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Abstract

In prior studies, our laboratory showed that psychosine accumulates and disrupts lipid rafts

in brain membranes of Krabbe’s disease. A model of lipid raft disruption helped explaining

psychosine’s effects on several signaling pathways important for oligodendrocyte survival

and differentiation but provided more limited insight in how this sphingolipid caused demye-

lination. Here, we have studied how this cationic inverted coned lipid affects the fluidity, sta-

bility and structure of myelin and plasma membranes. Using a combination of cutting-edge

imaging techniques in non-myelinating (red blood cell), and myelinating (oligodendrocyte)

cell models, we show that psychosine is sufficient to disrupt sphingomyelin-enriched

domains, increases the rigidity of localized areas in the plasma membrane, and promotes

the shedding of membranous microvesicles. The same physicochemical and structural

changes were measured in myelin membranes purified from the mutant mouse Twitcher, a

model for Krabbe’s disease. Areas of higher rigidity were measured in Twitcher myelin and

correlated with higher levels of psychosine and of myelin microvesiculation. These results

expand our previous analyses and support, for the first time a pathogenic mechanism where

psychosine’s toxicity in Krabbe disease involves deregulation of cell signaling not only by

disruption of membrane rafts, but also by direct local destabilization and fragmentation of

the membrane through microvesiculation. This model of membrane disruption may be fun-

damental to introduce focal weak points in the myelin sheath, and consequent diffuse demy-

elination in this leukodystrophy, with possible commonality to other demyelinating disorders.

Introduction

Krabbe’s disease is a genetic leukodystrophy where mutations in the galactosyl-ceramidase

gene cause the aberrant accumulation of undigested galactolipids [1]. One of these, galactosyl-

sphingosine, also known as psychosine, has been notoriously indicated as the main sphingolipid
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underpinning demyelination by the killing of oligodendrocytes (reviewed in [2]). Although

prior studies from our laboratory showed that psychosine accumulates in lipid rafts, and is suffi-

cient to introduce fundamental changes in their architecture and behavior [3], a direct role–if

any- of psychosine in the damage to myelin sheaths in Krabbe’s disease has not been fully

addressed.

For effective demyelination, psychosine would not only need to accumulate in the myelin

domain but it also would have to significantly disrupt intra- and intermembrane interactions

that keep myelin lamellae compacted. Cis and trans interactions between several glycosphingo-

lipids (GSL) and myelin proteins are fundamental for the production of the stable and mature

myelin compacted sheath [4]. Because of their chemical structure, composed of a hydrophobic

sphingoid base and a hydrophilic inverted cone polar head group, GSL show high melting

points that favor lipid compaction into lipid rafts. In addition, the size of the polar head groups

(sphingomyelin < galactosyl-ceramide < psychosine << sulfatides <<< gangliosides) intro-

duces space restrictions that greatly impact on the lateral mobility, fluidity and curvature of

biological membranes [5–8]. Through these mechanisms, abnormal levels of GSL may facili-

tate the shedding and destruction of biological membranes, including myelin.

Being an inverted cone cationic sphingolipid, psychosine has the ideal chemistry to intro-

duce significant changes in membrane behavior not only by affecting lipid rafts [3], but also by

altering membrane fluidity [9]. Hence, we speculated that in addition to disrupting lipid rafts,

the progressive accumulation of psychosine in myelin restricts lateral mobility in the myelin

membrane, reduces membrane fluidity, and increases the chances of myelin destruction by

membrane shedding. Here, we show that aberrant levels of psychosine affected lipid organiza-

tion of sphingomyelin-enriched submicrometric domains [10], increased membrane rigidity,

and facilitated the microvesiculation and shedding of myelin, providing a deeper insight into

the mechanism of demyelination of Krabbe’s disease.

Materials & methods

Ethics statement

The use of twitcher mice and the experimental studies were approved by the Animal Care and

Use Committee of the University of Illinois at Chicago (Protocol Number 15–101). Breeder

Twitcher heterozygous mice (C57BL/6J, twi/+) were originally purchased from Jackson Labo-

ratory, maintained and treated under standard housing conditions with animal care and use

committee protocols of our institution. Male and female Twitcher mice were used indistinctly.

Mice were anesthetized by isofluorane, and killed by cervical dislocation.

Oligodendroglial cultures

The primary oligodendrocyte cultures were performed as described previously [11]. Briefly,

mice pups were sacrificed at P2-P4, cortex was collected and dissociated and glial cells were

cultured in FBS-based media for 14–15 days before enrichment of oligodendrocytes by shaking

method. The cells were then grown in oligodendrocyte-specific media (OL media) for 4–6

days and these media were collected to isolate microparticles for flow cytometry. CG-4 cells (a

kind gift from Dr Jean de Vellis, UCLA) were plated at 3,500 cells/cm2 in 10cm2 Corning1

Costar1 plates and cultured in CG-4 media as described previously [12]. After 4 days of cul-

ture, medium was replaced either by fresh CG-4 medium (proliferating cells) or by oligoden-

drocyte medium (differentiating medium as detailed in [11]). Cells were cultured for 3

additional days prior to lipid treatment and analysis by flow cytometry. Enriched cortical oli-

godendrocytes and CG-4 cells were washed with PBS and incubated overnight at 37˚C with
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CO2 5% with indicated concentrations of psychosine or the corresponding concentration of

vehicle (DMSO) in CG-4 or oligodendrocyte media.

Erythrocyte isolation, labeling and imaging

Blood was collected on the day of the experiment either from heart before sacrifice and placed

into EDTA-coated Eppendorf or through the retro-orbital plexus by Heparin-coated capillar-

ies (Fischer Scientific). The blood was diluted in Hank’s Buffer Salt Solution (HBSS; pH 7.4)

and sample was centrifuged at 133 g for 2 min to separate erythrocytes (red blood cells, RBCs)

from plasma. Pelleted RBCs were washed and centrifuged twice before resuspension in 10 vol-

umes HBSS. For immobilization, coverslips were coated with 0.1 mg/ml 70–150 kDa poly-lys

incubated for 7 min then diluted 1:1 with HBSS for 7 min before aspiration. After drying,

coated-coverslips were used within 4h. RBCs were immobilized onto coated coverslips at 20˚C

for 4 min, after which suspension was removed and replaced by fresh medium to allow further

RBC spreading for another 4 min before lipid labeling. Wild-type RBCs were pre-incubated with

various concentrations of psychosine or corresponding amounts of vehicle (DMSO) at 37˚C

for 30 min in the presence of an equimolar ratio of defatted Bovine-serum albumin (DF-BSA;

Sigma), washed by centrifugation at 133 g for 2 min and re-suspended into fresh medium be-

fore immobilization onto coated coverslips. Data were reported after normalization to vehicle

(DMSO). RBCs were labeled with BODIPY-lipids (dipyrrometheneboron difluoride ring,

Thermo Fischer Scientific) after immobilization on coated-coverslips. Briefly, cells were rinsed

in HBSS and incubated at 20˚C for 15 min with either 0.75 μM of BODIPY-SM, 1 μM of -PC, or

1 μM -GM1 in HBSS containing equimolar DF-BSA, and finally washed with HBSS [13]. RBCs

labeled for cholesterol analysis by FRAP utilized a modified protocol from Leppimaki et al, [14].

Briefly, TopFluor-cholesterol (TpF-chol, 23-(dipyrrometheneboron difluoride)-24-norcholes-

terol, Avanti Polar Lipids) was complexed to methyl-β-cyclodextrin at a molar ratio of defatted-

BSA (DF-BSA):sterol:cyclodextrin, 1:1:8, in HBSS. This solution was sonicated in a water bath

for 3 X 10 min, vortexed 2 min in-between each sonication, and finally centrifuged at 15,000

rpm for 30 min at 20˚C. The complex was then quantified to assess recovery of lipid probe using

a spectrofluorometric plate reader (excitation 485 nm, emission 535nm). RBCs preincubated

with 2μM psychosine or DMSO vehicle, immobilized on coverslips, were incubated with TpF-

chol-cyclodextrin complex at a calculated concentration of 25 μg/ml sterol for 3 min at 20˚C. For

confocal imaging, the coverslip was placed bottom-up into a Lab-Tek chamber (NuncTM) and

examined in the green channel with a Zeiss LSM 510 or a LSM 710BIG confocal microscope

using a plan-achromat 63x NA 1.4 oil immersion objective. For time-lapse experiments, RBCs

were immobilized on coated-coverslips, labeled with BODIPY-SM and imaged with psychosine

added on the stage. Fluorescence measurement of BODIPY-SM inserted in RBCs was deter-

mined on cells lysed with Triton X-100 (0.1%) and detected by a spectrofluorometer DTX-880

(Beckman-Coulter, Pasadena, CA) at 485nm-excitation and 535 nm-emission wavelengths. For

Laurdan imaging, RBCs were incubated with 1.5 μM Laurdan at 37˚C for 30 min, centrifuged

(130 g for 5 min) and immobilized onto coated coverslips before image acquisition.

Psychosine extraction and analysis by mass spectrometry

Samples were extracted by methanol with acetic acid 0.5% (v/v) upon shaking for 1h at room

temperature, centrifugation at 15,000 g for 10 min, and the supernatant was collected and ana-

lyzed using liquid chromatography tandem mass spectrometry as described previously [15].

Briefly, positive ion electrospray tandem mass spectrometry with selected reaction monitoring

was performed using a Shimadzu LCMS-8050 triple quadrupole mass spectrometer equipped

with a Shimadzu Nexera UHPLC system.
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Fluorescence recovery after photobleaching (FRAP)

RBCs were examined under confocal microscope as described above. A field with several

RBCs upon low laser illumination was selected and a 5-μm2 square regions of interest (ROI)

was defined. The ROI was placed in the middle of adjacent RBCs in order to cover 2.5 μm2

per erythrocyte (<5% cell surface). After recording the initial intensity (fluorescence before

bleaching; Ii), the ROI was briefly photobleached (90–100% of laser power) to achieved a mini-

mal residual fluorescence intensity (Ibleach; ~10–30% of Ii). Fluorescence recovery time (It) was

recorded for 30 sec after returning to a low laser illumination. ROI that moved during this

interval were excluded (<20%). Values were calculated as (It-Ibleach)/(Ii-Ibleach) and fitted to a

single exponential to extrapolate mobile fraction at infinite time recovery (in %).

Osmotic resistance and hemolysis assays

RBCs were incubated in HBSS of different osmotic concentrations (from an isotonic medium

of 320 mOsm down to pure H2O of 0 mOsm) for 30 min at 37˚C before analysis of hemolysis.

Hemolysis was evaluated by hemoglobin release into supernatant after centrifugation at 133 g
for 2 min. Complete hemolysis was induced with 0.2%Triton X-100 and used as control

[16, 17].

Myelin extraction

Brains were homogenized in 0.3 M sucrose 20 mM Tris-HCl buffer (pH 7.5), 1 mM EDTA, 1

mM DTT, 100 μM PMSF using a pestle homogenizer for ~ 10 strokes. Samples, solutions and

centrifugations were all maintained on ice. Myelin was purified as described elsewhere [18].

Myelin was resuspended in a small volume of water, aliquoted and centrifuged at 12,000 g for

15 min for storage as a pellet to be kept at 4˚C for 2 days or at -20˚C for longer periods of time.

Myelin was incubated with psychosine at indicated concentrations at 37˚C for 90 min, centri-

fuged at 12,000 g, and the supernatant was collected for microvesicle analysis. For Laurdan

imaging, myelin was resuspended with 1.5 μM of Laurdan at 37˚C for 60 min, centrifuged at

12,000 g for 15 min and resuspended on coated coverslips before image acquisition by multi-

photon microscopy.

Flow cytometry

Ten μL of blood were stained on ice for 30 min in 100 μL Flow Buffer solution (Ringer solution

with 0.2% BSA and 2 mM EDTA) containing 1 μg/ml final concentration of APC-conjugated

anti-CD235a to recognize RBCs and 1 μM final concentration CellTraceTM CFSE proliferation

kit to probe vesicles and exclude cell debris (ThermoFischer Scientific). Wild-type blood incu-

bated with 5 μM calcium ionophore A23187 (Sigma) and 5 mM CaCl2 (Merck) was used as

positive control to induce vesiculation [19] (data not shown). For enriched cortical oligoden-

drocytes, CG-4 cells and myelin, supernatant was collected, centrifuged at 100 g for 10 min at

room temperature to pellet cells and debris bigger than 5 μm. The supernatant was centrifuged

at 21,000 g for 20 min at 4˚C to pellet the microparticles and stained for 1h on ice in 100 μl

Flow Buffer solution containing 1 μM final concentration CellTraceTM CFSE and 1:60 dilution

of Annexin V Pacific Blue conjugate (ThermoFischer Scientific). This solution was centrifuged

at 21,000 g for 20 min at 4˚C, washed with flow buffer solution, spun and resuspended in

100 μl of flow buffer solution. Stained microparticles were diluted in Buffer solution to reach

0.5 ml containing 10,000 fluorescent beads (CountBrightTM, Molecular Probes) to standardize

the quantification of RBCs and particles (called altogether events). The events were detected by

a Gallios Cytometer analyzer (Beckman-Coulter) equipped with lasers at 488 nm and 638 nm
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wavelengths. 1,000 fluorescent beads were counted per sample. Events were identified by size

through comparison with beads from the Flow cytometry size calibration kit (Molecular

Probes). Data were analyzed by Kaluza software (Beckman-Coulter) and reported as percent-

age of control (untreated cells or vehicle).

Anisotropy measurement

Anisotropy was measured by fluorescence polarization of 1-(4-(Trimethylammoniumphenyl)-

6-Phenyl)-1,3,5-Hexatriene (TMA-DPH; Sigma) [20]. RBCs (100x106 cells) or myelin (100–

200 μg protein) were suspended in Phosphate Buffered Saline (PBS) solution and incubated

with 1 μM TMA-DPH for 10 min and fluorescence was acquired with a PTI Quantamaster

spectrofluorimeter and excitation and emission wavelengths were, respectively, 355 nm and at

430 nm. The steady-state fluorescence polarization was expressed as the anisotropy (r) accord-

ing to the following equation previously described [21]: r = (Ivv-GIvh)/(Ivv+2GIvh), where Ivv

and Ivh correspond to the simultaneous fluorescence acquisition with both parallel (Ivv) or per-

pendicular (Ivh) positions of the excitation and emission polarizers, respectively. The G (= Ihv/

Ihh) stands for the instrumental correction factor. Each point of anisotropy corresponds to an

average of 3 measures with 10 iterations each.

Lipid packing analysis by Laurdan multiphoton microscopy

Images were acquired with Ultima Prairie two-photon microscope (Coherent laser, Prairie

technologie) at 800 nm for excitation and emission collected simultaneously using two detec-

tors with filters at 440 nm (ordered membrane) and 500 nm (disordered membrane). The cal-

culation of GP was performed with a custom-written macro for ImageJ adapted from [22].

Briefly, GP is determined by the equation: GP = (Iordered-G�Idisorded)/(Iordered+G�Idisorded),

where I = intensity signal; G = correcting factor. GP image was displayed in pseudocolors

(rainbow RGB; blue-red lookup table) with the threshold pixels colored in black (background)

and the color range set from GP -1 (blue, disordered) to +1 (red, ordered). Pseudocolored pix-

els were merged with the mean intensity image using hue-brightness-saturation (HSB) color

space. GP was assigned to hue (color), mean intensity to brightness and saturation set to 1.

The result producing an image with (dis)ordered intensities as measured by the lookup scale.

A grayscale intensity image was acquired for quantification. The histogram of intensity in ROI

at the center of the RBC in a grayscale image was analyzed by ImageJ and plotted into Gaussian

distribution, normalized to the total number of pixels. A mean of the GP values was generated

by non-linear fitting curve of Gaussian distribution and the % of control was plotted for com-

parison between treatments. Cell surface (cm2) was measured from pixels of Laurdan images

and converted by ImageJ software corresponding to PLK-free surface of immobilized RBCs.

Thin layer chromatography

RBCs were treated with 0–20 μM of psychosine for 30 min at 39˚C. After washing and lysis

in H2O, lipids were extracted by chloroform:methanol (2:1) and separated by thin layer chro-

matography (TLC) in chloroform:methanol:CaCl2 15 mM (65:35:8; v:v)[23] and revealed by

charring densitometry (180˚C for 5 min) after staining with 10% cupric sulfate in 8% ortho-

phosphoric acid [24]. Quantification was performed by densitometry.

Electron microscopy

Tissue samples were collected and processed for transmission electron microscopy as

described [25].
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Statistical analysis

Values are mean ± SEM of at least 3 independent experiments. Statistical analysis was mea-

sured using GraphPad (San Diego). Data were analyzed by two-tailed unpaired t test (confi-

dence interval 95%) or by ANOVA test followed by Bonferroni multiple-comparison test to

analyze for all possible comparisons, where applicable. NS, not significant (>0.05); �, p<0.05;
��, p<0.01; ���, p<0.001.

Results

Membrane vesiculation of myelin in Krabbe’s disease, a stereotypic

genetic sphingolipidosis

Krabbe’s disease is a sphingolipidosis caused by the deficiency of galactosylceramidase

(GALC) activity. GALC is a lysosomal hydrolase that normally degrades galactosyl-ceramides

and galactosyl-sphingosine (psychosine); its deficiency causes the toxic accumulation of unde-

graded substrates [1]. Psychosine, which is considered to cause the death of oligodendrocytes

and demyelination in Krabbe patients, is a sphingolipid that accumulates in lipid rafts originat-

ing from the brain, where it modulates associated signaling and endocytosis [3, 26]. To test

our hypothesis that local GSL accumulation increases membrane rigidity and induces mem-

brane shedding, we used the Twitcher mouse. This mouse model carries a mutation in codon

339 of the GALC gene, leading to GALC deficiency, psychosine accumulation, and recapitula-

tion of neurological signs and histopathology observed in human Krabbe patients [27, 28].

Examination of peripheral nerves prepared from postnatal (P) days 12, 30 and 40 Twitcher

mice revealed not only the traditional profiles of diffuse demyelination (Fig 1B and 1E), but

also the presence of abundant vesicular material at the apposition of the myelin and axoplasma

membranes (Fig 1B arrows, 1C, boxes) as well as at the outer tongue of myelin membranes

(Fig 1C, arrows in boxed image). Altered profiles of myelin compatible with vesiculation can

Fig 1. Microvesiculation of myelin in the Twitcher mouse. Electron microscopy micrographs of

myelinated axons from peripheral nervous system shows myelin damage and vesicle association (arrows)

demonstrated at sciatic nerves (Sc. Nv.) in presymptomatic P12 Twitcher (B) and late stage P40 Twitcher (C,

top inset: large vesicle expanded. Bottom inset: myelin protruding from lamella) as compared to healthy wild-

type (A). The ultrastructure of the Node of Ranvier in sciatic nerve of a healthy wild-type (D) vs Twitcher (E)

presenting vesicular disruption of myelin lamellae (E, arrows) and region specific paranodal normalcy with

myelin rupture at one side of the paranode region (white arrowhead) whereas other regions of the paranode

were intact (dark arrowhead). D, E are composite images from multiple photographs. Bar = 1 μm, applies to all

panels.

https://doi.org/10.1371/journal.pone.0178103.g001
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also be found in several electron microscopy studies of sphingolipidoses such as metachro-

matic leukodystrophy [29–31], Krabbe’s disease [32], Tay-Sachs’ disease [33], Farber’s disease

[34], and in multiple sclerosis [35], underlining an underestimated involvement of membrane

alterations including shedding in several demyelinating conditions.

Psychosine reduces specific lipid planar mobility, increases focal rigidity,

and induces plasma membrane shedding

First, we determined psychosine’s perturbation effects using purified preparations of RBCs as

a model to study lipid dynamics in plasma membranes [10]. Psychosine’s effects were mea-

sured in RBCs prepared from affected Twitcher and healthy cells exposed to exogenous psy-

chosine. In both conditions, psychosine was found enriched in purified preparations of RBC

plasma membranes (Fig 2A and 2B), correlating with disease progression [36, 37], and without

Fig 2. Psychosine destabilizes submicrometric lipid domains in red blood cells. A) Red blood cells

(RBCs) from Twitcher mice and healthy littermates collected at different days of age (P14-P40) were analyzed

for psychosine content. Psychosine in Twitcher RBCs was significantly higher at all ages as compared to healthy

control, with psychosine levels increasing with age (n = 3 in 4 independent experiments). B) Wild-type RBCs

incubated with 0–10 μM of psychosine, washed and processed for psychosine extraction and quantification.

Data from 6 independent experiments. C) Hemolysis was measured after incubation with 0–20 μM psychosine.

D, E) Confocal images of P40 RBCs labeled with BODIPY-SM showed a decrease of BODIPY-SM domains in

Twitcher (D) as compared to wild-type (E). Scale bars, 2 μm. F) Isolated-RBCs collected from P14-P40 were

dyed with BODIPY-SM, -PC and -GM1 and labeled sub-micrometric domains were counted by confocal

microscopy. There was no difference in domains of Twitcher vs wild-type RBCs from mice below 30 days of age,

while domains were significantly decreased in Twitcher RBCs at P30 and P40 (N = 109–924 in 3–6 independent

experiments). G) Domains were counted in P40 wild-type hemi-RBCs after exposure to 0–5 μM of psychosine

and labeled with BODIPY-SM, -PC or -GM1. H) RBCs were incubated with various concentrations of psychosine

before labeling with BODIPY-SM and membrane fluorescence determined. I) RBCs were incubated with various

concentration of psychosine. Sphingomyelin (SM) and phosphatidylcholine (PC) were extracted and separated

on thin layer chromatography and quantified by densitometry. All aforementioned psychosine incubations

were 30 minutes at 37˚C. The results are mean ±SEM. NS, not significant (>0.05); *, p <0.05; **, p <0.01;

***, p <0.001.

https://doi.org/10.1371/journal.pone.0178103.g002
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significant damage (i.e. hemolysis) to RBCs (Fig 2C). Submicrometric domains, ranging

between 0.2–2 μm were identified by high-resolution confocal microscopy of fluorescent ana-

logues of GSL (BODIPY-labeled GSL), as previously validated in human RBCs [10]. BODIPY-

labeled psychosine probes are not available but we used BODIPY-labeled sphingomyelin

(SM), phosphatidylcholine (PC), and ganglioside GM1 probes for qualitative and quantitative

analyses of plasma membrane submicrometric domains [38]. The abundance of BODIPY-SM,

BODIPY-PC and BODIPY-GM1 labeled domains significantly decreased in Twitcher cells

with disease progression, particularly in animals at the terminal stage of the disease (Fig 2D–

2F). Lipid incorporation experiments further demonstrated that psychosine was sufficient to

induce similar reductions in the plasma membrane domains of healthy erythrocytes (Fig 2G).

Disruption of sub-micrometric domains was neither caused by deficient insertion of BOD-

IPY-lipid probes in the presence of psychosine (Fig 2H), nor by reduction of endogenous lipid

levels as quantified by thin layer chromatography (Fig 2I).

Plasma membrane lipids are distributed between those clustering into immobile submicro-

metric domains and the mobile fraction, including those moving individually or in clusters

within the membrane plane [13]. The latter can be indirectly studied by fluorescence recovery

after photobleaching (FRAP), which is primarily used to study lateral diffusion of plasma

membrane constituents [39]. This measure is used to functionally reflect lipid compartmental-

ization by observing a restriction of lateral diffusion after the photobleaching of a field at a spe-

cific size. Indeed, a free, unrestricted and homogenously organized molecule should display

100% recovery by FRAP measurement. However, when a pool of the plasma membrane mole-

cules is constrained, it shows decreased lateral diffusion and will have restricted mobility. We

and others have previously reported that lipids were partially restricted in their mobility as an

indirect evidence of plasma membrane compartmentalization in different eukaryotic cell lines

and human RBCs [38, 40–42]. Accordingly, we confirmed here that this restriction of mobility

exists in murine RBCs, as the mobile fraction in healthy RBC was ~65% for the three BOD-

IPY-lipids. FRAP analyses showed a significant (~15%, p value < 0.05) decrease of mobile

BODIPY-SM in the plasma membrane of Twitcher RBCs (Fig 3A and 3D), demonstrated by a

significant increase of the half-life mobility (Fig 3G). Treatment of healthy RBCs with exoge-

nous psychosine also reduced the mobility of BODIPY-SM (Fig 3A and 3D). Similar FRAP

analyses for BODIPY-PC and BODIPY-GM1 showed non-significant changes in their mobil-

ity in Twitcher RBCs or after incubation with psychosine (Fig 3).

The observed effect of psychosine on BODIPY-SM mobile fractions and half-life suggest

that lipid rafts may additionally be altered. SM and cholesterol are the most abundant lipid

species found in lipid rafts, and previous work has shown psychosine to correlate with cho-

lesterol in lipid raft fractions [3]. As such, we measured cholesterol dynamics in RBCs pre-

incubated with psychosine using FRAP analysis. TopFluor-cholesterol complexed with cyclo-

dextrin evidenced a significant decrease in mobile fraction, with increased half-life mobility in

psychosine treated RBCs (S1 Fig). This result suggests a transient interaction of psychosine

with cholesterol, which could lead to more restricted mobility and downstream consequences

in membrane organization and cellular signaling. Altogether, these results show that psycho-

sine destabilizes not only the number and organization of sub-micrometric domains in the

plasma membrane, but also reduces the planar mobility of specific lipids such as SM and cho-

lesterol (Table 1).

The reduction of SM and cholesterol lateral diffusion and disruption of sub-micrometric

domains predicted that psychosine would induce changes in the overall fluidity of the plasma

membrane, which is largely defined by the dynamics and organization of its constitutive lipids

[43]. Alternatively, changes in fluidity may be restricted to focal areas in the membrane. To

study these two possibilities, we used anisotropic spectroscopy of trimethyl-ammonium
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diphenylhexatriene (TMA-DPH) to infer changes in overall membrane fluidity [44] and gen-

eralized polarization (GP) of Laurdan for direct focal fluidity measurements [22]. TMA-DPH

anisotropy in Twitcher and psychosine-treated wild-type erythrocytes, as well as treated wild-

type and Twitcher myelin showed an absence of significant changes in overall membrane flu-

idity (Fig 4A–4C). Furthermore, there was no overall osmotic-dependent membrane fragility

observed in Twitcher erythrocytes (Data non-shown). In contrast, psychosine induced focal

increases of ordering/rigidity in Twitcher erythrocytes and wild-type cells exposed to the lipid

(Fig 4D–4H, arrows), with significantly increased GP values as measured by Laurdan fluores-

cence (Fig 4I). Furthermore, the frequency of high GP domains per cell was significantly

increased in Twitcher cells as well as in control cells after psychosine treatment (Fig 4J). The

discrepancies observed between these distinct measurements of membrane fluidity are

explained by the unique detection thresholds of TMA-DPH and Laurdan to membrane

Fig 3. Psychosine reduces sphingomyelin lateral mobility. A-C) Delayed time to recover from

photobleaching by BODIPY-SM (A), BODIPY-PC (B) and BODIPY-GM1 (C) (N = 61–648 in 1–4 independent

experiments). D-F) The mobile fraction of BODIPY-SM (D) but not that of BODIPY-PC (E) and BODIPY-GM1

(F) in Twitcher and wild-type RBCs treated with psychosine were significantly lower than wild-type RBCs.

G-I) Similarly, the half-life of FRAP signal was increased for BODIPY-SM (G) but not for BODIPY-PC (H)

and BODIPY-GM1 (I) in Twitcher and wild-type RBCs treated with psychosine, evidencing an effect of

psychosine in the plasma membrane and an interaction with sphingomyelin. All aforementioned psychosine

incubations were 30 minutes at 37˚C Results are mean ± SEM. NS, not significant (>0.05); *, p <0.05;

**, p <0.01; ***, p <0.001.

https://doi.org/10.1371/journal.pone.0178103.g003
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Table 1. Psychosine reduces sphingomyelin and cholesterol lateral mobility.

Probes Mobile Fraction (%) Half-life (sec)

WT Twi Psy WT Twi Psy

BODIPY-SM 62.4 ± 2.3 55.0 ± 1.0** 57.0 ± 0.9* 2.7 ± 0.3 3.6 ± 0.1** 3.2 ± 0.2*

BODIPY-PC 51.1 ± 1.7 54.4 ± 0.9 50.5 ± 1.7 3.0 ± 0.1 3.2 ± 0.1 2.9 ± 0.3

BODIPY-GM1 60.9 ± 1.3 55.8 ± 2.2 64.3 ± 2.7 4.2 ± 0.4 3.6 ± 0.2 4.6 ± 1.1

TpF-CHO 41.5 ± 2.3 n.d. 36.1 ± 1.3** 3.6 ± 0.4 n.d. 8.7 ± 0.6**

Twitcher (Twi) and wild-type (WT) RBC (preincubated with DMSO or 2 μM psychosine) were immobilized and incubated with the indicated BODIPY or TpF-

fluorescent lipid probe for FRAP measurement. Mobile fraction and half-life were derived from the fluorescence intensity at ‘infinite’ time after

photobleaching, calculated by monoexponential fitting.

Values are mean ± SEM (n = 61–648, 2–4 experiments)

*p<0.05

**p<0.01 as compared to WT.

n.d., non-determined.

https://doi.org/10.1371/journal.pone.0178103.t001

Fig 4. Psychosine increases rigidity in focalized areas of the RBC plasma membrane. A-C) Overall

fluidity in RBCs (A,B) and purified P40 brain myelin (C) measured by TMA-DPH is not affected by psychosine

or in Twitcher mice. Wild-type, Twitcher, and wild-type RBCs preincubated with increasing concentrations of

psychosine were analyzed by TMA-DPH anisotropy. D-H) Multiphoton excitation microscopy imaging of

Laurdan in P40 wild-type (D), Twitcher (E), and wild-type RBCs treated with 2 (F), 5 (G) or 10 μM of psychosine

for 30 minutes at 37˚C. (H). GP images are in pseudo-colors with the range indicated by the color bar going

from fluid (blue/green) to rigid (yellow/red). Scale bar, 10 μm. I) GP value from the center of RBCs were

analyzed as represented inside the white dashed circles in (D) and plotted as % of change from wild-type

values. J) Distribution of domains of high GP and high-rigidity. Results are mean ± SEM of samples N = 68–

257 in 3–4 independent experiments. NS, not significant (>0.05); *, p <0.05; **, p <0.01; ***, p <0.001.

https://doi.org/10.1371/journal.pone.0178103.g004
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changes. The bulk measurement of RBC membranes by TMA-DPH likely diluted the detection

of localized membrane changes due to anisotropy distortion not measured in the central

region of the cell. These same changes were detectable by Laurdan due to its deeper insertion

into cell membranes, including centralized regions, as well as its homogenous insertion with

emission-shift measurements remaining independent lipid phase state. These results demon-

strate that psychosine effects on the plasma membrane are not generalized to the entire mem-

brane, but rather are restricted to local areas of accumulation, in agreement with our previous

findings [3]. Psychosine effects included the induction of domains of high rigidity, which

could potentially force other sub-micrometric domains (i.e. those enriched with BODIPY-lip-

ids) to disassemble (Fig 2F).

The increase of rigid areas in the membrane plane in response to focal increments of psy-

chosine underlines the possibility that abnormal local membrane tensions at the edge of sub-

micrometric domains could lead to membrane shedding [45]. To study this, an analysis of cell

area was first performed on immobilized erythrocytes via confocal microscopy, confirming a

significant decrease in the average cell surface area of Twitcher cells in comparison to control

cells (36.1 ± 5.1 vs 40.6 ± 4.8 μm2, respectively) (Fig 5A). Psychosine was found to reduce the

cell surface area to a similar degree (Fig 5A). Shrinkage of erythrocytes has been observed in

various disease conditions [17, 19, 46] and attributed to increased membrane curvature and

shedding (i.e. vesiculation). These particles range in size from several nanometers up to ~4 μm

and may have roles in the propagation of pathogenic cues [47]. Confocal microscopy imaging

on wild-type RBCs labeled with BODIPY-SM, revealed abundant areas of increased curvature

after on-stage incubation with psychosine (Fig 5B, arrows 1 and 2), leading into the budding

and shedding of 0.5–4 μm diameter vesicles (Fig 5B, arrows 3–7, and S1 Movie). Control RBCs

exposed to vehicle (DMSO) showed minimal protrusion (S2 Movie).

To quantify this process, we used laser-assisted flow cytometry to count the number of vesi-

cles released from Twitcher and control cells (Fig 5C) [19, 46, 48]. Due to the complex compo-

sition of blood, the threshold for detection of smaller microvesicles over background noise was

optimized to include those from 1–4 μm. We determined that membrane shedding in the

selected vesicular gate (1–4 μm) was doubled in Twitcher cells (Fig 5D). Double labeling of ves-

icles for the vesicular marker CFSE and the erythrocyte marker CD235a confirmed a two-fold

increase of erythrocyte-derived particles (EdP) in Twitcher cells (Fig 5E). Altogether, these

results show that psychosine introduces focal regions of rigidity in the RBC plasma membrane,

affecting its curvature and facilitating membrane shedding.

Psychosine increases membrane rigidity and shedding of oligodendroglial

cells and myelin

A prediction derived from our results is that Twitcher oligodendrocytes, which, along with

myelin, constitute the primary pathological target in Krabbe’s disease, will be prone to similar

psychosine-induced membrane shedding. We tested this idea in cultures of cortical Twitcher

oligodendrocytes, acutely prepared from newborn brains and differentiated for one week before

analysis of microvesicle release. The isolation of vesicles from this cell population allowed for a

more sensitive detection of smaller vesicles (0.5–3 μm). Flow cytometry analysis revealed a

~170% increase of the gated 0.5–3 μm microvesicles released in the supernatant by Twitcher oli-

godendrocytes in respect to control levels (Fig 6A). Furthermore, a dose-dependent effect of

psychosine was measured indicating that 5 μM psychosine was sufficient to induce the release

of microvesicles from wild-type oligodendrocytes at levels similar to Twitcher cells (Fig 6A).

In Krabbe’s disease, most of white matter pathology occurs once oligodendrocytes are dif-

ferentiated and producing myelin [49, 50]. Myelinating oligodendrocytes are generated by
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differentiation of highly proliferative progenitors, but little is known about deficits in GALC

mutant progenitors in this disease. To study if cell cycling status renders oligodendroglial cells

more or less sensitive to the shedding effects of psychosine, a bipotential oligodendrocyte-type

2-astrocyte progenitor cell line (CG-4 cell line) [51] was used to generate proliferative (i.e.

under the pressure of platelet derived growth factor) or differentiating (i.e. under the pressure

of thyroid hormone and absence of mitogens) oligodendroglial cells, subsequently exposed to

psychosine. Psychosine induced significant levels of microvesicle release in differentiated but

not proliferative oligodendrocytes (Fig 6B), suggesting that the membrane of proliferating pro-

genitors is less vulnerable to psychosine. Experiments using a control lipid (lactosyl-sphingo-

sine, LacS) showed lack of significant shedding (Fig 6B).

Fig 5. Psychosine affects cell surface area by vesiculation. A) RBCs from P40 TWI or WT pre-incubated with psychosine for

30 minutes at 37˚C were labeled with BODIPY-SM, plated on poly-lysine coated slides and their surface area was measured by

confocal microscopy. Twitcher cell surface area was significantly decreased, an effect also elicited in wild-type cells after exposure

to 2–10 μM of psychosine (N = 28–44 in 3 independent experiments). B) RBCs labeled with BODIPY-SM were exposed to

psychosine during a 60 min on stage incubation. Vesicles appeared at the surface following different stages of budding, from

membrane outward bending (#1, #2), to small (1–2 μm, #3, #4) and large (2–4 μm #5 to #7) vesicle budding. C-E) Flow cytometry

graphs plotting side (SSC) and forward scatter (FSC) of events with a gate selected for size 1–4 μm (microvesicles, mv) and

6–7 μm (RBCs) (C) showed a significant increase in Twitcher with respect to wild-type cells (D). Analysis of RBC CD235a

confirmed the erythrocyte origin of the vesicles (expressed as erythrocyte-derived particles, EdP in E). Results in D and E were

normalized by total RBCs counted in the 6–7 μm region from 3 independent experiments. Results are mean ± SEM. NS, not

significant (>0.05); *, p <0.05; **, p <0.01; ***, p <0.001.

https://doi.org/10.1371/journal.pone.0178103.g005
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Demyelination in Krabbe’s disease has been correlated for a long time with the progressive

increase of psychosine in the affected brain [43, 52]. However, the mechanism involved in the

process of demyelination is unclear. Based on the previous experiments, we predicted that

local increases of psychosine in the mutant myelin would lead to increase of myelin rigidity,

and microvesiculation. In fact, psychosine is ~100-fold higher in myelin purified from P40

Twitcher brains in respect to levels found in age-matched control myelin (Fig 6C). Local

fluidity measurements (changes in GP Laurdan emission), but not overall fluidity measures

(TMA-DPH anisotropy, Fig 4B), clearly showed that Twitcher myelin is significantly more

rigid than control myelin (Fig 6D, 6E and 6H). Similar increases of local membrane rigidity

were measured after incubating control myelin with increasing concentrations of psychosine

(Fig 6F, 6G and 6H). Furthermore, incubation with psychosine induced the progressive release

of microvesicles from control myelin membrane preparations (Fig 6I).

Altogether, our results support a pathogenic model where the local concentration of psy-

chosine modifies myelin fluidity towards a more rigid status and leads to fragmentation via

shedding of microvesicles. This mechanism may be a key contributor to demyelination in

Krabbe’s disease.

Fig 6. Membrane rigidification and vesiculation of Twitcher oligodendrocytes and myelin. A, B) Flow

cytometry quantification of vesicles (0.5–3 μm) from enriched cortical oligodendrocytes from Twitcher or wild-type

mice incubated with 2–5 μM of psychosine overnight at 37˚C (A) and from CG-4 cell cultures in proliferating or

differentiating conditions (B). Incubation with lactosyl-sphingosine (LacS) did not significantly promote the release

of vesicles in brain-purified oligodendrocytes (A) and CG-4 cells (B). C-H) Psychosine content in myelin extracted

from P40 wild-type and Twitcher mice (C). Brain myelin extracted from P40 wild-type (D), Twitcher (E) and wild-

type treated with 5 (F) or 10 μM of psychosine for 90 minutes at 37˚C (G) were incubated with Laurdan and

analyzed by multiphoton microscopy (H). I) Vesicles were analyzed by flow cytometry from purified wild-type

myelin after incubation with 5–20 μM of psychosine for 90 minutes at 37˚C. Results are expressed as percentage

from control levels (i.e. myelin incubated with vehicle) of 3–7 independent experiments and presented as the

mean ±SEM. NS, not significant (>0.05); *, p <0.05; **, p <0.01; ***, p <0.001.

https://doi.org/10.1371/journal.pone.0178103.g006
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Discussion

Our study advances new evidence for a toxicity mechanism by which the accumulation of the

lysosphingolipid psychosine damages myelin by rigidification of its membranes, providing for

the first time a mechanistic insight in how psychosine directly contributes to the process of

demyelination of Krabbe’s disease. By using three different experimental systems including

RBCs (non-myelinating, organelle free cells), oligodendrocytes, and myelin, our results sup-

port a model where the insertion of psychosine molecules in concentrations that represent

those found in peripheral blood and nervous tissue from sick Twitcher mice, results in archi-

tectural and dynamic disorganization and destabilization of the membrane. By studying mem-

brane disorganization in the RBC system, we found that psychosine elicited lower lateral

mobility of sphingomyelin and cholesterol, which correlated to areas in the plasma membrane

with higher focal rigidity, and lead to membrane shedding. This process did not appear

restricted to a specific cell type, but was rather dependent on psychosine itself, as these effects

were also observed in oligodendrocytes isolated from the mouse cortex, and the CG-4 oligo-

dendroglial cell line in conditions of high psychosine content.

As postulated by the lipid raft theory, GSL are essential contributors to lateral membrane

heterogeneity and are important for membrane bioactivity and cellular functions [6]. It is rea-

sonable to hypothesize that the insertion of aberrant levels of psychosine in cellular mem-

branes initiates cellular toxicity by affecting membrane-based mechanisms. In our previous

studies, we found that psychosine is enriched in and disrupts the architecture of lipid rafts [3],

underlining the impact of this lipid on membrane structure. Additionally, a recent study

showed that an enantiomer of psychosine elicited similar levels of toxicity to the natural form

of psychosine, underlining that psychosine’s toxicity involves at least lipid-lipid interactions

[53]. Support for this notion was attained from membrane swelling of protein-free liposomes

after insertion of the enantiomer [53]. Our present study adds to these reports by supporting a

model where psychosine is sufficient to disrupt lipid-lipid homeostasis in cell membranes,

affecting selected lipids. For example, the association of GSL with cholesterol is the founda-

tional idea of the lipid raft theory [54], and clearly one that is altered in Krabbe’s disease [3].

Indeed, the presence of psychosine decreased cholesterol extractability, indicating that the two

lipids interact within the membrane [53], contributing to decreased membrane fluidity [55].

Central to the proposed mechanism of psychosine-mediated loss of myelin structure is the

confirmation of significant levels (~100-fold with respect to control levels) of psychosine in

myelin in the brain of affected Twitcher mice.

Changes in membrane fluidity have been also measured in other sphingolipidoses such as

Niemann-Pick [56–58], GM1 gangliosidosis [59], in chemical (LPC) induced demyelination

[60] and a recent work using rotating-polarization coherent anti-stokes raman scattering

showed disordered myelin in sciatic nerves from sick Twitcher mice [61]. Such changes

contribute to increased cellular vulnerability in sphingolipidoses [43, 62] but may also bear

importance in myelin vulnerability in other conditions such as Multiple Sclerosis [63] and Alz-

heimer’s disease [64, 65]. In this aspect, our study provides with the first evidence that psycho-

sine not only accumulates in myelin membranes but is sufficient to cause myelin loss by

microvesiculation.

Although our results support a model where lipid-lipid homeostasis is targeted by psycho-

sine, it does not rule out other potential direct or indirect interactions between psychosine and

integral proteins, peripheral proteins, and/or the submembranous cytoskeleton, which in con-

junction with the psychosine-lipid effects described above would enhance toxicity in vivo [9].

Future analyses will interrogate the role of direct and/or indirect psychosine-protein interac-

tions in demyelination.
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Fluidity, which directly impacts membrane bending, is a key biophysical property that un-

derpins the adaptation of structure to function. Because each lipid has a specific shape dictated

by its chemical structure, the accumulation of specific lipids is sufficient to induce changes in

membrane curvature [66]. In this respect, our results show that psychosine increases focal

rigidity in myelin, which in the context of disease, may introduce focal areas where the myelin

sheath weakens and facilitates its disintegration during demyelination. In vivo electron im-

agery has clearly shown increased vesiculation in myelinated axons of affected patients and

animal models [29–35]. Such changes in membrane curvature may also help explain other

membrane alterations found in Krabbe’s disease such as axonal and dendritic membrane

swellings [67], and in other pathological conditions such as gangliosidoses [68, 69], multiple

sclerosis [70], and a number of other neurological conditions [47].

How myelin accommodates structural changes (remodeling) during myelination and demye-

lination is largely not understood. During myelination, myelin membranes need to bend to render

the spiraled, and compacted structure of the mature sheath. Along these lines, during demyelin-

ation, myelin lamellae likely undergo analogous "pathogenic" remodeling that weakens and dis-

rupts the highly-ordered myelin sheaths, leading to areas of disruption and myelin loss. In this

respect, our results provide a foundational framework to begin studying myelin vulnerability to

other myelin components including inverted coned polar GSLs, cholesterol, and myelin proteins.

Our study predicts that changes in the local concentration of these molecules may trigger effects

not only altering lipid raft behavior [6], but also the fluidity and stability of the myelin sheath.

Significance statement

The direct participation of neurotoxic sphingolipids such as psychosine in the destruction of

myelin in genetic leukodystrophies such as Krabbe’s disease remains unaddressed. Here we

show that psychosine accumulates in myelin membranes from the animal model of Krabbe’s

disease causing localized areas of higher rigidity in the membrane. Furthermore, psychosine

facilitates the loss of myelin by microvesiculation. This study reveals that abnormal accumula-

tion of a myelin sphingolipid can cause direct structural changes leading to destabilization and

destruction of myelin. The implications of local increments of myelin components in vulnera-

bility in other myelin diseases is discussed.

Supporting information

S1 Fig. FRAP analysis of TopFluor-cholesterol mobility in red blood cells. A) Delayed time to

recover after photobleaching by TopFluor-cholesterol (TpF-chol). B) Mobile fraction of TpF-

chol is reduced in RBCs treated with 2 μM psychosine. C) Half-life measurements are increased

in WT RBCs pre-incubated with psychosine compared to vehicle controls. Results are the result

of 2–3 independent experiments and are reported as the mean ± SEM. �, p<0.05.

(TIF)

S1 Movie. Psychosine induces vesiculation. Red blood cells were labeled with BODIPY-SM

as in Fig 5 and were exposed to 2 μM psychosine on stage. Images were acquired every 5 min

for 60 min by live confocal microscopy. Vesicles progressively appeared in psychosine treated

cells in a greater extent than in vehicle-treated cells.

(MP4)

S2 Movie. Control of vesiculation in vehicle-treated cells. Red blood cells were labeled with

BODIPY-SM as in Fig 5 and were exposed to vehicle (DMSO) on stage. Images were acquired

every 5 min for 60 min by live confocal microscopy.

(MP4)
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