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Lipid rafts (LRs) are membrane realms characterized by high concentrations of cholesterol and sphingolipids. Often, they are portrayed
as scaffolds on which many different signaling molecules can assemble their cascades. The idea of rafts as scaffolds is garnering signifi-
cant attention as the consequences of LR disruption have been shown to be manifest in multiple signaling pathways. In this study, LRs in
the brain of the twitcher (TWI) mouse, a bona-fide model for infant variants of human globoid cell leukodystrophy or Krabbe disease,
were investigated. This mouse has deficient activity of GALC (�-galactosylceramidase) that leads to a progressive accumulation of some
galactosyl-sphingolipids in the brain. We hypothesized that the accumulation of psychosine (galactosyl-sphingosine) in the TWI CNS
may result in the disruption of rafts in different cell populations such as neurons and oligodendrocytes, both cellular targets during
disease. In this communication, we demonstrate that psychosine specifically accumulates in LRs in the TWI brain and sciatic nerve and
in samples from brains of human Krabbe patients. It is also shown that this accumulation is accompanied by an increase in cholesterol in
these domains and changes in the distribution of the LR markers flotillin-2 and caveolin-1. Finally, we show evidence that this phenom-
enon may provide a mechanism by which psychosine can exert its known inhibitory effect on protein kinase C. This study provides a
previously undescribed biophysical aspect for the mechanism of pathogenesis in Krabbe disease.

Introduction
Globoid cell leukodystrophy or Krabbe disease (KD) is a sphin-
golipidosis that is caused by the genetic deficiency of the enzyme
�-galactosylceramidase (GALC). The loss of GALC results in the
progressive accumulation of the sphingolipid metabolite galacto-
sylsphingosine (psychosine), demyelination, and early death
(Wenger et al., 2001; Suzuki, 2003). Since it is known that psy-
chosine is a highly toxic compound, it has long been assumed that
its accumulation is the major driving force behind the progres-
sion of KD (Suzuki, 1998). It is of note that, with the exception of
few reports, particularly those from Giri et al. (2006) showing
psychosine-mediated activation of phospholipase A2 and from
Haq et al. (2003) describing psychosine-based upregulation of
AP-1 in oligodendrocytes, very little is understood about the mo-
lecular mechanism by which psychosine imparts toxicity. As a
result of this lack of knowledge, the mechanism by which KD
might progress has largely remained undescribed.

Lipid rafts (LRs) are defined as unique regions of the cell mem-

brane that have a characteristically high concentration of cholesterol
and sphingolipids (Pike, 2006). These membrane microdomains, as
they are often called, are considered to be extremely important facil-
itators, if not participants, in processes involving cellular signaling.
One important example of this phenomenon is the segregation of
�-secretase in different membrane domains in developing mice. It is
thought that the association of �-secretase with lipid rafts is impor-
tant for the regulation of its proteolytic targeting (Vetrivel et al.,
2005). Another example is the apparent targeting of some protein
kinase C isozymes to specific membrane regions after activation (Ry-
bin et al., 1999). This phenomenon is thought to facilitate interac-
tions between protein kinase C (PKC) and its downstream targets
during important signaling processes. Lipid raft disruption is also
suggested as a mechanism important in the progression of several
diseases (Simons and Ehehalt, 2002). Included in this list of diseases
are several neurodegenerative diseases such as Alzheimer, Niemann-
Pick, and metachromatic leukodystrophy (MLD). Interestingly,
MLD is a disease caused by the loss of the enzyme arylsulfatase A and
the resulting accumulation of sulfatides in the brain (Gieselmann,
2003). Since its etiology is similar to that of KD, it is reasonable to
assume that raft disruption may be a mechanism that is also at play in
the progression of KD. In this study, the possibility that psychosine
accumulation may lead to disruption of lipid rafts and associated
signals is considered as one possible mechanism for the progression
of Krabbe disease.

Materials and Methods
Samples. For the twitcher colony, breeder twitcher heterozygous mice
(C57BL/6J, twi/�; Jackson Laboratories) were maintained under stan-
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dard housing conditions with approval of the Animal Care and Use
Committee. Mice were allowed to survive as long as humanely possible.
When a mouse reached a moribund condition, it was killed. DNA was
extracted from clipped tails of newborn mice at postnatal day 1 (P1) to P2
and used for PCR genotyping as described previously (Sakai et al., 1996;
Dolcetta et al., 2006). Postmortem samples from brain cortex from a
3-year-old Krabbe patient with the classic infantile variant and from an
age-matching control were generously provided by Dr. Bizzozero (Uni-
versity of New Mexico, Albuquerque, NM). Collection time was within
4 – 6 h after death.

Cell culture. HeLa cells were obtained from ATCC. Cells were grown in
standard conditions with DMEM-F12 medium containing 10% fetal bo-
vine serum (FBS). Before exposure to sphingolipids, cells were briefly
trypsinized, centrifuged, and counted. Cells were plated on 10 cm culture
dishes (2 � 10 4 cells per cm 2) in serum-free medium and were incubated
overnight before addition of 10 �M (final concentration) of either psy-
chosine, D-sphingosine, or vehicle. Cells were incubated for 24 h before
being exposed to 20 ng/ml of platelet-derived growth factor (PDGF)-BB
for 15 min. After growth factor incubation, cells were scraped (not
trypsinized), collected, washed in PBS three times, and processed for raft
preparation.

Lipid raft preparation. Lipid raft preparation was performed as de-
scribed by Vetrivel et al. (2004). Tissue was dissected and homogenized
15� with a glass-Teflon homogenizer in 2 ml of buffer A (20 mM Tris-
HCl pH 7.4, 50 mM NaCl, 250 mM sucrose, 1 mM DTT, mammalian
protease inhibitor cocktail, 1 mM PMSF, 1 mM okadaic acid, 2 mM so-
dium orthovanadate). One ml of homogenate was saved for total brain
assays; the other was further processed for LR preparation. The experi-
mental sample was then passed through a 25 gauge needle 5� and cen-
trifuged at 960 g for 10 min at 4°C. The supernatant was then collected
and placed in a 15 ml conical tube. The pellet was resuspended in 0.5 ml
of homogenization buffer A and again passed through a 25 gauge needle
5� and centrifuged at 960 g for 10 min at 4°C. Both supernatants were
pooled and supplemented with 10 �l of 1 M Tris HCl pH 7.4, 200 �l of 1
M NaCl, 20 �l of 0.5 M EDTA, 200 �l of 5% Lubrol, and 200 �l of buffer
A. The resulting mixture of �2 ml was nutated for 30 min at 4°C. Once
completed, the sample was brought to a concentration of 45% sucrose
and a volume of 4 ml. Using a Labconco auto densi-flow density gradient
fractionator, 4 ml of 35% sucrose and 5% sucrose were loaded on top of
the homogenate. Tubes were then transferred to a Beckman-Coulter
SW-41 rotor and subjected to ultracentrifugation at 39,000 rpm for
19 –22 h at 4°C. After ultracentrifugation, the gradient fractionator was
used to collect gradients in 1 ml aliquots. The resultant preparations
contained raft markers in fractions 4 –5. Raft preparation using the
detergent-free optiprep method was performed essentially as described
previously (Macdonald and Pike, 2005).

Rafts from cells were prepared by collecting cells in 2 ml of lysis buffer
(25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Lubrol,
mammalian protease inhibitor cocktail, 1 mM PMSF, 1 mM okadaic acid,
and 2 mM sodium orthovanadate), and passaging them through a 25
gauge needle 5�. An equal volume of 90% sucrose was added to the
lysates to bring them to a concentration of 45% sucrose. Gradients were
then poured on to the lysates and ultracentrifuged as above.

Mass spectrometry. Tissue and lipid raft samples were extracted in chlo-
roform/methanol/water and analyzed using liquid chromatography-
tandem mass spectrometry, as described previously (Galbiati et al.,
2007). Positive ion electrospray precursor ion scanning was performed
using an Applied Biosystems API 4000 triple quadrupole mass spectrom-
eter equipped with a Shimadzu HPLC system and Leap autosampler
(Whitfield et al., 2001).

Cholesterol assay. Cholesterol concentrations were measured in 96-
well plates using the fluorometric Amplex Red cholesterol assay kit (In-
vitrogen). Assay plates were quantified for relative fluorescence using the
Beckman Coulter DTX 880 multimode detector.

Western blot. Proteins were extracted from aliquots of total homoge-
nates used for LR preparation. For LR analysis, LR fractions 4 –12 were
solubilized (fractions 1–3 are devoid of proteins) in a final concentration
of 0.25% SDS. Loading volumes were normalized to the protein content
of pooled aliquots of fractions 8 –12 from the samples being compared.

Gel electrophoresis was performed using the XCell Sure-lock vertical
electrophoresis system (Invitrogen) and 4 –12% 10-well 1.5 mm precast
Nupage gels (Invitrogen). After transferring to PVDF membrane, blots
were blocked with milk/BSA solution and then treated with primary
antibodies. Antibodies used in this study were the following: anti-
flotillin-2, P115 (Beckton Dickson), caveolin-1 (Cell Signaling), PKC
(Santa Cruz), phospho-PKC (Cell Signaling), and actin (Millipore Bio-
science Research Reagents). Antibody-reactive products were detected
using peroxidase-labeled secondary antibodies and ECL chemilumines-
cent substrate (Pierce). Wild-type and twitcher lipid raft blots were ex-
posed for the same amount of time on the same film to allow for com-
parison of protein abundance in raft fractions.

Immunocytochemistry. Immunocytochemical methods are described
in detail previously (Givogri et al., 2006, 2008). Briefly, cells were treated
experimentally and then fixed using 4% paraformaldehyde. Fixed cells
were then incubated with primary antibodies for phosphorylated PKC
and/or cholera toxin B for the labeling of GM1 gangliosides. After label-
ing with secondary antibodies, cells were imaged using a Zeiss LSM 510
meta confocal microscope.

Statistical analysis. Results are the average from two to four different
experiments and are expressed as mean � SE. Data were analyzed by the
Student’s t test. p values �0.05 were considered statistically significant.

Results
Psychosine preferentially accumulates in lipid rafts in the
twitcher nervous system
The twitcher (TWI) mouse is a natural model for KD. The pro-
gression of disease in this animal is severe, with disease-related
changes becoming externally noticeable around postnatal day 20
(P20). Despite a well characterized demyelinating phenotype, lit-
tle is understood regarding the molecular progression of KD. The
most obvious candidate as a molecular catalyst for disease pro-
gression is psychosine, a sphingolipid that accumulates as pa-
tients develop the disease. Figure 1A depicts the total concentra-
tion of psychosine, as determined using mass spectrometry, that
was found in wild-type (WT) and TWI brains at P3, P20, and P40.
This figure shows significantly higher levels of psychosine in the
TWI brain at all time points. Figure 1B shows representative data
acquired during the mass spectrometric analyses of the P3 mouse
samples. The labeled peak in this picture represents psychosine.
From this data it can clearly be seen that this sphingolipid is
detected at much higher levels in samples prepared from TWI
mice as early as P3.

To examine the effects of psychosine on cell membranes in the
TWI nervous system, LRs were isolated from whole brains at P3,
P20, and P40 and from sciatic nerves at P40. Again, using mass
spectrometry, the concentrations of psychosine were assayed in
the LRs and non-LR membranes in both genotypes at each time
point. First, to determine whether psychosine accumulates in
LRs, samples from P40 brains were prepared using both a
detergent-based (Lubrol) and a detergent-free (optiprep)
method. Figure 1, C and D, shows a comparison of psychosine
and cholesterol levels in these preparations and clearly illustrates
that psychosine does indeed accumulate in rafts and that this is
not a method-dependent phenomenon. Next, a full analysis of
fractions from all mouse tissues and time points was carried out.
Figure 2A shows that, in fractions prepared from WT and TWI
brains, psychosine in LRs builds up to very high levels. Concen-
trations measured in the TWI brain LRs at P3 were �8 pmol/g of
wet tissue, representing an increase of around sevenfold from the
WT (Fig. 2A,B). At P20, psychosine was found to be very highly
targeted to rafts and concentrations were found to have risen to
�700 pmol/g of wet tissue (Fig. 2A). This trend was continued in
P40 samples, where psychosine concentration in the TWI brain
LRs was found to have risen to near 1000 pmol/g of wet tissue, or
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�300-fold with respect to the age-
matched WT (Fig. 2A). Figure 2C ac-
counts for all parts resulting from the
preparation of LRs and shows that in all
membrane (nonpellet) fractions at each
time point psychosine is preferentially ac-
cumulated in rafts. It should be noted that
apparent increases in pellet psychosine in
P40 TWI samples can be correlated to sub-
stantial increases in the total levels of psy-
chosine that are detected in the late stage
brains (see also Fig. 2A), suggesting that at
this age, psychosine is saturating all cellu-
lar compartments.

The peripheral nervous system is highly
affected by the genetic defect in the TWI
mouse and was also investigated. In Figure
2D, the distribution of psychosine in LR
fractions prepared from P40 sciatic nerves is
shown. This graph depicts findings analo-
gous to those in the brain, showing that, in
these samples, psychosine is also found to
accumulate in LR fractions. These experi-
ments illustrate a never-before-observed
finding that psychosine accumulates prefer-
entially in LRs in the TWI mouse. Impor-
tantly, this has been demonstrated at several
time points throughout the life of the animal
and in both the central and the peripheral
nervous systems.

Lipid raft cholesterol concentrations
and protein marker distributions are
altered in the twitcher nervous system
Since the above data clearly establish that
psychosine accumulates preferentially in
lipid rafts of TWI brains, assays were per-
formed to show whether this results in dis-
ruption of raft-associated cholesterol. Figure
3A shows concentrations of cholesterol in
WT and TWI brains at P3, P20, and P40. In
agreement with previous studies (Igisu et al.,
1983), no differences in total brain choles-
terol were observed between WT and TWI.
Figure 3B illustrates the amount of esterified
cholesterol found in WT and TWI brains at
both time points. Interestingly, there is a
slight (�5% at P3, 6% at P20, and 1% at
P40) but observable decrease in the amount
of esterified cholesterol found in the TWI
brain with respect to the WT. Figure 3, C and
D, depicts the distribution of cholesterol in
LR fractions at P3 (Fig. 3C), along with the
percentage of total cholesterol that is found
in the raft fractions from WT and TWI
brains at all time points (Fig. 3D). The distri-
bution of cholesterol in LR fractions shown
for P3 mice confirms that the fractionation
method used isolates rafts that are rich in
cholesterol while also depicting an interest-
ing trend of slight increases in the cholesterol
concentrations in the TWI LRs. During
quantification of this increase it was calcu-

Figure 1. Psychosine accumulates in detergent-free and detergent-based lipid raft fractions. Psychosine accumulations were
studied by subjecting lipid raft fractions prepared from both WT and TWI mice at P3, P20, and P40 to mass spectrometric analysis.
A, Analysis of total concentrations of psychosine in picomoles per gram of wet tissue shows significant increases in TWI brains
when compared with WT brains. Data for P3 is shown in the inset. B, Representative data from mass spectrometric analysis of
psychosine in raft fractions shows a significantly larger MS–MS response peak in P3 TWI compared with P3 WT. C, Analysis of LR
fractions prepared using a detergent-based method shows preferential distribution of psychosine and cholesterol in raft fractions
(4 –5). Data for each fraction are presented as a percentage of the total. D, Investigation of fractions prepared using a detergent-
free method also shows preferential distribution of psychosine and cholesterol in raft fractions (4 –5). Data for each fraction are
presented as a percentage of the total. Data for A are expressed as a mean � SE from two to four mice per time point.

Figure 2. Psychosine preferentially accumulates in TWI lipid rafts. A, Comparison of total psychosine in raft fractions shows a
significant increase in levels of the sphingolipid in TWI rafts at P3, P20, and P40. Data are expressed as a mean � SE from two to
four mice per time point and are shown in picomoles per gram. B, Mass spectrometric analysis of fractions prepared from P3 brains
are amplified to more clearly convey differences at this age. These data are expressed in picomoles per gram and confirms that
psychosine preferentially accumulates in rafts (fractions 4 –5) at P3. C, Quantification of psychosine in raft, nonraft membrane,
and pellet portions of the preparation indicate that membrane psychosine is preferentially accumulated in lipid rafts. Data are
expressed as a percentage with respect to total psychosine. D, Analysis of psychosine accumulation in TWI sciatic nerves at P40
shows that, in peripheral nervous tissue, psychosine is accumulated in lipid rafts at levels comparable to those found in the brain.
This figure is also expressed in picomoles per gram.
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lated that, for P3 brains, WT LRs contain �56% of the total brain
cholesterol, and TWI LRs contained �63.5% of the total brain cho-
lesterol. At P20, LR cholesterol is shown to be 34% of the total in the
WT and 42.7% of the total in the TWI. In the P40 WT brain, LR
cholesterol is shown to be �13% of the total and the P40 TWI rafts
are shown to contain 18% of the total (Fig. 3D). Interestingly, the
increase in free cholesterol in the TWI LR fractions can be correlated
to the decrease found in the levels of esterified cholesterol in the
mutant brains.

Next, an experiment was performed to determine whether the
accumulation of psychosine in LRs could be correlated to any
changes in raft protein marker distribution. To answer this ques-
tion, Western blots were performed using fractions prepared

from WT and TWI brains at P3, P20, and P40. The protocol used
for raft preparation in this study isolates LRs in fractions 4 –5,
whereas fractions 6 –12 are considered nonraft and 1–3 are de-
void of protein. The pellet, which is also assayed for each sample,
is made up of undefined material that is the result of the low-
speed centrifugation in the early stages of the preparation. Each
sample was assayed for the raft markers caveolin-1, flotillin-2,
and the nonraft control P115. In the first panel of Figure 4, the
protein distributions in raft fractions prepared from P3 brains of
WT and TWI mice are shown. This result indicates that the P3
twitcher brain has an obvious disruption in the form of a signif-
icant loss of both flotillin-2 and caveolin-1 from fractions 4 and 5.
Figure 4 also shows the results from the LR preparations of P20
brains. This was chosen as a mid-point in disease progression and
shows that, in raft fractions 4 and 5, flotillin-2 levels only increase
a small amount, whereas levels of caveolin-1 have increased sub-
stantially. The analysis of P40 brain samples is found in the third
panel of Figure 4. In these mice, results exactly the opposite of
those for P3 are observed with flotillin-2 and caveolin-1 accumu-
lating substantially in the LR fractions. These results suggest a
scenario in which levels of raft marker proteins fluctuate as psy-
chosine begins to accumulate in these membrane domains. Es-

Figure 3. Increase in cholesterol accompanies psychosine accumulation in TWI lipid rafts. A,
Fluorometric analysis of total cholesterol concentrations are expressed in microgram per gram
of tissue and show no change between WT and TWI at P3, P20, or P40. B, Assay of esterified
cholesterol as a percentage of the total shows that less esterified cholesterol is found in TWI
brains when compared with WT at P3, P20, and P40. C, Levels of cholesterol in raft fractions are
expressed as a percentage of the total. This shows a preferential distribution of cholesterol
concentrations in LR samples (fractions 4 –5). D, Total levels of cholesterol in LRs (fractions
4 –5) are increased in a manner that may be correlated to decreases in esterified cholesterol.
These measurements are also conveyed as a percentage of the total. Data are expressed as a
mean � SE from two to four mice per time point.

Figure 4. Redistribution of raft marker proteins accompanies psychosine accumulation in
TWI lipid rafts. Lipid raft fractions from wild-type (W) and twitcher (T) nervous tissue were
subjected to Western blot analysis. Representative blots are presented and show distributions
of both raft Flotillin-2 (Flot 2)- and Caveolin-1 (Cav 1)- and nonraft (P115)-markers. These blots
show that raft-marker distribution in the twitcher at all time points and in all tissues is disrupted
in conjunction with the accumulation of psychosine. Proteins were also analyzed in total ho-
mogenates (To) and pellets (Pe). Actin was used as a house-keeping gene in Pe and To fractions.
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sentially, markers are displaced from their proper localization
early on and then begin to accumulate at high levels as the disease
progresses and psychosine levels in rafts go up. Experiments to
examine the level of each marker in total homogenates at all time
points with respect to the housekeeping gene actin show no sig-
nificant change in the total amounts of the raft marker proteins.
Measurement of protein in the uncharacterized pellets resulting
from the raft preparation show that, in most cases, changes in
protein levels in raft fractions correlate to changes in those levels
in the pellet.

The final portion of Figure 4 describes the characterization of
protein markers in representative peripheral nervous tissue from
P40 mice. For this experiment, sciatic nerves were removed and
subjected to LR preparation. Interestingly, the results from the
sciatic nerves mimic those seen in the brain at P40 with an in-
crease in both flotillin-2 and caveolin-1. This suggests that the LR
defect characterized in the CNS of the TWI mouse is also present
in the peripheral nervous tissue.

Distribution of psychosine, cholesterol, and lipid raft marker
proteins in samples from human Krabbe disease patients
The above findings suggest an intriguing pattern of LR disruption
in the TWI mouse. To determine whether this phenomenon is
relevant to human disease, LRs were prepared from brain sam-
ples of cortical gray matter from a 3-year-old human Krabbe
patient along with an age-matched control. Figure 5A shows the
distribution of psychosine in control versus Krabbe LR fractions.
These results indicate an accumulation of psychosine of �170
pmol/g tissue in the LRs of Krabbe brain. This is an increase of
�18-fold when compared with rafts prepared from control tis-
sue. Figure 5B conveys the results of an assay of cholesterol con-
centrations in these fractions. As is shown in the TWI experi-
ments, in the human samples, accumulation of psychosine is
accompanied by an increased accumulation of cholesterol in LR
fractions. In control samples, �31% of the total cholesterol is
found in LR fractions. In contrast, in the Krabbe samples closer to
39% of total cholesterol is found to be localized in LRs. Finally,
Figure 5C shows the results of assays of raft marker proteins in the
human samples. These pictures show a loss of raft markers
flotillin-2 and caveolin-1 in the LR fractions, indicating a bio-
chemical alteration in the composition of the LRs in the Krabbe
brain.

Activation of protein kinase C in lipid rafts is inhibited in
twitcher nervous tissue
PKC is an important signaling protein involved in many cellular
functions such as proliferation, apoptosis, and differentiation
(Nakashima, 2002). It has previously been shown that psychosine
can inhibit the activity of protein PKC (Hannun and Bell, 1987),
and that this inhibition has implications in cell systems that are
relevant to KD. In oligodendrocytes, the major myelinating cell
type of the CNS, treatment with psychosine has been shown to
alter PKC-dependent phosphorylation of myelin basic protein
(Vartanian et al., 1989). When Schwann cells, which produce
myelin in the PNS, are cultured directly from the TWI mouse,
they are shown to have impaired PKC activity, which results in
suppressed proliferation (Yoshimura et al., 1993, Yamada et al.,
1996). Importantly, many isozymes of PKC have also been de-
scribed as LR-dependent signaling proteins (Rybin et al., 1999).
These studies in combination suggest the possibility that PKC
inhibition in the TWI mouse may be the result of psychosine
accumulation in LRs and their subsequent disruption.

The data presented so far in this communication describe

clear alterations in the membrane architecture in the TWI and
KD nervous systems. Importantly, this disruption is highly cor-
related to the preferential accumulation of psychosine in the LRs.
Furthermore, not only is psychosine a known inhibitor of PKC,
but raft disruption has also been shown to inhibit the normal
activity of PKC (Wang et al., 2007). To describe the implications
of these findings in the realm of the progression of KD, a series of
experiments relating to the function of PKC in LRs were carried
out. Figure 6 describes the first of these experiments, which was a

Figure 5. Psychosine accumulation disrupts raft architecture in brains of human Krabbe
patients. A, Mass spectrometric analysis of human samples is expressed in picomoles per gram
and reveals that psychosine preferentially accumulates in lipid rafts in humans with Krabbe
disease. B, Fluorometric cholesterol assays of human samples are expressed as a percentage of
the total and show that cholesterol accumulation accompanies the accumulation of psychosine.
C, Western blotting was used to analyze fractions prepared from human tissue for distributions
of the lipid raft-marker proteins Flotillin-2 (Flot 2) and Caveolin-1 (Cav-1). The results show a
disruption of these proteins in a pattern similar to that observed in the TWI mouse. P115 was
again used as a marker for nonrafts.
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characterization of phosphorylated (activated) and total PKC in
raft fractions from P20 and P40 brains along with P40 sciatic
nerves. This was done to provide two important measures of PKC
activity in vivo: first, whether PKC is associated with rafts, and
second, the level to which it is phosphorylated. Western blot data
show that, at both time points and in both tissues, levels of total
PKC in the LR fractions are decreased in the TWI when compared
with the WT (Fig. 6A). This figure also suggests that levels of
phosphorylation in these tissues are lower in TWI LRs (Fig. 6A).
Levels of phosphorylation as a function of total PKC in LR frac-
tions (fractions 4 and 5) were quantified and are presented in
Figure 6B. This graph confirms that phosphorylated PKC is mea-
surably lower in the TWI rafts in all samples when compared with
the WT (Fig. 6B). To show whether this phenomenon is simply
the result of a lack of PKC in the tissues as a whole, levels of total
PKC in tissue homogenates were also assayed. The results of this
analysis are presented in Figure 6C and show very little overall
change in total levels of PKC (Fig. 6C). Taken in the context of
this communication as a whole, these experiments suggest that
psychosine accumulation in LRs is indeed correlated to alter-
ations in the distribution of the functionally important PKC-
signaling molecule. Importantly, this provides significant evi-
dence that the previously observed inhibition of PKC in TWI
tissues and by psychosine directly may be the result of the effects
of this sphingolipid on the architecture of the membrane.

Psychosine treatment inhibits raft localization of
activated PKC
The above data suggests that LR localization and associated acti-
vation of PKC are impaired in TWI nervous tissue. The following
experiments were designed to more clearly establish whether psy-
chosine may be a direct cause of the aforementioned alterations.
To answer this question, an in vitro paradigm was established in
which the activation of PKC could be induced in a controlled and
measurable manner and the effects of psychosine could be di-
rectly assayed. In this system, HeLa cells were cultured and
treated with 10 �M psychosine or vehicle alone for 24 h before
being stimulated to activate PKC. Since it is well established as an
activator of PKC, stimulation of cells was done using PDGF (Na-
kashima, 2002). It should also be noted that PDGF was used in
the above referenced studies that showed an impairment of PKC
activity in TWI Schwann cells and that PKC is involved in
Schwann cell proliferation (Yamada et al., 1996, Yoshimura et al.,
1993), further establishing its relevance to this study. After de-
signing this system, several control experiments were performed
to see whether exogenous exposure of cultured cells to psycho-
sine can induce LR alterations similar to those seen in vivo. Figure
7A shows results from the measurement of endogenous psycho-
sine and cholesterol in LR fractions prepared from untreated
HeLa cells. This graph depicts the presence of the expected peaks
of accumulation of these lipid species in fractions 4 and 5 (Fig.
7A). Cells were then subjected to fractionation after 24 h of ex-
posure to psychosine or vehicle. These fractions were assayed
using mass spectrometry, which showed that even when cells are
exogenously exposed to psychosine, it still preferentially accumu-
lates in the LRs (Fig. 7B). Measurement of cholesterol and the LR
marker caveolin-1 in these same fractions showed that, as ex-
pected, both are preferentially localized in fractions 4 and 5 (Fig.
7C,D). To establish the functionality of the PDGF receptor
(PDGFr) in this model in the presence of psychosine, cell cultures
were treated with PDGF for 15 min before being lysed and ana-
lyzed using Western blots. Figure 7, E and F, shows that levels of
phosphorylated (active) PDGFr are increased after exposure to

Figure 6. Psychosine accumulation parallels a decrease in protein kinase C in TWI lipid rafts.
Lipid raft fractions from WT and TWI nervous tissue were analyzed using antibodies for total
protein kinase C (tPKC) and phosphorylated PKC (pPKC). A, Western blots show the distribution
of PKC and its active phosphorylated form in the brain at P20 and P40 and in the sciatic nerve at
P40. These results show a decrease of total PKC in TWI rafts while also illustrating a much more
significant loss of pPKC in these fractions. This indicates a significant reduction in the raft-based
localization of PKC that occurs as psychosine concentrations go up in these membrane realms. B,
Levels of activated (phosphorylated) PKC in raft fraction (4 –5) are quantified with respect to
the amount of total PKC in the same fractions. These results are expressed as a ratio of pPKC/
tPKC. This analysis confirms a measurable reduction in pPKC in TWI tissues. C, Levels of PKC in
total homogenates are presented from P20 and P40 brains and from P40 sciatic nerves.
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PDGF regardless of the presence of psy-
chosine. Western blot data are also pre-
sented for the cytoskeletal proteins actin
and tubulin (Fig. 7E). These results show
no changes in levels of either cytoskeletal
protein. Together, this data establishes two
important pieces of information. First, it is
shown that LR preparation from cells pro-
vides results that are comparable to those
seen in fractions from tissue homogenates.
Second, and more importantly, the data
also show that psychosine treatment in-
duces changes in LRs that are analogous to
those seen in the TWI in vivo. Specifically,
these results show a preferential accumu-
lation of psychosine (Fig. 7B) and a slight
increase in cholesterol and caveolin-1 in
LR fractions (Fig. 7C,D). Not only does
this validate the utility of the in vitro para-
digm, but it also provides compelling evi-
dence that psychosine accumulation is at
least partially responsible for the raft dis-
ruption observed in TWI nervous tissue.

Immunocytochemistry (ICC) was used
to visualize the localization of activated
PKC in HeLa cells cultured in various con-
ditions after a 15 min stimulation with 20
ng/ml of PDGF. Figure 8A–D shows im-
ages from the first set of ICC analyses using
an antibody for the detection of active
PKC. As a baseline, unstimulated cells
show low positive immunoreactivity for
active PKC near or within the membrane
(highlighted by arrows) (Fig. 8D). In con-
trast, stimulation of cells with PDGF is
shown to result in the detection of brightly
fluorescent clusters of active PKC (in red
and highlighted by arrowheads) that ap-
pear to be localized within the membrane
(Fig. 8C). Interestingly, when cells are in-
cubated for 24 h with psychosine before
stimulation with PDGF, this phenomenon
is abolished and very few clusters of active
PKC seem to be found within the mem-
brane (highlighted by arrows) (Fig. 8A).
To show that this observation is specific to
psychosine and not a general nonspecific
consequence of exposure to any sphingo-
lipid, cells treated for 24 h with
D-sphingosine were also stimulated with
PDGF. Figure 8B shows that, similar to the stimulation of un-
treated cells, these conditions produce highly immunoreactive
clusters of phosphorylated PKC that appear to be near or within
the membrane (highlighted by arrowheads) (Fig. 8B). This com-
bination of results establishes that psychosine induces visible al-
terations in the localization of active PKC. However, they do not
clearly show whether this change is associated with the loss of
PKC in the membrane.

To more directly approach this question, a second set of ICC
experiments was performed. For this set of analyses, the same
antibody for active PKC (red) was used in conjunction with fluo-
rescently labeled cholera toxin B (CTXB) (green), which labels
the membrane by binding to GM1. This method is designed to

allow for the direct imaging of any possible colocalization of clus-
ters of active PKC with the membrane after stimulation with
PDGF. The results of these experiments are shown in Figure
8E–H. As expected, cells grown under normal conditions or in
the presence of psychosine do not show large punctuate clusters
of active PKC and do not show colocalization of active PKC with
the membrane (highlighted by arrows) before stimulation with
PDGF (Fig. 8H,G). Since in the previous experiment it was al-
ready established that D-sphingosine does not have significant
effects on the activation of PKC by PDGF, these cells were used to
show the normal localization of activated PKC. Figure 8F shows
that, during PDGF stimulation, D-sphingosine treated cells ex-
hibit strong punctate-phosphorylated PKC immunoreactivity,

Figure 7. Treatment of cells in vitro with psychosine results in lipid raft alterations that mimic those observed in vivo. HeLa cells
were cultured and treated with either 10 �M psychosine or vehicle for 24 h before being subjected to lipid raft preparation. A, Rafts
from untreated HeLa cells were assayed for cholesterol levels, which are expressed in micrograms per milligram of protein, and
endogenous psychosine levels which are expressed in nanomoles per milligram of protein. These analyses show an enrichment of
both lipid species in raft fractions. B, Mass spectrometric detection in fractions from treated HeLa cells shows that exogenous
addition of psychosine results in its targeted accumulation in rafts (fractions 4 –5), which is expressed in nanomoles per milligram
of protein. C, Analysis of cholesterol concentration in fractions from treated HeLa cells is expressed in micrograms per milligram of
protein and shows an increase in cholesterol in the LR fractions (4 –5) after psychosine exposure. D, The level and distribution of
the raft marker protein caveolin-1 was assayed and shows an increase in abundance in raft fractions during treatment with
psychosine. The nonraft marker P115 was also measured in addition to the measurement of the levels of both proteins in total cell
lysates. E, Levels of phosphorylated and total PDGFr (pPDGFr and tPDGFr, respectively) along with levels of tubulin and actin were
analyzed by Western blot. Analyses were done using HeLa cells in each of the following conditions: untreated control conditions
(control), in the presence of PDGF (�PDGF), in the presence of 10 �M psychosine (�10 �M Psy), and in the presence of both PDGF
and 10 �M psychosine (�10 �M Psy �PDGF). F, Quantification of the level of phosphorylation of PDGFr in E is presented. These
results indicate that PDGFr can be activated even in the presence of psychosine. Measurements are presented as a ratio of
pPDGFr/tPDGFr.

6074 • J. Neurosci., May 13, 2009 • 29(19):6068 – 6077 White et al. • Rafts in Krabbe Disease



and, most importantly, that these clusters are highly colocalized
with the CTXB-labeled membrane (highlighted by arrowheads)
(Fig. 8F). In contrast, when cells treated with psychosine are
stimulated with PDGF, colocalization of active PKC with the
membrane is almost completely abolished (highlighted by arrow-
heads) (Fig. 8E). This result supports what is suggested by Figure
8A, which is that psychosine interferes with the proper localiza-
tion and activation of PKC within the membrane.

Discussion
In this study, it has been shown that the TWI mouse model of
Krabbe disease shows a significant accumulation of psychosine in
LR fractions and that this accumulation is correlated to signifi-
cant disruptions in the architecture and composition of LR do-
mains. It has also been demonstrated that a similar phenomenon
can be observed in human patients suffering from Krabbe dis-
ease. Furthermore, the accumulation of psychosine in LR frac-
tions has been shown to significantly disrupt the normal activities
of PKC. Therefore, for the first time, it is reported that psycho-
sine, the lipid species accumulated in KD, preferentially accumu-
lates in lipid rafts which can subsequently disrupt their organiza-
tion and drive a functional defect of signaling activity.

These results give rise to several important questions. First,
since it is clear that psychosine is preferentially accumulated in
rafts, by what mechanism might this occur? Targeting of lipid
species to rafts is thought to be a result of their biochemical and
biophysical properties (Simons and Ikonen, 1997). It is suggested
that these characteristics result in the preferential ordering of
cholesterol and sphingolipids based on their highly favorable in-
teraction. Psychosine has similar properties to those of other
sphingolipids found in rafts, and this may result in a favorable
interaction with cholesterol. This would explain not only the
observation of targeted psychosine accumulation but may also
account for the increased cholesterol concentrations found in
TWI, human Krabbe, and psychosine-treated HeLa cell LRs.

With regard to cholesterol, a few intriguing observations have
been presented here. Importantly, cholesterol is highly enriched
in the brain and is thought to play a very significant role in the
function of its cellular population (for a review, see Vance et al.,
2005). Since brain cholesterol is synthesized in situ, it is interest-
ing to note that the observations presented here show an increase
in raft cholesterol that is concurrent with a decrease in esterified
cholesterol. This would suggest that local stores of cholesterol
esters in the brain provide the source for increased levels of the
lipid in rafts. This idea is also supported by the fact that total
cholesterol concentrations in the TWI and Krabbe brain are not
changed during the course of the disease.

Another question that arises from the above data is why LR
marker proteins in the mouse show different responses at differ-
ent time points. A possible explanation is that psychosine may
initially disrupt the normal interactions of raft proteins with
these domains. This disruption may result in a type of distress
signal that may increase the amount of these raft proteins tar-
geted to the appropriate place to reestablish any interrupted pro-
tein–protein interactions. The large subsequent increase in psy-
chosine may also play a role in this phenomenon by increasing
the pool of sphingolipids in the membrane, resulting in an in-
crease in raft size and stability. This conclusion may be supported
by the observation that the human, with psychosine accumula-
tion more comparable to the P3 TWI, shows a protein distribu-
tion that is also closer to that of the P3 TWI.

The most important question that is raised by the results pre-
sented here is what the potential functional consequences of

Figure 8. Psychosine reduces PDGF-induced colocalization of active (phosphorylated) PKC with
the cell membrane and lipid rafts. A–D, An experiment in which HeLa cells treated with either psy-
chosine, D-sphingosine, or nothing were stimulated with PDGF to activate PKC and subsequently
stained with an antibody for active PKC (pPKC) (red). A, HeLa cells treated with psychosine (Psy) for
24 h and subsequently stimulated with PDGF. Under these conditions, very little active PKC is labeled
at or around the membrane (see arrows). B, Cells treated with D-sphingosine (D-Sph) for 24 h before
PDGF stimulation. These cells showed abundant localization of pPKC near or within the membrane
(see arrowheads). C, Cells that were not exposed to any sphingolipid treatment before stimulation
with PDGF. These results demonstrate that pPKC can be observed at or near the membrane (see
arrowheads) in normal cells after stimulation with PDGF. D, Control cells were not treated and were
not stimulated with PDGF, showing their steady state. As expected, no pPKC is observed at or near the
membrane (see arrows) before stimulation with PDGF. E–H, The same experiment as above, except
that cells are labeled with both pPKC (red) and the lipid raft-marker CTXB (green) to show true colo-
calization of pPKC with the membrane. E, Cells that were treated for 24 h with Psy followed by stim-
ulation with PDGF. This image shows, under these conditions, minimal colocalization of pPKC and
CTXB (see arrowhead). F, Cells treated with D-Sph for 24 h and subsequently stimulated with PDGF.
This image shows that these conditions allow for a robust colocalization between pPKC with CTXB (see
arrowheads) after stimulation with PDGF. G, Cells treated with Psy for 24 h without PDGF stimulation.
As expected, this image shows no colocalization of pPKC and CTXB (see arrows). H, Cells that were not sub-
jected to treatment with sphingolipids or stimulation with PDGF. This image shows the unperturbed basal
stateofthesecells inwhichnocolocalizationofpPKCandCTXBcanbeobserved(seearrows).
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psychosine-induced LR disruption are.
For several years, it has been established
that chemical lipid raft disruption can re-
sult in loss of function of associated signal-
ing molecules (Keller and Simons, 1998;
Mañes et al., 1999). It has also been shown
that treatment of cells with short-chain
ceramides can induce changes in mem-
brane architecture that disrupt raft-
associated signals (Gidwani et al., 2003). It
is possible that psychosine accumulation
in rafts may have a similar effect, thereby
representing a potential molecular mech-
anism for its toxicity. This idea is sup-
ported by the results presented above for
experiments regarding PKC. Psychosine
has long been known to be an inhibitor of
PKC activity (Hannun and Bell, 1987),
however, in what way this occurs has re-
mained undescribed. Interestingly, the
function of PKC�, the isozyme activated
by PDGF (Choudhury et al., 1993), has
been shown to be intimately related to the
characteristics of the membrane. For ex-
ample, in a study using liposomes of
known composition, PKC� activity was
shown to be decreased by alterations in
membrane phase/fluidity that resulted in
an increase in the overall order of the sys-
tem (Micol et al., 1999). More specifically
related to rafts, the ability of PKC� to exert
its normal function on the epidermal
growth factor receptor has been shown to be dependent on the
raft protein caveolin-1 (Wang et al., 2007). Importantly, in the
latter study, the disruption of LRs using methyl-�-cyclodextrin
also showed that general raft manipulations can result in the loss
of normal function of PKC. A somewhat analogous phenomenon
is suggested by the data presented in this study; however, in this
case psychosine is the mediator of LR disruption. As stated above,
it is well known that psychosine can inhibit PKC and also that
PKC activity in the TWI mouse is decreased. Since PKC activity is
dependent on the makeup of the membrane, it is logical to con-
clude that the mechanistic link between these two findings is the
psychosine-based disruption of its architecture.

There are several other raft-associated processes that may be
disrupted by psychosine, some of which include neurite out-
growth (Niethammer et al., 2002), axonal guidance (Ibáñez et al.,
2004), long-term potentiation (Ma et al., 2003) and myelination
(Krämer et al., 1999). The disturbance of myelination is of par-
ticular interest in KD as it is classically characterized as a demy-
elinating disease. Disruption of proper raft-mediated signaling
may be one of the forces driving the demyelinating process by the
lack of proper communication between oligodendrocytes and the
environment or disrupted interactions with the axons themselves
(Galbiati et al., 2009). Each of these mechanisms provides inter-
esting and important targets for future investigation.

A few other observations from this study should also be men-
tioned. First, a normal cellular function for psychosine has never
been observed or suggested. In fact, it is commonly thought to be
an intermediate without a known biological function (Suzuki,
1998). Here, it has been shown that psychosine appears to be
present in low concentrations in normal LRs, including the LRs
of the human brain and those isolated from HeLa cells. It may be

that the normal function of psychosine is somehow related to
LRs, an idea that certainly warrants further investigation.

Another important observation from this study is the fact that
raft disruption can be detected at P3 in the TWI mouse, a time
point well before significant demyelination (Taniike and Suzuki,
1994) and certainly before noticeable phenotypic abnormalities.
This may suggest that the molecular pathogenesis of Krabbe dis-
ease begins earlier than previously thought. It may also highlight
the possibility that other cell populations such as neurons may be
adversely effected by psychosine (L. Cantuti and E. R. Bongar-
zone, unpublished observations). Notably, this idea may provide
insight into the general inability of current cell and enzyme re-
placement therapies for KD to reverse the course of disease (Gal-
biati et al., 2009).

A final important implication of this investigation is that this
type of mechanism may not be unique to the TWI and its accu-
mulation of psychosine. Several other diseases including MLD,
Niemann-Pick disease, and the gangliosidoses are the result of
aberrant sphingolipid metabolism. Since, by definition, LRs are
dependent on specific concentrations of sphingolipids, these
metabolic errors, although unique, may all result in an analogous
phenomenon of LR disruption.

To conclude, based on the data provided in this examination
of both TWI and human Krabbe LRs, the following pathophysi-
ological mechanism for Krabbe disease is proposed. The muta-
tion of GALC and the resultant LR-targeted accumulation of
psychosine disrupts the normal architecture of the rafts (Fig. 9).
This drives a cascade of events in which there is an interference of
protein–protein interactions that normally occur in rafts, result-
ing in aberrant cell signaling, which then could lead to a decrease
in normal overall cellular function and survival (Fig. 9). This

Figure 9. Proposed model of deregulation of various raft-modulated cell functions in Krabbe disease. The illustration proposes
a working model where the preferential accumulation of psychosine in the raft domain, consequent to the deficiency of GALC
activity, leads to deregulation of raft-associated signals in Krabbe disease. In this hypothetical model, under normal sphingolipid
metabolism, two hypothetical partners (A, B) are spatially accommodated to provide functional interaction and hence, normal
signal activity. In Krabbe disease, the raft domain increases in size because of the accumulation of psychosine and other compo-
nents of the raft, leading to the spatial separation of the two partner molecules A and B, disrupting the function of the associated
signal. The consequent deregulation in signal activity can influence different dependent cellular processes according to the cell
type where this occurs. The proposed model does not illustrate other possible raft alterations such as fragmentation of abnormal
rafts and impairment of signaling by spatial separation of raft components.
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series of events should be considered, at the least, as a potential
contributing factor in the overall decline in health of those suf-
fering from KD.
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