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Abstract The development of skeletal lesions in two ca- 
nine models of GMl-gangliosidosis, English springer 
spaniels and Portuguese water dogs, has been studied 
and compared to osseous abnormalities in a child with 
the infantile form of the disease. In the canine models, 
skeletal dysplasia was progressive. Lesions were noted at 
2 months of age and characterized by retarded endochon- 
dral ossification and osteoporosis. Older puppies had fo- 
cal cartilage necrosis within lumbar vertebral epiphyses. 
At the cellular level, lesions were characterized by chon- 
drocytic hypertrohy and lysosomal accumulation of stor- 
age compounds. Our studies illustrate that the skeletal le- 
sions in both canine models are similar to those in a 
child with G~-gangliosidosis. Furthermore, we pro- 
posed that the abnormal storage of partially degraded 
compounds in affected chondrocytes might explain, at 
least in part, the retarded bone formation noted in pa- 
tients with G~A~-gangliosidosis. 
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Introduction 

Lysosomal storage disorders are a large group of heredi- 
tary diseases resulting from deficient activity of one or 
more lysosomal enzymes. Many of the lysosomal storage 
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disorders are associated with malformations of the skele- 
ton. The skeletal lesions observed in humans and animals 
with lysosomal storage disorders have been recently re- 
viewed [1]. Amongst the abnormalities noted were short 
stature, dysmorphic facial features, limitation of joint 
mobility, kyphoscoliosis, atlantoaxial dislocation, osteo- 
paenia, osteonecrosis and osteosclerosis [1, 5, 20, 23, 24, 
29, 33, 34]. Although radiographic findings in many ly- 
sosomal disorders are relatively distinct and can be use- 
ful in establishing the diagnosis [20, 29, 33, 34], there 
are limited morphological descriptions of either cartilag- 
inous or bony lesions from case reports of individuals af- 
flicted with these disorders [17, 27, 28, 31 ]. 

Animal models contribute to our understanding of ly- 
sosomal storage diseases [2]. The development of skele- 
tal lesions in cats with mucopolysaccharidosis (MPS)-VI 
has been assessed radiographically [15]. However, only 
brief morphological descriptions of the skeletal lesions 
in feline models for MPS-I and MPS-VI [10, 11], and ca- 
nine and murine models for MPS-VII [12, 36] have been 
reported. The absence of systematic morphological eval- 
uations of the skeletal lesions in any of these disorders 
has precluded an understanding of the mechanisms by 
which lysosomal storage disease-associated skeletal dys- 
plasias develop. 

GM~-gangliosidosis is a lysosomal storage disease 
caused by deficient activity of the lysosomal enzyme ac- 
id ~-galactosidase. This results in lysosomal accumula- 
tion of glycolipids, keratan sulfate and oligosaccharides 
with a non-reducing terminal [3-galactosidic linkage in 
multiple tissues and various cell types. The infantile 
form (type 1) of the disease is associated with severe 
skeletal changes [24]. Skeletal changes have been ob- 
served in two canine models of GMl-gangliosidosis [3]. 
This report describes the evolution of skeletal lesions in 
English springer spaniels (ESS) and Protuguese water 
dogs (PWD) with G~al-gangliosidosis and compares their 
skeletal abnormalities with those observed in a child 
with the infantile form of G~A~-gangliosidosis. 
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Materials and methods 

We studied 11 affected PWD dogs, 3 affected ESS dogs, corre- 
sponding breed, age- and sex-matched control dogs, and an affect- 
ed child. Diagnosis in the affected puppies was established at 7 
weeks of age; in the child, it was made at 6 weeks of age. Assays 
of acid ~-galactosidase activity in white blood cells and placentas 
were used to confirm the diagnosis in affected puppies [3] and in 
leukocytes of the child [30]. The determinations were performed 
in duplicate using synthetic florigenic 4-methylumbelliferyl-galac- 
toside as substrate, and the values were compared with those ob- 
tained from their siblings, with unrelated ESS and PWD dogs and 
with control human patients. The dogs had radiographic examina- 
tions at 2 months of age and every 3 months thereafter. Affected 
dogs and age-matched controls were killed at 2-5, 7, 8 and 9 
months of age by an intravenous injection of sodium pentobarbital 
and necropsied. Tissue samples from each dog were obtained for 
light and electron microscopic evaluation. The child died at 15 
months of age and was immediately autopsied. Tissue samples for 
light and electron microscopy were collected. 

For light microscopy the following specimens were collected 
from the puppies: proximal and distal femoral and humeral epiph- 
yses, proximal parts of radii, ulnae, tibiae and fibulae, third and 
fourth lumbar vertebrae, and the cartilage of the costocondral 
junction. From the child the femur, the third lumbar vertebra and 
cartilage from the costochondral junction were obtained. Bones 
were hemisected on a band saw, fixed in 10% buffered formalin, 
demineralized in 5% nitric acid and embedded in paraffin. Tissue 
blocks were sectioned at 5 gm"and stained with haematoxylin and 
eosin and safranin-O. To overcome alteration of glycoconjugates 
produced by demineralization, lectin-staining was performed only 
on the cartilage specimens from the costochondral junction. Table 
1 lists the 11 different lectins used, their acronyms, the lectin con- 
centrations used, their major sugar specificity, and corresponding 
sugars used to inhibit their bindings. We used biotinylated lectins 
and avidin-biotin-peroxidase complex (ABC) to demonstrate the 
storage compound/s in chondrocytes. A detailed protocol for lectin 
staining has been reported earlier [3]. In addition, cartilage from 
the castochondral junction was stained for the presence of S-100 
protein and neuron specific enolase. We used biotinylated rabbit 
anti S-100 protein and neuron specific enolase (Dako Corp., Ca- 
lif., USA) and ABC. 

For electron microscopic studies samples of cartilage were ob- 
tained from affected and normal control puppies and from the af- 
fected child. They were fixed in Trump's fixative in cacodylate 
buffer, pH 7.2, post-fixed in 1% osmium tetroxide in 0.1 M caco- 
dylate buffer, pH 7.4, dehydrated through graded ethanol solu- 
tions, and embedded in Embed-812 epoxy resin. For orientation 
1 gm thick sections were stained with toluidine blue. Sections 
50 nm thin were cut, stained with uranyl acetate and lead citrate 
and photographed with a Philips EM 201 electron microscope. 

Results 

Radiological and necropsy findings 

Radiographic evaluation of the vertebral columns re- 
vealed irregular intervertebral disk spaces in affected 2- 
month-old ESS and PWD puppies (Fig. 1 A) when com- 
pared with age-matched controls (Fig. 1 B). Skeletal le- 
sions increased in severity with age (Fig. 2 A, B) and 
were most apparent in the lumbar spinal column. Chang- 
es included a reduction in vertebral size, retarded ossifi- 
cation, increased intervertebral disk spaces, and irregular 
vertebral epiphyses (Figs. 1 A, 2 A). Similar abnormali- 
ties were noted in the vertebral column of the affected 
child (Fig. 3). 

Longitudinal sections through the vertebral column in 
affected dogs and child confirmed the radiographic find- 
ings of abnormally widened intervertebral disk spaces 
and abnormal vertebral epiphyses. 

Histological, histochemical and ultrastructural findings 

In affected dogs, histological examination revealed re- 
tarded endochondral ossification at vertebral epiphyses. 
This observation was best demonstrated with sections 
stained with safranin-O. At 2 months of age, about two- 
thirds of an epiphysis was ossified in normal puppies 
(Fig. 4 A). In contrast, in affected puppies less than half 
was ossified (Fig. 4 B). At 9 months of age ossification 
of the vertebral epiphyses in normal puppies was com- 
plete (Figs. 5 A, 7 A) but not in affected puppies (Figs. 
5 B, 7 B). At 2 months of age, the growth plates from 
normal puppies had a well developed primary spongiosa 
(Fig. 6 A). In age-matched affected puppies, the primary 
spongiosa was poorly developed, and there was meta- 
physeal osteoporosis (Fig.6 B). It is noteworthy that at 9 
months of age focal physeal cartilage necrosis was ob- 
served only in affected puppies (Fig.7 B, C). Similarly, 
retarded ossification at vertebral epiphyses, poorly devel- 
oped primary spongiosa and metaphyseal osteoporosis 

Table 1 Lectins used for identifying carbohydrate residues (Gal galactose, GalNAc N-acetylgalactosamine, Glc glucose, Man mannose, 
GlcNAc N-aeetylglucosamine, NeuNAc N-acetylneuraminie acid sialic acid) 

Lectin origin Common name Acronym Concen- Major sugar specification Binding inhibitor 
tration 
(gg/ml) 

Arachis hypogea Peanut PNA 20 Gal-~-(1-3)-GalNAc Lactose 
Concanavalia ensiformis Jack bean Con A 10 ~-D-Glc, c~-D-Man ~-D-methyl-Man 
Datura stramonium Jimsonweed DSA l0 [~-D-Gal-(1->4)-I3-I~-GlcNAc-(1->3)]n (~-~-GIcNAc)2 3 
Dolichos biflorus Horse gram DBA 10 ~-D-GalNAc O~-D-GalNAc 
Glycine max Soybean SBA 10 ~-I>GalNAc, C~-D-Gal c~-~-GaiNAc 
Griffonia simplicifolia Bandeirea GS-I 50 C~-D-Gal Lactose 
Lens cuIinars Common lentil LCA 10 c~-~-Glc, c~-~-Man C~-D-methyl-Man 
Ricinus communis Castor bean RCA-I 50 13-~-Gal Lactose 
Triticum vulgaris Wheatgerm WGA 50 [~-(1->4)-D-GalNac) 2, NeuNAc NeuNAc 

Succinyl-WGA S-WGA 10 [~-(1->4)-~-GlcNAc]2 [3-~-GlcNAc 
Ulex europaeus Gorse UEA-I 10 ~-L-fucose O~-L-fucose 



Fig. 1 Lateral radiographs of 
the lumbar vertebrae of a 2- 
month-old affected puppy (A) 
and his normal Portuguese wa- 
ter dog (PWD) brother (B). The 
ossified physes of the affected 
puppy are short and irregular 
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Fig. 2 Lateral radiographs of 
lumbar vertebrae of a 9-month- 
old normal English springer 
spaniel (ESS) puppy (B) and 
his affected brother (A). In A 
the vertebrae are shorter and 
the intervertebral disks are ir- 
regular and wide 

Fig. 3 Lateral radiograph of 
the vertebral column of a 4 1/2- 
month-old child with GM~-gan- 
gliosidosis. The lumbar verte- 
brae are irregular and the inter- 
vertebral disks are wide 
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Fig. 4 Longitudinal section through the lumbar vertebrae and in- 
tervertebral disks of a 2-month-old normal PWD (A) and his af- 
fected sex and age-matched brother (B), safranin O, ×4. A In nor- 
mal puppy two-thirds of the physics is ossified. B In the affected 
pup.py less than half is ossified and there is metaphyseal osteopo- 
rosls 

Fig. 6A, B Closer view of the physes seen in Figure 4 A, B, 
safranin O, ×35. A In the normal puppy the ossification is ad- 
vanced and the primary spongiosa are well developed. B In the af- 
fected puppy the ossification is retarded, the primary spongiosa 
are poorly developed and there is metaphyseal osteoporosis 

(Fig.8) were noted in the affected 15-month-old child. 
Chondrocytes from affected puppies and the affected 
child were enlarged and vacuolated. This observation 
was best demonstrated in 1 gm thick, toluidine blue 
stained sections (Fig. 9). In addition, the osteoblasts, os- 
teoclasts and osteocytes were vacuolated (Fig. 10). 

There were only minor differences in the staining in- 
tensity with lectin reagents and for S-100 protein in 
chondrocytes from affected and age-matched control 
puppies. Chondrocytes of control and affected puppies 
and the affected child stained with 3 of 11 lectins (Con 
A, RCA-I and WGA), and the staining intensity was 

Fig. 5 Longitudinal section through a lumbar vertebra and and in- 
tervertebral disks of a 9-month-old normal ESS (A) and his sex 
and age-matched, affected brother (B), safranin O, x5. A The ver- 
tebra of the normal puppy is larger than his affected brother (B) 
and contains nurnerous bone spicules. The physes, however, did 
not stain positively with safranin O. B The vertebra of the affected 
puppy is smaller and contains fewer bone spicules and the growth 
plates stained intensely with safranin O. These findings indicate 
retarded bone formation with retained cartilage in the affected 
puppy 
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Fig. 8 Lumbar vertebral metaphysis from a 15-month-old child 
with GMl-gangliosidosis illustrating osteoporosis. Haematoxylin 
and eosin (H & E), x35 

Fig. 9 One micron section through costochondral junction from 
an 8-month-old PWD. Most of the chondrocytes are vacuolated. 
Toluidine blue, x550 

Fig. 7A-C Closer view of the physes seen in Figure 5 A, B, 
safranin O, x37. A The normal puppy shows complete ossifica- 
tion. B The affected puppy shows retained cartilage with grouping 
of chondrocytes, necrotic foci, poorly developed primary spongi- 
osa and narrowed bone spicules. C High magnification of the car- 
tilage in the rectangle in B illustrating the necrotic cartilage and 
vacuolated chondrocytes, safranin O, x240 

greater in the affected puppies (Fig. 11). Furthermore, 
some of the chondrocytes in the affected puppies stained 
moderately with PNA. Unlike the observation cited in a 
previous report [14], chondrocytes from normal and af- 
fected puppies and the affected child did not stain with 
neuron specific enolase. Cytoplasmic staining for S-100 
protein in chondrocytes from affected puppies and the 

Fig. III Section through femur of a 15-month-old child with GM1- 
gangliosidosis showing vacuolated osteocyte (arrowhead) and os- 
teoclast (arrow). H & E, x580 
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Fig. 11 Section through costochondral junction from the affected 
child demonstrate staining of the chondrocytes with RCA-I, 
x350 Fig. 13 Higher magnification of a rib chondrocyte from an affect- 

ed 15-month-old child. The secondary lysosomes contain fine fi- 
brils and membrane fragments. The cisternae of the rough endo- 
plasmic reticulum are narrow and displaced to the chondrocyte pe- 
riphery, x16 900 

Fig. 12 Electron micrograph of three chondrocytes in the rib car- 
tilage from an 8-month-old affected dog. The chondrocytes are 
vacuolated and contain lipid droplets, x3700 

child was intense but patchy; by comparison, the staining 
in control dogs was diffuse but weaker. 

Ultrastructurally, chondrocytes in affected puppies 
(Figs. 12) and the affected child (Fig. 13) contained large 
vacuoles (secondary lysosomes) laden with small fine fi- 
brils and infrequent lamellated membrane structures. The 
characteristically distended cisternae of rough endoplas- 
mic reticulum were displaced and narrowed (Fig. 13). 

Discussion 

Some human and animal lysosomal storage diseases are 
associated with skeletal lesions [1, 5, 10, 11, 12, 23, 24, 
34]. Most of the information on skeletal abnormalities in 
these disorders is found in the radiological literature. In 
many of these disorders the radiographic findings are rel- 
atively distinct and are useful in establishing a diagnosis 
[20, 29, 33]. There are only limited morphological de- 
scriptions of either cartilaginous or bony lesions from 
case reports of individuals afflicted with these disorders 

[17, 27, 28, 31]. In the current study we used radiologi- 
cal, morphological and histochemical methods to charac- 
terize the development of skeletal lesions in two different 
animal models of GMl-gangliosidosis [3] and in a child 
with the infantile form of GMl-gangliosidosis. We de- 
scribed the presence of storage material-laden chondro- 
cytic lysosomes that stained intensely with Con A, WGA 
and RCA-I. These observations suggest that a partially 
degraded compound/s with c~-mannosyl, [3-N-acetyl- 
glucosaminyl and/or sialyl and ~-galactosyl residues, re- 
spectively, has accumulated [3], a finding that is in ac- 
cord with the sugar residues found in keratan sulfate and 
oligosaccharides which are stored in GMl-gangliosidosis 
[24]. Furthermore, we demonstrated abnormal endo- 
chondral ossification and metaphyseal osteoporosis in 
both canine models of GMl-gangliosidosis and in a child 
with the infantile form of the disease. In addition, we ob- 
served focal cartilage necrosis in the 9-month-old affect- 
ed puppies, a similar lesion previously noted in the lum- 
bar vertebrae of a 1-year-old cat with MPS-VI [26]. 

Despite the paucity of data regarding the pathogenesis 
of skeletal lesions in the lysosomal storage diseases, pre- 
existent radiological and limited morphological data sug- 
gest that multiple mechanisms are involved. At least two 
distinct pathological processes are believed to contribute 
to the development of the skeletal lesions. The first pro- 
cess involves the accumulation of lipid-laden reticuloen- 
dothelial cells within the medullary cavity leading to 
"pressure atrophy" of the primary and secondary spongi- 
osa, or chronic ischaemia with resultant focal necrosis, 
osteoporosis and pathological fractures of long bones or 
collapse of vertebral bodies. Such lesions are observed in 
Gaucher's disease and, to a lesser extent, in Niemann- 
Pick disease [4, 32, 34]. 

In contrast, the lesions observed in lysosomal disor- 
ders with storage of mucopolysaccharides and oligosac- 
charides and in the mucolipidoses are probably due to 
abnormal cartilage and bone formation [17, 27, 28, 31]. 
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Cartilage and bone are developmentally linked in that 
most of the bones of the skeleton are formed via a carti- 
lage anlage. Endochondral ossification is the pathway by 
which bones of the vertebral column and appendicular 
skeleton are formed and grow in length. Cartilage is 
composed of sparsely distributed chondrocytes which 
may comprise as little as 10% of the total volume. They 
are embedded in an extracellular matrix that consists of a 
highly concentrated gel of proteoglycan immobilized 
within a dense network of collagen fibrils [7] and other 
non-collagenous macromolecules [13]. Cartilage proteo- 
glycan is a high molecular weight molecule that consists 
of a large number of carbohydrate chains that account for 
up to 90% of its total weight. The carbohydrate chains 
contain glycosaminoglycans composed on chondroitin 4- 
sulfate, chondroitin 6-sulfate and keratan sulfate, as well 
as N- and O-linked oligosaccharide chains [7]. Collagen 
types II, IX (which contains a proteoglycan moiety), X 
and XI are found almost exclusively in cartilage [19]. In 
the maturing physis there is a progressive increase in the 
activity of lysosomal enzymes [8] and progressive loss of 
the proteoglycan as the volume of the extracellular ma- 
trix is reduced [18]. It is possible that retarded bone for- 
mation in GMl-gangliosidosis, a condition in which there 
is deficient activity of lysosomal [3-galactosidase, may be 
attributable to accumulation of undegraded ~-galactosyl- 
containing carbohydrate chains of proteoglycan units. 
Conversely it is possible that inhibition of glycosamino- 
glycan degradation by lysosomal hydrolases may result 
in reduced glycosaminoglycan synthesis. The latter pos- 
sibility is supported by recent findings in which inhibi- 
tion of lysosomal function with lysosomotropic amine 
resulted in reduced degradation and synthesis of glycos- 
aminoglycans [6, 16]. 

The properties which enable cartilage to withstand 
large compressive forces are the viscoelastic gel of poly- 
anionic proteoglycans and the firmness of the interlacing 
network of collagen [7]. Thus, the abnormal composition 
of cartilage proteoglycans found in the lysosomal storage 
diseases, such as MPS and mucolipidoses, may contrib- 
ute to the observed skeletal lesions [25]. It is well docu- 
mented that small proteoglycans may inhibit the fibrillo- 
genesis of type II collagen [35], which is the major colla- 
gen of cartilage [19]. Similar interaction between proteo- 
glycans and collagen was described in the skin of pa- 
tients with aspartylglycosaminuria [21, 22]. Structural 
changes of collagen were attributed to abnormal proteo- 
glycan in aspartylglycosaminuria, a lysosomal disease 
with storage of partially degraded N-linked oligosaccha- 
rides [21, 22]. A similar abnormality of collagen might 
lead to loss of firmness of cartilage resulting in focal ne- 
crosis as seen in the vertebrae of our 9-month-old affect- 
ed puppies and a cat with MPS-VI [1, 26]. 

In conclusion, the development of skeletal lesions in 
human and canine GMl-gangliosidosis has been de- 
scribed. Furthermore, we have discussed the possible 
role of the extracellular matrix in the development of 
these lesions. 
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