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Genetically authentic animal models of human
lysosomal diseases occur spontaneously in many
mammalian species. However, most are among larg-
er domestic or farm animals with only two well-
defined genetic lysosomal diseases known among
rodents. This status changed dramatically in recent
years with the advent of the combined homologous
recombination and embryonic stem cell technology,
which allows directed generation of mouse models
that are genetically equivalent to human diseases.
Almost all known human sphingolipidoses, two
mucopolysaccharidoses and aspartylglycosamin-
uria have so far been duplicated in mice and more
are expected in the near future. This technology also
allows generation of mouse mutants that are not
known or are highly unlikely to exist in humans,
such as “double-knockouts.” These animal models
will play an important role in studies of the patho-
genesis and treatment of these disorders. While the
utility of these mouse models is obvious, species
differences in brain development and metabolic
pathways must be always remembered, if the ulti-
mate goal of the study is application to human
patients.
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Introduction

Lysosomal storage disorders are a group of diseases
caused by the deficient activity of individual lysosomal
enzymes. Typically the diseases involve the central as
well as peripheral nervous system. Defective genes have
been identified in the majority of these diseases and
large numbers of mutations are identified. Naturally
occurring animal models of lysosomal storage diseases
have been identified during the past decades and have
been used for the investigation of basic pathogenesis as
well as exploration of therapeutic approaches (1, 2, 26,
32,59, 72, 85, 86, 94, 95). However, the availability of
such naturally occurring models, and in particular small
animal models, is very limited.

With recent advances in DNA recombinant technolo-
gy and in knowledge of mouse reproductive biology,
many mouse models of human diseases have been gen-
erated by targeted disruption of specific genes. At this
time of writing at the middle of 1997, at least 14 mouse
models of human lysosomal diseases have been pub-
lished and one documented in an abstract form (Table
1), and the numbers most certainly will increase rapidly.
Obviously the mouse is not a human being and thus sig-
nificant phenotypic differences may exist between the
diseases of these two species. In this review we focused
our description on the clinical phenotype, biochemical
characteristics and pathological features of the specific
human diseases and those of transgenic mouse models
generated by targeted gene disruption (knockout mice).
Those who are interested in technical details of generat-
ing these knockout mice are referrered to the original
articles listed as references.

Gaucher disease

Gaucher disease is an autosomal recessive disease
caused by a deficient activity of the lysosomal hydro-
lase, glucosylceramidase (or glucocerebrosidase),
resulting in massive accumulation of glucocerebroside
in cells of the reticuloendothelial system. These storage
cells, Gaucher cells, are found throughout the visceral
tissues and result in hepatosplenomegaly, the most con-
spicuous clinical feature in human patients. Traditional-
ly Gaucher disease is classified into three clinical forms.
Type | is a non-neuronopathic form affecting mostly



Inactivated gene

Equivalent human disease

Naturally occurring models
Galactosylceramidase

(Twitcher mouse)
B-glucuronidase

Transgenic (knockout) mouse models

Glucosylceramidase
B-Hexosaminidase a-subunit
B-Hexosaminidase B-subunit

Gy activator

B-Hexosaminidase a- and B-subunit
B-Galactosidase

B-gal/sialidase Protective protein
Sphingomyelinase
a-galactosidase A

Arylsulfatase A (sulfatidase)
Sphingolipid activator (prosaposin)
deficiency

a-L-iduronidase

Arylsulfatase B

Krabbe disease
MPS VII

Gaucher disease

Tay-Sachs disease

Sandhoff disease

G2 gangliosidosis AB variant
Unknown

Gy gangliosidosis
Galactosialidosis

Niemann-Pick disease type A and B
Fabry disease

Metachromatic Leukodystrophy
Total sphingolipid activator deficiency

Hurler-Scheie (MPS IH and IS)
Maroteaux-Lamy (MPS VI)

demonstrated in the mutant tissue (liver, lung, brain and
bone marrow). The homozygous mutant mice, however,
were akinetic with irregular respiration and poor feed-
ing, and died within 24 hours of birth with rapidly pro-
gressing cyanosis. Tybulewicz and co-workers have
studied over 100 homozygous mice. No typical Gauch-
er cells were observed at the light microscope level in
any of the tissues that showed increased glucocerebro-
side, although with electron microscopic studies the
stored lipid, that had the same physical appearance as
the inclusions found in cells of the Gaucher patients,
was identified in the macrophages in the liver, spleen
and bone marrow of the homozygous mice. However,

the extent of glucocerebroside accumulation in the
organs did not appear to be sufficient to explain the
rapid deterioration in these newborn mutant mice. In the
CNS, no Gaucher cells were observed although tubular
Gaucher type inclusions were identified in microglia
and neurons of the red nucleus and vestibular nucleus,
adults, type Il is a severe infantile neuronopathic formsensory and motor neurons at the ultrastructural level
and type Il is termed subacute neuronopathic or juve(89). These mice did not show any hepatosplenomegaly
nile form and is a phenotypically intermediate type.or infiltration of Gaucher cells in the brain as noted in
Type | is highly prevalent in the Ashkenazi Jewish pop-human cases. The most significant pathology in these
ulation, and a distinct group of type Ill patients exist inmice was noted in the skin. Their skin showed abnor-
Scandinavian countries. No ethnic predilection is knowrmally prominent rugation and hyperkeratosis. These
for the type Il disease (5). Gaucher cells were detectef@ature were nearly identical to those of a severe subtype
in the brain of type Il patients and to a lesser extent i®f type Il Gaucher disease, ( “collodion” babies, or
type |ll patients, in association with marked neuronalGaucher infants having congenital ichthyosis or “cello-
degeneration. In addition, a rapidly progressing fulmi-phane like” skin) (68). Ceramide has been demonstrated
nating phenotype in neonates, a subtype of type [10 play an important role in skin permeability barrier
Gaucher disease, was recognized recently. This typgomeostasis. The absence of glucosylceramidase may
closely resembles the mouse model generated by targg@ensequently affect functional skin integrity, since elim-
ed disruption of glucosylceramidase gene describethation of glucocerebroside and accumulation of
below (68). All types are allelic and the gene for gluco-ceramides occur during the maturational process in
sylceramidase is located on chromosome 1 in the regiomembrane structure establishing a permeability barrier.
of g21. Many point mutations in the glucosylceramidaselhus, the enzyme deficiency with resultant abnormal
gene have been identified in Gaucher patients (5).  glucocerebroside degradation appeared directly respon-
sible for the abnormal skin of this subtype of Gaucher
Mouse modelln 1992, Tybulewicz and co-workers infants and mutant mice. Histologically, the thickened
(82) generated a murine model for Gaucher disease igverlying keratin layer was found in the skin of both the
creating a null allele in embryonic stem cells throughhomozygous mutant mice and neonatal Gaucher
gene targeting and using these genetically modified cellgatients. During the final stages of epidermal differenti-
to establish a mouse strain carrying the mutation. To digation, extrusion of lamellar body contents (at the stratum
rupt the murine glucocerebrosidase gene, th@ranulosum/stratum corneum interface) is followed
neomycine-resistance (Neo) gene was inserted intequentially by unfurling, elongation, and processing
exons 9 and 10, which encode part of the active site dhto @ mature lamellar bilayer unit structure. However,
the enzyme. The targeted mutation was transmitted it the mutant mice, ultrastructural abnormalities includ-
Mendelian fashion. The glucosylceramidase activity inng the persistence of incompletely processed lamellar
these homozygous mutant mice was less than 4% dfody-derived content, indicating perturbed maturation,
control. Increased amounts of glucocerebroside wawas demonstrated throughout the striatum corneum
interstices. Furthermore, these mice demonstrated

glycosylasparaginase
N-acetyl a-galactosaminidase*

Aspartylglucosaminuria
Schindler disease

*Abstract only (87)

Table 1. Mouse models of lysosomal disease.
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markedly elevated transepidermal water loss as well & The G ; Gangliosidosss

altered permeability barrier function as shown by ar i i R
electron dense tracer study (31). Such changes were r S e R
detected in the skin of type | or Ill Gaucher patients =~ *===w= o= Pl S
(67).Thus, phenotypically these model mice resemble i | i
rare but the most severe subtype of type Il Gaucher dit Papeamsia ﬂ i
ease. isaryre: pebusin  eel vym L rwn p
o ' l '

Gangliosidoses

Gangliosidoses are autosomal recessive lysosom ‘ %
storage diseases caused by abnormal metabolism of t Q
sue gangliosides, sialic acid-containing sphingolipids - Cg———
Two groups, G, gangliosidosis and (3gangliosidosis, St e
are known in humans. Naturally occurring feline and sarkivb
canine models of gangliosidoses have been widely use

igure 1. The G,,, gangliosidoses and the pB-hexosaminidase
system. The information provided is for the human B-hex-
osaminidase system although extensive similarities exist with
Gy, gangliosidoses the mouse system.

G\, gangliosidoses are caused by a deficient activity
of B-hexosaminidase or activator protein. Three dis-
tinct polypeptides, the3-hexosaminidase andp-sub-

for investigations of pathogenesis as well as therapeuti'(::
strategies (1, 3, 46, 85).

units and the 3 activator protein are involved in nor- %P

mal degradation of ¢ ganglioside in vivo (Figure 1). 3= 10 g
L - - & 2

Three dimeric forms of-hexosaminidase exist; hex- g

osaminidase A is a heterodimer consistingxaind
subunits ¢B) and hexosaminidase B is a homodimer
consisting of tw@ subunits BB). The minor form, hex- I r— = W pes

osaminidase S, is aimx homodimer &a). The gene for g

the B-hexosaminisase subunit HEXA) is located on i = _

chromosome 15, while genes fdisubunit HEXB) and RE ™ 1
g of 1o

for G,,, activator (GM2A) are on chromosome 5 (Figure
1). Thus, deletion or mutation of these genes cause | Lz
. . « . DL L et e
three types of (3 gangliosidoses; hexosaminidase A LR L
and S deficiency (Tay-Sachs disease), hexosaminidase
and B deficiency (Sandhoff disease) angl &ctivator  Figure 2. p-hexosaminidase activity in G,,, gangliosidosis mice.
deficiency (AB variant). Their clinical phenotypes are Liver extracts (2 mg protein) from wild-type A., Hexa-/- B.,
very similar. Deficiency in activity of hexosaminidase or F€Xb-/- C. and double knockout mice D. were subjected to ion-
G tivator results in massive accumulation of, G exchange chromatography on a Mono Q column. The fractions
M2 a_C 'V_a 0 e ) 2 collected were assayed for B-hexosaminidase activity (nmol
ganglioside and other glycolipids in neuronal lyso-substrate cleaved/hr) with the neutral substrate, 4-methylum-
somes. These glycolipids are stored as multilamellabelliferyl-2-acetamido-2-deoxy-B-D-glucopyranoside (filled cir-
structures known as membranous cytoplasmic bodiecles) and with the sulfated substrate, 4-methylumbelliferyl-6-
. .. sulfo-2-acetamido-2-deoxy-B-glucopyranoside (open circles).
(MCBS) (78’ 79)- In S_andhmf dlseasg, the addmo_nalThe NaCl concentration (mM) gradient is indicated by the dot-
absence oB-hexosaminidase B results in accumulationted line. In wild type A. and Hexa-/- B. mice, the activity eluting
of other substrates such ag,,@loboside, oligosaccha- in fraction 2-5 represents p-hexosaminidase B. In wild-type

: ; ; - mice (A), the activity eluting in fraction 9-14 is primarily B-hex-
<
rides and glycosannnoglycans in the visceral organ-osa inidase A (with, presumably, a small B-hexosaminidase S

The in_fant”e forms are rapidly progressive, resulting ingomponent). in Hexb-/- mice C., the activity eluting in fractions
death in early childhood. The late onset forms that usL10-15 represents B-hexosaminidase S. No hexosaminidase

ally retain low but detectable level of enzyme activity, activities are found in the double knockout mice D.. Note the
progress more slowly with a spectrum of clinical pheno_expansmn of B-hexosaminidase activity axis in C. and D..
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tion, we and others have generated mouse models of
human G, gangliosidoses (13, 39, 53, 61, 77, 91).

Tay-Sachs micelo disrupt theHexagene, the Neo
cassette was introduced into exon 8. The construct was
introduced into the embryonic stem cells and heterozy-
gous mice carrying targeted mutation were generated.
HeterozygousHexat/-) mating yieldedHexa/- proge-
ny in the frequency expected from Mendelian genetics.
Homozygous mice with dlexanull mutation Hexa/-
mice) were profoundly deficient wifB-hexosaminidase
A activity (Figure 2) with an accumulation of,&gan-
glioside in the brain as noted in Tay-Sachs disease
patients. Storage neurons displayed MCBs at the ultra-

. S g structural level (Figure 3, 4 ). Thusjexa/- mice
Figure 3. Neurons in the amygdala in Hexa-/- mice. The neu- showed biochemical as well as pathological features
ronal perikarya are markedly swollen with storage material. The compatible with Tay-Sachs disease in humans. Unlike
!ight microscopic feature of the_ storage neurons are the same human patients, however, thedexa/- mice were phe-
in all three types of G, gangliosidosis mice (Hexa-/-, Hexb-I- . . .
and Gm2a-l-). notypically r_10rma| and fertile, and have a norma_l life
Solochrome and Eosin stain. Bar 15um span. Even in those older than one year, no behavioral or
motor abnormalities were detected. Thin layer chro-
matography of the ganglioside fraction from the brain of
Hexa/- mice revealed only a faint band at 1-day old
(<3% of total ganglioside) but the amounts qf Gan-
glioside progressively increased with age, representing
15% of total ganglioside at 6 months of age (91). No
morphological abnormalities were noted in the liver,
spleen and other visceral organs at the light microscope
level, although modest lysosomal storage was reported
in the hepatocytes at the ultrastructural level by one
group (13). Neuronal storage was evident as early as 2
months of age. The localization of storage neurons
appeared to be limited to certain regions in the brain
such as cerebral cortex, amygdala, piriform cortex, hip-
pocampus, hypothalamus etc (Fig 5, 6 ). Notably absent
; © was storage in the Purkinje and granular cells in the
Figure 4. An electronmicrograph of the storage material form-  cerebellar folia and in neurons in the spinal cord. In the
ing membranous cytoplasmic bodies (MCBs) in the neuronal  carapra| cortex, large pyramidal neurons appeared to
perikarya. MCBs in these G,,, gangliosidosis mice are identical .
to those of infantile G,,, gangliosidosis. show more storage Fhan other (_:ortlcal_ neurons. The stor-
age materials were immunostained with antibody to G
types (21, 74). ganglioside (77). Identical distribution of the storage
neurons and  ganglioside immunoreactivity was

Mouse modelsin the mouse hexosaminidase sys-reported in thédexa/- mice generated by Phaneeuf et al
tem, hexosaminidase A and B are also the majo(56). However, in the mice reported by Cohen-Tan-
isozymes. Both cDNA fo& andp subunits were found noundji and co-workers, no storage was noted in hip-
to have 84% and 75% identity with their human coun{pocampus at 150 days (13). Limited neuronal storage
terparts in their predicted protein sequences ( 4, 6, 92)resulting in an apparently normal phenotypéiaxa/-
Through targeted disruption of the moudexa Hexb  mice can be explained by differences in thg Gan-
and Gm2a genes (corresponding to humafEXA  glioside degradation pathway between in humans and
HEXB and GM2A genes) by homologous recombina- mouse in that mouse sialidase has a more active role in
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Hexa-/-
Gam2a-- Hexh-/-

Figure 5. Diagrams showing the distributional pattern of the
neuronal storage in Hexa-/- GmZ2a-/- mice and Hexb-/- mice.

G., ganglioside degradation (Figure 7). Although thet =
results obtained with thdexa/- mice indicate an essen- f ;
tial role for B-hexosaminidase A in & degradation,

even a very low rate of 3ganglioside degradation by LK

an alternative pathway utilizing3-hexosaminidase B .._.'.. .:.‘n,
could drastically alter the progression of the storagd: « * ]
process (38). g !

Sandhoff miceTo disrupt theHexbgene, Neo cas- & .- i e _
sette was introduced into exon 13 of the 14 ederb | I W N e T T TR L
gene. Heterozygotes for dBrUp‘Hénger‘e Hexb/-) Figure 6. Hippocampal CA3 region of Hexb-/- A., Hexa-/- B.
were mated to generate homozygous micéttbnull and Gmz2a-/- C. mice. Almost all neurons in Hexb-/- are packed
mutation Hexb/-) (61). Liver extracts fromHexb with the PAS positive storage material while only sporadic neu-
knockout mice were deficient in both hexosaminidase A70"S contain PAS positive storage material in Hexa-/- and

. L .., GmZ2a-/- mice. Frozen sections stained with PAS. Bar 70pum
and B activity, containing only about 2% of the wild "

type hexosamini_dgse level that most likely corre_spondt—Ion became apparent at around 3 months of age. The
ed top-hexosaminidase S (Figure 2). THexb/- mice oy ological signs included gait abnormaliies with
were normal at birth. However, progressive WOrseningpastic movements starting from hindlimbs and pro-
of motor coordination and balance was detected by th ressing to forelimbs. By 4 to 4.5 months of age, mus-
rotorod test starting around 12 weeks of age. Generafje gyer the hindlimbs became atrophic and the mice
ized locomotion in a Digiscan open field and passiveyere no longer able to take food or water effectively.
avoidance learning were not significantly different from goih male and femaldlexb/- were fertile. however. In
wild type controls. First signs of severe motor dysfuncyne prain of patients with Sandhoff disease, not only G
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M ga Human and Mowsa demonstrated in the frozen section preparation stained

' ' with periodic acid Schiff (PAS) stain (Figure 6). In addi-
: Sialdwse A4 'E =G tion to neurons, PAS positive storage materials were
cukc noted in small round cells in the cerebrum and cerebel-
Woats) lum. The storage materials in these small cells, but not
fisHen & those in neurons, were also stained positively with
Dy Artheinice alcian blue and colloidal iron consistent with gly-
L i cosaminoglycans. These cells stained positively with a
Gaibac(, s-Ga-Gic-Cor _. Fal=Gie=Cot lectin, RCA-1 indicative of macrophage/microglia and
| NeuAG tended to be located at the perivascular regions. Similar-
itz A, ly PAS and alcian blue/colloidal iron stained cells were
P —— o noted in the hepatic sinusoids. Epithelial cells of the
f-tex B ' proximal tubules in the kidney also contained similarly
:‘:’"“ - ! stained materials. These histological features are identi-
- G““I'l:'-;‘::"" cal to those of Sandhoff disease in humans. The cerebral

white matter was diffusely hypomyelinated compared
with theHexa/- or wild type mice. White matter degen-
eration with axonal spheroids was recognized in the
| spinal cord of older mice. Unlike Tay-Sachs and Sand-
Gttguﬁ" hoff disease in humans, where the clinical course is
nearly identical, the corresponding mouse models,
Hexa/- and Hexb/- show quite different phenotypes.
Clinical as well as pathologic phenotypes Héxb/-
¥ generated by Phaneuf and co-workers (56) were essen-
Caymmitis tially very similar to those generated by Sango and co-
workers (61). Axonal degeneration with spheroid for-
- ; . . : mation appeared to be more pronounced in the former,
osaminidase reactlon; have been Qgtabllshed in humans. It is however (56). These phenotypic differences are readily
assumed that the murine hexosaminidases have similar speci-
ficities based on the glycolipid storage compounds in the brains explained by the different extent of the brain pathology,
of Hexa-/- and Hexb-/- mice. The major degradative pathway in resulting from possible differences in ganglioside degra-
the mouse is in blue. Abbreviations: GlcCer, glucosylceramide; dation pathway in mouse and humans. Analysis of gan-
LacCer, lactosylceramide. . . . . .
glioside degradation pathway in mice and humans with
embryonic fibroblasts in culture indicated the presence
of an alternate pathway in mice (Figure7). In humans,
G,. is degraded, almost exclusively, bg-hex-
osaminidase A with activator protein to producg,.G
Mice, in addition to this human pathway, have a second

Figure 7. The G,,, ganglioside degradation pathway. The hex-

ganglioside but its asialo form, glycolipid.£saccumu-
late. In the brain of a 41 day dttexl/- mouse, similar
accumulation of both ¢ ganglioside and Gwas read-
ily detectable. ¢ ganglioside was detected in a 41 day

old Hexa/- mouse but was af the level of theHexb/- . .
dnoG detected. Th biochemical dif pathway where (3 is converted to G by the action of
MOUse and no spwas detected. These blochemical i g iqase I Tay-Sachs patients aheka-/- mice, the

ferences correspond well with the differences in the : :
. conversion of G, to is blocked by the absence
extent of neuronal storage noted in these two mou G 10 Gy y of

. e = inidase A. H , in mice th jor d da-
models. Neither (3 ganglioside nor glycolipid G was exosaminidase OWEVET, In mice the major degrada

tive pathway, the conversion of,&o G,, by sialidase,
detectable in the wild type mice. On histological exam- P Y W30 G, by

o ; remains intact. G degradation in thélexa/- can then
ination, extensive neuronal storage was observege

. . “be catalyzed by3-hexosaminidase B explaining their
throughout the cerebrum, cerebellum, brainstem, spingl _. L .
. : . . imited G,, ganglioside storage and lack of neurologic
cord, trigeminal and dorsal root ganglia, retina an

myenteric plexus. Unlikédexa/- mice, abundant stor- symptoms. IrHexb/- ‘mice, both pathways are blocked

age was noted in the Purkinje and granular cell neuron|§admgI t(_) e.xtenswe neuronal storage Of. bf)Lb a(hgl
as well as in many cells in the molecular layer of the”"? ganglioside and a severe phenotype similar t0 infan-

cerebellum. Storage was also very conspicuous in thi€ ~0nset G, gangliosidosis in humans. Thus, unlike in
spinal neurons. These storage materials were beBtMansp-hexosaminidase B can participate in the G
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ganglioside degradation pathway in mice (61). The dif- o 3
ferences in the distribution of neuronal storage betwee ey i
Hexa/- and Hexb/- also suggest regional variation of L 1. '
ganglioside metabolism in the mouse brain. ¥l o

AB variant mouseThe Gm2a gene was disrupted by LEL 0.4
a deletion of a portion of exon 3 and all of the coding
region of exon 4. Heterozygous mice for disrupted - ' E—
Gm2a geneGm?2at/-) were mated to generate homozy- el Y P ”], e
gous mice for Gm2a null mutatiorG(h2a/-) (39). o F
Gm2a progeny were obtained in a Mendelian fashion = zo
indicating no embryonic lethalityam2a/- mice grew )
normally and were fertile. Although displaying a normal - )
life span, they showed subtle neurological dysfunction oy 3
A total of 24 mice including wild typeGmz2at/- and '
Gm2a/- were tested beginning at 13 and ending at 3:
weeks of age. Overall rotorod performance was signifi- S e e Ly
cantly impaired inGmz2a/- mice. Passive-avoidance i
task as a test for learning and memory suggested a pc
sible memory deficit in th&m2a/- mice. Similar to 08
human patients with ¢z activator deficiency, th&m2a R E S [
/- mice had normal levels @-hexosaminidase activity 2,54 =

Ll L

| -

B n e | I ]

5

in liver extracts tested using artificial substrates. Sphin . :‘ -
golipid analysis at 4 months of age demonstrated a Cerirad Flirmach Car Dot
accumulation of ¢z ganglioside in the brain @m?2a-

/- mice at a comparable level to tHexa/- mice but less i L ) )

than theHexb/- mice. InHexb/- mice, both G, gan- er?aui:]ecri.aspgimi/r:tﬁse?(];tgh/; %?E‘L”X'QSSKFn"?SaiigéZﬁL’?Sn?’Eéﬁ[]lﬁi
glioside and G glycolipid accumulated in the brain knockout) mouse. Liver extracts from double knockout and con-
while only G,, ganglioside accumulated in the brain of trol mice were assayed using 4-methylumbelliferyl-2-deoxy-g-

i : D-glucopyranoside (MUG) and with the sulfated substrate, 4-
Hexa/- mice at about, level of that noted in thelex methylumbelliferyl-6-sulfo-2-acetamido-2-deoxy-B-D-glucopy-

/- mice. InGm2a-/- mice, in addition to (3 ganglio-  ranoside (MUGS). MUGS substrate can detect B-hex-
side, a slight accumulation of,Gvas detected. The dis- osaminidase A and S and the MUG substrate can detect B-hex-
tribution of storage neurons was very similar to that ofosaminidase A, B and S (see figure 2).
H /- with the excention of the cerebellum (Fi ure 5) 4-methylumbelliferyl-a-L-iduronide was used to detect a-L-
eXa . p ] g . *iduronidase, 4-methylumbelliferyl-B-D-glucuronide was used to
In Gm2a/- mice, storage materials were noted in thedetect p-glucuronidase, 4-methylumbelliferyl--D-galactoside
Purkinje and granular cells and also some cells in thwas used to detect B-galactosidase and 4-methylumbelliferyl-o-
molecular layer in the cerebellum while very little stor- 2cetylglucosaminidase was used to detect a-N-acetylglu-
. . . cosaminidase. Activity is expressed as nmol substrate
age was noted in these cells in the cerebellukhexe

. N cleaved/min/mg protein.
/- mice even at age 18 months. The significant storag

in the cerebellum im2a/-, but not inHexa/- mice,  the inability of the activator-independent degradative

would explain the impaired motor coordination in thepathway to handle the level of ganglioside substrate pro-
former. Little storage was observed in the spinal cor@juced in this region of the brain.

and visceral organs in either knockout mice. The mini-

mal G, storage in the&Gm2a/-mice indicates that the Double knockout miceMice with both Hexa and
hexosaminidase-mediated degradation of €&n pro-  Hexbgenes disrupted were produced by interbreeding
ceed in the absence of the activator protein (Figure 7Houble heterozygou$iexat/- Hexbt/-) mice or by mat-
However, ganglioside feeding experiments suggestethg of Hexa/- and Hexb+/- mice (60). The “double
that the activator protein is likely required for this path-knockout” (DKO; Hexa/-Hexb/-) mice were totally
way to proceed optimally. Cerebellar storage in thedeficient in all forms of lysosoma-hexosaminidase
Gm2a/- but not theHexa/- could, therefore be due to including the small amounts Bthexosaminidase S pre-
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analysis of the brain showed massive accumulation of
G.. ganglioside and its asialo derivative,,Go the
degree comparable to the levelldéxl/- mouse brain.
Feeding experiments with embryonic fibroblasts from
DKO mice demonstrated a block in the ganglioside
degradation pathway comparable to that seen in the
Hexb/- mice. The urine of these mice contained large
amounts of glycosaminoglycans consisting of N-acetyl-
galactosamine and iduronic acid consistent with der-
matan sulphate, and galactose suggestive of the pres-
ence of keratan sulfate. However, the activity of
enzymes involved in classical degradation pathway of
glycosaminoglycans  such  as a-N-acetylglu-
cosaminidasey-L-iduronidase-glucuronidase ang@-
galactosidase were higher than wild type control mice
(Figure 8). A kinetic study with embryonic fibroblasts
showed linear accumulation of glycosaminoglycans in
the DKO fibroblasts, a pattern similar to that seen in
cells of mucopolysaccharidoses patients where synthe-
sis proceeds in the absence of degradation.

Figure 9. The light micrographs of the cerebral cortex (A, B),
bone marrow C., cartilage D., liver E. and kidney F. of the
mouse totally deficient with B-hexosaminidase activity (Double
knockout mouse). Almost all neurons show perikaryal enlarge-
ment with storage material and in addition clear vacuolated

Pathology of the DKO mice was closely similar to
mucopolysaccharidoses (73). The pathological features

non-neuronal cells are scattered or clustered around vessels
(arrows)A.. These non-neuronal cells stain positive with col-
loidal iron stain B.. The bone marrow contains clear vacuolated
cells C. and clear vacuoles occupy the entire cytoplasm of
chondrocytes D.. In the liver E., a large collection of
macrophages is conspicuous. All these cells are also stained
positive with colloidal iron and alcian blue. Colloidal iron-positive
material is clearly noted in the renal tubular epithelium F.. (A, D,
E)-Paraffin sections stained with hematoxylin and eosin; (B, F)-
Paraffin section stained with colloidal iron stain; C.-one micron
plastic resin embedded section stained with toluidine blue. Bar
for (A, B, F), 80pnm, for C., 15mm, for (D, E), 40mm.

sent in the Sandhoff disease modétxb/-) mice (Fig-

ure 2). Total deficiency of lysosom@thexosaminidase

is not known in humans at this time.

of known mucopolysaccharidoses are very similar to
each other. They consist of storage of glycosaminogly-
cans in tissue macrophages and in certain tissue ele-
ments such as chondrocytes, splenic sinusoidal cells etc
and various degree of neuronal storage(see description
in mucopolysaccharidoses models below). In DKO
mice, macrophages containing PAS, alcian blue and col-
loidal iron stained materials (consistent with gly-
cosaminoglycans) were noted in the bone marrow (Fig
9C), dermal tissue, adipose tissue and connective tissues
around visceral organs. These cells were also in the
myocardium, heart valves, lung, liver (Fig 9E), spleen
and kidney. The renal tubular epithelium (Fig 9F) and

Unexpectedlysmooth muscle cells in the media of the aorta and arter-

these mice showed clinical, pathologic and biochemicajes a5 well as chondrocytes (Fig 9D) and osteocytes
features of severe mucopolysaccharidosis. At birth thesgontained colloidal iron positively stained materials. In
mice were indistinguishable from their littermates butihe central nervous system, neuronal storage (Fig 9A),
by 4-5 weeks, DKO mice could be distinguished bysjmilar in extent to that seen iHexb/- mice was noted
their smaller size and physical dysmorphia. Their headgroughout. In addition, there were numerous small cells
were shorter and the snouts broader. Their feet Welentatively identified as macrophages) with distended
thick and broad with flexion contracture of the d|g|tSCytop|asm Containing Conoidal iron and alcian blue pos_
Corneal opacities were present. Occasional seizure-lik@ye materials in the brain, leptomeninges and choroid
activity and unresponsiveness to sharp noise suggestiiglexus stroma. Some were located closely juxtaposed to
deafness were also noted. Radiographic study showgflood vessels (Figure 9B). These cells stained strongly
kyphosis, an abnormally shaped rib cage and short anghsitive with lectin RCA-1. The white matter was dif-
thickened long-bones. Their life span was 1 to 4 monthquse|y hypomyelinated with increased numbers of
As expected none of thg-hexosaminidase isozymes GFAP immunoreactive astrocytes and RCA-1 stained
were detectable in liver extracts ( Figure2). Sphingolipidmicroglia/macrophages. In the white matter nerve fiber
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tracts, many axonal spheroids and scattered myelin figiEEss
ures suggestive of myelin degeneration were recognize ;
at the terminal stage of disease. In the PNS, neuron
storage was noted in the trigeminal and dorsal root ga
glia, neurons in the myenteric plexus and visceral auto
nomic ganglia. Macrophages similar to those found i
the brain were also very conspicuous in the peripheré
nerves, although nerve fibers appeared well preserve
These morphological features together with biochemics
data indicatg3-hexosaminidase is a crucial enzyme in
the degradation of glycosaminoglycans. Although a fe
colloidal iron containing cells were found in the brain &
of Hexb/- mice, lack of significant glycosaminoglycan
storage in these mice and in human cases of Tay-Sac
and Sandhoff disease is due to functional redundancy igigure 10. Cerebral cortex A. and cerebellum B. of a -gal-i-
the B-hexosaminidase system. Apparently the presencmouse at age 3 weeks showing extensive storage in practically
of minor isozyme S in Sandhoff disease is sufficient tcall neurons. Frozen sections stained with PAS. Bar 20pum

prevent massive accumulation of glycosaminoglycans.

These completely hexosaminidase-deficient mice ardhe visceral organs and excreted into the urine (70). In
not a model of a known lysosomal storage disease iwe c_hronllc adult type, neurqnal storage tends to be more
humans but are a valuable tool for studying the role Olpcahzed in the basal Qang"a and cerepellum (71). The
the B-hexosaminidase in the degradation of gly_human acid3-galactosidase cDNA and gene has been

cosaminoglycans and in understanding the pathologic&llone(_j a?]d chtz;\ract(_adrizec.i. a:jnd many disease-causing
consequences of excessive accumulation of glymutatlons ave been identified (8, 11, 48, 71, 75).

cosaminoglycans.

Mouse model.Recently a mouse model lacking a
G, gangliosidosis functionalB-galactosidase genp-gal-/-) has been gen-
G, gangliosidosis is a progressive neurological diserated by homologous recombination and embryonic

ease caused by a genetic deficiency of lysosomapacid stem cell technology by two groups of investigators( 24,
41). TheB-gal gene consists of 16 exons and was inac-

galactosidase. Three clinical types, infantile, juvenile’ - . ) ;
and adult types, are known. The clinical course is mos vated by introducing Neo cassette into the middle of

exon 6 (24) or exon 15 (41). The genotype analysis of

rapidly progressive in the infantile type and is usually 17 b imals (f 15 I fh
associated with storage in the visceral organs and withl? newborn animals (from ltters of heterozygous

mucopolysaccharidosis like dysmorphic features.crossmg) in our group indicated a Mendelian inheri-

Patients with the infantile type of,Ggangliosidosis tance ratio among-gal-/-, +/- and +/+ mice. Thus, nei-

usually succumb to the disease within a few years. Izher_embryofnlctllnor fztal Iethaht()j/ o;:]currted._T[B:gal X |
later-onset types, the clinical course is more prolonged mice are tertile and appeared phenotypically norma

and visceral involvement is less common. The adult typéIntII about 4-5 months of age when generalized tremor,

is the most chronic form and often manifests as a movedeXia and abnormal gait became apparent.hgal

ment disorder. Radiological evidence of bony abnormalrnRNA was detected by northern blot analysis of kidney,

ities are frequently recognized. Morquio B disease i{ra@n "J!”d liverf-galactosidase activity in the kidney,_
also caused bf-galactosidase deficiency and occurs at rain, liver and spleen was markedly decreased (ranging
o o . .
various ages. Unlike the other types mentioned, this typg(.)m 1%in Fhe spleen to 4% n the brain) compared with
wild type littermates. By thin layer chromatography,

shows almost no neurological symptoms; the main clin- kedly i 4.6 liosid dit ialo deri
ical symptoms are related to severe bony deformitied! "2 <€Al INCreased,fganglioside and Its asialo deriv-

Patients with intermediate clinical form have also beefilve G, was noted @n the br?ins proal / “?‘CE-.'” the
reported (74, 76). The infantile type shows diffuse neyPrain _Of .humans with infantile h@ganghp&dosm, @
ronal storage of (G ganglioside and, to a lesser extent, ganglioside markedly accumulates with a far lesser

its asialo derivative G. Oligosaccharides derived from degree of G accumulation. Thus, marked accumulation

keratan sulfate and glycopeptides are stored primarily iff Gx in this mouse model may suggest that the murine
sialidase is more active toward,@anglioside than the
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corresponding human enzyme analogous jpdégra- neuraminidase) (14, 88). Three phenotypic subtypes,
dation in the mouse (Figure 7).@Agal-/- mice, the total  early infantile, late infantile and juvenile/adult types, are
amounts of brain ganglioside sialic acid angl @an-  known. The early infantile type is associated with fetal
glioside increased dramatically during the progressioydrops, edema, ascites, visceromegaly, skeletal dyspla-
of the disease from 3 weeks to 3.5 months of age. Osia and death within the first year of age. The late infan-
histological preparation, neuronal storage was alreadijle type is characterized by hepatosplenomegaly,
widespread as early as 3 weeks of age (Fig 10). By growth retardation, cardiac involvement, and absence of
weeks, PAS stained storage materials were seen fielevant neurologic signs. The juvenile/adult cases
almost all neurons in the cerebrum, cerebellum, brainappear to be the most common phenotype, in particular
stem and spinal cord and spinal dorsal root ganglia. Difin Japan. They manifest slowly progressive neurological
fuse neuronal storage in these mice was very similar tdeterioration with mental retardation,; myoclonus, atax-
the pattern of neuronal storage noted in the infantjle G ia, macular cherry-red spot, angiokeratoma, and facial
gangliosidosis. Ultrastructural features of neuronal storand/or skeletal dysmorphia are often associated features
age materials (inclusions) were also similar to those of14). Malfunction of the protective protein leads to
infantile G,, gangliosidosis. Unlike the human disease,intralysosomal proteolysis of the enzymes, that result in
B-gal-/- mice show no hepatosplenomegaly and no sto@n accumulation of sialyloligosaccharides in cellular
age materials were detected in visceral organs even Bgosomes and excessive excretion of sialyloligosaccha-
3.5 months. Biochemical analysis showed only minimafides in urine, a diagnostic feature of this disease. Mul-
storage of oligosaccharide in the liver and a low level ofiple cytoplasmic vacuoles were found in varieties of
abnormal urinary oligosaccharides. TRegal-- mice  Cell types in the central, peripheral and autonomic ner-
reported by Matsuda and co-workers (41) also wer&0Us system, retina, liver, kidney, skin and leukocytes
apparently healthy for the first 4 months. SUbsequenﬂy(49, 93) and membranous lamellar inclusions have been
horizontal movement became slower and rearing or vedescribed in neurons (49, 54, 93).

tical climbing became less frequent. Definite gait distur-

bance was noted by 6-8 months of age. They describe Mouse modelWith disruption of the mouse PPCA
thatB-gal-/- mice showed unusual postures with all fourdene by inserting théygro cassette into exon 2, a
limbs flexed when hung vertically with the tail held murine model for galactosialidosis has been generated
upward. Spastic diplegia progressed and the mice die@7)- These mice carrying a null mutation at the PPCA
of extreme emaciation at 7-10 months of age because cus (PPCA-/-) were viable and fertile. They were nor-
difficulty in feeding. They described ballooning of neu- mal during early development except for an apparent
rons in various areas of the central nervous system ar@ttening of the face. However, they usually weighed
20-30 fold increase of  ganglioside in the brain of 1ess (25-40% less) than PPCA+/- or +/+ mice. With age,
these micep-galactosidase activity q-gal-/- fibrob- ~ Progressive and diffuse cutaneous edema accompanied
lasts was reported to be 0-1% of control value (41)0Y ataxia and tremor became apparent. By 10 months of
Thus, both of these mouse models are similar to th@d€, the characteristic broad face, rough coat, and exten-
infantile type of G, gangliosidosis as far as the CNS Sive swelling of subcutaneous tissues, limbs and eyelids
involvement is concerned. Minimal involvement of vis- Were obvious. These features closely resemble galac-
ceral organs in the mouse model may suggest diffefosialidosis in human patlents.'PPCA—_/—_mice usually die
ences in the metabolic pathway in these organs betwedh 12 months of age. Cathepsin A activity was absent or

humans and mice. markedly reduced in PPCA-/- mice (non-detectable in
bone marrow to 8% of normal in the liver). Urinary sia-
Galactosialidosis lyloligosaccharides increased progressively with time,

Galactosialidosis is an autosomal recessive lysosdeaching levels 25 times higher than controls at the age
mal storage disease caused by mutations of the gefé 6-8 months. Activity of neuraminidase was severely
encording a 32/20-kDa protective dimeric protein withreduced, especially in fibroblasts and kidney. However
cathepsin A-like activity (protective protein/cathepsinB-galactosidase levels varied considerably. In human
A; PPCA). This protein forms a complex with the two Patients, PPCA deficiency results in the combined defi-
lysosomal enzymeg-galactosidase and sialidase andciency of both neuraminidase agegalactosidase but
thus deficiency of PPCA secondarily causes a combine@Pparently this was not the case in this murine model,

deficiency of3-galactosidase and sialidase (N-acetyl- suggesting that murin@-galactosidase may be less
dependent for its stability and activity on complex for-
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mation with PPCA than murine neuraminidase. As&™ [ S
noted in infantile cases of galactosialidosis,
hepatosplenomegaly was present in PPCA-/- mice thi
died spontaneously at 3 weeks of age. Vacuoles wel
identified in 30% of lymphocytes in the peripheral = =
blood. Macrophages with clear vacuoles were seen i‘__'
the dermal tissue and connective tissues around viscel
organs. Vacuolation was noted in the renal tubula
epithelium and was most evident in the proximal tubule:#
in early stage. In the later stage, abundant vacuolatiog
was evident in the parietal and visceral epithelium!
endothelium and mesangial cells. Vacuolation was als®
noted in the Kupffer cells, hepatocytes, splenic -
macrophages (Figure 11D). These vacuoles containe9ure 11. Light micrographs of
PAS positive materials. In the brain, vacuolated cells,C:,E,ocrﬂj_%eﬁsseth;rf’:ﬂ(;?]i, ganglion C. and spleen D. Ofa}
. perikaryon is packed with granu
similar to the macrophages in the visceral organs werlar inclusions with possible formation of a meganeurite (an
found often at perineuronal or perivascular locationsarrow) in A.. The epithelial cells in the choroid plexus are finely
The choroid plexus epithelial cells were conspicuouslyvacuolated B.. Storage material is noted in some ganglion cells
vacuolated with storage materials (Figure 11B). Ther(;arrow) in the tr|ggm|nal ganglia. The trigeminal nerve fibers
ppear intact despite presence of foamy vacuolated cells C.. In
was a significant regional variation in neuronal storagethe spleen foamy macrophages with clear cytoplasm are very
For example, neuronal storage was more pronounced conspicuous D.. All are one micron plastic resin embedded sec-
the entorhinal cortex (Figure 11A) and hippocampus“ons stained with toluidine blue. Bar for A., 12um, for (B, C, D),
than somatosensory cortex. Neuronal storage was al:>®

noted in the trigeminal and spinal dorsal root ganglic.

. . into exon 2 (33) or 3 (52). The acid sphingomyelinase
(Figure11C). In the peripheral nerve, many vacuolate(g?u” mutant (asmase-/-) mice generated by Otterback

cells were scattered among well myelinated fibers. Thus .
pathological features of PPCA-/- mice closely resembl nd Stoffel (52) were norma}l until 8-10 weeks of.age
when a fine tremor of the entire body and a severe inten-

the most severe forms of galactosialidosis in human . . ) )
although the mouse model showed prolonged survivalﬁion _tremor dgveloped. The!r galt' bec_ame increasingly
ataxic and displayed tottering with zigzag movement

Niemann-Pick disease, type A and B c?aract(;nstlc of clerebellar ?yst:‘unctlon. Around 60 dj‘y‘;
Niemann-Pick disease (NPD) is an autosomal rece! @9¢ hepatosplenomegaly became apparent and the

sive neurodegenerative disease caused by deficiefSMase-/- mice died around 4 months of age after a peri-
activity of the lysosomal enzyme acid sphingomyeli-Od of severe dyspnea. In the total protein extracts of
nase. Two clinical types, A and B are known. Type Aliver, spleen and brain of asmase-/- mice, no acid sphin-
patients have severe neurovisceral storage and usuafifmyelinase activity was measurable. Northern blot

die by three years of age. Type B patients have little of2lysis of total RNA of liver, spleen and brain of
no neurological manifestation and often survive untjl@SMase-/- mice revealed no acid sphingomyelinase spe-

adulthood. The mechanism for such a phenotypic differ€ific transcript. Residual neutral sphingomyelinase

ence is not well understood. The locus for the acid@\ctivityinthe brain, however, was similar to that of wild

sphingomyelinase gene is on chromosome 11 and sevdyP€ Mice. Accumulation of sphinomyelin was detected
al different mutations, mostly point mutations, that!" the liver and spleen and to a lesser extent in the brain.
caused type A or type, B of NPD have been ide,ntified?rhe liver and spleen of asmase-/- mice increased about

Sphingomyelin and cholesterol accumulate within thel-> and 2 times in weight, respectively in the terminal

cells of the reticuloendothelial system causing massive!2d€. Massive accumulation of the lipid was histologi-

hepatosplenomegaly. In addition diffuse neuronal storc@/ly evident in Kupffer cells and other tissue

age was conspicuous a neuropathological finding in thB'2crophages in the bone marrow, spleen and lung. The
type A patients (64, 83). brain weight and volume appeared similar to that of age

matched controls. Neurons in the central nervous system

Mouse modelRecently two groups of investigators were frequently swollen with pale vacuolation. The
generated murine models of NPD by disrupting the aci&‘erebral cortical structures were slightly disturbed. The
sphingomyelinase gene with insertion of Neo cassettdost striking feature in the brain of asmase-/-mice was
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a loss of Purkinje cells in the cerebellum which occurredave an attenuated form of the disease, although they are
within 60-90 days after birth and molecular cell layerusually asymptomatic. The gene encodirgalactosi-
became very narrow in the final stage of the disease ( dase is localized to Xq22. The molecular lesions causing
days 210 and 225) (37). Thus, this murine model is phethis disease are heterogenous and partial gene rearrange-
notypically as well as pathologically closely similar to ments, splice-junction defects and point mutations have
Niemann-Pick disease type A in humans. been identified. Characteristic pathology is wide spread
The acid sphingomyelinase knockout (ASMKO) tissue deposits of crystalline glycosphingolipids, which
mice generated by Horinouchi and co-workers (33show birefringenece with characteristic “Maltese cross-
showed ataxia and mild tremor around 8 weeks ands” under polarizing microscopy. The glycosphingolipid
feeding difficulty but survived longer and was fertile. is deposited in all areas of the body predominantly vas-
Death in these mice occurred much later than the preveular endothelial, perithelial and smooth muscle cells,
ous mice at between 6 and 8 months of age. Unlike thepithelial cells of the cornea, glomeruli and tubules of
previous mice that showed no significant brain atrophythe kidney, in cardiac muscle fibers and ganglion cells in
the brain of ASMKO mice were atrophic and less tharthe autonomic nervous system. The lipid deposits were
half the weight and volume of control mice. A remark-also reported in neurons in certain region in the brain
able loss of Purkinje cells and general atrophy of thend spinal cord (16, 58, 69).
cerebellum and midbrain was evident.
Hepatosplenomegaly, that was a striking feature in Mouse model.The mouse model of Fabry disease
amass-/- mice generated by Otterback and Stoffel, wagenerated by targeted gene disruption has been reported
not evident in these mice , although lipid laden foanrecently (51). Heterozygous female micé&sal A (+/-)
cells (NPD cells) were found in most major organs, parwere mated witkx-Gal A (+/0) male mice. Hemizygous
ticularly in bone marrow and spleen. Multilamellar male mice,a-Gal A (-/0), were born in the expected
inclusions were demonstrated in the neurons in bothatio. «-Gal A activity was undetectable in liver
mutant mice at the ultrastructural level (33, 37). Thushomogenates fromx-Gal A(-/0) mice. These mutant
ASMKO mice generated by Horinouchi and co-workersmice were clinically normal at 10-14 weeks of age. No
showed longer survival with severe cerebral atrophy bubbvious histological lesions were detected in the kidney,
without hepatosplenomegaly. Reason for such phendiver, heart, spleen, lungs and brain on routine sections
typic difference and extent of pathology between thesstained with hematoxylin and eosin. However, lipid
two acid sphingomyelinase deficent mice is not clear. inclusions consisting of concentric lamellar structures
were observed at the ultrastructural level in the renal
Fabry disease tubular epithelium. They appeared similar to those seen
Fabry disease is an X-linked metabolic disorder ofin patients with Fabry disease. With fluorescent-labeled
glycolipid caused by a deficiency of the lysosomalGriffonia (Bandeiraea) simplicifolia lectin which selec-
enzymea-galactosidase AotGal A) (15). Neutral gly- tively binds tox-D-galactosyl residues, significant accu-
cosphingolipids with terminat-linked galactosyl moi- mulation of compounds containing-D-galactosyl
eties- predominantly ceramidetrihexoside [globotriao-residues was demonstrated in the kidney of 10 week old
sylceramide] and to a lesser extent galabiosylceramid@utant mice. Cutaneous fibroblasts framGal (-/0)
Gall-4-Gal bl-1Cer) accumulate in the endothelial,mouse embryos also displayed significant accumulation
perithelial and smooth muscle cells of blood vessels angf «-Gal A substrates. Significant accumulation of
many other cell types in the liver, heart, spleen, kidneyseramidetrinexoside (CTH) was observed in the liver
and in plasma of the patients. Classical clinical manifesand kidney by HPTLC (High Pressure Thin Layer Chro-
tations include pain and paresthesia in the extremitiesnatography) . Thus, the authors anticipate that as-the
angiokeratoma in the skin and mucous membranes, ar@al A deficient mice age, CHT will continue to accu-
hypohidrosis during childhood or adolescence. Corneahulate and that their phenotype will more closely
and lenticular opacities may be present. With increasingesemble that of Fabry patients.
age, severe renal failure caused by progressive gly-
cosphingolipid accumulation results in hypertensionMetachromatic leukodystrophy (MLD)
and uremia. The hemizygous male patients usually die Metachromatic leukodystrophy (MLD) is an autoso-
of renal, cardiac or cerebrovascular disease. Late onsetal recessive lysosomal storage disease caused by a
milder disease with primary cardiac involvement (“car-deficiency of arylsulfatase A (ASA) (36). Deficiency of
diac variant”) is known. Heterozygous females mayASA results in an accumulation of the substrate, sul-
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fatide, in various organs including the brain. Sulfatide isfatide storage was noted histologically in the kidneys,
a major myelin lipid and perturbed sulfatide metabolismgall bladder and bile duct of mice at ages 6-11 months.
causes diffuse demyelination of the CNS white matteHowever, the storage was not as widespread as that seen
and peripheral nerves. Late infantile, juvenile and adulin human patients and no evidence of storage was noted
types are known clinically. The late infantile MLD is the in hepatocytes, adrenal glands, skeletal muscle etc. In
most common type with rapidly progressive neurologi-the brain of 11 month-old ASA-/- mice storage of
cal symptoms such as psychomotor deterioration witimetachromatic material (sulfatide) was noted in the
blindness, seizures, quadriparesis and peripheral newhite matter (corpus callosum, hippocampal fimbria,
ropathy, usually manifesting in the second year of lifeinternal capsule and optic nerve) but demyelination was
Patients with this type usually die within a few years.not apparent. An ultrastructural study demonstrated
Juvenile and adult types were more slowly progressivéamellar deposit, herringbone patterns and tuffstone like
and neurological symptoms were recognized betweematerials, similar to those found in human MLD, in
age 4 and 12 years or between mid-teens and the seveistrocytes, oligodendrocytes, microglia and Schwann
decade respectively. Behavioral disturbance or dementizells. Myelin sheaths had a normal ultrastructure. How-
are the major presenting signs and often with progresver, there was a statistically significant reduction of
sive peripheral neuropathy. In all types, ASA is marked-axon cross-sectional area of myelinated fibers in the cor-
ly deficient in tissues. The ASA gene is located near thpus callosum and optic nerve of ASA-/- mice. Sulfatide
end of the long arm of chromosome 22 and more thaaccumulation increased with age as more sulfatide
30 disease-related mutations have been identified (209leposits were noted in 2 year-old than 1 year-old mice.
The pathology of MLD in the nervous system is primar-Activation of microglia became conspicuous with age as
ily a diffuse demyelination in association with depositswell, although astrogliosis was present even at 1 year of
of metachromatic materials (sulfatide) in kidney, gall-age. Neuronal storage was observed in several nuclei of
bladder, liver, pancreas and various other visceral orgartee brainstem, diencephalon, spinal cord and cerebel-
and in the brain (90) In the brain metachromatic materlum. Neuronal damage was dramatic in the inner ear of
ial accumulates in glial cells and neurons in certaiPASA-/- mice. The number of acoustic ganglion cells and
regions such as dentate nucleus of the cerebellum, someyelinated nerve fibers were greatly reduced. The
brain stem nuclei, spinal anterior horn etc (55). The storSchwann cells in the acoustic and vestibular ganglion
age materials stain brown in frozen sections, when treashowed marked sulfatide storage. Storage was also evi-
ed with acidic cresyl violet (84). Prismatic and tuffstonedent in the Schwann cells in the peripheral nerve but
inclusions were characteristic ultrastructural features oflemyelination was not present. Thus, basic pattern of
these metachromatic deposits (22). pathological process in ASA-/- mice is highly reminis-
cent to human MLD pathology but the process is milder.
Mouse modelThe mouse model of MLD was gen-
erated recently by targeted disruption of the ASA gendotal sphingolipid activator protein (prosaposin)
(29). ASA mRNA was completely deficient in the ASA- deficiency
/- mice. With a sulfatide loading assay, no turnover of Sphingolipid activator proteins (SAPs) are small
sulfatide was detected in fibroblasts and oligodendrofonenzymatic lysosomal glycoproteins which function
cytes from ASA-/- mice, indicating a complete absence®S essential cofactors for physiological degradation of
of ASA activity. Thus, biochemically the ASA-/- mice SPhingolipids with relatively short hydrophilic head
resemble the severe late infantile MLD. However, clini-groups (62). Two genes encode all established and puta-
Ca”y ASA-/- mice showed a much milder phenotype_ |ntive SAPs known so far. One is th%zﬁctivator protein
ASA-/- mice at 12-14 months of age, statistically signif-l0calized on chromosome 5 that stimulates degradation
icant but subtle abnormalities were detected in neurd®f Gy, ganglioside and asialo,&ganglioside (G) (10).
motor function and behavior when they were evaluated he other gene is on chromosome 10 coding for the SAP
by walking pattern, rotorod test and Morris water mazeprecursor, which is processed to the four activator pro-
The authors suggested that the impairment of neuromdeins, SAP-A, SAP-B, SAP-C and SAP-D. These SAPs
tor coordination in ASA-/- mice resembles early stage€ire homologous to each other and are encoded tandem-
of human disease. The most notable neurological sign ity by a single gene , a sap precursor gene. Genetic defi-
ASA-/- mice was totally absent auditory brainstemciencies of SAP-B ( sulfatide activator) (44) or SAP-C
evoked potentials. In the second year of life, ASA-/-(glucosylceramide activator) (30) in man result in disor-
mice developed a low frequency tremor of the head. Suders mimicking metachromatic leukodystrophy and
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consistent with a Farber-like disease. The SAP precursor
and mature SAPs were completely absent in this fetus
who had generalized accumulation of multiple sphin-
golipids (ceramide, glucosylceramide, galactosylce-
ramide, sulfatide, lactosylceramide, digalactosylce-
ramide, ganglioside § etc) with exception of sphin-
gomyelin in the brain and systemic organs.

Mouse modelThe SAP gene was disrupted by inser-
tion of the neomycin-resistant gene within exon 3 and
SAP-/- mice were generated (19). SAP mRNA was
completely absent in the tissue of SAP-/- mice. Of the
first 126 offspring from heterozygous mating, 36 (26%)
wild type, 68 (55%) heterozygotes and 16 (13%)

Figure 12. Light micrographs of the cerebral cortex A., white

matter B., cerebellar white matter C. and spleen D. of a SAP-/- . . .
mouse. The perikarya of cerebral cortical neurons are swollen homozygotes were obtained. Five of the total 9 mice that

with storage material A.. Many PAS positive macrophages died within a day or two of birth were SAP-/- mice.
(arrows) are present in the white matter B. and to far lesser These results suggested that a disproportionate percent-

extent in the cortex A.. Deeply eo;lnophlllc axonal spheroids age of SAP-/- mice die in utero or the perinatal period.
are numerous in the cerebellar white matter C.. Macrophages

are conspicuous in the spleen D.. (A, B)-frozen section stained Those SAP-/- mice that survived the neonatal period
with PAS and hematoxylin; C.-Paraffin section stained with were apparently healthy until about 18-20 days,
solochrome and eosin; D. paraffin section stained with hema- although they were slightly smaller in size. Tremulous-
toxylin and eosin. Bar 10pm. . . P
ness of the head and mild weakness/ataxia of the initial

Gaucher disease, respectively. In 1989, Harzer and Cg,_ymptoms manifesting around 20 days of age. These

workers reported two sibs in a consanguineous famil symptoms. progress rapidly and SAP-/- usually die

\/ . . .
; . around 35 days of age in an emaciated general condi-
affected by a rapidly fatal disorder(25). None of thetign. The pathology of SAP-/- mice was that of com-

SAPs were detected in the tissue from these sibs (9) ar .
: 27 “bined neuronal storage and leukodystrophy. The brain
they were later found to be homoallelic for a mutation in

the initiation codon of the SAP gene (63). The clinicaland visceral organs were of normal size except for the

phenotype resembled severe infaniile type of Gauchekr'dneys which were smaller than control. There was

disease (type Il). Shortly after birth, the patient showe x.tenswe neuronal storage t_hroughout_ the cerebrum
SN . o Figure 12A) cerebellum, brainstem, spinal cord and
hyperkinetic or cloniform motor abnormalities and gen-

) ) : . : ._retinal ganglion cells. The storage materials stained bril-
eralized clonic seizures. The patient had fasciculation . .
o “liantly red with PAS on frozen sections. Many axonal

of tongue and periauricular muscle, spontaneous Babin- . : . .
o . spheroids (Figure 12C) and macrophages/microglia
ski signs and an exaggerated Moro reflex. Massivé . ) . )
containing storage materials were also conspicuous (Fig

hepatosplenomegaly _was present and ~ storag B). The white matter was hypomyelinated but myelin

macrophages resembling Gaucher cells were observed . . . .

. ovoids suggestive of myelin degeneration was also

in a bone marrow smear at the age of 5 weeks. The : . .
) . ) noted in the corpus callosum, internal capsule and spinal

enzyme studies with leukocytes and cultured fibroblasts

showed a profound deficiency @kgalactosylcerami- White matter. Similar changes of myelin were noted in

) g . the spinal roots, trigeminal and sciatic nerves. No
dase and partial deficiency @@-glucosylceramidase . o . .
o . .~ metachromatic or sudanophilic materials were found in
activity. The ultrastructure of liver, nerve and skin biop- . .
the frozen section of the cerebrum. In the liver, clusters

sies revealed the presence of vesicular inclusions an L . . o
b orf histiocytes with abundant eosinophilic cytoplasm

membranous bodies suggestive of lysosomal storaqﬁ . S . .
. o ; , ere noted in the hepatic sinusoids. Similar cells were
disease. An in situ test with cultured fibroblasts demon-

also noted in the spleen and lymph nodes (Figure 12D).

strated a defect in ceramide catabolism similar to Farber ™" . ™= . ) .
. ) . : .~ No significant abnormalities were detected in the kidney
disease. Neuroimaging revealed an atrophic brain wit . ) . . :
espite smaller size. The inclusions in neurons were

hydr halus. Postmortem examination was n r- . .
ydrocephalus. Postmortem examination was not pe leomorphic at the ultrastructural level; some consisted

formed, however. The second patient, an aborted femaﬁ’ef . .
X ) . o . of concentric or short lamellar structures combined
sib of the first patient showed similar defect in the

: . .. —with electron dense granular structure and others are
ceramide catabolism and had contracted hand JomtsI :
€lectron dense granular structures surrounded by a sin-
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gle membrane. Small clusters of electron dense granular

material or small concentric lamellar structures were Mouse modelsRecently murine models of MPS |
scattered within the cytoplasm of some neurons. Thesand VI have been generated by targeted gene disruption.
inclusions resembled those of cultured skin fibroblasts

from the patient with total SAP deficiency. The inclu- Mucopolysaccharidosis type | (MSP [) mous#S
sions within the cells in the hepatic sinusoids also conk, considered to be the prototype of MPS, is caused by a
sisted of membranous and vesicular structures and wedeficiency ofa-L-iduronidase and represents the most
more complex than neuronal inclusions (53). Biochemcommon subtype. The spectrum of clinical phenotypes
ically the most conspicuous specific abnormality was an MPS | ranges from severe mental retardation with
major accumulation of lactosylceramide which hepatosplenomegaly, dysostosis multiplex, corneal
appeared to account for the strong PAS staining oclouding, cardiac involvement and death in early child-
frozen section. The total ganglioside sialic acid washood to milder symptoms consisting of corneal cloud-
increased significantly with a large relative increase iring, hearing loss and mild visceral involvement with
the monosialoganglioside,G G,, and G,. Similar to  normal intelligence and life span. Hurler syndrome
the brain, lactosylceramide was conspicuously(MPS IH) represents the most common and severe form
increased in the liver and kidney. Additionally, and Scheie syndrome (MSP IS) represents the milder
ceramide, glucosylceramide, globotriaosyl-ceramideform. There is a good genotype/phenotype correlation
and globoside were all significantly increased in thein human cases of MPS | (65). The targeted disruption
liver. Galactosylceramide and sulfatide accumulated iof murinelduagene resulted in the lack of expression of
the kidney. Thus, accumulation of varieties of sphin-ldua mRNA and mice totally deficient in activity of-
golipids noted in patients with SAP deficiency was alsd_-iduronidase Idua-/- mice) were generated (12). The
noted in in SAP-/- mice. As noted in human patientsgnzyme activity was not detectable in homogenates of
activity of glucosylceramidase and galactosylceramiliver, kidney, brain and tail clippings of these mice. Uri-
dase were decreased in SAP-/- mice. Therefore, SAP-hary glycosaminoglycan secretion was markedly
mice mimic biochemical changes of human patientsncreased (2 fold at 4 weeks and 5 fold at 15 weeks old
with total SAP deficiency. Neuropathology could not bemice). [dua-/- mice were apparently normal clinically
compared, however, since postmortem investigation waguring the first 2-3 post-natal weeks. At 4 weeks of age,
not carried out on the original patient with SAP defi- however, characteristic facial abnormalities of MPS |

ciency. (broadness of the face with a loss of the fine tapered
snout ) and broadened and thickened digits and palmar
Mucopolysaccharidoses region of the paws were discernible. Prominent features

The mucopolysaccharidoses (MPS) are a group abf dysostosis multiplex were noted radiographically at
lysosomal storage disorders caused by deficiency of5 weeks of age. However, weight gainldfia-/- and
enzymes catalyzing the stepwise degradation of glyeontrol mice were similar without any increase in mor-
cosaminoglycans (mucopolysaccharides). Lysosomathlity in the former during the first 20 weeks of life, and
accumulation of glycosaminoglycan molecules resultddua-/- mice were fertile. No hepatosplenomegaly was
in damage of targeted cells and eventual organ dysfundetected. The pathology was that of diffuse lysosomal
tion. Glycosaminoglycans fragments generated by alterstorage disease largely involving cells of the reticuloen-
native degradation pathways are excreted in urine. Therothelial system such as Kupffer cells, splenic sinu-
are 10 known enzyme deficiencies that give rise to dissoidal lining cells, pulmonary macrophages, and chon-
tinct types of MPS. All types share variable degrees ofirocytes and glial cells. Cytoplasmic vacuolation
common clinical features of MPS that include abnormalindicative of lysosomal storage was noted in these cells
faces, dysostosis multiplex and organomegaly. Hearings early as 4 weeks. Cytoplasmic vacuolation was noted
vision, cardiovascular function and joint mobility may in neurons at 8 weeks but not at 4 weeks. Thus, bio-
be affected. Profound mental retardation can be found ichemically and pathologicallydua-/- mice closely
some types (MPS |, II, Ill) while in others (MPS IV) resemble severe MPS | in humans.
bony abnormalities may be a major clinical problem
(47). There are several naturally occurring animal mod- Mucopolysaccharidosis VI micucopolysacchari-
els of MPS ; canine and feline MPS | (28, 66), caprinedosis VI (MPS VI) or Maroteaux-Lamy syndrome is an
MPS [lIID (81), feline and rat MPSVI (17, 34, 96), autosomal recessive lysosomal storage disease caused
canine and murine MPSVII (7, 27). by a deficiency of lysosomal enzyme arylsulfatase B
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(ASB; N-acetylgalactosamine-4-sulfatase). Thepatients are relatively healthy for the first year of life
patients show dysmorphic skeletal abnormalitiesexcept for recurrent infection, diarrhea and hernia. In
(dysostosis multiplex with macrocephaly, deformities oflater childhood, head circumference and stature are
the chest and vertebral bodies, pelvic bones and dyspldecreased and hepatomegaly may be present. With age,
sia of long bones) similar to MPS I, but mental develop-sagging skin folds and coarsening of the faces progres-
ment is normal. Corneal clouding, hernia, thickenedsively become obvious. Mental retardation is detected
skin, hepatosplenomegaly, cardiac involvement withbetween the ages of 6 and 15 years. Behavioral abnor-
valvular dysfunction are common. Multiple mutations in malities and skeletal dysplasia have been reported. Only
the arylsulfatase B gene have been detected in MPS Wery limited reports on the pathology are available. The
patients. The arylsulfatase B deficient (Asl-s-/-) micemost notable finding is vacuolated cytoplasm of various
were generated by disruption of ASB structural geneells with variable PAS staining (80).

(Asl-s) (18). In the tissue homogenates of these mice,

no arylsulfatase B activity was detected. At birth and Mouse model.Through targeted disruption of the
first postnatal week, Asl-s-/- mice could not be distin-mouse Aga gene in embryonic stem cells, mice com-
guished from littermate controls. Facial dysmorphiapletely lacking Aga activity (Aga-/-) were generated
shortened limbs and coarse paws became appare(®5). Heterozygote mating produced the expected
around 4 weeks of age. Symptoms progressed and at algeendelian ratio of wild type, heterozygotes and
9-12 months, the body weight of Asl-s-/- mice werehomozygotes. In Aga-/- mice the natural substrate
about 15% less than that of controls. Urinary excretioraspartylglucosamine accumulated in the brain and liver
of glycosaminoglycans was increased. Coarse granul@and was excreted in the urine. The mice did not exhibit
inclusions equivalent to the Alder-Reilly bodies in clearly detectable phenotype and were fertile. At 5
human MPSVI were observed in almost all polymor-months, however, Aga-/- mice showed gradual loss of
phnuclear leukocytes and about 50% of the lymphomotor coordination or balance and general appearance
cytes. The Asl-s-/- mice were fertile, and no increase igradually deteriorated. Massively dilated urinary blad-
mortality was noted up to an age of 15 months. In addider (neurogenic?) was detected in mice at 10 months. As
tion to bony abnormalities, a striking radiographic noted in human patients, vacuolation of cells in the CNS
abnormality in Asl-s-/- mice was persisting growth and visceral organs was conspicuous pathology of Aga-
plates at long bones and tail vertebrae at 4 or even /8 mice. Kupffer cells in the liver and glomeruli and
months of age when growth plates completely disapproximal renal tubules were severely affected. In the
peared in control mice. Abnormalities in bone and cartibrain, vacuolation of neurons, endothelial cells and glial
lage with ballooned vacuolated chondrocytes wereells were found. In addition axonal spheroids were
noted in the vertebrae and skull of the newborn Asl-s-/noted in the gracile nuclei in the medulla and spinal
mice. Accumulation of glycosaminoglycans was wide-cord. Thus, Aga-/- mice are phenotypically and patho-
spread in interstitial fibroblast-like cells and logically very similar to human disease.

macrophages in all tissues investigated histologically.

Parenchymal cells only rarely contained storage mateitherapeutic manipulations

ial. With exception of leptomeninges and choroid plexus Small animal models have definite advantages for
stroma in older mice, no storage of glycosaminoglycangesting therapeutic strategies for genetic diseases. Two
was observed in the brain of Als-s-/- mice. All thesenaturally occurring murine models of lysosomal dis-
pathological features observed in this mouse model arease, twitcher and mucopolysaccharidosis VIl have been

comparable with that of human patients. widely used for such studies (32, 59, 94, 95). Zhou and
co-workers (97) reported successful correction of clini-
Aspartylglucosaminuria cal phenotype and systemic pathology in the PPCA-/-

Aspartylglucosaminuria is the most common disor-mice with transplantation of bone marrow that was
der of glycoprotein degradation in Finland. Only rarederived from transgenic mice over expressing human
isolated cases are reported elsewhere. It is caused bypeotective protein precursor gene in the erythroid lin-
deficiency of lysosomal enzyme glycosylasparginaseage cells under the control of tBeglobin promotor
(Aga) resulting in tissue accumulation of aspartylglu-and locus control region of thg-globin gene(23).
cosamine. The clinical course is that of slowly progresMiranda and co-workers have been testing various para-
sive psychomoter retardation, and patients usually die imeters that are potentially highly influential for the out-
the third to fifth decade with pulmonary infection. The come of bone marrow transplantation therapy, using
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ASMKO mice (45). UsingHexa/- mice, Platt and co- important that we always keep in mind the simple and
workers reported successful prevention of gangliosidebvious dictum; “Mouse is not human”. Even though
accumulation by oral administration of an inhibitor of the mouse models are useful and even though some
glycosphingolipid biosynthesis, N-butyldeoxynojir- other models in larger animals including monkeys (40)
imycin (57). It has been reported that syngeneic bonean fill the gap to some extent, studies on human
marrow transplantation with wild-type bone marrow patients are indispensable for pragmatic investigations.
increased the life-span and improved neurologic sympAnimal experiments and human studies are complemen-
toms inHexb/- mice (50). These reports indicate use-tary and both are needed.
fulness of knockout mice for exploration of therapeutic
strategies for the lysosomal diseases. Acknowledgement
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