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Abstract
Lipid rafts, membrane microdomains enriched with (glyco)sphingolipids, cholesterol, 
and select proteins, act as cellular signalosomes. Various methods have been used 
to separate lipid rafts from bulk (non-raft) membranes, but most often, non-ionic 
detergent Triton X-100 has been used in their isolation. However, Triton X-100 is 
a reported disruptor of lipid rafts. Histological evidence confirmed raft disruption 
by Triton X-100, but remarkably revealed raft stability to treatment with a related 
polyethylene oxide detergent, Brij O20. We report isolation of detergent-resistant 
membranes from mouse brain using Brij O20 and its use to determine the distribution 
of major mammalian brain gangliosides, GM1, GD1a, GD1b and GT1b. A different 
distribution of gangliosides—classically used as a raft marker—was discovered using 
Brij O20 versus Triton X-100. Immunohistochemistry and imaging mass spectrometry 
confirm the results. Use of Brij O20 results in a distinctive membrane distribution 
of gangliosides that is not all lipid raft associated, but depends on the ganglioside 
structure. This is the first report of a significant proportion of gangliosides outside 
raft domains. We also determined the distribution of proteins functionally related 
to neuroplasticity and known to be affected by ganglioside environment, glutamate 
receptor subunit 2, amyloid precursor protein and neuroplastin and report the lipid 
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1  | INTRODUC TION

Within the plane of the plasma membrane, lateral lipid compart-
mentalization with select proteins is the basis for molecular clus-
tering that impacts cell signaling (Sezgin et  al.,  2017; Simons & 
Ehehalt,  2002; Simons & Ikonen,  1997; Sonnino & Prinetti,  2013). 
These lateral associations of molecules on the plasma membrane are 
referred to as membrane microdomains or lipid rafts (LR). Various 
types of evidence support the existence of LRs as nanometer-scale, 
heterogeneous, and dynamic intramembrane structures (Carquin 
et al., 2016; Komura et al., 2016; Suzuki et al., 2012, 2017, 2018). 
LRs are especially enriched with (glyco)sphingolipids, cholesterol, 
glycophosphatidylinositol (GPI)-anchored proteins, and also with a 
select subset of transmembrane proteins, enabling LRs to act as sig-
nalosomes (Marin et al., 2013). As an extension, disturbances in the 
lipid microenvironment are recognized as potential driving factors 
in the pathogenesis of several human disorders (Molander-Melin 
et al., 2005; Marin et al., 2016; Canerina-Amaro et al., 2017; Shi et al. 
2017; Grassi et al., 2019). Generally, gangliosides, particularly GM1, 
have been considered as classical raft markers (Ledeen & Wu, 2015) 
and are assumed to be nearly exclusively raft associated. However, 
a difficulty in studying lipid rafts and assessing their resident mol-
ecules is their elusive nature during isolation. Detergent treatment 
has been the most frequently published method for describing raft 
resident molecules; the relative resistance of LRs to disruption by 
cold detergent solutions has long been the basis of their isolation. 
However, the results are dependent upon the isolation conditions 
including temperature, detergent type and its concentration, and the 
cell or tissue homogenization method. These methods were deter-
mined empirically and have been widely adopted (Aureli et al., 2016; 
Chamberlain, 2004; Dalskov et al., 2005; Macdonald & Pike, 2005; 
Persaud-Sawin et al., 2009; Pike, 2009; Williamson et al., 2010).

Although various methods have been used to separate LRs 
from bulk (non-raft) membranes (Chamberlain,  2004; Shah & 
Sehgal, 2007; Simons & Gerl, 2010; Sonnino & Prinetti, 2013), most 
often, homogenization of cells or tissues with buffered ice-cold non-
ionic detergent Triton X-100 (TX100) has been used to generate 
detergent-resistant membranes (DRM) enriched in cholesterol and 
sphingomyelin and thought to be related to rafts (Aureli et al., 2016; 
Eckert et al., 2003; Persaud-Sawin et al., 2009; Pike, 2009; Schuck 

et al., 2003; Sezgin et al., 2017). However, there remain discrepancies 
between results obtained using TX100 versus co-localization and 
pull-down experiments with known LR markers (Cole et  al.,  2010; 
Hering et al., 2003; Hou et al., 2008). In earlier studies (Heffer-Lauc 
et  al.,  2005), we made a serendipitous discovery which provided 
independent evidence that ice-cold 1% buffered TX100 results in 
fluid-phase redistribution of the highly validated lipid raft markers, 
gangliosides, and GPI-anchored proteins. Using histological cryostat 
thin sections of mouse brain, our evidence unambiguously showed 
that in the presence of ice-cold 1% buffered TX100 gangliosides and 
GPI-anchored proteins left lipid rafts, entered the aqueous phase, 
and re-equilibrated into other membrane compartments. Whereas at 
any time the lipid raft components remained predominantly TX100-
insoluble, they were no longer in their original membrane environ-
ment. These studies not only demonstrated the lipid raft-disruptive 
properties of ice-cold 1% buffered TX100, which causes shuffling of 
lipid molecules, but also provided an independent method to com-
pare other detergents to identify those less likely to disrupt lipid raft 
components.

In subsequent studies using the same brain thin section re-
porting system (Heffer-Lauc et  al.,  2007), we established that re-
placing TX100 with Brij O20 (polyoxyethylene (20) oleyl ether, 
previously called Brij 98 (Drevot et al., 2002)), did not result in re-
distribution of gangliosides and GPI-anchored proteins, consistent 
with raft-resident molecules staying in their original environment 
(Heffer-Lauc et al., 2005, 2007). Based on these observations, we 
optimized a method for isolation of detergent-resistant membranes 
which enabled realization of two major goals: a) to isolate membrane 
fractions under conditions retaining submembrane distribution of 
gangliosides and proteins; b) to determine the composition of major 
mammalian brain gangliosides, GM1, GD1a, GD1b, and GT1b, in 
detergent-resistant membranes. Membrane fractions isolated from 
mouse brain tissue were analyzed in detail by combination of clas-
sical analytical and immunochemical methods. We report that use 
of Brij O20 results in a distinctive membrane distribution of gan-
gliosides that, unlike the use of TX100, is not all LR associated, but 
depends on the ganglioside structure. To the best of our knowledge, 
this is the first report of a significant proportion of gangliosides out-
side raft domains, which brings novel insights into the membrane 
organization and warrants a change in the way we approach distri-
bution of gangliosides in and out of lipid rafts.

raft populations of these proteins in mouse brain tissue. This work will enable more 
accurate lipid raft analysis with respect to glycosphingolipid and membrane protein 
composition and lead to improved resolution of lipid–protein interactions within bio-
logical membranes.
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Having established the ganglioside distribution using this new 
system, we determined the distribution of transmembrane proteins 
functionally related to neuroplasticity and known to be affected 
by ganglioside environment to resolve the discordance in the liter-
ature regarding their LR-association (Cole et  al.,  2010; Hartmann 
& Prinetti,  2011; Hering et  al.,  2003; Hicks et  al.,  2012; Hou 
et al., 2008; Rushworth & Hooper, 2010; Santos et al., 2016; Vetrivel 
& Thinakaran, 2010). We assessed the distribution of glutamate re-
ceptor subunit 2 (GluA2), amyloid precursor protein (APP) and neu-
roplastin (Np) using this experimentally driven choice of detergent 
for LR isolation and report the LR populations of these proteins in 
mouse brain tissue.

2  | MATERIAL S AND METHODS

2.1 | Materials

Usual laboratory buffer reagents, sucrose, and organic solvents were 
purchased from Kemika. Protease inhibitors (Protease inhibitor cock-
tail, cat.no. P8340), detergents (Brij O20, cat.no. 436240 and Triton 
X-100, cat.no. T8787), bovine serum albumin (BSA, cat.no. A7906), 
Sephadex G-25 gel (cat.no. G2580-100G), HPTLC silica gel 60 glass 
plates (cat.no. 1.05631.0001), poly(isobutyl methacrylate) (cat.
no. 181544), diaminobenzidine (DAB) tablets (SigmaFast DAB with 
Metal Enhancer, cat.no. D4293), indium tin oxide (ITO) slides (15–
25 Ω/sq surface resistivity, cat.no. 636916),9–aminoacridine (9-AA, 
cat.no. 8183620010), and Avertin (2,2,2-tribromoethanol, cat.no. 
T48402-25G) were purchased from Sigma-Aldrich. DEAE Sephadex 
A-25 (cat.no. GE17-0170-01) and liquid chromatography grade 
methanol (cat.no. 34885) were purchased from Merck. V. cholerae 
sialidase was expressed in E. coli and purified as described (Moustafa 
et al., 2004). Western blot reagents: NuPage LDS sample buffer (cat.
no. NP0007), NuPage sample reducing buffer (cat.no. NP0009), 
NuPage antioxidant (cat.no. NP0005), NuPage 4%–12% precast 
Bis-Tris gels (cat.no. NP0322BOX), prestained protein ladder (cat.
no. 26616), MOPS electrophoresis running buffer (cat.no. NP0001), 
and NuPage transfer buffer (cat.no. NP00061) were all purchased 
from Thermo Fisher Scientific. PVDF blotting membranes (Porablot 
pore size 0.20 μm, cat.no. 741260) were from Macherey-Nagel. Non-
fat dry milk used for blocking in western blotting was from Santa 
Cruz Biotechnology (cat.no. sc-2324). Primary antibody for trans-
ferrin receptor (monoclonal mouse anti-TfR, RRID:AB_2533029) 
and horseradish peroxidase (HRP)-conjugated CTB (cholera toxin 
subunit B) which recognizes ganglioside GM1 (cat.no. C34780) were 
purchased from Thermo Fisher Scientific. Primary antibody for 
flotillin (monoclonal mouse anti-Flot1, RRID:AB_398140) was pur-
chased from BD Biosciences. Primary antibody recognizing GluA2 
(monoclonal mouse anti-GluA2/GluR2, RRID:AB_2232661) was 
purchased from Antibodies Inc. Primary antibody recognizing APP 
(monoclonal rabbit anti-APP, RRID:AB_2289606) was purchased 
from Abcam. Primary antibody recognizing neuroplastin 65 (poly-
clonal goat anti-Np65, RRID:AB_2155920) was purchased from R 

and D Systems. Monoclonal primary antibodies recognizing ganglio-
sides GM1, GD1a, GD1b, and GT1b were prepared and validated 
as reported (Schnaar et al., 2002). Secondary antibodies were HRP 
conjugated (donkey anti-mouse (RRID:AB_2340770), donkey anti-
rabbit (RRID:AB_10015282), rabbit anti-goat (RRID:AB_2339400)) 
or biotin conjugated (goat anti-mouse, RRID:AB_2338564) and 
were all purchased from Jackson ImmunoResearch Laboratories 
Europe. Tertiary HRP-conjugated complex (A  +  B HRP Vector, 
RRID:AB_2336819) was purchased from Vector labs. Mounting 
medium (Biomount DPX, cat.no. BM-500) was purchased from 
Biognost. ECL Clarity western blotting substrate (cat.no. 1705060) 
was purchased from BioRad. Isoflurane (Isofluran-Piramal, cat.no. 
66794001310) was purchased from Piramal Healthcare.

2.2 | Animals

Adult 3- to 6-month old C57BL/6 mice (RRID:MGI:5656552) 
of both sexes (18 male and 27 female) were used in this study 
(n  =  45; n  =  23 for optimization purposes and n  =  22 used to 
generate the data presented). The animals, originally sourced 
from Harlan Laboratories, were group-housed, kept under stand-
ardized temperature and humidity, and a 12  hr light–dark cycle 
with water and food ad libitum in standard cages. For lipid raft 
isolations, mice were anesthetized with Avertin and decapitated. 
Avertin (2,2,2-tribromoethanol) was prepared accordingly by add-
ing 3.1 ml of 2 methyl-2-butanol to 5 g 2,2,2-tribromoethanol in 
a dark bottle and stirred until 2,2,2-tribromoethanol was com-
pletely dissolved. Stock solution was stored at +4℃ and used 
up until 6  months after preparing. Working solution (20  mg/ml) 
was prepared fresh weekly by adding 0.25 ml of stock solution to 
19.75 ml of sterile saline, stirred well at 40℃ and filtered through 
a 0.22 μm sterile filter into a sterile dark bottle and stored at +4℃ 
until use. Dose per mouse was 200 mg/kg and mice were injected 
intraperitoneally. After decapitation, brains were rapidly removed, 
dissected in a standardized manner, snap frozen in liquid nitrogen, 
and stored at −80℃. Cortical brain tissue was used for all lipid raft 
isolation experiments. To reduce the total number of animals used 
and to minimize animal suffering, one hemisphere was utilized 
for Brij O20 isolations, and other for Triton X-100 isolations. For 
immunohistochemistry, mice were anesthetized with isoflurane 
overdose which was applied in isoflurane induction chamber until 
loss of consciousness and decapitated. Whole brains were fixed 
in 4% PFA, cryoprotected in sucrose, and cut with a cryostat. For 
imaging mass spectrometry (IMS) experiments, the animals were 
killed by cervical dislocation. Brains were removed, snap frozen, 
and cut with a cryostat. The experimental design including number 
of animals is shown in Figure 1. All experimental procedures were 
performed in accordance with the ARRIVE guidelines. All proce-
dures were approved by regional ethics committees for scientific 
experiments and approved by the Croatian Ministry of Agriculture 
(2158-61-07-14-118), in accordance with institutional and govern-
ment guidelines. There were no exclusion criteria predetermined, 
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no randomization was performed, and the study was exploratory 
and not pre-registered. The experiments were not performed in a 
blinded manner, and no sample calculation was performed as high 
inbred mouse line was used, and hence, the expected variability 
was low. The number of animals was determined based on studies 
of a similar nature (Ohmi et al., 2011; Persaud-Sawin et al., 2009).

2.3 | Immunohistochemistry

Coronal brain sections (35  μm) were pretreated in 3.33% H2O2 in 
phosphate-buffered saline (PBS) for 30 min and washed. The sections 
were incubated in either PBS (no detergent), or PBS containing 1% 
TX100 or 1% Brij O20 for 2 hr and then treated with blocking medium 
(1% BSA, 5% goat serum, and 5% horse serum in PBS) for 2 hr at +4℃. 
Primary antibodies were diluted in blocking solution with no detergent 
as follows: 1:500 for GM1, 1:2 500 for GD1a, 1:4 000 for GD1b, and 1:4 
000 for GT1b. Sections were incubated in primary antibody solutions 
overnight at +4℃, thoroughly washed, and then incubated with appro-
priate biotin-conjugated secondary antibody diluted 1:2 000 in PBS for 
5 hr at +4℃. After washing, the sections were incubated with A + B 
HRP vector with tertiary complex according to the manufacturer's in-
structions for 2 hr at +4℃. The sections were visualized using DAB 
tablets prepared according to the manufacturer's instructions until the 
development of color. The sections were mounted using Biomount 
onto glass slides and coverslipped. The staining with each antibody 
and for every condition was performed in triplicates, and repeated in 2 
animals. The sections were imaged using Zeiss Axiovert 200 M. Digital 
images were quantified using ImageJ analysis software (NIH). Images 
were first converted to 8 bit. The quantification was done by measuring 
the integrated density in a 600 × 600 pixels square at least four times in 

each of the selected regions. Repeated measurements were performed 
at different positions within the selected region. Obtained values were 
averaged for each region and animal. The averaged values were posi-
tively correlated as follows: 360 000 pixels (total number of pixels of 
the measured area) were multiplied by 256 (8-bit color intensity range). 
From the calculated number, measured and averaged value of the in-
tegrated density was subtracted. Hence, darker stained areas are rep-
resented as the higher number and lighter stained areas as the lower 
number. The obtained positively correlated values were converted into 
percentages of staining with respect to no detergent group.

2.4 | MALDI-TOF imaging mass spectrometry (IMS)

MALDI-TOF imaging mass spectrometry (IMS) analysis was per-
formed using Shimadzu IMScope TRIO MALDI-IT-TOF (Shimadzu, 
Kyoto, Japan). Cerebellar tissue sections (16-μm) were mounted 
on ITO slides. After drying for 1 hr, the sections were treated for 
2  hr with either PBS, 1% TX100 or 1% Brij O20 in PBS at +4℃. 
After washing with prechilled 20  mM ammonium acetate buffer, 
the sections were dried and stored at −80℃. Matrix was applied 
to samples using iMLayer device (Shimadzu, Kyoto, Japan) accord-
ing to the manufacturer's instructions (5 min sublimation on 220℃). 
Sublimation was followed by 5 min recrystallization at 37℃ with 5% 
methanol in a vapor chamber. Imaging in the negative ion mode was 
performed using m/z ranges 600–900 and 1500–1900 and the fol-
lowing setup: pitch 10 μm, laser diameter 10 μm, laser intensity 10%, 
75 laser shots/pixel, and 1 000  Hz laser frequency. Every experi-
ment for every condition was performed in triplicate and repeated in 
total of 4 animals. Data analysis was performed by ImageReveal ver. 
1.1.010128 (Shimadzu).

F I G U R E  1   Experimental design flowchart. Number of animals per experiment type is shown
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2.5 | Lipid raft isolation procedures

Integral membrane protein flotillin (Flot1) was used as an LR marker. 
The protein transferrin receptor (TfR) was used as a non-lipid raft 
(bulk, nLR) membrane marker. To compare outcomes of different 
lipid raft isolation procedures, lipid raft and bulk membrane frac-
tions were collected following sucrose density ultracentrifugation 
and the distribution of the above markers determined by western 
blotting. The gangliosides were purified from collected fractions and 
analyzed by immunoblotting. In addition, fractions were analyzed 
for the distribution of transmembrane proteins GluA2, APP, and Np 
by western blotting. All reagents, solutions, and labware were pre-
cooled at ≤+4℃ and all steps performed on ice.

2.5.1 | Isolation using Brij O20

LRs were isolated using discontinuous sucrose density centrifuga-
tion, by an optimized procedure modified in our Laboratory (Ilic 
et al., 2019; Puljko et al., 2021). Frozen cortical brain tissue samples 
were thawed on ice and 70 ± 5 mg of tissue was homogenized in 
3 ml of detergent-free homogenization buffer (50 mM Tris (pH = 8), 
150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, and protease inhibitors 
1  mM phenylmethylsulfonyl fluoride (PMSF), 5  mM NaF, 1  mM 
Na3VO4, and 1% protease inhibitor cocktail) containing 0.32 M su-
crose with 30 strokes in a Potter-Elvehjem glass homogenizer with 
a Teflon pestle. The homogenate was centrifuged at 1 000  g for 
15 min at +4℃, postnuclear supernatant (PNS) removed, and pellet 
discarded. The PNS was ultracentrifuged at 100 000 g for 30 min at 
+4℃ (Beckman Optima XL-80 K ultracentrifuge; 50.4 Ti rotor). The 
pellet was homogenized in 1 ml of homogenization buffer contain-
ing 1% Brij O20 with 15 strokes in a Potter-Elvehjem glass homog-
enizer with a Teflon pestle. Homogenized pellet (600 µl) was placed 
in pre-cooled SW 28.1 Ti ultracentrifuge tube on ice and gently 
mixed with 600 μL of 85% sucrose (w/v; prepared in homogenization 
buffer without protease inhibitors containing 1% Brij O20). This was 
carefully overlaid with 10 ml of 35% sucrose (w/v, prepared in ho-
mogenization buffer without protease inhibitors containing 1% Brij 
O20) followed by 4 ml of 3% sucrose (w/v, prepared in homogeniza-
tion buffer without protease inhibitors containing 1% Brij O20). The 
tubes were ultracentrifuged at 141 000 g for 18 hr at +4℃ (Beckman 
Optima XL-80 K; SW 28 rotor). After centrifugation, there was a vis-
ible band containing lipid rafts at the interface of 3% and 35% su-
crose. Eleven fractions were collected top to bottom and stored at 
−80℃.

2.5.2 | Isolation using Triton X-100

To compare our optimized lipid raft isolation procedure using Brij O20 
with isolation using TX100, we used published procedures (Aureli 
et al., 2016; Molander-Melin et al., 2005; Ohmi et al., 2011) while 
maintaining the buffers, homogenization methods, centrifugation 

times, and sucrose gradient preparation used for the Brij O20 pro-
cedure to avoid differences due solely to methodological variations.

Frozen cortical brain tissue samples were thawed on ice and 
70  ±  5  mg of tissue was homogenized in 2  ml of homogenization 
buffer containing 1% TX100 with 30 strokes in a Potter-Elvehjem 
glass homogenizer with Teflon pestle. The homogenate was centri-
fuged at 1 000 g for 15 min at +4℃, postnuclear supernatant (PNS) 
removed, and pellet discarded. The supernatant (600 μl) was placed 
in pre-cooled SW 28.1 Ti ultracentrifuge tube on ice and gently 
mixed with 600 μl of 85% sucrose (w/v; prepared in detergent-free 
homogenization buffer without protease inhibitors). This was care-
fully overlaid with 10 ml of 35% sucrose (w/v; prepared in detergent-
free homogenization buffer without protease inhibitors) followed by 
4 ml of 3% sucrose (w/v; prepared in detergent-free homogenization 
buffer without protease inhibitors). The tube was ultracentrifuged at 
141 000 g for 18 hr at +4℃ (Beckman Optima XL-80 K; SW 28 rotor). 
After centrifugation, there was a visible band containing lipid rafts at 
the interface of 3% and 35% sucrose. Eleven fractions were carefully 
collected top to bottom and stored at −80℃.

2.6 | Ganglioside analyses

Following a discontinuous sucrose density centrifugation, one ml 
of each lipid raft (LR) and bulk membrane (non-lipid raft; nLR) frac-
tion was pooled and used for ganglioside isolation according to 
the following protocol as reported previously (Puljko et  al.,  2021). 
Samples were subjected to short organic extraction (Schnaar, 1994; 
Svennerholm & Fredman, 1980) by adding 2.67 volumes of methanol 
followed by 1.33 volumes of chloroform to LR and nLR fractions. 
After brief centrifugation (450  g for 10  min at ambient tempera-
ture), the supernatant was recovered, measured, and 0.173 vol-
umes of dH2O were added. After brief centrifugation as above, the 
upper phase was recovered and evaporated to dryness. The sam-
ples were further purified by DEAE anion-exchange chromatog-
raphy (Schnaar,  1994). The evaporated samples were dissolved in 
1 ml of methanol and 400 µl of DEAE ion exchanger (acetate form 
(Schnaar,  1994)) prepared in chloroform-methanol-water (4:8:3) 
was added. The samples were incubated at ambient temperature 
for 3 hr with mixing. After centrifugation as above, the supernatant 
was discarded and the resin washed with 1 ml of methanol followed 
by 10-min incubation while mixing and centrifugation as above. The 
supernatant was discarded and 1  ml of 100  mM sodium acetate 
(dissolved in methanol) was added to the resin. After a brief incu-
bation and centrifugation as above, the supernatant was recovered 
and the last step was repeated after which the supernatants were 
pooled and evaporated to dryness. The residues were dissolved in 
chloroform–methanol–water (60:30:4.5) and purified by gel filtra-
tion on Sephadex-G25 (Wells & Dittmer, 1963). The collected elu-
ates were evaporated to dryness.

The samples were dissolved in chloroform–methanol–water 
(60:30:4.5), spotted on HPTLC plates and resolved in chloroform–
methanol–aqueous 0.2% CaCl2 (50:40:10). After drying, the plate 
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was immersed in 0.3% poly(isobutyl methacrylate) in n-hexane for 
90 s, thoroughly dried and overlaid with aqueous buffer containing 
V. cholerae sialidase (see below). Sialidase treatment degrades the 
resolved complex gangliosides to GM1, allowing CTB detection of 
each ganglioside species with equal binding affinity for accurate 
direct quantitative comparison (Davidsson et  al.,  1991). Sialidase 
was diluted to 30  mU/ml in phosphate-buffered saline (PBS, with 
Ca2+ and Mg2+, pH =6.3), and the plate incubated immersed with 
occasional shaking for 3  hr at 37℃. After washing, the plate was 
blocked for 15 min at ambient temperature in 10 mg/ml BSA pre-
pared in 0.1% Tween 20 in PBS (PBST). After blocking, the plate was 
incubated in HRP-conjugated CTB diluted in blocking solution (1:20 
000) for 1 hr at ambient temperature. After washing, the bands were 
visualized using DAB tablets prepared according to manufacturer's 
instructions until the development of color. Densitometry was per-
formed using Image Lab software (BioRad) and bands were quanti-
fied using ImageJ analysis software (NIH).

2.7 | Western blot analyses

Isolated fractions were thawed on ice and 15  µl of each frac-
tion was mixed with 5  µl of LDS sample buffer: reducing buffer 
(2:1) and heated for 5  min at 95℃. Equal volumes were loaded 
to allow direct comparisons of protein distributions across frac-
tions (Persaud-Sawin et  al.,  2009). The samples were loaded 
onto 4%–12% Bis Tris gels and resolved in MOPS running buffer 
with antioxidant at 120  V for 80  min. After separation, proteins 
were electro-transferred onto PVDF membranes at 20 V for 1 hr. 
Membranes were blocked with either 5% non-fat dry milk (in the 
case of TfR, Flot1, Np, and GluA2 detection) or 30 mg/ml BSA (in 
the case of APP detection) in PBST for 1 hr at ambient tempera-
ture. Primary antibodies were diluted in corresponding blocking 
solutions as follows: 1:1 000 for TfR, 1:5 000 for Flot1, 1:1 000 
for Np, 1:1 000 for GluA2, and 1:2 000 for APP. Membranes were 
incubated in primary antibody solutions overnight at +4℃, thor-
oughly washed, and then incubated with appropriate secondary 
antibodies (except for GM1 as CTB was already HRP-conjugated) 
diluted 1:50 000 in PBS for 1  hr at ambient temperature. After 
washing, protein bands were visualized using ECL western blot-
ting substrate and imaged on BioRad Chemidoc XRS+System. The 
bands were quantified using ImageJ analysis software (NIH) as 
relative intensity for all 11 fractions.

2.8 | Statistical analysis

Data were processed in Microsoft Excel and statistical analyses 
were performed using GraphPad Prism (Version 8.4.2, GraphPad 
Software). Prior to statistical analysis, data were tested for normal-
ity using the Shapiro–Wilk test and the statistical tests were chosen 
appropriately. No outliers were removed prior to statistical analysis. 

For statistical analysis of ganglioside immunoreactivity distribution 
(relative CTB binding; Figure 8), Student's t test was performed. For 
protein immunoreactivity (Figures 9 and 10), a multiple t test was 
performed and statistical significance was determined using the 
Holm-Šídák method. For comparing more than two groups, two-way 
ANOVA was used, followed by Tukey's post hoc test to test for differ-
ences between groups (for calculating statistical significance for the 
difference in immunoreactivity for gangliosides GM1, GD1a, GD1b, 
and GT1b in immunohistochemistry sections treated with Brij O20, 
TX100, or non-treated sections). In all cases, p < .05 was considered 
statistically significant. In Figures 9 and 10, data are presented as 
box plots with median (center line), minimum and maximum (whisk-
ers), and 25th –75th percentile (box).

3  | RESULTS

3.1 | Redistribution of major brain gangliosides 
following incubation with Triton X-100

Figure 2 shows the immunohistological distribution of major brain 
gangliosides in sublayers of cerebellum after treatment with Brij O20 
and TX100 in comparison to the tissue sections not treated with de-
tergents. The results clearly indicate that TX100 treatment leads to 
the most dramatic changes in ganglioside immunostaining pattern 
and intensity in all analyzed cerebellar areas, while Brij 020 treat-
ment has no significant impact on immunoreactivity of gangliosides 
when compared to control sections. Quantification of immunoreac-
tivity confirmed significantly higher staining of GM1, GD1a, GD1b, 
and GT1b in inferior cerebellar peduncle after TX100 treatment 
compared to non-detergent protocol (GM1: p  =  .0329; Two-way 
ANOVA, Tukey's post-hoc analysis) or to Brij O20 treatment (GM1: 
p = .0095; GD1a: p = .0378, GD1b: p = .0330; GT1b: p = .0405; Two-
way ANOVA, Tukey's post-hoc analysis). In gigantocellular reticular 
nucleus, significantly higher intensity of GM1, GD1a, and GT1b im-
munostaining was observed in TX100-treated sections compared to 
non-detergent protocol (GM1: p =  .0104; GD1a: p =  .0449; GT1b: 
p  =  .0307; Two-way ANOVA, Tukey's post-hoc analysis) or to Brij 
O20 treatment (GM1: p = .0030; GD1a: p = .0358; GT1b: p = .0177; 
Two-way ANOVA, Tukey's post-hoc analysis). Similar effect was ob-
served in cerebellar arbor vitae, when comparing ganglioside species 
immunoreactivity after TX100 treatment to non-detergent protocol 
(GD1a: p  =  .0462; GD1b: p  =  .0095; GT1b: p  ≤  0.0001; Two-way 
ANOVA, Tukey's post-hoc analysis) or to Brij O20 treatment (GM1: 
p =  .0263; GD1a: p =  .0380; GT1b: p =  .0008; Two-way ANOVA, 
Tukey's post-hoc analysis). Unlike evidenced TX100 effects, Brij O20 
had minimal to no impact on ganglioside immunoreactivity in cer-
ebellar sections as compared with non-detergent protocol. The only 
observed difference was lower GM1 staining in inferior cerebellar 
peduncle compared to non-detergent treatment (p  =  .0234; Two-
way ANOVA, Tukey's post-hoc analysis). Complete data related to 
statistical analysis of immunoreactivity quantifications are available 
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in Table S1. Negative controls for immunohistochemical staining 
when primary antibodies are omitted are shown in Figure S1.

3.2 | Imaging mass spectrometry (IMS) of Brij O20 
versus Triton X-100 treated mouse brain sections

Figure 3 shows average MALDI-TOF mass spectra of mouse cerebel-
lar sections recorded in 600–900  m/z range. Sections were incu-
bated in PBS, 1% Brij O20, or 1% TX100 and both detergents have 
reduced MS signals, but TX100 caused more detrimental effects, 
especially for species in 700–800 m/z range.

Dominant simple phospholipid and glycolipid species were char-
acterized by two opposite lateral distribution patterns (Figure S2a, 
b): molecular layer/granular layer or white matter tracts/granular 
layer. To further emphasize the changes that occur after detergent 
treatment, we summed the signals with a similar distribution and dis-
played them alongside the total ion current (TIC) images (Figure 4). 
TIC images showed significant redistribution of molecular species 
represented in 600–900 m/z range. In contrast to TX100 treatment, 
Brij O20 treatment retained the lateral distribution of summed m/z 
signals that correspond to the most abundant simple phospholipids 
and glycolipids (Table S2).

Figure  5 shows average MALDI-TOF mass spectra recorded in 
1500–1900  m/z range for cerebellar sections adjacent to the ones 
used for the lower mass range. Once again, TX100 reduced the signal 
much more than Brij O20. In this case, we summed all adducts (M-H, 
M-H2O-H, M+Cl and M+CH3COOH-H) from two main GM1 variants 
(GM1 (d18:1–18:0, 1545.877 AMU) and GM1 (d20:1–18:0, 1573.908 
AMU) and from two main GD1 variants (GD1 (d18:1–18:0, 1836.973 
AMU) and GD1 (d20:1–18:0, 1865.004 AMU) which is presented in 
Figure 6. In both cases, signal intensity and lateral distribution were 
better preserved when Brij O20 treatment was used. Finally, we gen-
erated ∑GM1 + GD1 image normalized to the highest signal of all 
three samples (no-treatment, Brij O20, and TX100 treatment). In this 
case, we can detect some rearrangements generated by both deter-
gents, but again much more prominently when TX100 is used.

3.3 | Distribution of major brain gangliosides in lipid 
rafts and bulk membrane in Brij O20 versus Triton 
X-100 isolation

The distribution of the major brain gangliosides GM1, GD1a, GD1b, 
and GT1b, which account for up to 97% of all ganglioside species 
in vertebrate brain, was analyzed in LRs and bulk membrane, as 

F I G U R E  2   Effects of Brij O20 and Triton X-100 on immunohistological redistribution of major brain gangliosides. (a) The effect of 1% of 
Triton X-100 and Brij O20 compared to non-detergent treatment on the redistribution of GM1, GD1a, GD1b, and GT1b in mouse cerebellum. 
Immunoreactivity of gangliosides is shown in selected cerebellar regions (inferior cerebellar peduncle, gigantocellular reticular nucleus 
and cerebellar arbor vitae). (b) Quantification of ganglioside immunoreactivity intensity in mouse cerebellum. n(animals) = 2; n(technical 
replicates) = 6. Asterisk represents statistically significant difference (two-way ANOVA with Tukey's post-hoc analysis; p < .05)
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well as compared between LR isolations using Brij O20 or TX100 
(Figures 7 and 8). When Brij O20 is used in the isolation procedure, 
there is a rich pattern of gangliosides found in the bulk membrane, 
significantly more than in TX100 isolations. Overall, 74% of the total 
gangliosides detected resides in lipid rafts and 26% in non-rafts for 
Brij O20 isolations, while 90% of the total gangliosides detected is 
present in rafts, with only 10% in the bulk membrane for TX100 iso-
lation (Figure 7). All four major gangliosides are found outside rafts 
in Brij O20 isolations, while for TX100, GD1a is easily observable 
(with the percentage present in nLR membrane of 21%), followed by 
GM1, a classical LR marker, of 16% out of rafts, and GD1b and GT1b 
present in negligible amounts in nLR membrane for TX100 isolations 
(less than 2% for GD1b and 4% for GT1b), shown in Figure 7. On the 
other hand, in Brij O20 isolation, the percentage of GM1 outside 
rafts is a high 32%, GD1a 35%, while GD1b and GT1b exhibit lower 
abundance outside rafts: 16% for GD1b and 21% for GT1b. The dif-
ference in submembrane distribution for major brain gangliosides 

between Brij O20 and TX100 isolations is statistically significant 
(p = .0285).

3.4 | Distribution of raft and non-raft markers 
Flot1 and TfR in Brij O20 versus Triton X-100 isolation

To determine the efficacy of lipid raft isolations by two different 
isolation procedures, we assessed the distribution of generally ac-
cepted LR marker flotillin (Flot1) and non-LR marker transferrin re-
ceptor (TfR) (Aureli et al., 2016; Chamberlain, 2004; Persaud-Sawin 
et al., 2009) (Figure 9). The majority of TfR is found in non-LR (bulk 
membrane) fractions: 69% and 77% for Brij O20 and TX100 isola-
tion, respectively. Flot1 appears primarily but not exclusively in raft 
fraction as previously reported (Macdonald & Pike, 2005; Persaud-
Sawin et al., 2009; Williamson et al., 2010), but the difference in dis-
tribution of flotillin in rafts between Brij O20 and TX100 isolation is 

F I G U R E  3   Average MALDI-TOF spectra recorded in 600–900 m/z range following Brij O20 and Triton X-100 treatment of mouse 
cerebellar tissue, compared to non-treated sections. n(animals) = 4; n(technical replicates) = 12
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significant: 65% and 85% for Brij O20 and TX100 isolation, respec-
tively (p = .017).

3.5 | Distribution of transmembrane proteins 
functionally related to neuroplasticity in Brij O20 
versus Triton X-100 isolation

After establishing the relative raft distributions of gangliosides and 
classical raft markers, we investigated the distribution of proteins 
proposed to be affected by ganglioside associations. Figure  10 
shows the distribution of transmembrane proteins glutamate recep-
tor subunit 2, amyloid precursor protein, and neuroplastin.

In the case of GluA2, when Brij O20 is used in the isolation, the 
majority of GluA2 appears in LR fractions (75%) compared to 21% in 
the non-LR fractions. However, in the case of TX100 isolation, the 
majority of GluA2 is no longer present in LR fractions where 15% of 
the immunoreactivity is detected, as opposed to 83% in the non-LR 
fractions. This difference in immunoreactivity for LR and non-LR 
fractions in Brij O20 compared to TX100 isolation is statistically sig-
nificant (p = .002 for LR fractions and p = .001 for non-LR fractions).

The trend of higher proportion of protein present in LR fractions 
using Brij O20 in the isolation observed for GluA2 is consistent for 
APP as well. Almost 10% of APP is present in LR fractions when Brij 
O20 is used for isolation, compared to only 2% for TX100 isolation. 
For non-LR fractions, 80% of APP is found in non-LR fractions in Brij 

O20 isolations, compared to 98% for TX100 isolation. The difference 
in percentage of APP immunoreactivity for LR and non-LR fractions 
in Brij O20 compared to TX100 isolation is also statistically signifi-
cant (p = .048 for LR fractions and p = .039 for non-LR fractions).

In the case of neuroplastin, 40% of Np is present in LR frac-
tions after using Brij O20 in the isolation procedure, compared to 
only 4% in LR fractions when TX100 is used in isolation, with the 
majority of Np65 (88%) being present in the non-LR fractions in 
TX100 isolation (compared to 26% in non-LR fractions in Brij O20 
isolation) (Figure 10). The difference in percentage of immunoreac-
tivity for LR and non-LR fractions in Brij O20 compared to TX100 
isolation is statistically significant (p < .001 for both LR and non-LR 
fractions). The Np distribution across all fractions collected during 
LR isolation is much more diffuse when Brij O20 is used compared 
to TX100 where there is a distinct accumulation of Np in heavy 
non-LR fractions.

4  | DISCUSSION

The analysis of lipid rafts, which are by definition dynamic platforms, 
not surprisingly yields different results based on the detergent used 
to isolate them. However, based on histological stability of membrane 
residency, we confirmed that cold TX100 treatment, a standard for 
lipid raft isolation, solubilizes raft markers (gangliosides) where they 
re-equilibrate into different membrane compartments, whereas the 

F I G U R E  4   Mass spectrometry imaging in 600–900 m/z range following Brij O20 and Triton X-100 treatment of mouse cerebellar tissue. 
Equally treated sections are presented in each row that begins with the light microscopy image (LMI) of the fresh frozen cerebellar section, 
followed by total ion current (TIC) images. ∑1 represents sum of m/z signals: 699.4927, 747.4938, 790.5328, 885.5433. ∑2 represents sum 
of m/z signals: 806.5374, 862.5997, 878.5972, 888.6160. Selected m/z signals correspond to the most abundant simple phospholipids and 
glycolipids characterized by contrasting lateral distribution in cerebellar tissue. n(animals) = 4; n(technical replicates) = 12
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similar polyethylene oxide detergent Brij O20 leaves raft markers in 
their membrane milieu. We report a strikingly different distribution 
pattern of gangliosides dependent on whether Brij O20 or TX100 is 
used in immunohistochemical, mass spectrometry, or lipid raft analy-
ses of mouse brain. The differences are readily noticeable between 
white and gray matter, revealed by immunohistochemistry (Figure 2) 
and IMS (Figures 3–6), and between raft and non-raft membrane, de-
termined by lipid raft isolation and subsequent ganglioside analyses 
(Figures 7 and 8). The effect of detergent treatment on lipid localiza-
tion in histological sections analyzed by IMS has never been reported 
before. The IMS analysis demonstrated that TX100 severely reduced 
the MS signals, in addition to causing localization rearrangements be-
tween white and gray matter for gangliosides as well as simple phos-
pholipid and glycolipid species (Figures 3–6 and Figure S2), compared 
to non-detergent protocol. When comparing the decreased signal 
after TX100 treatment in IMS and immunohistochemistry analysis, 
it has to be kept in mind that antigen detection by primary antibody 
is influenced by affinity of the antibody for the antigen and can be 

obscured by either too much or too less primary antibody (Hoffman 
et al. 2016). A higher signal on immunohistochemistry may be be-
cause of antigen abundance—what is likely the case with the four 
major gangliosides in nervous tissue. After extraction of part of the 
ganglioside with detergents, the excess antigen is removed and with 
the same concentration of primary antibody, a higher signal can be 
detected primarily because of a more favorable titration ratio be-
tween the amount of antigen and primary antibody, not because “un-
masking” of antigen. The conjunction of immunohistochemical and 
imaging mass spectrometry analysis showing significant misplace-
ment of all four major mammalian brain gangliosides in addition to 
altered immunoreactivity signal demonstrates that the disruptive ef-
fects of TX100 cannot be overlooked.

Having previously established in histological sections (Heffer-
Lauc et  al.,  2005, 2007) that use of certain non-ionic detergents, 
notably TX100, results in bulk phase redistribution of certain mem-
brane molecules (gangliosides and GPI-anchored proteins), we now 
demonstrate that use of Brij O20 in lipid raft isolation, a detergent 

F I G U R E  5   Average MALDI-TOF spectra recorded in 1500–1900 m/z range following Brij O20 and Triton X-100 treatment of mouse 
cerebellar tissue, compared to non-treated sections. n(animals) = 4; n(technical replicates) = 12
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that causes minimal shuffling of lipids and lipid-dependent mole-
cules between membranes, reveals an abundant presence of gan-
gliosides in the non-raft plasma membrane. The observed enriched 
ganglioside pattern outside rafts is not surprising considering the 
highly dynamic nature of lipid rafts which need to quickly and effi-
ciently respond to extracellular stimuli (Carquin et al., 2016; Grassi 
et al., 2019; Sezgin et al., 2017).

Although the distribution of the raft and non-raft markers in our 
study (Flot1, TfR) is quite similar using the known LR disruptor TX100 
and the LR non-disruptor Brij O20, there are distinctive and quanti-
tatively large differences for distributions of gangliosides and other 
functional markers tested. The overall similar appearance of known 
LR and non-LR markers (Flot1 and TfR) when different detergents 

are used may be particularly misleading when conclusions are drawn 
regarding the fidelity of lipid raft isolation. Hence, the distribution 
of proteins in LRs using a LR-disrupting detergent (TX100) should 
be considered quantitatively inaccurate, even though it is possible 
that different aspects of the organization of the membrane are high-
lighted using TX100 compared to other detergents. Furthermore, we 
have established that even though GM1 is a feasible lipid raft marker, 
other gangliosides, particularly GD1b, are even more appropriate for 
that task as they are more concentrated in rafts than GM1.

Gangliosides are crucial in the maintenance of lipid rafts as ver-
ified by studies showing that ganglioside deficiency and/or compo-
sitional change disturb lipid raft integrity (Ohmi et al., 2011, 2012). 
Therefore, redistribution of gangliosides during lipid raft isolation 

F I G U R E  6   Mass spectrometry imaging in 1500–1900 m/z range following Brij O20 and Triton X-100 treatment of mouse cerebellar 
tissue. Equally treated sections are presented in each row that begins with the light microscopy image (LMI) of the fresh frozen cerebellar 
section. It is followed by ∑GM1 image that represents sum of all adducts (M-H, M-H2O-H, M+Cl and M+CH3COOH-H) from two main GM1 
variants (GM1 (d18:1–18:0) and GM1 (d20:1–18:0). ∑GD1 image represents sum of all adducts (M-H, M-H2O-H, M+Cl and M+CH3COOH-H) 
from two main GD1 variants (GD1 (d18:1–18:0) and GD1 (d20:1–18:0), which is followed by total ion current (TIC) image of the sample. 
∑GM1 + GD1image represents sum of major brain gangliosides normalized according to the highest signal of those three samples. 
n(animals) = 4; n(technical replicates) = 12

F I G U R E  7   Distribution of major brain gangliosides in lipid rafts (LR) and bulk membrane (nLR) isolated by using either Brij O20 or Triton 
X-100 detergent. Individual values of relative CTB binding intensity of the three biological replicates are shown. n(animals) = 3; n(technical 
replicates) = 3
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could lead to redistribution of proteins known to be affected by 
ganglioside milieu. Indeed, we confirmed this effect of different lipid 
raft isolation procedures on changed ganglioside composition with 
subsequent redistribution of GluA2, APP, and Np within the mem-
brane. AMPA receptors localize within specific regions of synaptic 
membranes rich in GM1 ganglioside (Cole et al., 2010). Gangliosides 
sequester GluA2-containing AMPA receptors and GluA2 specifically 
binds to GM1 (Prendergast et al., 2014) and would therefore be rea-
sonable to assume that it is affected by ganglioside redistribution, 
which indeed we show is the case. Most published analyses using 
TX100 in the isolation procedure show the presence of only a minor 
subpopulation of GluA2 receptors in LRs, which is in agreement with 

our data for TX100 (Figure 10) (Hou et al., 2008). The conundrum, 
however, is that published data from co-localization, co-segregation 
studies and pull-down assays differ from data obtained using 
TX100-generated rafts, in that the majority of GluA2 receptor is 
present in the raft fractions (Cole et al., 2010; Hering et al., 2003; 
Hou et al., 2008), findings that are consistent with our data when 
Brij O20 is used in the isolation procedure (Figure 10). Therefore, by 
using rational approach where choice of detergent is made based on 
its stability for molecules known to be in rafts, we were able to bring 
physical isolation and co-localization findings into concordance, 
showing that the AMPA receptor subunit GluR2 is highly enriched 
in lipid rafts.

F I G U R E  8   Distribution of major vertebrate gangliosides in lipid rafts (LR) and bulk membrane (nLR) isolated by using either Brij O20 
or Triton X-100 detergent. (a) Representative cholera toxin subunit B (CTB) overlay results following sialidase treatment for gangliosides 
GM1, GD1a, GD1b and GT1b. Left panel shows results of isolation using Brij O20, right panel shows results of isolation using Triton X-100. 
ST =standard mixture of GM1, GD1a, GD1b, and GT1b. (b) Quantification results (percentage of relative CTB binding in LR and non-LR 
fractions) are calculated using ImageJ. Results are shown as mean ±SE and individual values for ≥3 biological replicates. n(animals) = 3; 
n(technical replicates) = 3. The asterisk indicates statistical significance (p < .05; Student's t test)

F I G U R E  9   Distribution of common lipid rafts (LR) and bulk membrane (nLR) markers in membrane fractions isolated by using either Brij 
O20 or Triton X-100 detergent. (a) Representative Western blot results for nLR marker transferrin receptor (TfR) and LR marker flotillin 
(Flot1). Fractions collected after lipid raft isolation are numbered 1–11. Left panels show results of isolation using Brij O20, right panels show 
results of isolation using Triton X-100. (b) Boxes represent the percentage in LR and non-LR fractions immunoreactivity intensity which is 
calculated using ImageJ. n(animals) = 5; n(technical replicates) = 4–5. The asterisk indicates statistical significance (p < .05; multiple t test and 
the Holm- Šídák method)
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Amyloid precursor protein processing is heavily dependent on 
ganglioside composition of the membrane and lipid rafts are consid-
ered platforms for amyloid conversion where processing of APP by 
secretases occurs (Fabelo et al., 2014; Fantini & Yahi, 2015; Grassi 
et al., 2019; Grimm et al., 2017; Yamaguchi et al., 2016). However, 
it is important to discriminate between normal and pathological 
conditions, primarily Alzheimer's disease (AD). Many studies have 
been conducted to determine the precise role of lipid rafts in the 
pathogenesis of AD, but the results are often conflicting (Rushworth 
& Hooper,  2010). The research indicates that the key players in-
volved in APP processing are segregated in and out of LRs. Namely, 
APP is found primarily, but not exclusively, outside LRs, while APP 
processing enzymes (β-secretase and γ-secretase) predominantly 
reside inside LRs (Fabelo et al., 2014; Rushworth & Hooper, 2010; 
Santos et  al.,  2016; Vetrivel & Thinakaran,  2010). Under normal, 
non-pathological conditions, APP is first processed outside LRs in a 
different manner than pathological conditions where APP is cleaved 
sequentially inside LRs (Hartmann & Prinetti, 2011; Hicks et al., 2012; 
Santos et al., 2016; Vetrivel & Thinakaran, 2010). Therefore, our re-
sults (Figure 10) obtained in healthy wild-type mouse brain tissue are 
in accordance with published studies finding APP primarily outside 
LRs. However, the proportion of APP found in LRs is still significantly 
higher using Brij O20 than TX100 in the isolation procedure (10% vs. 
2%), which is not at all surprising having in mind a membrane dynam-
ics in living cells and cellular functions of APP dependent on moving 
in and out of LRs.

Neuroplastin is a cell adhesion molecule (CAM) involved in regu-
lation of synaptic plasticity, formation and stabilization of excitatory 
synapses, balancing the ratio of excitatory and inhibitory synapses 
and neuronal calcium regulation, as well as being implicated in AD 
(Beesley et al., 2014; Gong et al., 2018; Herrera-Molina et al., 2014, 

2017; Ilic et  al.,  2019; Korthals et  al.,  2017). It is a heavily glyco-
sylated transmembrane protein dependent on ganglioside environ-
ment: Np expression and localization are altered in the brains of mice 
lacking complex gangliosides (Mlinac et al., 2012). Np has not previ-
ously been investigated in the light of LR/non-LR association and as 
it is influenced by gangliosides in the membrane, we hypothesized 
that we will also detect a difference in Np distribution between Brij 
O20 and TX100 isolations. As a protein which holds a major role for 
neuroplasticity processes and is ganglioside-affected, it is difficult 
to accept that the distribution shown in TX100 isolations reflects 
the physiological positioning of Np. We found that to investigate 
ganglioside-associated proteins linked to neuroplasticity and neu-
rodegeneration in brain tissue, Brij O20 appears to be consistent 
with other, non-detergent-dependent methods. By using a rational 
choice of detergent, we can explain and bring into concordance data 
conflicted about LR affiliation of specific proteins and demonstrate 
that we can biochemically confirm different co-localization studies 
performed in live cells, which were not in agreement with lipid rafts 
studies.

These results offer a change in paradigm that all gangliosides 
are almost exclusive to lipid rafts and we trust this work will enable 
more accurate lipid raft analyses in respect of glycosphingolipid and 
membrane protein composition and lead to improved resolution of 
lipid–protein functional associations within lipid rafts.

ACKNOWLEDG MENTS
This work was funded by Croatian Science Foundation grant 
to MH (Raft tuning, IP-2014-09-2324) and SK-B (NeuroReact, 
IP-2016-06-8636). MH kindly acknowledges the support of 
University of Osijek (INGI-2015-35 grant). KM-J gratefully ac-
knowledges the support from EMBO (Short-term fellowship, ASTF 
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