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Aging accentuates and bone marrow transplantation ameliorates
metabolic defects in Fabry disease mice
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ABSTRACT Fabry disease is an X-linked metabolic dis-
order caused by a deficiency of a-galactosidase A (a-Gal A).
The enzyme defect leads to the systemic accumulation of
glycosphingolipids with a-galactosyl moieties consisting pre-
dominantly of globotriaosylceramide (Gb3). In patients with
this disorder, glycolipid deposition in endothelial cells leads to
renal failure and cardiac and cerebrovascular disease. Re-
cently, we generated a-Gal A gene knockout mouse lines and
described the phenotype of 10-week-old mice. In the present
study, we characterize the progression of the disease with
aging and explore the effects of bone marrow transplantation
(BMT) on the phenotype. Histopathological analysis of a-Gal
A —/0 mice revealed subclinical lesions in the Kupffer cells in
the liver and macrophages in the skin with no gross lesions in
the endothelial cells. Gb3 accumulation and pathological
lesions in the affected organs increased with age. Treatment
with BMT from the wild-type mice resulted in the clearance of
accumulated Gb3 in the liver, spleen, and heart with concom-
itant elevation of a-Gal A activity. These findings suggest that
BMT may have a potential role in the management of patients
with Fabry disease.

Fabry disease is an X-linked inherited metabolic disorder of
glycolipid catabolism resulting from deficient activity of the
lysosomal enzyme, a-galactosidase A (a-Gal A; EC 3.2.1.22)
(1). Neutral glycosphingolipids with terminal a-linked galac-
tosyl moieties, predominantly globotriaosylceramide [(Gb3):
Galal-4GalB1-4GlcB1-1Cer, also known as ceramide tri-
hexoside] and, to a lesser extent, galabiosylceramide (Galal-
4Galpl-1Cer), accumulate in the liver, heart, spleen, kidney,
vascular endothelial cells, and plasma of patients with Fabry
disease. Major disease manifestations include acroparesthesia,
angiokeratoma, and occlusive vascular disease of the heart,
kidney, and brain, leading to premature mortality (for review,
see ref. 2). There is no specific therapy for Fabry disease. Renal
transplantation has been performed in Fabry patients with
varying outcome (2). Enzyme replacement (3) and somatic
gene therapy (4, 5) have been considered potential therapies
for lysosomal storage diseases. Until recently, a suitable animal
model for Fabry disease has not been available.

Recently, we reported the generation and initial character-
ization of a-Gal A gene knockout mice (a-Gal A —/0) that lack
a-Gal A activity (6). At 10 wk of age, these mice appeared
clinically normal. However, ultrastructural analysis revealed
the presence of lipid inclusions in the liver and kidneys typical
of those seen in patients with Fabry disease. Lipid analyses
revealed a marked accumulation of Gb3 in the liver and
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kidneys. These findings indicate the similarity of the underly-
ing pathophysiological process in the mutant mice and in
patients with Fabry disease as well as their value as a model to
assess approaches to treat patients with Fabry disease.

We report here the phenotypic analysis of aging a-Gal A
—/0 mice. Grossly, a-Gal A — /0 mice still remained clinically
normal at 80 wk of age and showed no evidence of organ
failure. Analysis of glycolipids in mouse RBCs revealed that
this relatively mild phenotype in a-Gal A-deficient mice com-
pared with patients with Fabry disease may be a result of a
greatly diminished concentration of Gb3 in mouse RBCs.
Nevertheless, extensive Gb3 accumulation is associated with
morphological changes in several tissues of older mice. To test
the potential of bone marrow transplantation (BMT) for this
disease, we performed BMT in irradiated a-Gal A — /0 mice
using wild-type mice as donors. Six months after BMT, Gb3
levels in the liver, spleen, and heart were significantly cleared
with concomitant elevation of a-Gal A activity.

MATERIALS AND METHODS

a-Gal A-Deficient Mice. The a-Gal A-deficient mouse line
was maintained in the C57BL/6 X 129/SvJ hybrid background.
Genotyping of the offspring for a-Gal A mutation was carried
out by Southern blot analysis as described (6). All mice were
housed in an American Association for the Accreditation of
Laboratory Animal Care-accredited mouse facility and were
fed autoclaved diet and water. The present study was carried
out with male a-Gal A —/0 and o-Gal A +/0 littermate
controls. For the analysis of Gb3 levels in RBC, C57BL/6 mice
were used. Mice were bled by retrorbital puncture, and mouse
serologic testing was carried out by using standard clinical
laboratory techniques. Statistical tests included Student’s ¢ test
and analysis of variance; data are presented as mean *= SD.

a-Gal A Assay. Tissues from each genotype were homoge-
nized with nine volumes of assay buffer (28 mM citric acid/44
mM dibasic sodium phosphate, pH 4.4) containing 0.5%
sodium taurocholate and centrifuged at 14,000 rpm (15,000 X
g) for 30 min. The supernatant solutions were assayed for
a-Gal A activity by incubation with 5 mM 4-methylumbelliferyl
a-D-galactopyranoside in the presence of 100 mM N-
acetylgalactosamine, a specific inhibitor of a-N-acetylgalac-
tosaminidase (a-galactosidase B) activity (7). B-Hexosamini-
dase activity was determined (8) as a homogenization control.

Abbreviations: a-Gal A, a-galactosidase A; BM, bone marrow; BMT,
bone marrow transplantation; EM, electron microscopy; Gb3, glo-
botriaosylceramide.
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Protein concentrations were determined by the method of
Lowry et al. (9).

Analysis of Glycolipids. Quantitative analysis of Gb3 was
accomplished by normal-phase HPLC by using a Sedex 55
evaporative light scattering detector (ELSD). Briefly, lipids
were extracted and saponified, and a glycolipid fraction was
obtained essentially as previously described (10). The glyco-
lipid fraction was dissolved in a minimum volume of chloro-
form:methanol (2:1) and chromatographed on a Luna 3 Silica
column (150 X 4.6 mm) from Phenomenex, Belmont, CA.
Glycolipids were eluted with a solvent containing
chloroform:methanol:water:NH4OH (66:30:3.5:0.5) at a flow
rate of 1 ml per minute. The evaporator on the ELSD was set
at a temperature of 40°C, nitrogen pressure was 2.4 bar and the
gain at 10. Standard Gb3 was obtained from Matreya, Pleasant
Gap, PA.

Lipid inclusion bodies in the kidneys were analyzed by
staining of cryosections with oil red O. The intensity and extent
of glomerular and tubular deposits were visually scored.

For comparison of the neutral glycolipids of mouse and
human RBCs, human blood samples were collected from two
healthy volunteers and mouse blood was collected from 10-
wk-old C57BL/6 mice. Packed RBCs were extracted and
partially purified to obtain a neutral glycolipid fraction as
described (10). The lipids obtained were separated by TLC in
a solvent of chloroform:methanol:water (65:25:4), sprayed
with a-naphthol spray reagent (11) and heated to visualize
lipids.

Electron Microscopic Analysis. Tissues were immersion
fixed in 4% glutaraldehyde or 2% glutaraldehyde/2% form-
aldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 for 3 hr
and washed. The tissue blocks (=1 mm?®) were then fixed in
0.2-1% Os0Oy4 in 0.1 M cacodylate buffer for 1 hr, washed, and
postfixed with 0.5% uranyl acetate in 50% ethanol or 0.5%
uranyl acetate in acetate buffer at pH 5.0 for 1 hr, serially
dehydrated in ethanol and propylene oxide, and embedded in
epoxy resin. Thin sections were counterstained with uranyl
acetate and lead citrate.

BMT Experiments. Male recipient a-Gal A — /O mice (first
experiment n = 5, second experiment n = 4) at 15 to 16 wk of
age were lethally irradiated (1,000 rad of -y radiation). Bone
marrow (BM) cells from littermate a-Gal A +/0 mice (first
experiment n = 3, second experiment n = 2) were harvested
by flushing the femora and tibiae with DMEM and 10% FBS
and were washed once with PBS as described (12). BM cells
[2.5 X 107 (first experiment) or 1.2 X 107 (second experiment)]
were resuspended in 0.4 ml PBS and injected into recipients
through the tail vein. Recipients were sacrificed 6 mo after
BMT. Age-matched a-Gal A —/0 (n = 7) and a-Gal A +/0
(n = 8) were also sacrificed and analyzed in the same manner.

To monitor engraftment of donor BM cells, PCR was
performed to genotype BM cells from the recipients. The
following primers were used for the wild-type allele of a-Gal
A gene: P1, 5'-TTCCTAGTGGGATCAAACACCTCG-3/,
and P2, 5'-GTCAGCAAATGTCTGCGCATCAATG-3'. The
following primers were used for neomycin-resistant gene to
detect the mutant allele of a-Gal A gene: P3, 5'-ATGATT-
GAACAAGATGGATTGCACG-3', and P4, 5'-TCAGAA-
GAACTCGTCAAGAAGGCGA-3'. The PCR assay was per-
formed by using the Taq polymerase (Perkin—Elmer/Cetus)
with the assay conditions recommended by the manufacturer.

RESULTS

Phenotypic Analysis of a-Gal A —/0 Aging Mice. As we
reported earlier, a-Gal A —/0 mice at 10 wk of age are
clinically normal (6). We extended and expanded our obser-
vations for possible phenotypic manifestations including oph-
thalmological examination, and we also performed blood and
urine analysis to detect possible organ dysfunction. We did not
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find any difference in clinical signs including life span between
a-Gal A — /0 and a-Gal A + /0 mice (data not shown). Blood
and urine analyses performed at 40 and 80 wk of age in these
mice did not reveal any significant deviation in the levels of
albumin, blood urea nitrogen, creatinine, total cholesterol,
alanine aminotransferase, aspartate aminotransferase, alka-
line phosphatase, and urine total protein and creatinine (data
not shown).

Progressive Accumulation of Gb3 in a-Gal A —/0 Mice.
Initial biochemical characterization of a-Gal A —/0 mice
demonstrated significant accumulation of Gb3 in the liver and
kidney at 10 wk of age. In the present study, we examined Gb3
accumulation in these organs in 20- and 40-week old a-Gal A
+/0 and a-Gal A — /0 mice. In wild type (C57BL/6 X 129/Sv]
background), Gb3 concentrations remained stable and were
relatively low (0.1 to 0.3 nmol/mg protein) in the liver at 20 and
40 wk of age (Fig. 1). In contrast, liver from a-Gal A — /0 mice
showed progressive accumulation of Gb3 up to about 20 wk
and then remained stable at approximately 6 nmol/mg protein.
Kidneys of wild-type mice (a-Gal A +/0) contained higher
baseline levels of Gb3, ranging from 1 to 3 nmol/mg protein
during the course of observation. Again the kidneys of a-Gal
A —/0 mice showed significant elevation from the wild type,
and there was an indication of progressive accumulation from
10 wk (9 nmol/mg) to 20 wk (14 nmol/mg). No further increase
in storage of Gb3 was observed in kidneys of animals sacrificed
at 40 wk of age.

Histopathological Phenotype of a-Gal A —/0 Mice with
Aging. We previously reported initial pathological analysis of
a-Gal A —/0 mice at 10 wk of age that included lamellar
inclusions in the lysosomes of distal renal tubules in the kidneys
(6). To identify the cell types in the affected tissues in a-Gal
A —/0 mice, electron microscopy (EM) analysis was per-
formed in a-Gal A —/0 and a-Gal A +/0 mice at different
ages. No apparent pathological lesions were found in the liver
of a-Gal A — /0 mice at 10 wk of age. However, typical lamellar
inclusions in the lysosomes were frequently observed in the
Kupffer cells and to a lesser degree in the hepatocytes but not
in vascular endothelial cells in the liver of a-Gal A —/0 mice
at 40 to 80 wk of age (Fig. 2 4 and B). In the brain, inclusions
in the lysosomes were identified in smooth muscle cells sur-
rounding blood vessels but not in neuronal or glial cells (Fig.
2C). EM analysis showed that wild-type mice had occasional
lamellar bodies within tubular epithelial cells and lacked
lamellar bodies in other cell types. a-Gal A/0 mice had
increased numbers of lamellar bodies within proximal and
distal tubular cells and to a lesser extent within parietal and
visceral glomerular epithelial cells and peritubular capillary
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Fic. 1. Gb3 levels in the liver and kidney from 10-, 20-, and
40-wk-old a-Gal A + /0 (open bars) and a-Gal A — /0 (solid bars) mice.
Gb3 levels in the liver and kidney from a-Gal A —/0 mice were
significantly higher than those from a-Gal A +/0 mice (*, P < 0.01).
Gb3 levels in each group are presented as the mean = SD.
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FIG. 2. Characteristic lipid inclusions in 80-wk-old a-Gal A —/0
mice. (4) A hepatocyte containing many lipid inclusions (arrows). (B)
A Kupffer cell with a large lipid inclusion (arrow). (C) The smooth
muscle cells (SM) surrounding this blood vessel (L, lumen of the
vessel) in the brain contain many lipid inclusions (arrows). (D) A large
lipid inclusion (arrow) in an endothelial cell from a kidney sample.
(Bar = 1 pm.)

endothelial cells (Fig. 2D). In the skin, the majority of inclu-
sions were found in macrophage-like cells; some inclusions
were present in smooth muscle cells in the blood vessels, and
a few were observed in endothelial cells and pericytes (Fig. 3
A and B). The frequency and levels of inclusions increased in
the aged a-Gal A — /0 mice. In the heart of a-Gal A — /0 mice,
lipid inclusions were seen in the cells of the connective tissues
but not in the cardiac muscle cells. No lipid inclusions were
observed in the heart of a-Gal A +/0 mice. In particular,
examination of the heart of 10-wk-old a-Gal A —/0 mice
revealed inclusions in the endothelial cells and smooth muscle
cells surrounding the blood vessels and macrophage-like cells
in the connective tissue (Fig. 3C). Similar to the progression of
pathological changes in the skin, these lipid inclusions were
observed more frequently, some becoming large in size, in the
macrophage-like cells in the heart of the aged a-Gal A —/0
mice (Fig. 3D). Because Gb3 accumulation was conspicuous in
the kidneys, we analyzed the kidney morphology by oil red O
staining. Wild-type mice had no oil red O-staining positive
material within glomeruli, and only small amounts of such
material were detected in tubules (data not shown). a-Gal A
— /0 mice had a trend toward more oil red O positive material
within the glomeruli in the axial portion of the capillary tuft
and possibly within mesangial cells and a significant increase
in such material within cortical tubules (data not shown).
Globoside Levels of RBC in Human and Mouse. It has been
postulated that globoside (GalNAcB1-3Galal-4Galpl-
4Glcp1-1 ceramide), the major neutral glycosphingolipid of
senescent erythrocytes, is a major precursor of Gb3, and it is
a major source of the circulating Gb3 in humans (1, 2). The
relatively mild phenotype and the different cellular specificity
of Gb3 accumulation in a-Gal A —/0 mice compared with
patients with Fabry disease suggested that there may be
differences in RBC glycolipids between human and mouse.
Therefore, mouse RBC glycolipid fractions were analyzed by
high-performance thin-layer chromatography (Fig. 4). Globo-
side and Gb3 were undetectable in mouse erythrocytes. Al-
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FiGc. 3. EM analysis of skin and heart sections from a-Gal A —/0
mice of different ages. (4) Ten-week-old skin section showing a
macrophage-like cell containing two distinct lipid inclusions (arrows).
(B) In the skin section of 60-wk-old mice, the lipid inclusions increased
in size and number. (C) Heart section from 10-wk-old mice showing
typical lipid inclusions. An endothelial cell (EN) lining the lumen (L)
of a blood vessel and a smooth muscle cell (SM) surrounding the blood
vessel contain the characteristic lipid inclusions (arrows). (D) Heart
section from 80-wk-old mice. A macrophage-like cell in the connective
tissue had many typical lipid inclusions (arrows); some of them were
very large in size. CM, cardiac muscle. (Bar = 1 pum.)

though lower than globoside, Gb3 in human RBCs is easily
detectable.

Effect of BMT on a-Gal A —/0 Mice. Fifteen-week-old
a-Gal A — /0 mice were lethally irradiated and transplanted
with BM from a-Gal A + /0 littermates. Six months after BMT,
tissues from the recipient a-Gal A — /0 mice and age-matched
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Fic. 4. Comparison of glycolipid profiles of mouse and human
RBCs. Packed RBCs were extracted and processed as described in the
text. The neutral glycolipids so obtained were separated by TLC and
visualized by use of a-naphthol spray reagent. The loading volume, in
microliters, of packed RBCs applied to each lane is given. Lane 1,
mouse, 500 ul; lane 2, mouse, 125 ul; lane 3, human, 125 ul; lane 4,
125 pl; lane 5, glycolipid markers.



6426 Medical Sciences: Ohshima et al.

nontransplanted a-Gal A —/0 and «-Gal A +/0 mice were
analyzed. To ensure successful engraftment of donor BM cells,
these cells were harvested and cultured in methylcellulose.
Individual colonies were picked after 7 to 10 days, and the
genotype of each BM cell colony was determined by PCR by
using allele-specific primer sets for wild-type and mutated
alleles. Five to ten colonies were assayed from each BMT
recipient with controls from a-Gal A —/0 and o-Gal A +/0
mice. BM cell colonies from BMT-treated recipients were
genotyped only as a-Gal A + /0, indicating complete engraft-
ment in these experiments (data not shown).

To evaluate the success of BMT in generating sustained
expression of a-Gal A activity, we analyzed tissues from
age-matched a-Gal A —/0, a-Gal A +/0 mice and BMT-
treated a-Gal A — /0 mice 6 mo after BMT (Fig. 5). Tissues
from BMT-treated a-Gal A —/0 mice exhibited statistically
significant increases in the enzyme activity compared with
those from a-Gal A —/0 mice (P < 0.01). The level of a-Gal
A activity in the BMT-treated a-Gal A — /0 mice was 16% in
the liver, 82% in the spleen, 25% in the heart, 34% in the lungs,
7% in the kidney, and 19% in the small intestine of the
wild-type controls.

We evaluated the effect of BMT on the accumulation of Gb3
in organs and tissues of these mice. Quantitative HPLC
analysis of tissue lipids demonstrated that BMT-treated a-Gal
A —/0 mice have normal levels of Gb3 in the liver (Fig. 6).
Furthermore, the transplanted mice showed reduction of Gb3
of over 70% in the heart and spleen and 35% in the lungs. EM
analysis on the liver from BMT-treated a-Gal A —/0 mice
showed further indication of effectiveness of BMT treatments.
Compared with the liver from age-matched a-Gal A — /0 mice,
BMT-treated a-Gal A — /0 mice had significantly fewer inclu-
sions in the Kupffer cells, and no conspicuous inclusions were
observed in the hepatocytes (Fig. 7).

DISCUSSION

We have demonstrated a progressive accumulation of Gb3 and
related pathology in affected organs in a-Gal A — /0 mice with
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Fic. 5. o-Gal A-specific activity in the tissues from age-matched
a-GalA+ /0 (WT), a-Gal A — /0 (KO), and BMT-treated a-Gal A — /0
(BMT) mice. Values are presented as the mean = SD. %, P < 0.01.
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FIG. 6. Gb3 levels in indicated tissues from a-Gal A+/0 (WT),
a-Gal A —/0 (KO), and BMT-treated a-Gal A —/0 (BMT) mice.
Values are presented as the mean * SD. *, P < 0.01.

age. However, clinical signs of Fabry disease were not appar-
ent, and organ failure was not detected up to 80 wk of age. The
pattern of accumulation of storage materials in a-Gal A — /0
mice was somewhat different from that in patients with Fabry
disease. Absence of apparent endothelial lesions in a-Gal A
— /0 mice may preclude expression of many of the phenotypic
manifestations in patients with Fabry disease. The absence of
significant amounts of globoside and Gb3 in mouse erythro-
cytes may underlie decreased storage of the glycolipid in

FiG. 7. EM analysis of liver sections from a-Gal A —/0 mouse
(KO) and a-Gal A — /0 mouse 6 mo after BMT. (4) A Kupffer cell and
(B) a hepatocyte with distinct lipid inclusions (arrows) from a 40-wk-
old a-Gal A — /0 mouse. (C) A Kupffer cell and (D) a hepatocyte from
a-Gal A — /0 mice 6 mo after BMT. (Bar = 1 um.)
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vascular endothelial cells and specific tissues of a-Gal A—/0
mice resulting in a subclinical phenotype. Light- and electron-
microscopic examination of histological changes in the tissues
of a-Gal A — /0 mice revealed that the major cell types affected
in this mutant mouse line are macrophage and macrophage-
derived cells in the liver and skin and smooth muscle cells
surrounding the blood vessels in the heart.

Lipid analyses of normal mouse liver and kidney showed
relatively constant Gb3 levels with increased age. However, in
the a-Gal A — /0 mice there was a significant increase (2-fold
in liver and 1.5-fold in kidney) observed between tissues
obtained from 10-wk-old and 20-wk-old animals. No further
progression in glycolipid concentration was observed after 20
wk. However, Gb3 in liver from a-Gal A —/0 mice was
approximately 30-fold elevated in liver and 4- to 6-fold ele-
vated in kidney. In a study of a single patient with Fabry
disease, the highest concentration of Gb3 was found in the
kidneys, followed by heart and liver (14). Interestingly, the
concentration of Gb3 in liver and kidney of a-Gal A — /0 mice
was approximately the same in contrast to the patient samples
reported in which the concentration in kidney is 35 times
higher than in liver. Indeed, the concentration of Gb3 in
kidneys from a-Gal A — /0 is only 25% of that reported for the
Fabry patient.

The most striking results of the present study are those
obtained with BMT. Gb3 in a number of organs was signifi-
cantly reduced in the BMT-treated a-Gal A — /0 mice. Trans-
plantation of allogeneic BM as a source of normal enzyme has
proven to be beneficial in human studies with other lysosomal
disease (for review, see ref. 16), but has never been tried for
Fabry disease. Clearing the accumulated Gb3 may in part be
aresult of secretion of a-Gal A and its uptake from the plasma
(17). Although «-Gal A activity in the liver of BMT-treated
a-Gal A — /0 mice was 10% of normal levels, Gb3 accumula-
tion was completely cleared from this organ. In cultured
fibroblast experiments, lower levels (<5%) of a-Gal A were
shown to be capable of normalizing substrate metabolism (15,
17). The reduction of Gb3 after BMT treatment in a-Gal A
—/0 mice suggests this approach may have some utility in the
treatment of some patients with Fabry disease. It also indicates
that somatic gene therapy (15) using autologous human BM
cells may become feasible for the treatment of patients with
Fabry disease.
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