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Abstract The grey-lethal mouse (g//gl) mutant most
closely resembles the severe human malignant autosomal
recessive OSTM1-dependent form of osteopetrosis that it
has been described to be associated with neurological
abnormalities. For this reason, we have analyzed the brain
lipid composition (gangliosides, neutral glycosphingolipids,
phospholipids and cholesterol), from g//g/ mice at different
ages of development and compared with wild type mice.
Both cholesterol and glycerophospholipid content and
pattern in the gl//gl and control mice were very similar. In
contrast, significant differences were observed in the
content of several sphingolipids. Higher amount of the
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monosialogangliosides GM2 and GM3, and lower content
of sphingomyelin, sulfatide and galactosylceramide were
observed in the gl/g/ brain with respect to controls. The low
content of sphingomyelin, sulfatide and galactosylceramide
is consistent with the immunohistochemical results showing
that in the grey-lethal brain significant depletion and
disorganization of the myelinated fibres is present, thus
supporting the hypothesis that loss of function of the
OSTMI1 causes neuronal impairment and myelin deficit.
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Abbreviations

gl/gl grey-lethal

ARO Autosomal Recessive Osteopetrosis

OSTMI1 osteopetrosis associated transmembrane protein 1
HSC haematopoietic stem cells

HPTLC  high-performance thin layer chromatography
Introduction

Infantile malignant Autosomal Recessive Osteopetroses
(ARO-MIM 259700, 259720, 611497, 259710) are severe
hereditary bone diseases characterized by increased bone
density due to a defect in osteoclastic bone resorption or
differentiation [1].

The generalized bone sclerosis causes, in ARO patients, a
number of severe clinical manifestations, including: macro-
cephaly, cranial nerve dysfunction such as deafness and
blindness, hepatosplenomegaly, anemia and pancytopenia
due to severe bone marrow failure beginning in fetal life or in
early infancy. The prognosis has a fatal outcome, generally
within the first decade of life.
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In the last few years, cellular and molecular investiga-
tions of hereditary osteopetrosis have greatly contributed to
the dissection of this heterogeneous disease.

Human osteopetrosis in most, but not all cases [2],
shows normal or increased numbers of osteoclasts [1] and it
has been suggested that the affected gene(s) is likely
involved in the maintenance of the functional capacity of
mature osteoclasts. This hypothesis has been supported by
the nature of the gene defects found thus far in ARO
osteoclast rich-form, all related to metabolic pathways
leading to acidification of the external microenvironment.
The a3 subunit (coded by ATP6a3 or TCIRG1 gene) of the
V-ATPase complex, the primary pump involved in proton
extrusion by osteoclast cells, has been found mutated in
more than 60% of the patients affected by ARO [3—5]. This
acidification is also been hampered by a defect in the
CICN7 gene, which is mutated in about 10% of ARO
patients [6, 7]. This gene, whose mutations are also respon-
sible for the Autosomal Dominant Osteopetrosis type II [8],
encodes a late endosomal/lysosomal member of the CLC
family of chloride channels and transporters [9].

A third gene mutated in human ARO is the grey-lethal
gene (gl//gl), named OSTMI, (osteopetrosis associated
transmembrane protein-1 which encodes a single trans-
membrane domain protein that has been suggested to form
a molecular complex with CIC-7 [10]. The OSTMI is
responsible for the grey-lethal mutation in the mouse, and
has been described so far in about 4% of ARO patients [10—
14]. In addition it has been demonstrated that the OSTM1-
dependent patients show seizure and severe central nervous
system involvement leading to a more severe prognosis
then in CICN7-dependent form [14].

Careful genotype/phenotype correlations in ARO sug-
gest that, although at a first glance ARO patients look
monomorphous, at a closer examination the underlying
specific molecular defect seems to be of some prognostic
and therapeutic relevance. TCIRG1-dependent ARO
patients have a severe homogeneous phenotype, their
nervous system involvement (hydrocephalus and cranial
nerve defects) is secondary to the compression due to skull
deformities and the haematological defects can be rescued
by HLA-matched haematopoietic stem cells (HSC) trans-
plantation [15, 16].

On the other hand, there is increasing evidence that
patients with recessive CICN7 and OSTMI1 mutations,
besides the bone manifestations, show a primary severe
neurological defect (primary retinopathy and progressive
cortical atrophy in addition to secondary neural defects) due
to lysosomal storage disease, as recently suggested [8].

It has been reported that CIC-7 and OSTMI1 proteins co-
localize in late endosomes and lysosomes of various cell
type including neuronal cells, as well as in the ruffled
border of bone-resorbing osteoclasts. CIC-7 and OSTMI1
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form a molecular complex with the OSTM1 as (3-subunit of
CIC-7 and mutations in either gene lead to lysosomal
storage and neurodegeneration in addition to osteopetrosis
[8]. These finding could explain why the prognosis of both
of these forms seems particularly poor due to the co-
existence of this neurological defect which leads to death in
spite of HSCT [5, 6, 8, 15, 16], but doesn’t explain the
origin of the neurological involvement.

We have previously demonstrated that both human
and the mouse mutant have a primary CNS involvement con-
sisting of progressive cortical atrophy and hypomyelination/
dysmyelination, suggesting that the grey-lethal mouse is a
good model to investigate the role of this gene and to test
possible alternative therapies [14].

Recently, a different role has been proposed for the
OSTMI protein. It has been demonstrated that, in totipotent
mouse F9 embryonal teratocarcinoma, expression of wild
type OSTMI1 increases Wnt3a-responsive beta-catenin
accumulation and Lef/Tcf-sensitive transcription and that
expression of OSTM1 with a C-terminal deletion inhibited
the Wnt-dependent association of beta-catenin and Lefl,
suggesting that OSTM1 is involved in signaling of the Wnt/
beta-catenin “canonical” pathway [17].

Preliminary data indicate that gl/g/ mouse brain is
smaller in size with irregular globose hemisphere and
shows a diffuse translucent appearance with loss of the
normal demarcation between the white and the grey matter,
features consistent with myelin loss or hypomyelination/
dysmyelination [14].

To better understand the nature of the neurological
defects, we have analyzed the biochemistry as well as the
pathology of the nervous system in the grey-lethal mutant
mouse.

Materials and methods

Materials Commercial chemicals were the purest available,
common solvents were distilled before use, and water was
prepared by the MilliQ system (Millipore). High perfor-
mance silica gel precoated thin-layer plates (TLC Kiesegel
60) were purchased from Merck. Trypsin, crystalline
bovine serum albumin, aminoacids and reagents for cell
culture were purchased from Sigma-Aldrich Chemicals.
Dulbecco’s Modified Eagle’s Medium (D-MEM) and fetal
calf serum were purchased from Hy-Clone.

Sphingolipids to be used as standard were purchased
from Sigma and the purity checked by thin layer chroma-
tography in the appropriate solvent systems.

Isotopic tritium labeled gangliosides GM1 and GM2 were
prepared by the dichloro-dicyano-benzoquinone/sodium
boro[*H]hydrid method followed by reversed phase HPLC
purification [18, 19]. [3—>H(sphingosine)JGM1 and [3—H
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(sphingosine)]|GM2, had a specific radioactivity of 1.2 and
1.1 Ci/mmol, respectively.

The mouse strains GL/Le Edardl-J were obtained from
the Jackson Laboratory (Bar Harbor, ME). Homozygous
gl/gl mice were obtained by breeding heterozygous mice
with the mutated allele. Mice were maintained in accor-
dance with Italian Ministry of Health and European
Community guidelines, and the experimental procedures
were in compliance with the guiding principles in the Guide
for the Care and Use of Laboratory.

Lipid extraction Brains from g//gl and wild type mice were
weighted, frozen and lyophilised. The lyophilised tissue
was suspended in iced water (500 mg of fresh tissue/ml),
sonicated maintaining the sample tube in ice immersion,
and again frozen and lyophilised. Lipids were extracted
from the lyophilised powder (80 mg fresh tissue/ml) with
chloroform/methanol/water, 20:10:1 (by volume) for three
times [20]. Total lipid extracts were subjected to a two-
phase partitioning [21, 22] resulting in the separation of an
aqueous phase containing gangliosides and in an organic
phase containing all other lipids. The aqueous phase gangli-
oside content was determined as lipid-bound sialic acid by the
resorcinol method [23], while phospholipid content of the
organic phase was determined as lipid-bound phosphate after
perchloric acid digestion [24]. Lipids were separated by
mono-dimensional TLC carried out with the following
solvent systems: hexane/ethyl acetate, 3:2 by volume for
the analysis of cholesterol, chloroform/methanol/acetic acid/
water, 30:20:2:1 by volume for phospholipids, chloroform/
methanol/0.2% aqueous CaCl,, 50:42:11 by volume for
gangliosides. The O-acetylated gangliosides were analysed
by two-dimensional TLC carried out with chloroform/
methanol/water, 50:42:11 by volume for the first and the
second run and with intermediate exposure to NH; vapors.
The solvent systems chloroform/methanol/water, 110:40:6
and 70:25:4 by volume were used to analyse, respectively,
neutral glycolipids and sulfatide from organic phases after
alkaline treatment [20]. Galactosylceramide and glucosylcer-
amide were separated on borate impregnated TLC [25] with
the solvent system chloroform/methanol/2.5 M ammonium
hydroxide, 70:30:3 by volume. Identification of lipids
after separation was assessed by co-migration with lipid
standards.

Cholesterol was visualized by spraying the TLC with
15% concentrated sulphuric acid in 1-butanol [26], phos-
pholipids with the molybdate reagent [27], gangliosides
with the p-dimethylaminobenzaldehyde reagent [28], neu-
tral glycolipids with the aniline/diphenylamine reagent [29]
and sulfatide with the cresyl violet acetate reagent [30].
Lipid quantification was determined by densitometry after
TLC separation using the Molecular Analyst program (Bio-
Rad Laboratories, Hercules, CA, USA). The mass content

of each phospholipid, or ganglioside, was calculated on the
basis of the percentage distribution of total phospholipid, or
ganglioside, content. Lipid contents were referred to brain
weigh or to brain protein content determined according to
Lowry [31], using bovine serum albumin as the reference
standard.

The lipid composition of brains from three different
animals from different litters has been analyzed. Data are the
mean values+SD, statistical significance of the differences
between g//gl and wild type mice has been carried out using
a two-tailed test. In some cases, the brains from littermate
animals have been analysed, reporting the individual com-
position data.

Enzyme assays The lysosomal enzyme activities were
determined utilizing the appropriate methyl-umbiferryl sub-
strates on brain homogenates obtained from three animals
from different litters for each day of age. Data are the mean
values£SD, statistical significance of the differences be-
tween gl/gl and wild type mice has been carried out using a
two-tailed test.

Cell cultures Fibroblasts were derived from wild type and
gl/gl mouse skin were cultured in Dulbecco’s Modified
Eagle’s Medium (D-MEM) containing 10% fetal bovine
serum, non essential amino acid mixture, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine.
Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO,.

The viability of the cells was estimated by examining
their ability to exclude 0.1% trypan blue in 0.9% NaCl.

Feeding experiments [3—"H(sphingosine)]|GMI1 and [3—°H
(sphingosine)|GM2, dissolved in propan-1-ol/water, 7:3 by
volume, were pipetted into a sterile tube and dried under a
nitrogen stream. The residue was solubilized in an
appropriate volume of pre-warmed (37°C) Dulbecco’s
Modified Eagle’s Medium (D-MEM), to obtain a 1.25 uM
solution. After removal of the original medium and rapid
washing of cells with D-MEM without serum, 5 ml of the
medium without serum and containing the radioactive lipid
were added to each dish of normal and g//g/ fibroblasts.
Cells were incubated for 4 h at 37°C, the radioactive
medium was removed and the dishes were washed with D-
MEM with 10% serum and chased for 19 h with 10% FCS
D-MEM. After chase, cells were washed twice with 5 ml of
D-MEM, scraped off with PBS with Na,VO, by a rubber
policeman and centrifuged at 3,000 rpm for 10 min at 4°C.
The cell pellets were submitted to lipids extraction and
lipid analyses as reported above. Radioactive lipids were
separated by TLC as reported above and subjected to radio-
imaging with a Beta-Imager 2000 instrument (Biospace,
Paris).
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Histopathological analysis At time of sacrifice, all mice
were deeply anesthetized and perfused with 4% parafor-
maldehyde. Brains and spinal cords were removed and
post-fixed o.n. in the same fixative prior to paraffin
embedding following a routine protocol. 4 um tissue
sections were taken on a microtome and used for routine
Haematoxylin and Eosin (H&E) staining and immunohis-
tochemistry. Briefly, sections were de-waxed, re-hydratated
through serial passages in xylene and alcohol and endoge-
nous peroxidase activity blocked with 0.3% H202 in
methanol. Sections were washed again and incubated
20 min. in 5% normal serum from the ”secondary antibody
species and over night with the primary monoclonal
antibody mouse anti-2’, 3'-cyclic nucleotide 3’-phosphodi-
esterase (CNPase, 1:1,000; Sigma, St Louis, MO, USA).
After washing, slides were incubated 1 h in the secondary
goat anti-mouse biotin-labelled antibody (1:200; Dako
Cytomation) and signal revealed by peroxidase conjugated

Fig. 1 Reduction of myelin
fibres in the grey-lethal (gl//gl)
mouse brain compared with the
wild type (+/+). CNPase
immunostaining highlights nor-
mal myelin distribution and
oligodendrocytes number in the
brain of a 2 weeks old wild type
mouse (a, ¢ and e) compare to
the age-matched g//g/ mouse
brain (b, d and f). Corpus
callosum from the g//g/ mouse
brain show a severe loss of
myelin fibres (b) as compared to
the control mouse brain (a).
Cortical regions show rarefac-
tion of the distribution in myelin
fibres (d) compare to the control
(¢). Details of the cortical
regions shown in ¢ and d high-
light loss of both oligodendro-
cytes and myelinated fibers in
the gl/gl mice (d) compare to the
controls (c). a, b, ¢ and d are
from 4x and e and f from 20x
original magnification.

CC Corpus callosum, Hbn
habenular nucleus, T/ thalamus
(partial), Hipp hippocampus.
Images are representative of
those obtained analyzing three
different animals
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streptavidin (HRP, 1:20; BioGenex, S. Ramon, CA, USA)
and diaminobenzydine (DAB, 1:50; BioGenex). Slides were
then counterstained with Hematoxylin. Negative controls
were obtained by omitting primary or secondary antibodies,
respectively. Images were acquired with the Olympus DP70
digital camera mounted on an Olympus BX60 microscope
using the Olympus imaging software Cell"F 2.5.

Results

The spontaneous grey-lethal (gl/gl) mouse model perfectly
recapitulates the severe OSTM1 human malignant autoso-
mal recessive form of osteopetrosis [32]. Osteopetrosis in
homozygous gl//gl mice is fully penetrant and can be
rescued by bone marrow transplantation providing evidence
of a cell-autonomous defect [33].

Hipp




Glycoconj J (2009) 26:623—-633

627

Table 1 Protein, ganglioside, cholesterol and glycerophospholipid contents in the brains from wild type and grey-lethal (g//g/) mice, at different age

Age, days Proteins, mg/g wet brain Gangliosides, pg sialic acid/g Cholesterol, mg/g Glycerophospholipids, pumol
wet brain wet brain phosphorus/g wet brain
WT gl/gl WT gl/gl WT gl/gl WT gl/gl
8 78.25+7.61 80.02+7.68 652+58 663+49 5.6+0.5 5.2+0.5 27.9+43.0 254422
10 88.04+8.65 805+65 6.6+0.6 32.0+£2.0
11 76.87+6.71 788+69 4.7+£0.3 32.8+2.1
12 82.13+7.54 73.78+6.63 694+58 720+71 6.6+0.5 5.8+0.6 36.0+1.9 33.0+3.1
13 85.21+8.88 820+79 5.84+0.5 35.0+2.3
14 81.03+7.91 82.13£6.69 623+60 633£59 4.4+0.5 4.8+0.6 29.5+2.1 29.7+£2.8
15 75.03+5.94 79.14£6.12 670+58 *741+51 5.9+0.4 7.0+0.6 40.3+3.2 40.2+2.9
19 83.35+6.61 86.33+7.01 717+£60 *784+62 6.9+0.6 6.8+0.5 36.4+3.4 41.0+3.9
20 77.15+7.02 936+91 6.1+0.7 40.8+3.7
21 83.22+6.99 1007493 5.8+0.6 443429

The lipid composition of brains from three different animals from different litters has been analyzed. Data are the mean values+SD, statistical
significance of the differences between gl/g/ and wild type mice has been carried out using a two-tailed test

*P<0.01 vs age-matched wild type mice

Homozygous gl/g/ mice do not display tooth eruption,
due to loss of bone remodelling and show a characteristic
grey coat colour instead of agouti as a consequence of
pheomelanin granules clumping in melanocytes.

The affected mice show bone sclerosis, mild anemia and
pancytopenia, developmental delay, blindness, dysmyelina-

tion mainly at the level of the corpus callosum, cortical
dysplasia. Death occurs within 2-3 weeks of age presum-
ably due to neurological defect.

The spontaneous grey-lethal mutation consists of a
1.5 kb genomic deletion encompassing the 5’ region of
the OSTM1 gene. Consequently, the transcript and protein
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Fig. 2 TLC separation of the complex lipids from wild type and grey-
lethal mouse (g//gl) brains. The total lipid mixture from wild type and
grey-lethal mouse (g//g/) brains was partitioned in aqueous and
organic phases that were analysed separately. a and b The TLC
separation of the aqueous phase ganglioside mixture from the brain of
mice at different age, in days. Gangliosides were separated with the
solvent system chloroform-methanol-0.2% aqueous CaCl,, 50:42:11
by volume and visualized with the p-dimethylaminobenzaldehyde

reagent. The ganglioside mixtures from the brains of grey-lethal mice
at day 20 and 21 were analysed on a separate plate (b). ¢ The organic
phase glycerophospholipid mixtures. Glycerophospholipids were
separated with the solvent system chloroform/methanol/acetic acid/
water, 30:20:2:1 by volume and visualized with the molybdate
reagent. TLC patterns are representative of those obtained analyzing
brains from three different animals
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are completely undetectable in homozygous g//g/ mice. The
OSTMI1 protein contains a putative signal peptide at the
N-terminal end and one membrane spanning domain in
the C-terminal region [11].

In wt tissue, OSTMI is highly expressed in osteoclasts
and melanocytes, consistent with the phenotype observed in
gl/gl animals and moderate express in brain, spleen and
kidney tissues, where the protein may have a crucial
function.

Mpyelination in the gl/gl mouse Gross examination of the
brain indicated that in the g//g/ normal demarcation
between the white and the grey matter is absent. Histological
analysis showed loss of normal lamination in cortex
consistent with multiple foci of cortical dysplasia.

Preliminary immunohistochemical analysis showed
hypomyelination/dysmyelination at the level of the corpus
callosum [13].

We have now performed a more detailed analysis of the
myelin abnormalities present at P14 in mutant brain by
immunostaining myelin and oligodendrocytes with anti-
CNPase antibodies. The results of our studies show that in
the mutants, compared to wild type mice the myelin deficit
is extensive (Fig. 1), myelinated fibers and oligodendro-
cytes in the gl/gl brain are completely absent around the
hippocampal area, and significantly reduced in thalamus,
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Fig. 3 GM2 and GM3 contents in the brains from wild type and grey-
lethal (gl//gl) mice. The aqueous phase ganglioside mixtures were
separated by TLC as in Fig. 2, and each spot quantified by
densitometry. Percentage values were then converted into absolute
values on the basis of total ganglioside sialic acid content. Circles
represent gangliosides from wild type brains; the closed squares
represent gangliosides from the brains of grey-lethal mice from
different litters, open squares represent gangliosides from the brains
of grey-lethal mice from the same litter. Data are the mean values+
SD. In some cases, the brains from littermate animals have been
analysed, reporting the individual composition data
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Fig. 4 Two-dimensional TLC with intermediate ammonia treatment
of the aqueous phase ganglioside mixture from the brains of 19 day
old wild type and grey-lethal mice (g//g/). The ganglioside mixtures
were applied on the left side of the plate as a small circle. After the
first run with the solvent system chloroform-methanol-0.2% aqueous
CaCl,, 50:42:11 by volume, the plate was dried, exposed to ammonia
vapours to remove alkali labile linkages, rotated 90° and developed
with the same above solvent system. Gangliosides were visualized
with the p-dimethylaminobenzaldehyde reagent and alkali labile
gangliosides are recognised as the spots under the diagonal of alkali
labile gangliosides

habenula (Fig. la-b) as well as in the cerebral cortex
(Fig. lc—d). Higher magnification of the parietal cortex
(enclosed in the insert) shows significant abnormalities of
the myelinated fibres. In the wt brain the fibers are well
myelinated (Fig. le) while in the gl//g/ they appear to be
disorganized and fragmented (Fig. 1f). No significant
difference are appreciated in morphology of oligodendro-
cytes between mutants and wild type controls.

Alteration in the levels of myelin specific sphingolipids and
complex lipids in brain of gl/gl during development In
order to correlate morphological abnormalities to metabolic
events taking place during development we have analysed
the content of the myelin specific lipids: galactosylceramides
and sulfatides in the brain of wt and g//g/. The accumulation,
during development, of sphingomyelin, another sphingo-
lipid highly enriched in the myelin membrane was also
determined. To complete the analysis, the content and
pattern of gangliosides, glycerophospholipids and choles-
terol were investigated. The time frame of our experimental
design, due to the short life span of the mutants, covers
only from 8 to 21 days, nonetheless this is the period of
most rapid myelination.

Both glycerophospholipid and cholesterol contents were
not significantly different in gl/gl and wild type mice
(Table 1). In addition, no significant differences were found
in the glycerophospholipid patterns (Fig. 2c¢).

However, deep differences were observed in the sphingo-
lipid composition of the g//g/ mouse brain. Figure 2a,b,
shows the monodimensional HPTLC separation of the brain
ganglioside mixture from 8 to 21 day old mice. In
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Fig. 5 Galactosylceramide, sulfatide and sphingomyelin contents in the
brains from wild type and grey-lethal (g//gl) mice.The galactosylcer-
amide (upper panel), sulfatide (middle panel) and sphingomyelin (lower
panel) contents were determined in the organic phase after alkaline
treatment to remove glycerophospholipids. The organic phase was
separated with different solvent systems as reported in the experimental
section. Sphingolipids were quantified by densitometry by comparison
with known quantities of reference standards. Circles represent
sphingolipids from wild type brains; the closed squares represent
sphingolipids from the brains of grey-lethal mice from different litters,
open squares represent sphingolipids from the brains of grey-lethal mice
from the same litter. Data are the mean values=SD. In some cases, the
brains from littermate animals have been analysed, reporting the
individual composition data

agreement with previous data [34] the brain ganglioside
mixture of wild type mice showed a mild increase as total
sialic acid within the age range (Table 1). The ganglioside
content in gl/g/ brains was very similar to that of wild type
mouse brains at day 8, while in 15 and 19 day old mice it
was slightly (about 10%) but significantly higher than in
wild type mouse brains. Analysis of ganglioside pattern in
the brains from g//gl mice from 8 to 21 day old mice
showed a progressive percentage increase of the two
monosialogangliosides GM3 and GM2. The content of
these two gangliosides was responsible for the higher total
ganglioside sialic acid content in g//g/ brains with respect to
wild type mouse brains. Figure 3 shows the changes of
gangliosides GM3 and GM2 contents in the brains from
wild type and grey-lethal mice along aging. As expected

both GM3 and GM2 are very minor components of the total
ganglioside mixture from the brains of wild type mice,
comprising for a few micrograms of sialic acid per g of wet
brain. Instead, in the brains from gl//g/ mice both ganglio-
sides progressively increased along age becoming main
components, particularly GM2, of the total ganglioside
mixture. To analyze with a better resolution the ganglioside
patterns in g//gl and wild type mouse brain, we performed a
two-dimensional TLC separation with intermediate ammo-
nia treatment of the ganglioside mixtures. Figure 4 shows
the two-dimensional TLC separation of the brain ganglio-
side mixtures from the 19 day old gl//g/ and wild type mice.
The chromatographic procedure allowed to recognize alkali
labile gangliosides, namely O-acetylated sialic acid con-
taining gangliosides and ganglioside-lactones. The accu-
mulation of GM3 and GM2 is evident in the grey lethal
brain, but no other significant differences were observed for
both alkali-labile and alkali-stabile species between the two
two-dimensional ganglioside patterns.

Galactosylceramide, sulfatide and sphingomyelin are
sphingolipids typically enriched in myelin. Since histo-
chemical analysis of brain suggested a demyelination
process in grey lethal mice, we analysed in detail the
galactosylceramde, sulfatide and sphingomyelin contents in
grey lethal brains. Figure 5 shows the galactosylceramide
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Fig. 6 TLC separation of total radioactive lipid pattern from wild type
and grey-lethal (gl/gl) fibroblasts fed with 3—H(sphingosine)]|GM1
and [3—"H(sphingosine)JGM2, in culture. Fibroblasts were fed for 4 h
with [3—"H(sphingosine)]GM1 and [3—>H(sphingosine)]GM2 and
after 19 h-chase, lipids were extracted and the total mixture separated
by HPTLC using the solvent system chloroform/methanol/0.2%
aqueous CaCl2, 50:45:10 by volume. Radioactive lipids were detected
by digital autoradiography; 200-400 dpm were applied on a 4 mm
line; time of acquisition: 24 h. Lane A Cells fed with [3—°H
(sphingosine)]|GM1 lane B, cells fed with [3—>H(sphingosine)]GM2.
Patterns are representative of those obtained in two independent
experiments
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Table 2 Enzyme activity in the brain homogenates from 8 and 23 day old wild type and grey-lethal mice (g//g/)

Enzyme Substrate Enzyme activity, nmol/mg protein/h

WT gl/gl

8 day old 23 day old 8 day old 23 day old
[3-Hexosaminidase MU-3-GalNAc 12.47+1.51 24.79+1.98 33.27+2.11 37.25+£3.21
[3-Hexosaminidase MU-3-GalNAc-SO3 0.52+0.05 1.07+0.07 *1.42+0.09 *1.30+0.08
[3-Galattosidase MU-{3-Gal 0.13£0.01 0.47+0.02 *0.39+0.01 0.53+0.01
«-Mannosidase MU-a-Man 0.51+0.02 0.52+0.02 *2.09+0.05 **3.60+0.04
a-Fucosidase MU-«-Fuc 0.15+0.01 0.19+0.01 *0.40+0.01 *0.40+0.02

Brain homogenates from three different animals from different litters has been analyzed. Data are the mean values+SD, statistical significance of
the differences between gl/g/ and wild type mice has been carried out using a two-tailed test

MU Methylumbellyferyl group
*P<0.01, **P<0.001 vs age-matched wild type mice

(upper panel), sulfatide (middle panel) and (lower panel)
sphingomyelin changes in g//g/ and wild type mouse brains
along aging. The contents of these three sphingolipids were
strongly (about 50%) reduced in the gl/g/ brains with
comparison with the wild type mouse brains, confirming
the presence of a myelin damage in the mutant animals.

Loading of labelled GM1 and GM?2 in fibroblast of mutant
and control fibroblasts Accumulation of brain gangliosides
is often the result of impairment of lysosomes due to
defects of hydrolytic enzymes. Thus, we prepared cultures
of skin fibroblasts from 19 day old gl/g/ and wild type
mice, and assessed their ability to catabolise gangliosides at
the lysosomal level. Cultured fibroblasts are easily prepared
and have proven to be a valuable tool to understand the
basic metabolic defects underlying sphingolipid-storage
diseases [35-37]. To do this, we fed fibroblasts in culture
ganglioside trititum-labelled at the sphingosine moiety, to
recognize the lysosomal degradation of gangliosides taken
up by the cells and thus a possible lysosomal impairment
occurring in the mutant mouse. In detail, fibroblasts from
gl/gl and wild type mice were fed with GM1 to observe a
possible accumulation of GM2, and were fed with GM2 to
observe a possible accumulation of GM3. Figure 6 shows
that gangliosides were taken up by the cells, partially
metabolized to more complex gangliosides and partially
catabolised to less complex glycosphingolipids. Neverthe-
less, the metabolic processes were comparable in gl/gl/ and
wild type fibroblasts and no accumulation of gangliosides
could be observed in gl/gl cells. In further experiments
performed to study catabolism properties, we analysed the
enzyme activity of some lysosomal hydrolases, namely 3-
hexosaminidase, (3-galactosidase, «-mannosidase and «-
fucosidase (Table 2). Enzyme activity was determined
using the brain homogenates from 8 and 23 day old wild
type and gl/gl mice on artificial substrates. We found that
all the enzyme activities were higher in the brain homoge-
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nate from gl//g/ and that the higher activities were observed
yet in the 8 day old mice.

Discussion

Human forms of autosomal recessive osteopetrosis associated
with mutations of the grey-lethal gene (g/) encoding for
OSTMI1 are particularly severe and are characterized by a
deep neural involvement, mainly consisting in progressive
cortical atrophy associated with myelin damage [14]. The
animal model of the disease, the spontaneous gl//gl mouse
mutant, is also characterized by blindness and a marked
neural impairment: It was previously described that gl/g/
mouse shows reduced brain size with loss of the normal
demarcation between the white and the grey matter. On
histological examination, diffuse loss of myelin, mainly at
the level of the corpus callosum, and cortical dysplasia were
evidentiated. The early death of the animals is most likely
due to the neurological defects. Our data clearly show that
gl/gl cortex at P14 is characterized by evident signs of
myelin deficit, including generalized dysmyelinogenesis.
However, in evaluating the results of our studies concerning
the lack of galactosylceramide accumulation during brain
development, and given that galactolipids are critical early
mediators of myelin formation, it is reasonable to conclude
that hypomyelination is cause of the myelin deficit observed
in the gl/gl brain. However, at this time and with the data
available we cannot conclude whether the observed myelin
alterations are the consequence of primary alterations in
oligodendrocyte metabolism or secondary to neuronal
pathology.

Neurologic involvement is a common feature of a vast
group of clinically heterogeneous diseases belonging to
lysosomal storage disorders. All lysosomal storage disorders
are characterized by the genetically determined deficiency of
a lysosomal catabolic enzyme [38], In particular, several
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lysosomal storage diseases are characterized by defects in
the lysosomal degradation pathways of complex sphingo-
lipids [39], with the consequent accumulation of non
degraded sphingolipids at the lysosomal level. All sphingo-
lipid storage diseases are autosomal recessive diseases as
human ARO. Among other sphingolipid storage diseases,
phenotypes associated with neurological impairment are
particularly evident in GM2 gangliosidosis (Sandhoff and
Tay-Sachs diseases), Niemann-Pick disease type A, Gaucher
disease, metachromatic leukodistrophy and globoid cell
leukodistrophy (Krabbe disease).

In some cases, within the same pathology are present
both neuronopathic and non neuronopathic forms. In other
cases, a myelin defect is the primary event, such as in
Krabbe disease, an inflammatory demyelinating disease
caused by genetic deficiency of the galactosylceramidase,
that leads to the accumulation of galactosylsphingosine, one
of the substrates of galactosylceramidase.

Accumulation of galactosyl sphingosine, a toxic com-
pound, is the cause for the apoptotic death of myelin-
producing olygodendrocytes and the infiltration of periodic
acid Schiff stain-positive peripheral macrophages, leading
to extensive demyelination [40, 41].

Sphingolipids are characteristic components of the plasma
membrane of primary importance as receptors and cell surface
antigens [42]. Moreover, cell sphingolipids contribute to the
modulation of several cellular functions due to the ability to
interact with specific proteins at the cell surface, and to
modulate their functional activity. Indeed, the spontancous
segregation of membrane sphingolipids is the driving force
leading to the creation of sphingolipid-enriched membrane
domains or lipid rafts, where a highly selected set of lipids
and proteins are segregated together, allowing reciprocal
interactions of functional significance and forming functional
units which are involved in signal transduction processes.
When lysosomes are overloaded by the excess of non-
degradable sphingolipids, a certain amount of the accumu-
lated sphingolipid can be transported to the plasma
membrane and to intracellular membranes, thus modifying
their composition and leading to relevant modifications in
the structure of lipid rafts and in the interactions occurring
there between sphingolipids and proteins resident in lipid
rafts. Moreover, lysosomal membranes are able to recycle to
the plasma membrane, thus influencing its composition in an
aberrant way in the case of lysosome degeneration [43]. The
interaction with lipid membrane domains having non-
conventional organization might deeply influence the inter-
actions between sphingolipids and proteins at this level,
influencing their function and participating to the onset of the
neurodegenerative processes. More specifically, a possible
role of lipid rafts in the pathogenesis of spontanecous and
transmissible neurodegenerative diseases was highlighted by
the discovery that a number of molecules causally connected

to such diseases are associated with these membrane
domains. The most prominent examples are represented by
the amyloid precursor protein (APP) in Alzheimer’s disease
[44-47] or synuclein in Parkinson disease [48, 49] and by
the prion protein [50]. In both cases, the generation of the
aberrant forms of these proteins, which are responsible for
the onset of the disease, seems to be localized in lipid rafts
and/or dependent from the structure of lipid rafts.

For these reasons, we analyzed the brain lipid com-
position of gl/gl mice at different ages and compared to
that of wild type mice. Our data have clearly shown a lack
of cumulative increase of sphingomyelin, sulfatide and
galactosylceramide during development in the brain of gl/gl
compared to controls. Since myelin is highly enriched in
these three sphingolipids, these results are consistent with
the immunohistochemical data indicating a depletion of
myelinated fibers in the brain of gl/g/ mice. On the other
hand, we observed in gl/g/ mouse brain a progressive
accumulation of the monosialogangliosides GM3 and GM2.
Thus, we wondered whether the myelin alterations could be
the consequence of the accumulation of these gangliosides
as the result of a defect of their degradation. Thus, we
analyzed the enzyme activities of several lysosomal
glycohydrolases. Surprisingly, we found that all enzyme
activities tested were higher or similar in the gl/gl/ mice
brain homogenates respect to the wild type animals.
Moreover, we tested the ability of cultured skin fibroblasts
from wild type and grey lethal mice for their ability to
catabolize exogenously added gangliosides, and no differ-
ence were observed in the uptake and catabolism of
exogenous GM1 and GM2, nor accumulation of products
deriving from the catabolism of gangliosides. Thus, the
metabolic origin of the accumulation of GM3 and GM2 in
gl/gl mice brain remains to be elucidated. It is worth to
recall that accumulation of gangliosides in brain areas has
been observed in the case of human Niemann-Pick disease
type A, that is consequent to the lack of acidic sphingo-
myelinase and accumulation of sphingomyelin [51], indi-
cating that a specific enzyme defect in sphingolipid
catabolism might lead to unexpected consequences on the
tissue levels of sphingolipids that are not the direct sub-
strate of the defective enzyme. Since our data seem to rule
out the involvement of enzymes of ganglioside degradative
pathway in determining the accumulation of monosialo-
gangliosides in gl//gl mouse brain, it is likely that altered
glycolipids glycosylation could be responsible for this. We
are currently testing this hypothesis by comparatively
analyzing the expression levels and enzyme activities of
different glycolipid glycosyltransferases in wild type and
gl/gl mouse brain. It is well known that genes encoding for
glycolipid glycosyltransferases are under transcriptional
control [52]. The synthetic reactions leading to the stepwise
addition of sugars during glycolipid biosynthesis are
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coupled to vesicular transport in the Golgi apparatus [53],
and different acceptors compete for the enzyme activities at
the branching point of the biosynthetic pathway, that thus
represent a potential site of regulation for ganglioside
biosynthesis. Moreover, glycosyltransferases for glycolipids
are organized as multimolecular complexes in the Golgi
[54]. Thus many factors affecting the organization and
traffic in intracellular membranes could be responsible for
an altered glycosylation leading to the observed accumula-
tion of GM3 and GM2 gangliosides in gl//g/ mouse brain. It
remain to be elucidated whether this occurs in this
experimental model of ARO.

A possible clue to understand the molecular basis of the
pathological features described in this paper will come from
a detailed analysis of the neuronal compartment. An
important goal will be understand how the OSTMI1
influences the neuronal activity and how its loss of function
perturbs the neuron-oligodendrocyte interaction.
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