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b-Galactosidase-deficient mouse as an animal model
for GM1-gangliosidosis
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GM1-gangliosidosis is a progressive neurological disease in humans caused by deficiency of lysosomal acid b-galac-
tosidase, which hydrolyses the terminal b-galactosidic residue from ganglioside GM1 and other glycoconjugates. In this
study, we generated a mouse model for GM1-gangliosidosis by gene targeting in embryonic stem cells. The mouse
homozygous for the disrupted b-galactosidase gene showed b-galactosidase deficiency, presented with progressive
spastic diplegia, and died of emaciation at 7–10 months of age. Pathologically, PAS-positive intracytoplasmic storage was
observed in neuronal cells of various areas in the brain. Biochemical analysis revealed a marked accumulation of
ganglioside GM1 and asialo GM1 in brain tissue. This animal model will be useful for pathogenetic analysis and therapeutic
trial of human GM1-gangliosidosis.
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Introduction

G
M1

-gangliosidosis is a progressive neurological disease in
humans caused by hereditary deficiency of lysosomal acid
b-galactosidase that hydrolyses the terminal b-galactosidic
residue of ganglioside G

M1
and other glycoconjugates [1].

Numerous b-galactosidase gene mutations have been iden-
tified in the clinical forms of infantile, juvenile, and adult
onset [2]. Another type of human b-galactosidase deficiency
(Morquio B disease), presenting clinically with generalized
skeletal dysplasia, is caused by mutations of the same gene
but different from those for G

M1
-gangliosidosis [3]. The

pathogenesis of these diverse phenotypic expressions is not
yet known.

Although animal models have been reported in some
species, such as cats [4], dogs [5], sheep [6] and calves [7],
a mouse model for conventional laboratory use has not yet
been reported. In this study, we generated a mouse model
for G

M1
-gangliosidosis with the b-galactosidase gene dis-

rupted by homologous recombination in embryonic stem
(ES) cells. These mice showed a progressive neurological
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disease, b-galactosidase deficiency, cerebral storage of
ganglioside G

M1
, and widespread cerebral lesions with in-

traneuronal storage of membranous cytoplasmic bodies.
They died of emaciation and malnutrition at 7—10 months
of age. We concluded that this mouse is an authentic model
of human G

M1
-gangliosidosis.

Methods
Construction of targeting vector
For disruption of the mouse b-galactosidase gene, a displace-
ment-type targeting vector [8] was constructed. The genomic
clones of murine b-galactosidase were isolated from
a genomic DNA library of TT2 ES cells derived from
C57BL/6]CBA F1 male mice [9, 10], using murine b-galac-
tosidase cDNA [11] as a probe. The 5 kb HindIII fragment
containing exon 15 of the gene was subcloned into pHSV-
106 (herpes simplex virus thymidine kinase gene containing
vector, GIBCO/BRL Life Technologies, USA), in which the
SalI site was previously destroyed by blunting. A neo resist-
ance cassette (1.1 kb XhoI-SalI fragment) from pMC1 neo
polyA (Stratagene, USA) was inserted into the SalI site in
exon 15, to disrupt the coding sequence of the gene. The
resulting plasmid was linearized by ClaI digestion. The
construct of the targeting vector is illustrated in Figure 1A.
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Figure 1. Strategy for disruption of the murine b-galactosidase gene. (A) Schematic representation of the normal murine b-galactosidase genomic
fragment including exon 15 (top), the targeting vector (middle) and the targeted gene (bottom). Exon 15 is shown as a box, and introns as lines. The
targeting vector has a neomycin resistance cassette (neo) inserted into exon 15 at the SalI site, and a herpes simplex virus thymidine kinase cassette
(HSV-TK) at its 3@ end. Arrows indicate locations of the primers (P1, P2) used for genotyping by PCR. H, HindIII; S, SalI; C, ClaI. (B) Genotyping of
normal (#/#), heterozygous (#/!) and homozygous mutant (— /—) mice by PCR. M, molecular weight marker (k /HindIII digest).
Gene targeting in ES cells

TT2 ES cells were cultured on mitomycin C-treated primary
embryonic fibroblasts from the ICR fetus as a feeder layer in
a 6 cm dish, in Dulbecco’s modified Eagle MEM (high
glucose, no pyruvate; GIBCO/BRL) supplemented with
20% fetal bovine serum, 0.1 mM 2-mercaptoethanol, MEM
non-essential amino acid solution (GIBCO/BRL), five nuc-
leosides [12], and 1000 IUml~1 of leukemia inhibitory fac-
tor [13] (AMRAD, Australia). Approximately 3]107 TT2
cells and 25 lg of linearized vector were suspended in a
medium, containing 20 mM HEPES, 137 mM NaCl, 5 mM

KCl, 0.7 mM Na
2
HPO

4
]12H

2
O, 6 mM glucose, 0.1 mM

2-mercaptoethanol [14], and the cells were electrophorated
at 250 V, 960 lF using a Gene Pulser (Bio-Rad, USA). They
were then suspended in 100 ml of the medium, and seeded
on ten 10 cm dishes preseeded with mitomycin C-treated
STO cells that had been transfected with and were continu-
ously expressing the neoresistance gene (pMC1neo polyA).
The culture medium was changed daily.
G418 (450 lgml~1; GIBCO) was added to the medium
2 days after the transfection, and, in addition, ganciclovir
(2 lM; gift of Roche Bioscience, USA) was added 3 days
after the transfection. The ES cell colonies resistant to
both drugs were chosen 10 days after transfection, and each
was seeded on a 24-well dish preseeded with mitomycin
C-treated primary fibroblasts. Two days later, one half of
the cells in each well were expanded into 6-well dishes with
feeder cells. The other half were checked for the occurrence
of gene targeting events by PCR and Southern blotting.
Two days later, the homologous recombinant clones as
identified above were expanded on 6 cm dishes with a feeder
layer without freezing-thawing before production of
chimeric mice.

Generation of knockout mouse and confirmation
of gene disruption

Chimeric mice were produced as described [9]. Three tar-
geted ES cell clones (2A6, 3D1 and 1B6) were used for
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chimera production. About 10—15 ES cells were microinjec-
ted into the perivitelline space of ICR 8-cell embryos, and
the injected embryos were cultured overnight to develop
into morulae stage. Then the embryos were transferred into
uteri of pseudopregnant ICR females. Three chimera males
from the 3D1 clone were identified as germline chimeras by
test breeding with ICR females. Coloured (black and agouti)
offspring of chimeric mice and ICR females were analysed
by PCR amplification of neoresistance gene for transmis-
sion of the mutant allele. Homozygotes for the disrupted
b-galactosidase gene were generated by mating hetero-
zygotes. Genotypes of the progenies were determined
by PCR amplification of DNA from tail or liver, using the
sense primer P1 (5@-GTGGACCCTGTATCACCCCATC-
TTACT-3@) and the antisense primer P2 (5@-CTTGGAC-
CACCCAGGAAACTGGATGAA-3@) for detection of
a 1.2 kb band for the wild-type allele and 2.3 kb band for the
mutant allele. PCR was performed using ¹aq polymerase
(GIBCO BRL) at 35 cycles of reaction at 94 °C for 1 min, at
58 °C for 1 min and at 72 °C for 3 min.

Pathology

For light microscopy, the brain was fixed with buffered
formalin and embedded in paraffin. Sections of 4 lm thick-
ness were stained with Nissl’s stain. Frozen sections were
stained with the periodic acid-Schiff (PAS) method. For
electron microscopy, a small piece of the brain was fixed
with 2.5% glutaraldehyde in 0.1% cacodylate buffer,
postfixed with 1% osmium tetroxide and embedded in a
mixture of Araldite and epoxy-resin. Ultrathin sections
of 60 nm thickness were stained with uranyl acetate and
lead citrate.

Biochemistry

The enzyme activity was assayed with 4-methylumbelliferyl
b-D-galactoside (Nacalai Tesque, Japan) as a substrate, as
described previously [15]. The protein concentration was
determined by the method of Bradford [16].

Glycolipids in brain and liver were analysed. The brain
was roughly divided into three regions: cerebral hemisphere,
brain stem, and cerebellum. The ganglioside fractions were
obtained by the Folch extraction and partition of total
lipids [17], and the pooled upper phase was saponified with
0.5 ml of 0.2 N KOH/methanol and desalted with Sep-Pak
C18 reverse-phase cartridge [18] (Waters, USA). Individual
gangliosides were separated by high performance thin-layer
chromatography (HPTLC) on a plate precoated with super
fine silica gel 60 (E. Merck, Germany), with chloro-
form :methanol : 0.2% CaCl

2
(60 : 35 : 8, by vol) for develop-

ment, and visualized with resorcinol reagent for qualitative
and quantitative analysis [19]. Neutral glycosphingolipids
(GSLs) were isolated from the lower phase of the Folch
partition. The fraction was acetylated with pyridine-acetic
anhydride (3 : 1, by vol), and acetylated GSLs were purified
by Sep-Pak Florisil cartridge (Waters) chromatography
using acetone-dichloroethane (1 : 1, by vol) as an elution
solvent according to Saito and Hakomori [20]. For
deacetylation, the acetylated GSLs were saponified as de-
scribed in the ganglioside purification procedure. Individual
neutral GSLs were separated by HPTLC with chloro-
form :methanol : 0.2% CaCl

2
(60 : 25 : 4, by vol) for develop-

ment and anthrone reagent for visualization [21].
Urinary oligosaccharide patterns in mutant and normal

mice, and an infantile G
M1

-gangliosidosis patient were de-
termined. Urine samples (800—1500 ll) corresponding to
1 mg creatinine were centrifuged at 1500]g for 10 min and
the supernatants were desalted by Dowex 50-X8/Dowex
1-X8. Desalted urines were lyophilized and resuspended in
50 ll deionized water, then an aliquot (10 ll) of each sample
was applied to TLC plates and chromatographed as pre-
viously reported by Sewell [22].

For the analysis of urinary glycosaminoglycans (GAGs),
the GAGs precipitated with cetylpyridinium chloride were
electrophoresed on a cellulose acetate plate as described
previously [23]. Liver keratan sulfates were isolated by the
method of Callahan and Wolfe [24], and analysed by elec-
trophoresis.

Results
Confirmation of gene disruption
Out of 258 G418/ganciclovir resistant colonies, three were
identified as homologous recombinants. The cells from
these targeted colonies were injected into eight-cell embryos
of ICR mice to produce chimeras. Chimeric males were
mated to ICR female mice, and three chimeric males derived
from one ES cell colony were found to have transmitted the
b-galactosidase mutation to their progeny. But no chimeric
male derived from the other two ES cell colonies gave
birth to mice with the mutant allele. The heterozygous
mouse pairs were mated to generate homozygous progeny
(b-Galactosidase knockout mouse). Genotyping of these
mice by PCR is shown in Figure 1B. b-Galactosidase activ-
ity in the tail of the mice, with 4-methylumbelliferyl
b-galactoside as a substrate, was extremely low in
homozygous mutants (average 6.8% and range 0—10% of
the wild-type mean), and half normal in heterozygotes
(Figure 2A). These data indicated that targeted disruption
of the b-galactosidase gene was successfully achieved.

Clinical manifestations

Summary of neurological manifestations of mutant mice
was already described elsewhere [25]. Homozygous mu-
tants were born normally, and were apparently healthy at
least until 4 months of age. Then, their locomotor activities
gradually decreased. Horizontal movements were slow, and
rearing or vertical climbing became less frequent. By 6—8
months, they exhibited definite gait disturbance with mild
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Figure 2. b-Galactosidase activities in mouse tissues. (A) tail; (B) other
tissues from normal (#/#), heterozygous (#/—) and homozygous mu-
tant (—/—) mice. Activities were assayed with 4-methylumbelliferyl b-D-
galactoside as a substrate and expressed as nmol mg~1 protein h~1.
Each value is indicated as mean$SD, and the number of animals is
shown in parentheses.

shaking. They often tottered, with forelimbs flexed, hin-
dlimbs extended and extroverted, and tail straightly raised
upward. When hung vertically with the tail held upward,
they huddled themselves with all four limbs flexed [25].
Normal mice always extended their limbs in this downward
vertical position. This abnormal posture appeared first with
hindlimbs, and then gradually spread to forelimbs with the
progress of the disease. At the terminal stage, body move-
ments were associated with shaking, and generalized and
progressive paralysis appeared. Finally they became emaci-
ated because of difficulty feeding. They died at 7—10 months
of age (Figure 3). The life span was 254.4$30.5 days
(mean$SD, n"21) in the knockout group. The body
weight at death was less than half of normal or heterozygous
littermates. Heterozygous mice exhibited no obvious abnor-
mality. Reproductive performance of F2 homozygous mu-
tants was abnormal, with a relatively higher incidence of
sterility and cannibalism. However, about a half of
homozygote pairs could produce at least one litter before
Figure 3. Survival curve of the b-galactosidase knockout mouse. Sur-
vival rates (%) of 21 knockout mice at F2 generation are plotted for 12
months after birth. All heterozygous and wild type litter mates of these
knockout mice survived at least until 12 months of age.

they developed the symptoms described above. The
knockout homozygotes have been successfully maintained
to the F6 generation up to the present.

Pathology

Unlike the human disease infants, hepatosplenomegaly was
not observed; the sizes of liver and spleen were smaller than
those in normal control mice. Vacuolated lymphocytes were
almost always observed in the peripheral blood. Skeletal
dysplasia was not evident. Brain was normal in size and
weight. However, numerous neurons were degenerated with
distended cytoplasm histopathologically in various areas of
the central nervous system, such as cerebral cortex, basal
ganglia, thalamus, and hypothalamus (Figure 4A). Pons and
medulla oblongata also were affected. Purkinje cells were
specifically affected in cerebellum. The distended neuronal
cytoplasm was strongly positive for PAS stain in frozen
sections. Electron microscopy demonstrated multilamellar
and myelin-like inclusion bodies (membranous cytoplasmic
bodies; MCBs) in neuronal cytoplasm (Figure 4C), like
those reported in human G

M1
-gangliosidosis [26].

Biochemistry

In all organs examined, mutant homozygotes showed
b-galactosidase deficiency (Figure 2B). The activity was
extremely low in the brain. Relatively high residual activities
were observed in the spleen, testes and kidneys under the
present assay conditions with an artificial substrate. In these
organs, normal mice also showed relatively high activities
as compared with brain activity. Heterozygotes showed
intermediate activities between normal and mutant
homozygotes. In addition, primary embryonic fibroblasts
were isolated from mutant and normal fetuses and their
enzyme activities were assayed. Essentially no detectable
activity was observed in the mutant fibroblasts (0—1% of
normal).
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Figure 4. Pathological changes of the brain in the b-galactosidase
knockout mouse. Light microscopy of cerebrum in a homozygous mutant
mouse (A) and a normal mouse (B); ]250. Nissl-stained sections.
Distended cytoplasm with large vacuoles is noted in the mutant mouse
(arrowheads). (C) Electron microscopy of a Purkinje cell in the mutant
mouse; ]14 000. MCBs at various stage of development are observed
in the cytoplasm (arrows). Nu, nucleus. All sections are from 6 month-old
mice at F2 generation.

Figure 5. HPTLC of gangliosides (A) and neutral glycosphingolipids (B)
in brain. (A) Approximately 1.5 lg lipid-bound sialic acid were spotted for
each sample. The gangliosides were developed with chloroform: meth-
anol : 0.2% CaCl2 (60 : 35 : 8, by vol), and visualized with resorcinol-HCl
reagent. Lane 1, GM1 standard; lane 2: cerebrum of a normal mouse; lane
3, brain stem of a normal mouse; lane 4, cerebellum of a normal mouse;
lane 5, cerebrum of a mutant mouse; lane 6, brain stem of a mutant
mouse; lane 7, cerebellum of a mutant mouse. (B) Neutral glycosphin-
golipids corresponding to 1 mg of dry tissue were spotted for each
sample, developed with chloroform: methanol : 0.2% CaCl2 (60 : 25 : 4,
by vol), and then visualized with anthrone-H2SO4. Lane 1, standard
samples, asialo GM1; globoside; CTH, trihexosylceramide; CDH, lac-
tosylceramide; CMH, glucosylceramide; lanes 2—7, same samples as
above. All samples are from 6-month-old mice at F2 generation.
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Figure 6. HPTLC of gangliosides (A) and neutral glycosphingolipids (B)
in liver. (A) Gangliosides corresponding to 10 mg of dried liver tissue of
mutant mouse and 20 mg of normal mouse were spotted. HPTLC was
carried out as described in Figure 5. Lane 1, GM1 standard; lane 2, liver of
a normal mouse; lane 3, liver of a mutant mouse. (B) Neutral glycosphin-
golipids corresponding to 10 mg of dry tissue of mutant mouse and
20 mg of a normal mouse were spotted. HPTLC was carried out as
described in Figure 5. Lane 1, standard samples same as Figure 5B;
lane 2, normal mouse; lane 3, mutant mouse. All samples are from
6 month-old mice at F2 generation.

HPTLC analysis showed that the ganglioside G
M1

con-
tent was markedly increased in all three brain regions of the
mutant mice as compared to that in normal brain (Figure
5A). G

M1
accounted for 70% of total lipid-bound sialic acid

(normal controls 12—18%), resulting in four- to six-fold
increase in relative amount. Furthermore, the total ganglio-
side was increased three- to four-fold. Taken together, the
amount of G

M1
was calculated to be increased about 20-fold

in the brain of the mutant mouse. Asialo G
M1

(G
A1

) was also
increased as much as G

M1
in mutant mouse brain, whereas

G
A1

was not detected in normal brain (Figure 5B). In
addition, remarkable accumulation of both G

M1
and G

A1
was detected in mutant mouse liver (Figure 6A and B).

The analysis of urinary oligosaccharides by TLC showed
that abnormal oligosaccharide bands were observed in
 Figure 7. TLC of oligosaccharides in urine. Lanes 1, 2, mutant male

mice; lanes 3 and 4, mutant female mice; lane 5, normal male mouse;
lane 6, normal female mouse; lane 7, human GM1-gangliosidosis patient.
Arrows indicate typical abnormal bands observed both in mutant mice
and a human patient.

mutant mice, but not in normal mice. The abnormal
chromatographic pattern in mutant mice was similar to that
of a G

M1
-gangliosidosis patient (Figure 7). The analysis of

urinary GAGs revealed there was no marked difference
between mutant and normal mice. Furthermore, keratan
sulfate was undetectable in urine both from mutant and
normal mice (data not shown). In addition, only trace levels
of keratan sulfate were detected both in mutant and normal
mouse livers (data not shown).

Discussion

From these data described above, we concluded that the
b-galactosidase gene-disrupted mouse showed biochemical,
morphological, and clinical similarities to human G

M1
-gan-

gliosidosis. There is a genetic variation of b-galactosidase
activity among various mouse strains [27]. Particularly in
the DBA/2 mouse strain, a low enzyme activity and a high
concentration of brain ganglioside G

M1
were described [28].

However, this strain does not develop any clinical manifes-
tations that have been observed in human G

M1
-gangliosido-

sis. Although there was a wide individual variation, the
residual activity appeared relatively high in some organs of
the gene-disrupted mice in this study. In contrast, no detect-
able activity was observed in mutant embryonic fibroblasts.
The reason for these differences in residual activity among
various tissues is not known. Concomitant neutral b-galac-
tosidase may have contributed to relatively high residual
activity under our assay conditions. In this study, all enzyme
assays were performed with an artificial substrate, and we
need to use a natural substrate like ganglioside G

M1
for

evaluation of actual intracellular activity of the enzyme in
these disease animals.

It is noteworthy that G
A1

accumulated as much as G
M1

in
the mutant mouse brain and liver. On the other hand, in
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human G
M1

-gangliosidosis, storage of G
A1

is less prominent
compared with the remarkable storage of G

M1
[29]. Re-

cently, Sango et al. [30] reported that in the case of a mouse
model of Sandhoff disease, in which both b-hexosaminidase
A and B were deficient, asialo G

M2
as well as G

M2
extens-

ively accumulated in brain. They suggested that mouse
sialidase(s) could convert a significant amount of G

M2
to

asialo G
M2

. Similarly, in the G
M1

-gangliosidosis mouse, it
could be possible that G

M1
is converted to G

A1
by mouse

sialidase(s). These assumptions are also supported by the
observation of sialidase activity which can convert G

M1
to

G
A1

and G
M2

to asialo G
M2

in mouse Neuro2a cells [31].
Accumulation of keratan sulfate in liver and its increased

excretion in urine are characteristic of Morquio B disease
and infantile and juvenile G

M1
-gangliosidosis. However,

keratan sulfate was not detected either in normal or mutant
mouse urine, and furthermore keratan sulfate was basically
absent in livers of both normal and mutant mice. It has been
reported that the mouse does not synthesize skeletal keratan
sulfate, even though corneal keratan sulfate is synthesized
[32]. Therefore the absence of keratan sulfate in mutant
mouse urine could be due to the lack of keratan
sulfate synthesis in almost all tissues except cornea. In
addition, there were no obvious abnormalities in the skel-
etal system of mutant mice. This again might be explained
by the absence of skeletal keratan sulfate in mice. Various
kinds of oligosaccharides with b-galactosidic linkage at the
non-reducing end, which are derived from glycoproteins,
have been detected in G

M1
-gangliosidosis [33]. In urine

from the homozygous mutant mouse, an abnormal
oligosaccharide pattern resembling that in human G

M1
-

gangliosidosis was detected by TLC analysis. These data
again support our findings that this mouse is a murine
counterpart of human G

M1
-gangliosidosis, apparently with-

out keratan sulfaturia or bone dysplasias characteristic of
Morquio B disease.

In human b-galactosidase-deficient disorders, phenotypic
expressions are diverse, and therefore classified clinically
into two major subgroups; G
M1

-gangliosidosis presenting
predominantly with the central nervous system manifesta-
tions, and Morquio B disease presenting with systemic bone
dysplasia, without nervous system involvement [1]. Fur-
thermore, G

M1
-gangliosidosis is classified into infantile,

juvenile and adult forms on the basis of the age of onset and
severity of the disease. In Table 1, clinical, pathological and
biochemical aspects of human and murine diseases are sum-
marized and compared with one another. This disease
model mouse seems to be clinically similar to the infantile or
juvenile form of human G

M1
-gangliosidosis, although there

are some dissimilarities with both of them. For comparison
of the disease in two different species, the time course of
ontogeny should be taken into consideration. Gestation
lasts 40 weeks in humans, and 3 weeks in mice. On the other
hand, postnatal maturation lasts 10—15 years before acquir-
ing fertility in humans, and 2 months in mice. These time
factors may affect evolution of a genetically determined
disease like hereditary b-galactosidase deficiency.

Some model animals have been reported for G
M1

-gan-
gliosidosis [4—7]. However, those animals reported until
now have not often been used for conventional research
experiments, because of their large size, long life span, and
difficulty of handling in a clinical or basic research laborat-
ory. For these reasons, our model mouse has a definite
advantage for genetic and biochemical analysis, with short
life span, fertility even between mutant homozygotes, and
development of clinically observable neurological manifes-
tations that rapidly progress to death within a few months
after the onset.

This b-galactosidase-deficient mouse will therefore
provide more information about the pathogenesis and
treatment of the human inherited diseases represented by
G

M1
-gangliosidosis. Biochemical and cell/tissue biological

analysis on this particular experimental animal may disclose
the pathogenesis of clinical and pathological heterogeneity in
human b-galactosidase deficiency. Furthermore, this model
mouse in particularly useful for evaluation of molecular
Table 1. Comparison of human and murine GM1-gangliosidoses.

Infantilea Juvenilea Adult/chronica Murine

Onset 0–6 mo 7 mo–3 yr 3–30 yr 4 mo
Hepatosplenomegaly ] ]or! – –
Vacuolated lymphocytes ] ] ]or! ]

CNS pathologyb Generalized Generalized Localizedc Generalized
Skeletal dysplasia Generalized Localizedd Localizedd None (?)
GM1 storage ]]] ]] ] ]]]

b-Galactosidase activitye 0–2% 2–3% 3–7% 0–1%

aHuman disease.
bCNS: central nervous system.
cExtrapyramidal system.
dVertebral deformity.
eSource: cultured fibroblasts, substrate: 4-methylumbelliferyl b-galactoside.
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therapeutic effects on the central nervous system, because
the neurological manifestations are easily recognizable clin-
ically and pathologically.
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