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Abstract Peripheral neuropathy is one of the important

manifestations of Fabry disease. Enzyme replacement

therapy with presently available recombinant a-galactosi-

dases does not always improve the Fabry neuropathy. But

the reason has not been determined yet. We established a

Schwann cell line from Fabry mice, characterized it, and

then examined the uptake of a-galactosidase by cells and

its effect on the degradation of accumulated substrate. The

cells exhibited a distinct Schwann cell morphology and

biochemical phenotype (a-Galactosidase activity was

deficient, and numerous cytoplasmic inclusion bodies were

present in the cells). A recombinant a-galactosidase added

to the culture medium was incorporated into the cultured

Fabry Schwann cells dose dependently. But the increase in

cell-associated enzyme activity was less than that in the

cases of human and mouse Fabry fibroblasts. The admin-

istration of a high dose of the enzyme improved the

pathological changes in cells, although a low dose of it did

not. Cellular uptake of the enzyme was strongly inhibited

in the presence of mannose 6-phosphate. This suggests that

the enzyme is incorporated via cation-independent man-

nose 6-phosphate receptors in Schwann cells. The low

expression of cation-independent mannose 6-phosphate

receptors in Schwann cells must be one of the reasons their

uptake of the present enzymes was low. The administration

of a high dose of the enzyme or the development of an

enzyme containing many mannose 6-phosphate residues is

required to improve Fabry neuropathy.
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List of abbreviations
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GAP43 growth-associated protein 43
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galactosyltransferase

MAL myelin and lymphocyte protein

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GFAP glial fibrillary acidic protein

M6P mannose 6-phosphate

PBS phosphate-buffered saline

C-I M6PR cation-independent mannose 6-phosphate

receptor
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Introduction

Fabry disease (MIM 301500) is a genetic disorder caused

by a deficiency of lysosomal a-galactosidase (EC 3.2.1.22)

(Desnick et al. 2003). The enzymatic defect causes the

progressive accumulation of globotriaosylceramide in

various organs and tissues, which results in clinical mani-

festations, including pain in the peripheral extremities,

acroparesthesia, disorders of the autonomic nervous sys-

tem, angiokeratoma, hypohidrosis, corneal opacity,

gastrointestinal symptoms, and renal, cardiac, and systemic

vascular diseases.

Recently, recombinant human a-galactosidases pro-

duced in mammalian cells were developed for enzyme

replacement therapy (ERT) for Fabry disease (Schiffmann

et al. 2000; Eng et al. 2001a, 2001b). One of them,

agalsidase beta produced in Chinese hamster ovary cells,

has been reported to be well incorporated into microvas-

cular cells and to degrade endothelial deposits of

globotriaosylceramide in the kidneys, heart, and skin in

patients with Fabry disease (Eng et al. 2001b). However,

ERT with a recombinant enzyme does not always improve

the peripheral neuropathy (Eng et al. 2001b; Hilz et al.

2004). As the painful peripheral neuropathy seriously

affects the quality of life of patients with Fabry disease,

improved incorporation of a-galactosidase into the

peripheral nervous system is desired.

In this study, we established a spontaneously immor-

talized Schwann cell line from dorsal root ganglia and

peripheral nerves of Fabry mice and investigated their

uptake of agalsidase beta and the effect of the incorporated

enzyme on the degradation of intracellularly accumulated

substrate.

Materials and methods

Animals and cell culture

C57BL/6 Fabry mice produced by targeting of the Gla

gene, which encodes mouse a-galactosidase (Oshima

et al.1997), were used in this experiment according to the

rules drawn up by the animal care committee of our

institute. Primary and long-term cultures of dorsal root

ganglia and adjacent peripheral nerves derived from Fabry

mice were performed according to the method previously

described (Watabe et al. 1990, 1995). After 6 months in

culture, spontaneously emerging colonies were isolated

using cloning rings and expanded further. Among them, a

Schwann cell line established from a Fabry mouse

(1089C1) was cultured in Iscove’s modified Dulbecco’s

minimum essential medium containing 5% fetal calf

serum, 50 U/mL penicillin, and 50 lg/mL streptomycin at

37�C under 5% CO2. For immunofluorescence and electron

microscopy, cells were seeded on poly-L-lysine-coated

9 mm ACLAR round coverslips (Allied Fibers and Plas-

tics, Pottsville, PA, USA) at a density of 1–2 9 104 cells

per coverslip. A Schwann cell line, IMS32 (Watabe et al.

1995), derived from a CD-1 (ICR) wild-type mouse was

used as a control. Cultured skin fibroblasts from a patient

with Fabry disease (F377), a healthy subject (F592), a

Fabry mouse (F666), and a wild-type mouse (F665) were

established and cultured in Ham’s F-10 medium containing

10% fetal calf serum and antibiotics under 5% CO2. The

ethical committee of our institute approved the study

involving the cultured human fibroblasts, and they were

obtained with agreement of the patient and the control

subject.

Polymerase chain reactions for determination of the

genotype and identification of Schwann-cell-associated

molecules

Confirmation of the genotype of the established cultured

mouse Schwann cells was performed by means of poly-

merase chain reactions (PCR). The sequences of the

genomic PCR primers were as follows: AGALA1, 50-
GGATTTATGCAGATGTTGGG-30 (exon 3, forward);

AGALA2,50-TGGCTAGACCTTTTACTTGG-30 (intron 3,

reverse); pMC1neopAF, 50-TCATCTCACCTTGCTC

CTGC-30 (neo, forward); and pMC1neopAR, 50-TAT-

GTCCTGATAFCGGTCCG-30 (neo, reverse). The PCRs

comprised 30 cycles of 95�C for 1 min, 55�C for 1.5 min,

and 72�C for 1.5 min with a combination of primers,

AGALA1/AGALA2 (AGALA1/2), AGALA1/pMC1neo-

pAR, or pMC1neopAF/pMC1neopAR (pMC1neopAF/R).

Reverse transcription (RT) followed by PCR was per-

formed to identify Schwann-cell-associated molecules, i.e.,

S100, p75NTR, L1, peripheral myelin protein-0 (P0),

growth-associated protein 43 (GAP43), UDP-galactose

ceramide galactosyltransferase (CGT), and myelin and

lymphocyte protein (MAL), as described elsewhere (Wat-

abe et al. 2001, 2003). The mouse glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) gene, a ubiquitously

expressed housekeeping gene, was used as an internal

marker of mRNA integrity (forward; 50-GTCTTCAC-

CACCATGGAGAA-30, reverse; 50-GCTTCACCAC

CTTCTTGATG-30).

Immunocytochemical analysis of Schwann-cell-

associated markers

To characterize the established cultured Schwann cells,

immunocytochemical analysis of S100, p75NTR, and glial
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fibrillary acidic protein (GFAP) was performed, as descri-

bed previously (Watabe et al. 1995, 2003).

Assaying of a-galactosidase activity and protein

determination

a-Galactosidase activity was measured fluorometrically

with 4-methylumbelliferyl-a-D-galactopyranoside (Calbio-

chem, San Diego, CA, USA) as a substrate in the presence

of N-acetylgalactosamine (Sigma, St Louis, MO, USA) as a

specific inhibitor of a-N-acetylgalactosaminidase, accord-

ing to the method previously reported (Mayes et al. 1981).

Protein determination was performed with a Bio-Rad dye-

binding assay kit (Bio-Rad, Hercules, CA) using bovine

serum albumin as a standard.

Administration of agalsidase beta to cultured mouse

Fabry Schwann cells, cultured mouse wild-type

Schwann cells, cultured mouse Fabry fibroblasts, and

cultured human Fabry fibroblasts

To examine the uptake of a recombinant a-galactosidase by

cultured mouse Fabry Schwann cells, cultured mouse wild-

type Schwann cells, cultured mouse Fabry fibroblasts, and

cultured human Fabry fibroblasts, agalsidase beta was

added to the culture medium of the cells to give concen-

trations of 0, 1.0, and 3.0 lg/mL. Furthermore, the mouse

Fabry Schwann cells were cultured in the medium con-

taining 10.0 lg/mL of the enzyme. For examination of the

inhibitory effect of mannose 6-phosphate (M6P) on the

cellular uptake of agalsidase beta, the cells were cultured in

medium containing 5 mmol/L M6P and 3.0 lg/mL

agalsidase beta. After 24-h culture, the cells were harvested

mechanically, washed three times with phosphate-buffered

saline (PBS), pH 7.4, and then collected as a pellet by

centrifugation. An appropriate amount of water was then

added to the pellet, and the cells were ultrasonicated. The

resulting homogenate was used for the a-galactosidase

assay and protein determination.

Electron microscopy

A morphological study was performed to examine the

effect of agalsidase beta on the degradation of globotriao-

sylceramide accumulated in cultured mouse Fabry

Schwann cells. Cells were cultured in six-well plates with

medium containing 3.0 and 10.0 lg/mL agalsidase beta for

24 h. Then, the cells were washed and subjected to electron

microscopic examination. The cells were fixed in PBS

containing 2.5% glutaraldehyde and 2% paraformaldehyde,

postfixed in 2% osmium tetroxide, dehydrated through a

graded ethanol series, and embedded in Epon 812. Ultra-

thin sections were mounted on copper grids, contrasted

with uranyl acetate and lead citrate, and finally examined

under an electron microscope (Hitachi H-7100; Hitachi,

Tokyo, Japan) (Kanzaki et al. 1989).

Western blot analysis

To determine the expression of cation-independent M6P

receptor (C-I M6PR; C-I M6PR is known to be the same

protein as insulin-like growth-factor-II receptor) (Tong

et al.1988) in human tissues, a Western blot analysis was

performed using commercially available Insta-Blot Human

tissues (Imgenex, San Diego, CA, USA) as samples,

according to the method described previously (Tajima et al.

2007). The human tissues (each 20 lg protein) were sep-

arated on gels and transferred to a blot. Then, the blot was

simultaneously reacted with goat polyclonal antibodies to

human C-I M6PR (1:500 diluted) (R and D systems,

Minneapolis, MN, USA) and a mouse monoclonal antibody

to actin clone C4 (1:500 diluted) (Chemicon, Temecula,

CA, USA) as an internal control. Then, the blot was reacted

with peroxidase-conjugated donkey anti-goat secondary

antibodies (Jackson ImmunoResearch, West Grove, PA,

USA) and with peroxidase-conjugated donkey anti-mouse

IgG secondary antibodies (Amersham Pharmacia Biotech,

Arlington Heights, IL, USA). Finally, the blot was devel-

oped with enhanced chemiluminsecence (ECL)

(Amersham Pharmacia Biotech) as a chemiluminescent

substrate on HyperfilmTM ECL (Amersham Pharmacia

Biotech).

Results

Characterization of the established Schwann

cells derived from a Fabry mouse

Schwann cell lines established from Fabry and wild-type

mice were spindle-shaped and not contact-inhibited. To

determine the genotype of the established Schwann cells,

those designated as 1089C1 and IMS32 cells, respectively,

were used as representatives in this study. A genomic DNA

fragment of 452 bp was amplified by means of PCR with

the primer pair of AGALA1/2 for the wild-type locus and

1,250 bp and 368 bp DNA fragments with those of

AGALA1/pMC1neopAR and pMCneopAF/R, respec-

tively, for the targeted locus. As shown in Fig. 1, both the

1,250-bp and 368-bp DNA fragments for the targeted locus

were detected for 1089C1, whereas a 452-bp band for the

wild-type locus was observed for IMS32. The results
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showed that the Gla gene of 1089C1 is disrupted and

contained a neo-gene-expression cassette (Oshima et al.

1997).

RT-PCR analysis demonstrated mRNA expression of

Schwann-cell-associated molecules, S100, p75NTR, L1, P0,

GAP43, CGT, and MAL in 1089C1 cells (Fig. 2a),

whereas they were hardly detected in Fabry mouse fibro-

blasts (F666 cells) (Fig. 2b). The 1089C1 cells were

intensely immunostained for S100, p75NTR and GFAP

(Fig. 3). These results indicate the distinct Schwann cell

phenotype of 1089C1 cells.

a-Galactosidase activity in cultured mouse Fabry Schw-

ann cells (1089C1) was about 1% of the control value

(Table 1). An electron-microscopic study revealed cytosolic

lamellar inclusion bodies in 1089C1 cells, showing the

membranous accumulation of undegraded globotriaosyl-

ceramide that is characteristic of Fabry disease (Fig. 4b).

These inclusion bodies were not seen in IMS32 cells

(Fig. 4a).

Enzyme replacement effect of agalsidase beta

on cultured mouse Fabry Schwann cells and cultured

mouse and human Fabry fibroblasts

The uptake of the recombinant a-galactosidase, agalsidase

beta, by mouse Schwann cells (1089C1) was investigated

and compared with that by mouse (F666) and human (F377)

Fabry fibroblasts. As shown in Table 1, the cell-associated a-

galactosidase activity increased dose dependently when the

cells were cultured in culture medium containing agalsidase

beta for 24 h. Dose dependence was detected up to 30 lg/mL

(data not shown). The increase in the enzyme activity was

lower in the Schwann cells than in the fibroblasts. The uptake

of the recombinant a-galactosidase by mouse Fabry Schw-

ann cells was strongly inhibited in the presence of 5 mmol/L

M6P in the culture medium (Table 1).

The effect of incorporated agalsidase beta on the clear-

ance of intracellular inclusion bodies resulting from the

accumulation of globotriaosylceramide in 1089C1 cells was

morphologically investigated. A decrease in the number of

inclusion bodies was not observed after 24 h in the culture

medium containing 3.0 lg/mL agalsidase beta (data not

shown), although intracellularly deposited globotriaosyl-

ceramide was apparently decreased in the case of cultured

Fabry fibroblasts (F377), as described previously (Sakuraba

et al. 2006a, 2006b). The administration of a high dose

(10.0 lg/mL) of the enzyme apparently decreased the

number of inclusion bodies in the cells (Fig. 4c).

Expression of C-I M6PR in human tissues

The results of Western blotting for C-I M6PR in human

tissues are shown in Fig. 5. Bands corresponding to the

250 kDa C-I M6PR and the 42 kDa actin were detected for

the brain (lane 1), kidney (lane 2), and liver (lane 3) tissues.

However, the amount of expressed C-I M6PR protein in the
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Fig. 1 Genomic polymerase chain reaction analysis of a-galactosi-

dase. Lane 1, wild-type mouse IMS32 Schwann cells; lane 2, Fabry

mouse 1089C1 Schwann cells. Primer pairs AGALA1/2 and

pMC1neoAF/R gave amplified products corresponding to exon 3 of

the a-galactosidase gene (a 452-bp product) in IMS32 cells and a neo-

gene-expression cassette inserted into exon 3 (a 368-bp product) of

the a-galactosidase gene in 1089C1 cells, respectively. Primer pairs

AGALA1/pMC1neoAR yielded a 1,250-bp product corresponding to

the disrupted a-galactosidase gene followed by a neo-gene-expression

cassette in 1089C1 cells. Markers (left side) = 100-bp DNA size

markers
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Fig. 2 Real-time polymerase chain reaction (RT-PCR) analysis of

Schwann-cell-associated markers in cultured mouse Schwann cells

and cultured mouse fibroblasts. a 1089C1 cells; b F666 cells. The

amplified PCR fragments were S100 (247 bp), p75NTR (432 bp), L1

(577 bp), P0 (692 bp), GAP43 (681 bp), CGT (653 bp), MAL

(416 bp), and GAPDH (489 bp). M = 100-bp DNA size markers
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brain was apparently smaller than that in the kidney and

liver tissues.

Discussion

Two different human recombinant a-galactosidases,

agalsidase alfa (Replagal1; Shire, Basingstoke, UK) and

agalsidase beta (Fabrazyme1; Genzyme, Cambridge, MA,

USA), have been developed for ERT for Fabry disease.

Agalsidase alfa, produced in cultured human fibroblasts,

has been approved in Europe and Japan, and the use of

0.2 mg/kg body weight is recommended for Fabry patients.

On the other hand, agalsidase beta, generated in cultured

Chinese hamster ovary cells, has been approved in Europe,

USA, and Japan, and the use of 1.0 mg/kg body weight is

Fig. 3 Phase-contrast and

immunofluorescence

microscopy of 1089C1 cells. a
Phase-contrast microscopy; b
immunofluorescence of S100; c
p75NTR ; d GFAP. Scale
bars = 50 lm

Table 1 Cell-associated a-galactosidase activity in cultured mouse Schwann cells and cultured mouse and human fibroblasts after the addition

of various doses of agalsidase beta to the culture medium

Agalsidase beta (lg/mL)

0 1.0 3.0 3.0 10.0

M6P (5 mmol/L) @ @ @ + @

Mouse Schwann cells

Fabry (1089C1) 5.0 90 0.29 9 103 6.0 1.1 9 103

Wild-type (IMS32) 0.49 9 103 0.66 9 103 0.79 9 103 – –

Mouse fibroblasts

Fabry (F666) 1.0 1.3 9 103 2.1 9 103 63 –

Wild-type (F665) 93 1.1 9 103 2.5 9 103 – –

Human fibroblasts

Fabry (F377) 2.0 3.9 9 103 5.8 9 103 73 –

Wild-type (F592) 36 3.1 9 103 4.7 9 103 – –

Mouse Schwann cells (IMS32 and 1089C1), mouse fibroblasts (F665 and F666), and human fibroblasts (F377 and F592) were cultured in

medium containing various doses of agalsidase beta, as described under ‘‘Materials and methods’’. 1089C1, F666, and F377 were cultured in

medium containing 3.0 lg/mL agalsidase beta in the presence of 5 mmol/L mannose 6-phosphate. After 24-h culture, the cells were harvested

and the cell-associated a-galactosidase activity was measured

Cell-associated a-galactosidase activity is expressed as nmol/h 9 mg protein

–, not applicable in table with the exception of M6P column. In M6P column +, added; -, did not add

1022 J Hum Genet (2007) 52:1018–1025
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recommended. Comparative studies on agalsidase alfa and

agalsidase beta revealed that agalsidase beta contains a

higher level of M6P (3.1 mmol/mol protein) than does

agalsidase alfa (1.8 mmol/mol protein), although the pro-

tein sequence is the same for the two products (Lee et al.

2003).

Eng et al. (2001b) reported that microvascular endo-

thelial deposits of globotriaosylceramide were remarkably

decreased by ERT with agalsidase beta but that no signif-

icant difference was observed in regard to improvement in

neuropathy between Fabry patients treated with agalsidase

beta and those treated with a placebo. Schiffmann et al.

(2006) reported the autopsy results for a 47-year-old man

who was on ERT for more than 2 years before he died.

They revealed that repeated infusions with agalsidase beta

over a prolonged period did not appreciably remove stor-

age material from tissues, including dorsal root ganglia,

other than vascular endothelial cells. Hilz et al. (2004)

reported that ERT with agalsidase beta improved the Fabry

neuropathy, but a lack of recovery in some patients with

abnormal cold or heat pain perception was found. These

findings suggest low uptake of the recombinant a-galac-

tosidase by neural cells.

Lysosomal enzymes including a-galactosidase are

known to be synthesized in the rough endoplasmic reticu-

lum and are modified through the addition of sugar chains.

Then they are transferred to the Golgi apparatus, where the

addition of M6P residues to the nonreducing ends of the

sugar chains occurs, and are transported to endosomes

through a C-I M6PR (Dahms et al. 1989). The enzymes

could also be incorporated into various types of cells via C-

I M6PRs on the surface of the cells.

In this study, we established a spontaneously immor-

talized Schwann cell line, 1089C1, from Fabry mice. It has

a disrupted Gla gene allele and exhibits a distinct Schwann

cell morphology and biochemical phenotype. Enzyme

assays revealed a deficiency of a-galactosidase activity,

and cytoplasmic lamellar inclusion bodies were found in

the cells, these being biochemical and pathological char-

acteristics of Fabry disease.

Pathological analyses revealed that globotriaosylcera-

mide was deposited in neurons, Schwann cells, and

perineural sheath cells of peripheral nerves (Desnick

et al. 2001), and the accumulation of globotriaosylcera-

mide must affect the peripheral nervous system, resulting

in Fabry neuropathy. A recombinant a-galactosidase,

agalsidase beta, added to the culture medium of mouse

Fabry Schwann cells was incorporated dose dependently.

But the increase in cell-associated a-galactosidase activ-

ity was less than that in the cases of mouse and human

Fabry fibroblasts. Intracellular inclusion bodies in mouse

Fabry Schwann cells could not be cleaved even on the

addition of 3.0 lg/mL agalsidase beta, although this is

Fig. 4 Morphological effect of

the administration of agalsidase

beta on 1089C1 cells. a Wild-

type mouse Schwann cell line

(IMS32). Scale bar = 2 lm. b
Fabry mouse Schwann cell line

(1089C1). Scale bar = 2 lm. c
1089C1 treated with 10.0 lg/

mL agalsidase beta for 24 h.

Scale bar = 2 lm
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Fig. 5 Western blotting of C-I mannose 6-phosphate receptor

(M6PR). The expression of C-I M6PR in human tissues, including

brain, kidney, and liver, was examined by means of Western blotting.

Actin was used as an internal control. Lane 1, brain; lane 2, kidney;

lane 3, liver
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completely sufficient to remove the storage materials

from human Fabry fibroblasts (Sakuraba et al. 2006a,

2006b).

As the uptake of the enzyme was strongly inhibited by

the addition of M6P to the culture medium for both cul-

tured Schwann cells and cultured fibroblasts, it is thought

that the recombinant a-galactosidase was incorporated

mainly via C-I M6PRs on the cell membrane. To examine

the expression of C-I M6PRs in nervous tissues, we per-

formed Western blotting analysis of C-I M6PRs using

human tissues, including brain, kidney, and liver as sam-

ples. Unfortunately, we could not obtain human peripheral

nervous tissues. The antibody, which is available for

Western blotting, is that raised to human C-I M6PR and

does not cross-react mouse C-I M6PR. So, we used human

brain tissues, including neuron, oligodendroglia, and

astroglia, as samples for Western blotting for reference,

although those tissues do not contain Schwann cells. The

results revealed that the expression of C-I M6PRs in the

neural tissue is lower than in the kidney and liver tissues.

The low expression of C-I M6PRs in neural cells, including

Schwann cells, must be one reason their uptake of the

enzyme is low and is not effective for the peripheral neu-

ropathy in Fabry disease.

In conclusion, we established a cultured Schwann cell

line from Fabry mice and investigated the uptake of a

recombinant a-galactosidase, agalsidase beta, in compari-

son with that by cultured mouse and human Fabry

fibroblasts. The experiment revealed the low uptake of the

enzyme into the Schwann cells. To improve ERT for Fabry

neuropathy, we should develop a recombinant a-galacto-

sidase containing many M6P residues.
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replacement therapy improves function of C-, Ad-, and Ab-nerve

fibers in Fabry neuropathy. Neurology 62:1066–1079

Kanzaki T, Yokota M, Mizuno N, Matsumoto Y, Hirabayashi Y

(1989) Novel lysosomal glycoaminoacid storage disease with

angiokeratoma corporis diffusum. Lancet 1:875–877

Lee K, Jin X, Zhang K, Copertino L, Andrews L, Baker-Malcom J,

Gegan L, Qiu H, Seiger K, Barngrover D, McPherson JM,

Edmunds T (2003) A biochemical and pharmacological com-

parison of enzyme replacement therapies for the glycolipid

storage disorder Fabry disease. Glycobiology 13:305–313

Mayes JS, Scheerer JB, Sifers RN, Donaldson ML (1981) Differential

assay for lysosomal a-galactosidase in human tissues and its

application to Fabry’s disease. Clin Chim Acta 112:247–251

Oshima T, Murray GJ, Swaim WD, Longenecker G, Quirk JM,

Cardarelli CO, Sugimoto Y, Pastan I, Gottesman MM, Brady

RO, Kulkarni AB (1997) a-Galactosidase A deficient mice: a

model of Fabry disease. Proc Natl Acad Sci USA 94:2540–2544

Sakuraba H, Murata-Ohsawa M, Kawashima I, Tajima Y, Kotani M,

Oshima T, Chiba Y, Takashiba M, Jigami Y, Fukushige T,

Kanzaki T, Itoh K (2006a) Comparison of the effects of

agalsidase alfa and agalsidase beta on cultured human Fabry

fibroblasts and Fabry mice. J Hum Genet 51:180–188

Sakuraba H, Chiba Y, Kotani M, Kawashima I, Ohsawa M, Tajima Y,

Takaoka Y, Jigami Y, Takahashi H, Hirai Y, Shimada T,

Hashimoto Y, Ishii K, Kobayashi T, Watabe K, Fukushige T,

Kanzaki T (2006b) Corrective effect on Fabry mice of yeast

recombinant human a-galactosidase with N-linked sugar chains

suitable for lysosomal delivery. J Hum Genet 51:341–352

Schiffmann R, Murray GJ, Treco D, Daniel P, Sellos-Moura M,

Myers M, Quirk JM, Zirzow GC, Borowski M, Loveday K,

Anderson T, Gillespie F, Cliver KL, Jeffries NO, Doo E, Liang

TJ, Kreps C, Gunter K, Frei K, Crutchfield K, Selden RF, Brady

RO (2000) Infusion of a-galactosidase A reduces tissue globo-

triaosylceramide storage in patients with Fabry disease. Proc

Natl Acad Sci USA 97:365–370

Schiffmann R, Rapkiewicz A, Abu-Asab M, Ries M, Askari H,

Tsokos M, Quezado M (2006) Pathological findings in a patient

with Fabry disease who died after 2.5 years of enzyme

replacement. Virchows Arch 448:337–343

Tajima Y, Matsuzawa F, Aikawa S, Okumiya T, Yoshimizu M,

Tsukimura T, Ikekita M, Tsujino S, Tsuji A, Edmunds T,

Sakuraba H (2007) Structural and biochemical studies on Pompe

disease and ‘‘pseudodeficiency of acid alpha-glucosidase’’. J

Hum Genet Epub, PMID: 17805474

Tong PY, Tollefsen SE, Kornfeld S (1988) The cation-independent

mannose 6-phosphate receptor binds insulin-like growth factor

II. J Biol Chem 263:2585–2588

Watabe K, Yamada M, Kawashima T, Kim SU (1990) Transfection

and stable transformation of adult mouse Schwann cells with

SV-40 large T antigen. J Neuropathol Exp Neurol 49:455–467

1024 J Hum Genet (2007) 52:1018–1025

123



Watabe K, Fukuda T, Tanaka J, Honda H, Toyohara K, Sakai O

(1995) Spontaneously immortalized adult mouse Schwann cells

secrete autocrine and pancrine growth-promoting activities. J

Neurosci Res 41:279–290

Watabe K, Ida H, Uehara K, Oyanagi K, Sakamoto T, Tanaka J,

Garver WS, Miyawaki S, Ohno K, Eto Y (2001) Establishment

and characterization of immortalized Schwann cells from murine

model of Niemann-Pick disease type C (spm/spm). J Peripher

Nerv Syst 6:85–94

Watabe K, Sakamoto T, Kawazoe Y, Michikawa M, Miyamoto K,

Yamamura T, Saya H, Araki N (2003) Tissue culture methods to

study neurological disorders: establishment of immortalized

Schwann cells from murine disease models. Neuropathology

23:68–78

J Hum Genet (2007) 52:1018–1025 1025

123


	Establishment of immortalized Schwann cells from Fabry �mice and their low uptake of recombinant &agr;-galactosidase
	Abstract
	Introduction
	Materials and methods
	Animals and cell culture
	Polymerase chain reactions for determination of the genotype and identification of Schwann-cell-associated molecules
	Immunocytochemical analysis of Schwann-cell-associated markers
	Assaying of &agr;-galactosidase activity and protein determination
	Administration of agalsidase beta to cultured mouse Fabry Schwann cells, cultured mouse wild-type Schwann cells, cultured mouse Fabry fibroblasts, and cultured human Fabry fibroblasts
	Electron microscopy
	Western blot analysis

	Results
	Characterization of the established Schwann �cells derived from a Fabry mouse
	Enzyme replacement effect of agalsidase beta �on cultured mouse Fabry Schwann cells and cultured mouse and human Fabry fibroblasts 
	Expression of C-I M6PR in human tissues

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


