
Gangliosides of the vertebrate nervous system

Ronald L. Schnaar
Departments of Pharmacology and Neuroscience, Johns Hopkins University School of Medicine, 
Baltimore, MD 21205, USA

Abstract

Gangliosides, sialylated glycosphingolipids found on all vertebrate cells and tissues, are major 

molecular determinants on the surfaces of vertebrate nerve cells. Comprised of a sialylated glycan 

attached to a ceramide lipid, the same four structures – GM1, GD1a, GD1b and GT1b – represent 

the vast majority (>90%) of gangliosides in the brains of all mammals and birds. Primarily found 

on the outer surface of the plasma membrane with their glycans facing outward, gangliosides 

associate laterally with each other, sphingomyelin, cholesterol, and select proteins in lipid rafts – 

dynamic functional subdomains of the plasma membrane. The functions of gangliosides in the 

human nervous system are revealed by congenital mutations in ganglioside biosynthetic genes. 

Mutations in ST3GAL5, which codes for an enzyme early in brain ganglioside biosynthesis, 

results in an early-onset seizure disorder with profound motor and cognitive decay, whereas 

mutations in B4GALNT1, a gene encoding a later step, result in hereditary spastic paraplegia 

accompanied by intellectual deficits. The molecular functions of brain gangliosides include 

regulation of receptors in the same membrane via lateral (cis) associations and regulation of cell-

cell recognition by trans interaction with ganglioside binding proteins on apposing cells. 

Gangliosides also affect aggregation of Aβ (Alzheimer’s disease) and α-synuclein (Parkinson’s 

Disease). As analytical, biochemical and genetic tools advance, research on gangliosides promises 

to reveal mechanisms of molecular control related to nerve and glial cell differentiation, neuronal 

excitability, axon outgrowth after nervous system injury, and protein folding in neurodegenerative 

diseases.
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Introduction

Every cell in nature is endowed with a glycocalyx, a diverse coating of glycans, also referred 

to as glycoconjugates or complex carbohydrates [1]. The glycocalyx constitutes each cell’s 

distinctive face to its environment, shaping cell surface biophysical properties and providing 

a biochemical signature that can be read by glycan recognition molecules [2–5]. In animals 

the glycocalyx is comprised of glycoproteins, glycolipids and proteoglycans, the ratios of 

which vary greatly among cell types. Most of the cells of the vertebrate nervous system are 

unusual in that their glycocalyces are dominated by glycolipids, and more specifically by 

glycosphingolipids consisting of glycans carried on a ceramide lipid embedded in the outer 

leaflet of the plasma membrane [6]. In nerve cells, these are primarily gangliosides (Figs. 1 

& 2), glycosphingolipids with one or more sialic acid residue in their glycan structures [7,8]. 

Although gangliosides with various glycan structures are found in every vertebrate tissue, 

they are markedly more abundant in the nervous system. On average, each of the billions of 

nerve cells in the human brain has ~10 million cell surface gangliosides. Among mammals, 

the structures of the major brain gangliosides are well conserved, with the same four glycan 

structures (one pentasaccharide, two hexasaccharides and one heptasaccharide) comprising 

the vast majority of brain gangliosides from mouse to man (Fig. 2). Advances in 

biochemistry, cell biology and genetics are revealing the functions of these relatively 

abundant nerve cell surface molecules and their roles in human physiology and pathology.
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This review presents the chemistry of the major mammalian nervous system gangliosides 

and the biophysical properties that endow them with distinctive behaviors at the plasma 

membrane. This is followed by review of some of the functions and pathophysiological roles 

of gangliosides, emphasizing major themes in recent research. Finally, technical advances 

that have opened new doors to the study of gangliosides and their functions are presented 

along with pressing technical challenges.

Chemistry and physics of mammalian nervous system gangliosides

Major ganglioside of mammalian nervous systems

Gangliosides are comprised of a sialylated glycan attached to a ceramide lipid core (Fig. 1). 

The sialoglycan is typically comprised of 3–8 saccharides of which 1–4 are sialic acids, 

although gangliosides with glycan structures outside these ranges are well known [9]. The 

ceramide moiety is comprised of sphingosine, a long chain 2-amino alcohol, in which the 

nitrogen is in amide linkage to a fatty acid. Gangliosides are found in all mammalian tissues, 

where variations in sialoglycans and in the lipid components of ceramide combine to 

generate hundreds of distinct ganglioside structures with a variety of functions that range 

from regulation of receptor tyrosine kinases to directing cell-cell recognition [10]. 

Mammalian brain gangliosides, however, are quantitatively dominated by just four 

sialoglycan sequences (Fig. 2), and their ceramide lipid components are quantitatively 

dominated by a single fatty acid (C18:0, stearic acid) attached to one of two sphingosines, 2-

amino-4-octadecene-1,3-diol (d18:1) and 2-amino-4-dodecene-1,3-diol (d20:1) [11]. 

Whereas the sialic acids in many non-human mammals are found in two abundant N-

acylated forms (N-acetylneuraminic acid, Neu5Ac and N-glycolylneuraminic acid, 

Neu5Gc), brain gangliosides carry almost exclusively Neu5Ac, a portion of which may be 

O-acetylated (e.g. N-acetyl-9-O-acetylneuraminic acid, Neu5,9Ac2) [12,13]. Although the 

evolutionary forces that have maintained just four distinct saccharides on just two ceramide 

lipid cores as the quantitatively dominant gangliosides in the brains of mammals are not 

known, it is postulated that each structure must provide biological advantages that have yet 

to be fully elucidated.

The major mammalian brain gangliosides are biosynthesized stepwise by a series of 

glycosyltransferases that use nucleotide sugar donors to first glucosylate ceramide and then 

elongate the saccharide chain with a β4-galactose (Fig. 2). The galactose is typically 

sialylated at its 3-hydroxyl with a single Neu5Ac residue that may be further elongated by 

addition of a second (or third) α2–8 linked sialic acid. This is a key biosynthetic branch 

point. The same galactose is also elongated with a β4-N-acetylgalactosamine (GalNAc) at its 

4-hydroxyl, but once that GalNAc is added no further addition of sialic acids occur at the 3-

hydroxyl position. Gangliosides with no sialic acid on that first galactose residue are termed 

“0-series”, those with one sialic acid are “a-series”, those with two sialic acids are “b-series” 

and so on. In adult mammalian brain, 0-series gangliosides are rare, about half of the major 

gangliosides (GM1, GD1a) are a-series and the other half (GD1b, GT1b) b-series. In adult 

mammals and birds, c-series (or higher) gangliosides are rare, although they are abundant in 

fish and amphibians for reasons that aren’t well understood [14]. Beyond the GalNAc 

residue, major mammalian brain gangliosides carry a β3-linked galactose that may be 
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further sialylated with one or two sialic acids on the 3-hydroxyl of the terminal galactose. 

Rare gangliosides, termed “α-series” may carry a sialic acid on the 6-hydroxyl of the 

GalNAc residue [15,16].

A key to the biological functions of gangliosides is their orientation at the cell surface [17]. 

Their ceramide lipid is embedded in the outer leaflet of the lipid bilayer of the plasma 

membrane, which is comprised primarily of phospholipid and cholesterol. Although detailed 

conformational studies of major brain gangliosides are limited, NMR and modeling indicate 

that the glucose-ceramide bond of ganglioside GM1 is oriented such that the glycan extends 

perpendicular to the plane of the lipid bilayer of the plasma membrane [18]. The same 

conclusion was found with the simpler ganglioside GM3 modeled into a phospholipid 

bilayer [17]. Studies of GM1 indicated that the centrally located glycan branch point sugars 

(GalNAc β1–4[Neu5Ac α2–3]Gal) display a single dominant conformation, leading to the 

conclusion that the branch trisaccharide in major brain gangliosides is a rigid block. The 

same studies suggest that the linkages of the galactose residues may be more dynamic. The 

data suggest that gangliosides present distinct structures oriented outward from the plasma 

membrane.

The glycan moieties of the major brain gangliosides reach 2–2.5 nm outward from the 

hydrophobic membrane bilayer [19], extending well above the much more abundant 

phospholipid headgroups (~0.8 nm), and comparable to the lower range of plasma 

membrane proteins, most of which extend outward in the range of ~5–10 nm. The glycans of 

gangliosides are sufficiently large to engage proteins laterally on the cell surface, and extend 

outward sufficiently to engage binding proteins on apposing membranes.

Gangliosides at the plasma membrane

Under physiological conditions biological lipid bilayers behave as two-dimensional fluids 

dominated by glycerophospholipids [20]. In mammalian nerve cells, gangliosides represent a 

significant minority population of membrane lipids. In cultured rat cerebellar granule 

neurons, for example, glycerophospholipids constitute nearly 50 fmol/cell, cholesterol 5 

fmol/cell, and sphingolipids 2 fmol/cell represented equally by gangliosides and 

sphingomyelin (ceramide with a phosphocholine head group) [21]. Phosphatidylcholine, 

which accounts for more than half the total glycerophospholipids, and sphingolipids are 

relatively over-represented in the outer leaflet of the plasma membrane compared to other 

lipids. The natural aggregative properties of glycerophospholipids in an aqueous 

environment spontaneously drive bilayer membrane formation, whereas the distinct 

molecular properties of sphingolipids (including gangliosides) compared to 

glycerophospholipids drive lateral associations within the bilayer. Spontaneously occurring 

lateral groupings of membrane molecules in which sphingolipids, cholesterol, and select 

proteins are over-represented have commonly been called lipid rafts or membrane 

microdomains [22,23]. Gangliosides, in particular, have been proposed as molecular markers 

for these hypothetical domains. More than thirty years after lateral membrane domains were 

first proposed [24], controversy persists concerning their existence and composition. Current 

findings support the view that kinetically dynamic nanometer-scale lipid rafts spontaneously 
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form on natural eukaryotic cell membranes, and that they have the capability to self-

associate into larger and perhaps more stable membrane microenvironments [25].

Because of their ceramide lipid cores, sphingolipids including gangliosides share properties 

that enhance lateral self-association (Fig. 1) [26]. The sphingosine chain in gangliosides is 

18–20 carbons in length with a single double bond at C4–C5. This leaves a long (14–16 

carbon) fully saturated chain that inserts into the plasma membrane. In brain gangliosides, 

the C2 amine is N-acylated almost exclusively with fully saturated stearic acid (C18:0). This 

generates a ceramide that has two long saturated carbon chains that preferentially associate 

laterally with each other and other long saturated lipid chains compared to the common 

glycerophospholipids that typically carry a cis-unsaturated (kinked) lipid chain conducive to 

enhanced fluidity [20]. In addition ceramide-based lipids are headed by a C3-hydroxyl, a 

C2-amide nitrogen and an N-acyl (fatty acid) carbonyl, all of which can participate in 

hydrogen bonding near the aqueous/hydrophobic membrane interface. Together, these 

properties are believed to contribute to enhanced self-association of sphingolipids in the 

lateral plane of the membrane. The consequence of dynamic self-association is that multiple 

gangliosides have a tendency to spontaneously cluster into areas of lower mobility. 

Functional mechanisms in which gangliosides bind to complementary binding partners that 

are also clustered benefit entropically, resulting in higher binding avidity [10]. Mechanisms 

of ganglioside functions are addressed below, following a discussion of genetic disorders of 

ganglioside metabolism that place ganglioside functions in a biological context.

Genetic dysregulation of ganglioside biosynthesis

The best studied diseases of brain ganglioside metabolism are lysosomal storage diseases, in 

which mutations in the enzymes of ganglioside catabolism lead to intra-lysosomal 

accumulation with devastating effects on nerve cells [27]. Although mechanistic insights 

into ganglioside function can be gleaned from the buildup of a single ganglioside structure 

behind the catabolic block (e.g. GM2 in Tay-Sachs disease or GM1 in GM1 gangliosidosis 

[28]), disease outcomes are primarily due to the buildup of intra-lysosomal material.

Much rarer are diseases of ganglioside biosynthesis (Table 1). A single case study published 

in the 1970’s implied that genetic loss of a ganglioside biosynthetic enzyme resulted in a 

rapidly fatal developmental disorder [29–32]. Biochemical analysis of postmortem brain 

homogenates revealed the buildup of GM3 and GD3, the absence of more complex 

gangliosides, and a ~90% reduction in the enzyme activity of UDP-GalNAc:GM3 β-1,4-N-

acetylgalactosaminyltransferase (GM2-synthase, B4GALNT1 gene product, Fig. 2). The 

patient had poor physical and motor development at 1-month of age accompanied by 

frequent seizures, and died 2 months later. Upon autopsy, brain ultrastructure revealed 

defects in myelination as a notable feature [30,31].

The first genetically confirmed human defect in ganglioside biosynthesis was reported 30 

years later when genome wide linkage analysis revealed that a mutation in ST3GAL5, the 

gene for GM3-synthase (CMP-N-acetylneuraminate:lactosylceramide α-2,3-N-

acetylneuraminyltransferase, Fig. 2), a ganglioside-specific sialyltransferase, was 

responsible for a congenital infantile-onset seizure disorder accompanied by profound 
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developmental stagnation [33]. The same mutation was later found in an unrelated pedigree 

with affected individuals suffering the same clinical outcome [34]. A separate mutation in 

the same gene (ST3GAL5) resulted in severe cognitive and motor disabilities, seizures in 

only one of four affected subjects, and survival up to the 4th decade [35]. To date, 

biochemical analyses of postmortem brain tissue in these rare congenital disorders have not 

been reported, so relating clinical outcomes to changes in brain ganglioside expression is not 

yet possible. Studies of gangliosides in the plasma of affected subjects and in subject-

derived fibroblasts support the conclusion that GM3 synthesis is compromised. A 

fascinating inter-species comparison comes from the study of St3gal5-null mice [36]. 

Although these mice display altered insulin sensitivity (see below), no neurological deficits 

were noted. This may be due to a robust shift from major brain gangliosides (GM1, GD1a, 

GD1b, GT1b) to quantitatively similar expression of the 0-series gangliosides GM1b and 

GD1α (Fig. 2). The extent (if any) to which metabolic shifting from a/b- to 0-series 

gangliosides occurs in human subjects with ST3GAL5 mutations awaits access to 

postmortem brain tissue for biochemical studies.

The most recent reports of human mutations in the ganglioside biosynthetic pathway relate 

to B4GALNT1 (GM2-synthase), the gene implicated in the case study from the 1970’s 

[37,38]. Unlike the case study above, however, the phenotype was considerably less severe. 

Studies of >30 affected individuals from 10 families revealed hereditary spastic paraplegia, 

slowly progressive weakness and loss of motor control of the legs. Most affected individuals 

remained ambulatory into their 5th or 6th decade, with few progressing to wheelchair use. 

Notably, all affected individuals suffered from intellectual deficits, although not nearly as 

profound as reported for subjects with mutated ST3GAL5. Reported biochemical studies of 

ganglioside expression in affected individuals have been limited to skin-derived fibroblasts. 

A fuller understanding of the relationship between ganglioside expression and clinical 

outcomes must await access to postmortem brain tissue.

The motor phenotype of subjects with mutated B4GALNT1 matched that of B4galnt1-null 

mice, which also suffered hindlimb motor disabilities that progressed until at one year of age 

they were unable to control or support weight on their hindlimbs [39,40]. Biochemical 

studies of B4galnt1-null mice revealed the complete absence of the major mammalian brain 

complex gangliosides (GM1, GD1a, GD1b, GT1b) with quantitatively equivalent buildup of 

GM3 and GD3 behind the block [41–43]. Their motor deficits appeared to be downstream of 

progressive dysmyelination and axonal degeneration [44], at least in part attributed to the 

function of gangliosides GD1a and GT1b in myelin stabilization (see below).

Functions of nervous system gangliosides in health and disease

Mechanisms of action

The clinical consequences of mutations in ganglioside biosynthetic enzymes and the 

phenotypes of genetically engineered ganglioside-deficient mice (see above) provide 

glimpses of the functions of gangliosides in the nervous system. These findings motivate 

studies of the underlying molecular mechanisms. Clear evidence supports at least two 

molecular mechanisms by which gangliosides regulate biochemical and cellular functions 

[10,45]: lateral interactions of gangliosides with proteins on the same cell membrane (cis) 
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and binding of gangliosides on one cell surface to complementary glycan binding proteins 

on an apposing cell or in the extracellular milieu (trans).

A good example of cis regulation is the association of the insulin receptor (IR) with the 

abundant peripheral tissue ganglioside GM3 [46]. Lateral association of GM3 with the IR 

suppresses insulin-induced autophosphorylation and downstream signaling events in vitro. 

Lateral binding of the IR to GM3 sequesters the receptor, impairing its lateral association 

with caveolin which is required for insulin-mediated metabolic signaling [47]. Mice 

engineered to lack GM3 (St3gal5-null) displayed enhanced insulin sensitivity and were 

protected from high fat diet-induced insulin resistance [36]. Ganglioside-mediated lateral 

sequestration of signaling molecules on the cell surface into active or inactive states may be 

a general mechanism for ganglioside functions [10].

A good example of trans recognition of gangliosides is the interaction of the glycan binding 

protein myelin-associated glycoprotein (MAG) on the innermost wrap of myelin with 

gangliosides on the apposing surface of the enwrapped nerve cell axon [48]. 

Oligodendrocytes in the central nervous system and Schwann cells in the peripheral nervous 

system segmentally wrap long nerve axons with myelin, a multilayered membrane that 

insulates the axon and organizes ion channels along the length of the axon [49]. Myelin 

segments (internodes) are interrupted by unmyelinated short segments, nodes of Ranvier, 

where voltage sensitive sodium channels are clustered to propagate action potentials. Axon 

segments adjacent to the nodes are the site of adhesion molecules and potassium channels, 

which repolarize the membrane after the action potential.

MAG is found selectively on the innermost myelin wrap, across from the axon [50]. It was 

found to share sequence similarity with two sialic acid binding proteins, sialoadhesin and 

CD22 [51], leading to the discovery that MAG (now also called Siglec-4) is part of what is 

the siglec family (sialic acid-binding immunoglobulin-type lectins) [52,53]. Subsequent 

studies identified gangliosides GD1a and GT1b as axonal ligands for MAG [54,55]. Mice 

lacking complex gangliosides (B4galnt1-null) fail to maintain appropriate axon-myelin 

associations leading to disruptions in the structure and molecular distributions at nodes of 

Ranvier [56], dysmyelination-related axon degeneration [44], and progressive motor 

neuropathy [39]. Mice engineered to lack MAG (Mag-null), complex gangliosides 

(B4galnt1-null) and double-null mice have similar deficits in myelin structure, axon stability, 

and behavior [40]. These findings support the hypothesis that gangliosides, and particular 

GD1a and GT1b, are essential for long-term axon-myelin stability and that the loss of MAG-

ganglioside binding is responsible for hereditary spastic paraplegia in subjects with 

mutations in the B4GALNT1 gene [37,38].

The clinical disorders of humans with ganglioside biosynthetic gene mutations and the 

phenotypes of mice engineered to have similar genetic deficits indicate the roles of 

gangliosides in nervous system stability and function, both motor and cognitive. Additional 

mechanistic insights come from biochemical and cellular studies detailed in the following 

sections.
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Regulation of axon outgrowth

Gangliosides regulate axon outgrowth intrinsically by regulating nerve cell mechanisms that 

drive growth cone extension [57,58] and extrinsically by conveying outgrowth inhibitory 

signals from the local environment to the growth cone [59]. The exploration of intrinsic 

ganglioside regulation of axon outgrowth has focused, in part, on the membrane-associated 

sialidase Neu3, which readily cleaves terminal sialic acids from GD1a, GD1b and GT1b 

leaving GM1 [60]. The branching sialic acid on GM1 (or GM2) is resistant to Neu3 as it is 

to most bacterial and viral sialidases. Therefore, cell surface sialidase Neu3 will locally 

deplete three of the four major brain gangliosides, increasing the local concentration of 

GM1. Notably, in cultured embryonic rat hippocampal neurons Neu3 was found to 

accumulate in one of several membrane protrusions, and that protrusion became the 

neuron’s single axon [57]. Molecular or pharmacologic inhibition of Neu3 blocked axon 

formation. Data supported a model in which Neu3 conversion of more complex gangliosides 

to GM1 at the surface of the growth cone resulted in enhanced responsiveness of the 

neurotrophin receptor tyrosine kinase TrkA, activation of the small GTPase Rac1, inhibition 

of RhoA and its downstream effectors, loss of F-actin and increased axon outgrowth.

Regulation and responses to gangliosides in the intrinsic control of axon outgrowth are likely 

to be neuronal cell-type specific. In adult rat dorsal root ganglion (peripheral nervous 

system) neurons, axon transection resulted in increased Neu3 activity, a shift from GD1a/

GT1b to GM1 gangliosides, and axon regeneration [58]. Inhibiting Neu3 reduced axon 

regeneration, an effect reversed by adding exogenous sialidase. Transection of axons of adult 

retinal neurons (central nervous system) did not result in increased Neu3 activity or a shift 

from GD1a/GT1b to GM1, and axon regeneration was weak. Addition of sialidase, however, 

enhanced axon regeneration in retinal neurons. The data support an intrinsic neuronal 

mechanism in which Neu3-mediated changes in ganglioside structure result in activation of 

receptor tyrosine kinases, ERK activation and axon regeneration [58]. Molecular details of 

how ganglioside structural changes modulate signaling proteins in the neuronal axon and 

growth cone have not been clearly established and remain a valuable area for future studies.

In addition to intrinsic regulation of axon outgrowth, gangliosides mediate the inhibition of 

axon outgrowth by extrinsic factors [61–63]. Axon outgrowth in the adult nervous system is 

highly restricted, in part due to proteins in myelin, including Nogo and MAG, which 

specifically signal axon outgrowth suppression via cell surface receptors that indirectly 

activate RhoA [64]. In the injured nervous system, residual myelin is joined by chondroitin 

sulfate proteoglycans (largely from astrocytes) that also directly inhibit axon outgrowth. 

Gangliosides are among the key molecules involved in the signaling pathways of axon 

outgrowth inhibition [61–63]. In some neurons MAG binds to axonal gangliosides GD1a 

and GT1b resulting in activation of RhoA and axon outgrowth inhibition. In other neurons 

MAG inhibition is largely independent of gangliosides, instead requiring members of the 

GPI-anchored NgR (Nogo receptor) family on the axon surface. Whereas evidence supports 

the independent functions of gangliosides and NgR family members as mediators of MAG 

inhibition of axon outgrowth, the two types of receptors can also self-associate to form a 

signaling complex [65]. These mechanisms provide a wealth of regulatory flexibility, 

presumably to carefully restrict unwanted axon sprouting in the adult nervous system. 
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However, they also limit axon regeneration after injury, contributing to poor recovery from 

central nervous system injuries such as spinal cord injury and traumatic brain injury. The 

potential for ganglioside structural modifications to enhance axon outgrowth in preclinical 

(rat) models of brachial plexus injury and spinal cord injury were tested by delivering 

sialidase directly to the site of injury via implanted osmotic pumps resulting in the loss of 

complex brain gangliosides such as GT1b and sharply increased GM1, the sialidase product 

[66–68]. Sialidase treatment resulted in significant increases in axon outgrowth accompanied 

by enhanced functional recovery.

Regulation of receptor function

The regulation of receptors by gangliosides, most notably tyrosine kinase receptors, is well 

established [10,69]. In addition to GM3 inhibition of the insulin receptor discussed above 

[46], GM3 inhibits whereas GD1a enhances activation of the EGF receptor [70], GM1 

inhibits the PDGF receptor [71], and GM1 activates TrkA [18,72]. For the insulin receptor, 

GM3 binds directly to the receptor at a site requiring a membrane proximal lysine (K944) 

and competes with other insulin receptor associations required for function [47]. Similarly, 

the EGF receptor binds to GM3 directly at a similarly located lysine (K642) [73]. In other 

cases, regulation of tyrosine phosphorylation by gangliosides may be indirect via alterations 

in membrane protein organization, especially at the level of lipid rafts [74].

Receptor trafficking is another way in which gangliosides affect receptor function. An 

unbiased screen for nerve cell proteins that differentially bind to gangliosides GT1b and 

GM1 revealed a group of proteins that regulate the intracellular trafficking of the GluR2 

subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type 

glutamate receptor, the major excitatory neurotransmitter receptor in the brain [75]. AMPA 

receptors are tetrameric transmembrane proteins composed of dimers of dimers constructed 

from four gene products (GluR1-GluR4), the most common being GluR1-GluR2 and 

GluR2-GluR3 [76]. The subunit composition of AMPA receptors is important to their 

functions, a key being the abundant GluR2 subunit, the presence of which reduces calcium 

permeability and channel conductance [77]. Synaptic excitability, synaptic plasticity, 

learning and memory can be driven by quantitative and qualitative changes in synaptic 

AMPA receptors [78,79]. It is notable in this context that the GluR2 subunit binds 

selectively to ganglioside GM1, whereas a suite of proteins involved in GluR2 

internalization (thorase, NSF, and nicalin) bind selectively to ganglioside GT1b. Modulation 

of sialoglycans on hippocampal neurons with sialidase resulted in altered distribution of 

surface GluR2-containing AMPA receptors. The potential for complex gangliosides to 

regulate the major excitatory neurotransmitter in the brain may explain why congenital 

deficits in ganglioside biosynthesis invariably result in intellectual deficits and often are 

associated with seizures [30,33–35,37,38].

Gangliosides in diseases of protein folding

The pathophysiology of major age-related human neurodegenerative disorders involves 

alterations in protein folding and protein aggregation [80]. The creation of extracellular 

fibrils of amyloid Aβ is believed to be a primary driver of Alzheimer’s disease pathology, 

whereas intracellular fibrils of α-synuclein are characteristic of Parkinson’s disease. In both 
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cases, the highly infrequent generation of an alternatively folded protein seed is believed to 

induce the same fold in soluble monomers, resulting in feed-forward fibril formation. 

Gangliosides have been implicated as regulators of both Aβ and α-synuclein aggregation, 

but in quite different ways [81,82].

A portion of Aβ isolated from Alzheimer brain extract was found associated with 

ganglioside GM1 [83]. Subsequently, GM1 and other gangliosides in defined liposomes 

were found to bind to Aβ at sub-micromolar affinity and accelerate Aβ fibril formation in a 

structurally specific manner (GM1 > GD1b > GD1a, GT1b) [84,85]. Recent work indicates 

that GM1-Aβ may be a necessary prerequisite to Aβ toxicity. In a study designed to discover 

the fate of Aβ dimers injected into the cerebrospinal fluid of live mice, the protein was 

principally recovered bound to membranes [86]. When solubilized, all of the Aβ migrated as 

a slightly larger molecular weight than expected. The altered molecular weight species, 

which was stable upon SDS gel electrophoresis, co-stained for GM1 using the highly 

specific binding reagent cholera toxin B-subunit, indicating very stable spontaneous 

association of Aβ with GM1 in the living brain. In vitro binding studies indicated that Aβ 
dimers (or oligomers) are the active GM1-binding species. Detailed Aβ aggregation and 

structural studies in the presence of GM1-containing liposomes indicate that GM1 can 

accelerate a shift from α-helical Aβ to toxic fibrils [87]. Functional blocking of GM1 on 

intact hippocampal neurons with cholera toxin B subunit diminished Aβ dimer-induced 

pathological electrophysiological changes, and an antibody specific for GM1-bound Aβ 
detected it in human cerebrospinal fluid [86]. Together, these data imply that brain 

gangliosides, particularly GM1, may accelerate the conversion of Aβ from a soluble 

molecule to a toxic fibril in the pathogenesis of Alzheimer’s disease [81].

In contrast to its effect on Aβ, GM1 binds to α-synuclein and inhibits fibril formation in 

vitro [88]. Mice lacking complex gangliosides (B4galnt1-null) had fewer tyrosine 

hydroxylase-positive cells and more α-synuclein positive cells in their substantia nigra pars 

compacta, consistent with a physiological role for complex gangliosides in the control of α-

synuclein deposition [89]. The same mutant mice demonstrated improved behavior after L-

dopa administration. Human substantia nigra pars compacta sections from Parkinson tissue 

donors had fewer dopaminergic neurons, and of those a much lower percent were also GM1 

positive as measured by CTB binding. These intriguing data provide the impetus for further 

exploration of the potential protective role of gangliosides in α-synuclein fibril formation 

and Parkinson’s disease.

Tools and challenges in ganglioside research

Ganglioside analytics

Analytical tools for studying gangliosides have improved significantly, but ganglioside 

analysis remains largely the purview of specialists in the field [90,91]. The simplest 

analytical tools to use, ganglioside-specific antibodies and binding proteins (toxins) are 

widely available and provide enhanced opportunities to study brain ganglioside expression 

and function in health and disease [92–95]. These techniques are limited, however, to major 

brain gangliosides and minor gangliosides with well-defined antibodies or toxins, which 

aren’t always available. Furthermore, gangliosides exist in multiple isoforms with varying 
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ceramide lipid structures and the potential for hydroxyl acetylation that make immuno- or 

binding protein-detection more challenging and less definitive. In addition, certain routine 

techniques used in immunohistochemistry, including solvent fixation and the use of certain 

detergents, either remove gangliosides or worse yet result in anatomical redistribution of 

gangliosides [96,97], so great care in both experimental execution and interpretation are 

required.

Beyond antibodies and binding proteins, ganglioside analytical techniques usually require 

extraction of tissues or cells with organic solvents and partitioning to remove bulk 

contaminating lipids prior to analysis [98], typically by thin-layer chromatography and/or 

mass spectrometry (MS). Thin-layer chromatography of gangliosides is relatively simple and 

sensitive [99], whereas techniques for MS analysis of isolated gangliosides require 

expensive equipment and advanced expertise, but are much more powerful, providing 

detailed qualitative and quantitative information by electrospray MSn techniques on 

relatively small samples [90,91,100].

An exciting addition to these techniques is spatially-resolved matrix-assisted (MALDI) MS, 

in which an intact tissue section (e.g. mouse brain) is evenly sprayed with matrix and 

subjected to laser-induced desorption with raster sampling and time-of-flight mass 

determination [101–104]. Each laser-struck spot on the tissue ionizes many molecules 

including brain gangliosides, which have distinctive masses compared to other lipids and 

small molecules. Anatomic maps of each mass can be generated. MALDI-MS mapping of 

gangliosides has revealed exciting and unanticipated selective anatomic distributions of 

different brain gangliosides, especially based on their ceramide structures. The biological 

significance of these distributions has yet to be understood. Despite its power, MALDI-MS 

mapping is prone to in-source loss of sialic acids, which are differentially sensitive to the 

experimental conditions [105]. This can lead to under-representation of major brain 

gangliosides GT1b, GD1b, and GD1a and over-representation of GM1, for example. Despite 

current limitations, this technique holds great promise.

Lipid rafts and ganglioside-protein interactions

Gangliosides, along with other sphingolipids, are believed to preferentially reside in lipid 

rafts [106]. In fact, ganglioside-specific reagents (such as with CTB) are routinely used to 

identify lipid rafts. A challenge to this area of study was the discovery that under common 

conditions of lipid raft isolation (1% Triton X-100 detergent in cold aqueous buffers) 

gangliosides readily enter the soluble phase and redistribute to other membranes [96,97]. 

Under defined conditions some detergents other than Triton X-100 do not induced 

ganglioside redistribution, and may provide for more accurate determinations of raft and 

non-raft ganglioside distributions. Several methods for directly determining ganglioside-

protein interactions, including affinity capture and photoaffinity labeling, have been 

successfully applied. However, the amphipathic nature of gangliosides and their propensity 

to spontaneously partition into aggregates with proteins and other lipids provide challenges 

for determination of ganglioside-specific molecular interactions. Careful analysis of the 

stringency of ganglioside-protein interactions and their structural specificity for related 

gangliosides can provide the means to overcome background binding limitations.
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Ganglioside biosynthesis in human congenital disorders

Some of the most compelling data about ganglioside function has come from genetic linkage 

analyses relating ganglioside-specific gene mutations to human disorders, including seizure 

disorders, movement disorders and intellectual disability [33–35,37,38]. To date, access to 

nervous system tissues from affected patients has been limited or absent. Instead, analysis of 

ganglioside expression in these disorders has been on blood cells or fibroblasts, which do 

not have the same concentrations or complexities of gangliosides found in the brain. Related 

studies in mutant mice have revealed quantitative compensation, with alternative 

gangliosides building up behind the block [107]. In one case in particular, St3gal5-null mice, 

an over-expression of rare 0-series gangliosides appears to largely functionally compensate 

for the loss of the major brain gangliosides [36]. Knowledge of the quantitative and 

qualitative changes in human mutations of ganglioside biosynthesis would provide both 

enhanced mechanistic insights and perhaps avenues for treatment of ganglioside 

deficiencies.

Regulated ganglioside expression in animal models

Major brain gangliosides are largely shared, both qualitatively and quantitatively, among 

mammals (and birds), providing excellent opportunities to develop animal models to explore 

ganglioside function [108]. There are mouse genetic models that are null for many 

ganglioside biosynthetic genes (St3gal5, B4galnt1, St8sia1, St3gal2, among others) [107]. 

However, few have been engineered for conditional tissue, cell and developmental regulation 

of expression. Some of the models suffer from non-neural phenotypes and lack of cell 

specific ablation in the brain. Recovery of function in B4galnt1-null mice by transgenic 

expression of B4galnt1 separately in nerve cells or glial cells has been highly revealing, 

demonstrating that the neurodegenerative phenotype in these mice was due to loss of 

gangliosides specifically in nerve cells [109]. Similar advances can be anticipated when 

conditional and multiple ganglioside biosynthetic gene deletions are made in mice. With the 

advance of rapid gene editing techniques [110], it is timely to invest in a broader set of 

ganglioside gene regulation models for studying the multiple roles of gangliosides in 

pathogen binding, cell-cell recognition, and receptor regulation across cells and tissues.

Closing remark

Gangliosides are major cell surface molecules on all nerve cells in the vertebrate nervous 

system, where they provide molecular signatures for intrinsic (cis) and extrinsic (trans) 

molecular interactions. As knowledge of the multiple roles of gangliosides in physiology 

and pathology continue to emerge, and as the tools to explore the structure-function 

relationships and mechanisms of ganglioside-mediated cellular regulation continue to 

evolve, a better understanding of areas as diverse as axon stability and regeneration, synaptic 

plasticity, and cellular differentiation in health and disease await.
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Abbreviations used

CTB cholera toxin B subunit

Neu5Ac N-acetylneuraminic acid (sialic acid)

Siglec sialic acid-binding immunoglobulin-like lectin. Ganglioside nomenclature is 

that of Svennerholm [111]
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Highlights

• Gangliosides, sialylated glycosphingolipids, are major cell surface 

molecular determinants on all vertebrate nerve cells

• The same four ganglioside structures, GM1, GD1a, GD1b, and GT1b 

comprise the vast majority of brain gangliosides in all mammals.

• Gangliosides regulate membrane receptors via specific molecular 

interactions with proteins on their own membrane (cis) and mediate 

cell-cell recognition via specific binding to glycan recognition proteins 

on apposing cells (trans).

• Among their functions, gangliosides regulate cell differentiation, 

modulate cell signaling, stabilize axon-myelin interactions, and affect 

protein aggregation related to neurodegenerative diseases.

• Inherited mutations in ganglioside biosynthetic genes result in seizures, 

motor neuropathies, and intellectual deficits.
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Fig. 1. 
Trisialoganglioside GT1b. The structure of the most complex of the four major mammalian 

brain gangliosides is shown. Other major brain gangliosides and their biosynthetic 

relationships are shown in Fig. 2.
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Fig. 2. 
Biosynthesis of mammalian brain gangliosides. The step-by-step enzymatic biosynthesis of 

the major brain gangliosides is shown starting with addition of glucose in β-linkage to 

ceramide. Each enzyme transfers a single sugar from an activated sugar nucleotide donor 

(UDP-Glc, UDP-Gal, UDP-GalNAc, or CMP-Neu5Ac) to the end of the growing chain. 

Linkage positions of each sugar are not shown, but are the same as for GT1b (Fig. 1) with 

the exception of GD1α, which has a sialic acid linked α2–6 to the GalNAc. Human genes 

encoding the enzymes responsible for each step are boxed. Note that some enzymes (e.g. 

B4GALNT1) act on multiple acceptors that vary in the number of sialic acids on the inner 

galactose. The glycan symbol nomenclature shown is widely accepted in the field [112].
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TABLE 1

Human diseases of ganglioside biosynthesis

enzyme deficit mutated gene ganglioside expression clinical outcomes references

GM3 synthase ST3GAL5 unknown seizures, cognitive and motor decay [33–35]

GM2/GD2 synthase B4GALNT1
loss of complex gangliosides; increased GM3 

and GD3 a
spastic paraplegia, intellectual 
disability [37,38]

a
ganglioside analysis from a single case study lacking genetic confirmation [30]
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