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Encephalopathy Caused by Ablation of Very Long Acyl Chain
Ceramide Synthesis May Be Largely Due to Reduced

Galactosylceramide Levels™
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Sphingolipids (SLs) act as signaling molecules and as struc-
tural components in both neuronal cells and myelin. We now
characterize the biochemical, histological, and behavioral
abnormalities in the brain of a mouse lacking very long acyl
(C22-C24) chain SLs. This mouse, which is defective in the abil-
ity to synthesize C22—-C24-SLs due to ablation of ceramide syn-
thase 2, has reduced levels of galactosylceramide (GalCer), a
major component of myelin, and in particular reduced levels
of non-hydroxy-C22-C24-GalCer and 2-hydroxy-C22-C24-
GalCer. Noteworthy brain lesions develop with a time course
consistent with a vital role for C22-C24-GalCer in myelin sta-
bility. Myelin degeneration and detachment was observed as
was abnormal motor behavior originating from a subcortical
region. Additional abnormalities included bilateral and sym-
metrical vacuolization and gliosis in specific brain areas, which
corresponded to some extent to the pattern of ceramide syn-
thase 2 expression, with astrogliosis considerably more pro-
nounced than microglial activation. Unexpectedly, unidentified
storage materials were detected in lysosomes of astrocytes, rem-
iniscent of the accumulation that occurs in lysosomal storage
disorders. Together, our data demonstrate a key role in the brain
for SLs containing very long acyl chains and in particular GalCer
with a reduction in their levels leading to distinctive morpholog-
ical abnormalities in defined brain regions.

Ceramide, the lipid backbone of all complex sphingolipids
(SLs),? is an important signaling molecule and an intermediate
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in the pathway of SL biosynthesis. Ceramide plays a key role in
brain development (1-3), and modulating its levels or modulat-
ing the signaling pathways in which it is involved (4 - 6) affects
neuronal development. In mammals, ceramide is synthesized
de novo by N-acylation of a sphingoid long chain base, which is
catalyzed by a family of six enzymes, the ceramide synthases
(CerS), each of which uses a restricted subset of acyl-CoAs for
N-acylation. Thus, CerS1 uses C18-CoA (7), CerS4 uses C18-
and C20-CoAs (8), CerS5 and CerS6 use C16-CoA (8, 9), and
CerS3 uses C26-CoA and higher (Ref. 10; for a review, see Ref.
11). CerS2 utilizes very long acyl chain CoAs (i.e. C22—C24) and
is expressed at the highest levels and displays the widest tissue
distribution of all CerS (12). The expression pattern of the CerS
and their structural features, localization, and regulation have
been reviewed (13).

We recently generated a CerS2-null mouse (14). This mouse
displayed increased rates of hepatocyte apoptosis and prolifer-
ation and severe, progressive hepatopathy (15), which was due
to either a decrease in very long acyl chain SLs (C22-C24) or an
increase in C16-ceramide or sphinganine, both of which were
unexpectedly elevated in the liver (14). We have now examined
brain abnormalities in the CerS2-null mouse. Although CerS2
mRNA expression levels are significantly lower in the whole
brain than in the liver (12), it might be expressed at higher levels
in a subset of brain cells, such as oligodendrocytes (16), and SLs
containing very long acyl chain fatty acids are abundant in
white matter and in myelin (17, 18), suggesting a key role for
CerS2 in these cells and brain regions. A previous report dem-
onstrated that CerS2-null mice exhibit myelin defects as well as
cerebellar degeneration at 9 months of age and cell loss in the
hippocampus (19). However, no changes in other brain regions
were described, and no systematic evaluation of the lesions was
performed such that the relationship between very long acyl
chain SLs and brain dysfunction could not be ascertained.

We now show that CerS2-null mice exhibit profound
alterations in lipid composition in both whole brain and

myelin; NBD, 4-nitrobenzo-2-oxa-1,3-diazole; GP, globus pallidus; GFAP,
glial fibrillary acidic protein.
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purified myelin and in particular reduced levels of non-
hydroxy-C22-C24-GalCer and 2-hydroxy-C22-C24-GalCer.
These changes are accompanied by pronounced bilateral and
symmetrical astrogliosis and by mild bilateral and symmetrical
vacuolization in various white and gray matter regions along
with microglial activation in defined brain areas. In addition,
CerS2-null mice exhibit neurological abnormalities originating
from a subcortical region and accumulation of unidentified
storage materials in lysosomes of astrocytes.

EXPERIMENTAL PROCEDURES

Materials—n-erythro-[4,5-*H]Sphinganine was synthesized
as described (20). Fatty acyl-CoAs, C6-NBD-sphingomyelin
(SM), C6-NBD-GalCer, and the internal standards for liquid
chromatography electrospray ionization tandem mass spec-
trometry (LC-ESI MS/MS) were from Avanti (Alabaster, AL). A
ganglioside standard was from Matreya (Pleasant Gap, PA).
The following antibodies were used: mouse anti-glyceralde-
hyde-3-phosphate dehydrogenase (Millipore, Darmstadt,
Germany), rat anti-myelin basic protein (MBP) (Abcam, Cam-
bridge, MA), mouse anti-proteolipid protein (PLP) (Sigma-
Aldrich); rabbit anti-glial fibrillary acidic protein (GFAP) (AbD
Serotec, Oxford, UK), rat anti-Mac2 (Cedarlane, Ontario, Can-
ada), and mouse anti-neuronal nucleus antibody (Chemicon,
Temecula, CA).

Mice—Mice were generated as reported (14), maintained
under specific pathogen-free conditions, and handled accord-
ing to protocols approved by the Weizmann Institute Animal
Care Committee according to international guidelines.

Lipid Analysis—SL analysis by LC-ESI MS/MS was per-
formed using a PE-Sciex API 3000 triple quadrupole mass spec-
trometer and an ABI 4000 quadrupole-linear ion trap mass
spectrometer (12, 14, 21). For 2-hydroxyhexosylceramide
(2-hydroxy-HexCer), the same method was used as for deter-
mining glucosylceramide and galactosylceramide but with
addition of the precursor-product ion pairs for 2-hydroxy-
HexCer. Total glycerolipid (pmol/mg dry weight) and choles-
terol levels were measured by nano-ESI MS/MS (22, 23) and
expressed as a percentage of total glycerolipid levels.

Enzyme Activities—Enzyme activities were determined as
follows: CerS2 using p-erythro-[4,5-*H]sphinganine and C24-
acyl-CoA (12, 24); neutral and acid sphingomyelinase using
C6-NBD-SM (14, 25, 26); galactosylceramidase using
C6-NBD-GalCer (27); and hexosaminidase A, a-galactosidase,
B-glucuronidase, a-mannosidase, B-mannosidase, and p-nitro-
catechol sulfate using 4-methylumbelliferone (28 -30). Gan-
gliosides were purified (31) after isolation from the upper phase
(32), separated by thin layer chromatography using chloroform,
methanol, 0.2% CaCl, (55:45:10) as the developing solvent, and
stained using resorcinol (33). Gangliosides were identified
using authentic ganglioside standards.

Myelin Purification—DBrain tissue was homogenized in 0.25 M
sucrose, 10 mMm Hepes, pH 7.4, 2 mm EGTA. The supernatant
was collected after centrifugation (3 min at 800 X g, at 4 °C)
and placed on top of a sucrose gradient comprising 2, 1.4, 0.85,
and 0.25 M sucrose. After centrifugation (20 h at 70,000 X g, at
4 °C), the crude myelin fraction was collected from the gradient,
and its identity was confirmed by Western blotting using an
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anti-MBP antibody. The crude myelin fractions underwent
four consecutive osmotic shocks followed by centrifugation (15
min at 75,000 X g, at4 °C one time and then three times for 10
min at 12,000 X g, at 4°) (34) and then resuspension in water.

Immunohistochemistry—Tissues were collected at necropsy
and fixed by immersion in 10% neutral buffered formalin. Tis-
sues were processed routinely, embedded in paraffin, trimmed
at 4—5 um, and stained with hematoxylin and eosin or with
toluidine blue. Immunohistochemistry was performed on para-
formaldehyde-perfused tissues using an immunoperoxidase
procedure with diaminobenzidine as the chromogen (35). Rab-
bit anti-GFAP (1:4,000 dilution) and rat anti-Mac2 (1:1,000
dilution) antibodies were used to detect astrocytes and micro-
glia, respectively.

For X-Gal (5-bromo-4-chloro-3-indolyl-B-galactoside)
staining, tissues were frozen at —20 °C and embedded in opti-
mal cutting temperature (OCT) Tissue-Tek. 20-um sections
were fixed with 0.2% glutaraldehyde in phosphate-buffered
saline, rinsed three times in wash buffer (100 mm phosphate-
buffered saline, pH 7.4, 2 mm MgCl,, 5 mm EGTA, 0.01%
sodium deoxycholate, 0.02% Nonidet-P40), and stained with
B-galactosidase substrate buffer (as above but supplemented
with 5 mm K;[Fe(CN)s], 5 mm K,[Fe(CN)s], and 1 mg/ml
X-Gal) overnight at 37 °C in the dark.

Electron Microscopy—Mice were perfused with 3% para-
formaldehyde, 2% glutaraldehyde in cacodylate buffer contain-
ing 5 mm CaCl,, pH 7.4. Brains were removed, fixed for 30 min
prior to cutting with a Vibratome into 200-um slices, and fixed
again for 2 h at room temperature and for 12 h at 4 °C. After
washing, tissue slices were postfixed in osmium tetroxide, 0.5%
potassium dichromate, 0.5% potassium hexacyanoferrate in
cacodylate buffer for 1 h and embedded in EMbed 812 (Electron
Microscopy Sciences, Hatfield, PA). Epon blocks were cut into
small pieces, re-embedded followed by preparation of
70-100-nm ultrathin slices, and mounted onto grids for anal-
ysis in a Philips CM-12 FEI electron microscope. Images were
captured with an Eagle 2kx2k FEI camera (FEI, Eindhoven,
Netherlands).

Western Blotting—Western blotting was performed (15)
using the following antibodies, which were diluted in phos-
phate buffer with 0.1% Tween 20: rat anti-MBP (1:1,000 dilu-
tion), mouse anti-PLP (1:1,000 dilution), and mouse anti-glyc-
eraldehyde-3-phosphate dehydrogenase (1:5,000 dilution).
Densitometry was performed using ImageQuant software
(Amersham Biosciences), and expression levels were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase levels.

Neuronal Counting—Brain sections were stained with an
anti-neuronal nucleus antibody (1:250). Twenty images were
captured at different magnifications, and cells were counted
using Image].

Telemetric Electroencephalogram (EEG) and Video Moni-
toring—Mice were implanted with a telemetric system for EEG
monitoring (Data Science International; Ref. 36). A transmitter
(TA10EA-F20) was placed subcutaneously on the right dorsal
side of a stereotactically fixed, deeply anesthetized animal (0.8 —
1.2% isoflurane). In each hemisphere, a hole was drilled through
the skull using a surgical drill, and stainless steel screws serving
as electrodes were inserted through the drilled holes to the epi-
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dural space. The epicranial side of each screw was connected to
a transmitter lead and secured with bone cement. Mice were
allowed 1 week to recover from the acute affects of surgery.
Starting from day 7, the freely moving mice were monitored for
1 week. EEG was recorded at 1 KHz and analyzed off line using
Matlab® scripts. Power spectral density was calculated (37) and
normalized to maximum power for each mouse. 7,200 1-s win-
dows with 0.5-s overlap were randomly selected and analyzed
from six different time periods for each mouse (n = 5).

Magnetic Resonance Imaging—Magnetic resonance imaging
(MRI) was performed on a 9.4-tesla BioSpec Magnet 94/20 USR
system (Bruker). The MRI protocol included a transverse relax-
ation time (7,) map, which was acquired using the multislice
spin echo imaging sequence with the following parameters:
time of repetition of 3000 ms, 16 time echo increments (linearly
from 10 to 160 ms), matrix dimension of 256 X 128, and two
averages. Twenty continuous slices with a slice thickness of 1
mm were acquired with a field of view of 22 X 22 mm?.

In vivo brain MRI (five control mice and five CerS2-null
mice) was performed. During the MRI scanning, mice were
anesthetized with isoflurane (5% for induction and 1-2% for
maintenance) mixed with O, (1 liter/min) delivered through a
nasal mask. A quantitative 7, map was produced from multi-
echo T,-weighted images. The multiecho signal was fitted to a
monoexponential decay to extract the 7', value for each image
pixel. Processing and analysis of the MRI data were performed
using different in-house programs in Matlab, producing an
averaged value for the entire brain.

Statistics—Statistical significance was assessed using an
unpaired, one-tailed, Student’s ¢ test with a p value of <0.05
considered statistically significant.

RESULTS

SL Acyl Chain Composition in CerS2-null Mouse Brain— CerS2
activity is much lower in brain homogenates (50 = 9 pmol/min/
mg) than in liver (~200-300 pmol/min/mg) (12) and is virtu-
ally absent in the brain of CerS2-null mice (2 = 2.5 pmol/min/
mg, n = 5). As a consequence, the CerS2-null mouse has very
low levels of C22—C24-ceramide and C22—-C24-SM (14) with a
proportional increase in C18-ceramide and C18-SM (Fig. 1). In
newborn (P0) wild type (WT) mice, most of the ceramide and
SM contains C18-acyl chains (presumably synthesized by
CerS1 (7, 16)) with lower levels of C22—C24; this distribution
does not change significantly up to 4 months of age (Fig. 1).
Substantial levels of Cl6-ceramide and C16-SM are found
immediately after birth and decrease during development in
both CerS2-null and WT mice, consistent with the decreased
expression of CerS6 during brain development (38). In contrast,
the acyl chain composition of HexCer (which consists of both
glucosylceramide (GlcCer) and galactosylceramide (GalCer))
changes dramatically during development. WT mice have
mainly C18-HexCer at birth, but C22-C24-HexCer becomes
the dominant species by 1 month of age (39), and by 4 months,
C18-HexCer comprises <10% of the total HexCer (Fig. 1 and
supplemental Table 1). This suggests that any pathological
changes resulting from the altered HexCer acyl chain compo-
sition (Fig. 1) might begin between PO and 1 month, a period of
active myelination (40).
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Acyl Chain Composition of Non-hydroxy-GalCer and
2-Hydroxy-GalCer—The elevation in C18-ceramide and in
C18-SM in the CerS2-null mice compensates for the loss of
C22-C24-ceramide and C22-C24-SM, respectively, such that
total levels of ceramide and SM are essentially unaltered (Fig. 1)
(19). In contrast, HexCer levels were reduced by ~85% in
CerS2-null mice (Fig. 1 and supplemental Table 1). Most brain
HexCer consists of GalCer with a ratio of GalCer to GlcCer of
~100:1 in adult mice (Refs. 39 and 41 and Fig. 2). GalCer con-
sists of two major species, 2-hydroxy-GalCer (OH-GalCer) (42)
and non-hydroxy-GalCer (non-OH-GalCer), with the former
comprising ~50% of the total GalCer (43). No LC-ESI MS/MS
standards are currently available for OH-GalCer, precluding
rigorous quantification of its amounts, but because Gal-based
HexCer comprises the vast majority of HexCer in adult brain
(see above), we assume that most of the OH-HexCer measured
in the LC-ESI MS/MS analyses consists of OH-GalCer (referred
to hereafter as OH-Gal(Hex)Cer). Levels of OH-Gal(Hex)Cer
were only reduced by ~40% (Fig. 2B). The difference in the
reduction of OH-Gal(Hex)Cer levels compared with
non-OH-GalCer can be explained by elevation of C18-OH-Gal-
(Hex)Cer (Fig. 2, A and B), which compensates to some extent
for the loss of C22—-C24-OH-Gal(Hex)Cer, whereas there was a
much lower elevation of C18-non-OH-GalCer (Fig. 2, A and B).
No changes in total GlcCer levels were apparent (Fig. 2C) due to
compensation by elevated levels of C18/C18:1-GlcCer (Fig.
2C); also in contrast to the ceramide-UDP galactosyltransferase
(CGT)—/— mouse, GlcCer levels were not elevated upon
reduction in GalCer (41, 44). Thus, the major changes in the SL
composition of the CerS2-null mouse brain are (i) a loss in
C22-C24-non-OH-GalCer, (ii) a loss in C22-C24-OH-Gal-
(Hex)Cer, and (iii) an increase in C18-OH-Gal(Hex)Cer.

Previous studies have shown that overexpression of CerSl1,
which synthesizes C18-ceramide, can alter levels of down-
stream glycosphingolipids such as neutral glycosphingolipids
and gangliosides (7). However, despite changes in the acyl chain
composition of glycosphingolipids, the CerS2-null mouse dis-
played similar levels of gangliosides GD1a, GD1b, and GT1b
and a small but inconsistent reduction in GM1 levels (supple-
mental Fig. 1) (67). Moreover, there were no major changes in
levels of sphingoid long chain bases (Fig. 2D) with a 2—-3-fold
elevation of sphinganine levels. This is in contrast to the CerS2-
null mouse liver where sphinganine levels are elevated by
50-100-fold (14), implying that changes in long chain base lev-
els are unlikely to be responsible for the brain abnormalities.
Also in contrast to liver (14), no changes were observed in neu-
tral sphingomyelinase activity (6.3 £ 1.5 wmol/mg/min in WT
mouse brain and 6.4 * 1.3 umol/mg/min in CerS2-null mouse
brain).

Myelin SL and Acyl Chain Composition—Because major
changes in GalCer acyl chain composition occur during the 1st
month of life (Fig. 1) and because GalCer is a major lipid com-
ponent of oligodendrocytes and myelin (45), we analyzed SL
levels and acyl chain composition in purified myelin by LC-ESI
MS/MS. A similar pattern was observed as in whole brain with
no change in ceramide, SM, GlcCer, and lactosylceramide and a
reduction in GalCer (Fig. 34 and supplemental Table 2). Ele-
vated levels of C18-ceramide and C18-SM accounted for the
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FIGURE 1. LC-ESI MS/MS analysis of acyl chain distribution and total SL levels in CerS2-null mouse brain. The pie charts show the acyl chain distribution
at PO, 1 month, and 4 months of age as a percentage of the total. The right-hand column shows total SL levels in 4-month-old brains. Supplemental Table 1 gives
HexCer levels in pmol/mg of tissue. Data are from two mice for which triplicate analyses were performed * S.D., *, p < 0.01.

lack of change of total ceramide and SM levels (Fig. 3B).
Although some C22-C24-GlcCer and C22-C24-GalCer were
detectable in myelin (Fig. 3B and supplemental Table 2), their
levels were extremely low (Fig. 34). Thus, changes in brain SL
levels and in their acyl chain composition appear to largely
reflect changes in myelin.

Finally, we analyzed cholesterol and glycerolipid levels. No
changes were detected in sterol levels with the exception of a
small increase in cholesterol esters. However, because levels of
cholesterol esters are extremely low in brain (~1 pmol/mg dry
weight compared with 130 pmol/mg dry weight for choles-
terol), this change is unlikely to be of any pathological conse-
quence. Likewise, no changes were observed in glycerolipid lev-
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els (phosphatidylcholine, 44% of total glycerolipids in WT and
41% in CerS2-null; phosphatidylethanolamine, 35 versus 39%;
phosphatidylserine, 18 versus 15%; phosphatidylinositol, 3 ver-
sus 4%; and phosphatidylglycerol, 0.3% for both WT and
CerS2-null).

Vacuolization in Gray and White Matter Regions—Abnor-
malities were detected in the CerS2-null mouse brain by ~4
months of age (Fig. 4), characterized by a subtle encephalopathy
with minimal to moderate bilateral and symmetrical vacuoliza-
tion and gliosis. Round to oval vacuoles (4—30 um in diameter)
were observed in multiple regions of the brain in both gray and
white matter regions but predominated in the former. Such
vacuoles are never found in WT brains. In the cerebral cortex,
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FIGURE 3. LC-ESI MS/MS analysis of SL composition of myelin. A, total SL levels in purified myelin. The inset shows levels of GlcCer and lactosylceramide
(LacCer).*, p < 0.05. B, acyl chain distribution of myelin. Supplemental Table 2 gives SL levels in pmol/mg of tissue. Values are means = S.D. (n = 3) in which two
analyses were performed on 3-month-old mice and one analysis was performed on 5-month old mice with no significant differences between them.

vacuoles were most common in the frontal and parietal lobes in
the motor cortex, the cingulate gyrus, and the retrosplenial cor-
tex; this is in contrast to a previous study (19), which suggested
that vacuolization does not occur in the telencephalon. The
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septal nuclei were commonly involved. In the thalamus, which
was consistently affected (Fig. 4, A and B), vacuoles tended to be
more common in lateral regions but were also present dorsally
and ventromedially. In many CerS2-null mice, the most
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FIGURE 4. Histological abnormalities. A-D, hematoxylin- and eosin-stained sections. A, a coronal section at the level of the thalamus. The circles indicate the
bilateral and symmetrical location of foci of vacuolization (which cannot be seen at this magnification). Scale bar, 1 mm. B, higher magnification of a field in A
showing vacuolization in the lateral thalamus. Vacuoles are indicated by arrowheads. Such vacuoles are never found in appropriately prepared WT brains. Scale
bar, 100 um. C, coronal section of the midbrain at the level of the rostral colliculi. Circles indicate bilateral and symmetrical vacuoles. Scale bar, 500 um. D, the
same foci of vacuolization as in C. Vacuoles are indicated by arrowheads and are more prevalent than in B. Scale bar, 50 um. E, Luxol fast blue cresyl echt violet
staining of a coronal section at the level of the midbrain from a mouse with moderate encephalopathy. Vacuoles are scattered within the tissue surrounding
the periventricular gray matter (PVG) spanned by double-headed arrows. Scale bar, 250 um. F, higher magnification of the top right-hand corner of E. Vacuoles
are marked with arrowheads. Scale bar, 100 um. G, semithin section of the midbrain stained by toluene blue. Many vacuoles in this image contain debris
(arrowheads), and some have a thin dark rim consistent with a ballooned myelin sheath (arrows). Scale bar, 25 pm. H, low magnification electron micrograph
of the midbrain (from the same sample as G). A vacuole delimited by a thin dark rim of myelin (arrowheads) can be seen in the center. The arrows indicate the
point at which the ballooned myelin becomes continuous with the intact myelin sheath surrounding an axon (A). Note that the surrounding tissue is well
preserved and contains several myelinated axons with intact myelin sheaths. Scale bar, 2 um.

TABLE 1

severely affected brain region was the midbrain where vacuoles  Astrogliosis in brain regions of the CerS2-null mouse

were widely scattered, affecting many areas, including the ante- Brain area Intensity of GFAP labeling”
rior and posterior colliculi (Fig. 4, C-F). More distally in the Cortex
pons and medulla oblongata, vacuoles were widely distributed ls\g(r)lts%rry ii
but present in lower amounts. Occasionally, vacuolization was Piriform ++
noted in the globus pallidus (GP), caudate putamen, hippocam- g‘clsi‘;‘i’tz +
pus, occipital lobe, and cerebellum. Affected white matter Basal ganglia
tracts included the corpus callosum, fimbria, internal capsule, Caudate putamen ++
anterior commissure, and precommissural fornix. The severity gﬁﬁi‘;spiﬁﬁgzbens i+ N
of vacuolization varied between individual mice and was not Substantia nigra T+
age-dependent. A small number of vacuoles contained floccu- Hippocampus
lent debris, and some of these had a thin dark rim suggestive of CAl -
. . CA2/CA3 -

myelin (Figs. 4, G and H, and 7A). Hippocampal fissure ++

Astrogliosis and Microglial Activation—Considerable astro- Dentate gyrus -
gliosis and microglial activation was detected at ~3 months of Wkit: matter tracts -
age with astrogliosis more pronounced than microgliosis. Cﬁ,‘r;ﬂ;’ P e Tt
Astrogliosis and microgliosis showed a bilateral and symmetri- Fimbria 4+

1 distributi d . hit d tt Internal capsule +++
cal distribution and were present in white and gray matter Cerebellum (white matter) Ty
(Table 1). White matter regions with high astrogliosis and Other regions
microglia activation included the fimbria, parts of the corpus Thalamus ++
callosum, the internal capsule, and the white matter of the cer- %;1}1,3; k. i
ebellum (Figs. 5 and 64 and Table 1). Moreover, a number of Olfactory bulb -
gray matter regions and deep nuclei also showed gliOSiS, includ- “ The number of plus signs indicates the extent of GFAP immunoreactivity in the

CerS2-null mouse compared with the WT with “—” indicating no change, “+”

ing the basal ganglia, specifically the GP. The GP (together
with the caudate putamen) is involved in motor control as
are specific nuclei in the thalamus, various areas of the cor-
tex, and several nuclei in the brain stem, all of which dis-
played glial activation (Figs. 5 and 64 and Table 1). Gliosis
was also observed in the midbrain (substantia nigra),
whereas the hippocampus was less affected (Figs. 5 and 64
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indicating a few more GFAP-positive cells, and “+ + +” indicating extensive
numbers of GFAP-positive cells.

and Table 1). Despite the high level of activated astroglia and
microglia in the GP, no neuronal loss was detected in this
region (Fig. 6B).
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hippocampus
/thalamus

basal ganglia

The CerS2-null mouse was generated from a gene trap ES cell
clone with LacZ placed under the control of the CerS2 pro-
moter (15). Therefore, B-galactosidase activity (assessed by
X-Gal staining) can be used to determine CerS2 promoter
activity and expression in heterozygote (+/—) or CerS2-null
mice, both of which gave a similar labeling pattern (not shown).
A good correlation was observed between astroglial and micro-
glial activation and X-Gal staining (Fig. 5 and 6A4). Thus, CerS2
is highly expressed in white matter regions such as the fimbria,
the corpus callosum, and the internal capsule (Fig. 5), consis-
tent with the role of very long acyl chain SLs in myelin (17), and
correlates with high levels of gliosis and vacuolization (Fig. 5).
Likewise, elevated X-Gal staining was detected in the GP, which
showed intense gliosis (Fig. 5). In contrast, there was less cor-
relation in other areas (i.e. the thalamus, cortex, and CA1 region
of the hippocampus) (Fig. 5), suggesting that very long acyl
chain SLs may play less crucial roles in these areas or that there
are additional mechanisms to regulate their levels.

Myelin Fiber Integrity—Altered myelin structure was further
examined in the midbrain. Myelin degeneration and detach-
ment from axons (Fig. 7A) was observed in 5-month-old CerS2-
null mice, similar to that observed in peripheral nerves (19). To
determine the time course of myelin degradation, MBP and
PLP levels were analyzed at different ages. A significant reduc-
tion in myelin protein levels was observed from ~3 months (not
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FIGURE 5. Astrogliosis in various brain regions. Immunostaining with an anti-GFAP antibody in 4-month-old WT and CerS2-null mice (similar results were
obtained at 7 and 10 months) and X-Gal staining from a CerS2-null mouse brain are shown. CC, corpus callosum; CPu, caudate putamen; fi, fimbria; GL, granular
layer of the cerebellum; Hip, hippocampus; ic, internal capsule; ML, molecular layer of the cerebellum; SN, substantia nigra; Th, thalamus; WM, white matter of
the cerebellum. Scale bars, 500 um for basal ganglia and hippocampus, 50 wm for cerebellum, and 100 wm for midbrain and brain stem.

shown) for MBP and from 5 months of age for PLP that became
more pronounced with age (Fig. 7, B and C).

Differences in the character of myelinated fibers were further
characterized by MRI in which an increase in T, and a reduc-
tion in the contrast between white and gray matter were
observed (Fig. 8, A and B). The major white matter regions, such
as the corpus callosum and the internal capsule, were almost
unrecognizable in CerS2-null mice. Quantitative color-coded
T, mapping (Fig. 8, Band C) showed a significant increase in the
T, of the entire brain, which is consistent with inflammation
and loss of macromolecules (i.e. degeneration of myelin).

Abnormal Motor Dysfunction—Based on the prevalence of
histological abnormalities in areas associated with motor con-
trol (46), the motor response of CerS2-null mice was examined.
Upon cage opening or handling of mice over 3 months of age,
mice often showed symmetrical, fast myoclonic jerks and loss of
posture lasting 40— 60 s (supplemental Movie 1). EEG record-
ings showed abnormally fast rhythmic activity, suggesting gen-
eral cortical dysfunction (Fig. 9, A and B). Power spectrum anal-
ysis confirmed abnormally fast activity in the vy range (>40 Hz;
Fig. 9D). Notably, during myoclonic activity or audiogenic
stimulus response, no changes in cortical EEG were observed
(supplemental Movie 1). As EEG analysis can only recognize
seizures from regions of cortical origin, these data indicate an
abnormal subcortical function in CerS2-null mice that leads to
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FIGURE 6. Microglial activation in various brain regions. A, immuno-
staining with an anti-Mac2 antibody in 4-month-old WT and CerS2-null brain
(similar results were obtained at 7 months). Areas are coded as in Fig. 5. Scale
bars, 50 um for the fimbria, corpus callosum, and brain stem and 100 um for
the thalamus, basal ganglia, and midbrain. B, number of neurons in the GP of
WT and CerS2-null mice.
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motor dysfunction and correlates with the massive astrogliosis
and microglial activation observed in the basal ganglia and
brain stem.

Accumulation of Unidentified Intracellular Storage Material—
Finally, we detected an unidentified intracellular membranous
substance in lysosomes that appear to be in astrocytes (Fig.
10A). Lysosomes were packed with narrow, curved, “banana-
shaped” storage material (Fig. 10B), and occasionally in older
mice, lysosomes themselves became banana-shaped, contain-
ing densely packed lamella membranes (Fig. 10, C and D). The
storage material was detected as early as 1.5 months of age. This
kind of storage material is not observed in WT mice. To deter-
mine whether this storage material was the result of the defec-
tive activity of a lysosomal enzyme, the activity of several lyso-
somal hydrolases was examined in 2- and 6-month-old mice.
No differences in the activity of acid sphingomyelinase, «-ga-
lactosidase, a-mannosidase, 3-mannosidase, B-glucuronidase,
arylsulfatase A, and galactosylceramidase were observed at
either 2 or 6 months of age (not shown); a small increase in
hexosaminidase A activity was observed at 6 months. Together
with the lack of change in ganglioside levels (supplemental Fig.
1), this strongly suggests that the accumulating material is not a
ganglioside, although the storage pattern visually resembles
that observed in the GM1 gangliosidosis mouse (47).

DISCUSSION

The main finding of the current study is that ablation of
CerS2 leads to neurological dysfunction and to development of
bilateral and symmetrical encephalopathy characterized by
vacuolization, astrogliosis, and microglial activation. The
lesions are not restricted to white matter regions as might be
expected based on the high levels of long acyl chain SLs in
myelin (17) but are also found in gray matter regions.

In contrast to the hepatopathy (14), changes in long chain
sphingoid base levels are unlikely to contribute to the enceph-
alopathy in the CerS2-null mouse. Rather, the encephalopathy
is almost certainly related to changes in SL levels and in SL acyl
chain composition and more specifically to the virtually com-
plete loss of non-OH-GalCer and the reduction in OH-Gal-
(Hex)Cer levels. This is the first time that we have observed a
reduction in the total amount of a particular SL in the CerS2-
null mouse. In liver, loss of C22—C24-SLs resulted in elevation
of C16-SLs such that total SL levels were unaltered (14).

C18-non-OH-GalCer levels are not elevated upon depletion
of C22-C24-non-OH-GalCer in the CerS2-null mouse. This
may suggest that CGT, the enzyme that synthesizes GalCer, is
either unable to utilize C18-non-OH-Cer or that C18-non-OH-
Cer is inaccessible to CGT. Levels of C18-OH-Gal(Hex)Cer are
elevated to some extent but not enough to compensate for the
loss of C22-C24-OH-Gal(Hex)Cer. Together, these results
imply some unexpected mechanisms of GalCer and
OH-GalCer regulation in which the ratio between OH- and
non-OH-GalCer plays a key role in myelin stability. In a mouse
overexpressing CGT, non-OH-GalCer levels are elevated and
OH-GalCer is decreased, and as a result, total GalCer levels
(OH and non-OH) are unchanged (41, 44). CGT-overexpress-
ing mice are characterized by unstable and uncompact myelin,
supporting the idea that maintaining correct GalCer levels is
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FIGURE 7. Myelin degeneration. A, electron micrograph from the midbrain of a 7-month-old CerS2-null mouse. Detachment (left-hand panel) and breakdown
(right-hand panel) of the myelin sheath are observed. Scale bars, 0.5 um for the left-hand panel and 0.2 uwm for the right-hand panel. B, Western blots of MBP and
PLP. Brain extracts from WT and CerS2-null mice brains at different ages: postnatal day 15 (P15), postnatal day 30 (P30), 2 months (2M), 5 months (5M), and 8
months (8M). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) acts as a loading control. C, -fold change in levels of MBP and PLP in CerS2-null versus WT
mice (obtained by densitometry); values are normalized to GAPDH levels. Values are means * S.D. (n = 2-3).*, p < 0.05.

A

CerS2 null

CerS2 null

crucial for myelin formation and maintenance. A mouse defec-
tive in the enzyme responsible for hydroxy-SL synthesis, fatty
acid 2-hydroxylase (FA2H), has also been generated, and ele-
vated non-OH-GalCer levels were also observed. Old (18-
month) FA2H—/— mice show defects in myelin maintenance,
although myelin is normal in younger mice (up to 5 months)
(48). In contrast, in CGT—/— mice, OH-GlcCer and OH-SM
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FIGURE 8. MRI of WT and CerS2-null mice. T,-weighted magnetic resonance images (A) and quantitative color-coded T, magnetic resonance mapping (B) of
four brain slices of the same mouse are shown. C, analysis of the T, maps. Values are means = S.D. (n = 5). %, p < 0.05.

levels are elevated to compensate for the reduction in GalCer
levels. However, OH-GlcCer levels cannot compensate for
GalCer in myelin maintenance as a double knock-out of CGT
and FA2H, lacking GalCer as well as OH-GlcCer and OH-SM,
did not differ in its phenotypic appearance from the CGT—/—
mouse (49). In the CerS2-null mouse, there is no compensation
for the reduction in GalCer levels, and therefore myelin main-
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FIGURE 9. EEG analysis of motor dysfunction. EEG traces were recorded using epidural electrodes in WT (A) and CerS2-null (B) mice. Recording in the
CerS2-null mice was performed during myoclonic jerk movements. The lower trace in B shows the same recording but with a faster time scale. C, a typical
epileptic seizure was recorded 2 min after injection of the muscarinic agonist pilocarpine (Pilo) (310 mg/kg), confirming that the implanted electrodes are able
to record cortical seizures (36). D, power spectrum density. The integral of activity for each mouse was calculated (n = 5) for slow & (1-3 Hz) and fast y (40-200)
frequency ranges. Note the significant increase in fast -y activity in the cortex of CerS2-null mice. *, p < 0.01.

tenance is impaired, and myelin degenerates. The slight increase
in C18-OH-Gal(Hex)Cer levels may be able to compensate to
some extent for the loss of non-OH-C22-C24-GalCer, which is
required for maintaining interactions between myelin membranes
(50). This might account for the more moderate phenotype of the
CerS2-null mouse compared with the CGT—/— mouse.

The molecular mechanisms leading from changes in GalCer
levels and acyl chain composition to myelin degeneration are
unknown (43). A defect in the myelin sheath of CerS2-null mice
was reported previously (19) together with a reduction in
myelin proteins and detachment of the inner lamella in periph-
eral neurons. We have considerably expanded this earlier work
by examining the time course of the development of myelin
defects in the central nervous system and show that myelin
defects begin in CerS2-null mice at around 3 month of age, a
time in which there is a major switch in the acyl chain compo-
sition of GalCer in WT mice. Thus, myelin formation seems to
be unaffected, whereas myelin maintenance is considerably
impaired. Lamellar separation and myelin detachment were
also observed in CGT—/— mice (41, 45, 51), which die at a
much younger age. The myelin phenotype in the CerS2-null
mouse can be explained by changes in GalCer levels and in
GalCer acyl chain distribution, whereas the altered acyl chain
composition of ceramide, SM, GlcCer, or of down-stream
glycosphingolipids such as gangliosides, which are found at
high levels in neurons (52), may contribute to the neuronal
phenotype observed. Moreover, CerS2 is expressed in both
neurons and glia, suggesting that unlike the CGT —/— mouse in
which the phenotype can be fully rescued by expression of the
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CGT gene uniquely in oligodendrocytes (53), rescuing the
CerS2-null mouse will require expression of CerS2 in neurons,
glia, and oligodendrocytes.

The gradual loss of myelin presumably results in the massive
astrogliosis and microglial activation. Astrogliosis is sometimes
seen in white matter deficiencies and has been observed in cer-
ebroside sulfotransferase-null and in galactosylceramidase-null
(twitcher) mice (54, 55). However, the brain disease in the
CerS2-null mouse does not affect solely white matter regions. It
is an adult onset, mild to moderate encephalopathy character-
ized by bilateral and symmetrical astrogliosis, microglial activa-
tion, and vacuolization affecting gray and white matter areas in
the cerebrum, basal ganglia, brain stem, and cerebellum. Gliosis
was visible in every white matter region examined, which might
be a consequence of the myelin disruption. However, gliosis
was also observed in brain regions associated with motor con-
trol with the most profound gliosis observed in the GP. The GP
is an area in the basal ganglia that when disrupted causes move-
ment disorders (56). Defects in the GP have been observed in
several conditions such as copper and iron storage (57) and in
lysosomal storage disorders such as Gaucher and Niemann-
Pick C diseases (35, 58).

Vacuoles were not restricted to the medullary tree of the
cerebellum as reported previously (19). Morphologic features
of some vacuoles showed that they were due to ballooning of
the myelin sheath, but the cause of most remains unknown.
Bilateral and symmetrical distribution is typical of many degen-
erative and metabolic encephalopathies (59). Because CerS2-
null mice show severe hepatopathy, some of the brain lesions
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FIGURE 10. Ultrastructural features of unidentified storage materials. A, electron micrograph of the cerebrum of a 4-month-old CerS2-null mouse revealing
a capillary lined by vascular endothelium and surrounded by unmyelinated axons. Attached to the endothelium is probably an astrocyte that contains a large
lysosome packed with curved narrow banana-shaped storage material. Scale bar, 1 um. B, higher magnification of the astrocyte that contains the curvilinear
structures; the rest of the field is filled with unmyelinated axons. Scale bar, 0.5 um. C, lower magnification of a lysosome in the midbrain of a 7-month-old
CerS2-null mouse. Storage of banana-shaped material is seen at the periphery, and a lamellated membrane structure is in the center. Scale bar, 0.5 um. D, higher
magnification of the lamellated membrane structure seen in C. Scale bar, 0.1 pwm.

could be caused by a hepatic encephalopathy (59). Hepatic
encephalopathy has been observed, for instance, in fulminant
hepatic failure, which is fatal within 1-2 days (60). However,
despite the severe and progressive hepatopathy in the CerS2-
null mouse, no clinical signs of liver failure were observed (15).
Although some pathological features are shared between
hepatic encephalopathy and the CerS2-null mouse, a number of
other features are not, suggesting that the brain lesions are not
a result of hepatic encephalopathy. For instance, gliosis is more
widespread than vacuolization, and astroglial and microglial
activation is accompanied by vacuolization in many but not all
areas.

CerS2-null mice also show a distinctive neurological dys-
function of the motor system (but no neuronal loss). General-
ized and symmetrical myoclonic jerks might be indicative of
cortical dysfunction and seizures. However, although EEG
recordings confirmed fast cortical activity at rest, cortical
hypersynchronicity typical of seizure activity was not observed
either spontaneously or during myoclonic jerks. This indicates
that the motor dysfunction originates in subcortical structures,
possibly in the basal ganglia or brain stem. This is supported by
the massive astrogliosis and microglial activation in these
regions. CerS2-null mice exhibit high sensitivity to audiogenic
stimuli, resembling to some extent the lethal audiogenic sei-
zures in mice overexpressing CGT in neurons (61).

Finally and quite unexpectedly, we detected the presence of
unidentified storage materials in lysosomes of what are proba-
bly astrocytes. The storage material displayed a morphology
similarity to the material that accumulates in Farber disease

30032 JOURNAL OF BIOLOGICAL CHEMISTRY

(62—64) and to the lamellated membrane structures that accu-
mulate in the GM1 and GM2 gangliosidoses, Niemann-Pick
disease and fucosidosis (65, 66). This substance is unlikely to be
a ganglioside, and resolution of its composition will require
isolation of lysosomes and biochemical analysis of their com-
position. However, it is of interest that a defect in a biosynthetic
enzyme results in a phenotype that resembles a defect in a cat-
abolic enzyme. Lysosomal storage is known to occur in some
diseases in which the primary defect is not a lysosomal enzyme,
one of which (i.e. neuronal ceroid lipofuscinosis) is caused by a
defect in a protein, CLN8, which shares some homology to the
ceramide synthase family (11).

In summary, we have systematically described the encepha-
lopathy that occurs upon depletion of very long acyl chain SLs.
Different features of the encephalopathy are probably related to
the roles of specific SLs in specific nerve cell populations and in
myelin, demonstrating previously unanticipated roles of SLs of
defined acyl chain length in brain function and development.
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