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Abstract Methods

A rat colony with mucopolysaccharidosis VI was established
and the clinical, pathological, and biochemical features were
characterized. Affected rats had facial dysmorphia, dysostosis
multiplex, and increased urinary excretion of glucosaminogly-
cans (GAGs). Ultrastructural studies revealed storage of
GAGsthroughout the reticuloendothelial cells, cartilage, and
other connective tissues, but no deposition was observed in the
nervous system. Biochemical analyses demonstrated that the
excreted GAGwas dermatan sulfate and the activity of hepatic
arylsulfatase B was < 5% of the normal mean value. Pedigree
analysis showed that the phenotype was inherited as an autoso-
mal recessive single trait. The availability of a rat model of
human mucopolysaccharidosis VI should permit the develop-
ment and evaluation of various strategies to treat the human
disease. (J. Clin. Invest. 1992.91:1099-1104.) Key words: glu-
cosaminoglycan * lysosome storage disease * mutant

Introduction

The genetic mucopolysaccharidoses (MPS) ' are a group of 10
lysosomal storage diseases resulting from defects of specific ly-
sosomal enzymes affecting glucosaminoglycan (GAG) degra-
dation ( 1-4). MPSVI is characterized by growth retardation,
facial abnormalities including frontal bossing, depressed nasal
bridge, corneal opacity, hepatosplenomegaly, normal intelli-
gence, and dysostosis multiplex ( 1-4). The enzyme defect, defi-
cient arylsulfatase B (ASB) activity, results in the accumula-
tion of dermatan sulfate in tissues and fluids of affected individ-
uals ( 1-4). Recently, the gene encoding human ASBhas been
isolated and characterized and the first mutations causing MPS
VI in unrelated patients have been reported (5, 6). Previously,
an animal model of MPSVI was reported in the Siamese cat
(7-9). The feline model has been intensively investigated (7-
9) and used as a model to develop and evaluate strategies for
the treatment of the human counterpart. In this report, the
clinical, morphologic, and biochemical features of a newly rec-
ognized murine model of MPSVI are described. The availabil-
ity of a small animal model of this disease should facilitate
further evaluation of various therapeutic endeavors.
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1. Abbreviations used in this paper: ASAand ASB, arylsulfatases A and
B; GAG, glycosaminoglycan; WKS, Wistar King S (rat).

Animals. This mutant was detected in 1988 by its facial and skeletal
dysmorphism in the Ishibashi hairless (ISH) rat strain ( 10) and a col-
ony has been established in the Imamichi Institute for Animal Repro-
duction. The siblings were successively inbred for 10 generations. Af-
fected animals were easily identified by their facial and skeletal dys-
morphism.

Materials. Chondroitin sulfate A(chondroitin 4-sulfate) from
whale cartilage, chondroitin sulfate C(chondroitin 6-sulfate) from
shark cartilage, dermatan sulfates from pig skin, and heparan sulfate
from bovine kidney were obtained from Seikagaku Kogyo Co., Tokyo,
Japan. Hyaluronidase from bovine testes and mixed chondroitin sul-
fate sodium salt were purchased from Wako Pure Chemical Industries
Ltd., Osaka, Japan. All chemicals for analysis were analytical grade.
Celathore cellulose acetate strips were from CosmoLtd., Tokyo, Japan.
Cellogel was from Chemetron Ltd., Milan, Italy. A TitanGEL iso-
enzyme incubation chamber was from Helena Laboratories, Beau-
mont, TX.

Pathological examination. 14 affected animals (12 males, 2 fe-
males) and 10 phenotypically normal littermates (8 males, 2 females)
from 15 to 24 wk old were studied. For light microscopy, all organs and
tissues were fixed in 10% neutral buffered formalin, embedded in par-
affin wax, sectioned, and stained with hematoxylin and eosin. Mowry's
colloidal iron and alcian blue-peroxidic acid-Schiff stains were used to
identify GAGhistochemically. To determine the type of storaged
GAG(s), the tissues sections were digested with hyaluronidase from
bovine testis and then stained with colloidal iron. The bone was fixed,
immersed in 7% formic acid for 3 d, rinsed in 95% ethanol and tap
water, and then processed routinely. For electron microscopy, 1-mm3
sections of each tissue were fixed in 3%glutaraldehyde in 0.1 Mphos-
phate buffer, pH 7.4, postfixed in 1% osmic tetroxide, dehydrated by
ethanol, and embedded in Epon. Ultrathin sections were stained with
uranyl acetate-lead citrate and examined with a model H 600 electron
microscope (Hitachi, Ltd., Tokyo).

Hematological examination. Peripheral blood, smears taken from
four affected and four unaffected animals, were stained with Giemsa
stain.

Urinary GAGanalysis. A spot test for GAGswas performed on the
fresh urine from all affected and normal animals, and the comparison
was made with standard solution containing 25, 50, or 100 4g/ml
mixed chondroitin sulfate sodium salt. Urinary GAGswere measured
as uronic acid by the modified method of carbazole reaction ( 11 ) and
the orcinol method ( 12) for six affected and three normal rats. Electro-
phoresis of urinary GAGsprecipitated with cetylpyridinium chloride
was carried out by the method of Seno and colleagues ( 13) on Cela-
thore cellulose acetate strips in 0.3 M calcium acetate solution at 1
mA/cm for 3 h. Purified GAGsincluding chondroitin 4-sulfate, chon-
droitin 6-sulfate, dermatan sulfate, and heparan sulfate were used as
standards. After electrophoresis, the strips were stained with 0.1% tolu-
idine blue in water and washed with 1% acetic acid.

Enzyme assays. The liver from three affected and three control rats
used was thawed, cut into small pieces, and washed with cold saline to
remove the blood. The hepatic tissues were homogenized in 5 vol of 10
mMsodium phosphate buffer, pH 6.0, containing 0.2% Triton X- 100.
The homogenates were centrifuged at 17,000 g for 30 min at 4°C, and
the supernatants were used for enzyme assays. Arylsulfatase A (ASA)
and ASBactivities were determined using 4-nitrocatecol sulfate ( 14) as
substrate; a- and f-galactosidase ( 15), a- and f-mannosidase ( 16),
,B-hexosaminidase ( 17), and ,B-glucuronidase ( 18) were measured us-
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Figure 1. A 13-wk-old ASB-deficient
male rat (bottom) has shortened nose
and tail and is smaller than its normal
littermate (top).

ing the appropriate 4-methylumbelliferyl-fl-D-glycoside as substrate.
The electrophoretic separation of ASA and ASB on cellulose acetate
was performed essentially according to the method of Osanai and col-
leagues ( 19). 15 Ml of each hepatic supernatant was applied as a 4-mm-
wide line on cellogel strips (5 x 6 cm), and electrophoresis was carried
out in 0.06M Vernal buffer, pH 8.60, at 1 mA/cm for 45 min. Approxi-
mately 2-3 min before completion of electrophoresis, a filter paper,
which was preabsorbed 14 mM4-nitrocatechol-sulfate in 1 Msodium
acetate buffer, pH 5.5 or 6.5, was placed into a Titan GEL isoenzyme
incubation chamber. At the end of the electrophoresis period the sam-
ple strip was removed and blotted lightly. Then the sample strip was
layered carefully onto the substrate filter paper and the sandwiched
plate was incubated at 370C for 1 h. After incubation, the cellogel was
exposed to the ammonia for visualization of the isoenzyme bands. And
then immediately the strip was scanned in a densitometer using a 515-
nm filter.

Pedigree analysis. Because the affected animals have poor fertility,
the sires and dams producing the affected, designated as carriers, were
used for genetic analysis. Carriers in the line were outcrossed with the
Wistar King S (WKS) line. The incidence of mutants was observed in
the F 1, F2, and backcross generations. In the F2 and backcross genera-
tions, litters produced by carrier Fl males and females were used for
statistical analysis.

Results

Clinical observations. Compared with their normal littermates,
affected animals had smaller bodies, shorter limbs, shorter and
thicker tails, and a characteristic facial dysmorphia, including
broad face, depressed nasal bridge, and a markedly shortened
noses (Fig. 1 ). The affected rats appeared grossly normal at
birth; however, after 3 wk of age, the abnormal features became
evident. Macroscopically, the corneal opacity was not apparent
and no gross neurologic or behavioral features were observed
during the life span of the affected animals.

Pathology. Gross examination revealed no obvious organo-
megary; however, all vertebrae and long bones were shortened
and the ribs were short and broad.

Microscopically, all affected animals showed characteristic
changes in the cartilage of the joints and trachea. The articular

cartilage showed an irregular growth plate and proliferation of
vacuolated chondrocytes varied in size (Fig. 2). Ultrastruc-
tually, the chondrocytes of the trachea were filled with single
membrane-lined vacuoles, which were empty or contained a
few fibrils (Fig. 3). The growth plates were widened and irregu-
lar. The flattened tracheas observed in some mutants caused by
thickened cartilage. The joints of the long bones in the affected
animals showed proliferation of vacuolated synovial cells. The
osseous tissue did not show marked changes except widened
spaces of the osseous cells.

The vacuoles in the cytoplasm were characteristically ob-
served in the macrophage system of all mutant rats. Histochem-
ically, the vacuoles described above showed positive reaction to
colloidal iron and alcian blue stains and negative to PASstain.
Furthermore, the vacuoles were not digested by hyaluronidase.

Figure 2. The articular cartilage of a large limb found from a 1 5-wk-
old affected male rat. Extensive vacuolation and proliferation of
chondrocytes and irregular growth plate is seen. Hematoxylin-eosin
staining. x50.
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Figure 3. Electron micrographs of the trachea of an affected animal.
Cytoplasm of condrocytes is severely vacuoleted. C, chondrocyte.
Bar, 5 pm.

Electronmicroscopically, the Kupffer cells were swollen with
membrane-bounded inclusions, which were either empty or
contained granular materials (Fig. 4), although the mutant did
not show hepatomegaly and/or splenomegaly. The mutant
also showed mild vacuolation of the cells in the connective
tissue of all organs.

No histological abnormalities were detected in the nervous
system including of the brain, spinal cord, and sciatic nerve of
the affected animals on paraffin-embedded sections.

Although the corneas of the affected animals did not show
any changes in hematoxylin and eosin stain, they were slightly
positive when stained with colloidal iron.

In the affected animals, most of the peripheral polymor-
phonuclear leukocytes contained excessive coarse granules in
their cytoplasm (Fig. 5).

Urinary GAGanalyses. The GAGspot test on urine from
all affected animals was positive, having an intensity compara-
ble to that of a standard solution containing 100 Ag/ml of
mixed chondroitin sulfate. In contrast, the urines from all nor-
mal animals were negative for GAGsby the spot test.

Total amounts of uronic acid determined by the carbazole
and orcinol method in the affected and normal rats were
733±262 and 152±17 ,g/d and 1392±436 and 218±49 gg/d,
respectively.

The electrophoretic patterns revealed that the primary
GAGexcreted by the affected animals was only dermatan sul-
fate (Fig. 6).

Enzyme assays. The activities of selected lysosomal hydro-
lases in the liver from affected animals are shown in Table I.
The ASB activity of the affected rats was < 5% of the mean
activity in phenotypically normal control rats. There were no
significant differences in the activities of other lysosomal hy-
drolases between the affected and normal animals. Electropho-
resis of hepatic ASA and ASB from normal and affected rats
revealed very low ASBactivity in the affected animals (Fig. 7).

Figure 4. Electron micrographs
of the liver of an affected animal.
Kupifer cells are distended by

'ecytoplasmic vacuoles. H, hepa-
tocyte. *Membrane-bounded
vacuoles in Kupifer cell. Bar, 5
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Table I. Lysosomal Enzyme Activities in Liver

Affected Normal
No. of rats examined 3 3

nmol/h. mgprotein

ASA 232±13* 253±25
ASB 19±2 375±37
a-Galactosidase 376±64 338±39
fl-Galactosidase 1669±32 1170±145
B-Glucuronidase 1605±109 1127±93
B-Hexosaminidase 1333±101 544±32
a-Mannosidase 18.9±2.4 8.5±1.1
fl-Mannosidase 193±33 79± 16

* Mean±SD.

Figure 5. Peripheral leukocytes. Neutrophils with numerous coarse
basophilic granular cytoplasmic inclusion bodies. Giemsa stain. x500.

Pedigree analysis. To determine the mode of inheritance,
parents of affected rats were reciprocally outcrossed with an
unrelated line. In the Fl generation derived from parental
males and outbreed females, there were no affected animals
(Table II). This finding fits the hypothesis described above, in
which F1 animals include dominant homozygotes and hetero-

Normal

Normal

Affected

Affected

Affected

Affected

DS

HS

zygotes. Therefore, the incidences of affected animals in the
offspring from matings of proven carrier females with proven
carrier males were analyzed. The incidence of affected animals
in the offsprings of parents of previous affected and in back-
cross generations were consistent with the expected value for
autosomal single recessive transmission (Table II).

Discussion

MPSVI (Maroteaux-Lamy syndrome) was first reported by
Maroteaux and Lamy in the early 1960s (20, 21). MPSVI
resembles MPSI (Hurler syndrome) in physical features, but
MPSVI patients have normal intelligence ( 1-4, 20, 21 ). MPS
VI results from ASBdeficiency and is characterized by urinary
excretion of excessive amounts of dermatan sulfate and con-
trolled by an autosomal recessive single gene ( 1, 3, 4).

Until now, however, there is no report of murine or rodent
model for human MPSVI, although the feline model has been
reported by Haskins and colleagues (7-9, 22-24). A compari-
son of features in MPSVI between rats and human was shown
in Table III. The clinical features of the mutant rats closely
resembled those of MPSVI in the human and cat ( 1, 3, 4, 7-9,
22, 24). Although the corneal clouding, one of features in MPS
VI in the human and cat ( 1, 3, 4, 23), was not grossly apparent
in this mutant, slight storage of GAGsin the cornea could be
confirmed by the histochemical investigation. Retardation of
growth might be caused by the abnormal growth of the carti-
lage resulting in incomplete endochondral ossification, similar
to MPSin humans and cats. Histologically, GAGsstored in the

ChS-C

.. .......
ChS-A

,. :..-.:f.'.:.

Figure 6. An electrophoretic pattern of urine GAGson cellulose ace-
tate strip. Electrophoretic mobilities of GAGfrom affected animal
urine correspond to that of dermatan sulfate. The urine of normal
rats does not show any spot in electrophoresis. ChSA, chondroitin
4-sulfate; ChSC, chondroitin 6-sulfate; DS, dermatan sulfate; HS, hep-
aran sulfate.

ASB

(1) (2)

JLZSA4 Figure 7. A representation of a cello-
gel arylsulfatase isoenzyme strip
showing relative position of liver ASA
and ASBbands. The liver of the mu-

,. tant shows deficiency of ASB activity.
Lane I mutant; Lane 2 phenotypi-
cally normal rats.
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Table II. Segregation of MPSRats in Offspring from Crosses with the Unrelated (WKS) Line

Expected values
Observed from single recessive

Cross Affected Normal Affected Normal x2

1. Carrier * males x WKSfemales 0 84 0 84
2. Carrier Fl males X carrier Fl females 52 199 62.8 188.2 2.45
3. Carrier males X carrier Fl females 35 161 49.0 147.0 2.06

* Carrier denotes animals carrying the gene which produces MPS.

Table III. Comparison of Features in MPSVI between Humans and Rats

Rats Human

Clinical findings
Facial dysmorphia Yes Yes
Skeletal deformities Yes Yes
Corneal clouding Not apparent at macroscopy Yes
Intelligence Normal Normal
Hepatosplenomegaly No Yes

Excretion of urinary GAG Dermatan sulfate Dermatan sulfate
Deficiency of lysosomal enzyme Arylsulfatase B Arylsulfatase B
GAGstored in tissues Yes Yes
Granules of peripheral leukocytes Yes Yes
Pedigree analysis Autosomal single recessive transmission Autosomal single recessive transmission

cytoplasm of the cells were demonstrated as dermatan sulfate
which can not be digested by hyaluronidase (25). GAGswere
stored also in the Kupffer cells of the liver, although hepato-
splenomegaly was not apparent in the mutant rat. The coarse
granules observed the polymorphonuclear leukocytes were sim-
ilarly reported in MPSVI of cat (8). Thus, the mutant was
diagnosed as MPSVI because of very low activity of ASB,
excessive excretion of dermatan sulfate in the urine, and stor-
age of GAGsin all organs/tissues. In addition, genetic analysis
demonstrated an autosomal single recessive transmission of
the defect. Wepropose to name the line that produces the mu-
tant as MPRindicating mucopolysaccharidosis rat, and the
autosomal recessive single gene as abd representing ASB defi-
ciency.

Because no abnormalities were detected in the nervous sys-
tem of this mutant, there might be a possibility that this mutant
rat maintains normal or near normal intelligence, as reported
in man and cats ( 1-4, 8). However, further studies such as
ultrastructural examination should be necessary to investigate
nervous system in detail, since mentation in rodents is difficult
to evaluate.

There have been few effective therapies for the patients with
lysosomal storage diseases including MPS. Animal models of
MPSwere already reported in canine and feline MPSI (14,
26-28), feline MPSVI (7-9, 22-24), and canine and mouse
MPSVII (18, 29-31), and some experimental attempts for the
therapy have been accomplished using the feline models of
MPSI and MPSVI (32, 33). However, no successful reports
have been achieved. Recently, gene therapy has been attracted
attention as a useful therapy of genetic diseases. Schuchman
and colleagues (5) reported that the availability of a full-length

cDNA encoding human ASB permitted studies of this gene's
structure, organization, and expression, and Jin and colleagues
(6) described that the identification of the first molecular le-
sions in the ASB gene that caused MPSVI facilitated more
accurate carrier testing and provided the basis for gentoype/
phenotype correlations for this disease (5, 6). This murine
model is genetically well defined and homogeneous and pro-
vides an adequate number of animals to allow experiments. In
addition, because of its small size, this mutant rat seems to be
good for breeding, with such features as ease of animal care and
low cost. Therefore, this mutant rat would be a very useful
model to analyze the pathophysiology of MPSand also to in-
vestigate experimental therapies.
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