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1. Introduction

1.1. Biological functions of gangliosides

Gangliosides are sialic acid-containing glycosphingolipids (GSLs) of the plasma
membrane and are highly abundant in the nervous system of vertebrates (1), where they
are considered to play a vital role in normal cell functions. Gangliosides are ubiquitously
found in most tissues but are particularly enriched on neuronal cells, where they
contribute significantly to the cell surface glycans (2). They are considered to be localized
in membrane microdomains, also known as lipid rafts (3), where their functions include
interactions with membrane proteins located in the same membrane and regulation of
cell-cell recognition with ganglioside binding proteins on opposing cells (4, 5). Both the
hydrophilic and hydrophobic parts of gangliosides can have a wide variety of structures,
which raises the possibility of the functional significance of the structural diversity of
both parts. Although considerable progress has been made towards a better understanding
of the function of gangliosides, our knowledge of their mechanism of action is still largely

incomplete.

1.1.1. Structure and nomenclature of gangliosides

Gangliosides are composed of an oligosaccharide chain linked to a highly hydrophobic
ceramide (Figure 1). Heterogeneity in the composition of the glycan group is high and
nearly 200 ganglioside glycoforms are identified so far, furthermore, the structural
complexity increases with heterogeneity in the ceramide lipid moieties (6), but only a few
gangliosides are abundant in neural tissues. Ceramide include a long-chain amino alcohol
called sphingosine connected to a fatty acid by an amide linkage. In the nervous system
of mammals, sphingosine typically is of 18 or 20 carbons (7) and stearic acid is the major
fatty acid component (>80%) of gangliosides (1). The oligosaccharide portion contains
one or more N-acetylneuraminic acid, which is the predominant sialic acid in humans (2).
Sialic acids have a pKa value of 2.6 making the molecule negatively charged at
physiological pH (8). The oligosaccharide portion is based on a chain constituted by

neutral sugars of different numbers, linked to each other in a specific order.
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Figure 1. Structure of GM1, one of the most abundant gangliosides in the adult brain (9). Copyright ©
2021 Chiricozzi et al, CC BY 4.0.

The nomenclature of GSLs, including gangliosides is based on their glycan part.
According to the nomenclature of Svennerholm, the core structure of neutral sugars (full
or truncated) defines the name of a respective series, in which the “ganglio-series” contain
glucose, galactose and N-acetylgalactosamine, attached in a defined order to ceramide.
The capital letter “G” stands for ganglioside, followed by a capital letter designating the
total number of sialic acids (“A” =0, “M” =1, “D” =2, “T” =3, “Q” =4, “P”=5, “H” =
6, “S” =7), an Arabic number based on the length of the neutral sugar core. Initially, it
was assumed that this could not exceed five, so the number “1” refers to (5 — “1” = 4),
thus 4 neutral sugars. This could be followed by a lowercase letter standing for the number
of sialic acid residues on the 3-hydroxyl of the innermost galactose (“a” = 1, “b” =2, “c”
= 3). However, in the case of monosialogangliosides lower case letter is optional and most
often omitted (8, 10, 11).

In mammals, the sialic acid residues are typically attached to the galactosyl unit by an a-
2,3-linkage and by an a-2,8-linkage to other sialic acids (8). The most abundant
ganglioside outside the nervous system is the “simple” GMS3, which is the first
ganglioside in the biosynthetic pathway with a core structure of lactosylceramide linked
to one sialic acid (Figure 2). The most abundant gangliosides in the nervous system have
more complex sugar structure, characterized by the Galf1-3 GalNAcP1-4 Galf1-4
GlcBCer core (11, 12).
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Figure 2. Structures of major neuronal (GM1, GD1la, GD1b, GT1b, GQ1lb) and extraneural (GM3)
gangliosides (13). Copyright © 2021 Geda et al, CC BY-NC-ND 4.0.

1.1.2. Gangliosides as parts of membrane microdomains

The structure of gangliosides results in a highly amphiphilic molecule, enabling both
hydrophilic and hydrophobic interactions. Gangliosides are inserted mainly into the
external leaflet of plasma membrane with their hydrophobic ceramide tail, while their
variable oligosaccharide chain facing towards the extracellular space (8). They are
reported to be enriched in specific microdomains of the plasma membrane, tightly packed
together with sphingomyelin and cholesterol (3). These membrane microdomains, or so-
called lipid rafts are considered to create a relatively ordered phase compared to the
surrounding membrane, which acts as a platform for membrane proteins. The
composition of these microdomains is believed to influence the organization of various
molecules involved in cell signaling (3). Both their carbohydrate chain and the lipid tail
have specific physicochemical features that favor the formation of microdomains. For
example, the geometry of the oligosaccharide headgroup, the carbohydrate-water
interactions, their long, saturated alkyl chains as well as their capability of forming
hydrogen-bond network at the lipid-water interface are all specific properties that strongly

suggest a role in the formation of liquid-ordered microdomains in the membrane (3).

Cholesterol, thought to be the main component of lipid rafts, is known to modulate
membrane fluidity and interacts preferentially with long, saturated alkyl chains such as

those found in gangliosides, which interaction also supports the formation of liquid-



ordered microdomains (14, 15). Although, it should be noted, that the lipid raft hypothesis
is widely accepted, there is also skepticism about whether rafts exist due to the technical

challenges of studying them in living cells (16, 17).

It was observed, that gangliosides undergo phase separation without the presence of
cholesterol (18) for which the main driving force is thought to be their hydrophilic
headgroup that is remarkably different than that of phospholipids (12). The clustering
allows the minimization of the interfacial free energy and according to the observations,
the volume of the oligosaccharide head group determines the level of phase separation
and also the geometrical changes in the membrane. The larger the headgroup, the
segregation is more pronounced and the curvature of the resulting ganglioside-rich cluster
is more positive (12). The volume of the sugar head group is also influenced by the
presence of hydrating water associated with the oligosaccharide chain, which is
remarkably high (22 to 60 water molecules compared to 6-7 in case of a phosphocholine
headgroup (19)) proposed that the presence of hydrating water is likely relevant in
avoiding the electrostatic repulsion generated by the negative charges on the sugar chain,
and moreover, a network of hydrogen bridges could considerably contribute to the

stabilization of the ganglioside clusters.

1.1.3. Gangliosides in the nervous system

The concentration and structure of gangliosides undergo major changes during brain
development (20), due to the spatiotemporal expression, posttranslational modification
and subcellular localization of glycosyltransferases (21). At early stages of development,
gangliosides with simple carbohydrate chain are present, while later complex
gangliosides are more predominant (2). Their essential role in brain development has been
shown by systematic deletion of gylcosylceramide synthase (GCS) gene in mice that
caused early embryonic death (22), while targeted deletion of GCS gene in neurons
resulted in dysfunction of cerebellum and peripheral nerves as well as changes in neuronal
morphology and myelin sheaths and death three weeks after birth (23). In the adult brain
of humans as well as other mammals, the most abundant gangliosides are GM1, GD1a,
GD1b, GT1b and GQ1b, where their concentration is approximately 10-fold higher than
that in the peripheral tissues (24-26) (Figure 2). However, some of these gangliosides



occur also in peripheral tissues, such as GM1 in the liver (25, 27), muscle (28) and adipose
tissue (29).

The pattern and level of neuronal gangliosides also change during aging: from age of 70
years, a rapid decline was shown in ganglioside concentration (30). The distribution of

gangliosides also shows large differences between brain areas (31).

The level and structure of the ceramide moieties of gangliosides also show developmental
changes: the ratio of C18 and C20 sphingosine is related to different developmental stage
of the brain. During fetal life, C20 sphingosine is not present, but increases slowly with
neurodevelopment and aging, becoming predominant in addition to C18 sphingosine (7).
It was hypothesized that the heterogeneity of lipid part of gangliosides may have a
modulating effect on the fluidity and organization of membrane microdomains, which

may influence lipid-protein interactions (7).

Most research, however, has focused on the functions of the different ganglioside
glycoforms, since the carbohydrate head group can interact with proteins located laterally
in the membrane or with proteins from other cells. Studies have shown that gangliosides
interact with an exceptionally large number of membrane proteins, and affect essential
functions of nerve cells, such as axon-myelin stability, neurite outgrowth,

neurotransmitter release and calcium signaling.

Two of the most abundant gangliosides in the brain, GD1a and GT1b, have been shown
to play a crucial role in myelin stability and proper axonal function by being ligands for
myelin-associated glycoprotein (MAG, Siglec-4), a sialic acid-binding lectin expressed
in the membranes of myelinating oligodendrocytes in the central nervous system and
Schwann cells in the peripheral nervous system. In the absence of GDla and GT1b,
increased number of degenerated axons, loosened myelin sheaths in different areas of the
spinal cord (32) and demyelination in the peripheral nerves were also observed (33).
Apparently, MAG preferentially binds to NeuAca2-3 Galp1-3 GalNAc terminal sequence
shared by GD1a and GT1b (34).
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Several studies have shown that exogenous addition of gangliosides to the cells can
induce neurite outgrowth and axonal sprouting in regenerating axons in vitro (35, 36).
Moreover, it was revealed that the focal generation of GM1 is necessary for the
establishment of neuronal polarity via the enhancement of TrkA activity (37). Recently it
was suggested that the observed neurotrophic effect of gangliosides might be a result of
a direct interaction between GM1 and TrkA receptor and a subsequent activation of PLCy
and PKC pathway, leading to the increase of cytosolic Ca?* necessary for cell
differentiation (38).

It was shown that gangliosides affect other receptor tyrosine kinases such as insulin
receptor (IR) (39). Increased level of GM3 was reported to inhibit IR by an interaction
with a lysine residue of the protein (40). This interaction disrupts the binding of IR to
caveolin, a crucial protein in insulin signaling, that can result in insulin resistance (29,
41-43). These observations are of peripheral tissues, and it is not yet known whether this
phenomenon is also present in the brain. Interestingly, both increase in GM3 level and
decrease in brain IR signaling was observed in Alzheimer’s disease (44, 45), however the
causal role has not been investigated.

The role of lipid rafts and gangliosides was also examined in synaptic transmission.
Several neurotransmitter receptors (NMDA, AMPA, GABAA receptors) and transporters
(serotonin, norepinephrine, glutamate transporter) were shown to localize in membrane
microdomains (46). Specifically, the role of gangliosides in neurotransmitter signaling
was studied and their contribution to neurotransmitter release and ion-transport was
revealed (47-51). Voltage-dependent calcium channels (52, 53), as well as plasma
membrane Ca?*-ATPase (54) was shown to be influenced by gangliosides. The proposed
explanation on the modulating effect of gangliosides on calcium channel activity is that
they alter membrane fluidity and/or that Ca?* binds to negatively charged sialic acid
residues at the synaptic membrane, resulting in high Ca?* concentration in areas adjacent
to calcium channels, which facilitates the ion-transport (49). Electrophysiological studies
revealed that the addition of tetrasialoganglioside GQ1b induces long-term potentiation
(LTP) and enhances ATP-induced LTP in guinea pig hippocampal slices of CA1 neurons
(55).

11



Both the absence and excess of gangliosides could lead to severe neurodegenerative
conditions, which emphasizes their crucial role in normal neuronal functions. Besides,
several diseases are known to be associated with altered ganglioside metabolism that
results in some form of neurodegeneration (2). In GM1 gangliosidoses, and GM2
gangliosidoses including Tay-Sachs and Sandhoff diseases, the inherited deficiency of
catabolic enzymes leads to accumulation of gangliosides in lysosomes, resulting in delay
in development and early onset neurodegeneration (56, 57). In addition, growing evidence
suggests that alterations in ganglioside levels and profile occur in Alzheimer’s disease,

Huntington’s disease and Parkinson’s disease (58).

1.2. Techniques for separation of gangliosides

Several analytical techniques have been developed for the analysis of gangliosides. Most
commonly, they are isolated by a liquid-liquid extraction (LLE) method (59), followed
by analysis using the method of choice. One of the earliest approaches to quantify total
ganglioside level is the determination of the lipid-bound sialic acid (LBSA) content of
the sample by spectrophotometric method (60). Then, a separation technique is required
to estimate the levels of individual ganglioside species. They can be analyzed in their
native form and in some methods, derivatization is performed in order to decrease their
detection limit, since they have a maximum absorption at 197 nm (61), where several
other compounds have strong absorption. Given their complex structure, the aim may be
to analyze them according to their lipid or carbohydrate portion (62, 63). This section
provides a brief overview of separation techniques developed for ganglioside analysis,
including methods of thin-layer chromatography (TLC), high pressure liquid
chromatography (HPLC), liquid chromatography coupled to mass spectrometry (LC-MS)
and capillary electrophoresis (CE).

1.2.1. TLC methods

TLC with colorimetric detection is the most widely used separation method to date, where
the levels of individual gangliosides are expressed as a percentage of the total LBSA
content, according to their band intensity. Separation of gangliosides according to their
carbohydrate chain can be achieved by TLC methods. Although this method has some

advantages, such as low instrumentation and running cost, its limitations are the relatively
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poor reproducibility and sensitivity, and the high organic solvent consumption. The
sensitivity of TLC techniques can be significantly improved by immunostaining or

radioimaging detection (64-67).

1.2.2. HPLC and LC-MS methods

HPLC methods were also developed for the separation of gangliosides, however these
were characterized by very long elution time or the need of off-line monitoring of
underivatized gangliosides by TLC due to the higher UV absorbance of eluent solvents
than that of gangliosides (50, 68). Although some progress was made with the
development of HPLC methods with direct UV detection (61, 69, 70), these were replaced

by LC-MS methods as the technique has become more widespread.

Among LC-MS methods, the two categories are currently used are hydrophilic interaction
liquid chromatography (HILIC) using silica and amino columns, and reversed-phase
HPLC, followed by characterization by MS (71). In HILIC methods, gangliosides are
separated based on their hydrophilic carbohydrate chain, but almost no separation occurs
between the different lipoforms (71). Using reversed-phase columns, the separation is
based on the ceramide length, but co-elution of ganglioside glycoforms with the same
alkyl chain length is problematic (71).

LC-MS methods were shown to be valuable for the identification of minor components
from biological samples, due to their high sensitivity (nM range) (72-74). Adequately
validated methods for the quantification of the most abundant gangliosides from
biological samples, however, are limited. Methods for the quantitative determination of
some selected gangliosides in human plasma (74, 75) or human cerebrospinal fluid (76)
have been reported. Methods using external calibration were reported for the
determination of rat (77), mouse and bovine gangliosides (71), but this calibration

approach is not entirely reliable for analyzing biological samples.

1.2.3. CE methods

Relatively few CE methods, aiming at the separation of gangliosides, has been reported
so far. The pioneering CE works focused on the investigation of separation conditions of

ganglioside standards. Gangliosides have a strong amphiphilic character and were shown
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to form micelles and mixed micelles in aqueous solutions (78, 79). This property was a
main limiting factor in their CE separation as monomers and it was reported that
surfactants, urea and organic solvents were tested, but none of these improved the
separation (80). On the other hand, with the use of alpha-cyclodextrin (ACD) as buffer
additive, separation was achieved and it was suggested that native ACD can disrupt the
micelles via inclusion complex formation with the lipid moiety that enables the separation
of standard gangliosides (GM1, GD1a, GD1b, GT1b) (80). Native beta-cyclodextrin
(BCD) and gamma-cyclodextrin (GCD) had minimal effect on the separation, although
the concentration ranges tested were not reported (80, 81). In subsequent CE works (81,
82) it was also demonstrated that the complexation of borate with the oligosaccharide
residue is necessary for the separation of GD1a and GD1b structural isomers, as it may

provide additional negative charge on the analytes.

Although CE coupled to mass spectrometry (CE-MS) represents a powerful analytical
technique offering fast and high-resolution separation and subsequent mass information
and molecular characterization, only a few CE-MS method has been reported to date. An
off-line CE-ESI/QTOF/MS method was developed for screening ganglioside mixture
from bovine brain, where the identification of ganglioside glycoforms and their main
lipoforms was shown (83). In another method, using CE-ESI/MS, sensitivity
improvement was reported by reducing ion-suppression with the removal of non-volatile
buffer additives borate and ACD (84).

Various derivatization methods have also been developed to increase the sensitivity of
CE methods. The method, reported by Mechref and co-workers (82) involved the
formation of an amide-bond between carboxylic group of sialic acids and the amino-
group of the derivatization agents, i.e. sulfanilic acid or 7-aminonaphthalene-1,3-
disulfonic acid, providing a chromophore or fluorophore respectively, and a permanent
negative charge of the analytes over a wide pH range. However, a method involving the
derivatization of sialic acids may be difficult to transfer to biological samples, as the
different number of sialic acids on the different ganglioside glycoforms may lead to
multiple labeling and formation of by-products resulting a complex electropherogram. In
other CE methods, fatty acid-free (lyso) ganglioside standards were acylated with

commercially available succinimidyl esters of BODIPY fluorophores (85, 86). The labor-
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intensive derivatization procedure enabled the ymol-detection of fluorescently labeled
standards by capillary electrophoresis-laser induced fluorescence (CE-LIF) method,
where their separation was performed using micellar electrokinetic chromatography
(MEKC) with ACD or BCD as additives (85). It has been shown, however, that the
reproducibility of the derivatization procedure may be limited in real biological samples,

especially when the analyte concentration is low (87).

Among these CE methods, only the separation of underivatized gangliosides was
demonstrated in some biological samples (apricot seed, deer antler and rat brain samples),
but with poor separation efficiency (80). The separation of four highly abundant neuronal
gangliosides was examined, but GQ1b was not investigated. Furthermore, the most
abundant extraneural ganglioside, GM3, was neither studied. For these reasons, no
validated CE method for the quantification of gangliosides from biological samples has

been reported.

1.3. Cyclodextrins and their complexation with lipids

CDs are cyclic oligosaccharides consisting of a-1,4-glucopyranose units. The main types
of CDs ACDs, BCDs and GCDs are composed of 6, 7 or 8 glucopyranose units,
respectively. Due to their relatively hydrophobic cavity and hydrophilic surface, they are
able to form host-guest inclusion complexes with a broad range of hydrophobic molecules
(88). Therefore, they are extensively used in drug formulation, to improve water solubility
and bioavailability of drugs, in addition to food, cosmetic and environmental applications
(89, 90). The number of the glucose units determines the cavity size and. Due to the chair
conformation of the units, CDs are cone-shaped molecules with the primary hydroxyl
groups extending from the narrower side and the secondary hydroxyl groups extending

from the wider side making them hydrophilic (88).

Natural or native CDs are hydrophilic, but their aqueous solubility may be limited,
especially in the case of BCD (91). The poor water solubility can be explained by the
presence of the hydrogen bonding C2 and C3 OH groups, which in native BCD leads to
the formation of the so-called complete secondary belt, resulting in an inflexible structure
and a decreased ability of the molecule to form intermolecular hydrogen bond. In ACD,

the hydrogen-bond belt is incomplete, because of the distorted position of one
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glucopyranose unit, and GCD is a non-coplanar, more flexible structure, therefore, they
both possess higher water solubility than BCD (92). Substitution of hydroxyl groups even
with hydrophobic groups can lead to dramatic solubility improvements (91, 93).
Randomly methylated-beta-cyclodextrin (RAMEB), hydroxypropyl-beta-cyclodextrin
(HPBCD) and sulfobutyl ether-beta-cyclodextrin (SBEBCD) are examples of chemically
modified BCDs, which are used as drug excipients (94). The physicochemical
characteristics of CDs, including water solubility and complexation capability, depend
not only on the type of substituent, but their location on the CD molecule and the number
of substituents per CD. The degree of substitution (DS) in CD chemistry is defined as the
average number of substituents per CD molecule (93).

The cavity of CDs is lined by glycosidic oxygen bridges and hydrogen atoms creating a
slightly apolar cavity, which is occupied by water in aqueous solutions. The presence of
water in the cavity is energetically unfavoured, and can be substituted by molecules that
are less polar than water, which is probably the key driving force for complex formation.
Non-covalent interactions such as hydrophobic interactions, van der Waals interactions
or electrostatic interactions can occur between the guest molecule and the CD. The
host:guest ratio is most frequently 1:1, but 2:1, 1:2, 2:2 and other combinations exist too
(92, 95). In aqueous solutions inclusion complexes are in dynamic equilibrium with free

guest and CD molecules (92).

Several types of medicinal products contain CDs, such as oral, nasal, ocular products or
parenteral solutions. At least six types of CDs are used currently in medicines: ACD,
BCD, GCD, HPBCD, SBEBCD and RAMEB. The oral availability of CDs is very low,
however, high doses my cause reversible diarrhea and cecal enlargement in animals.
Topical application of CDs may influence tissue permeability, depending on the amount.
Parenteral administration of relatively low doses of ACD, BCD and RAMEB showed

renal toxicity and they are not suitable given intravenously (94).

Considering the hydrophobic or amphiphilic nature of lipids, they can also be entrapped
into CDs. Encapsulation of several lipid classes have been investigated, moreover,
products utilizing the CD/lipid interaction have been marketed, such as food or cosmetic

products (96, 97). CD/lipid interactions are also being investigated because of their
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application as drug excipients and potential influence on membrane lipids. As part of their
safety profile, cellular interactions of CDs have also been studied. It was found that the
hemolytic activity of native CDs is decreased in the order BCD>ACD>GCD and these
differences were attributed to the different solubilization rates of membrane components
(98). Due to their internal cavity size, BCD and its derivatives are able to form stable
complexes with cholesterol (99) and it was shown that BCDs extract cholesterol from the
plasma membrane too (100). Comparing CDs with similar substituents but different
cavity sizes, their interaction with cholesterol decreases in the order BCD>>GCD>ACD

suggesting that cavity size plays the main role in complex formation (99).

The type of substituents also influences the complex forming capability of CDs.
Methylated BCDs (MBCDs) have been shown to be the most potent in solubilizing
cholesterol (101-103), and they were also the most toxic (104). Therefore, the application
of MBCDs is permitted only in nasal and ocular products (94). On the other hand, MBCDs
are widely used in biochemical experiments as lipid raft disrupting agents due to their
cholesterol extracting capability. The effect of MBCDs on other membrane lipids has
been also studied (105), but data on their influence on gangliosides are limited, however
they are considered to be lipid raft components as well and have significant regulatory

role in several cellular functions.

Utilizing the CD/lipid interaction, HPBCD is under clinical investigation as a drug
candidate in Niemann-Pick type C disease (NPC), where it has been reported to alleviate
cholesterol accumulation in lysosomes (106). HPBCD have also been used for cholesterol
extraction in vitro, however, due to its inferior efficiency, it is not as common as MBCDs
(107).

In addition to cholesterol, CDs may form complexes with fatty acids, which is also
strongly influenced by the cavity size of CDs. Native ACD provides a better fit to
complex saturated fatty acids than BCD. However, BCD form complexes with
unsaturated fatty acids more readily than with saturated ones. In general, GCD has the
lowest affinity to form complexes with fatty acids, because its larger cavity size cannot
provide stable interaction for complex formation. As in the case of cholesterol, solubility

experiments with fatty acids suggest that methylated CDs are the most potent solubilizing

17



agents (103). Complexes of different stoichiometry can be formed with fatty acids: there
are about 6 CH2 units per a CD molecule, therefore C18 stearic acid can form complex

with an average of three CD molecules (99, 103).

Based on their selective lipid recognizing properties, CDs might be valuable tools in in

vitro studies for modulating the lipid content in order to study their functions.
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2. Objectives

Due to the growing evidence for the regulatory functions of gangliosides in many cellular
functions and their possible pathological role in various diseases, there is a need for an
analytical method to quantify the most abundant gangliosides from biological samples.
CDs are potential tools for the analysis of lipids in both bioanalytical and biochemical
applications, but their effects on gangliosides remain to be elucidated.

Therefore, the main objectives of this work were:

1. Development of a capillary electrophoresis method for the separation of the most
abundant neuronal (GM1, GD1a, GD1b, GT1b and GQ1b) and peripheral (GM3)
gangliosides.

e Optimization of the separation and study the effect of various CDs.

e Validation of the optimized method for the quantification of the major
neuronal gangliosides from biological samples.

e To demonstrate the applicability of the validated method on biological
samples.

2. To investigate the effects of different CDs on ganglioside and cholesterol content of
rat cerebral synaptosomes.

e To elucidate the effects of two frequently used cholesterol extracting CDs
on gangliosides: heptakis(2,6-di-O-methyl)-beta-cyclodextrin (DIMEB),
which is a commercially available isomer of MBCD, and HPBCD.

e To examine the applicability of ACD derivatives for selective extraction
of gangliosides.

e To examine the effects of the lipid extraction by CDs on synaptic

glutamate release.
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3. Methods
3.1. Chemicals

All reagents used in the experiments were analytical grade. Boric acid, sodium dodecyl
sulfate (SDS), HEPES, sucrose, glucose, L-glutamate, L-cysteic acid, dimethyl sulfoxide
(DMSO), octyl-p-D-thioglycopyranoside, sodium hydroxide (NaOH), 4-aminopyridine
(4-AP) and other buffer components were purchased from Merck (Darmstadt, Germany).
Fetal bovine serum (FBS) was obtained from Biosera (Nuaille, France). Methanol and
chloroform used for LLE were purchased from Molar Chemicals Ltd. (Hungary).
Ganglioside standards GM3, GM1, GD1a, GD1b, GT1b, GQ1b were products of Cayman
Chemical Company (Ann Arbor, MI, USA). Alpha-cyclodextrin (ACD), beta-
cyclodextrin  (BCD), heptakis(2,6-di-O-methyl)-beta-cyclodextrin  (DIMEB) with
isomeric purity >35% DS~14, (2-hydroxypropyl)-beta-cyclodextrin (HPBCD) DS~4.5,
randomly methylated alpha-cyclodextrin (RAMEA) DS~11 and (2-hydroxypropyl)-
alpha-cyclodextrin (HPACD) DS~4.5 were purchased from Cyclolab Ltd. (Budapest,
Hungary). 4-Fluoro-7-nitrobenzofurazan (NBD-F) was obtained from Tokyo Chemical
Industry (Tokyo, Japan). DL-Threo-B-benzyloxyaspartic acid (DL-TBOA) was product
of Tocris Bioscience (Bristol, United Kingdom). Ultrapure water was obtained from a
Milli-Q Direct 8 System (Merck). The pH of the CE separation buffer was adjusted by
1 M NaOH solution.

3.2. Method optimization and validation of the CE method
3.2.1. Preparation of synaptosomes

Adult, male Wistar rats purchased from Toxi-Coop Ltd. (Budapest, Hungary) used for
synaptosome preparation. Synaptosomes were prepared according to Modi and co-
workers (108) with the following modifications. Animals were decapitated and the brain
was removed rapidly. Isotonic sucrose buffer (0.32 M sucrose, 4 mM HEPES-NaOH, pH
7.4) was used to homogenize cerebrum and cerebellum with Potter S Homogenizer (B.
Braun, Melsungen, Germany) with 15 strokes, at 1000 rpm. The homogenate was
centrifuged (1500x g, 10 min, 4 °C) and the pellet was resuspended in sucrose buffer and
centrifuged with the same parameters again. The two supernatants were combined and
centrifuged (20,000x g, 30 min) to pellet the crude synaptosomes. The resulting

supernatant was discarded and the pellet was washed again with an equal volume of
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sucrose buffer and then pelleted by centrifugation (20,000 g, 30 min, 4 °C).
Synaptosomes were stored frozen using cryopreservation buffer and slow freezing
method (109, 110) to preserve their physiological state and integrity. Briefly,
synaptosome pellets were resuspended in isotonic sucrose buffer containing 10% DMSO
(v/v) and 10% FBS (v/v), and to slow down the freezing process at —80 °C, the samples
were placed in a polystyrene box. Immediately prior to experiments, synaptosomes were
rapidly thawed in a 37 °C water bath and pelleted by centrifugation (20 000x g, 10 min,
4 °C) to remove cryopreservation buffer. Then, the pellet was resuspended in isotonic
HEPES-glucose buffer (10 mM HEPES-NaOH, 130 mM NaCl, 5.4 mM KCI, 1.3 mM
CaClz, 0.9 mM MgClz, 5.5 mM glucose, pH 7.4) and aliquoted according to the

experimental design.

3.2.2. Ganglioside extraction

Ganglioside samples were prepared by LLE method described by Svennerholm and
Fredman (111), with minor modifications. Briefly, after thawing, synaptosomes were
washed twice with 8 vol PBS to remove residual sucrose buffer which interfered with the
electrophoretic separation of gangliosides. Ten mg synaptosomes (wet weight) was
homogenized in 3 vol water with ultrasonic homogenizer (Labsonic 2000, B. Braun,
Melsungen, Germany) for 10 s. Methanol (10.6 vol) containing the IS (72 nmol/mg wet
weight) and the ganglioside standards, then chloroform (5.3 vol) was added to the
homogenate. The mixture was vortexed briefly and pelleted by centrifugation (1000x g,
10 min, RT). The supernatant was collected and the pellet was re-extracted with
chloroform-methanol-water (4:8:3, v/v/v). Then, the supernatants were combined to get a
total lipid extract. It was mixed with water (0.173 vol) to induce solvent partitioning that
resulted in a hydrophilic upper phase (U1) and a hydrophobic lower phase. The latter was
then re-extracted with theoretical upper phase and the resulting upper phase (U2) was
combined with U1. The combined upper phase was re-extracted with theoretical lower
phase and the resulting ganglioside-containing upper phase was evaporated to dryness
under a gentle stream of nitrogen (Zymark TurboVap LV, Hopkinton, MA, USA) in 37 °C

water bath and stored at —20 °C until use.
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For CE method validation, dry extracts yielded from 10 mg cerebral synaptosomes were
resuspended in 60 uL water, centrifuged (20,000x g, 5 min, 4 °C) to remove precipitate
and the supernatant was analyzed. Glass centrifuge tubes were used during the extraction
in order to minimize sample loss by adsorption of gangliosides. For measuring the
ganglioside content of cerebellar synaptosomes, dry ganglioside extracts were

resuspended in 30 puL water.

3.2.3. Construction of calibration curves

Five-point calibration curves with four replicates were constructed for GM1, GD1a,
GD1b, GT1b and GQ1b to cover the expected concentration range of study samples.
Background subtraction method was used to prepare calibration curves. Calibrator
samples were ganglioside extracts of rat cerebral synaptosomes spiked pre-extraction
with standard solutions of the analytes. Zero calibrators spiked only with 1S were used to
obtain the background level of the analytes, which was subtracted from responses of
spiked calibrator samples. The subtracted responses were then used to construct the
calibration curves. For calculations, peak area ratios of analytes and 1S were used. LOQ
and LOD values were calculated according to ICH Q2B guidelines (112) by the following

equations:
LOQ = 100/S 1)
LOD = 3.30/S (2)

where ¢ = the standard deviation of the Y-intercept and S = the slope of the calibration

curve.

3.2.4. Precision and accuracy of the method

Quality control (QC) samples were analyzed to evaluate intraday and interday accuracy
and precision across the quantification range. QC samples were measured in three
independent runs of separate days, in four replicates. Similarly to calibrators, pre-spiked
rat cerebral synaptosome samples were used as QC samples. Three added concentration
levels of each ganglioside were used for the preparation of QC samples. QC samples were
analyzed against the calibration curve and the concentrations obtained were compared

with nominal value. Accuracy was given as percent of the nominal value. Precision was
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calculated as relative standard error of the measurements. Accuracy was accepted within
+ 15% of the nominal value, except the lowest QC level, where +£20% was accepted.
Precision was accepted within = 15% RSD, except the lowest QC level, where +20%

RSD was accepted.

3.2.5. Extraction recovery of analytes

Extraction recovery was determined by analyzing QC samples at three concentration
levels on three separate days in four replicates. Recovery was calculated as follows: pre-
extraction spiked sample/post-extraction spiked sample*100. RSDs of the recoveries
determined on three separate days was used to express the reproducibility of extraction
efficiency, which was acceptable within + 15% RSD, except at the lowest QC level, where

+20% was accepted.

3.2.6. Stability of the lipid extract

Stability of the samples was evaluated at different storage conditions by analyzing QC
samples at three concentration levels, in four replicates. To assess autosampler stability,
evaporated samples dissolved in water were analyzed after storage at 5 °C for 24 hours.
For evaluation of long-term stability, evaporated samples were stored at —20 °C for 1
week, then dissolved in water and were measured. A deviation of less than + 15% from

the nominal concentration was acceptable.

3.2.7. Instrumentation

Ganglioside analysis was performed on a P/ACE MDQ capillary electrophoresis system
with UV-VIS detection (200 nm) operated by 32 Karat software version 5.0 (Beckman
Coulter Inc., Brea, CA, USA). Uncoated fused silica capillaries with 75 pm internal
diameter were used (Agilent Technologies, Santa Clara, CA, USA). The first conditioning
ofthe capillary was carried out by rinsing with 1 M NaOH solution (60 psi, 30 min), 0.1 M
NaOH solution (60 psi, 30 min) and then ultrapure water (60 psi, 30 min). The capillary
was flushed with 0.5% SDS (60 psi, 2 min) and separation buffer (60 psi, 3 min) between
runs. The separation buffers were degassed in an ultrasonic bath for 5 minutes before use.
The temperatures of the capillary cartridge and the autosampler unit were maintained at

15 °C and 5 °C, respectively. Constant voltage was applied during the separation, which
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was investigated in the range of +10-25 kV. The samples were introduced into the
capillary by hydrodynamic injection (0.5 psi, 5s). Gangliosides were identified by

spiking the biological samples with analytical standards.

3.3. Studying the effects of CDs on synaptosomes
3.3.1. Incubation of synaptosomes with CDs

For all types of experiments, except glutamate release measurements, rat cerebral
synaptosomes were incubated for 40 min at 37 °C in 500 uL HEPES-glucose buffer with
or without CDs, resulting in vehicle-treated (control) and CD-treated synaptosomes,
respectively. CD solutions contained DIMEB, HPBCD, RAMEA or HPACD in various
concentrations (0.3-100 mM). After incubation, synaptosomes were pelleted by
centrifugation (20,000x g, 5 min, 4 °C) and used immediately for further analysis. The
slightly different incubation method used in glutamate release measurements is described
in the corresponding section. Osmolarities of CD solutions were adjusted and they were
between 290 and 310 mOsm.

3.3.2. Ganglioside analysis

For CD-treatments, ganglioside levels of rat cerebral synaptosomes were determined by
the validated CE method with the optimum separation parameters described in the

following sections.

3.3.3. Cholesterol assay

Cholesterol levels of rat cerebral synaptosomes were analyzed with Cholesterol
Fluorometric Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA) with minor
adjustments for sample preparation. Briefly, after CD treatments, 2 mg of synaptosomes
were extracted with 10 vol chloroform-methanol 2:1 (v/v) to gain a lipid extract. The
samples were centrifuged (20,000x g, 5 min, 4 °C) and the supernatant was evaporated to
dryness under nitrogen stream in 37 °C water bath (Zymark TurboVap LV). The extracts
were reconstituted and diluted in assay buffer (1.2 mL/mg synaptosome). Further
preparation of the assay was done according to the manufacturer’s protocol. Fluorescence
was measured with a Varioskan LUX multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA) at 530/590 nm. Cholesterol depletion in CD-treated
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synaptosomes was calculated as the percentage of cholesterol content of vehicle-treated
synaptosomes.

3.3.4. Resazurin reduction viability assay

Viability of rat cerebral synaptosomes was measured by Resazurin Cell Viability Kit (Cell
Signaling Technology Inc., Danvers, MA, USA) with minor modifications. The assay is
based on the reduction of nonfluorescent resazurin by intracellular dehydrogenase
enzymes to highly fluorescent resorufin. After CD treatments, 2 mg of synaptosomes
were centrifuged (20,000x g, 5 min, 4 °C) and the supernatant was discarded. The synap-
tosome pellet was then gently resuspended in HEPES-glucose buffer (pH 7.4) containing
10% resazurin solution. After 25 min incubation, synaptosomes were pelleted by
centrifugation (20,000x g, 5min, 4 °C). The fluorescence of the supernatant was
measured with a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific)
at 530/590 nm. Viability of CD-treated synaptosomes was calculated as the percentage of

vehicle-treated control synaptosomes.

3.3.5. Membrane integrity measurement by LDH release assay

Membrane integrity of synaptosomes was measured by CytoTox-ONE Homogeneous
Membrane Integrity Assay (Promega, Madison, W1, USA) with minor modifications. The
assay measures the release of lactate dehydrogenase (LDH) enzyme from synaptosomes

with damaged membrane.

Briefly, after CD treatments, 2 mg of synaptosomes were centrifuged (20,000x g, 5 min,
4 °C) and the supernatant was collected to measure LDH release from synaptosomes. To
determine the total LDH content, the synaptosome pellet was lysed with 1% Triton X-
100 solution (v/v). Both supernatant and lysis samples were diluted 10-fold. LDH activity
was then assessed according to the manufacturer’s instructions. The fluorescence was
measured by Varioskan LUX multimode microplate reader (Thermo Fisher Scientific) at
530/590 nm. The LDH release from synaptosomes was calculated as percentage of total
LDH content determined by Triton X-100 lysis.
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3.3.6. Glutamate release measurement

After thawing and centrifugation, the cryopreserved synaptosomes were resuspended in
isotonic HEPES-glucose buffer. Synaptosomal suspensions corresponding to 10 mg of
synaptosomes were centrifuged to an 8-well strip plate (15 min, 2500x g, 4 °C) and the
supernatant was discarded. Vehicle-treated (control) and CD-treated synaptosomes were
incubated for 40 min at 37 °C in 200 uL HEPES-glucose buffer with or without CDs,
respectively. CD solutions contained 10 mM DIMEB, 34 mM HPBCD, 26 mM RAMEA
or 85 mM HPACD. After incubation, the supernatant was replaced with fresh HEPES-
glucose buffer containing 40 uM DL-TBOA (a competitive, non-transportable blocker of
excitatory amino acid transporters that inhibits the reuptake of released glutamate (113)).
Then, synaptosomes were equilibrated for 2x10 min at 37 °C with buffer replacement.
After equilibration, the buffer was replaced by fresh HEPES-glucose buffer in case of
non-stimulated groups. To evoke depolarization, the buffer was replaced by HEPES-
glucose buffer containing 1 mM 4-AP. Following stimulation, aliquots were taken from
the buffer at 8 min and stored at —20 °C until CE analysis.

Glutamate content of aliquots was analyzed by a CE-LIF method developed in our
laboratory (114). Briefly, samples were derivatized with NBD-F (1 mg/mL final
concentration) in 20 mM borate buffer, pH 8.5 for 20 min at 65 °C. 1 uM L-Cysteic acid
was used as internal standard. Derivatized samples were analyzed by a P/ACE MDQ Plus
capillary electrophoresis system (SCIEX, Framingham, MA, USA) equipped with a laser
source of excitation and emission wavelengths of 488 and 520 nm, respectively.
Separation was carried out in polyacrylamide-coated fused silica capillaries with 75 um
internal diameter, 10 and 50 cm effective and total capillary length, respectively (Agilent
Technologies). The separation electrolyte contained 8 mM BCD and 100 mM sodium
borate at pH 8.5. Glutamate release was normalized to the baseline release from vehicle-

treated, unstimulated synaptosomes.

3.4. Statistical analysis

Data were analyzed by GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA).

Simple linear regression was used for construction of calibration curves of gangliosides.
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Ganglioside contents of cerebrum and cerebellum were compared by Student’s unpaired

t-test.

In depletion studies, 1Cso values were determined from concentration-response curves
constructed by non-linear regression method. In glutamate release experiments, one-way
ANOVA followed by Bonferroni’s post hoc test was used for data analysis. All data are
presented as means + SEM of at least three parallel measurements. Differences were

considered significant if p < 0.05.
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4. Results

4.1. Optimization of separation conditions

CE separations were carried out in uncoated fused silica capillaries. At neutral to alkaline
pH, gangliosides have one or more negative charge, depending on the number of sialic
acids attached to the oligosaccharide chain, and have electromigration towards the anode.
In this pH range, the magnitude of electroosmotic flow (EOF) was considerably stronger
than the electrophoretic mobility of the negatively charged analytes, thus gangliosides

migrated towards the cathode.

4.1.1. Effects of various CDs on the separation of gangliosides

Based on the observations on the crucial role of ACD in the separation of gangliosides
(80, 81), we investigated the effect of various CDs as buffer additives on the separation
of GM3, GM1, GD1a, GD1b, GT1b and GQ1b standards. CDs were tested in various
concentration ranges while keeping sodium borate concentration (100 mM), pH of the
electrolyte (pH 10.0) and other separation conditions (+25 kV voltage, 70 cm effective

capillary length) constant.

The effect of cavity size on the separation were investigated by using native ACD, BCD
and GCD. First, we tested native ACD, which is considered to have optimal cavity size
for complexation with long saturated alkyl chains. It was tested in the concentration range
of 5-40 mM. ACD at 15 mM concentration provided separation between gangliosides
containing different numbers of sialic acid. At concentrations higher than 15 mM ACD
no further improvement in the resolution was observed, on the contrary, the baseline noise
increased. However, only partial resolution was achieved between the two
monosialogangliosides (GM3 and GM1), as they migrated as overlapping double peaks
(Figure 3A). Similarly, only partial resolution was obtained between the two
disialogangliosides (GD1a and GD1b) too.
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Figure 3. Separation of standard mixture of gangliosides with 15 mM ACD (A), 20 mM RAMEA (B), 90
mM HPACD (C), 15 mM DIMEB (D) and HPBCD (E) as additive in 100 mM sodium borate buffer, pH
10.0. Voltage: +25 kV; temperature: 15 °C; capillary: 70/80 cm>75um i.d. uncoated fused silica capillary.
1: GM3; 2: GM1; 3: GD1a; 4: GD1b; 5: GT1b; 6: GQ1b (13). Copyright © 2021 Geda et al, CC BY-NC-

ND 4.0.

Native BCD (5-15 mM) and GCD (5-30 mM) were also examined as buffer additives,
however they had negligible effect on the separation of the tested gangliosides.
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Derivatives of ACD and BCD were also investigated. The effect of RAMEA on the
separation of gangliosides was tested in the concentration range of 5-30 mM. Figure 4
shows that RAMEA at 5 mM concentration initiates separation between the mono-, di-,
tri- and tetrasialogangliosides. Further increase in RAMEA concentration resulted in
baseline separation of all six gangliosides with slight increase in migration times.
Splitting peaks were observed in the range of 5-15 mM RAMEA, while above this
concentration single peaks were obtained. Above 20 mM RAMEA, no further

improvement in the separation was achieved (Figure 3B).
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Figure 4. Separation of standard mixture of gangliosides in the presence of various concentrations of
RAMEA as additive in 100 mM sodium borate buffer, pH 10.0. Other separation conditions are as in Figure
3. Peaks in order of migration: GM3; GM1; GD1a; GD1b; GT1b; GQ1b.



HPACD was examined in the concentration range of 5-90 mM. Figure 3C shows that
HPACD provided separation between gangliosides with different number of sialic acids.
However, even at the highest examined, 90 mM concentration, only partial resolution was
observed between GM3-GM1 and between GDla-GD1b, while the analysis time

increased considerably. Peak splitting was observed, similarly to ACD.

We investigated the influence of two BCD derivatives with high water solubility on the
separation of gangliosides. DIMEB was tested in the concentration range of 5-30 mM,
where separation between the mono-, di-, tri- and tetrasialogangliosides was observed.
The application of DIMEB in the separation buffer resulted in the partial resolution
between GM3 and GML1, and between GD1a-GD1b. Furthermore, splitting peaks were
obtained, as shown in Figure 3D. Above 15 mM DIMEB, no further improvement was

obtained in the separation.

We also tested the effect on the separation of HPBCD in the concentration range of 5-
90 mM and separation of the mono-, di-, tri- and tetrasialogangliosides was also observed,
although at very high, 90 mM concentration (Figure 3E). Similarly to HPACD, only
partial resolution of gangliosides with the same number of sialic acid was obtained that

accompanied with long migration times and broad peaks.

4.1.2. Effects of sodium borate concentration and pH on the separation of

gangliosides

The effect of sodium borate concentration was examined at pH 10.0 in the presence of
20 mM RAMEA, while keeping other separation conditions (+25 kV voltage, 70 cm
effective capillary length) constant. We investigated the effect of sodium borate in the
concentration range of 50-150 mM (Figure 5). With increasing borate concentration, EOF
decreased and an increase in ganglioside migration time was observed. At 100 mM borate
appropriate separation of all six gangliosides was obtained. Further increasing the borate
concentration resulted in peak broadening and production of significant amount of Joule
heat.

31



60

55 1

50 mM

50

45

40

100 mM

35

30

25 4 125 mM

Absorbance at 200 nm (mAU)

S

20

15

10 150 mM

10 12 14 16 18 20
Migration time (min)

Figure 5. Separation of standard mixture of gangliosides in the presence of various concentrations of
sodium borate at pH 10.0 with 20 mM RAMEA as additive. Other separation conditions are as in Figure 3.
Peaks in order of migration: GM3; GM1; GD1a; GD1b; GT1b; GQ1b.

The effect of the pH of the sodium borate buffer was tested at 100 mM borate
concentration in the presence of 20 MM RAMEA, in a 70 cm effective length capillary
by applying +25 kV voltage. Since borate has a pKa value of 9.14, the examined pH range
was 8.5-10.0, where sufficient buffer capacity could be obtained. At more alkaline pH,
where the ionization of borate is more effective, improved resolution of the analytes was
observed. As Figure 6 shows, at the lowest examined value, pH 8.5, no separation

between GM3 and GM1, and only partial resolution of the disialoganglioside isomers
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were obtained. Increasing pH value resulted in improving resolution of the analytes, and
at pH 10.0, acceptable resolution of all six gangliosides was obtained.
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Figure 6. Separation of standard mixture of gangliosides at various pH values in 100 mM sodium borate
buffer with 20 mM RAMEA as additive. Other separation conditions are as in Figure 3. Peaks in order of
migration: GM3; GM1; GD1a; GD1b; GT1b; GQ1b.

As Figure 7 shows, increasing either the sodium borate concentration or pH level resulted
in the increase in relative migration times of GM1 and GD1b, compared to GM3 and

GD1a, respectively.
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Figure 7. Effect of sodium borate concentration (A) and pH (B) on relative migration times of gangliosides.
Other separation conditions are as in Figure 3. The relative migration times are ratios of migration times of
analytes and EOF (13). Copyright © 2021 Geda et al, CC BY-NC-ND 4.0.

4.1.3. Other separation conditions

Other separation parameters were also investigated using a separation buffer containing
20 mM RAMEA, 100 mM sodium borate at pH 10.0. Different capillary lengths were
tested, where 80 cm total and 70 cm effective capillary length was found to be necessary
to obtain resolution between the analytes. The effect of the applied voltage was tested in
the range of +10-25 kV, where the application of +25 kV voltage resulted in the highest
separation efficiency and shorter migration times. Capillary temperature was kept at 15°C
in order to eliminate Joule heating and subsequent formation of temperature gradients and
band broadening.

The biological samples were analyzed dissolving dry ganglioside extracts in different
solvents: 100% methanol, methanol-water 1:1 (v/v) and 100% water were tested. It was
found that the presence of methanol in the solution is not suitable, because of the higher
evaporation rate of the low volume sample (60 uL) even using thermostated sample tray.
The autosampler temperature was kept at 5 °C in order to minimize sample evaporation

and improve sample stability.

Decreased EOF and increased analysis time were observed in the analysis of biological

samples, probably due to the effect of residual protein content, which was eliminated by
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a short centrifugation step before sample injection and by washing the capillary with 0.5%
SDS solution.

4.2. Results of method validation

The final composition of the separation buffer chosen for the validation were 100 mM
sodium borate at pH 10.0 with 20 mM RAMEA as additive, and an applied voltage of
+25 kV. For method validation, ganglioside extracts of rat cerebral synaptosome samples

were used. Figure 8 shows a representative electropherogram of the samples.
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Figure 8. Electropherogram of ganglioside extract of rat cerebral synaptosomes. Separation buffer:
100 mM sodium borate, pH 10.0, 20 mM RAMEA. Other separation conditions are as in Figure 3. 1: GM1,;
2: GD1a; 3: GD1b; 4: GT1b; 5: GQ1b; IS: internal standard (13). Copyright © 2021 Geda et al, CC BY-
NC-ND 4.0.

First, several substances were tested as potential internal standards (IS). Octyl-p-D-
thioglycopyranoside, a nonionic surfactant was selected as during sample extraction it
partitions into the aqueous phase along with gangliosides. Furthermore, it has a shorter
migration time than gangliosides have at the optimum separation conditions. No

interfering peaks were observed at the migration time of the IS.

The regression coefficients (R?) of the calibration curves of each ganglioside were higher
than 0.995 confirming linear relationship between peak area ratios and concentrations in
the calibration range (Table 1). LOQ and LOD values were between 16.8-97.1 uM and
5.2-32.0 uM, respectively (Table 1).
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Table 1. Validation parameters of linearity, LOD and LOQ of the optimized method (13). Copyright ©
2021 Geda et al, CC BY-NC-ND 4.0.

Gangliosides GD1b GTlb GQ1lb

Linear range (uM) 40-200 100-350 35-125 40-200 5-20
Slope 2.14E-03 2.83E-03 2.68E-03 4.32E-03 4.81E-03
Standard error of slope 3.04E-05 1.21E-04 9.73E-05 5.42E-05 1.15E-04
Y-intercept 1.35E-02 3.84E-02 2.40E-02 4.93E-02 1.78E-02
Standard error of Y- 3.82E-03  275E-02  B8.14E-03 = 6.81E-03  1.46E-03
lntercept

?ggress'on coefficient 0.9994 0.9945 0.9960 0.9995 0.9983
LOD (uM) 5.9 32.0 10.0 5.2 1.0
LOQ (uM) 17.9 97.1 30.4 15.8 3.0

Interday and intraday precision and accuracy were within the acceptable range as shown
in Table 2. Extraction recoveries determined at low, medium and high concentration
levels were higher than 85% for each analyte, with an RSD of less than 13% (Table 2).
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Table 2. Intra- and interday precision, accuracy and recovery of the optimized method (13). Copyright © 2021 Geda et al, CC BY-NC-ND 4.0.

Added Intraday (n=4) Interday (n=3) Recovery (n=3)
Concfli‘;g‘“"” Mean (uM) F(’{/ggg'g; AC‘E;:;‘CV Mean (uM) j;gggg; AC‘E%"CY Mean (%)  %RSD

40 39.4 7.38 98.6 40.4 7.23 100.9 102.4 9.07

GM1 70 68.8 8.69 98.3 64.3 6.26 91.8 99.0 6.16
150 127.7 5.64 85.1 126.7 3.60 85.5 85.7 1.76

100 110.0 9.74 110.0 104.2 5.94 104.2 109.1 3.75

GDla 150 158.4 8.29 105.6 154.7 2.20 103.1 115.7 4.29
200 187.5 7.24 93.7 189.7 8.15 94.9 90.8 4.63

35 30.9 5.06 88.2 33.2 7.03 94.9 108.3 8.02

GD1b 75 68.5 12.14 914 69.8 7.97 93.1 108.9 11.93
100 97.6 4.26 97.6 94.0 5.36 94.0 100.3 0.74

40 44.2 7.47 110.5 45.3 3.74 113.4 101.6 5.28

GT1lb 70 72.2 9.27 103.2 68.3 7.67 97.5 106.0 10.30
150 132.8 3.71 88.6 133.4 3.55 88.9 85.5 3.03

5 4.7 8.59 96.8 5.5 10.93 110.8 110.3 12.22

GQ1b 10 10.3 10.61 100.5 9.8 2.30 97.9 90.2 4.81
15 14.1 7.52 91.1 14.2 5.68 95.0 107.0 8.91
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For autosampler stability, samples stored at 5 °C were found stable for at least 24 h with
accuracy values of 89-113% and RSDs of less than 11%. Long-term stability samples
were stored at —20 °C for one week before determination of their ganglioside

concentrations that were within 88—112% with less than 10% RSDs.

The applicability of the method to biological samples was demonstrated by analysis of
ganglioside extracts from rat cerebral and cerebellar synaptosomes. We identified the
major neuronal gangliosides (GM1, GD1a, GD1b, GT1b and GQ1b) in both brain areas.
Their levels are shown in Table 3. Total ganglioside concentration of cerebral

synaptosomes was found to be approximately five times higher than that in cerebellum.

Table 3. Tissue ganglioside concentrations in rat cerebral and cerebellar synaptosomes (13). Copyright ©
2021 Geda et al, CC BY-NC-ND 4.0.

Tissue ganglioside concentration (nmol/g wet weight)

Cerebral synaptosome Cerebellar synaptosome
GM1 283 +£46 28+6
GDla 716 £ 136 92 +13
GD1b 138 £ 55 23+6
GTlb 375+44 124 £11
GQlb 109 + 10 34+3
Total 1621 +£278 302+ 17

The values are means+=SD (n=3-5).

The percent distribution of individual gangliosides compared to the total content were
calculated for cerebral and cerebellar synaptosomes (Figure 9). We found that, the main
components in both brain areas were GD1a and GT1b constituting about 70% of the total
amount. The most abundant ganglioside was, however GD1a (44%) in cerebrum and
GT1b (41%) in cerebellum. Significant differences were found between the two sample
types in the contribution of GM1, GD1a, GT1b and GQ1b.

38



mmm  Cerebral synaptosome

== Cerebellar synaptosome
kK

50 — *kk
i

< 40— B
S =
g2
2 8 30+ a8
.E g *okk
2 3
T =
o B 20— ns *ok
£ is —
Y @ i
3 5 10
a s i|_-|-_|

0= T T ITD

| |
GM1 GDla GDlb GTib GQlb

Figure 9. Comparison of ganglioside patterns in rat cerebral and cerebellar synaptosomes. Values are
means+SEM (n=3-5) and are expressed as percentage of total gangliosides. Student’s t test was used to
compare individual gangliosides between the two brain areas. ***p<0.001, **p<0.01, ns: not significant
(13). Copyright © 2021 Geda et al, CC BY-NC-ND 4.0.

4.3. Effects of CDs on ganglioside and cholesterol content of synaptosomes

Ganglioside and cholesterol depleting effects of DIMEB, HPBCD, RAMEA and HPACD
were investigated by incubating rat cerebral synaptosomes in CD solutions of different
concentrations and then analyzing their residual ganglioside and cholesterol content.

It was found that DIMEB potently depleted both cholesterol and gangliosides from
synaptosomes, in a similar concentration range. Estimated 1Cso values were 7.4 mM and
10.5 mM for cholesterol and ganglioside extraction, respectively. We did not identify a
selective concentration range for cholesterol extraction, and at a DIMEB concentration

of 60 mM, we observed almost complete depletion of both lipids (Figure 10A).
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Figure 10. Effect of DIMEB (A), HPBCD (B), RAMEA (C), HPACD (D) on ganglioside and cholesterol
content of rat cerebral synaptosomes. Lipid levels were measured after 40 min exposure of synaptosomes
to cyclodextrins. Values are expressed as the percentage of untreated synaptosomes. 1Csq values and their
95% confidence intervals (95% CI) are given. Data are represented as means = SEM (n=3). N/A means non

applicable (115). Copyright © 2022 Geda et al, CC BY 4.0.

We found that HPBCD also depleted both cholesterol (ICso = 33.5 mM) and gangliosides
(ICs0 = 83.3 mM), but less potently, than DIMEB did (Figure 10B). However, in contrast
to DIMEB, HPBCD showed a significant difference in cholesterol and ganglioside
depleting ability, with negligible ganglioside loss (~5%) at 50% cholesterol depleting

concentration.

No considerable cholesterol reduction in synaptosomes was observed with ACD
derivatives in the studied concentration range (Figure 10C and 10D). On the other hand,
both derivatives reduced ganglioside levels. RAMEA was found to be more potent (ICso
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= 26.0 mM) than HPACD (ICso = 85.1 mM), the latter causing only ~60% reduction at
the highest examined, 100 mM concentration.

Concentration-response curves were constructed for depletion of individual neuronal
gangliosides, however no reasonable difference was found in individual I1Cso values for
any CD derivatives tested (Table 4). Therefore, depletion of total ganglioside content is

shown in the lipid depletion curves in Figure 10.

Table 4. ICso values and their 95% confidence intervals (95% CI) of depletion of individual and total
ganglioside content upon DIMEB, HPBCD, RAMEA and HPACD treatment of rat cerebral synaptosomes
(115). Copyright © 2022 Geda et al, CC BY 4.0.

DIMEB HPBCD RAMEA HPACD
(:ﬁ\sﬁ) 95% Cl (:nCI\S/?) 95% Cl (:T(]:,\S/‘;) 95% Cl (:T(]:,\S/‘;) 95% Cl
GM1 15.0 127-176 808 76.0-895 201 27.9-305 86.7 79.0-100.7
GD1a 9.7 73-150 837 78.6-90.4 251 | 234272 729 65.6-82.7
GD1b 145 107-239 866 80.2-98.0 264 246283 90.6 68.2-139.9
GT1b 8.7 7.9-96 80.1 74.6-905 22 28256 1048  93.9-1335
GQ1b 11.4 9.8-13.4 851  71.3-1050 303 | 263420 612 455722
Total 105 88114 833 785-91.1 260 | 247-276 85.1 76.6-96.4

Depletion of individual neuronal gangliosides (GM1, GD1la, GD1b, GT1b, GQ1lb) is shown. Total
ganglioside levels are given as sum of individual ganglioside ones. Values were estimated by concentration-

response nonlinear fitting.

4.4. Effects of CDs on the membrane integrity and viability of synaptosomes

Concentration dependent increase of LDH release with an ICso value of 18.3 mM was
observed upon DIMEB treatment in cerebral synaptosomes. Interestingly, the extent of
membrane integrity loss reached a plateau at ~60% LDH release (Figure 11A). At the
same time, significant decrease in metabolic activity was measured at concentrations
higher than 10 mM. The estimated 1Cso value of viability loss was 26.5 mM and total loss

of viability was seen at 60 mM DIMEB concentration (Figure 11A).
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Figure 11. Effect of DIMEB (A), HPBCD (B), RAMEA (C), HPACD (D) on membrane integrity and
viability of rat cerebral synaptosomes. Synaptosomes were analyzed after 40 min exposure to cyclodextrins.
For estimating membrane integrity, LDH release from synaptosomes was calculated as percentage of total
LDH content determined by Triton X-100 lysis. Viability was measured by resazurin reduction assay and
values are expressed as the percentage of untreated synaptosomes. ICso values and their 95% confidence
intervals (95% CI) are given. Data are represented as means + SEM (n=3). N/A means non applicable (115).
Copyright © 2022 Geda et al, CC BY 4.0.

HPBCD induced membrane damage at higher concentration than DIMEB, with an 1Csg
value of 31.0 mM (Figure 11B) and had a similar maximal effect of 43% LDH release.
Likewise, HPBCD decreased viability only at the highest examined, 100 mM

concentration.

The examined ACD derivatives induced less damage in synaptosomal membranes than

the BCD derivatives did. Decreased membrane integrity and viability was observed only
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at the highest tested, 100 mM concentration of RAMEA (Figure 11C). HPACD caused
mild increase in LDH release and had no effect on viability even at the highest tested

concentration (Figure 11D).

4.5. Effects of CDs on glutamate release from synaptosomes

We treated rat cerebral synaptosomes with DIMEB, HPBCD, RAMEA or HPACD to
examine the effect of lipid depletion on glutamate release. Selective ganglioside depletion
was induced with the use of RAMEA and HPACD at their 50% ganglioside depleting
concentrations (26 mM and 85 mM, respectively). Selective cholesterol depletion was
obtained by treatment with 33 mM HPBCD, where 50% cholesterol and negligible
ganglioside extraction was measured in the previous experiments. Treatment of
synaptosomes with 10 mM DIMEB induced about 50% ganglioside and cholesterol
extraction. Following CD-treatments, we determined basal (non-stimulated) and 4-

aminopyridine (4-AP)-evoked glutamate release from synaptosomes.

All four CDs significantly increased basal glutamate release from synaptosomes (Figure
12). Interestingly, stimulated glutamate release was not detected in the RAMEA, HPACD
and DIMEB-treated groups, where depletion of gangliosides was induced. In contrast, in
the HPBCD-treated synaptosomes, where cholesterol was selectively depleted, 4-AP

stimulation still induced glutamate release, similarly to the untreated groups.
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Figure 12. Basal (non-stimulated) and 4-aminopyridine-evoked release of glutamate from rat cerebral
synaptosomes upon DIMEB (A), HPBCD (B), RAMEA (C), HPACD (D) treatment. Glutamate release
were measured after 40 min exposure of synaptosomes to cyclodextrins. Glutamate release is expressed as
the percentage of baseline release from untreated synaptosomes. Data are represented as means+SEM
(n=8). One-way ANOVA followed by Bonferroni’s post hoc test was used for data evaluation.
***p <0.001, ns: not significant (115). Copyright © 2022 Geda et al, CC BY 4.0.
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5. Discussion

5.1. Optimization of separation conditions

CE is an attractive separation technique, as it offers high separation efficiency, low-
volume sample requirement and short analysis time. It is also a versatile technique, since
the same instrument can be used to separate a wide range of analytes. Another advantage
of CE is that separation selectivity can be changed by using different buffer additives,
such as cyclodextrins or ion pairing agents that can alter — among others — the

electrophoretic mobility of analytes.

CE has been applied for the analysis of lipids, however there are several difficulties to
overcome, such as the low aqueous solubility and poor UV absorbance of lipids (116).
Aqueous separation buffers have been applied to resolve relatively less hydrophobic
lipids with C2-C14 chain length without any additive (117). However, the increasing
alkyl chain length has been shown to cause several analytical difficulties, such as
decreasing analyte solubility, micelle formation and decreasing selectivity, therefore the
separation of most lipids with >C17 requires MEKC or the application of organic solvents

in the separation buffer (116).

Gangliosides also have several physicochemical properties that make their CE separation
challenging. As previous studies have shown they form micelles or mixed micelles in
aqueous solutions (78) that hinders their separation as monomers (80). Besides,
gangliosides with the same number of sialic acids have a relatively small difference in
their charge-to-mass ratios, e.g., GM1 has only two more neutral monosaccharides in the
carbohydrate chain than GM3. Furthermore, the two structural isomers, GD1a and GD1b,
differ only in the position of the terminal sialic acid and therefore have same charge and

molecular weight.

Although several CE methods have been developed for the separation of gangliosides,
validated method for their quantitative analysis from biological samples were not
reported. It was previously shown that using alkaline borate buffer with ACD as additive,
separation of standards of major neuronal gangliosides (GM1, GD1a, GD1b, GT1b) was
be achieved with CE (80-82). Neuronal tetrasialoganglioside GQ1b, with relevance in
neurotransmitter release (49, 55) was not investigated in these studies. Besides, data on
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the CE separation of underivatized GM3, the most abundant peripheral ganglioside, were
also not available, however, GM3 can be found together with GM1 in insulin-sensitive
tissues (25, 27-29), therefore their separation is necessary in order to study ganglioside-
related mechanisms in these tissues by CE. Based on these literature data, our initial
investigations focused on the separation of the most abundant neuronal (GM1, GDl1a,
GD1b, GT1b, GQ1b) and extraneural (GM3) gangliosides.

5.1.1. Effects of various CDs on the separation of gangliosides

Over the past three decades, CDs have been extensively used in CE methods as chiral
selectors, mainly for the enantioseparation of drugs or other biologically relevant
compounds such as amino acids. In addition to their chiral recognition ability, CDs are
efficient lipid solubilizers, therefore their use as buffer additives in CE methods can be
advantageous in lipid analysis. Improvement in analyte solubility and increased
separation efficiency was observed with the application of CDs for the separation of fatty
acids (117, 118).

As it was mentioned above, CDs have also been used in the separation of gangliosides.
The separation observed with ACD was considered to be the effect of disruption of
ganglioside micelles through complex formation (80, 81). In the case of gangliosides, it
can be assumed that the fatty acid and sphingosine of the ceramide moiety are involved
in the complexation with CDs, based on their capability to solubilize fatty acids.

However, direct evidence for the complex formation has not yet been provided.

Without any additives, we did not observe separation of the individual gangliosides and
they migrated as one broad peak in the aqueous electrolyte with high electrophoretic
mobility, presumably in micellar form. The reduced migration time observed when CDs
were used in the separation buffer was considered as an indicator of micelle disruption
and the formation of inclusion complexes, as complex formation results in a decrease in

the charge-to-mass ratio of the analytes and hence a decrease in electrophoretic mobility.

The cavity size of the CD ring has been shown to be a major factor for inclusion complex
formation with lipids (99). Thus, we investigated the effect of native CDs with different

cavity sizes on the separation of the six, most abundant gangliosides. Using native ACD
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as a buffer additive, gangliosides with different number of sialic acid could be separated,
however, our results showed that ACD does not provide sufficient resolution between the
two monosialogangliosides as they migrated as overlapping double peaks. Therefore,
ACD was considered unsuitable for quantitative determination and consequently this CD

was excluded from further method development.

Since BCDs are also known to form stable complexes with long-chain fatty acids (103),
we tested the effect of native BCD on the separation. In the examined concentration range,
which was limited due to its poor water solubility (<18 mM), however, we did not obtain
separation. Likewise, native GCD had practically no effect on the separation, which was
in accordance with our expectations since the cavity size of GCD is too wide, and
therefore the least favorable to form stable complex with the saturated alkyl chains of
gangliosides. In line with our results, GCDs were reported as the least effective CD to
solubilize fatty acids (99). Our results with native BCD and GCD are also consistent with

previous separation attempts using CE (80, 81).

In our further investigations, we tested derivatives of ACD and BCD. Previous studies
showed that besides that the cavity size of CDs, the type of the substituents also have
strong impact of the complexation (103). Despite we obtained no separation of
gangliosides with the use of native BCD, we examined its methylated and
hydroxypropylated derivatives with higher aqueous solubility. Similarly, methylated and
hydroxypropylated derivatives of ACD were examined. All four CD derivatives (DIMEB,
HPBCD, RAMEA and HPACD) were able to separate gangliosides with different number
of sialic acids, but significant differences were found in the separation pattern and

effective concentration range.

We examined the effect of RAMEA, which is a mixture of methylated ACDs at random
positions, with an average of 12-14 methyl groups on the CD ring. RAMEA in the
separation buffer effectively disrupted ganglioside micelles and at 20 mM concentration,
it provided separation between gangliosides according to the difference in their
oligosaccharide chain. In detail, GM3 and GM1 was successfully separated and

acceptable resolution between GD1a and GD1b isomers was achieved.
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We also examined the effect of DIMEB on the separation. DIMEB is a single isomer,
with 14 methyl groups in a CD molecule, at C2 and C6 positions. Similarly to RAMEA,
using DIMEB in the electrolyte resulted in separation between GM3 and GM1, however
in this case splitting peaks of the individual gangliosides were obtained in the tested

concentration range.

Based on the electropherograms, both hydroxypropylated derivatives, HPACD and
HPBCD, were able to form complexes with gangliosides. They shared similarities in their
separation properties indicating a significant involvement of the hydroxypropyl groups in
the complex formation. Hydroxypropylated derivatives induced ganglioside micelle
disruption at higher concentrations than RAMEA or DIMEB, suggesting that the stability
of hydroxypropylated-CD/ganglioside complexes is lower than that of the methylated
derivatives. These results are in line with previous observations that hydroxypropylated
derivatives are of lower lipid solubilizing capacity than methylated ones (101-103). The
hydroxypropyl groups provide elongated cavity, however they are less hydrophobic and
bulkier than the methyl groups, and the steric hindrance at high degree of substitution
could also contribute to its lower lipid solubilization capacity (99, 119). Based on
molecular dynamic simulations, the 2-hydroxypropyl groups located at the O2 positions
widen the CD cavity at the secondary face, but are spatially more spread out and
dynamically more restricted, due to the formation of a hydrogen bond network between
the OH groups of the side chains and the glucose units (120). Due to the high
concentration of hydroxypropylated CDs, the viscosity of the CE separation buffer
increased significantly, resulting in long analysis times. Therefore, the use of these CDs

for the CE separation of gangliosides proved to less appropriate.

The double peaks of individual ganglioside standards observed with several CDs
presumably represent their different lipoforms since they are mixtures of gangliosides
with C18:1 and C20:1 sphingoid backbones according to the manufacturer. It is known
that the molar ratio of CDs to fatty acids is affected by the alkyl chain length. For example,
Ishiguro observed that linoleic and eicosapentaenoic acid (C18:2 and C20:5, respectively)
form complexes with 1-2 and 3—4 CDs, respectively (121). Therefore, double peaks could
be explained by different complex formation stoichiometry or stability with C18:1 and

C20:1 sphingosines, resulting in their partial separation appearing double peaks if the
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difference between the charge-to-mass ratio or the stability of the complexes is high
enough.

To summarize, while the cavity diameter of ACDs is considered to be optimal for
complexing long saturated alkyl chains, our studies with CE suggests that methylated and
hydroxypropylated derivatives of BCD can also form complexes with gangliosides. We
found that the type of the substituents had a strong influence on the separation pattern,
presumably as a consequence of their complexation ability. Based on our and literature
data, we can suspect two distinct mechanisms being involved in CE separation of
gangliosides in the presence of CDs. Gangliosides form micelles and mixed micelles in
the aqueous separation buffer, so the electrophoretic mobility of each ganglioside species
is indistinguishable. Complexation with CDs, however, disrupts the micelles and
facilitates the separation of individual ganglioside species according to the difference of
their own electrophoretic mobility. This mechanism is presumably the basis of the
separation of glycoforms. In case of lipoforms, however, complexes with different

stoichiometry or stability can be formed, which is the likely reason of their separation.

Since our primary objective was to separate the different ganglioside glycoforms,
RAMEA had the advantage over the other CDs tested as it provided single peaks and less
complex electropherograms by avoiding discrimination between ganglioside lipoforms.
Furthermore, all six tested gangliosides were separated with acceptable resolution and

analysis time, therefore, for further separation studies RAMEA was chosen.

5.1.2. Effects of sodium borate concentration and pH on the separation of

gangliosides

Borate buffers are extensively used in CE separations at alkaline pH. Due to their low
mobility, borate anions produce low current and Joule heating during separation, which
are advantageous for both resolution and analyte stability. Borate buffers exhibit low UV
background absorbance, which is also useful for the separation of gangliosides
characterized by weak chromophore property. Another well-known property of borate is
that it forms stable complexes with cis-diols and this property is exploited in many CE
methods, for example in the analysis of neutral carbohydrates (122-124), nucleotides

(125, 126), or phenolic compounds (127). Upon complexation with borate at alkaline pH,
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the additional negative charge on the analyte provides alteration in its electrophoretic
mobility. This can be particularly advantageous in the resolution of analytes like
gangliosides having only small differences in their charge-to-mass ratio. Interaction of
borate with 1,2-cis-diols give the most stable complex, however, complex formation with
1,3-cis-diols can also occur (128, 129). On the oligosaccharide chain of gangliosides, free
hydroxyl groups at C3-C4 and C4-C6 positions on terminal galactose or GalNAc are

assumed to be possible sites for complexation with borate (122, 130).

We investigated the effect of sodium borate concentration in the range of 50-150 mM, at
pH 10.0, where the monovalent borate anion B(OH)4~ dominates. The observed increased
relative migration times and improving separation upon increasing sodium borate
concentration was probably the effect of decreasing EOF and the higher extent of borate
complexation with free hydroxyl groups of the oligosaccharide chain of gangliosides.
Similar improvement in the separation was seen with increasing pH, where the ionization
of boric acid is more effective. The observed difference in the relative migration times of
GM1 and GD1b, compared to GM3 and GD1a respectively, can be the result of the
complex formation of the free C3-C4 hydroxyl groups on their terminal galactose units

with borate.

As a result, 100 mM sodium borate at pH 10.0 was selected as a good compromise for

high resolution, acceptable analysis times and current.

5.2. Method validation

Gangliosides are endogenous compounds, therefore, due to the lack of analyte-free
biological samples, background subtraction method was used to assess accuracy and
precision and to construct calibration curves, taking into account ICH guidelines in
method validation strategies for endogenous compounds (131). The endogenous
background level of a given ganglioside was subtracted from the level obtained from the
pre-spiked samples. With this method, the same sample matrix can be used for calibrators,
QC samples and study samples, avoiding any difference in sample recovery or matrix
effect. However, a limitation of this method is that the increase of the background peak
area has to be significantly higher than the reproducibility of the method, therefore at least

15-20% increase in background responses is needed (132). The relatively high LOQ and
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LOD values of our method are thus the consequence of the endogenous background
levels, and do not represent the real analytical sensitivity of the CE method, and lower

concentrations might also be detected.

Comparing the sensitivity of our CE method to those of the most commonly used TLC
methods is difficult, since in this case sensitivity is obtained in LBSA content, instead of
concentrations of individual gangliosides. Nevertheless, the reported 0.15 pg LOQ of
LBSA (64) corresponds to approximately one order of magnitude higher ganglioside
concentration than the limit of quantification of our CE method. However, the nM-range
sensitivity of the reported LC-MS methods (72-74) exceeds that of our methods.

Results of interday and intraday accuracy and precision indicated that the closeness of
repeated measurement results to the true value, as well as to each other are within the

acceptable range.

As our method employed a sample extraction step, recovery (extraction efficiency) was
evaluated. Recovery values of the analytes indicated good reproducibility of the sample

extraction procedure.

Based on the results of stability measurements, ganglioside extracts dissolved in water
can be stored at 5 °C for at least 24 h without stability problems and dry ganglioside

extracts are stable at least for one week, stored at —20 °C.

Compared to the other mentioned analytical techniques, our CE method requires fewer
sample preparation steps, as it offers acceptable sensitivity without derivatization and
purification of gangliosides. For other separation techniques, DEAE-chromatography,
solid phase extraction or dialysis may be necessary in order to eliminate small polar or
uncharged molecules, proteins or free fatty acids that may partition into the aqueous phase
of LLE (59, 62).

The established method was found suitable for application on biological samples. The
measured ganglioside levels and percent distribution values are comparable with those

reported by other authors for brain homogenates (24, 25).
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5.3. Effects of CDs on the ganglioside and cholesterol content of synaptosomes

Methylated BCDs are extensively used as cholesterol-depleting agents, but their
selectivity over other lipids is not fully characterized. Ottico and co-workers (105) studied
the effect of MBCD treatment on rat cerebellar granule cells, where reduction on
sphingomyelin and GSL levels in addition to cholesterol depletion was observed. In line
with these results, we observed considerable ganglioside depleting capability of DIMEB.
Thus, biological effect of MBCDs observed in other studies are cannot be explained by
cholesterol removal alone, as they may also interact with other membrane components,

among which gangliosides play prominent role in protein regulation.

Our results showed that another extensively used BCD derivative, HPBCD is not entirely
selective for cholesterol, but in an appropriate concentration range, the selective
extraction can be achieved. Its inferior potency compared to methylated BCDs in terms
of cholesterol depletion was previously shown by other authors (104, 105), which is in
line with our present results. The lower cholesterol depleting capacity of HPBCD is
probably the reason why it is less frequently used in in vitro studies. In addition, its effects
on other membrane components have hardly been investigated, however, it was revealed
in a study on its potential mechanism in NPC that it lowers accumulation of GM3 and

GM2 immunoreactivity in a mouse model of the disease (133).

In our studies, ACD derivatives with smaller cavity size were not able to extract
cholesterol from cerebral synaptosomes, which result is line with literature data (100, 134,
135). Relatively few data are available on the effects of ACD or its derivatives on other
membrane components too. In previous studies, where the interaction of native ACD with
other membrane constituents was examined, depletion of phospholipids was reported
(134, 135). In terms of ACD derivatives, it was found that both DIMEA (hexakis(2,6-di-
O-methyl)-alpha-cyclodextrin) and HPACD lowered lysosomal accumulation of GM1
immunofluorescence in a cell model of GM1 gangliosidosis, and similarly to our results,
the methylated derivative of ACD was more effective (136). In the study of Davidson and
co-workers (133), HPACD was found to be much less effective than HPBCD in reducing

GM2 and GM3 ganglioside immunoreactivity accumulation.
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5.4. Effects of CDs on the membrane integrity and viability of synaptosomes

Since we observed significant changes in the membrane lipid composition of cerebral
synaptosomes upon CD treatment, we investigated whether they have an effect on
membrane integrity and viability. Release of cytosolic LDH enzyme was used to estimate
impaired membrane integrity and the reduction of resazurin by metabolically active
synaptosomes was used to assess viability.

Our results on the effect on membrane integrity and viability are in accordance with
previous reports on cells suggesting that cholesterol depletion has a major impact on
membrane damage and reduced viability (104, 135). The hypothesis that toxic effect of
CDs highly depends on their cholesterol lowering capacity is supported by the correlation
observed between cholesterol complexation and cytotoxicity, as well as hemolytic
activity (137, 138). ACDs that are unable complexing cholesterol (102), also induced
some damage in our experiments, that might be explained by their interaction with other

membrane constituents such as phospholipids (135) in high concentrations.

Our results are in accordance with previous observations that methylated derivatives
among both ACDs and BCDs are the most toxic. Methylated BCDs were found to induce
hemolysis in lower concentrations than other BCD derivatives (137, 139). Similar
tendency on their cytotoxic effect was reported by many authors using various cell lines
(137, 140-142). Likewise, methylated ACD derivatives were found to be the most toxic
in a recent study (143).

In our experiments, LDH release assay that is commonly used to measure the extent of
cell death, showed enhanced membrane permeability rather than direct toxicity since lipid
depletion even at 100 mM CD concentration did not induce total membrane integrity loss.
The complete loss of viability measured by resazurin reduction assay upon DIMEB
treatment, however, is probably due to the massive leakage of small molecules that are
essential for normal metabolic activity. In accordance, Ottico and co-workers (105)
reported that while MBCD treatment considerably increased membrane permeability, the
MTT assay showed a smaller decrease in the viability of cerebellar granule cells. These

findings that LDH release is not a true estimate of cytotoxicity in case of CD-treatments,
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where alterations in the composition of plasma membrane are induced. Therefore, a

complementary assay is also required to assess changes in metabolic activity.

5.5. Effects of CDs on glutamate release from synaptosomes

Although the involvement of cholesterol in regulating of the release of neurotransmitters
from synapses was investigated by several research groups (144, 145), the possible role
of gangliosides has remained mainly unexplored. Therefore, we treated rat cerebral
synaptosomes with DIMEB, HPBCD, RAMEA or HPACD to reveal whether lipid
depletion has an effect on glutamate release. CDs were used at concentrations where they

had no effect on viability and only minor effect on membrane integrity.

The measured increased basal release of glutamate may be the consequence of the mildly
impaired membranes of synaptosomes resulting in a steady leakage of the
neurotransmitter. Our results also suggest that stimulated glutamate release is dependent
on the ganglioside rather than cholesterol content of synaptic membranes.

It was shown previously that several proteins, involved in exocytosis are localized in
membrane microdomains, such as syntaxin and SNAP-25 (146, 147) voltage-gated Ca®*
and K* channels (148-150). To investigate the localization of these proteins, mainly
MBCD was used to deplete cholesterol to induce the disruption of membrane
microdomains. In line with our results, it was reported that MBCD treatment impaired
the exocytotic release of glutamate from rat brain synaptosomes (151, 152) and that of
dopamine from PC12 cells (146). The effect of MBCD treatment was mostly explained
as a result of the lowered cholesterol levels in the membrane. However, we showed that
DIMEB extracts gangliosides to a similar extent as cholesterol. This suggests that the
reported effects of MBCD treatments cannot be attributed solely to cholesterol removal.

The involvement of gangliosides in neurotransmitter release was investigated by the
direct modulation of gangliosides too. It was observed that exogenous administration of
GM1 and GQlb enhanced the depolarization-evoked Ca?*-influx and release of
acetylcholine from rat brain synaptosomes (49). Elevated intracellular Ca?*
concentration, which is a prerequisite step of neurotransmission, was also measured upon

depolarization in GM1-treated PC12 cells, where dihydropyridine-sensitive calcium
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channels were found to be influenced by the increased concentration of GM1 (48).
Furthermore, the inhibition of ganglioside synthesis was also shown to decrease
glutamate release from neuro2a neuroblastoma cell line (50, 51), confirming the role of

gangliosides in neurotransmitter release.

In line with these reports, we found reduced depolarization-evoked glutamate release only

when ganglioside depletion was induced, but not upon selective cholesterol depletion.
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6. Conclusions

Based on our separation experiments with CE and literature data, it can be assumed that
the tested hydroxypropylated and methylated ACD and BCD derivatives are able to
disrupt ganglioside micelles by complex formation. It can be concluded that RAMEA is
suitable for the separation of the most abundant gangliosides (GM3, GM1, GD1a, GD1b,
GT1b, GQ1b) under the optimal separation conditions, since separation according to the
glycan part can be achieved. The observed increase in the relative migration times of
GM1 and GD1b during separation in alkaline sodium borate buffer indicates that
complexation occurs between borate and the oligosaccharide chain of gangliosides,
resulting in additional negative charge.

The examined CD derivatives were able to extract gangliosides from the plasma
membrane as well. We have seen that DIMEB extracts gangliosides to a similar extent
as cholesterol, so the biological effects of methylated BCDs commonly used as
cholesterol depleting agents cannot be explained solely by cholesterol removal.
Considering the role of gangliosides in the regulation of several membrane proteins, this
interaction should be taken into account, when interpreting the results of MBCD
treatments. We also suggest that HPBCD may be more appropriate for selective
cholesterol depletion due to the difference in the ICso values of ganglioside and
cholesterol depletion and its lower toxicity. We propose that the tested ACD derivatives,
RAMEA and HPACD, could be used as ganglioside extracting tools to manipulate their

plasma membrane content.

The applicability of the tested CD derivatives to modify membrane lipid composition was
demonstrated by investigating their influence on glutamate release from rat cerebral
synaptosomes to reveal whether lipid depletion has an effect on synaptic activity. The
results suggest that glutamate release is more dependent on ganglioside rather than
cholesterol content of the membrane. Further studies are needed to clarify the exact role

of gangliosides in neurotransmitter release.
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7. Summary

Gangliosides are glycosphingolipids of the plasma membrane and are highly abundant in
the nervous system, where they play a vital role in normal cell functions. Besides, several
studies suggest that altered ganglioside levels contribute to the pathogenesis of
neurological conditions. Due to their importance, efficient analytical methods are
necessary to determine individual gangliosides in biological samples. CDs are efficient
lipid solubilizers and, based on their specific interactions with lipids, CDs with different
cavity sizes and substituents may be applied in various bioanalytical and biochemical

experiments as selective lipid recognizing tools.

In our work, a CE method has been optimized and validated for the quantification of
neuronal gangliosides (GM1, GDla, GD1b, GT1b and GQ1b). The most abundant
extraneural ganglioside, GM3 can also be separated by this method. Native and
substituted CDs were tested as buffer additives in order to disrupt ganglioside micelles in
the aqueous separation buffer. The presence of borate was found to be essential for the
separation of gangliosides with the same number of sialic acids. The best resolution was
observed using 20 MM RAMEA in alkaline sodium borate buffer enabling the separation
of the examined gangliosides according to their oligosaccharide chain. The applicability
of the validated method has been demonstrated by the quantification of gangliosides from
rat cerebral and cerebellar synaptosomes.

Despite CDs are known to interact with membrane lipids, their effect on gangliosides is
poorly characterized. Methylated BCDs are commonly used as selective cholesterol-
depleting agents, but we showed that DIMEB also extracts gangliosides from rat brain
synaptosomes in a similar concentration range. Based on our results, HPBCD is more
suitable for selective cholesterol depletion, due to the significant difference in its
cholesterol and ganglioside extracting concentrations. The two tested ACD derivatives,
RAMEA and HPACD were able to extract gangliosides without affecting cholesterol
content, therefore they may be appropriate for their selective depletion. Ganglioside, but
not cholesterol depletion interfered with depolarization-evoked glutamate release from
rat brain synaptosomes, indicating that stimulated neurotransmitter release is more
dependent on ganglioside rather than cholesterol content. Our results emphasize the
significance of gangliosides in different membrane functions and the importance of the
characterization of lipid depleting capacity of different CDs.
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