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Summary 

A 1-yr-old male domestic shorthair cat was referred to the 
University of Pennsylvania Veterinary Hospital with a history of 
progressive lameness. The cat had a short, broad face, frontal 
bossing, a depressed nasal bridge, small ears, bilateral corneal 
clouding, and thickened skin over the dorsal aspect of his neck. 
Radiographically, the cervical vertebrae were wide, assymetrical, 
and appeared nearly fused; there was bilateral coxofemoral sub- 
luxation and pectus excavatum. Electrophoresis of glycosamino- 
glycans (GAG) from the urine revealed an excess of both dermatan 
sulfate and heparan sulfate. The incorporation of 36S04 into the 
GAG of fibroblasts revealed an exaggerated accumulation of 13'SI 
-glycosaminoglycans. By light microscopy, neurons swollen with 
vacuolated cvtovlasm were observed. By electron microscopy, the 
spinal cord neurons contained membrane-bound "zebra bodies". 
Membrane-bound inclusions containing granular material or an 
occasional myelin-like figure were present in hepatocytes. The 
activities of seven lysosomal hydrolases (a-L-iduronidase EC. 
3.2.1.76, 8-D-glucuronidase EC. 3.2.1.31, arylsulfatase A EC. 
3.1.6.1, arylsulfatase B EC. 3.1.6.1, a-D-glucosaminidase EC. 
3.2.1.50, 8-D-glucosaminidase EC. 3.2.1.30, and 8-D-galactosidase 
EC. 3.2.1.33) were investigated in cells from the affected cat. The 
activity of a-L-iduronidase was deficient in both cultured fibro- 
blasts and peripheral leucocytes, while the activity of the other 
enzymes was similar to that in normal cats. It is apparent that the 
pattern of GAG excretion, evidence of lysosomal storage in various 
tissues, evidence of defective GAG degradation in cultured fibro- 
blasts, and the specific deficiency in activity of a-L-iduronidase in 
the affected cat parallel closely the findings in mucopolysacchari- 
dosis (MPS) I of man. 

Speculation 

This feline model of M P S  I (Hurler, Scheie, or Hurler/Scheie 
Syndrome) should allow advances in the understanding of the 
pathogenesis and approaches to therapy for this and related 
genetic storage diseases. 

The genetic MPS are a group of diseases caused by inborn 
errors of GAG metabolism. The advancements in the understand- 
ing of the MPS that have occurred since the first descriptions in 
man in 1917 (13) are the subject of extensive reviews (6, 20, 21). 
The general characteristics include: dysostosis multiplex, facial 
dysmorphia, hepatosplenomegaly, mental retardation; lysosomal 
accumulation of GAG, excretion of urinary GAG, and metachro- 
matic granules in peripheral leukocytes. i n  each of at least 10 
distinct biochemical disorders of GAG degradation in man, there 
is a relatively characteristic pattern of distribution and severity of 
lesions that, combined with the presence of a discrete enzyme 
deficiency, provides for their biochemical and clinical distinction 
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(19). In earlier reports, a genetic MPS was described in Siamese 
cats closely resembling MPS VI (Maroteaux-Lamy Syndrome) in 
man (12, 14). Now a second feline genetic MPS is described that 
is an animal model of MPS I (Hurler, Scheie, or Hurler/Scheie 
Syndrome). 

MATERIALS AND METHODS 

Five animals were studied: the affected animal, an obligate 
heterozygote, and three half-siblings of the affected animal pro- 
duced from a mating between the obligate heterozygous female 
and a normal male. 

URINE 

Spot tests for G A G  were performed on fresh urine (5). Electro- 
phoresis of cetylpyridinium chloride-precipitated urine from the 
affected cat and a human MPS I (Hurler) patient was performed 
by the method of Wessler (27) on cellulose acetate strips (28) for 
90 min at 150 volts. After electrophoresis, the strips were stained 
with 0.1% toluidine blue in water and washed with a mixture of 
methanol and acetic acid (200 H20:2 methano1:O. 1 acetic acid). 

SULFATE INCORPORATION 

Fibroblasts were incubated in Tz5 flasks with F- 12 medium (29) 
(pH 6.8) containing 1 x 10%ounts/ml of 35S04 (30) and 2% fetal 
calf serum (29). Two cultures were used at 24 hr, four cultures at 
48 and 72 hr, and "S incorporation/mg of protein was determined 
by the method of Fratantoni et a/. (7). 

PATHOLOGY 

Blood samples were taken in EDTA for light microscopy or 
heparin for electron microscopy. Leukocytes were separated by a 
modification of the method of Skoog and Beck (12, 24). Leuko- 
cytes were fixed in 2%% glutaraldehyde in 0.2 M acodylate buffer 
with 0. l M Ca CI2 for 30-90 min. Liver was fixed in 5% buffered 
glutaraldehyde for 24 hr. Spinal cord was fixed in 10% buffered 
formalin for several wk. All tissues were embedded in Spurr, 
sectioned on a Sorvall MT2-B microtome to 700 angstroms, 
stained with lead citrate-uranyl acetate, and examined \sing a 
Zeiss EM 9s-2 transmission electron microscope. 

ENZYME ASSAYS 

Leukocytes were separated from heparinized blood (12, 24), 
pelleted, and stored at -70°C until assayed. Fibroblasts were 
grown in Roswell Park Memorial Institute (RPMI) 1640 medium 
(3 1) with added glutamine and 10% fetal calf serum (29), and were 
harvested at confluency using a I-min wash of 0.25% trypsin. The 
cells were disrupted in distilled water by repeated freeze-thawing 
and centrifuged to remove cellular debris. The supernatant was 
used for enzyme and protein assays. 
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Arylsulfatase A and B activities were determined using P-nitro- 
catechol sulfate (32) as substrate; a-L-iduronidase was measured 
using pheny-a-L-iduronidate (33). Other enzymatic activities were 
determined fluorometrically using the appropriate 4-methylum- 
belliferyl-glycoside as substrate (34). Enzyme activities were de- 
termined by the methods of Hall and Neufeld (9), Glaser and Sly 
(a), Beratis et al. (4), von Figura and Kresse (26), and Okada and 
O'Brien (22, 23). Protein was measured by the method of Lowry 
et al. (17). All assays were carried out in duplicate. 

RESULTS 

CLINICAL FEATURES 

The propositus, a I-yr-old male domestic short-hair cat, was 
referred to the University of Pennsylvania Veterinary Hospital 
with a history of progressive lameness over a 4-month period (1 1). 
The cat had a short, broad face, frontal bossing, a depressed nasal 
bridge, small ears, bilateral corneal clouding, and thickened skin 
over the dorsal aspect of his neck (Fig. 1). He appeared alert but 
was weak in the rear legs and evidenced pain on manipulation of 
his head, neck, and rear legs. Radiographically, the cervical ver- 
tebrae were wide, assymetrical, and appeared nearly fused; there 
was bilateral coxofemoral subluxation and pectus excavatum. 

URINE 

Metabolic screening tests of the urine yielded a positive spot 
test for GAG. Electrophoresis of cetylpyridinium chloride-precip- 
itated GAG from the urine revealed an excess of both dermatan 
sulfate and heparan sulfate. Based on densitometry of the mineral 
oil-cleared electrophoretogram, chondroitin sulfate, dermatan sul- 
fate, and heparan sulfate represented 10, 62, and 28% of total 
GAG, respectively, for the affected cat and 20, 44, and 36% 
respectively, for a human MPS I (Hurler) patient. 

SULFATE INCORPORATION 

The incorporation of "SO4 into the GAG of fibroblasts cultured 
from skin biopsies of the affected and a normal cat was studied 
and revealed an exaggerated accumulation of [35S]-glycosamino- 
glycans in the fibroblasts from the propositus compared to that 
seen in control fibroblasts. The discrepancy increases with time 
because the accumulation in normal fibroblasts slows somewhat 
after the first 24 hr (Fig. 2). 

PATHOLOGY 

In human MPS I patients, metachromatic inclusions are present 
in peripheral granulocytes and lymphocytes when stained with 
toluidine blue (10, 19). By electron microscopy, lymphocytes from 
such patients contain membrane-bound structures which are elec- 

Fig. 1. The facies of the affected cat. Note the frontal bossing, de- 
pressed nasal bridge, and small ears. 

Fig. 2. Incorporation of "5S04 by fibroblasts from a normal cat 
(M) and from the affected (A-A) showing the mean * 2 SD for 
each time point. 

tron-lucent or contain granular electron-dense material (3). Tol- 
uidine blue-stained peripheral blood smears from the affected cat 
did not reveal obvious metachromatic granules in lymphocytes or 
granulocytes, but by electron microscopy small membrane-bound 
inclusions containing granular electron-dense material were pres- 
ent in about 10% of the granulocytes. 

The animal was put to death with a barbiturate overdose at 16 
months of age because of progressive lameness and evidence of 
pain. By light microscopy neurons swollen with vacuolated cyto- 
plasm were observed in the dorsal horn of the cervical spinal cord 
(Fig. 3a), the reticular formation, cranial nerve nuclei, hypothal- 
amus, hippocampus, and middle layers of the cerebral cortex. By 
electron microscopy, the spinal cord neurons contained mem- 
brane-bound zebra bodies (Fig. 3b). Membrane-bound inclusions 
containing granular material or an occasional myelin-like figure 
were present in hepatocytes (Fig. 3c). These inclusions in the 
central nervous system and liver of the cat are similar to inclusions 
present in the same tissues from human patients with MPS I 
(Hurler Syndrome) (1, 16, 25). 

The left atrioventricular heart valve leaflets were thickened 
grossly and were found by electron microscopy to contain cells 
swollen with membrane-bound cytoplasmic vacuoles. Ultrastruc- 
tural evidence of storage was also present in the epithelial and 
endothelial layers of the cornea and in fibroblastic elements of the 
spleen, liver, and kidney. 

ENZYMOLOGY 

The enzymatic defect in human MPS I homozygotes has been 
identified as a-L-iduronidase (2, 18). This enzymatic activity has 
been shown to be deficient in amniotic cells and leukocytes, as 
well as in cultured fibroblasts (9, 15). The activities of seven 
lysosomal hydrolases were investigated in cells from the affected 
cat (Table I). The activity of a-L-iduronidase was deficient in both 
cultured fibroblasts and peripheral leukocytes, while the activities 
of the other enzymes were similar to those in normal cats. The 
activity of a-L-iduronidase in peripheral leucocytes from the 
mother and a male half-sibling of the propositus (from a mating 
to a normal male) was intermediate between that in the affected 
cat and normal animals, as would be expected if a-L-iduronidase 
deficiency were, as in man, inherited as an autosomal recessive 
trait (Fig. 4). 

GENETICS 

Pedigree information for the propositus is unavailable. How- 
ever, the sire of the mother of the affected cat was known to live 
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Table 1. Lysosomal enzyme activities in peripheral leukocytes and culturedfibroblasts from the affected cat and from normal cats. 
Enzyme activities (mean and range) are expressed as nmole/hr/mg of protein. The number of dflerent normal animals (N) studied for 

each enzyme is indicated. The number of replicate preparations per animal is in parentheses after the ranae. 

Affected Normals 

Mean Range N Mean Ranae 

Peripheral Leukocytes 
a-L-iduronidase 
D-D-glucuronidase 
arylsulfatase A 
Arylsulfatase B 
a-D-glucosarninidase 
S-D-glucosaminidase 
P-D-galactosidase 

Cultured Fibroblasts 
a-I.-iduronidase 
S-D-glucuronidase 
Arylsulfatase B 
a-D-glucosaminidase 
B-D-glucosaminidase 
B-D-galactosidase 

Fig. 3. a Light micrograph of sensory neurons from the dorsal horn of 
the cervical spinal wrd showing vesiculated cytoplasm. Hematoxylin, 
eosin; scale line = 10 ym. b Electron micrograph of the vesicular area of 
a dorsal horn neuron demonstrating zebra bodies. Lead citrate, uranyl 
acetate; scale line = 1 ym. c Electron micrograph of a hepatocyte showing 
membrane-bound cytoplasmic inclusions containing granular material. 
One inclusion wntains a myelin-like figure (arrow). Lead citrate, uranyl 
acetate; scale line = 1 ym. 

in the neighborhood, and the coat color phenotypes of the siblings 
of the mother and the litter containine the ~ r o ~ o s i t u s  are consistent 
with the possibility that the affecGd cH'sSfather was also his 
maternal grandfather. 

0 Sex Unknown 

Male 

0 Female 

Mvc~pol~soccharidosis 

@ Heterozygote by Leukocyte Assay + Dead 

Fig. 4. Pedigree of the cat with mucopolysaccharidosis. a-L-iduronidase 
activity in peripheral leukocytes is indicated above each animal available 
for study. Enzyme activities (the mean of two separate preparations, each 
in duplicate) are expressed as nmoles/hr/mg of protein. 

DISCUSSION 

MPS I in man is presently subdivided into three separate clinical 
syndromes that apparently result from three different combina- 
tions of two mutant alleles at the same genetic locus. The Hurler 
Syndrome, the most severe form, is characterized by early corneal 
clouding, severe dysostosis multiplex, mental retardation, and 
death usually before age 10; in the Scheie Syndrome, the least 
severe form,~there is joiht involvement, corneal clouding, normal 
intelligence, and possibly normal lifespan; the Hurler-Scheie com- 
pound heterozygote has an intermediate phenotype. It is apparent 
that the pattern of GAG excretion, evidence of lysosomal storage 
in various tissues, evidence of defective GAG degradation in 
cultured fibroblasts, and the specific deficiency in activity of a-L- 
iduronidase in the affected cat parallel closely the findings in MPS 
I of man. Whereas the clinical features of the feline defect appear 
to most closely resemble the Hurler Syndrome, it is not clear as 
yet whether it can be considered an exact counterpart. A breeding 
colony is presently being established derived from the heterozy- 
gous mother to further characterize the condition. 
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