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Summary 

This report describes a third mucopolysaccharidosis in ani- 
mals: canine mucopolysaccharidosis VII. The affected dog was 
the offspring of a father-daughter mating. Weakness in the rear 
legs was evident at 8 weeks of age and became progressively 
worse. He had a large head, a shortened maxilla, and corneal 
granularities. Most joints were extremely lax, easily subluxated, 
with joint capsules that were swollen and fluctuant. 

The dog was alert and had apparently normal pain perception. 
At 13 months of age, there was radiographic evidence of extensive 
skeletal disease including bilateral femoral head luxation. abnor- 
malities in the shape and density of the carpal and tarsal bones, 
radiolucent lesions of the epiphyseal regions of most long bones, 
and cervical vertebral dysplasia and platyspondylia. The electro- 
phoretic pattern of precipitated glycosaminoglycans indicated a 
predominance of chondroitin sulfate. 

The animal died suddenly from gastric dilatation. There was 
generalized hepatomegaly, thickening of the atrioventricular 
heart valves, and generalized polyarthropathy. Vacuolated cyto- 
plasm was observed in hepatocytes, keratocytes, fibroblasts, 
chondrocytes and cells of the synovial membrane, retinal pigment 
epithelium, and cardiac valves. Neurons had cytoplasmic vacu- 
oles. Electron microscopy demonstrated membrane-bound cyto- 
plasmic inclusions in polymorphonuclear leukocytes, hepato- 
cytes, synovium, heart valves and spleen. 

The activities of 12 lysosomal hydrolases were determined in 
liver from the affected and control dogs: 8-glucuronidase (EC 
3.2.1.31), 8-hexosaminidases A and B (EC 3.2.1.30), a-hexosa- 
minidase (EC 3.2.1 .-), a-L-iduronidase (EC 3.2.1.76), a-galacto- 
sidase A (EC 3.2.1.22), B-galactosidase (EC 3.2.1.23), arylsul- 
fatases A and B (EC 3.1.6.1), acid a-mannosidase (EC 3.2.1.24), 
acid B-mannosidase (EC 3.2.1.25), and N-acetyl-D-galactosa- 
mine-6-sulfate sulfatase (EC 3.1.6.-). The activity of 0-glucuron- 
idase was reduced to less than 2% of the normal mean value of 
normal controls. 

Abbreviations 

MPS, mucopolysaccharidoses 
GAG, glycosaminogl ycan 
EM, electron microscopy 
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The MPS are a group of genetic diseases resulting from defec- 
tive degradation of GAG (1 2). Each syndrome has a characteristic 
combination of clinical signs, urinary GAG excretion, and a 
specific lysosomal enzyme deficiency. The general clinical char- 
acteristics include dysostosis multiplex, facial dysmorphia, h e p  
atosplenomegaly, mental retardation, lysosomal accumulation 
and urinary excretion of GAG, and metachromatic granules in 
blood leukocytes. Animal models of MPS I [domestic cat (7), 
plott hound dog (1 7)], and VI [Siamese cat (lo)] have been 
described. This report describes a third mucopolysaccharidosis 
in animals: canine mucopolysaccharidosis VII. 

MATERIALS AND METHODS 

Four animals were studied: The affected animal (referred to 
us by Dr. Niels Pederson, University of California, Davis) its 
parents, and a newborn half-sibling of the affected animal (Fig. 

1 ). 
Urinary G1.vcosaminoglycans. Urine spot tests for GAG were 

performed (1). Urine was mixed with 10% cetylpyridinium chlo- 
ride, the precipitate was treated as previously described (4), and 
the residue was dissolved in 2 ml of distilled water. Aliquots were 
used for microelectrophoresis on a 0.7% agarose gel in 0.05 M 
1,3diaminopropane:acetate buffer, pH 9.0. Digestion of the 
crude urinary GAG with chondroitinase AC (EC 4.2.2.5) and 
ABC (EC 4.2.2.4) (Sigma Chemical Co.) was performed as pre- 
viously described ( 14). 

Pathology. Blood samples were collected in EDTA for light 
microscopy or in heparin for EM. Leukocytes for EM were 
separated by a modification of the method of Skoog and Beck 
(18). Leukocytes and other tissues for EM were fixed in 5% 
buffered glutaraldehyde for 48 h, embedded in Spurr'se medium 
(20), sectioned on a Sorvall MT2-B microtome to 700 A, stained 
with lead citrate-uranyl acetate, and examined using a Zeiss EM 
9s-2 transmission electron microscope. Tissues for light micros- 
copy were fixed in 10% buffered formalin, paraffin embedded, 
and sectioned. Routine stains included hematoxylin and eosin, 
cresyl violet, trichrome phosphotungstic acid-hematoxylin, and 
luxol blue-periodic acid Schiff-hematoxylin-eosin. 

Enzyme assays. Liver (5 g) from the propositus, sire, dam, 
half-sibling, and 1 1  control dogs was thawed, cut into small 
pieces, and washed with cold saline to remove blood. Hepatic 
tissues (0.5 g) were homogenized in 5 volumes of 10 mM sodium 
phosphate buffer, pH 6.0, containing 0.2% Triton X-100. The 
homogenates were centrifuged at 17,000 x g for 30 min at 4°C. 
The supernatants were removed and used as enzyme source for 
the determination of arylsulfatase A and B activities using p 
nitrocatechol as substrate ( 1  1) and for the lysosomal glycosidases 
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Fig. I .  The pedigree of the affected animal. Note that he was the 
product of a father-daughter mating. 

of 10 mM sodium phosphate buffer, pH 6.6, containing 0.01 M 
2-mercaptoethanol and centrifuged. The supernatants were re- 
moved, solid ammonium sulfate was added to bring the super- 
natants to 65% saturation, and the mixture was stirred overnight 
at 4°C. The precipitate was removed by centrifugation and used 
as enzyme source (2 1) after exhaustive dialysis against the phos- 
phate buffer. 

Clinical features. The affected male, mixed breed dog was the 
offspring of a father-daughter mating. Weakness in the rear legs 
was evident at 8 weeks of age and became progressively worse. 
At 8 months of age, the animal was incapable of standing or 
fully supporting his weight and had a large head in proportion 
to his body, a shortened maxilla, and a relatively long mandible. 
The tongue protruded beyond the labial margins and the incisors 
were peg-shaped and wide-spaced. Both corneas contained dif- 
fuse fine stromal granularities with small, peripheral areas of 
edema and focal, central cholesterol deposits. Both the axial and 
appendicular skeletons were deformed: the spine was shortened 
and the rib cage was compressed dorsoventrally (antenor-poste- 
nor in man). The long bones were shortened and curved. Most 

Fig. 2. Ventro-dorsal (anterior-postenor in man) radiograph of the 
coxofemoral joints illustrating bilateral femoral head luxation with severe 
irregularities in outline and increased bone density (sclerosis) of the 
femoral heads and acetabulae. The femoral necks are narrow and the 
stifle (knee) joint is at an abnormal angle with bilateral patella luxation. 

joints were extremelyiax, easily subluxated and crepitant, with 
joint capsules that were swollen and fluctuant. Both patellas were 
luxated medially. 

The dog was alert and had apparently normal pain perception 
in all areas. Function ofall cranial nerves was evaluated as within 
normal limits; segmental reflexes appeared normal, within the 
limits imposed by severe skeletal disease. Many of the muscles 
of locomotion were atrophied. The animal had an active libido 
and his semen was used to artificially inseminate three females, 
one of which conceived. Cardiovascular examination revealed 
no abnormalities. 

At 13 months of age the animal had radiographic evidence of 
extensive skeletal disease including bilateral femoral head luxa- 
tion (Fig. 2), extensive abnormalities in the shape and density of 
the carpal and tarsal bones, radiolucent lesions of the epiphyseal 
regions of most long bones, and cervical vertebral dysplasia and 
platyspondylia. These lesions were more severe than when he 
was first examined at 8 months of age. 

using the appropriate 4-methylumbelliferyl-glycoside as substrate 
[a-mannosidase A and B (3), 8-glucuronidase (3, 8-hexosamin- 4 3 2 1 
idase A and B (8), 8-glucosidase (16), a-hexosaminidase (15), a- Fig. 3. The electrophoretogram of urine precipitated with cetylpyri- 
L-iduronidase (7), a-galactosidase A (2), and 0-galactosidase dinium chloride. Lane I contained standards; lane 2, urine from the 

(31. affected dog; lane 3, urine digested with chondroitinase ABC; lane 4, 

For determination of N-acetyl-wgalactosamine-6-sulfate sul- urine digested with chondroitinase AC. C46S, chondroitin 4 and 6 
fatase activity, the hepatic tissue was homogenized in 5 volumes sulfates; DS, dermatan sulfate; HS, heparan sulfate: 0, origin. 
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In peripheral blood smears stained with toluidine-blue, most 
lymphocytes and granulocytes contained metachromatic cyto- 
plasmic granules (Alder-Reilly bodies). 

Urine. Metabolic screening tests of the urine yielded a positive 
spot for GAG in the affected dog and no spot for control urine. 
The electrophoretic pattern of precipitated GAG from the af- 
fected dog's urine indicated a predominance of chondroitin 4 
and/or 6 sulfate, and a small amount of dermatan sulfate. An 
equal volume of control urine treated in a similar manner 
revealed no spots. The urinary GAGS of the affected dog were 
not detected after digestion with chondroitinase ABC (Fig. 3). 

Because digestion with chondroitinase AC is complete under the 
conditions used, the GAG remaining was interpreted to be 
dermatan sulfate which migrated further than the standard, 
possibly because of a lowered molecular weight. 

Pathology. The animal died suddenly from gastric dilatation 
at 14 months of age. Ascites, hydrothorax, and pulmonary 
congestion were present. There was generalized hepatomegaly, 
thickening of the atrioventricular heart valves, and generalized 
polyarthropathy with villous proliferation of synovial mem- 
branes in the joints of the appendicular skeleton. The lateral 
cerebral ventricles were moderately dilated. 

Table 1. Lysosomal enzyme activities in liverfiom aflected dog 
and control dogs* 

Controls 

Enzyme Affected Mean Range (n) 

j3-Glucuronidase 4.8 403 253-545 (7) 

j3-Hexosaminidase A I050 2290 1010-3630 (6) 

j3-Hexosaminidase B 2130 2180 1015-3490 (6) 

a-Hexosaminidaset 39.6 39.8 32.9-46.5 (5) 

a-L-lduronidaset 390 409 373-465 (3) 

a-Galactosidase A 34.9 37.9 32.2-39.1 (3) 

j3-Galactosidase 88.7 123 89-214 (6) 

Arylsulfatase A 20.1 26.1 16.2-35.7 (5) 

Arylsulfatase B 13.9 17.3 11.0-24.0 (5) 

Acid a-mannosidase 487 367 250-627 (5) 

Acid j3-mannosidase 386 500 265-851 (3) 

N-Acetyl-~galactosamine-6- 
sulfate sulfatase 

% Substrate released 21.3 14.5 13.2-15.8 (2) 

Units/mg protein 16.2 5.6 5.5-5.7 (2) 

Fig. 4. A light micrograph of central nervous system neurons from *Activity is expressed as nmol/h/mg of protein; 7, pmol/h/mg of 

the affected dog illustrating vacuolated cytoplasm. Cresyl violet, x 160. protein. 

Fig. 5. An electron micrograph of an hepatocyte illustrating membrane-bound vacuoles which contain granular material. Lead citrate-uranyl 
acetate, ~ 4 8 0 0 .  
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Table 2. 8-D-Glucuronidase activity in liver expressed as 
nmollhlmg of protein* 

Substrates 

4-Methylumbelli- 
feryl glucuronide 

Mean Range (n) 

Affected 4.8 0.17-7.9 (3) 
Sire 224 222-226 (2) 
Dam 59 51-67 (2) 
Half-sibling 
Control 344 184-545 ( 1 1 ) 

Nitrophenol 

glucuronide 

Mean Range (n) 

49 11-89 (5) 
223 157-256 (4) 
117 97-137 (5) 
156 (1) 
286 140-422 (41 

* n indicates duplicate preparations for affected, sire, dam, and half- 
sibling; the number of control animals. 

By light microscopy, vacuolated cytoplasm was observed in 
hepatocytes, keratocytes, fibroblasts, chondrocytes and cells of 
the synovial membrane, retinal pigment epithelium, and cardiac 
valves. Neurons with cytoplasmic vacuoles (Fig. 4) were clearly 
demonstrated in the spinal cord, hippocampal ganglion cells, 
pyramidal cells, sensory VI nucleus, and cerebral cortex. Evi- 
dence of storage was not definitive in other areas of the brain 
due to relatively poor fixation. Electron microscopy demon- 
strated membrane-bound cytoplasmic inclusions in polymorpho- 
nuclear leukocytes, hepatocytes (Fig. 5), keratocytes and cells of 
the conjunctiva, retinal pigment epithelium, synovium, heart 
valves, and spleen. 

Enzyme assays. The activities of 12 lysosomal hydrolases were 
determined in liver from the affected and control dogs (Table 1). 
The activity of P-glucuronidase was reduced to less than 2% of 
the normal mean value in normal controls. Liver obtained by 
biopsy from the sire and dam and postmortem liver from a half- 
sibling were assayed for P-glucuronidase activity (Table 2) which 
revealed half-normal and less than half-normal activity in the 
half-sibling and dam, respectively, but near normal activity in 
the sire. 

Genetics. The affected dog was the product of a consangui- 
neous mating (father-daughter) (Fig. 1). Two siblings from a 
previous litter by the same parents were described as having a 
phenotype similar to the propositus. The historical data com- 
bined with the liver enzyme data of the half-sibling are consistent 
with an autosomal recessive pattern of inheritance as is seen in 
the human disease. 

DISCUSSION 

storage disease and mental retardation. Neuronal storage has 
been described in one human MPS VII patient (22). The affected 
dog had evidence of storage in central nervous system neurons 
without obvious clinical signs of neurologic disease, as has also 
been reported in cats and dogs with MPS I (7, 17). In animals, 
clinical signs which can be related to mental retardation are 
difficult to evaluate. 

Previously, a deficiency of P-glucuronidase activity has been 
reported in the C3H mouse strain (13). However, these mice 
have about 20% of the activity usually observed in mice and do 
not accumulate GAG, nor do they have morphologic or clinical 
manifestations of disease. This report describing canine MPS VII 
therefore represents the first animal model of P-glucuronidase 
deficiency with associated disease. The parents of the affected 
dog are being bred to produce a colony of affected animals which 
should provide an opportunity to investigate the pathogenesis of 
this disorder, as well as approaches to therapy. 
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Summary 

Microvillus membranes (MVM) were isolated from newborn 
and adult New Zealand rabbit small intestine. The isolation 
procedure provided a mean enrichment of 25 + 4 for sucrase 
activity in adult preparations and of 27 2 3 for lactase activity in 
newborn preparations. These purified MVM were incubated with 
increasing concentrations of 12"-labeled cholera toxin (CT). '*'I- 
CT binding to adult MVM reached saturation at 6.4 x M; 
in contrast I2'I-CT binding to newborn MVM did not reach 
saturation but instead continued to increase with increasing I2'I- 
CT concentrations. Scatchard plot analysis of adult data s u p  
ported the existence of a single binding site (& = 1.2 f 0.2 X 

M); analysis of newborn data, however, suggested the exist- 
ence of additional binding sites, as "'1-CT binding to newborn 
MVM was inhibited bv s rein cub at ion with unlabeled m. These 
results show that CT bi;lding to both preparations is quantita- 
tively different and is higher in newborn preparations. This 
difference may be accounted for by the existence of additional 
binding sites in newborn MVM preparations in contrast to the 
presence of only the unique receptor previously reported in adult 
MVM preparations. 

Abbreviations 

MVM, microvillus membrane 
CT, cholera toxin 
Hepes, 442-hydroxyethy1)-1-piperazineethanesulfonic acid 

In many species, the small intestines undergo important mod- 
ifications during postnatal development such as structural 
changes of the epithelial layer (6) or changes in MVM enzymatic 
activities (25). These modifications are likely to induce, as a 
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result, changes in MVM surface properties that may be reflected 
by events such as the "closure" of macromolecular transport 
through the small intestine (24). Comparison of MVM surface 
properties between newborn and adult are not yet available. 
Indirect approaches, such as those of Extler and Branstrator (9), 
have been used to study the lectin-binding capacity of small 
intestine mucosa during postnatal development; however, ex- 
amination of histologic preparations under light microscopic 
conditions does not allow for a more precise conclusion about 
MVM-binding properties to be made. 

In order to study MVM surface property changes with differ- 
entiation, we designed an in vitro system using MVM vesicles 
purified from newborn and adult rabbit small intestine, and 
tested these vesicles for binding characteristics using a molecular 
probe with an extensively studied microvillus receptor. 

MATERIALS A N D  METHODS 

Microvillus membrane isolation was performed according to 
a modification (3) of the Ca2+ precipitation method (27). Fasted 
adult (n = 8; more than 8 weeks old) and newborn (n = 50; 12 
to 24 h of life) New Zealand rabbits (Margaret's Home Farm, 
Greenfield, MA) were sacrificed and the small intestines were 
removed and washed with cold saline. The following steps were 
camed out at 4°C. Scrapings of the whole adult mucosa or 4-5- 
cm pieces of opened newborn small intestines were homogenized 
in 300 mM mannitol, 12 mM Tris buffer at pH 7.4, diluted 1 :6, 
and filtered on a 40-pm nylon mesh (Tetko, Elmsford, NY). 
CaClz was added to a final concentration of 10 mM. After 15 
min on ice, homogenates were centrifuged at 2500 X g for 15 
min on a Beckman J21B centrifuge with a JS7.5 rotor. Super- 
natants were saved and centrifuged with a JA20 rotor at 28,000 
x g for 30 min, then suspended in 50 mM mannitol, 1 mM 
Hepes buffer at pH 7.4, and centrifuged again. The pellets (crude 
preparation) were resuspended in 1 mM Hepes buffer and applied 
on the top of 10 to 60% sucrose gradients (Sigma Co., St. Louis, 
MO) which were centrifuged at 64,000 x g for 25 min on a 
Beckman L5-65 ultracentrifuge with a SW 28 rotor. Bands were 
removed from the top, diluted 1:10, centrifuged at 100,000 X g 
for 60 min on a 50 Ti rotor. Pellets (final preparation) were 
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