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Abstract

Fabry disease is an X-linked disorder of glycosphingolipid metabolism, in which a partial or total deficiency of a-galactosidase A, a lysosomal
enzyme, results in the progressive accumulation of neutral glycosphingolipids (globotriaosylceramide and digalactosylceramide) in most fluids
and tissues of the body. Few information is available about the composition and distribution in tissues of the accumulated glycosphingolipids
species. Mass spectrometry imaging is an innovative technique, which can provide pieces of information about the distribution of numerous
biological compounds, such as lipids, directly on the tissue sections. MALDI-TOF and cluster-TOF-SIMS imaging approaches were used to study
the localization of lipids (cholesterol, cholesterol sulfate, vitamin E, glycosphingolipids . . .) on skin and kidney sections of patients affected by the
Fabry disease. Numerous information on pathophysiology were enlightened by both techniques.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fabry disease (FD) is an X-linked inborn error of metabolism
with severe clinical consequences. Affected patients have a defi-
ciency of a-galactosidase A (a-Gal A), the lysosomal enzyme
responsible for the breakdown of globotriaosylceramide (Gbs)
and digalactosylceramide (Gay) [1]. The deficiency of a-Gal A
leads to the progressive accumulation of these two neutral gly-
cosphingolipids (GSLs) in plasma and lysosomes of most cells
in the body, among which various types of renal and cutaneous
cells. GSLs, which are ubiquitous components of eukaryotic
cell membranes, consist in a non-polar lipid (ceramide) portion
acting as a membrane anchor and a hydrophilic carbohydrate
moiety [2]. The structure of their glycosyl group defines the
specific lipid class to which they belong. The ceramide skeleton
is a long-chain sphingoid base which is substituted by a fatty
acyl group. The molecular species differing by structural varia-
tions of the ceramide moiety constitute the micro-heterogeneity
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of the lipid class. These differences are related to the carbon
chain length and to the degree and position of unsaturation and
hydroxylation of both fatty acyl and sphingoid base structures.

Fabry disease can be diagnosed by a markedly deficient o-
Gal A activity in males and by genetic studies in males and
females [3]. Examination of biological samples such as urine
or plasma, using detection or quantitation of Gbz and Ga; by
high performance liquid chromatography (HPLC) and/or mass
spectrometry [4—-10] is the third diagnostic option, although
false negative may occur in attenuated (‘“cardiac”) variants of
the disease. Other approaches such as electron microscopy of
tissue biopsies [1], allow the observation of enlarged lyso-
somes containing undegraded glycosphingolipids, but without
any structural or quantitative information. In addition, electron
microscopy experiments carried out on skin samples may lead to
false negative results due to the patchy nature of the skin deposit
in heterozygotes (female).

Two major imaging techniques can be used to analyze tissue
sections by mass spectrometry. Matrix-assisted laser desorp-
tion/ionization (MALDI) [11,12] needs the sample surface to
be coated with a matrix, and is generally used to map peptides
and proteins [13,14]. Secondary ion mass spectrometry (SIMS)
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[15,16] is a desorption/ionization method based on the ion emis-
sion after the impact on the surface of keV energy primary ions.
Due to the low desorption efficiency of mono-atomic primary ion
sources, the mass range for biological imaging is limited, with-
out special sample preparation methods, to m/z ~200. With the
development of polyatomic primary ion sources such as liquid
metal ion sources [17], the secondary ion emission yields have
been greatly improved [18-21] and the mass range available
for imaging is now extended to more than 1000 Da. Moreover,
for biological applications, cluster-SIMS does not need any tis-
sue preparation, whereas the homogeneous matrix deposition
by air-spray coating is difficult for MALDI. An alternative way
to increase the sensitivity of SIMS without using cluster pri-
mary ions is to coat the sample with metals [22] and/or MALDI
matrices [23,24], but this method, although efficient, keeps the
disadvantage of the necessary homogeneous coating with also
possible mass interferences.

MALDI and cluster-SIMS imaging mass spectrometry (IMS)
techniques, fitted with time-of-flight (TOF) mass analyzers, both
offer the unique possibility to analyze numerous compounds in
mixture and to access to their distribution on thin tissue sections
[25,26]. In MALDI-TOF the spatial resolution is usually about
25-50 wm, whereas for cluster-TOF-SIMS a spatial resolution
of about 1 wm can be reached with the bismuth cluster ion source.
A primary beam focus in the ~200 nm range can be obtained,
but at the expense of the mass resolution, which is a prerequisite
for accurate mass measurements and assignments.

100 2
90
80
70 1158.9
60
50

40 B,Y,
30 -162 u

Relative Intensity (%)

20 B, 3 v
10 162

(A) m/z

©) C;

The present work describes the application of these two IMS
approaches for the characterization of glycosphingolipids accu-
mulated in cutaneous and renal biopsies obtained from several
hemizygote (male) patients affected with Fabry disease. The
distribution of other lipids determined by cluster-TOF-SIMS
imaging experiments also led to a better understanding of the
biological processes underlying Fabry disease.

2. Material and methods

Cutaneous biopsies were obtained from adult and paediatric
hemizygous (male) patients and from healthy volunteers. Renal
biopsies were obtained after informed consent from two adult
hemizygous patients. The samples were cooled to —160 °C in
liquid nitrogen and stored at —80 °C. They were cut at a tem-
perature of —20 °C and at a thickness of 20 pum, using a LEICA
CM3050 S cryostat (Leica Microsystems SA, Rueil Malmai-
son, France). The section of the cutaneous biopsies included
epidermis, dermis and hypodermis. For renal biopsies, the cor-
tical (more external) and the medullar (more internal) parts
were analyzed separately. The tissues sections were deposited on
stainless steel plates (Goodfellow, Ermine Business Park, Hunt-
ingdon PE29 6WR, England) or on conductive glass slides [27]
(Delta Technologies, Stillwater, MN, USA) for TOF-SIMS and
MALDI-TOF analysis, respectively. No treatment was used for
the TOF-SIMS experiments. For the MALDI experiments, after
drying under a pressure of a few hPa for 15 min, the sections
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Fig. 1. (A) MALDI-MS/MS spectrum of the Gbs ion at m/z 1158.9 from a section of a Fabry patient skin biopsy. The fragment ions are labelled according to the
nomenclature of Costello and Vath [50] further modified and expanded by Adams and Ann [51]. (B) Reflex TOF-SIMS fragment ion spectrum of the precursor ion at
m/z 1158.9 in the positive ion mode, recorded at the surface of a Fabry patient kidney biopsy section. (C) Nomenclature for cleavages of neutral glycosphingolipids

in positive ionisation mode illustrated with a globotriaosylceramide Gbs.
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were coated using an air-spray with the MALDI matrix solu-
tion [28] (a-cyano-4-hydroxycinnamic acid, purchased from
Sigma-Aldrich, Saint-Quentin Fallavier, France, 20 mg mL ™!
in acetone/methanol 50/50, v/v).

The TOF-SIMS imaging experiments were performed on a
TOF-SIMS IV mass spectrometer (ION-TOF GmbH, Miinster,
Germany). The primary ion source was a liquid metal ion source
with a bismuth cluster emitter which can deliver, in particular,
Bis* ions. The kinetic energy of these ions was 25 keV, with an
angle of incidence of 45°. The pulsed primary ion current was
about 0.34 pA at 10kHz, with a pulse duration of ~1ns when
arriving on the sample. The secondary ions were accelerated to
a kinetic energy of 2keV and were post accelerated to 10keV
just before hitting a hybrid detector made of a single microchan-
nel plate followed by a scintillator and a photomultiplier. The
effective ion flight path was about 2 m (reflectron mode), allow-
ing a mass resolution exceeding M/AM =10* (full width half
maximum (FWHM)) at m/z 500. Because of the very low initial
kinetic energy distribution of the secondary ions, the relationship
between the time-of-flight and the square root of m/z is always
linear over the whole mass range. Consequently, the internal
mass calibration was made initially with H*, Ho*, and CH3"
ions in the positive ion mode and with H—, C~, CH™, CH, ™,
C,™ and CoH™ ions in the negative ion mode. To further improve
the mass accuracy and the mass assignment, the mass calibration

was refined as previously described, using higher mass fragment
ions [29]. All the images were recorded with a primary ion dose
density (between 1.0 and 1.2 x 10'2 jons cm™2) below that of
the static limit, i.e., 1013 ions cm™2. To increase the contrast, the
images were compressed to 128 x 128 pixels (final resolution,
3.9 pm) during the data processing and an averaging process can
be applied. The name of the compounds or the m/z value of the
peak centroid, the maximal number of counts in a pixel (mc),
and the total number of counts (tc) are shown below each image.
The colour scales correspond to the interval [0, mc]. The reflex
TOF-SIMS fragment ion spectrum from the precursor ion at m/z
1158.9 was acquired according to the method already described
in ref. [30]. Briefly, a precursor ion is selected by two deflection
plates. In flight, metastable decompositions occur in the field-
free region of the TOF analyzer. Then, the difference of mass
between the precursor ion and a fragment ion is proportional to
their time-of-flight difference. In this case, no collision cell and
no modification of the mass spectrometer is needed.

The MALDI-TOF imaging experiments were performed on
a Voyager DE-STR mass spectrometer (Applied Biosystem,
Les Ulis, France) equipped with a 20 Hz pulsed laser nitrogen
(337 nm) and an electrostatic mirror. Mass spectra were acquired
in the 500-2000 m/z range. The total acceleration voltage was set
at 20kV with a grid percentage of 65% and a delayed extraction
time of 150 ns. External mass calibration was achieved using a
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Fig. 2. (A and B) MALDI-TOF images of (A) the ion at m/z 1010.8 (Gay) and (B) the ion at m/z 1158.9 (Gbs) acquired from a section of a Fabry patient skin biopsy.
Image size 3.5 mm x 3.5 mm. (C) Optical image of the same tissue section after the MALDI-TOF images acquisition. The laser impacts are clearly visible outside

of the section. Scale bar is 1 mm.
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standard solution of Gbs, purchased from Biovalley (Marne-la-
Vallée, France). The images were recorded and processed using
the IMT home-made software [31]. The number of laser shots
per pixel was set to 50 and the spatial resolution was 50 pm.

MALDI-MS/MS experiments were performed on a
quadruple/time-of-flight QStar Pulsar i tandem mass spec-
trometer (Applied Biosystems, Les Ulis, France) fitted with
an 0-MALDI source. The mass spectra were calibrated with
the standard solution of Gbs. The collision energy was set at
100 eV and nitrogen gas (N) was introduced in the collision
cell 50 as to attain a pressure of about 1072 Pa.

Reproducibility was ensured for all experiments by the study
of several adjacent tissue sections.

3. Results and discussion

A standard Gbs solution was first analyzed by TOF-SIMS
and MALDI-TOF. In both cases, the major species were sodium
adduct ions [M+ Na]*. No in-source fragment was observed
during MALDI-TOF experiments, whereas few low mass frag-
ments signals were recorded in TOF-SIMS. In both cases, no
sugar unit loss was detected.

For skin and kidney sections, chemical structures were con-
firmed by MALDI-MS/MS or PSD-TOF-SIMS experiments.
Two examples are given in Fig. 1A and B. Due to the small
size of the samples and to the relatively low sensitivity for these
MS/MS experiments, only few fragments were detected. Nev-
ertheless, losses of sugar units could be clearly observed, with
strongly supports the peak assignments.

The first imaging experiments were carried out on sections
of cutaneous biopsies from adult and paediatric hemizygous
patients and from healthy volunteers. Fig. 2A and B display
the MALDI images of two different glycosphingolipids at m/z
1010.7 and m/z 1158.9, corresponding to a Ga; with a ceramide
skeleton C42:2-OH and a Gbs with a ceramide skeleton C42:1,
respectively. The optical image of the skin section is provided
in Fig. 2C. These MALDI-TOF images clearly demonstrate
the possibility to obtain spatial distribution of a single gly-
cosphingolipid molecular species by MALDI-TOF imaging. All
the extracted maps display exactly the same accumulations in
the dermis and hypodermis, whereas a weak glycosphingolipid
signal was recorded in the epidermis. The specificity of the gly-
cosphingolipid accumulation was confirmed by the absence of
Ga; or Gbs signals in the mass spectrum recorded on the section
obtained from the healthy volunteer cutaneous biopsy (Fig. 3C).
The spectra extracted from different areas of the images shown
in Fig. 2 are displayed in Fig. 3A and B.

The detected species and their relative intensities are very
close to those observed on urinary extracts for the adult hemizy-
gotes [8]. This may suggest that the structures of the accumulated
species in Fabry disease could be identical for organs and bio-
logical fluids.

TOF-SIMS experiments on sections from cutaneous biop-
sies confirm the low amount of Ga, or Gbs in the epidermis.
The cluster primary ion source made possible to acquire images
of the global Ga, and Gbg3 signals on cutaneous biopsies sec-
tions (Fig. 4). Nevertheless, it was not possible to map one
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Fig. 3. (A) MALDI-TOF mass spectrum obtained at the edge of the skin biopsy
section (area labelled [1] in Fig. 2C). The signal series between m/z 950 and
m/z 1400 corresponds to the embedding glue. (B) MALDI-TOF mass spectrum
obtained from the dermis part of a Fabry patient skin biopsy section (area labelled
[2] in Fig. 2C). (C) MALDI-TOF mass spectrum obtained from a skin biopsy
section of a healthy volunteer.

single glycosphingolipid compound with this technique. A con-
trol experiment confirmed the absence of GSLs signals on the
sections from healthy volunteers’ cutaneous biopsies. The spec-
trum extracted from the region rich in Gap and Gbs (Fig. 5)
displays a specific signal of the glycosphingolipids accumulated
in Fabry disease but with a low signal-to-noise ratio compared
to MALDI-TOF. It must also be noted that the accumulated
species and their relative intensities are quite the same than
for the prior MALDI-TOF experiments. This suggests that the
recorded signal can be independent on the desorption/ionization
method, which was confirmed by the analysis of the Gbs
standard solution, also leading to the same profile for both
techniques.

It was possible to record the distribution, on the cutaneous
biopsy section, of other organic compounds, such as cholesterol,
cholesterol sulfate and vitamin E. Cholesterol is characterized
by the ions [M+H — H,OJ1* at m/z 369.3 and [M — H]* at m/z
385.3 in the positive ion mode and a [M — H]~ ion at m/z 385.3
in the negative ion mode [29]. Vitamin E ions are detected at m/z
430.4 ([M]*") in the positive ion mode together with the frag-
ment ions at m/z 165 and 205 [32]. In the negative ion mode,
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Fig. 4. Cluster-TOF-SIMS images of various molecules present in a Fabry patient skin biopsy section, deposited on a stainless steel plate without any treatment.
Identification of compounds was made on the basis of diagnostic ions (see text). Field of view 236 pm x 236 pm. Pixel size ~1 um; Biz* projectiles; primary ion

dose density, for each acquisition: 1.25 x 10'2 ions cm=2

. mc corresponds to the maximal counts in one pixel and tc to the total counts in the image. The last image

corresponds to the optical image, in which the analyzed area is delimited by the white square. The Ga, and Gbs images correspond to the selected m/z ranges

880-1030 and 1040-1200, respectively.

vitamin E leads to the deprotonated molecule [M — H]~ at m/z
429.4. Cholesterol sulfate is characterized in the negative ion
mode by the ion at m/z465.4 (M — H] ) [33] which shows aloss
of SO3 under reflex TOF-SIMS conditions (data not shown). By
contrast with the distributions of vitamin E, cholesterol, choles-
terol sulfate and GSL, the ion at m/z 184 (phosphocholine) was
shown to be homogeneously present on the tissue surface. The
correlation between the molecular distributions will be further
discussed in the article.

The second set of experiments was realized with renal biop-
sies. These samples were too small (~200 wm) regarding to the
laser spot size (~50 wm) to acquire MALDI-TOF images. In
that case, cluster-TOF-SIMS imaging proved to be an excel-
lent alternative due to the focalization of the cluster ion beam
at ~1 pm. Clear accumulations of Ga; and Gbz were noted, in
structures having a diameter of a few tens of micrometers, in
both the cortical and medullar parts of a kidney biopsy from
an adult hemizygous patient (for the medullar part, see Fig. 6).
Although Ga, and Gbs are ubiquitous lipids of the organism,
a signal increase can be correlated to the clinical evolution of
Fabry disease. The clinical case examined in the present study
corresponds to an end-stage renal disease [34]. Interestingly, the
hydroxylated Gbj signals are more intense in the kidney than
in the urinary sediment [8], whereas the Ga, profile is quite the
same (Fig. 7).

The cluster-TOF-SIMS images of kidney biopsy sections,
like those of skin biopsy sections, also revealed a colocalization

of the intact Ga, and Gbs ions with vitamin E, cholesterol and
cholesterol sulfate ions (Fig. 6).

Vitamin E is a generic denomination for tocopherols and
tocotrienols. Only a-tocopherol was detected on skin and kidney
biopsy sections by cluster-TOF-SIMS. Vitamin E is well-known
for its antioxidant activity, preventing lipid peroxidation and
other radical driven oxidative events. Due to its reductive power,
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Fig. 5. Cluster-TOF-SIMS mass spectrum of the regions rich in Ga; and Gbs is
observed, in the positive ion mode. The Ga, and Gb3 ion peaks are observed in
the m/z ranges 880—1030 and 1040-1200, respectively.
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Fig. 6. Cluster-TOF-SIMS images of various molecules present in a Fabry patient kidney biopsy section deposited on a stainless steel plate without any treatment.
Identification of compounds was made on the basis of diagnostic ions (see text). Field of view 500 pm x 500 pm. pixel size ~1 um; Biz* projectiles; primary ion
dose density, for each acquisition: 1.0 x 10'2 ions cm~2. mc corresponds to the maximal counts in one pixel and tc to the total counts in the image. The last image
corresponds to the optical image, in which the analyzed area is delimited by the white square.

a-tocopherol can regulate the level of radical oxygen species
ROS in a cell [35,36]. Therefore, the accumulation of vitamin E
in a specific area of a tissue can be linked to a response against a
local oxidative reaction [29]. Further, during an oxidative stress
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Fig. 7. Cluster-TOF-SIMS mass spectrum of the regions rich in Ga, and Gbs
is observed, in the positive ion mode. The Ga, and Gbs ion peaks are observed

in the m/z ranges 880-1030 and 1040-1200. The Ga,(OH) and Gb3(OH) labels
stand for hydroxylated Ga; and Gbs species, respectively.

process, the level of nitric oxide (NO®) increases [36]. Then NO*®
can react with the superoxide O,*~, leading to the formation
of peroxynitrite anions responsible for the nitration of tyrosine
residues in proteins. In the case of Fabry disease, the enhanced
nitrotyrosine immunohistochemical staining of the cerebral and
dermal vasculature relative to control subjects [37], the ascorbate
decrease of Fabry cerebral hyperfusion [38] and the reduction
of the activity of respiratory chain enzymes [39] suggest ROS
production abnormalities and accumulation. Moreover, a study
showed a relationship between endothelial NO synthase gene
variants and renal complications in hemizygotes affected with
FD [40]. Finally, the level of a-tocopherol in plasma is lower
for Fabry hemizygotes than for control subjects [41]. This could
be explained by an increase of vitamin E incorporation in mem-
brane cell, leading to a decreased level in plasma. It must be noted
that it is the first time that an accumulation of an antioxidant
molecule, vitamin E, was observed directly on tissue sections
from Fabry patients’ biopsies. Moreover, the cluster-TOF-SIMS
images allowed to localize precisely a-tocopherol in areas where
Gaj and Gbs are also accumulated.

The colocalization of cholesterol and glycosphingolipids
Ga; and Gbs is an other interesting point of the present
study. Recently, a BODIPY-LacCer (fluorescent labelled lac-
tosyl ceramide, LacCer) pulse-labelling of normal human skin
fibroblasts showed a fluorescent signal in the Golgi complex,
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while the LacCer is located in punctuate endocytic structures in
fibroblasts isolated from Fabry patients [42,43]. Such an unusual
intracellular localization of LacCer was shown to be linked to
high cholesterol levels, which can lead to a deregulation of the
membrane lipids and proteins traffic [44—46]. These results were
only obtained on skin fibroblast cultures. For the first time,
cluster-TOF-SIMS images enable to display the same localiza-
tion of the cholesterol with Ga; and Gbgs, directly on skin and
kidney sections from Fabry patient biopsies (Figs. 4 and 6), and
thus confirm the prior results.

Finally, accumulations of cholesterol sulfate in skin and kid-
ney biopsies of Fabry patients were clearly observed. Although
this has never been reported before, some hypothesis can be
formulated. In skin, cholesterol sulfate is known to be predom-
inantly located in the epidermis. It is related to the formation of
the epidermal barrier and in the process of keratinocyte differen-
tiation [47,48]. Occurring during childhood or adolescence, the
angiokeratomas are among the first symptoms of Fabry disease
[49], and are small hyperkeratotic areas of dilated blood vessels.
The excess of cholesterol sulfate could possibly be related to the
skin modifications occurring in FD.

4. Conclusion

Cluster-TOF-SIMS and MALDI-TOF mass spectrometry
imaging techniques have proved here to be interesting alter-
natives to conventional histochemistry analysis. Both Ga, and
Gbs composition and repartition at a micrometer scale can be
obtained directly on biopsy sections, together with those of other
lipids such as cholesterol, cholesterol sulfate and vitamin E.
These new innovative techniques could be also very useful to
monitor the Ga, and Gbs clearance during an enzyme replace-
ment therapy. Mass spectrometry revealed to be an efficient and
robust tool for lipid imaging on tissue section, thus providing
invaluable information for the diagnosis of genetic diseases.
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