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Abstract

To examine the function of glycosphingolipids (GSLs) in oligodendrocytes, the myelinating cells
of the central nervous system (CNS), mice were generated that lack oligodendroglial expression of
UDP-glucose ceramide glucosyltransferase (encoded by Ugcg). These mice (Ugcgflox/flox:Cnp/
Cre) did not show any apparent clinical phenotype, their total brain and myelin extracts had
normal GSL content, including ganglioside composition, and myelin abnormalities were not
detected in their CNS. These data indicate that the elimination of gangliosides from
oligodendrocytes is not detrimental to myelination. These mice were also used to asses the
potential compensatory effect of hydroxy| fatty acid glucosylceramide (HFA-GlcCer)
accumulation in UDP-galactose:ceramide galactosyltransferase (encoded by Cgt, also known as
Ugt8a) deficient mice. At postnatal day 18, the phenotypic characteristics of the Ugcgflo¥/flox: Cnp/
Cre;Cgt ™~ mutants, including the degree of hypomyelination, were surprisingly similar to that of
Cgt™~mice, suggesting that the accumulation of HFA-GlcCer in Cgt 7~ mice does not modify
their phenotype. These studies demonstrate that abundant, structurally-intact myelin can form in
the absence of glycolipids, which normally represent over 20% of the dry weight of myelin.

Introduction

Gangliosides are sialic-acid-containing GSLs, which are abundant components of neural
cells and are present at high concentrations in axonal membranes and synaptic terminals
(Eichberg et al. 1964). Additionally, two gangliosides, GM1 and GM4, have been found at
low concentrations in rat and human myelin, respectively (Asou et al. 1985; Kotani et al.
1993; Ledeen et al. 1973; Suzuki 1970; Suzuki et al. 1968; Suzuki et al. 1967; Ueno et al.
1978). Although the function of gangliosides in neuronal cells has been extensively studied,
their function in oligodendrocytes has not been fully investigated.
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In one branch of the bifurcated GSL biosynthetic pathway, ceramide is converted to
galactosylceramide (GalCer) by UDP-galactose:ceramide galactosyltransferase (Cgt), and
then to either GM4 or sulfatide (Coetzee et al. 1998; Morell and Radin 1969; Schulte and
Stoffel 1993; Stahl et al. 1994). Alternatively, ceramide can be converted to GlcCer by
UDP-glucose:ceramide glucosyltransferase (Ugcg), which catalyzes the transfer of glucose
from UDP-glucose to ceramide (Ichikawa et al. 1996; Morell and Radin 1969). More
complex gangliosides with a GlcCer core are generated through the subsequent actions of
GD3 synthase (encoded by Siat9, also known as St3gal5) and GM2/GD2 synthase (encoded
by Galgtl, also known as B4galnt1), which are responsible for GM3 and GM2 synthesis,
respectively (Kolter et al. 2002; Yamashita et al. 2005b) (Fig. 1A).

Previous studies have assessed the significance of gangliosides in the CNS by disrupting the
genes encoding different glycosyltransferase enzymes in the ganglioside biosynthesis
pathway. Ceramide is the first substrate in ganglioside biosynthesis. Inactivation of Ugcg
results in embryonic lethality (Yamashita et al. 1999). Deletion of Galgtl results in animals
that are unable to synthesize GM2, GD2, GM1, GD1a, GD1b, and GT1b, and display axonal
degeneration and dysmyelination of the optic nerve (Sheikh et al. 1999). Loss of both
Galgtl and Siat 9, which results in the complete absence of GlcCer-based gangliosides,
leads to a shortened lifespan, perturbed axo-glial interactions, and abnormal paranodal
domains (Yamashita et al. 2005b). Although Siat 9 ~;Galgt1 7~ mice demonstrate normal
oligodendrocyte development, they are characterized by white matter vacuolization, as well
as oligodendrocyte abnormalities (Yamashita et al. 2005b). Nevertheless, it remains unclear
whether the observed affects result from the impairment of ganglioside biosynthesis in
neurons or oligodendrocytes.

Mice lacking the ability to synthesize GlcCer in neuronal cells were generated by taking
advantage of a conditional, “floxed” Ugcg allele (Yamashita et al. 2005a) in combination
with nestin/Cre mice (Jennemann et al. 2005). Nestin is an intermediate filament protein that
is expressed in neural stem cells, as well as peripheral nerves and muscle (Zimmerman et al.
1994). UgcgNull/flox:-Nes/Cre mice appear normal at birth but display a dramatically reduced
lifespan, ataxia, and neuropathy with peripheral myelin splitting. Additionally,

UgcgNull/flox: Nes/Cre mice possess abnormal Purkinge cells and hippocampal neurons,
suggesting an important role for ganglioside biosynthesis in neuronal maturation and
function (Jennemann et al. 2005; Yamashita et al. 2005a). Nevertheless, since the nestin/Cre
line used to generate these mice drives Cre expression in neuronal precursor cells, it is not
possible to eliminate a glial cell contribution to the described phenotype.

The importance of the Cgt pathway in CNS myelination has been established (Coetzee et al.
1998). Cgt 7~ mice display tremors, ataxia and a severely reduced lifespan. Surprisingly,
these mice produce abundant compact CNS and peripheral nerve myelin, despite the
inability to synthesize the myelin galactolipids (Coetzee et al. 1996; Dupree et al. 1998),
which normally represent a considerable fraction of the dry weight of myelin (Coetzee et al.
1998). Myelin from these mutant animals contains hydroxyl fatty acid (HFA) GlcCer, which
is not normally found in the CNS, indicating that Cgt deficiency results in the use of o
hydroxyl ceramide in the Ugcg pathway rather than in the Cgt pathway, which normally
converts it to HFA-GalCer (Coetzee et al. 1996; Dupree et al. 1998). The GlcCer that
accumulates in Cgt ™~ myelin is believed to partially compensate for the absence of the
galactolipids (Coetzee et al. 1996; Coetzee et al. 1998; Suzuki et al. 1999) .

Because previous studies did not distinguish between neuronal and oligodendroglial effects,
the first goal of the present study was to assess the importance of oligodendroglial
ganglioside biosynthesis in myelination. These efforts utilized the Cnp/Cre transgene
product to delete the floxed Ugcg gene in myelinating cells (Lappe-Siefke et al. 2003;
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Yamashita et al. 2005a). In the second part of this study, we investigated the extent to which
HFA-GlcCer accumulation in Cgt ™~ myelin compensates for the absence of galactolipids
by generating Ugcgflox/flox: Cnp/Cre;Cgt ~ mice that lack both galactolipids and HFA-
GlcCer.

Materials and methods

Mice

Genotyping

To eliminate the Ugcg pathway specifically in myelinating cells, floxed Ugcg mice
(Yamashita et al. 2005a) were crossed with mice in which the gene encoding the Cre
recombinase has been embedded into the gene encoding the myelin-associated enzyme 2°, 3’
cyclic nucleotide 3’ phosphodiesterase (CNP/Cre mice) (Lappe-Siefke et al. 2003).
Homozygous Ugcg animals were obtained by crossing Ugcg1o/+;Cnp/Cre mice to
Ugcgf1o+ animals . To generate Ugcgflo¥/flox:Cnp/Cre;Cgt 7~ mice, Ugcgfloxflox:Cnp/Cre
and Cgt™/~ mice were bred to obtain Ugcg/°¥/*:Cnp/Cre;Cgt*/~ mice, which were then
interbred to obtain the mutant Ugcg/o¥/flox:Cnp/Cre;Cgt 7~ mice.

Mice were genotyped for the presence of the Ugcgf°*, Cgt null and Cnp/Cre alleles using
tail genomic DNA. Primer 1 (5’- ATGTGCTAGATCAGGCAGGAGGGCTCATAG-3’)
and primer 2 (5’-CCAACAGATATTGAATGCGAATGCTCTGCC -3’) were used to
identify the Ugcg allele with a product size of 200 bp for wild-type and 250 bp for the
floxed allele. Recombination was detected by PCR of genomic DNA using primers 1 and 3
(5’-GAGCCAGTCCATTACTCTCGTTGATTGCAT-3’) as described (Yamashita et al.
2005a) (Fig. 1B). Two sets of primers were used to identify wild-type and Cgt~/~ mice. The
primers 5’-CTCTCAGAAGGCAGAGACATTGCC-3" and 5’-
CATCCATAGGCTGGACCCATGAAC-3’ amplify the wild-type allele; the primers 5’-
TCGCCTTCTTGACGAGTTCTTCTGAG-3’ and 5’-
ATCATCATTGTGCCGCCAATTATG-3’ amplify the mutant Cgt allele (14).
Amplification of the Cnp/Cre transgene was performed as described (Lappe-Siefke et al.
2003).

Lipid Analysis

Total lipids were extracted from half brains of wild-type and UgcgfloXflox:Cnp/Cre postnatal
day (PND) 18 mice by homogenization in 3 mL of PBS. Lipids were extracted by adding
methanol (5 mL) and incubating at room temperature for 1 hr, followed by the addition of
chloroform (10 mL). The upper phase was collected and the lower phase washed three times
with an equal amount of theoretical upper phase (TUP) methanol:water:chloroform
(48:47:3). The three TUP washes were pooled with the original upper phase, evaporated to
dryness, resuspended in 200 uL water, and sonicated. Chloroform:methanol (6 mL, 2:1 v/v)
was added, then the sample was vortexed and evaporated to dryness with nitrogen. This step
was repeated several times to remove hydrophobic proteins. Gangliosides were resolved on
Whatmann high performance thin layer chromatography (HPTLC) plates (10 cm x 10 cm
LHP-K TLC plates) by two sequential developments in chloroform:methanol:0.25% KCI
(50:40:10) followed by charring with 10% CuSQ0,4-8% H,SO4,

The lower phase was evaporated to dryness under nitrogen and subjected to alkaline
methanolysis to remove phosphoglycerides (ImL of 0.6N NaOH for 1 hr). Following
neutralization with 70 pL of concentrated HCI, salts were pelleted. CHCI3 (2 mL) and water
(0.6 mL) were added to the supernatant. The upper phase was removed and the lower phase
washed with an equal amount of TUP to remove salt. The lower phase was evaporated to
dryness. The extracted lipids were applied to HPTLC plates and developed in
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chloroform:methanol:glacial acetic acid:water (70:25:8.8:4.5 v/v). Ceramide,
hexosylceramides, and sphingomyelin were visualized by charring (Kilkus et al. 2003;
Wiesner et al. 1997).

Mass spectrometric analysis of lipids

Lipid extracts were prepared as described (Cheng et al. 2007). Each extract was
reconstituted with a volume of 500 ul/mg of protein in 1:1 chloroform/methanol, flushed
with nitrogen, capped and stored at —20 °C. Shotgun lipidomics analyses were performed as
described (Cheng et al. 2007; Han and Gross 2005). The diluted lipid extract solution was
infused directly into the electrospray ionization source with an automated nanospray
apparatus (Nanomate HD, Advion Bioscience Ltd., Ithaca, NY) as described (Han et al.
2008). Data processing of shotgun lipidomics analyses including ion peak selection, baseline
correction, data transfer, peak intensity comparison, 13C de-isotoping, and quantitation were
conducted as described (Yang et al. 2009).

Myelin Isolation

Myelin samples were isolated from PND 18 mouse brains by a modified Norton and
Poduslo protocol (Norton and Poduslo 1973). Brains were homogenized in 2.5 mL of 0.32
M sucrose containing Tris-HCI buffer and overlaid onto 2.5 mL of 0.85 M sucrose. Samples
were centrifuged using a SW50 rotor at 75,000 x g for 30 min at 4°C. The crude myelin
membrane was collected from the 0.3/0.8 M sucrose interphase, resuspended with Tris-HCI
buffer, pH 7.2, and centrifuged at low speed (12,000 x g) at 4°C to remove cytoplasmic and
microsomal contaminants. Myelin was further purified by a second repetition of the density
gradient centrifugation, followed by two cycles of 20 mM Tris-HCI, pH 7.4 washes. The
final pellet was dissolved in 400 pL of 20mM Tris, pH 7.4.

Western blot

Brains were homogenized in lysis buffer that included 50 mM Tris-HCL, pH 7.2, 1% SDS, 1
mM PMSF, 5mM EDTA and 2 pg/mL of aprotinin. Samples were centrifuged at 14470 x g
for 10 minutes at 4°C and protein concentration was measured using the Bradford Assay
(Bio-Rad, Hercules, CA). 30 pug of protein were run on a 4-20% SDS-PAGE gel and
transferred to a nitrocellose membrane. The nitrocellulose membrane was blocked by Tris
Buffered Saline Tween-20 (TBST) containing 5% milk powder at room temperature, then
incubated with individual primary antibodies at 4°C overnight. Primary antibodies were
mouse anti-MBP (1:2000 dilution, Covance, Berkeley, California) and mouse anti-actin
(1:1000 dilution, Sigma, Saint Louis, Missouri), and the secondary antibody was peroxidase-
conjugated goat anti-mouse antibody (dilutions ranging from 1:3000 to 1:5000, Santa Cruz
Biotechnology, Santa Cruz, CA). Immunoreactivity was detected using the enhanced
chemiluminescence (ECL) reagent (Amersham Pharmacia, Freiburg, Germany). The ImageJ
program was used to quantitate protein expression.

Histological Analysis

Animals were perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
sodium phosphate buffer. Cervical segments of spinal cords were dissected, postfixed in
perfusion buffer for one week, and processed for embedding in epon. Ultrathin sections of
60-90 nm thickness were stained with uranyl acetate-lead citrate and examined on a TEM
microscope (JEOL, model JEM 1230 equipped with Gatan Ultra Scan 4000sp 4k X4K CCD
camera). Morphometric analysis of myelinated fibers was performed on randomly selected
EM fields from ventral spinal cord at a magnification of 5000X. Three to seven mice were
used for each genotype. The G ratio for each mouse was calculated for a minimum of 100
myelinated axons per animal using NIH Image J.
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Statistical Analysis

Results are presented as the mean + standard deviation of three to seven mice per genotype.
Mutant and wild-type values were compared by a two-tailed Student's t-test and differences
were considered statistically significant if P < 0.05.

Results

Oligodendroglial Ugcg deletion does not alter brain ganglioside content

To determine the function of ganglioside biosynthesis in the myelination process, we
crossed mice carrying a conditional allele of the Ugcg gene with Cnp/Cre transgenic mice,
which express the Cre recombinase in oligodendrocytes (Lappe-Siefke et al. 2003). Deletion
of the floxed Ugcg allele in the CNS of Ugcgfox/flox:Cnp/Cre mice was confirmed by PCR
analysis of genomic DNA from brain and spinal cord using the 1 and 3 primers, which
specifically amplify the recombined allele (Fig. 1B). The 250 bp recombination product was
clearly amplified from brain and spinal cord DNA, but barely detectable when amplified
from heart DNA (Fig. 1C). The elimination of the floxed Ugcg allele was also confirmed by
the absence of HFA-GlcCer in UgcgfloX/flox: Cnp/Cre;Cgt 7~ double mutants, as will be
described in greater detail below.

The elimination of Ugcg expression in oligodendrocytes did not detectably affect
ganglioside biosynthesis in the CNS (Fig. 2A). Total brain lipid extracts from PND 18 wild-
type and Ugcg/1o%/flox: Cnp/Cre mice were analyzed by HPTLC and all GlcCer-based
gangliosides, including GM1, GD1a, GD1b, and GT1b, were found to be present in the
mutant tissue at levels similar to those present in wild-type. To further assess the
oligodendroglial contribution to ganglioside synthesis, we extracted myelin from PND 18
Ugcgfloxflox-cnp/Cre mice and wild-type littermates and examined the ganglioside content.
The ganglioside patterns of both genotypes were identical. Small amounts of GM1, GD1a,
GD1b, and GT1b were seen in both the wild-type and Ugcgf1oX/flox:Cnp/Cre myelin (Fig.
2B). Because these gangliosides cannot be synthesized in the absence of Ugcg, their
presence in the mutant myelin may be the result of neuronal membranes that are adhered to
myelin, demonstrating that the myelin extraction procedure does not completely eliminate
synaptic or axonal membranes, resulting in neuronally-derived membranes in the myelin
samples. Alternatively, gangliosides in the myelin of wild-type and Ugcgfloxflox:Cnp/Cre
mice could have been acquired from other CNS cells or serum lipoprotein donors (Loeb and
Dawson 1982;Senn et al. 1989;Shen et al. 1981). HFA and nonhydroxylated (NFA) GalCer
and sulfatides were also detected in the neutral fractions of total brain (Fig. 2C) and myelin
lipid extracts (Fig. 2D). NFA-GlcCer was not detected in the myelin of Ugcgflox/flox:Cnp/
Cre mice (Fig 2D).

Despite lacking Ugcg in oligodendrocytes, Ugcgfo¥/flox:Cnp/Cre mice did not exhibit any
abnormal clinical phenotypes during one and a half years of observation. Western blotting of
total brain extract was used to monitor MBP expression and determine whether the
elimination of Ugcg affects myelin production. Expression levels of MBP were similar in
wild-type and mutants at PND 18 (Fig. 3A). Morphologically, myelinated axons from the
Ugcgflox/flox: Cnp/Cre animals were indistinguishable from wild-type (Fig. 3B and C).
Furthermore, measurement of G ratios (axonal diameter/fiber diameter) in the ventral spinal
cord revealed no differences between wild-type and mutant mice (Table 1). Additionally,
detailed EM analysis demonstrated no difference in the percentage of uncompacted myelin
sheaths in the mutants.
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HFA-GlcCer is absent from Ugcg'loX/flox:cnp/Cre;Cgt '~ mice

As previously described, NFA and HFA-GalCer lipids are not present in the CNS of Cgt 7~
mice, while HFA-GIcCer accumulates in the mutant myelin (Fig. 4A). To determine if the
HFA-GIlcCer that accumulates in Cgt ™~ myelin compensates for the absence of
galactolipids, we generated Ugcg1oX/flox: Cnp/Cre;Cgt 7~ mice. Lipid analysis of total brain
and myelin extracts was performed on PND 18 Ugcg/1o¥/flox; Cnp/Cre;Cgt 7~ mice to
confirm the elimination of the HFA-GIcCer lipid. The disruption of Ugcg in Cgt deficient
oligodendrocytes resulted in the complete disappearance of the HFA-GlcCer band in
Ugcgfloxflox-Cnp/Cre;Cgt 7~ mice (Fig. 4A and B), confirming that the Cnp/Cre
recombination system completely abolishes Ugcg enzymatic function in oligodendrocytes.

Ceramide levels were increased in the Cgt—/—and Ugcg1o¥/flox:Cnp/Cre;Cgt 7~ mice
compared to wild-type mice (Fig 4B), which is consistent with the lack of the ceramide
glycosyltransferases. Consistent with our previous study (Coetzee et al. 1996), TLC analysis
revealed a slower moving band in the mutant samples that likely corresponds to the
hydroxylated sphingomyelin species HFA-SPM (Fig 4C). We also compared the myelin
lipids of Cgt™~ and wild-type mice by mass spectroscopy analysis. No substantial
differences in sphingomyelin (SPM) were observed (6 nmol/mg in Cgt 7~ and 5.4 nmol/mg
in wild-type). The mass spectroscopy data indicated, however, that the loss of glycolipids in
the mutants is compensated for by slightly increased cholesterol levels and about a 20%
increase in phosphatidylethanolamine, phosphatidylserine and phosphatidylcholine. The
mass spectrometric analysis also confirmed the increase in ceramide in the mutant animals.

Elimination of Ugcg function in Cgt~/~ mice does not result in a more severe phenotype

At PND 12-16, mutant Ugcg/1oX/flox: Cnp/Cre;Cgt 7~ mice began to show an ataxic gait and
head tremor, which were more pronounced during movement. A progressive weakness was
also observed, culminating in hindquarter dragging at PND 18. Their survival range was
between 16 and 24 days. Overall, these mutants were phenotypically indistinguishable from
their Cgt ™~ littermates.

Western blot analysis of the myelin-abundant protein MBP was performed using brain
extracts from Cgt ™~ and UgcgfloXflox:Cnp/Cre;Cgt 7~ mice at PND 18. The quantitative
analysis of MBP in the Cgt 7~ and double mutant mice revealed no difference in the level of
MBP among these genotypes, indicating that the elimination of oligodendroglial Ugcg
expression on the Cgt deficient background does not affect myelin production (Fig. 5A).

Finally, morphometric analysis was performed on myelinated fibers of the cervical spinal
cord ventral region of wild-type, Cgt 7=, and Ugcgflo¥/flox: Cnp/Cre;Cgt 7~ mice. Both
mutants showed higher G ratios and percentages of uncompacted myelin sheaths that were
statistically significant when compared to wild-type. Nevertheless, no significant difference
was observed between the two mutants (Table 1), indicating that the elimination of Ugcg,
and therefore HFA-GIcCer, from Cgt ™~ myelin does not result in increased abnormalities.
Therefore, the presence of HFA-GlcCer in Cgt ™~ myelin does not appear to play a
compensatory role for the absence of galactolipids.

Discussion

In the present study we exploited a conditional Ugcg allele to examine the importance of
GlcCer biosynthesis on oligodendroglial function. Though previous studies had assessed the
effects of eliminating various ganglioside pathway enzymes, such as Galgtl and Siat 9, the
importance of the Ugcg pathway in oligodendrocytes had remained undetermined. Although
dysmyelination was a feature of these knockouts, axonal degeneration was also detected
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(Sheikh et al. 1999; Yamashita et al. 2005b), leaving unclear the identity of the primary
abnormality.

We conducted two sets of experiments to address the significance of the Ugcg pathway in
oligodendrocytes. In the first study, we generated a line of mice with Ugcg selectively
disrupted in oligodendrocytes. Ugcgf1oX/flox:Cnp/Cre mice were not phenotypically or
histologically distinguishable from their wild-type littermates, nor was their CNS
ganglioside composition altered. This indicates that oligodendrocytes do not play a major
role in ganglioside biosynthesis in the mouse brain. Moreover, the UgcgfloXflox:Cnp/Cre
mutants did not show myelin or oligodendroglial abnormalities. Therefore, myelin changes
seen in mice carrying mutant ganglioside biosynthesis genes (Jennemann et al. 2005; Sheikh
et al. 1999; Yamashita et al. 2005b) are likely explained by altered neuronal ganglioside
synthesis. Normal myelination requires trophic axon-to-oligodendrocyte signaling mediated
by MAG and neuronal gangliosides, and complex gangliosides like GD1a and GT1b serve
as MAG ligands, which may explain the myelin abnormalities in the ganglioside mutants
(Quarles 2007; Vyas et al. 2002).

In the second part of our study, we exploited the Ugcg/o¥/flox: Cnp/Cre mice to delete
oligodendroglial Ugcg activity in Cgt 7~ mice. Cgt™~ mice are not able to form GalCer or
sulfatides, but are able to form compact myelin (Coetzee et al. 1996). In the absence of Cgt,
HFA-ceramides are converted to HFA-GlcCer through the Ugcg pathway (Suzuki et al.
1999). The presence of HFA-GIcCer is interesting because it contains alpha hydroxy! fatty
acids, which are normally found only in galactolipids. We have previously proposed that the
accumulation of HFA-GlcCer in Cgt™ ~ myelin might have a compensatory effect in the
absence of GalCer (Coetzee et al. 1996), allowing for the formation of compact myelin. This
hypothesis is supported by the observation that GlcCer is detected in the myelin of primitive
fish and crustacean species (Kishimoto 1986; Tamai et al. 1992).

The absence of HFA-GIlcCer from total brain and myelin lipids isolated from
Ugcgfloxflox-Cnp/Cre;Cgt 7 ~ mutant mice confirmed the efficiency of the Cnp/Cre
recombination system in deleting the floxed Ugcg allele in oligodendrocytes. The
Ugcgfloxflox-cnp/Cre;Cgt 7~ mice were not distinguishable from their Cgt 7~ littermates,
having a similar body mass and life span of 16-24 days. Both the Cgt 7~ and
Ugcgfloxflox-Cnp/Cre;Cgt 7~ mutants displayed an ataxic gait and head tremor starting at
PND 12-16. By PND 19-23, they showed weakness in their hindquarters. Morphometric
analysis revealed that the myelin abnormalities displayed by the Cgt 7~ mutant animals were
not exacerbated by the absence of GluCer. Therefore, the accumulated HFA-GlcCer does
not appear to have an ameliorating effect on the Cgt ™~ phenotype.

In summary, mice lacking oligodendroglial Ugcg expression did not exhibit any phenotypic
or myelin structural abnormalities. These experiments indicate the lack of functional
significance of glucocerebroside-derived gangliosides, produced by oligodendrocytes, in
myelin formation and stability. Furthermore, in contrast to expectations, these studies also
demonstrated that the removal of oligodendroglial Ugcg expression in Cgt ™~ mice did not
have a deleterious effect on Cgt™ ~myelin structure or phenotype. Although the myelin
glycolipids normally represent approximately a third of the lipid content of myelin, these
studies demonstrate that abundant and structurally intact myelin can form in their absence.
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Figure 1. Ganglioside pathway and recombination analysis of the floxed Ugcg allele in
UgcgfloX/flox:cnp/cre mice

(A) Simultaneous global disruption of Cgt and deletion of Ugcg in oligodendrocytes results
in the absence of GlcCer- and GalCer-based GSLs in CNS myelin. Double lines show the
blockage in biosynthetic pathways of Cgt, Ugcg, Siat9 and Galtgl mice. (B) Crossing
Ugcgfloxflox mice with Cnp/Cre mice leads to the excision of the Ugcg gene in double
mutants; the green triangles represent lox P sites. (C) The recombined floxed Ugcg allele
was readily detected by PCR of genomic DNA extracted from Ugcgf1oX/flox:Cnp/Cre brain
and spinal cord (lanes 1 and 2, respectively) but barely detected in heart (lane 3) using
primers 1 and 3, which yield a 250 bp fragment. The black arrows designate the primer
locations.
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Figure 2. Deletion of Ugcg in oligodendrocytes does not affect the ganglioside profile of PND 18
UgcgfloX/flox.-cnp/cre brains

(A) The predominant brain gangliosides, GM1, GD1a, GD1b, and GT1b, were detected in
the total brain lipid extracts of wild-type (lane1) and UgcgfloXflox-Cnp/Cre mice (lane 2). (B)
The same pattern of gangliosides was observed in myelin lipid extracts of wild-type (lane 1)
and mutant brains (lane 2). (C) The neutral lipid fraction was isolated from brains of wild-
type (lanel) and UgcgoX/flox: Cnp/Cre mice (lane 2). HFA-GalCer, NFA-containing GalCer,
and sulfatides were detected in both mutant and wild-type mice. (D) The presence of HFA-
GalCer, NFA-GalCer, and sulfatides was also observed in the myelin of wild-type (lane 1)
and Ugcgf1ox/flox:cnp/Cre mice (lane 2).
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Figure 3. PND18 UgcgfoX/floX. cnp/Cre mutants demonstrate similar MBP expression and
histological features as wild-type littermates

(A) MBP levels in brain extracts of wild-type (lanes 1-3) and Ugcgfo¥/flox (Janes 4-6) mice
are similar. EM analysis of myelinated fibers in the ventral white matter of the cervical
spinal cord showed no difference in myelination between UgcgfloX/flox:Cnp/Cre mice (B) and
wild-type littermates (C). Bar: 2 um.
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Figure 4. HFA-GIcCer is completely eliminated in Ugeg1o¥/flox:cnp/cre;Cgt 7~ mice

(A) HFA-GalCer, NFA-containing GalCer, and sulfatides were detected in total brain lipid
extracts of wild-type mice (lane 1) and were absent in Cgt~ mice; however, an HFA-
GlcCer lipid band was detected in Cgt 7~ mice (lane 2). HFA-GlcCer was completely
eliminated in Ugcgfo¥/flox:Cnp/Cre;Cgt 7~ mice (lane 3), indicating that the Cre
recombinase efficiently excises the floxed Ugcg allele in oligodendrocytes. (B) The lipid
band patterns detected in myelin lipid extracts from wild-type (lane 1), Cgt 7~ (lane 2), and
Ugcgfloxflox-cnp/Cre;Cgt 7~ (lane 3) mouse brains also confirmed the absence of HFA-
GlcCer and an increased level of ceramide in the Cgt 7 ~and Ugcgf1oX/flox; Cnp/Cre;Cgt 7~
mice. (C) The detection of a slower mobility band in Cgt 7~ and Ugcg/o¥/flox.cnp/
Cre;Cgt 7~ mice is likely indicative of HFA-SFM.
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Figure 5. The Ugcg fIoX/flox:cnp/Cre:Cgt ™~ mice have similar MBP expression and histological
characteristics as compared to Cgt™ ~ mice

(A) MBP levels in the brain are not significantly different among the wild-type (lanes 1-3),
Cgt™~ (lanes 4-7), and Ugcgfloxflox-Cnp/Cre;Cgt 7~ (lanes 8-11) mice at PND 18. EM
analysis of myelinated fibers in the ventral white matter of the cervical spinal cord showed
no significant difference in myelination between Cgt ™~ (B) and Ugcgfo¥/flox:Cnp/
Cre;Cgt ™~ (C) mice. Both mutants had a thinner myelination as compared to age-matched
controls at PND 18 (D). Bar: 2 um.
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Table 1

Morphometric Analysis of Myelination at PND 18

Genotype G ratio % Uncompacted Myelin
Wit 0.79 */- 0.06 3.2%-13
Ugcgo/flox; Cnp/Cre 0.81*/-0.06 33%-14
Cgt -/— 0.86 */- 0.05 7.2%1-13
Ugcgflo¥flox; Cnp/Cre;Cgt 7~  0.87 ¥/-0.05 83%-42
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Morphometric analysis of myelinated fibers of ventral spinal cord from wild-type and mutant animals: Difference of G ratios (middle column) and

percentile of uncompacted myelin (right column) were not significant either between the Wt and UgcgﬂOX/ﬂOX;Cnp/Cre or between Cgt —/—and

Ugcgflox/flox; cnp/cre;cgt.
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