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    Abstract     Gangliosides, sialylated glycosphingolipids, are particularly enriched in 
mammalian central nervous system where their expression is cell type-specifi c and 
changes particularly during brain development, maturation, aging, and diseases. For 
this reason, gangliosides are important diagnostic markers for various brain ail-
ments, including primary and secondary brain tumors and neurodegenerative dis-
eases. Among all biochemical and biophysical methods employed so far for 
ganglioside analysis, mass spectrometry (MS) emerged as one of the most reliable 
due to the sensitivity, accuracy, and speed of analysis as well as the possibility to 
characterize in details the molecular structure of the identifi ed biomarkers. 

 This chapter presents signifi cant achievements of MS with either electrospray 
(ESI), chip-based ESI, or matrix-assisted laser desorption/ionization (MALDI) in 
the analysis of gangliosides in normal and diseased human brain. Specifi cally, the 
chapter assesses the MS contribution in determination of topospecifi city, fi loge-
netic, and brain development stage dependence of ganglioside composition and 
structure as well as in discovery of ganglioside markers in neurodegenerative/
neurodevelopmental conditions, primary and secondary brain tumors. The highlighted 
accomplishments in characterization of novel structures associated to severe brain 
pathologies show that MS has real perspectives to become a routine method for 
early diagnosis and therapy based on this biomolecule class.  
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8.1         Introduction 

 Lipid bilayer membranes of the vertebrate cells contain a special class of glyco-
sphingolipids (GSL) called gangliosides. Gangliosides consist of a hydrophobic 
ceramide (Cer) moiety through which the molecule is attached to the plasma 
 membrane and a hydrophilic oligosaccharide chain. Cer includes a sphingoid base 
and a fatty acid chain, both with variable composition from a species to another. The 
carbohydrate core also exhibits variability of the length and structure. Besides, one 
or more characteristic sialic acid groups (i.e.,  N -acetylneuraminic acid, 
 N -glycolylneuraminic acid) are attached to the oligosacchride core by an aketosidic 
linkage. This way, gangliosides are inserted in the outer layer of the plasma mem-
brane [ 56 ] via the heterogeneous ceramide moiety, while their oligosaccharide 
chain faces the external medium; thus, the carbohydrate chain is free to interact with 
soluble extracellular molecules and with the hydrophilic portion of other membrane 
components. 

 Although this particular class of GSLs is expressed on basically all vertebrate 
cells, systematic investigations showed that central nervous system (CNS) contains 
a several times higher ganglioside concentration than the extraneural tissue. This 
feature indicates that ganglioside molecules are of particular importance for the 
development and function of CNS [ 58 ]. 

 As plasma-membrane components, enriched in specialized microdomains, i.e., 
“glycosynapse,” gangliosides interact with different signal transducers, thus mediat-
ing carbohydrate-dependent cell adhesion and inducing cell activation, motility, and 
growth. Several reports emphasize the participation of gangliosides in signifi cant 
biological processes in the healthy CNS such as brain development, maturation, 
aging [ 58 ], and defi ned functions of each specialized brain region, as well as in 
pathological CNS, in particular neurodegenerative diseases [ 59 ] and malignant 
transformation [ 26 ]. The regulatory roles of gangliosides at the CNS level were 
clearly demonstrated by the observed dramatic change in their expression and 
structure during development of the nervous system and their region-specifi c distri-
bution. On the other hand, certain structures were found to be differentially and 
specifi cally expressed in the brain affected by neurodegenerative diseases [ 77 ]. 
Changes in ganglioside composition and content have been observed also during 
neoplastic cell transformation. A decrease in the regular ganglioside profi le and an 
increase in the structures detected only in small amounts in the normal brain tissue 
were found in primary and secondary (metastases) brain tumors, demonstrating a 
direct correlation between ganglioside composition and histological type and grade 
of the tumors [ 9 ,  17 ,  66 ]. This aspect provides the option to use gangliosides as 
biochemical markers in early histopathological diagnosis, grading, and prognosis of 
tumors. Therefore, nowadays gangliosides are considered valuable diagnostic markers 
of CNS ailments being in the current focus of research also as potential therapeutic 
agents. 
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 In the last decade several biophysical methods have been developed for the 
investigation of ganglioside expression in severe brain diseases. Hence, for the 
assessment of ganglioside quantity and composition in human brain, cell- and 
tissue- staining analyses such as immunocytochemistry and immunohistochem-
istry and assays using chromatographic methods based on thin layer chroma-
tography (TLC) and high-performance liquid chromatography (HPLC) were 
successfully employed [ 40 ,  69 ]. Ganglioside profiling, their quantification, and 
correlation to histomorphology and grading of human tumors, i.e., gliomas, 
were studied using a newly developed microbore HPLC method [ 84 ]. Also, the 
application of infrared spectroscopy as an adjunct to histopathology in detecting 
and diagnosing human brain tumors was demonstrated [ 36 ,  70 ]. Also, ganglio-
side expression in human glioblastoma was determined by confocal microscopy 
of immunostained brain sections using antiganglioside monoclonal antibodies 
[ 27 ]. However, to define the structure-to-function interrelationship of each par-
ticular ganglioside implicated in a physiological/pathological process and to 
improve their diagnostic significance, more sensitive and accurate approaches 
to enhance lipid-linked carbohydrate analysis under high-structural complexity 
were necessary. In this context, mass spectrometry (MS) has emerged lately as 
one of the most potent tools for the structural analysis of complex brain gan-
gliosides. Implemented initially with fast atom bombardment (FAB) ionization 
[ 15 ], the capability of MS for sensitive structural analysis of gangliosides 
increased signifi cantly after the introduction of matrix-assisted laser desorption /
ionization (MALDI) and electrospray (ESI) ionization from one side and the 
possibility to perform tandem MS or multistage MS for detailed structural 
analysis. 

 Nevertheless, as compared to other classes of biomolecules, mass spectrome-
try of gangliosides has developed much slower. Although the value of ganglio-
side markers is universally acknowledged, the current inventory of species 
identifi ed by MS is rather poor as compared to proteomics fi eld, and the number 
of research laboratories constantly involved in MS of gangliosides is reduced to 
only a few, worldwide. This state-of-the-art is a result of the high structural diver-
sity and heterogeneity of gangliosides and their inferior ionization effi ciency as 
compared to peptides and proteins, which require reconsideration of all MS con-
ditions for screening and sequencing. The experimental design must also be 
adapted to the type of the possibly present labile moieties (NeuAc, Fuc,  O -Ac), 
the ionizability of the functional groups, and the special molecule constitution 
consisting of a hydrophilic sugar core and a hydrophobic ceramide part. All these 
characteristics made the class of gangliosides less amenable to MS. However, in 
the subsequent parts of this chapter it will be shown that adequate strategies may 
lead to a successful implementation of MS in ganglioside analysis, with impor-
tant results not only in brain mapping but also in discovery of species associated 
to severe brain diseases.  
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8.2     Ganglioside Nomenclature 

 Gangliosides and the precursor glycosphingolipids are currently abbreviated according to the 
system introduced by Svennerholm and Fredman [ 71 ] and the recommendations of IUPAC-
IUB Commission on Biochemical Nomenclature [ 30 ] as follows: LacCer, Galβ4Glcβ1Cer; 
GA2, Gg 3 Cer, GalNAcβ4Galβ4Glcβ1Cer; GA1, Gg 4 Cer, Galβ3GalNAcβ4Galβ4Glcβ1Cer; 
nLc 4 Cer, Galβ4GlcNAcβ3Galβ4Glcβ1Cer; Lc 4 Cer, Galβ3GlcNAcβ3Galβ4Glcβ1Cer; 
GM3, II 3 -α-Neu5Ac-LacCer; GD3, II 3 -α-(Neu5Ac) 2 - LacCer; GT3, II 3 -α-(Neu5Ac) 3 - LacCer ; 
GM2, II 3 -α-Neu5Ac-Gg 3 Cer; GD2, II 3 -α-(Neu5Ac) 2 -Gg 3 Cer; GM1a or GM1, II 3 -α- 
Neu5Ac-Gg 4 Cer; GM1b, IV 3 -α-Neu5Ac-Gg 4 Cer; GalNAc-GM1b, IV 3 -α-Neu5Ac- 
Gg 5 Cer; GD1a, IV 3 -α-Neu5Ac,II 3 -α-Neu5Ac-Gg 4 Cer; GD1b, II 3 -α-(Neu5Ac) 2 -Gg 4 Cer; 
GT1b, IV 3 -α-Neu5Ac,II 3 -α-(Neu5Ac) 2 -Gg 4 Cer; GQ1b, IV 3 -α-(Neu5Ac) 2 ,II 3 -α-(Neu5Ac) 2 -
Gg 4 Cer; nLM1 or 3′-nLM1, IV 3 -α-Neu5Ac- nLc 4 Cer; LM1 or 3′-isoLM1, IV 3 -α-Neu5Ac-
Lc 4 Cer; nLD1, disialo-nLc 4 Cer;  

8.3     Gangliosides in Normal Brain 

 Prior to MS introduction in brain research, mapping of the gangliosides expressed 
in different regions of normal human brain was carried out using high affi nity anti- 
ganglioside antibodies based on immunohistochemistry, TLC coupled with densito-
metric scanning and two-dimensional TLC. Because of the principle of detection, 
restricted to major components, and the low throughput, these methods offered a 
limited amount of information. Therefore, in last years many efforts to implement 
mass spectrometry with either ESI, nanoESI chip, or MALDI methodologies into 
CNS ganglioside analysis have been invested. 

8.3.1     Cerebrum 

 In view of the technical performances and the accuracy of data with biological 
impact, high-resolution mass spectrometry on either Fourier transform ion cyclo-
tron resonance (FTICR) MS or quadruple time of-fl ight (QTOF) MS proved a 
remarkable potential in brain ganglioside research. In comparison to all other MS 
methods, FTICR MS exhibits an ultra-high resolution exceeding 10 6  and a mass 
accuracy often below 1 ppm [ 53 ]. FTICR MS provides at the same time the advan-
tage of several ion fragmentation techniques based on precursor dissociation such as 
CID, sustained off-resonance irradiation (SORI-CID), infrared laser multiphoton 
(IRMPD), or electron capture dissociation (ECD) as well as the possibility to per-
form multiple stage MS (MS  n  ). 
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 In brain ganglioside research nanoESI FTICR MS in the negative ion mode was 
shown [ 81 ] to be highly effective for screening and sequencing of the native gan-
glioside mixture extracted from human cerebrum (Fig.  8.1 ), for detailed structural 
analysis of an isolated GT1 (d18:1/20:0) fraction screened by nanoESI (Fig.  8.2 ) 
and sequenced using SORI-CID (Fig.  8.3 ). It was found that instrumental set-up in 
negative ion mode detection and the solvent systems play a critical role for ganglio-
side ion formation by nanoESI FTICR MS and for generation in SORI-CID MS 2  of 
product ions diagnostic for the polysialylated species.

     Under adequate nanoESI FTICR MS screening conditions, cerebrum-associated 
ganglioside species decorated with labile attachments that readily cleave-off such as 
 O -fucosylation and  O -acetylation were detected in intact form (Fig.  8.1 ). Moreover, 
under thoroughly optimized SORI settings a set of fragment ions specifi c for the 
GT1 molecular form carrying the disialo (Neu5Ac 2 ) element at the inner galactose 
(Gal) residue were generated. Such a confi guration is consistent with the GT1b 
(d18:1/20:0) isomer in human cerebrum, identifi ed under an average mass accuracy 
below 5 ppm, at a sample concentration of only 5 pmol/μL. This enhancement of the 
sensitivity is of particular importance for characterization of material from biologi-
cal sources wherefrom only minute quantities are available.  
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  Fig. 8.1    NanoESI FTICR MS in negative ion mode of the ganglioside mixture from normal adult 
human cerebrum. Solvent Methanol. Sample concentration 5 pmol/μL. Capillary exit voltage 
150 V. Number of scans 150. (Zamfi r, Vukelić et al. unpublished results)       
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to the nomenclature [ 14 ]. Reprinted with permission from Vukelić et al. [ 81 ]       
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  Fig. 8.3    NanoESI-FTICR SORI-CID MS 2  in negative ion mode of the doubly deprotonated 
molecule at  m / z  1,077.043 corresponding to GT1 (d18:1/20:0) ganglioside species in human brain. 
Inset: Isolation of the precursor ion. Excitation pulse length 0.4 s. Collision gas Ar. Other conditions 
as in Fig.  8.1 . The assignment of the fragment ions is according to the nomenclature [ 14 ]. Reprinted 
with permission from Vukelić et al. [ 81 ]       
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8.3.2     Cerebellum 

 Cerebellum is a morpho-anatomically and functionally highly specialized region of 
the brain with characteristic differences in the composition of its major ganglioside 
species, in comparison with cerebrum. The function, behavior, and even survival of 
cerebellar neurons are highly dependant on the cellular expression of the ganglio-
side species. 

 The fi rst exhaustive determination of ganglioside expression in human cerebel-
lum was accomplished by mass spectrometry using a high-resolution instrument 
(QTOF MS) in combination with silicon chip-based nanoESI [ 88 ]. Due to highly 
effi cient ionization properties, silicon-based chips for nanoESI incorporated in a 
NanoMate robot (Advion Biosciences) preferentially form multiply charged ions. 
Furthermore, the  in - source  fragmentation of labile groups attached to the biomo-
lecular core is minimized. With an internal diameter of the nozzle of 2.5 μm the 
system allows for fl ow rates down to 30–50 nL/min which represents a gain in 
sensitivity by at least fi ve times as compared to classical nanospray capillaries. 
Additionally, the nozzles on the ESI chip provide a long-lasting steady spray, and 
elimination of sample-to-sample carryover. 

 In view of these advantages NanoMate incorporating chip ESI technology was 
coupled to QTOF MS and MS/MS and optimized in the negative ion mode, for the 
characterization of a complex cerebellar ganglioside mixture [ 88 ]. Negative ion 
mode screening of the cerebellum gray matter extracts enabled the identifi cation of 
no less than 46 different ganglioside species exhibiting high heterogeneity in the 
ceramide motifs, sialylation status, and biologically relevant modifi cations 
(Fig.  8.4a, b , Table  8.1 ). This way, the fi rst realistic representation of the ganglioside 
complexity, when compared against TLC and capillary-based ESI, was achieved. 
The mixture was found dominated by GD1 glycoforms: 19 different doubly depro-
tonated molecular variants of GD1 have been detected. Also identifi ed in the mix-
ture were GM1, GM2, GM3, GD2, GD3, GT1, and GQ1, expressing different 
ceramide portions. Biologically interesting  O -acetylated and/or fucosylated GM1, 
GD1, GT1, and GQ1 exhibiting a high degree of heterogeneity in their ceramide 
motifs were also discovered (Table  8.1 ). For the fi rst time, fully automated nanoESI 
chip MS infusion was combined also with automated precursor ion selection and 
fragmentation in data-dependant acquisition, allowing to obtain a suffi cient set of 
“fi ngerprint” ions for the structural elucidation of a GT1b isomer having the con-
fi guration (d18:1/18:0), within 1 min of acquiring MS/MS data and only approxi-
mately 0.5 pmol of sample consumption.

    In combination with ion trap mass spectrometry, chip-based nanoESI system 
was also used for determination of gangliosides expressed in fetal cerebellum 
[ 49 ]. A number of 56 ganglioside and asialo ganglioside species differing in 
either the composition of the glycan core and/or that of the ceramide were iden-
tifi ed. Interestingly,  O -Ac- and/or Fuc-modifi ed gangliosides, found in the adult 
human cerebellum, were not identifi ed in fetal human cerebellum. Ganglioside 
chains modifi ed by such attachments are associated with the tissue during its 
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    Table 8.1    Assignment of ganglioside components in the native mixture extracted from the gray 
matter of normal human adult cerebellum (male, 20 years) detected by nanoESI chip QTOF MS   

 Type of 
molecularion 

  m / z  (monoisotopic) 

 Assigned structure  Detected  Calculated 

 [M + 2Na − 4H] 2−   611.40  611.35  GM3 (d18:1/18:0) 
 [M − H] −   1,179.57  1,179.74 
 [M − H] −   1,382.60  1,382.82  GM2 (d18:1/18:0) 
 [M − 2H] 2−   734.96  734.91  GD3 (d18:1/18:0) 
 [M + Na − 2H] −   1,492.78  1,492.81 
 [M − 2H] 2−   748.99  748.93  GD3 (d18:1/20:0) 
 [M − H] −   1,518.51  1,518.85  GM1, nLM1 and/or LM1 (d18:0/16:0) 
 [M − 2H] 2−   771.98  771.93  GM1, nLM1 and/or LM1 (d18:1/18:0) 
 [M − H] −   1,544.61  1,544.85 
 [M − 2H] 2−   786.00  785.92  GM1, nLM1 and/or LM1 (d18:1/20:0) 
 [M − H] −   1,572.61  1,572.85 
 [M − H] −   1,690.55  1,690.93  Fuc-GM1 (d18:1/18:0) 
 [M − H] −   1,716.56  1,716.94  Fuc-GM1 (d18:1/20:1) 
 [M − 2H] 2−   836.46  836.45  GD2 (d18:1/18:0) 
 [M − 2H] 2−   850.47  850.47  GD2 (d18:1/20:0) 
 [M − 2H] 2−   917.44  917.48  GD1, nLD1 and/or LD1 (d18:1/18:0) 
 [M + Na − 3H] 2−   928.45  928.47 
 [M − H] −   1,835.62  1,835.96 
 [M + Na − 2H] −   1,857.56  1,857.95 
 [M − 2H] 2−   926.44  926.48  GD1, nLD1 and/or LD1 (t18:0/18:0) 
 [M − 2H] 2−   924.44  924.49  GD1, nLD1 and/or LD1 (d18:1/19:0) 
 [M − 2H] 2−   931.46  931.49  GD1, nLD1 and/or LD1 (d18:1/20:0) 
 [M + Na − 3H] 2−   942.44  942.48 
 [M − H] −   1,885.60  1,885.98 
 [M − 2H] 2−   940.49  940.50  GD1, nLD1 and/or LD1 (t18:0/20:0) 
 [M − 2H] 2−   938.44  938.50  GD1, nLD1 and/or LD1 (d18:1/21:0) 
 [M − 2H] 2−   945.47  945.51  GD1, nLD1 and/or LD1 (d18:1/22:0) 
 [M − 2H] 2−   954.46  954.51  GD1, nLD1 and/or LD1 (t18:0/22:0) 
 [M − 2H] 2−   952.47  952.52  GD1, nLD1 and/or LD1 (d18:1/23:0) 
 [M − 2H] 2−   958.46 a   958.52  GD1, nLD1 and/or LD1 (d18:1/24:1) 
 [M − 2H] 2−   966.44  966.53  GD1, nLD1 and/or LD1 (d18:1/25:0) 

or (d20:1/23:0) 
 [M − 2H] 2−   988.40  988.49  Fuc-GD1 (d18:1/18:2) 
 [M − 2H] 2−   990.40  990.51  Fuc-GD1 (d18:1/18:0) 
 [M − 2H] 2−   999.41 a   999.51  Fuc-GD1 (t18:0/18:0) 
 [M − 2H] 2−   1,002.41  1,002.51  Fuc-GD1 (d18:1/20:2) 
 [M − 2H] 2−   1,004.42  1,004.52  Fuc-GD1 (d18:1/20:0) 
 [M − 2H] 2−   1,013.44 a   1,013.53  Fuc-GD1 (t18:0/20:0) 
 [M − 2H] 2−   1,018.99  1,019.02  GalNAc-GD1 (d18:1/18:0) 
 [M − 2H] 2−   1,032.93 a   1,033.03  GalNAc-GD1 (d18:1/20:0) 
 [M − 3H] 3−   708.39  708.35  GT1 (d18:1/18:0) 
 [M − 2H] 2−   1,062.96  1,063.03 
 [M + Na − 3H] 2−   1,073.92  1,074.02 
 [M + 2Na − 4H] 2−   1,084.93  1,085.01 

(continued)
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later developmental phase. Therefore, based on the MS data it was hypothesized 
that these modifi cations of cerebellum gangliosides start to reach a relevant 
level only later, during extrauterine brain development and maturation. By com-
bining in high-throughput mode fully automated nanoESI chip MS infusion 
with CID MS 2  at variable RF signal amplitudes, a complete structural character-
ization of two cerebellum-associated ganglioside species, GD1 (d18:1/20:0) 
and GM2 (d18:1/19:0), was accomplished in only 1 minute of signal acquisition 
for each MS 2  experiment and with a sample consumption, situated in the femto-
mole range.  

Table 8.1 (continued)

 Type of 
molecularion 

  m / z  (monoisotopic) 

 Assigned structure  Detected  Calculated 

 [M − 3H] 3−   714.41  714.35  GT1 (t18:0/18:0) 
 [M + Na − 3H] 2−   1,082.92  1,083.02 
 [M − 3H] 3−   717.75  717.69  GT1 (d18:1/20:0) 
 [M − 2H] 2−   1,076.97  1,077.04 
 [M + Na − 3H] 2−   1,087.95  1,088.03 
 [M + 2Na − 4H] 2−   1,098.92  1,099.02 
 [M − 3H] 3−   723.75  723.70  GT1 (t18:0/20:0) 
 [M + Na − 3H] 2−   1,096.93  1,097.04 
 [M + Na − 3H] 2−   1,094.95 a   1,095.04  GT1 (d18:1/21:0) 
 [M − 3H] 3−   727.11  727.04  GT1 (d18:1/22:0) 
 [M + Na − 3H] 2−   1,101.92  1,102.05 
 [M + Na − 3H] 2−   1,108.92 a   1,109.06  GT1 (d18:1/23:0) 
 [M + Na − 3H] 2−   1,114.96  1,115.06  GT1 (d18:1/24:1) 
 [M − 3H] 3−   722.39  722.35   O -Ac-GT1 (d18:1/18:0) 
 [M − 3H] 3−   731.74  731.70   O -Ac-GT1 (d18:1/20:0) 
 [M − 2H] 2−   1,128.95  1,129.05  Fuc-GT1 (d18:1/17:0) 
 [M − 2H] 2−   1,144.89  1,145.06  Fuc-GT1 (t18:0/18:0) 
 [M − 2H] 2−   1,159.89  1,159.08  Fuc-GT1 (t18:0/20:0) 
 [M − 3H] 3−   805.40  805.38  GQ1 (d18:1/18:0) 
 [M + Na − 4H] 3−   812.73  812.71 
 [M + 2Na − 4H] 2−   1,230.43  1,230.56 
 [M + 3Na − 5H] 2−   1,241.43  1,241.55 
 [M − 3H] 3−   814.74  814.72  GQ1 (d18:1/20:0) 
 [M + Na − 4H] 3−   822.07  822.05 
 [M + 2Na − 4H] 2−   1,244.42  1,244.57 
 [M − 3H] 3−   819.38 a   819.38   O -Ac-GQ1 (d18:1/18:0) 
 [M + Na − 4H] 3−   826.73 a   826.71 

  Reprinted with permission from [ 88 ] 
  d  dihydroxy sphingoid base,  t  trihydroxy sphingoid base 
  a Low intensity ions  
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8.3.3     Defi ned Cerebrum Regions 

8.3.3.1     Hippocampus 

 Hippocampus is a brain region situated inside the temporal lobe, under the cerebral 
cortex. This particular sector of the brain belongs to the limbic system and plays a 
vital role in learning, memory formation, and orientation [ 45 ]. Hippocampus is one 
of the fi rst brain areas displaying the neurodegenerative pathology in Alzheimer’s 
disease (AD). Consequently, the primary clinical symptoms of AD are due to the 
impairment of hippocampus functions and are characterized by disorientation and 
progressive loss of memory. From this perspective, the evaluation of ganglioside 
expression in this brain region has a particular clinical relevance for early detection 
of alteration that is attributable to Alzheimer’s disease [ 55 ]. 

 Mass spectrometry was introduced in human hippocampus ganglioside analysis 
in 2006 via an analytical platform encompassing fully automated chip-base nano-
ESI on a NanoMate robot coupled to a high-resolution hybrid QTOF instrument [ 82 ]. 
Comparative analysis of gangliosides in fetal of different gestational weeks vs. adult 
hippocampus revealed a specifi c expression and structure of individual species, 
which depend on the brain development stage. Hence, polysialylated structures 
were found markers of the earlier fetal developmental stage. Trisialylated species 
were found better expressed in fetal hippocampus of 15 (FH15) and 17 (FH17) 
gestational weeks, while tetrasialylated components, in particular GQ1 forms, were 
found associated to FH15 (Fig.  8.5 , Table  8.2 ) and not at all to FH17 and adult hip-
pocampus of 20 years of age (AH20). Remarkably, tandem MS carried out using 
CID at low ion acceleration energies provided data consistent with GQ1b isomer in 
F15 hippocampus.

    In contrast with sialylation, Fuc or GalNAc modifi cations of the ganglioside 
chain were found associated to the tissue in its either later fetal development stage 
or adulthood; fucosylated components were identifi ed in FH17 (Fuc-GD1) and 
AH20 (Fuc-GD1 and Fuc-GT1) but not observed in FH15, while a GalNAc-GD1 
species was found only in AH20. Actually, in this study using nanoESI chip MS 
characterized by high ionization effi cient, sensitivity, and reproducibility, the topo-
specifi c pattern and development-induced ganglioside modifi cations were for the 
fi rst time reliably demonstrated and correlated with the biological expectations.     

8.3.3.2     Caudate Nucleus 

 Caudate nucleus ( nucleus caudatus , NC) is an essential part of the brain learning 
and memory system located within the basal ganglia of the brain of many animal 
species. Other functions which may be associated with this part of the brain include 
voluntary motor control and a regulating role in controlling the threshold potential 
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  Fig. 8.5    NanoESI chip QTOF MS in the negative ion mode of the FH15 ganglioside mixture. ESI 
voltage 1.80 kV; cone voltage 40–100 V; Solvent MeOH. Sample concentration 3 pmol/μL; Inset: 
expanded area  m / z  (1,150–1,300). Reprinted with permission from Vukelić et al. [ 82 ]       

   Table 8.2    Comparative assignment of the ganglioside species identifi ed by negative ion mode 
nanoESI chip QTOF MS in fetal and adult hippocampus   

 Proposed structure 

  m / z  (monoisotopic) 

 Molecular ion  FH15  FH17  AH20  Experimental  Theoretical 

 GM3(d18:1/16:0)  1,151.94  1,151.71  [M − H] −   +  −  − 
 GM2(d18:1/18:0)  1,382.77  1,382.82  [M − H] −   +  +  + 
 GM1(d18:1/18:0)  771.91  771.93  [M − 2H] 2−   +  +  + 

 1,544.80  1,544.85  [M − H] −  
 1,566.79  1,566.83  [M + Na − 2H] −  

 GM1(d18:1/20:0)  786.05  785.92  [M − 2H] 2−   +  +  + 
 1,572.85  1,572.85  [M − H] −  

 GD3(d18:1/18:0)  734.88  734.91  [M − 2H] 2−   +  +  + 
 GD2(d18:1/18:0)  836.42  836.45  [M − 2H] 2−   +  +  + 
 GD1(d18:1/16:0)  903.41  903.46  [M − 2H] 2−   +  +  − 
 GD1(d18:1/18:0)  917.43  917.48  [M − 2H] 2−   +  +  + 

 928.44  928.47  [M + Na − 3H] 2−  
 1,857.92  1,857.95  [M + Na − 2H] −  
 1,879.94  1,879.93  [M + 2Na − 3H] −  

(continued)
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for general neuron activation and thereby preventing overload through positive 
feedback loops [ 21 ,  54 ]. Various disorders such as depression, Huntington’s dis-
ease, Parkinson’s disease, attention defi cit disorder, schizophrenia, and obsessive 
compulsive disorder are strongly related with this part of the brain [ 6 ,  79 ,  86 ]. From 
this perspective, certainly, the evaluation of ganglioside expression in this brain 
region is essential for neurological studies. The literature data related to NC glyco-
lipid investigation using other methods than MS is limited to a report on a few 
identifi ed species. The fi rst consistent compositional and structural analysis of gan-
gliosides extracted from adult human NC was carried out using tandem mass spec-
trometry on a high-capacity ion trap (HCT) instrument equipped with nanoESI chip 
in the negative ion mode [ 65 ]. Over 80 components differing in the carbohydrate 
chain and ceramide composition, with a large range of fatty acids, were for the fi rst 
time discovered in NC. NC was found dominated by mono-, di-, and trisialylated 
ganglioside structures. Twenty-two species were found to contain one sialic acid 
(Neu5Ac) moiety, 28 species disialylated, and 20 trisialylated. MS analysis revealed 
that the carbohydrate chains of gangliosides in human NC vary from one to four 
monosaccharide units, while the Cer moiety exhibits a high heterogeneity in the 
fatty acid and/or sphingoid base composition. Also, four tetrasialylated and two 
pentasialylated structures, i.e., a GP3 (d18:1/12:0) and a GP2 (d18:1/20:0), were 
detected and identifi ed in the NC extract. The incidence of species with such a high 
sialylation grade in other adult brain areas was not reported before. Therefore, the 
identifi cation in the NC of these structures has a particular biological and biochemi-
cal value. Besides, MS screening provided information on the incidence in NC of 

 Proposed structure 

  m / z  (monoisotopic) 

 Molecular ion  FH15  FH17  AH20  Experimental  Theoretical 

 GD1(d18:1/20:0)  931.44  931.49  [M − 2H] 2−   +  +  + 
 942.39  942.48  [M + Na − 3H] 2−  

 GD1(d18:1/24:1)  958.98  958.52  [M − 2H] 2−   +  +  + 
 Fuc-GD1(t18:0/18:0)  999.47  999.51  [M − 2H] 2−   −  +  + 
 Fuc-GD1(t18:0/20:0)  1,013.89  1,013.53  [M − 2H] 2−   −  −  + 
 GalNAc- 

GD1(d18:1/18:0) 
 1,018.91  1,019.02  [M − 2H] 2−   −  −  + 

 GT1(d18:1/18:1)  1,060.48  1,061.03  [M − 2H] 2−   +  −  − 
 GT1(d18:1/18:0)  708.33  708.35  [M − 3H] 3−   +  +  + 

 1,074.47  1,074.02  [M + Na − 3H] 2−  
 1,085.49  1,085.01  [M + 2Na − 4H] 2−  

 GT1(d18:1/20:0)  717.91  717.69  [M − 3H] 3−   +  +  + 
 1,088.39  1,088.03  [M + Na − 3H] 2−  
 1,099.40  1,099.02  [M + 2Na − 4H] 2−  

 GT1(d18:1/24:1)  1,115.03  1,115.06  [M + Na − 3H] 2−   +  +  + 
 Fuc- GT1(d18:1/17:0)  1,129.40  1,129.05  [M − 2H] 2−   −  −  + 
 GQ1(d18:1/18:0)  1,231.04  1,230.56  [M + 2Na − 4H] 2−   +  −  − 

 1,241.81  1,241.55  [M + 3Na − 5H] 2−  

  Reprinted with permission from Vukelic et al. [ 81 ] 
 + the structure was detected; − the structure was not detected  

Table 8.2 (continued)
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several glycoforms modifi ed by  O -Fuc and  O -Ac attachments and/or lactonization. 
In addition to these fi ndings, as no less than 14 species with fatty acids chains 
exceeding 30 carbon atoms were discovered in NC, the presence of unusually long 
fatty acid chains in Cer composition is another feature, which distinguishes funda-
mentally NC from the other brain regions. In the second stage of NC ganglioside 
research by MS, a NC-associated structure exhibiting a rare ceramide composition 
with 34 carbon atoms in the fatty acid chain was fragmented by CID MS 2  (Fig.  8.6 ). 
Adequate fragmentation conditions induced the formation of parent ions diagnostic 
not only for the carbohydrate sequence but also for the highly specifi c and at the 
same time unusual fatty acid chain within the lipid part. Hence, the spectrum in 
Fig.  8.6  and the derived fragmentation scheme in Fig.  8.7  show that the fatty acid 
chain consisting of 34 carbon atoms bearing two double bounds is very well docu-
mented by the V-type fragment ion.

8.3.3.3         Sensory and Motor Cortex 

 Sensory cortex (SC) is a brain region located on the lateral postcentral gyrus of the 
parietal lobe and represents the main sensory receptive area. Damages of this region 
might affect the ability to recognize objects and, in an extreme condition, induce 
impairment in the contra-lateral side perception of the subject outer environment [ 11 ]. 
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Motor cortex (MC) represents an area of the cerebral cortex responsible for the 
planning, control, and completing voluntary movements [ 12 ]. MC is the main 
 contributor to generating neural impulses, which pass down to the spinal cord and 
control the execution of movements. Injury of this brain area creates spastic contra-
lateral weakness, which is most prominent in the distal extremities [ 12 ]. 

 Being situated in close proximity, MC and SC are often both affected by various 
disorders and accidents such as cerebral vascular accident, amyotrophic lateral scle-
rosis (ALS), multiple sclerosis, Ramsay Hunt syndrome, Parkinson disease (PD) 
and brain cancer [ 4 ,  34 ,  48 ]. Lately, positron emission tomography-PET [ 50 ], and 
functional magnetic resonance imaging-fMRI [ 10 ] emerged as highly effi cient 
imaging techniques for the study of functional reorganization of MC and SC. 

 Several studies demonstrated that use of GM1 ganglioside resulted in signifi cant 
symptom reduction in Parkinson’s disease (PD) patients [ 63 ]. Also, marked aberra-
tions in brain ganglioside profi les detected in MC were found related to ALS [ 76 ]. 

 The actual trends in the management of MC and SC affl ictions are oriented 
towards a combination of imaging methods for diagnostic and development of novel 
and effective drugs for treatment. In this regard, the last fi ndings indicate that gan-
gliosides are in the focus of research as possible bases for vaccines and drug 
therapies- oriented medication. 

 In a recent study high-resolution tandem MS on a QTOF instrument was devel-
oped and for the fi rst time applied for the assessment of ganglioside composition and 
structure in specimens of human MC and SC [ 18 ]. Screening of the MC and SC 
extracts in the negative ion mode nanoESI, under identical conditions, disclosed the 
presence of 90 distinct gangliosides in both native mixtures, of which 48 in MC and 
42 in SC. Remarkably, in MC, 2 tetra-, 11 tri-, and 20 disialylated ganglioside compo-
nents were discovered in contrast with SC where only 8 tri- and 13 disialylated 
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molecules were detected. Of high importance is the identifi cation in MC of 
 tetrasialylated GQ1(d18:1/18:0) and GQ1(d18:1/20:0) species which were not 
observed in SC. MC mixture was also found to contain a higher number of fucosyl-
ated and acetylated species as well as gangliosides with trihydroxylated sphingoid 
bases. These fi ndings demonstrated that the sialylation degree, fucosylation and acet-
ylation pattern, and sphingoid base hydroxylation of the gangliosides expressed in the 
two cortex regions are to be correlated with the specifi c functions of MC and SC. 

 CID at low ion acceleration energies applied to elucidate the structure of fucosylated 
species Fuc-GM1 (d18:1/20:0) revealed the presence in MC of an isomer exhibiting 
both Neu5Ac and Fuc residues linked at the inner galactose. Since this structure was 
not reported previously, seemingly Fuc-GM1 (d18:1/20:0) species with sialylated 
and fucosylated inner galactose is associated to the motor cortex.  

8.3.3.4     Neocortex 

 Neocortex is the newest area in brain development of mammals [ 29 ,  38 ]. In humans 
it accounts for about 76 % of the brain volume, as the outer layer of the cerebral 
hemispheres, made up of six layers. Among mammals human neocortex is the larg-
est [ 31 ], allowing a new level of advanced behavior such as particular social behavior, 
language, and high-level consciousness. Neocortex is involved also in other  elevated 
functions such as sensory perception, generation of motor commands, spatial rea-
soning, and all of the conscious thoughts. Basically, the neocortex enables the most 
complex mental activity, which is associated with humans. 

 Gangliosides extracted from fetal neocortex of 36 gestational weeks were 
 analyzed by mass spectrometry using a HCT with nanaelectrospray chip-based 
infusion on a NanoMate robot    [ 17 ]. Eighty-nine ganglioside species differing in 
their carbohydrate chain structure and ceramide composition were identifi ed in the 
neocortex within only 2 min of signal acquisition for single MS screening experi-
ments. A notable characteristic is the identifi cation in neocortex of six GQ species 
and also asialo- components having the oligosaccharide composition HexNAcHex 2  
and HexHexNAcHex 2 . 

 Ganglioside chains decorated with peripheral attachments such as Fuc and/or 
 O -Ac were previously reported as associated to the tissue in its advanced develop-
mental phase. Indeed, MS investigation of neocortex provided relevant data docu-
menting 12 fucosylated species, of which three GT1, two GT2, two GD2, two 
GM4, one GT3, one GD1 and one GA2, seven  O -acetylated structures corre-
sponding to GM1, GD3, GD1, GT1, and GQ1, exhibiting high heterogeneity in 
their ceramide motifs. Contrastingly, in other fetal brain regions a much lower 
number of  O -acetylated species and no species modifi ed by fucosylation were 
found. This particular aspect suggests that Fuc- and  O -Ac- gangliosides are rather 
associated with the neocortex as the most recently developed human brain region, 
where the high level of thinking takes place and specialized integrative tasks are 
processed. The large number of ganglioside species identifi ed in neocortex is to be 
correlated with the complexity of the functions coordinated by this region and 
with its central role in the higher mental functions as language, memory, thinking, 
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attention, abstraction, and perception in humans. The results obtained in direct 
comparative MS analyses of neocortex vs. brain lobes [ 17 ] have also shown that 
differences in ganglioside expression in fetal human brain are dependent rather on 
the phylogenetic development than topographic factors. This feature, discovered 
exclusively by MS, provides a novel insight into the major role of gangliosides in 
human brain evolution and advancement of its functions in comparison with the 
other mammals.    

8.4     Gangliosides in Pathological Brain 

8.4.1     Neurodegenerative Diseases 

 Neurodegenerative diseases represent a group of ailments characterized by the deterio-
ration of the structure or function of neurons up to the death of neurons. Neurodegenerative 
diseases including Parkinson’s, Alzheimer’s, Huntington’s diseases, ALS, anencephaly, 
spinocerebellar ataxia, and dementia arise as a consequence of neurodegenerative pro-
cesses taking place from molecular to systemic level. 

 Gangliosides trigger a variety of neurodegenerative diseases [ 63 ,  64 ] from 
autoimmune- induced neuropathies caused by anti-ganglioside auto-antibodies 
to lipidoses, a group of inherited metabolic disorders caused by the accumula-
tion of gangliosides in cell bodies due to a obstruction of their catabolic 
pathways [ 59 ]. 

 Gangliosides were also shown to have neuritogenic and neuronotrophic activity 
[ 8 ] and to facilitate repair of neuronal tissue after mechanical, biochemical, or toxic 
injuries. In AD administration of GM1, having a high affi nity for Aβ resulted in the 
reduction of Aβ level in the brain, suggesting that GM1 might serve as the therapeu-
tic agent reducing/preventing brain amyloidosis by sequestering the plasma Aβ [ 3 ]. 
On the other hand, interactions of Aβ (1–40) with ganglioside-containing mem-
branes, particularly with membrane rafts enriched in GM1 and GM3, were hypoth-
esized to be involved in the pathogenesis of AD [ 52 ]. Using conventional 
high-performance thin-layer chromatographic separation/detection, immunochemi-
cal, and immunohistochemical detection methods, specifi c changes in ganglioside 
expression and quantity in investigated human brain regions in AD disease were 
discovered [ 32 ,  35 ]. 

 MALDI TOF MS in combination with a method for transferring lipids separated 
on a TLC-plate to a poly-vinylidene difl uoride membrane and direct mass spectro-
metric analysis of the individual lipids on the membrane was applied to the analysis 
of individual lipids and ganglioside molecular species in neural diseases [ 78 ]. In the 
case of Alzheimer’s disease the expression of GD1b and GT1b gangliosides was 
found diminished in the hippocampal gray matter than in the hippocampal gray 
matter of patients with Parkinson’s disease or the control patients [ 72 ]. The analysis 
of single ganglioside molecular species in patients with Alzheimer’s disease dem-
onstrated a major decrease of species exhibiting (20:1/18:0) ceramide composition. 
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These results imply that Alzheimer’s disease is a ganglioside metabolic disease 
affecting the hippocampal area. Such fi ndings explain in part the major symptoms 
of the disease, which are related to abilities promoted by hippocampus. 

 In anencephaly, a congenital malformation of the fetal brain occurring when the 
cephalic end of the neural tube fails to close [ 7 ], the fi rst assessment of ganglioside 
composition by MS was reported in 2001 [ 80 ]. In this study nanoESI QTOF MS and 
tandem MS were applied for the fi rst time for compositional and structural identifi -
cation of native gangliosides from anencephalic cerebral residue. By this approach 
it was found that the total ganglioside concentrations in the anencephalic cerebral 
remnant and in cerebellum were signifi cantly lower than in the corresponding 
regions of the age-matched brain used as control. In the cerebral remnant, GD3, 
GM2 and GT1b, GM1b nLM1, and nLD1 were found highly expressed. Oppositely, 
GD1a was found better expressed in the anencephalic cerebellum, while GQ1b was 
reduced in both anencephalic regions. In agreement with previously acquired infor-
mation using immunochemical methods, by nanoESI MS, members of the neolacto- 
series gangliosides were also discovered in anencephalic brain tissues. 

 Supplementary information supporting a major modifi cation of ganglioside 
expression in anencephalic vs. age-matched normal brain tissue were collected by a 
superior methodology based on fully automated nanoESI chip MS and multistage 
MS using the coupling of NanoMate robot to HCT MS tuned in the negative ion 
mode [ 1 ]. The ganglioside mixture extracted from glial islands of fetal anencephalic 
brain tissue was investigated in comparison with the gangliosides from a normal 
fetal frontal lobe. Under identical instrumental and solution conditions, 25 distinct 
species in the mixture from anencephalic tissue (Fig.  8.8 , Table  8.3 ) vs. 44 of 
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   Table 8.3    Assignment of the major ions detected by negative ion mode nanoESI chip HCT MS in 
the ganglioside mixture extracted from the glial islands of anencephalic fetus   

  m / z  monoisotopic  Molecular ion  Proposed structure 

 735.12  [M − 2H] 2−   GD3(d18:0/18:0) 
 836.71  [M − 2H] 2−   GD2(d18:1/18:0) 
 851.60  [M − H] −   GD2(d18:1/20:0) 
 918.08  [M − 2H] 2−   GD1(d18:1/18:0) 
 931.72  [M − 2H] 2−   GD1(18:1/20:0) 
 952.80  [M − H] −   GD1(d18:1/23:0) 

 1,037.60  [M − H] −   HexNAcHex 2 Cer (d18:0/14:0) or (d16:0/16:0) 
 1,041.60  [M − H] −   GM4 (d18:1/20:2) 
 1,049.18  [M − 2H] 2−   GT1(18:1/16:0) 
 1,063.33  [M − 2H] 2−   GT1(d18:1/18:0) 
 1,065.63  [M − H] −   HexNAcHex 2 Cer (d18:0/16:0) 
 1,077.71  [M − 2H] 2−   GT1(d18:1/20:0) 
 1,104.78  [M − 2H] 2−   GT1(d18:1/24:0) 
 1,139.01  [M − H] −   GM3(d18:1/14:0) or (d18:1/h14:0) 

or HexNAcHex 2 Cer (d18:1/22:4) 
 1,151.71  [M − H] −   GM3 (d18:1/16:0) 
 1,165.80  [M − H] −   HexNAcHex 2 Cer (t18:0/22:0) 

or (d18:0/h22:0) or (d18:2/24:4) 
 1,167.82  [M − H] −   GM3 (t18:1/16:0) or (d18:1/h16:0) 

or HexNAcHex 2 Cer (d18:1/24:4) 
 1,179.74  [M − H] −   GM3 (d18:1/18:0) 
 1,181.75  [M − H] −   GM3 (d18:0/18:0) 
 1,206.77  [M − H] −   GM3(d18:1/20:0) 
 1,221.33  [M − H] −   GM3(d18:1/18:0) 
 1,235.81  [M − H] −   GM3 (d18:1/22:0) 
 1,237.81  [M − H] −   GM3 (d18:0/22:0) 
 1,249.78  [M − H] −    O -Ac-GM3 (d18:1/20:0) (or GM3 (18:1/23:0) 
 1,253.02  [M − H] −   HexHexNAcHex 2 Cer(d18:1/18:0) 
 1,259.79  [M − H] −   GM3 (d18:1/24:2) 
 1,261.81  [M − H] −   GM3 (d18:1/24:1) 
 1,263.83  [M − H] −   GM3 (d18:1/24:0) 
 1,265.84  [M − H] −   GM3 (d18:0/24:0) 
 1,275.80  [M − H] −    O -Ac-GM3 (d18:1/22:1) (or GM3 (20:1/23:1) 
 1,277.80  [M − H] −    O -Ac-GM3 (d18:1/22:0) (or GM3 (20:1/23:0) 
 1,279.81  [M − H] −    O -Ac-GM3 (d18:0/22:0) (or GM3 (20:0/23:0) 
 1,301.82  [M − H] −    O -Ac-GM3 (d18:1/24:2) 
 1,353.03  [M − H] −   GM2 (d18:1/16:0) 
 1,354.79  [M − H] −   GM2 (d18:1/16:0) 
 1,383.21  [M − H] −   GM2 (d18:1/18:0) 
 1,384.81  [M − H] −   GM2 (d18:0/18:0) 
 1,437.01  [M − H] −   GM2 (d18:1/22:0) 
 1,442.78  [M − H] −   GD3 (d18:1/16:0) 
 1,444.80  [M − H] −   GD3 (d18:0/16:0) 
 1,468.79  [M − H] −   GD3 (d18:1/18:1) 

(continued)
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which 4 asialylated in the normal frontal lobe were for the fi rst time identifi ed. 
These results indicate that a high number of ganglioside species associated to anen-
cephaly could be ionized and discriminated only by employing chip-based electro-
spray. Interestingly, GD3 (d18:1/18:0), GD2 (d18:1/18:0), GM1 (d18:1/18:0), and 
their neolacto or lacto-series isomers were detected as ions of similar low abun-
dances in both mixtures, while GT1 (d18:1/18:0) and GD1 (d18:1/18:0) were found 
highly expressed in ancencephalic brain tissue (Table  8.4 ). Moreover, several struc-
tures such as GT1, GQ1, and GQ2 emerged clearly associated to anencephaly. This 
prominent occurrence of polysialylated structures in anencephaly is basically an 
effect to be used for the diagnosis of the brain development stagnation, characteris-
tic to this disease [ 1 ]. In view of the results obtained by MS/MS, the earlier report 
[ 80 ] has postulated that GT1b is one of the disease markers; however, because of the 
limited information obtained by fragmentation analysis in a single CID stage, vali-
dation of sialylation sites could not be accomplished. To close this gap, a nanoESI 
chip CID MS n  protocol [ 1 ] for fi ne investigation of the anencephaly-specifi c GT1 
(d18:1/18:0) species was elaborated (Fig.  8.9a–d ). The benefi cial combination of 
chip infusion, high capacity of ion storage, and multistage sequencing rendered ions 
diagnostic for the disialo (Neu5Ac 2 ) element localization at internal galactose moiety. 
Hence, chip MS results disclosed for the fi rst time GT1b species in the cerebral 
remnant of anencephalic brain.

8.4.2           Primary Brain Tumors 

 Primary brain tumors account for approximately 2 % of all adult malignancies and 
are responsible for about 7 % of years of life lost prior to age 70. In childhood, 20 % 
of all malignancies identifi ed prior to 15 years of age are primary brain tumors. This 
situates the primary brain tumors on the second place among the most frequent type 
of cancer identifi ed in children. For primary brain tumors therapy, drastic surgical 
resection radiation and chemotherapy are especially applied [ 43 ]. These methods 
are frequently problematic fi rstly because of collateral brain tissue sensitivity to 
disruption and secondly because of the toxicity accompanied by side effects of the 
therapeutic agents. 

Table 8.3 (continued)

  m / z  monoisotopic  Molecular ion  Proposed structure 

 1,471.03  [M − H] −   GD3(d18:1/18:0) 
 1,472.83  [M − H] −   GD3 (d18:0/18:0) 
 1,519.10  [M − H] −   GM1, nLM1 and/or LM1 (d18:0/16:0) 
 1,544.16  [M − H] −   GM1, nLM1 and/or LM1 (d18:1/18:0) 
 1,545.20  [M − H] −   GM1, nLM1 and/or LM1 (d18:1/18:0) 
 1,805.23  [M − H] −   GT3(d18:1/18:0) 
 1,836.40  [M − H] −   GD1(d18:1/18:0) 

  Reprinted with permission from [ 1 ]  
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   Table 8.4    Comparative overview upon gangliosides and asialo-gangliosides detected by negative 
ion mode nanoESI chip HCT MS in the glial islands of anencephalic fetus and in the frontal lobe 
of healthy fetal brain   

 Ganglioside 
species  Proposed structure  Anecephaly 

 Normal 
frontal lobe 

 GM1  nLM1 and/or LM1 (d18:0/16:0)  +  + 
 nLM1 and/or LM1 (d18:1/18:0)  +  + 
 nLM1 and/or LM1 (d18:0/20:0)  +  − 
 (d18:1/16:0)  +  + 
 (d18:1/18:0)  −  + 
 (d18:1/22:0)  −  + 

 GM3  (d18:1/14:0) or (d18:1/h14:0) 
or HexNAcHex 2 Cer (d18:1/22:4) 

 +  + 

 (d18:1/16:0)  −  + 
 (t18:1/16:0) or (d18:1/h16:0) or 

HexNAcHex 2 Cer(d18:1/24:4) 
 −  + 

 (d18:1/18:0)  +  + 
 (d18:0/18:0)  −  + 
 (d18:1/20:0)  +  + 
 (d18:1/22:0)  −  + 
 (d18:0/22:0)  +  + 
 (d18:1/24:2)  +  + 
 (d18:0/24:0)  +  + 
 (d18:1/24:1)  −  + 
 (d18:1/24:0)  −  + 
  O -Ac-GM3 (d18:1/20:0) or GM3 (18:1/23:0)  −  + 
  O -Ac-GM3 (d18:1/22:1) or GM3 (20:1/23:1)  −  + 
  O -Ac-GM3 (d18:1/22:0) (or GM3 (20:1/23:0)  −  + 
  O -Ac-GM3 (d18:0/22:0) (or GM3 (20:0/23:0)  +  + 
  O -Ac-GM3 (d18:1/24:2)  −  + 

 GM4  (d18:1/20:2)  −  + 
 GD1  (d18:1/18:0)  +  + 

 (d18:1/20:0)  +  + 
 (d18:1/23:0)  −  + 
 (d18:1/24:1)  +  − 
 (d18:0/18:0)  +  − 

 GD2  (d18:1/18:0)  +  + 
 (d18:1/18:1)  +  − 
 (d18:1/24:1)  +  − 
 (d18:1/24:0)  +  − 
 (d18:1/20:0)  −  + 

 GD3  (d18:0/18:0)  +  + 
 (d18:1/16:0)  −  + 
 (d18:0/16:0)  −  + 
 (d18:1/18:1)  −  + 
 (d18:1/18:0)  +  + 
 (d18:1/24:1)  +  − 

(continued)
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 Ganglioside 
species  Proposed structure  Anecephaly 

 Normal 
frontal lobe 

 GT1  (18:1/16:0)  +  + 
 (d18:1/18:0)  +  + 
 (d18:0/20:0)  +  − 
 (d18:1/20:0)  +  + 
 (d18:1/24:0)  −  + 

 GT3  (d18:1/18:0)  −  + 
 (d18:1/24:0)  −  + 
 (d18:1/24:1)  +  − 

 GQ1  (d18:1/18:0)  +  − 
 Asialo-

species 
 HexNAcHex 2 Cer (d18:0/14:0) or (d16:0/16:0)  −  + 
 HexNAcHex 2 Cer (d18:0/16:0)  −  + 
 HexNAcHex 2 Cer (t18:0/22:0) 

or (d18:0/h22:0) or (d18:2/24:4) 
 −  + 

 HexHexNAcHex 2 Cer (d18:1/18:0)  −  + 

  Reprinted with permission from [ 1 ]  

  Fig. 8.9    NanoESI chip HCT multistage MS of the doubly charged ion at  m / z  1,063.34 correspond-
ing to GT1 (d18:1/18:0) species from glial islands of anencephalic fetus mixture: ( a ) MS 3 . ( b ) 
fragmentation scheme of ion at  m / z  917.32. ( c ) MS 4 . ( d ) fragmentation scheme of the ion at  m / z  
1,544.87. The assignment of the fragment ions is according to the nomenclature [ 14 ]. Reprinted 
with permission from Almeida et al. [ 1 ]         
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 Tumorigenesis/malignant transformation is accompanied by aberrant cell sur-
face composition, particularly due to irregularities in glycoconjugate glycosylation 
pathways. Various glycosyl epitopes constitute tumor-associated antigens [ 47 ,  73 ]. 
Some of them promote invasion/metastases, while some other suppress tumor pro-
gression. Among molecules bearing characteristic glycosyl epitopes causing such 
effects are also gangliosides. Gangliosides were recently shown to play an impor-
tant role in brain tumor development, progression, and treatment [ 5 ,  37 ,  46 ,  66 ]. 

 Glycosphingolipid-dependent cross-talk between glycosynapses interfacing 
tumor cells with their host cells has been even recognized as a basis to defi ne tumor 
malignancy [ 23 ]. Specifi c changes of gangliosides pattern in brain tumors correlat-
ing with tumor histopathological origin, malignancy grade, invasiveness, and pro-
gression have been observed [ 67 ,  74 ]. Tumor cells of neuroectodermal origin may 
shed their gangliosides into circulation, resulting in higher ganglioside concentra-
tions in serum [ 16 ]. This shedding of gangliosides into interstitial spaces and blood 
of oncological patients has been suggested to be involved in increased tumor cell 
growth and lack of immune cell recognition. Although higher concentrations of 
serum gangliosides in oncological patients comparing to healthy individuals have 
been reported [ 60 ], there have been no data on comparison of ganglioside 
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concentrations in serum or cerebrospinal fl uid before and after surgical removal of 
tumor in individual patients. Glycoantigens and lipoantigens have been recognized 
as relevant and potentially valuable diagnostic and prognostic markers and tumor 
molecular targets for development/production of specifi c antitumor drugs [ 41 ] such 
as glycolipids-based vaccines, but their investigation in this regard has been 
neglected comparing to proteins. 

 Except for mass spectrometry, several biophysical and biochemical methods 
such as Raman spectroscopy, immunocytochemistry, fl ow cytometry, western blot-
ting, transwell assays, and mid-infrared spectromicroscopy were developed and 
optimized for the determination of lipid/glycolipid molecular markers in brain 
tumors [ 17 ,  36 ,  69 ,  70 ]. Nevertheless, a large number of low abundant tumor- 
associated species could not be detected by these approaches. Using these methods, 
the data acquired on ganglioside composition in human brain tumors, sera and cere-
brospinal fl uid were restricted to several major species; many less abundant species 
have not been structurally characterized. This emphasized a need for detailed and 
systematic screening and structural characterization of brain tumor glycoconjugate 
composition, which could adequately be achieved only combining up-to-date, ultra- 
sensitive, high-resolution methodological approaches of detection and sequencing 
of biomolecules, such as advanced mass spectrometry combined with bioinformatics 
for data interpretation. 

8.4.2.1     Benign Tumors 

   Meningioma 

 Meningiomas are a group of tumors of the meninges, the membranes surrounding 
the brain and spinal cord. Meningiomas occur from the arachnoid cap cells, which 
enclose and adhere to the dura mater. 

 According to WHO [ 42 ] meningiomas are classifi ed as benign (WHO grade I), 
atypical (WHO grade II), and malignant/anaplastic (WHO grade III). Ninety per-
cent of all diagnosed meningiomas are benign. Due to the reduced incidence of the 
malignant type, in general meningiomas are regarded as tumors treatable by surgery 
[ 24 ]. Altogether, meningiomas represent about 13–30 % of the primary intracranial 
neoplasms, being among brain tumors only less frequent than gliomas. 

 If low-grade meningiomas are treated by surgical resection, which yields perma-
nent healing, higher grade forms require radiation therapy following tumor removal 
[ 85 ]. Meningiomas can usually be surgically resected only if the tumor is superfi cial 
on the dural surface and accessible; if invasion of the adjacent bone/tissue already 
occurred, total removal is not feasible and the treatment is impeded. This particular 
aspect, which applies to tumors in their latter form, together with the discrepancy 
between the biological behavior and tumor grade opened lately new research direc-
tions in bioanalytics and molecular medicine towards discovery of molecular markers, 
to allow early tumor detection and development of novel and more effi cient thera-
peutic schemes. 
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 In this context, a complex strategy combining high-performance TLC, laser 
 densitometry, and fully automated negative ion mode nanoESI chip coupled to 
QTOF MS was designed and applied for mapping of gangliosides in a specimen of 
human angioblastic meningioma [ 62 ]. Qualitative analysis of ganglioside pattern 
using TLC identifi ed GM3, GM2, GM1, GD3, GD1a (nLD1, LD1), GD1b, and 
GD2 species in human meningioma. Moreover, comparative TLC analyses indi-
cated considerable differences between the proportions of ganglioside species in 
meningioma vs. healthy brain tissue and showed for the fi rst time that meningioma 
tissue is rich in GD1a (nLD1, LD1). However, by high resolution MS with chip-
based ESI, 34 distinct species, of which two asialo, were identifi ed   . This inventory 
determined by MS contained many more species than previously reported in menin-
giomas using other biochemical or biophysical methods. Besides the unexpected 
number of species, an interesting characteristic revealed by MS is the exclusive 
expression of species with shorter glycan chains and reduced sialic acid content, 
i.e., maximum sialylation degree found in meningioma is 2. 

 Another characteristic of meningioma is the absence of  O -fucosylation, 
 O -acetylation, or  O -GalNAc modifi cation of the main oligosaccharides chain of 
ganglioside species found in other brain tumors or brains affected by neurodegen-
erative disorders. Furthermore, nanoESI chip MS evidenced that despite the low 
percentage of GM1 fraction in meningioma, a number of eight abundant ions were 
attributable to nine GM1 forms. CID MS/MS analysis documented that both 
GM1a and GM1b isomers are expressed in meningioma tissue. The fi ndings 
related to GM1 advocate for the fi rst time that, beside GM3 species, already known 
as an indisputable marker of meningioma, GM1 class is also associated to this 
type of tumor.  

   Hemangioma 

 Hemangioma represents a congenital benign tumor or vascular malformation of 
endothelial cells. The ailment features enlarged blood vessels with a single layer of 
endothelium accompanied by the absence of neuronal tissue within the lesions. 
Cavernous hemangioma is the most widespread form of brain hemangioma. This 
type can originate from any part of the brain and can also occur at any location along 
the vascular bed [ 28 ]. Frontal and temporal lobes are the most common sites of 
occurrence, with approximately 70 % of these lesions located in the supratentorial 
region of the brain; the remaining 30 % arise in the infratentorial region. 

 Hemangioma is most usually diagnosed by imaging techniques such as mag-
netic resonance imaging. A more specifi c detection can be accomplished by 
gradient- echo sequence MRI, able to expose even the tiny lacerations [ 39 ]. A prac-
tical choice to these methods is the early detection of hemangioma at an incipient 
stage, based on routine screening and cancer biomarker discovery before clinical 
symptoms arise. As bioindicators of brain cancer, gangliosides in hemangioma 
were analyzed by mass spectrometry in an attempt to discover the species associ-
ated to this type of tumors [ 61 ]. Native ganglioside mixture extracted from brain 
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hemangioma in the frontal cortex of an adult patient was screened by nanoESI chip 
high capacity ion trap MS in comparison with age-matched healthy frontal cortex. 
In contrast to the normal tissue, ganglioside mixture extracted from hemangioma 
was found dominated by species of short oligosaccharide chains with a reduced 
overall sialic acid content. From a total of 29 structures identifi ed in hemangioma 
tissue, 13 were monosialylated species of GM1, GM2, GM3, and GM4-type and 13 
disialylated species of GD1 and GD2-type bearing ceramides of variable structure. 
Only two polysialylated species namely GT1 having (d18:1/20:0) ceramide compo-
sition and GT3 with (d18:1/25:1) ceramide were detected. However, none of these 
trisialylated ganglioside forms were detected in the normal tissue; this aspect shows 
that such components are either absent or much lower expressed in normal frontal 
lobe, being associated to hemangioma tumor. Interestingly, two modifi ed  ganglioside 
structure were observed in the ganglioside mixture extracted from hemangioma: 
 O -Ac-GD2 (d18:1/23:0) and  O -Ac-GM4 (d18:0/29:0). The same  O -Ac-GD2 
(d18:1/23:0) species was identifi ed also in the normal tissue of the frontal cortex, 
and was never reported in malignant tumors    [ 61 ]. This suggested that  O -Ac-GD2 
structures might be markers of either benign cerebral tumors or tumors with reduced 
malignancy grade. 

 According to the presented data on meningioma, apparently the expression of 
polysialylated gangliosides is regulated in a growth- and development-dependent 
mode and associated with the type of normal/aberrant brain tissue status.   

8.4.2.2     Malignant Tumors 

   Astrocytoma 

 Astrocytomas (AcTs) are collection of CNS neoplasms characterized by predominant 
cell type derived from an immortalized astrocyte. Situated in most parts of the brain, 
sporadically even in the spinal cord, astrocytomas can induce compression, inva-
sion, and destruction of the neural tissue. 

 AcTs are categorized in four subtypes according to the growth rate and prospective 
for proliferation in the adjacent brain tissue [ 42 ]: (1) pilocytic astrocytoma (grade I), 
a slow-growing astrocytoma that usually does not spread to other parts of the CNS; 
(2) low grade astrocytoma (grade II), a relatively slow-growing type, which can 
invade the surrounding brain tissue and tends to reappear after treatment; (3) anaplas-
tic astrocytoma (grade III) characterized by a rapidly growing rate, with incursion in 
the normal brain tissue and rapid recurrence after the treatment; (4) glioblastoma 
multiforme (grade IV), the most aggressive and highly invasive type displaying 
necrosis areas and a variety of cells including astrocytes and oligodendrocytes. 

 Astrocytomas have poor survival rates, considered from diagnosis and the begin-
ning of the treatment as follows: 10 years for pilocytic form, 5 years for patients with 
low-grade diffuse astrocytomas, 2–5 years for anaplastic astrocytomas, and less than 
1 year for patients with glioblastoma [ 87 ]. Regrettably, astrocytomas affect young 
ages, the most cases of pilocytic astrocytoma being discovered in the fi rst two decades 
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of life [ 57 ]. In contrast, low-grade astrocytomas affect especially people aged 
30–40 years and, only in low percentage, patients younger than 20 years of age. 

 Astrocytomas are usually detected by expensive diagnostic imaging methods 
often in a late phase, when only palliative treatment is possible. The only practical 
alternative is the early detection of tumor, at a stage when the resection is possible, 
which should be based on routine screening and biomarker discovery before clinical 
symptoms arise. Therefore, nowadays, the research is focused on the development of 
effi cient analytical methods able to discover molecular fi ngerprints, among which the 
class of gangliosides is the most promising. Based on these premises, in 2013 the fi rst 
investigation of gangliosides expressed in a low-grade astrocytoma by high- resolution 
MS on an Orbitrap instrument was initiated [ 90 ]. The research was conducted towards 
the fi rst mapping of gangliosides in specimens from AcT, its surrounding tissue (ST), 
and a normal control brain tissue from the frontal lobe (NT) under identical condi-
tions. Comparative (−) nanoESI MS screening at a sample concentration of only 
2 pmol/μL of gangliosides from AcT (Fig.  8.10 ), ST (Fig.  8.11 ), and NT (Fig.  8.12 ) 
has led to the following fi ndings summarized in Table  8.5a–c : (1) ganglioside com-
positions in AcT and ST are altered in comparison to the ganglioside expression in 
NT; (2) a number of 30 species are associated to the tumor; (3) 14 ganglioside species 
in AcT, 14 in ST, and only 5 in NT exhibit ceramide moieties with long chain fatty 
acids exceeding 25 carbon atoms. This fi nding represents another characteristic dis-
tinguishing AcT and ST from NT; (4) ST extract presents high levels of sialylation, 
fucosylation, and acetylation, typical for malignant transformation, a feature indicating 
the phenomenon of AcT cells  protrusion in the ST.

m/z

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

2381.93

2618.41

1644.29

1684.79

2235.10

2582.471879.06

2072.16

1850.93

1235.79

1306.04

2472.12

2024.20

2642.52

1152.86

1512.83

2833.44

966.52

2353.90

x2 x2

2050.54

2102.20

2125.92

2177.73

2114.02

1063.31

  Fig. 8.10    NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from 
human astrocytoma. Solvent MeOH. Sample concentration: approximately 2 pmol/μL. Acquisition 
time 1 min. Flow rate 150 nL/min. Sample volume consumption 150 nL. Spray voltage 1.1 kV. 
Counterelectrode voltage −35 V. Reprinted with permission from Zamfi r et al. [ 90 ]       
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  Fig. 8.11    NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from 
human astrocytoma surrounding tissue. Conditions as in Fig.  8.10 . Reprinted with permission from 
Zamfi r et al. [ 90 ]       
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  Fig. 8.12    NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from 
control tissue originating from the frontal lobe. Conditions as in Fig.  8.10 . Reprinted with permis-
sion from Zamfi r et al. [ 90 ]       

      The MS screening data indicated that AcT, ST, and NT present a common gan-
glioside structure: GT1(d18:1/18:0) or GT1(d18:0/18:1). CID MS 2 –MS 4  experi-
ments (Fig.  8.13 ) yielded a number of product ions corroborating for the presence 
of a GT1c isomer (Fig.  8.14 ) in AcT and ST, but not in NT. A GT1c isomer having 
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(d18:1/18:0) ceramide composition was never identifi ed in another brain tumor, 
which shows that under the high-resolution conditions and multiple stage fragmen-
tation on Orbitrap MS, a novel species, biomarker of human astrocytoma was dis-
covered and structurally characterized.

       Gliosarcoma 

 Glioblastoma multiforme is a rare primary neoplasm of the CNS, ranked by the 
World Health Organization as a grade IV tumor [ 42 ]. Gliosarcoma is a variant of 
glioblastoma multiforme [ 25 ] defi ned by a biphasic tissue pattern consists of alter-
nating areas displaying glial and mesenchymal (sarcomatous) differentiation. 
Gliosarcoma accounts for about 2 % of all the glioblastomas, usually affecting the 
adult population in the fourth to the sixth decade of life with a prevalence in male 
population (male:female, 1.8:1). 

 Gliosarcomas are usually located in the cerebral cortex involving the temporal, 
frontal, parietal, and occipital lobe in decreasing frequency. The typical clinical his-
tory of the patient is short and the presenting symptoms depend upon the location of 
the tumor [ 25 ]. Even after radical resection by surgery followed by chemo- and 
radiotherapy, the median survival time is usually 11.5 months with less than 10 % 
survival after 2 years following diagnosis [ 44 ]. The failure of the present therapeutic 
scheme in glioblastoma is the tumor aggressiveness which leads to rapid infi ltration 
of the tumoral cells into the adjacent healthy brain tissue, which makes them rather 
inaccessible to treatment methods. Therefore, the present strategies investigated for 
treatment is to target the invading tumor cells by using specifi c binding ligands [ 68 ]. 
The critical point is, however, to identify the tumor-specifi c target molecules and 
characterize their structures in detail. 

 In the case of human gliomas, mono- and di-sialylated ganglioside species have 
been suggested as associated species and/or antigens [ 19 ]. Although by various 
methods a few gangliosides were found potential candidates as glioma-antigens, a 
more comprehensive mapping of this tumor biomarkers could be achieved by high- 
resolution mass spectrometry using chip-based nanoESI QTOF and ESI FTICR MS 
for screening and CID for structural elucidation [ 83 ]. By these accurate methods it 
was found that ganglioside expression in gliosarcoma is highly altered as compared 
to the normal brain. For instance, GD3 species having d18:1/18:0, d18:1/24:1, and 
d18:1/24:0 Cer compositions were found dominant in the ganglioside mixture 
extracted from human gliosarcoma (Fig.  8.15 ). Unexpectedly a high abundance of 
 O -acetylated GD3 derivatives, particularly with d18:1/18:0 and d18:1/20:0 lipid 
moiety structure, were also observed. GM2, GM1, and/or their isomers nLM1 and 
LM1, as well as GD1 species characterized by heterogeneity in composition of 
their ceramide moieties, were found abundantly in the mixture, while the species 
with a higher sialylation degree were found poorly or not at all expressed. The 
reduction in the total ganglioside content and the altered pattern in gliosarcoma vs. 
control tissue is considered the result of both a lower overall biosynthetic rate, due to 
change in expression of certain glycosyltransferases, and higher turnover rate [ 83 ]. 
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  Fig. 8.15    NanoESI chip QTOF MS of the native gliosarcoma ganglioside mixture. ESI voltage 
1.60 kV. Sampling cone 80 V. Acquisition 2 min. Average sample consumption 0.5 pmol. Reprinted 
with permission from Vukelić et al. [ 83 ]       

A higher expression of sialyltransferase II (GD3 synthase) and a lower expression 
of galactosyltransferase II were found to be the most probable causes of the very 
high GD3 and very low GM1a, GD1a, and GD1b abundances. While the latter 
 species were previously known as glioma biomarkers, GD3 and the corresponding 
acetylated forms were discovered only by mass spectrometry as tumor-associated. 
Tandem MS by CID using as the precursor  O -Ac-GD3 (Fig.  8.16 ) provided sequence 
data consistent with the presence of gliosarcoma-associated isomer bearing 
 O -acetylation at the inner Neu5Ac residue, a form previously not structurally con-
fi rmed. The information derived from the MS data according to which gliosarcoma, 
as the highest malignancy grade brain tumor, contains a higher amount of potentially 
proapoptotic GD3 than of the  O -acetyl GD3 species suports the previous assump-
tion [ 33 ] that the role of  O -Ac-GD3 as tumor-specifi c component is the protection 
of tumor cells from apoptosis.

8.4.3           Secondary Brain Tumors 

 When highly expressed, some of the glycosyl epitopes promote invasion and metas-
tasis and thus can lead to shorter survival rate of patients, while some others sup-
press tumor progression leading to higher postoperative survival period. Targeting 
carbohydrate antigens such as gangliosides expressed on metastatic tumor cells 
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represents a priority for the immunotherapy of cancer since aberrant glycosylation 
exhibited by tumor cells is considered a factor of their uncontrolled growth, inva-
siveness, and increased metastatic potential. 

8.4.3.1    Brain Metastasis of Lung Adenocarcinoma 

   Lung     adenocarcinoma is a histological form of   lung cancer     that contains certain 
distinct malignant tissue architectural, cytological, or molecular features. Non- 
small cell lung cancer, the most frequent cause of cancer deaths in many countries, 
has a high risk of brain metastases that reportedly reaches 44 % in brain autopsy. As 
compared to other primary cancers, where brain spread is usually a later complica-
tion, lung cancer develops intracranial metastases relatively early and is often 
accompanied by neurologic symptoms on initial diagnosis [ 22 ]. 

 Untreated brain metastases have a median survival of about 4 weeks with almost 
all patients dying from neurological rather than systemic causes [ 2 ]. Whole-brain 
radiation therapy and chemotherapy are currently the standard, unfortunately only 
palliative, treatments for patients with brain metastases. Even under treatment, the 
prognosis for patients with brain metastases is generally poor, with median survival 
time between 3 and 6 months [ 20 ]. 
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 Non-small cell lung cancer has been shown to exhibit elevated expression of 
GM3 and GM3 synthase (sialyltransferase-I or SAT-I) mRNA with a positive cor-
relation between expression levels of SAT-I mRNA and GM3 in tumor tissues [ 51 ]. 
Overexpression of GM3 synthase was used to determine the effects of endogenous 
gangliosides on the metastatic process of 3LL Lewis lung carcinoma cells. It is also 
known that metastatic potential of lung cancer cells is regulated via GM1 ganglio-
side by modulating the matrix metalloproteinase-9. Low GM1 expressing cell lines 
showed increased proliferation, invasion, and metastatic potential [ 91 ]. Another 
ganglioside used in development of novel therapies for small cell lung cancer is 
fucosyl-GM1, which is specifi cally expressed in lung cancer cells. In the last year, 
a bidomainal fucosyl-GM1 ganglioside-based vaccine for the treatment of small 
cell lung cancer was developed [ 75 ]. It was also shown that an anti-ganglioside- 
based cancer vaccine containing 1E10 anti-idiotypic monoclonal antibody induces 
apoptosis and antiangiogenic effects in a metastatic lung carcinoma [ 13 ]. 

 In 2011 high-performance MS was employed for the investigation of ganglioside 
expression and structure in secondary brain tumors, i.e., brain metastasis of lung 
adenocarcinoma [ 89 ]. Comparative nanoESI chip QTOF MS screening of ganglio-
sides from metastatic (Table  8.6 ) vs. healthy tissue (Table  8.7 ) showed considerable 
discrepancy in expression, structure, and relative abundances of individual species. 
In contrast to healthy cerebellar tissue, the ganglioside mixture extracted from brain 
metastasis of lung adenocarcinoma was found to contain mostly species of short 
oligosaccharide chains and reduced overall sialic acid content. More than a half, 
from the total of 63 different ions detected and corresponding to 141 possible struc-
tures in brain metastatic tissue, represents monosialylated species of GM1, GM2, 
GM3, and GM4-type. Besides the large number of monosialylated components, six 
asialo species of GA1 and GA2-type bearing ceramides of variable constitution 
were discovered. The observed differences in ceramide structures and alteration of 
sialylation patterns were attributed to tumor-related changes in human carcinomas.

    GD1, GD2, and GD3 as well as GT1, GT2, and GT3 with short carbohydrate 
chains, expressing different ceramide portions, were also identifi ed in the mixture. 
Ganglioside components modifi ed by Fuc or  O -Ac could also be detected, but in a 
different pattern than in healthy brain; most  O -acetylated gangliosides were found 
as monosialo species of GM3, GM2, and GM1 type, while fucosylated components 
were represented by monosialo species of GM3 and GM4 structure, di- and trisi-
alylated GD1 and GT3 exhibiting high heterogeneity in their ceramide motifs [ 89 ]. 

 By tandem MS using CID, brain metastasis-associated GD3 (d18:1/18:0) species 
was structurally elucidated (Fig.  8.17a, b ). This structure was reported to enhance 
tumor cell proliferation, invasion, and metastasis in a variety of brain tumor cells, 
especially in glioma and neuroblastoma.

   From the methodological point of view it is to be mentioned that nanoESI chip 
QTOF MS and CID MS/MS was able to provide compositional and structural char-
acterization of native ganglioside mixtures from secondary brain tumors with 
remarkable analysis speed and sensitivity. Under the applied conditions a sample 
concentration of only 2.5 pmol/μL, which corresponds to 250 fmol biological 
extract consumption, was necessary for an experiment. 

8 Neurological Analyses: Focus on Gangliosides and Mass Spectrometry
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  Fig. 8.17    NanoESI chip QTOF CID MS/MS of the singly charged ion at  m / z  1,471.29 correspond-
ing to GD3 (d18:1/18:0) from brain metastasis of lung adenocarcinoma.  m / z  range ( a ) 200–630. 
( b ) 650–1,500. Acquisition time 1 min.  Insets : fragmentation schemes of the oligosaccharide core 
and ceramide moiety. Reprinted with permission from Zamfi r et al. [ 89 ]         
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 The bioanalytical platforms based on mass spectrometry demonstrated here for 
the discovery of glycolipid/ganglioside molecular markers of brain in health and 
disease have real perspectives of development into routine, ultrafast, and sensitive 
methods applicable to other molecular markers of the pathologies at the neurologi-
cal and other levels.          
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