carbohydrate composition 

 Gb3  Gal(α1–4)Gal(ß1–4)Glcß1– 
 GM3  SA(α2–3)Gal(ß1–4)Glcß1– 
 GM1  Gal(ß1–3)GalNAc(ß1–4)[SA(α2–3)]Gal(ß1–4)Glcß1– 
 GD3  SA(α2–8)SA(α2–3)Gal(ß1–4)Glcß1– 
 GD2  GalNAc(ß1–4)[SA(α2– 8)(SA(α2–3)]Gal(ß1–4)Glcß1– 
 GD1b  Gal(ß1–3)GalNAc(ß1–4)[SA(α2–8)SA(α2–3)]Gal(ß1–4)Glcß1– 
 GT1b  SA(α2–3)Gal(ß1–3)GalNAc(ß1–4)[SA(α2–8)SA(α2–3)]Gal(ß1–4)Glcß1– 
 GQ1b  SA(α2–8)SA(α2–3)Gal(ß1–3)GalNAc(ß1–4)[SA(α2–8)SA(α2–3)]

Gal(ß1–4)Glcß1– 
 LLG-3 a   8-OMe-Neu5Ac(α2–11)Neu5Gc(α2–3)Gal(ß1–4)Glcß1– 
 Heparan sulfate b   [GlcNAc(ß1–4)GlcUA/IdoA] n -linkage tetrasaccharide 
 Dermatan sulfate  [IdoA/GlcUA(α1–3)GalNac] n -linkage tetrasaccharide 
 Hyaluronic acid  [GlcUA(ß1–3)GlcNAc] n  
 PGL-1  M. leprae   3,6-di-O-methylGlc(α1–4)2,3-di-O-methylrhamnose(ß1–2)3-O- 

methylmannose  

   a Neu refers to neuraminic acid while SA refers to sialic acid the general name used when not spe-
cifi cally indicating substituents 
  b Heparin and heparan sulfate have the same disaccharide repeating unit but heparin has more 
 N -acetyl groups, and fewer N and O-sulfates. Dermatan sulfate contains predominantly iduronic 
acid while hyaluronic acid is not sulfated. For details about GAGs see Chap.   5      
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residue its concentration on the cell surface might affect binding by the pathogen. 
Hanashima et al ( 2008 ) found this applied to the binding of Shiga-like toxin to its 
receptor, Gb3. It adhered to wild-type Vero cells where Gb3 was present in lipid 
rafts but did not bind mutated Vero cells whose lipid rafts have a lower density of 
Gb3. For a schematic of a lipid raft, an area of the membrane enriched in choles-
terol, glycosphingolipids, and signal transduction molecules (Brown and London 
 2000 ; Simons and Toomre  2000 ) see Fig.  18.1 .

   The  Clostridial  neurotoxins, tetanus (TeNT) and botulinum (BoNT), causative 
agents of tetani and botulism, respectively, recognize carbohydrate moieties on gan-
gliosides as receptor components. Tetanus toxin induces the spastic paralysis asso-
ciated with tetani, by acting on neurons in the CNS to block release of the inhibitory 

  Fig. 18.1    ( a ) Schematic of the lipid raft portion on the outer surface of a cell’s plasma membrane. 
The increased concentration of glycosphingolipids are indicated by linked,  colored circles  and 
diamonds, possible adherence of an AB 5  toxin to a number of carbohydrates is indicated by the 
round  red structure , a transmembrane-raft-associated protein by the  black line  and surface- 
associated proteins by the elipses. Due to the increase in cholesterol and sphingolipids such as 
gangliosides present in lipid rafts, lateral mobility within the membrane is reduced relative to that 
in the nonraft, phospholipid-enriched portions of the membrane. This refl ects the ring structure of 
cholesterol and the presence of sphingosine with its single  trans  double bond and the fact that the 
fatty acid linked to it to form the ceramide portion of sialylated glycosphingolipids such as gan-
gliosides is usually saturated. ( b ) Comparison of the hydrocarbon chain composition frequently 
seen in phospholipids relative to that seen in glycosphingolipids such as gangliosides. Note the  cis  
double bonds in the unsaturated fatty acid often found at the 2 position in a phospholipid. The  trans  
double bond and saturated fatty acid found in ceramides (Cer) associated with gangliosides allow 
for tighter packing of hydrocarbon chains than seen when unsaturated fatty acids are present. 

Sugars on the GSL chain are    glc (    ), gal (    ), galNAc (    ), and sialic acid (    )       
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neurotransmitters, γ-aminobutyric acid (GABA) and glycine. BoNT induces the 
fl accid paralysis associated with botulism, by inhibiting acetylcholine release at the 
neuromuscular junction. While tetanus toxin exists as a single serotype, eight sero-
types of BoNT (A-H plus numerous subtypes) have been identifi ed (e.g. Dover et al. 
 2014 ). Serotypes A, B, and E are most often seen in human botulism while sero-
types C and D are found in animals. Regardless of serotype each toxin consists of a 
heavy chain and a light chain linked together by a disulfi de bond. The heavy chain 
of TeNT has two carbohydrate- binding sites that adhere to the carbohydrate portion 
of gangliosides GD1b and GT1b (Habermann and Dreyer  1986 ; Svennerholm’s 
nomenclature  1980 ) while the heavy chain of BoNT has either one site that in the 
case of BoNT serotype A adheres to GT1b and GD1a (Yowler and Schengrund 
 2004 ) or two  distinct binding sites as seen in BoNT/C, one preferring GD1a and 
GT1b, the other GD1b over GT1b (Karalewitz et al.  2012 ). These examples high-
light the fact that different serotypes may express different ganglioside specifi cities. 
In addition to gangliosides, proteins are also a part of the receptor complex needed 
for BoNT and possibly for TeNT binding. Proteins identifi ed are synaptotagmin I 
and II for BoNT serotypes B and G (e.g. Dong et al.  2007 ), and synaptic vesicle 
glycoprotein 2 (SV2) for BoNT serotypes A (Mahrhold et al.  2006 ; Dong et al. 
 2006 ), D (Peng et al.  2011 ), E (Dong et al.  2008 ), and F (Rummel et al.  2009 ) and 
a 15 kDa membrane bound glycoprotein for TeNT (Herreros et al.  2000 ). In the case 
of BoNT serotype E, it has been hypothesized that the glycosyl group on Asp-573 
of the SV2 is needed for appropriate binding (Kwon and Chapman  2012 ). 

 Interestingly, Synaptotagmin 1, has been found in lipid rafts isolated from rat 
brain synaptosomes (Gil et al.  2005 ). The fact that all SV2 proteins interact directly 
with synaptotagmin 1 (Yao et al.  2010 ) suggests that they too are associated with 
lipid rafts. Since lipid rafts are enriched in glycosphingolipids (Brown and London 
 2000 ; Simons and Toomre  2000 ) their presence in the same lipid rafts as the protein 
coreceptors would provide an optimum environment for BoNT adherence. Despite 
the possible colocalization of both ganglioside and protein receptors in lipid rafts, 
analysis of the effect of disruption of lipid rafts using methyl-ß-cyclodextrin 
(MßCD) on susceptibility of SNAP-25 in N2a murine neuroblastoma cells, indi-
cated that disruption of rafts prior to addition of BoNT/A resulted in enhanced 
cleavage of SNAP-25 by BoNT/A relative to that seen in control cells not exposed 
to MßCD (Petro et al.  2006 ). Once internalized and released into the cytosol the 
toxin light chains, Zn 2+  endoproteases, block neurotransmission by catalyzing 
cleavage of one of the synaptic SNARE proteins, syntaxin-1 (BoNT/C), SNAP-25 
(BoNT/A,C, and E), or VAMP-1-2 (synaptobrevin-1 and -2, BoNT/B,C,D, and F; 
TeTx). For a comprehensive review see Bercsenyi et al. ( 2013 ). 

 While many people are immunized against TeNT, the same is not true for BoNT 
even though it is the deadliest of all known biological substances (Singh  1999 ). 
While its lethality has allowed BoNT to be thought of as a possible bioterrorism 
agent, its effectiveness at inhibiting transmitter release at the neuromuscular junc-
tion has resulted in its use for treating nerve, muscle, and gland hyperactivity disor-
ders caused by altered behavior of cholinergic neurons (Peng et al.  2012 ). Clinical 
use has shown that people can be injected a number of times with a specifi c serotype 
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(generally BoNT/A) before developing an immune response suffi cient to affect its 
effi cacy as a drug. This is when the availability of different serotypes is a positive as 
in some instances it has been possible to use a different serotype and continue treat-
ment. For an evaluation of the different BoNTs available for clinical use see Hallett 
et al. ( 2013 ). As the properties of the various domains of the toxin (binding, cata-
lytic, and translocation) have become more completely understood, investigations 
into their use in the development of new therapeutics are underway (Chaddock 
 2013 ). The clinical signifi cance of BoNT has infl uenced thought about immunizing 
people against accidental exposure, as that would eliminate its pharmacological 
uses. See Table  18.2  for examples of pathogens that may cause neural problems. 
Pathogens discussed below provide examples of the various roles glycoconjugates 
have in their interactions with host cells.  

18.2     Bacterial Infections 

  Borrelia burgdorferi , the spirochete causative agent of Lyme disease is transmitted 
by bites from the Ixodes ticks that carry it (Burgdorfer et al.  1982 ). The spirochetes 
proliferate in the guts of the ticks, become disseminated, and are then injected into 
humans when the infected ticks feed on their blood. While  B. burgdorferi  can infect 
a variety of tissues, when it infects the nervous system it is most often seen clini-
cally as meningitis, cranial neuritis, and radiculoneuritis (infl ammation of nerve 
roots and their accompanying peripheral nerves; Halperin et al.  2007 ). The ability 
of the bacteria to infect the CNS means that treatment requires drugs that can cross 
the BBB. The spirochete has been shown to adhere to extracellular matrix 
 glycosaminoglycans (sulfated and/or carboxylated carbohydrates generally linked 
to a protein core, see Chap.   1    ) via one of its cell surface glycosaminoglycan (GAG)-
binding proteins. It has been hypothesized that pathogen binding to extracellular 
matrix GAGs serves to concentrate it on the cell surface thereby enhancing its abil-
ity to interact with additional receptors and infect cells (Kurre et al.  1999 ). The 
recombinant  B orrelia  G AG- binding   p rotein identifi ed as Bgp in studies of strain 
N40 D10/E9 (Parveen and Leong  2000 ) was shown to adhere to heparin and to 
inhibit binding of intact  B. burgdorferi . Another GAG-binding protein found on  B. 
burgdorferi  was shown to adhere to dermatan sulfate and heparin (Fischer et al. 
 2006 ) as well as laminin (Verma et al.  2009 ). In addition to its ability to adhere to 
glycosaminoglycans, earlier studies done in three different labs showed that the 
bacteria bound to Gal-Cer and some studies also indicated that different strains 
adhered to additional GSLs (Garcia-Monco et al.  1992 ; Backenson et al.  1995 ; 
Kaneda et al.  1997 ). It was also found that when virulent low-passage strains of 
bacteria were serially subcultured, high passage strains did not bind as well to Gal-
Cer and could not infect mice (Kaneda et al.  1997 ). While this observation indicates 
the need for interaction with GSLs, the question of whether its ability to interact 
with GSLs is mediated by one of the GAG-binding proteins or an as yet unidentifi ed 
protein has not been addressed.  
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   Table 18.2    Examples of diseases caused by pathogen-induced utilization of cell surface 
carbohydrates/lectins in the nervous system a    

 Agent  Cells infected  Disease  Ligand/anchor 

  Toxins  
  1. Botulinum 

neurotoxin 
 Neurons (PNS)  Botulism  GT1b 

  2. Tetanus 
neurotoxin 

 Neurons (CNS)  Tetani  GT1b 

  3. Shiga toxin-2  Myelin sheaths  Neuronal apoptosis  Gb3-Cer 

  Bacteria  
  4.  Borrelia 

burgdorferi  
 Neurons/Glia  Meningitis and 

radicular pain 
 Dermatan sulfate/heparin/

Gal-cer 
  5.  Listeria 

monocytogenes  
 Meninges/neurons  Meningitis/

meningoencephalitis 
 Heparin/heparin sulfate 

  6.  Mycobacterium 
Leprae  

 Schwann cells  Leprosy  Laminin α2 binds 
trisaccharide on PGL-1 

  7.  Staphylococcus 
aureus  

 Microglia  Meningitis/brain 
abscess 

 Heparin/heparin sulfate 
Staphylococcus aureus 
(methicillin-resistant) 

  Protozoa  
  8.  Plasmodium 

falciparum  
 Microvasculature  Cerebral malaria  Heparin 

  Epitope mimicry  
  9.  Campylobacter 

jejuni  
 Peripheral neurons  Peripheral neuropathy  Gangliosides 

 10. Group A 
streptococci 

 Neurons  Sydenham chorea  GlcNAc, Gangliosides 

  Viruses  
 11. Adenovirus  Neurons  Keratoconjunctivitis  GD1a 
 12. Ebola  Astrocytes  Ebola  Mannose-binding lectins 
 13. HIV  Microglia/neurons  AIDS  Glc-Cer containing GSLs 

plus CD4, CCR5/
CXCR4 

 14. Infl uenza H5 
N1 

 Neurons/microglia  Ataxia, tremor, 
bradykinesia 

 α2-3/α2-6 sialic acid 

 15. JC 
Polyomavirus 

 Oligodendroglia/
astrocytes 

 Leukoencephalopathy  α2-6/α2-3 sialic acid 

 16. Rabies  Neurons  Encephalitis/paralysis  Nicotinic cholinergic 
receptor 

 17 Varicella zoster  Neurons  Latent—shingles  Heparin/mann-6-P 
receptors 

 18. West Nile fever  Neurons  Encephalitis/fl accid 
paralysis 

 DC-SIGNR 

  Yeast  
 19.  Cryptococcus 

neoformans  
 Endothelial cells 

between vessels 
and neuropil 

 Meningoencephalitis  Hyaluronic acid 

   a References for the above are 1. Bercsenyi et al. ( 2013 ); 2. Herreros et al. ( 2000 ); 3. Fujii et al. 
( 1998 ), Takahashi et al. ( 2008 ); 4. Kaneda et al. ( 1997 ) and Fischer et al. ( 2006 ); 5. Disson and 
Lecuit ( 2012 ); 6. Ng et al. ( 2000 ) and Rambukkana et al. ( 2002 ); 7. Naesens et al. ( 2009 ); 8. Boyle 
et al. ( 2010 ) and Ramos et al. ( 2013 ); 9. Rees et al. ( 1995 ) and Usuki et al. ( 2006 ); 10. Kirvan et al. 
( 2003 ) and Cunningham ( 2012 ); 11. Nilsson et al. ( 2011 ); 12. Denizot et al.  2012 ); 13. Harouse 
et al. ( 1995 ) and Puri et al. ( 1998 ); 14. Simon et al. ( 2011 ); 15. Komagome et al. ( 2002 ) and Neu 
et al. ( 2011 ); 16. Rustici et al. ( 1989 ); 17. Zhu et al. ( 1995 ) and Jacquet et al. ( 1998 ); 18. Davis 
et al. ( 2006 ); and 19. Chang et al. ( 2004 ) and Huang et al. ( 2011 )  
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18.3     Neural Problems Induced by Mimicry 
Between Pathogen and Host 

 Infection by  Campylobacter jejuni , a major cause of bacterial diarrhea in the U.S., 
is perhaps the best known example of the negative effect expression of antibodies to 
bacterial cell wall oligosaccharides may have on neural function. After apparent 
recovery from infection by  C. jejuni  a number of patients develop Guillain–Barre 
syndrome (GBS, Rees et al.  1995 ), characterized by peripheral neuropathy. In 
response to the question of how an enteric bacterium that causes diarrhea can affect 
the nervous system, the answer is that upon infection the body produces antibodies 
to the lipo-oligosaccharide expressed on the bacterial wall of  C. jejuni , and in some 
instances those antibodies recognize gangliosides associated with neural cells. 
Their adherence induces the neurological symptoms associated with GBS. Injection 
of the lipo-oligosaccharide into rabbits was shown to induce neuropathy similar to 
acute motor axonal neuropathy as well as anti-ganglioside antibodies. To hasten 
recovery from GBS, plasmapheresis is used to dilute the antibody concentration 
(Meena et al.  2011 ). 

 Another bacteria whose negative effects are enhanced by this type of molecular 
mimicry are group A streptococci ( Streptococcus pyogenes ). With respect to 
 carbohydrates, studies of rheumatic heart disease indicate that infection by group A 
streptococci induces expression of antibodies to the group A carbohydrate, 
 N -acetyl-ß-D-glucosamine (GlcNAc). The antibodies produced can also recognize 
an epitope found on lysoganglioside GM1 (GM1 lacking a fatty acyl residue, 
Kirvan et al.  2003 ). Binding of these antibodies to neuronal cell surface GM1 
results in activation of Ca 2+ /calmodulin –dependent kinase II (CaMKII) as well as 
increased release of dopamine. These changes correlate with the symptoms associ-
ated with Sydenham chorea, a disorder of the CNS characterized by involuntary 
movements and changes in mood. Initial results have shown that iv administration 
of immunoglobulins ameliorated movement problems but more research is needed 
in this area (Cunningham  2012 ).  

18.4     Viral Infection 

 Some viruses adhere to carbohydrates on the surface of their target cells while oth-
ers are bound by lectins expressed on the surface of their target cells. Human immu-
nodefi ciency virus (HIV) is perhaps the most widely recognized human pathogen 
that utilizes carbohydrates in its binding to human target cells. HIV-induced demen-
tia affects a number of people with HIV (20–30 %, Albright et al.  1999 ) and the 
CNS effects range from cognitive impairment to central diabetes insipidus (Banks 
et al.  2001 ). Gp120 shed from the surface of HIV virus particles is able to cross the 
BBB as is intact HIV-1 which can be taken up by brain endothelial cells and move 
across the BBB (Banks et al.  2001 ). Primary cells infected are brain microglial 
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cells. Gp120 can induce neuronal cell death by apoptosis (Corasaniti et al.  2001 ) 
and induce formation of reactive oxygen species leading to neurodegeneration 
(Maccarrone et al.  2002 ). Different strains of HIV-1 have been shown to require 
glucocerebroside-containing GSLs in addition to CD4, CCR5, and CXCR4 in order 
for effective gp120/gp41-mediated fusion of the virus with its target cells to occur 
(Harouse et al.  1995 ). Initial evidence for this was provided by the observation that 
anti-Gal-Cer antibodies were able to inhibit HIV-1 entry into glioma and human 
neuroblastoma cells (Harouse et al.  1991 ). Subsequent studies indicated that when 
synthesis of Glc-Cer containing GSLs was inhibited, gp120/gp41-mediated fusion 
of virus to target cells was inhibited. However, addition of Gb3 to the cells resulted 
in recovery of fusion (Puri et al.  1998 ) indicating that GSLs were required. This 
observation was used to develop effective multivalent oligosaccharide inhibitors of 
HIV-1 fusion with its target cells (e.g. Rosa Borges et al.  2010 ). 

 Another example of viral adherence to target cell glycoconjugates is provided by 
human polyoma JC virus. It is a double-stranded DNA virus that when present in 
immunocompromised individuals can cause progressive multifocal leukoencepha-
lopathy due to its infection of oligodendroglia (Stettner et al.  2009 ). Of its three 
capsid proteins (VP1-3), VP 1  was shown to have a primary role in mediating viral 
attachment to cells (Goldmann et al  1999 ). VP 1  was found to adhere to neoglyco-
proteins containing terminal α2-3- or α2-6-linked sialic acid moieties with 
 contribution from an internal α2-6-linked one as well. It was also shown to bind 
GM3, GD2, GD3, GD1b, GT1b, and GQ1b, gangliosides found on the plasma 
membranes of brain cells (Bullens et al.  2003 ). Importance of its adherence to GT1b 
was confi rmed when pretreatment of JC virus with GT1b was found to inhibit its 
ability to infect IMR-32 cells by about 80 % (Komagome et al  2002 ). While many 
are nonneuronal, JC virus is just one of a number of viruses that recognize sialic 
acid as part of their binding site (for a general review see Neu et al.  2011 ). 

 Interestingly, while most people think of infl uenza virus as infecting the respira-
tory system, the strain responsible for the 1918 Spanish infl uenza pandemic induced 
neurological symptoms as does the very pathogenic avian infl uenza virus H5 N1, 
currently considered a serious pandemic threat. The virus has been shown to infect 
CNS neurons and microglia and to induce neurodegeneration (Jang et al.  2009 ). 
After binding to its receptor on cranial nerves it is transported axonally to the brain 
stem. While the hemagglutinin molecules on human infl uenza viruses tend to prefer 
terminal α2-6 linked sialic acid residues as part of their binding site, the H5 of H5 
N1 can adhere to both α2-6 and α2-3 linked sialosyl moieties. The latter may enable 
it to bind not only to glycoproteins but to gangliosides such as GD1a present on the 
termini of cranial nerve endings (Simon et al.  2011 ). The presence of terminal sialic 
acid residues on both glycoproteins and glycolipids on the outer surface of cell 
plasma membranes makes them relatively accessible pathogen-binding sites. The 
presence of plasma membrane-associated sialidase able to catalyze cleavage of 
sialyl residues on the plasma membrane of cells permits the cells to modulate sialic 
acid expression thereby modulating availability of those binding sites (Pshezhetsky 
and Hinek  2011 ). 
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 Cell surface lectins that can bind mannose residue(s) present on viral cell surface 
oligosaccharides function as attachment sites for a number of viruses such as West 
Nile (Davis et al.  2006 ), Dengue (Fuchs et al.  2010 ), and Ebola (Brudner et al. 
 2013 ). All three of these viruses may affect the CNS causing problems ranging from 
encephalitis and fl accid paralysis to widespread cell apoptosis. In the CNS, 
mannose- binding lectins, able to recognize carbohydrates on Ebola virions, are 
found on astrocytes while dendritic cell-specifi c intercellular molecule-grabbing 
nonintegrin (DC-SIGN) lectins that bind mannosyl-containing oligosaccharides on 
all three viruses are found on perivascular cells. In contrast to Ebola and West Nile 
viruses, Dengue is also bound by the mannose macrophage receptor (for a review 
discussing CNS effects of emerging viruses see    Denizot et al.  2012 ).  

18.5     Dormancy in the CNS 

 When a virus infects the CNS and is not cleared by the body it is possible that it will 
remain in a dormant or latent form (either not undergoing replication or replication 
is minimal). Varicella zoster, a human alphaherpesvirus best known as the causative 
agent of chickenpox, provides an example of such behavior. It interacts with cells 
by fi rst binding to heparan sulfate proteoglycan. In order for it to enter target cells it 
must also be bound by a mannose 6-phosphate receptor (Zhu et al.  1995 ). While the 
symptoms associated with chickenpox are generally resolved within a few weeks, 
the virus is not entirely cleared from the body. Instead it remains in a latent state in 
the cell bodies of certain neurons. It may then reappear many years later, frequently 
in stressed or immunocompromised individuals, in the form of the painful rash 
characteristic of shingles and/or as encephalomyelitis. Interestingly in immuno-
competent patients meningitis was the CNS presentation seen more often than 
encephalomyelitis (Pahud et al.  2011 ). While a shingles vaccine has been developed 
the problem of latency upon infection of the CNS is signifi cant and becomes more 
so when people become less immunocompetent, a problem that appears to become 
more prevalent with increasing age.  

18.6     Potential Treatment/Uses 

 Knowledge about the roles that carbohydrates can have in the interaction of patho-
gens with their target cells as well as their mechanism of action has led to develop-
ment of approaches to prevent their interaction with cells, and to the use of some as 
therapeutic agents. 

 As information about binding sites for different pathogens has been acquired, it 
has been used to develop inhibitors of their binding. The fi nding that “multivalent” 
carbohydrates tend to be bound by carbohydrate-binding proteins more tightly than 
monovalent ones provided an explanation for the observation that a dendrimer core 
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derivatized with multiple oligosaccharide GM1 molecules was a more effective 
inhibitor of the binding of cholera toxin to GM1 than monovalent oligo-GM1 
(Schengrund and Ringler  1989 , see Fig.  18.2  for a schematic of one type of den-
drimer). Crystallographic data indicating that Shiga-like toxins contained a pentam-
eric binding subunit with three carbohydrate-binding sites per subunit arranged so 
that all 15 binding sites are on the same surface (Ling et al.  1998 ) was used in 
development of decavalent “starfi sh” dendrimers. These were comprised of a core 
molecule of glucose derivatized with fi ve dimers of Gb3, one of which was linked 
to each glucose hydroxyl (Kitov et al.  2000 ). IC 50 s obtained for Shiga-like toxins 1 
and 2 binding to the dendrimers were close to 10 −10  and 10 −9 , respectively. Similar 
studies have indicated that multivalent presentations of the oligosaccharide portion 
of GM3 or Gb3 inhibited binding of HIV to target cells (Rosa Borges et al.  2010 ), 
and multibranched dendritic polymers derivatized with mannosyl residues inhibited 
binding of Ebola virus to DC-SIGN (Lasala et al.  2003 ).

  Fig. 18.2    Schematic showing a third generation PAMAM dendrimer derivatized with a residue at 
the ends of each of its 16 termini ( a ). Each circle indicates a generation. Carbohydrates linked to 
the ends of each dendrimer can vary from a simple galactose moiety ( b ) to something more com-
plex such as the oligosaccharide portion of GQ1b (c)       
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   While use of these multivalent ligands has confi rmed the need for specifi c 
 carbohydrates for adherence of the pathogen to its target cells, the use of these com-
pounds to treat neural infections is problematic. For those using more complex 
carbohydrates as ligands, there is the need to obtain the carbohydrates in suffi cient 
quantities and at costs that would make their use feasible. Another is targeting them 
to appropriate sites. To overcome some of the diffi culties encountered using chemi-
cal methods to synthesize oligosaccharides, chemoenzymatic approaches are being 
used by a number of investigators (e.g. Champion et al.  2009 ; Muthana et al.  2009 ). 
In order to obtain enzymes capable of catalyzing a specifi c reaction investigators 
have used molecular approaches to engineer more active enzymes or enzymes with 
altered specifi city. This approach was used to synthesize the neuritogenic starfi sh 
ganglioside LLG-3 (Rich and Withers  2012 ). To avoid the need to synthesize oligo-
saccharides, natural products have been evaluated for their effectiveness at inhibit-
ing pathogen–host cell interactions. An example of this approach was the observation 
that cyanovirin-N, a high mannose oligosaccharide-binding protein found in blue- 
green algae, could adhere to sugars on the surface of HIV and Ebola thereby reduc-
ing their ability to bind and infect target cells and eliminating the need for 
“multivalent” oligosaccharide inhibitors (Barrientos et al.  2003 ). 

 In addition to the use of multivalent ligands to inhibit binding of pathogens bound 
by cell surface lectins, investigators are looking at the possibility of using recombi-
nant lectins as possible drugs. An example of their potential effectiveness was pro-
vided by the observation that an increase in the concentration of serum recombinant 
human mannose binding lectin by sevenfold or more allowed mice to survive after 
injection with lethal concentrations of Ebola virus (Michelow et al.  2011 ). 

 Instead of dealing with the complexities of obtaining quantities of specifi c oligo-
saccharides, or preparing recombinant lectins, investigators have started looking for 
peptide mimetics. The following two examples indicate the range of possibilities for 
this approach. In one, a phage display library was used to identify peptides that 
could bind to a mAb (14G2a) that recognizes GD2 (Horwacik et al.  2011 ). GD2 is 
an antigen associated with most neuroblastomas as well as other cancers. For chil-
dren with neuroblastoma, anti-GD2 antibodies are used for diagnosis and to follow 
treatment response. Effective peptide mimetics of GD2 should make it possible to 
use them instead of GD2 for preparation of anti-GD2 antibodies. Since GD2 is one 
of the gangliosides identifi ed as a binding site for JC virus, it is possible that this 
peptide or others mimicking the oligosaccharide portions of other GSLs might by 
effective inhibitors of pathogen–cell interactions. 

 Studies of the antibody response to strain HS 19  of  C. jejuni  that led to the molecu-
lar mimicry seen in Guillain–Barre syndrome indicated that the antibodies recog-
nized the oligosaccharide portion of GD3 refl ecting the fact that the terminal 3 sugar 
moieties of GD3 are also part of the bacterial lipo-oligosaccharide. The presence of 
GD3 on the Schwann cell surface and in the nodes of Ranvier of the sciatic nerve 
(Usuki et al.  2006 ) makes it an available target when the body responds by produc-
ing that particular anti-lipo-oligosaccharide antibody. Using phage display Usuki 
et al. ( 2010 ) identifi ed a peptide that when injected into rats is able to restore periph-
eral nerve function in those previously induced to develop Guillain–Barre syndrome 
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by injection of the GD3-like lipo-oligosaccharide. This observation supports the 
hypothesis that the peptide might provide an additional approach for treating people 
with Guillain–Barre syndrome. Identifi cation of effective peptide mimetics pro-
vides an approach for obtaining quantities of specifi c mimetics at prices that may be 
more realistic than those currently associated with obtaining similar quantities of 
specifi c carbohydrates. 

 A different approach has been used to inhibit cell to cell spread of infl uenza 
virus. In order for newly synthesized virions to be released from the cell surface its 
sialidase (N1) catalyzes cleavage of sialic acid residues from both the newly synthe-
sized virions and the cell surface thereby removing binding sites for the hemagglu-
tinin (H). This releases newly formed virions from the cell surface, a necessary step 
if they are to move and infect more cells. While N1 associated with different strains 
of human infl uenza was found to preferentially catalyze cleavage of α2-3 sialic acid 
linkages, it could also catalyze cleavage of those linked α2-6 albeit somewhat more 
slowly (Mochalova et al.  2007 ). The requirement for sialidase activity led to analy-
sis of its sialic acid-binding site, knowledge of which was then used in development 
of inhibitors of its action. Inhibitors of N1 currently in use, Relenza and Tamifl u, 
were developed by modifying sialic acid with either a positively charged  guanidinium 
or ammonium substituent on C4. The problem with these drugs, especially Tamifl u, 
is that resistant strains are starting to appear. To counteract this, mechanism- based 
difl uoro-inhibitors having the same substituents at C4 but with fl uorines at C2 and 
3 were developed and found effective at suppressing viral replication and prolong-
ing survival of mice exposed to the virus intranasally (Kim et al.  2013 ). 

 Targeting drugs to the CNS requires their transport across the blood–brain bar-
rier (BBB) in which tight junctions between cerebral endothelial cells restricts 
access. Research has shown that this problem can be circumvented by linking the 
drug to a vector that can bind to luminal surface receptors on cerebral endothelial 
cells and be transcytosed across the BBB. The fact that the carboxyl-terminal por-
tion of the heavy chain of tetanus toxin (TTC) can be retrogradely transported and 
enter motor neurons has led to use of TTC as a carrier of proteins such as superox-
ide dismutase, and glial-derived neurotrophic factor and brain derived neurotrophic 
factor to them. This approach is seen as a possible means for delivering drugs 
needed for treatment of motor neuron diseases resulting in muscle paralysis (Calvo 
et al.  2013 ). In addition to the use of TTC, antibodies and peptides have also been 
used to target drug-carrying nanoparticles across the BBB. For example, the anti-
transferrin antibody, OX26, has been found to be an effective vector for this purpose 
(e.g. Bao et al.  2012 ) as has the GM1 binding peptide, G23, although it is targeted 
to the lungs as well (Stojanov et al.  2012 ). While much of the work done with 
nanoparticles has been aimed at targeting cancer therapeutics, as microorganisms 
become more resistant to drugs currently available, and new neural pathogens 
evolve, it may become necessary to develop new drugs, such as those that inhibit the 
carbohydrate–protein interactions needed for infection, as well as approaches for 
targeting them to the CNS. 

 As our understanding of how viruses interact with cells has progressed, investi-
gators have started to look at how viruses able to infect neural cells could be used to 
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deliver genes to patients suffering from neurological diseases. The identifi cation of 
different cell receptors for adenoviruses has allowed for development of specifi c 
adenovirus-based gene delivery systems (Cupelli and Stehle  2011 ). Adeno- 
associated viral vectors have proven useful as depending upon viral capsid type, 
they can (1) infect a number of different CNS cell types, (2) they induce relatively 
few side-affects, (3) gene transfer is effi cient, and (4) transgene expression is long- 
lasting (for a recent review see Lentz et al.  2012 ). In addition to using viruses as 
gene delivery systems, a harmless strain of  E. coli  having a mutation that resulted in 
truncation of its lipopolysaccharide (LPS) was genetically manipulated to express 
specifi c glycosyl transferases able to catalyze addition of saccharides to the outer 
core region of the LPS to yield oligosaccharides recognized by the Shiga-like toxin 
receptor. When the modifi ed bacteria were used to inhibit infection in mice by Shiga 
toxin  E. coli  expressing bacteria they were found to be 100 % effective (Paton et al. 
 2010 ). While the modifi ed  E.coli  were used to treat an enteric infection, the two 
examples presented indicate that as more is learned about how various pathogens 
act, we may be able to use them to help treat/prevent disease. Interestingly this type 
of receptor mimicry is being considered as a possible therapeutic approach for treat-
ing agents considered as biothreats (Thomas  2010 ). 

 From the foregoing discussion, it can be seen that a number of pathogens initiate 
their interaction with target cells by either binding to a cell surface carbohydrate 
residue or by having a carbohydrate on their surface bound by a cell surface lectin. 
In many instances these interactions were strengthened by the fact that they are 
“multivalent” and that information has been used in the development of effective 
inhibitors of their binding. As more is learned about steps involved in the binding 
and release of pathogens, the use of ligands targeted to block specifi c steps in the 
infectious process should increase as should our ability to use this knowledge in the 
treatment of people with neural diseases.     
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    Abstract     The signifi cance of glycosphingolipids and glycoproteins is discussed in 
their relation to normal aging and pathological aging, aging with diseases. Healthy 
myelin that looks stable is found to be gradually degraded and reconstructed 
throughout life for remodeling. An exciting fi nding is that myelin P0 protein is 
located in neurons and glycosylated in aging brains. In pathological aging, the roles 
of glycosphingolipids and glycoproteins as risk factors or protective agents for 
Alzheimer’s and Parkinson’s diseases are discussed. Intensive studies have been 
performed aiming to remove the risks from and to restore the functional defi cits of 
the brain. Some of them are expected to be translated to therapeutic means.  

  Keywords     Aging   •   Alzheimer’s disease   •   Parkinson’s disease   •   Ganglioside   • 
  Glycoprotein   •   Cholinergic   •   Remyelination   •   Sialylcholesterol   •   Warfarin  
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  MAP5    Microtubule-associated protein 5   
  NCAM    Neural cell adhesion molecule   
  NFTs    Neurofi brillary tangles   
  OPC    Oligodendrocyte precursor cell   
  PD    Parkinson’s disease   
  P-gp    P-glycoprotein   
  PSA    Polysialic acid   
  SAP    Serum amyloid P   

19.1           Preface 

 Aging is defi ned as the detrimental process of a body composed of somatic cells 
after cessation of reproductive activity. The body as a short-term vehicle for passing 
on the genes to the next generation is evolutionally disposable as based on the dis-
posable soma theory of aging (Kirkwood  1977 ). The theory means that the body 
must take natural courses to death. Individuals, however, do not always fulfi ll their 
maximum life spans, but frequently suffer from various diseases injurious to their 
health. In this sense, aging is classifi ed into two types, aging without disease, physi-
ological aging and aging with disease, pathological aging. In this article, glycocon-
jugate changes in the brain that occur during physiological aging are described fi rst, 
followed by discussion of their possible participation in the pathophysiology and 
pathogenesis of age-related neurological diseases. Kobata ( 2011 ) introduced the 
word “glycogerontology” for the fi eld covering the roles of glycoconjugates in rela-
tion to gerontology and geriatrics. The physiology and pathology of glycosphingo-
lipids (GSLs) and glycoproteins, will be reviewed here with special reference to 
their roles in glycogerontology.  

19.2       Glycoconjugates in Aging Brains 

19.2.1      Age-Related Changes of Glycosphingolipids 
in the Brain 

 GSLs are composed of neutral and acidic glycolipids, and the latter are divided into 
two groups, sulfatides and sialic acid-containing GSLs or gangliosides. The sialyl-
oligosaccharide structures of gangliosides show great diversity as a result of the 
combination of neutral oligosaccharides of various chain lengths and different num-
bers of sialic acids attached to the core neutral sugars (Ando  1983 ) as shown in 
Fig.  19.1 . Because of the complexity in their carbohydrate structure, it is hypothe-
sized that gangliosides play crucial roles in cellular events (Cantù et al.  2011 ; Ohmi 
et al.  2012 ; Yu et al.  2012 ), and as a result they have attracted the most attention of 
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any of the GSLs from researchers in aging research. The supposition is that altera-
tions in the concentration and composition of gangliosides in aging neural mem-
branes should be correlated with age-related functional changes in the brain.

   Age-related compositional changes of gangliosides in the human brain were 
fi rst reported by (Suzuki  1965 ). In the frontal cortices, GD1a, which is  predominant 

  Fig. 19.1    Pathways for formation of sulfatide and gangliosides. Transferases are typed in  bold- 
italic. Cer  ceramide,  CST  galactosylceramide sulfotransferase,  Gal  galactose,  GalNAc 
N -acetylgalactosamine,  Glc  glucose,  GalT-I  galactosyltransferase I,  GalT-II  galactosyltransferase 
II,  GalT-III  galactosyltransferase III,  GlcT  glucosyltransferase,  SA  sialic acid. ST-I, II, III, IV, V, 
and VI correspond to sialyltransferases I (GM3 synthase), II (GD3 synthase), III, IV, V, and VI, 
respectively       
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in new-born brains, decreases with age. GM1 also tends to decrease. On the other 
hand, GD1b and GT1b both increase and by age 30 reach adult levels which nor-
mally remain essentially constant until a person is near 90 years of age. These trends 
in ganglioside pattern changes were supported by the data reported by Segler- Stahl 
et al. ( 1983 ). Similarly, gangliosides GD1b, GT1b, and GQ1b in  b -series ganglio-
sides (Fig.  19.1 ) were shown to increase with age, while GM1 and GD1a decrease 
(Svennerholm et al.  1989 ). As GM1 is the major component of myelin (Ledeen and 
Yu  1982 ),  b -series gangliosides in neural components other than myelin may con-
tinue to increase to reduce the relative contents of GM1 in the brain after the period 
of active myelination. Alternatively, the decrease of GM1 in advanced age may 
indicate some disintegration of myelin structure. Disruption of the myelin sheath 
has been reported to occur in aged brain (Peters et al.  2001 ). The myelin compo-
nents were shown to never be stable but to be dynamically turned over in physiolog-
ical aging (Ando et al.  2003 ). Probably as the consequence of the remodeling of the 
composition of myelin, cognitive declines with aging were hypothesized to corre-
late with the altered white matter tracts (Aine et al.  2011 ; Schulze et al.  2011 ).  

19.2.2      Age-Related Changes of Glycosphingolipids 
in Synapses 

 The brain is composed of neurons, glias, and blood vessels. The ganglioside distri-
bution patterns were shown biochemically to be distinct for neural cell types as 
well as their subcellular fractions (Ando  1983 ). Immunohistochemical identifi ca-
tion of the regional distribution of major gangliosides in the rat brain (Kotani et al. 
 1993 ), indicated that a specifi c ganglioside or set of gangliosides might be respon-
sible for particular neuronal functions. To elucidate their biological roles, it will be 
important to obtain information on the ganglioside contents and composition of 
particular cells and subcellular components. In respect to neurons, nerve endings or 
synapses are functional elements for neurotransmission, and gangliosides in synap-
tic membranes are thought to affect effi ciency of acetylcholine release (Ando  2012 ; 
Ando et al.  2004 ; Tanaka et al.  1997 ) and long-term potentiation at synapses 
(Furuse et al.  1998 ; Wieraszko and Seifert  1986 ). Waki et al. ( 1994 ) developed 
excellent methods for quantitative isolation of gangliosides from membrane prepa-
rations and for their accurate quantitation using gas chromatography–mass spec-
trometry. Using this method the ganglioside content and composition of mouse 
brain synaptic plasma membranes was shown to remain constant from adult to 
senescence. This result seems to be reasonable. Functional units such as synaptic 
plasma membranes may retain the structure required for their function until senes-
cence, even though the density of the units decreases with age resulting in the 
changes in ganglioside content and composition observed in tissues or whole brains 
as described in Sect.  19.2.1 . 
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 During the juvenile period of brain development, the content of GD1a was shown 
to increase and then decrease in the human frontal cortex (Suzuki  1965 ). GD1a 
found in cerebral microsomal fractions may be considered a marker for dendritic 
arborization (Yusuf and Dickerson  1978 ). Synaptic membrane preparations from 
mouse brains showed high concentrations of GD1a after birth and reduced levels of 
GD1a at 6 months of age (Waki et al.  1994 ). The transient increase in GD1a seemed 
to coincide with the temporary increase in synaptic density in infant brains 
(Huttenlocher  1979 ), and its decrease might correspond to synapse elimination dur-
ing brain development. GD1a levels then remained constant throughout adult life. 
These observations indicate that GD1a expression may be related to arborization 
and synaptogenesis that occur in the initial formation of the neuronal network.  

19.2.3     Age-Related Changes in Myelin GSLs 

 Many studies have examined the effects of age on various brain regions. Most of 
them, however, were focused on specifi c areas and the data seemed to be too frag-
mented to make valid comparisons. Upon comparing results obtained for the com-
position of 16 automatically segmented measures of the human brain Walhovd et al. 
( 2005 ) found distinct age changes in different brain structures. Two representative 
age responses observed were that the volume of white matter showed a curvilinear 
relationship with age, while the volume of gray matter was reduced in a linear fash-
ion. In the case of cerebral white matter, the volume increased early in life, and 
decreased during senescence following the steady-state adult period. The main 
components of white matter are axons and myelin sheaths. While no changes were 
found in the diameters of axons with age, the numbers of myelin lamellae increased 
in aged monkeys (Peters et al.  2001 ). These morphometric observations (Peters 
et al.  2001 ; Walhovd et al.  2005 ) indicate that some changes may continuously take 
place in myelin components across one’s life span. 

 Age-related changes in the glycosphingolipids composition of white matter were 
determined for the human brain (Svennerholm et al.  1994 ). The three major GSLs, 
cerebrosides, sulfatides, and gangliosides were found to decrease (μmole per gram 
tissue weight) with advancing age starting at ~20 years. The same group published 
somewhat different age-related changes for these glycolipids in separate papers. 
Cerebroside content in white matter remained constant till 90 years and then sharply 
declined (Svennerholm et al.  1991 ). Another paper reported that GM1 in white mat-
ter increase in the early developmental age until 1 year and remained at a constant 
level in the adult (Vanier et al.  1971 ). These discrepancies might come from their 
research designs in which glycoconjugates were quantifi ed based on fresh tissue 
weights. Cellular composition and even tissue water content may change with 
aging. To avoid such effects analyses should be performed on distinct components 
of the brain and GSL content related to dry weight. 

 Norton and Poduslo ( 1973 ) isolated myelin fractions from rat brains and found 
age-related changes in lipid composition along with myelination. The rate of 
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 accumulation of cerebroside in the brain paralleled that of myelin. The content of 
 cerebroside in myelin increased during the active myelinogenesis period till 30 days 
of age, and then remained at constant until rats were 425 days. On the other hand, 
the content of sulfatide in myelin increased more slowly than that of cerebroside 
even during active myelinogenesis, and continued to increase gradually during adult 
life. Sulfatide is produced from cerebroside by the action of galactosylceramide 
sulfotransferase (Fig.  19.1 ), and the enzyme is thought to remain active in the 
remodeling of mature myelin. The biological function of sulfatide was revealed 
using a mouse model incapable of synthesizing it (Ishibashi et al.  2002 ). The sulfa-
tide-defi cient mice were normal at birth, developed neurological defi cits after 6 
weeks of life, and survived to >1 year of age. Immunohistochemical studies indi-
cated that sulfatide was not necessary for initial cluster formation, but was essential 
for proper localization of axonal proteins such as Na +  and K +  channels as well as the 
maintenance of these proteins around nodes. 

 Yu and Iqbal ( 1979 ) found that gangliosides GM1 and GM4 were concentrated 
in the myelin fraction isolated from the human brain. Since myelin constitutes the 
bulk of the oligodendrocyte plasma membranes, GM1 and GM4 may be synthe-
sized in the cell bodies and incorporated into myelin. This leads to the question of 
why the ganglioside composition of myelin is quite dissimilar to that of parent oli-
godendrocytes whose ganglioside pattern is complex and rather similar to that of 
neurons. Saito and Yu ( 1992 ) performed an in vitro experiment in which incubation 
of the myelin fraction obtained from young rats with sialidase was found to produce 
a ganglioside pattern similar to that observed in in vivo maturation of myelin. They 
suggested that myelin-associated sialidase may play a role in the processing of 
gangliosides in myelin membranes. This is an interesting hypothesis in light of 
another suggesting a role for the sialidase-GM1 interaction in stabilization of the 
multilamellar structure of myelin sheaths (Saito and Yu  1993 ). The activities of 
membrane-bound sialidase were determined for synaptic plasma membranes and 
nuclear membranes, and their age-related changes examined. The enzyme activities 
decreased by one-sixth in synaptic plasma membranes (Saito et al.  1995 ) and by 
one-third in nuclear membranes (Saito et al.  2002 ) in old animals. 

 In my laboratory, the lipid composition of myelin fractions isolated from mouse 
brains at different ages was examined (Ando  1985 ). Age-related changes of cere-
broside and sulfatide were a little different from those reported for rats (Norton and 
Poduslo  1973 ). Our data showed that the contents of cerebroside and sulfatide as 
expressed per dry weight of myelin both remained at near constant levels from 
weaning to old age (20–820 days of age), and increased, almost suddenly, at the 
oldest old age of 1,055 days. With respect to gangliosides in mouse myelin, 
the content continued to increase from young to old age, and suddenly decreased 
at the last stage of life. The changes seen in myelin GSLs at the extreme old age may 
indicate occurrence of an abrupt metabolic disruption in myelin. Similar age- 
changes in myelin glycolipids at the fi nal stage of life were also reported for human 
brains (Walhovd et al.  2005 ; Svennerholm et al.  1991 ). 
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 To understand the age-related changes in myelin composition metabolic turnover 
rates for myelin components were measured (Ando et al.  2003 ). Myelin has a tightly 
compacted multi-membrane structure containing the least volume of cytosole 
among membranes, and was not expected to be actively metabolized, so short-term 
labeling experiments seemed inappropriate. In long-term monitoring studies, 
depending upon precursors used, the turnover rates of radioisotope-labeled myelin 
components were reported to vary 6–167 days as half-lives for phosphatidylcholine 
(Sun and Sun  1979 ). These big discrepancies may refl ect the fact that different trac-
ers recycle at different rates. Our in vivo deuterium-labeling method was shown to 
eliminate the contribution of the recycling or reuse of labels so that more reliable 
turnover rates of myelin components could be determined (Ando et al.  2003 ). 
Turnover rates of myelin components as half-lives were calculated from decay 
curves of initially labeled molecules. In fact, very long half-lives of up to 1 year 
could be measured. Individual components of myelin in the mouse brain were found 
to be metabolized at separate rates, and their turnover rates were affected differently 
by aging. Turnover rates of GSLs were calculated from the incorporation rates or 
disappearance rates of their labeled neutral sugar moieties. Cerebroside and GM1 
appeared to be rapidly incorporated into myelin in infant brains as were cholesterol 
and phospholipids, and their turnover rates varied with aging, decreasing during 
young and adult periods and rebounding in the senescence stage. The accelerated 
metabolism of myelin in old age may explain the curious compositional changes 
observed at the last stage of a mouse’s life (Ando  1985 ) as well as in human brains 
(Walhovd et al.  2005 ; Svennerholm et al.  1991 ). The metabolism of GM1 appeared 
to be composed of two compartments in myelin, one with a short half-life of 52 days 
and another with a long half-life of 131 days, which correspond to rapidly and 
slowly exchanging pools, respectively (Ando et al.  2003 ). The concept that meta-
bolic turnover of membrane components occurs continuously in mature myelin and 
the fi nding that turnover rates change with age may provide a better understanding 
of the mechanism underlying myelin aging.  

19.2.4     Alterations in the Lipid Portions 
of Glycosphingolipids with Aging 

 GSLs are inserted into the outer layer of neural membranes through their ceramide 
portions. Ceramide is composed of a fatty acid linked to sphingosine via an amide 
linkage. It is known that the ceramide portion plays a number of biological roles. It 
may control the interaction of the saccharide portion with external ligands (Kannagi 
et al.  1982 ), and regulate the aggregative properties and surface dynamics of the 
GSLs (Yohe et al.  1976 ). In a model system using synaptosomes and liposomes 
increasing concentrations of gangliosides in the membranes were shown to increase 
membrane fl uidity or decrease membrane microviscosity (Ando et al.  1986 ). 
Gangliosides may affect membrane physicochemical characteristics such as fl uidity 
through the homophilic interaction of the sialylsaccharides and the heterophilic 
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interaction of the saccharides with other ligands, and further through the lipidic 
interaction of their ceramide portions with other lipids in membranes. Recently, 
Furukawa’s group (Ohmi et al.  2012 ) showed, using mice expressing mutant gan-
glioside synthases, that glycolipid-enriched microdomain/rafts architecture was 
destroyed by ganglioside defi ciency. Others generated mutant mice defective in 
their ability to synthesize ceramide containing very long-chain fatty acids (C22- 
C24) due to ablation of ceramide synthase 2 (Ben-David et al.  2011 ). The mice had 
reduced levels of both nonhydroxy-C22-C24- and 2-hydroxy-C22-C24-galactosyl-
ceramide, and developed brain lesions. Myelin degeneration and detachment 
occurred in the brain. The mice also exhibited abnormal motor behavior and histo-
logical abnormalities such as vacuolization and astrogliosis. 

 Age-related changes in the ceramide portion of GSLs were studied in order to 
learn more about the probable physiological roles of ceramides. Changes in fatty 
acid composition were studied using samples from human brains (Mansson et al. 
 1978 ; Svennerholm and Ställberg-Stenhagen  1968 ). The adult fatty acid composi-
tion of cerebrosides and sulfatides in regard to degree of unsaturation and total 
percentage of C22-C26 acids was reached at 2 years of age, but the percentage of 
odd-numbered fatty acids continued to increase up to about 10–15 years. Fatty acid 
changes occurred in cerebrosides fi rst and in sulfatides later. The delay in sulfatides 
may refl ect the fact that cerebrosides are precursors in the synthesis of sulfatides 
(Norton and Poduslo  1973 ). Stearic acid was reported to be the major component in 
the ceramide portions of gangliosides in human brains (Mansson et al.  1978 ). The 
proportion of stearic acid was found to decrease from about 94 to 86 % in both GM1 
from white matter and GT1 from the cerebral cortex upon aging. These data were 
obtained from studies of three brains, one from a 77 year old (Svennerholm and 
Ställberg-Stenhagen  1968 ), one from a 71 year old and one from an 89 year old 
(Mansson et al.  1978 ). 

 Long-chain bases (LCBs) or sphingosines in the ceramide portion of GSLs in the 
brain are composed of two major species, d18:1 and d20:1. The compositional 
changes in LCB with aging were fi rst observed in human brains (Mansson et al. 
 1978 ). The averaged values for the molar proportion of d20:1 were shown to 
increase from about 20 to 70 % with advancing age. Age-related changes in the 
LCBs of gangliosides were studied in detail using rat forebrains (Palestini et al. 
 1990 ). The d18:1 LCB, predominant at 3 days (91–96 %), diminished with age and 
at 2 years was 73, 65, 61, 59, and 45 % of the total for GD1a, GM1, GT1b, GD1b, 
and GQ1b, respectively. The content of d20:1 LCB, low at birth (4–9 %), increased 
with age in all gangliosides and at 2 years 27–55 % of the total. Molecular species 
of all gangliosides carrying d18:1 LCB were virtually devoid of C20 fatty acid. 
Analysis of the ceramide portions of gangliosides isolated from synaptosomes and 
myelin fractions of rat brains of different ages indicated that the fatty acid composi-
tion did not undergo appreciable changes (Palestini et al.  1993 ). Large age-related 
changes in LCB composition were observed in all gangliosides in both synapto-
somal and myelin fractions. The steady increase in the proportion of d20:1 LCB 
observed in the two subcellular fractions appeared to coincide with the age-related 
changes reported for gangliosides isolated from rat whole brains. 
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 Sugiura et al. ( 2008 ) provided a good answer for the question of whether the 
 different molecular species would show different distribution patterns in the brain. 
Using imaging mass spectrometry, they found that gangliosides containing d18:1 or 
d20:1 LCB were differentially distributed in mouse brain. While the d18:1-species 
was widely distributed throughout the frontal brain, the d20:1-species selectively 
localized along the entorhinal-hippocampal projections, especially in the molecular 
layer of the dentate gyrus. The fi nding of developmental- and age-related accumula-
tion of the d20:1 species in the hippocampal formation provided evidence that changes 
in the ganglioside molecular species may contribute to the process of brain aging.  

19.2.5      Age-Related Changes in the Carbohydrate Structure 
of Glycoproteins 

 The glycan moieties of glycoproteins are known to play crucial roles not only in 
modulating the property of the stem glycoproteins, but also in regulating various 
molecular recognition processes (Kobata  1992 ). In the developing brain, nervous 
system glycans have been implicated as important mediators of adhesive interac-
tions among neural cells (Schachner and Martini  1995 ). Age-related changes in 
glycoproteins in the central nervous system (CNS) have been infrequently docu-
mented in the literature, but evidence for them has been summarized in review arti-
cles (Kobata  2011 ; Sato and Endo  2010 ). The myelin glycoprotein P0 is one that has 
been studied. 

 Originally using a goat anti-P0 antibody and immunofl uorescence, the myelin P0 
glycoprotein was found to be located exclusively in the myelin of peripheral nerves, 
but not in CNS myelin (Ishaque et al.  1980 ). Subsequently, Endo’s group (Sato et al. 
 1999 ) was able to show that P0 was present in the spinal cord of the rat. They further 
demonstrated by immunohistochemical and immunocytochemical analyses that 
CNS neuronal cells expressed P0 (Sato and Endo  2000 ). To explore whether any 
age-related changes occurred in the glycans of CNS P0, glycoproteins obtained 
from the brain or spinal cord of 9-week old and 29-month old rats were separated 
by electrophoresis and stained with  Lens culinaris  agglutinin (Sato et al.  1999 ). 
This lectin specifi cally binds to the P0 glycan. While the glycoprotein patterns of 
spinal cords showed marked differences between the two age groups, samples from 
brains did not. Nonglycosylated P0 molecules present in the young spinal cord were 
replaced with glycosylated ones during aging. As it was reported that the glycan 
moiety of P0 plays an important role in cell–cell adhesion (Yazaki et al.  1992 ), the 
appearance of glycosylated P0 may function in the remodeling of neural structures 
that occurs with aging. A study on age-related changes in the glycan structure of 
peripheral nerve myelin glycoprotein P0 indicated that P0 from adult rats contained 
high-mannose and/or hybrid-type oligosaccharides not seen in P0 from 5-day-old 
nerves (Brunden  1992 ). 

 Following the fi nding of expression of P0 in the mammalian CNS, its cellu-
lar localization in rat spinal cord was examined by immunohistochemical and 
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immunocytochemical methods using a polyclonal anti-P0 antibody (Sato and Endo 
 2000 ). Nissl staining-positive motor neurons and sensory neurons showed strong 
reactivity with the antibody. The neuronal localization of P0 was confi rmed by double 
immunofl uorescence labeling using the anti-P0 antibody and an anti-neurofi lament 
monoclonal antibody. Further analysis indicated that neurons expressing P0 in the 
spinal cord of 30 month-old rats had a different morphology than those of 14 week-
old rats. The number of neurons stained in the old rats was about 80 % of that in the 
young rats, while the average size of neurons in the old rats was about 62 % of that 
in young rats. These observations indicate that both cell number and average size of 
neurons in the spinal cord decreased with age supporting the hypothesis that the 
activity and survival of the neurons might be regulated or changed by age-related 
changes in glycosylation of P0. 

 Endo’s lab (Sato et al.  2006 ), using 2D-electrophresis using Concanavalin A 
staining, surveyed the contents of cytosolic glycoproteins in rat cerebral cortices 
and found several spots increased in the aged brains. The glycoprotein that was 
most prominently increased was identifi ed as cathepsin D. It was detected in the 
cytosolic fractions of aged rats, but not in those of young adult rats. Cathepsin D in 
the microsomal fractions did not show age-related changes. The increase of cyto-
solic cathepsin D during aging was not due to disruption of the lysosomal mem-
brane, because other lysosomal enzymes did not increase in the cytosolic fractions. 
The level of cathepsin D transcripts in aged rats was 1.6 times higher than in the 
young adults. Cathepsin D is known to digest neurofi laments and tau (Bednarski 
and Lynch  1996 ) which are components of the cytoskeleton of neuronal cells. The 
enhanced expression of cathepsin D may facilitate cytoskeletal degradation leading 
to morphological changes and functional loss of neurons in aged brains. 

 Sialic acid is present in both glycoproteins and gangliosides. It attaches to the 
nonreducing terminals of sugar chains by α2-3, α2-6, or α2-8 ketosidic linkage. 
A homopolymer of α2-8-linked sialic acid moieties (polysialic acid, PSA) is found 
on neural cell adhesion molecules (NCAM), and is known to modulate the adhesion 
property of NCAM and to regulate neurite outgrowth and cell migration (Brusés 
and Rutishauser  1998 ). PSA-NCAM (embryonic form of NCAM) was shown to be 
present in adult brain regions where neuronal regeneration occurred but its expres-
sion decreased during aging (Seki and Arai  1991 ). PSA-NCAM expression is lost 
after the cessation of neuronal cell migration and synapse formation, but can be 
retained by axons capable of synaptic remodeling. 

 The histochemical distribution of sialyl α2-3 galactose and sialyl α2-6 galactose 
was examined in the rat hippocampus using  Maackia amurensis  lectin to label the 
former, and  Sambucus sieboldiana  for the latter, and electron microscopy to visual-
ize them (Sato et al.  2001 ). Both lectins stained the plasma membranes of pyramidal 
cells and synapses. The staining intensity by both the lectins of synapses was 
reduced in 30-month-old rats. In addition to staining glycoproteins, the  Maackia 
amurensis  lectin could also bind all of the series of gangliosides possessing sialyl 
α2-3 galactose linkages. The  Sambucus sieboldiana  lectin could bind the α-series of 
gangliosides possessing sialyl α2-6 galactose. Expression of sialyl α2-6 galactose 
decreased in the aged brain.   
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19.3       Glycoconjugates and Age-Related Diseases 

19.3.1      Gangliosides and the Pathology of Alzheimer’s Disease 

 An interesting question addressed by Mizutani’s group was whether the 
 histopathological changes that occur in Alzheimer’s brains were the results of accel-
erated aging (Mizutani and Kasahara  1997 ; Yamada et al.  1998 ). In advancing phys-
iological or normal aging, morphometric measurements of brain volumes in 
comparison with intracranial volumes showed a very slow progression of brain atro-
phy and an insignifi cant correlation between the rate of atrophy and age. In contrast, 
similar measurements with Alzheimer’s brains revealed intensive atrophy occurred 
(Yamada et al.  1998 ). The hippocampal atrophy observed in Alzheimer’s brains was 
distinct from that seen in control, nondemented brains (Mizutani and Kasahara 
 1997 ). In the hippocampal formation of control brains, no atrophy was observed in 
the hippocampus and parahippocampus. In fact, in all cases with Alzheimer’s dis-
ease the stratum lacunosum-radiatum was decreased in thickness, and this was 
accompanied by loss of myelin and fi brillary gliosis. Interestingly, the numbers of 
senile plaques and neurofi brillary tangles (NFTs) and the degrees of neuronal loss 
in the pyramidal layer varied from case to case. The severer degeneration in the 
parahippocampus including the entorhinal cortex than in the hippocampus indicates 
that degeneration of the entorhinal cortex may induce degeneration of the hippo-
campus because the perforant pathway in the hippocampus originates from the 
entorhinal cortex. Entorhinal cortex dysfunction was detected in early Alzheimer’s 
disease by positron emission tomography (Eustache et al.  2001 ). In regard to cogni-
tive dysfunction, the concept of “synaptic pathology,” in which synaptic loss is the 
major correlate of cognitive defi cits, was proposed by Terry et al. ( 1991 ; Masliah 
and Terry  1993 ), and supported by others (Blennow et al.  1996 ; Heinonen et al. 
 1995 ; Scheff et al.  1993 ). Based on the observations made using Alzheimer’s brains, 
a dementia animal model was successfully generated by inducing synapse-specifi c 
lesions in the entorhinal cortex (Ando et al.  2002 ). This supported the synaptic 
pathology hypothesis. 

 Alzheimer’s disease is an age-related disorder, but is not the result of advanced 
normal aging. The progressive cognitive dysfunction seen in Alzheimer’s disease is 
characterized by the accumulation of senile plaques and NFTs, and the degeneration 
of neurons in brain regions such as the hippocampal formation. A recent review of 
the literature on the correlation of Alzheimer’s neuropathologic changes with cogni-
tive status stresses that the severity of cognitive impairment correlates best with the 
burden of neocortical NFTs (Nelson et al.  2012 ). NFTs are related to neuronal loss. 
In contrast, from the standpoint of the pathogenesis of Alzheimer’s disease, genera-
tion of amyloid β (Aβ)-peptides is thought to be at the beginning of a cascade that 
leads to the disease. Recent studies indicate that assembly of Aβ-peptides into 
Aβ-oligomers or protofi brils, can cause cognitive declines by disrupting synaptic 
function (Dahlgren et al.  2002 ; Matsumura et al.  2011 ; O’Nuallian et al.  2010 ). Wild 
type Aβ monomers assemble fi rst into protofi brils and then amyloid fi brils to form 
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senile plaques. Aβ-peptides deposit in diffuse plaques, the earliest stage of senile 
plaques. Yanagisawa et al. ( 1995 ) isolated the diffuse plaque fraction as a “light Aβ” 
from Alzheimer’s disease and Down’s syndrome brains and found that Aβ associ-
ated with diffuse plaques bound to ganglioside GM1 in a noncovalent fashion. 
Yanagisawa’s group hypothesized that GM1-bound Aβ acted as a seed in the initia-
tion of amyloid fi bril formation (Kakio et al.  2001 ). Another in vitro experiment 
showed that Aβ selectively bound to membranes containing GM1 and that no Aβ 
binding was observed with GM1-free membranes (Choo-Smith et al.  1997 ). Studies 
of brains from monkeys indicated that GM1-Aβ was formed in early endosomes and 
transported to late endosomes for degradation (Kimura and Yanagisawa  2007 ). It is 
thought that impaired recycling in the endosome pathway results in accumulation of 
GM1-Aβ in endosomes and that its subsequent transport to the cell surface where it 
acts as a seed for amyloid fi bril formation. Furthermore, it was shown that a toxic 
soluble Aβ assembly was formed in a GM1 dependent manner through incubation 
of soluble Aβ with neuronal membranes prepared from aged mouse brains 
(Yamamoto et al.  2007 ). These observations may help to defi ne the mechanism 
underlying the plaque-independent neuronal death seen in Alzheimer’s disease.  

19.3.2     Expression of Unusual Gangliosides in the Alzheimer’s 
Brain Indicative of Brain Plasticity 

 Expression of  c -series gangliosides in Alzheimer’s brains was reported by our labo-
ratory (Takahashi et al.  1991 ). Since the  c -series of gangliosides with trisialyl resi-
dues were structurally identifi ed (Ando and Yu  1979 ), the metabolic pathway for 
their synthesis from GT3 (Fig.  19.1 ) was established (Yu et al.  2004 ). The  c -series 
gangliosides were found to be expressed in embryonic brains and designated as fetal 
antigens (Hirabayashi et al.  1988 ). Anti- c -series ganglioside antibodies were found 
to label neuritic elements composing senile plaques as well as perivascular amyloid 
deposits (Takahashi et al.  1991 ). Positive staining with the antibodies was not 
observed in brains of nondemented individuals, except for those containing a small 
number of senile plaques. NFTs were immunolabeled with the monoclonal anti-
body A2B5, which had been shown to recognize the  c -series ganglioside, GQ1c 
(Emory et al.  1987 ). Subsequently A2B5 was shown to react with gangliosides 
other than those in the  c -series, and with sulfatides (Majocha et al.  1989 ) and even 
with glycoproteins having α2,8-trisialic acid units (Inoko et al.  2010 ). In this con-
text, our specifi c anti- c -series ganglioside antibodies defi nitely demonstrated the 
presence of the fetal gangliosides in Alzheimer’s brains. This fi nding was strength-
ened by the evidence that another fetal antigen, microtubule-associated protein 5 
(MAP5), colocalized with  c -series gangliosides in NFTs (Takahashi et al.  1991 ). 
The expression of fetal antigens such as  c -series gangliosides and MAP5 may indi-
cate that neuronal regeneration (cell proliferation and sprouting) occurs along with 
neuronal degeneration in the Alzheimer’s brain. Evidence for the regeneration in the 
Alzheimer’s brain was also provided by the observation of increased dendritic 
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sprouting and arborization (Probst et al.  1983 ; Scheibel and Tomiyasu  1978 ). These 
fi ndings are consistent with the concept that neuronal regeneration does occur while 
degeneration proceeds (Lopez-Toledano and Shelanski  2004 ; Uchida  2010 ). As the 
brain has innate plasticity, it is possible that development of synapses achieved by 
various interventions may help protect the brain from degenerative insults and to 
recover from their damage (Ando  2012 ).  

19.3.3      Functional Signifi cance of α-Series 
Gangliosides in Alzheimer’s Disease 

 Whittaker and his colleagues (Richardson et al.  1982 ) found that cholinergic- 
specifi c antigens in the Chol-1 family, comprised of Chol-1α, Chol-1β, and Chol-1γ, 
were gangliosides. We isolated and characterized two molecular species corre-
sponding to Chol-1α, termed GT1aα and GQ1bα as illustrated in Fig.  19.2  (Ando 
et al.  1992 ; Hirabayashi et al.  1992 ). The “α” in the abbreviations is assigned to the 
unique branching structure of a sialic acid residue linked α2-6 to the 
 N -acetylgalactosamine in the gangliotetraose backbone (Taki et al.  1986 ). 
Immunostaining indicated that Chol-1α was present in cholinergic nuclei such as 
the septal nucleus (Irie et al.  1994 ). To examine the involvement of gangliosides in 

  Fig. 19.2    Synthetic pathways for α-series gangliosides (Chol-1α antigens). Dashed lines indicate 
sialylation reactions catalyzed by sialyltransferase VII that catalyzes formation of sialyl 2-6 
 N -acetylgalactosamine linkages. Alpha-series of gangliosides marked by *1, *2, and *3 were char-
acterized as Chol-1α by Irie et al. ( 1996 ), Ando et al. ( 1992 ) and Hirabayashi et al. ( 1992 ), 
respectively       
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the function of cholinergic synapses, a series of monoclonal antibodies against 
 gangliosides were tested for their ability to suppress release of acetylcholine. Only 
the anti-Chol-1α antibody, GGR-41, affected acetylcholine release (Ando et al. 
 2004 ). To ascertain its mechanism of action, choline uptake and acetylcholine syn-
thesis were measured using synaptosomes in the presence of GGR-41. Both choline 
uptake and acetylcholine synthesis were inhibited in a dose-dependent manner by 
GGR-41. When Chol-1α was added to a synaptosomal fraction, it accelerated high 
affi nity choline uptake into synaptosomes and this resulted in enhancement of ace-
tylcholine synthesis. These observations led to the question of whether Chol-1α 
gangliosides participated physiologically in the cognitive function of the brain. To 
answer this, GGR-41 was continuously infused into the rat brain septal area in order 
to disrupt the septohippocampal cholinergic pathway (Ando et al.  2004 ). This 
resulted in a reduction in the learning ability of the rats similar to that seen in rats 
given mecamylamine, a nicotinic cholinergic receptor antagonist. Memory reten-
tion was also severely impaired in rats infused with GGR-41. Chol-1α is thought to 
localize with nicotinic acetylcholine receptors because it was originally found in 
torpedo electric organs composed of pure nicotinic nerve terminals (Richardson 
et al.  1982 ). In sum, Chol-1α functions to accelerate acetylcholine turnover in cho-
linergic synapses and serve as a cholinergic marker.

   Expression of Chol-1α antigens is known to be developmentally regulated as 
they appear at the time of cholinergic synapse formation in the rat brain (Derrington 
and Borroni  1990 ). Neurogenesis and neuronal regeneration are enhanced in cholin-
ergic lesioned brains (Ho et al.  2009 ) and by environmental stimulation in aged 
brains (Nakamura et al.  1999 ). Expression of fetal  c -series gangliosides in 
Alzheimer’s brains may also refl ect neuronal plastic responses (Section  19.3.2 ). To 
examine possible alterations in ganglioside metabolism in relation to Alzheimer’s 
disease, animal models with disrupted ganglioside biosynthesis have been devel-
oped (Ariga et al.  2010 ,  2011 ,  2013 ; Bernardo et al.  2009 ; Oikawa et al.  2009 ). 
Ganglioside changes were analyzed in brains from double transgenic (Tg) mice that 
coexpressed amyloid precursor protein with the Swedish mutation and presenilin-1 
with a deletion of exon 9 (Ariga et al.  2010 ). No signifi cant changes were detected 
in the concentration and composition of major gangliosidesin brains from the dou-
ble- Tg mice. In contrast, expression of cholinergic gangliosides such as GT1aα and 
GQ1bα (Chol-1α antigens) increased. Their increased expression may refl ect 
 cholinergic neuronal regeneration response to damages induced by Aβ. The above 
double- Tg mice were cross-bred with GD3S(St8sia1) -/-  mice to generate mice defi -
cient in GD3-synthase responsible for synthesis of  b -series gangliosides (Fig.  19.1 ) 
(Bernardo et al.  2009 ). In the triple-Tg brains all the  b -series gangliosides including 
GD3 were absent, while GM1 and GD1a were increased. Surprisingly, triple-Tg 
mice showed memory performance similar to that of wild-type control and GD3S −/−  
mice, while the double-Tg mice exhibited cognitive impairments. Consistent with 
normalized cognition, Aβ plaques were almost eliminated. These results indicate 
that  b -series gangliosides may be one of the causes of Aβ accumulation. Remarkably 
in the triple-Tg brain, the concentration of GT1aα was elevated, while no expression 
of GQ1bα was observed. Thus, the elevated cholinergic ganglioside GT1aα may 
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contribute to memory retention (Ariga et al.  2013 ). The double-Tg mice expressing 
human amyloid precursor protein having the Swedish and London mutations were 
crossbred with GM2-synthase knockout mice (Oikawa et al.  2009 ). The mutant 
mice expressing a large amount of GM3 but not GM1 showed a remarkable increase 
of Aβ deposition in vascular tissues (amyloid angiopathy). This observation may 
indicate another mechanism exists for Aβ deposition than that covered by the 
hypothesis that GM1-bound Aβ is involved in amyloid fi bril formation (Kakio et al. 
 2001 ) (Sect.  19.3.1 ). These results indicate that the signifi cance of gangliosides rel-
evant to the physiology and pathology of the brain cannot be deduced simply from 
studies of the loss-of-function or gain-of-function of each ganglioside. Further com-
prehensive studies are needed.  

19.3.4      Glycoproteins: In Connection with Alzheimer’s Disease 

 Core N-glycosylation and N-glycans were reported to modulate the synthesis of 
amyloid precursor protein (Pahlsson et al.  1992 ), suggesting that N-glycosylation 
status might affect the metabolic pathway of amyloid precursor protein (APP). 
Analysis of the N-glycan structures determined of mutant amyloid precursor pro-
teins (Swedish type and London type) produced by transfected C17 cells showed 
that they contained higher contents of bisecting  N -acetylglucosamine (GlcNAc) resi-
dues than normal APP (Akasaka-Manya et al.  2008 ). To examine the reason for 
overexpression of the bisecting structure, expression of 
 N -acetylglucosaminyltransferase III (GnT-III)-mRNA (GnT-III is the enzyme 
responsible for synthesizing bisecting GlcNAc residues) (Fig.  19.3 ) was measured 
and found to be increased in Alzheimer’s brains (Akasaka-Manya et al.  2010 ). 

  Fig. 19.3    Bisecting GlcNAc residues in N-glycans synthesized by  N -acetylglucosaminyltransferase 
III (GnT-III)       
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Incubation of Neuro2a cells with Aβ42 increased GnT-III gene expression. In a sepa-
rate setting, Neuro2a cells transfected with a GnT-III expression vector downregu-
lated Aβ production. Fiala et al. ( 2007 ) reported that blood monocytes exposed to Aβ 
peptides upregulated transcription of GnT-III and increased Aβ clearance by phago-
cytosis. Thus, upregulation of GnT-III appears to exert two effects: inhibition of Aβ 
production in neurons and enhancement of its clearance by monocytes. Both 
responses can be protective against the further progression of Alzheimer’s disease.

   The possible mechanisms by which bisecting GlcNAc residues could reduce Aβ 
production include the following (Akasaka-Manya et al.  2010 ): (1) Addition of 
bisecting GlcNAc may affect the conformation of the APP, thereby inducing 
changes in its susceptibility to α-, β-, and/or γ-secretases. (2) The increase of bisect-
ing GlcNAc on the APP leads to changes in its N-glycan structure such as dimin-
ished degrees of elongation, branching, and sialylation. (3) Bisecting GlcNAc 
affects traffi cking of the APP and, as a result, its susceptibility to secretases. This is 
supported by the report that localization and traffi cking of APP is affected by its 
glycan modifi cations (McFarlane et al.  1999 ). (4) The bisecting GlcNAc directly 
affects secetase activities. Support for this possibility was provided the observations 
that (a) enzyme activities of α- and β-secretases were signifi cantly increased and 
decreased, respectively, in GnT-III-transfected Neuro2a cells (Akasaka-Manya 
et al.  2010 ); (b) Western blot analysis indicated that changes in N-glycan structures 
were present in the secretases (TACE and BACE). These fi ndings may account for 
changes in secretase activities and resultant inhibition of Aβ formation.  

19.3.5      Glucocerebrosidase Gene Mutations as a Risk Factor 
for Parkinson’s Disease 

 Some patients with Gaucher disease were found to develop parkinsonism (Mitsui 
et al.  2009 ; Rhouma et al.  2012 ; Sunwoo et al.  2011 ). Gaucher disease is an autosomal 
recessive, lysosomal storage disease caused by mutations in the β-glucocerebrosidase 
gene (Beutler and Grabowski  1995 ). Glucocerebrosidase (GBA) is a lysosomal 
enzyme that catalyzes the hydrolysis of glucocerebroside to ceramide and glucose. 
Homozygous mutations in the GBA that affect its activity result in accumulation of 
glucocerebroside in various tissues. Heterozygous loss of function mutations at the 
GBA locus are a potent risk factor for Parkinson’s disease (PD) (Lwin et al.  2004 ) as 
evidenced by the fi nding of multiple cases of parkinsonism among Gaucher disease 
carriers (Goker-Alpan et al.  2004 ). 

 An international collaborative study was done to ascertain the frequency of GBA 
mutations in ethnically diverse patients with PD (Sidransky et al.  2009 ). Sixteen 
centers participated, including fi ve from the Americas, six from Europe, two from 
Israel, and three from Asia. Two GBA mutations, L444P and N370S, were found in 
15.3 % of Ashkenazi Jewish patients with PD, and in 3.2 % of non-Ashkenazi 
patients indicating a strong association between GBA mutations and PD. When a 
complete sequence analysis of the variants was carried out for a large cohort of 
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European, mostly French, patients with PD (Lesage et al.  2011 ), the results revealed 
that carrier frequency in the non-Ashkenazi Jewish populations was 7 %, much 
higher than that, the 3.2 %, reported by the above 16 centers’ study (Sidransky et al. 
 2009 ). These results indicate that limited screening might miss more than half of the 
mutant alleles. They also showed that GBA mutations were signifi cantly more fre-
quent (odds ratio = 6.98, 95 % confi dence interval 2.54–19.21;  p  = 0.00002) in PD 
than in controls. After the 16 centers’ study, resequencing of GBA was performed 
for Japanese patients with PD. The frequency of pathogenic variants in the hetero-
zygous state was shown to be 9.4 % in Parkinson’s patients compared to 0.37 % in 
controls (odds ratio, 28.0). Mutations in the GBA gene are hypothesized to acceler-
ate the pathogenesis of PD (Clark et al.  2007 ). Support for this was provided by the 
observation that GBA carriers had a 2.5 year earlier age of onset of PD compared to 
noncarriers. Although genetic research in the past delineated many mutations that 
cause PD, such as those in genes encoding E3 ubiquitin ligase parkin (PARK2), 
leucine-rich repeat kinase 2 (LRRK2), and alpha-synuclein (Bras et al.  2008 ), 
research on GBA mutations supports the idea that they are the most common genetic 
risk factor for PD (Lesage et al.  2011 ; Neumann et al.  2009 ). 

 To address the question of what deleterious effects are caused by GBA muta-
tions, cerebral metabolic activity was assessed in carriers of the GBA mutation both 
with and without parkinsonism using positron emission tomography (Kono et al. 
 2010 ). All GBA mutation carriers had signifi cantly decreased glucose metabolic 
rates in the supplemental motor area (cortex region anterior to the primary motor 
cortex), and the carriers with parkinsonism showed additional hypometabolism. 
The hypometabolism in the cortex region may be related to the clinical manifesta-
tion of parkinsonism. Measurement of GBA activity showed it decreased signifi -
cantly in brains of Parkinson’s patients carrying heterozygous GBA mutation (Gegg 
et al.  2012 ). The greatest defi ciency was found in the substantia nigra (58 % 
decrease) known to be affected in PD. In PD the brain loses dopaminergic neurons 
which results in severe reduction in the dopamine content of the striatum 
(Hornykiewicz  1966 ). Protein levels of GBA were also reduced, indicating that the 
lowered expression of the enzyme as well as its decreased activity could contribute 
to its defi ciency (Gegg et al.  2012 ). Immunofl uorescence studies on brain tissues 
from patients with PD associated with GBA mutations showed that the enzyme was 
present in 75 % of Lewy bodies while GBA-positive Lewy bodies were found in 
only 4 % of the subjects without mutations (Goker-Alpan et al.  2010 ). 

 Possible mechanisms for the link between GBA gene mutations and PD have 
been speculated. Mutations in α-synuclein are known to result in aberrant aggrega-
tion of the protein, which is associated with neuronal death. The aggregated poly-
mers are proposed to be necessary prerequisites for Lewy body formation seen in 
PD (Ishizawa et al.  2003 ). Functional loss of GBA in primary cultured neurons was 
found to compromise lysosomal protein degradation, cause accumulation of 
α-synuclein, and result in neurotoxicity through aggregation-dependent mecha-
nisms (Mazulli et al.  2011 ). These results indicate that increased glucosylceramide, 
the GBA substrate, directly infl uences amyloid formation of α-synuclein. Increased 
glucosylceramide due to a defi ciency of GBA is speculated to disrupt the membrane 
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binding of α-synuclein, enhancing its aggregation in the cytoplasm (DePaolo et al. 
 2009 ). Another theory about the relationship of GBA to PD involves its interference 
with the clearance of mutated proteins. Since most mutations in GBA are missense 
mutations, the protein likely becomes aberrantly folded and as a result undergoes 
parkin-mediated poly-ubiquitination and subsequent proteasome-mediated degra-
dation. The presence of mutant GBA might cause build-up of other parkin sub-
strates, causing endoplasmic reticulum-stress and eventual apoptosis of the neurons 
(Westbroek et al.  2011 ). Finally, a physical linkage between α-synuclein and GBA 
was verifi ed using immunoprecipitation and immunofl uorescence (Yap et al.  2011 ).  

19.3.6     Gangliosides: In Relation to the Pathogenesis 
of Parkinson’s Disease 

 The symptoms of PD are manifested after dopaminergic innervation of the striatum 
is lost as a result of degeneration of dopaminergic neurons in the substantia nigra 
(Hornykiewicz  1966 ). Over two decades ago GM1 was hypothesized to act as a 
neurotrophic factor for dopaminergic neurons (Schneider et al.  1992 ). A compre-
hensive review on degenerative diseases and the therapeutic potentials of ganglio-
sides are described in Chap. 20. A causative aspect of reduced gangliosides in PD is 
partly discussed here. Recently Using a genetic mouse model of Parkinson’s disease 
in which major gangliosides were depleted Ledeen’s group (Wu et al.  2011 ) proved 
that GM1 was involved in the pathogenesis of parkinsonism. The knockout mice 
were generated by disrupting the B4galnt1 gene for GM2/GD2 synthase thereby 
eliminating synthesis of GM2, GD2, and all gangliotetraose gangliosides. The 
B4galnt1 −/−  mice manifested clinical parkinsonism and the pathological loss of 
dopaminergic neurons in the substantia nigra. The symptoms of parkinsonism were 
largely attenuated by administration of a GM1 analogue, LIGA-20, developed by 
Costa’s group (Manev et al.  1990 ). This fi nding supports the hypothesis that GM1 
is involved in the pathogenesis of PD. Ledeen’s group (Wu et al.  2012 ) also found 
that heterozygous mice with one defective allele for the B4galnt1 gene displayed 
virtually the same degree of parkinsonism as the knockout mice. Interestingly, the 
levels of GM1 and GD1a,  a -series gangliosides (Fig.  19.1 ), decreased in the hetero-
zygous mice by 43 % and 46 %, respectively, while those of  b -series gangliosides 
did not signifi cantly decrease. Loss of dopaminergic neurons was evident in the 
heterozygous mice, and dopamine levels in the striatum decreased progressively as 
the animals aged. Treatment with LIGA-20 increased the number of tyrosine 
hydroxylase-positive neurons in the substantia nigra and levels of dopamine in the 
striatum, indicating recovery of dopaminergic neurons. Combined these observa-
tions indicate that the heterozygous mouse model carrying the mutant B4galnt1 
gene will be quite useful in future studies of PD. 

 In human PD, the number of dopaminergic neurons in the substantia nigra, iden-
tifi ed by staining for tyrosine hydroxylase, decreased by 40 % compared to that in 
controls (Wu et al.  2012 ). Quantifi cation of dopaminergic neurons expressing 
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GM1 in 11 Parkinson’s patients revealed a noticeable GM1 defi ciency: 19.7 % of 
dopaminergic neurons in the patients compared to 61.8 % in controls. This provides 
an interesting parallel to the defi cit of GM1 observed in the heterozygous mouse 
model discussed above. GM1 staining with cholera toxin B-FITC (specifi c for 
GM1) was signifi cantly decreased in both nondopaminergic neurons as well as 
dopaminergic neurons in Parkinson’s brain sections, indicating the widespread 
abnormal expression of gangliosides in the diseased brain. Not addressed is whether 
the decreased GM1 is the cause for or result of PD. So far no mutations of genes 
involved in ganglioside metabolism have been identifi ed as risk factors for PD. 

 Anti-GM1 ganglioside antibodies have been found in the sera of patients with 
neurological diseases such as lower motor neuron syndromes (Pestronk et al.  1990 ; 
Sunwoo et al.  2011 ), amyotrophic lateral sclerosis (Pestronk et al.  1988 ; Rhouma 
et al.  2012 ), and Alzheimer’s (Chapman et al.  1988 ; Saito et al.  2002 ). In an early 
survey of a limited number of parkinsonian demented patients high titers of anti-
GM1 antibodies were found (Saito et al.  2002 ). Subsequently Zappia et al. (Zappia 
et al.  2002 ) studied a large group of PD patients, most of whom had a tremor-dom-
inant form of the disease, and found that more than one- quarter had sera with 
increased levels of IgM anti-GM1 antibodies. It is hypothesized that increased anti-
GM1 antibodies could affect the function of ganglioside GM1 in dopaminergic neu-
rons. Anti-ganglioside immune responses are speculated to contribute to axonal 
damage via a T cell-mediated mechanism in multiple sclerosis (Pender et al.  2003 ; 
McFarlane et al.  1999 ). When patients with lower motor neuron syndromes and 
high serum titers of IgM anti-GM1 antibodies were subjected to repeated plasma 
exchanges (Pestronk et al.  1994 ; Beutler and Grabowski  1995 ), removal of the anti-
bodies brought about progressive improvement in muscle strength. These fi ndings 
indicate that anti- ganglioside antibodies may act as a risk factor for neuronal dys-
function or disease pathogenesis.   

19.4     Strategies for Anti-Aging and Prevention 
of  Age- Related Diseases 

 Studies of glycoconjugates expression and aging have provided much information 
(Sects.  19.2  and  19.3 ), and some may provide the basis for development of future 
therapeutics. Possibilities include use of the knowledge for inducing remyelination, 
clearance of Aβ from the brain, and enhancement of innate neuronal plasticity. 

19.4.1     Myelin Repair and Remyelination 

 The fact that the volume of white matter decreases in senescence (Walhovd et al. 
 2005 ) indicates that enhanced demyelination occurs in aging brains and more 
severely in demyelinating disease brains (Zhang et al.  2011 ). Cognitive declines 
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appear to correlate with altered myelination of nerve tracts (Aine et al.  2011 ; 
Schulze et al.  2011 ). While disruption of mature myelin is going on, remyelination 
takes place (Peters and Sethares  2003 ). This is supported by observations indicating 
that the number of myelin lamellae increase (Peters et al.  2001 ) and intermodal 
lengths of myelin get shorter with advancing age (Bowley et al.  2010 ). To enhance 
myelin repair or remyelination following demyelination, promoters of remyelin-
ation have been examined as potential therapeutics. The age-associated ineffi ciency 
of remyelination (Shields et al.  1999 ) is known to be due to impairment of both 
recruitment and differentiation of oligodendrocyte progenitor cells (OPC) (Sim 
et al.  2002 ). Myelin synthesis is preceded by downregulation of OPC differentiation 
inhibitors such as PSA-NCAM (Shen et al.  2008 ). This downregulation is epige-
netically controlled by recruitment of histone deacetylases to promoter regions, 
indicating that effi cient remyelination requires deacetylation of nucleosomal his-
tones. Epigenetic control of remyelination is potentially an important therapeutic 
target. Another promising intervention to enhance remyelination is hormonal stimu-
lation of OPC (Calzà et al.  2010 ; Fernandez et al.  2004 ). Thyroid hormone was 
shown to regulate proliferation and differentiation of OPC and induce myelinating 
oligodendrocytes. Actually, systematic administration of thyroid hormone enhanced 
myelination in an experimental allergic encephalomyelitis model (Fernandez et al. 
 2004 ) as well as in a cuprizone-induced demyelination model (Franco et al.  2008 ). 
Using an in vivo deuterium labeling method (Ando et al.  2003 ) thyroxine was found 
to enhance incorporation of ganglioside GM1 into mature myelin of adult mice 
(Ando et al.  1984 ).  

19.4.2     Acceleration of Aβ Clearance 

 Aging is the major risk factor for neurodegenerative diseases such as Alzheimer’s 
disease and PD (Sect.  19.3 ) with accumulation of aberrant precipitates of amyloid-β 
peptide in brains from the former and α-synuclein in those from the latter. Clearance 
of those toxic compounds from the brain is driven by an active transport system at 
the blood–brain barrier (BBB) and blood–cerebrospinal fl uid barrier. In the trans-
port system at the barriers, the receptor low-density lipoprotein receptor-related 
protein 1 takes up the toxic compounds at the abluminal sites of capillary endothe-
rial cells, and P-glycoprotein (P-gp) at the luminal sites of the cells excretes them 
into the blood stream. Decreased function of P-gp was observed in Alzheimer’s 
patients (Vogelgesang et al.  2004 ) and in Parkinson’s patients (Bartels et al.  2008 ). 
The expression of P-gp decreases in the BBB with age (Silverberg et al.  2010 ). As 
the reduced clearance of amyloid-β across the BBB is thought to enhance amyloid 
accumulation, a decrease in P-gp could be a risk factor for developing Alzheimer’s 
disease. In this context, development of a model to upregulate expression of P-gp 
and enhance clearance of amyloid-β could provide a new method for treating 
Alzheimer’s disease. Support for this idea was provided by both in vitro (Abuznait 
et al.  2011 ) and in vivo studies (Hartz et al.  2010 ). 
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 Serum amyloid P (SAP) is also thought to be involved in the pathogenesis of 
Alzheimer’s disease. SAP, a member of the pentraxin family, is a glycoprotein 
secreted by the liver into the blood stream. The main functions of SAP are to recog-
nize carbohydrates, nuclear substances, and amyloid fi brils (Agrawal et al.  2009 ). 
SAP does not cross the BBB, however, neurons produce it in the brain, and its pro-
duction is upregulated in Alzheimer’s brains (Yasojima et al.  2000 ). SAP is assumed 
to contribute to the pathogenesis of Alzheimer’s disease by binding to amyloid 
plaques and entering neurons to induce apoptotic cell death (Ulbanyi et al.  2003 ). 
Although the hallmarks of Alzheimer’s disease include amyloid plaques and neuro-
fi brillary tangles, a signifi cant population of individuals who have plaques and tan-
gles have no signs of cognitive impairment. Crawford et al. ( 2012 ) measured SAP 
levels in the hippocampus and cerebral cortex of post mortem samples obtained 
from Alzheimer’s patients and nondemented individuals with Alzheimer’s neuropa-
thology, and found that the latter had no signifi cant difference in SAP levels com-
pared to normal controls while the former had increased SAP levels. The lack of 
dementia in individuals with Alzheimer’s neuropathology and low levels of SAP, a 
marker of infl ammation, may be due to reduced infl ammatory responses. From the 
therapeutic point of view, reduction of the increased serum SAP might be benefi cial 
for Alzheimer’s patients. Pepys et al. ( 2002 ) invented a drug, R-1-[6- [R-2-carboxy- 
pyrrolidin-1-yl]-6-oxo-hexanoyl] pyrrolidine-2-carboxylic acid that is a competi-
tive inhibitor of SAP binding to amyloid fi brils. Kolstoe et al. ( 2009 ) administered 
it to patients with probable Alzheimer’s disease for 12 weeks, and found that the 
SAP concentrations in serum and cerebrospinal fl uid were signifi cantly reduced. 
Their trial was too short to provide measurable neurological or cognitive effects.  

19.4.3     Gene-Transfer of Enzymes Responsible 
for Glycoconjugates 

 Loss of function mutations at the GBA locus is a known risk factor for PD (Lwin 
et al.  2004 ) (see Sect.  19.3.5 ). Sardi et al. ( 2011 ) developed mouse models of 
Gaucher disease including homozygote (Gba1 D409V/D409V ) and heterozygotes 
(Gba1 D409V/+  and Gba1 +/− ) that showed loss of GBA activity. GBA activity was 
reduced in homozygous mice (19 % of that of wild type) and heterozygous (59 % 
for Gba1 D409V/+ and 54 % for Gba1 +/− ). Adeno-associated virus-mediated expression 
of exogenous GBA in the hippocampus of homozygous mice brought about remark-
able amelioration of both the neuropathology and memory defi cits. Sardi et al. 
( 2013 ) developed a transgenic mouse model overexpressing A53T α-synuclein and 
using it found that augmented striatal expression of exogenous GBA in the mice 
reduced the levels of both cytosolic soluble α-synuclein and membrane-associated 
striatal α-synuclein. 

 The observation that PSA-NCAM (see Sect.  19.2.5 ) was expressed concurrently 
with sprouting of injured or axotomized Purkinje cells in glial scars (Dusart et al. 
 1999 ) led to interrogation of whether induction of PSA expression in damaged 
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 tissues in adult CNS could enhance neuronal regeneration. To test the therapeutic 
potential of PSA, a viral vector encoding polysialyltransferase was employed to 
transfect scar astrocytes and sustain expression of high levels of PSA (El Maarouf 
et al.  2006 ). This resulted in substantial growth of axonal processes through the 
spinal injury site. Induced expression of PSA may be a promising strategy for pro-
moting neural tissue repair. Similar genetic manipulations using viral vectors encod-
ing GnT-III (see Sect.  19.3.4 ) could be applied to Alzheimer’s brains to inhibit 
amyloid β production and to enhance the clearance of amyloid β as previously sug-
gested (Akasaka-Manya et al.  2010 ). A possible alternative would be to use the 
curcumin derivative, bisdemethoxycurcumin found to induce expression of GnT-III 
(Fiala et al.  2007 ).  

19.4.4     Ganglioside Analogues and Environmental Effectors 
of Neuronal Plasticity 

 Gangliosides, sialic acid-containing GSLs, are important mediators of neuronal 
function, age-related neuronal dysfunction, and Alzheimer’s pathology. Studies 
have shown that gangliosides may mimic nerve growth factor neurotrophic activity 
thereby restoring cholinergic parameters (Cuello et al.  1989 ; Ferrari et al.  1995 ; 
Mutoh et al.  1995 ; Rabin and Mocchetti  1995 ). The benefi cial effects of ganglioside 
GM1 were shown in the experimental models of glutamate neurotoxicity (Favaron 
et al.  1988 ; Vaccarino et al.  1987 ; Wu et al.  2005 ), brain and spinal cord lesions 
(Geisler et al.  1991 ; Oderfeld-Nowak et al.  1993 ), and cerebral ischemia (Seren 
et al.  1990 ). Although gangliosides have been hypothesized to serve as neuroprotec-
tive agents capable of reducing brain and spinal cord damages in disease conditions, 
they were proven to attenuate neuronal apoptosis induced by serum deprivation, 
ionomycin, or cyclosporine A in an in vitro system (Ryu et al.  1999 ). However, 
gangliosides did not attenuate neuronal necrosis induced by exposure of cultured 
cortical cells to excitotoxins, and even increased necrosis induced by oxidative 
stress. Thus, gangliosides seem to rescue neurons from becoming apoptotic. 

 Two decades ago, GM1 was reported to activate the TrkA (tropomyosin-related 
kinase A) receptor (Ferrari et al.  1995 ; Mutoh et al.  1995 ; Rabin and Mocchetti 
 1995 ). Later it was shown to activate TrkC by inducing release of neurotrophin-3 
(Rabin et al.  2002 ). In contrast to GM1 which induces neurotrophin-3 but not 
BDNF, a synthetic analogue of GM1, LIGA20 (Manev et al.  1990 ), was found to 
increase secretion of BDNF by stimulating TrkB in NIH-3T3 fi broblasts. When the 
same amount of GM1 and LIGA20 were given orally to rats, the concentration of 
LIGA20 in the brain was 50-fold higher than that of GM1 (Polo et al.  1994 ). This 
may account for the superior potency of LIGA20 compared to natural GM1. 

 LIGA20 is similar in structure of lyso-GM1 (Manev et al.  1990 ). Although 
LIGA20 appears to be membrane permeable, it was hypothesized that smaller mol-
ecules would be more suitable for transportation across the BBB. To address this 
sialylcholesterol was synthesized (Sato et al.  1987 ). Effects of the two stereoisomers, 
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α- and β-sialylcholesterols, on cholinergic synapses were examined (Tanaka and 
Ando  1996 ) to determine whether they could ameliorate age-related decrements in 
synaptic functions observed in studies of mouse brain synaptosomes (Tanaka et al. 
 1996 ). While both isomers enhanced acetylcholine release from synaptosomes, 
their underlying mechanisms differed. Alpha-sialylcholesterol increased depolar-
ization-induced infl ux of calcium ions to enhance acetylcholine release, while not 
affecting choline uptake. On the other hand, β-sialylcholesterol activated high-affi n-
ity choline uptake, resulting in enhancement of acetylcholine synthesis followed by 
augmentation of acetylcholine release. The β-isomer had no effect on calcium ion 
infl ux. These results imply that the two isomers of sialylcholesterol modulate the 
synaptic functions in different ways, and that their effects on cholinergic synaptic 
transmission are synergistic. The results also indicate that the actions of the syn-
thetic sialylcholesterols on synapses mimic those of naturally occurring ganglio-
sides (Ando et al.  1998 ). The action of the α-isomer on calcium channels appears to 
be similar to that observed using ganglioside GQ1b. In contrast, the β-isomer activa-
tion of the choline transporter was similar to the effect of the Chol-1α ganglioside 
(see Sect.  19.3.3 ). The similarity of the effects of both gangliosides and sialylcho-
lesterols on synaptic action is summarized in a review (Ando  2012 ). 

 Neuronal plasticity, a crucial requirement for adapting to new environments, 
developing neuronal integrity, and restoring damaged neural architecture, are cen-
tral themes in basic and clinical neuroscience. Age-related deterioration in brain 
functions or damage caused by neurodegenerative diseases or various insults can be 
partly restored by innate neuronal plasticity. Stimulation of plasticity can be consid-
ered the ultimate strategy for maintaining brain function during aging and for its 
effi cient recovery from neuronal damage. Synaptic plasticity was enhanced as 
revealed by increased synaptogenesis and cognitive improvement when aged rats 
were put in an enriched environment (Ando  2012 ; Saito et al.  1994 ). In a mouse 
model of PD, physical activity and environmental enrichment stimulated oligoden-
drocyte differentiation in the substantia nigra, again indicating their positive effect 
on cellular plasticity (Klaissle et al.  2012 ). Neuronal plasticity is thought to be regu-
lated by at least two groups of molecules: neurotrophins and adhesion molecules. 
The effect of activity on plasticity may be explained by the observation that expres-
sion of BDNF and NCAM were upregulated in the spinal cords of rats given exer-
cise (Macias et al.  2002 ). Drugs can also affect neuronal plasticity. Warfarin is 
routinely prescribed for patients with atrial fi brillation or cerebral infarction, but 
since it is also a vitamin K antagonist and may cause vitamin K-defi ciency it must 
be used with care. The fi rst indication that vitamin K was needed by the nervous 
system was the observation by Sundaram and Lev ( 1988 ) that young mice fed war-
farin had decreased brain concentrations of sulfatide due to reduced activity of 
galactocerebroside sulfotransferase, needed for its synthesis (Fig.  19.1 ). Lifelong 
intake of a low-vitamin K diet was shown to impair cognitive performance by old 
rats. They also had low levels of gangliosides in the pons medulla and midbrain 
(Carrié et al.  2011 ). Sulfatide contents were not different between high- and low-
dosed groups in old rats. In humans, fetal exposure to warfarin is known to induce 
warfarin embryopathy identifi ed by symptoms such as blindness and mental 
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 retardation due to optic and cerebral atrophies (Hall et al.  1980 ). Patients with early 
stage Alzheimer’s disease were found to have signifi cantly lower intakes of vitamin 
K compared to age- and gender-matched controls (Presse et al.  2008 ). With regard 
to brain plasticity or responsiveness, both positive and negative environmental risk 
factors such as enriched environment and warfarin must be considered.   

19.5     Concluding Remarks 

 In Sect.  19.2 , age-related changes in glycoconjugates, mostly GSLs and glycopro-
teins, in the central nervous system are summarized. 

 In Section  3 , new fi ndings on the pathogenesis of age-related neurodegenerative 
diseases such as Alzheimer’s and Parkinson’s are discussed. Ganglioside GM1 may 
function as a seed for amyloid fi bril formation, and the expression of Chol-1α gan-
gliosides in the Alzheimer’s model mouse brain is thought to be a compensatory 
response to restore cholinergic function. Evidence suggests that mutations in the 
gene for GBA and partial defi cits in  a -series gangliosides may contribute to PD. 

 In section  4 , possible strategies for anti-aging and the prevention of age-related 
dementia are discussed, including those to (1) enhance remyelination, (2) enhance 
clearance of amyloid-β, and (3) express the GBA gene. To ameliorate the functional 
defi cits in aging and diseased brains, ganglioside-analogues, LIGA20 and sialyl-
cholesterols, have been tested. Alpha- and β-stereoisomers of the latter are found to 
activate calcium ion channels and high-affi nity choline uptake at presynapses, 
respectively. Finally, environmental factors (eg physical activity and drugs) affect-
ing neuronal plasticity in relation to glycoconjugates are discussed.     
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    Abstract     Glycolipids and gangliosides play important roles in maintaining the 
functional integrity of the nervous system. However, surprisingly little is known 
about how glycolipids and gangliosides in particular participate in various neurode-
generative processes. For example, it has been known for a long time that adminis-
tration of gangliosides and in particular, GM1 ganglioside, can ameliorate damage 
to the central and peripheral nervous systems and can mitigate effects of a variety of 
neurodegenerative processes. What is not known is the extent to which dysfunc-
tional biosynthesis or metabolism of gangliosides may be involved in various neu-
rodegenerative disorders and if alterations observed refl ect an intrinsic disease-related 
process or represent the response of the brain to a degenerative process. This chap-
ter briefl y reviews recent advances in the study of glycolipids and gangliosides and 
their potential participation in a variety of neurodegenerative disorders including 
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease and the potential 
link between Gaucher disease and Parkinson’s disease.  
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  mg/kg    Milligram per kilogram   
  TH    Tyrosine hydroxylase   
  HVA    Homovanillic acid   
  MPTP    1-Methyl-4-phenyl 1,2,3,6-tetrahydropyridine   
  UPDRS    Unifi ed Parkinson’s Disease Rating Scale   
  APP    Amyloid precursor protein   
  Aβ    Amyloid-beta   
  BACE1    Beta-secretase 1   
  DARP-32    Dopamine- and cAMP-regulated neuronal phosphoprotein   
  GBA1    Beta-glucosidase 1   

       Glycolipids are broadly defi ned as lipids with a carbohydrate attached. There are a 
wide variety of glycolipids found in biological systems. Of particular relevance for 
the nervous system is a subset of glycolipids known as glycosphingolipids that con-
tain sphingosine. A further subset of glycosphingolipids of particular relevance to the 
structure and function of the nervous system are cerebrosides and gangliosides. 
Glycosphingolipids are present on cell surface membranes and are particularly abun-
dant in the brain (Hirabayashi  2012 ). Cerebrosides comprise a group of glycosphin-
golipids consisting of ceramide and sugar residues, the major forms being 
glucocerebrosides and galactocerebrosides. Gangliosides are sialic acid-containing 
glycosphingolipids that are integral components of cell surface membranes and are 
highly enriched in the central nervous system. The major ganglioside species in brain 
are a- and b-series gangliosides and consist of the major gangliosides GM1, GD1a, 
GD1b, and GT1b. GM1 ganglioside, a main component of membrane signaling 
domains (lipid rafts), is particularly important in the central nervous system (CNS) as 
it plays important roles in neuronal development and survival and modulates a wide 
variety of cellular functions through modulation of cell signaling mechanisms. GM1 
has been shown to exert neurotrophic or neuroprotective effects under a variety of 
circumstances and infl uences numerous cellular activities mediated at the level of the 
plasma membrane as well as intracellularly, where it infl uences Ca 2+  homeostasis, 
mitochondrial function, and lysosomal integrity, among other processes (Hakomori 
and Igarashi  1993 ; Allende and Proia  2002 ; Shield et al.  2006 ; Wei et al.  2009 ). 

 This brief review focuses on recent advances in the description and understand-
ing of the role of glycolipids and in particular, gangliosides and glucocerebrosides, 
in neurodegenerative disorders. This review focuses on Parkinson’s disease, 
Alzheimer’s disease, and Huntington’s Disease and the accumulating evidence for a 
link between Parkinson’s disease and Gaucher disease. 

20.1     Gangliosides and Parkinson’s Disease 

 GM1 ganglioside has long been suggested as a potential agent for the treatment of 
Parkinson’s disease, although the precise reasons for the effi cacy of GM1 in animal 
models of Parkinson’s disease and in Parkinson’s disease patients is still unclear. 
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Toffano et al. ( 1983 ) fi rst described the ability of GM1 ganglioside to enhance 
recovery of the nigrostriatal projection system. In this initial study, administration of 
GM1 ganglioside (30 mg/kg, beginning the second day after surgery) to rats that 
received unilateral hemitransections of ascending nigrostriatal dopaminergic fi bers 
signifi cantly increased striatal tyrosine hydroxylase (TH) activity, homovanillic acid 
(HVA) content, TH immunohistochemical staining ipsilateral to the hemitransection 
and reduced apomorphine-induced rotations. These data were the fi rst demonstration 
of improvement of biochemical, morphological, and behavioral parameters associ-
ated with damage to the nigrostriatal pathway with GM1 treatment (Toffano et al. 
 1983 ). Over the next couple of decades, numerous studies were performed showing 
that administration of GM1 ganglioside at least partially reversed detrimental effects 
of various types of insults to the nigrostriatal dopamine system including mechanical 
transection (Agnati et al.  1983 ; Toffano et al.  1983 ,  1984 ), 1-methyl-4-phenyl, 
1,2,3,6-tetrahydropyridine (MPTP) toxin-induced lesions (Hadjiconstantinou et al. 
 1986 ; Schneider and Yuwiler  1989 ; Hadjiconstantinou and Neff  1988 ), and, 
6- hydroxydopamine-induced lesions (Tilson et al.  1988 ) to the nigrostriatal dopa-
mine system, as well as ameliorate age-related dopaminergic changes in brain. 
Results in normal aged animals are particularly interesting in that GM1 administra-
tion restored a variety of dopaminergic markers in the striatum and substantia nigra 
to levels approximate to those seen in young animals (Goettl et al.  1999 ,  2003 ). 
Although GM1 administration had little effect on several measures of motor function 
assessed in aged animals (Goettl et al.  2001 ), improvements in cognitive functioning 
(i.e., spatial learning and memory) were described (Fong et al.  1997 ). Although rela-
tively few papers have examined age-related changes in ganglioside content in brain, 
in rats, GM1 levels in whole brain were reported to be fairly consistent between 3 
and 24 months of age, while GD1a and GT1b levels decreased (Aydin et al.  2000 ). 
These data need to be viewed cautiously as there are signifi cant regional differences 
in ganglioside content in brain that might be obscured by examining whole brain 
expression. Regional expression of gangliosides examined in human brain showed 
variation by region and age (between 4 months and 80/90 years of age), with GM1 
levels signifi cantly decreased with advanced age in the frontal cortex and moderately 
decreased in hippocampus (Kracun et al.  1992b ), with a possible shift in expression 
from the a- to b-series gangliosides with aging (see Chap.   19    ). 

 While most of the experimental work with GM1 and Parkinson’s disease models 
was performed with rodents, studies using nonhuman primate models of Parkinson’s 
disease also showed signifi cant improvements with GM1 treatment. In MPTP- 
treated monkeys, GM1 treatment resulted in improved motor and cognitive func-
tioning, compared to saline-treated lesion control animals, and also resulted in small 
but statistically signifi cant increases in striatal dopamine levels and increased den-
sity of tyrosine hydroxylase (TH)-positive fi bers (Schneider et al.  1992 ). Other stud-
ies showed that GM1 treatment resulted in signifi cant increases in TH protein levels 
in residual dopaminergic neurons in the substantia nigra of MPTP-treated monkeys 
(Herrero et al.  1993 ). 

 These promising preclinical research fi ndings led to clinical studies of GM1 
treatment in Parkinson’s disease patients. All clinical studies using GM1 were 
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approved by the appropriate institutional ethics committees, performed in 
 accordance with the ethical standards laid down in the 1964 Declaration of Helsinki, 
and written informed consent was obtained from all subjects prior to enrollment. 
Following a small phase I safety study (Schneider et al.  1995b ), a randomized, 
double- blind, placebo-controlled trial was conducted with 45 Parkinson’s disease 
patients ( N  = 22 GM1;  N  = 23 placebo) over a 16-week study period (Schneider et al. 
 1998 ). At the study initiation visit, subjects received intravenous infusion of 
1,000 mg GM1 or placebo and then received two subcutaneous injections per day 
(GM1 100 mg/2 ml per injection or placebo) for the remainder of the 16 week study 
period. The primary effi cacy measure was change from baseline in the Unifi ed 
Parkinson’s Disease Rating Scale (UPDRS) motor score, assessed during a practi-
cally defi ned off period (that is, in the morning after at least 12 h from the last dose 
of any anti-Parkinson medication). The GM1-treated group showed signifi cant 
improvements in UPDRS motor scores compared to subjects receiving placebo 
(Schneider et al.  1998 ). The treatment effect size at week 16 was −6.79 ± 1.24 
( p  < 0.0002). Secondary measures of activities of daily living and performance of 
timed motor tests also showed signifi cant effects in favor of the GM1-treated sub-
jects (Schneider et al.  1998 ). GM1 was well tolerated and no serious adverse effects 
were noted. This brief duration study suggested that GM1 could have a symptom-
atic effect in Parkinson’s disease patients. Although the precise mechanisms under-
lying this response are not known, the effects observed in this study are consistent 
with preclinical data demonstrating an ability of GM1 to enhance TH expression 
and dopamine synthesis in residual neurons in animal models of Parkinson’s disease 
(Herrero et al.  1993 ; Schneider et al.  1995a ). 

 A group of subjects who completed the study described above consented to 
continue to receive GM1 and to be followed clinically for up to 5 years (Schneider 
et al.  2010 ). In this open extension study (26 subjects at start; 13 from the prior 
placebo group and 13 from the prior GM1-treated group), subjects were adminis-
tered a total daily dose of 200 mg GM1 by subcutaneous injection (two injections 
of 100 mg GM1 per day). Subjects were evaluated during practically defi ned off 
periods at 6 month intervals over the course of the study. Changes in UPDRS motor 
scores and activities of daily living scores were assessed as were timed tests of 
motor function. In subjects who received GM1 during the previous randomized 
study, regression modeling showed a slow linear increase of the average UPDRS 
motor score over time, with an estimated annual rate of increase of approximately 
1.2 points (95 % confi dence interval, CI: −0.1 to 2.5,  p  = 0.06) (Schneider et al. 
 2010 ). However, at the end of 5 years of continuous GM1 use, the estimated aver-
age UPDRS motor score (for the ten subjects who continued through the entire 5 year 
period) was still lower than that at baseline prior to randomization into the main 
randomized trial, suggesting that improvements achieved during the initial study 
were maintained during the open extension period. In subjects previously random-
ized to receive placebo but who received GM1 during the open-extension study, 
regression modeling also showed a change in the average UPDRS motor scores 
over time. Over the fi rst 2 years of the extension study, motor scores decreased by 
about 3–4 points per year on average while in later years, the scores increased 
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slightly and approached  pre- randomization levels by the fi fth year. However, for 
nine of the ten subjects followed for the full 5 year period, no appreciable progres-
sion of motor symptoms was observed. This relatively small open label study sug-
gested that chronic use of GM1 in PD patients was safe (no serious adverse events 
reported over the course of the study) and may be benefi cial in Parkinson’s disease 
patients. However, without a control group, it is not possible to come to any fi rm 
conclusions regarding the long-term effi cacy of GM1 as a potential disease modify-
ing agent in Parkinson’s disease. 

 In order to better assess effi cacy of GM1 as a potential disease modifying therapy 
for Parkinson’s disease, a randomized, controlled, delayed start trial of GM1 in 
Parkinson’s disease was conducted (Schneider et al.  2013 ). Due to the complex 
nature of Parkinson’s disease, there are several challenges in the clinical assessment 
of disease progression and the demonstration of disease modifi cation, since many 
drugs with potential disease modifying effects may also exert symptomatic effects. 
Since we had previously shown that GM1 may potentially have both symptomatic 
and disease modifying effects on Parkinson’s disease, a study design, the delayed 
start study, previously suggested to possibly differentiate between these aspects of 
drug response (Olanow et al.  2008 ,  2009 ; D’Agostino  2009 ) was used. In the 
delayed start trial design, subjects are initially randomized to either an early start 
group (i.e., randomized to receive GM1 and to continue to receive GM1 for the 
duration of the trial (out to week 120)) or a delayed start group (randomized to 
receive placebo but switched to GM1 after 24 weeks). In addition, a separate group 
of standard-of-care subjects (“Comparison group”) was recruited according to the 
same criteria used for recruitment of the treatment groups and these subjects were 
assessed longitudinally to provide descriptive information regarding disease pro-
gression. The primary outcome measure in this study was change from baseline 
UPDRS motor scores assessed during a practically defi ned off period. Subjects 
were also evaluated during their best on period (i.e., typically at least 1 h. after tak-
ing their standard anti-Parkinson medication). At week 24, the early-start (GM1) 
group showed signifi cant improvement in UPDRS motor scores compared to a sig-
nifi cant worsening of scores in the delayed-start (placebo) group (Fig.  20.1 ). The 
early-start group also showed a sustained benefi t compared to the delayed-start 
group at the end of the study (week 120) (Fig.  20.1 ). Following an initial improve-
ment in UPDRS motor scores in the early-start group, this measure of symptom 
severity changed little over the course of the study and by the end of the observation 
period, these scores were still lower (i.e., improved) than they were at study baseline 
(Schneider et al.  2013 ). The standard-of-care comparison group showed a pattern of 
symptom progression different from both the early-start subjects who received 
GM1 throughout the study and the delayed-start subjects after they started receiv-
ing GM1 after week 24 (Schneider et al.  2013 ). Both early-start and delayed-start 
groups showed signifi cant symptom worsening during washout (assessed at 1–2 
years after the last use of GM1) (Fig.  20.1 ). The results of this study supported the 
previous report that GM1 use for a relatively short period of time was superior to 
placebo for improving motor symptoms and showed that extended GM1 use (up 
to 120 weeks) resulted in a lower than expected rate of symptom progression (also 
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  Fig. 20.1    Changes in unifi ed Parkinson’s disease rating scale (UPDRS) motor subsection scores. 
( a ) The mean (±SE) change from baseline (observed scores) in Early-start and Delayed-start study 
subjects and in the standard-of-care Comparison group, assessed in the practically defi ned “off” 
condition. The  dashed vertical line  at week 24 indicates the end of study Phase I. The  dashed verti-
cal line  at week 120 indicates the end of study Phase II. The  horizontal dashed line  indicates 
baseline level. An increase of score indicates symptom worsening; a decrease in score indicates 
symptom improvement. * p  < 0.0001 Early-start vs. Delayed-start; ̂  p  < 0.05 Early-start vs. Delayed- 
start. ( b ) The mean (±SE) change from baseline in Early-start and Delayed-start study subjects and 
in the standard-of-care Comparison group, assessed in the best “on” condition. The  dashed vertical 
line  at week 24 indicates the end of study Phase I. The  dashed vertical line  at week 120 indicates 
the end of study Phase II. The  horizontal dashed line  indicates baseline level. * p  < 0.01 Early-start 
vs. Delayed-start. [Reprinted from Schneider JS, Gollomp SM, Sendek S, Colcher A, Cambi F, and 
Du W (2013) A randomized, controlled, delayed start trial of GM1 ganglioside in treated 
Parkinson’s disease patients.  Journal of the Neurological Sciences   324 :140–148       
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suggested in the previous open label study). Thus, the data from this relatively 
small study suggested that GM1 may have symptomatic and potentially disease 
modifying effects on Parkinson’s disease.

   Despite the positive effects of GM1 on preclinical models of Parkinson’s disease 
and positive effects of GM1 in Parkinson’s disease patients, the mechanisms under-
lying these effects remain somewhat obscure. We have suggested that at least in part, 
the apparent neuroprotective/neurorestorative effects of GM1 may involve modula-
tion of lipid raft structure/function by altering the GM1 content of the rafts that 
could exert signifi cant infl uence on a variety of signaling pathways (Schneider et al. 
 2013 ). Further, several Parkinson’s disease-relevant proteins such as alpha synu-
clein, LRRK2, parkin, and PINK1 associate with lipid rafts and co-localize with 
GM1, potentially infl uencing neurodegeneration in Parkinson’s disease (Martinez 
et al.  2007 ; Fallon et al.  2002 ; Hatano et al.  2007 ). One reason why GM1 may seem-
ingly work so well in Parkinson’s disease is that administration of GM1 to Parkinson’s 
disease patients may represent GM1 replacement therapy, that is, restores a defi -
ciency in GM1 levels (see Chap.   15    ). This would only be true if there is in fact a 
decrease in GM1 levels in the Parkinson’s disease brain, and specifi cally, in the 
nigrostriatal dopamine system. Recent data from our lab (Kidd et al.  2012 ) and oth-
ers (Wu et al.  2012 ) suggest that GM1 levels may be lower than normal in the sub-
stantia nigra of Parkinson’s disease patients compared to age matched controls. This 
may be due to lower levels of GM1 in residual neurons. Additionally, we have made 
the novel observation that expression of key glycosyltransferase genes  B3Galt4  (the 
gene encoding the glycosyltransferase necessary for conversion of GM2 into GM1) 
and  St3gal2  (the gene encoding the sialyltransferase necessary for conversion of 
GM1 into GD1A) are decreased in the substantia nigra in Parkinson’s disease brains 
compared with age-matched controls (Kidd et al.  2012 ). We have also recently 
observed increases in gene expression in Parkinson’s disease substantia nigra for at 
least some of the enzymes responsible for the production of both a- and b-series 
gangliosides (i.e.  St3Gal5 ,  St8sia3 , see Chap.   9     for metabolic pathways), compared 
to samples from neurologically intact, age-matched controls (Mettil et al.  2013 ). 
These fi ndings together suggest that in addition to a loss of GM1 in the Parkinson’s 
disease substantia nigra, there may also be an imbalance between a- and b-series 
gangliosides. More work is needed in order to understand the extent to which there 
is indeed a defect in GM1 expression in the Parkinson’s disease brain and if so, the 
extent to which this defect is specifi c to the nigrostriatal dopamine system.  

20.2     Gangliosides in Alzheimer’s Disease 

 Several lines of evidence have linked Alzheimer’s disease (AD) with aberrant lipid 
homeostasis and with abnormal expression of gangliosides. There have been a num-
ber of reports of decreased ganglioside concentrations in various regions of the AD 
brain dating back to the late 1960s, but some of these fi ndings have been contradic-
tory and lacked experimental consistency in the way in which gangliosides were 
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measured and in the pathological confi rmation of AD and AD subtypes. Gottfries 
et al. ( 1983 ) described a decreased expression of brain gangliosides in AD brain but 
the pattern of ganglioside expression was not evaluated. Kalanj et al. ( 1991 ) and 
Kracun et al. ( 1992a ) reported that in AD brain, all ganglio-series gangliosides (i.e., 
GM1, GD1a, GD1b, and GT1b) were decreased in temporal and frontal cortices as 
well as in the nucleus basalis of Meynert, while gangliosides GM2, GD3, and GM3 
were elevated in frontal and parietal cortex. Svennerholm and Gottfries ( 1994 ) 
described signifi cant decreases in gangliosides in frontal and temporal cortices, cau-
date nucleus, and hippocampus in AD type I cases (early onset form) and more 
restricted loss of gangliosides in temporal cortex, hippocampus and frontal white 
matter in AD type II (late onset) cases. These authors suggested that based on a 
diminished yield of synaptosomes in AD type I brains that there was marked loss of 
synapses and neuronal processes in the AD type I brain. Studies examining CSF 
from AD patients showed increased GM1 in CSF in early onset AD compared to 
late onset AD, suggested by the authors to indicate more severe neurodegeneration 
in type I vs. type II AD patients (Blennow et al.  1991 ). 

 Recent evidence, however, suggests that more than simple measurement of gan-
glioside levels in AD brain may be needed to better appreciate the role that ganglio-
sides might play in the pathophysiology of AD. More complex alterations in the 
lipid profi le in brain may be associated with AD, with region-specifi c lipid anoma-
lies potentially linked to AD pathogenesis (Chan et al.  2012 ). Aberrant lipid homeo-
stasis has been suggested to play a role in AD as the neuronal lipid composition 
regulates activity of key proteins such as APP, BACE1 and presenilin that control 
Aβ levels (Chan et al.  2012 ). Gangliosides (GM1 in particular) have been suggested 
to modulate the pathogenic potential of Aβ by infl uencing its aggregation proper-
ties. A number of studies have suggested that the interaction of Aβ with GM1 results 
in GM1-bound Aβ that acts as a seed for the Aβ fi brillogenesis in the AD brain 
(Yanagisawa  2007 ). Recent data further suggest that Aβ is preferentially incorpo-
rated into GM1-rich membrane regions (i.e., lipid rafts) where the peptides undergo 
a conformational shift that disrupts membrane stability and promotes peptide–pep-
tide interaction and oligomer formation (Haughey et al.  2010 ). Although the precise 
role of gangliosides and other lipids in AD remains to be determined, it is clear that 
alterations in sphingolipid metabolism and expression likely play an important role 
in the pathological processes contributing to AD. The role of GM1 ganglioside in 
particular in AD remains to be elucidated as some reports suggest that GM1 admin-
istration may be at least partially neuroprotective in model systems (Kreutz et al. 
 2011 ) and in humans (Svennerholm et al.  2002 ).  

20.3     Gangliosides and Huntington’s Disease 

 Desplats et al. ( 2007 ) reported abnormal expression levels of various genes encod-
ing glycosyltransferases and sialyltransferases that are involved in the biosynthesis 
of various gangliosides in the striatum of Huntington’s disease transgenic mice 
(R6/1 mice) and in postmortem caudate nucleus tissue from Huntington’s disease 
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patients. In particular, increased expression of  St8sia1  (encoding GD3 synthase) 
and decreased expression of  St8sia2 ,  St8sia3  (GD3 synthase) and  B4galnt1  (GM2/
GD2 synthase) was found in the striatum of R6/1 transgenic Huntington’s disease 
mice. The mRNA expression levels of  St3gal5  (encoding GM3 synthase),  St3gal2  
(encoding GM1b/GD1a/GT1b synthase), and  St6galnac5  ( SiaT7e ) were not affected 
in the R6/1 transgenic mice (Desplats et al.  2007 ). Ganglioside analysis showed a 
signifi cant decrease in GM1 levels in striatum from R6/1 transgenic mice (Desplats 
et al.  2007 ). The gene expression of  St3gal5 ,  St8sia3 ,  B4galnt1 , and  St3gal2  were 
signifi cantly decreased in the caudate nucleus from HD patients. However, in 
human Huntington’s disease caudate, an overall decrease in ganglioside levels was 
reported, compared to control subjects with the exception of a specifi c increase in 
GD3 levels (Desplats et al.  2007 ). This could be signifi cant as GD3 may be an apop-
togenic ganglioside (Scorrano et al.  1999 ) and increased levels of GD3 in 
Huntington’s disease caudate could contribute to apoptotic neurodegeneration. 
Although these data are from a very small sample of Huntington’s patients (i.e., 
three cases), they do suggest altered ganglioside biosynthesis and expression 
associated with Huntington’s disease. 

 Following up on these data, Maglione et al. ( 2010 ) described decreased expression 
of  B3galt4  (GM1/GD1b synthase) mRNA and reduced levels of GM1 ganglioside in 
cell and animal models of Huntington’s disease as well as in fi broblasts isolated from 
Huntington’s disease patients (Maglione et al.  2010 ). They further reported that the 
presence of mutant huntingtin protein affected ganglioside metabolism in a trans-
genic mouse Huntington’s disease model, with reduced GM1, GD1a, and GT1b lev-
els noted in striatum and cortex (Maglione et al.  2010 ). Administration of GM1 to a 
knock-in cell model of Huntington’s disease restored GM1 levels and protected cells 
from apoptosis. GM1 administration also promoted AKT activation and resulted in 
phosphorylation of mutant huntingtin protein which may support neuroprotection and 
perhaps decrease toxicity of the mutant protein (Maglione et al.  2010 ). Importantly, 
this study demonstrated that relatively small alterations of GM1 content in the plasma 
membrane could cause signifi cant changes in cell susceptibility to apoptosis. 

 As a follow up to the fi ndings that levels of GM1 may be decreased in the HD 
brain (as well as in HD models), Di Pardo et al. ( 2012 ) demonstrated that administer-
ing GM1 by intraventricular infusion in a mouse HD model ((YAC)128 mice) restored 
normal motor behavior, increased striatal expression of DARP-32, a protein highly 
enriched in intrinsic striatal neurons, and increased phosphorylation of huntingtin at 
serine 13 and serine 16, suggested a potential role for GM1 in the treatment of HD.  

20.4     Role of Glycolipids in the Link Between 
Parkinson’s Disease and Gaucher Disease 

 A possible connection between Gaucher disease and Parkinson’s disease has 
recently been suggested, although the molecular link between the two diseases is 
still somewhat obscure (Goldin  2010 ) (see also Chap.   19    ). The occurrence of 
Parkinson’s disease in some type 1 (non-neuronopathic) Gaucher disease  individuals 
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and their fi rst degree relatives suggested  GBA1  mutations might be a genetic risk 
factor for idiopathic Parkinson’s (Bultron et al.  2010 ). It has recently been shown 
that compared to the general population, there is an approximate 20-fold increase in 
lifetime risk of developing Parkinson’s disease in patients with type 1 Gaucher dis-
ease (Bultron et al.  2010 ). Gaucher disease is caused by mutations in the  GBA1  gene 
that encodes the enzyme glucocerebrosidase which degrades glycosphingolipids to 
ceramide and glucose (   Beutler and Grabowski  2001 ).  GBA1  mutations result in 
lysosomal accumulation of glucocerebroside (glucosylceramide). In type II Gaucher 
disease, increased levels of ganglioside GD3 have been reported in brain and in 
cerebrospinal fl uid (Gornati et al.  2002 ); some studies have reported increases in 
expression of gangliosides GM2, GM3, GM1, and GD3 in the CNS in Gaucher 
disease while others have indicated either no change or decreases in gangliosides 
(Gonzalez-Sastre et al.  1974 ; Gornati et al.  2002 ; Conradi et al.  1984 ; Kaye et al. 
 1986 ). However, most of the reports of altered ganglioside expression were in asso-
ciation with type II or infantile forms of Gaucher disease. The extent to which CNS 
ganglioside expression is altered in type I Gaucher is unclear. However, ganglioside 
GM3 is reported to be strikingly elevated in plasma of type 1 Gaucher disease 
patients (Ghauharali-van der Vlugt et al.  2008 ). 

 A further link between Gaucher disease and Parkinson’s disease is the presence 
of α-synuclein inclusions in brains of patients with type I Gaucher disease and 
Parkinsonism. Such patients also have Lewy body pathology and loss of substantia 
nigra dopaminergic neurons (Wong et al.  2004 ). Brain samples from patients with 
Gaucher disease or from Gaucher disease carriers with Parkinsonism all showed 
 GBA1  mutations and Lewy body pathology, with α-synuclein and glucocerebrosi-
dase detected in Lewy body inclusions (Shachar et al.  2011 ; Goker-Alpan et al. 
 2010 ). It has also recently been shown that increased intracellular glucosylceramide 
(GlcCer) levels (GlcCer accumulates in affected tissues in Gaucher disease due to 
glucocerebrosidase defi ciency) enhance the formation of toxic α-synuclein assem-
blies which may lead to neurodegeneration (Mazzulli et al.  2011 ).  

20.5     Concluding Remarks 

 Although there have been tremendous advances in the understanding of the patho-
physiology of numerous neurodegenerative disorders, there is still much that is not 
known about the mechanisms that initiate and drive neurodegeneration. This is par-
ticularly true in Parkinson’s disease and Alzheimer’s disease. Recent data though 
suggest that alterations in ganglioside biosynthesis and/or metabolism may be 
involved in numerous neurodegenerative disorders. Further research is now needed 
in order to better understand the nature of the changes in brain gangliosides in these 
disorders and to understand the extent to which these changes are either the cause or 
effect of neurodegenerative processes.     
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    Abstract     Glycosphingolipids (GSLs) are information-rich glycoconjugates that 
occur in nature mainly as constituents of biomembranes. Each GSL contains a 
complex carbohydrate chain linked to a ceramide moiety that anchors the molecule 
to biomembranes. In higher animals, catabolism of GSLs takes place in lysosomes 
where sugar chains in GSLs are hydrolyzed by exo-glycosidases to cleave a sugar 
residue from the non-reducing end of a sugar chain. Inborn errors of GSL-
catabolism, collectively called sphingolipidoses or GSL-storage diseases, are 
caused by the defi ciency of exo-glycosidases responsible for the degradation of the 
specifi c sugar residues at the non-reducing termini in GSLs. This chapter briefl y 
discusses glycone, anomeric, linkage, and aglycone specifi cities of exo-glycosidases 
and some of the historical landmarks on their associations with the chemical 
pathology of the fi ve best known sphingolipidoses: GM1 gangliosidosis, GM2 
gangliosidosis (Tay–Sachs disease), Fabry disease, Gaucher disease, and Krabbe 
disease.  
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  Abbreviations 

   4MU    4-Methylumbelliferyl   
  CNS    Central nerve system   
  GALC    Galactocerebrosidase   
  GalSph    Galactosylsphingosine   
  GlcSph    Glucosylsphingosine   
  GM2-AP    GM2 activator protein   
  GSL    Glycosphingolipid   
  Hex A    β-Hexosaminidase A   
  Hex B    β-Hexosaminidase B   
  PNS    Peripheral nerve system   
  TGM2    Taurine-conjugated GM2   
  TSD    Tay–Sachs disease   

21.1           Introduction 

 Sugar chains of the three major mammalian glycoconjugates, glycosphingolipids 
(GSLs), glycoproteins, and proteoglycans, are synthesized in the endoplasmic retic-
ulum and the Golgi by sequential addition of sugar residues by a wide variety of 
glycosyltransferases, and subsequently transported to their destinations, such as cell 
surface or extracellular environments (Varki et al.  2009 ). It has been well estab-
lished that homeostasis of cellular constituents is maintained by lysosomal degrada-
tion through autophagy (Klionsky  2007 ) and that lysosomes contain a myriad of 
acid hydrolases capable of digesting such biomolecules as nucleic acids, proteins, 
lipids, and glycoconjugates (de Duve  1983 ). GSLs are information-rich glycocon-
jugates that occur in nature, mainly as constituents of biomembranes. Each GSL 
contains a complex carbohydrate chain linked to a ceramide moiety that anchors the 
molecule to biomembranes. Except for sulfatide (galactosylceramide-3-sulfate), 
lysosomal degradation of GSLs in higher animals is by sequential hydrolysis of 
their sugar chains by exo-glycosidases. All glycosidases referred to in this chapter 
are exo-glycosidases; an exo-glycosidase cleaves a sugar residue from the non- 
reducing end of a sugar chain. Inborn errors of GSL-catabolism, collectively called 
sphingolipidoses or GSL-storage diseases, are caused by the defi ciency of glycosi-
dases responsible for the degradation of a specifi c sugar residue at the non-reducing 
termini of GSLs. With the exception of Krabbe disease, the defi ciency of a glycosi-
dase results in the lysosomal accumulation of the GSLs, as well as other glycocon-
jugates that are the substrates of the missing enzyme. The disorders are characterized 
by the excessive accumulation of undegraded GSLs and other partially degraded 
glycoconjugates in tissues as well as their excretion in the urine. The fi ve best- 
known sphingolipidoses associated with the defi ciency of lysosomal glycosidases 
are GM1 gangliosidosis, Tay–Sachs disease (TSD; GM2 gangliosidosis), Fabry 
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disease, Gaucher disease, and Krabbe disease. With the exception of Fabry disease, 
an X-linked disorder, the other four are autosomal recessive disorders. Since clinical 
and pathological descriptions, gene mutations, and therapy for these disorders have 
been reviewed in detail in “The Online Metabolic and Molecular Bases of Inherited 
Diseases,” this chapter focuses on some of the historical landmarks for glycosidases 
associated with the pathogenesis of GSL-storage disorders.  

21.2     Specifi cities of Glycosidases 

 The primary structure of a sugar chain is determined by (1) the anomeric confi gura-
tions of different sugar residues and their sequential arrangement and (2) the link-
ages between the two neighboring sugar residues in the sugar chain. One of the most 
important considerations in the enzymatic degradation of a sugar chain is the speci-
fi cities of the glycosidases. The four basic types of glycosidase specifi city are gly-
cone specifi city, anomeric specifi city, linkage specifi city, and aglycone specifi city 
(Li and Li  1999 ). 

21.2.1     Glycone Specifi city 

 As shown in Fig.  21.1 , the β-galactopyranoside at the non-reducing end of the sugar 
chain in GM1 is the glycone recognized by β-galactosidases. In general, glycone 
specifi cities of glycosidases are quite strict; however, they are not absolute. Some 
glycosidases are not able to distinguish structurally related glycones. For example, 
the recombinant glycosidase encoded by the glycoside hydrolase gene  bglMKg  was 
found to exhibit β-glucosidase, β-fucosidase and β-galactosidase activities 
(Wierzbicka-Wos et al.  2013 ). Another widely known example is the dual specifi c-
ity of β-hexosaminidases. β-Hexosaminidases are able to cleave both β-linked 
 N -acetylglucosaminide (GlcNAc) and β-linked  N -acetylgalactosaminide (GalNAc) 
(Robinson and Stirling  1968 ; Woollen et al.  1961 ). Apparently the confi gurations of 
the hydroxyl groups at the C-4 of GlcNAc and GalNAc are irrelevant for the active 
site of β-hexosaminidases. Although enzymes that cleave exclusively the β-linked 
GlcNAc or β-linked-GalNAc are rare, a neutral β- N -acetylglucosaminidase isolated 
from rat spleen was found to be highly selective in cleaving  O -β-GlcNAc-bearing 
glycopeptides (Dong and Hart  1994 ).

21.2.2        Anomeric Specifi city 

 Without exception, the anomeric specifi cities of glycosidases are absolute. For 
example, α-linked galactopyranosides are refractory to β-galactosidases while 
β-linked galactopyranosides are refractory to α-galactosidases.  
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21.2.3     Linkage Specifi city 

 Most glycosidases do not have stringent linkage specifi city. However, some glyco-
sidases do exhibit varying degrees of preference toward a specifi c glycosidic link-
age (Tyagarajan et al.  1996 ). For example, the sialidase from  Macrobdella  leech 
only cleaves the Neu5Acα2,3Gal linkage among various sialosyl linkages (Chou 
et al.  1994 ).  

21.2.4      Aglycone Specifi city 

 Aglycone specifi cities of glycosidases are the least obvious and their existence is 
often overlooked. Glycosidases do exhibit aglycone specifi cities. For example, 
GM1, LacCer and GalCer all contain β-linked Gal as the glycone, but their agly-
cones are very different. The acidic β-galactosidase capable of hydrolyzing the ter-
minal Gal from GM1 not only recognizes the terminal Gal residue but also 
recognizes the aglycone part of GM1 moiety from the penultimate sugar GalNAc to 

  Fig. 21.1    Enzymatic 
conversion of GM1 to GM2. 
Conformational 
representation is used for 
each monosaccharide       
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the ceramide (see Fig.  21.1 ). However, this acidic β-galactosidase is not able to 
hydrolyze the Gal residue in GalCer (Suzuki et al.  2013 ). Similarly, the 
β-galactosidase (galactocerebrosidase) that hydrolyzes the Gal reside in GalCer is 
unable to hydrolyze the terminal Gal residue in GM1 (Wenger et al.  2013 ). 
Although acidic β-galactosidase and galactocerebrosidase are two distinct 
β-galactosidases, both of them are able to cleave LacCer. Thus, glycosidases are 
capable of distinguishing structurally related sugar chains in glycoconjugates 
through their aglycone specifi cities. The aglycone specifi cities of glycosidases are 
quite complex and their biological signifi cances are still not well understood. It 
should be emphasized that although synthetic glycosides, such as 4-methylumbel-
liferyl (4MU)- and  p -nitrophenyl - glycosides  are convenient substrates for assaying 
glycosidase activities in vitro, these substrates only possess correct glycone moi-
eties and anomeric confi gurations. Their aglycones are profoundly different from 
those found in glycoconjugates. Therefore, the activity of a glycosidase determined 
by using a synthetic substrate does not necessarily represent the activity toward 
natural substrates.   

21.3     Detergents and Activator Proteins for the Hydrolysis 
of Sugar Chains in GSLs by Glycosidases 

 Due to their amphipathic nature, a GSL may exist in aqueous medium as a mono-
layer, micelles or bilayer vesicles. GSLs are poor substrates for water-soluble gly-
cosidases. In general, in vitro hydrolysis of sugar residues in GSLs by glycosidases 
requires the presence of a detergent. Bile salts and Triton X-100 are most com-
monly used detergents to assist with the enzymatic hydrolysis. Under the same 
conditions, GSLs with shorter sugar chains are usually more resistant to glycosi-
dases than those with longer ones. Depending on the glycosidase and the nature of 
the GSL substrate, certain detergents can be more effective than others in promoting 
hydrolysis. Moreover, the same detergent may not exert a similar stimulatory effect 
on the same functional glycosidase isolated from different sources. The effects of 
detergents on the in vitro hydrolysis of sugar chains in GSLs by glycosidases are 
still not well understood. Furthermore, in vitro hydrolyses of GSLs by glycosidases 
in the presence of detergents may not correlate with their in vivo activities. Since 
bile salts do not exist in tissues other than the liver and digestive organs; the in vivo 
degradation of amphipathic GSLs by glycosidases must be facilitated by a different 
mechanism. It is now widely known that the in vivo hydrolyses of GSLs are facili-
tated by protein cofactors called sphingolipid activator proteins. In 1964, while 
studying the hydrolysis of sulfatide by arylsulfatase A isolated from porcine kidney, 
Mehl and Jatzkewitz ( 1964 ) separated the enzyme preparation into heat-labile and 
heat-stable protein fractions using carrier-free high voltage electrophoresis. The 
heat-labile fraction was found to be identical to arylsulfatase A that hydrolyzed 
synthetic arylsulfates. The heat-stable fraction, on the other hand, was enzymatically 
inactive and was able to stimulate the heat-labile arylsulfatase A to carry out hydro-
lysis of the sulfate from galactosylceramide-3-sulfate (Mehl and Jatzkewitz  1964 ). 
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Although arylsulfatase A is not a glycosidase, this was the fi rst observation of the 
requirement for a protein cofactor (activator protein) for the enzymatic hydrolysis 
of a GSL. During the 1960s and 1970s, studies of the enzymatic hydrolysis of 
GlcCer (Ho et al.  1973 ), GM2 (Hechtman  1977 ; Li et al.  1973 ), and GM1 (Li and 
Li  1976 ; Li et al.  1979 ) established the requirement of activator proteins for glyco-
sidases to hydrolyze sugar residues in GSLs. Among the known fi ve sphingolipid 
activator proteins, four are proteolytic products of prosaposin (Kishimoto et al. 
 1992 ), whose gene is located on chromosome 10. The fi fth activator protein, GM2 
activator protein, is the product of a separate gene located on chromosome 5 
(Sandhoff et al.  2013 ). Early historical reports about sphingolipid activator proteins 
have been reviewed (Li and Li  1984 ,  1999 ). In view of their biological importance, 
they were recently reviewed in detail (Sandhoff et al.  2013 ).  

21.4      Conversion of Polysialogangliosides to GM1 

 Gangliosides are sialic acid-containing GSLs. It has been well recognized that sialic 
acids at the peripheral positions of the ganglio-series of gangliosides, such as the 
Neu5Ac in GD1a, GD1b, GT1b etc., are susceptible to sialidases without the assis-
tance of a detergent. Even the sialic acids in gangliosides with shorter sugar chains, 
such as GM3 or GM4 (Neu5Acα2,3GalCer), are susceptible to sialidases; however, 
the sialic acid that is linked α-2,3 to the internal Gal of GM2 or GM1 is refractory 
to them. Thus, all mammalian brain polysialogangliosides with gangliotetraosyl 
chains are converted to GM1 as the fi nal product upon digestion with brain sialidase 
as shown in Fig.  21.2  (Ohman et al.  1970 ). Among four types of mammalian 

  Fig. 21.2    Enzymatic conversion of brain poly-sialogangliosides to GM1. Shorthand representa-
tion is used for each monosaccharide       
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sialidases, NEU1 (lysosomes), NEU2 (cytosol), NEU3 (plasma membrane), and 
NEU4 (lysosomes, mitochondria, and ER), NEU3 and NEU4 have been shown to 
convert polysialogangliosides to GM1 (Miyagi et al.  1999 ; Miyagi and Yamaguchi 
 2012 ). The sialidase-resistant sialic acid linked to the internal Gal of GM1 or GM2 
has been called the stable sialic acid. However, upon conversion of GM2 to GM3 by 
removal of GalNAc, the same sialic acid on GM3 becomes susceptible to sialidases 
without the assistance of a detergent. NMR analysis has revealed the specifi c 
through-space interactions between the GalNAc and Neu5Ac in GM1 or GM2 
(Koerner et al.  1983 ) and these interactions may explain the resistance of the stable 
sialic acid to sialidases.

21.5        Catabolism of GM1 

 The structure of GM1 was established by Kuhn and Wiegandt in 1963 (Kuhn and 
Wiegandt  1963 ). Since the sugar chain of GM1 contains two non-reducing termini, 
Gal and Neu5Ac, it is obvious that GM1 can be catabolized via the GM2 pathway 
by the removal of Gal and then GalNAc (Fig.  21.3 ) or through the GA1 pathway by 
the removal of Neu5Ac before removing the Gal (Fig.  21.4 ). Through the intensive 

  Fig. 21.3    Catabolism of GM1 through GM2 pathway. Shorthand representation is used for each 
monosaccharide       
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studies of GM1 gangliosidosis and GM2 gangliosidosis (Tay–Sachs disease), the 
GM2 pathway as shown in Fig.  21.3  has been fi rmly established. Since neural tissue 
of patients with GM1 and GM2 gangliosidosis also respectively accumulates GA1 
and GA2, there is no doubt that the GA1 pathway does exist. For the GA1 pathway, 
mouse NEU3 was found to convert GM1 to GA1 or GM2 to GA2 in the presence of 
human or mouse GM2-activator protein (GM2-AP) (Fig.  21.4 ) (Li et al.  2001 ). 
Conversion of GA1 to GA2 and subsequently to LacCer, as shown in Fig.  21.4 , is 
still not well defi ned. It has been shown that mouse GM2-AP was able to stimulate 
mouse Hex B to convert GA2 to LacCer. Human GM2-AP, on the other hand, was 
unable to stimulate human Hex B to convert GA2 to LacCer. This provided a bio-
chemical explanation as to why  Hexa  gene-disrupted mice, mouse model of variant 
B TSD, do not show excessive GM2-accumulation (Yuziuk et al.  1998 ). As dis-
cussed in the “Aglycone Specifi cities of Glycosidases” section, both acidic 
β-galactosidase and galactocerebrosidase are able to cleave LacCer.

21.6         Inborn Errors of Ganglioside Catabolism 

 The two well-established and best-studied inborn errors of ganglioside catabolism 
are GM1 gangliosidosis and GM2 gangliosidosis. 

  Fig. 21.4    Catabolism of GM1 through asialo-GM1 (GA1) pathway. Shorthand representation is 
used for each monosaccharide       
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21.6.1     GM1 Gangliosidosis 

 As mentioned in Sect.  21.2.4 , the acidic β-galactosidase converts GM1 to GM2 
(Figs.  21.1  and  21.3 ). GM1 gangliosidosis or generalized gangliosidosis is caused 
by the defi ciency of this β-galactosidase that leads to the cerebral accumulation of 
GM1 and GA1. The β-galactosidase defi ciency in GM1 gangliosidosis was estab-
lished by Okada and O’Brien ( 1968 ). The most interesting feature of GM1 ganglio-
sidosis is that the same β-galactosidase is also responsible for degradation of the 
Galβ1,4-linked to GlcNAc-6-sulfate of the  N -acetyllactosamine-6-sulfate unit in 
keratan sulfate (Fig.  21.5 ). Thus, the defi ciency of acidic β-galactosidase leads to 
both GM1 gangliosidosis and Morquio type B disease. It should be noted that the 
glycone (Gal) of GM1 is linked to GalNAc through a β-1,3-linkage (Fig.  21.1 ) 
while Gal of keratan sulfate is linked to GlcNAc-6-sulfate through a β-1,4-linkage 
(Fig.  21.5 ). The fact that the aglycones in GM1 and keratan sulfate are quite differ-
ent, but the same β-galactosidase cleaves the Gal from these two glycoconjugates 
underscores the complexity of glycone and aglycone specifi cities of glycosidases.

   GM1 gangliosidosis (Morquio type B disease or mucopolysaccharidosis IVB) is 
an autosomal recessive disease caused by the defi ciency of the acidic β-galactosidase, 
which is encoded by the gene  GLB1  located on chromosome 3. This β-galactosidase 
is a protein of 677 amino acid residues, including a putative signal sequence of 23 
amino acids and 7 potential N-glycosylation sites. Upon maturation, the 
β-galactosidase forms an enzyme complex with NEU1 sialidase and protective pro-
tein/cathepsin A. This complex formation protects the enzyme from proteolysis in 
the lysosome. In addition to the accumulation of GM1, GA1 and keratan sulfate, high 
amounts of oligosaccharides with non-reducing terminal β-Gal derived from N- and 
O-glycans of glycoproteins have also been found in urine and visceral organs of 
patients. GM1 gangliosidosis has been extensively reviewed by Suzuki et al. ( 2013 ).  

21.6.2     GM2 Gangliosidosis 

 GM2 gangliosidosis/TSD is one of the most intensively studied of the inborn errors 
of GSL catabolism. TSD is a lysosomal GM2 storage disease of the nervous system 
that becomes clinically evident by 5–6 months of age and usually fatal by the age of 

  Fig. 21.5    The 
 N -acetyllactosamine-6-sulfate 
disaccharide in keratan 
sulfate. Conformational 
representation is used for 
each monosaccharide       

 

21 Glycosidases: Inborn Errors of Glycosphingolipid Catabolism



472

3–4 years. The disease is characterized by progressive retardation in development, 
motor neuron degeneration, dementia and blindness associated with a cherry red 
spot in the retina. TSD is caused by an impairment in the catabolism of GM2. As 
shown in Fig.  21.3 , catabolism of GM2 in humans starts with the conversion of 
GM2 to GM3 by β-hexosaminidase A (Hex A) in the presence of GM2-AP. There 
are three β-hexosaminidase isozymes found in human tissues: Hex A consisting of 
one α- and one β-subunit; Hex B, consisting of two β-subunits; and minor Hex S, 
consisting of two α-subunits. Among the three isozymes, only Hex A is capable of 
hydrolyzing GalNAc from GM2 with the assistance of GM2-AP. Classical TSD 
(variant B TSD) and Sandhoff diseases (variant O TSD), respectively caused by 
mutations of  HEXA  (α-subunit) and  HEXB  (β-subunit) genes, show severe pheno-
types due to the cerebral accumulation of GM2. Since the β-linked GlcNAc and 
GalNAc residues in oligosaccharides and glycopeptides can also be cleaved by 
Hex A or Hex B, signifi cant tissue accumulation and urinary excretion of 
glycoprotein- derived oligosaccharides have also been found when both Hex A and 
Hex B are defi cient (Sandhoff disease). Patients with Sandhoff disease also accumu-
late globotetraosylceramide (Gb4) that contains β-linked GalNAc at the non- 
reducing terminus (see Fig.  21.6 ). The third variant of TSD, variant AB TSD, is 

  Fig. 21.6    Stepwise 
enzymatic hydrolysis of the 
sugar chain in Gb4. 
Shorthand representation is 
used for each 
monosaccharide       
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caused by the defi ciency of GM2-AP. Neither Hex A nor Hex B is defi cient in the 
AB variant of TS patients. TSD has been extensively reviewed by Gravel et al. in 
OMMIB (Gravel et al.  2013 ).

      GM2 Activator Protein (GM2-AP) Revisited 

 After the initial description of TSD in 1881 by Waren Tay ( 1881 ), the three most 
important advances in the understanding of TSD in the 1960s were: (1) structural 
elucidation of GM2 by Svennerholm ( 1962 ), Makita and Yamakawa ( 1963 ), and 
Ledeen and Salsman ( 1965 ); (2) revelation of the presence of two hexosaminidase 
isozymes, Hex A and Hex B, in human spleen by Robinson and Stirling ( 1968 ) 
and (3) detection of the absence of Hex A isozyme in classical TS patients by 
Okada and O’Brien ( 1969 ), Hultberg ( 1969 ), and Sandhoff ( 1969 ). It is remark-
able that the three reports on the defi ciency of Hex A in TSD appeared only 1 year 
after Robinson and Stirling’s report (Robinson and Stirling  1968 ). As shown in 
Fig.  21.7a , the liver extract of a variant B TS patient was found to be devoid of 
Hex A isozyme when overlaying the cellulose acetate electrophoregram with 
4MU-β-GalNAc (Fig.  21.7b ), which is susceptible to both Hex A and Hex B with-
out any cofactor. This result, together with the fact that GM2 accumulates in the 
brain of TS patients (Fig.  21.7c ), was the basis for investigators in the 1960s to 
conclude that Hex A must be responsible for cleaving the β-linked GalNAc in 
GM2. However, there was no report on the hydrolysis of GalNAc in GM2 by Hex 
A until 1973 (Li et al.  1973 ). While studying the in vitro catabolism of GM2, Li 
et al. ( 1973 ) found that Hex A or Hex B extensively purifi ed from human liver and 
urine using  p -nitrophenyl-β-GlcNAc as substrate were not able to hydrolyze 
GalNAc in GM2, but the crude enzyme could effectively convert GM2 to GM3. 
These results suggested that a cofactor essential for the enzymatic hydrolysis of 
GM2 was removed from the Hex A during purifi cation. They subsequently found 
that a heat- stable, non-dialyzable preparation obtained from the crude liver extract 

  Fig. 21.7    ( a ) Cellulose acetate electrophoresis of Hex A and Hex B isozymes   . ( b ) Hydrolysis of 
4MU-GalNAc by both Hex A and Hex B. ( c ) Thin-layer chromatography of brain gangliosides 
extracted from a normal brain (N) and a variant B TS (B-TS) brain       
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could stimulate the hydrolysis of GM2 by the purifi ed Hex A but not Hex B (Li 
et al.  1973 ). This was the fi rst report on the requirement of a protein cofactor 
(GM2-AP) for the hydrolysis of GM2 by Hex A. The clinical importance of 
GM2-AP was revealed by the fi ndings that this activator protein was absent in the 
AB variant of TSD by Conzelman and Sandhoff ( 1978 ), Hechtman et al. ( 1982 ) 
and Hirabayashi et al. ( 1983 ).

       Possible Mechanism of Action of GM2-AP 

 Although the crystal structure of GM2-AP has been solved (Wright et al.  2000 ), its 
mechanism of action is still not well understood. Two models for the possible mech-
anism of action of GM2-AP have been proposed by Furst and Sandhoff ( 1992 ): 
model 1 suggested that GM2-AP extracts a single GM2 molecule from a membrane 
or micelle to form a water-soluble 1:1 protein-GM2 complex to present the GM2 to 
the water-soluble Hex A; model 2 proposed the binding of GM2-AP to one mole-
cule of membrane-bound GM2, lifting it out of the membrane, and the “activator 
GM2 complex” is the form recognized and cleaved by the water soluble Hex A. 
These two models, however, cannot explain why the water-soluble oligosaccharide 
derived from GM2, devoid of ceramide moiety, is also refractory to Hex A either in 
the presence or absence of GM2-AP (Li et al.  1999 ). These two models also cannot 
explain why Neu5Ac in GM2 is refractory to sialidase, but after removing the 
GalNAc from GM2, the GM3 becomes susceptible to sialidase. As stated in 
Sect.  21.4  of this chapter, NMR analysis has revealed the specifi c through-space 
interactions between the GalNAc and Neu5Ac in GM1 and GM2 (Koerner et al. 
 1983 ). Li et al. ( 1999 ,  2008 ) hypothesized that this interaction may be the reason 
why both GalNAc and Neu5Ac in GM2 are refractory to enzymatic hydrolysis and 
that GM2-AP may alleviate this interaction rendering GalNAc accessible to Hex A. 
Using a series of chemically synthesized and structurally modifi ed GM2, they found 
that when GalNAcβ1,4Gal linkage in GM2 was converted to the GalNAcβ1,6Gal 
(6′GM2, Fig.  21.8 ), both GalNAc and Neu5Ac in 6′GM2 became susceptible to 
Hex A and sialidase in the absence of GM2-AP. Interestingly, the oligosaccharide 
derived from 6′GM2 was also susceptible to Hex A without GM2-AP (Li et al. 
 1999 ,  2008 ). Since GM2-AP cannot assist Hex A to hydrolyze the GalNAc from the 
water soluble-oligosaccharide derived from GM2, it appears that GM2-AP and Hex 
A require the ceramide moiety to carry out their action.

       Revelation of B1 Variant of TSD, a New Variant of Variant AB 
GM2-Gangliosidosis 

 When examining brain samples from two variant AB TS patients reported by 
Goldman et al. ( 1980 ), Li et al. ( 1981 ) found that one of the brains had a defi ciency 
of GM2-AP and the Hex A isolated from that brain was able to hydrolyze GM2 in 
the presence of exogenously added GM2-AP. Thus, this patient was a typical case 
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of AB variant TSD. The other brain was found to have a normal GM2-AP, but had 
a defective Hex A that showed normal activity toward synthetic substrates, such as 
4MU-β-GalNAc, but no activity toward GM2 in the presence of exogenously added 
GM2-AP. The level of GM2-AP in this sample was found to be three times higher 
than that found in two normal brain samples. This was the fi rst revelation of a new 
variant of variant AB GM2-gangliosidosis. This new variant is now called the B1 
variant (   Gravel et al.  2013 ; Kytzia et al.  1983 ). Its Hex A was shown to be allelic 
with that seen in the α-subunit defi ciency of Hex A (Sonderfeld et al.  1985 ), which 
is also unable to hydrolyze GM2 but retains activity toward synthetic substrates.  

    Unusual Taurine Conjugation of GM2 in TS Brain 

 Despite our clear understanding of the molecular and biochemical bases of TSD, 
very little is known about the effect of GM2 accumulation on disease progression 
and tissue dysfunction. To understand how the neural tissues of TS patients respond 
to and cope with the massive accumulation of GM2, Li et al. ( 2003 ) carried out a 
detailed analysis of GSLs in TS brains and revealed the presence of a novel GM2- 
derivative, a taurine-conjugated GM2 (TGM2), in TS brains. TGM2 was not found 
in normal brains. As shown in Fig.  21.9 , TGM2 is a structurally modifi ed GM2 
formed by conjugating the carboxyl function of Neu5Ac in GM2 with taurine 
through an amide linkage. Since taurine-conjugation is a well-known mechanism 
for detoxifi cation of xenobiotics by increasing their water solubility and facilitating 
their removal, the neural tissues of TS patients may regard the accumulated GM2 as 
a “quasi-xenobiotic” and use taurine-conjugation as a vehicle for its removal. 
Pathobiological signifi cance of TGM2 remains to be elucidated.

  Fig. 21.8    Shorthand 
representation ( top ) and 
conformational representation 
( bottom ) of the sugar chain in 
6′GM2.  Dotted arrows  
indicate enzymatic 
hydrolyses       
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21.7          Inborn Errors of Neutral GSL Catabolism 

21.7.1     Catabolism of Globotetraosylceramide (Gb4) 

 Gb4 was fi rst detected more than 60 years ago as a GalNAc-containing neutral GSL 
in human erythrocytes by Klenk and Lauenstein ( 1951 ). This GSL was subsequently 
named “globoside” by Yamakawa and Suzuki ( 1952 ), based on the observation that 
the glycolipid formed perfectly round globules when viewed under the microscope. 
The complete structure of Gb4 was established by Hakomori et al. ( 1971 ). As shown 
in Fig.  21.6 , both Hex A and Hex B are able to convert Gb4 to Gb3 which is subse-
quently converted to LacCer, GlcCer and fi nally to Glc and Cer, respectively by the 
sequential action of α-galactosidase A, β-galactosidase and β-glucosidase. The fact 
that Hex B is unable to hydrolyze the GalNAc in GM2 but is capable of hydrolyzing 
it in Gb4, underscores once again the complexity of aglycone specifi cities of glyco-
sidases. The activator protein responsible for the enzymatic conversion of Gb4 to 
Gb3 is still not well understood. Besides variant O TSD (Sandhoff disease), Fabry 
disease and Gaucher disease are the other two inborn errors associated with the 
catabolism of Gb4.  

21.7.2     Fabry Disease 

 Fabry disease, caused by the defi ciency of α-galactosidase A (Desnick et al.  2013 ), 
is a systemic disorder of Gb3 catabolism transmitted by an X-linked gene and 
resulting in progressive accumulation of mainly Gb3 in the kidney, heart, skin, and 

  Fig. 21.9    Conformational representation of the sugar chain in taurine-conjugated GM2.  Tauro- 
Neu5Ac   taurine-conjugated Neu5Ac       
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other visceral organs. The hemizygous male has atypical skin lesions, fever, 
burning pain in the extremities, and renal dysfunction. After the reports in 1898 by 
Anderson ( 1898 ) and Fabry ( 1898 ) describing patients with angiokeratoma corpo-
ris diffusion, over 60 years elapsed before Fabry disease was identifi ed as a sphin-
golipidosis by Sweeley and Klionsky ( 1963 ) who reported the accumulation of 
Gal-Gal-Glc-Cer in the kidney of a Fabry patient. Gal-Gal-Glc-Cer was called 
ceramide trihexoside (CTH) in the 1960s. This GSL is now called globotriaosylce-
ramide (Gb3). Since the biochemical basis of Fabry disease could be deduced from 
the anomeric confi guration of the terminal Gal in Gb3, the determination of this 
anomeric confi guration was the subject of intensive study in the 1960s. Based on 
NMR analysis Sweeley et al. ( 1970 ) erroneously reported in 1970 that the terminal 
Gal and the penultimate Gal in Gb3 were both β-linked (Galβ1,4Galβ1,4GlcCer). 
In 1971, fi ve laboratories simultaneously reported the presence of α-linked terminal 
Gal in Gb3 (Bensaude et al.  1971 ; Clarke et al.  1971 ; Hakomori et al.  1971 ; Handa 
et al.  1971 ; Li and Li  1971 ). This refl ected the immense interest in the structure of 
Gb3 at that time. The β-linked penultimate Gal in Gb3 was also determined in 1971 
(Li and Li  1971 ) by using jack bean β-galactosidase. As shown in Fig.  21.6 , conver-
sion of Gb3 to LacCer is catalyzed by α-galactosidase A with the assistance of 
saposin B, which is a nonspecifi c activator protein (Li et al.  1988 ) that stimulates 
the enzymatic hydrolysis of a number of GSLs by interacting with the GSL-
substrates (Kishimoto et al.  1992 ; Li et al.  1988 ; Sandhoff et al.  2013 ). 
α-Galactosidase A also cleaves the α-linked Gal from diGalCer (Galα1,4Galβ1,Cer) 
and blood group B glycotopes [Galα1,3(Fucα1,2)Galβ1,R]. Patients with saposin B 
defi ciency show clinical phenotypes similar to that of metachromatic leukodystro-
phy with excessive urinary excretion of sulfatide, Gb3 and diGalCer (Sandhoff 
et al.  2013 ). The identity and the glycone specifi city of α-galactosidase B as an 
α- N -acetylgalactosaminidase were revealed by Dean et al. ( 1977 ) and Schram et al. 
( 1977 ) in 1977. Natural substrates of α- N -acetylgalactosaminidase are α-linked 
GalNAc in blood group A glycotopes [GalNAcα1,3(Fucα1,2)Galβ1,R] and the core 
structures of O-glycans (GalNAcα1,Ser/Thr). Kanzaki/Schindler Disease, an 
inborn error of glycoprotein catabolism, is caused by the defi ciency of α- N -
acetylgalactosaminidase (Desnick and Schindler  2013 ). The substrate specifi city of 
α- N -acetylgalactosaminidase is another example indicating the complex nature of 
the glycone specifi city of glycosidases.  

21.7.3     Gaucher Disease 

 Gaucher disease is an inborn lysosomal glucocerebroside (Glcβ1,Cer) storage dis-
order caused by a defi ciency in lysosomal glucocerebrosidase (β-glucosidase) activ-
ity resulting in the accumulation of GlcCer in tissue macrophages that become 
engorged Gaucher cells (Grabowski et al.  2013 ). Glucocerebrosidase is a specifi c 
type of β-glucosidase that hydrolyzes GlcCer to form Glc and ceramide in the presence 
of saposin C (Fig.  21.6 ). GlcCer can be derived from gangliosides and neutral GSLs. 
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Gaucher disease has been divided into three types: type 1, non-neuropathic adult 
form; type 2, acute neuropathic form; and type 3, subacute neuropathic form. After 
the fi rst description in 1882 of the disease by Gaucher, a medical student, in his 
thesis (Gaucher  1882 ), the three key developments in our understanding of the bio-
chemical basis of Gaucher disease have been: (1) structural elucidation of the stor-
age GSL, GlcCer; (2) identifi cation of the enzyme defi ciency associated with the 
disease; and (3) detection of glucosylsphingosine (GlcSph) in tissues of patients. 

 The structure of stored GlcCer was not fi rmly established until the end of the 
1970s. Between 1924 and 1939, several reports (Capper et al.  1934 ; Lieb  1924 , 
 1927 ; Lieb and Mladenovic  1929 ; McConnell et al.  1939 ) suggested that the cere-
broside accumulated in Gaucher spleen contained galactose as found in brain cere-
broside. In 1940, Halliday et al. ( 1940 ) showed that the cerebroside isolated from a 
Gaucher spleen contained equimolar proportions of glucose, fatty acid and sphingo-
sine and that the sugar moiety in Gaucher cerebroside, but not the normal brain 
cerebroside, was susceptible to emulsin β-glucosidase. In 1958, Rosenberg and 
Chargaff ( 1958 ), using infrared spectroscopy, conclusively showed that the crystal-
line cerebroside prepared from a Gaucher spleen contained β-linked glucose. In 
1961, Shapiro and Flowers ( 1961 ) chemically synthesized galactocerebrosides 
(cerasine and phrenosine) and GlcCer. They found that the synthetic GlcCer was 
identical to the crystalline cerebroside prepared from a Gaucher spleen by Rosenberg 
and Chargaff ( 1958 ) and assigned the β-confi guration for both cerebrosides. Finally 
the β-anomeric linkage of GlcCer was conclusively established by C-13 NMR spec-
troscopy in 1979 (Koerner et al.  1979 ). 

 For the enzyme defi ciency in Gaucher disease, in 1965, Brady et al. ( 1965 ) using 
Glc-1- 14 C-labeled-GlcCer as substrate showed a pronounced diminution of GlcCer- 
cleaving activity in Gaucher spleen samples. In the same year, Patrick ( 1965 ) 
showed the defi ciency of glucocerebrosidase and β-glucosidase activities in Gaucher 
spleen specimens using intact GlcCer and  p -nitrophenyl-β-glucoside as substrates. 
In 1968, Ockerman ( 1968 ) confi rmed the β-glucosidase defi ciency in Gaucher liver 
specimens using 4MU-β-glucoside as substrate. These three reports established the 
defi ciency of glucocerebrosidase (β-glucosidase) in Gaucher disease. The most 
common mutation of glucocerebrosidase is N370S in type 1, and L444P in types 2 
and 3 Gaucher disease. 

 Based on the seminal work by Miyatake and Suzuki in 1972 (Miyatake and 
Suzuki  1972 ), that tissues of Krabbe patients were not able to cleave both galacto-
cerebroside (GalCer) and galactosphingosine (GalSph), Raghavan et al. ( 1973 ) 
found that Gaucher spleen was also defi cient in GlcSph-cleaving activity and 
detected the presence of putative GlcSph in Gaucher spleen but not in normal 
spleen. This report may constitute the fi rst report on the detection of GlcSph in 
Gaucher spleen. In 1974, Raghavan et al. ( 1974 ) isolated and characterized GlcSph 
from Gaucher’s spleen. In 1982, Nilsson and Svennerholm ( 1982 ) reported that 
GlcSph accumulated in both cerebrum and cerebellum of brains from type 2 and 
type 3 Gaucher patients. GlcSph was shown to be toxic to neuronal cells (Schueler 
et al.  2003 ) and the accumulation of GlcSph in the brains of type 2 and type 3 
Gaucher patients was found to correlate with CNS-involvement (Orvisky et al.  2002 ). 
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It is intriguing that chitotriosidase was found to be greatly elevated in the plasma of 
type 1 Gaucher patients and this activity has been used to monitor the effi cacy of 
enzyme replacement therapy for type 1 Gaucher patients (Hollak et al.  1994 ). 
Recently, an association between Gaucher disease and parkinsonism has been 
reported (Sidransky et al.  2009 ). An in-depth coverage on various aspects of 
Gaucher disease can be found in the excellent book “Gaucher Disease” edited by 
Futerman and Zimran ( 2007 ).  

21.7.4     Krabbe Disease (Globoid Cell Leukodystrophy) 

 Krabbe disease (globoid cell leukodystrophy) is a rare inherited degenerative disor-
der characterized by severe demyelination of the CNS and PNS, due to the defi -
ciency of lysosomal galactocerebrosidase (GALC) responsible for the degradation 
of galactocerebroside (Galβ1,Cer). GalCer, initially called cerebroside, was the fi rst 
GSL, described by Thudichum almost 140 years ago (Thudichum  1874 ). He divided 
cerebroside into cerasine (straight chain fatty acid containing GalCer) and phreno-
sine (hydroxy fatty acid containing GalCer). GalCer is one of the major constituents 
of myelin and this glycolipid is almost exclusively found in the CNS and 
PNS. Kidney is the only visceral organ found to contain GalCer. The β-galactosyl 
linkage in GalCer was established in 1961 through the chemical synthesis by 
Shapiro and Flowers ( 1961 ). Unlike GlcCer which can be elongated by adding more 
sugar residues to form a wide variety of GSLs, only diGalCer (Galα1,4GalCer), 
GalCer-3-sulfate (sulfatide) and GM4 (Neu5Acα2,3GalCer) have been found to 
contain GalCer. After the initial report of a new familial, infantile form of diffuse 
brain sclerosis by Krabbe ( 1916 ), the revelation of the biochemical basis of Krabbe 
disease as the defi ciency of GALC/GalCer β-galactosidase was made 54 years later 
by Suzuki and Suzuki ( 1970 ). Unlike other lysosomal storage diseases, there is no 
apparent accumulation of GalCer, the substrate of the missing enzyme, GALC, in 
the brains of Krabbe patients. This is due to the fact that storage of GalCer is 
restricted to globoid cells. One of the striking features of Krabbe disease is a severe 
decrease of GalCer in the white matter. The work by Suzuki and Suzuki ( 1970 ) to 
establish the GALC defi ciency in Krabbe disease was indeed remarkable. As dis-
cussed in the “Gaucher Disease” section, Miyatake and Suzuki ( 1972 ) reported that 
there was also a defi ciency of GalSph (psychosine) β-galactosidase activity in 
Krabbe disease and put forth a psychosine hypothesis by proposing that the eleva-
tion in cytotoxic GalSph was the cause for the pathogenesis of Krabbe disease. After 
this seminal report, lyso-GSLs derived from storage GSLs have been detected in the 
tissues of various glycosphingolipid storage diseases: GlcSph in Gaucher disease 
(Nilsson and Svennerholm  1982 ; Orvisky et al.  2002 ; Raghavan et al.  1973 ,  1974 ; 
Schueler et al.  2003 ); lyso-GM1 and lyso-GA1 in GM1 gangliosidosis (Kobayashi 
et al.  1992 ) lyso-GM2 and lyso-GA2 in TSD (Kobayashi et al.  1992 ; Neuenhofer 
et al.  1986 ; Rosengren et al.  1987 ); and lyso-Gb3 in Fabry disease (Aerts et al. 
 2008 ). The detergent-like properties of lyso-sphingolipids may be detrimental to 
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cell functions. It has also been shown that lyso-sphingolipids inhibit protein kinase 
C (Hannun and Bell  1987 ). The pathobiological signifi cance of lyso- sphingolipids 
associated with sphingolipid storage diseases remains to be elucidated.   

21.8     Conclusion 

 Recently, enzyme replacement (Brady  2006 ), substrate reduction (Radin  2000 ), and 
pharmacological chaperone (Boyd et al.  2013 ) therapies have become available for 
treating several sphingolipid storage diseases. Enzyme replacement therapy has 
been found to be effective for non-neuropathic type 1 Gaucher disease and Fabry 
disease. Gene therapy for lysosomal storage diseases (Sands and Davidson  2006 ) is 
also on the horizon. These therapies, extensively discussed in Chap.   22    , are the 
fruits cumulated from the painstaking basic biochemical studies of these disorders.     
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    Abstract     Although the biochemical and genetic basis for the GM1 and GM2 
 gangliosidoses has been known for decades, effective therapies for these diseases 
remain in early stages of development. The diffi culty with many therapeutic strate-
gies for treating the gangliosidoses comes largely from their inability to remove 
stored ganglioside once it accumulates in central nervous system (CNS) neurons 
and glia. This chapter highlights advances made using substrate reduction therapy 
and gene therapy in reducing CNS ganglioside storage. Information obtained from 
mouse and feline models provides insight on therapeutic strategies that could be 
effective in human clinical trials. In addition, information is presented showing how 
a calorie-restricted diet might facilitate therapeutic drug delivery to the CNS. The 
development of multiple new therapeutic approaches offers hope that longer-term 
management of these diseases can be achieved. It is also clear that multiple thera-
peutic strategies will likely be needed to provide the most complete management.  
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  Abbreviations 

   6S-NBI-DGJ    Bicyclic 1-deoxygalactonojirimycin   
  AAV    Adeno-associated virus   
  AL    Ad libitum   
  CB    Cerebroside   
  CNS    Central nervous system   
  CR    Caloric restriction   
  GalCer    Galactosylceramide   
  GlcCer    Glucosylceramide   
  GlcT    Glucosyltransferase-1   
  GSL    Glycosphingolipid   
  KD-R    Restricted ketogenic diet   
  LacCer    Lactosylceramide   
  NB-DGJ     N -butyldeoxygalactonojirimycin   
  NB-DNJ     N -butyldeoxynojirimycin   
  NN-DGJ     N -nonyl-deoxygalactonojirimycin   
  PDMP     D -threo-1-phenyl-2-decanoylamino-3-morpholino-propanol   
  PNS    Peripheral nervous system   
  SD    Sandhoff disease   
  SRT    Substrate reduction therapy   
  TSD    Tay-Sachs disease   

22.1           Introduction 

 The glycosphingolipids (GSLs) are components of the cell surface glycocalyx and 
include the gangliosides and the neutral GSLs. GSLs contain an oligosaccharide head 
group and a lipophilic ceramide tail that anchors the GSL in the outer surface of the 
plasma membrane. The gangliosides are distinguished from the neutral GSLs in hav-
ing  N -acetylneuraminic acid (sialic acid) as part of the oligosaccharide chain 
(Fig.  22.1 ). Mammalian gangliosides are synthesized by the stepwise addition of 
sugar residues to the oligosaccharide head group. This is accomplished through the 
action of a Golgi-bound multi-glycosyltransferase system, where the GSL product of 
one transferase serves as the substrate for another transferase (Giraudo and Maccioni 
 2003 ). Most mammalian gangliosides are synthesized through metabolic pathways 
that use GM3 as a precursor (Yu et al.  2011 ). Ganglioside catabolism involves the 
stepwise removal of the various sugar residues through the action of hydrolytic 
enzymes within the lysosomes (Gravel et al.  1995 ; Sango et al.  1996 ; Sekine et al. 
 1984 ). Ganglioside synthesis and turnover is most active during early stages of mam-
malian brain development but decreases with maturation (Baek et al.  2004 ; Brigande 
et al.  1998 ; Ebato et al.  1983 ; Hauser et al.  2004 ; Yu  1993 ). Although the precise func-
tion of GSLs is not known, they can modulate numerous membrane-related processes 
(Lee et al.  1998 ; Proia  2003 ; Schnaar  2004 ; Seyfried  1987 ; Varki  1993 ; Yu et al.  2011 ).
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22.2        Ganglioside Storage Diseases and Pathogenesis 

 Most inherited mutations affecting ganglioside metabolism involve defects in cata-
bolic pathways. These mutations cause the accumulation of either ganglioside GM1 
and its asialo derivative, GA1 (GM1 gangliosidosis), or GM2 and its asialo deriva-
tive, GA2 (Tay-Sachs disease and Sandhoff disease), in the lysosomes throughout 
the CNS (Andersson et al.  2004 ; Gravel et al.  1995 ; Platt and Walkley  2004 ; 
Sandhoff and Harzer  2013 ; Sekine et al.  1984 ). The human GM2 gangliosidoses 
involve inherited defects in three genes that participate in the degradation of GM2 
to GM3 and cause GM2 to accumulate in the CNS and viscera (Gravel et al.  1995 ) 
(Figs.  22.1  and  22.2 ). The  HEXA  and  HEXB  genes encode the α and β subunits of 
β-hexosaminidase, and defects in these genes cause Tay-Sachs disease (TSD) and 
Sandhoff disease (SD), respectively. GM2 accumulation can also arise from defects 
in a gene encoding a ganglioside activator protein (Gravel et al.  1995 ; Klima et al. 
 1991 ; Li et al.  1979 ). The severity of motor, mental, and visual dysfunction in the 
gangliosidoses is correlated with the degree of catabolic enzyme defi ciency and 
with the level of ganglioside storage in the CNS leading to either early- or late-onset 
forms of the disorders (Denny et al.  2007 ; Gravel et al.  1995 ; O’Brien  1989 ; Sekine 
et al.  1984 ). Excessive ganglioside accumulation leads to progressive neurological 
deterioration (Platt and Walkley  2004 ). Infl ammation and mitochondrial calcium 
imbalance can contribute to the pathophysiology (Jeyakumar et al.  2003 ; Myerowitz 
et al.  2002 ; Sano et al.  2009 ). In addition, myelin abnormalities (dysmyelination) 
occur in the human GM1 and GM2 gangliosidoses and in the canine and feline dis-
ease models (Folkerth et al.  2000 ; Kaye et al.  1992 ; Kroll et al.  1995 ; Van Der Voorn 
et al.  2004 ). Reductions in myelin-enriched glycolipids (cerebrosides and sulfa-
tides) have been documented in adult brains from the GM1 and the GM2 

  Fig. 22.1    The structure of ganglioside GM1 showing hydrolytic cleavage sites for β-galactosidase, 
which removes terminal galactose to form GM2 and β-hexosaminidase (   Hex A) which removes the 
 N -acetyl-galactosamine to form GM3. Inherited defects in the genes for β-galactosidase and 
β-hexosaminidase lead to the GM1 and the GM2 gangliosidoses, respectively       
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gangliosidoses (Baek et al.  2009 ,  2010 ). Cerebroside reduction is proportional to 
GM2 accumulation across species in Sandhoff disease (Fig.  22.2 ).

   Although the biochemical and genetic basis for the gangliosidoses has been 
known for decades, effective therapies for these diseases are in the early stages of 
development. The diffi culty with many therapeutic strategies for treating the gan-
gliosidoses comes largely from their inability to remove stored ganglioside once it 
accumulates in CNS neurons. Current therapeutic approaches focus on reducing 
ganglioside storage or managing CNS infl ammation associated with storage. The 
association between ganglioside storage and infl ammation is important in disease 
progression (Hayase et al.  2010 ; Jeyakumar et al.  2003 ; Myerowitz et al.  2002 ). 
Therapeutic strategies using bone marrow transplantation, enzyme replacement, or 
postnatal stem cell therapy have been labor intensive, costly, and only marginally 
effective to date (Andersson et al.  2004 ; Chavany and Jendoubi  1998 ; Ellinwood 
et al.  2004 ; Gravel et al.  1995 ; Lacorazza et al.  1996 ; Migita et al.  1995 ; Norfl us 
et al.  1998 ; Paller et al.  1995 ; von Specht et al.  1979 ). Therapeutic synergy has been 
seen when an oral glycosphingolipid biosynthesis inhibitor imino sugar, 
 N -butyldeoxynojirimycin ( N B-DNJ), was combined with neural stem cell trans-
plantation (Lee et al.  2007 ). Recent fi ndings in mice showed that substrate reduction 
therapies (SRT) and adeno-associated viral (AAV)-mediated gene therapy were 

  Fig. 22.2    High-performance thin-layer chromatography (HPTLC) analysis of cortical ganglio-
sides ( left ) and neutral lipids ( right ) in normal and Sandhoff disease mice (M), cats (C), and 
humans (H). The results show massive GM2 storage ( arrow ) in each species with corresponding 
reduction of the myelin-enriched lipids, cerebrosides (CB) ( arrow ). The ganglioside plate was 
developed in one ascending run with chloroform-methanol-0.02 % aqueous calcium chloride 
(55:45:10 by volume). Gangliosides were visualized with resorcinol–HCl spray. The neutral lipid 
plate was developed to a height of 4.5 cm with chloroform-methanol-acetic acid-formic acid-water 
(35:15:6:2:1 by volume) and then developed to the top with hexanes-diisopropyl ether-acetic acid 
(65:35:2 by volume). The bands were visualized by charring with 3 % cupric acetate in 8 % phos-
phoric acid solution. The specifi c conditions for lipid analysis were as previously described (Baek 
et al.  2009 )       
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more effective than embryonic stem cell therapy in reducing CNS ganglioside 
 storage (Arthur et al.  2012 ; Baek et al.  2010 ; Broekman et al.  2007 ; Cachon-
Gonzalez et al.  2006 ,  2012 ). Further research will be needed on the therapeutic 
effi cacy of substrate reduction therapy and gene therapy for managing ganglioside 
storage disease in animal models of the disease.  

22.3     Mouse and Feline Models of the Gangliosidoses 

 The human GM1 gangliosidosis involves inherited mutations in the gene encoding 
lysosomal acid β-galactosidase (the  GLB1  gene), the enzyme that catabolizes GM1 
to GM2 (O’Brien  1989 ). These mutations reduce or eliminate enzyme activity caus-
ing GM1 to accumulate in neural and nonneural tissues and produce motor and 
intellectual impairment (Gravel et al.  1995 ; O’Brien  1989 ). Histological evidence of 
ganglioside storage appears at about 3 weeks in the GM1 gangliosidosis mouse 
model, which lacks the functional gene encoding acid β-galactosidase (β-gal −/−) 
(Hahn et al.  1997 ). Extensive GM1 storage is observed in these mice by 5–6 weeks 
in neurons throughout the brain and spinal cord. Behavioral abnormalities are unde-
tectable until about 4–6 months in the adult mouse mutants when CNS infl amma-
tion becomes apparent (Hauser et al.  2004 ; Jeyakumar et al.  2003 ). Mouse models 
for TSD and SD were produced through targeted disruption of the  HEXA  and  HEXB  
genes, respectively (Sango et al.  1995 ). Behavioral abnormalities do not generally 
occur in the TSD mutant mouse until old age or after repeated pregnancies, and life 
span is not reduced (Jeyakumar et al.  2002 ). In contrast, the extensive accumulation 
of GM2 and asialo-GM2 (GA2) that occurs in SD mice causes severe behavioral 
abnormalities involving motor coordination and CNS infl ammation. Life span is 
reduced with most SD mice dying between 130 and 140 days of age (Denny et al. 
 2006 ; Sango et al.  1995 ). 

 The feline GM1 and GM2 models were fi rst reported in 1971 and 1977, respec-
tively, and result from naturally occurring mutations that cause global storage in the 
CNS (Baker et al.  1971 ; Cork et al.  1977 ). GM1 cats synthesize normal amounts of 
a β-galactosidase enzyme that retains a low level of functionality, creating a moder-
ate disease phenotype most representative of the juvenile-onset disease in humans 
(Martin et al.  2008 ). Symptom onset in GM1 cats occurs at 4.1 months of age, with 
the humane endpoint reached at 8 months. Feline GM2 gangliosidosis is more 
severe and is an effective model of infantile SD, with a disease course beginning at 
1.7 months and ending at 4.5 months. Little residual enzymatic activity results from 
a β-hexosaminidase β subunit truncated at the carboxyl terminus by 8 amino acids, 
and protein levels are 10–20 % of normal (Martin et al.  2004 ). Though disease 
severity differs between GM1 and GM2 cats, symptoms are relatively consistent and 
begin with fi ne tremors of the head and tail that later involve the entire body. Also, 
mild hind limb weakness and ataxia in early stages progress to an inability to stand 
by the endpoint. Having considered the relatively consistent disease phenotype 
across species, our goal is to highlight some recent approaches for managing gan-
glioside storage diseases in mice and cats that may have future human application.  
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22.4     Substrate Reduction Therapy Using Imino 
Sugars and PDMP Analogues 

 Substrate reduction therapy (SRT) decreases the rate of GSL biosynthesis in order 
to counterbalance the impaired rate of catabolism thus reducing ganglioside accu-
mulation and disease progression (Andersson et al.  2004 ; Butters et al.  2003 ; Larsen 
et al.  2012 ; Vunnam and Radin  1980 ). Platt and coworkers showed that  N B-DNJ 
decreased CNS storage of GM2 ganglioside in adult TSD mice and SD mice and 
increased survival in SD mice (Jeyakumar et al.  1999 ; Neises et al.  1997 ).  N B-DGJ 
as a galactose analogue could also reduce accumulation of GM1 and GM2 in early 
postnatal brains of mice with GM1 gangliosidosis and SD (Baek et al.  2008 ; 
Kasperzyk et al.  2005 ; Kasperzyk et al.  2004 ). The imino sugars,  N B-DNJ and N B- 
DGJ, are competitive inhibitors of the ceramide-specifi c glucosyltransferase-1 
(GlcT) that catalyzes the fi rst step in GSL biosynthesis (Fischer et al.  1995 ) 
(Fig.  22.3 ).  N B-DGJ is a more specifi c inhibitor of GlcT activity and GSL biosyn-
thesis than is  N B-DNJ because  N B-DGJ does not inhibit  N -glycan processing 
(Fischer et al.  1995 ).  N B-DNJ (Zavesca ® ) is under clinical evaluation for the treat-
ment of type 1 Gaucher’s disease (glucosylceramide storage) and for late-onset 

  Fig. 22.3    Targeting glycosphingolipid synthesis in mammalian tissues with imino sugars ( N B- 
DGJ  &  N B-DNJ) and  3 h . Glucosyltransferase-1 (GlcT) catalyzes the fi rst step in synthesis of 
gangliosides through the “a” and “b” pathways. Abbreviations: GalCer, galactosylceramide (cere-
broside); GlcCer, glucosylceramide; LacCer, lactosylceramide. The  N B-DGJ structure is from 
Andersson et al. ( 2004 ) and the  3 h  structure from Larsen et al.  ( 2012 )       
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Tay- Sachs disease (Badie et al.  2003 ; Kolodny et al.  2004 ; Lachmann  2003 ; Moyses 
 2003 ). Besides reducing ganglioside biosynthesis, some imino sugars can act as 
pharmacological chaperones to facilitate enzyme stabilization and transport to lyso-
somes, thereby enhancing the level of residual activity. In human and cat GM1 
fi broblasts, residual activity of various β-gal mutants was increased up to 13.8-fold 
by  N -nonyl-deoxygalactonojirimycin (NN-DGJ) (Rigat et al.  2012 ). Similarly, 
Takai and coworkers recently demonstrated reduced brain pathology through a 
chaperone mechanism using a bicyclic 1-deoxygalactonojirimycin (6S-NBI-DGJ) 
in GM1 transgenic mice expressing a R201C mutation in β-gal (Takai et al.  2013 ).

   In addition to the imino sugars, analogues of  D -threo-1-phenyl-2-decanoylamino-
3-morpholino-propanol (PDMP) are also effective inhibitors of GLcT (Larsen et al. 
 2012 ; Radin  1982 ). Shayman and colleagues recently developed a new analogue 
inhibitor of GLcT, ethylenedioxy-PIP2 oxalate (“ 3 h ”), that reduces GLcT activity 
at low nanomolar concentrations (Larsen et al.  2012 ) (Fig.  22.3 ). Since GlcCer is 
the common metabolic precursor required for the synthesis of most gangliosides 
and neutral glycolipids, the imino sugars and the “ 3 h ” PDMP analogue will reduce 
the content in all tissues of GSLs containing the GlcCer core structure. It has 
recently been found that the “ 3 h ” analogue reduces brain ganglioside storage to an 
extent similar to that seen with the imino sugars but at lower concentrations (Arthur 
et al.  2013 ). Further studies will be needed to assess the therapeutic effi cacy of the 
“ 3 h ” compound. 

 Earlier studies showed that the treatment of cultured whole mouse embryos with 
 N B-DGJ inhibited the biosynthesis of glucosylceramide and gangliosides by over 
90 %, indicating the drug’s on-target effect (Brigande et al.  1998 ). Surprisingly, this 
GSL inhibition did not adversely affect embryo viability, growth, or morphogene-
sis, suggesting the feasibility of this drug as a nontoxic early intervention therapy. 
Moreover,  N B-DGJ treatment signifi cantly reduces brain ganglioside content in 
postnatal GM1 and GM2 gangliosidoses without altering brain growth, develop-
ment, or behavior (Baek et al.  2008 ; Kasperzyk et al.  2004 ,  2005 ). Viewed collec-
tively, these observations suggest  N B-DGJ will have translational benefi t to the 
clinic for treating early-onset ganglioside storage disease.  

22.5     Gene Therapy 

 Gene therapy is emerging as a viable approach for targeting GSL storage in the 
GM1 and GM2 gangliosidoses (Baek et al.  2010 ; Broekman et al.  2007 ; Cachon- 
Gonzalez et al.  2006 ; Kyrkanides et al.  2005 ,  2009 ). It has been shown that infusion 
of adeno-associated virus (AAV) vectors encoding β-galactosidase or HEX A sub-
units in adults (bilateral thalamic infusion) or neonates (intracerebroventricular 
infusion) could effectively target CNS ganglioside storage in β-gal or    Hexb knock-
out mice (Fig.  22.4  and Table  22.1 ) (Baek et al.  2010 ; Broekman et al.  2007 ). Mouse 
behavior and survival was also improved following gene therapy. Combined bilat-
eral delivery of AAV vectors encoding HEX A to striatum and deep cerebellar nuclei 

22 Ganglioside Storage Diseases: On the Road to Management



492

  Fig. 22.4    Infl uence of AAV-gene therapy on the qualitative (HPTLC) and quantitative distribution 
of total cerebral cortex gangliosides in β-gal−/− and Hexb−/− mice. In these studies, AAV-gene 
therapy was administered (intracranially) to  adult  knockout mice that already expressed excessive 
elevations of GM1 and GM2. It is clear that AAV-gene therapy signifi cantly reduced levels of 
stored GM1 and GM2 (Table  22.1 ). The reductions in total ganglioside were due largely to the 
reduction in either GM1 or GM2. In addition to cerebral cortex, reduced GM1 and GM2 storage in 
cerebellum and spinal cord of AAV-treated β-gal −/− and Hexb −/− mice was also found (not 
shown) (Baek et al.  2010 ). Reduced GM1 storage also restored normal cerebroside levels in the 
AAV-treated β-gal −/− mice suggesting a correction in myelin content (Baek et al.  2010 ). The data 
show the nearly complete removal of stored ganglioside in cerebral cortex of the AAV-treated β-gal 
−/− and Hexb −/− mice. The fi ndings with the β-gal −/− mice were published (Baek et al.  2010 ). 
The fi ndings with the Hexb −/− mice are unpublished. The conditions for AAV-gene therapy and 
ganglioside analysis were as previously described (Baek et al.  2010 ; Broekman et al.  2007 ). The 
HPTLC plate was developed and analyzed as shown in Fig.  22.2        

    Table 22.1    Cortical ganglioside concentration in adult Sandhoff and GM1 gangliosidosis mice a    

 Total ganglioside sialic 

 Strain  Treatment  Age b   Acid content c   GM1 c   GM2 c  

 β-gal +/−  –  180  501.3 ± 9.0  79.3 ± 3.4  ND 
 β-gal −/−  –  180  1264.0 ± 70.8*  671.1 ± 11*  ND 
 β-gal −/−  AAV d   180  516.3 ± 7.7**  97.8 ± 9.3**  ND 
 Hexb +/−  –  90  465.1 ± 32.7  52.4 ± 5.8  3.4 ± 0.6 
 Hexb −/−   –   90  720.6 ± 29.5*  67.1 ± 2.5  179.1 ± 12.1* 
 Hexb −/−  AAV d   90  504.6 ± 10.5**  54.4 ± 2.7  15.2 ± 2** 

  ND, not detectable 
  a Values are expressed as mean ± standard error of the mean(SEM) 
  b Age in days 
  c Ganglioside values are expressed as μg sialic acid/100 mg dry weight 
  d Mice received thalamic injections of AAV-βgal or AAV-Hexα + β at 60 day of age 
 *Signifi cant difference from the untreated +/− group at  p  < 0.01 by one-way ANOVA 
 **Signifi cant difference from the untreated −/− group at  p  < 0.01 by one-way ANOVA 
 Baek et al.  2010   
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showed remarkable effi ciency, increasing survival of SD mice from ~4 months to 
~2 years of age and considerably reducing GM2 storage (Cachon- Gonzalez et al. 
 2006 ,  2012 ). These fi ndings indicate that focal AAV-mediated gene delivery to spe-
cifi c structures in the brain is a highly effective approach for supplying the entire 
CNS with functional levels of lysosomal enzyme able to largely correct ganglioside 
storage throughout. Despite reduced ganglioside storage and increased survival, 
residual behavioral abnormalities persisted in the treated mice (Baek et al.  2010 ; 
Cachon-Gonzalez et al.  2006 ,  2012 ). The reason for residual behavioral abnormali-
ties remains unknown but could result from either persistent storage in specifi c CNS 
regions, persistent infl ammation, or substrate accumulation in the peripheral ner-
vous system. PNS storage is probably not responsible for the behavioral abnormali-
ties, as only traces of GM2 ganglioside storage in sciatic nerves of  Hexb −/− mice 
were found (McNally et al.  2007 ). Further studies will be needed to determine 
whether gene therapy is also capable of targeting ganglioside storage in unique CNS 
areas including the retina, white matter, and optic nerve. The restoration of myelin-
enriched cerebrosides in mice with GM1 gangliosidosis to levels seen in normal 
mice suggests that myelin function or pathology might be improved following 
removal of stored ganglioside (Baek et al.  2010 ; Broekman et al.  2007 ).

    Initial gene therapy studies in cats are encouraging as well. In SD cats treated 
post-symptomatically (when pronounced storage was present), GM2 was reduced 
to 23 % of total ganglioside content at the thalamic injection site, compared to 72 % 
in untreated animals. Cats treated pre-symptomatically with bilateral thalamic 
injection of an AAV vector expressing feline hexosaminidase lived to ~10.5 months, 
compared to an untreated survival of 4.5 months (Bradbury et al.  2013 ). Further 
studies with multiple intracranial injection sites are ongoing and show further 
enhancement of survival benefi t.  

22.6     Caloric Restriction and the Restricted 
Ketogenic Diet (KD-R) 

 Caloric restriction (CR) is a natural dietary therapy that improves health, extends 
longevity, and reduces the effects of neuroinfl ammatory CNS diseases in rodents 
and humans (Chen et al.  2003 ; Duan et al.  2003 ; Greene et al.  2001 ; Mulrooney 
et al.  2011 ; Weindruch et al.  1988 ). CR is produced from a total dietary restriction 
and differs from acute fasting or starvation in that CR reduces total caloric energy 
intake without causing anorexia or defi ciencies of any specifi c nutrients. A transi-
tion in brain energy substrate from predominantly glucose to predominantly ketone 
bodies is proposed to underlie the health benefi ts of CR (Chen et al.  2003 ; Greene 
et al.  2003 ). It has been found that rotarod performance (motor agility) and survival 
is signifi cantly greater in adult SD mice maintained under CR instead of under ad 
libitum (AL) feeding (Denny et al.  2006 ). The improved motor performance and 
survival under CR was not due to reduced ganglioside storage, but was linked to 
reduced infl ammation. Ketone body metabolism reduces infl ammation possibly by 
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suppressing generation of oxygen radicals (Veech  2004 ). As with CR, the 
 calorie- restricted ketogenic diet (KD-R) also lowers blood glucose. The ketogenic 
diet is a low-carbohydrate-high-fat diet that is widely used to reduce refractory epi-
leptic seizures in children but is also effective in managing symptoms of a wide 
range of neurological and neurodegenerative diseases (Freeman and Kossoff  2010 ; 
Kossoff and Hartman  2012 ). It is unclear if the therapeutic action of the KD results 
from reduced glucose, elevated ketone bodies, or some combination of these. It is 
interesting that the KD-R elevates blood ketones to a higher level than CR alone 
(Denny et al.  2010 ; Zhou et al.  2007 ). Research has found that KD-R resulted in a 
3.5-fold increase of  N B-DNJ in the CNS of adult SD mice, with greater inhibition 
of GM2 ganglioside storage (Denny et al.  2010 ) (Table  22.2 ). Moreover, the total 
forebrain ganglioside sialic acid and GM2 concentration was lower in the Hexb−/− 
mice when  N B-DNJ was administered with the KD-R than when it was adminis-
tered with standard lab chow. Further studies will be needed to evaluate the 
mechanism for this dietary effect on CNS drug delivery.

22.7        Summary 

 Despite knowledge of the genetic and biochemical defects involved, ganglioside 
storage diseases remain incurable (Sandhoff and Harzer  2013 ). The development of 
multiple new therapeutic approaches offers hope that longer-term management of 
these diseases can be achieved. It is also clear that multiple therapeutic strategies 
may be needed to provide the most complete management.     

  Confl ict of Interest   The authors declare that there are no confl icts of interest.  

   Table 22.2    Glycosphingolipid content in Hexb −/− mice a    

 Water 
content 

 Ganglioside 
sialic acid  GA2 c      NB-DNJ concentration d  

 Strain   N  b   (%) 
 (μg/100 mg 
dry weight) 

 (mg/100 mg 
dry weight)  nmol/g tissue 

 SD  6  76.5 ± 0.1  875 ± 24  4.1 ± 0.05  – 
 SD + NB-DNJ  5  76.2 ± 0.6  795 ± 18*  3.9 ± 0.13  0.334 ± 0.146 
 KD-R  4  75.1 ± 1.1  821 ± 27  4.0 ± 0.18  – 
 KD-R + NB-DNJ  4  77.7 ± 0.7  743 ± 34*  4.0 ± 0.04  1.163 ± 0.038** 

   a Values represent the mean + SEM 
  b  N , the number of independent samples analyzed 
  c Determined from densitometric scanning of HPTLC as shown in Fig  22.2  
 *Indicates that the value is signifi cantly different from that of the SD mice at  p  < 0.05 as deter-
mined from the two-tailed  t -test 
 **Indicates that the value is signifi cantly different from that of the SD +  N B-DNJ mice at  p  = 0.0052 
 Denny et al.  2010   
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    Abstract     Gangliosides are important cell surface molecules in tumors of the 
 nervous system. Initially thought of particularly as diagnostic disease markers, the 
biological properties and in vivo roles of tumor gangliosides have been recognized 
more recently. The latter affect the formation and progression of tumors of many 
types, including neural tumors. This chapter focuses on a prominent and almost 
universal dynamic property of tumor cells, the rapid synthesis and shedding of gan-
gliosides, and consequences on the host response to tumors. In contemporary terms, 
these effects are understood to be functional properties of tumor cells affecting nor-
mal cells in the tumor microenvironment. Some of the most comprehensive studies 
have been possible in the human neuroectodermal tumors, neuroblastomas, includ-
ing fi rst observations of the shedding and activities of human tumor gangliosides. 
Citing other selected examples from tumors of different types, the impact and mech-
anisms of action of tumor gangliosides in facilitating tumor formation and progres-
sion will be delineated, leading to consideration of clinical relevance and therapeutic 
implications.  
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23.1         Introduction 

    Cellular gangliosides are a component of the cell plasma membrane, present and 
concentrated on the extracellular surface. A glycosphingolipid, the ganglioside mol-
ecule consists of ceramide linked to a sialic acid-containing oligosaccharide. To 
place these amphiphatic molecules into the context of cancer, it is important to 
recognize that malignant transformation is a multistep process consisting of both 
genetic and epigenetic factors that collectively lead to increasing autonomy of 
malignant tumor cells (Foulds  1965 ). The tumor cell develops increasing indepen-
dence from the multiple host control mechanisms for regulating cell growth (e.g., 
loss of normal cell cycle checkpoint controls, resistance to apoptosis, and increased 
expression of autocrine growth factors or receptors) (Hanahan and Weinberg  2000 ). 
Of particular importance, molecular interactions with the host (Hendrix et al.  2003 ), 
initiated by the tumor cell and causing alterations in the tumor microenvironment 
(TME), are also necessary to promote tumor progression. It is in this context that 
tumor gangliosides, which are among tumor-derived factors that may favor tumor 
cell survival, are increasingly being shown to be integral to the process of tumor 
formation and progression. 

 As cell surface molecules, initially tumor gangliosides were studied for their role 
in enabling tumor recognition and diagnosis, mainly by antibody or lectin detection. 
Their roles in cell-cell interactions by direct contact were also elucidated. These 
concepts and fi ndings have been substantially developed and addressed elsewhere, 
e.g., by Hakomori (Hakomori  1985 ,  1996 ), and are outside the scope of this chapter. 
As cell surface molecules, acting as targets for antibody-mediated immunotherapy 
is also a characteristic of gangliosides on the tumor cell surface. This has been suc-
cessfully applied in human neuroblastoma, in which therapy with a chimeric anti-
 GD2 ganglioside antibody in combination with GM-CSF and interleukin-2 caused 
signifi cantly improved outcome as compared with standard therapy in patients with 
high-risk neuroblastoma (Yu et al.  2010 ). 

 This chapter addresses the observations that gangliosides are actively shed 
from the cell surface membranes of many tumor cells (Ladisch et al.  1983 ), but 
essentially not from normal nonproliferating cells. This dynamic process embod-
ies these molecules with the ability to infl uence the functions of other cells in the 
tumor microenvironment and thereby to strongly infl uence tumor formation and 
progression. It should be noted that many of the studies defi ning the roles of gan-
gliosides have been performed in systems other than tumors of the nervous sys-
tem. However, since the multiple functional characteristics and activities of 
gangliosides are not dependent on tumor type (but rather on ganglioside structure, 
as will be discussed further), these diverse examples are included in this chapter 
with the intent of providing a global overview of dynamic properties of tumor 
gangliosides.  
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23.2     Tumor Cell Ganglioside Metabolism 

 The change from normal tissue to malignancy involves changes in ganglioside 
 composition. These changes both mark the transition from normal to tumor tissue 
and may affect the outcome, i.e., tumor progression. Tumors may have highly vari-
able composition of individual ganglioside species, evident both between tumor 
types and among individual tumors. Considering fi rst the question of marking the 
transition, several examples, although not providing an explanation of cause, under-
line the likely signifi cance of the details of altered characteristics of ganglioside 
metabolism resulting in qualitative changes in cell gangliosides. First, the ganglio-
side patterns of a series of gliomas demonstrated a greater proportion of structurally 
simpler gangliosides than those of the normal brain (in which GM1, GD1a, GD1b, 
and GT1b are the major gangliosides). The proportion of simpler gangliosides GM3 
and GD3 was higher in tumors of higher grade (grade 3–4) than in those of lower 
grade (grade 1–2) (Nakamura et al.  1987 ). Analogous observations have been made 
in human neuroblastoma tumors. Specifi cally, higher proportions of complex gan-
gliosides of the “b” pathway (GD1b, GT1b, and GQ1b) are associated with a less 
aggressive phenotype and a better clinical outcome (progression-free survival). In 
contrast, the simple “b” pathway gangliosides (GD3 and GD2) have been associated 
with tumors of poorer prognosis, including the aggressive forms of neuroblastoma 
(Hettmer et al.  2003 ; Kaucic et al.  2001 ; Schengrund et al.  1985 ). 

23.2.1     Ganglioside Metabolism Is Upregulated in Tumor 
Cells During Tumor Progression 

 What could be the cause for overexpression of tumor gangliosides during tumor 
progression? Considering those genes that are responsible for ganglioside synthe-
sis, genomic studies have revealed that certain genes are upregulated in tumors. 
This is particularly exemplifi ed by recent fi ndings regarding GM3 synthase (GM3S). 
Gene expression analysis of human melanoma showed GM3 synthase to be highly 
overexpressed in comparison to its expression in benign nevi or normal skin 
(Talantov et al.  2005 ). Since GM3 synthase itself is the key entry enzyme to the 
pathway for most human ganglioside synthesis, this may be the critical element in 
ganglioside expression in tumors. Conversely, other evidence comes from correla-
tions between metastatic potential and the expression of sialidase, which results in 
the conversion of a ganglioside into a neutral glycosphingolipid; levels of sialidase 
are inversely correlated with the metastatic potential of mouse colon adenocarci-
noma (Sawada et al.  2002 ). This kind of indirect correlative evidence from gene 
expression studies strongly suggests that the resulting ganglioside levels are associ-
ated with tumor growth and tumor progression. Together with direct ganglioside 
analyses, the fi ndings point to control of ganglioside synthesis as important in 
tumor progression, making ganglioside synthesis also a potential target for thera-
peutic intervention in cancer.  
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23.2.2     Tumor Gangliosides Are Actively Shed into the Tumor 
Microenvironment 

 Over the years both by in vitro studies and in vivo, it has become clear that active 
synthesis and release of high levels of gangliosides into the tumor microenviron-
ment are characteristic of many tumor cells. Our initial studies led us to propose the 
hypothesis (Ladisch et al.  1983 ), subsequently widely confi rmed, that many tumors 
shed tumor gangliosides and that these molecules can then bind to other cells in this 
microenvironment (Fig.  23.1 ). There, they can affect the function of otherwise nor-
mal cells. This shedding and binding to normal host cells in the tumor microenvi-
ronment (TME) enhances tumor progression by modulating the function of these 
normal host cells critical in facilitating tumor progression enhances tumor progres-
sion. Characteristics of most types of tumors, i.e., not specifi cally and not only of 
neural tumors, since originally reported in 1983, ganglioside shedding by tumor 
cells has been widely documented (e.g., leukemias, lymphomas, neuroectodermal 
tumors such as neuroblastoma and melanoma, brain tumors, ovarian carcinoma, 
and renal cell carcinoma) (Biswas et al.  2006 ; Ladisch et al.  1983 ,  1997 ; Ladisch 
and Wu  1985 ; Merritt et al.  1994 ; Portoukalian et al.  1993 ; Ravindranath et al. 
 2007 ). And the rapid rate of ganglioside metabolism is associated with rapid shed-
ding of these molecules, with rates of up to 0.5–1.0 %/24 h having been seen 
(Ladisch et al.  1983 ). This is of importance because of the multiple potential 

  Fig. 23.1    Tumor ganglioside synthesis, shedding, and cellular interactions in the tumor 
microenvironment       
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functional roles of gangliosides acting upon normal cells, predominantly shown by 
in vitro studies in which normal cells found in the TME are enriched with exoge-
nously added purifi ed gangliosides.

23.2.3        Clinical Evidence for Shedding by Human 
Neural Tumors 

 Two specifi c examples of ganglioside shedding by neural tumors are highlighted 
here. The fi rst is the human neuroectodermal tumor, neuroblastoma, which is char-
acterized by poor prognosis and extensive ganglioside shedding. In fact, this tumor 
offers the most comprehensive example of the potential importance of tumor gan-
glioside in tumor progression and its treatment. This was the fi rst human tumor in 
which the shedding of gangliosides into the peripheral circulation was clearly doc-
umented. This detection was possible because the characteristic ganglioside of 
neuroblastoma, GD2, is not detectable in normal human plasma, and yet ubiquitous 
in neuroblastoma tumors and shed by neuroblastoma cells (Fig.  23.2 , top panels), 
making the ganglioside an excellent tumor marker (Ladisch and Wu  1985 ). 

  Fig. 23.2    Ganglioside shedding and clinical implications in human neuroblastoma. ( a ) Neuroblastoma 
tumor cell (LAN-1) shedding in vitro; ( b ) detection of GD2 in patient and normal plasma; 
( c ) sequential analysis of circulating GD2 in a neuroblastoma patient, before and after surgical 
treatment (see text) (Adapted from Ladisch et al.  1987 ; Li and Ladisch  1991 ; Valentino et al.  1990 )       
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Detection of circulating GD2 was further facilitated by the application of the new 
method of ganglioside isolation which overcame the problem of separating and 
purifying the gangliosides found in the presence of high concentrations of protein, 
such as in plasma (Ladisch and Gillard  1985 ). This approach complements antibody 
detection of tumor gangliosides, which is very useful in tumors but not so much in 
plasma.

   By tracking circulating GD2 ganglioside levels, it was possible to follow (and 
even predict) the clinical course of a patient with neuroblastoma. In the specifi c case 
shown in Fig.  23.2 , bottom panel, circulating GD2 was detectable in the patient at 
the time of diagnosis of neuroblastoma. Following surgical removal of the tumor, 
GD2 ganglioside disappeared from the circulation. Sequential studies were negative 
for GD2, until week 21, when traces of the gangliosides were again evident. This 
preceded a clinically detected relapse of neuroblastoma, evident fi nally also as a 
much higher circulating GD2 level in week 25 (Ladisch et al.  1987 ). Thus, circulat-
ing GD2 was a marker of tumor progression (prior to clinical detection), demon-
strating the value of this marker and the signifi cance of the shedding process.  

23.2.4     Impact on Outcome 

 In fact, shed GD2 levels have correlated highly with patient clinical outcome. In an 
expanded study of a large group of patients, 74 patients with advanced stage (III and 
IV) neuroblastoma were found to have circulating tumor-derived GD2 ganglioside 
levels at the time of diagnosis that were inversely related to progression-free sur-
vival (PFS) ( p  = 0.018) (Valentino et al.  1990 ). By Kaplan-Meier analysis (Fig.  23.3 ), 
the quartile of patients having the highest circulating GD2 levels (≥568 pmol/mL) 
had a strikingly worse outcome than the quartile of patients with the lowest GD2 

  Fig. 23.3    Kaplan-Meier 
analysis of progression-free 
survival (PFS) of 
neuroblastoma patients. PFS 
of quartiles of high-risk 
neuroblastoma patients 
having the lowest ( dashed 
line ) and highest ( dotted line ) 
circulating GD2 
concentrations at diagnosis 
(Adapted from Valentino 
et al.  1990 )       
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levels (≤103 pmol/mL). Their median PFS was shorter (9 vs. 28 months), and the 
long-term survival rate lower (2-year PFS of 24 % vs. 70 %) ( p  = 0.013). In conclu-
sion, more rapid disease progression and lower survival rate are associated with 
high circulating GD2 levels at diagnosis. This leads to the hypothesis that shed 
neuroblastoma gangliosides were facilitating this process in the TME.

   Another example addresses ganglioside shedding by a series of CNS tumors. In 
this case, detection of shed gangliosides is accomplished by examination of the 
cerebrospinal fl uid draining the CNS tumors. CSF of patients with two types of 
pediatric brain tumors, medulloblastoma and astrocytoma, was evaluated. Using the 
same approach as for the plasma studies in neuroblastoma, we detected elevated 
levels of chemically quantifi ed ganglioside GD3 ganglioside in the CSF of both the 
patients with medulloblastoma and those with astrocytoma (Fig.  23.4 ), refl ecting 
shedding of the ganglioside by the tumors, themselves shown to be rich in this gan-
glioside (Ladisch et al.  1997 ).

   The fi ndings of these correlations and associations, as well as those of animal 
studies, clearly show the potential value of gangliosides as cell surface markers of 
neural tumors, with implications (a) for diagnosis and (b) as targets for therapeutic 
interventions (mainly antibody-mediated attacks on the tumor cell). The other 
important characteristic embodied in this shedding process is the dynamic property 
of these molecules, affecting normal cells in what might be considered a “para-
crine” manner. The question is, what cellular functions do they affect?   

  Fig. 23.4    Concentration of 
GD3 in cerebrospinal fl uid 
(CSF) of controls (C-CSF), 
medulloblastoma patients 
(M-CSF), or astrocytoma 
patients (A-CSF) (Adapted 
from Ladisch et al.  1997 )       
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23.3     Tumor Cell Ganglioside Function 

 Two important and now well-accepted biological properties of tumor cell 
 gangliosides, potent immunosuppressive activity and proangiogenic activity, will be 
considered here. Both depend on shedding of tumor gangliosides, the uptake/bind-
ing of these gangliosides by other, normal, cells in the tumor microenvironment, 
and the modulation of the function of these “normal” cells. These cells include 
immunocytes (inhibition of antitumor immune responses) and vascular endothelial 
cells (enhancement of signaling and proliferation, leading to angiogenesis). 

 Historically, immunoinhibitory properties were the fi rst functional characteris-
tics of gangliosides that were associated with tumor cells. Parenthetically, these 
observations were being made at a time when the normal role of gangliosides in the 
nervous system was still a puzzle. Since that time, clear demonstrations of linkage 
of specifi c gangliosides to brain development have been made (see Chap.   9    ), and 
elucidation of distinct functions of endogenous cellular gangliosides continue. The 
focus here is on the consequences of exogenous ganglioside enrichment of a cell, by 
the pathophysiological process of tumor cell ganglioside shedding. 

23.3.1     Immunosuppression 

 Immunoregulation by gangliosides has been extensively studied and will be briefl y 
summarized here. It should be reiterated that most of these effects are characteristic 
of tumor cell gangliosides in general, even if not yet demonstrated in neural tumors 
in vivo. The initial fi ndings of tumor ganglioside-induced immunosuppression were 
obtained in a murine lymphoma (Ladisch et al.  1983 ), in which the tumor ganglio-
sides could be isolated, identifi ed, and purifi ed by a then new ganglioside purifi ca-
tion method that permitted purifi cation of tumor gangliosides from relatively small 
amounts of tissue, cells, or plasma (Ladisch and Gillard  1985 ). In this murine lym-
phoma model, very low (micromolar) concentrations of purifi ed tumor ganglio-
sides, isolated either from tumor cells in vitro or from the ascitic tumor in vivo, were 
strikingly inhibitory to lymphocyte proliferative responses to mitogens and anti-
gens, the basis for cell-mediated immunity (Ladisch et al.  1983 ). 

    Cellular Mechanisms 

 Following this fi rst demonstration of immunosuppressive activity of tumor ganglio-
sides, subsequent studies identifi ed the antigen-presenting cell as a primary target cell 
causing ganglioside-induced inhibition of the antigen-induced proliferative response 
(Ladisch et al.  1984 ). The affected antigen-presenting cells initially identifi ed 
were the adherent monocytes (Ladisch et al.  1984 ) and, more recently, the dendritic 
cell (DC) (Shen and Ladisch  2002 ). Inhibition of DC maturation (Shurin et al.  2001 ) 
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and induction of a state of tolerance of DC to TLR signaling (Shen et al.  2008 ) have 
been identifi ed as mechanisms. In addition to these effects on myeloid cells involved 
in normal lymphoproliferative responses, exogenous gangliosides added in vitro 
inhibit IL2-dependent cell proliferation (Robb  1986 ), helper T cell proliferation (Chu 
and Sharom  1995 ), and natural killer cell activity (Bergelson et al.  1989 ; Grayson and 
Ladisch  1992 ), promote regulatory T cell development, inhibit T cell cytotoxicity 
(McKallip et al.  1999 ), and cause T cell apoptosis (Biswas et al.  2006 ; Chahlavi et al. 
 2005 ; Zhou et al.  1998 ). In vivo evidence corroborates these effects: in a murine 
model, tumor gangliosides inhibited immune responses, decreased tumor draining 
lymph node mass and cell numbers, and suppressed lymphoproliferative responses 
and the generation of tumor-specifi c cytotoxic T lymphocytes (Li et al.  1996 ; 
McKallip et al.  1999 ). Thus, a wide range of cellular immune functions are affected 
by exogenous (shed) gangliosides.  

    Molecular Mechanisms 

 The molecular mechanisms of ganglioside effects on immune cells, unlike the well- 
understood mechanisms of effects on fi broblasts or vascular endothelial cells (vide 
infra), remain to be fully elucidated. What is known is that exogenous tumor cell 
gangliosides inserted into the target cell (adherent monocyte or dendritic cell) mem-
brane regulate membrane receptor activity and affect Toll-like receptor signaling, 
subsequently impeding nuclear localization and activation of NF-KB protein 
(Caldwell et al.  2003 ). Among mechanisms causing inhibition of T cell effector 
function (cytotoxicity) most recently, interference with granule exocytosis of CD8 
T cells has recently been identifi ed as a cause (Lee et al.  2012 ). Most likely, new 
model systems will provide additional insight into immunosuppressive mecha-
nisms, both cellular and molecular, utilized by gangliosides to inhibit the host anti-
tumor immune response.  

    Structure-Activity Relationships 

 With respect to relationship between immunoinhibitory activity and ganglioside 
structure, comprehensive studies were undertaken using normal brain gangliosides 
and human neuroblastoma tumor gangliosides, in the case of which HPLC purifi -
cation of individual ganglioside ceramide species (Ladisch et al.  1989 ) allowed 
structure-activity relationships to be established. Antigen-induced lymphoprolif-
erative responses were the indicator system. These studies revealed that with 
respect to carbohydrate structure, complexity and increasing number of sialic acid 
residues were associated with increased activity (Ladisch et al.  1992 ). With respect 
to ceramide structure, unsaturation and decreased fatty acyl group chain length of 
the ceramide portion were similarly associated with increased activity (Ladisch 
et al.  1994 ).  
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    Brain Tumor Gangliosides 

 There have been few studies specifi cally addressing immunomodulation by brain 
tumor gangliosides. On the one hand, one report suggested that cytotoxic activity of 
NK cells may be affected by the immunoregulatory disturbances observed in 
patients with primary tumors in CNS (Peracoli et al.  1999 ). On the other hand, neu-
rostatins (the O-acetylated forms of gangliosides GD1b and GT1b that are present 
in normal brain) have also been implicated, but as having an anti-tumorigenic effect 
(Nieto-Sampedro et al.  2011 ). Cytostatic for normal astroblasts, they were found to 
be cytotoxic for rat C6 glioma cells and cells of human astrocytoma grades III and 
IV, with ID 50  values ranging from 200 to 450 nM. In contrast, they did not affect 
neurons or fi broblasts in concentrations of up to 4 μM or higher. The authors identi-
fi ed at least four different neurostatin-activated, cell-mediated antitumoral processes 
that they proposed to lead to tumor destruction: (1) inhibition of tumor neovascular-
ization, (2) activation of microglia, (3) activation of natural killer cells, and (4) 
activation of cytotoxic lymphocytes (Nieto-Sampedro et al.  2011 ). Thus, there may 
be a balance between some anti- and pro-tumorigenic effects of specifi c ganglio-
sides. While this remains to be elucidated, the neurostatin-activated processes 
clearly do not dominate in vivo in the case of human neural tumors.   

23.3.2     Angiogenesis 

 The other functional property of gangliosides and particularly of tumor gangliosides 
released into the tumor microenvironment that has now been well characterized is 
the effect on angiogenesis. Here, the shedding of tumor gangliosides into TME may 
regulate the normal cells (vascular endothelial cells and fi broblasts) that are the 
structure for new blood vessels. This involves the processes of proliferation, migra-
tion, and tube formation in vivo. Initially, this effect on angiogenesis was observed 
in the laboratories of Gullino    (Gullino  1995 ) and of Seyfried (Manfredi et al.  1999 ), 
who found a correlation between complex ganglioside expression and tumor proan-
giogenic activity, in the latter case in a murine brain tumor model in which a tumor 
rich in complex gangliosides had enhanced angiogenesis, compared to the parallel 
tumor containing only GM3 ganglioside. 

    In Vitro Findings 

 Direct observations of ganglioside promotion of tumor angiogenesis in vitro are 
using purifi ed ganglioside, GD1a, pointed to a mechanism underlying the effect on 
responses of normal human umbilical vein endothelial cells (HUVEC) to VEGF 
(Lang et al.  2001 ). Preincubation of HUVEC with GD1a enhanced VEGF-induced 
cell proliferation; 10 μM GD1a caused a twofold increase in DNA synthesis. The 
migration of HUVEC across a VEGF gradient was also enhanced by 50 %, even 
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with only a brief (1 h) preexposure of the cells to the same concentration of GD1a 
(Liu et al.  2006 ). These fi ndings suggested that gangliosides shed by tumor cells can 
promote tumor angiogenesis by enhancing the VEGF response of endothelial cells 
in the tumor microenvironment.  

    In Vivo Observations 

 Further in vivo study has cemented this conclusion. Most recently, the development 
of a ganglioside knockout model allowed study of tumor formation in the complete 
absence of ganglioside in the tumor cell itself and without exogenous manipulation 
of the cells (e.g., pharmacologically). The model was developed by oncogene trans-
formation of murine embryonic fi broblasts in which GM2 synthase and GM3 syn-
thase had been knocked out (Liu et al.  2010 ). The resulting cells (termed DKO) 
were consequently constitutively, selectively, specifi cally, and completely devoid of 
gangliosides. Injecting these cells in vivo, tumor growth was strikingly affected. 
The DKO cells formed ganglioside-defi cient tumors, much smaller than those 
formed by the corresponding litter-mate ganglioside-rich wild-type (WT) cells. 
Importantly, the DKO tumors had a striking paucity of tumor blood vessels (tenfold 
less than WT tumors), while the level of intrinsic tumor cell VEGF secretion was 
not reduced (Liu et al.  2013 ). This study defi nitively linked ganglioside depletion to 
impaired tumor angiogenesis and supports the interpretation of an effect of the gan-
gliosides directly on the target (vascular endothelial) cells.  

   Molecular Mechanisms 

 A molecular mechanism by which gangliosides have this direct effect on angiogen-
esis has been elucidated. This relates to earlier studies of fi broblast proliferation in 
which we found that enrichment of the normal fi broblast cell membrane with exog-
enous gangliosides resulted in enhanced receptor binding affi nities for their ligand 
(EGF and a series of other receptor tyrosine kinases) and enhanced the proliferation 
of these cells (Li et al.  2000 ,  2001 ). In this case of EGF-induced EGFR activation, 
in normal human dermal fi broblasts, membrane enrichment with GD1a enhanced 
the EGF-induced EGFR activity by increasing EGFR dimerization and the effective 
number of high-affi nity EGFR, without increasing total receptor protein. 
Unexpectedly, GD1a enrichment also triggered increased EGFR dimerization in the 
absence of growth factor. This resulted in enhanced activation of the EGFR signal 
transduction cascade when EGF was added (Liu et al.  2004 ). Another recent exam-
ple of regulating EGF-induced neural cell proliferation and differentiation by gan-
gliosides (in this case, intrinsic cell membrane gangliosides, not shed molecules) is 
the regulation by ganglioside GD3 of neural stem cell survival. Using a GD3- 
synthase knockout mouse, the authors showed that GD3 upregulated EGF-EGFR 
signaling to sustain NSC self-renewal (Wang and Yu  2013 ). 
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 In the case of angiogenesis, it is another receptor tyrosine kinase, VEGF, which 
was similarly affected as fi broblast signaling in our previous studies, resulting in 
enhanced proliferation, migration, and differentiation.    In this system, gangliosides 
act to sensitize vascular endothelial cells to respond to subthreshold levels of VEGF 
(Liu et al.  2006 ). Ganglioside enrichment of human umbilical vein vascular endo-
thelial cells (HUVEC) caused very low, normally barely stimulatory, VEGF concen-
trations to trigger robust VEGF receptor dimerization and autophosphorylation 
(Fig.  23.5 ), as well as activation of downstream signaling pathways, and cell prolif-
eration and migration. Overall, by lowering the threshold for growth factor activa-
tion of these normal stromal cells, shed tumor gangliosides promote tumor 
progression, causing normal vascular endothelial cells to become increasingly 
autonomous from growth factor requirements by a process that we termed tumor- 
induced progression of the microenvironment (Liu et al.  2006 ).

  Fig. 23.5    Enhancement of VEGFR phosphorylation by membrane enrichment in GD1a ganglio-
side. Note particularly the amplifi cation of receptor phosphorylation caused at low (<1 ng/ml) 
VEGF concentrations (Adapted from Liu et al.  2006 )       
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23.4          Conclusion 

 With the identifi cation of tumor cell gangliosides as potent immunosuppressive and 
proangiogenic molecules, the clinical relevance of tumor cell gangliosides, both 
extraneural and neural, is established. Their importance lies in the probability that 
the many properties elucidated through in vivo/in vitro experimental systems are 
operative or eventually will be proven to be so in human cancer. To facilitate further 
discovery, a  simple , i.e., practical, sensitive, and specifi c approach to detecting shed 
tumor gangliosides in vivo would be valuable. This could provide more insight into 
prognosis, as the example of neuroblastoma demonstrates. Much remains to be dis-
covered about antitumor immune responses in the central nervous system, and their 
modulation by tumor gangliosides, but the foundation for these studies has now been 
laid; it is likely that the mechanisms are analogous to those in other systems. In vivo 
tumor models in which ganglioside synthesis is constitutively and selective altered 
will undoubtedly also provide further insights. The murine DKO model may help 
because it is syngeneic and it allows study of tumor host interactions without exog-
enous manipulation, comparing ganglioside-poor to ganglioside-rich tumor cells that 
are genetically identical (except for knockout of the ganglioside synthesis enzymes). 

 The overall fi ndings that gangliosides facilitate tumor progression suggest that 
strategies to interrupt tumor cell ganglioside metabolism should be pursued. 
Targeting synthesis (and elimination of shedding) of tumor gangliosides is likely to 
be a fruitful approach in neural tumors as in other tumors. This might be accom-
plished by metabolic or siRNA inhibition, or by otherwise suppressing the activity 
particularly of GM3 synthase, a key enzyme in human ganglioside synthesis. This 
approach could be operationally selective for the tumor cells and effective since 
ganglioside turnover in tumors is much more rapid than in most normal tissues.     
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    Abstract     Galectins, β-galactoside-binding lectins, play multiple roles in the 
 regulation of immune and infl ammatory responses. The major galectins expressed in 
the CNS are galectins 1, 3, 4, 8, and 9. Under normal physiological conditions, galec-
tins maintain CNS homeostasis by participating in neuronal myelination, neuronal 
stem cell proliferation, and apical vesicle transport in neuronal cells. In neuronal dis-
eases and different experimental neuroinfl ammatory disease models, galectins may 
serve as extracellular mediators or intracellular regulators in controlling the infl am-
matory response or conferring the remodeling capacity in damaged CNS tissues. 
In general, galectins 1 and 9 attenuate experimental autoimmune encephalomyelitis 
(a model of multiple sclerosis), while galectin-3 promotes infl ammation in this model. 
In brain ischemic lesions, both galectins 1 and 3 are induced to help neuronal regen-
eration. The expression of galectin-1 is required for astrocyte-derived neurotrophic 
factor secretion, and recombinant galectin-1 promotes neuronal regeneration. 
Galectin-3 promotes microglial cell proliferation and attenuates ischemic damage and 
neuronal apoptosis after cerebral ischemia. In amyotrophic lateral sclerosis models, 
galectin-3 is deleterious to neuroregeneration, while intramuscular administration of 
oxidized galectin-1 can improve neuromuscular disorders. In axotomy and Wallerian 
degeneration, galectin-3 helps phagocytosis of macrophages to clear degenerate 
myelin in the injured PNS or CNS. Thus, galectins are important modulators partici-
pating in homeostasis of the CNS and neuroinfl ammation. Continued investigations 
of the roles of galectins in neuroinfl ammation promise to provide a better understand-
ing of the mechanism of this process and lead to new therapeutic approaches.  

  Keywords     Amyotrophic lateral sclerosis   •   Experimental autoimmune encephalo-
myelitis     •   Galectin   •   Multiple sclerosis   •   Wallerian degeneration  
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  Abbreviations 

   CNS    Central nervous system   
  BBB    Blood–brain barrier   
  PAMPs    Pathogen-associated molecular patterns   
  PRRs    Pattern recognition receptors   
  TCR    T-cell receptor   
  MHC    Major histocompatibility complex   
  APC    Antigen-presenting cells   
  Th    T helper cell   
  T FH     Follicular helper T cell   
  Treg    Regulatory T cells   
  IFN-γ    Interferon-gamma   
  EAE    Experimental autoimmune encephalitis   
  MS    Multiple sclerosis   
  TLRs    Toll-like receptors   
  RLRs    Retinoic acid-inducible gene I-like receptors   
  NLR    Nucleotide-binding oligomerization domain-like receptor   
  BCR    B-cell receptor   
  TNF-α    Tumor necrosis factor-alpha   
  CCL20    CC chemokine ligand 20   
  ROS    Reactive oxygen species   
  AA    Arachidonic acid   
  5-LO    5-Lipoxygenase   
  CRDs    Carbohydrate-recognition domains   
  OLG    Oligodendrocyte   
  NSCs    Neural stem cells   
  MBP    Myelin basic protein   
  IL-1β    Interleukin-1β   

24.1           Introduction to the Immune Responses 
in the CNS System 

 The central nervous system (CNS), composed of the brain and spinal cord, used to 
be considered as an “immune-privileged” organ due to the lack of an obvious lym-
phatic system, the limited numbers of professional antigen-presenting cells, and to 
the apparent absence of an immune response. The “immune privilege” of the CNS 
refl ects its seclusion by the blood–brain barrier (BBB). The unique structure of the 
BBB limits entry of immune cells into the CNS (Hawkins and Davis  2005 ; Mrass 
and Weninger  2006 ). Additionally, the CNS is tolerant to immune responses due to 
CNS cells expressing regulatory molecules that suppress T-cell function. However, 
the concept of the “immune privilege” of the CNS has been reevaluated over the 
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past two decades. Studies have demonstrated that the CNS does “talk” to the 
immune system and that the interactions between the CNS and immune system are 
critical for maintaining CNS homeostasis and neuronal function (Kipnis et al.  2002 ; 
Wolf et al.  2009a ,  b ; Ziv et al.  2006 ). The important role of immune cells in CNS 
function is demonstrated by the fact that a defi ciency of CD4 +  T cells in mouse 
models leads to impairment of cognitive function (Kipnis et al.  2004 ). Immune cells 
actively participate in the control of infection and injury in the CNS (Savarin and 
Bergmann  2008 ). The nerve system actively interacts with peripheral immune cells 
and is continuously under surveillance by resident microglia and immune cells such 
as dendritic cells, macrophages, and T cells that sense and eliminate insults that may 
damage it (Schwartz and Kipnis  2011 ). 

24.1.1     Immune System 

 The immune system maintains tissue homeostasis and initiates host defense against 
pathogens. It is composed of two arms, innate (also referred to as nonspecifi c) 
immunity and adaptive (also referred to as specifi c) immunity. Innate immunity is 
the fi rst line of host defense and is regulated by cells such as dendritic cells, macro-
phages, neutrophils, and natural killer cells. The innate immune system recognizes 
pathogen-associated molecular patterns (PAMPs), common structures present in 
pathogens, through pattern recognition receptors (PRRs). This recognition initiates 
innate immune responses. Adaptive immunity is mediated by T and B lymphocytes, 
which recognize specifi c antigens and facilitate cell-mediated immunity and 
humoral immunity, respectively. In cell-mediated immunity, T-cell receptors (TCR) 
of naïve CD4 +  T cells recognize peptides in complex with major histocompatibility 
complex (MHC) class II on antigen-presenting cells (APC, mainly dendritic cells) 
and subsequently activate naïve CD4 +  T cells to become effector CD4 +  T cells (T 
helper cells, Th). T helper cells can be grouped into several types of Th (Th1, Th2, 
Th17, T FH , Treg) based on their signatures of cytokines and transcription factors. 
Effector CD4 +  T cells (Th1, Th2, Th17, T FH , Treg) secrete distinct cytokines to regu-
late the functions of other immune cells. Th1 cells selectively secrete IFN-γ, Th2 
cells selectively secrete IL-4, while Th17 and T FH  cells selectively secrete IL-17/
IL-21 and IL-21, respectively (O’Shea and Paul  2010 ). Th1 cells mediate the 
immune response against intracellular pathogens, such as viruses, mycobacteria, 
and protozoa. Th2 cells mediate the host defense against helminthes and other para-
sites. Th2 cells also mediate allergic diseases. Th17 cells are important in host 
defense against Gram-negative extracellular bacteria, such as  Klebsiella pneumonia  
and  Bacteroides fragilis  (Dubin and Kolls  2008 ), as well as fungi. The infl ammatory 
nature of Th17 cells results in their being associated with a variety of autoimmune 
diseases, such as experimental autoimmune encephalomyelitis (EAE) in a mouse 
model equivalent to human multiple sclerosis (MS) (Cua et al.  2003 ; Langrish et al. 
 2005 ; Reboldi et al.  2009 ). T FH  cells regulate differentiation of naïve B cells into 
antibody-secreting cells (plasma cells) or memory B cells (Fazilleau et al.  2009 ). 
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Treg cells expressing CD4 + CD25 +  are important for the maintenance of peripheral 
tolerance and homeostasis (Sakaguchi et al.  2008 ; Shevach et al.  2006 ). T-cell recep-
tors (TCR) on naïve CD8 +  T cells recognize peptides in complex with MHC class I 
on antigen-presenting cells (dendritic cells) in the presence of Th cells to form ter-
nary clusters (APC, CD8 + , CD4 + ) and subsequently activate naïve CD8 +  T cells to 
become effector CD8 +  T cells. Effector CD8 +  T cells recognize antigens on target 
cells and act to eliminate infected or damaged cells (Peters et al.  1991 ). In humoral 
immunity, naïve B cells, with help from T FH  cells, recognize antigens through B-cell 
receptors (BCR), are activated, and differentiate into memory B cells or plasma cells 
(antibody-secreting cells), which secrete antibodies that neutralize pathogens.  

24.1.2     Innate Immunity 

 The dendritic cells and macrophages, sentinel antigen-presenting cells in the periph-
ery tissues, are responsible for the uptake of foreign antigens, such as pathogens. 
PAMPs present in pathogens are recognized by dendritic cells or macrophages 
through PRRs. The PRRs are thus activated and trigger innate immune responses 
eliciting rapid and potent responses to limit pathogens before adaptive immunity is 
generated and to dictate the direction of the adaptive immune response. These PRRs 
include Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like 
receptors (RLRs), nucleotide oligomerization domain (NOD)-like receptors 
(NLRs), and C-type lectin receptors (CLRs) (Beutler et al.  2007 ; Sancho and Reis e 
Sousa  2012 ; Takeuchi and Akira  2009 ; Ye and Ting  2008 ). PRRs can be expressed 
on the cell surface (e.g., most of TLRs, CLRs), in the endosomes (e.g., TLR3, 
TLR7-9), or in the cytoplasm (e.g., RLRs, NLRs). Different types of PRRs recog-
nize different types of PAMPs. For example, bacterial pathogens are primarily rec-
ognized by cell surface membrane TLRs or NLRs (Beutler et al.  2007 ; Ye and Ting 
 2008 ); viral pathogens are commonly recognized by RLR and endosomal TLRs 
(Beutler et al.  2007 ; Takeuchi and Akira  2009 ). Activation of TLRs and RLRs usu-
ally leads to the activation of interferon response factors (IRFs) and NF-κB; IRFs 
induce transcription of type I interferons (type I IFNs), and NF-κB is a critical tran-
scription factor for the induction of cytokines and chemokines (Beutler et al.  2007 ). 
Type I IFNs are the cardinal molecules that control viral spreading within the CNS 
during the innate immune response to viral infection. Some PRRs also sense endog-
enous damage-associated molecular patterns (DAMPs) generated by tissue injury or 
cell distress (Bianchi  2007 ). The DAMPs, such as high-mobility group box 1 
(HMGB1), alert the immune system to sense cell damage, which is independent of 
controlling infection (Bianchi  2007 ). In the CNS, microglia and astrocytes that 
express several types of PRRs are the main resident cells that mediate innate immune 
responses (Lehnardt  2010 ; Olson and Miller  2004 ; Ransohoff and Brown  2012 ). 
Microglia sense the local milieu through PRRs and subsequently activate PRR 
downstream signaling pathways, leading to activation of NF-κB. This induces 
expression of proinfl ammatory cytokines, chemokines, and effector molecules that 
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act to control the infection or injury (Jack et al.  2005 ). Similarly, astrocytes have 
recently been recognized as an important cell type in the CNS also participating in 
the innate immune response (Farina et al.  2007 ; Jack et al.  2005 ). Upon sensing 
PAMPs, astrocytes activate PRR signaling pathways and secret mediators to regu-
late both innate and adaptive immune responses. It has been reported that astrocytes 
have dual features; on the one hand, they promote infl ammation through NF-κB- 
dependent pathways; on the other, proliferating reactive astrocytes confi ne lesions 
and restore brain homeostasis (Seil  2001 ; Seo et al.  2013 ).  

24.1.3     Adaptive Immunity 

 Adaptive immunity is important for the clearance of pathogens at later stages of 
infection and generates memory lymphocytes that are rapidly activated and respond 
upon reencountering the same antigens. Adaptive immunity is mediated by T and B 
lymphocytes, which are developed in the thymus and bone marrow, respectively. T 
and B lymphocytes recognize antigens via the T-cell receptor (TCR) and B-cell 
receptor (BCR), respectively. TCRs and BCRs undergo gene rearrangement during 
T- and B-cell development, generating the great diversity in specifi city of the TCRs 
and BCRs for recognition of a great number of antigens. Antigen-presenting cells 
(APC) in peripheral tissues take up antigens and migrate into peripheral lymphoid 
tissues where they encounter naïve CD4 +  T cells and activate naïve CD4 +  T cells, 
which undergo clonal expansion and become effector CD4 +  T cells. The effector 
CD4 +  T cells help the activation of B cells and CD8 +  T cells to become plasma cells 
and effector CD8 +  T cells, respectively. These effector lymphocytes then egress 
from the lymphoid tissues, enter the circulation, and are recruited into the infl amed 
or infected tissues to clear pathogens. The recruitment of effector lymphocytes 
expressing chemokine receptors into infl amed or infected tissues is orchestrated by 
chemokines that are secreted by those tissues. Because the CNS lacks lymphoid 
tissue, natural CNS infections are initiated at extra-neural sites. Upon neurotropic 
virus infection, virus-specifi c immune cells are activated in peripheral lymph nodes. 
The effector lymphocytes upregulate adhesion molecules and chemokine receptors 
on cell surfaces, which facilitates the ability of circulating effector lymphocytes to 
cross the BBB and enter into the CNS. These activated lymphocytes then mediate 
the elimination of viruses in the CNS. In general, CD8 +  T cells are believed to be the 
primary lymphocytes directly responsible for suppressing viral replication and viral 
clearance. Effector CD8 +  T cells mediate virus killing predominately by cytotoxic 
effects induced by secretion of perforin and granzymes (Peters et al.  1991 ). Perforin 
is a pore-forming protein required for delivery of granzymes into virus-infected 
cells (Bolitho et al.  2007 ), and granzymes are serine proteases that cleave caspases 
to induce apoptosis of virus-infected cells (Heusel et al.  1994 ). Although CD8 +  T cells 
have a protective effect during viral infection of the CNS, CD8 +  T cells may also 
cause pathological effects within the CNS during viral infection (Willing and Friese 
 2012 ). It is important to delicately control effector CD8 +  T cells in order to avoid 
their pathological effects during viral clearance. 
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 Adaptive immunity is required for the destruction of pathogens by effector 
 lymphocytes recognizing foreign antigens. However, recognition of self-antigens 
by lymphocytes can initiate autoimmunity and lead to tissue destruction. Normally, 
autoreactive lymphocytes are deleted during lymphocyte development, a process 
called central tolerance. If autoreactive lymphocytes escape clonal deletion, they 
may become anergic (tolerant) and fail to be activated, leading to peripheral toler-
ance. Patients with autoimmune diseases fail to develop immune tolerance and have 
autoreactive T cells able to specifi cally recognize self-peptides in the context of 
MHC, resulting in destruction of the tissue. For example, MS is a CNS autoimmune 
disease, in which patients have autoreactive CD4 +  T cells that specifi cally recognize 
myelin basic protein, which leads to destruction of the axon.  

24.1.4     Neural Refl exes in Immunity 

 The immune system is known to functionally and anatomically connect to the ner-
vous system, and recent studies have shown that the refl ex neural circuits are impor-
tant for maintaining immunological homeostasis and host health (Andersson and 
Tracey  2012a ,  b ). Lymphocytes express various neurotransmitter receptors, and the 
receptor expression differs as a function of cell type and cell activation. In response 
to infectious agents, the efferent vagus nerve secretes norepinephrine, which culmi-
nates in the spleen in the vicinity of T cells that are capable of secreting acetylcho-
line. Acetylcholine interacts with the alpha 7 subunit of the nicotinic acetylcholine 
receptors (nAChR) expressed on cytokine-producing macrophages. Activation of 
the nAChR in macrophages leads to suppression of the synthesis and release of 
proinfl ammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) (Rosas- 
Ballina et al.  2011 ). These observations support the conclusion that neurotransmit-
ters stimulate immune cells that then transmit neural signals, generating a 
neuro-immune circuitry that controls the consequence of immune responses. Neural 
circuits have also been shown to regulate antibody production following B-cell 
exposure to blood-borne antigens (Mina-Osorio et al.  2012 ). Electrical stimulation 
of the vagus nerve or administration of nicotine signifi cantly impairs the migration 
of B cells to the red pulp venous sinuses to generate plasma cells, resulting in a 
reduction of splenic antibody titers to blood-borne antigens (Mina-Osorio et al. 
 2012 ). The resultant efferent refl ex signals regulate B-cell traffi cking and infl uence 
the nature of the adaptive immune response. 

 Interestingly, a recent study using EAE, a mouse model for MS, demonstrated 
the existence of refl ex neural circuits between immune cells and the CNS (Arima 
et al.  2012 ). During the earliest stages of EAE, autoreactive CD4 +  T cells, primed to 
attack myelinated neurons, access the CNS through a highly specifi c anatomical 
location – the fi fth lumbar spinal cord (Arima et al.  2012 ). The fi fth lumbar vertebra 
is near the dorsal root ganglia of sensory neurons that innervate the soleus muscles. 
The sensory nerve activation induces the expression of CCL20 in the dorsal blood 
vessels via activation of sympathetic neurons. CCL20 is a critical chemokine that 
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attracts autoreactive CD4 +  T cells to the CNS. Decreasing the sensor input from the 
muscles by limiting their contraction reduces activity of sympathetic neurons, 
resulting in reduced CCL20 expression in endothelial cells and thus decreased 
recruitment of autoreactive T-cell entry to the CNS (Andersson and Tracey  2012a ; 
Arima et al.  2012 ). This study demonstrates that neuro-immune interaction contrib-
utes to neuronal autoimmune disease. It is believed that the neuro-immune interac-
tions contribute to not only the onset and progress of autoimmune diseases, 
neurodegenerative diseases, and traumatic brain injuries but also to the maintenance 
of neurogenesis, spatial learning memory, and mental/psychiatric disorders.  

24.1.5     Neuroinfl ammation 

 CNS infl ammation can be acute or chronic. Acute infl ammation is defi ned as the 
immediate response to the initiation of injury, characterized by a short and effective 
process in the elimination of agents potentially harmful to the CNS and in the rapid 
resolution of infl ammation and recurrence of homeostasis. If the host fails to recover 
from the acute infl ammation, chronic infl ammation then ensues, which is character-
ized by the dysregulation or overreaction of microglia and the decomposition or 
death of neurons and glia. Trauma and ischemic injury to CNS tissues usually exac-
erbate the initial damage and lead to development of chronic infl ammation. 
Activated microglia play a critical role in CNS infl ammation. They produce proin-
fl ammatory cytokines, TNF-α, IL-6, and IL-1β, which bind to their receptors on 
cells in the CNS and induce gene expression of a variety of cytokines and chemo-
kines, subsequently recruiting leukocytes into the CNS and leading to infl amma-
tion. Activated microglia are also the source of reactive oxygen species (ROS) that 
induce infl ammation and drive neurodegenerative diseases. The oxygenation path-
way of arachidonic acid (AA) plays a critical role in CNS infl ammation and resolu-
tion. The earlier infl ammatory responses are associated with the phospholipase A2 
(PLA 2 ) catalyzed release of AA from activated microglia and infi ltrating leukocytes 
as well as activation of oxygenating enzymes, such as cyclooxygenase (COX-1/
COX-2) and 5-lipoxygenase (5-LO). COX-1/COX-2 and 5-LO catalyze conversion 
of AA into prostaglandins (PGD 2 , PGE 2 ) and leukotriene (LTB 4 ), respectively. 
Upon binding to their receptors, they initiate acute infl ammation, which, as long as 
it is short lived, may be benefi cial to the CNS. The progression of acute infl amma-
tion may lead to resolution of infl ammation including tissue repair, clearance of 
pathogens, and resumption of homeostasis. The resolution of infl ammation is medi-
ated by anti-infl ammatory cytokines (e.g., IL-10) and by pro-resolving lipid media-
tors (e.g., lipoxins, resolvins, and neuroprotectins). IL-10 is the most well-known 
anti-infl ammatory cytokine, inhibiting both infl ammatory and immune responses. 
IL-10 is reported to increase both cell survival and axonal regeneration after PNS 
injury, to reduce vulnerability of neurons to CNS ischemia and trauma, and to pro-
mote recovery after spinal cord injury (Vidal et al.  2013 ). The lipid mediators 
involved in infl ammatory resolution include (1) cyclopentenones (15d-PGJ 2 , PGA 2 ), 
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produced by the nonenzymatic conversion of PGD 2  and PGE 2 , which activate 
PPARγ and then attenuate cytokine production; (2) lipoxins (LXA 4 ), produced by 
enzymatic conversion of 12/15-LO that binds FPR2/ALX to stop cytokine produc-
tion; (3) resolvins (RvD1), produced by the action of lipoxygenases on docosa-
hexaenoic acid (DHA) that have potent pro-resolving properties and bind FPR2/
ALX to terminate cytokine production; and (4) protectins (NPD1), also produced by 
enzymatic oxygenation of DHA that bind to a yet unknown receptor or PPARγ to 
attenuate cytokine production (Bazan et al.  2012 ; Carson  2012 ; Iadecola and 
Anrather  2011 ; Owens et al.  2001 ). 

 Infl ammasomes are cytosolic multiprotein complexes that assemble in response 
to various insults (Martinon et al.  2002 ). Activation of infl ammasomes leads to pro-
duction of precursors of proinfl ammatory caspases, which subsequently cleave the 
precursor forms of IL-1β and IL-18. Recent studies have shown that IL-1β and 
IL-18 are implicated in the pathophysiology of numerous neurodegenerative dis-
eases (Alzheimer’s disease), autoimmune disease (MS), and CNS infection by 
pathogens (Heneka et al.  2013 ; Jha et al.  2010 ; Lippai et al.  2013 ; Ramos et al. 
 2012 ). The precise role of infl ammasome signaling in CNS pathology warrants fur-
ther investigation. 

 Galectins, β-galactoside-binding lectins, play important roles in the regulation of 
immune and infl ammatory responses (Liu  2005 ; Liu and Rabinovich  2010 ; 
Rabinovich et al.  2002 ; Rabinovich and Toscano  2009 ; Thiemann and Baum  2011 ; 
Yang et al.  2008 ). Different members of the galectin family have been shown to play 
diverse roles in mediating pathological processes in various infl ammatory diseases 
(Demetter et al.  2008 ; Dhirapong et al.  2009 ; Hokama et al.  2008 ; Liu and 
Rabinovich  2010 ). In neuronal diseases, galectins may serve as regulators of the 
infl ammatory response and also confer remodeling capacity in damaged CNS tis-
sues (Shin  2013 ). Here we review the roles of galectins in CNS pathology.   

24.2     Expression and Functions (Nonimmune and Immune) 
of Galectins in the Nervous System 

24.2.1     Introduction 

 The family of the β-galactoside-binding proteins galectins contains over 15 mem-
bers across diverse species; they share homologous carbohydrate-recognition 
domains (CRDs) each with around 130 amino acids. Not all of the galectin members 
are expressed in humans. The variable expression of galectins in different species 
was reviewed in more detail by Cooper ( 2002 ) and Cummings and Liu ( 2009 ). 
Galectins are categorized into three types based on their protein structure. The pro-
totype of galectins includes galectin-1, galectin-2, galectin-5, galectin-7, galectin-11, 
galectin-13, galectin-14, and galectin-15. They have only one CRD domain and can 
form homodimers or exist as monomers. The dimerization of prototype galectins 
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was reported to facilitate binding to multivalent carbohydrates, which is critical for 
lectin function in cross-linking glycoconjugates. The tandem- repeat type of galec-
tins (galectin-4, galectin-6, galectin-8, galectin-9, and galectin- 12) have two non-
identical but homologous CRDs connected by a variable intervening linker region. 
The variability of the CRDs confers different carbohydrate specifi cities, thus con-
tributing to their ability to bind to different glycoconjugates. The chimeric type only 
consists of galectin-3. It has N-terminal repeats rich in proline, glycine, and tyrosine 
followed by a C-terminal CRD and has many unique properties compared to the 
other types. 

 Galectins have both extracellular and intracellular functions. Galectins do not 
have a classical signal sequence but may be secreted by a nonclassical secretory 
pathway. While a large variety of extracellular functions have been demonstrated 
in vitro, it is uncertain whether the effective extracellular concentrations of galectins 
required for these functions can be achieved physiologically or pathologically. 
Moreover, galectins reside predominantly in the cytoplasm of cells and have been 
shown to exert carbohydrate-independent functions by interacting with subcellular 
components. For example, galectin-3 was reported to interact with a number of dif-
ferent proteins, including β-catenin, nuclear thyroid-specifi c transcription factor 
(TTF-1), general transcription factor TFII-I, Gemin4, Bcl-2, and Alix. All of these 
appear to be independent of the protein’s carbohydrate-binding function (Dagher 
et al.  1995 ; Liu et al.  2004 ,  2012 ; Park et al.  2001 ; Paron et al.  2003 ; Yu et al.  2002 ). 
In addition, the subcellular localization of galectin-3 was reported to be regulated by 
casein kinase, which can catalyze phosphorylation of the serine on the sixth amino 
acid position from the N-terminus, which facilitates nuclear export of the protein. 

 In this regard, it is important to clarify the roles of endogenous galectins in rela-
tion to their subcellular localization and distinguish them from those activities dem-
onstrated by recombinant proteins.  

24.2.2     Expression of Galectins in the CNS 

 The functions of galectins correlate with their expression pattern. Some galectins 
(galectin-1 and galectin-3) have wide tissue distribution, while others (galectin-4, 
galectin-7, galectin-8, galectin-9, and galectin-12) are distributed more specifi cally. 
The expression of galectins is also developmentally regulated and can be induced by 
physiological stimulation (Colnot et al.  1996 ). For example, expression of galectin-
 1 and galectin-3 can be induced in T lymphocytes, monocytes, macrophages, and 
Schwann cells. Expression correlates with the activation status of the cells (Blaser 
et al.  1998 ; Liu et al.  1995 ; Novak et al.  2012 ) and is governed by transcription fac-
tors (SP1, AP-1, and/or AP-2). Their expression is also affected by neoplastic trans-
formation and infection by pathogens. P53 was reported to suppress expression of 
galectin-3 and to induce that of galectin-7 (Gaudin et al.  1997 ; Kopitz et al.  2003 ; 
Polyak et al.  1997 ). Some tissue-specifi c galectins often participate in the mainte-
nance of homeostasis in different tissues, for example, galectin-7 in the epidermis, 
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galectin-2 in the gastrointestinal tract, and galectin-12 in adipose tissue (Gendronneau 
et al.  2008 ; Thomsen et al.  2009 ; Yang et al.  2004 ). 

 The major galectins expressed in the CNS are galectin-1, galectin-3, galectin-4, 
galectin-8, and galectin-9, which were detected by immunohistochemical staining 
and real-time PCR analyses (Stancic et al.  2011 ). Galectin-1 was found to be 
expressed in olfactory receptor neurons (ORNs) at the basal layer of the olfactory 
epithelium and the subventricular zone (SVZ) of the lateral ventricle (Heilmann 
et al.  2000 ; Ishibashi et al.  2007 ). Galectin-3 can be found in ORN epithelium as 
well as in striatum, and its expression is induced in ischemic brain (Yan et al. 
 2009 ). Galectin-4 is expressed in immature neurons and decreased after oligoden-
drocyte (OLG) differentiation in the olfactory system (Stancic et al.  2012 ). The 
expression of galectin-8 and galectin-9 can be detected in astrocytes and astrocytic 
tumor cell lines by real-time PCR; however, their tissue distribution in the brain has 
not yet been characterized (Hadari et al.  1995 ; Yoshida et al.  2001 ). At the cellular 
level, galectin-1 is highly expressed in neuronal cells and neural stem cells (NSCs), 
while galectin-3 is primarily expressed by microglia (Lerman et al.  2012 ; Pasquini 
et al.  2011 ).   

24.3     The Functions of Galectins in the CNS and PNS 

 Under normal physiological conditions, galectins have diverse functions in main-
taining CNS homeostasis by participating in neuronal myelination, neuronal stem 
cell proliferation, and apical vesicle transportation. The physiological functions of 
galectins are summarized in this section. On the other hand, in CNS injury caused 
by autoinfl ammatory diseases or trauma, some galectins are induced in microglia 
cells and neurons and may contribute to either neuron regeneration or Wallerian 
degeneration. 

24.3.1     Regulation of the CNS Functions by Galectins 

    The Roles of Galectin-1, Galectin-3, and Galectin-4 in Regulation of Axon 
Myelination by OLG 

 Axon myelination carried out by oligodendrocytes (OLGs) is important for proper 
saltatory nerve conduction. Galectin-1 and galectin-3 are both expressed in OLGs. 
However, only the expression of galectin-3 is correlated with OLG differentiation. 
In addition, galectin-3 knockout mice display loosely wrapped axons and a decrease 
in the frequency of myelinated axons (Pasquini et al.  2011 ). Sulfatides, sulfated 
galactosylceramides, are a major component of myelin and a ligand for galectin-4 
(Stancic et al.  2012 ). Galectin-4 is therefore hypothesized to have an important role 
in regulating axon myelination by OLGs. Two different mechanisms have been pro-
posed. First, immature neurons secrete galectin-4 that binds to oligodendrocytes 
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suppressing differentiation and subsequently promoting their proliferation. Second, 
intracellular galectin-4 interacts with the cyclin-dependent kinase inhibitor p27 to 
enhance transcription of the myelin basic protein (MBP) gene in the OLGs (Wei 
et al.  2007 ).  

    The Role of Galectin-1 in Neural Stem Cell Development 

 Neural stem cells (NSCs) reside primarily in two areas of the brain: the dentate 
gyrus (DG) of the hippocampus and the SVZ near the olfactory bulb (OB). 
Galectin-1 can be detected in both areas. In vitro, galectin-1 was identifi ed in con-
ditioned medium of mouse bone marrow-derived stromal OP9 cells, which can pro-
mote neurosphere formation (Sakaguchi et al.  2006 ). Further, galectin-1 was shown 
to be expressed in a subset of NSCs that were positive for glial fi brillary acidic 
protein (GFAP). During adult neurogenesis in the DG of mice, deletion of galectin-
 1 resulted in an opposite effect on proliferation of progenitor cells in different 
strains, indicating that other genetic factors might contribute to its effect (Imaizumi 
et al.  2011 ; Kajitani et al.  2009 ). Although the function of endogenous galectin-1 
remains to be investigated, studies using recombinant galectin-1, anti-galectin-1 
antibody, and galectin-1 overexpression in NSCs demonstrated the therapeutic 
potential of galectin-1 in neuronal diseases, including brain ischemia and spinal 
cord injury (Ishibashi et al.  2007 ; Yamane et al.  2010 ). 

 Like other galectins, galectin-1 has both intracellular and extracellular functions; 
however, it is unique in that it can exist in both reduced and oxidized forms. The 
reduced form of galectin-1 promotes adult endogenous neural stem/progenitor cells 
(NSPCs) and neurosphere formation in vitro. The oxidized form of galectin-1 has 
no carbohydrate-binding activity, but can also promote regeneration of both CNS 
and PNS neurons and has a neural protective effect in a mouse model of neural 
disease (Chang-Hong et al.  2005 ). Although the mechanism of how galectin-1 regu-
lates intracellular and extracellular pathways remains to be elucidated, the existing 
information suggests that galectin-1 may be employed as a therapeutic agent. The 
possible mechanism of how galectin-1 works in ischemia and spinal cord injury 
models is discussed in the following section.  

    The Role of Galectin-3, Galectin-4, and Galectin-9 in Regulation 
of Polarized Transport 

 Polarized transport is critical in the functions of neurons. Galectin-3, galectin-4, and 
galectin-9 were reported to regulate epithelial polarity by escorting surface  receptors 
and sorting membrane constituents, which is important for maintaining epithelium 
morphogenesis (Koch et al.  2010 ; Mishra et al.  2010 ; Velasco et al.  2013 ). A poten-
tial mechanism controlling the apical sorting of neurotrophin is based on the 
assumption that secreted galectin-3 is internalized with the apical membrane 
through non-clathrin-mediated endocytosis, and it then escorts newly synthesized 
receptors (i.e., neurotrophin/p75NTR) to the apical surface (Straube et al.  2013 ). 
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Galectin-4, which is expressed by hippocampal and cortical neurons, controls sort-
ing of neural cell adhesion molecules (NCAMs) also known as L1CAM, CD171, 
and L1, which are transmembrane proteins. The L1 clustering and polarization was 
reported to be mediated by extracellular galectin-4 via carbohydrate binding. In 
addition, traffi cking of L1 by galectin-4 to the axon membrane is mediated through 
its binding to sulfatide-containing microtubule-associated carriers. Knockdown of 
galectin-4 attenuated axon growth by perturbing L1 clustering and the effect res-
cued by addition of recombinant galectin-4. Immunostaining indicated that in con-
trast to its restricted localization on the membrane when associated with L1, 
intracellular galectin-4 is homogeneously distributed in the cytoplasm. Therefore, it 
is suggested that the partition of L1 is mediated by secreted galectin-4 that can 
interact with L1 extracellularly. The mechanism of how galectin-4 is secreted 
remains unknown. However, its interaction with L1 has been hypothesized to medi-
ate its partition in the extracellular membrane through a recycling process in which 
receptor (L1) proteins interact with extracellular galectin-4 prior to being endocy-
tosed to perinuclear endosomes (Rab11-positive). They are then traffi cked back to 
restricted regions of the membrane in a step that precedes axon growth (Velasco 
et al.  2013 ).   

24.3.2     The Functions of Individual Galectins in CNS 

 Galectin-1 is the most studied of the galectins in the nervous system. The expression 
pattern of galectin-1 in the CNS was reviewed by Sakaguchi et al. ( 2007 ). In adult 
tissue, galectin-1 can be detected in the spinal cord, cerebellum, forebrain, and 
olfactory bulb. In addition, it is present in sensory neurons, motor neurons, Schwann 
cells, glial cells, and astrocytes. Galectin-1 was reported to be able to regulate NSC 
and astrocyte differentiation (Uehara et al. 2001; Akazawa et al. 2004; Endo 2005), 
and glial cell line-derived neurotrophic factor (GDNF)-induced neurite outgrowth 
from cultured adult rat DRG neurons (Takaku et al.  2013 ). It can also participate in 
sensory axon pathfi nding and axonal regeneration through both carbohydrate- 
dependent and carbohydrate-independent mechanisms. As mentioned above, galec-
tin- 1 can exist in both oxidized and reduced forms and utilize different mechanisms 
to regulate cell functions. The oxidized form of galectin-1 does not have 
carbohydrate- binding activity but can function at a substantially lower concentra-
tion than the reduced form. Table  24.1  summarizes the functions of galectin-1 in 
relation to its subcellular localization and whether the function was demonstrated in 
response— to administration of recombinant galectin-1.

   Galectin-3 interacts with several intracellular molecules and participates in regu-
lating macrophage activation and cell apoptosis. In the nervous system, galectin-3 
is expressed in microglia, astrocytes, oligodendrocytes, and Schwann cells and 
regulates their function during nerve injury. In addition, the expression of galectin-3 
is upregulated during oligodendrocyte differentiation (Pasquini et al.  2011 ) and 
induced in many injury and disease models disease models, such as ALS, ischemia, 
EAE, and axotomy (Jiang et al.  2009 ; Lalancette-Hébert et al.  2012 ; Lerman et al.  2012 ). 

H.-L. Chen et al.



529

Galectin-3 expressed in different cells has distinct functions in the regulation of 
neural infl ammation, neuron repair, and myelination. The endogenous functions of 
galectin-3 are best revealed by the aberrant phenotypes displayed by knockout 
mice, which are summarized in Table  24.2 .

   Table 24.1    The function of galectin-1 in neuron   

 Expression 
 Intra/extra 
function 

 CRD 
dependent  Function  References 

 Peripheral 
neurons; 
sensory and 
motor neurons 

 Extra  No  rhGal-1 promotes 
axonal growth by 
stimulating 
neurofi laments and 
L1 expression. In 
addition, rhGal-1 
helps to recruit 
Schwann cells 

       Horie et al. (1999), 
Horie and 
Kadoya ( 2000 ) 

 Dorsal root 
ganglia 
(DRG) 

 Extra  No  rhGAL-1/Ox may be a 
factor for functional 
restoration of injured 
peripheral nerves 

    Kadoya et al. ( 2005 ) 

 Primary afferent 
neurons 

 Intra  N/A  Galectin-1 is 
transported centrally 
by dorsal root axons. 
The neuronal and 
glial expression of 
galectin-1 is tightly 
correlated with 
regenerative success 

    McGraw et al. 
( 2005 ) 

 Nonneuronal 
cells in the rat 
olfactory 
nerve 

 Extra  Yes (to 
glycolipid 
and 
laminin) 

 In vitro, recombinant 
galectin-1 promotes 
primary olfactory 
neuron adhesion to 
laminin (in both a 
cell-to-cell and 
cell-to- ECM 
manner) 

    Mahanthappa et al. 
( 1994 ) 

 GDNF family 
dependent 
subgroup 

 Extra  N/A  Galectin-1 can 
contribute to the 
establishment of 
neuropathic pain 
after peripheral 
nerve injury 

    Imbe et al. ( 2003 ) 

 Rat embryonic 
cortical cells 

 Intra  N/A  ∆FoxB transactivates 
galectin-1 
expression after 
ischemia 

    Kurushima et al. 
( 2005 ) 

 Adult neural stem 
cells 

 Extra  Yes  Infusion of rGalectin-1 
into lateral ventricle 
increases the 
neurosphere 
formation from SVZ 

 Ishibashi et al. 
( 2007 ) 

  N/A: no answer  
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   Recently, galectin-4 was shown to regulate axon growth and apical protein sort-
ing in the nervous system (Velasco et al.  2013 ). The expression of galectin-4 is 
downregulated just before the onset of myelination. When immature OLGs were 
treated with galectin-4, OLG maturation was retarded, while a subset of the imma-
ture OLGs reverted to a morphologically less complex progenitor stage, while dis-
playing a concomitant increase in proliferation (Stancic et al.  2012 ). Therefore, 
galectin-4 is also hypothesized to regulate the differentiation of OLGs. 

 Only a few studies deal with the functions of galectin-9 in the nervous system. It 
was found to be aberrantly expressed in biopsy samples from patients with multiple 
sclerosis (MS). Its subcellular localization was changed from the cytoplasm where 
it was found in inactive MS lesions to the nucleus in active ones (Stancic et al. 
 2011 ). The expression of galectin-9 is induced by IL-1β in human primary astro-
cytes, and the induced protein is located in the perinuclear region and membrane 
fraction (Yoshida et al.  2001 ). This indicates that galectin-9 has important intracel-
lular functions in addition to extracellular ones.  

24.3.3     Endogenous Functions of Galectins Revealed 
by Studies of Knockout Mice 

 Endogenous functions of galectins have been investigated by using genetic knock-
out mice. In general, mice defi cient in galectins are viable, fertile, and without 
major overt phenotypes (Poirier and Robertson  1993 ). Earlier studies therefore pos-
tulated that the expression of complementary galectins may be altered in knockout 
mice. However, only a few studies support this possibility. Further investigations 
revealed their functions in different disease models and in mice with different 
genetic backgrounds. Results of studies done using knockout mice are summarized 
in Table  24.2 .   

24.4     Galectins and Neuronal Infl ammation 

24.4.1     Multiple Sclerosis (EAE Model) 

 Galectins have been implicated in the regulation of several chronic infl ammatory 
diseases, including rheumatoid arthritis and diabetes (Mensah-Brown et al.  2009 ; 
Ohshima et al.  2003 ; Radosavljevic et al.  2012 ). In the chronic progressive infl am-
matory demyelination disease, MS, expression of galectin-1, galectin-3, galectin-8, 
and galectin-9 are elevated (Stancic et al.  2011 ). In general, endogenous galectin-1 
and galectin-9 prevent auto-infl ammation, while galectin-3 is proinfl ammatory 
(Jiang et al.  2009 ; Toscano et al.  2007 ; Zhu et al.  2005 ). 

 Application of recombinant galectin-1 prevented induction of EAE by injection 
of guinea pig myelin basic protein (GP-BP) in complete Freud adjuvant (CFA) and 
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also inhibited delayed-type hypersensitivity. It was proposed that administration of 
recombinant galectin-1 prevents sensitization of encephalitogenic GP-BP-specifi c T 
cells, possibly as the result of an increase in suppressor T cells (Offner et al.  1990 ). 

 Galectin-1 knockout mice develop more severe EAE than WT mice (Toscano 
et al.  2007 ). The former also develop higher amounts of autoreactive Th1 and Th17 
cells, which may be due to reduced apoptosis of Th1 and Th17 cells (Toscano et al. 
 2007 ). The increase in autoreactive Th1 and Th17 cells in galectin-1 knockout mice 
correlates with the severity of EAE. The molecular mechanism proposed for the 
effect of galectin-1 on apoptosis is that extracellular galectin-1 interacts with Th1 
and Th17 cell surface glycans to induce apoptosis (Toscano et al.  2007 ). 

 Similarly, galectin-9 was reported to interact with Tim-3 (a cell surface marker 
of Th1 cells), to promote Th1 cell apoptosis (Zhu et al.  2005 ). However, how galec-
tins are secreted in vivo is not clear, and whether they can be present at levels match-
ing the effective concentrations achieved by using recombinant galectins in vitro 
remains unclear. The cells targeted by recombinant galectins in vivo also remain to 
be investigated. Regardless of these issues, administration of recombinant proteins 
in EAE may be of therapeutic value, as might silencing of endogenous galectins, 
even though they act through different mechanisms. Administration of recombinant 
galectin-9 in mice was shown to selectively reduce IFN-secreting Th1 cells and to 
ameliorate EAE (Zhu et al.  2005 ). 

 In addition to CNS injury, the phagocytosis of myelin by microglia and macro-
phages in the EAE model is important for neuron degeneration and regeneration. In 
CNS injury in vivo, most microglia and macrophages do not phagocytose myelin. 
However, galectin-3 is upregulated along with MAC-1 and F4/80 in microglia and 
macrophages, and it actively participates in myelin degeneration in the spinal cord 
and optic nerve areas in EAE mice (Reichert and Rotshenker  1999 ). 

 Galectin-3 knockout mice develop milder EAE than WT mice when it is induced 
by myelin oligodendrocyte glycoprotein (MOG) (Jiang et al.  2009 ). This phenotype 
is accompanied by lower levels of lymphocyte infi ltration, a decrease in Th-17 and 
IFN-γ-producing cells, and an elevation in the number of Treg cells. Moreover, 
dendritic cells isolated from galectin-3 knockout mice produce more IL-10 and are 
prone to drive Th2 differentiation and produce less IL-17 and IFN-r(Jiang et al. 
 2009 ). In summary, the endogenous functions of galectins in different cell types 
may be carried out via diverse mechanisms that together contribute to regulation of 
neural infl ammatory diseases.  

24.4.2     Ischemic Lesion Model 

 Brain ischemia is followed by synchronized infl ammatory processes. 
Proinfl ammatory cytokines, including tumor necrosis factor-α (TNF-α) and IL-1β, 
are elevated 24 h after ischemic injury. Subsequent activation of resident rather than 
infi ltrating microglia and astrocytes is responsible for the clearance of damaged 
myelin and cell debris. The activated microglia also participates in production of 
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proinfl ammatory cytokines. In addition to  infl ammatory cytokines, activated innate 
immune cells also serve to generate neurotropic and neuroprotective substances that 
facilitate neuron regeneration after ischemia. Both galectin-1 and galectin-3 are 
induced and were reported to help neuron regeneration after ischemic injury. 
However, their modes of action are different. 

 Galectin-1 is primarily expressed in astrocytes and neurons, while galectin-3 
which is very low in resting cells is overexpressed in activated microglia and mac-
rophages. The expression of galectin-1 is required for astrocyte-derived neuro-
trophic factor (BDNF) secretion, and recombinant galectin-1 promotes neuron 
regeneration (Ishibashi et al.  2007 ; Qu et al.  2011 ). Although recombinant galectin-
 1 works differently from the endogenous protein, systemic administration of galec-
tin- 1 was reported to regulate infl ammation and stimulate neuronal regeneration. 

 Galectin-3 is required for microglia activation after ischemic injury and therefore 
is responsible for several of their immune functions, including expression of neuro-
protective IGF-1, TLR2, and CD68. Galectin-3 KO mice have defective microglial 
cell proliferation and exhibit exacerbating ischemic damage and neuronal apoptosis 
after cerebral ischemia. A defi ciency in galectin-3 is also responsible for aberrant 
responses to IGF-1-induced mitogenic signaling and the overexpression of IL-6 and 
suppressor of cytokine signaling 3 (SOCS3). Selective ablation of  galectin-3- positive 
cells resulted in increased neuronal apoptosis, which is associated with increased 
expression of proinfl ammatory cytokines after transient middle cerebral artery 
occlusion (Lalancette-Hébert et al.  2012 ).  

24.4.3     Amyotrophic Lateral Sclerosis (ALS) 
and the Mouse Model SOD1 G93A  

 ALS displays an overt neuroinfl ammatory response, with motor neuron degenera-
tion. Increased mRNA and protein expression of galectin-1, galectin-3, and galec-
tin- 9 were observed in the ALS mouse model SOD1 G93A . Sporadic ALS patients 
also have increased expression of galectin-3 and galectin-9. This indicates that 
galectins may have a protective role in ALS pathogenesis. In hSOD1G93A trans-
genic mice, astrocyte and microglia produce an excess of reactive oxygen species 
and proinfl ammatory cytokines. This creates a neurotoxic environment for disease 
development. Because galectin-3 can be detected in the presymptomatic stage and 
increases to the end stage of ALS, it is thought to participate in the pathogenesis of 
ALS. In contrast, expression of galectin-1 only increases at the end stage of the 
disease while that of galectin-9 increases after symptoms appear. Galectin-9 is 
expressed by cultured astrocytes upon stimulation by IL-1β, and it can be inhibited 
by dexamethasone. Although this suggests galectin-9 may participate in neuroin-
fl ammation, its function in ALS has not yet been investigated. 

 In B6SJL SOD1 G93A  mice, immunofl uorescence staining of the lumbar spinal 
cord indicated that galectin-3 is expressed in microglia cells and a small percentage 
of astrocytes. C57BL6 SOD1 G93A /Gal- 3−/−  mice underwent a rapid disease 
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 progression and severity as evaluated by functionally defi ned disease stages and the 
neurological symptoms correlated with microglia function. Deletion of galectin-3 
resulted in increased neurodegeneration that was associated with elevated TNF-α 
and protein carbonyls, representative of oxidative injury (Lerman et al.  2012 ). 
Although increased microglia infi ltration is associated with neuroprotection in the 
pathogenesis of ALS, SOD1 G93A /Gal-3 −/−  mice have both increased microglia infi ltra-
tion and neurodegeneration. This phenotype is also inconsistent with the neuropro-
tective function of microglial galectin-3 found in ischemia and EAE studies. These 
fi ndings support the as yet untested hypothesis that in the ALS mouse model 
SOD1 G93A , galectin-3 in microglia may be instrumental to the alternative M2 pheno-
type with anti-infl ammatory functions. Exogenous galectins may also alter the 
infl ammatory environment to ameliorate disease progression; for example, intramus-
cular administration of oxidized galectin-1 improved SOD1 neurological function, 
although the expression of galectin-1 is not altered in ALS patient samples (Chang-
Hong et al.  2005 ).  

24.4.4     Axotomy and Wallerian Degeneration 

 Upon traumatic injury, neurons go through an ordered process of degeneration and 
regeneration. This process is orchestrated by an interplay of several types of cells 
including neurons, macrophages, microglia, Schwann cells, oligodendrocytes, and 
fi broblasts and is characterized as Wallerian degeneration. The cellular and molecu-
lar events of Wallerian degeneration were reviewed by Rotshenker ( 2011 ). Major 
events in this process include inactivation of innate immunity for effi cient clearance 
of damaged myelin, where galectin-3 plays an important role. Neurotoxic glycopro-
teins of myelin released by damaged axons perturb neuron regeneration, which 
requires active clearance of the toxic debris by macrophages and Schwann cells in 
order for recovery to occur. Galectin-3 has an important function in regulating 
phagocytosis by macrophages. The expression of galectin-3 is elevated during mac-
rophage activation, and this correlates with the ability of the macrophages to phago-
cytose degenerate myelin in the injured PNS or CNS (Reichert et al.  1994 ). The 
proposed mechanism by which galectin-3 activates phagocytosis by macrophages 
and Schwann cells is through its interaction with K-Ras-GTP. The K-Ras-GTP sig-
naling then activates PI3K, PLC, and cPKC to promote phagocytosis. Although 
galectin-3 is required for the phagocytic activity of macrophages, knockout mice 
were reported to display faster regeneration of neurons after surgical compression 
of sciatic nerve fi bers. This was accompanied by increased proliferation of Schwann 
cells and activated macrophages. In summary, galectins are induced during neuron 
damage and participate in the process of neuron regeneration, activation of astro-
cytes, microglia phagocytosis, and Schwann cell proliferation. 

 In conclusion, galectins are of important immune modulatory functions in both 
physiological and pathological conditions. They have pleiotropic functions when 
expressed in different types of cells and subcellular localizations. Their expression 
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is often correlated with physiological functions (galectin-1 in neurogenesis, 
 galectin- 3 in phagocytosis) and pathological conditions (galectin-1 and galectin-3 
with EAE severity). Within the cells, endogenous galectins regulate gene expression 
and signaling pathways to modulate cytokine production. Exogenous galectins can 
induce immune cells apoptosis and activation to modulate the infl ammatory 
response. Exogenous galectins may or may not have the same targets or utilize the 
same mechanisms (CRD dependent or independent) as endogenous ones in modu-
lating the cellular functions; however, they are of great therapeutic potential in 
infl ammatory diseases.      
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    Abstract     A wide range of neuroimmunological diseases affect the central and 
peripheral nervous systems. These disorders are caused by autoimmune attack 
directed against structurally and functionally diverse nervous system antigens. One 
such category comprises peripheral nervous system (PNS) diseases, termed periph-
eral neuropathies, in which the target antigens for autoantibody-directed nerve 
injury are glycan structures borne by glycoproteins and glycolipids, particularly 
gangliosides that are concentrated in peripheral nerve. The archetypal PNS disorder 
is the acute paralytic disease, Guillain–Barré syndrome (GBS) in which autoanti-
bodies against glycolipids arise in the context of acute infections that precede the 
clinical onset, notably  Campylobacter jejuni  enteritis. In addition, several chronic 
autoimmune neuropathies are associated with IgM antibodies directed against nerve 
glycans including sulphated glucuronic acid epitopes present on myelin-associated 
glycoprotein and sulphated glucuronyl paragloboside, a range of disialylated gan-
gliosides including GD1b and GD3, and GM1 ganglioside. This chapter describes 
the immunological, pathological and clinical features of these disorders in the con-
text of our broader knowledge of the glycobiology underpinning this neuroimmuno-
logical fi eld.  
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25.1         Introduction 

 A wide range of neuroimmunological diseases affect the central and peripheral 
 nervous systems. These disorders are caused by autoimmune attack directed against 
structurally and functionally diverse nervous system antigens. One such category 
comprises peripheral nervous system (PNS) diseases, termed peripheral neuropa-
thies, in which the target antigens for autoantibody-directed nerve injury are glycan 
structures borne by glycoproteins and glycolipids, particularly gangliosides that are 
concentrated in peripheral nerve. The archetypal PNS disorder is the acute paralytic 
disease, Guillain–Barré syndrome (GBS) in which autoantibodies against glycolip-
ids arise in the context of acute infections that precede the clinical onset, notably 
 Campylobacter jejuni  ( C. jejuni ) enteritis. In addition, several chronic autoimmune 
neuropathies are associated with IgM antibodies directed against nerve glycans 
including sulphated glucuronic acid epitopes present on myelin-associated glyco-
protein and sulphated glucuronyl paragloboside, a range of disialylated ganglio-
sides including GD1b and GD3, and GM1 ganglioside. This chapter describes the 
immunological, pathological and clinical features of these disorders in the context 
of our broader knowledge of the glycobiology underpinning this neuroimmuno-
logical fi eld.  

25.2     The Structural and Molecular Composition 
of the Peripheral Nervous System in Relation 
to Carbohydrate Autoantigens 

 The peripheral nervous system (PNS) is formed by many different neuronal cell 
types within various specialised regions, supported by myelin-forming and non- 
myelinating Schwann cells, and composed of a very wide range of molecular com-
ponents. In functional terms the PNS comprises motor, sensory and autonomic 
neurons. In the case of motor neurons, cell bodies within the spinal cord extend 
axonal projections via the nerve trunks to form motor nerve terminals at neuromus-
cular synapses in muscles up to one metre away. Electrical impulse propagation 
over these distances is facilitated by myelin, and saltatory conduction. In the sen-
sory arm of the PNS, the diversity of sensory fi bre types and sizes, the different 
types of sensory ending, and the presence of the dorsal root ganglion with periph-
eral axons and central projections into the dorsal horn of the spinal cord contribute 
to an even greater level of complexity. Autonomic nerves are also regarded as PNS 
components. The endoneurial compartment, containing intrafascicular nerve fi bres, 
is comprised of connective tissue rich in collagen and extracellular matrix material, 
and is surrounded by the perineurium. Within the endoneurial compartment lie the 
nerve axons enveloped by Schwann cells and their basal laminae, resident endoneu-
rial macrophages and fi broblasts, and a vascular supply. The molecular diversity of 
the basal lamina includes many glycoyslated and/or glycan-binding molecules such 
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as laminins, dystroglycans, glycosaminoglycans and integrins, some of which are 
autoantigens in neuropathy and other autoimmune diseases. The PNS is an immu-
nologically complex structure with well developed innate and adaptive immune 
function, and many sites within the PNS are subject to a wide range of infl ammatory 
and autoimmune responses (Kieseier et al.  2006 ; Meyer Zu et al.  2008 ). Much of the 
peripheral nervous system resides within an immunologically privileged site within 
the blood–nerve barrier (the PNS equivalent of the blood–brain barrier), with the 
exception of the dorsal and ventral spinal roots and the sensory and motor nerve 
terminals that lie in sites more freely exposed to circulating factors (Kanda  2013 ). 

 The PNS is affected by an extensive range of inherited, metabolic, degenerative 
and autoimmune disorders. In the context of autoimmunity to glycans, the PNS 
contains many glycosylated molecules potentially capable of acting as antigens in 
autoimmune peripheral neuropathies, notably myelin and axonal glycolipids, gan-
gliosides and the myelin glycoproteins. P0, peripheral myelin protein 22 (PMP-22) 
and myelin associated glycoprotein (MAG). The structural complexity of the PNS, 
combined with the limited access that autoantibodies might have to specialised 
compartments such as compacted myelin, makes considerations about the relevance 
of such antigens as autoantibody targets a highly complex one. Schwann cells syn-
thesise and maintain the compacted myelin membranes that enwrap large calibre 
peripheral axons where some neuropathy specifi c glycoprotein antigens such as 
PMP22 and PO are localised (Scherer  1997 ). It is believed that the molecular com-
position of compact myelin is common to all fi bre types although it remains possi-
ble that there could be subtle differences in the content of particular antigens, 
including gangliosides that could affect the clinical manifestations of particular 
autoimmune neuropathies (Ogawa-Goto et al.  1992 ). Other antigens, such as MAG, 
are found in specialised uncompacted Schwann cell membranes including the adax-
onal membrane that is separated from the axonal membrane by the periaxonal space 
(Yinchang et al.  1998 ). Peripheral nerve myelin contains many glycolipids and gan-
gliosides that are important antigens for autoantibody responses. The myelin sheath 
also develops specialisations associated with non-compact myelin at paranodal 
regions where certain glycolipids may be more readily exposed to autoantibodies 
than they are in compact myelin membranes (Salzer et al.  2008 ). Despite much 
research over many decades, the nature and pathological role of immune responses 
to glycolipids in central nervous system disorders such as multiple sclerosis has not 
been clarifi ed, and is not considered further in this chapter.  

25.3     Glycolipid Antigens in Autoimmune Neuropathy 

 Galactocerebroside (GalC) is one of the simplest glycosphingolipids, comprising a 
single galactose residue linked to ceramide (monogalactosylceramide). Historically, 
it was the fi rst glycolipid to be identifi ed as a key antigen in experimental  autoimmune 
neuritis (EAN), a rodent model of autoimmune neuropathy, as well as in its central 
nervous system (CNS) counterpart, experimental autoimmune encephalomyelitis 
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(EAE) (Saida et al.  1979 ). Sulphatide is synthesised from GalC following  sulphation 
of the 3rd carbon of galactose, and is also a prominent lipid antigen in PNS and CNS 
myelin. GalC and sulphatide reside within the exofacial leafl et of the lipid bilayer, 
where the oligosaccharide is exposed to the extracellular environment and thus 
available to autoantibody binding. Functionally GalC and sulphatide play important 
roles in the development and maintenance of myelin, as demonstrated by defi ciency 
states created by targeted disruption of the UDP- galactose ceramide galactosyl-
transferase (CGT), the key enzyme in galactolipid biosynthesis (Popko et al.  1999 ). 
These mice have a phenotype characterised by slow nerve conduction velocity and 
myelin breakdown. Deletion of the galactosyl ceramide sulphotransferase (CST) 
gene that specifi cally inhibits the synthesis of sulphatide, whilst maintaining GalC 
results in a less severe phenotype than CGT defi ciency, principally comprising 
ultrastructural abnormalities in the paranodal regions, indicating a critical role for 
sulphatide in the localization and maintenance of glial–axonal interactions in the 
nodal complex (Honke  2013 ). 

 Peripheral nerve also has an abundance of neolacto-series gangliosides that are 
localised mainly in myelin. LM1 is also termed sialosylneolactotetraosylce-
ramide, or sialosylparagloboside, and its higher homologue sialosyllactosaminyl-
paragloboside is referred to as Hex-LM1 (Svennerholm et al.  1994 ). Although 
their function has not been fully elucidated, both LM1 and Hex-LM1 have been 
identifi ed as autoantigens in both acute and chronic autoimmune neuropathies 
(Gu et al.  2012 ). Substitution of sialic acid on the terminal saccharide chain of 
LM1 and Hex-LM1 for a 3 sulphated glucuronic acid generates sulphated gluc-
uronyl paragloboside (SGPG) and its higher lactosaminyl homolog, sulphated 
glucuronyl lactosaminyl paragloboside (SGLPG). Both were discovered directly 
as a result of studying autoimmune neuropathy patients with IgM paraproteins 
reactive to MAG, with which they share the immunologically cross-reactive sul-
phated glucuronic acid structure. These sulphated glucuronyl glycolipids have 
been identifi ed in myelin- and axon- enriched fractions of motor and sensory 
nerves from human subjects and have a slightly greater abundance in sensory 
nerve fractions compared with motor nerve, which may account for the relative 
predominance of sensory features in patients with anti-SGPG antibodies (Ilyas 
et al.  1986 ). The structures of the two glycolipid antigens, SGPG and SGLPG 
were characterised independently and revealed that the minimal carbohydrate 
requirement for the HNK-1 epitope    resides in the terminal disaccharide residue, 
SO 4 -3GlcAβ1-3Galβ1-. (Ariga 1987; Chou 1986). 

 Gangliosides are principally enriched in neuronal membranes but are also minor 
constituents of myelin (Ledeen and Yu  1982 ). Structural diagrams of the major 
gangliosides of relevance to autoimmune neuropathy are shown in Fig.  25.1 . These 
notably include GM1, GD1b, GD1a and GQ1b, but many other gangliosides have 
also been identifi ed as antibody targets. The term ganglioside refers to glycosphin-
golipids that contain one or more sialic acid residues linked to the oligosaccharide 
core. In man, most ganglioside sialic acid is in the N-acetyl form, as opposed to the 
N-glycolyl form, that is common to many other species. These sialic acid residues 
are a critical part of the epitope involved in autoantibody binding. The amphipathic 
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nature of gangliosides, comprising a hydrophobic ceramide moiety that is  embedded 
in the lipid membrane and a hydrophilic oligosaccharide moiety which is exposed 
to the extracellular space makes the oligosaccharide ideally situated as a recogni-
tion platform for lectins, including bacterial toxins, and for autoantibody binding. 

  Fig. 25.1    Glycan structures. ( a ) A schematic representation of the key structures and enzymes in 
ganglioside biosynthesis. Note that GalNAc transferase (GalNAcT) and GD3-synthase (GD3s) 
defi ciency result in the loss of all complex and b series gangliosides respectively. ( b ) GBS associ-
ated  C. jejuni  LOS structures, although linked to Lipid A rather than ceramide, are structural mim-
ics of gangliosides. Strains of  C. jejuni  can express multiple structural variants of LOS. Examples 
shown are HS19 and HS:4 strains that bear oligosaccharides of GM1, GD1a and GT1a, and HS:10 
strain that bears GD3       
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They are also found in a wide variety of intracellular membrane and endosomal 
 compartments and cycle through these to and from the plasma membrane as small 
vesicles. Gangliosides are synthesised in the Golgi apparatus by the stepwise addi-
tion of saccharides in reactions catalysed by glycosyltransferases and sialyltransfer-
ases, and are degraded in a reverse fashion by the step-wise removal of saccharides 
in lysosomes (Sandhoff and Kolter  2003 ). Targeted disruption of genes involved in 
ganglioside biosynthesis has demonstrated the importance of gangliosides in a wide 
range of neural processes, including the maintenance of peripheral nerve integrity 
and function. Mice lacking the gene coding for the glycosyltransferase, 1,4 GalNAc-
transferase (1,4 GalNAc-T; GM2/GD2-synthase) which lack all complex ganglio-
sides (see Fig.  25.1 ) develop age-related axonal degeneration in the CNS and PNS, 
and also develop demyelination in peripheral nerves with pathological features 
resembling those seen in MAG knock-out mice, a known ligand for complex gan-
gliosides. In double knock-out mice that lack both GM2/GD2- and GD3-synthases, 
therefore expressing only GM3, peripheral nerve degeneration has also been 
observed, combined with mutilating skin lesions and nerve fi bre proliferation in the 
skin, suggesting that reduced sensory function is present (Inoue et al.  2002 ).

   When considered as antigen targets, ganglioside localization and distribution in 
the plasma membrane is crucially important. Gangliosides are concentrated in asso-
ciation with cholesterol in clusters referred to as lipid rafts where their close lateral 
interactions in the plane of the plasma membrane may enhance their ability to bind 
antibody with high avidity or affi nity, and also affect antibody clearance by endocy-
tosis (Fewou et al.  2012 ). Additionally, activated complement components and 
complement regulators such as CD59 that reside in rafts may in turn affect the nor-
mal functioning of gangliosides and the pathological effects of anti-ganglioside 
antibodies (Willison et al.  2008 ). The relative contribution of these factors may vary 
from site to site within peripheral nerve membranes, and between anti-ganglioside 
antibodies of differing immunoglobulin class and reactivity. The distribution of gan-
gliosides in different membrane and raft domains in the PNS and the relevance that 
this may have to their role as antigens in autoimmune neuropathy is a subject of 

   Table 25.1    Examples of peripheral neuropathy syndromes associated with anti-glycolipid 
antibodies   

 Clinical syndrome  Antibody isotype  Antibody specifi city 

 Multifocal motor 
neuropathy 

 Monoclonal or 
polyclonal IgM 

 GM1, GM2, GM1:GalC complex 

 Chronic ataxic 
neuropathy 

 Monoclonal IgM  Disialosyl epitopes (CANOMAD) (on GD1b, 
GT1b, GQ1b, GD3) 

 “MAG negative” 
neuropathy a  

 Monoclonal IgM  GM2, LM1, GalNAc-GD1b, GalNAc-GD1a 
and unidentifi ed glycolipids/gangliosides 

 Miller Fisher 
syndrome 

 Polyclonal IgG, IgM 
and IgA 

 GQ1b and GT1a, other disialosyl epitopes 

 Guillain–Barré 
syndrome 

 Polyclonal IgG, IgM 
and IgA 

 GM1, GD1a, LM1, GT1b, GD1b, GalNAc-
GD1a, GalC, glycolipid complexes 

   a “MAG negative” refers to the 50 % of IgM paraproteinaemic neuropathy cases who are anti- 
MAG/anti-SGPG antibody negative  

H.J. Willison



549

ongoing study. However, when considering the pathogenic relationship between the 
presence of an antibody and neuropathy, it is clearly important to have detailed 
knowledge of the glycosphingolipid composition and distribution within the PNS in 
both humans and in experimental animals used for modelling these disorders, and 
furthermore in species from which gangliosides are purifi ed for experimental and 
diagnostic use. These issues are not straightforward, and a complete map of the 
ganglioside composition of human nerves, and a comparison between species used 
for experimental modelling and between individuals, would be a valuable resource 
(Chiba et al.  1997 ).  

25.4     Clinical Syndromes Associated with Specifi c 
Anti- glycolipid Antibody Profi les 

25.4.1     Paraproteins and IgM Antibodies 

 The discovery in the 1980s of the fi rst human autoimmune neuropathy in which the 
antigen specifi city was identifi ed to be a peripheral nerve glycoconjugate paved the 
way for subsequent decades of discovery of new anti-glycan antibodies linked to 
clinical neuropathy syndromes (Table  25.1 ). In this fi rst syndrome, patients with 
IgM paraproteins and neuropathy were found to have IgM reactivity with a carbo-
hydrate determinant present on nerve glycoproteins and glycolipids bearing the car-
bohydrate epitope HNK-1 (Leu-7, CD57, for more detail see Chap.   6    ). These 
molecules were identifi ed as MAG, sulphoglucuronosyl paragloboside (SGPG) and 
sulphoglucuronosyl lactosaminyl paragloboside (SGLPG) and subsequently human 
NCAM, J1 glycoprotein, P0 and PMP22 were also found to bear this epitope 
(Burger et al.  1990 ). Structural analysis revealed that the critical antigenic epitope 
was a 3-sulphate-glucuronic acid residue present on both glycoproteins and glyco-
lipids, thereby accounting for the antibody reactivity with multiple molecules, all 
bearing the same antigenic determinant. Some anti-MAG antibodies additionally 
cross-react with the glycolipid sulphatide. Antibodies to sulphatide (that do not 
react with sulphated glucuronic acid) are in turn associated with predominantly sen-
sory neuropathies and also form part of the natural autoantibody repertoire (Lopate 
et al.  1997 ). The clinical phenotype of anti-MAG IgM paraproteinaemic neuropathy 
is usually that of a late onset, chronic and slowly progressive sensory dominant 
demyelinating neuropathy (Nobile-Orazio et al.  1994 ). Tremor is a common fea-
ture. A characteristic clinical electrophysiological pattern is present in affected 
patients. On sural nerve biopsy, chronic segmental demyelination and axonal degen-
eration are seen, along with extensive IgM deposits in myelin that correlate with a 
“widely spaced” myelin appearance on electron microscopy. Animal modelling has 
unequivocally shown that the IgM antibody is directly pathogenic {Quarles, 1990 
86/id}. Most patients have a good prognosis and the modest clinical benefi t of pro-
longed treatment with toxic immunotherapy is usually outweighed by the high rate 
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of adverse events. Subsequent to the discovery of “anti-MAG” antibodies that 
account for ~50 % of patients with IgM paraproteinaemic neuropathy, a further 
group of patients were found to have IgM paraproteins that react with the disialosyl 
epitope (NeuAcα2-8NeuAcα2-3 Gal) common to all b-series gangliosides includ-
ing GD1b, GD3, GT1b and GQ1b. The clinical phenotype of this paraproteinaemic 
neuropathy syndrome is a highly characteristic chronic sensory ataxic neuropathy, 
and often referred to under the acronym CANOMAD:  c hronic  at axic  n europathy, 
 o phthalmoplegia, Ig M  paraprotein, cold  a gglutinins and  d isialosyl antibodies 
(Willison et al.  2001 ).

   Another syndrome subject to much attention is a form of motor neuropathy asso-
ciated with anti-GM1 ganglioside antibodies. These antibodies are also of the IgM 
class but do not normally occur as IgM paraproteins, despite the early reports of this 
association in which isolated patients were originally described with unusual forms 
of motor neuron disease (Kornberg and Pestronk  1995 ). A multifocal motor neu-
ropathy (MMN) with conduction block was identifi ed by clinical and electrophysi-
ological parameters at that time and it soon became apparent that this was strongly 
associated with the presence of anti-GM1 IgM antibodies in over 50 % of affected 
patients. Three main patterns of anti-GM1 antibody specifi city were recognised: 
those that react with the terminal Gal beta1-3 GalNAc structure common to GM1, 
GD1b and asialo-GM1; those that react with the internal sialylated epitope common 
to GM1 and GM2, and those that react with GM1 monospecifi cally. The clinical 
picture of multifocal motor neuropathy is usually of slowly progressive, asymmetri-
cal limb weakness with minimal or no sensory impairment, often with distal onset 
in an upper limb. It is characterised electrophysiologically by partial and focal 
motor conduction block across a segment of nerve with sparing of motor conduction 
in adjacent sensory fi bres. Over time, the clinical pattern may become confl uent, 
with signifi cant motor axonal degeneration. Multifocal motor neuropathy usually 
responds well to intravenous immunoglobulin which needs to be given regularly. 
Other agents, including cyclophosphamide have not been shown in systematically 
controlled trials to improve outcome although case series have been reported.  

25.4.2     Guillain–Barré Syndrome 

 An important group of acute peripheral neuropathies associated with anti-glycolipid 
antibodies are the Guillain–Barré syndromes (GBS), now the foremost cause of 
post-infectious neuromuscular paralysis worldwide following the eradication of 
poliomyelitis (Hughes and Cornblath  2005 ). The clinical onset of GBS is rapid, and 
in around 20 % of cases leads to total paralysis requiring mechanical ventilation. 
Whilst recovery is usual, around 20 % of affected individuals are still unable to walk 
1 year after onset. The cause of GBS is complex; however, the acute, monophasic, 
post-infectious nature of GBS and its response to treatment with plasma exchange 
or intravenous immunoglobulin strongly suggest a contributory role for autoanti-
bodies. The commonest form of GBS arises from segmental demyelination of 
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peripheral nerve (acute infl ammatory demyelinating polyneuropathy, AIDP), 
 mediated by antibody and complement deposition on Schwann cell and myelin 
membranes that results in macrophage-mediated destruction of the myelin sheath 
(Hafer-Macko et al.  1996b ). Although the precise targets for immune attack in 
AIDP remain unknown, accumulating evidence suggest that the antibodies may 
bind to glycolipids and gangliosides enriched in Schwann cell membranes. These 
include LM1, SGPG and GM1 ganglioside, identifi ed in a small proportion of cases 
(Kusunoki  2003 ). 

 Two GBS variants, acute motor axonal neuropathy (AMAN) and Miller Fisher 
syndrome (MFS) provide evidence to support the view that anti-glycolipid autoan-
tibodies are important in GBS. In AMAN, rather than the myelin sheath, the pri-
mary target is the axolemmal membrane either in the motor nerve roots or distal 
nerve terminals (Hafer-Macko et al.  1996a ; Ho et al.  1997 ). Immune attack leads to 
axonal conduction block due to axonal injury which can either be temporary and 
reversible, or more prolonged if axonal transection with Wallerian degeneration 
occurs. AMAN is very strongly associated with anti-ganglioside antibodies directed 
to sialylated epitopes on GM1a, GM1b, GD1a and GalNAc-GD1a (Willison and 
Yuki  2002 ). The second widely studied variant is MFS. In contrast to the gener-
alised limb and respiratory weakness that occurs in GBS, symptoms in MFS are 
restricted to limb ataxia, tendon refl ex loss and extraocular nerve paralysis (causing 
paralysis of eye movements, ophthalmoplegia). This disorder is very strongly asso-
ciated with antibodies to GQ1b and GT1a gangliosides in the majority of cases 
(Chiba et al.  1993 ).   

25.5     The Origin and Nature of Anti-ganglioside Antibodies 

 Carbohydrates differ fundamentally from protein antigens in that the former cannot 
be presented by MHC Class II molecules to receptors borne by T cells (T cell recep-
tor, TCR) whose function is to help the immune system generate adaptive immune 
responses: Thus they are referred to as T cell independent (TI) antigens (Defrance 
et al.  2011 ). This long standing immunological dogma has been partially decon-
structed over recent years through deeper understanding of both MHC and TCR 
biology and the CD1 system of antigen presentation in which TCRs can recognise 
glycans when they are presented by CD1 molecules (Mori and De  2012 ). 
Notwithstanding the detailed immunological pathways by which they arise, humoral 
responses to TI antigens provide important components to both innate and adaptive 
anti-microbial immunity, including protection against lipopolysaccharide (LPS) 
encapsulated bacteria. Within the B cell pool, both innate CD5 +  B1 cells and mar-
ginal zone (MZ) B cells account for the early antibody response to a microbial 
glycan challenge, whereas follicular dendritic (FO) B2 cells participate later in the 
antibody response by providing classical responses to T dependent protein antigens 
generated within germinal centres in secondary lymphoid tissues. Since many 
microbial oligosaccharide structures are also expressed in man, uncontrolled 
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immune responses directed to these structures may play a role in autoimmune 
 diseases and the balance between providing anti-microbial protection whilst avoid-
ing autoimmunity is therefore critically controlled (Fig.  25.2 ). In GBS, this immu-
nological control over B cell responses to microbial glycans is dysregulated 
(Willison and Goodyear  2013 ).

  Fig. 25.2    Immune response to  C. jejuni  LOS and the resulting anti-ganglioside antibody- mediated 
pathology. ( a ) A gastrointestinal infection with  C. jejuni  will result in the activation of intestinal 
epithelial cells, with subsequent recruitment of DCs, macrophage and neutrophils. The transition 
of this immune response to the mesenteric lymph nodes (MLN) or the generation of a response in 
the Peyer’s patches will result in a predominately Th1 response for bacterial clearance. Importantly, 
a robust IgA response is part of this response. It is hypothesised that in individuals who go on to 
develop GBS the gut microbiota is altered and that the immune response that is generated to LOS 
results in an anti-ganglioside antibody response, which could be due the contribution of inducible 
B cell-helper neutrophils (iN BH ) in either the Peyer’s patches, MLN or spleen. ( b ) The resulting 
anti-ganglioside antibody response crosses the blood–nerve barrier and interacts with gangliosides 
that are expressed at the motor nerve terminal axonal membrane, node of Ranvier and/or the 
myelin sheath. Distal nerve injury and injury to the nerve roots may be favoured as these sites lack 
an effective blood–nerve barrier. Complement is activated, macrophages are recruited, and demy-
elination and/or axon injury ensues. Reproduced from (Willison and Goodyear  2013 )       
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   The commonest and most widely studied bacterial infection that triggers GBS 
is the food and water borne pathogen  C. jejuni , responsible for acute diarrhoeal 
disease throughout the world (Yuki  2001 ). Campylobacter species synthesise a 
truncated form of LPS that lacks the branching O-side chain, and more simply 
comprises a core oligosaccharide attached to the lipid A molecule, hence the term 
lipo- oligosaccharide (LOS). Remarkably, the glycans present on the LOS of 
GBS- associated  C. jejuni  isolates contain ganglioside-mimicking structures 
including GM1, GM2, GD1a, GT1a and GD3. These are immunologically recog-
nisable by the anti-ganglioside antibodies in the serum of GBS patients triggered 
by  C. jejuni  infection. Thus, anti-ganglioside antibodies most likely arise through 
an immune response against  C. jejuni  LOS and subsequently cause neuropathy by 
cross- reacting with peripheral nerve gangliosides of the same structural type 
(Fig.  25.1 ). This process for the induction of autoimmune disease through shared 
antigens between microbes and host tissue is referred to as the molecular mimicry 
hypothesis. 

 Only a small proportion (~1 %) of Campylobacter serotypes carry these ganglio-
side mimics, and an equally small proportion of infected individuals raise an 
immune response against these shared epitopes when infected; hence the overall 
risk of developing GBS following Campylobacter is low. What determines the host 
factors that lead to this break in immunological tolerance when infected with a 
Campylobacter species bearing a ganglioside-mimicking LOS remains unknown. 
However, the biosynthetic machinery by which Campylobacter species synthesise 
ganglioside-mimicking glycans has been studied in detail. Evidence indicates that 
variability in the activity of the  C. jejuni  sialyltransferase enzyme (cstII) between 
bacterial strains due to a coding sequence polymorphism directs the synthesis of 
particular glycans and hence dictates the antibody activity and neuropathy subtype 
(Yuki  2007 ). Thus, cstII with α2,3-activity alone results in LOS with GM1 and 
GD1a like mimics, inducing the acute motor axonal neuropathy (AMAN) variant of 
GBS, whereas bifunctional α2,3- and α2,8-cstII activity generates disialosyl mimics 
and leads to Miller Fisher syndrome (MFS) (Yuki  2007 ). Other microorganisms that 
trigger GBS, including Haemophilus infl uenza and Mycoplasma pneumonia, also 
bear ganglioside and glycolipid mimics, indicating that this mechanism might be a 
more general mechanism of the immunological induction pathway for GBS, rather 
than being restricted to Campylobacter infection. In this regard, analysis of a strain 
of  Haemophilus infl uenza  from a patient with MFS also revealed a homologous 
bifunctional sialyltransferase (Lic3B) producing a disialoysl group linked to the 
terminal galactose of the LOS (Houliston et al.  2007 ). One mechanism by which 
cross reactivity can occur between gangliosides which share such groups, such as 
bacterial GD1c and host GQ1b has been demonstrated by epitope mapping using 
saturation transfer difference NMR spectroscopy. For one mAb, only a tightly con-
fi ned area on the terminal sialic acid, common to the above molecules was required 
for binding, indicating that molecular identity between discretely specifi c regions 
with the bacterial core OS and ganglioside may be suffi cient to induce antibody 
cross-reactivity (Houliston et al.  2009 ).  
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25.6     The Pathological Effects of Anti-glycolipid Antibodies 
in Man and Experimental Neuropathy Models 

 The demonstration that anti-glycolipid antibodies directly contribute to neuropathy 
pathogenesis has been diffi cult to demonstrate but nevertheless is an important step 
in understanding these disorders. Clearly, detailed pathogenesis studies requiring 
nerve tissue are impractical to study in man and as such proof of causality, along 
with immunopathological features of anti-glycolipid antibody-mediated neuropathy 
have been mainly studied in experimental animals. An important prerequisite for 
establishing a direct pathological role for an autoantibody is that it is capable of 
binding its ligand in physiologically and anatomically intact tissue. Gangliosides 
are primarily localised to raft domains of the extracellular leafl et of plasma mem-
branes, especially at synapses, where they are available for anti-ganglioside anti-
body binding. Anti-ganglioside antibodies would be expected to bind any 
ganglioside-containing glial, neuronal or axonal membranes provided that they can 
gain access through the blood–nerve barrier, and that binding is not subject to steric 
inhibition locally within the membrane (Greenshields et al.  2009 ; Kusunoki et al. 
 1999 ). Additionally, since gangliosides traffi c to and from the plasma membrane 
through endosomal sorting pathways, any bound antibody has to remain on the 
membrane surface for suffi cient time to activate the local pro-infl ammatory path-
way in order to exert pathological effects through infl ammatory cell recruitment or 
complement activation (Fewou et al.  2012 ). Potentially important axonal and glial 
sites of injury exist, including proximal and distal peripheral nerve membranes 
where the blood–nerve barrier is relatively defi cient or absent. The axolemmal 
membrane is encased by myelin in the internodes, but at the nodes of Ranvier and 
motor nerve terminals it is exposed and available for antibody binding (McGonigal 
et al.  2010 ). In the dorsal root ganglion, the plasma membrane of the neuronal cell 
body is also accessible to autoantibodies. Paranodal, non-compacted myelin mem-
branes, as well as abaxonal Schwann cell plasma membranes will be similarly 
exposed. One important explanation for the lack of CNS involvement in anti- 
glycolipid antibody associated neuropathies, despite the wide distribution of gan-
gliosides in the CNS, would thus be the prevention from signifi cant antibody entry 
provided by the blood–brain barrier. 

 Having determined that a target membrane is accessible, it is then necessary to 
establish whether the density of the glycolipid within the membrane is suffi cient to 
mediate a pathological injury upon antibody binding (Goodfellow et al.  2005 ). 
Biochemical and immunohistological approaches to establishing this have merits 
and limitations. Whereas biochemical analysis can usefully show the overall glyco-
lipid composition of different nerves, it provides limited information about micro- 
anatomical distribution that could be crucial to disease pathogenesis. 
Immunohistology or other in situ ligand binding studies (e.g. using ganglioside 
binding bacterial toxins such as cholera toxin B subunit, a high affi nity ligand for 
GM1) can reveal the much-needed fi ne structural detail about ganglioside distribu-
tion at the cellular and sub-cellular level. For these studies, high quality reagents 
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such as affi nity purifi ed antisera or monoclonal antibodies are essential. However, 
many anti-ganglioside antibodies may cross-react with structurally similar ganglio-
sides and other glycoconjugate antigens, making extrapolation of results to ganglio-
side localization diffi cult. 

 Active and passive immunisation have both been widely used to demonstrate 
causality and investigate effects of anti-glycolipid antibodies in animal models. In 
active immunisation, the antigen is administered by injection in an immunologically 
active form such that the recipient generates an antibody response to the antigen, 
which then proceeds to damage the target tissue. In passive immunisation, the recip-
ient animal is simply injected with the relevant antibody directed towards the par-
ticular target antigen under study. 

 The fi rst studies looking at pathological effects of anti-glycolipid antibodies 
were conducted over 30 years ago when an animal model of demyelinating neu-
ropathy was induced by active immunisation of rabbits with GalC (Saida et al. 
 1979 ). Rabbits developed fl accid weakness, sensory loss and respiratory paralysis. 
At autopsy animals had prominent demyelinating lesions in the spinal roots with 
splitting and vesiculation of the myelin sheaths. Lesions were infi ltrated with mac-
rophages which phagocytozed myelin. The distribution of demyelinating lesions 
corresponded with areas known to have a defective blood–nerve barrier. 
Subsequently, intraneural injection of rabbit anti-galactocerebroside serum pro-
duced focal demyelinating lesions in rat sciatic nerves with similar pathology. Local 
application of anti-galactocerebroside antibody to rat ventral roots was also shown 
to induce acute conduction block, and activity was lost after complement inactiva-
tion, suggesting that the pathological activity of anti-galactocerebroside serum is 
complement-mediated (Sumner  1982 ). Since these seminal studies were conducted, 
this overall approach combining both active and passive immunisation has been 
applied to a wide range of other anti-glycolipid antibodies. 

 Local microinjection of anti-MAG IgM antibodies into feline nerves has been 
shown to cause focal demyelination at the injection site, also characterised by mac-
rophage mediated myelin stripping (Hays et al.  1987 ). Again, these effects only 
occurred when serum was added fresh, or supplemented with a fresh source of com-
plement, suggesting that antibodies caused demyelination by complement fi xation, 
as is the case with galactocerebroside. In a series of interesting passive immunisa-
tion experiments in which purifi ed anti-MAG IgM was transfused into young 
 chickens, demyelination of nerve with prominent widening of myelin lamellae was 
observed, closely resembling the “widely spaced myelin” characteristic of human 
biopsies (Tatum  1993 ). These abnormalities in chickens were obtained in the 
absence of an external source of complement, suggesting that multiple patho- 
mechanisms may be at play. Active immunisation experiments in rabbits have also 
been performed with SGPG, resulting in an immune response with anti-SGPG anti-
body induction, hindlimb weakness and slowed nerve conduction velocity in the 
sciatic nerve (Yu et al.  1990 ). Studies have thus demonstrated that myelin mem-
branes can be readily injured by different categories of anti-glycolipid antibodies. 

 An interesting model of sensory neuropathy that correlates with the human 
 disease counterpart was induced in rabbits by active immunisation with GD1b 
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 ganglioside (Kusunoki et al.  1996 ). IgM paraproteins and IgG antibodies that bind 
to GD1b and related disialylated gangliosides are strongly associated with the 
development of sensory ataxic neuropathy. Since immunohistochemical studies 
showed that GD1b is localised to large DRG neurons in human and rabbit, the rabbit 
presented a good candidate for an animal model of dorsal root ganglionopathy. 
About 50 % of rabbits immunised with GD1b developed ataxia with splayed limbs, 
but retained normal muscle power. IgG and IgM antibody titres specifi c for GD1b 
were more prominently raised in affected than unaffected rabbits, indicating the 
importance of the fi ne specifi city of the immune response for GD1b in particular. 
Pathological examination of affected rabbits showed axonal degeneration in the 
dorsal roots and some neuronal cell bodies in the DRG had either degenerated or 
disappeared. The ventral root was entirely spared. Lymphocytic infi ltration was not 
observed in the affected regions, indicating an entirely antibody-mediated injury 
had taken place. This was further supported by demonstrating that degeneration of 
rabbit sensory neurons could be induced by passive transfer of anti-GD1b antise-
rum. The loss of primary sensory neurons that mediate proprioceptive sensation 
prompted this group to investigate the expression of trkC in DRG in their rabbit 
model, as these neurons are dependent upon neurotrophin-3-mediated trkC signal-
ling (Hitoshi et al.  1999 ). TrkC was reduced in the DRG of diseased rabbits suggest-
ing that the anti-GD1b antibody induced downregulation of trkC expression. This 
may be one of the pathogenic mechanisms by which anti-GD1b antibodies mediate 
both human and experimental sensory ataxic neuropathy. 

 Motor axons in peripheral nerve are the major target for anti-GM1 and -GD1a 
ganglioside antibodies in AMAN, and it would therefore be expected that a similar 
model could be generated in experimental animals. In human pathological studies 
on spinal roots and nerves from AMAN autopsy cases, motor axonal degeneration 
is seen in the ventral spinal roots, accompanied by Wallerian degeneration. Some 
motor fi bres have lengthening of the node of Ranvier in the absence of fl orid demy-
elination, accompanied by condensation of the axonal cytoplasm. Infi ltrating mac-
rophages with extensive processes invade the periaxonal space abutting the nodal 
and internodal axolemma and displace the adaxonal Schwann cell membrane and 
myelin sheath (Hafer-Macko et al.  1996a ). By immunohistochemistry, intense IgG 
and complement deposits bound to the nodal and internodal axolemma in the peri-
axonal space are seen. In addition to AMAN pathology in the ventral roots, it has 
also been demonstrated that very distal motor axonal degeneration might take place 
in AMAN, and that this could also be an explanation for the rapid recovery that 
sometimes occurs (Ho et al.  1997 ). Using motor point biopsy from an AMAN case, 
denervated neuromuscular junctions and reduced intramuscular nerve fi bre densi-
ties were seen, indicating that if confi ned to this site, these changes could be rapidly 
reversible through axonal regeneration over relatively short distances. Based on 
these human data a variety of animal models of AMAN have been generated. 

 In a rabbit model of AMAN induced by active immunisation with gangliosides 
and resulting in induction of anti-GM1 antibodies, animals become severely para-
lysed (Yuki et al.  2001 ). Pathological features indicative of motor axonal degenera-
tion with nodal injury in the spinal roots are present, including lengthening of nodes 
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in ventral root with complement deposition. A progressive disruption of the nodal 
architecture was observed, with the clusters of voltage gated sodium channels being 
dispersed and cell adhesion molecules critical to the axoglial junction being dis-
rupted as the infl ammatory lesion extended towards the juxtaparanodal region 
(Susuki et al.  2003 ). In murine studies, AMAN-associated antisera and anti-GM1 
and -GD1a monoclonal antibodies derived from both humans and mice immunised 
with  C. jejuni  LOS have been used to induce disease (Goodfellow et al.  2005 ; 
McGonigal et al.  2010 ). Axons within the motor nerve terminal and distal motor 
nerve were severely affected, and antibody deposition and complement fi xation 
were fl orid. Deposition of terminal complement pores allowed uncontrolled cal-
cium ingress triggering a sequence of destructive events, including calpain activa-
tion and disruption of nodal and nerve terminal architecture, with concomitant 
paralysis (O’Hanlon et al.  2003 ). One crucial experimental modifi cation used in 
mice was to study animals expressing abnormally large amounts of GD1a, made 
possible through the targeted deletion of the biosynthetic enzyme GD3-synthase 
(Fig.  25.3 ). This resulted in an absence of b series gangliosides and a compensatory 
increase in the levels of a series gangliosides, including GM1 and GD1a. These 
mice developed a highly destructive and paralytic motor nerve terminal lesion, 
which from a functional perspective disguised more proximal injury to the node of 
Ranvier. Ingress of calcium through complement pores results in calpain activation 
as a major pathological event. Inhibition of calpain has some partially protective 
effects. However, an inhibitor of complement component C5 (that results in an 
inability to form the terminal membrane attack complex [MAC]) had a major neu-
roprotective effect, completely preventing any structural and functional changes at 
the node of Ranvier and the motor nerve terminal (Halstead et al.  2008 ). Thus a 
major pathway of acute pathological injury mediated by anti-glycolipid antibodies 
in GBS and variants converges at MAC.

   Finally, a wide range of experimental studies have been conducted on the effects 
of anti-GQ1b antibodies that are found in MFS. At the pre-synaptic neuromuscular 
junction (NMJ), complex gangliosides including GQ1b are known to act as recep-
tors for botulinum toxins (Bullens et al.  2002 ). It therefore seems logical that anti- 
GQ1b antibodies might also bind at the NMJ where they could induce nerve terminal 
injury. A wide variety of toxin, lectin and antibody based immunohistological stud-
ies have shown that the pre-synaptic NMJ is rich in gangliosides (Martin  2003 ). 
Using in vitro mouse hemidiaphragm preparations, it was fi rst demonstrated that 
anti-GQ1b antibodies associated with MFS bind the motor nerve terminal where 
they locally activate complement (Plomp and Willison  2009 ). Antibody binding to 
gangliosides in pre-synaptic membranes leads to (a) local complement fi xation and 
MAC pore formation, (b) uncontrolled calcium infl ux into the nerve terminal 
through MAC pores, thereby bypassing voltage gated calcium channels, that pro-
vokes, (c) spontaneous exocytosis followed by conduction block, (d) calpain- 
mediated structural degradation of the terminal axonal cytoskeleton assessed by 
measuring neurofi lament (NF) levels and (e) calcium-mediated mitochondrial 
injury, with (f) resultant paralysis. MAC formation is essential, since C6 defi cient 
conditions abolish the effect. The term “acute synaptic necrosis” has been used to 
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  Fig. 25.3    Anti-GD1a antibody-induced autoimmune nerve terminal injury. Immunofl uorescent 
localisation of antibody deposits at GD3s −/−  NMJs following exposure of living triangularis sterni 
muscles ex vivo to an anti-GD1a antibody raised in GalNAcT −/−  mice immunised with  C. jejuni  
LOS. Reconstructed confocal images (3 colour composite image in  panel a ) show the localisation of 
post-synaptic AChRs (Texas red-BTx staining,  red ,  panel b ), anti-GD1a antibody ( green ,  panel c ) 
and neurofi lament in the terminal axon arborisations (anti-NF antibody,  blue ,  panel d ). Anti- GD1a 
antibody is localised directly over the over end plate gutters, ensheathing the terminal axon. Wild-
type mice show faint anti-GD1a antibody staining in the same distribution and no staining is seen 
in the GD1a defi cient GalNAcT −/−  mice. Scale bar = 10 μm. Modifi ed from (Goodfellow et al.  2005 )       
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describe these events in distinction from other forms of synapse elimination 
 including synaptosis (Gillingwater and Ribchester  2003 ). In addition to inducing 
injury to the axon terminal, anti-ganglioside antibodies with different specifi cities 
for GQ1b, GT1a and GD3 also target perisynaptic Schwann cells (pSCs) for immune 
attack (Halstead et al.  2005 ). An interesting study that has widespread implications 
indicates that antibody uptake at the motor nerve terminal through endocytosis 
might limit the extent of injury through masking effects (Fig.  25.4 ). The extent to 
which this regulates antibody effects at other sites is unknown.

   Clinical clues suggest that the concentration of particular gangliosides in specifi c 
neuronal membranes might infl uence the extent to which antibodies are able to 
induce injury. The most obvious example of this is MFS, in which anti-GQ1b anti-
bodies appear to target the oculomotor and bulbar nerves because GQ1b and GT1a 
are enriched in those sites (Chiba et al.  1997 ). These fi ndings support the view that 
the regional distribution of gangliosides in different areas of the peripheral nervous 
system might account for the localisation of the clinical features and pathology, 
even though in the mouse nerve membranes in other sites, including the diaphragm 
as described above, may be affected. 

 Overall the above animal studies, supported by human autopsy and biopsy stud-
ies, clearly indicate that anti-ganglioside antibodies have major pathological effects 
in animal models and point towards some of the pathological pathways that might 
be involved, and amenable to therapeutic intervention. A major pathological driver 
appears to be at least in part mediated by complement activation and the recent 
development of novel complement therapeutics that prevent MAC formation thus 
represent a clear direction for future trials in this clinical area (Willison et al.  2008 ).  

25.7     The Emerging Role of Glycolipid Complexes 
as Antigens in Infl ammatory Neuropathy 

 There is a long-standing body of evidence that  cis  interactions (lateral interactions 
in the plane of the plasma membrane) between heterogeneous membrane glycolip-
ids can substantially enhance or inhibit their ability to bind to antibodies and other 
lectins (Regina and Hakomori  2008 ; Rinaldi et al.  2010 ). The biological signifi -
cance of these interactions in living nerve membranes is of major interest to the 
anti-glycolipid antibody and neuropathy fi eld (Fig.  25.5 ). The presence of “cryptic” 
glycolipid antigens in plasma membranes and the importance of accessory lipids 
and glycolipids in modulating antibody binding is long recognised, especially when 
studying antibody binding in immunohistological analyses (Schwarz and Futerman 
 1996 ). One study that very clearly illustrated this point demonstrated that an anti-
GM3 monoclonal antibody that bound well to melanoma cell lines expressing GM3 
alone was no longer able to bind when GM2, GD2 or GD3 gangliosides were co-
expressed with GM3, even when the latter formed 50 % of the total ganglioside 
composition of the cells (Lloyd et al.  1992 ). This indicates that the antibody- binding 
GM3 epitope is capable of being masked by adjacent gangliosides. A more recent 
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study has shown masking of GM1 by GD1a on the axolemmal membranes of motor 
axons that is of relevance in anti-GM1 antibody-associated motor neuropathies 
(Greenshields et al.  2009 ). It is equally recognised that combinations of oligosac-
charide groups from different glycans can form a distinct selectin epitope termed a 

  Fig. 25.4    An antibody uptake mechanism that underlies the attenuation of pre-synaptic nerve 
terminal injury in anti-ganglioside antibody-mediated motor axonal neuropathy. ( 1 ) Following an 
infection (e.g. Campylobacter enteritis), B lymphocytes are stimulated to produce anti-microbial 
antibodies which through molecular mimicry also bind to self gangliosides. ( 2 ) Circulating anti- 
ganglioside antibodies bind ganglioside-rich neural membranes in accessible sites lying outside 
the blood–nerve barrier, including the pre-synaptic nerve terminal membrane and nodal axolemma 
in distal motor nerves. ( 3 ) At the pre-synaptic membrane, where vesicular uptake pathways are 
highly active, bound antibodies are internalised by clathrin-mediated endocytosis. The extent to 
which antibody uptake may also occur during synaptic vesicle recycling is unknown (?). In con-
trast to the pre-synaptic membrane, at the nodal axolemma antibodies remain on the surface. ( 4 ) At 
4 °C, endocytosis is inhibited and antibody uptake does not take place. Antibody remaining on the 
plasma membrane is available for complement fi xation and subsequent lytic injury, whereas endo-
cytosed antibody becomes cryptic to complement fi xation. ( 5 ) Following uptake, endocytic vesi-
cles are depleted from the clathrin coating and sorted to the early endosome. ( 6 ) Endocytic vesicles 
at the early endosome are not targeted to the synaptic recycling pool ( 7 ), rather are sorted to the 
retrograde transport pathway ( 8 ). The extent of local recycling of antibody to the plasma mem-
brane is unknown (?) ( 9 ) Vesicles containing antibodies are transported to the neuronal cell body 
and targeted to the lysosome for degradation. Reproduced from (Fewou et al.  2012 )       
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  Fig. 25.5    Complex enhanced, complex independent and complex attenuated binding as demon-
strated for GD3:GM1 heteromeric complexes. Glycoarrays are printed using a thin layer chroma-
tography autospotter with 9 single gangliosides and all their 1:1 heteromeric combinations 
(complexes). All complexes are spotted in duplicate symmetrically across the diagonal (x). The  red 
circles  indicate the GD3:GM1 heteromeric complexes duplicated on each grid. After printing, 
arrays are overlaid with glycan binding ligands to detect patterns of binding, and then developed 
using peroxidise-labelled probes and chemiluminescence. The binding pattern of tetanus toxin 
(TeNT) HC fragment, a monoclonal antibody reactive with the terminal disialosyl epitope com-
mon to GD3 and GQ1b, and siglec-7-Fc is markedly different with respect to GD3 series com-
plexes. Binding to other single and complexed gangliosides is also seen, but is not discussed 
herein. TeNT HC-HRP only binds GD3:GM1, whilst failing to bind to either component ganglio-
side in isolation (“complex enhanced”), the mAb CGM3 binds all GD3 complexes equally (“com-
plex independent”), whereas the siglec-7-Fc fusion protein binds GD3 in isolation but is completely 
inhibited form binding in the presence of specifi c second gangliosides, including GM1, GM2, 
independent of the presence of GM3 (complex independent) and partially inhibited by GD1a and 
GT1a (complex attenuated). In addition, TeNT HC is inhibited from binding GQ1b, and to a lesser 
extent GT1b, by pre-complexing with GM2. Reproduced from (Rinaldi et al.  2009 )       
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“clustered saccharide patch”, without detectable binding to the individual 
 oligosaccharides themselves (Varki  1994 ). This concept was prompted by the obser-
vation that the selectins had unusually high affi nity for their target glycans which 
was unexpected for apparently monovalent carbohydrate ligands. These patterns of 
lectin- and antibody-carbohydrate complex interaction have been recently referred 
to as complex enhanced, complex attenuated or complex independent binding 
(Rinaldi and Willison  2008 ; Varki  1994 ).

   A series of studies on sera from patients with GBS and chronic motor neuropa-
thies has rekindled interest in this area. A strikingly unusual observation provided 
evidence that serum IgG antibodies from certain GBS patients showed strong reac-
tivity to the heteromeric mixture of GD1a and GD1b in an equimolar ratio, whilst 
failing to bind to either ganglioside alone (Kaida et al.  2004 ). In a larger study that 
comprised screening of GBS sera, they demonstrated activity to complexes of 
GD1a:GD1b, GM1:GD1a, GM1:GD1b, GM1:GT1b, GD1a:GT1b and GD1b:GT1b, 
indicating that clustering of different glycoepitopes within ganglioside complexes 
in the plasma membrane might act as novel ligands for pathogenic autoantibodies 
(Kaida et al.  2004 ). This phenomenon also appear to occur with IgM antibodies: for 
example, anti-GM1 antibodies in MMN preferentially bind GM1 when it is in com-
plex with GalC (   Galban-Horcajo et al.  2012 ; Kaida et al.  2004 ). What remains to be 
established is how these fi ndings observed in solid-phase immunoassays correlate 
with glycolipid behaviour in the plasma membrane. One study looking at the inter-
action between GM2 and GM3 has used an anti-GM2:GM3 monoclonal antibody to 
identify the complex on cell surfaces and shown that it mediates an inhibitory effect 
on cell motility via a CD82/cMe pathway (Todeschini et al.  2008 ). In autoimmune 
neuropathy, serum antibodies to the complex of GM1:GD1a exert neurotoxic effects 
on motor axon terminals. Until larger series of monoclonal antibodies to a range of 
complexes are isolated, it will be problematic to investigate this in depth at either a 
biophysical or mechanistic level. Nevertheless it is likely that further antibodies to 
complexes will be indentifi ed provided that analytical screening methodology is 
designed with this concept in mind.  

25.8     Conclusions 

 Recent years have witnessed abundant progress in our understanding of the glyco-
biology and glycoimmunology of infl ammatory neuropathies, and in doing so has 
both informed basic and clinical science. Clinical and serological data clearly shows 
a disease-specifi c correlation between peripheral neuropathies and particular anti- 
glycolipid antibodies. Many interesting patterns have emerged that support the view 
that anti-glycolipid antibodies play an active role in pathogenesis. Experimental 
evidence obtained from human and animal studies continues to support the model 
of post-infectious neuropathy as a disease involving molecular mimicry between 
bacterial and neural oligosaccharides. One notable emerging area concerns the 
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interacting relationship between glycolipids and other lipids in the plane of the 
plasma membrane and how this might either positively or negatively infl uence auto-
antibody binding.     
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  A 
   N -Acetylglucosaminyltransferase-IX 

(GnT-IX (Vb)) 
 branching activity , 121–122  
 defi cient mice 

 astrocyte activation , 124–125  
 and GnT-V , 123  
 remyelination , 122–124  

 identifi cation , 121  
   Actin 

 clusters, presynaptic terminals , 34  
 cytoskeleton , 251, 277, 279  
 dendrites , 37  
 F-actin networks , 281  
 fi bers , 34  
 fi laments , 277, 279, 281  
 MBP , 281  
 polymerization , 279  
 proteins , 280  

   Acute motor axonal neuropathy (AMAN) , 
551, 553, 556, 557  

   Adaptive immunity , 519–521  
   Adeno-associated virus (AAV) 

 bilateral thalamic injection , 493  
 gene therapy , 492  
 infusion , 491  
 and SRT , 488  

   Aging 
 and anti-aging   ( see  Anti-aging) 
 classifi cation , 416  
 defi nition , 416  
 glycoconjugates   ( see  Glycoconjugates) 

   ALS.    See  Amyotrophic lateral sclerosis 
(ALS) 

   Alzheimer’s disease (AD) 
 aberrant lipid homeostasis , 455–456  

 gangliosides 
  c -series , 426–427  
 ganglio-series , 456  
 and pathology , 425–426, 455–456  

 O-GlcNAc and precipitates , 351, 357  
 glycoproteins , 429–430  
 mouse model , 106  
 neuronal lipid composition , 456  
 and Parkinsonian dystonia , 359  
 pathophysiology , 456  
 α-series ganglioside , 427–429  
 serum amyloid P (SAP) , 435  
 type I and II cases , 456  

   AMAN.    See  Acute motor axonal neuropathy 
(AMAN) 

   Amyotrophic lateral sclerosis (ALS) , 534–535  
   Angiogenesis 

 effect , 510  
 gangliosides , 510  
 in vitro , 510–511  
 in vivo , 511  
 molecular mechanisms , 511–512  
 VEGF , 512  

   Anti-aging 
 amyloid-β peptide , 434–435  
 gangliosides , 436–438  
 glycoconjugates , 435–436  
 myelin repair and remyelination , 433–434  

   Astrocytes 
 adult spinal cord , 102  
 astrogliosis , 40  
 CNS , 199  
 galectin-1 , 534  
 glial cells , 39  
 glypican-1 , 104  
 mouse hippocampus , 39  

                       Index 
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 Astrocytes (cont.) 
 neurogenesis , 101  
 remyelination process , 123  
 RGCs , 194  
 syncytium , 40  

   Autoantibody 
 dorsal root ganglion , 554  
 GBS , 544  
 myelin , 545  
 oligosaccharide , 546  
 sialic acid , 546  

   Axon 
 cytosol , 282  
 microtubules , 38  
 nerve impulses , 201  
 neurons , 284  
 OLG , 526–527  
 soma , 38  

   Axon–glia interaction 
 aging , 249  
 changes, oligodendrocytes , 249  
 electrophysiological property , 248  
 L-MAG and S-MAG , 248–249  
 myelination , 247  
 neurofi lament phosphorylation , 249  
 physical disruption , 249  
 PNS and CNS , 247, 248  

   Axon guidance molecule 
 commissural fi ber tracts, forebrain , 99  
 HS synthesis , 96, 99  
 interactions and growth factors , 97  
 Nestin-cre;Ext1 knockout , 99  
 2-O-sulfotransferase-(HS2ST) , 100  
 semaphorin 5A, diencephalon , 98  

   Axon regeneration, MAG 
 antibody-based strategies , 252  
 CNS myelin , 249  
 gangliosides and NgRs , 251  
 in vivo evidence , 252  
 interaction , 251  
 neurite outgrowth , 249, 252–253  
 oligosaccharides , 249–250  
 optic nerve crush injury , 252  
 receptors , 251  
 signaling pathways , 251–252  

    B 
  Bacterial infections 

  Borrelia burgdorferi  , 400  
 glycosaminoglycan (GAG) , 400  

   Bacterial toxins 
 CTx , 396  
 lipid raft , 398  

 oligosaccharides , 396–397  
 pathogens , 399, 401  
 protein–sugar interactions , 397  
 TeNT and BoNT , 398–399  

   Botulinum (BoNT) 
 environment , 399  
 serotypes , 398–399  

   Brain 
 glycosphingolipids , 416–418  
 injury response , 103–104  

    C 
  Calorie restriction , 494  
   Carbohydrate 

 binding receptors , 396  
 chains , 166, 196, 325  
 complex , 152  
 core structures , 85  
 CRDs   ( see  Carbohydrate-recognition 

domains (CRDs)) 
 detection and expression , 118  
 HNK-1 antigen , 208  
 interactions 

 lectin , 172, 207  
 protein , 175–177  
  trans  carbohydrate  

 ( see trans  carbohydrate-
carbohydrate interactions) 

 KS , 96  
 lysosomal storage diseases , 304  
 MAG , 41  
 markers , 193  
 metabolism , 377, 379–381  
 microarrays , 98  
 modifi cations , 372, 383  
 moieties , 179, 187, 266  
 NMR spectroscopy , 168, 169  
 peptide linkages , 75  
 plant proteins binding , 42  
 residues, O-linked , 72  
 SSEAs , 192  

   Carbohydrate-recognition domains (CRDs) , 
524, 525, 536  

   Cat-315 
 accumulation, positive astrocytes , 123  
 GnT-IX , 122  
 mAb , 120  
 reactive glycan , 119  
 structure , 119  

   CDG.    See  Congenital disorders of 
glycosylation (CDG) 

   Cell surface and tissue matrix glycoconjugates 
 carbohydrates , 2  
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 glycans   ( See  Glycans) 
 glycolipids , 18–20  
 glycosaminoglycans and proteoglycans , 

20–24  
 glycosphingolipids , 15–18  
 nervous system , 2  
 oligosaccharides , 6–8  

   Central nervous system (CNS) 
 adaptive immunity , 521–522  
 axons , 300  
 brain and spinal cord , 518  
 dormancy , 404  
 epithelial mucins , 13  
 function, PGs , 24  
 galectins 

 endogenous function , 529–531  
 galectin-1 , 528  
 galectin-4 , 532  
 knockout mice , 532  
 macrophage activation and cell 

apoptosis , 528  
 MS , 532  
 neuron , 528, 529  
 NSCs , 527  
 OLG , 526–527  
 polarized transport , 527–528  

 gangliosides , 315–316  
 glycan moieties, glycolipids , 18  
 N-glycans , 11  
 O-glycans , 11  
 immune system , 519–520  
 innate immunity , 520–521  
 L-MAG , 247  
 myelin , 282  
 NECs , 193  
 neural refl exes , 522–523  
 neural tube formation , 192, 193  
 neurogenesis   ( see  Neurogenesis) 
 neuroinfl ammation , 523–524  
 neurons 

 and astrocytes , 199, 398  
 and glial cells , 34  

 oligodendrogenesis , 201, 202  
 peripheral immune cells , 519  
 and PNS , 162  
 PSA-NCAM , 209  

   Ceramide 
 cell surface , 24  
 C-1 hydroxyl group , 18  
 globotetraosylceramide (Gb4) , 476  
 and glucosylceramide , 79–82  
 and glycosphingolipids , 82–84, 227, 230  
 hydrophobic , 16  
 LacCer , 308  

 lactosylceramide , 16, 17  
 lipids , 15  
 neural development , 190  
 and sialic acids , 224, 225  
 3-O-sulfo-Galβ1-ceramide , 16  

   Cerebrospinal fl uid (CSF) 
 blood , 434  
 CNS tumors , 507  
 concentration 

 GD3 , 507  
 SAP , 435  

 GM1 , 456  
   Chaperones 

 assembly process , 327  
 calnexin–calreticulin , 52  
 ganglioside biosynthesis , 491  

   Cholera toxin (CTx) , 268, 295, 330, 396, 397, 
405, 433, 554  

   Cholesterylglucoside (ChlGlc) , 84  
   Cholinergic function 

 GQ1bα , 428  
 nicotinic , 428  
 septohippocampal pathway , 428  
 synapses , 437  

   Chondroitin sulfate (CS) 
 cell surface glycoconjugates , 24  
 disaccharide unit , 78  
 glycosignaling , 297  
 O-mannosylation , 75  
 modifi cation, tetrasaccharide , 78  
 neural tube formation , 192  
 position and groups , 21  
 proteoglycans , 78, 94, 199  
 SSEA-1 expression , 197  
 structure and chemistry , 92  
 synthesis and modifi cation , 93  

   CNS.    See  Central nervous system (CNS) 
   Complex carbohydrates , 2, 304, 464  
   Congenital disorders of glycosylation (CDG) 

 COG proteins , 55  
 lysosomes , 56  
 transferrin , 51  

   Conserved oligomeric Golgi (COG) , 55, 56  
   CRDs.    See  Carbohydrate-recognition domains 

(CRDs) 
   CSF gangliosides.    See  Cerebrospinal fl uid 

(CSF) 
   Cytoskeleton 

 actin , 251, 277  
 anti-GalC and SGC antibodies , 269  
 astrocytes , 278  
 axon , 256  
 components , 34  
 depolymerization , 279, 283  
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 Cytoskeleton (cont.) 
 GalC/SGC-mediated signal , 281  
 liposome , 275  
 MAG receptors , 250  
 OL/myelin membranes , 271  
 regulation , 277, 282  
 terminal axonal , 557  

    D 
  Demyelination 

 axonal cytoplasm , 556  
 chronic segmental , 549, 550  
 FA2H , 266  
 injection site , 555  
 Krabbe disease , 479  
 lysosomal storage , 304  
 multiple sclerosis , 532  
 myelin repair , 433, 434  
 peripheral nerves , 548  
 recovery, GnT-IX-defi cient mice , 122–124  

   Deoxynojirimycin (dNM) , 57–60  
   Dermatan sulfate (DS) 

 bacterial infections , 400  
 epimerases , 94  
 postnatal development , 94  
 stereoisomer , 94  
 O-xylosylated proteins , 76  

   Detergent-insoluble material (DIM) , 295  
   Detergent-insoluble substrate attachment 

matrix (DISAM) , 295  
   dNM.    See  Deoxynojirimycin (dNM) 
    Drosophila  

 N-glycosylation , 380  
 MGAT1 gene , 381–382  
 neural excitability , 382–383  
 SAD kinase , 382  

    D -threo-1-phenyl-2-decanoylamino-3-
morpholino- propanol (PDMP) , 
490–491  

   Dynamics, NMR 
 Ca2+ coordination , 175  
  13 C-NMR isotope shifts , 174, 175  
 coalescence , 173  
 exchanges 

 deuterium , 175  
 nucleus , 172–173  
 proton , 173  

 rates , 173–175  

    E 
  EAE.    See  Experimental autoimmune 

encephalomyelitis (EAE) 
   ERAD.    See  ER-assisted degradation (ERAD) 

   ER-assisted degradation (ERAD) 
 calreticulin–calnexin cycle , 57  
 cystic fi brosis , 54  
 misfolded protein , 52  
 proteolysis , 53  

   Exo-glycosidases , 464  
   Experimental autoimmune encephalomyelitis 

(EAE) 
 autoimmune disease , 519  
 galectin-3 interaction , 528  
 MS   ( see  Multiple sclerosis (MS)) 

    F 
  Fabry disease 

 bio-chemical basis , 478  
 enzyme defi ciency , 478  
 GlcCer , 478  
 GlcSph , 478  
 Krabbe patients , 478  
 lysosomal glucocerebrosidase , 477  
 type 1 , 479  

   Feline model, gangliosidoses , 489  
   O-Fucosylation , 78  

    G 
  GAGs.    See  Glycosaminoglycans (GAGs) 
   Galactocerebrosidase (GALC) , 236, 237, 467, 

470, 479  
   Galactocerebroside (GalCer) 

 degradation , 479  
 GALC , 479  
 Gal residue , 467  
 Krabbe disease , 479  

   Galactosphingosine (GalSph) , 478, 479  
   Galactosylceramide (GalC) 

 glycosphingolipids , 545  
 Krabbe disease , 479  
 MBP , 281–282  
 membrane domains , 279–281  
 myelin , 268  
 SGC , 269–272  
 sulphatide , 546  

   GALC.    See  Galactocerebrosidase (GALC) 
   GalC.    See  Galactosylceramide (GalC) 
   Galectins and neuroinfl ammation 

 ALS , 534–535  
 axotomy and Wallerian degeneration , 

535–536  
 CNS   ( see  Central nervous system (CNS)) 
 CRDs , 524  
 ischemic lesion model , 533–534  
 MS , 532–533  
 nonclassical secretory pathway , 525  
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   GalNAc.    See  β-Linked 
 N -acetylgalactosaminide (GalNAc) 

   Gangliosides 
 AD   ( see  Alzheimer’s disease (AD)) 
 astrogliogenesis , 204–205  
 autoimmune neuropathy , 546  
 axonal growth , 296  
 axons , 62  
 biological properties , 508  
 b-or c-series pathway , 60  
 brain development , 200, 299  
 brain tumor , 510  
 cell surface membranes , 502  
 characteristics , 224  
 chemical structures, ceramide and sialic 

acids , 224, 225  
 chronic autoimmune neuropathies , 544  
 components , 224  
 concentration , 492  
  c -series , 426–427  
 endocytosis , 548  
 GalNAcT expression , 200  
 GD1b, GT1b and GQ1b , 418  
 geometric properties , 226  
 glycoproteins and glycolipids , 544  
 glycosignaling model , 301  
 glycosyltransferases , 62  
 GM1 and GM4 , 420  
 GSLs   ( see  Glycosphingolipids (GSLs)) 
 HD   ( see  Huntington’s disease (HD)) 
 human neural tumors , 503, 505–506  
 HUVEC , 512  
 immunoinhibitory properties , 508  
 immunosuppression  

 ( see  Immunosuppression, 
gangliosides) 

 inborn errors   ( see  Inborn errors) 
 MAG 

 GD1a and GT1b , 250  
 interaction , 251, 254  
 late-onset axonal degeneration , 254  
 and NgRs , 251  
 signaling , 250, 251  

 melanoma and neuroectodermal tumors , 19  
 and membrane organization 

 ceramide , 227  
 geometric properties , 226  
 hydrolases , 227  
 interfacial free energy , 226  
 lipid rafts , 224, 226  
 sialidase , 227  

 metabolism , 227–230  
 molecular species , 422  
 motor neuropathy , 550  
 myelin , 545  

 neuronal 
 differentiation, GD3 , 200  
 plasticity , 436–438  
 processes , 548  
 tissues , 17  

 neurotrophic factors , 310, 311  
 non-neural tissue , 300  
 oligosaccharides , 224, 226, 303  
 patient clinical outcome , 506–507  
 pattern and plasma membrane-associated 

enzymes , 230–234  
 PD   ( see  Parkinson’s disease (PD)) 
 physicochemical characteristics , 421–422  
 polysialogangliosides , 468–469  
 pre-synaptic membranes , 557  
 α-series , 427–429  
 sialic acid , 224, 424  
 and sulfatide , 417  
 synapses , 554  
 tumor 

 cells , 513  
 microenvironment , 504–505  
 progression , 503–504  

   Gangliosidoses 
 Feline model , 489  
 GM1 and the GM2 , 489, 491  
 storage diseases and pathogenesis , 

487–439  
   Gaucher disease 

 bio-chemical basis , 478  
 enzyme defi ciency , 478  
 GlcCer , 477–478  
 GlcSph-cleaving activity , 478  
 inborn lysosomal glucocerebroside , 477  
 β-linked glucose , 478  
 non-neuropathic type 1 , 480  
 and parkinsonism , 479  
 and PD , 457–458  
 type 2 and type 3 , 478  

   GBS.    See  Guillain–Barre syndrome (GBS) 
   Gene therapy 

 AAV-gene therapy , 491, 492  
 bilateral thalamic injection , 493  
 cortical ganglioside concentration , 492  
 ganglioside , 493  
 GM1 gangliosidosis , 493  
 GSL storage , 491  
 HEX A subunits , 491  
 lysosomal storage diseases , 480  

   Gene transcription 
 O-GlcNAc , 354  
 histones , 354  
 RNA polymerase II , 354  

   GlcNAc.    See  β-Linked  N -acetylglucosaminide 
(GlcNAc) 
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   Glia 
 astrocytes , 39–40  
 CNS homeostasis , 38  
 microglia , 42–43  
 neurons , 194  
 oligodendrocytes and myelin , 40–41  
 rat embryonic brain , 204  

   Gliogenesis 
 astrogliogenesis 

 gangliosides , 204–205  
 gp130 , 203–204  
 PtdGlc , 204  
 RGCs , 203  

 oligodendrogenesis 
 A2B5 antigen , 201  
 myelin-forming cells, CNS , 201  
 nerve/glialantigen2(NG2)/CSPG4 , 

201–202  
 O4 and O1 , 202–203  
 progenitorcells , 201  

   Glucocerebrosidase , 430–432  
   Glucosylceramide (GlcCer) 

 and GSLs 
 biosynthesis , 79, 80  
 eukaryotic cell surfaces , 79  
 formation , 79  
 ganglio-types , 80–82  
 LacCe , 79–80  
 lacto-type , 82  
 subcellular biosynthesis , 79  

 KO , 85, 311, 312  
 LacCer , 308  
 sialic acid , 85  
 synthase-defi cient mutant mice , 310  

   Glucosylsphingosine (GlcSph) 
 detection , 478  
 Gaucher disease , 479  
 Gaucher spleen , 478  

   Glutamine-fructose-6-phosphate transaminase 
1 (GFPT1) , 371  

   Glycans 
 aldohexoses , 5  
 animal glycoconjugates , 5, 6  
 classifi cation , 8–9  
 epimers , 5  
 glucose , 4  
 N-glycans , 9–11  
 O-glycans , 11–14  
 Haworth projection formulas , 4  
 monosaccharides , 3  
 sugars , 5  

   N-Glycans 
 animal glycoproteins , 9  
 antiviral and tumor therapy , 49  

 central nervous system , 11  
 galectin , 268  
 generation and functional editing , 49  
 glycolipid biosynthesis , 59–62  
 N-glycoprotein   ( see N -Glycoproteins) 
 N-glycosylation sequon-containing 

proteins , 369  
 HNK1 antigen , 11  
 hybrid-type , 11  
 in vivo functions , 379–380  
 lectins , 376–377  
 metamorphosis , 48  
 oligomannose-type , 10  
 secretory glycoproteins and erythrocyte , 10  
 signalosomes , 48  
 synaptic transmission , 371–374  
 vertebrate neurons , 374–376  
 voltage-gated ion channels and membrane 

excitability , 377–379  
   O-Glycans 

  N -acetyllactosamine , 12  
 animal cells and tissues , 11, 12  
 biosynthetic pathways, mammalian , 137  
 cancer , 14  
 GalƒA-1-3GalNAcƒ¿1 , 12  
 glycomic analysis , 147  
 glycoproteins , 13  
 intracellular signaling , 14  
 mucin 

 molecules , 13  
 secretory epithelial , 13  
 types , 11  

 oligosaccharide modifi cation , 14  
 secretary proteins , 13  

   N - and O-Glycans biosynthesis , 14–15  
   Glycan sequencing.    See  MS/MS sequencing 
   Glycocalyx 

 EGF receptor , 297  
 nerve injury , 300  
 polyampholyte coating , 298  
 QT , 297–298  

   Glycoconjugates 
 age-related changes 

 brain , 416–418  
 glycoproteins , 423–424  
 glycosphingolipids , 421–423  
 lipid portions , 421–423  
 myelin GSLs , 419–421  
 synapses , 418–419  

 age-related diseases 
 AD   ( see  Alzheimer’s disease) 
 PD   ( see  Parkinson’s disease) 

 cell surface   ( See  Cell surface and tissue 
matrix glycoconjugates) 
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 expression, neural development   
( see  Neural development) 

 and neuroimmunological diseases 
 anti-ganglioside antibodies , 551–553  
 autoimmune neuropathy , 545–549  
 central and peripheral nervous 

systems , 544  
 GBS , 550–551  
 infl ammatory neuropathy , 559–562  
 neuropathy models , 554–559  
 paraproteins and IgM antibodies , 

549–550  
 PNS , 544–545  

 responses, gene-transfer enzymes , 
435–436  

   Glycodendrimers , 397  
   Glycohydrolases.    See  Glycosphingolipids 

(GSLs) 
   Glycolipids 

 age-related changes , 419  
 antigens, autoimmune neuropathy 

 complement components and 
complement regulators , 548  

 GalC , 545  
 ganglioside biosynthesis , 548  
 GBS and chronic motor , 562  
 glycoarrays , 559, 561  
 glycosphingolipids , 549  
 GM3 monoclonal antibody , 559  
 interaction, lectin-and antibody- 

carbohydrate complex , 562  
 intracellular membrane and endosomal 

compartments , 548  
 monoclonal antibodies , 562  
 peripheral nerve , 546  
 SGPG and SGLPG , 546  
 structure, glycan , 546, 547  

 astroglial differentiation , 85  
 calreticulin–calnexin cycle , 60  
 cell-cell and cell-molecule interactions , 18  
 central nervous system disorders , 545  
 clusters , 177–179  
 defi nition , 450  
 enzymatic reactions , 60  
 erythrocytes and granulocytes , 16  
 expression   ( see  Neural development) 
 gangliosides 

 biosynthetic pathways , 61  
 and neutral , 491  

 glycosyltransferases , 60  
 GPL anchors , 19–20  
 GSLs , 15, 19, 59  
 and ion transport 

 Ca2 + , plasma membrane , 332–337  

 Na +  channels , 332  
 structure, GM1 , 330–331  

 microdomain/rafts architecture , 422  
 myelin functions , 83  
 PD and Gaucher disease , 457–458  
 plasma membranes , 18  

   Glycomics 
 biomarker , 150  
 exoglycosidases , 149  
 features , 143  
 glycoproteins , 143  
 glycosyltransferases , 143–144  
 identifi cation, glycosylation anomalies , 143  
 monoclonal antibody detection , 143  
 MS/MS analysis , 143, 144, 150–151  
 permethylation , 150  
 poly- N -acetyllactosmine , 144–145  
 sulfate   ( see  Sulfoglycomics) 
 terminal disialyl motif and polysialylation , 

145–146  
   Glycoprotein 

 AD , 429–430  
 N - and O-glycans , 471  
 inborn error , 477  
 oligosaccharides , 472  
 structure, carbohydrate , 423–424  

   Glycoproteins 
 Alzheimer’s disease , 429–430  
 Cat-315 epitope , 120  
 and cholesterol , 294  
 “en bloc” transfer , 58  
 ER/Golgi secretory pathway , 151  
 expression, neural development  

 ( see  Neural development) 
 O-GalNAc , 73  
 N-glycans , 10  
 glycosphingolipids , 295  
 high resolution map , 135  
 ion channels and synaptic , 378  
 neural transmission , 379  
 and proteoglycans , 17, 294, 295  
 sialylation , 380  
 tumors , 26  

   N-Glycoproteins 
 antiviral and tumor therapy , 49  
 biosynthesis 

 asialoglycoproteins , 58  
 deoxynojirimycin , 58  
 dNM , 58  
 sphingolipids , 59  
  Streptomyce  , 57  
 tunicamycin , 57  
 viral diseases , 59  

 CDGs type I , 51  

Index



574

 N-Glycoproteins (cont.) 
 glycosyltransferases , 51  
 nascent polypeptide , 52  
 oligosaccharide , 50  
 OST , 51  
 processing   ( see  Processing) 

   Glycoproteomics 
 approaches , c, 381  
 MS/MS sequencing and identifi cation , 

152–154  
 site-specifi c , 151–152  

   Glycosaminoglycans (GAGs) 
 anionic polysaccharides , 20  
 brain patterning , 99  
 chemical structure , 91, 92  
 CS , 92–94  
 differentiation and stem-cell niche , 

100–102  
 diseases, human , 104–106  
 DS , 94  
 features , 91  
 Golgi , 15  
 HA , 97  
 heparin , 94–95  
 HS , 95–96  
 injury response , 103–104  
 interactions and binding partners , 97–98  
 intracellular-signaling , 97  
 KS , 96  
 multidomain core proteins , 90  
 neural system development , 98–99  
 neurite outgrowth and migration , 99–100  
 protein   ( see  Proteoglycans) 
 proteoglycans , 8  
 Ser-Gly motifs , 24  
 synaptic plasticity , 102–103  
 transcriptional regulation , 97  

   Glycosidases 
 specifi city 

 aglycone , 466–467  
 anomeric , 465–466  
 glycone , 465  
 linkage , 466  

 sugar chains , 467–468  
   Glycosignaling 

 biosynthesis and brain development , 
296–297  

 in brain , 305  
 description , 293–294  
 DIM and DISAM , 295  
 fatty acids and sphingosine base , 300  
 function, brain , 294  
 ganglioside and CD38 , 299, 303  
 glycocalyx , 297–298  

 glycolipid-enriched microdomains , 294  
 glycomicrodomains , 295–296  
 lipid rafts , 295, 296  
 lysosomal storage , 304  
 MALDI , 299  
 neuronal and glial cells , 295  
 PhGlc , 303  
 and protein phosphorylation , 301–302  
 R24 anti-GD3 antibody , 296  
 Rho-GTPase and axonal growth , 300–301  
 sphingolipid/cholesterol , 304  
 tyrosine phosphorylation , 302–303  

   Glycosphingolipids (GSLs) 
 catabolism   ( see  Inborn errors) 
 conjugates , 15  
 core structures , 16, 17  
 degenerative disorders , 312  
 DKO , 315–316  
 fatty acid and sphingosine , 16  
 and galactosylceramide , 82–84  
 gangliosides   ( see  Gangliosides) 
 GD3 synthase gene , 313  
 GlcβA1-1Cer , 16  
 and glucosylceramide , 79–82  
 glycoproteins and proteoglycans , 17  
 hydrolases 

 β-galactosidases , 236–237  
 β-glucocerebrosidases , 234–236  
 β-hexosaminidases , 237–238  
 sialidase Neu3 , 233–234  

 KO , 311–312  
 and LacCer , 308  
 LR , 316–317  
 metabolism 

 acyl-CoA acyltransferases , 227  
 catabolism, sphingolipids , 227–229  
 ceramide , 227, 230  
 enzymes , 229–230  
 regulation , 229  
 transport , 229  

 monosialogangliosides , 17, 18  
 multicellular organisms , 310, 311  
 myelin 

 functions , 267–269  
 requirement , 264–267  
 signaling , 269  

 neurodegeneration , 314–315  
 plasma membrane components , 15–16  
 polymorphism , 308  
 requirement, myelin , 264–267  
 ribonucleas , 18  
 role , 314  
 structures and biosynthetic pathways , 

187, 188  
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 synthases, ganglioside , 312  
 synthetic pathway and enzymes , 309  

   Glycosylation 
 carbohydrate structure , 370  
  Drosophila    ( see Drosophila ) 
 eukaryotic cells , 368  
 extracellular functions , 369  
 functions , 369  
 GFPT1 , 371  
 glycan structure , 329  
 HNK-1 glycoepitope , 373–374  
 iGluRs , 372–373  
 ion channels , 325–327, 374–376  
 isoform , 328  
 and lectins   ( see  Lectins) 
 mechanisms , 371  
 MS   ( see  Mass spectrometry (MS)) 
 NCAM , 370  
 plasma membrane expression , 327–328  
 sialylation , 329  
 SV2 , 371  
 synaptic transmission , 372  
 voltage-gated sodium channel , 323–325  

   Glycosylphosphatidylinositol (GPI) anchors 
 acetylcholine esterase and decay- 

accelerating factor , 20  
 glycolipids , 19  
 inner trimannosyl moiety , 19  
 parasites , 20  

   Glycosyltransferases 
 cDNA , 309  
 cell types , 118  
 core proteins , 23  
 glycosidic linkages , 15  
 golgi compartments , 55  
 GSL synthesis , 311–312  
 mammalian nervous system 

 cell types , 118  
 communicates , 118  
 GnT-V , 122  
 HNK-1   ( see  Human natural killer-1 

(HNK-1)) 
 lectins and proteins , 118  
 O-mannose glycans   ( see  O-Mannose 

glycans) 
 polysialic acid (PSA) , 118  

 multiorgan failure , 51  
 OGT , 348–351  
 sialyltransferase , 456  
 sphingolipids , 59  
 xylosyltransferase and 

glucuronyltransferase activities , 76  
   Glycosynapse formation 

 GalC/SGC 

 carbohydrate interactions , 269, 270  
 effects , 269  
 GSL-enriched membrane domains , 

271–272  
 membrane domains, glycolipids , 270  
 myelin basic protein , 281–282  
 phospholipid/cholesterol liposomes , 

270–271  
 signaling , 279–281  
  trans  interactions , 277–278  

 glycosphingolipids, myelin 
 functions , 267–269  
 signaling , 269  

 maintenance, myelin sheath , 264–267  
 myelin , 282–284  
 nanoparticles, OLGS 

 azide–alkyne cycloaddition , 272  
 confocal microscope images , 274–276  
 conjugats , 275  
 dendrimers/silica , 272  
 depolymerization, microtubules , 277  
 Gal/SGal , 274  
 liposomes , 274, 275, 277  
 myelin , 273  
  trans  interactions , 272  

 treatment, demyelinating disease , 284–285  
   GM1 gangliosidosis 

 anti-GM1 ganglioside antibodies , 433  
 and Ca2 +  modulation 

 and axon , 333  
 ganglioside modulation , 335–337  
 homeostasis , 333  
 infi ux and neuritogenesis , 332  

 catabolism , 469–470  
 cerebroside , 421  
 cholera toxin B-FITC , 433  
 enzymatic conversion , 466  
 feline model , 489  
 Aβ fi brillogenesis , 456  
 β-galactopyranoside , 465  
 GD1a/GT1b synthase , 457  
 GM4 , 420  
 human and cat , 491  
 hydrolytic cleavage sites , 487  
 inborn errors   ( see  Inborn errors) 
 mouse , 489  
 myelin , 418  
 nigrostriatal pathway , 451  
 parkinsonism , 432  
 Parkinson’s disease models , 451, 452, 455  
 polysialogangliosides , 468–469  
 preclinical research , 451–452  
 TrkA activate , 436  
 UPDRS motor scores , 452  
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   GM2 gangliosidosis 
 AB TS patients , 474–475  
 activator protein , 470  
 and asialo-GM2 , 489  
 catabolism , 469  
 cortical ganglioside concentration , 492  
 enzymatic conversion , 466  
 GalNAc residues , 472  
 gene therapy , 491  
 human 

 GM1 , 487–488  
 tissues , 472  

 internal Gal , 468  
 knockout mice , 429  
 mechanism , 474  
 murine embryonic fi broblasts , 511  
 patients with Sandhoff disease , 472–473  
 revisited, activator protein (GM2-AP) , 

473–474  
 TSD   ( see  GM2 gangliosidosis) 
 and TSD , 471–472  
 unusual taurine conjugation , 475–476  

   GnT-V 
 catalyzes , 121  
 detection, L4-PHA lectin , 121  
 function , 122  
 in vivo enzymatic functions , 122  
 sequence identity , 121  

   Growth factor interaction , 97–98  
   Growth factor signaling , 436, 512  
   GSLs.    See  Glycosphingolipids (GSLs) 
   Guillain–Barre syndrome (GBS) 

 AMAN , 551  
 antibodies 

 anti-ganglioside , 553  
 anti-glycolipid , 550  

 B cell , 552  
 haemophilus infl uenza , 553  
 immune attack , 551  
 injection , 406, 407  
 neurological symptoms , 402  
 serum IgG antibodies , 562  

    H 
  Heparan sulfate (HS) 

 glucosamine (GlcN) , 94  
 integral membrane component , 95  
 proteoglycans , 96  
 proteoglycan syntheses , 77  
 structure and chemistry , 95  
 synthesis and modifi cation , 95–96  
 tetrasaccharide modifi caiton , 77  

   Heparin , 94–95  

   Histone acetyl transferase (HAT) , 351  
   Human natural killer-1 (HNK-1) 

 antigen, carbohydrate , 208  
 description , 118–119  
 GlcAT-P-defi cient mice , 119  
 GluA2 , 119–120  
 N-glycan , 120  
 glycan structure , 119  
 glycoepitope , 373–374  
 O-mannose glycans   

( see  O-Mannose glycans) 
 neural crest cells , 208–209  
 Spine structure , 119  

   Human umbilical vein vascular endothelial 
cells (HUVEC) , 510–511  

   Huntington’s disease (HD) 
 AKT activation , 457  
 GD3 levels , 457  
 glycosyltransferases and sialyltransferases , 

456–457  
 mouse model , 457  
  St8sia2, St8sia3  and  B4galnt1  , 457  

   HUVEC.    See  Human umbilical vein vascular 
endothelial cells (HUVEC) 

   Hyaluronan (HA) , 97  

    I 
  Iminosugar 

 mammalian tissues , 490  
 oral glycosphingolipid biosynthesis , 488  
 PDMP , 490, 491  

   Immunosuppression, gangliosides 
 cellular mechanisms , 508–509  
 molecular mechanisms , 509  
 murine lymphoma model , 508  
 structure-activity relationships , 509  
 tumor ganglioside-induced , 508  

   Inborn errors 
 glycosphingolipid catabolism 

 catabolism of globotetraosylceramide , 
476  

 defi nition , 464  
 Fabry disease , 476–477  
 Gaucher disease , 477–479  
 Krabbe disease , 479–480  

 GM2   ( see  GM2 gangliosidosis) 
 GM1 gangliosidosis , 471  

   Innate immunity , 304, 520–521, 535  
   Interaction, NMR spectroscopy 

 oligosaccharide – protein 
 carbohydrate , 175–176  
 carbohydrate recognition systems , 175  
 intermolecular NOE correlations , 176  
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 saturation transfer difference (STD) 
experiment , 175, 176  

 TRNOE data , 176, 177  
 protein binding – glycolipid clusters 

 AD , 178  
 bicelles , 179  
 biomolecular interactions , 179  
 Aβ(1–40) peptide , 179  
 gangliosides form , 177  
 micelle assemblies, ganglioside , 179  
 structural analyses , 178  

   Ion channels 
 glycosylation 

 electrostatic mechanism , 326  
 Kv3.1 channel , 326–327  
 sialic acid , 325  
 skeletal muscle , 326  
 TRPC6 , 327  

 nervous system , 374  
 protein N-glycosylation , 374–375  
 TRPM8 channel , 375  

   Ionotropic glutamate receptors (iGluRs) , 
372–373  

   Ion transport 
 glycolipids , 323, 330–337  
 glycosylation , 322  
 and sugar code , 337–338  
 transporters and channels , 322  

   Ischemic lesion model , 533–534  

    K 
  Keratan sulfate (KS) 

 expression , 96  
 GlcNAc , 96  
 hexosamine residues , 96  
 O-mannosylation , 75  
 types , 96  

   Knockout (KO) 
 galectins , 532  
 Nestin-cre;Ext1 , 99  
 synthase 

 GalCer , 312  
 GM3 , 311  
 LacCer , 312  
 sulfatide , 312  

   Krabbe disease 
 CNS and PNS , 479  
 GalCer , 479  
 GlcSph , 479  
 glycosphingolipid storage diseases , 479  
 lysosomal storage diseases , 479  
 lyso-sphingolipids , 480  
 tissues , 478  

    L 
  Lactosylceramide (LacCer) , 62, 79, 238, 294, 

304, 308, 311, 312, 467, 470, 476, 490  
   Latency, CNS infections , 404  
   LCBs.    See  Long-chain bases (LCBs) 
   Learning and memory 

 brain , 358  
 CREB , 359  
 O-GlcNAc , 358–359  
 paired-pulse facilitation (PPF) , 358  

   Lectins 
 glycans , 376  
 TRPV5 , 376–377  

   Leucine-rich repeat kinase 2 (LRRK2) , 431, 455  
   O-Linked glycoconjugates synthesis 

 carbohydrate residues , 72  
 description , 72  
 glycan chains , 72  
 lipids 

 cholesterylglucoside , 84  
 classes , 78  
 galactosylceramide   (see 

Galactosylceramide) 
 glycosphingolipids , 78–82  
 phosphatidylglucoside , 85  

 proteins 
 cell surface glycan chains , 72  
 O - GalNAc , 73–74  
 O-Glc , 78  
 O-GlcNAc , 76  
 O-man glycans , 75–76  
 molecular diversity, vertebrate brain , 

72–73  
 POFUT1 and POFUT2 , 78  
 O-xylosylation   ( see  O-Xylosylated 

proteins) 
   β-Linked  N -acetylgalactosaminide (GalNAc) 

 and GlcNAc , 465  
 GM1 structure , 469  
 α-linked terminal , 477  
 4MU-β-GalNAc , 473  
 and Neu5Ac , 474  
 oligosaccharides and glycopeptides , 472  

   O-Linked N-acetylglucosamine.    See  
O-GlcNAcylation 

   β-Linked  N -acetylglucosaminide (GlcNAc) 
 APP , 430  
 bisecting , 430  
 N-glycans synthesis , 429  
  p -nitrophenyl-β-GlcNAc , 473  
 residues , 472  

   Lipid rafts (LR) 
 components , 303  
 function , 317  
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 Lipid rafts (LR) (cont.) 
 ganglioside and protein receptors , 295, 

297, 399  
 glycolipids , 300  
 glycosignaling, brain , 296  
 nervous tissue cells , 314  
 neurodegenerative diseases, human , 

316–317  
 NGF receptor , 310  
 protein coreceptors , 399  

   Liposomes 
 advantages , 271  
 anti-GalC , 281  
 causes , 277  
 effects , 275, 277  
 GalC/SGC nanoparticles , 270, 273, 280  
 lipids exchange , 272  
 myelin GSL , 275  
 phosphatidylcholine/cholesterol , 272, 276  
 storage , 304  

   Liquid chromatography (LC) separation, MS 
 glycoprotein therapeutics , 135  
 HPAEC and PAD , 135  
 HPLC mapping , 133–135  
 ionization effi ciency , 133  
 MALDI-MS , 133  
 peptides and glycopeptides , 133  
 PGC , 133–134  
 reverse phase C18 , 133  

   Long-chain bases (LCBs) , 422, 423  
   LRRK2.    See  Leucine-rich repeat kinase 2 

(LRRK2) 

    M 
  MAG.    See  Myelin-associated glycoprotein 

(MAG) 
   O-Mannose glycans 

 detection , 120  
 α-dystroglycan (αDG) , 120  
 expression pattern and funciton , 120  
 GnT-IX (Vb)   ( see  

N-acetylglucosaminyltransferase-IX 
(GnT-IX (Vb))) 

 GnT-V , 121, 122  
 and N-glycan , 122  
 RPTPβ , 120  
 structure , 119, 120  

   Mass spectrometry (MS) 
 glycomics   ( see  Glycomics) 
 glycoproteomics   ( see  Glycoproteomics) 
 glycosylation analysis 

 chemical derivatizations , 135–137  
 features , 154  

 glycoconjugates , 130–131  
 glycotopes , 131  
 LC separation , 133–135  
 limitations , 131–132  
 MALDI-MS and LC-ESI-MS , 

132–133  
 methodology developments and 

applications , 131  
 MS/MS sequencing   

( see  MS/M S  sequencing) 
 NMR , 131  
 perspectives , 142–143  

 guidance , 154–155  
 simplicity and robustness , 143  
 Web interface , 155  

   Matrix-assisted laser desorption/ionization 
(MALDI) , 299  

   Membrane domains 
 GalC/SGC signaling , 270, 271, 279–281  
 MBP , 281, 282  
 myelin glycosphingolipids , 267, 268  
 structure and expression, MAG , 246  
  trans  interactions, GSLs , 278  

   Membrane rafts , 277  
   Microdomains 

 gangliosides , 315  
 source , 317  
 sphingolipid/cholesterol , 304  
 structure , 300  

   Microglia 
 anti-infl ammation and phagocytosis , 43  
 CNS infl ammation , 523  
 erythromyeloid , 42  
 IBA-1 , 42  
 resting state , 42  
 Rett syndrome , 43  

   Microtubules 
 and actin fi laments , 281  
 bundles , 37  
 depolymerizaation , 277, 279  
 F-actin network , 281  
 lacy network , 274, 277  
 in membrane sheets , 269  
 OLGs , 281  
 polarized , 38  
 subunit , 35  

   Molecular microscopy , 299  
   Molecular mimicry , 402  
   Mouse model, gangliosidoses , 489  
   MS.    See  Multiple sclerosis (MS) 
   MS/MS sequencing 

 chemo-enzymatic manipulations , 137  
 CID mode 

 cleavages , 141–142  
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 fragmentation, permethylated glycans , 
138, 139  

 high energy , 141  
 low energy , 138, 140  
 MALDI MS , 142  

 data acquisition , 154  
 de novo sequencing , 142  
 glycopeptides 

 automated LC-MS/MS , 154  
 identifi cation , 152–153  
 N-glycopeptides , 153  

 glycoproteomics , 152–154  
 HexNAc and Hex site , 141  
 lacking linkage information , 141  
 LC , 135, 140, 142, 143  
 MALDI-MS , 140  
 modes , 137–138  
 molecular mass measurement , 137  
 MS  n   , 141, 142  
 oxonium ions , 140–141  
 Q/TOF , 141  
 scan functions , 155  
 sequence and linkage information , 138  
 stage , 137  
 structures , 137  

   Mucin 
 glycans , 11, 72  
 O-glycans , 137, 152  
 and glycoprotein , 8, 73  
 glycoproteins , 13  
 molecules , 13  
 production , 13  
 secretion , 146, 147  

   Multiple sclerosis (MS) 
 chronic infl ammatory disease , 532  
 galectin-1 knockout , 533  
 galectin-3 knockout , 533  
 phagocytosis , 533  

   Multivalency , 404, 405  
   Myelin 

 electron microscopy , 549  
 GalCer , 82  
 GSLs , 419–421  
 MAG   ( see  Myelin-associated glycoprotein 

(MAG)) 
 MBP , 281  
 nerve impulses , 201  
 oligodendrocyte’s plasma membrane , 41  
 phagocytosis , 533  
 repair and remyelination , 433–434  

   Myelin-associated glycoprotein (MAG) 
 axon-myelin interaction/stability , 247–249  
 axon regeneration , 249–252  
 communication, myelin and axons , 256  

 expression , 246–247  
 extraction , 246  
 IgSF gene , 246  
 molecular interactions , 256  
 nurturing/protective properties , 252–254  
 oligodendrocytes , 254–256  
 Siglec family , 246  
 signaling , 256  
 structure , 246  

   Myelin basic protein (MBP) , 281  

    N 
  Nerve growth factor (NGF) , 310, 311  
   Nervous system 

 glia , 38–43  
 O-glycosylation , 35  
 intermediate fi laments , 34, 35  
 neuroectoderm and neural crest , 34  
 neurons , 35–38  
 nucleus and cytoplasmic organelles , 34  

   Neural cell adhesion molecule (NCAM) , 370  
   Neural crest cells 

 B30gangliosides , 210  
 GD3, mouse , 210  
 HNK-1 antigen , 208–209  
 and neuraltube , 193  
 precursors , 208  
 PSA-NCAM , 209  
 self-renewal , 208  
 SSEA-1 , 210  

   Neural development 
 axonal degeneration , 190  
 cell lineages, NSCs , 190  
 ceramide , 190  
 changes 

 glycoconjugates composition , 187  
 GSL , 187, 189  

 early embryogenesis , 191–192  
 fertilized eggs , 187  
 GalNAcT-and ST-I-defi cient mice , 190  
 ganglioside expression , 187  
 GD3 ganglioside (CD60a) , 198  
 gliogenesis   ( see  Gliogenesis) 
 glycosyltransferase , 187, 189  
 IPCs , 197  
 mutation, GM3synthase , 190  
 NECs , 196  
 neural stem cells   ( see  Neural stem cells) 
 neurogenesis   ( see  Neurogenesis) 
 prominin-1 , 198  
 proteoglycans , 199  
 RGC , 196–197  
 SSEA-1 , 197–198  
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 Neural development (cont.) 
 structures and biosynthetic pathways, 

GSLs , 187, 188  
 tube formation , 192–193  

   Neural excitability , 382–383  
   Neural stem cells (NSCs) 

 adults 
 ganglioside GD3, SSEA-1 and 

prominin-1 , 207  
 lectins , 207  
 SGZ , 206  
 SVZ , 205–206  

 astrocytic gene , 204  
 brain , 527  
 cell lineages , 190  
 ganglioside , 200  
 glycoconjugates , 207  
 lectins , 207  
 marker and PhGlc expression , 304  
 mechanism , 304  
 microenvironment , 194  
 neuroectoderm , 196  
 neurogenic regions , 197  
 notch receptors and signaling , 195–196  
 proliferation , 193, 194  
 RGCs and NECs, 193–194SGZ, 206SVZ , 

205–206  
   Neural transmission 

 glycoproteins , 379  
 N-glycosylation , 379  
 SV2 , 371  

   Neurodegeneration 
 changes, plasma membrane ganglioside , 227  
 GBA2 and neuronal differentiation , 236  
 O-GlcNAc   ( See  O-GlcNAcylation) 
 GSL hydrolases , 227  

   Neuroectodermal tumors , 504, 505  
   Neuro epithelial cells (NECs) 

 accumulation , 193  
 biomarker, mouse , 198  
 IPCs , 197  
 neural tubes , 198  
 neurons and glia origination , 196  
 proliferation , 193–194, 196  
 prominin-1 , 198  
 and RGCs , 194, 196–197  
 SSEA-1 expression , 197–198  

   Neurofi brillary tangles (NFTs) 
 monoclonal antibody A2B5 , 426  
 neocortical , 425  
 senile plaques , 425  

   Neurogenesis 
 9-O-acetylGD3 , 200  
 gangliosides , 200  

 generation, neurons and astrocytes , 199  
 and gliogenesis , 194  
 PSA-NCAM , 199–200  
 SVZ , 199  
 VZ and meninges , 199  

   Neuromuscular junction (NMJ) , 557  
   Neuron 

 action potential , 36  
 axon , 38  
 axon hillock , 37  
 dendrites , 37  
 dopaminergic , 36  
 galectin-1 , 534  
 O-GlcNAc , 352  
 GSLs , 80  
 lysosomes , 227  
 MAG , 252–254  
 serine acyl-CoA acyltransferases , 227  
 silver staining techniques , 35  
 synapse , 37  
 trigeminal-ganglion , 100  
 TTC , 407  

   Neuronal differentiation 
 and apoptosis , 233  
 and GBA2 activity , 235, 236  
 murine stem cells , 235  
 Neu3 expression , 233, 234  
 PM-associated glycohydrolases , 239  
 sialyltransferase , 234  
 stages , 235  

   Neuronal plasticity , 436–438  
   Neuropathy 

 active and passive immunisation , 555  
 AMAN , 556  
 antibodies 

 anti-glycolipid , 554  
 anti-MAG IgM , 555  

 antibody uptake mechanism , 559, 560  
 axolemmal membrane , 554  
 biochemical and immunohistological 

approaches , 554  
 demyelinating lesions , 555  
 glycolipid   ( see  Glycolipids) 
 immunofl uorescent , 557, 558  
 motor axons , 556  
 neuronal membranes , 559  
 NMJ , 557  
 pre-synaptic membranes , 557  
 ventral root , 556  

   Neuroprotection, MAG 
 acrylamide and T cell-mediated 

infl ammatory toxicity , 254  
 axon-glial integrity , 254  
 gangliosides , 254  
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 hippocampal neurons , 254, 255  
 late-onset axonal degeneration , 252, 254  
 stabilize axons , 254  

   NFTs.    See  Neurofi brillary tangles (NFTs) 
   NGF.    See  Nerve growth factor (NGF) 
   N-glycan , 379–380  
   NgR.    See  Nogo-66 receptor (NgR) 
   NMJ.    See  Neuromuscular junction (NMJ) 
   NN-DGJ.    See N -nonyl- 

deoxygalactonojirimycin  (NN-DGJ) 
    N -nonyl-deoxygalactonojirimycin 

(NN-DGJ) , 491  
   Nogo-66 receptor (NgR) , 103, 104  
   NSCs.    See  Neural stem cells (NSCs) 
   Nuclear magnetic resonance (NMR) 

 atomic visualizations, biomolecules , 166  
 chemical exchange , 172–175  
 chemical shifts 

 carbohydrate , 168, 169  
 1H-NMR , 168  
 measures , 167  
 proton , 167  

 and computation , 180  
 features , 166  
 glycoconjugates , 166  
 GM1 pentasaccharide , 167, 168  
 intermolecular interaction analysis, 

Interaction, NMR spectroscopy 
 paramagnetic effects, long-distance 

information , 172  
 physical phenomenon , 167  
 relaxation and molecular motion , 

171–172  
 through-bondscalarcoupling , 169–170  

   Nutrient sensing , 350, 359  

    O 
  O-GalNAcylation  ( O-GalNAc) , 73–74  
   O-GlcNAcase (OGA) 

 Alzheimer’s disease , 351  
 HAT domain , 351  
 regulation , 352  

   O-GlcNAc transferase (OGT) 
 cellular nutrient sensor , 350–351  
 dimerization , 349  
 isoforms , 349  
 primary sequence , 349–350  
 protein encoded , 348  
 TPR domain , 348–349  

   O-GlcNAcylation (O-GlcNAc) 
 biosynthesis , 76  
 brain development and function , 356, 357  
 endoplasmatic reticulum , 346  

 gene transcription , 354  
 learning and memory   ( see  Learning 

and memory) 
 MeCP2 , 354  
 neurodegenerative disease , 

359–360  
 nucleoporins , 346  
 OGT , 356–357  
 and O-phosphate , 355–356  
 protein 

 degradation , 355  
 glycosylation , 344  
 neuronal , 352–353  
 translation , 355  
 and vesicle traffi cking , 354  

 spatiotemporal regulation , 347  
 uridine diphosphate (UDP) , 344  

   O-Glucosylation (O-Glc) , 78  
   OLG.    See  Oligodendrocyte (OLG) 
   Oligodendrocyte (OLG) 

 axon myelination , 526–527  
 glial cells , 40  
 mouse brain , 40, 41  
 myelin GSLS , 269  
 myelin membranes , 268  
 olfactory system , 526  
 plasma membrane and myelin , 202  
 schwann cells , 269  
 sulfatides , 312  

   Oligodendrocyte progenitor cells 
(OPC) , 434  

   Oligodendrocytes, MAG , 254–256  
   Oligosaccharides 

 carbohydrates , 26  
 cell surface lectins , 404  
 clustered saccharide patch , 562  
 electron-rich atoms , 6  
 glycoprotein , 8  
 glycosidic bond formation , 7  
 glycosyltransferases , 51  
 hybrid-type N-glycans , 11  
 intracellular signaling , 14  
 neuronal gangliosides , 224  
 nonreducing end sugar , 7  
 paramagnetic probes , 172  
 protein interactions , 175–177  
 reglucosylation–refolding–trimming 

cycle , 54  
 sulfated gangliosides , 303  
 trisaccharides , 7  

   Oligosaccharyl transferase (OST) , 51, 52  
   OPC.    See  Oligodendrocyte progenitor 

cells (OPC) 
   OST.    See  Oligosaccharyl transferase (OST) 
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    P 
  Parkinson’s disease (PD) 

 anti-Parkinson medication , 453  
 gangliosides , 432–433  
 glucocerebrosidase gene mutations , 430–432  
 glycosyltransferase genes , 455  
 GM1 ganglioside , 450–451  
 MPTP-treatment , 451  
 preclinical models , 455  
 UPDRS motor scores , 452, 454  

   Pathogens, neural cells 
 bacterial infections   ( see  Bacterial infections) 
 bacterial toxins   ( see  Bacterial toxins) 
  Campylobacter jejuni  , 402  
 carbohydrates , 404  
 CNS , 404  
 Guillain–Barre syndrome , 406–407  
 lipopolysaccharide (LPS) , 408  
 oligosaccharide portion , 405  
 streptococci , 402  
 tetanus toxin (TTC) , 407  
 viral infection , 402–404  

   Peptide mimetics , 406  
   Peripheral nervous system (PNS) 

 autoimmune disorders , 545  
 autonomic nerves , 544  
 demyelination , 548  
 ectodermal cells , 192  
 galectins 

 CNS , 528–532  
 knockout mice , 528–532  
 NSCs , 527  
 OLG , 526–527  
 polarized transport , 527–528  

 glycan , 423  
 MAG , 246  
 motor 

 axons , 556  
 sensory and autonomic neurons , 544  

 myelin , 545  
 myelinated axons , 246  
 neolacto-series gangliosides , 546  
 neuronal cell , 544  
 neuropathy syndromes , 549  
 oligodendrocytes , 312  
 peripheral nerve myelin , 545  
 proximal and distal , 554  

   Phosphatidylglucoside (PhGlc) , 85, 303  
   PNS.    See  Peripheral nervous system (PNS) 
   Polysialic acid-neural cell adhesion molecule 

(PSA-NCAM) 
 carbohydrate structure , 199  
 expression , 200  
 neural crest cells , 209  

 polysialyltransferase , 199, 200  
 properties , 199  
 regulation , 199–200  
 ST8SiaII and ST8SiaIV , 199  

   Polysialogangliosides , 468–469  
   Post translational modifi cations 

 O-GlcNAc , 345  
 histones , 354  
 OGT , 350  

   Protein phosphorylation , 301–302  
   Proteoglycans 

 animals , 4, 6, 8  
 axonal growth , 103  
 biological interactions , 90–91  
 classes , 90  
 complex changes, neural stem cells , 101  
 components , 97  
 CS , 78, 92, 94, 199, 300–301  
 exogenous , 101  
 extracellular and membrane , 91  
 extracellular matrix , 76  
 and glycoproteins , 14, 17, 20, 294, 295  
 and glycosaminoglycans , 20–24  
 O-glycosylation , 63  
 homeostasis , 105  
 HS , 24, 96, 199  
  L -iduronic acid , 5  
 mannan-type yeast glycoproteins , 8  
 O-mannosylation , 75  
 nomenclature of , 90  
 plasma membrane , 22  
 protein glycosylation , 63  
 proteinogenic glycoconjugates , 49  
 secretation , 25  
 and sialic acid residues , 25  
 types , 91  
 O-xylosylation , 76  

    Q 
  Quantum dots (QT) , 297–298  

    R 
  Receptor protein tyrosine phosphatase-beta 

(RPTPβ) 
 astrocyte activation , 123–124  
 demyelination , 122  
 production , 122  
 remyelination , 122, 123  

   Remyelination 
 age-related dementia , 438  
 myelin repair , 433–434  

   Restricted ketogenic diet (KD-R) , 493–494  
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    S 
  Sandhoff disease (SD) 

 GM1 gangliosidosis mice , 492  
 Hex A and Hex B , 472  
 HPTLC , 488  

   Schwann cell , 246–258, 253, 255  
   SGLPG.    See  Sulfated glucuronosyl lactosaminyl 

paragloboside (SGLPG) 
   SGPG.    See  Sulfated glucuronosyl 

paragloboside (SGPG) 
   Shedding 

 CNS tumors , 507  
 host cells , 504  
 human neural tumors , 505–506  
 tumor gangliosides , 508  
 tumor microenvironment , 504  

   Sialic acid-binding immunoglobulin-type 
lectin 4a (Siglec-4a).    See  Myelin- 
associated glycoprotein (MAG) 

   Sialylation 
 and acetylation , 299  
 cell surface gangliosides , 232  
 genetic inactivation , 383  
 glycoprotein , 380  
 role , 377  
 and sulfation , 83  
 voltage-gated Na+ channels , 379  

   Sialylcholesterol 
 alpha and beta , 437  
 gangliosides , 416  
 homophilic interaction , 421–422  
 α-series gangliosides , 427  
 sialyl α2-3 and α2-6 galactose , 424  
 sialyltransferase , 455, 456  
 synthesis , 436–437  
 trisialyl residues , 426  

   Signaling 
 and cytoskeletal protein , 353  
 O-GlcNAc and O-phosphate , 355–356  
 glycosynapse   ( see  Glycosynapse formation) 

   Silica nanoparticles , 270, 272  
   Sodium-calcium exchanger (NCX) 

 GM1 , 336  
 plasma membrane , 336  

   Sphingolipid meabolism 
   Sphingolipid storage diseases , 479–480  
   SRT.    See  Substrate reduction therapy (SRT) 
   Structure 

 and functions, glycoconjugates   
( see  Glycoconjugates) 

 glycosylation , 329, 370  
 oligosaccharides , 168  
 proteins , 168  
 relationships, glycans , 175  

   Substrate reduction therapy (SRT) , 488, 490  
   Sulfated glucuronosyl lactosaminyl paragloboside 

(SGLPG) , 209, 546, 549  
   Sulfated glucuronosyl paragloboside (SGPG) , 

209, 546, 549, 551, 555  
   Sulfation 

 and , 134  
 affi nity , 147  
 N-and O-glycans , 146  
 CS , 78, 92, 103  
 GAG , 90  
 GalNAc , 93  
 GlcA and IdoA contents , 22  
 HS , 77, 95  
 KS , 96  
 and sialylation , 83  

   Sulfoglycomics 
 CID MS  n   analysis , 149  
 epithelial and secreted mucins , 146  
 and glycoproteomics , 147, 148  
 LC separation, non-sulfated glycans , 147–149  
 lubricant property, mucosae , 146  
 MALDI-MS analysis , 149  
 N-and O-glycans detection , 146–147  
 sialylated and permethylated glycans , 147  

   Sulfotransferase 
 CS-A and CS-C , 93  
 GalNAc , 94  
 HS2ST , 100  
 NDST , 95–96  

   Synapses, glycosphingolipids , 418–419  
   Synaptic vesicle protein 2 (SV2) , 371  
   Synaptotagmin1 , 399  

    T 
  Tay–Sachs disease (TSD) 

 B1 variant , 474–475  
 GM2 gangliosidosis , 471–472  
 lyso-GM2 and lyso-GA2 , 479  
 and SD , 489, 490  

   Tetanus (TeNT) , 398–399  
   TME.    See  Tumor microenvironment (TME) 
    trans  carbohydrate-carbohydrate interactions 

 apposed membrane , 270  
 homotypic or heterotypic , 270  
 hydrate , 270  
 sugars , 269  

   Transient receptor potential (TRP) channels 
 CtxB , 333  
 glycosylation sites , 327  
 isoform , 333  
 ligand binding and gatingproperties , 327  
 TRPC6 and TRPC3 , 327  
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   Transporters 
 iron , 322  
 myocyte types , 329  
 physiological coupling , 336  

   Trimming 
 affi nity chromatography , 59  
 calnexin and calreticulin , 52  
 CDG type II , 54  
 glucosidase , 62  
 glycoprotein , 54  
 glycosylation , 63  

   TSD.    See  Tay-Sachs disease (TSD) 
   Tumor microenvironment (TME) 

 host cells , 504  
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